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ABSTRACT. Within the frame of the characterization of the structure and function of cytochrojrees
81-amino acid cytochrome was identified in the genome @hewanella putrefacien8ecause of the

scarce information about bacterial cytochromes of this type and the large variability in sequences and
possibly function, we decided to proceed to its structural characterization. This protein was expressed in
Escherichia coliand purified. The oxidized species is largely high spin, with a detached methionine,
whereas the reduced species has the classical His/Met axial ligation to iron. The NMR solution structure
of the reduced form was determined offld-labeled sample, for which 99% of all non-proline backbone

IH and!*N resonances have been assigned. One thousand three hundred two meaningful NOEs, out of
1775 NOEs, together with 66 dihedral angles provide a structure with rmsd values from the mean of 0.50
and 0.96 A for backbone and all heavy atoms, respectively. A search of gene banks allowed us to locate
10 different cytochromes the sequences of which are more than 30% identical to that &.thetrefaciens
cytochrome. For two of them, the structures are known. The structures of the others have been modeled
by using the available templates and internally validated. Structural similarities in terms of surface properties
account for their biophysical features and provide hints about the function.

c-type cytochromes are widespread metalloproteins, in- sequently, to obtain a degree of understanding of the
volved in a number of different metabolic pathways through- structure-function relationships for bacterial cytochromes
out all kingdoms of life {—3). In particular, class 14) analogous to that of mitochondriattype cytochromes, a
cytochromes, the typical monoheme soluble cytochromes of significantly wider array of experimental data on several
mitochondria and bacteria, have been extensively investi- different systems is needed.

gated, and structural information is available for all the  This work focuses on an uncharacterized cytochrame
various subgroups of this class. The largest amount of from the metal-reducing bacteriuhewanella putrefaciens
physiological and chemicophysical information is available (also known agseudomonas putrefaciens. putrefaciens

for eukaryotic mitochondrial cytochromes [which belong to s 3 Gram-negative facultative anaerobic bacterium, which
subclass IB4)], whose physiological role is that of shuttling  can use a variety of compounds as terminal electron acceptors
electrons to cytochromeoxidase, as the final step of aerobic oy respiration, including insoluble metal oxides and oxidized
respiration. For these systems, extensive studies on redoxypions 21-26). The high level of versatility of. putrefa-
dependent structurab(6) and dynamic 1—9) properties,  ciens in respiration is linked also to its capability of
on folding-unfolding mechanisms10-12), and on the  producing a number of different mono- and multiheme
factors tuning redox potential —16) are available§, 17, cytochromesc, the relative levels of expression of which
18). Comparatively less is known for bacterial cytochromes gepend on the terminal electron acceptor(s) available to the
belonging to class I, albeit with significant differences among pacterium 27). The cytochrome studied here, encoded by
the different subgroups. It is noteworthy that bactesiifpe the ScyA gene ofS. putrefacien§Spytct hereafter), is a
cytochromes display a large variability in sequence, and thus jonoheme small<9 kDa) soluble protein. It most likely

in physicoqhemical properties. This variability i_s in shar_p localizes in the periplasmic space $f putrefacienswhere
contrast with what has been observed for mitochondrial pacterial respiration occurs, as suggested by the presence of
c-type cytochromes, which constitute one of the protein 4 signal peptide at the N-terminus of the protein sequence.
families most conserved through evolutiat®(20). Con-  gypytc is similar in sequence to other two cytochromes of
known structure: cytochronme from Azotobactewinelandii
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(28) (40% level of sequence identity) and cytochrome
from Ectothiorhodospira halophila(29) (35% level of
sequence identity). The structure of the reduced form of the
latter protein was determined by NMR metho@8)( while
that of cytochromes from A. vinelandiiwas determined by
X-ray methods at 2.5 A in the oxidized stat@g). A.
vinelandii cytochromecs is the archetypal representative of
the cytochrome subclass to whiScytc belongs [IE 8)],

and is also the protein of this class for which most is known
about its physiological role3Q). It is worth noting thatS.
putrefaciensand A. vinelandii are characterized by widely
different metabolic processes. halophilacytochromecss;
displays significant sequence variations from typical cyto-
chromegs (e.g., it lacks the conserved disulfide bridge which
is characteristic of these cytochromes), while it bears
similarities with cytochromesg, which lead to the proposi-
tion thatE. halophilacytochromecss; could be regarded as
a link between these two groups of proteiB4)(

It is thus apparent that further characterization of cyto-
chromescs would be useful in obtaining deeper insights into
the structural and functional features of this class of proteins,
which displays a number of peculiar sequence variations with
respect ta-type cytochromes from eukaryotes and to other
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lysed by sonication. After centrifugation, (NSO, was
added to the supernatant up to a concentration of 326 g/L.
The supernatant was dialyzed overnight in 50 mM Tris (pH
8), then applied to a CM52-Sepharose column equilibrated
in the same buffer, and eluted Wit 0 to 250 mMNacCl
gradient. Red fractions were pooled, concentrated by ultra-
filtration with stirred cells (Amicon), applied to a G75
Sephadex column, and eluted with 50 mM Tris (pH 8).
Fractions with arR value of~5 (R = A41dA2s0) Were pooled
together. The mass of the protein was checked by electro-
spray ionization mass spectrometry (ESI-MS) using an API
365 ESI-MS instrument (Applied Biosystem) equipped with
a Perkin-Elmer HPLC system and a series 200 autosampler.
The experimental mass was 9205.3 Da against an expected
value of 9206.7 Da.

The'>N-labeled protein was obtained from cultures in M9
minimal medium containing 1.24 g/L of3\H4).SQy, sup-
plemented with a solution of trace elements, a vitamin mix,
20 uL/mL chloramphenicol, 5Q:L/mL ampicillin, 6-ami-
nolevunilic acid (0.1 mM), and 1-mercaptoethanesulfonic
acid (1 mM). The carbon source was glucose (2 g/L). Growth
conditions, protein isolation, and purification were essentially
as described above. Ten milligrams per liter of purified

bacterial cytochromes. The work presented here reports theprotein was obtained from rich medium and 2 mg/L from

solution structure o§peyte in its reduced form, and a partial

investigation of the oxidized species. These data, together

with information derived by browsing publicly accessible
DNA and protein databases and by performing homology
modeling studies on other related cytochromes, provide
intriguing hints about function.

MATERIALS AND METHODS

Sample PreparationThe ScyA gene ofS. putrefaciens
(kindly provided by D. A. Saffarini, Department of Micro-
biology, University of Massachusetts, Amherst, MA), which
encodes a monoheneatype cytochrome, was amplified by
standard PCR methods. Only the portion of the gene
corresponding to the mature protein (residues 22 of the
amino acid sequence deposited in TTEMBL, entry 052685)
was amplified. The gene was digested wiglll and Xba
and cloned into the pPB10 plasmi®2), obtaining the
pPB10ScyA plasmid. This fuses the cytochromgene to
the sequence encoding the signal peptidesatherichia coli
cytochromebsg, to ensure correct export into the periplasm
and processing. After processing, three amino acids (Ala,
Asp, and Leu, numbered from3 to —1 in this work) of
the signal peptide are left at the N-terminus of the protein,
thus yielding an 81-residue polypeptide. The NMR analysis

minimal medium.

Protein absorption spectra were acquired on a Varian Cary
3 UV—visible scanning spectrophotometer at room temper-
ature using fused quartz cuvettes with a path length of 1 cm
(Merck). Measurements were performed at room temperature
in 100 mM phosphate buffer (pH 7.0).

ReducedSpcytc samples were prepared by adding 2 equiv
of sodium dithionite, under anaerobic conditions, to a protein
solution in 100 mM phosphate buffer (pH 7). Under these
conditions, disulfide bridges are not reduced. Oxidi3gtiytc
samples were prepared in the same buffer, either by washing
the protein with a slight excess oiRe(CN) or by bubbling
O, through the solution. NMR samples had protein concen-
trations of 1.5 mM.

NMR Spectroscopy and Solution Structure Calculations.
NMR spectra were acquired on reducggtytc on Bruker
Avance 800, 700, and 600 spectrometers operating at proton
nominal frequencies of 800.13, 700.13, and 600.13 MHz,
respectively. The temperature for all experiments was set to
298 K, unless otherwise stated.

Three-dimensional (30PN-HSQC-TOCSY 84) and two-
dimensional (2D) TOCSY35) spectra were recorded at 600
MHz, with a spin lock time of 80 ms. 3EPN-HSQC-NOESY

shows that these three residues are unstructured and protrud€36) and 2D NOESY §7) spectra were acquired at 800 MHz
into the solvent, thus not interacting with the remainder of at two temperatures (298 and 288 K), with mixing times
the protein. The gene sequence was confirmed by standardetween 90 and 110 ms. An HNHA experimeB8) was

DNA sequencing methods. The pPB10ScyA plasmid was
cotransformed inE. coli strain BL21(DE3)C41 with the

pPEC86 plasmid, which expresses the ccmABCDEFGH genes,

which are needed for heme incorporation in cytochrame
(33). Cells harboring both plasmids were grown orYT
plates, selected with 1QaM/mL ampicillin and 40uM/mL
chloramphenicol. For protein preparation, cells were grown
in 2 L flasks, containing 1.5 L of YT with antibiotics at

37 °C, at 100 rpm and induced with 0.8 mM IPTG. The
maximum level of protein expression was obtained-28

h after induction. Cells were harvested by centrifugation and

performed at 700 MHz to determin&lynn. coupling
constants. These were used to obtain constraints fop the
torsion angles. An HNHB3J9) spectrum was acquired at
800 MHz to obtain stereospecific assignments f@rgrotons
and constraints for thg, torsion angle.

The assignment of thi#d and*>N NMR signals ofSrytc
was achieved using standard procedud® through the
analysis of 2D and 3D homo- and heteronuclear spectra. The
2D and 3D NOESY spectra acquired at 298 K were used to
obtain upper distance limits for structure calculations.
Intensities of dipolar connectivities were converted into upper
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distance limits through the program CALIBA, using the
standard procedure4f). Stereospecific assignments of
diastereotopic pairs were obtained using the program GLOM-
SA (41), as well as from relative cross-peak intensities in
the HNHB spectrum39). The latter were also used to extract
constraints for the; torsion angle3Jynn, coupling constants
were correlated to the backbone torsion angjley means
of the appropriate Karplus curv&8). The ratios between
intraresidue and sequential H¥a NOESY cross-peak
intensities were used to extract constraints forghendy
torsion angles42).

All the above constraints were used as input for the
program DYANA @3). The heme special residue was
introduced in calculations as previously describ&d @4).
Two hundred fifty random structures were generated and
annealed using the standard DYANA protocol in 15 000
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FIGURE 1: Comparlson of théeH NMR spectra (acquired at 16.5
T and 285 K) of reduced (top) and oxidized (bottd®nputrefaciens
cytochromec.

steps. The 30 structures with the lowest target function values

were selected as the final DYANA family and subjected to
a restrained energy minimization (REM) refinement with the
program AMBER @5). The energy-minimized structures
constituted the final REM family. The average structure of
this family was built by superimposing residues77 and
again subjected to REM.

Structure analyses were performed with the programs
PROCHECK #6), PROCHECK-NMR £7), and AQUA
(47). Structure visualization was done with the program
MOLMOL (48).

Sequence Analysis and Structural Modeliviég searched
for sequences similar to that 8fcytc in the SwissProt and
TrEMBL (for protein sequences translated from genomic
codes) databases using sequence similarity criteria using th
program BLAST 49). The Phi-Blast version of the program
(Pattern-Hit Initiated Blast)49) was also used, to identify
sequences more distantly related, but still showing the
CXXCH heme-binding pattern.

The identified sequences were selected and organized byc

performing alignments through the ClustalX progras)(
installed on local machines. The service at http://bioweb.
pasteur.fr$1) was used to draw phylogenetic trees. Modeling
was performed with the model-default option of the program
MODELLER version 4.0 %2). Models were analyzed with
the program PROSASQ). Sequences which were more than
30% identical with that oSpytc and less than 95% identical
among each other have been retained. Several sequences h
a long N-terminal extension with respect to the sequence of
Speyte, corresponding to the signal peptide for periplasmic
export (which is normally cleaved in the mature protein).
As mentioned, this is also present in the ScyA gene, but was
removed at the step of gene cloning. The boundaries of the.
signal peptide in the ScyA gene were identified through
available sequence analysis software tools (see www.ex-

pasy.ch). The N-terminal extension, where present, was not

considered for either the alignment or the modeling (see also
the legend of Figure 5).

RESULTS AND DISCUSSION

Spectroscopic Propertietlnder the experimental condi-
tions described in Materials and Methods, the oxidiet/tc
features a Soret band at 411 nemand bands at 525 and

a low-spin Fé&" species. In contrast, the UWis spectrum

of reducedSpeytc is consistent with the presence of a single
low-spin F&" species. Figure 1 reports a comparison of the
IH NMR spectra of oxidized and reduc&cytc. It clearly
appears that the pattern of hyperfine-shifted signals observed
for oxidized Speytc signals is that typical of a high-spin
species, while reduceficytc displays a spectrum typical
of a low-spin (thus diamagnetic) species. This behavior is
extremely uncommon fa-type cytochromes, which usually
are in a low-spin state in all oxidation states. The signal
dispersion in the™-HSQC spectrum and the NOESY
patterns of the polypeptide chain clearly indicate that the
oxidized protein is folded. The 2D NOESY pattern of the

dyperfine-shifted signals of oxidizesieytc (not shown) is

similar to that of oxidized cytochromes in which the iron
ion is pentacoordinated, with only one His axial liga®d,(
55). However, the chemical shifts of the hyperfine-shifted
proton signals are somewhat smaller than those of cyto-
hromesc’, which feature shifts as large &80 ppm (see
Figure 1 and ref$4 and55). This can indicate that, in the
present case, equilibria fast on the NMR time scale between
high- and low-spin species are operative. Similar observations
had been reported for a monoheme cytochramm&om
Wolinella succinogeng$6), but no further experimental data
are available. The temperature dependence ot DIMR
spectra of oxidize®pytc displays a significant broadening
é the hyperfine-shifted resonances with an increase in
emperature, indicating the presence of equilibria between
multiple species. The characterization of the oxidized form
of Speytc is in progress in our lab as part of an effort to
ascertain the reasons for its peculiar spectral properties. The
observations presented here provide another new piece of
information about the variability of the strength of the bond
between the iron ion and the axial Metdttype cytochromes.

Solution StructureA high percentage of the total number
of expected resonances (97 and 94%'férand >N nuclei,
respectively) was assigned. No assignment was obtained for
residue 1. The fulltH and*N assignment achieved in this
study, together with the stereospecific assignment, is reported
in Table S1 of the Supporting Information.

Table 1 reports the details of the experimental constraints
used for structure calculation, while Figure 2 displays
sequential and medium-range NOE connectivities involving

552 nm, respectively, and a charge-transfer band (CT1) bandthe HN, Hx, and H3 protons. The pattern of sequential

at 620 nm, indicating the presence of both a high-spin and

AnH-NHG i+1), OF OHa—NH(,i+3), and Ofdha—gg,i+3) cONnectivities
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Table 1: Summary of NMR Constraints Used for Structure Calculation, Restraint Violations, Structural Statistics, and Energetics for the
Restrained Energy-Minimized Solution Structure of ReduSegutrefacien€ytochromec

REM REMO
average no.
of violations rms violation no. of rms violation
structural constraint no. per conformer per restraint violations per restraint
meaningful NOESY (total NOESY) 1302 (1775) 35:23.7 0.017+ 0.001 A 40 0.020 A
intraresidue 205 2815 0.010+ 0.006 A 2 0.020 A
sequential 409 9426 0.014+ 0.003 A 10 0.015 A
medium-range 454 13%2.6 0.018+ 0.002 A 14 0.020 A
long-range 234 104 2.6 0.021+ 0.003 A 14 0.025 A
o] 32 1.7+ 0.9 0.9+ 0.22 3 1.08
p 20 0.9+ 0.8 0.5+ 0.38 1 0.64
271 14 0.6+ 0.7 0.6+ 0.63 0 (0
violations between 0.1 and 0.3 A 1H72.8 14
violations larger than 0.3 A 0 0
largest distance violation (A) 0.23 0.27
largest® violation (deg) 6.3 3.9
largestW violation (deg) 3.6 2.9
largesty, violation (deg) 8.9 0
energetics average value value
total target function 0.45-0.04 0.57
Amber average energy (kJ/mol) —606+ 204 —-518
structure analysis average value value

completeness dfPN backbone assignment 98.8%

completeness dH backbone assignment 98.8%

completeness of backbone NMR-observable 87.4% 85.8%

proton contacts within 4 A

structural constraints per residue 16.9

residues in most favored regiéns 69.4% 72.5%

residues in allowed regiofs 26.2% 27.5%

residues in generously allowed regiéns 3.6% 0.0%

residues in disallowed regiohs 0.8% 0.0%

overallG factoP -0.37 —0.40

2 As defined by the Ramachandran plbAs defined in the program PROCHECHK®).
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FiGUrRe 2: Schematic representation of the sequential and medium- -g 1.0
range NOE connectivities involving NH,d{ and H3 protons of ,_32 0.5
reducedsS. putrefaciensytochromec. The thickness of the bar oo
indicates the NOE intensity. Ty 10 20 30 40 S0 60 70 s
observed are characteristic for a protein with a quite high Residue number

content of helical secondary structure, involving residues FIGURE 3: (A) Number of NOEs per residue for reduc&i

3-10, 31-36, 41-48, and 65-74. The presence of helical putrefaciensytochromec. White, light gray, dark gray, and black

truct in th ) s al istent with th I bars indicate intraresidue, sequential, medium-range, and long-range
structure In these regions 1S also consistent wi € small connectivities, respectively. (B) Per-residue plot of backbdme (
values of thé’Ju,—nn constants observed, and the fact that and heavy atomd) rmsds with respect to the mean structure for

their intraresidue:interresiduecH-NH cross-peak ratios are  the final family of conformers.

larger than unity. In total, 1302 meaningful upper distance

limits (of 1775) could be obtained from NOESY spectra  The average target function of the 30 conformers consti-
(Table 1). Figure 3A reports the distribution of these tuting the DYANA family is 0.634 0.08 A2. Their global
constraints on a per-residue basis. root-mean-square deviations (rmsd) from the mean structure
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A \ in helices (i.e., a proline in a helix most likely occurs as the
\ : first amino acid of the helix) §7, 58). However, the
probability of finding a Pro as the second (as in the present
case) or third residue in a helix is still significant, while the
probability of having a Pro past the third position in a helix
or even as the first residue immediately after the helix is
essentially zero57, 58). This is due to the fact that a proline
at positioni in the protein sequence cannot form a hydrogen
bond with the carbonyl oxygen of residie— 4, thus
destabilizing the helix. The presence of Pro33 thus prevents
residues 2831 from adopting a helical conformation.

Sequence Alignment Analysis and Structural Modeling.

The analysis of the results of the BLASAY) search in
helix 2 protein sequence databases and of the corresponding phy-
logenetic tree shows th&xytc displays a level of sequence
similarity >30% when it is compared to only 10 cytochromes
from other proteobacteria (purple bacteria) or from green-
sulfur bacteria. The most similar cytochromes belong to the
y-proteobacteria group (which includes aSgputrefaciens

E 4 (A) Stereoview of the backbone of the final family of Among the proteins in this group, a 2.5 A X-ray structure is
IGURE 4: view i ily ; ; --
conformers of reduce®. putrefaciengytochromec represented available forA. vinelandii cytochromecs; [PDB entry 1CC5

as a tube with a variable radius, proportional to the backbone rmsd (29), level of sequence identity t®pytc of 40%], whereas
of each residue. Helices are shown in dark gray. (B) Ribbon display an NMR structure (with a backbone rmsd from the mean of

of the energy-minimized average structure of redusgzjtc. 0.48 A) is available for reduce. halophilacytochrome

are 0.51+ 0.08 and 0.96+ 0.09 A for the backbone and %5t [PDB entry 1GKS £9), level of sequence identity to
heavy atoms, respectively (for residues7B). These values S[EYic of 35%]. A number of other cytochromes display level

drop to 0.46+ 0.08 and 0.91 0.09 A, respectively, if the of sequence identity values Bcytc of ~20%, including
less defined loop region involving residues—5&4 is not prote_ms from eukaryotes, _algae_, and othqr ba_cterla. By
included in the superposition. The same parameters Overdrawmgaphylogehetlc tree including all proteins with a level
residues 78 for the REM family are 0.58- 0.08 and 0.96 of sequence identity 1Sytc as low as 20%, we observe

+ 0.09 A, respectively. The rmsd values for the REM family that sequencgs”thaltl alre more than 3?% ident;‘calf tz that of
are plotted in Figure 3B. An overview of the quality Speyte essentially all cluster on a single branch of the tree

parameters calculated for the REM family as well as for the (not shown). This _"T_‘F’"es tha_t the sub(_:lass of bactt_arial
restrained energy-minimized mean structure is given in Table ¢Ylochromes containingSpyte is well-defined and that it

1. They indicate that the obtained structure has a very goodd0€S not bear close sequence relationships with other
quality. Coordinates for the final family of conformers and CYtochromec subclasses. The alignment of the sequences
for the energy-minimized average structure have been that the above considerations indicate as being homologous
deposited in the PDB (PDB entries 1KX7 and 1KX2). to Sgytc is shown in Figure 5. As expected, the heme
A “sausage” view of the backbone is shown in Figure 4, attachment signature CX&H is absolutely conserved in all
which also depicts the secondary structure elements resultingN€ family, as well as the second iron ligand, Met53. Other
from calculations. The protein displays an all-helical fold, absolutely conserved residu&ytc numbering) are Ala22,
as it is commonly found foc-type cytochromes, with two ~ Gly49, and Pro54. Pro23 and Trp31 are conserved in all
long helices at the N- and C-terminii{ and o, spanning ~ Sequences but the one froByanophora paradoxalt is
residues 3-9 and 64-74, respectively), and two additional noteworthy that the two residues between the heme-binding
helices: a short helix involving residues-335 (o) and a cysteines display a considerable variability, in terms of both
longer helix of residues 4248 (). The two terminal helices ~ the chemicophysical properties and the volume of the side
are packed one against the other, and also have contacts wit§hain. Indeed, Thr, Asn, Ser, His, Gly, Lys, and Ala can all
the heme substituents. The first ligand to the iron ion is be observed at position 12, while position 13 can be Val,
His15, and the second ligand is Met53; both are located in Ala, Ser, lle, Leu, Thr, or Met. As a general rule, it appears
loops between helices. The heme moiety is quite solventthat polar amino acids are favored at position 12, while
accessible, with two sides of the porphyrin ring being position 13 favors hydrophobic amino acids (Figure 5). There
exposed: the edge where the propionates lie and the edgés no clear-cut restriction on side chain volume. In mito-
where methyl 5 and vinyl 4 are. In addition, methyl 3 (on chondrial cytochromes, less variability is observed, espe-
the side of the porphyrin ring opposite from that of the cially for position 13, where, in sharp contrast with the

helix 4

hellx 1 \__)

propionates) is also exposed. Hetdix in reducedSprytc is present case, there is a clear preference for polar amino acids
shorter than the corresponding helix in the structuréof  (20). An intriguing feature highlighted by the sequence
vinelandii cytochromecs [PDB entry 1CC5 28)], which alignment is the presence of two consecutive prolines after

spans residues 287. The reason helixy, is shorter in the axial Met, which is observed in all proteins of the family
Speyte is most likely the presence of a Pro in position 33 in  except the two with the lowest level of sequence identity to
the present protein. From the point of view of statistics, Spytc (last two in Figure 5), and the cytochrome frdin
prolines show a strong preference for the N-terminal position halophila These three sequences also have in common a
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1 10 20 30 40 50 60 70
Spcytc ~ADLODAEATYNKACTVCHSMG--VAGAPKSHENTADWEPRLAK--GVDNLVKSVKTGLN- - -~AMPPGGMCTDCTDEDYKAAIEFMSKAK~-
1CCs GGGARSGDDVVAKYCNACHGTG--LLNAPKVGDSAAWKTRADAKGGLDGLLAQSLSGLN~~~~AMPPKGTCADCSDDELKAAIGKMSGL-~~
1GKs -DGESIYINGTAPTCSSCHDRG--VAGAPELNAPEDWADRPSS---VDELVESTLAGKG-~-~-AMPAYDGRADRED-~LVKAIEYMLSTL-~
cytc2 ~VSAQEGKAVYDKACHICHSMG- -VAGAPKAHDAAAWEPRIAQ--GLDTLVSTVKTGKG=~--AMPPGGMFYRLFR--=---~<~os-ww-
cytc3 ~QAAQDPEAVFNRTCGACHDGQ~ -LPMAPKKGDHAAWEPRLAK-~GMPTLVQHVTNGFN~-- ~AMPPRGLCTDCSAEDYQATIQWMVKK-~~
cytcd ~TGPRDGATVYGTFCTACHSAG--ISGAPKTGNAADWGPRIAQ-~GKDVLKNHALNGFN-~~~AMPPKGTCMDCSDDEIVAAIEHMIAGL-~
cytes -PAEPALAQVYSASCKLCHADP--ASGAPLTGDAAAWAPRLAQ--GIDTLLDHSINGYK~~---GMPPMGMCMQCSEEQFRALIDFMSAAQDR
cytcé ~GGARSGEDIVGKTCNTCHGTG- - LLGAPKVGDKAEWGKRAKEQGGLDGLLAKAISGIN- -~ -AMPPKGTCADCSDDELKAATKHMSGL~~~
cytc? -GGARSADDIIAKHCNACHGAG--VLGAPKIGDTAAWKERADHQGGLDGILAKAISGIN----AMPPKGTCADCSDDELREAIQKMSGL -~ -
cytes -YDAAAGKATYDASCAMCHKTG--MMGAPKVGDKAAWAPHIAK- -GMNVMVANS IKGYKGTKGMMPAKGGN PKLTDAQVGNAVAYMVGQSK-
cytcd ~VFAADGAAIFTNNCAACHAGGNNVIAAEKTLKKAALEQYLDGGYNVDAIKKQVTGGKN~ -~ ~AMPAFGGRLAEDE IAAVAEYVYSQAGNGW
*  ww * * * %

Ficure 5:  Alignment of sequences similar to that 8f putrefaciengytochromec. The codes to the sequences are as follo®gytc, S.
putrefaciens 1CC5, A. vinelandii (labeled with the PDB entry number); 1GKE, halophilacytochrome (labeled with the PDB entry
number); cytc2S. violacea(gi 6683508) (residues 1B5); cytc3,P. aeruginosggi 11351223) (residues 187); cytc4,V. cholerae(gi
11354851) (residues 55L35); cytc5,P. aeruginosggi 11348388) (residues 47129); cytc6,P. aeruginosggi 11348388) (residues 55
136); cytc7,P. mendocinggi 117915) (residues-687); cytc8,C. limicola (gi 115250); and cytc9C. paradoxa(gi 9369269) (residues
58—144). Asterisks denote absolutely conserved residues. The numbering is Shapufefaciengytochromec.

lack of the disulfide bond between residues 59 and 62. Propionate 6
Finally, in C. paradoxacytochrome, which is most distant
from the other sequences, the highly conserved Met74 is
substituted with serine.

Structural models have been built for the sequences that
are more than 30% homologous to thatSyEytc based on Methyl 4
the present energy-minimized average solution structure, and
on the X-ray structure of\. vinelandii cytochromecs. The
backbone rmsd values for this group of structures are on the
order of 1 A, which is in keeping with previous reports for
the family of mitochondriakc-type cytochromes2(0). The
PROSA analysis indicates that the energetics of the models
that have been built is comparable to that of experimental » Methyl 5
structures, thereby giving us confidence in the theoretical w
structures that were generated. A somewhat less favorable
PROSA score is obtained fo€. paradoxacytochrome,  pgure6: Surface electrostatic potential 8f putrefaciensyto-
consistent with the fact that it is the protein in the family chromec. The orientation of the protein is such that the heme plane
most distant fromSpeytc. It is interesting to analyze the is normal to the page and theFNe2 bond is oriented toward the
network of interresidue interactions in which the conserved tp of the page. The exposed side of the heme where thiomethyl 4

: . : and methyl 5 lie faces the observer. The heme atoms are shown as
residues mentioned above are involved. Ala22 and Pr023Spheres with a radius @ A (in green). This figure was prepared

are in close contact with the imidazole ring of the axial ysing the default values for electrostatic potential calculations of
His15, which is actually H-bonded to the carbonyl oxygen the program MOLMOL 48), and by imposing a charge f0.5 to

of Pro23. This is a common feature otype cytochromes  each oxygen of the propionates.
(20). Trp31 and Met74 are also in contact with the imidazole of the heme, the cytochromes belonging to the present
ring of the axial His15. Residues 22 and 23 contact the ring homologous family should have a quite low redox potential
from the edge containing and are approximately above (14, 59). The redox potential of. halophila cytochrome
propionate 6, while residues 31 and 74 are in front of one ¢, is only 58 mV 60), but the redox potential oA.
of the two faces of the ring and lie above heme methyls 1 ,inelandii cytochromecs is high [312 mV @8)]. It would
and 8. The side chain of Met74 is in contact with the ring of be interesting to ascertain whether this difference is related
Trp31. On the basis of the observations described above,to the presence of the disulfide bridge. All structures show
one can postulate a concerted role for these four residuesg conserved solvent-exposed hydrophobic patch around the
where Ala22 and Pro23 are involved in maintaining the edge of the heme where methyl 5 and thioether 4 lie (as
proper orientation of the imidazole ring of the axial His15, observed from the calculated electrostatic potential surface,
thereby permitting its interaction with the conserved pair Figure 6) and a second conserved negatively charged patch
(Trp31 and Met74). This interaction can (i) provide a part on the opposite side of the protein. The latter is next to the
of the ET pathway or (ii) play a role in modulating the surface area closest to Trp31 and Met74, discussed above.
electronic properties of the iron ion. It is to be noted that all The hydrophobic patch is a likely candidate for recognition
these residues are consistently buried in the present set obf the partner and, consequently, protefotein interaction.
related structures. Interestingly, thioether 4 is involved in intermolecular
The hydrophobic core of the proteins comprises residues contacts in the crystal structure of the complex between yeast
6, 11, 14, 15, 22, 31, 42, 46, 53, 57, 67, 70, and 71 (with cytochromec peroxidase (CCP) and its substrate cytochrome
solvent accessibility of less than 10% in more than 90% of c¢ (61). Even though yeast cytochroreés not a homologue
the modeled structures). Residues 7, 10, 23, 43, 49, 59, 62of Sprytc, the present observation suggests that thioether 4
74, and 77 have a slightly higher (but still below 20%) may be a conserved key docking site for electron transfer.
solvent accessibility. The heme moiety is quite solvent It is to be noted that the region of the surface of yeast
exposed in the present family of related structures, two edgescytochromec involved in protein-protein interaction, as
of the porphyrin ring being completely accessible to water identified via both crystallography6d) and NMR 62), is
molecules. As a consequence of the high solvent accessibilityhighly charged. On the other hand, the presently proposed
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interaction patch is essentially hydrophobic. A similar is expressed under anaerobic conditiod®)(i.e., when Q
contention has been proposed for other bacterial cytochromesrespiration is inactivated.

based on their structural featur&3{-65). It is also relevant

to observe that NMR studies of the interaction between ACKNOWLEDGMENT
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