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Abstract

We have analyzed the structure of mitochondrial cytochrome ¢ oxidase in terms of general characteristics thought to be
important for describing the architecture of helix bundle membrane proteins. Many aspects of the structure are similar
to what has previously been found for the photosynthetic reaction center and bacteriorhodopsin. Our results lead to a
considerably more precise general picture of membrane protein architecture than has hitherto been possible to obtain.
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Two basic structural types of integral membrane proteins have
been defined so far: helix bundle proteins and S-barrel proteins
(Cowan & Rosenbusch, 1994). Five unrelated high-resolution struc-
tures are available for the former group: bacteriorhodopsin (Gri-
gorieff et al., 1996), the bacterial photosynthetic reaction center
(Deisenhofer et al., 1985; Allen et al., 1987; Yeates et al., 1987),
a plant light-harvesting complex (Kiihlbrandt et al., 1994), a bac-
terial light-harvesting complex (McDermott et al., 1995), and the
recently determined bacterial and mitochondrial cytochrome ¢ oxi-
dases (Iwata et al., 1995; Tsukihara et al., 1995; Tsukihara et al.,
1996).

Up to now, characterization of conserved structural features in
the helix bundle membrane proteins has been difficult due to the
lack of structural data, and only the photosynthetic reaction center
has been analyzed in any depth (Rees et al., 1989a, 1989b). With
the availability of the cytochrome ¢ oxidase structure, the situation
has changed. This is by far the largest complex to date, with, in the
case of the mitochondrial oxidase (m-COX), a total of 28 trans-
membrane helices. We now report a first analysis of this structure
in terms of residue distributions and sequence variability. Our
results allow a refined description of the general features of helix
bundle membrane proteins, in particular regarding the distribution
of various classes of amino acids relative to the ends of the trans-
membrane helices and the lipid bilayer. We also show that the
expected correlations between degree of lipid exposure and se-
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quence variability as well as between the degree of lipid exposure
and average hydrophobicity hold for m-COX.

Results

An overall view of the structure of m-COX is shown in Figure 1.
The complex consists of 13 subunits, 10 of which span the mem-
brane one or more times, bringing the total number of transmem-
brane helices to 28. The three core subunits I-III are encoded
within the mitochondrial genome, while the remaining 10 are en-
coded by nuclear genes and imported into the organelle.

Distribution of secondary structure
and location of lipid molecules

The dominating structural feature in helix bundle membrane pro-
teins is, of course, the transmembrane helices themselves (Fig. 1).
This is further illustrated in Figure 2 (bottom panel), where the
distribution of residues in different secondary structures (helix,
sheet, irregular) along the z-axis perpendicular to the membrane
plane is shown. The central +12 A region is almost 100% a-helix,
whereas a more balanced distribution of secondary structure typ-
ical of globular proteins is fully established about 30 A from the
center of the membrane. There is a region with mostly irregular
structure around +20-30 A, between the transmembrane helices
and the globular peripheral domains, that contains the loops con-
necting the transmembrane helices to each other (cf., Fig. 1).

The location of the ends of the transmembrane helices is shown
in Figure 2 (middle panel). Helix ends are found in a region about
15-25 A from the center of the membrane.
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Fig. 1. Mitochondrial cytochrome ¢ oxidase (Tsukihara et al., 1996). Only one subunit of the dimeric X-ray structure is shown. Heme
groups are shown as space-filling models. The +10 A and +20 A regions are indicated. The inter-membrane space side is up. The

picture was made using MOLSCRIPT (Kraulis, 1991).

Eight phospholipid molecules have been identified in the struc-
ture, and their locations are shown in Figure 2 (top panel), pro-
viding a rough indication of the extension of the lipid bilayer
in vivo.

The hydrophobicity profile perpendicular to the membrane
(Fig. 3, top panel), is broadly consistent with the location of the
lipid bilayer suggested by the location of lipid molecules and the
transmembrane helices. The mean hydrophobicity varies little over
a region extending ~10 A on either side of the center of the
membrane, and then drops to a value typical for the extramembra-
nous parts over the next 10 A [a very similar picture is obtained
when atom-based (Eisenberg & McLachlan, 1986) instead of
residue-based hydrophobicities are used, not shown].

The curves in Figure 3 (bottom panel) show, respectively, the
mean hydrophobicity for residues that are buried in the protein
interior (<20% exposed surface area), exposed to an intermediate
degree (between 20% and 50% exposed surface area), and fully
exposed on the surface of the protein (>50% exposed surface
area). In the membrane (10 A region), the lipid-exposed residues
are on average more hydrophobic than those of intermediate ex-
posure, which in turn, are more hydrophobic than the buried ones
(cf., Fig. 9). In the parts located outside the bilayer, the buried
residues have a much higher mean hydrophobicity than the other
two classes. Buried residues within the membrane have a distinctly
higher mean hydrophobicity than buried residues in the non-
membranous domains.

Distribution of individual residue types

Distribution profiles perpendicular to the membrane for buried and
fully exposed hydrophobic residues (Phe, Val, Leu, Met, Ile), charged
residues (Asp, Glu, Arg, Lys), polar aromatic residues (Trp, Tyr),
amidated residues (Asn, GlIn), and Pro are shown in Figure 4.
Moving out from the center of the membrane towards the periph-
ery, there is a regular succession of different residue types on both
sides of the membrane. The central =10 A region is dominated by
hydrophobic residues. Around +12-15 A there is a concentration
of polar aromatic residues (Phe, in contrast, has the same distri-
bution as the aliphatic residues, not shown) and amidated residues
(Asn, Gln), closely followed by the appearance of charged residues
around +15-20 A. Even further out, Pro peaks around +25-30 A,
i.e., just outside the helix ends. Other residues such as Ser, Thr,
Ala, and Gly are more or less evenly distributed across the struc-
ture (data not shown). It is noteworthy that fully exposed Trp and
Tyr residues are concentrated in the lipid headgroup region (around
+10-14 A) and that all Pro residues in the central domain (£10 A)
are buried.

The distribution of individual residue types in the central mem-
brane domain (+10 A) between buried, intermediately exposed,
and fully exposed locations is shown in Figure 5. Although the
differences are small, some trends are, nevertheless, apparent. Ali-
phatic residues (Leu and Ala in particular) tend to be more prom-
inent in exposed locations, aromatic residues (Phe, Trp, Tyr) appear
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Fig. 2. Secondary structure and location of lipid molecules in the m-COX
dimer. The location of the middle of the membrane-embedded domain is
set to zero, and distances are given in A. Top panel: lipid mass distribution
(number of atoms) in 1 A slices cut out in the plane of the membrane.
Middle panel: location of the ends of the transmembrane helices (number
of helix ends) in 1 A slices. Bottom panel: fraction of secondary structures
(helix, sheet, irregular) in 1 A slices. All curves were smoothed by five-
point, hat-shaped running window averaging (see Materials and methods).
The vertical lines mark the regions defined by distances of £10 A and
+20 A from the center of the membrane (see text).

to prefer intermediately exposed locations, and the rare charged
and amidated residues are found exclusively among the buried or
intermediately exposed residues. Gly and Pro are also more often
buried than exposed. Interestingly, Ser and Thr are quite abundant
in the membrane domain and have no clear preferences for buried
or exposed locations.

From these results, one can propose a highly symmetrical con-
sensus structure that should be representative for large transmem-
brane proteins like cytochrome ¢ oxidase: a central, helical region
of about 25 A rich in aliphatic residues and Phe, an “aromatic belt”
composed of Trp and Tyr (together with Asn and Gin) similar to but
less prominent than that seen in the 8-barrel porin structures (Weiss
etal,, 1991), aregion near the helix ends with charged residues, and
helix breaking Pro residues just outside the helices in a region rich
in irregular structure. The lipid-exposed surface is somewhat en-
riched for aliphatic residues compared to the buried residues in the
membrane-embedded domain, whereas charged and amidated res-
idues, together with Gly and Pro, are rarely exposed to lipids.

The only clear asymmetry between the two sides of the cyto-
chrome ¢ oxidase structure is related to the “positive inside” rule
(von Heijne, 1986): the matrix-facing parts of the mitochondrially
encoded subunits have a higher content of Arg and Lys residues
than have the parts facing the inter-membrane space (data not
shown). This is not true for the nuclearly encoded subunits, how-
ever (cf., Gavel & von Heijne, 1992).
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Fig. 3. Top panel: average hydrophobicity in 1 A slices smoothed as in
Figure 2. Bottom panel: average hydrophobicity for buried (continuous
line), intermediately exposed (dotted line), and fully exposed (broken line)
residues.
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Residue variability in the membrane domain

To evaluate the correlation between residue variability and degree
of lipid exposure (Rees et al., 1989b), a set of mammalian COX
sequences were aligned with the bovine m-COX subunits and the
degree of conservation in each position was estimated by calcu-
lating the information content (see Materials and methods). As
expected, the buried residues in the membrane domain (£10 A)
are on average less variable than the intermediately exposed and
exposed ones (Fig. 6). Eighty-two percent of the buried residues,
60% of the intermediately exposed residues, and only 38% of the
fully exposed residues are invariant (data not shown).

A relatively large fraction of the surface residues in the mem-
brane domain of the core subunits I, II, and III are buried under-
neath the peripheral, nuclearly encoded subunits. These buried
residues have a lower variability than the core subunit residues that
are lipid-exposed (information content equals 3.95 and 3.89, re-
spectively), again consistent with the expected correlation.

Amino acid preferences around helix ends

Helices in globular proteins have distinct N- and C-terminal amino
acid preferences (Richardson & Richardson, 1988). Because the
transmembrane helices in m-COX protrude outside the core of the
lipid bilayer (cf., Figs. 2 and 3), similar preferences may be ex-
pected also in this case, although other characteristics of the helices
such as length and overall amino acid composition are very dif-
ferent. This indeed appears to be the case. Pro is found just outside
the N-terminus and in the N1-N2 positions but not among the
C-terminal helical residues or in the C-1 position (Fig. 7), as in
globular proteins (MacArthur & Thornton, 1991). Asp, Gly, Asn,
and Ser, all typical N-cap residues in globular proteins (Richard-
son & Richardson, 1988; Doig & Baldwin, 1995), are found in
64% of the N-1 positions (data not shown). Gly is also very fre-
quent in the C-2 position (32%), again as found in globular pro-
teins (Richardson & Richardson, 1988; Aurora et al., 1994).

Other membrane proteins: The photosynthetic
reaction center and bacteriorhodopsin

Of the other helix bundle membrane proteins, only bacteriorho-
dopsin (BR) and the photosynthetic reaction center (PRC) have a
sufficiently large number of transmembrane helices to be useful in
this kind of statistical analysis. In order to assess the generality of

4.5
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Fig. 6. Residue variabilities measured as average information content (see
Materials and methods) in the central =10 A region for buried, intermedi-
ately exposed, and fully exposed locations in the m-COX dimer based on
multiple alignments of mammalian m-COX subunits.
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Fig. 7. Frequency of proline residues near the ends of transmembrane helices. Residues in helical conformation have positive numbers.

the findings reported above, the same analysis was performed on
these two proteins.

The hydrophobicity profiles of BR and PRC are very similar to
cytochrome ¢ oxidase (Fig. 8). In general, the individual residue
distributions are also in accordance with the consensus structure
suggested above (data not shown). The overall residue preferences
for the central membrane domain (10 A) versus the peripheral
domains outside the =20 A limits for BR, PRC, and m-COX taken
together are shown in Table 1. All the aliphatic residues plus Phe
and Trp are highly enriched in the membrane domain, whereas the
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Fig. 8. Average hydrophobicities of m-COX (broken line), PRC (contin-
uous line), and BR (dotted line) in 5 A slices.

charged and amidated residues plus Pro predominate in the periph-
eral domains. These preference parameters are similar to widely
used hydrophobicity scales (Kyte & Doolittle, 1982; Engelman
et al., 1986; Rao & Argos, 1986; von Heijne, 1992; Persson &
Argos, 1994) with correlation coefficients of 0.8-0.9 (data not
shown).

Table 1. Overall preference parameters for distribution

of residues between the central +10 A and the peripheral
domains more than 20 A from the center of the membrane
for m-COX (monomeric form), BR, and PRC taken together®

Residue Preference
Phe 1.30
Leu 0.86
Ile 0.86
Ala 0.56
Trp 0.52
Met 0.44
Val 0.33
Thr 0.18
Gly 0.16
Ser 0.16
Tyr -0.39
Cys —0.41
His -0.70
Pro -1.30
Asn =171
Asp -2.05
Arg =2.10
Lys -2.69
Glu -2.78
Gln -3.00

*Preference parameters were calculated as In(p), where p = f""/
[ frmem s the frequency of residue type i for z < 10 A, and £ is the
frequency of residue type i for z > +20 A (c.f., Fig. 1).
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The mean hydrophobicity of the buried residues in the central
hydrophobic region (£10 A) is lower than that of the exposed
residues in all three proteins (Fig. 9). A similar pattern is seen for
the trimeric B-barrel protein OmpF (Cowan et al., 1992), except
that the buried residues in the B-sheet tend to be less hydrophobic
than the buried residues in the helix bundle proteins. For BR, the
low hydrophobicity of the buried residues results mainly from a
string of charged residues that are thought to act as a conduit for
protons through the membrane (Grigorieff et al., 1996).

We conclude that the three proteins analyzed here have very
similar architectures and that the proposed consensus structure
should be representative for helix bundle membrane proteins in
general.

Discussion

m-COX is by far the largest integral membrane protein of known
structure. Furthermore, although it does contain two heme groups,
these are in contact with only a small fraction of the residues and
the architecture is thus dominated by protein—protein and protein—
lipid interactions. From a structural point of view, m-COX should
thus be representative of many if not most helix bundle membrane
proteins.

In this communication, we have analyzed the m-COX structure
in terms of general characteristics such as secondary structure,
residue distributions both between the membrane-embedded and
non-membranous domains of the protein and between buried ver-
sus lipid-exposed locations, and residue variability. The results
agree in broad terms with previous analyses of the photosynthetic
reaction center (Rees et al., 1989b), but add considerable precision
to the overall picture of membrane protein architecture.
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Fig. 9. Average hydrophobicities in the central +10 A region for buried,
intermediately exposed, and fully exposed locations in the trimeric 3-barrel
outer membrane porin OmpF (white bars), BR (light gray bars), m-COX
dimer (gray bars), and PRC (black bars). For OmpF, only residues defined
as belonging to the B-sheet and not exposed to the central pore were
included (see Materials and methods).
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The bundle of 28 transmembrane a-helices in m-COX extends
over a region of about =20 A from the center of the membrane.
Hydrophobic residues are concentrated within a narrower, ~20 A
slice that is symmetrically flanked by regions containing an in-
creased concentration of Tyr, Trp, Asn, and Gln residues (cf., Pawagi
et al., 1994; von Heijne, 1994). Charged residues are mainly lo-
cated outside the central hydrophobic and Tyr-Trp regions, near the
ends of the transmembrane helices. Proline residues are relatively
infrequent—although often conserved—in the transmembrane he-
lices but become quite abundant just outside the helical region. The
amino acid composition around the ends of the transmembrane
helices is very similar to what has been observed in helices in
globular proteins, and prediction methods intended to identify helix
ends in globular proteins may thus be applicable also to membrane
proteins.

The mean hydrophobicity of the residues in the central hydro-
phobic section increases with their degree of lipid exposure. Leu
and Val are somewhat more common among the exposed residues,
whereas the charged and amidated residues (together with Gly and
Pro) are rarely exposed to lipids. This is a somewhat different
pattern than found in a recent study where the degree of exposure
of residues in a large number of transmembrane segments ex-
tracted from the SwissProt database was estimated based on helical
amphiphilicity (Samatey et al., 1995), but agrees with previous
analyses of proline residues in bacteriorhodopsin and the photo-
synthetic reaction center (Woolfson & Williams, 1990; von Heijne,
1991).

A good correlation between lipid exposure and sequence vari-
ability is apparent in m-COX, just as in other integral membrane
proteins (Rees et al., 1989a; Taylor et al., 1994). Variability and
hydrophobic moment analysis thus appear to be generally valid
first steps in modeling helix-helix interactions in helix bundle
membrane proteins.

Materials and methods

All calculations were performed with the PASSAR program avail-
able from the authors at http://www.biokemi.su.se/export.html.

PDB files

The PDB files 2BRD (bacteriorhodopsin—BR), 1PSS (photosyn-
thetic reaction center—PRC), 20MF (OmpF porin), and a prelim-
inary version of 10CC (mitochondrial cytochrome ¢ oxidase—
m-COX) were used.

Surface area calculations

The solvent accessible surface area for each atom (Conolly, 1983)
was calculated with the fast method developed by Le Grand and
Merz (Le Grand & Merz, 1993). The fraction of the surface area of
a residue exposed to the surrounding media was calculated by
comparing the exposed surface area in the protein with the exposed
surface area for the residue in the tri-peptide Gly-X-Gly (Bowie
et al., 1991). Residues were divided into three classes (Rees et al.,
1989b): residues with more than 50% of the surface area exposed
to the surrounding media were defined as exposed, residues with
between 20% and 50% of their surface area exposed were defined
as intermediately exposed, and residues with less than 20% of their
surface area exposed were defined as buried. All heteroatoms present
in the PDB files, except for those in water and lipid molecules,
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were included in the surface area calculations. The dimeric m-COX
structure was used in all surface area calculations.

For the outer membrane B-barrel protein OmpF, only residues
defined as belonging to the B-sheet (Cowan et al., 1992) were
included in the calculations and residues exposed to the central
pore were excluded. All residues belonging to the exposed class in
the central +10 A region thus face the lipid, while buried residues
are either internal to the monomer or situated in the trimer interface.

Orientation of the proteins along a common z-axis

Each transmembrane helix was approximated by a vector running
between the average position of the C, atoms of the three first
residues of the helix and the average position of the C, atoms of
the three last residues. The vectors were oriented pointing towards
the intermembrane space side in m-COX and the periplasmic side
in BR and PRC. A global orientation vector was calculated as the
vector sum of the individual transmembrane helix vectors, and
the whole molecule was oriented with this vector oriented along
the z-axis, i.e., perpendicular to the plane of the membrane. The
z = 0 plane was defined as the midpoint in the z-direction of the
part of the molecule with an average hydrophobicity =1.5 (see
below) (cf. Figs. 3 and 9). For m-COX, the orientation was cal-
culated for the dimer structure.

The OmpF z-axis was oriented as in the PDB file and the z = 0
plane was defined by hand to coincide with the middle of the
lipid-exposed face of the B-barrel.

Calculation of hydrophobicity

The hydrophobicity of each residue was taken from the GES hy-
drophobicity scale (Engelman et al., 1986) and was assigned to the
z-coordinate of the corresponding C, atom. The average hydro-
phobicity profile along the z-axis was calculated by summing the
hydrophobicities for all residues with z-coordinates within 1 A
slabs, followed by smoothing using a 5 A wide, hat-shaped win-
dow (Claverie & Daulmiere, 1991). Thus, for a slab centered at
z-coordinate i (measured in A), the smoothed average hydropho-
bicity was calculated as:

HG)Y = 536hG) +2(hGi — 1) + k(i + 1))
+ h(i —2)+ k(i +2))

where A(i) is the average hydrophobicity of all residues contained
within the 1 A slab centered at z-coordinate i. (H(i)) values were
also calculated separately for exposed, intermediately exposed,
and buried residues.

Secondary structure assignments

The positions of the ends of the transmembrane helices in m-COX
were taken from Figure 2 from Tsukihara et al. (1996). Other
elements of secondary structure were calculated by the DSSP pro-
gram (Kabsch & Sander, 1983).

Calculation of amino acid distributions

Each amino acid was assigned to the z-coordinate of the C, atom.
The number of buried and exposed residues of each type in each
1 A slab in the z-coordinate were calculated and the corresponding
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frequencies were obtained by dividing this number by the total
number of buried or exposed residues in the slice. A 5 A wide,
hat-shaped window was used to smooth the plots as described
above.

Multiple alignments and calculation of residue variability

The mammalian COX sequences used to calculate residue vari-
ability were obtained by searching the latest cumulative update (as
of August 15, 1996) of SwissProt (Bairoch & Boeckmann, 1991)
with FASTA version 2.0u4 (Pearson & Lipman, 1988) using the
default settings gap-penalty = —12/-2, ktup = 2, optcut = 25,
cgap = 37 and the BLOSUMS50 matrix.

Each of the bovine m-COX subunits were used separately as a
query sequence. The results were filtered to include only mamma-
lian sequences. In order to produce reliable alignments, only se-
quences that were more than 60% identical to the bovine query
sequence were selected. The number of sequences used in the
variability analysis were: subunit I—11, subunit 1I—54, subunit
III—11, subunit IV—4, subunit VIa—7, subunit VIc—4, subunit
VIla—4, subunit VIIb—2, subunit VIIc—4, subunit VIII—2.

The sequences for each subunit were aligned using Clustal W
(Thompson et al., 1994). Only positions in the alignment that
correspond to the bovine sequence were analyzed, i.e., insertions
in sequences from other organisms were ignored. For each posi-
tion, the information content (or non-randomness) / was calculated
as follows (Schneider et al., 1986):

1, = Iy + 2(f(a,n) * log, f(a,n))

where f(a,n) is the frequency of amino acid a in position n, I, =
log,(20) = 4.32 bits, and the summation is over all 20 amino acids.
A completely conserved position has I = I, and a position where
all 20 amino acids are equally frequent has 7 = 0.

The membrane portion of the structure was analyzed with re-
spect to information content by calculating average values for
buried, intermediately exposed, and fully exposed residues (see
above). Only residues in the central £10 A of the membrane
spanning region were included.

Two more residue classes in the +10 A region were created by
selecting residues in the mitochondrially encoded subunits that
(i) are buried under nuclear encoded subunits and become fully
exposed when the nuclearly encoded subunits are removed, and
(ii) are fully exposed to the lipid bilayer irrespective or the pres-
ence or absence of the nuclearly encoded subunits.
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