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Summary. Atomic models possessing the common structural fea-
tures identified for the cytochrome bsg (cyt bse;) protein family are
presented. A detailed and extensive sequence analysis was per-
formed in order to identify and characterize protein sequences in
this family of transmembrane electron transport proteins. Accord-
ing to transmembrane helix predictions, all sequences contain 6
transmembrane helices of which 2-6 are located closely in the same
regions of the 26 sequences in the alignment. A mammalian (Homo
sapiens) and a plant (Arabidopsis thaliana) sequence were selected
to build 3-dimensional structures at atomic detail using molecular
modeling tools. The main structural constraints included the 2 pairs
of heme-ligating His residues that are fully conserved in the family
and the lipid-facing sides of the helices, which were also very well
conserved. The current paper proposes 3-dimensional structures
which to our knowledge are the first ones for any protein in the cyt
bse family. The highly conserved His residues anchoring the two
hemes on the cytoplasmic side and noncytoplasmic side of the mem-
brane are in all proteins located in the transmembrane helices 2, 4
and 3, 5, respectively. Several highly conserved amino acids with aro-
matic side chain are identified between the two heme ligation sites.
These residues may constitute a putative transmembrane electron
transport pathway. The present study demonstrates that the struc-
tural features in the cyt bse family are well conserved at both the
sequence and the protein level. The central 4-helix core represents
a transmembrane electron transfer architecture that is highly con-
served in eukaryotic species.

Keywords: Cytochrome bsg; Structure prediction; Heme protein;
Protein family; Ascorbic acid; Electron transport.

Abbreviations: Asc ascorbate; cyt cytochrome; MDA monodehy-
droascorbate; TM transmembrane; 3-D 3-dimensional.

Introduction

The high-redox-potential b-type cytochrome (cyt bsg)
of chromaffin granule membranes of the mammalian
adrenal medulla can be fully reduced by ascorbate
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(Asc). The wavelength of its characteristic alpha-band
absorbance maximum in the reduced-minus-oxidized
absorbance spectra is close to 561 nm. The protein is
capable of transporting electrons through the chro-
maffin granule membrane (Njus et al. 1983, Srivastava
et al. 1984, Kelley and Njus 1986, Kent and Fleming
1987). In the past decades, evidence accumulated for
the presence of a similar Asc-reducible cyt bs in plant
plasma membranes (for a recent review, see Asard et
al. 2001). This protein is also able to transfer electrons
across the membrane (Asard et al. 1992) in a way that
may be similar to that of the chromaffin granule mem-
brane. Genes coding for proteins with significant
homology to the mammalian cyt bss; have recently
been identified in a large number of plant species
(Asard et al. 2000). The mammalian and predicted
plant cyt bss proteins are highly hydrophobic and
transport electrons from the cytoplasmic side of the
membrane in which they are embedded to the extra-
cellular space or into intracellular vesicles. The physi-
ological function of the plant plasma membrane cyt
bss1 1s yet to be elucidated. The first evidence for the
existence of the cyt bss protein family in plants and
animals was presented on the basis of a sequence
analysis of 9 related sequences from different eukary-
otic species (Asard et al. 2000). It is generally believed
that these redox proteins play an important role in a
wide variety of physiological processes, including iron
uptake, cell defense, nitrate reduction, and signal
transduction. Recently a new member of this protein
family has been located in the duodenal cells of the
small intestine and demonstrated to play a role in the
reduction of iron prior to its uptake (McKie et al.
2001). It was suggested that a cyt bss; in these cells pos-
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sesses ferric reductase activity. A similar function was
proposed for cyt bsg-like domains in larger proteins
which play a potential role in neurodegenerative dis-
orders (Ponting 2001). This activity apparently con-
trasts with the activity of the chromaffin granule and
plant plasma membrane cytochromes bsg, which are
likely to function as monodehydroascorbate (MDA)
reductases. These proteins have been demonstrated to
receive an electron from cytoplasmic Asc and transfer
it across the membrane to MDA (Kelley and Njus
1986, Harnadek et al. 1992). Details of this process, in
particular the transmembrane electron transfer mech-
anism, are not yet resolved, but almost certainly the
two heme centers are involved (Tsubaki et al. 1997,
Kobayashi et al. 1998, Trost et al. 2000). These proteins
therefore represent an important and unique family of
transmembrane electron transport proteins because of
their putative and/or yet to be identified physiological
functions in a variety of eukaryotic cells. In addition,
the 1 eq reaction between Asc and the proteins and the
long distance between the two hemes, which almost
spans the membrane interior, make them a potentially
very interesting model for redox reactions between
metalloproteins and organic substrates and also for
transmembrane electron transfer.

Since cyt bsq; proteins have not yet been crystallized,
atomic-detail structural data about these proteins
are lacking. On the other hand, essential structural
features, including conserved heme-binding residues,
transmembrane (TM) helices, and potential substrate
binding sites have been identified (Okuyama et al.
1998, Asard et al. 2001, Takeuchi et al. 2001). More-
over, success in the purification of the plant plasma
membrane cyt bss; (Trost et al. 2000; Bérczi et al. 2001,
2003) may render biophysical studies on plant proteins
possible in the near future. Therefore, a working model
of atomic detail representing the main structural fea-
tures of the cyt bss protein family may be highly
useful. The objectives of the present work were to
identify new structural similarities in the cyt bsg family
and to build 3-dimensional (3-D) atomic models for
representative plant and mammalian cyt bs proteins.
In the absence of direct structural data, this was done
in three steps: (1) exploring the structural features of
the family via sequence alignment and predicting the
TM helices, (2) establishing the intra- and extracellu-
lar topology and the lipid-facing propensities of the
TM helices, and (3) building 3-D atomic models that
satisfy all known and newly explored structural con-
straints. Although we used most recent modeling tools
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and we built structures, our strategy turned out to be
essentially similar to that followed by Héagerhill and
Hederstedt (1996). The structural features of the
predicted models are discussed in relation to the
structural data and the putative electron transport
mechanism.

Results

Features of the cytochrome bss; family at the primary
structural level

Recent studies involving sequence comparisons have
suggested a close relationship between cyt bsg proteins
of the plant and animal kingdom and demonstrated
the conservation of a number of structural features
(Asard et al. 2000, 2001; McKie et al. 2001; Ponting
2001; Asada et al. 2002). In order to identify additional
conserved properties and structural features of se-
quences related to the well-known plant and human
cyt bsq proteins, more members of the family had
to be included in a sequence comparison. Related
sequences were identified from 26 different tissues and
organisms via PSI-BLAST database searches with
default settings (Altschul et al. 1997) using Artb561-1,
Artb561-4 and Hosb561-1 as queries (sequence names
are used as defined in Asard et al. 2001). Sequences
were selected which (1) had previously been reported
to belong to this family (Asard et al. 2001), (2) showed
conserved functionally relevant key residues in similar
locations, primarily the heme-ligating histidines and
the SLHSW motif (a putative MDA binding site;
Tsubaki et al. 1997, Asard et al. 2001) and (3) were
at least 200 residues long. This latter constraint was
needed to exclude incomplete gene fragments (Asard
et al. 2001). The sequences were aligned using MUL-
TICLUSTAL (Yuan et al. 1999). Figure 1 represents
the most complete and detailed sequence alignment of
the cyt bsg family to date. All sequences contain 6
regions that are rich in highly conserved amino acid
residues or residue properties. These conserved
regions are separated by regions with no or very little
conservation and most of the gaps can be found in
these nonconserved regions too. Clearly, the sequences
display largest variability in these intermediate and
the terminal nonconserved regions. Notable is that
the nonconserved regions are too short to form
membrane-spanning alpha-helices (TM helices), espe-
cially if the gaps are also taken into account. The con-
served regions, on the other hand, overlap very well
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Fig. 1. MULTICLUSTAL alignment of 26 cyt bss sequences. The names and numbers before and after the underscore are names accord-
ing to the proposed naming convention (Asard et al. 2001) and GenBank identifiers (Benson et al. 2002), respectively. Highlighting is per-
formed with TeXshade (Beitz 2000) above 85% threshold conservation of residue properties and according to the chemical mode.
Concerning font styles and gray shades, on a relative scale between white and black of 0 to 100%, residue properties (Karlin 1985) are rep-
resented as follows: aromatic (F, W,Y), 50%; basic (H, K, R), 42%; hydroxyl (S, T), 34%; aliphatic (A, G, 1, L, V), 26%; acidic (D, E), 18%;
amide (N, Q), 10%; imino (P), font in italics (no shading); sulfur (C, M), lower case font (no shading). Amino acids in the TM segments,
predicted by TMHMM (Krogh et al. 2001) independently for each sequence, are shown in boldface. The ruler above the alignment is num-
bered according to the consensus sequence. The horizontal bars indicate the consensus TM helices TMH2 to -5 that are most conserved
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with the 6 TM helices (Fig. 1, boldface letters). These
were predicted, independently from the alignment, for
each sequence by TMHMM (version 2.0) (Krogh et al.
2001, Moller et al. 2001). For one sequence (Caeb561-
3) there was a seventh TM helix predicted at the
N-terminal end of the protein (Fig. 1). However, this
was unique to this sequence, since most of the other
sequences contained very few residues in that region.

Based on the above observations, the conserved
regions can be considered to be TM helices (named
TMHI1 through TMH6) and the nonconserved regions
can be considered to be interconnecting loops and ter-
minal domains. By any measure, the conservation of
the TM helices 2-5 (i.e., TMH2 to -5) is much higher
than that of the two terminal ones (TMH1 and -6). This
is not surprising considering that all the known func-
tionally important residues are located in the region
defined by TMH?2 to -5, i.e., the region 95-240 (num-
bering according to the “consensus” sequence shown
in the ruler of the alignment). The putative MDA
binding site (the SLHSW motif; Tsubaki et al. 1997,
Asard et al. 2001) is located sequentially at the begin-
ning of TMH4 and spatially close to the lipid—water
interface. Since MDA binds at the noncytoplasmic side
of the plasma membrane in plants (Asard et al. 1992,
Horemans et al. 1994), this orients the whole putative
structure in the membrane. This automatically locates
the putative Asc binding site, i.e., the sequence
segment 114-122, on the cytoplasmic side of the mem-
brane close to the membrane-water interface too
(Okuyama et al. 1998). In this site, the ALLVYRVFR
motif is fully conserved in 8 sequences in its full length
and almost all sequences contain at least 4 residues
from it (the presence of this motif was not a search
criterion). In addition, residue properties (aliphatic,
aromatic, and basic) at 4 positions in this motif are
conserved to nearly 100%. The SLHSW motif contains
one of the 4 His residues that are 100% conserved.
These 4 histidines are located in all sequences on
TMH?2 (His99) and TMH4 (His177) and on TMH3
(His135) and TMHS (His220) in a pairwise manner,
ideal to anchor two hemes on the noncytoplasmic and
cytoplasmic side of membrane, respectively, as pro-
posed earlier (e.g., Okuyama et al. 1998, Tsubaki et al.
2000). A number of highly conserved aromatic amino
acid residues are identified in the TM helices between
the heme-ligating His residues. TMH4 appears to be
richest in conserved aromatic residues. Notable is the
presence of highly conserved basic residues located
between TMH2 and TMH3 at positions 119, 128, and
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132. The TM architecture in the alignment suggests
cytoplasmic orientation for both the N and C termini.
It should be noted, that TMHMM (Krogh et al. 2001)
predicted an opposite orientation for the sequences
Artb561-1, Lyeb561-1, Zemb561, Orsb561-1, and
Mecb561, but MEMSAT 2 (McGuffin et al. 2000) pre-
dicted them to also have the N and C termini in the
cytoplasmic side.

Conservation of the hydrophobic moments
of transmembrane helices

Considering the differences in conservation between
the terminal and central TM helices, our efforts to
build structures were restricted to the inner core of
the cyt bss proteins consisting of 4 TM helices (TMH2
to -5). These TM helices define highly conserved
membrane-spanning regions and the fully conserved
His residues define their overall spatial relations.
However, knowledge is still lacking on the angular ori-
entation, i.e., the sides facing towards the interior of
the core or towards the lipids, of the individual TM
helices (heme ligation alone leaves still too much
freedom). Therefore, as a further structural constraint,
we tested the lipid-facing propensities of the TM
helices and their conservation in the family. To do this,
first the consensus regions of the 4 TM helices were
defined in the multiple alignment (Fig. 1). Considering
the position of the 4 by 26 individually predicted TM
helices, we defined the consensus positions of TMH2,
TMH3, TMH4, and TMHS as 95-118(i), 133(i)-156,
175-200(i), and 218(i)-240, respectively (“i” indicates
the cytoplasmic side of the helices). These regions
were selected by considering the mathematical aver-
ages, but highly conserved residues known to prefer
specific membrane locations (Killian and von Heijne
2000) were also taken into account. The TM helices
TMH?2 to -5 are indicated with horizontal bars under
the sequences in Fig. 1. The 26 sequence segments of
the 4 TM helix regions of the same length were sub-
jected together for an analysis of their lipid-facing
propensity in 4 separate submissions. The analysis
was performed using the knowledge-based kPROT
method, which scores residues with free-energy-like
values (Pilpel et al. 1999). These kPROT values are
related to the likelihood of a given residue to be ori-
ented towards the lipids in TM alpha-helices. The algo-
rithm treats TM helices as ideal alpha-helices. The
vectorial sum of the kPROT values over the helical
wheel of a single TM helix defines the side of the TM
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helix that is most likely oriented towards the lipids.
This analysis was performed for all of the consensus
TM helix regions, i.e., 4 by 26 sequence segments. The
radial thin solid lines on Fig. 2 show these vectorial
sums for the respective TM helices of all species. Also
shown are the mean vectors, which were obtained as
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averages over the 26 vectors, defining the (conserved)
side of each TM helix most likely facing the lipids
(thick lines with arrows). The scattering around the
mean vector varies for each helix, is generally small,
and is remarkably better for TMH2 and TMH4. The
larger scattering in TMH3 and TMHS in part origi-
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Fig. 2. Lipid-facing propensity of the indi-
vidual and consensus TM helices. KPROT
vectors (Pilpel et al. 1999) for the individ-
ual proteins are shown with radial thin
lines (not all being visible) in the helical
wheels of the consensus transmembrane
helices TMH2 to -5 defined by the
sequence regions 95-118(i), 133(i)-156,
175-200(i), and 218(i)-240, respectively,
according to the consensus sequence num-
bering (gaps were removed for the predic-
tion). The two most likely helix topologies
from which structures were built are shown
as viewed from the noncytoplasmic side
of the membrane (top view). Accordingly,
for the N-terminal cytoplasmic (TMHS3,
TMHS) and noncytoplasmic (TMH2,
TMH4) helices, sequence numbering goes
counterclockwise and clockwise, respec-
tively. The thick solid line with an arrow
represents the mean vector that is the
average over all the 26 corresponding TM
helices. The dashed lines indicate the direc-
tion in which variation of the lipid-facing
propensity of the residues over the differ-
ent sequences is largest. All lines are pro-
portional to the numerical values they
represent. Consensus residue numbers are
indicated along the wheel together with
residue names in single-letter code at loca-
tions where residues are highly conserved
(cf. Fig. 1). The most variant residue posi-
tions are indicated in italic typeface. Iden-
tifiers in bold typeface indicate highly
conserved residues and residue properties,
with and without residue names, respec-
tively. The putative heme-ligating His
residues are indicated with bullets. Under-
lined numbers indicate sequence positions
of highly conserved aromatic residues
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nates from imposing consensus helices on the TM helix
positions, which are less well conserved than in TMH2
and TMH4. The generally good conservation of the
lipid-facing propensity in the cyt bss family not only
supports our multiple alignment, but it also argues that
other helix geometries are very unlikely. The imposed
constraints allow two alternative helix topologies,
which result in clockwise or counterclockwise top view
arrangement for TMH?2 to -5 in the membrane plane.
These topologies allow heme ligation and face helices
as favorably towards lipids as possible. Very striking is
that the most variant residue positions (with a single
exception at residue 117) and the mean direction of
the most variable side of the helices (Fig. 2, italic type-
face residues and dashed lines, respectively) are all
located in the outer surface of the 4-helix core. In con-
trast, most conserved residues and residue properties
(shown in boldface) are least frequent in these regions.
Underlined numbers in Fig. 2 indicate sequence posi-
tions of highly conserved aromatic residues. Some of
these, in particular those in TMH4, are located in
favorable positions, both laterally and vertically, to
participate in the electron transfer between the two
hemes.

Model structures

Model structures were built for the 4-helix core of
representatives of a mammalian (Homo sapiens)
and plant (Arabidopsis thaliana) cyt bss sequence,
Hosb561-1 (Fig. 3) and Artb561-1 (Fig. 3). The primary
constraints for the models were: (1) the predicted (and
not consensus) TM helix sequence regions (Fig. 1),
(2) the requirement for ligation of the two hemes by
the fully conserved 4 His residues (Fig. 2), and (3) the
ability to satisfy the lipid-facing propensities of the
individual helices (Fig. 2) as far as possible. Residues
with known preferential membrane location were also
considered as additional constraints (Killian and von
Heijne 2000). It should be kept in mind that the accu-
racy in the orientation of the lipid-facing propensity of
all the available prediction algorithms is rather limited
because only few membrane protein structures are
known to calibrate these algorithms (Pilpel et al.
1999). Therefore the third criterion was weaker than
the first two. The two cysteine residues conserved at
the positions 102 and 180 in 7 animal sequences were
not bridged because they were apparently too far
apart (Fig. 2) and a rotation of TMH2 and TMH4 to
bring them closer together would destroy the optimal
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helix orientations. In addition, Kent and Fleming
(1990) found that all cysteines were in the free
sulfhydryl form in chromaffin granule cyt bs;;. Both
topologies still leave some “freedom” in orienting the
helix axes relative to the membrane normal and along
their long axis (Fig. 2). These uncertainties can be esti-
mated to be below ca. 25° and 30°, respectively (see
Fig. 2). The locations of TMH1 and TMH6 are not
firmly determined by the primary constraints imposed
on the models (see above) and are different for the
two TMH2 to -5 topologies (Fig. 2). The unique loca-
tions of TMH1 and TMHS in the clockwise and coun-
terclockwise topologies result from the requirement to
avoid crossing of the helix-connecting loops and gen-
erating too large distances between sequentially adja-
cent helices. The topology with TMH1 and TMHG6
located on the opposite sides of the core helices (Fig.
2, bottom) is somewhat more likely than the circular
one (Fig. 2, top) because the latter one leaves a rela-
tively large less “lipophilic” surface on TMH3 and
TMH4 exposed to lipids.

Idealized alpha-helices were built for the predicted
TMH?2 to -5 helix sequence segments using Biopoly-
mer in InsightIl (Accelrys 2000). They were arranged
manually according to the two topologies and the
predicted lipid-facing propensities (Fig.2) and to
obtain an approximate distance of 1.2 nm between the
C* atoms of the pairs of the fully conserved heme-
ligating His residues. This His-to-His distance was
determined after an inspection of coordinates of 34
protein structures in the Brookhaven Protein Data
Bank which contained b-hemes ligated by the N°
atoms of His residue pairs. The helices could be easily
arranged to satisfy all the criteria without tilting them
significantly relative to the membrane normal. Inter-
connecting loops between the TM helices were identi-
fied after an extensive search using Homology (in
InsightII). In this process preflex and postflex 5-
residue-long sequence matches between the known
and predicted helices were scored to identify the best-
matching loop template structures of the correct
length. The coordinates of these loop templates were
then assigned to the interconnecting loop sequences.
Steric conflicts between amino acid side chains were
removed by manual adjustment. In order to relax side
chains into lower energy states, a conformational
search of 50 cycles was performed for all the amino
acid side chains of the models using Homology (in
InsightII) with the default 0.8 nm cutoff for both Van
der Waals and Coulomb interactions. The structures
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Hosb561-1

Hosb561-1

Fig. 3. Predicted 3-D structures for the Homo sapiens and Arabidopsis thaliana cyt bss sequences, Hosb561-1 and Artb561-1, respectively.
Two structures are shown for both sequences, namely, with clockwise and counterclockwise helix topology (top and bottom, respectively,
as defined in Fig. 2). Only the most conserved helices (TMH2 to -5) are shown, together with interconnecting loops. The ribbon cartoon
was created with InsightIl (Accelrys 2000) and represents secondary structural forms (i.e., ideal alpha-helix and random coil). Highly con-
served aromatic amino acid residues are indicated in light gray thin bar presentation. The two pairs of fully conserved His residues (His139
and His157) and the hemes ligated by them are shown in dark gray ball-and-stick presentation. The N- and C-termini of helices 2 and 5
are indicated with N and C, respectively. The TM helix numbers are indicated on the cylinders. The cytoplasmic side is below each struc-
ture. The putative MDA and Asc binding sites are indicated with the corresponding text boxes. The helix axes are closely perpendicular to
the membrane plane
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were further relaxed using Homology with 100 itera-
tions of the steepest-descent algorithm followed by
1000 iterations of the conjugate-gradient algorithm. In
this final step all the side chains of the TM regions and
all the atoms in the loop regions were allowed to move
but, as additional constraints, the distances between
the N® atoms of the pairs of the heme-ligating His
residues were fixed at about 0.4 nm. This distance was
also determined from inspecting the relevant b-heme-
containing protein structures. The 2 by 2 structures of
the 4-helix cores for the two proteins are shown in Fig.
3 together with the hemes that were inserted manually
into the structures after optimization. Considering the
high level of conservation of structural features in the
cyt bsg protein family, it is anticipated that the 3-D
structure construction procedure described above
would result in similar models for the other members
of the family.

Discussion

The present sequence alignment including plant and
animal members of the cyt bss family (Fig. 1) supports
the main conclusions on the conservation of functional
elements from recent analyses on a smaller subset of
the cyt bsg family (Asard et al. 2000, 2001). Together
with the structures presented in Figs.2 and 3, this
alignment sheds light on more structural details and
raises a number of questions. Our observations
provide evidence that the functionally relevant and
structurally most conserved region in the cyt bsg
family is the TMH2 to -5 4-helix core with an amino
acid composition that is very well conserved in the
inner surface and somewhat less conserved in the
outer surface of the core. The two terminal helices
(TMH1 and TMHS®6) are less conserved (Fig. 1). They
together with the interhelix loops and terminal regions
are the main source of the variability in the family and
may therefore define the specific subcellular location,
physiological functions of the proteins they encode,
and possibly their interactions with other proteins. The
4-helix core surrounds and ligates two heme molecules
by 4 fully conserved His residues, closely located to the
membrane-water interface on the opposite sides of
the membrane. Since the putative, well or highly con-
served Asc and MDA binding sites, and other highly
conserved residues with yet unknown function, are
located in this region, this 4-helix core may represent
a conserved transmembrane electron transfer machin-
ery. Recent findings demonstrating that this core struc-
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ture occurs as a domain in other proteins in plants and
animals support this idea (Ponting 2001). The mem-
brane orientation of the 4-helix core presented in Fig.
3 can be taken with quite some confidence, consider-
ing the experimental evidence for the location of
MDA and Asc binding sites in the noncytoplasmic and
cytoplasmic sides of the membranes, respectively, for
the plant plasma membrane cyt bss; and chromaffin
granule cyt bsy (Kelley and Njus 1986, Asard et al.
1992, Okuyama et al. 1998). The orientation of this
core is also in agreement with biochemical data on the
location of some of the highly conserved His residues
(Tsubaki et al. 2000).

The position of TMH6 in the sequences is well
conserved (Fig. 1), suggesting that the C terminus is
located on the cytoplasmic side, i.e., on the same side
as that of the Asc binding site. This is in agreement
with experimental data (see, e.g., Kent and Fleming
1990). However, the position of TMHI1 in the primary
sequences and residues in TMHI1 are remarkably less
conserved. Partly as a result, the two algorithms for the
prediction of the membrane orientation of cyt bsg
yielded conflicting membrane sidedness for 5 of the 26
proteins. This result is particularly interesting in view
of a recent study on the duodenal cyt bss; (McKie
et al. 2001). In that study, antibodies directed against
C-terminal peptides inhibited cyt bs¢;-mediated ferric
reductase activity in cell cultures expressing the
cytochrome, suggesting that the C terminus was
located on the extracellular surface. Further experi-
ments are needed to clarify this apparent contradic-
tion with the model supported by our work.

The high conservation of the motifs at 175-179 and
114-122, i.e., the putative MDA and Asc binding sites,
respectively, is a further strong feature of the cyt bsg
family. This suggests a key functional role for these
putative binding sites in transmembrane electron
transfer common to this protein family. The role of
aromatic residues in intramolecular electron transfer
in proteins is an important topic in biophysics (see, e.g.,
Casimiro et al. 1993, Farver et al. 1997, Cheung et al.
1999). There are several highly conserved residues
located favorably between the two pairs of heme-
ligating His residues (Figs. 2 and 3). Of these, the aro-
matic residues could indeed constitute the putative
transmembrane electron transport pathway. In addi-
tion, there are a few additional (nonconserved) aro-
matic residues in many sequences that could also
contribute to such a pathway. It will be an important
subject for future studies to test whether some or all
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of these conserved aromatic residues are essential for
transmembrane electron transfer in cyt bsq proteins. It
is interesting that the location of the fully conserved
His residues in TMH3 and TMHS are rather close to
the lipid-facing sides in these “mean” topologies (see
bullets and solid vectors in Fig. 2). This raises the ques-
tion whether structural details of heme ligation in the
cytoplasmic side are possibly less conserved in the
family, and/or heme ligation may be even less stable,
than in the noncytoplasmic side. It should be noted
that His139 and His157 are also well but not fully con-
served. It has been argued that His139 does not par-
ticipate in heme ligation because it is not present in
some of the animal proteins (Asard et al. 2001, Asada
et al. 2002). Chemical modification of His residues also
supports this interpretation (Tsubaki et al. 2000). His
residues are believed to play an important direct role
in proton movement coupled to the electron transfer
reaction (Njus et al. 2001, Kipp et al. 2001). Whether
His139 and His157 manifest some roles in heme liga-
tion and/or in the electron transfer mechanism in dif-
ferent members of this protein family remains to be
explored (note that some of the residue replacements
appear simultaneously at these positions in some
sequences; see Fig. 1). The high structural similarity
between the plant and animal cyt bss proteins, both at
the sequence and protein structural level, suggests that
the conserved machinery of transmembrane electron
transfer mediated by these proteins serves diverse, yet
to be explored physiological processes in eukaryotic
cells. Of the di-heme proteins with known structure,
the membranous subunit ¢ of fumarate reductase from
Wolinella succinogenes, available at 0.22 nm resolution
(Lancester et al. 1999; PDB entry 1QLA), is most rel-
evant to the present study, although its sequence is
very different from that of the cyt bss family (hence
not shown in the alignment). Similarly to our models,
two pairs of His residues on 4 TM helices coordinate
the two hemes and the heme planes have similar ori-
entations. The orientation of the 4-helix bundle rela-
tive to the direction of the electron flow is also the
same. However, the TM helices are much longer than
those in the cyt bss family and, consequently, are
significantly tilted and kinked. Though there is quite
some freedom in the helix orientations, a similar
degree of TM tilts and kinks in our models would
result in a large hydrophobic mismatch with the mem-
brane. The shorter heme-to-heme distance of about
1.5 nm in subunit c of fumarate reductase is in part due
to the tilts and kinks in the TM helices in addition to
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the fact that the heme-ligating residues are located
much closer to the center of the TM helices than in our
models. The present 3-D structures provide useful
working models for designing combined point muta-
tion and biophysical experiments targeting heme liga-
tion and putative electron transport pathways. The
latter one is particularly interesting because of the
large distance between the heme centers, 2.2-2.9 nm
in the present models, supported by an early estimate
of 2.1-3.2 nm for a cyt bss; (Esposti et al. 1989). The
present models will be further refined as new struc-
tural data emerge in the future.
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