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ABSTRACT The structure of respiratory cytochrome c5s1
of Pseudomonas aeruginosa, with 82 amino acids, has been
solved by x-ray analysis and refined to a crystallographic R
factor of 16.2%. It has the same basic folding pattern and hy-
drophobic heme environment as cytochromes c, c2, and csso,
except for a large deletion at the bottom of the heme crevice.
This same "cytochrome fold" appears to be present in pho-
tosynthetic cytochromes c of green and purple sulfur bacteria,
and algal cytochromes f, suggesting a common evolutionary
origin for electron transport chains in photosynthesis and res-
piration.

Cytochrome cm, is found in various Pseudomonads and in
Azotobacter vinelandfi, where it plays a respiratory role
analogous to mitochondrial cytochrome c in eukaryotes and
cytochrome c&% in Paracoccus denitrificans (1-4). It is sig-
nificantly smaller than these latter proteins, however, having
only 82 amino acids instead of 103-134. Amino acid sequence
comparisons (table 2 of ref. 4) have suggested a similarity of
folding between cm1 and the larger cytochromes, but in the
absence of x-ray data it was difficult to decide where the "de-
letions" in the cm1 chain should be placed to make the proper
sequence alignment (5-8). The preliminary low-resolution x-ray
analysis of Pseudomonas aeruginosa cytochrome cm, (dis-
cussed in ref. 4) showed that the folding patterns in c, c2, cWo,
and cssi were indeed the same. This has now been confirmed
by x-ray analysis and constrained difference map refinement
at 2.0 A resolution.

METHODS
The original cytochrome cm.i was the gift of Henry Harbury,
who then trained one of us (R.J.A.) in the techniques of growth
of culture of P. aeruginosa and purification of the cytochrome
(ref. 2; H. Harbury, personal communication). Crystals were
grown in 40-50% saturated ammonium sulfate solutions, with
1 M NaCl and 0.01 M ammonium phosphate buffer, pH
5.6-5.9. The crystals are space group P212121 with unit cell
dimensions: a = 29.43 A, b = 49.00 A, c = 49.66 A. Three
heavy-atom derivatives were/prepared by soaking crystals in
stock solutions: K2PtCl4, U5 2(NO3)2, and NaAu(CN)2. All
high-resolution data wre collected on a modified General
Electric XRD-490 x-ay diffractometer, to a resolution of 2.0
A for native protein crystals and 2.4 A for the isomorphous
derivatives.

Full details of the structure analysis will be reported else-
where, but the strategy may be outlined here. The mean figure
of merit for multiple isomorphous replacement phase refine-
ment (9) at 2.4 A resolution was 0.924 for centric reflections and
0.763 for all data. Atomic coordinates were measured from a

FIG. 1. (A) Section through the heme group, from the multiple
isomorphous replacement electron-density map of P. aeruginosa
cytochrome c551. Heme coordinates as obtained from the multiple
isomorphous replacement map are superimposed. (B) Section through
the heme group in the final (2Fo- F) map from the refined structure,
with the refined coordinates superimposed. The five-membered rings
appear as flat plates, with their substituent groups clearly defined;
the six-membered rings including the heme iron have deep negative
centers. The cysteine 12 attachment is at the left side of the lower
pyrrole ring; the cysteine 15 attachment is at the top of the left pyrrole
ring. The two propionic acid groups extend out of the sectioning plane
at the upper right corner.

Kendrew wire model built in a Richards box. These were used
as the starting point for refinement on a minicomputer, alter-
nating cycles of (a) automated and occasionally manual shifts
in atomic position based on Fourier difference maps, and (b)
adjustment of bond distans, angles, and torsion angles toward
standard values followed by calculation of a new difference
map (10). At present, with stereochemically acceptable bond
lengths and angles, a planar heme, and the addition of 42 water
molecules per cytochrome molecule, the conventional crys-
tallographic R factor* is 16.2% at 2.0 A resolution.

As a rough indication of the effect of refinement, two sections
through the plane of the heme group are compared in Fig. 1,
with heme skeletons superimposed. Fig. 1A shows the multiple
isomorphous replacement map at 2.4A resolution, and Fig. 1B
the refined (2Fo- Fc) exp i4o, map at 2.0 A.

RESULTS
The a-carbon atoms, heme group, and a few key side chains of
cytochrome c55, are shown in the stereo drawing of Fig. 2; the
folding of c55, is compared with that of tuna c (11) in theribbon
drawings of Fig. 3. Among the common structural features are
the amino-terminal a helix, cysteine and histidine attachments
to the heme, the 20's loop at the right, the 60's helix (40's helix
in cm,), methionine ligand to the heme, and the carboxy-ter-
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FIG. 2. Stereo drawing of the main
chain backbone, heme, and key side
chains in c551. Similar drawings of tuna c,
Paracoccus c55O, and Rhodospirillum
rubrum C2 can be found in ref. 4.

minal a helix. The principal differences are the deletion of the
bottom of the c molecule in cs55, its replacement by a 30's helix
at the lower rear, and the puffing downward of the 70's loop of
c to close off the bottom of the c molecule. The deletion in
cytochrome c required to produce the c551 molecule can be
described approximately as a joining of residue 40 to 56, and
removal of residues 41-55. Residues 58-63, with the amino acid
sequence Pro-Ile-Pro-Met-Pro-Pro, are now seen to form an
almost ideal polyproline threefold helix.
One interesting aspect, an apparent consequence of the de-

letion of chain at the bottom of the molecule, is the tilting of the
heme within its polypeptide cage relative to that in cytochromes
c, c2, and c55o If the polypeptide chains are made to coincide
by rotating 44 a-carbon atoms of cmi onto corresponding atoms
in homologous regions of tuna cytochrome c using a least-
squares fitting program, then the heme in cssm is found to be
rotated approximately 110 to the left about a vertical axis in Fig.
2, and tilted forward 160 about a horizontal axis, in comparison
with its orientation in tuna c. (A similar tilt of the heme has
subsequently been observed in cytochrome c&55; see Discus-
sion.)

These structure comparisons now enable a precise aliment

of amino acid sequences to be made, as shown in Fig. 4 for tuna
c and Pseudomonas c551.
The hydrophobic environment around the heme group is

almost identical in the two proteins. Table 1 shows the com-
parison of structurally and sequentially equivalent hydrophobic
side chains packed around the heme in 60 eukaryotic c se-
quences and 6 prokaryotic c551. At only three places along the
sequences is a hydrophobic heme contact in one protein not
matched in the other. At two of these places the residue even
remains hydrophobic, but is only turned so as to be in less ob-
vious contact with the heme plane. This near-identity of heme
environments is strildng support for the evolutionary relatedness
of the two proteins in spite of their size differences.

Aromatic side chains are less well conserved (Table 2). A
cytochrome heme seems to demand the nearby presence of
aromaticity, but with the placement in three dimensions being
less critical. Only the two rings in what has been called the
"right channel" (12), positions 10 and 97 in c or 7 and 77 in c551,
are invariant in all species. None of the aromatic rings that once
were invoked in the electron transfer mechanism-59, 67, 74,
82-has an exact equivalent in c551. However, the role of
typtophan 59, which is hydrogen bonded to the inner propionic

B

54
FIG. 3. Ribbon drawings of main chain pathways in (A) cytochrome c55s from P. aeruginosa and (B) cytochrome c from tuna. The basic

molecular folding is the same. The heme group with its iron is represented by a cross-hatched slab with a central black ball. Covalent cysteine
attachments, the methionine and histidine iron ligands, and the inner and outer heme propionic acid groups (at the bottom) are also shown.
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Tuna c:

Pseudomonas c55I:

a
1 ' 10 20
Gly-Asp-Val-Ala-Lys-Gly-Lys-Lys-Thr-Phe-Val-Gln-Lys- x -Cys-Ala-Gln-Cys-His-Thr-Val-Glu -Asn-Gly-

Glu-Asp-Pro-Glu-Val-Leu-Phe-Lys-Asn-Lys-Gly-Cys-Val-Ala-Cys-His-Ala-Ile-Asp-Thr- x -

1, 10, I 20
a a

a
30 40 ' so

-Gly- Lys -His -Lys -Val-Gly-Pro-Asn-Leu-Trp-Gly-Leu- Phe-Gly-Arg -Lys -Thr-Gly-Gln-Ala-Glu-Gly-Tyr-Ser-Tyr-Thr-Asp-Ala-
- x - x -Lys-Met-Val-Gly-Pro-Ala-Tyr-Lys-Asp-Val-Ala-Ala-Lys-Phe-Ala- x - x x x x x x x x - x x -

30

a a a
1 600 70

-Asn-Lys-Ser-Lys-Gly-Ile-Val-Trp-Asn-Asn-Asp-Thr-Leu-Met-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-Ile- x -Pro-Gly-Thr-

- x - x - x - x -Gly-Gln-Ala-Gly-Ala-Glu-Ala-Glu-Leu-Ala-Gln-Arg-Ile-Lys-Asn-Gly-Ser-Gln-Gly-Val-Trp-Gly-Pro-Ile-
40 50.

a

a
80 ' 90 1

-Lys-Met- Ile-Phe-Ala-Gly- Ile-Lys -Lys -Lys-Gly-Glu-Arg-Gln-Asp-Leu-Val- Ala-Tyr- Leu-Lys-Ser-Ala-Thr-Ser.

-Pro-Met-Pro-Pro-Asn-Ala-Val- x -Ser-Asp-Asp-Glu-Ala-Gln-Thr-Leu-Ala-Lys-Trp-Val-Leu-Ser-Gln-Lys.
60 , 70

a

FIG. 4. Amino acid sequence alignments for tuna cytochrome c and P. aeruginosa css,, made on the basis of the x-ray analyses. Brackets
with a indicate regions of a helix. Ala 17-Ile 18 in c55s are considered a-helical because they make the proper hydrogen bonds to the beginning
of helix 26-34.

acid group of the heme in all molecules of c, c550, and C2, is
played by the sequentially unrelated tryptophan 56 of c55s. This
appears to be an example of evolutionary convergence, as if the
molecule, lacking an essential tryptophan at one position, de-
veloped a compensating residue somewhere else and made the
requisite main chain adjustments to bring the tryptophan to its
former position.
The environments of the buried and exposed propionic acid

groups on the heme are similar in c and cm,, although the re-

sults are achieved in different ways from a sequence standpoint.
The aromatic rings of invariant tyrosine 48 and tryptophan 59
in c are matched by invariant tryptophan 56 and semi-invariant
phenylalanine/tyrosine/asparagine 34 around the buried
propionic group in c551. Serine/threonine 49 and invariant

Table 1. Hydrophobic heme contacts in cytochromes c and C

Cytochrome C551
Cytochrome c P.

Tuna 60 Eukaryotes aeruginosa 6 Prokaryotes
Phe'0 60 Phe Phe7 5 Phe, 1 Tyr
Pro3O 60 Pro Pro2m 6 Pro
Leu32 60 Leu Tyr27 3 Phe, 2 Leu, 1 Tyr
Leu35 51 Leu, 5 Ile, 2 Val, 2 Phe Val30 6 Val
Leu64 57 Leu, 2 Met, 1 Phe Leu44 5 Leu, 1 He
Tyr7 59 Tyr, 1 Phe No heme contact in c551
Leu68 60 Leu Ile48 6 Ile
Pro7l 60 Pro Gly5l 6 Gly
No heme contact in c Pro62 6 Pro
Phe82 60 Phe No heme contact in C551
He85 36 Leu, 24 Ie Val66 6 Val
Leu94 58 Leu, 2 Ile Leu74 6 Leu
Val95 55 Ile, 4 Val, 1 Leu Ala75 6 Ala
Leu98 57 Leu, 3 Met Val78 4 Val, 2 Ile

Eukaryotic cytochrome c sequences from tables IX and X of ref.
18; prokaryotic c55s sequences from table 2 of ref. 4.

threonine 78 in c, hydrogen bonded to the outer propionic
group, are paralleled by a semi-invariant serine/threonine at
position 52 or 53 in cs55, also hydrogen bonded to the outer
propionic group. In all known cytochrome c structures there
seems to be a need for (i) a tryptophan residue hydrogen
bonded to the buried heme propionic acid (ui) another nearby
aromatic ring, (iii) a serine/threonine hydrogen bond to the
outer propionate, and (iv) a pair of aromatic side chains to the
right of the heme.
The highly asymmetric distribution of positively and nega-

tively charged side chains that has been remarked for other
cytochromes c (3, 12, 13) is present in cytochrome c5ss also. The
molecule has eight lysines, one arginine, five aspartic acids, and
five glutamic acids, for a net charge count among side chains
of -1. However, if a plane is drawn parallel to the page in Fig.
2 through the center of gravity of the molecule, then six positive
charges (residues 8, 10, 28, 33, 47, and 49) and one negative

Table 2. Aromatic side chains in cytochromes c and c551

Cytochrome c55l
Cytochrome c P.

Tuna 60 Eukaryotes aeruginosa 6 Prokaryotes
Phe'0 60 Phe Phe7 5 Phe, 1 Tyr
Not aromatic Tyr27 3 Phe, 2 Leu, 1 Tyr
Phe36 53 Phe, 3 Ile, 2 Val, 2 Tyr Not aromatic
Not aromatic Phe34 3 Tyr, 2 Asn, 1 Phe
Tyr46 33 Tyr, 27 Phe Deletion region
Tyr" 60 Tyr Deletion region
Trp59* 60 Trp Trps6* 6 Trp
Tyr67 59 Tyr, 1 Phe Not aromatic
Tyr74 58 Tyr, 2 Phe Not aromatic
Phe82 60 Phe Not aromatic
Tyr97 59 Tyr, 1 Phe Trp77 6 Trp

* Molecular convergence: same position in three dimensions, although
different positions along polypeptide chains.
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* Including complete
Krebs cycle

FIG. 5. Proposed family tree of the Gram-negative, polarly flagellated
rod bacteria and their offshots, with the known cytochrome structures su-
perimposed. These bacteria include the photoautotrophs and chemoauto-
trophs and the respiring organisms that are believed to have evolved from
them, including P. aeruginosa. Included are the probable steps in metabolic
evolution (rectangular boxes), and the identity and size ofthe cytochromes
c that are related by structure and probably by descent from a common an-
cestral gene. For more discussion and justification, see refs. 4 and 18. Mo-
lecular structures for cytochromes c, c2, csso, and cml are drawn from com-
puter plots based on atomic coordinates (19). Structure of c555 is redrawn
from ref. 17. GSB, Green sulfur bacteria; PSB, purple sulfur bacteria; PNSB,
purple nonsulfur bacteria; Mito., mitochondria; Para., Paracoccus; Pseu.,
Pseudomonas; Begg., Beggiatoa and related gliding bacteria; Cyan., blue-
green algae or Cyanobacteria; Chlo., chloroplasts; Desul., Desulfovibrio.

charge (residue 29) lie on this bisecting perimeter, eight nega-
tive charges (residues 1, 2, 4, 41, 43, 68, 69, and 70) and two
positive (residues 76 and 82) lie on the back half of the molec-
ular surface, and only one side chain of each charge (aspartic
19 and lysine 21) is found on the front hemisphere. The cyto-
chrome c551 molecule is essentially a sphere with the heme
crevice opening to a hydrophobic front hemisphere, diamet-

rically opposed to a negatively charged back hemisphere, with
a belt of positive charges separating the two. The positive
charges around the perimeter of the heme face of the molecule,
which have been commented upon in other cytochromes c, are
present here also. Lysines 10 at the top of the crevice, 21 at the
right, and 47 at the left correspond to lysines 13, 25/27, and
72/73 in eukaryotes. These residues are evolutionarily invariant

Biochemistry: Almassy and Dickerson
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among the six c5s5 sequences known (as are most of the other
lysines). The acidic side chains are more variable, as was also
the case for the eukaryotic cytochromes c.

DISCUSSION
The x-ray crystal structure shows clearly that cytochrome c
belongs in the same evolutionary family with eukaryotic, mi-
tochondrial c, Paracoccus c550, and c2 from purple nonsulfur
photosynthetic/respiratory bacteria such as Rhodospirillum.
Possible evolutionary relationships between these proteins, and
between their host organisms, have been discussed in ref. 4. At
the time of that paper it appeared as if cytochromes c, c2, and
c5so were the most closely related group and that the c551s with
their chain deletion at the bottom of the molecule were more
distantly related. Among the cytochromes c2 from various
purple nonsulfur photosynthetic bacteria whose sequences had
been determined by Ambler and others (14, 15) were molecules
that were as small as eukaryotic c or as large as c0,%O but with
nothing in the size range of cssi. Recent work has changed this
picture (R. Ambler, private communication). Sequences have
been determined for at least one c2 from every formal species
listed in Bergey's Manual (16). In at least two of the three ge-
nera, Rhodospirillum and Rhodopseudomonas, Ambler found
species containing cytochromes c2 that in both size and amino
acid sequence appear to be homologous with Pseudomonas
c551. It appears that all of these small cytochromes, from c551
with 82 amino acids to csso with 134, should be considered as
one evolutionary family, with a standard pattern of acceptable
insertions and deletions that is followed in diverse organisms:
respirers and photosynthesizers, prokaryotes and eukaryotes.

Other members of this family probably include cytochrome
c55 of purple sulfur bacteria (Chromatiaceae) with 112 amino
acids, c55 of green sulfur bacteria (Chlorobiaceae) with 86
amino acids, cytochromes f or c554 of prokaryotic and eukar-
yotic algae with 83-89 amino acids, and perhaps even the sin-
gle-heme cytochrome C55 of the sulfate-respiring Desulfovbrfo
with 82 amino acids. Korszun and Salemme have recently re-
ported the folding of the polypeptide chain backbone in cyto-
chrome c555 of Chloroblum thiosulfatophilum (17) as obtained
from an unrefined multiple isomorphous replacement analysis
at 2.7 A resolution, and it is apparent that this backbone is vir-
tually identical with that reported for Pseudomonas csss in ref.
4 and this paper. The same large deletion is observed at the
bottom of the molecule, and from the ribbon drawing of the c55
chain path, the heme appears to be tilted forward as in c551. One
interesting difference observed in c555 is that the tryptophan
that appears to be hydrogen bonded to the buried propionic
acid (17) is present in the same position along the chain in eu-
karyotic cytochromes c and all published c555 sequences, even
though these two proteins probably are the most distantly re-
lated in an evolutionary sense. The shifted tryptophan observed
in c55s may represent a special adaptation in the Pseudomo-
nads.
The probable evolutionary relationships between the cyto-

chrome c-containing metabolic pathways in bacteria and eu-
karyotes are outlined in Fig. 5, which is an extension of an
earlier metabolic tree in ref. 4. At least the main chain pathway
is now known for five of the cytochromes indicated in this
figure; C555, C2, c551, c55o, and c, in the probable order of evo-
lution. The "small" form of cytochrome c with the bottom chain
deletion is found in green sulfur and purple nonsulfur pho-
tosynethetic bacteria, respiratory bacteria (c551), and cyano-
bacteria or blue-green algae. The "large" form of cytochrome

c, in contrast, has been observed so far only in the branch of Fig.
5 leading to the purple sulfur and nonsulfur bacteria. Hence,
it seems more likely that the small cytochrome is the ancestral
form and that one branch has seen the addition of more chain
at the bottom of the heme crevice.

All of the bacteria discussed in this paper and shown in Fig.
5 are similar enough in general morphology to be grouped by
Brock (20) into one category: the Gram-negative, polarly fla-
gellated rods. It is interesting to find this morphological simi-
larity matched by a biochemical similarity: all members per-
form either photosynthesis or respiration or both, all possess
electron transport chains with a cytochrome c near the high-
potential end, and all of these cytochromes c appear to be
structurally or sequentially homologous. This class of cyto-
chromes arose soon after bacteria developed the ability to trap
light and use it for chemical purposes, and has been retained
in the divergent evolution of present-day photosynthesis and
respiration.
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