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ABSTRACT. This article reports the first X-ray structure of the soluble form oftgpe cytochrome isolated

from a Gram-positive bacteriunBacillus pasteuriicytochromecsss, characterized by a low reduction
potential and by a low sequence homology with cytochromes from Gram-negative bacteria or eukaryotes,
is a useful case study for understanding the struetfuection relationships for this class of electron-
transfer proteins. Diffraction data on a single crystal of cytochrogggewere obtained using synchrotron
radiation at 100 K. The structure was determined at 0.97-A resolution using ab initio phasing and
independently at 1.70 A in an MAD experiment. In both experiments, the structure solution exploited the
presence of a single Fe atom as anomalous scatterer in the protein. For the 0.97-A data, the phasing was
based on a single data set. This is the most precise structure of a heme protein to date. The crystallized
cytochromecssz contains only 71 of the 92 residues expected from the intact protein sequence, lacking
the first 21 amino acids at the N-terminus. This feature is consistent with previous evidence that this tail,
responsible for anchoring the protein to the cytoplasm membrane, is easily cleaved off during the purification
procedure. The heme prosthetic grougBinpasteuriicytochromecsss is surrounded by three-helices in

a compact arrangement. The largely exposed c-type heme group featuresMetlisxial coordination

of the Fe(lll) ion. The protein is characterized by a very asymmetric charge distribution, with the exposed
heme edge located on a surface patch devoid of net charges. A structural search of a representative set of
protein structures reveals that pasteuriicytochromecsss is most similar toPseudomonasytochromes

Css1, followed by cytochromess, Desulfaibrio cytochromecsss, cytochromescss, from thermophiles,

and cytochromes from eukaryotes. Notwithstanding a low sequence homology, a structure-based alignment
of these cytochromes shows conservation of three helical regions, with different additional secondary
structure motifs characterizing each proteinBlnpasteuriicytochromecsss, these motifs are represented

by the shortest interhelix connecting fragments observed for this group of proteins. The possible relationships
between heme solvent accessibility and the electrochemical reduction potential are discussed.

Bacillusspecies are Gram-positive microorganisms lacking subunit Il in membrane-bounaas-type terminal oxidases,
a true periplasm and are obliged to store electron-transfer(ii) cytochromes bound to the membrane through an N-
proteins as membrane-bound forms. Three types of class Ilterminal hydrophobic polypeptide, and (iii) cytochromes
c-type cytochromes have been identified in Gram-positive bound to the membrane via a diaeyglyceryl—cysteine
bacteria: (i) cytochromes fused as integral domains of moiety (1). The difficulties associated with the study of such
water-insoluble proteins may explain why only a festype
"We thank the European Union for support of the work at EMBL  cytochromes have been isolated from Gram-positive bacteria

Hamburg Outstation through the EU TMR/LSF Grant (Contract no. — i i i
ERBEMGECTI80134). S.C. acknowledges funding by MURST, Pro. (2 19)- AS & consequence, their properties and functional
getti di Interesse Nazionale (ex-40% 1999). S.B. thanks EMBL for a f0l€s are scarcely known, and no structural information is
predoctoral fellowship. J.V.B. is indebted to the Funds for Scientific available, in contrast with cytochromes from Gram-negative
Research-Flanders for Research Grant G.0068.96. bacteria and eukaryote$4, 15).

* To whom correspondence should be sent. Stefano Ciurli, Depart- . T . . .
ment of Agro-Environmental Science and Technology, University of ~ The Gram-positive alkaliphilic soil bacteriurBacillus

Bologna, Viale Berti Pichat, 10 1-40127 Bologna, Italy; phore39- pasteurii produces large amounts of membrane-bound cy-

051-2099794; fax:+39-51-243362; e-mail: sciurli@agrsci.unibo.it. g g ; ;
Wojciech R. Rypniewski, EMBL, Notkestrasse 85, D-22603 Hamburg, tochromes of the- andc-types, as well as a terminal oxidase

Germany; phone: +49-40-89902142; fax: +49-40-89902149; e-  Of the aa-type (16, 17). Recently, the soluble form of a

mail: wojtek@embl-hamburg.de. c-type cytochrome (named cytochromgs) has been purified
: E%\?ggi‘t” 2’:(0\'(9;‘;'” Biology Laboratory. (12). B. pasteuriicytochromecsss is a small (9.6 kDa) acidic
I Universi@,’ of Gent. (pl = 3.3) protein 12), having a chain length of 92 amino
U University of Bologna. acids and a single heme-binding sequence pattern<Cys

10.1021/bi000402j CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/03/2000



13116 Biochemistry, Vol. 39, No. 43, 2000

CHs
Cysaz'S\CH/

CHa

VWHN\CH/COW
/7 Met”!
HxC

Benini et al.

volume-to-mass ratioy = 2.1 A%¥Da) and solvent content
of the crystal (41%) are in the normal range found for

S-Cys®® proteins 23).
HsG cﬁ\ el -2 MAD Experiment to Medium Resolutioithe multiple
G I:I anomalous dispersion (MAD) data were collected on a
|e vitrified crystal at 100 K at the EMBL Hamburg outstation
/N wiggler beam line BW7A, using a 180-mm MAR image plate
HyC CHg {‘Z scanner. An X-ray fluorescence spectrum was measured
AN around the Fe K edge using lyophilized protein. An initial
oH2 diffraction f' data set was collected at the inflection point
o OH ~~HN—CH His3® of the absorption edgeE(= 7121 eV,1 = 1.741 A). A
OH o COnnr second data set was collected almost 30 eV away from the

edge E = 7146 eV,1 = 1.735 A) to obtain a largé' value
but minimize the risk of a large loss of anomalous signal in
case of wavelength instabilities. A third, remote wavelength

. . , , (E = 12400 eV,A = 0.996 A) was selected to maximize
X—X—Cys—His) located in the first half of the polypeptide 1o changes in intensities between reflections collected at

chain (L8). These features indicate that the protein belongs jitterent wavelength (dispersive differences), which often
to clgss I.cytochromege). Its gmino acid sequence suggests proves necessary to determine the correct phase unequivo-
that in vivo cytochromecsss is bound to the cytoplasm ¢4y (24). Collection at this wavelength also provided a data
membrane through a diacyglyceryl-cysteine anchor lo- gt \yith fewer absorption errors and allowed an increase of

cated at the N-terminus tail and that the soluble form is e resolution of the data, limited to 2.16 A near the Fe K
obtained by cleavage of this tail during cell disruptidi8) edge by the size of the detector. The maximum resolution

A paramagnetic NMR spectroscopic study on the oxidized 4 the remote wavelength was 1.70 A. Collection of a full
Fe(lll) form confirmed the presence ofcatype heme and 515 set with a 90oscillation was possible because of the
additionally allowed the identification of a hexacoordinate thorhombic symmetry of the crystal2g).

low-spin Fe ion axially bound to His and Met residues  a)| computations were carried out with programs from
(F|g_ure 1) @0). Direct .electroche_mlcal measurements es- .o ccpa package26) unless otherwise stated. The data
tablished a low reduction potentide{ = +47 mV) (20), were processed and scaled separately with the HKL package
as expected for cytochromes from alkalophil@s21). The programs DENZO and SCALEPACKT) and subsequently
thermodynamic parameters for the one-electron reductionmerged using AGROVATA. The unit cell parameters were
process suggested that the heme group is highly exposed (Qetermined by postrefinement in SCALEPACK, using the
the solvent and that extrusion of water molecules from the 1 70_A resolution data. All the data were scaled to the data
protein hydration shell occurs upon reductid0( The et cojlected at the remote wavelength using SCALEIT. The
function of cytochromesss in B. pasteuriiis unknown, but  fina statistics for MAD data collection are summarized in
it probably plays a role in respiratory metabolisfx8) Table 1.

Crystals of cytochromesss diffracting to atomic resolution Both the anomalous difference and the dispersive differ-
were obtained¥2). The present article reports the refined ence Patterson maps clearly showed the Fe site. MLPHARE
X-ray structure ofB. pasteuriicytochromecss the first  \as used to refine the initial estimate of the Fe position and
available for cytochromes from Gram-positive bacteria, to calculate an initial set of phases. The overall figure of
determined at 0.97-A resolution using ab initio phasing merit at 2.16-A resolution was 0.64 for 715 centric and 0.54
methods, as well as at 1.70 A using MAD data. for 2744 acentric reflections. Several cycles of solvent
modification were carried out using the program DM with
the solvent flip option to improve further the quality of the
map, initially extending only to 2.16 A and, after conver-
gence, to 1.70 A. Both possible structure hands gave very
similar statistics, and the correct hand was selected by visual
inspection.

Ficure 1: Scheme of the heme prosthetic group as detect&l in
pasteuriicytochromecssz by paramagnetic NMR spectroscof2g).
Top and side views are shown.

MATERIALS AND METHODS

Protein Purification and CrystallizationCells of B.
pasteurii were grown as reported previously2j, and
cytochromecsss was purified in the oxidized form, using a
described procedurel?) slightly modified to separate the The initial map was clearly interpretable, with excellent
observed multiple protein isoformd&). In particular, a density for the heme. Electron density maps;.(3F.) and
gradient of ammonium sulfate solution (2 to 0 M) was used (F,—F), were inspected and interpreted with the program
for the hydrophobic interaction chromatography, so that only O (28). The density assignment was carried out automatically
the major component was isolated in a pure state. Proteinwith the program ARP Z9). The program was given the
crystallization was achieved at 2Q using the hanging drop  position of the Fe atom and the solvent modified map as
method, by mixing 3:L of a 16 mg/mL protein solution in  input, and it was set to search successively for density peaks
20 mM Tris-HCI at pH 8.0, with 3«L of 100 mM sodium at a distance between 1.2 and 2.2 A from other atoms. These
acetate at pH 5.0, containing 3.2 M ammonium sulfa®.( peaks were assigned to oxygen atoms. The process was
The final pH was 5.1. Regularly shaped rods having interrupted after the program found ca. 1200 atoms (the total
dimensions of 0.2x 0.2 x 0.6 mn? on average were expected number was approximately 900 atoms for protein
obtained after one weekB. pasteurii cytochrome css3 and solvent). Subsequently, some unrestrained refinement
crystallizes in the orthorhombic space graep2;2;, with cycles were done combining SFALL and ARP until the free
1 molecule (7.7 kDa) per asymmetric unit. The calculated Rfactor started to decrease. Following this step, unrestrained
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Table 1: X-ray Data Collection Statistics and Data ReductiorBfopasteuriiCytochromecsss

MAD

minimumf’ remote ab initio
wavelength (A) 1.741 0.996 0.886
lowest resolution (A 20 20 20
highest resolution (A) 2.16 1.70 0.97
no. of images 90 90 179
oscillation range<) 1 1 0.8-3.0
% Rinerge(0verall/anomalous) 6.8/4.0 4.0/2.7 7.4/na
raw measurements 70712 26 088 212 694
unique reflections 3678 7417 38906
redundancy 19.22 3.52 5.47
anomalous measurements 2858 6076 34 853
% completeness 98.4 99.5 99.9
% completeness [high-resolution bin (A)] 87.8 (2-2816) 87.7 (2.232.16) 97.1(1.76:1.70) 99.6 (0.99-0.97)
% greater than & 95.2 95.4 93.0 86.3
I/o in highest resolution bin 3.2(2.22.16) 3.2(2.232.16) 5.4 (1.761.70) 4.2 (0.99-0.97)
space group P2:212; P2:212; P212:2; P2:212;
a(h) 37.1 37.1 37.1 37.1
b (A) 39.2 39.2 39.2 39.4
c(A) 44.0 44.0 44.0 44.0

@ Rnerge=2|li — OO|/ZOC) wherel; is an individual intensity measurement, diidis the average intensity for this reflection with summation over
all the data.

refinement was continued with the maximum likelihood Table 2: Summary of the Crystallographic Analysis and Refinement
based program REFMAGC3(). for B. pasteuriiCytochromecsss

When theR factor decreased to 0.18 afj.. decreased MAD ab initio
to 0.23, a (Fo_—ZFc) map was calculqted_, and the program  protein heavy atoms 497 497
PEPT (Lamzin, personal communication) was used to hydrogen atoms 486
automatically trace the protein main chain. The final map heme atoms 42 42
showed clearly the side chains and the heme group, therebyp?Vent atoms 128 125

. - . bound metal ions 1Fe 1Fe
allowing the building of the whole protein model. The model  gyerall temperature factors g 10.9 14.7
was subsequently refined using the standard Engh and Hubetemperature factors for main chain3A 5.9 8.7
geometrical constraint8{), turning off the van der Waals  temperature factors side chainjA ~ 10.0 13.3
radius for the Fe atom. The parameters refined were thetemperature factors for solvent{A  25.8 33.4

. - he i . f f h h temperature factors for Fe A 2.4 5.1
atomic position and the isotropic B-factor for each nonhy- {emperature factors for heme A 43 6.9
drogen atom. Positions of hydrogen atoms were calculatedB-factors from Wilson plot (&) 10.0 10.1
before each maximum likelihood refinement cycle, and their r.m.s. on finalFo—Fc map 0.13 0.09
contribution to the structure factors was added to the structurema(;';‘:};g’gZﬁ)e ot the findF- map 3.2 07
factors calculated from the model. After refinement with (electrons/A) o~ FeMap . '
REFMAC, new atoms were added at density pom&o in minimum value of the finaF,—F. map —0.6 —04
the Fo—F¢) map. Atoms lying in density<1 ¢ in (3F,— (electrons/&)
2F.) maps, or positioned at less than 1.2 A from each other, Ramachandran most favored 89.5 89.1

; f ot ; region (%)
were deleted. The final statistics for the model derived from Ramachandran additional allowed 8.0 91

the MAD data, as well as the stereochemical restraints and  egjon (%)
the final standard deviations from target valu@d)( are Ramachandran generously allowed 1.8 1.8
summarized in Table 2. region (%)

Atomic Resolution Study single crystal of cytochrome ~ deviation from bond lengths

) 4 target valuex(A)

Css3 Was used to collect 100 K diffraction data at 0.97 A, at yeviation from bond angles
the BW7B wiggler beam line of the Hamburg EMBL target valuex(A)
outstation, using radiation éf= 0.885 A and a 30-cm MAR  deviation from chiral volumes
Research imaging plate scanner. The data collection and tafgetVa'Uﬁ(As)
processing 12) are reported in Table 1. Rfactor Rreq)” (%) 017(0.21) 012

The X-ray wavelength was optimized for collection of . 35::2‘:2;% g%vefﬁiogilr:;eéf;giﬁgrgsgtg‘re nggf::ts for ”;e 'faSt'
atomic reSOIUtlor.] data, and no effort was made to maximize C|1Fo|; R factor andRy.. are (F:)alculated by using the V\llorok‘ing l;mc(ljl free
the anomalous signal. However, the Patterson map calculatedefiection sets, respectively; the free reflections (5% of the total) were
with coefficients [F{+) — F(—)]? using all data showed a held aside throughout the refinement.
single peak in the Harker sections, at theo8level,
corresponding to the anomalous signal from the single iron was used as the starting model in an iterative procedure
ion (12). Similar maps, calculated using data having a lower involving (i) automatic interpretation of electron density maps
resolution cutoff, showed the same peak at successivelyusing the program ARP2Q) and (ii) cycles of unrestrained
diminishing levels. A single Fe atom was placed in the unit refinement of atomic positions and isotropic B-factors, using
cell at the position derived from the anomalous Patterson either a least-squares minimization implemented in the
map, setting its van der Waals radius to zero. This position program PROLSQ32, 33) or maximum-likelihood using

0.010 (0.020) 0.016 (0.020)
0.027 (0.040) 0.034 (0.040)

0.150 (0.145) 0.117 (0.100)
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REFMAC (30). ARP was set up to remove atoms from the Table 3: Overall Estimated Standard Uncertainties (esu) for the

model if they were found in density 1 o in the (F,—2F) Atomic Positions (&) of the ab Initi@ B. pasteuriiCytochromecsss
map. New atomic positions were selected from peaks Model
showing density>3 o in the F,—F¢) map and lying within overall 0.051
1.1-3.3 A of existing atoms in the model. Atoms were protein 0.040
inserted and refined using ARP with real space positional carbon 0.041
refinement. Atoms were merged into a single site if the nitrogen 0.039
. oxygen 0.039
distance between them became less than 1.0 A. The suifur 0.004
maximum number of new atoms to find and remove was set solvent 0.085
to 20 for each cycle in the case of least-squares refinement. main chain 0.024
In the maximum-likelihood refinement, the number of atoms ﬁﬁ:gogn 8'833
removed and inserted was not limited. Electron density maps, Oxyg%n 0.017
(3F,—2F,) and F,—F.), were inspected and interpreted with heme 0.014
the program OZ%8). carbon 0-0%5
When theR factor_fell to approximately 0.18, further gg;%gein 8:812
refinement was carried out using SHELXL984]. The Fe 0.002

model was refined against meas_ured diffr:_;lctio_n intensities “For the 1.7-A MAD model, the overall estimated standard
rather than structure factor amplitudes. This eliminated the uncertainties for the coordinates was 0.12 A, baseddactor, and
problem of dealing with negative intensity measurements for 0.11 A, based oRgee.

weak data, as no square roots need to be taken. Hydrogen
positions were determined either from known, fixed stereo- protein @7—40). This avoids or minimizes the amount of
chemistry or, in for example methyl groups, by the automatic time necessary to prepare heavy atom derivatives. The only
procedure included in SHELXL96 for interpreting the restrictions on the feasibility of MAD experiments are (i)
electron density map. Hydrogen positions were recalculatedhaving an absorption edge of the anomalous scatterer within
at every cycle. Default restraints for bond lengths, bond the X-ray spectrum available from protein crystallography
angles, and chiral volumes were applied for protein stereo- beam lines at synchrotrons and (ii) a sufficiently large
chemistry. No specific targets were specified for the geom- anomalous signal. In contrast, ab initio methods are so far
etry of the heme, the only restraint applied being that restricted to crystals diffracting to very high resolution (1.2
chemically equivalent bond distances should be equal,A or better) or else to cases in which there is one or more
Anisotropic temperature factors were refined for all atoms. heavy atoms in the sampléd1). Such methods represent a
Solvent atoms continued to be inserted automatically with very attractive solution to the phase problem because they
the ARP procedure. The relative occupancies of multiple side require only one data set.

chain conformations were refined keeping the sum con- Both phasing methods are applicable to the structural
strained to unity. determination of metallo-proteins, as they can take advantage

Most of the refinement was performed using the conjugate Of the presence of the heavy atom. FBr pasteurii
gradient algorithm, but in the last two cycles, block-matrix CYtochromecss;, this is represented by the heme iron ion.
least-squares minimization was employed to obtain a direct USing MAD, a high anomalous/nonanomalous scatterer ratio
estimate of errors in coordinates and temperature factors fromiS obtained yielding a large mean anomalous signal (3.6%).
the covariance matrix. The model was refined in blocks of For ab initio methods, a single strong peak in the Patterson
20 residues each, with a one-residue overlap between blocksmap corresponding to the anomalous signal from the single
to decrease the size of the computation. The final statisticsiron ion can be observed even without optimization of the
for the model derived from ab initio data are summarized in @nomalous signallg).

Table 2. The standard uncertainties for all refined parameters 1he feasibility and reliability of both methods can be
were estimated only for the atomic resolution structure, using appreciated by comparing the two flna! modelBopasteurii

the covariance matrix in a special cycle of least-squares Cytochromecsszobtained after the two independent structure
minimization without restraints or damping. The overall determinations and refinements. The difference between the

estimated standard uncertainties (esu) for all atomic positionstWo final models is very low: the RMSD for the coordinates
are given in Table 3. is 0.074 A for the @ atoms (with maximum displacement

The quality of both models was checked using PROCHECK 8:14|5 A andt %%Z%AAforﬁ:l n;aliln chain datom.s t(maxi;ntljr]m
(35 and WHATIF 36). The coordinates and derived models ;sp ftﬂcemenl : ¢ t).d 31 oliowing fescr;p I(t)r? 0 ¢ €
have been deposited in the PDB with the accession codeg>TUCIUIE, UNIEss stated oherwise, Telers o he atomic

1C75 (ab initi d 1B7V (MAD). resolution structure determined by ab initio methods.
(ab initio) an ( ) The Qerall Fold of Cytochrome #3 Both structural
RESULTS AND DISCUSSION models ofB. pasteuriicytochromecss; contain only 71 of

the 92 residues expected from the intact protein sequence

Comparison between the MAD and ab Initio Structure (18). The peptide chain starts with Val22, clearly revealing
Solution.Both ab initio and MAD methodologies can be used the absence of the N-terminus tail detected by amino acid
for direct phasing of protein structures. One of the main sequence analysis and supposed to be responsible for
advantages of anomalous dispersion methods, as compareednchoring the protein to the cytoplasm membrane of this
to multiple isomorphous replacement (MIR), is that they only Gram-positive bacterium. This observation indicates that such
require one heavy atom species to solve the phase determian N-terminus is easily hydrolyzed upon protein purification,
nation problem and that the species can be part of the nativeas also previously suggestetB.
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Ficure 2: Stereoview of the ribbon plot d@&. pasteuriicytochromecsss. The heme prosthetic group and the heme coordinating residues
are presented as a ball-and-stick model colored according to the atom type. The ribbon is colored according to the secondary structure
(blue: helices; green: g helix; purple: Q-loop; yellow: f—turn—p£ motif.

A single protein chain folds around the heme (Figure 2), The sequence ends with the C-terminal helix (Gh78
and includes three-helices, a short 3 helix, and several  Ala89), which stabilizes the overall protein fold through close
turns and connecting random coil fragments, accounting for contacts (3.6:3.8 A) with all other helical fragments,
47.9, 4.2, 25.4, and 22.6% of the total 71 residues, asinvolving hydrophobic interactions. These contacts include
determined by DSSRIR). Thea-helical regions correspond (i) the side chain of Trp87 and Val84 (C-terminal helix) and
to those predicted by the program PREDATOE)(using of Ala24 and Val27Val28, respectively (N-terminal helix),
only the amino acid sequencg§]. (i) the side chains of Ala81, Val84, Ala85, Ala86, and Ala89

Overall, the tertiary structure is quite compact, without (C-terminal helix) on one side and those of Glu57, 1le60,
disordered and extended loops. The N-terminal helix (Ala24 Leu61, lle64, and Leu65 (middle helix) on the other, and
to His36) is bent, with the first segment covering residues (iii) the Ala89 backbone atoms (C-terminal helix) and Gly52
Ala24—Lys31, followed by a kink involving Cys32 and a Ca (310 helix). Further stabilization of these interactions is
short helical fragment (lle33His36). The N-terminal helix ~ provided by the salt bridge between GlugelJC-terminal
contains three residues involved in the enclosure of the hemehelix) and Lys31 N (N-terminal helix) and the H-bond
prosthetic group within the protein matrix: Cys32 and Cys35 between Leu88 O (C-terminal helix) and Gly52 NH (middle
are covalently bound to the heme, while His36 is one of the helix).

two axial ligands to the heme Fe atom. Peptide ConformationThe dihedral anglesp and v
The N-terminus helix is followed by &-shaped loop  display very similar distributions for both atomic reso-
involving a type | reverse turn (Gly37Lys40), a sharp turn  lution and MAD models. All residues lie within the fa-
(Ala43—Ala45), and a second type | reverse turn (lle48  vored regions, the only outlier being Alad@ € —147, vy
Ala51). The sharp turn is stabilized by an H-bond between = —112). Inspection of the electron density around this
Ala43 NH and Ala45 O, with the Ser44 side chain extending residue confirmed that the density is well-defined and that
from the tip of the turn. In addition to this intraturn Ala43 is modeled correctly. Its unusual conformation,
interaction, an additional H-bond between Ala45 NH and although sterically unfavorable, probably results from the
the heme-bound Cys35 O is observed, directly linking the need to satisfy some other structural requirement. Ala43 is
conformation of theQ loop to the position of the heme part of the sharp turn on th@-loop flanking the heme on
group. the side of His36. Changing of Ala43 would affect the

The Q loop is followed by a short 3 helix (Ala51— dihedral angles for the neighboring Ser44, which is in a
Ala53), by a four-residug-hairpin (Gly52-Tyr55), and by ~ favorable conformationg= —65°, y = —33°) at the tip of
a longer (middle) helix (Glu57Asn66). A short two- the sharp turn. Decreasingfor this residue would also bring
stranded antiparallgi-sheet, formed by only two interchain ~ Ala43 O into close contact with Ala45 O (they are 3.6 A
H-bonds between GIn68 and Met71, as well as by a type-II apart). In contrast, changing would affect the hydrogen
B-turn including Gly69 and Gly70, further contributes to bond between Ala43 NH and Ala45 O that is fundamental
enveloping the heme group through the coordination betweento maintaining the conformation of the turn and of the overall
Met71 S and the Fe ion. Q-loop.

The subsequent peptide segment (Prels77) is devoid Large deviations from planarity (up to 200f peptide
of any inter- or intrachain H-bonds but is stabilized in the bonds are observed for both the atomic resolution and the
observed conformation by the presence of a rigidly positioned MAD models, in keeping with previous observatiomgy
solvent molecule (W95, B= 9.7 A?). This water donates  The deviations are highly significant for the atomic resolution
two H-bonds to the carbonyl atoms of lle64 (belonging to structure, with standard deviations of approximatélyThere
the central helix) and Pro72, while receiving an H-bond from is an excellent correlatiofiR(= 0.93) of thew angles between
lle75 NH. W95 is the only buried solvent molecule in the the 0.97-A and the 1.70-A structures, indicating that reliable
protein matrix and is shielded from contact with bulk solvent information about the nonplanarity of peptide bonds is
by a small hydrophobic region (Pro?&ly73—Gly74— available even in structures obtained at lower than atomic
lle75—Ala76) belonging to the peptide fragment connecting resolution. It is therefore important that too tight planarity
Met50 to the C-terminus helix. restraints are not imposed during refinement.
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Ficure 3: Solid surface representation of the electrostatic potentil pasteuriicytochromecsss. The molecular surface and electrostatic
mapping were generated by the program GRA®B),(using a probe radius of 1.4 A. The electrostatic potential was calculated using a
simple version of a PoissetBoltzmann solver, with the GRASP full charge set, and the heme group was excluded from the calculations.
Dielectric constants of 80 and 2 were used for the solvent and protein interior, respectively. The surface is colored according to the calculated
electrostatic potential contoured from10 kT/e (intense red) tot+10 kT/e (intense blue). The heme group atoms are represented as a
spheres, colored according to the CPK color scheme. The protein is shown with the heme crevice toward the viewer (panel A) and rotated
by 180 about a vertical axis (panel B).

Surface Electrostatic Potentialhe surface potential map  distribution. The surface surrounding the heme group, devoid

of B. pasteuriicytochromecsss (Figure 3) indicates that the  of net charges, constitutes a distinct hydrophobic area, while
protein is characterized by a highly asymmetric charge most charges are located on the opposite side of the exposed
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Ficure 4: (A) “Top” view of the atomic model of the heme group B pasteuriicytochromecsss, superimposed on the finaF3—2F
electron density map; (B) “side view” of the same model. Atoms are colored according to atom type. The side chains of Cys32 and Cys35,
as well as the axial residues in panel A, are not shown for clarity. Figures made using BOBSGRIPT (

heme edge. A similar charge distribution has been observedTable 4: Selected Distances and Angles around the Fe Atom in

in cytochromesss (45—48) as well as in cytochromess, Bacillus pasteuriiCytochromecsss

from thermophiles49, 50). In contrast, a positively charged Fe—L distances (A) ab initio MAD
front surface, formed by several lysine residues g_rouped Fe—His15 Ne 1.99 20
around the solvent-exposed edge of heme pyrrole C, is found Fe—Met50 S 2.332 2.3
in cytochromes andc, (51—54), as well as irDesulfasibrio Fe—Na 2.00 2.0
vulgaris cytochromecsss (55). The surface area surrounding E:HB i'gg 3'8
the heme crevice is generally considered to represent the site ,:e_NE 197 2.0

for molecular recognition during electron transfer.

. . L—Fe-L angles ) ab initio MAD

The Heme Prosthetic Grouphe 3,—2F electron density No—FoN 902 %
map of the heme group is shown in Figure 4. The structure  \"_ro . 89.4 90
of the heme group (Figure 1) is in agreement with the NMR Nc—Fe—Np 89.9 89
data previously reported2(). The heme group is close to Np—Fe—Na 90.4 90
planar (RMSD from the plane= 0.08 A), with the Fe(lll) :!Sig x:EE‘NA gé-i g?
ion in an octahedral coordination geometry. The equatorial H:§15 NE_Fg:Ni 88.3 o1
ligands are the four nitrogen atoms of the heme pyrrole His15 Ne—Fe—Np 89.7 88
groups, while the axial ligands are His3& Bnd Met71 3. Met50 §'—Fe—Na 85.0 85
The geometric properties of the Fe atom (Table 4) are ~ MetS0 §—Fe-Ng 92.2 91
statistically equivalent to the model obtained by MAD. These mggg g:,’i:“ﬁ gg:? gg
metric features are not significantly different from those Met50 S —Fe—His15 Ne 176.0 174

observed in all other crystallographically determined cyto-

chrome structures, regardless of the oxidation state of the ) i i
Fe ion. The much lower precision of the structures of respectively. A hydrogen bond is donated by His36A\H

cytochromes reported so far allows neither a statistically the peptide carbonyl oxygen of a nearby residue (Pro46), a
significant comparison of the heme iron coordination ge- feature common to all cytochromes. The heme is sandwiched
ometry nor a redox-state-dependent comparison of thesebetween two hydrophobic patches: on the methionine face,
properties. The nitrogen atoms of the pyrrole rings are in one patch is composed of the side chains of lle63, Ile64,
close contact with His 36 8(2.86, 2.79, 2.78, and 2.79 A), Pro72, and lle75, in addition to Met71 itself, whereas on
and Met71 8 (2.93, 3.11, 3.20, and 3.02 A). These distances the histidine face another patch is made up of Ser34, Ala45,
are short by standard definitions of van der Waals radii: it Pro46, and 1le48, in addition to the side chains of Cys32
appears that the radii of the pyrrole ring nitrogen atoms are and Cys35. The innermost portion of the heme group (pyrrole
reduced, probably due to the electron density being partially ring A) is close to the hydrophobic chains of Val84 and
drawn toward the iron. Leu88. This hydrophobic cavity is a common feature of all

The heme is covalently bound to the protein matrix through cytochromes. The peptide chain folds around the heme
two thioether bonds, between the Cys32 and the Cys35 S leaving the edge of pyrrole rings B, C, and D very exposed
atoms and the heme oCatoms at positions 2 and 4, to solvent (Figures 2 and 3).
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Ficure 5: Scheme of the H-bonding networks around the heme propionate-7 (A) and propionate-6 (B). H-bonds are colored according to
the color of the atoms involved. Hydrogen atoms are not shown. Residues belonging to adjacent molecules in the crystal are labeled with

asterisks.

Both heme propionate chains are clearly defined in the

nature and geometry of this configuration suggests that the

electron density maps. Propionate-6 extends toward thelone pairs of the water molecule are directed toward Tyr55

protein exterior, while propionate-7 is bent toward the protein
inner matrix (see Figures-24). Although no hydrogen atom
density is visible, the accuracy of the structure allows an

assignment of the protonation state of the propionate car-

boxylic groups on the basis of the<© distances, as well
as of the observed H-bonding patterns.

A strong H-bond [at 2.64(4) A] is formed between the

OnH and the symmetry-related Gly78 NH, while the protons
are presented to GIn68e@nd to the propionate-6 2. In
solution, the interaction of W94 with the symmetry-related
Gly78 NH would be absent, and this water would make an
H-bond with another solvent molecule.

Eukaryotic cytochromes, such as those from horse heart
(56), rat 67), and yeast 8, 59) contain a well-ordered

main chain carbonyl oxygen of Ala47 and heme propionate-7 conserved water molecule in the vicinity of the heme

001 (Figure 5, panel A), indicating that the latter is
protonated. The presence of a proton on propionat&$¥ O
is consistent with a £—001 distance of 1.29(2) A, statisti-
cally equivalent to the canonical value of 1.30 A for the
C—OH distance in a neutral carboxylic grouplj. Further-
more, this distance is significantly longer than the @
distance for a charged carboxylate moiety (1.23 &) (In
contrast, the propionate-7y€- 052 distance is 1.25(2) A,
close to the expected value (1.21 A) for &0 double bond
(31). This distance is slightly larger than expected, probably
because of a strong H-bond [2.80(9) A] formed between
propionate-7 ©2 and a solvent molecule (W97, Figure 5,
panel A).

In the heme propionate-6 side chain, the-«©¢ distances
are equivalent [1.26(2) and 1.27(2) A], suggesting that this

propionate groups, in a position similar but not equivalent
to that of W94 inB. pasteuriicytochromecsss. In Saccha-
romyces ceraisiaeiso-1-cytochrome, this water is involved

in an H-bonding network with Asn52, Tyr67, and Thr78,
three residues that are not conservedinpasteuriicyto-
chromecsss. Movement of the conserved water molecule has
been proposed to regulate the redox-dependent thermal
stability of yeast iso-1-cytochromes9). However, algae
cytochromescs also contain a single, well-ordered water
molecule positioned between the two propionate moieties
of the heme45, 48), but its position is not affected by redox
processes 4Q). Therefore, a general assignment for a
structural and/or functional role of well-ordered water
molecules inc-type cytochromes is not yet possible.

In conclusion, this analysis indicates that, at the crystal-

group is deprotonated. There is a strong H-bond betweenlization pH of 5.1, propionate-7 is protonated and neutral.

propionate-6 ©1 and Glu82 @2 from a neighboring
molecule [at 2.50(4) A, Figure 5, panel B], a residue
characterized by equivalent€ Oe1 and @ —0Oe2 distances
[1.25(2) and 1.27(2) A, respectively]. The proton involved

A previous study of the physicochemical propertiesBof
pasteurii cytochromecsss revealed that both NMR and
electrochemical parameters depended on pH, with a transition
occurring at pH 5.520). The data suggested that such pH

in this H-bond is therefore equally shared between the two modulation involves heme propionate-7. The present struc-

oxygen atoms. In solution, the interaction with Glu8220
would be lost, leaving a propionate-6 moiety probably
H-bonded to a water molecule through itsdD atom.
Propionate-6 @2 is H-bonded [2.74(8) A] to a well-ordered
(B = 9.2 A? solvent molecule (W94). W94 is situated at
the center of a tetrahedral H-bonding network involving
Tyr55 On [2.72(9) A], GIn68 @1 [2.77(5) A], and Gly78

N from a neighboring molecule [2.87(5) A], in addition to
heme propionate-6 & (Figure 5, panel B). The chemical

tural investigation supports this hypothesis and further
suggests that the deprotonation of propionate-7, occurring
at higher pH, disrupts the H-bond with Ala-47 O, probably
leading to a major conformational change. To elucidate this
point, we are currently determining the structure Bf
pasteuriicytochromecsss at pH 7 in solution, using NMR
spectroscopy.

Comparison with Other Cytochrome$he amino acid
sequence oB. pasteuriicytochromecsss is most similar to
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Ficure 6: “Rogues gallery” of the structurally representative cytochromes picked by DALIB/A)asteuriicytochromecsss (B) P.
aeruginosacytochromecsss;; (C) M. braunii cytochromecs; (D) D. vulgaris cytochromecsss (E) T. thermophilusytochromecss,; (F) S.
cerevisiae iso-1 cytochromec. The heme prosthetic groups and the heme coordinating residues are presented as ball-and-stick models
colored according to the atom type. The figure was made using BOBSCRUpRi{d rendered with RASTER3DYY).
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B. pasteurii (1B7C) VDIJAEAVVQQEK -CISCIH|cGeD L
Ps. aeruginosa (451C) EDIPEV LFEXKNEKGCVACH HIAID -
M. braunii (1CTJ) EADILALGK&VFDGN CAACHA-GGI
D. vulgaris (1C53) ADl@A AL YK B8 -cveocE|lecapec
T. thermophilus (1C52) Q ADIGAK IYAQ-~CAGCH|QQNG
S. cerevisiae (1YCC) TEFKAGSImG.\TLFKTR—CEQCHT-—V
B. pasteurii (1B7C) - - --TGA-8-A--PATID - - = = =
Ps. aeruginosa (451C) - - --TFKM-V -G - -PAJY K G A G - -
M. braunii (1CTJ) - =-=--GNN-V-IPDHTTULGQ - Q LD G
D. vulgaris (1C53) S - --KQA-M-GVGHAVWVEKSG - = - - = - - - =
T. thermophilus (1C52) Q---6I1PGA-F--PPLAG[EVAETIL|JAKRKEG- -
8. cerevisiae (1YCC) EKGGPHEK-V-G--PNLH---GIFGRUHSGDE Q
B. pasteurii (1B7C) - - - - - - = - - = = = - = SIEEE I LDTITIULNIGQ -
Ps. aeruginosa (451C) - = = == === === === - <-IAEAELAQRTIZEKN|G S -
M. braunii (1CTJ) F - - =-=- === == === == -NIIEAIVYQTIENDNIGK -
D. vulgaris (1C53) - = = = = = = = = - - - - - - -K|IADEILTPFEKIE KTILZE KGY A|]-
T. thermophilus (1C52) - - - == == === - —---- -G REY¥Y T ILVYIL L YIGL -
§. cerevisiae (1¥CC) EcYsyYT[DANTIKK|NVL WDO|[ENNMSEGYLTNSPEKRK
B. pasteurii (1B7C) - =-=-=-=-6G-=-====------6G--MPGG---1IAK
Ps. aeruginosa (451C) - -=-=--QGVWGPI-~- - ==« -P~- -MPP-- - -AVS
M. braunii (1CTJ) - - =-=-=-6G - - == - - - = - = -A--MPAWDGRTILTD
D. vulgaris (1C53) -----DGSYGGEK-----KA[VETNCLUV|RRYS
T. thermophilus (1C52) - - - - -QGQIEVEKGHM Y N V- -MSSFA-QLEK
S. cerevisiae (1YCC) YIPGTZ K- - - = = == = = = = - - -MAFGG-TLZEKK
B. pasteurii (1B7C) GAEAEAVAAWTL

Ps. aeruginosa (451C) DDEAQTTLARKWYV

M. braunii (1CTJ) EDETIAGVAA ALYV G N KW

D. vulgaris (1C53) DEEMEKA AMADY M

T. thermophilus (1C52) DB 'R I ARV L NEHETI DVKGFK PFTIAE
5. cerevisiae (1YCC) il S A N R T I i B

B. pasteurii (1B7C)
Ps. aeruginosa (451C)
M. braunii .(1CTJ)
D. vulgaris (1C53)
T. thermophilus (1C52) EVKKILRA‘KKLTIPQQV L AEREKJKLGTLEK
5. cerevisiae (1YCC)
Ficure 7: Alignment of representative cytochrome sequences based on the superposition of their crystal structure, obtained using DALI
(60). This figure also displays the secondary structure elements: helices (thick line seg)ds (double underlined). Conserved helices
are shaded.

other cytochromes from Gram-positive bacteria such as the remote sequence similarity, the core of conserved helices
Bacillus licheniformiscytochromecss, (53% identity), ther- commonly observed in eukaryotes and Gram-negative bac-
mophilic Bacillus sp.PS3 cytochromess; (45%) andB. teria 61) is maintained irB. pasteuriicytochromecssz and
subtiliscytochromecss; (41%) (18). However, a DALI 60) that the presence of various additional sequence fragments
search for representative structural analogues in the proteincharacterizes each protein. In particular, the short loop
database reveals significant structural similarities betweenconnecting the middle helix and the C-terminus helixBin

B. pasteuriicytochromecsss and, in orderPseudomonas  pasteuriicytochromecsssis replaced by two uniqué-strands

cytochromecss; (Z-score= 9.3), Monoraphidium braunii in T. thermophilugytochromecss,, and by longer extended
cytochromecs (Z-score = 6.1), Desulfaibrio vulgaris loops in yeast cytochromeand Pseudomonasytochrome
cytochromecsss (Z-score = 4.9), Thermus thermophilus  css.. On the other side of the heme, tl§&-shaped loop
cytochromecss, (Z-score= 4.7), andS. cereisiae cyto- connecting the N-terminus and the middle helix B
chromec (Z-score= 4.5). These structural analogues have pasteurii cytochromecsss is replaced by longer extended
little sequence homology witB. pasteuriicytochromecsss loops in other organisms. Finally, in cytochrommga long

(the largest being 32%, relative ®s. aeruginosaytochrome o-helix is found in the place of the shoriehelix presentin

Css1) indicating that the differences in amino acid sequence B. pasteuriicytochromecsss.

are not correlated to major tertiary structural modifications. A simple amino acid sequence alignment of these distantly
A visual comparison of the ribbon plot d&. pasteurii related proteins would be difficult because of their very low

cytochromecss; shown in Figure 2 with a “rogues gallery” homology, as determined previousl{8. However, the

of its structural analogues (Figure 6) reveals that, despite observed structural similarities allow the construction of a
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Table 5: Heme Accessibility and Redox Parameterscfdype Cytochromes

source type PDB code accessibility3A E° (mV) AS” (J mortK-1b AH®" (kJ molb)P
B. pasteurii Gs3 1C75 42.0 +47 (20) —163 (20 —53 (20
Ps. aeruginosa 51 451C 16.5 +276 68) —134 ©8) —66 (68)
M. braunii G 1CTJ 19.7 +358 (76) not available not available
T. thermophilus &2 1C52 20.1 +230 (77) not available not available
S. cereisiae c(iso-1) 1YCccC 8.2 +280 (78) —124 (78) —64 (78)
horse heart c 1HRC 11.3 +257 69) —120 69) —60 (69)
Rb. sphaeroides 2C 1CXC 10.1 +354 ©7) —136 67) —55 (67)
Rb. capsulatus € 1C2R 17.9 +347 67) —133 ©7) —52 ©67)

a Total accessibility for the heme group calculated using the SETACC and VACACC subroutines of WHI6JIFife accessibility is defined
here as the area traced out by the surface of a water probe sphere having a radius 8fletefmined using nonisothermal electrochemical cells.

structure-based alignment using DAIEQ) (Figure 7). This reported in Table 5. The cytochromes considered here, for
alignment not only correctly reveals the conservation of which both the crystal structure and the thermodynamic
residues involved in protein heme binding but also highlights parameters of the electrochemical reduction have been
homologous protein fragments that could not have beendetermined, span a large range of electrochemical properties,
aligned without structural information. Figure 7 clearly shows with low and high potentials corresponding roughly to small
that only the common secondary structure elementstybe and large solvent accessibility for the heme, respectively.

cytochromes are contained B pasteuriicytochromecsss. Nevertheless, the linear correlatioR € 0.79) is not very
Electrochemical Reduction Potential and Heme Acces- satisfactory. A more careful analysis of the data in Table 5
sibility. The availability of the structure oB. pasteurii reveals that the heme solvent accessibility correlates much

cytochromecsss should provide insights into the determinants better R = 0.93) with the entropy rather than with the
of the peculiarly low reduction potential observed for this enthalpy R = 0.47) of the reduction. This result suggests a
redox protein 447 mV) (20). Such a potential is predomi-  direct link between the major determinant of the electro-
nantly determined by a large and negative reduction entropy.chemical reduction potential (entropy) to a structural pa-
The latter was proposed to derive from the extrusion of water rameter (heme solvent exposure). This conclusion supports
molecules from the protein hydration shell into the bulk the hypothesis that, upon electrochemical reduction of the
solvent occurring upon reductio@), on the basis of the  heme, extrusion of water molecules from the protein hydra-
compensation theory of biopolymers solvatié2<64). This tion shell occurs, affecting a larger number of water
phenomenon, possibly due to the quenching of the positive molecules in the case of a larger solvent accessibility. This
charge on the heme rin@%), was also suggested to occur effect would decrease the reduction entropy and, conse-
in eukariotic cytochromes56). quently, the reduction potential.

While a positive or negative enthalpic factor is responsible
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