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Abstract

The stability of Rhodobacter capsulatus bacterioferritin, a 24-meric homopolymer, toward denaturation on
variation in pH and temperature, and increasing concentrations of urea and guanidine.HCI was investigated
with native PAGE, and CD and fluorescence spectroscopies. With temperature and urea, the wild-type
protein denatured without discernible intermediates in the equilibrium experiments, but with guanidine. HCl
(Gnd.HCl) one or more intermediate species were apparent at relatively low Gnd.HCI concentrations.
Dissociated subunit monomers, or aggregates smaller than 24-mers containing the high a-helical content
characteristic of the native protein were not obtained at any pH without a high proportion of the 24-mer
being present, and taken together with the other denaturation experiments and the construction of stable
subunit dimers by site-directed mutagenesis, this observation indicates that folding of the bacterioferritin
monomer could be coupled to its association into a dimer. Glu 128 and Glu 135 were replaced by alanine
and arginine in a series of mutants to determine their role in stabilizing the 24-meric oligomer. The
Glul28Ala, Glul35Ala and Glul35Arg variants retained a 24-meric structure, but the Glul28Ala/
Glul35Ala and Glul28Arg/Glul35Arg variants were stable subunit dimers. CD spectra of the Glul135Arg,
Glul28Ala/Glul35Ala, and Glul28Arg/Glul35Arg variants showed that they retained the high a-helical
content of the wild-type protein. The 24-meric Glu135Arg variant was less stable than the wild-type protein
(T,,, [Urea]syq and [Gnd.HCl]sy, of 59°C, 4.9 M and 3.2 M compared with 73°C, ~8 M and 4.3 M,
respectively), and the dimeric Glul28Arg/Glul35Arg variant was less stable still (T,,, [Urea]s,, and
[Gnd.HCl]5(, of 43°C, ~3.2 M and 1.8 M, respectively). The differences in stability are roughly additive,
indicating that the salt-bridges formed by Glu 128 and Glu 135 in the native oligomer, with Arg 61 and the
amino-terminal amine of neighboring subunits, respectively, contribute equally to the stability of the subunit
assembly. The additivity and assembly states of the variant proteins suggest that the interactions involving
Glu 128 and Glu 135 contribute significantly to stabilizing the 24-mer relative to the subunit dimer.
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BFR is a member of the ferritin protein family, catalyzing
the oxidation and hydrolysis of Fe** (Stiefel and Watt 1979;
Harrison and Arosio 1996; Le Brun et al. 1997; Andrews
1998; Chasteen 1998). Most ferritins consist of 24 subunits
of 18-21 kD, each of which fold into four-helix bundles.
These associate to create an approximately spherical shell of
20-25 A thickness that surrounds a cavity of ~80 A diam-
eter, in which the iron mineral is formed. Channels through
the protein shell created by the subunit packing may allow
entry of Fe?" to the cavity (Harrison and Arosio 1996), with
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electrostatic gradients coincident with the channels guiding
the Fe** (Douglas and Ripoll 1998). Listeria innocua ferri-
tin is unusual in that it consists of only 12 subunits with a
central cavity of ~40 A diameter (Ilari et al. 2000), which
enables it to hold ~500 Fe** ions (Ilari et al. 2000), com-
pared with the ~4500 24-mer ferritins can accumulate (Ford
et al. 1984). This 12-mer ferritin has a similar structure to
Escherichia coli Dps (Grant et al. 1998), which can also
hold 500 Fe** ions (Ilari et al. 2002; Zhao et al. 2002). BFR
is unique among the ferritins in containing 12 bis-Met co-
ordinated hemes in intersubunit sites (Stiefel and Watt
1979; Cheesman et al. 1990; Frolow et al. 1994), although
these do not play a role in the aerobic oxidative uptake of
Fe** (Andrews et al. 1995). BFR also has intrasubunit di-
nuclear iron centres, called ferroxidase centers, which are
needed for rapid formation of a ferric oxide mineral core
(Le Brun et al. 1995; Yang et al. 2000). Similar ferroxidase
centers are present in H-chain ferritins from eukaryotes and
the heme-free bacterial ferritin FTN (Harrison and Arosio
1996; Andrews 1998; Yang et al. 1998; Ha et al. 1999), but
they are lacking in L-chain ferritins, although these proteins
are still able to lay down a ferric oxide core (Trikha et al.
1995; Harrison and Arosio 1996; Gallois et al. 1997).

The multiplicity of possible reaction sites in 24-mer fer-
ritins creates problems for defining mechanism(s) of iron
mineral formation. For example, ferritin core minerals have
not been detected by single-crystal X-ray diffraction be-
cause although the protein shell is ordered in crystals, the
ferric oxide cores are not (Ford et al. 1984; Powell 1998).
Also, although in the initial stage of reaction each oligomer
may contain many nucleation centers, core formation is rap-
idly dominated by a small number of nucleation centers
(Clegg et al. 1980). Thus, complete mechanistic character-
ization of 24-mer ferritins, in which averaging between sites
occurs and large clusters are formed even at relatively low
iron loadings, may not be possible. To circumvent this com-
plication, attempts have been made to dissociate 24-mer
ferritins with retention of ferroxidase activity.

Although the native form of most ferritins is a 24-mer,
X-ray structures show that the repeating structural unit is a
subunit dimer (Fig. 1A,B; Ford et al. 1984; Frolow et al
1994; Trikha et al. 1995; Harrison and Arosio 1996; Gallois
et al. 1997; Ha et al. 1999; Cobessi et al. 2002). Disaggre-
gation of wild-type ferritin oligomers into mono-disperse
smaller assemblies is only possible by lowering pH or by
the addition of denaturants, and these approaches cause the
subunits themselves to denature (Listowsky et al. 1972;
Crichton and Bryce 1973; Stefanini et al. 1987; Santambro-
gio et al. 1997). Hence, attempts to stabilize subunit dimer
forms of ferritins need to be made by mutagenesis and
chemical modifications. Arosio and colleagues have de-
scribed the preparation of an H-chain ferritin dimer that
retained some ferroxidase activity (Levi et al. 1993; San-
tambrogio et al. 1997). Our construction of a BFR subunit
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dimer active as a ferroxidase is the only other case to be
reported (Spiro et al. 1999). The X-ray structures of E. coli
and R. capsulatus BFR (Frolow et al. 1994; Cobessi et al.
2002) show that there are numerous intersubunit contacts
that could stabilize association of subunit dimers into high-
order oligomers, including interactions between Glu 128
and Glu 135 of one subunit and Arg 61 and the amino-
terminal amine, respectively, of neighboring subunits (Fig.
1C). We substituted Glu 128 and Glu 135 of R. capsulatus
BFR with arginine, and found that the altered protein, at a
range of concentrations up to 160 wM, was a mono-disperse
dimeric species (Kilic 1999; Spiro et al. 1999). In the pre-
sent work, we report comparative studies of the stabilities of
wild-type and mutant 24-mer and subunit dimer forms of R.
capsulatus BFR, with the aim of characterizing intersubunit
interactions important for assembly of a 24-mer.

Results and Discussion

Biochemical and biophysical characterization of
wild-type and mutant bacterioferritins

Wild-type BFR and its variants were investigated by gel-
permeation chromatography to determine their states of as-
sembly (Table 1). The wild-type BFR and variant BFRs
with one amino acid change per subunit behaved as 100%
24-meric oligomers, and the variant BFRs with two amino
acid changes per subunit behaved exclusively as dimers,
having molecular weights of 39-40 kD compared with the
36.4 kD expected from the amino acid sequence. Nondena-
turing PAGE confirms that the variant BFRs with two
amino acid changes per subunit are smaller than the 24-mer
BFR (Fig. 2). The migration rates of the 24-meric wild-type
and Glul35Arg BFRs are different (Fig. 2, lanes 1 and 2)
because the Glul35Arg BFR has a net charge difference of
+2 per subunit, whereas the faster migration rate of the
Glul128Arg/Glul35Arg BFR, which has a net charge differ-
ence of +4 per subunit compared with wild-type BFR, re-
sults from its smaller size. The Glu128Ala/Glul35Ala vari-
ant had low solubility compared with the other proteins,
which led to low yields of purified material (typically 2—6
mg per 2 liter culture).

The far-UV CD spectrum of wild-type BFR indicates
the protein is predominantly a-helical (Fig. 3A), consistent
with the X-ray structure (Fig. 1). Far-UV CD spectra of
Glul28Arg/Glul35Arg BFR and Glul28Ala/Glul35Ala
BFR were essentially the same as that for wild-type BFR
(Fig. 3A), but their near-UV CD spectra (Fig. 3B), which
monitor tryptophan environments, are different from those
of wild-type and the 24-mer Glul35Arg BFR. Tryptophan
fluorescence spectra of the dimeric proteins were also
slightly different from the spectrum of wild-type BFR (Fig.
4). The similarity of far-UV CD spectra shows that the mu-
tations do not significantly perturb the secondary structure
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Figure 1. The X-ray structure of R. capsulatus BFR (Cobessi et al. 2002). (A) View of the 24-mer protein shell with a threefold channel
opening in the center of the front surface. (B) A subunit dimer with the heme (red) and Met 52 (yellow) iron ligands indicated. (C)
Close-up view of a threefold channel opening. Three subunits are shown (purple, gold, and gray) with Glu 128 and Glu 135 (red) of
two interacting with the amino-terminal amine and Arg 61 (blue) of neighboring subunits. Parts of three heme groups (green) are
visible. Note that the recombinant bacterioferritins studied in this work were essentially heme-free (see Materials and Methods).

content of BFR, and the near-UV CD and fluorescence
spectra reflect the assembly states of the proteins deter-
mined by gel-permeation chromatography and nondenatur-

Table 1. Assembly state and stability of R. capsulatus
bacterioferritin

Assembly
state at [Urealsgq, [Gnd.HCl]50q,
Bacterioferritin pH 7.2 T, °C M) ™M)
Wild-type 24-mer  73.2+04 ~8 43
Glul28Ala 24-mer n.d. n.d. n.d.
Glul35Ala 24-mer n.d. n.d. n.d.
Glul35Arg 24-mer  59.2+0.3 49 32
Glul28Ala/Glul35Ala  dimer 47.1+0.3 n.d. n.d.
Glul28Arg/Glul35Arg  dimer 433+03 32 1.8

ing PAGE. The environments of the two tryptophan resi-
dues of BFR, Trp 26, and Trp 35, are affected by both the
tertiary and the quaternary structure of 24-mer BFR; Trp 26
is located at the twofold monomer—monomer interfaces,
which are present in both the dimer variants and the 24-mer
proteins, and Trp 35 is located in a turn of one subunit that
makes contact with another subunit in the 24-meric BFR
(Frolow et al. 1994). This contact is lost for the dimeric
variants and Trp 35 will then be exposed to solvent unless
there is a substantial difference between the structure of the
dimer on its own and as part of the 24-mer. The retention of
ferroxidase activity and the ability to bind heme stoichio-
metrically at a site providing bis-methionine coordination
(Spiro et al. 1999; S. Malone, U. Jayasooriya, and G. Moore,
unpubl.), together with conserved high a-helix content (Fig.
3), all suggest that the tertiary structure will not be much
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Figure 2. Nondenaturing PAGE of 10 pg of wild-type (lane 1),
Glul35Arg (lane 2), and Glu128Arg/Glul35Arg (lane 3) BFR on 6% gels
at pH 7.2 (60 mM HEPES and 40 mM imidazole buffer).

affected by whether the subunit dimer is assembled into a
24-mer or not. This indicates that the difference in the fluo-
rescence spectra between wild-type and dimer variants (Fig.
4) is a consequence of the change in quaternary structure.
The fluorescence emission maximum for 24-meric wild-
type BFR is at 339 nm, and for the dimer variants at 343 nm,
consistent with Trp 35 being in a less polar environment in
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Figure 3. (A) Far-UV and (B) near-UV CD spectra of wild-type BFR (1)
and its Glul28Arg/Glul35Arg variant (2). Protein concentrations were 1
mg ml~" in 25 mM potassium phosphate (pH 7.2), containing 20 mM NaCl
and the measurements were made at 25 °C.
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Figure 4. Fluorescence emission spectra of wild-type BFR (1) and its
Glul28Arg/Glul35Arg variant (2) on excitation at 295 nm. Protein con-
centrations were 50 wg ml™" in 50 mM potassium phosphate buffer (pH
7.2), and the measurements were made at 25°C.

the 24-mer than in the dimer. Furthermore, as the aromatic
a — ¥ transitions of tryptophan do not exhibit a strong CD
signal unless the ring is located in an asymmetric environ-
ment (Schmid 1997), a reduction in the near-UV CD inten-
sity for Trp 35 is expected on disassembly of the 24-mer
into subunit dimers, as is observed (Fig. 3).

pH-dependent behavior of wild-type bacterioferritin

The effect of variation in pH on the structure and assembly
of R. capsulatus BFR was studied with nondenaturing gels,
CD and fluorescence spectroscopies, and gel-permeation on
Sephacryl S300HR. Nondenaturing gels were used because
they allowed small amounts of protein to be investigated.
However, when the pH of the running buffer and the sample
buffer were not the same, such gels do not provide quanti-
tative data because reassembly or disassembly may occur as
the protein passes through the running buffer. However,
such gels do provide important qualitative data. Gel-perme-
ation chromatography and nondenaturing gels with sample
and running buffers at the same pH showed that BFR was
100% 24-meric over the pH range 5.5-9.5 (data not shown).
It was also largely a 24-meric species at pH 10 (Fig. 5, lane
1), but at higher pH values, disassembly occurred and with
a sample pH of 12 and running buffer of pH 10, a 24-meric
species was not detected (Fig. 5, lane 3). The pH 10 lane
showed a strong band from 24-meric BFR and fainter bands
corresponding to a disassembled form and higher molecular
weight species. These latter bands must have come from
aggregated BFR, which probably was the origin of the pro-
tein that did not migrate out of the wells for the samples at
pH 11 and pH 12 (Fig. 5). Poor solubility over the pH range
3.5-5.4, probably resulting from aggregation of BFR close
to its isoelectric point of 4.6, prevented clear data from
being obtained, but nondenaturing gels with sample and
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~\—-

Figure 5. Nondenaturing PAGE of wild-type BFR with a running buffer
at pH 10 (20 mM ammonia and 40 mM CAPS) using a 6% (top) and 12%
(bottom) gel. (Lanes /-3) The 10 wg samples are at pH 10, 11, and 12,
respectively.
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running buffers at pH 3 (20 mM lactic acid and 20 mM
alanine) showed that BFR remained a 24-meric structure
(data not shown). At a sample pH of 2 and running buffer of
pH 3, BFR ran on nondenaturing gels as a mixture of a
24-mer and a disassembled species (data not shown). CD
spectra at pH 3 and over the pH range 5.5-7 showed that the
secondary structure and quaternary structure characterized
by near-UV CD was constant (Fig. 6). At pH 2, although the
secondary structure appeared unchanged, the decrease in
near-UV CD intensity indicates a change in the way sub-
units pack together that affects the environment of one or
more of the tryptophan residues. At pH 1.5, a small decrease
in the far-UV CD signal indicates loss of some of the a-he-
lix content. Tryptophan fluorescence emission spectra gave
similar results on acidification (data not shown). For pH
5.5-7 and at pH 3, the emission maximum and intensity
remained the same, but at pH 2 and below the maximum,
shifted from 338 to 342 nm, and its intensity decreased. Just
as the CD indicates that the protein is not completely un-
folded at pH 1.5, so do the fluorescence data as the emission
maximum would be expected to be ~350 nm for an unfolded
protein. Similar CD (Fig. 6) and fluorescence (data not
shown) experiments at alkaline pH agree with the nonde-
naturing gel data (Fig. 5) showing BFR remains a 24-mer
from pH 7 to pH 9.5-10, and suggests that at pH 11, the
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Figure 6. (A,C)Far-UV and (B,D) near-UV CD spectra of wild-type BFR at different values of pH, as indicated. The protein

concentration was 1 mg ml™" in 50 mM potassium phosphate.
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protein has disassembled with a substantial loss of a-helix
content. There is a further loss of secondary structure at pH
12. The tryptophan fluorescence intensity decreased above
pH 10 and the emission maximum shifted from 338 nm at
pH 7 to 348 nm at pH 12. Thus, the spectroscopic data
indicate that BFR at pH 12 is completely unfolded.

In summary, the data for wild-type R. capsulatus BFR
indicate that it is predominantly a 24-mer over the pH range
3-10, and that outside of this range, at least some of the
BFR is in a disassembled state and is completly unfolded at
pH 12. This indicates that the carboxylates and amino-ter-
minal amine forming the key salt-bridges, Glu 128—-Arg 61
and Glu 135-amino-terminal amine, must have perturbed
pK, values, as otherwise, the salt-bridges would have been
disrupted at a pH close to their intrinsic pK, values (4.3 for
Glu and ~7.8 for the amino-terminal amine), leading to
disaggregation of the 24-mer. The 24-mer does not lose all
its a-helical structure until pH 12, although at both pH 10
and pH 3, where it is predominantly a 24-mer with high
a-helical content, some perturbation of the way subunits
pack together affects tryptophan fluorescence. The fully dis-
assembled protein appears to lack secondary structure. It is
not known whether the extreme pH stability of R. capsula-
tus BFR is a general property of bacterioferritins, although
it has been shown that E. coli BFR consists of a mixture of
largely 24-meric, dimer and monomer species at around
neutral pH, with the proportion of disassembled species
increasing at acidic and alkaline pH values (Andrews et al.
1991,1993; Kilic 1999). However, it is similar to the sta-
bilities of horse spleen ferritin, which is oligomeric over the
pH range 2.8-10.6 (Crichton and Bryce 1973; Stefanini et
al. 1987; Martsev et al. 1998) with some of its subunits
being monomeric and having properties analogous to mol-
ten globules below pH 3 (Santambrogio et al 1992).

Temperature-dependent behavior of bacterioferritin

Thermal unfolding of the wild-type and variant BFRs was
monitored by far-UV CD spectroscopy (Fig. 7). In all cases,
unfolding was manifested by a temperature-induced reduc-
tion in the a-helix content that fitted a two-state unfolding
model (Pace and Scholtz 1997; Fig. 7E), indicating that a
stable intermediate is not populated during the unfolding
process. The temperature at which 50% of the protein was
unfolded (T,,) was calculated in each case from the fitted
curves (Table 1). Wild-type BFR had the highest T,,, which
decreased markedly on replacing Glu 135 with Arg, even
though this variant retained a 24-meric structure. The di-
meric BFRs had even lower T,, values. The high thermal
stability of wild-type R. capsulatus BFR was not unex-
pected because a heat step is included in its purification
(Materials and Methods), as with other ferritins. This high
thermal stability does not solely derive from the BFR mul-
timeric assembly, as Glu135Arg BFR is a 24-mer and its T,
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is 14° lower than that of the wild-type protein, and the T,
values of the dimer proteins are only 12—-16° lower than this.
Thus, the reduction in the heat stability of the dimeric vari-
ants compared with wild-type BFR suggests that the high
thermal stability of the 24-meric proteins arises in part from
the charge—charge interactions, Glu 128-Arg 61 and Glu
135-Met 1, along the three- and fourfold symmetry inter-
faces, rather than the intrinsic stability of the subunits them-
selves. On the basis of the observation that the near-UV CD
spectra of BFR reflects association of subunits into a 24-
mer, the temperature dependence of the near-UV CD spec-
tra of wild-type and Glu128Arg/Glul35Arg BFRs indicates
that the quaternary structure of wild-type BFR is disrupted
at the same time as the a-helix content is lost (Fig. 7E); the
T,, value for the 291-nm change is 71.5 + 0.2, little altered
from the T,, of 73.2 + 0.4 for the loss of a-helix.

According to the unfolding profiles, the 24-meric pro-
teins and the dimeric BFRs were fully unfolded at ~90 and
60 °C, respectively. Wild-type BFR heated to 73 and 90°C
showed ~30% and 15% recovery of secondary structure,
respectively, on cooling to 22°C, but recovery for the
Glul28Arg/Glul35Arg BFR was slightly higher at ~55%
and ~30% for protein heated to 43 and 90°C, respectively
(data not shown). At 90°C, the wild-type BFR (1 mg/mL)
solution was slightly turbid, indicating that denaturation of
the protein produced insoluble material, probably resulting
from the aggregation of unfolded polypeptides. This is a
common phenomenon with the heat denaturation of multi-
meric proteins (Jaenicke 1987; Wrba et al. 1990). Irrevers-
ible heat denaturation has also been reported for horse
spleen and human ferritins, with significant reversibility
only being observed when the ferritins were heated to 5—
10°C below their T,, values (Stefanini et al. 1996).

Effect of Gnd.HCI on wild-type and
mutant bacterioferritins

CD and fluorescence measurements showed that Gnd.HCI
caused complete unfolding of wild-type and variant BFRs,
which was largely reversible (data not shown). 10-fold di-
lution of the unfolded BFRs in 100 mM potassium phos-
phate (pH 7.2) led to a restoration of the far-UV CD spectra
of the native proteins. The fluorescence spectra of the BFRs
were also largely restored, although the tryptophan emission
maximum of refolded wild-type BFR protein was shifted to
340 nm from the 338 nm of native BFR. Refolded and
native Glul28Arg/Glul35Arg BFR had the same fluores-
cence spectra. For the Glul35Arg and Glul28Arg/
Glul35Arg variants, Gnd.HCl-induced unfolding profiles
constructed from the changes in 222-nm ellipticity fitted
well to a two-state unfolding model (Pace and Scholtz
1997), but the wild-type BFR data did not, having an ap-
parent biphasic character with inflexion points at ~3 and ~4



Stability of bacterioferritin

-5 %°C

a 15 | 75°C
g
s o A
g 25
g 0°C /
2 u
=% 35 20°%
200 210 220 230 240 250
Wavelength (nm)

O (deg cm? dmol™)

200 210 220 230 240 250
Wavelength (nm)

0 20 40 60 80
Temperature (°C)

-100 \ V'/
130 20 °C
T77250 260 270 280 290 300 310 320

Wavelength (nm)

O (deg cm? dmol™)
= 4 A
g e =

-130250 260 270 280 290 300 310 320

Wavelength (nm)

Figure 7. Temperature dependence of the CD spectra of wild-type and mutant bacterioferritins. All proteins were 50 g ml~' in 50
mM potassium phosphate buffer (pH 7.2). (A) Far-UV spectra of wild-type BFR. (B) Near-UV spectra of wild-type BFR. (C) Far-UV
spectra of Glul28Arg/Glul35Arg BFR. (D) Near-UV spectra of Glul28Arg/Glul35Arg BFR. (E) Thermal unfolding profiles for
wild-type (#), Glul35Arg (A), Glul28Ala/Glul35Ala (@), and Glul28Arg/Glul35Arg (M) BFR. The fractional unfolding of each
protein was calculated from the change at 222 nm, and the base lines of the pretransition and post-transition regions were corrected

by subtraction of linear least squares fitted lines.

M Gnd.HCI (Fig. 8). These inflexion points suggest that
there is at least one intermediate during Gnd.HCI unfolding
of wild-type BFR. Intermediates have been detected with
Gnd.HCl-induced dissociation of other oligomeric proteins,
and suggested to involve partially unfolded dissociated sub-
units (Jaenicke and Rudolph 1986). However, this is un-
likely to be the case here, as the dimeric variants became
fully unfolded at a Gnd.HCI concentration less than that

required for the intermediate(s) to be detected in unfolding
of the 24-mer. Therefore, we suggest that the intermedi-
ate(s) in the unfolding of wild-type BFR are assemblies of
subunits larger than the dimer form. Similar data for horse
spleen ferritin and recombinant H-chain ferritin indicate that
these proteins also have one or more intermediates during
Gnd.HCI unfolding (Gerl and Jaenicke 1987; Santambrogio
et al. 1992).
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Figure 8. Unfolding profiles determined from the effect of guanidine HCI
on the far-UV CD spectra of wild-type and mutant bacterioferritins for
wild-type (@), Glul35Arg (M), and Glul28Arg/Glul35Arg (A) BFR. The
fractional unfolding of each protein (200 wg ml™" in 100 mM potassium
phosphate buffer, pH 7.2) was calculated from the change at 222 nm, and
the base lines of the pretransition and post-transition regions were cor-
rected by subtraction of linear least squares fitted lines.

Effect of urea on wild-type and mutant bacterioferritins

Urea-induced unfolding profiles for wild-type and variant
bacterioferritins were constructed from changes in fluores-
cence emission maxima (Fig. 9), which shifted from 339 to
353 nm for the 24-mer proteins, and from 342 to 353 nm for
the dimeric Glul28Arg/Glul35Arg BFR. Tenfold dilution
with 100 mM potassium phosphate (pH 7.2) of wild-type
BFR in 10 M urea, and of Glul28Arg/Glul35Arg BFR in 6
M urea, led to the restoration of the fluorescence spectra
characteristic of the native proteins, indicating that urea
unfolding is a reversible process. The unfolding data for the
mutant proteins fitted well to a two-state model (Pace and
Scholtz 1997), and wild-type BFR also appears to follow a
similar model (Fig. 9), although its greater stability to urea

Fraction unfolded

Urea (M)

Figure 9. Urea unfolding profiles for wild-type (@), Glul35Arg (M), and
Glul28Arg/Glul35Arg (A) bacterioferritins. Fractional unfolding was cal-
culated from changes in the Trp emission maxima and fitted to a two-state
mechanism with the emission maxima in 100 mM potassium phosphate
(pH 7.2) at 25°C corresponding to the fully folded proteins, and the emis-
sion maxima of the unfolded proteins at 353 nm.
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than the mutants results in the absence of a post-transition
plateau region. Therefore, the profile for wild-type BFR
may be somewhat misleading. The high stability of wild-
type BFR to urea is similar to that of horse spleen and
human liver ferritins, which are still largely folded in 10 M
urea (Listowsky et al. 1972; Otsuka et al. 1981).

Conformational stability of bacterioferritin and its
dissociation and unfolding pathways

The 24-meric Glul35Arg variant was less stable than the
wild-type protein (T, [Urealsy, and [Gnd.HCl]s,, of
59°C, 4.9 and 3.2 M compared with 73°C, ~8 M and 4.3 M,
respectively), and the dimeric Glu128Arg/Glul35Arg vari-
ant was less stable than the Glul35Arg variant (T,
[Urea]sgq, and [Gnd.HCl]s(, of 43°C, ~3.2 M and 1.8 M,
respectively). The differences in stability are roughly equal,
indicating that the salt-bridges formed by Glu 128 and Glu
135 in the native oligomer contribute similarly to the sta-
bility of the subunit assembly. The similarity in stability
contributions taken together with the assembly states of the
variant proteins (Table 1) further suggests that the interac-
tions involving Glu 128 and Glu 135 play a role in stabi-
lizing the 24-mer relative to the subunit dimer. Such behav-
ior appears to be different from that of animal ferritin, for
which disrupting intersubunit electrostatic interactions
alone is not sufficient for disassembly of the oligomer (Gerl
and Janicke 1988).

The dimeric mutant BFRs unfold with increasing tem-
perature, urea concentration, and Gnd.HCI by a two-state
mechanism without intermediates detectable by the equilib-
rium methods used in this work. In such cases of two-state
unfolding, the free energy of unfolding can be estimated by
assuming that the linear dependence of AGy,_ on denaturant
concentration observed in the transition region continues to
zero denaturant concentration and fits Equation 1 (Pace
1986; Bolen and Santaro 1988; Santaro and Bolen 1988;
Pace et al. 1990; Jackson and Fersht 1991; Johnson and
Fersht 1995):

AGy = AG, z2° — m [denaturant] (1)

in which AGyp is —RT In.(fraction unfolded/fraction
folded); AGy 2° is the free energy of unfolding in the
absence of denaturant; and m is the slope of the transition,
which is a measure of the increase in the degree of exposure
of the protein upon denaturation.

Graphs of AGy y against urea and Gnd.HCI concentra-
tions for Glu128Arg/Glu135Arg BFR and Glul35Arg BFR
show that there are good linear relationships between the
free energy changes of unfolding and the denaturant con-
centrations (Fig. 10), allowing the AGy, 2> and m values
to be obtained (Table 2). For each mutant, there is excellent
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Figure 10. Dependence of the free energy for unfolding of Glul35Arg
BFR (M) and Glul28Arg/Glul35Arg (A) as a function of the concentra-
tion of urea (A) and guanidine HCI (B). Linear extrapolation to 0 M urea
or guanidine HCI gives the free energy change of denaturation in the
absence of denaturant. The solid lines were obtained from least squares
fitting.

agreement between the AGy, " values obtained with the
two denaturants, and there is also good agreement in the m
values for the different mutants with the same denaturant,
consistent with both Glul28Arg/Glul35Arg BFR and
Glul35Arg BFR adopting the same unfolded state en-
sembles. The differences between the m values for the urea
and Gnd.HClI unfolding profiles is similar to that of other
proteins, for example, phenylmethanesulfonyl chymotryp-
sin, for which the m value for Gnd.HCl denaturation is
about twice that for urea denaturation (Santaro and Bolen
1988), and although m values are specific for each protein
(Johnson and Fersht 1995), their variation with denaturation
conditions reflects differences in the way unfolded proteins
interact with denaturants (Pace et al. 1990). A similar treat-
ment of AGy_p to that presented in Figure 10 for the mutant
BFRs is not reliable for wild-type BFR because Gnd.HCI
denaturation did not follow a two-state model (Fig. 8), and
it may not have been fully unfolded in 10 M urea, as a
post-transition plateau region was not observed (Fig. 9).

However, assuming that in 10 M urea, wild-type BFR is
100% unfolded, a similar analysis to those of Figure 10
gives its AGy 72 as =5.3 kcal mole™.

A rough estimate of the free energy of unfolding of wild-
type BFR can be obtained with the assumption that the m
values of wild-type BFR are the same as those of the mutant
proteins through multiplying the difference between the
midpoints of their denaturation curves by the relevant m
value (Cupo and Pace 1983). These estimates represent the
differences in stability under conditions of relatively high-
denaturant concentration because they refer to the 50% un-
folding concentration and thus, they may be different from
the free-energy values extrapolated to zero denaturant con-
centration. To distinguish this approach for determining the
free energy of unfolding from the graphical linear extrapo-
lation method (Fig. 10), we have called the extrapolated
values AGy, 2°, and the values estimated from the mid-
points of the unfolding curves, AGappﬂzo. Values of
AGappHZO and AGy ™° for Glu35Arg BFR are in close
agreement (Table 2), suggesting that these procedures give
comparable results for BFR. For wild-type BFR, AGapszo
for denaturation with urea and Gnd.HCI at ~6.2 and ~5.4
kcal mole™, respectively, are substantially different, prob-
ably reflecting the imperfect nature of the calculation. Nev-
ertheless, the calculated values are not so different as to
render them unusable. Taken together with the observation
that the T,, changes by 14-16°C on replacement of either
Glu 128 or Glu 135 with arginine (Table 1), the comparison
in unfolding free energies between wild-type and mutant
BFR suggests that removal of a salt-bridge between Glu 135
and the terminal amine of Met 1 reduces stability by ~1.6—
2.4 kcal mole™", and removing an additional salt-bridge be-
tween Glu 128 and Arg 61 reduces stability by a further
~1.3 kcal mole™'. The energetic contributions of salt-
bridges in protein vary according to their location (Fersht
1999), solvent-exposed or partially buried salt-bridges be-
ing worth ~1.2—1.5 kcal mole™", whereas completely buried
salt-bridges are worth up to 6 kcal mole™' (Anderson et al.
1990). The contributions to the stability of wild-type BFR
from salt-bridges involving Glu 128 and Glu 135 are con-
sistent with their partial exposure to solvent (Cobessi et al.
2002). The significance of the energetically important roles
played by Arg 61, Glu 128, and Glu 135 in maintaining the
24-mer assembly of BFR is reflected by their conservation
in all known bacterioferritin sequences except that of Mag-
netospirillum magnetotacticum BFR2, in which residue 128
is Gln (Bertani et al. 1997). In contrast to this, however,
intersubunit salt-bridges corresponding to those involving
Glu 128 and Glu 135 are not found in animal ferritin or
FTN, although in Dps Arg 61 and Asp/Glu 157, the latter
equivalent to Glu 128 of BFR (Kilic 1999) are conserved.

The self-assembly of horse spleen apoferritin subunits
into a 24-mer has been shown to proceed via discreet inter-
mediates, including dimer, trimer, dimer of trimers, and
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Table 2. Free energy changes for unfolding of R. capsulatus bacterioferritin

Urea Gnd.HC1
Al apszo AGU_FHZO m-value Al apszO AGU_FHZO m-value
Bacterioferritin (kcal mole™") (kcal mole™) (kcal mole™ M) (kcal mole™") (kcal mole™") (kcal mole™ M)
Wild-type ~6.2 n.d. n.d. ~5.4 n.d. n.d.
Glul35Arg ~3.5 3.78 (x0.17) 0.77 (x0.03) ~4.3 3.91 (+0.12) 1.20 (20.03)
Glul28Arg/Glul35Arg n.d. 2.52 (+0.15) 0.77 (£0.04) n.d. 2.62 (+0.07) 1.48 (x0.04)

octamer species, although some of these only had a transient
existence (Gerl and Janicke 1988; Santambrogio et al.
1997). The work reported here on wild-type bacterioferritin
is in contrast to this; dissociated subunit monomers, or ag-
gregates smaller than 24-mers, that contained the high a-he-
lical content characteristic of the native protein were not
obtained at any pH without a high proportion of the 24-mer
being present. Taken together with the other denaturation
experiments, this suggests that folding of the wild-type bac-
terioferritin monomer could be coupled to its association
into the oligomer. However, it is clear that folding does not
depend upon association into the 24-mer because the
Glul28Ala/Glul35Ala and Glu128Arg/Glul35Arg variants
are dimeric and structured. Whether folding is coupled to
dimerization remains to be established.

Materials and methods

Preparation of bacterioferritin and
site-directed mutagenesis

Mutations were introduced by PCR mutagenesis (Hutchings et al.
2000) into the R. capsulatus bfr gene cloned in pET21a (Novagen),
and plasmids were transformed into E. coli MAK96 (BL21
bfr::kan). Expression of the bfr gene was induced as described
previously (Penfold et al. 1996), and mutant BFR prepared by
chromatography of the cell-free extract on a Q-sepharose anion
exchange column (50 mM potassium phosphate buffer at pH 7.2),
being eluted with a NaCl gradient at 0.22 M NaCl, followed by
chromatography on Sephacryl S-100 HR or S-300 HR gel-filtra-
tion columns (50 mM potassium phosphate buffer at pH 7.2). The
cell-free extracts for wild-type BFR and the variant BFRs with one
amino acid change per subunit were heated to 65 and 55°C, re-
spectively, for 15 min, cooled rapidly on ice, and precipitated
material removed by centrifugation prior to chromatography.

Analyses of bacterioferritin preparations

ESI-MS of the purified proteins gave masses consistent with the
expected amino acid sequences. ESI-MS was carried out with a
Micromass platform I mass spectrometer calibrated with horse-
heart myoglobin. The solvent used was 1:1 acetonitrile/water con-
taining 0.1% formic acid, and samples were run at a flow rate of
20 wL/min~'. UV/visible electronic absorption spectra were col-
lected with Perkin Elmer Lambda 900 and Hitachi U2000 spec-
trophotometers, using a 1-cm pathlength. Non-heme iron was de-
termined as the [Fe®*(ferrozine);] complex on the basis of the
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method of Stookey (1970). The average level of iron loading was
found to be 4-110 and 5-10 Fe** per molecule for the 24-mer and
subunit dimer, respectively, as prepared, and <<1 per molecule
after treatment to remove non-heme iron. Iron-free BFR samples
were prepared by anaerobic dialysis of the isolated protein against
100 mM HEPES (pH 7) at 4°C and treatment with 2,2’-bipyridyl
and sodium dithionite, followed by dialysis against the required
buffer. Heme contents were determined from the 419 absorbance
band of the non-heme iron-free protein and the extinction coeffi-
cient of the heme Soret band (Ringeling et al. 1994), &,
= 1.4x 107 M~" cm™'. Samples of 24-mer BFR and the BFR
subunit dimer contained 0.1-0.8 and 0.05-0.15 heme groups per
molecule, respectively, as prepared.

Molecular weights of wild-type and mutant proteins were de-
termined with calibrated gel-permeation columns. Sephacryl 300
HR was used with 24-mer BFR and sephacryl 100 HR with the
subunit dimers. The columns were calibrated with protein stan-
dards obtained from Sigma. All samples were run in 50 mM phos-
phate buffer (pH 7.2), containing 100 mM NaCl, with a flow rate
of 0.4 mL/min~'. The molecular weight of wild-type BFR was
determined to be 410 kD by this method. Nondenaturing PAGE
was done with 6% linear or 6% and 12% gradient gels (Golden-
berg 1997; Makowski and Ramsby 1997).

Biophysical measurements

Fluorescence spectra were recorded with Shimadzu RF-5000 and
Perkin Elmer LS55 spectrofluorimeters, and CD spectra were mea-
sured with a JASCO J-710 spectropolarimeter. Each CD spectrum
was collected as an average of three successive scans with buffer
background scans subtracted. Mean residue ellipticities were cal-
culated as described by Schmid (1997).
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