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ABSTRACT. Multiheme cytochromes constitute a widespread class of proteins with essential functions in
electron transfer and enzymatic catalysis. Their functional properties are in part determined by the relative
arrangement of multiple heme cofactors, which in many cases have been found to pack in conserved
interaction motifs. Understanding the significance of these motifs is crucial for the elucidation of the
highly optimized properties of multiheme cytochronedut their spectroscopic investigation is often
hindered by the large number and efficient coupling of the individual centers and the limited availability
of recombinant protein material. We have identified a diheme cytochrgniEHC2, from the metal-
reducing soil bacteriunGeobacter sulfurreducerend determined its crystal structure by the method of
multiple-wavelength anomalous dispersion (MAD). The two heme groups of DHC2 pack into one of the
typical heme interaction motifs observed in larger multiheme cytochromes, but because of the absence of
further, interfering cofactors, the properties of this heme packing motif can be conveniently studied in
detail. Spectroscopic properties (JVis and EPR) of the protein are typical for cytochromes containing
low-spin Fe(lll) centers with bis-histidinyl coordination. Midpoint potentials for the two heme groups
have been determined to bel35 and—289 mV by potentiometric redox titrations. DHC2 has been
produced by recombinant expressiorEscherichia colusing the accessory plasmid pEC86 and is therefore
accessible for systematic mutational studies in further investigating the properties of heme packing
interactions in cytochromes

I[ron-protoporphyrin X, or heme, is one of the most widely cytoplasmic membrané (7). Cytochromes are generally
used prosthetic groups in proteins containing transition metalslocated in “outer” compartments of the cell or organelle, such
(1, 2). The largest family of heme proteins, the cytochromes, as the periplasmic space of Gram-negative bacteria or the
is named for their deep-red color and fulfils various functions intermembrane space of mitochondria and chloroplasts in
from gas transport to electron transfer and complex enzy- eukaryotic organisms, where they participate in respiratory
matic catalysis. Cytochromes are key players in the electronchains or function as redox enzymes covering a wide range
transport chains of aerobic respiration and photosynthesisof redox potentials. As a key factor for the protein’s
in eukaryotes and even more so in most anaerobic metabofunctionality, the redox potential of a heme group is fine-
lisms in prokaryotes. They are further classified according tuned by the protein environment, by the nature and
to covalent modifications of the heme cofactor and to its orientation of the two axial ligands to the heme iron, and by
mode of attachment to the protein chain. Unmodified heme the ruffling of the porphyrin plane8( 9). Also, while
groups are found in typds andc, but while in the former cytochromed require a large binding pocket for the heme
the prosthetic group is only bound by coordination of protein group, c-type cytochromes are able to bind numerous
residues to the central iron atom, cytochronzesontain cofactors on a short stretch of protein. In such multiheme
additional covalent bonds between the protein and the cytochromes, the heme to protein ratio is high and often
protoporphyrin moiety J). This attachment of the cofactor  only very little protein secondary structure can be observed
typically occurs through the cysteine residues of a conserved(10). It has also been noted that while multiheme cyto-
binding motif of the C-X-X»-C-H type and the vinyl side  chromesc do not share sequence homologies to a recogniz-
chains of the porphyrind( 5). It confers additional stability =~ able degree, they typically do show strong homologies in
and rigidity to the protein, but requires a complex maturation the arrangement and relative positioning of their heme
machinery to attach the heme group to the apoprotein, groups. The cofactors have been found to pack into distinct,
immediately after itSeedependent translocation through the recurring motifs, and in particular, two such packing motifs

in which two heme groups can pack with their porphyrin

T This work was supported by Deutsche Forschungsgemeinschaftplanes elther na perpendicular or in a parallel orientation
Grant Ei-520/2 to O.E. have been identifiedl(, 12).
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391 4189. Fax:+49 (551) 391 4082. E-mail: oeinsle@uni-goettin- (CCNIR) (10, 14—16), several of these motifs are combined
gen.de. to form effective electron transport chains. In HAO, three

10.1021/bi0509999 CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/16/2005




12412 Biochemistry, Vol. 44, No. 37, 2005 Heitmann and Einsle

 —————
1 MKLAKKDWEF IVLIVVVVGV FWAISGEVRT KKVPLDTNHK RFYDAFAQGA 50
-

51 GKLDLDRQCV ECHHEKPGGI PFPKNHPVKP ADGPMRCLFC HKFK 94

Ficure 1: Protein sequence of DHC2 fro@. sulfurreducensas annotated in the genome (GSU2927)(and confirmed by the crystal
structure. The sequence contains 94 amino acid residues, including a 23-residue signal peptide for periplasmic export. Secondary structures
are depicted as derived from the crystal structure. The N-terminal leader peptide sequence is boxed, and helical regions are shown in a
ﬁyrﬂ?ggfeaepresentation. Letters of amino acids not visible in the electron density are shown in gray, and the heme binding motifs are

Ignii .
perpendicular packing motifs are joined by two heme groups protocols 22) and used as a template for a polymerase chain
packing in a parallel motif; in ccNiR, the same interaction reaction to amplify thelhc2gene (annotated gene GSU2927;
occurs for two perpendicular motifsl@), and the same  http://www.tigr.org). The oligonucleotide primers employed
scheme is also found in cytochronegss (12), the physi- were 3-G GCC ATG GTC TCC GGT GAA GTA AGG A-3
ological electron acceptor for HAO. The efficiency of and B-CC CTC GAG CTT GAA CTT GTG GCA G-3for
electron transfer in proteins is highly dependent on the the forward and reverse primer, respectively, where the
distance between centers and their orientation in terms ofunderlined bases have been modified to introduce restriction
orbital overlap {7), and it can be assumed that within the sites for endonucleases Ncol and Xhol. The resulting 228
observed packing motifs these parameters are optimized. Inbp product was cloned into a pET-228(expression vector
multiheme cytochromes evolutionary pressure is obviously  (Novagen) using the same restriction enzymes and trans-
directed toward keeping these heme-packing motifs intact, formed intoE. coli strain XL10-gold. The correctness of the
and they thus form an essential structural element of the dhc2:pET-22b construct was confirmed by sequence analy-
protein, with the consequence that a folded apo form of a sis. The design of the reverse primer resulted in the omission
multiheme cytochrome does not exist. of the gene’s termination codon such that the vector-encoded

Analysis of these proteins is hindered by the fact that the hexahistidine affinity tag was part of the recombinant protein.
close packing of cofactors results in strong electronic The construct was isolated and used for transformation of
coupling of the metal centers, masking their individual expression host straifE. coli BL21(DE3) that already
properties. Recombinant production of cytochromeésnot contained the accessory plasmid pEC86. This plasmid
straightforward, and consequently, few mutational studies provides the entire cytochromematuration systemcem
have been carried out on proteins of this clakd (9). from E. coliunder the control of a constitutive promot2B,

To study heme interaction in multiheme cytochronees  Expression cultures were grown overnight in LB medium at
in detail, we sought a protein that (i) is of sufficient simplicity 30 °C without induction.
for completg!y understand.ing its structurgl and spectrospopic Protein Purification. E. colicells were resuspended,
properties, (|_|) can be obtained at good yields by re,comb,'nanthomogenized in 20 mM Tris-HCI (pH 7.5), and 150 mM
expression in a standard system SUCHE&She”Ch'.a coll . NacCl (purification buffer), and disrupted using an M-110S
and (iif) is relevan_t for more complex systems as it contains laboratory microfluidizer (Microfluidics). Cell debris was
one Qf the recurring heme-packing .motn‘s. We have char- removed by centrifugation for 15 min at 20@)Gand the
acterized a diheme cytochronegdesignated DHC2, from 0 ypane fraction was subsequently separated by ultracen-

the metal-reducing)-proteobacteriunGeobacter sulfurre-
ducens(20) that fulfils these requirements (Figure 1). The

choice of organism was hereby largely based on the fact tha

the genome ofG. sulfurreducengontains more than 100
genes for putativec-type cytochromes2(l) and shows a
codon usage that very well matches thatEofcoli. In G.
sulfurreducensmany of these cytochromes are involved in

well-characterized pathways such as nitrate ammonification
or novel ones such as dissimilatory metal reduction, but for
a majority of these proteins, no function has yet been
assigned. DHC2 is an electron transfer protein, one of the
smallest of a total of 11 diheme cytochromes encoded in

the genome o6. sulfurreducensand its physiological redox

partners are unknown. It contains the parallel heme-packing

t

trifugation for 60 min at 4°C and 10000Q. The soluble
fraction was applied to a nickel-loaded 5 mL Hi-Trap
Chelating HP column (Amersham Biosciences). Red protein
was eluted with a step gradient of 100 mM imidazole in
purification buffer. Fractions containing the cytochrome
were concentrated and applied to a Superdex 75 26/60 gel
filtration column (Amersham Biosciences) equilibrated with
purification buffer without imidazole. For further experi-
ments, the buffer was exchanged for pu®Hsuch that the
protein could be examined in any desired buffer system. The
purity of the eluted cytochromewas confirmed by SDS
PAGE. Protein was determined using the BCA metH).(

Spectroscopic TechniqueblV—vis spectra [70ug/mL

motif and can thus serve as a versatile model system forProtein, in 100 mM HEPES-NaOH (pH 7.5)] were recorded
subsequent mutational studies aimed at developing a bettePn an Ultrospec 2100 pro instrument (Amersham Bio-
understanding of the properties of heme interaction motifs. Sciences) at room temperature. For the determination of

EXPERIMENTAL PROCEDURES

Cloning and Expression of DHC2 in E. colenomic
DNA was extracted fromG. sulfurreducendy standard

1 Abbreviations: EPR, electron paramagnetic resonance:-\iy/
UV —visible spectroscopy; HAO, hydroxylamine oxidoreductase; ccNiR,
cytochromec nitrite reductase; MAD, multiple-wavelength anomalous
dispersion; NHE, normal hydrogen electrode.

extinction coefficients, protein was lyophilized and weighed
out to obtain a solution with a defined protein concentration.
EPR spectra of the protein as isolated were recorded in
perpendicular X-band mode on a Bruker Elexsys 500
instrument with an ER 049 X microwave bridge (Bruker),
equipped with an Oxford Instruments ESR 900 helium
cryostat controlled by the ITC 503 temperature device. The
modulation frequency was 100 kHz, and the modulation
amplitude was typically 0.5 mT. Measurements were per-
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Table 1: Data Collection Statistits

remote 1 peak (f inflection (') remote 2
wavelength (A) 0.9941 1.7394 1.7414 0.9941
resolution range (A) 50:01.6 (1.64-1.60) 50.0-2.25 (2.30-2.25) 50.0-2.25 (2.30-2.25) 50.0-1.5 (1.53-1.50)
no. of reflections 302826 69359 75505 516137
no. of unique reflections 21838 6516 6515 26375
completeness (%) 95.7 (95.9) 81.3 (86.3) 81.2 (83.2) 97.9 (95.1)
1/o(1) 10.6 (1.9) 9.0 (6.3) 9.2 (5.6) 10.3 (1.6)
Reym 0.040 (0.47) 0.062 (0.186) 0.046 (0.194) 0.049 (0.559)

aThe data sets remote 1, peak, and inflection were taken from the same crystal and used for structure solving by MAD. Data set remote 2 was
collected from a second crystal and used for refinement. Values in parentheses are given for the highest-resoluRgp, Ehtile residual for
symmetry-equivalent reflections according to the relatm = Y nal Xillhwdy — DV il ] -

formed with a Bruker 4122 SHQE cavity at9.38 GHz.

Table 2: Refinement Statistits

The sample tubes were Suprasil quartz tubes (705-PQ-9.50, no. of protein atoms 1118
Wilmad) with an @, of 4 mm, and the sample volume was no. of heteroatoms 22
250 uL. For spin quantitation, a copper standard was no. of heme atoms 172
measured [anhydrous €30, in 2 M NaClQ;-HCI (pH 1.5)] QRCO' of water molecules 0 %gi
containing 50 and 20M Cu?*, and the results were Ri 0272
averaged. The concentration of EPR detectable copper was resolution range (A) 50:01.5
calculated according to the method of Aasa arishwgad meanB value () 29.3
(25), and for quantitation, double-integrated spectra of the BE: ggffyifbb{isgdd))(%) 8'18%
reference and sample were compared. Spectra were recorded rms deviation from ideality '

at different microwave powers to exclude the possibility of bond lengths (A) 0.014
saturation. bond angles (deg) 1.581

Redox TitrationsPotentiometric titrations were performed aDPI is the diffraction precision index introduced by Cruickshank
at 298 K in an atmosphere of dinitrogen and monitored using (59). rms is the root-mean-square, and residuals are calculated according
a S2000 fiber optic spectrometer (Ocean Optics) with a gong'feg'zg?r\,r??gf"Eﬁggo';;a“@'/z‘|F°b5"| fora working setRerys)
deuterium-tungsten halogen light source (Mikropack) fol- s :
lowing standard protocols. Sodium dithionite (reductant) and _
potassium hexacyanoferrate(lll) (oxidant) were used as transferred into a cryoprotectant buffer [0.2 M (WSO,
described previously26). Samples were buffered with 100 35% PEG 4000, 0.1 M LiCl, and 0.1 M citrate buffer (pH
mM HEPES-NaOH (pH 7.5). The amount of reduced DHC2 3.5)] and flash-cooled in a nitrogen stream. Data sets from
was calculated by Comparing the he|ght of thdéand in this CryStal were collected at the EMBL outstation at DESY
different reduction states. During the titrations, small amounts (Hamburg, Germany) on beamline BW7A. For a multiple-
of protein precipitated, which slightly lowered spectroscopic Wavelength anomalous diffraction experiment (MALY,
absorption levels. The resulting decrease in the level of three data sets were collected from a single crystal, one each
absorption was offset by normalizing the spectra with two t0 maximize thef” andf" contributions at the iron K-edge
isosbestic points at wavelengths of 542 and 561 nm, while @nd a third data set at a remote wavelength (Table 1). A
measuring the peak height at a wavelength of 552 nm. Thesecond crystal was used to collect high-resolution data for
following mediators were used to a total concentration of 1 refinement. Data were indexed and integrated using the HKL

uM: methyl viologen 436 mV), neutral red{325 mV),
safranine {280 mV), anthraquinone-2-sulfonic aci¢225
mV), 2-hydroxy-1,4-naphthoquinone-(45 mV), phenazine
(=125 mV), indigo carmine {110 mV), resorufin {51
mV), duroquinone (5 mV), methylene blue (11 mV), juglone
(30 mV), 1,4-naphthoquinone (60 mM)-methylphenazo-
nium methyl sulfate (80 mV), and 1,2-naphthoquinone (118

suite @8) (Table 1). The space group w#&®2; with the
following unit cell constantsa = 39.64 A,b = 55.67 A,c
=39.63 A, angs = 105.9F. The asymmetric unit contained
two protein monomers with a molecular mass of the
monomer of 11.31 kDa.

Structure Determination and Refinemetihe four iron
atom positions in the asymmetric unit were found using

mV). Values in parentheses indicate the respective midpoint SHELXD (29), and subsequent phase calculations and
potentials. The resulting potentials were recorded using anelectron density improvement were carried out using SHELXE

EMC 50 Ag/AgCI electrode (Sensortechnik, Meinsberg,
Germany), which was calibrated with quinone/hydroquinone.
All recorded potentials were corrected for the normal
hydrogen electrode (NHE).

Crystallization and Data CollectiorPurified DHC2 was
concentrated to 10 mg/mL and crystallized by the sitting-
drop vapor-diffusion method by adding AL of protein
solution to 1ulL of reservoir solution and equilibrating
against 30QiL of reservoir solution containing 0.2 M (Nj3-
SOy, 32.5% polyethylene glycol 4000, 0.1 M LiCl, and 0.1
M citrate buffer (pH 3.5). Within 2 days, red crystals
appeared at 20°C. For data collection, crystals were

(30). The protein model was built into the resulting, well-
defined electron density map using &1 and refined with
REFMAC (32) against the native, high-resolution data set
(Remote2). The model contained 137 amino acids, four heme
groups, four sulfate ions, two sodium ions, and 153 water
molecules. Refinement was carried out to a total crystal-
lographicR-factor of 0.221 and aR.. of 0.272 (Table 2).
The correctness of the structure was assured with PROCHECK
(32). A total of 85.7% of the residues occupied the most
favored regions and 14.3% of the residues the additional
allowed regions on a Ramachandran plot, with no residues
in the disallowed regions. Figures representing protein
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Ficure 2: Electron excitation spectra of the oxidized (as isolated,and the dithionite-reduced state’ of DHC2. The oxidized form
shows maxima at 408 and 530 nm, whereas the reduced form exhibits a typical, reduced cytachpecteum with maxima at 419 nm

(y-band), 523 nmf-band), and 552 nmotband).

structure were made using PyMOB3) and MOLSCRIPT
(34)/Raster3D 85).

RESULTS

Characterization of DHC2.The dhc2 gene encodes a
protein of 94 amino acids, including a cleavable periplasmic
export signal comprising residues-27 according to the
SignalP server 3.8). The mature protein therefore consists
of 67 residues with a calculated pl of 9.8 and two binding
motifs for c-type heme groups. Recombinant production of
the diheme cytochromeDHC?2 in E. coliwas achieved by
coexpression of thE. coli cytochromec maturation system
from the accessory plasmid pEC883). From 6 L ofcell
culture,~12 mg of pure protein was obtained and the protein
appeared as a single band in silver-stained Sp&yacryl-

g value
4 2

L L e e | T T T T

2.26

1.50

magnetic field [mT]

amide gels. Because of the low abundance of aromaticFIGURE 3: EPR spectrum (X-band) of DHC2 at 10 K and a

residues in DHC2, no absorption maximum at 280 nm was

visible in UV—vis spectra. The maxima of the spectrum of
the oxidized protein were at 408 nm (214 000 Mem™?)
and 530 nm (18 800 M cm™Y) (Figure 2). The absence of
an additional feature at 610 nm points toward low-spin Fe-
(11 centers, as it is commonly observed in bis-histidinyl-
coordinated cytochromes (1, 37). After reduction with a
10-fold molar excess of sodium dithionite, the protein shows
absorption maxima at 419 nm (353 600 Mm™1, y-band),
523 nm (30 200 M* cm™?, B-band), and 552 nm (53 400
M~1 cm™, a-band), indicating a typical cytochrome
spectrum without separable signals from the two individual

microwave power of 20 mW. The apparenvalues at 2.96, 2.26,

and 1.50 are typical for bis-histidinyl-ligandedype cytochromes

with the Fe atoms in a low-spin Fe(lll) state, and a small dihedral
angle between the histidine imidazole planes. The resonances appear
to be slightly broadened, probably the result of magnetic interaction
between the iron centers.

relatively broadened, which may be due to coupling of the
two heme groups. The logmax value of 2.96 points toward

a small dihedral angle for the imidazole planes in the axial
coordination positions of both heme group8).( Spin
guantitation of the EPR spectrum yielded 2:00.2 spins
per monomer, indicating that the entire heme content of the
protein can be detected.

heme groups. DHC2 can be reduced and oxidized reversibly Redox Titrations.UV —vis-monitored potentiometric ti-

by several agents (dithionite, Ti(lll) citrate vs ferricyanide,
dioxygen).

The X-band EPR spectrum of DHC2 exhibifvalues of
2.96, 2.26, and 1.50 (Figure 3), indicative of low-spin Fe-
(11 and similar to values obtained with other multiherme
systems 38), while the additional features at 4.3 and 2.06
may be due to minor impurities of high-spin Fe(lll) and Cu-
(), respectively. The lines in the spectrum appear to be

trations of DHC2 showed reversible redox behavior. The
redox mediators that were used did not have any significant
influence on the absorption behavior of the diheme protein,
and titrations were carried out both in the reducing and in
the oxidizing direction, yielding identical curves. To model

the observed potential curves, two Nernst equations with
separately variable midpoint potentials were used (Figure 4).
As a further fitting parameter, the relative contribution of
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two of these motifs, C-V-E-C-H for heme | (Cys5#is63)

and C-L-F-C-H for heme Il (Cys87His91). As expected
from the observed spectroscopic properties, both axial
positions of the heme iron atoms are occupied by histidine
side chains, which generally results in a low-spin Fe(lll)
configuration of the oxidized state. The sixth ligands are

His39 for heme | and His76 for heme Il. In addition to
coordinating the heme iron, the latter seems to be acting as
a structural anchor for the N-terminal loop region of DHC2.
All four histidines show identical FeN, bond lengths of

2.0 A at the given resolution of the structure. In heme II,
the N; atoms of both axial histidines are H-bonded to
backbone carbonyl oxygens at a distance of 2.7 A, while in
heme |, the distal His39 forms a longer (2.75 A) H-bond to
the carboxy group of Asp36 and the proximal His63 is
potential vs. NHE [mV] bonded to a water molecule at a distance of 2.8 A.

Ficure 4: Redox titration ofG. sulfurreducen®HC2 at pH 7.5, The second heme binding motif comprises the above-
monitored at 552 nm. Approximation of the measured points was mentioned helical turn, the only secondary structure element

done by fitting two single-electron Nernst equations with midpoint in the N-terminal region of the protein. The N- and C-termini
potentials of—135 and—289 mV with respect to the NHE. of DHC2 are not tightly associated with the rest of the protein
and point into the solvent space. Despite the small size of
the protein, hydrophobic amino acids Val33, Ala45, Ala50,
Phe46, Leu55, Leu88, and Phe93 seem to form a tightly
packed folding core. This core region is located between the
heme groups and:-helices | and Il, and its stability is
indicated byB-factors well below the overall mean of 29.3
A2 In addition, residues Val33, Phe42, lle70, Phe72, and
Leu88 show interactions with the hydrophobic porphyrin

-400 -300 -200 -100 0 100 200

the two heme groups was allowed to vary freely, yielding a
ratio of 0.71/0.29. The resulting potentials for the two heme
groups of DHC2 were-135+ 1 and—289+ 4 mV versus
NHE (normal hydrogen electrode) at a buffer pH of 7.5.
Protein Structure and Heme BindinQHC?2 was crystal-
lized in space group2; with two monomers per asymmetric
unit. These monomers were built and refined separately and

included the first residues of the affinity tag, leading to = ! X !
models containing residues 287 for monomer A and  'INgS, with approach distances e13.7 A. The N-terminal

residues 2896 for monomer B, with two heme groups in |°0P region on the opposite site of the heme groups is poorly
each monomer (Figure 5). Both copies of DHC2 align with prdered and shows wgaker elec'tron density, which is reflected
a root-mean-square deviation of 0.25 A for all atoms such [N increased-factors in the refined structure.

that in the following only the monomer will be mentioned. Heme ConfigurationThe two heme groups of DHC2
Secondary structures are limited to thee@elical segments.  (Figure 6) occupy a central position in the protein structure.
Residues Lys48Ala47 form helix I; Lys52-Cys59 form They are flanked bw-helices | and Il on one side and several
helix 1l, and an additional, short helical segment is located loop regions at two other sides. The heme iron atoms have
between Cys87 and Cys90. The heme groups are covalentha distance of 9.4 A, whereas the aromatic porphyrin rings
attached to the protein via thioether bonds to cysteine sideapproach to a minimum edge-to-edge distance of 4.3 A. Their
chains that form part of typical heme binding motifs with porphyrin planes are nearly parallel, but are twisted by 5
the sequence CXX,-C-H. The sequence of DHC2 contains around their plane normals, which intersect with a minimum

Ficure 5: Stereoview of the overall structure &. sulfurreducen®HC2. The protein chain is colored continuously from blue at the
N-terminus to red at the C-terminus and labeled every tenth residue. The heme groups and their ligands are shown as stick elements and
colored by atom type. Purple spheres represent iron atoms.
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Ficure 6: Structural arrangement of the heme groups of DHC2. (A) Top view of the nearly parallel porphyrin planes, showing a slight
rotation around the-axis (pointing out of the plane of the paper) and a coplanar configuration of the imidazole rings of both histidine
ligands of heme Il. (B) Side view, showing the planar configuration of porphyrin ring | and the strong distortion of the ruffled porphyrin
ring of heme group II.

FIGURE 7: Superposition of parallel heme-packing motifs fr@msulfurreducen®HC2 (red),N. europaeaytochromecss, (blue), Shewanella
putrefaciendumarate reductase (browrh), desulfuricansplit-Soret cytochrome (blacki). influenzaeNapB (orange), an8ulfurospirillum
deleyianumNiR (green). The top view (A) and the side view (B) show that the heme groups are very similar in arrangement and positioning
but differ slightly in angles, distances, and porphyrin distortion.

angle of 17. In the axial histidine ligands of heme group | DISCUSSION

(His39 and His63), the imidazole planes have an interplanar . . . )
angle of 38, whereas those of residues His76 and His91 in _1he functional properties of the important and widely
heme group Il are almost coplanar, with a deviation of only distributed family of multiheme cytochromesare largely

2°. The porphyrin macrocycle of heme group Il is strongly dete_rmined by the arrangement and in_teraction _of their
distorted and shows a ruffled configuration, in which the multiple heme cofactors. Full understanding of their func-

opposing meso-carbon atoms are shifted above and beIovJional prqurties will requirg careful exgmination of the
an imaginary, ideal plane. In contrast, the porphyrin mac- charqcterlstl_cs of the recurring perpendicular and pa_raIIeI
rocylce of heme group I is almost perfectly planar, with only packing motifs between heme groups, whose exact orienta-

rrole ring B showing a sliaht out-of-nlane arranaement tion is conserved to a far higher degree than the sequence
Py g g g P 9 " and structure of the surrounding proteitil). The diheme

Protein SurfaceApproximately 87.5% of the surface of  cytochrome DHC2 (GSU2927) fro®. sulfurreducenss a
DHC2 is formed by amino acids, and 12.5% of the surface novel member of the family of multiheme cytochromgs
consists of heme group atoms. Hereby, heme group I|with no known sequence homologues found in the databases,
occupies 5.8% and heme group Il 6.7% of the total protein with the exception of a paralog designated DHC1 (GSU2767)
surface, mainly by exposing their propionate side chains to in the same organism. DHC2 is a small, basic protein with
the solvent. The total solvent-accessible surface of DHC2 two covalently attached heme groups that presumably serves
comprises 4201 A All surface areas were calculated with as an electron carrier located in the periplasm Gf
MSMS (39); an electrostatic potential map was calculated sulfurreducensThis hypothesis is further supported by the
with APBS (0), and it showed that the charge distribution finding that neither DHC1 nor DHC2 is embedded in an
at the protein surface is not uniform. A negatively charged operon context with other putative redox-active prote#i3. (
surface region includes and surrounds the area of the heme The heme groups of DHC2 pack into the typical, parallel
propionates, and a positively charged surface area is formedmotif (Figure 7) that has previously been observed in redox
by the N-terminal loop region and the second heme binding proteins as diverse as ccNiRs from various organish@s (
motif. 14—16), HAO (13) and its physiological redox partner
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cytochromecss, from Nitrosomonas europagd 2), the split- protein. Such features as well as the size of DHC2 support
Soret cytochrome from Desulfaibrio desulfuricansATCC arole either as a soluble, periplasmic electron transfer protein
27774 @1), flavocytochromec; fumarate reductaset?— or as a subunit involved in electron transfer within a larger
44), and the octaheme tetrathionate reductase f®im protein complex.

ewanella oneidensi®R-1 (45) or the small subunit NapB In cytochromes, heme groups are frequently observed to
of the heterodimeric nitrate reductase frdrinodobacter have geometries that deviate from those observed in free
sphaeroideg46). solution or many model compounds2( 53). Such distortions

All these proteins, however, are not easily accessible are imposed by the protein, which acts as a complex ligand
through recombinant expressionkn coli, or the properties  to finely tune the properties of the metal centg4)( Apart
of the heme interaction motif are masked by the presence offrom hydrogen bonds within the protein, two types of
a large number of additional heme groups. Only one other geometric constraints are especially notable, namely, the
reported crystal structure of a diheme cytochrarrshows distortion of the porphyrin plane, termed puckering, and the
a heme arrangement similar to that of DHC2, namely, the influence of the relative positioning of the imidazole planes
small subunit (NapB) of the periplasmic nitrate reductase of the two axial histidine ligands3J. Both features influence
from Haemophilus influenza@7). With a molecular mass  the redox potential of the central iron atomb(-57), and
of 14.7 kDa, this protein is similar in size to DHC2, and its both are found to varying extents in the heme groups of
two heme groups are arranged in the same parallel packingDHC2.
motif (Figure 7); however, the similarities do not extend to  The histidine ligands of heme group | show an interplanar
the protein fold beyond the heme-binding sequences them-angle of 36, while those of heme group Il are almost
selves. U\~visible spectra of DHC2 are typical for cyto- perfectly coplanar. Such small angles in bis-histidinyl-
chromesc (1) and do not allow for the distinction of two  coordinated, low-spin ferricytochromes contribute to regular,
separate species of hemes. During stepwise oxidation andhombic EPR spectra showing maximgmalues below 3.0,
reduction as carried out during potentiometric analysis, no in contrast to larger angles ef70° with gmax Values above
separate peaks or shoulders have been observed (data n®0 (so-called “largegmax’ Spectra) 8). The observed
shown). Together with the observed line broadening in the maximal g value of 2.96 therefore already predicted an
EPR spectrum, this might indicate that the close packing of arrangement such as the one that was subsequently revealed
both hemes, with an irefiron distance of only 9.4 A, results by structural analysis.
in a most efficient coupling of both centers that renders the  The porphyrin macrocycles themselves exhibit different
observation of individual properties impossible. In a poten- conformations as well. Heme | is almost completely planar,
tiometric titration experiment, however, the system will still  while heme Il is strongly distorted into a puckered confor-
be able to take up two electrons consecutively, with the mation generally termed ruffled, in which two opposing
observed separated midpoint potentials-df35 and—289 meso-carbon atoms are located above an ideal plane and the
mV. After the first reduction step, the electron would be other two below. It has been discussed that ruffling supports
delocalized between both centers, and this is likely to be a perpendicular arrangement of the imidazole planes of the
functionally relevant for the parallel heme packing motif as histidine ligands, in which each of the imidazole rings reaches
a structural module for multiheme cytochrontedidpoint a maximum distance from the meso-carbon atoms rising
redox potentials have previously been determined for NapB, above the ideal heme plane on its sié8)( However, His76
yielding values of-25 and—172 mV by cyclic voltammetry  in DHC2 is directly pointing at these atoms, resulting in a
for the H. influenzaeprotein @8) and —60 and—205 mV conformation that should not be energetically favorable.
by optical redox titration for the protein froR. sphaeroides = DHC2 achieves this arrangement by stacking the aromatic
(46). Detailed analysis of heme properties has also beenimidazole plane between the bulky side chains of Phe72 and
carried out for cytochromess, (49, 50), where the two heme  Pro77, rendering a rotation into the preferred, perpendicular
groups packing into a parallel motif have been assigned position impossible. The effect of this strained conformation
midpoint potentials of-147 and 47 mV. Despite the highly  on the potential and thus the function of DHC2 is not clear,
similar heme arrangement, the span of observed redoxbut mutational studies involving the clamping residues will
potentials is remarkable and reflects the possibilities of fine- be able to address this question.
tuning through the protein environment that we intend to  With its typical heme packing, DHC2 represents a model
study in detail using DHC2 as a model system. system for understanding the function of henheme

As in many otherc-type cytochromes, the protein part of interaction motifs in complex multiheme proteins. In proteins
DHC2 consists exclusively af-helical secondary structure  such as ccNiR, HAO, and cytochronmes, this motif is
elements, while the rest of the peptide chain encloses thefound to be used as a connection between heme groups
heme groups in extended loops, leaving them highly exposedshowing the perpendicular packing type, and it may indeed
to the solvent 1). Despite their limited sizeq-helices | be a structural element optimized for efficient electron
and Il form a stable and rigid core region of the protein that transfer. To further investigate the properties of the parallel
is complemented by the second heme-binding motif (C-L- packing motif, mutational studies of DHC2 will be carried
F-C-H). Both heme groups rest firmly on this part of the out, with the aim of specifically changing functional features
protein, and its stability is indicated by loR+factors. The such as the axial heme ligands and residues in the immediate
distal sides of the heme groups are then only loosely coveredsurroundings, but also of introducing structural changes on
by the loop region between residues 64 and 86, reminiscenta larger scale that affect the orientation of the heme groups
of the situation observed in the split-Soret cytochran(1). themselves. In every instance, the effect of a mutation on
This degree of exposure of the heme groups is likely to the structure will be confirmed by crystallographic analysis
facilitate access for the physiological redox partner of the and will be evaluated for changes in spectroscopy and redox
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potentials. DHC2 promises to be a suitable candidate for this
kind of work, as its overall stability is granted by a rigid
folding core that serves as a platform to hold the two heme
groups. Leaving this core intact should preserve the structural
integrity of the protein, while a multitude of mutations can

be

used to alter the properties of the heme cofactors

themselves.
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