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ABSTRACT: A nine heme group containing cytochromesolated from the soluble and membrane fractions

of Desulfaibrio desulfuricansEssex, termed nonaheme cytochroenevas crystallized, and the structure

was solved using the multiple wavelength anomalous dispersion (MAD) phasing method. Refinement
was carried out to a resolution of 1.89 A, and anisotropic temperature factors were addressed to the iron
and sulfur atoms in the model. The structure revealed two cytochoarilee domains with the typical
arrangement of four heme centers. Both domains flanked an extra heme buried under the protein surface.
This heme is held in position by loop extensions in each of the two domains. Although both the N- and
C-terminal tetraheme domains exhibit a fold and heme arrangement very similar to that of cytochrome
they differ considerably in their loop extensions and electrostatic surface. Analysis of the structure provides
evidence for a different function of both domains, namely, anchoring the protein in a transmembranous
complex with the N-terminal domain and formation of an electron-transfer complex with hydrogenase by
the C-terminal domain.

Sulfate-reducing bacteria utilize inorganic sulfur com- as electron carriers. In the periplasmic spacBedulfaibrio
pounds as terminal electron acceptors, resulting in chemi-sp., hydrogen is oxidized by hydrogenase and the electrons
osmotic energy conservatiol)( This process is called sulfate  are transferred to nonaheme cytochromrend cytochrome
respiration and requires eight electrons to reduce sulfate toc; [see following paper@3)]. In Desulfaibrio vulgaris and
hydrogen sulfide. The electron-transfer chain of sulfate- Desulfaibrio gigas the 16 heme group containing high-
reducing bacteria comprises a large varietycaype cyto- molecular-mass cytochrome might act as an additional
chromes, which had been the subject of intensive investi- electron acceptorl@). The gene encoding the HmcA protein
gations. Structural information is available on monoheme js part of an operon with six open reading frames encoding
cytochromecsss (M: 9 kDa) @) and a group of multiheme g transmembrane electron-transfer complex. This complex
cytochromes such as tetraheme cytochrag@/; 14 kDa) is assumed to deliver the electrons from hydrogenase and
(3—11), octaheme cytochromes, a noncovalently linked  cytochromec; via HmcA protein to redox proteins at the
dimer of two cytochromes; molecules K, 26 kDa) (2), cytoplasmic site of the membrane, where sulfate reduction
and the recently reported nonaheme cytochramieom occurs. The here described nonaheme cytochiselated
Desulfaibrio desulfuricansATCC 27774 M, 37.5kD2a) {3, from D. desulfuricanstrain EssexdE) (63) and nonaheme
14). The structure of the 16 heme group containing high- cytochromec from the strain ATCC 277740dA) (14) are
molecular-mass cytochrome (referred as HMdA,67 kDa)  considered to be functional homologues of the HmcA protein.
(15-18) has not been analyzed thus far. In the monoheme | \yas reported that nonaheme cytochroorfeom DdA and
cytochromecss; the heme iron has methionindistidine the high-molecular-mass cytochrome from DuH are

coordination, whereas in. th_e m_ultiheme _cytochromes the reduced only very slowly by [Ni,Fe] hydrogenase compared
heme groups are almost bishistidinyl coordinated throughout. cytochromess (19). In contrast, nonaheme cytochrome

The presence of a signal 'peptide in the primary structure from DdE is reduced at a high rate by [Ni,Fe] hydrogenase,
deduced from the T‘“.C'eo“d‘? sequence ofcalype cyto- indicating that this cytochrome might act as an additional
chromes inDesulfaibrio sp. indicates that these proteins electron acceptor for hydrogenase in ViGs),

are localized in the periplasmic space, where they function ) ) ) )
Herein we report the three-dimensional structure of this
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refinement to 1.89 A. The protein folds into two major

domains with high structural homology to tetraheme cyto-
chromecs; and is connected by a long segment comprising
45 amino acid residues. In the center of the protein an
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C-terminal domains. Analysis of the folding pattern and
electrostatic surface of the protein revealed that both domains
most probably have a different function concerning electron
transfer and proteiprotein interaction.
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Table 1: Diffraction Data and Phase Refinement Statistics

high point of
resolution peak inflection remote low remote high

MAD phasing data

wavelength (A) A =0.8345 A1=1.7322 Ap =1.7345 Az =1.7450 Aa=1.070

resolution (A) 36-1.89 30-2.6 30-2.6 30-2.6 30-2.6

no. of observations 101894 95089 77753 52379 97154

no. of unique observations 27269 11960 11848 11853 11762

completeness (%) 87.9 (80.6) 99.5 (100) 98.9 (99.6) 98.9 (99.6) 98.4 (99.8)

Rierge(% 7.9 (18.4) 8.4 (17.5) 4.4 (8.4) 5.6 (15.8) 3.3(6.5)

Ranom(%6) 7.6 (10.7) 3.4(5.7) 3.8(8.8) 3.2(5.1)

llo 9.7 (3.4) 8.8 (4.4) 17.6 (8.4) 14.3 (5.6) 24.0 (12.4)
phasing power statistics

acentric 0.81 6.08 5.61

anomalous 4.43 3.12 0.93 1.98

centric 0.808 acentric 0.718

@ Rmerge = Sl — MV dnal) wherelynq is the intensity of an observation of reflectibkl and [hUis the average intensity for reflectidikl.
Values in parentheses denote the highest resolution shell—1.88 A for high-resolution data and 2:2.6 A for the MAD data. Calculated with
SHARP @3).

figure of merit (deg)

MATERIALS AND METHODS with XSCALE (22). Data collection and processing statistics

are summarized in Table 1.

Structure Determination, Model Building, and Refinement.
The nine Fe sites were located with SOLVEL, yielding
an overallz score value of 43.9 and initial MAD phases.

) The Fe sites from the SOLVE output were refined with
10 mM Tris-HCI buffer, pH 7.5. SHARP @3), followed by a solvent flattening procedure at
Crystallization and CryoconditiorCrystals of nc were 40% with SOLOMON @4, 25). The solvent-flattened
grown by the hanging drop vapor diffusion method. Each glectron density map at 2.6 A was of good quality (overall
drop contained 4L of protein solution (8 mg mLY) and 4 figure of merit of 0.82). For details of the phase refinement
uL of a solution containing 15% (w/v) poly(ethylene glycol)  statistics, refer to Table 1. The MAD map was used for model

6000 and 100 mM HEPES/NaOH, pH 7.5; drops were pyilding with the program O2). Initially, the Fe atoms
equilibrated against 7QL of this solution at 18C. Crystals it the nine heme groups were placed; thereafter, the protein
grew in the tetragonal space grold:2,2 within 3 weeks ~ model was built. All 289 amino acids were modeled
to a size of 150« 150 x 400um?®. The unit cell dimensions  according to the protein sequenéd), There was no electron
were refined toa = b = 55.45 A andc = 236.9 A during  gensity observed for three amino acid residues at the
data processing. There is one molecule per asymmetric unit,N-terminus. This model was then refined against the high-
corresponding to a Matthews coefficient of 2.4¥Ba, and  resolution data with CNS2(). After rigid body refinement
a calculated solvent content of 49%0. the initial values folR andRy. (28) were 46.6% and 50.1%,
The three-dimensional structure ofoweas determined by  respectively. For the test set 5% of the reflections were
the MAD method 21) using the Fe atoms as anomalous randomly chosen in the 301.89 A resolution range. The
scatters. The data were collected on flash-frozen crystals tostandard protocol for simulated annealing at 3500 K, energy
minimize radiation damage during exposure to synchrotron minimization, and restraineB-factor refinement as imple-
radiation. The best cryocondition was the crystallization mented in CNS was used for refinement against the full
buffer solution that contained 20% (v/v) glycerol as cryo- resolution data. The refinement with CNS lead td=afactor
protectant; crystals were transferred into the cryoprotectantof 21.6% Ryee = 23.3%) after including water molecules
solution with a capillary. The crystals were equilibrated for and one glycerol molecule that most probably was bound
1 min in the cryoprotectant solution and flash frozen in liquid during cryoprotection. Further refinement was carried out
nitrogen. The mosaicity of the crystals did not increase upon with SHELXL (29) on F,? using the same test set of

Protein Purification.Nonaheme cytochrome(ncc) was
obtained from the soluble fraction Bf. desulfurican€Essex
(63). The pure protein was concentrated to 8 mg hy
ultrafiltration (Amicon, 30 kDa cutoff) and dialyzed against

freezing compared to the value observed {D.& room
temperature.

Data Collection and Processingor MAD four data sets

reflections as used in CNS. Additional water molecules were
selected in SHELXL. Water molecules wittBafactor higher
than 70 & were refined at half-occupancy. Taking into

were measured near the Fe absorption edge from one frozericcount all heme Fe atoms and sulfur atoms of methionine

crystal (100x 100 x 300um?) on a CCD4 detector system
on beamline BW6, DESY, Hamburg. The wavelengths for
data collection were adjusted according to an X-ray fluo-
rescence scan, 4t = 1.7322 A (peak)d, = 1.7345 A (point

of inflection), and two remote points s = 1.7450 A (low)
andA, = 1.0700 A (high). The high-resolution data set was
collected atA = 0.8345 A in two passes from one frozen
crystal (150x 150 x 400umd) at BW7B, DESY, using a

and cysteine residues, anisotrofdefactor refinement re-
sulted in a significant drop of th&r-factor (Table2).
Electrostatic surface potentials of cytochromeand nona-
heme cytochromec were calculated using the program
MOLMOL (30), which implements an algorithm developed
by Nicholls and Honig 31). Figures +3 and 6 were
prepared with MOLSCRIPT3Q) and Raster3D33); Figures
4 and 7 were prepared with DINCB4); Figure 8 was

MAR Research 345 imaging plate system. In the first pass generated using MOLMOL3().

data were collected to a resolution of 1.89 A; in the second

Calculation of Electron-Transfer Coupling FactorSlec-

pass at lower resolution (3.5 A) the overloads were measuredtron-transfer coupling factors between the heme groups in
again. All data sets were processed with XDS and scalednonaheme cytochronewere calculated using the program
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ment emphasizes the role of heme IV as a bridging element

Table 2: Final Refinement Statistics of the High-Resolution Data h |
between the N- and C-terminal domains otnc

resolution limit (A 30-1.89 . .
final R_factorﬂriez%) 18.2/20.4 Arrangements of Heme$he location of the nine hemes
no. of protein atoms 2188 including the distances between the individual iron centers
f”uc;l-;’ggggg};;”vy;?;*;ﬁgﬂgcg{ggps ot is depicted in Figure 3. The position and the distances of
|hah‘-%lccupied water molecules |160 | the heme groups in the N- and C-terminal domain of nc
;%?S“mmpm_factor refinement s s are almost identical to those in cytochromg(Table3).
motgiel énlﬁs der\]/i(aﬂt\i)on from ideality 001 Heme IV is located between the tetraheme clusters.
ond lengt . ; ;
bond angle (deg) 538 According to the Fe Fe distances the central heme group

is located closer to the N-terminal heme cluster (heme IV
lll distance, 13.3 A) than to the C-terminal cluster (heme
_ IV—VI, 16.3 A; heme IV-VIII, 16.6 A). However, with
HARLEM (39) that implements the Pathways model. Inthe regard to the porphyrin edge-to-edge distances heme 1V is
calculations the heme moiety without the propionate and positioned almost perfectly in the center of the two domains
methyl residues was defined as donor or acceptor, respec{N-terminal domain, hemes HIV, 8.4 A: C-terminal
tively. domain, hemes VIHIV, 8.7 A). Another striking feature is
the linear and perfect coplanar arrangement of hemes V (N-

RESULTS AND DISCUSSION terminal domain), IV (central heme), and VIII (C-terminal

Overall Structure There is one molecule in the asymmetric domain) with porphyrin edge-to-edge distances of 10.0 A
unit cell of the space group4,2;2. This is consistent with  between hemes V and IV and 8.7 A between hemes IV and
the fact that the nonaheme cytochrormefrom DdE is VIII. Such an alignment of aromatic redox cofactors has been
monomeric. The model consists of 289 amino acid residuesobserved previously in electron-transfer complexé&s-¢0).
and 9 heme groups. No defined electron density is observedit allows maximum overlap between theelectron of the
for three amino acid residues located at the N-terminus, asindividual porphyrin ring systems, thus facilitating electron
determined by Edman sequencing3( Nonaheme cyto- transfer. Itis concluded that heme IV operates as an electron-
chrome ¢ has an elliptical shape with a length of ap- conducting element between the N- and C-terminal tetraheme

aThe calculations were performed with SHELXPRZB),

proximately 80 A and a diameter of 30 A. building blocks. Most likely, nonaheme cytochromavas
Very recently, the three-dimensional structure of the nine formed by gene duplication of the gene encoding tetraheme
heme group containing cytochrome from DdA was cytochromecs. However, it appears that ads not just a

published, which shows high similarity to theaftom DdE simple duplicate of cytochrome but more likely represents
described here (86% sequence identity; rmsd of 288 C a novel kind of multiheme protein with slightly different
positions, 0.67 A). Nefrom DdE comprises two cytochrome  structural features using the basic architecture of cytochrome
¢z like domains with four heme centers, each of which is cs. Variations of the basic cytochroneg structure in the N-
connected by a long extended segment (Figure 1). This linkerand C-terminal domains of nonaheme cytochrameere
region is stabilized by one long and two sharhelices. The analyzed by comparison of the secondary structure topology
stabilizing character is expressed by extensive interactionsof the two proteins.
of a-helices G and H with the N-terminal tetraheme-like  Topological Comparison of the Nonaheme Cytochrome ¢
domain (Figure 1). with the Tetraheme Cytochrome Go get a deeper insight,
The orientation and arrangement of the hemes within eachthe secondary structure topology ofcrend cytochromes;
domain are very similar to those of all tetraheme cytochromes of DAE was compared (Figure 5). Although the sequence
cs. The polypeptide chain wraps around the porphyrin similarity between the N- and C-terminal domains ot nc
moieties, which are covalently attached to the protein and cytochromesis similarly low (36% and 34% similarity,
backbone via two cysteinyl thioether bridges. All nine heme respectively), the two domains resemble thenolecule in
Fe centers are bishistidinyl coordinated (Figure 2). The hemea different way. Consistent with the apparent conservation
groups are numbered according to their order of bonding to of the heme arrangement in the N- and C-terminal domains
the polypeptide chain through thioether bonds. Hemes |, Il, of both proteins, the key structural features at the heme sites
lIl, and V are accommodated by the N-terminal domain and are almost identical. This includes the short antiparallel
hemes V+IX by the C-terminal domain. Heme IV is located ~ [-sheets followed by two shoat-helices (A, B), a long loop
between these two domains (Figures 1 and 3). Although all (loop 3) of approximately 30 amino acids, and a lerbelix
heme groups share the same structural features, heme I\hat is interrupted by a loop (helices C and D, loop 4).
appears to be exceptional. Whereas the eight heme groups Obviously, the N-terminal domain of ncin comparison
of the cytochromec; like domains are accessible to the to its C-terminal domain, resembles more closely cytochrome
solvent, heme IV is completely buried within the protein cs. In comparison to cytochrome the N-terminal helix A
(Figure 4). Furthermore, the coordination pattern of heme is extended, and the following loop 2 is therefore slightly
IV is unique compared to the other heme groups in the shortened (Figure 5). Heme center IV is accommodated by
molecule. The two residues, Cys111 and Cys114, which form helix E, which is absent in cytochroneg Furthermore, loop
the thioether bonds, and His115, which coordinates the iron 1 and loop 4 are elongated in comparison to the correspond-
of heme 1V, are located on an extension of a loop in the ing loops in cytochrome;s (Figures 5 and 6).
N-terminal domain that is inserted into the cytochrome The topological homology between cytochromend the
like structure. His218, which completes the octahedral C-terminal domain of ncis less evident. Helix J corresponds
coordination of the iron center, is located on an extension to helix A in cytochromee; but is almost three times longer.
of a loop in the C-terminal domain. This structural arrange- It forms a basis for the following loophelix K—loop
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Ficure 1: Stereo representation of the structure of nonaheme cytochcoige N- and C-terminal domains are colored in blue and
magenta, respectively. The covalent connection of both domains by an elongated loop and one long and twhediced is shown in

green. The heme groups are shown in ball-and-stick type; the central heme group IV between the domains is shown in yellow. The extensions
of the N- and C-terminal domains that coordinate heme IV are illustrated by brighter colors. Figures 1, 2, 3, and 6 were produced with
MOLSCRIPT @2) and Raster3D33).

FIGURE 2: Stereo representation of the attachment and coordination of heme IV. The models of the porphyrin (yellow) and the interacting
amino acid residues (gray) are superimposed with the corresponding electron density map (greeR).-Tlkg thap is shown at@
structure that is necessary for coordination of heme IV. search algorithm4l, 42). The core structural elements (36
Surprisingly, loop 4, which is present both in the N-terminal Ca positions) of the tetraheme-like domains are well
domain of nc and in cytochromecs, is missing in the conserved and could be superimposed with a rmsd of 1.4
C-terminal domain of ng fusing helices C and D from A; the overlay of the two domains with cytochroroggave
cytochromecs to form helix M in nc. The long segment  the same value. In contrast, major differences were observed
between the N- and C-terminal domains, which includes in the length of several loops. Each domain exhibits an
helices G, H, I, and a long loop, does not show any extended loop comprising shaxthelical segments, which
topological homology to cytochrome. supply the coordination for heme IV (Figure 6). Additional
The superposition of the two domains incn@-igure 6) differences between cytochromgand the two domains of
illustrates the consequences of insertions and deletions. Thencc were localized in the loop regions of the proteins. Loop
Ca positions of the N-terminal (residues-1032) and the 1 connecting the antiparall@-sheets is elongated in both
C-terminal domains (residues 17287) and cytochrome; domains of nc. In cytochromecs, this loop consists of four
(107 residues) were aligned by employing a six-dimensional residues. In the C-terminal domain ofmthe corresponding
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Ficure 4: Surface representation of nonaheme cytochrame
Colored areas indicate the accessibility of the heme groups. The
N-terminal tetraheme cluster is shown in blue and the C-terminal
in red. The central heme IV is almost completely buried in the
protein. Figures 4 and 7 were prepared with DIN&I)(

electrons. The complex formation is mainly driven by
Coulombic interaction via electric charges on the protein
surfaces 38, 43—45). In cytochromec;, heme IV is
Ficure 3: Orientation of the heme groups in nonaheme cytochrome grrounded by a large cloud of positively charged residues

c. The heme groups are numbered according to their covalent . :
attachment through cysteine residues to the protein. The heme(':Igure 8B). The other hemes, in contrast, are surrounded

groups of the N-terminal tetraheme cluster are depicted in blue, DY residues forming both negative and positive charges. In
the heme groups of the C-terminal domain are in magenta, and thenumerous studies on intermolecular electron transfer it was
central heme 1V is in yellow. Ironiron distances are given in shown that the interaction of the tetraheme cytochrage
angstroms. with redox partners such as ferredox#6(52), flavodoxin
loop is built of 9 amino acid residues, and in the N-terminal (38—40, 53—56), and rubredoxin39, 53) was mediated by
domain 16 residues form a large loop. Further variations ion pair formation between this positively charged patch on
occur in loop 4 that is interrupting the long central helix in  cytochromec; and negative charges of the partner molecule.
cytochromecs, resulting in helices C and D. In cytochrome The crystal structure of the [Ni,Fe] hydrogenase from
cs the loop comprises 9 residues. In the N-terminal domain gigasrevealed a negatively charged surface area formed by
of ncc the corresponding loop has 15 residues, whereas it isacidic residues around the histidine coordinating the distal
absent in the C-terminal domain. Note that these loops are[4Fe-4S] center that is thought to transfer the electrons
located at the surface of the molecules. In cytochrame liberated in hydrogen oxidatiorb{).
loops 1 and 4 form rather inconspicuous patches at the pro- Since both cytochrome; and nc coupled to the [Ni,Fe]
tein surface whereas in the N-terminal domain of tieese hydrogenase fronDdE with similar affinity and exhibited
loops represent remarkable features, which are asymmetri-similar reaction rates in the presence of dihydrogé®),(
cally distributed in nc. Whereas the long loops in the N- the environment of the heme groups increas examined
terminal domain are standing out of the surface (Figure 7), with respect to surface charge distribution, which clearly
loop 1 of the C-terminal domain is embedded into the surface differed in the two domains. On the N-terminal domain there
of ncc. This remarkable difference between the two domains are no positive patches around the surface-exposed hemes,
suggests that they might have different functions. The bulbs which would allow electrostatic interaction with a negatively
formed by loops 1 and 4 in the N-terminal domain might be charged reaction partner. In contrast, heme VIII in the
important for anchoring rinto the Hme complex, whereas  C-terminal domain is surrounded by lysine (positions 180,
the C-terminal domain accepts electrons from the electron 209, 212, 280) and arginine residues (positions 108, 109,
donor. Further arguments for this hypothesis will be derived 198, 199, 207, 278). This region forms a large positively
from the analysis of the electrostatic potential o€.nc charged plane at the surface (Figure 8A) that can be accessed
Electrostatic Surface Potentigbenerally, intermolecular by a rather large molecule such as the [Ni,Fe] hydrogenase.
electron transfer between redox proteins requires the forma-On the basis of these considerations it is proposed that heme
tion of a transient complex, followed by the fast transfer of center VIII of na@ functions as the electron acceptor for [Ni,-
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Table 3: Fe-Fe Distances in the Nonaheme Cytochroorfeom D. desulfuricansEssef

heme | V1) heme II (Vi heme IlI (v heme V (IX)
heme | (VI)
heme 11 (ViI) 12.5 (12.3)
heme 111 (VIII) 11.3 (11.9) 15.8 (16.6)
heme V (IX) 17.7 (17.4) 15.1 (16.0) 12.1 (12.1)
heme IV 245 16.3 26.3 17.7 13.3 16.6 18.3 25.8
2 The Fe-Fe distances between heme groups |, Il, lll, and V in the N-terminal domain and between heme groups VI, VII, VIII, and IX in the

C-terminal domain (in parentheses) are given; furthermore, the distances from the Fe of heme IV to the Fe in the residual heme centers are listed.
To compare the distances in each tetraheme cluster of the N- and C-terminal domains, the corresperfeindidtances are listed next to each
other.

N-terminal domﬁ / \

. N J/

Ficure 5: Topology diagrams of nonaheme cytochroorend cytochromes. The secondary structure topology of nonaheme cytochrome

¢ (A) and cytochromec; (B) is compared. Lines represent loop regions, arrows correspofiestands, andx-helices are depicted as
rectangles. The regions which interact with the central heme IV (A) are highlighted by shadowed boxes. A broken line encloses the segment
that connects the N- and C-terminal domains.

Ficure 6: Structural alignment of the N-terminal (magenta) and C-terminal (blue) domains of nonaheme cytoctymih cytochrome

cs3 (B). For reasons of clarity the domains of nonaheme cytochimare superimposed, and cytochromés shown in the same orientation.
Fe] hydrogenase. Interestingly, heme VIII in the homologous less positive. This might be due to an additional aspartatic
ncc from DdA is encircled by a large number of lysine and acid residue (position 210) and one exchange of an arginine
arginine residues, tool8, 14). However, the calculated to a serine residue (position 207) compared to thefram
electrostatic surface potential in this region appears to beDdE.
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» loopd
k_,_____ ; p

Ficure 7: Surface representation of the N-terminal domain of
nonaheme cytochrome The residues forming loops 1 and 4 are
colored in red and green, respectively. These loops are elongate
compared to the C-terminal domain ofaar cytochromec; and
form extensions that might anchor nonaheme cytochrommethe
Hmc complex.

Ficure 8: Electrostatic surface potential of nonaheme cytochrome
¢ and cytochromecs. The electrostatic charge distribution of
nonaheme cytochrome(A) and cytochromes (B) was calculated
using MOLMOL (30). Both molecules are shown at the same scale.
Positive and negative charges are depicted in blue and red,
respectively. The positively charged areas around heme VIlién nc
and around heme IV in cytochronmg are proposed to act as the
coupling site to [Ni,Fe] hydrogenase. The figure was produced with
MOLMOL.

Electron Transfer Most electron-transfer reactions in
biology occur over a considerable distaneé(R) whereby
the electron is shifted via electron tunneling. The electron-
transfer rates are nonadiabatic and can be expressed as

Umhau et al.
Ker = (ZW/h)TDAZ(FC)

(58). The transfer rate is dependent on the coupling between
the donor and the acceptor, represented as theTgkand

the Gibbs free energy and the reorganization energy, which
are contained in the terfC, the so-called FranekCondon
factor. In the Pathways modddg, 60) the electron tunneling
pathway between the donor and acceptor is divided into
through-bond (covalent and hydrogen bonds) and through-
space (van der Waals contacts) interactions. These are
reflected in different coupling factors. The most favorable
pathway will be the one with the smallest coupling decay,
i.e., with the largest coupling factor.

The electron-transfer properties of nonaheme cytochrome
¢ were studied using the program HARLEM developed by
Kurnikov (35). Two characteristics of electron transfer were
analyzed. First, the intramolecular transfer properties are
characterized by the electronic coupling factors between the
heme groups in nonaheme cytochromeThe calculated

oupling factors (Figure 9) were similar to those determined
or nonaheme cytochromefrom DdA (13). The observed
differences are most likely due to the fact that the authors
used the program GREENPATH5Y). In this program
several changes were introduced with regard to Pathways
calculations §0), whereas HARLEM 385) implements the
original Pathways algorithm (l. Kurnikov, personal com-
munication). However, the coupling values between the
parallel oriented heme groups V, IV, and VIII were not taken
into account, although these coupling factors are in the range
of those observed for the hemes in each tetraheme cluster
of ncc. In particular, the coupling between heme VIII and
heme IV is considerable high. This observation fits our
conclusions from electrostatic surface potential calculations
that heme VIII most likely acts as the electron entry for
electrons from the [Ni,Fe] hydrogenase. Furthermore, it
emphasizes the role of heme IV as a conducting element
between the N- and C-terminal tetraheme clusters.

Second, a possible site for intermolecular electron transfer
between nonaheme cytochromand [Ni,Fe] hydrogenase
was mapped on the surface of the protein by calculating the
electronic coupling factors between each heme group and
any residue of the protein. Regions on the surface with high
coupling values have a large probability for electron transfer.
In general, the C-terminal domain displayed more areas with
high coupling values than the N-terminal domain (Figure
9). Surface patches with high coupling values were observed
around hemes VIl and VIII. The region around heme VII
was not accessible by large redox partners such as hydro-
genase. In contrast, the patch around heme VIII displaying
high electron coupling values was located in a planar region
of the protein’s surface, facilitating intermolecular contacts.
The driving force for an association of [Ni,Fe] hydrogenase
to this region of nonaheme cytochronmeis given by
Coulombic interaction. As shown above (Figure 8A) this
region is highly positively charged and could form a complex
with the negatively charged area around the distal [4Fe-4S]
cluster of [Ni,Fe] hydrogenase. Therefore, we conclude that
the electrons from the [Ni,Fe] hydrogenase enter nonaheme
cytochromec at heme VIII. From there the electrons can be
transferred very fast to hemes VI, IX, and IV as indicated
by high coupling values between heme VIl and these heme
groups.
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Ficure 9: Intramolecular electron transfer of nonaheme cytochrome
c. The numbers represent the relative electron-transfer coupling
factors between the heme groups multiplied by 1000. The numbers
are calculated by the Pathways model and are dimensionless.

VI

Redox-Induced Conformational TransitidReduction of
the Fe(lll) heme centers of néed to significant changes of
the surface charge and of the protein conformat&s):( (i)
the hydrodynamic radius of dithionite-reduced mcreased
according to size exclusion chromatography; (ii) this con-
formational transition was confirmed by CD spectroscopy;
(iii) further evidence was obtained from geterminations
of the oxidized and reduced protein revealing a large drop
of pl upon reduction; (iv) addition of sodium dithionite to
crystalline Fe(lll) nc, in the absence of dioxygen, produced
a clearly visible color change from red to magenta. Within
a few seconds, the magenta crystals started to crack and th
protein became finally dissolved. The results of these four

independent observations led to the hypothesis of a redox-

dependent conformational transition otratie to a potential
hinge in the center of the molecule. Most likely, this
conformational change should occur in the linker region
between the two rigid tetraheme cytochrocaéike domains.
These are covalently linked by an elongated segment with
temperature factors significantly higher than the average
B-factor of the entire peptide chain, which argues for its
flexibility. The rigid coordination of heme IV is most
probably not affected by the movement. A hinge might be
formed by the shorta-helices in the extended loops
coordinating heme IV and helices from each domain which
are in van der Waals contact. This mainly hydrophobic
contact is flexible compared to polar or ionic interactions
and might allow a gliding movement. The trigger for such a
conformational change might originate from the protonation

of a heme propionate group and subsequent loss of salt

bridges to lysine or arginine residues. The positively charged
groups of these residues would be exposed to Coulombic
repulsion and might form new salt bridges, stabilizing another
conformation. Such a movement within the protein would
explain the biochemical data.

Currently, we are analyzing the structure of Fe(llx o
get further insight into the nature of these reduction-induced
conformational changes.

CONCLUSIONS

The three-dimensional structure of nonaheme cytochrome
¢ from D. desulfurican€Essex represents a combination of
the well-known structural features of cytochromend new
structural aspects. There are two cytochragiéee domains

and one extra heme (heme IV) on the interface between the

two domains. The way this additional heme center is

coordinated in the center of the protein has not been observed

before in other than nonaheme cytochromenultiheme

redox proteins. The cysteine residues for covalent attachment

Biochemistry, Vol. 40, No. 5, 20011315

of the porphyrin and one coordinating histidine are located
on one domain. The octahedral coordination of the heme
iron is completed by a second histidine located on the other
domain. The position of the heme between the two domains
and its coordination by histidine residues from both domains
illustrate its function as an interdomain electron-transfer
bridge. This was affirmed by the electron coupling factors
between heme IV and the heme groups from both domains.

It was shown by kinetic studies that the [Ni, Fe] hydro-
genase couples at high rate and with high affinity to
nonaheme cytochrome(63). On the basis of electrostatic
and electron coupling calculations, we identified a site in
the C-terminal domain that most likely serves as the coupling
site to the [Ni,Fe] hydrogenase. This site is positively
charged, enabling docking to the negatively charged electron
exit site of the [Ni,Fe] hydrogenase. The high coupling
factors in this area indicate a high probability of electron
transfer upon docking. In the center of this area heme VIl
is located. This heme group exhibits the highest coupling
factors to the other heme groups ircnincluding the central
bridging heme V.

Detailed comparison of both domains ofcnweith cyto-
chromecs revealed that the variation of the cytochrome
basic structure might reflect a specialization in function.

Whereas the C-terminal domain represents an optimized

electron entry, the N-terminal domain might anchor the
molecule in the membrane-bound Hmc complex.
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