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Abstract Hip is a high-potential iron—sulfur protein
(HiPIP) isolated from the acidophilic bacterium, Acidi-
thiobacillus ferrooxidans. In the present work, a struc-
tural model of Hip suggests that the role of proline
residues is essential to stabilize the protein folding at
very low pH. The presence of an unusual disulfide bridge
in Hip is demonstrated using mass spectrometry and
nuclear magnetic resonance. This disulfide bridge is
necessary to anchor the N-terminal extremity of the
protein, but is not involved in the acid stability of Hip.
The structural parameters correlated with the pH
dependence of Hip redox potential are also analysed on
the basis of this model. Given that the same structural
features can enhance acidic stability and lead to elevated
redox potentials, modulation of the redox potentials of
electron carriers may be necessary to achieve electron
transfer at very low pH.
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Introduction

High-potential iron—sulfur proteins (HiPIPs) are com-
monly found in the purple phototrophic bacteria as
periplasmic electron carriers between the bc; complex
and the reaction centre (Schoepp et al 1995; Hoch-
koeppler et al. 1995; Hochkoeppler et al. 1996; Menin
et al. 1997; Nagashima et al. 2002;Verméglio et al. 2002).
Nonetheless, HiPIPs have also been shown in bacteria to
transfer electrons from the bc; complex to a terminal
oxidase (Bonora et al. 1999; Pereira et al. 1999). Acidi-
thiobacillus ferrooxidans is a gram-negative acidophilic
chemolithoautotroph which obtains energy for its
growth in oxic conditions mainly from the oxidation of
ferrous iron or reduced sulfur compounds (Ingledew
1982). The bioenergetic metabolism of this acidophilic
bacterium involves several periplasmic acid-stable pro-
teins with very high redox potentials. In this non-pho-
tosynthetic bacterium a HiPIP protein has been purified
from two different strains: Fe-1 (Fukumori et al. 1988;
Kusano et al. 1992) and BRGM (Cavazza et al. 1995).
This HiPIP was proposed to be the first electron
acceptor in the electron transfer chain between Fe? and
oxygen and was referred to as Iro (Kusano et al.
1992;Yamanaka and Fukumori 1995). However, in
more recent studies with A. ferrooxidans ATCC 23270
(the type strain), ATCC19859 and ATCC33020, the only
gene encoding a HiPIP was not located downstream
from purA as in strains Fe-1 and BRGM (Kusano et al.
1992; Bruscella et al. 2005), but was located downstream
from petC2 encoding the cytochrome ¢; of the second
A. ferrooxidans cytochrome bc; complex (Bruscella et al.
2005; Brasseur et al. 2002). Therefore, it was suggested
that this HiPIP is involved in an electron transfer chain
between a cytochrome bc; complex and a terminal oxi-
dase and it was proposed to refer to it as Hip, until its
physiological role is determined (Bruscella et al. 2005). A
His-tagged form of the A. ferrooxidans protein, Hip, was
overproduced in Escherichia coli (Bruscella et al. 2005).
This protein is acid stable and holds the highest redox
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potential among the HiPIP family (510 mV). To further
evaluate the acid stability of A4. ferrooxidans periplasmic
proteins, we have generated a model of Hip that we
compare to the structures of mesophilic HiPIPs. Since
NMR is well adapted to study proteins at extreme
conditions (low or high pH or temperature), we have
investigated the structural properties of Hip at different
pH using 2D-heteronuclear NMR.

Materials and methods
Protein expression and purification

Hip expression in E. coli and purification of the re-
combinant protein have been previously reported
(Bruscella et al. 2005). The '"N-labelled Hip was pro-
duced by growing E. coli BL21(DE3) strain carrying the
pET21-hip plasmid at 37°C in 1 1 of M9 medium sup-
plemented with '"NH,Cl (1 gl™') and ampicillin
(50 png ml~"). After purification, the recombinant '>N-
labelled Hip was dialysed against 50 mM (pH 7.6)
phosphate buffer.

Mass spectrometry

Mass analyses were performed with a MALDI-TOF
mass spectrometer (PerSeptive Voyager DE-RP, Ap-
plied Biosystems, USA). External calibration was made
on the mono-charged ion [M+H] " at 16,951.56 Da and
the doubly charged ion [M +2H]*" /2 at 8,476.28 Da of
apomyoglobin.

Redox potential measurements

Square-wave voltammetries were carried out using a
PAR 263A potentiostat controlled by PAR PowerSuit
software. A conventional three-electrode system was
used consisting of a Metrohm Ag/AgCl/saturated NaCl
reference electrode, a platinum auxiliary electrode and a
membrane-pyrolytic graphite-working electrode. Poten-
tials versus the normal hydrogen electrode have been
obtained by adding 210 mV to the measured potentials.
The membrane electrode technology was described in a
previous paper (Haladjian et al. 1994). Prior to each
experiment, the solutions were deoxygenated by bub-
bling high-purity nitrogen. All experiments were carried
out at room temperature (about 23°C) under nitrogen
atmosphere.

NMR experiments

NMR samples were prepared in 10 mM, pH 7.0 phos-
phate buffer in 10% D,O. Homonuclear NMR experi-

ments (NOESY and TOCSY) necessary for tentative
assignment were performed on a sample of Hip at | mM
concentration. Heteronuclear NMR spectra (‘H-'°N
HSCQ) were recorded on a sample of "N-labelled Hip
at 0.1 mM concentration. NMR experiments were car-
ried out on a Bruker Avance DRX500 spectrometer at
300 K, equipped with a HCN probe and self-shielded
triple axis gradients. Spectrum processing was done with
XwinNMR from Bruker. 'H chemical shifts were ref-
erenced indirectly with H,O resonance calibrated at
4.792 ppm and >N chemical shifts referenced indirectly
using 'H/"’N frequency ratio 0.1013291118 (Wishart
et al. 1995).

Model building

Modelling was performed with the model-default option
of the programme MODELLER 7v7 (Sali and Blundell
1993) using the structure of the HiPIP from R. tenuis
(pdb: 1ISU) as template (33% identities). The calcula-
tion includes the [4Fe—4S] cluster and a disulfide bridge
between C4 and C36.

Results and discussion
Sequence analysis

When Hip sequence is compared to sequences of
HiPIPs from several sources (Fig. 1), the four cyste-
ines required to bind the FeS cluster are absolutely
conserved. There are only a few positions that are
highly conserved such as Y15, G48, W49 and W/F53
(Hip numbering) (van Driessche et al. 2003). Y15 has
three important functions: in shielding the FeS from
solvent, in forming H-bonds to backbone and side
chains and in making electrostatic interactions with
the cluster. For G48, the lack of a side chain appears
to be due to structural constraints imposed by its
interaction with Y15. The highly conserved aromatic
residues at position 15, 49 and 53 generally appear to
protect the FeS cluster from solvent. The Hip se-
quence reveals two particular features: the presence of
two additional cysteine residues (C4 and C36) and a
very high content of proline residues (15.8%). Figure 1
shows that Hip sequence contains nine proline residues
while only four are present in the sequence of the
HiPIP from Rhodocyclus tenuis (Isu). Proline residues
are mainly located at the N- and C-terminal extremi-
ties of Hip sequence. Five of the nine proline residues
of Hip are conserved in the similar protein Iro from
A. ferrooxidans and therefore they are probably play-
ing an important role in the folding of these two acid-
stable proteins. In order to clarify the role of proline
residues in Hip structure, we have generated a struc-
tural model of this protein.
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1 11 21 31
Iro GSMPK AAVQYQDTP—- K GKDHCSVCAQ FIAP--
Hip AGNCPGTTPK AEVQYQPHP—-— K GKDQUCSVCAN FIAP—-—
Isu GTN-AAMR KAFNYQDTA-— K NGKKCSGCAQ FVPGAS
HPI MERLSEDDPAA QALEYRHDASSVQHPA————— YE EGQTCLNCLL YTDASA
IUA AAPANAVTADDPTA IALKYNQDATKSERVAARPGLPP EEQHCENCQF MNPDSA
41 51

Iro ----HSCKVV AGN--ISPNGWC VAFVPKKSA

Hip ----KCCKVV AGP--VAPDGYC IAFTPMPA

Isu PTAAGGCKVI PGDNQIAPGGYC DAFIVKK

HPI Q-DWGPCSVF PG-KLVSANGWC TAWVAR

IUA AADWKGCQLF PG-KLINLSGWC ASWTLRAG

Fig. 1 Sequence alignment of HiPIPs from Acidithiobacillus ferro-
oxidans (Iro and Hip) (Bruscella et al. 2005), Rhodocyclus tenuis
(Isu) (Rayment et al. 1992), Ectothiorhodospira vacuolata (HPI)
(Benning et al. 1994) and Thermochromatium tepidum (IUA) (Liu

Structural analysis
Disulfide bridge

The first step of the structural analysis of Hip was to
determine the presence of a disulfide bridge involving the
two additional cysteine residues (C4 and C36). Mass
spectra were recorded on carbamidomethylated apoHip
in the absence and the presence of dithiothreitol (DTT).
In the absence of DTT, two major masses were observed
at 7,145 and 7,260 Da, which correspond to Hip forms
including two and four alkylated cysteine residues,
respectively. A major form was observed at 7,380 Da in
the presence of DTT corresponding to six alkylated
cysteine residues. These results suggested the presence of
a disulfide bridge in Hip. 1D-NMR spectra of Hip in the
presence and absence of DTT revealed an important
effect on the chemical shift of the SCH, of one of the
cysteine ligands of the FeS cluster. This effect was ex-
plained by the reduction of the disulfide bridge involving
C4 and C36 which would affect the FeS ligand, C37. The
presence of DTT also induced significant modifications
of the "H-""N HSQC spectrum (Fig. 2). Partial assign-
ment of NH resonances in HSQC spectrum indicated
that the N-terminal extremity (G6, T7, K10, A11) was
particularly affected. However, the optical spectra of
Hip in the presence or absence of DTT were the same

et al. 2002). Cysteine residues are in green, proline residues are in
red, conserved residues are in pink. In Hip, the cysteine residues
involved in disulfide bridge are underlined and the acidic residues
are in blue

and the redox potential of the protein was poorly
modified by the presence of DTT (Fig. 3). These results
indicated that DTT did not alter the FeS binding.

Acid stability

The general folding motif of HiPIPs is rather simple,
consisting of a series of reverse turns. For this reason
and due to the high content of proline residues (15.8%),
we obtained only few dipolar restraints in the NMR
spectra of Hip. A structural model was generated on the
basis of R. tenuis HiPIP (pdb: 1ISU) presenting 33%
sequence identities with Hip (Fig. 4). The only major
secondary structural element found in R. tenuis HiPIP
(Isu) was a short helix composed of residues 4-9 (Ray-
ment et al. 1992). This part of the sequence, rich in
proline residues in Hip, was not favourable for a helical
structure. The presence of the disulfide bridge was nec-
essary to stabilize the N-terminal extremity of Hip.

An important point is that the unique salt bridge
present in Isu (R7 / D46) is missing in Hip. The proline
residue P43 in Hip, substituting D46 in Isu, may coun-
terbalance the structural effect of this non-bonded
interaction. In contrast, most of the hydrogen bonds in
Isu may exist in Hip. However, it is to be noticed that
the additional proline residues in Hip are located in the
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Fig. 2 "H-">N HSQC of Hip in the presence (red) and in the absence (black) of 10 mM DTT. NMR spectra were recorded at 300 K pH
2.7
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Fig. 4 Superimposition of the
3D structures of HiPIPs from
R. tenuis (11SU), E. vacuolata
(1HPI) and T. tepidum (11UA)
and the structural model of
Hip. The FeS cluster is in red
and the structural elements in
the backbones are coloured
from N-terminal in blue to C-
terminal in red

vicinity of the residues whose amide group is involved in
one of the conserved hydrogen bonds. P17 and P19 are
located in Hip around HI18: the amide group of the
equivalent T15 in Isu is involved in a hydrogen bond
with the conserved Q13 adjacent to the essential Y12
(Isu numbering). P55 and P57 induce the orientation of
M56 in Hip: the amide group of the equivalent K61 in
Isu is involved in a hydrogen bond with G24 which is in
close contact to the FeS cluster. In conclusion, these
additional proline residues would stabilize the folding of
the protein at low pH by introducing new geometric
constraints to the backbone at the position of the reg-
uisite hydrogen bonds (Fig. 5).

The high content of proline residues is typical of A.
ferrooxidans periplasmic electron transfer proteins.
Rusticyanin contains 14 prolines over 155 residues
(Botuyan et al. 1996;Walter et al. 1996). Similarly, cy-
tochromes ¢4 from A. ferrooxidans have a very high
number of proline residues. As the comparison of rusi-
cyanin structure with cupper proteins from mesophilic
organisms being more difficult to interpret, we have
analysed the three-dimensional structure of A4. ferroox-
idans Cyc41 (pdb: 1H10). Proline residues play also an
important role in the folding of this protein. Two proline
residues (P88 and P89) are found in the linker peptide of
the two hemic domains; these two residues are probably
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11SU

1HPI

essential for the conformation of the protein at low pH.
Moreover, a proline residue (P132) replaces a salt bridge
involving D131 and R38 in Pseudomonas stutzeri cyto-
chrome ¢4. It is to be noticed that the high number of
proline residues was previously emphasized in the X-ray
structure of Maltose-Maltodextrine-binding protein
from the thermoacidophile Alicyclobacillus acidocalda-
rius (Schéfer et al. 2004). But in this case, the authors
concluded that the proline residues were involved in the
thermostability and not the acid stability of the protein.

Modulation of the very high redox potential

In HiPIP, the iron—sulfur cluster is completely inacces-
sible to water and surrounded by hydrophobic residues.
The large differences in redox potentials are caused by
differences in the polarity of the cluster environment and
ability to delocalize electrons by the amino acid residues
around the cluster (Heering et al. 1995). The role of the
cysteine ligand in the very high redox potential modu-
lation was analysed on the basis of the structural model
of Hip. When considering HiPIP structures (Fig. 3), C37
(Hip numbering) is found exposed to the solvent in most
of the HiPIPs; C28 is exposed in the low redox potential
proteins and buried in the medium range redox potential
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proteins. Surprisingly, in Hip, C28 is exposed to the
solvent but C37 is particularly buried. A model of Hip,
generated without the (C4/C36) disulfide bridge restores
the C37 exposure. However, cyclic voltammetry analysis
of Hip in the presence of DTT revealed a slight increase
in the redox potential (30 mV) indicating that the
disulfide bridge, and thus, C37 exposure is not respon-
sible for the high redox potential of Hip (Fig. 3).
Reduction of the disulfide bridge has only a slight effect
on the stability of the protein at either high or low pH.

Fig. 5 Structural model of Hip
represented by PyMOL
software (DeLano 2002). Those
in green are the cystein ligands
of the FeS cluster; those in blue
are the two cysteines involved in
the disulfide bridge; those in red
are proline residues

P43 1=

Figure 2 shows the 2D-NMR spectra of Hip in the
presence and absence of DTT at pH 2.7; one can observe
that except for the residues of the N-terminal extremity,
the global NMR spectrum and thus the folding of the
protein are conserved in the absence of the disulfide
bridge at extreme pH. In conclusion, the exposure of the
cysteine ligands is not a determinant parameter for re-
dox potential modulation in Hip, and it is difficult to
distinguish the parameters involved in the acid stability
and in the modulation of the very high redox potential.

P19

P46

PS5
Fig. 6 Overlay of Hip HSQC ppm |
spectra at different pH (black
pH 7.0; red pH 5.3; green pH 15N
4.1; blue pH 3.8; orange pH 2.7) D23
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pH dependence of Hip redox potential

Electrochemical measurements have revealed a pH
dependence of Hip redox potential in the range of pH
3.5-5.0 (Bruscella et al. 2005). HSQC spectra of Hip
were recorded in this range of pH (Fig. 6). Among the
few affected resonances, six resonances were respectively
assigned to E12 and V13, D23 and Q24, and D47 and
G48. The pK values for these resonances were around 4,
indicating that the pH dependence of Hip redox poten-
tial is modulated by one of these three acidic residues
(E12, D23 and D47). Sequence alignment (Fig. 1) shows
that D23 located at 6 A of the cluster in the hydrophobic
core of Hip is conserved in Iro. The similar pH depen-
dence of Iro redox potential (Bonora et al. 1999) sug-
gests that D23 may be responsible for this phenomenon
in the two proteins.

pH dependence of redox potentials is a common
property of periplasmic electron transfer proteins in A.
ferrooxidans. A pK value above 7 was observed for the
redox potential of rusticyanin (Guidici-Orticoni et al.
1999). A structural model of the cytochrome cy4-rus-
ticyanin complex has shown that E121 from the cyto-
chrome forms a hydrogen bond with HI143 of
rusticyanin (Abergel et al. 2003) leading to a change in
the redox potential of rusticyanin of 100 mV upon
complex formation. Considering the redox potentials of
the free states of rusticyanin (680 mV) and of cyto-
chrome c¢; (480 mV), the authors proposed that the
electron transfer between the copper and the heme,
thermodynamically unfavourable, necessitates an in-
duced redox switch to allow electron transfer between
the two redox partners. By analogy, D23 may be in-
volved in a similar redox switch in Hip, including a basic
residue of the physiological partner to form a hydrogen
bond during complex formation.

It has been previously demonstrated that the struc-
tural features, which enhance acid stability of rusticya-
nin, lead also to an elevated redox potential (+ 680 mV),
making these two properties interrelated (Walter et al.
1996). It is to be noticed that the redox proteins isolated
from this acidophilic bacteria have a particularly high
redox potential. The modulation of the redox potentials
of these acid-stable proteins may be a general process
necessary to achieve electron transfer reactions at ex-
treme pH.
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