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ABSTRACT: The structure of a cytochrone (PpcA) fromGeobacter sulfurreducensas determined by

X-ray diffraction at 1.45 A resolution; thR factor is 18.2%. The protein contains a three-heme core that

is surrounded by 71 amino acid residues. An unusual feature of this cytochrome is that it has 17 lysine
residues, but only nine hydrophobic residues that are larger than alanine. The details of the structure are
described and compared with those of cytochropegrom Desulfuromonas acetoxidarend with
cytochromescs. The two cytochromec; molecules have sequences that are 46% identical, but the
arrangements of the hemes in the two structures differ; the rms deviationcetalbons is 2.5 A. These
cytochromes can reduce various metal ions. The reduction site of the chromatelioadetoxidanss
occupied by a sulfate ion in the crystal structure of PpcA. We identified four additional homologues of
cytochromecy in the G. sulfurreducengenome and three polymers@ftype domains. Of the polymers,

two have four repeats and one has nine repeats. On the basis of sequence alignments, one of the hemes
in each of the cytochrome-type domains does not have the bis-histidine coordination. The packing of
the molecules in the crystal structure of PpcA suggests that the polymers have an elongated conformation
and might form a “nanowire”.

Multiheme cytochromes in the periplasm of Fe(lll)- 1 10 15

reducing bacterial({ 2) and in sulfur- and sulfate-reducing ~ G-Sulfurreducens A D D KAKNGD ‘
. - . . D.acetoxidans AD ENKKGN

bacteria 8—6) play critical roles in the environmental

processing of many metals, including radionuclidésg).

Cytochromec; from Geobacter sulfurreducensesignated G.sulfurreducens
. . . . . D.acetoxidans

PpcA, is a protein with 71 residues that contains three

covalently bound hemes9); It is one of the smallest

cytochromec-type molecules with the highest ratio of hemes g guifurreducens

to amino acid residues. The purified protein can reduce Fe- D.acetoxidans

(1, U(vl), Cr(vl), and other metal ions. The chromate
binding site was identified by NMR method4(Q) for the
homologous cytochrome; from Desulfuromonas acetoxi-
dans the structure of which was determined by X-ray
diffraction (11). G. sulfurreducensnd D. acetoxidansare
closely related delta proteobacteria. In addition to the
reduction of metal ions, both organisms have been shown

of sequence identity between the two proteins is 46% (Figure

T This work is supported by the U.S. Department of Energy’s Office
of Science, Biological and Environmental Research, Structural Biology,
and NABIR programs, under Contract W-31-109-Eng-38.

*The coordinates and structure factors have been deposited in the

Protein Data Bank as entry 10S6.

*To whom correspondence should be addressed: BiosciencesMms

Division, Argonne National Laboratory, Argonne, IL 60439. Tele-
phone: (630) 252-3883. Fax: (630) 252-3387. E-mail:
anl.gov.

G.sulfurreducens
D.acetoxidans

G. sulfurreducens
D. acetoxidans

70

K K

I K
to reduce elemental sulfur but not sulfate. The cytochrome FIGURE 1. Alignment of the amino acid sequences of cytochrome
¢, is the most abundant protein in their periplasm:; the level ¢ from G. sulfurreducensindD. acetoxidansldentical residues

(46%) are shown in bold typ&he positions of the heme attachment
sites are indicated below the sequences. Protein chain segments
with g-structure are shown in blue, ardhelical segments are
shown in pink.

1). However, the level of three-dimensional structural homol-
ogy is less than expected from the sequence homology; the

deviation of thex-carbons is 2.5 A.
The cytochromec; (PpcA) in G. sulfurreducensis

mschiffer@ thought to be directly responsible for the reduction of soluble

$ Present address: Virginia Institute of Marine Science, P.O. Box metal species such as U(VI), which can enter the periplasm

1346, Gloucester Point, VA 23062.

(12). Furthermore, it is believed to serve as a carrier of an
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electron from the electron donor acetate to the Fe(lll) oxide with HKL2000 (17). The structure was determined using the
reductase localized in the outer membrane of the organismprogram CNS18). Following density modification in space
(9). group P4322, the electron density map was of excellent
Among the multiheme cytochromes, the cytochrocge quality and was suitable for model building. The protein
family from the sulfate-reducing bacteria is best studied. They model was built manually into the electron density map using
consist of~120 amino acid residues and four covalently the program CHAIN 19) and refined against high-resolution
linked heme groups. The hemes are numbered sequentiallydata collected at the 191D beamline (APS). Although the
according to the cysteine residues to which they are attachederystals diffract to 1.3 A, because of the longixis, data
in the amino acid sequence. Heme IV is suggested to interactresolved to only 1.45 A were collected. Initial refinement
with hydrogenases1@, 14). While the level of sequence 0f the model was carried out with CNS and in later stages
identity among the four-heme proteins is relatively low, With Shelx-97 R0). The Fourier difference map showed small
~25%, the positions and orientations of the hemes in the residual peaks near the Fe atoms in all three hemes, which
three-dimensional structures are maintairs).(The three- ~ suggested anisotropic thermal motion of the Fe atoms.
heme cytochrome; molecules are homologous to the four- Anisotropic refinement of the Fe atoms lowerBge by
heme cytochromes; molecules, but are missing heme I of 0.5%. However, including the sulfur atoms of the cysteine
the cytochromecs molecules and the amino acid chain residues in anisotropic refinement did not produce a signifi-
segment that keeps that heme in place. For comparison withcant drop inRyee. There are no residues in the disallowed
the more extensively studied four-heme cytochromes, the regions of the Ramachandran plot, and 85.5% of the residues
cytochromec; nomenclature for labeling the hemes in the are in most favored regions. The quality of the electron
cytochromec; proteins is maintained. density is illustrated in Figure 2. The data collection and
We have determined the three-dimensional structure of 'éfinement parameters are summarized in Table 1. Figures
one of the three-heme cytochromemolecules (PpcA) from 2 3b, and 48 were generated with CHAINLE), and Figure
G. sulfurreducendy X-ray diffraction of single crystals at 3@ was generated with SETOR1).
1.45 A resolution. In this paper, we describe the unusual Bioinformatics MethodsProtein sequences homologous
structural features of this protein, including structural details to that of cytochrome; were identified by searching th@.
of a possible reduction site of chromate. Further, we comparesulfurreducenggenome (GenBank entry NC_002939) with
the structure of the cytochron® from G. sulfurreducens  the sequence of the cytochromePpcA (ORF01023) using
with that of D. acetoxidans and with cytochromecs BLAST software g2). The SignalP software2) was used
molecules. We found that th@. sulfurreducengenome also for prediction of leader sequence cleavage sites. The Genetic
contains coding sequences for additional cytochrazpe ~ Computer Group Software package (Genetics Computer
homologues. These homologues surprisingly include severalGroup, Madison, WI) was used for alignments.
polymers of cytochrome;-type domains; the function or
functions of the homologues are presently not known. The RESULTS AND DISCUSSION
amino acid sequences of the homologues are analyzed in The cytochrome; from G. sulfurreducenbas 71 residues
terms of the three-dimensional structure and crystal packingand three covalently attached hemes at typical heme attach-
of PpcA. ment sites of the CXXCH sequence pattern. The two axial
ligands of the hemes are histidine residues; the details of
MATERIALS AND METHODS their packing and the modulation of their redox properties
Crystallization.Protein production and purification were ~are influenced by the residues that surround them. In addition

performed with a slight modification of the procedure 0 the cytochrome molecule, the asymmetric unit of the
described previousi6); a further gel filtration purification _cwstal contains a molecule of deoxycholic acid, three sulfate
step was added. After a large number of crystallization trials, i0nS (numbered 7678), and 95 water molecules. The
crystals were obtained at a protein concentration of 72 mg/ Presence of deoxycholic acid was required for crystallization.
mL from high concentrations of ammonium sulfate (pH
adjusted to 6.0 or 7.0 with ammonium hydroxide) only in
the presence of deoxycholic acid. Crystals suitable for X-ray  Secondary Structur&xcept for a shorf-sheet, the protein
diffraction were obtained from 3.5 M ammonium sulfate (obH consists of six small helical regions; three of the helical
6.0) in the presence of 0.25% deoxycholic acid. Tetragonal regions contain the CXXCH motif that covalently binds the
crystals (space group4:22 or P4;22, unit cell dimensions  hemes and supplies the fifth ligand to the Fe atom of the
ofa=b=32.4 Aandc=178.7 A) diffracted to aresolution  hemes. These chain segments require a helical conformation
of ~1.3 A at the Structural Biology Center’s 191D beamline  for the Cys residues to provide the proper geometry for heme
at the Advanced Photon Source (APS). attachmentZ4). Two additional helical segments contain the

Structure Determination and RefinemeTfte structure of  sixth ligands to the Fe atoms of the hemes. The “outside”
PpcA was determined by the MAD method using three surfaces of the helical regions are highly polar and charged;
wavelength data sets (see Table 1) collected at the Fethey are largely occupied by Lys, Glu, and GIn residues.
K-absorption edge at the 19BM beamline (APS). Because Residues 46 and 13-15 form an antiparalleB-sheet;
of the longer wavelength at the Fe edge, MAD data were the loop between them hageurn formed by residues-811
collected to a resolution of only 2.4 A. Data were processed (Figure 3). There is a change in the direction of the chain at
Prol6, followed by a two-turme-helix from residue 17 to

L Abbreviations: APS, Advanced Photon Source; MAD, multiple-  24- This segment contains the sixth ligands, His17 and His20,
wavelength anomalous dispersion. to hemes | and I, respectively. The chain changes direction

Structure of the Protein




Three-Heme Cytochromes fro@. sulfurreducens

Biochemistry, Vol. 43, No. 4, 20@51

Table 1: Summary of Data Collection and Crystallographic Parameters

Crystal Parameters

unit cell (A) a=b=2324,c=178.4
space group P4522
Data Collection
MAD data
inflection peak remote high resolution
wavelength (A) 1.7411 1.739 1.6919 1.0332
resolution range (A) 50:62.30 50.6-2.30 50.6-2.30 100.6-1.45
no. of unique reflections 7494 7467 7868 30830
redundancy (last shell) 3.5(2.4) 3.4 (2.4) 3.6 (2.6) 5.3(1.8)
completeness (%) (last shell) 92 (64) 92 (63) 97 (81) 96 (73)
averagd/o(l) (last shell) 43.2 (26.5) 43.3 (27.1) 34.8 (12.3) 57.7 (9.2)
Rmerge(%0) (last shell) 49 (7.1) 5.1(7.3) 6.6 (11.1) 6.1(13.4)
Phasing (resolution range of 56-2.3 A)
inflection peak remote
fried iso fried iso fried iso all
phasing power 5.03 4.56 4.27 3.59 2.12 1.48
FOM 0.64 0.64 0.62 0.60 0.49 0.42 0.91
density modification, FOM 0.96
Refinement
resolution range (A) 30:01.45
o cutoff used in refinement 0.0
no. of reflections 27804
no. of non-hydrogen atoms
refined [averag®-factor (A2)]
protein 535 (17.0)
heme 129 (12.8)
deoxycholic acid 28 (13.2)
sulfate 15 (27.5)
water 95 (29.7)
R factor, R (all data) 0.182, 0.227
rmsd from ideal geometry
bond lengths (A) 0.022
bond angles (deg) 4.7

2 The test set for the calculation &e. was comprised of 10% of the total reflections selected at random and not used in refinement.

Ficure 2: Electron density of heme Ill contour

at Pro25, and is followed by aghelix formed by residues

26—30, the attachment site of heme I. A

residues 4247, followed by a wide loop similar toa-helix,

and then by another-helix, residues 5259. These segments
contain the sixth ligand to heme IV, His47, and the Cys51
and Cys54 of the heme Il binding site. The chain changes
direction at residue 60, followed by a&urn and aro-helix

that includes residues 6469. Cys65 and Cys68 form the
binding site of heme IV. Residues 70 and 71 appear to form
the third segment of the N-termingisheet, though only the
peptide nitrogen of residue 70 is hydrogen bonded to the
carbonyl oxygen of residue 12, located at the beginning of
the secongb-strand segment.

Deoxycholic AcidThe part of the chain between residues
35 and 42 has only a few contacts with the rest of the protein
and has a large solvent accessible opening. A molecule of
deoxycholic acid is located in this channel (Figure 4). On
the basis of previous small-angle X-ray scattering resii@s (
the deoxycholic acid does not appear to change the overall
structure of the molecule. The calculated radius of gyration
using cytochromec; coordinates with deoxycholic acid is
12.1 A and without deoxycholic acid is 12.2 A. These values
are in good agreement with the measured radius of gyration
of 12.3 A obtained in the absence of deoxycholic acid.
change in chain Therefore, the relative positions of the hemes observed in

¥

ed at the l&vel
of a map calculated withR, — 2F. coefficients illustrating the
quality of the structure.

direction occurs at Pro35, followed by a one-turn helix our structure are not expected to be caused by the binding

involving residues 3640. There is a bend
residue Phe41, followed by what appears t

segment (Figure 3). This segment consists ofoalnelix,

in the chain at of deoxycholic acid. The hydrophobic portion of the deoxy-
o be along helicalcholic acid interacts with the hemes and with residue Phe41.
Its carboxyl group is surrounded by Lys29, -33, -37, and
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a Heme II1

Heme IV

Ficure 3: Structure of cytochrome; PpcA. The molecule has a helical face (front) antisheet face (back). (a) The polypeptide backbone
is shown in blue; hemes and deoxycholic acid are shown in green with their oxygen atoms in red. (b) Stereoview of the molecule in the
a-carbon trace of the protein. Cysteine, histidine side chains, and the hemes are also shown.

Ficure 4: Stereoview showing the surroundings of the deoxycholic acid. It is located in a hydrophobic opening that consists of residues
lle4, Leu6, Phel5, lle38, Phe4l, and Met45 and hemes | and Ill. The hydroxyl groups of the deoxycholic acid interact with water molecules
(not shown), whereas the carboxylic group interacts with Lys33, Lys37, and Lys49; Lys29 is also in the vicinity.

-49. The deoxycholic acid moiety appears to stabilize this ducens however, the cytochrome; protein in its native
part of the molecule, which may otherwise be too flexible environment might bind a small molecule that is important
and would have multiple conformations. The position of the for its function in the cell, in the same position that the
deoxycholic acid in the molecule might explain why the deoxycholic acid is observed in the crystal.

protein could not be crystallized in its absence. The deoxy- Hydrogen BondsA characteristic of this cytochrome
cholic acid is not present in the periplasm @f sulfurre- is that there are very few side chaiside chain or side
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Table 2: Side ChainSide Chain and Side ChaitMain Chain
Hydrogen Bonds and Hydrogen Bonds Formed by His Residues

distance (A)

Lys7 NZ Aspl2 OD1 2.68
Asp3 OD1 His17 N 2.95
Glu67 OE1 Thre3 N 3.18 --12.6
Glu67 OE1 Lys64 N 3.16
heme | O2A Alal N 2.74
heme IV O2A Lys9 N 2.68
His20 ND1 Prol6 O 2.77
His55 ND1 Pro62 O 2.81
His69 ND1 Glyl1 0 2.83
His17 ND1 Wat129 2.92
His31 ND1 sulfate76 02 2.80
His47 ND1 sulfate77 O1 2.83

Ficure 5: Arrangement of the hemes in PpcA. Hemes | and IV
are separated mainly along theaxis of the crystal, and they are

chain—main chain hydrogen bonds (Table 2). The only related by a pseudo-2-fold axis (I73otation) which is ap-
side chair-side chain hydrogen bond is between Lys7 and Erc:xmately patrallel t? tthha:k-]ams of the crystal. Thet distances
Aspl12. In addition to the hydrogen bonds formed by the His etween iron atoms of the hemes are given In angstroms.
re_5|dues to qarbo_nyl Oxygenf‘:” Asp3 forms a hydrogen bondTable 3: Comparisons of Relative Heme Geometrie& of

with the peptide nitrogen of His17 and Glu67 forms hydrogen syifurreducengG.g andD. acetoxidangD.a) Cytochromec;

bonds with peptide nitrogens of Thr63 and Lys64. Except Molecules and Average Values for Six CytochromeMolecules

for the His residues, none of the above residues areTaken from Ref25-30

conserved. Peptide nitrogens of Alal and Lys9 form hydro- Gs¢g Dac Cs
gen bonds with the propionic acid moieties of hemes | and Heme Fe-Fe Distances (A)
IV, respectively. In addition, a chargeharge interaction heme Fheme IlI 11.2 115 111
occurs between Lys60 and the propionic acid moiety of heme ~ heme lii-heme IV 12.6 12.6 12.1
m heme Fheme IV 20.8 19.3 17.7
Large Hydrophobic Residue$he core of this molecule heme ,_he'm?lm between MgeGan Heme Plagrles (deg) 83
is formed by the three hemes; this could be the reason there heme li-heme IV 69 77 84
are relatively few hydrophobic residues larger than Ala in _ heme Fheme IV 35 8 21

the structure. At seven homologous positions, hydrophobic

residues occur in botB. sulfurreducenandD. acetoxidans Hemes

cytochromec;. A characteristic of theS-pleated sheet

segment is that every second residue is hydrophobic; lle4, Arrangement of the HemeBhe three hemes form the core

Leu6, Val13, and Phel5 form the signature for the short of the molecule. Heme Il is located between heme | and
ﬂ-plel’;\ted sh’eet segment. lle4 and Leu6 are close to theheme 1V; a local pseudo-2-fold axis relates heme | and heme
propionic acid groups of hemes | and 1V, respectively. Vall3 v (Flgulre 521' -IIIIhe arr_ang_ements ofdtheyvemles are such j[r;]at
and Val24 are close to heme lll, and Phel5 is close to hemeshen:]esth an th géecmt we;:t Va?] er | aadstﬁorggg V\;'t

I and Ill. Phe4l is located close to heme 1V; 1le38 is on the each other (the atom from heme | an e atom
surface. Two Met residues, Met45 and Met58, are not frqm heme I”.) and heme I\./ is in van der Waals contact
conserved. Met45 is on the outside surface of a helical regionWIth the coordinating His residue of heme Il (the CE1 atom

and is disordered, while Met58 is in van der Waals contact of H'SS.S anq the .CBC atom from h'e&me V).
with heme IIl (CAC and CMD atoms). The iron—iron distances are 11.2 A between heme | and

. o heme Ill, 12.6 A between heme Ill and heme 1V, and 20.8
Long Charged and Polar Residueshe most striking A petween heme | and heme IV (Figure 5 and Table 3).
LyS residueS, while six are Glu residues. All but four of the between heme | and heme |||, BBetween heme Il and

Lys residues are disordered. Lys64 appears to have twoheme IV, and 3% between heme | and heme IV
conformations after its CG atom. Two of the four Lys (Table 3).

residues with relatively lovB-factors have specific interac- Heme | has the largest accessible surface area (225 A
tions in the crystal lattice; Lys28 and Lys43 are on the surface 29.3%), followed by heme IV (189 Zor 24%), and heme
and interact with sulfate ions. Only two of the Lys residues ||| is the least exposed (144%for 19%). For heme |, the
form hydrogen bonds within the molecule. Lys7 interacts CMA and CMB atoms are the most exposed and the O1A,
with Asp12, and Lys60 interacts with the propionic acid O2A, and CAD atoms are less exposed. In heme I, the
moiety of heme lIl. Of the six Glu residues in the structure, O1A, O2A, and 02D atoms are the most exposed and the
only three are ordered; two residues, Glu32 and Glu39, form CMA atom is less exposed. For heme 1V, the CMA and
hydrogen bonds with the sulfate ions, and the third, Glu67, CMB atoms are the most exposed and the O1A, O2D, and
hydrogen bonds with backbone nitrogen atoms of residuesCAB atoms are less exposed.

63 and 64. The only glutamine residue in the structure, His Residues that Coordinate the Hem&hke hydrogen
GIn21, is also disordered. It appears that the main role of bonds formed by the His residues are listed in Table 2; the
the long charged residues is to provide the surface chargeangles that the planes of the His residues form with each
of the molecule. other are described in Table 4. His17 and His31 form the
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Ficure 6: Packing of cytochrome; molecules in a one-dimensional array along #h@ndb-axes of the crystal, which can serve as a
model for the polymers af;-type domains. The intermolecular FEe distance of 12.8 A is similar to the intramolecularfFe distances.
The distance between the N- and C-termini of the neighboring molecules is 9 A.

Table 4: Comparison of the Angles between Histidine Ring Planes
Made by the Axial Ligands of Each Heme @. sulfurreducens
(G.9 andD. acetoxidangD.a) Cytochromec; Molecules

Gs Da
His17 (17} His31 (30) 57 79
His20 (20) His55 (53) 22 31°
His47 (45) His69 (66) 89 83

aThe corresponding His residue numbebiracetoxidans £is given
in parentheses.

axial ligands of heme I. The histidine planes make & 57
angle with each other. The ND1 atom of Hisl7 forms a
hydrogen bond with a water molecule. The ND1 atom of
His31 forms a hydrogen bond with sulfate ion 76. His20
and His55 form the axial ligands of heme lll. The planes of

the deoxycholate molecules are within van der Waals
distance of each other. Heme | and heme IV are in the
proximity of each other between molecules related by
translation along the or y-axes in neighboring unit cells.
Sulfate ion 77 is found at this interface. A packing diagram
showing three molecules of cytochrongg in the crystal
structure is presented in Figure 4. The closest approach is
between the CMB atoms (5.6 A), and between the C2B
atoms on the porphyrin rings (7.0 A) of heme | and heme
IV from neighboring molecules. These distances are com-
parable with contact distances within the same molecule of
heme | and heme Ill of 4.5 and 5.9 A between the C3C and
C2C atoms and between the CAC and CMC atoms,
respectively, and of heme Ill and heme IV of 4.4 and 5.9 A
between the CMB and CMD atoms and between the C2B

the His side chains are nearly parallel to each other. Phe152"d CHD atoms, respectively. The interheme-Fe dis-

is nearly parallel (23 to His20; the closest distance between
them is 3.4 A. Further, the ring of Pro62 is approximately
parallel (12) to the ring of His55. The ND1 atom of His20

tances between neighboring molecules in the unit cell are
only ~1 A longer than the ones within a molecule.

Sulfate lonsSulfate ions form three of the crystal contacts

forms a hydrogen bond with the carbonyl oxygen of Pro16. between neighboring molecules. Sulfate ion 76 is completely
The ND1 atom of His55 forms a hydrogen bond with the buried. The oxygen atoms of sulfate ion 76 form hydrogen
carbonyl oxygen of Pro62. A similar hydrogen bond present bonds with the ND1 atom of His31 and the.peptl_de nitrogen
between the fifth axial ligand and the carbonyl oxygen of a Of Glu32 of one molecule and the peptide nitrogens of
Pro residue was found to be conserved in mitochrondrial- residues 36, 38, and 39 and the OE1 atom of Glu39 (2.88
type cytochrome molecules 8). His47 and His69 form the ~ A) of a symmetry-related molecule. Oxygen atoms of sulfate
axial ligands of heme IV. The planes of these His residues ion 77 form hydrogen bonds with the ND1 atom of His47
are perpendicular to each other. The ND1 atom of His47 and the NZ atom of Lys43 (3.2 A). It also forms a hydrogen
forms a hydrogen bond with sulfate ion 77. The ND1 atom bond with residues of anaghbonng molecule, the OE1 atom
of His69 forms a hydrogen bond with the carbonyl oxygen Of Glu32 (2.65 A), and is 3.2 A from the NZ atom of Lys28.
of Gly11. The His rings and the heme planes are generally Sulfate ion 78 forms hydrogen bonds (3.1 A) with the

close to perpendicu|ar with each other, betweeha ) 90' backbone nitrOgenS of residues 43 and 44, in addition, itis

nitrogen of a neighboring molecule in the crystal, respec-
tively. Sulfate ions 77 and 78 are also in contact with the
solvent.

Description of the Crystal

Crystal Packing.Close packing within the unit cell is
observed between molecules related by a 2-fold axis | ycation of the Chromate Binding Site
perpendicular to the (110) planezt /5. Molecules in the

neighboring unit cell, related by translation along #eor

y-axis, are also involved in close packing. A larger surface

area of 1942 A is buried between the 2-fold related
molecules, compared to 458 Aetween molecules related
by translation. Th¢-sheet at the N-terminus of the molecule

is extended by the 2-fold axis perpendicular to the sheet.

Sulfate ion 76 is buried within this interface. Both the side

chain carboxyl and the main chain nitrogen atoms of Asp2
of one molecule are within hydrogen bonding distance of

the propionic acid moiety of heme IV from the 2-fold related

Sulfate (S@") ion 77 in the crystal structure (Figure 7)
is located in approximately the same position as the chro-
mium(lll) found in the D. acetoxidanscytochromec;, in
which the insoluble chromium(lll) was generated by the
reduction of chromate (Cifd") ion; its position was deter-
mined by NMR techniquesl(). The sulfate ion is isostruc-
tural with the chromate ion; therefore, its binding to the
molecule emulates the binding of the chromate ion. The
sulfur atom is 7.1 and 16.5 A from the iron atoms of heme
IV and heme lll, respectively; these separations are compa-

molecule. There is no close contact between the hemes, butable to the reported chromium(Ittiron distances of 7.9
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Ficure 7: Binding site of sulfate ion 77 near heme IV of PpcA.
Heme IV is shown in blue, and the sulfate ion is shown in red.

Contacts between sulfate oxygen atoms and side chains of H47,

K43, and K52 are shown with dashed lines with the distances in
angstroms. The sulfate ion mimics the probable mode of binding
of the chromate ion iD. acetoxidansytochromec; (10) at this
site.

+ 0.4 and 16.3t 0.4 A, respectively, determined by NMR.
His45 and Lys41, -42, -46, and -50 were identifid®d)(as
being close to the chromate binding siteDn acetoxidans
cytochromec;. Residues His47, Lys43, and Lys52 G
sulfurreducengytochromec; are close to the oxygen atoms
of the sulfate ion in the crystal. These residues are homolo-
gous to theD. acetoxidan$lis45, Lys41, and Lys50 residues,
respectively The Lys residues, Lys42 and Lys46, i
acetoxidansre replaced with Glu and Gly, respectively, in
G. sulfurreducengytochromec; (see Figure 1).

Comparison of the G. sulfurreducens and D. acetoxidans
Cytochrome ¢ Structures

The relative positions of hemes IIl and IV are the same
in the two structures, but the relative location of heme | is
quite different. Figure 8 shows the overlapped structures of

Biochemistry, Vol. 43, No. 4, 20@55

the molecules. The ironiron distance between heme Il and
heme IV is 12.6 A in both molecules. The distances between
hemes | and Il and between hemes | and IV are 11.2 and
20.8 A in G. sulfurreducensytochromec; and 11.5 and
19.3 A in D. acetoxidangytochromec;, respectively 11)

(see Table 3). The change in heme distances also affects the
angles between the His residues that coordinate the hemes
(see Table 4).

There are 71 residues . sulfurreducensytochromec;
compared to 68 irD. acetoxidanscytochromec;. Thirty-
three residues are identical between the two molecules, 12
of which are Cys and His residues that form the heme binding
sites (Figure 1). In th&. sulfurreducensytochromecy, there
is one insertion before the binding site of heme I, one
between the binding site of heme | and the sixth axial ligand
of heme 1V, and one between binding sites of hemes Il and
IV. The relative positions of heme | compared to heme llI
and heme |V differ in the two structures probably because
of the insertions before and after the binding site of heme I;
therefore, some of the secondary structure elements are the
same, but they are displaced. As discussed above, on the
basis of small-angle X-ray scattering results6)( the
inclusion of the deoxycholate molecule in te sulfurre-
ducenscytochromec; crystal structure does not change the
distances between the hemes. For comparison of the two
structures, we use the numbering for tBesulfurreducens
cytochromecs;.

The secondary structures of residues #&hel5 are the
same in both molecules, but a hydrogen-bonded loop present
between twgs-strand segments is shifted byl.5 A in one
versus the other. Of the 12 residues in this segment, four
amino acid residues are the same, two in the loop region
and two in the secon@-segment. The latter includes the
conserved Phel5, a residue that is also conserved in the
cytochromecs molecules 25). The pattern of hydrophobic
residues in the shoff-segments is maintained.

Segments of residues Hist¥al24 in the two molecules
are both helical, but their orientations differ. This chain
segment contains His17 and His20 that coordinate heme |
and heme llI, respectively. Since the relative positions of
hemes | and Il differ in the two structures, the angle that
the plane of His17, the sixth ligand of heme I, makes with
heme | differs in the two structures. The relative positions
of heme | and the segment of residues CysRik31, the
covalent binding site of heme I, are the same, but chain
segments before and after differ in conformation. Segments

Ficure 8: Stereoview of the cytochron® molecules fronG. sulfurreducengblack) andD. acetoxidangblue) overlapped using hemes

Il and IV. The rms deviation for altx-carbons is 2.5 A.
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Ficure 9: Sequence alignment of the five cytochromemolecules encoded by th@. sulfurreducengienome. The levels of sequence

identity of proteins 2-5 with protein 1, the structure of which we have determined, are 77, 62, 65, and 57%, respectively. These sequences
have the signature for binding three hemes and for residues in the secondary structure elements discussed in the text. The histidine residue
that forms the sixth ligand of heme IV is marked with an asterisk. This histidine is not presentdntyie domains (see Figures 10 and

11).

of residues Glu32Phe4l have different conformations; the hydrophobic residues in the second strand. The loops
residue Glu39 is probably the one that is inserted. This between the two strands of tfiesheet have different lengths
segment inG. sulfurreducendorms the opening for the in the cytochromes; molecules.
deoxycholic acid. Of the 10 residues in this segment, four  The distances and angles between hemes are listed in Table
are identical. Segments of residues Pro8838 have three 3. For the two cytochrome; molecules, the largest difference
identical residues but have different secondary structures.is between the relative positions of heme | and heme 1V;
Residues 4255 have similar secondary structures; seven the distances between the two hemes are 20.8 and 19.9 A
of 14 residues are identical in this segment. and the angles between the two heme$ &5 &, respec-
Heme 1l and heme IV and the polypeptide chains tively. In cytochromec; molecules, the distance varies from
associated with them have similar conformations in the two 17.3 to 18.0 A with an average value of 17.7 A; the angle
structures except for the five-residue segment after the hemevaries between 5and 30 with an average of Z1for six
Il binding site, residues 5660, the location of one of the  molecules 26—31). The above values indicate that the
insertion sites. On the basis of the structures, Glu57 is thedistances and angles between hemes are better maintained
inserted residue. Residues-689 have similar structures; among the cytochromeg molecules than among cytochrome

eight of nine residues are identical in this segment. ¢; molecules. It is possible that heme II, the heme that is
The relative orientations of the His residues that form the not present in the cytochronge molecules, is required for
axial ligands of the hemes in th&. sulfurreducensindD. the maintenance of heme geometry in the cytochrage

acetoxidansytochromec; molecules are shown in Table 4; molecules.

the biggest difference is between the angles of His17 and

His31 that coordinate heme I, the orientation of which differs Homologues of Cytochrome m the G. sulfurreducens
in the two structures. The hydrogen bonds with water Genome

molecules of His30 and His45 . acetoxidangytochrome

c; are replaced with hydrogen bonds with sulfate ions for

His31 and His47 irG. sulfurredu'censytochromec7: i that might be expressed under certain conditions depending
_Even though the twax, proteins were crystallized in - o the environment of the organism. To determine if@he
different space groups, hemeg are observed at the mOIeCL_‘IaéuIfurreducensgenome contained genes for four-heme
contacts in the crystall pe}cklng.. The molecular fa}ces in cytochromec; molecules, BLAST searcheg3) of the G.
contacts differ, and the ireriron distances are longer in the  gi,rreducengienome were carried out with two different
D. acetoxidanscytochromec; crystals (19.3 and 16.7 A four-heme cytochrome; molecules, sequences froBes-
between hemes Il and IV and between hemes | and IV, 5o, ibrio gigas(Swiss-Prot entry P00133) amisulfaibrio
respectively, compared to 12.8 A between hemes | and IV desulfuricanNorway (Swiss-Prot entry P00136). We were
in the G. sulfurreducensytochromec; crystal). not able to find any genes for cytochromglike four-heme
cytochromes in the genome. Therefore, our searches suggest
that for G. sulfurreducenshe three-heme cytochronog is
The cytochromes; molecules are part of the cytochrome the predominant pattern. Three-heme cytochromes have also
cs family, distinguished by the absence of heme Il (inthe  been purified fronGeobacter metallireducer(g) and from
nomenclature). The level of amino acid sequence homology D. acetoxidans(11). These bacteria are closely related
is very low, ~25%, among the cytochrome molecules.  phylogenetically and are capable of reducing Fe(I82)(
The level of homology is also very low when cytochrome The cytochromec; molecules probably have special metal
c; molecules are compared with cytochromemolecules.  reducing properties since they appear to be characteristic of
In addition to the two Cys and two His residues that bind the Geobactersp. that reduce U(VI) and Fe(lll) ions.
and coordinate each of the hemes, only Phel5 (equivalent The genomic sequence Gf sulfurreducensvas searched
to Phe20) in cytochrome; is identical. The residues with the sequence of the cytochroroePpcA (ORF01023)
equivalent to Vall3 and Val24 that are located near heme using BLAST @2). Four additional open reading frames
Il maintain their hydrophobic character. A two-stranded (ORFs) whose sequences were—5b6% identical to the
antiparallel3-sheet at the N-terminus is characteristic of these search sequence were identified (Figure 9). Two of them,
molecules. As described previously, Vall3 and Phel5 are ORF00601 and ORF00603, were located on contiguous gene

We found that the genome @&. sulfurreducensontains
additional homologues of the three-heme cytochrepgene

Comparison of Cytochrome; @and ¢ Molecules
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Ficure 10: Sequence alignment of the four homologous sectiorsldrom two 12-heme cytochromes, ORF00991 (1) and ORF03300
(2), encoded by th&. sulfurreducengenome. Each repeat unit has the CXXCH signature for binding three hemes, but the His residue that
forms the sixth ligand to heme IV in PpcA is not present; its position is marked with an asterisk.
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f P GR P Q GA 68
h P DI A E Dl 69
d AA v K| Dial 69
e AA D| Slal 74
i AG {E VIRl 76
a DK g A TR 76
b H- - 78

g W~ ~ 76

c V-~ 74

f - 73

h - 74

d - 74

e -~ 78

i LY &2

a ~~ 80

Ficure 11: Sequence alignment of the nine homologous sectiony (eom the 27-heme cytochromes (ORF03649) encoded byGhe
sulfurreducengenome. Each repeat unit has the CXXCH signature for binding three hemes, but the His residue that forms the sixth ligand
to heme IV in PpcA is not present; its position is marked with an asterisk.

segments. The calculated pls of the homologues, based orPolymers of Cytochrome; c

the protein sequences, vary from 9.0 to 9.5. The length of \ye also identified three polymers of cytochrometype

the homologues varies from 70 to 75 residues. The structuralgomains that represent multiples of the three-heme proteins.
signatures for thg-strand segments near the N-terminus are Ty of the proteins (ORF00991 and ORF03300) have four
maintained. These are hydrophobic residues at positions 4repeats (total of 12 hemes), and one (ORF03649) has nine
and 6, and Val and Phe residues that are conserved atepeats (total of 27 hemes) of the cytochromgetype
positions 13 and 15, respectively. ORF00603 (Figure 9) has domains (Figures 10 and 11). The molecular masses and
four extra residues on its C-terminal end. ORF02938 has acalculated pls based on the protein sequences of the two
deletion after the sixth His ligand to heme IV. ORF01734 molecules with four cytochrome-type repeats are 41 kDa
has an extra residue at its N-terminus and after the heme land 9.3 and 42 kDa and 9.2, respectively. The 41 kDa protein
binding site and a deletion after the sixth His ligand to heme might be attached to the membrane with a possible membrane
IV. The relative positions of the hemes in the sequences of anchor helix because Signal22f did not predict a proper
ORF02938 and ORF01734 might be different from those of |eader peptide cleavage site. The protein with nine repeats
the cytochrome structure that we have determined because of the cytochrome;-type domains has a molecular mass of
of the deletions and insertions. Because of sequence differ-90 kDa and a calculated pl of 8.4.

ences and possible differences in the relative heme positions, The repeats within each of the three polycytochrame

it is expected that the above homologues would have differenttype proteins are highly homologous. The repeats are longer
reduction potentials. than that of the cytochromes PpcA; they vary from 73 to
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82 residues. Insertions and deletions occur in the loop for providing the topology and parameter files for the proper
between the twg-strands, although the hydrophobic residues refinement of cytochrome-type heme groups with CNS.

that anchor thg-sheet, equivalent to residues 4, 6, 13, and

15, are maintained, except the equivalent to residue 13 isREFERENCES

Ser or Thr in some repeats. The equivalents to residue Phel5
are conserved. Insertions and deletions also occur before and
after the heme | binding site, between the heme Ill and heme

IV binding sites, and at the N- and C-termini. The insertions
and deletions will probably affect the relative positioning of 5
the hemes in the individual domains.

These proteins appear to represent a new type of cyto-
chrome. Interestingly, in each repeat of the multicytochrome 3
cr-type proteins, one of the His ligands to heme IV is missing,
and the homologous residue in the sequence is mostly Lys 4
or GlIn. Either the Lys or GIn residues or one of the two
conserved Met residues in the vicinity could be the second
axial ligand to heme IV in those domains. Since the chain 5.
segments between the heme | and heme Il binding sites are
longer in the cytochromer-type domains from the polymers
than in the cytochrome; molecule, the structure of this
segment cannot be predicted with confidence.

The reduction potential of the individual hemes is influ-
enced by the extent of solvent exposure, by the proximity 8.
of charged residues, and most significantly by the properties
of the residues that form the axial ligands to the iron. It is
expected that the reduction potentials of the above molecules
will be changed because of the different coordination of one
of the hemes33). The loop connecting the twg-strands
near the N-terminus of the molecule is close to heme |V;
therefore, the nature of the residues present in these loops,
as well as the deletions and insertions in these segments,
will also influence the reduction potentials of heme IV in
the different domains.

The properties of the polycytochronogtype molecules
will also be determined by the interactions of the neighboring
domains. The packing of the molecules in the crystal of the
cytochromec; PpcA protein suggests how the domains in
the polycytochrome #type proteins might be arranged 13
(Figure 4). Molecules in the crystal form a one-dimensional
array with heme | of one molecule very close to heme IV of
the next molecule (12.8 A). This compares with the intramo-
lecular Fe-Fe distances of 11.2, 12.6, and 20.8 A. The *
C-terminus of one molecule is9 A from the N-terminus
of the next molecule. The N- and C-termini of neighboring
molecules could be connected by the addition of one or two
residues or simply by changes in the conformations of these
segments. If indeed the polycytochrometype molecules
are linearly arranged, only domains at the two ends might
interact with other macromolecules, such as hydrogenases. 16-
The linear packing of individual cytochron® molecules
might also occur in the periplasm, and could suggest
intermolecular electron transport signifying cooperativity —17.
between them.

10.

11.

15.

18.
ACKNOWLEDGMENT

Use of the Argonne National Laboratory Structural Biol-
ogy Center beamline at the Advanced Photon Source was
supported by the U.S. Department of Energy, Basic Energy 19.
Sciences, Office of Energy Research, under Contract W-31- g
109-Eng-38. We gratefully acknowledge Dr. Mirjam Czjzek

Seeliger, S., Cord-Ruwisch, R., and Schink, B. (1998) A peri-
plasmic and extracellulac-type cytochrome ofGeobacter sul-
furreducensacts as a ferric iron reductase and as an electron carrier
to other acceptors or to partner bactediaBacteriol. 1803686-
3691.

. Afkar, E., and Fukumori, Y. (1999) Purification and characteriza-

tion of triheme cytochrome7 from the metal-reducing bacterium,
Geobacter metallireducen&EMS Microbiol. Lett 175 205—
210.

. Mathews, F. S. (1985) The structure, function and evolution of

cytochromesProg. Biophys. Mol. Biol45, 1-56.

Bruschi, M. (1994) Cytochrome; (M, 26,000) isolated from
sulfate-reducing bacteria and its relationship to other polyhemic
cytochromes fronDesulfajibrio, Methods Enzymol. 24340-
155.

Coutinho, I. B., and Xavier, A. V. (1994) Tetraheme cytochromes,
Methods Enzymol. 24319-140.

. Ngrager, S., Legrand, P., Pieulle, L., Hatchikian, C., and Roth,

M. (1999) Crystal structure of the oxidised and reduced acidic
cytochromec; from Desulfaibrio africanus J. Mol. Biol. 290,
881-902.

. Lovley, D. R., Phillips, E. J. P., Gorby, Y. A,, and Landa, E. R.

(1991) Microbial reduction of uranium\ature 350 413-416.
Lovley, D. R., and Coates, J. D. (1997) Bioremediation of metal
contaminationCurr. Opin. Biotechnol. 8285-289.

. Lloyd, J. R., Leang, C., Hodges Myerson, A. L., Coppi, M. V.,

Cuifo, S., Methe, M., Sandler, S. J., and Lovley, D. R. (2003)
Biochemical and genetic characterization of PpcA, a periplasmic
c-type cytochrome iGeobacter sulfurreducenpBiochem. J. 369
153-161.

Assfalg, M., Bertini, I., Bruschi, M., Michel, C., and Turano, P.
(2002) The metal reductase activity of some multiheme cyto-
chromec: NMR structural characterization of the reduction of
chromium(VI1) to chromium(lll) by cytochrome?7, Proc. Natl.
Acad. SciU.S.A. 99 9750-9754.

Czjzek, M., Arnoux, P., Haser, R., and Shepard, W. (2001)
Structure of cytochrome7 from Desulfuromonas acetoxidaas

1.9 A resolutionActa Crystallogr. D57 670-678.

12. Lloyd, J. R., Chesnes, J., Glasauer, S., Bunker, D. J., Livens, F.

R., and Lovley, D. R. (2002) Reduction of actinides and fission
products by Fe(lll)-reducing bacteri@gomicrobiol. J19, 103—
120.

Aubert, C., Leroy, G., Bruschi, M., Wall, J. D., and Dolla, A.
(1997) A single mutation in the heme 4 environmentDxs-
ulfovibrio desulfuricansNorway cytochromecs (Mr 26,000)
greatly affects the molecule reactivity, Biol. Chem272 15128~
15134.

Brugna, M., Giudici-Orticoni, M. T., Spinelli, S., Brown, K.,
Tegoni, M., and Bruschi M. (1998) Kinetics and interaction studies
between cytochromes; and Fe-only hydrogenase fromes-
ulfovibrio wulgaris Hildenborough,Proteins: Struct., Funct.,
Genet. 33590-600.

Aragao, D., Frazao, C., Sieker, L., Sheldrick, G. M., LeGall, J.,
and Carrondo, M. A. (2003) Structure of dimeric cytochrocBe
from Desulfaibrio gigas at 1.2 A resolutionActa Crystallogr.
D59, 644-653.

Londer, Y. Y., Pokkuluri, P. R., Tiede, D. M., and Schiffer, M.
(2002) Production and preliminary characterization of a recom-
binant triheme cytochrome? from Geobacter sulfurreducerns
Escherichia coli Biochim. Biophys. Acta 155202—-211.
Otwinowski, Z., and Minor, W. (1997) Processing of X-ray
diffraction data collected in oscillation modelethods Enzymol.
276, 307-326.

Bringer, A. T., Adams, P. D., Clore, G. M., Delano, W. L., Gros,
P., Grosse-Kunstleve, R. W., Jiang, J.-S., Kuszewski, J., Nigles,
M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and
Warren, G. L. (1998) Crystallography and NMR system: a new
software suite for macromolecular structure determinataia
Crystallogr. D54 905-921.

Sack, J. S. (1988) CHAIN: A crystallographic modeling program,
J. Mol. Graphics 6 224-225.

Sheldrick, G. M., and Schneider, T. R. (1997) SHELXL: High-
resolution refinementViethods Enzymol. 27819-343.



Three-Heme Cytochromes fro@. sulfurreducens

21.

22.

23.

24.

25.

26.

27.

Evans, S. V. (1993) SETOR: Hardware lighted three-dimensional

solid model representations of macromolecule$fol. Graphics

11, 134-138.

Altschul, S. F., Madden, T. L., Sdifier, A. A., Zhang, J., Zhang,

Z., Miller, W., and Lipman, D. J. (1997) Gapped BLAST and

PSI-BLAST: a new generation of protein database search

programsNucleic Acids Re<25, 3389-3402.

Nielsen, H., Engelbrecht, J., Brunak, S., and von Heijne, G. (1997)

Identification of prokaryotic and eukaryotic signal peptides and

prediction of their cleavage siteBrotein Eng. 10 1—6.

Finzel, B. C., Weber, P. C., Harman, K. D., and Salemme, F. R.

1985) Structure of ferricytochrongefrom Rhodospirillumat 1.67
resolution,J. Mol. Biol. 186, 627—643.

Dolla, A., Arnoux, P., Protasevich, I., Lobachov, V., Brugna, M.,

Giudici-Orticoni, M. T., Haser, R., Czjzek, M., Makarov, A., and

Bruschi, M. (1999) Key role of phenylalanine 20 in cytochrome

cs: Structure, stability, and function studi€&ipchemistry 3833—

41.

Einsle, O., Foerster, S., Mann, K., Fritz, G., Messerschmidt, A.,

and Kroneck, P. M. H. (2001) Spectroscopic investigation and

determination of reactivity and structure of the tetraheme cyto-

chrome c; from Desulfaibrio desulfuricansEssex 6,Eur. J.

Biochem. 2683028-3035.

Matias, P. M., Morais, J., Coelho, R., Carrondo, M. A., Wilson,

K., Dauter, Z., and Sieker, L. (1996) Cytochronwe from

Desulfaiibrio gigas Crystal structure at 1.8 A resolution and

evidence for a specific calcium-binding siRrotein Sci. 51342—

1354.

28.

29.

30.

31.

32.

33.

Biochemistry, Vol. 43, No. 4, 20@59

Morais, J., Palma, P. N., FfageC., Caldeira, J., LeGall, J., Moura,

I., Moura, J. J. G., and Carrondo, M. A. (1995) Structure of the
tetraheme cytochrome fromesulfaibrio desulfuricansATCC
27774: X-ray diffraction and electron paramagnetic resonance
studies,Biochemistry 3412830-12841.

Czjzek, M., Payan, F., Guerlesquin, F., Bruschi, M., and Haser,
R. (1994) Crystal structure of cytochromgfrom Desulfaibrio
desulfuricandNorway at 1.7 A resolution]. Mol. Biol. 243 653—

667.

Matias, P. M., Frdzg C., Morais, J., Coll, M., and Carrondo, M.
A. (1993) Structure analysis of cytochromgfrom Desulfajibrio
vulgaris Hildenborough at 1.9 A resolutiod. Mol. Biol. 234
680-699.

Higuchi, Y., Kusunoki, M., Matsuura, Y., Yasuoka, N., and
Kakudo, M. (1984) Refined structure of cytochromeat 1.8 A
resolution,J. Mol. Biol. 172 109-139.

Lonergan, D. J., Jenter, H. L., Coates, J. D., Phillips, E. J. P.,
Schmidt, T. M., and Loveley, D. R. (1996) Phylogenic analysis
of dissimilatory Fe(lll)-reducing bacterid, Bacteriol 178 2402
2408.

Mus-Veteau, |., Dolla, A., Guerlesquin, F., Payan, F., Czjzek, M.,
Haser, R., Bianco, P., Haladjian, J., Rapp-Giles, B. J., and
Wall, J. D. (1992) Site-directed mutagenesis of tetraheme
cytochrome ¢3. Modification of oxidoreduction potentials
after heme axial ligand replacemeni, Biol. Chem 267,
16851-16858.

B10301439



