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The following is an outline of the direction of research into the evolutionary origins of photosynthesis as revealed by the 
study of cytochromes c. Determination of the numbers of kinds of cytochromes, their structures, their functional roles, 
and their distribution are the principal kinds of data being collected and analyzed. A hypothesis on the origin of 
photosynthesis is presented. 

Two recent advances have added a new dimension to 
study of the s tructure/funct ion relationship and the 
evolution of cytochromes and photosynthesis. One is 
the solution of the crystal structures of photosynthetic 
reaction centers and the other is the genetic manipula- 
tion of cytochrome (?2. The crystal structures of reaction 
centers from Rhodopseudomonas viridis and Rhodo- 
bacter sphaeroides illustrate a fundamental difference in 
that there is an extra subunit in Rps. viridis, the 40 kDa 
tetraheme cytochrome c [1]. This subunit appears to be 
unnecessary because of its absence in Rb. sphaeroides 
[2]. On the other hand, the majority of purple bacterial 
species do appear to have this bound cytochrome [3]. It 
is likewise the case that most non-sulfur purple bacteria 
have a cytochrome c2, which is able to interact with 
either the simple reaction center (second-order rate con- 
stants about 108 to 109 M -1 s -1) [4,5] or with the 
bound cytochrome in the more complex reaction center 
(second-order rate constant about 106 M -1 s -1) [6]. 
Electron transfer from the highest-potential heme 3 of 
the bound cytochrome, which is nearest to the reaction 
center special pair of Rps. viridis, is about 2-106 s -1 
and from the next to highest potential heme 2, which is 
the third most distant, is about 3- 105 s -1 [7,8]. Limit- 
ing first-order rate constants for reaction of cytochrome 
c 2 with the simple reaction centers are about 103-106 
s -1 [4,5], which is comparable to the values for the 
bound  cytochrome in Rps. viridis. 

What is the function of the bound cytochrome in the 
reaction center and why is it not present in all species? 
One possibility is that it might facilitate reaction with 
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soluble redox proteins other than cytochrome ¢2 in 
those species in which the latter is absent. To address 
this question, we have examined the reaction of various 
redox proteins with the Rps. viridis reaction center. 
Rps. viridis cytochrome c 2 is the most reactive of a 
dozen proteins tested with ascorbate-reduced reaction 
center cytochrome. A negative charge on the reaction 
center cytochrome was determined by studying the ef- 
fect of ionic strength on photooxidation of soluble 
proteins, consistent with reaction at the 300 mV heme 2 
(which should have a net charge of about minus 3 near 
the site of reduction based on examination of the three- 
dimensional structure). Other soluble redox proteins 
react as much as three orders of magnitude more slowly 
with reaction centers and some show unfavorable elec- 
trostatic interactions. Under these conditions, the reac- 
tion center cytochrome does not appear to facilitate 
interaction with these proteins. However, other condi- 
tions should also be considered. We have not yet mea- 
sured reaction with the 370 mV heme 3, which is 
adjacent to the reaction center chlorophyll spe~es. This 
experiment should be performed without ascorbate and 
with reduced electron donors which have potentials 
higher than that of heme 2. The higher potential donors, 
such as the 405 mV Rhodocyclus tenuis cytochrome 
c-553 and the 370 mV Rb. sphaeroides cytochrome c2 
may then be more effective reductants for heme 3 than 
with the lower-potential heme 2, although heme 3 ap- 
pears to be surrounded by positive charge (of magni- 
tude about plus 3), which would repel the Rc. tenuis and 
Rb. sphaeroides cytochromes and result in a lower rate 
constant. The still lower potential (10 mV) heme 4, 
which is spatially located between hemes 2 and 3, may 
be the preferred site of interaction of very low potential 
donors such as Ectothiorhodospira halophila HiPIP (50 
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mY) or cytochrome c-551 (58 mV). Heme 4 appears to 
be surrounded by a net charge of about plus 3, which 
would be favorable for interaction with these negatively 
charged proteins. We have not yet probed this site, 
which may require chemical substitution of a lower 
potential quinone for the measurement. The lowest- 
potential ( -  60 mV) heme 1 is also the most distant and 
least likely to mediate electron transfer, although it is 
the most exposed to solvent of all the four heroes. This 
heme is also surrounded by the largest net charge, 
which is about minus 5. Until these studies are com- 
pleted, we tentatively conclude that the bound reaction 
center cytochrome does not facilitate electron transfer 
with soluble proteins. Alternatively, each reaction center 
species may be individually tailored to interact with 
specific donors. This possibility will be addressed in a 
future study with Chromatium vinosum or other reaction 
centers which do not have an accompanying cyto- 
chrome c 2. 

Our current hypothesis is that the purpose of the 
bound cytochrome is to rapidly reduce the photo- 
oxidized special pair chlorophyll before back reaction 
from quinone can occur, thus allowing the less efficient 
soluble donors such as HiPIP, cytochrome c-553, or 
copper proteins to mediate between the cytochrome bc 1 
complex and reaction center. Acquisition of the highly 
reactive cytochrome c2 appears to have been recent and 
to have made the bound cytochrome superfluous and 
subject to deletion. This may be why there are relatively 
few species which have both cytochrome c 2 and bound 
reaction-center cytochrome. One may ask why the Rps. 
viridis cytochrome c 2 has not replaced the bound cyto- 
chrome, such as presumably happened in Rb. 
sphaeroides. We have also studied kinetics of reaction of 
soluble proteins with the Rb. sphaeroides reaction center 
and find that horse and Rb. sphaeroides cytochromes c 2 
are about two orders of magnitude or more reactive 
than other proteins tested, including Rps. oiridis cyto- 
chrome c 2. This work is not yet complete, but  suggests 
that each donor /accep tor  pair has evolved to interact 
most effectively in each species. 

Genetic studies have contributed to our knowledge 
of the role of cytochrome c 2 in photosynthetic electron 
transfer. Cytochrome c 2 appears to be unnecessary in at 
least one species which has a simple reaction center in 
that its gene has been deleted in Rhodobacter capsulatus 
without deleterious effects on photosynthesis [9]. The 
analogous experiment performed with Rb. sphaeroides 
resulted in loss of photosynthetic capability, although 
spontaneous suppressor mutants regained the capacity 
to grow in the light [10]. This is apparently due to 
expression of an isozyme of cytochrome c 2 [11], which 
is as different as any species of cytochrome c2. Is there 
a constitutive membrane-bound cytochrome c 2 isozyme 
in Rb. capsulatus, which is too divergent to recognize by 
gene hybridization? How many of the apparently cyto- 

chrome c2 minus species have a cytochrome c 2 gene 
which is not normally expressed (such as the Rb. 
sphaeroides isozyme) or which is normally membrane 
bound? We expect that a few more species will be found 
to have at least one cytochrome c 2 gene, but that the 
majority of species probably do not have a cytochrome 
c a at all. The high potential cytochrome reported in C. 
vinosurn [12,13] is probably not a cytochrome c2, but  is 
more likely related to one of the Pseudomonas cytochro- 
mes as discussed below. 

Determination of not only the numbers of cyto- 
chrome c 2 isozymes in each species but also which 
species have cytochromes c 2 appears simple in compari- 
son with establishing how many types of totally unre- 
lated cytochromes there are, and how they might be 
involved in photosynthesis. Prior to crystal structure 
analysis of the Rps. viridis reaction center, there were 
only three known kinds of unrelated e-type cytochro- 
mes (class 1 =cy tochrome  c2, mitochondrial cyto- 
chrome c, and smaller bacterial relatives; class 2 = 
cytochrome c'  and low spin isozymes; and class 3 = 
Desulfovibrio cytochrome c3, ) [14]. The tetraheme reac- 
tion center cytochrome subunit is now representative of 
a fourth unrelated structure which has covalently bound 
heme and appears to have arisen by two successive gene 
doublings of a 10 kDa monomer. There are other multi- 
heme cytochromes, which appear to have independently 
arisen by gene doubling, such as the diheme cytochrome 
c 4 [15] and flavocytochrome c [16] (which are class 1 
cytochromes). Cytochrome c3, which has four heroes, 
was doubled twice, yet the resulting protein is only 14 
kDa [17]. A low-potential cytochrome c from Rb. 
sphaeroides, which has two hemes at opposite ends of a 
16 kDa protein, was apparently not doubled [16]. Pseu- 
domonas stutzerii cytochrome c-552 is a 26 kDa diheme 
protein [16,18], which shows no evidence for gene dou- 
bling and there is no obvious similarity to the Rb. 
sphaeroides cytochrome. Pseudomonas aeruginosa cyto- 
chrome c peroxidase is a 34 kDa diheme protein [19], 
which does not appear to be related to either the Rb. 
sphaeroides or the P. stutzerii cytochromes. Until the 
three-dimensional structures are determined, we cannot 
say whether these three diheme cytochromes are truly 
unique or distantly related to one another or whether 
they are related to the reaction-center cytochrome. We 
have sequence evidence for the presence of the above 
two Pseudomonas proteins in the widely divergent pur- 
ple bacteria Rc. tenuis and Rb. capsulatus [16], but  have 
no functional role for them. 

There is no obvious sequence similarity between cy- 
tochromes c I and f ,  although they are components of 
related cytochrome bc 1 and b6f complexes [20-22], 
which are integral components of photosynthetic path- 
ways and each contain a Rieske iron-sulphur centre. 
Cytochromes c 1 and f have about the same molecular 
masses (approx. 30 kDa) and have only one heme, 



located near the N-terminus. Their sixth ligands are 
apparently located in different parts of the sequences. 
At present they appear  to be representative of at least 
one more unrelated structure. Based on the above evi- 
dence, it is likely that the number of kinds of unrelated 
c-type cytochromes is likely to double in the future. 

How might the information discussed up to this 
point be used to reconstruct evolution in photosynthetic 
bacteria and what other types of data are being used? 
We had previously shown that evolutionary trees for 
cytochrome c 2 and for r -RNA based on matrices of 
sequence identities were generally invalid when applied 
to a wide range of species because of convergence [23]. 
Insertions and deletions, identified through comparison 
of three-dimensional structures, are less susceptible to 
convergence and give a better representation of relation- 
ships. This is especially true for the cytochromes c 2. 
However, multiple genes and gene transfer are ad- 
ditional complicating factors, which have been difficult 
to assess. As noted above, we are just now beginning to 
learn about multiple cytochrome c 2 genes in purple 
bacteria. The numbers of kinds of cytochromes, their 
functions, and how they are distributed among the 
species may be as useful or more so in understanding 
relationships than quantitative sequence data for the 
above reasons. 

Using these kinds of data, we can speculate on the 
evolut ionary relat ionships among  photosynthe t ic  
bacteria. We know that purple bacterial reaction centers 
are homologous to plant Photosystem II  [24] and green 
bacterial reaction centers are expected to be homolo- 
gous to plant Photosystem I because they have similar 
characteristics [25]. It  is possible that cyanobacteria 
evolved by acquisition of early green and purple 
bacterial reaction centers [25] just as Chloroflexus is 
likely to be a chimera composed of purple bacterial 
reaction centers and green bacterial light-harvesting 
complexes. Evidence for common origin of all three 
major kinds of phototrophic bacteria may be seen in the 
homology among green bacterial cytochrome c-555 [26], 
cyanobacterial and algal cytochrome c-553 [27,26], and 
cytochrome c-551 from the purple bacterium, E. 
halophila [29]. It  has not yet been proven, but  all three 
of the above cytochromes may have a similar role as 
electron donor to reaction centers. Still more interesting 
is that these cytochromes are most similar to Pseudo° 
monas mendocina cytochrome c 5 [30]. This may be 
coincidental. However, other Pseudomonas redox pro- 
teins are found in photosynthetic bacteria besides cyto- 
chrome c 5 homologs, which strengthens this analogy. 
Chloroflexus contains azurin homologs called auracyanin 
(Ref. 31; Van Beeumen et al., unpublished data). The 
chloroplast and cyanobacterial copper protein plasto- 
cyanin is homologous to azurin [32]. C. vinosum has a 
cytochrome c 4 [16] and spectral evidence suggests its 
presence in Rc. gelatinosus, Rc. tenuis, and Thiocapsa 
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pfennigii. Re. gelatinosus and Rc tenuis have a cyto- 
chrome c-551 homologous to Pseudomonas cytochrome 
c-551 [33]. Re. tenuis has a (P. stutzerii t y p e ) c y t o -  
chrome c-552 [16], and Rb. cansulatus has a cytochrome 
c-556 [16] related to Pseudomonas cytochrome c per- 
oxidase. The Azotobacter/Pseudomonas type of 
(7Fe, 8S) ferredoxin [34] appears to be widespread in 
the purple bacteria (Refs. 35, 36; Van Beeumen et al, 
unpublished data). Rather than acquisition through gene 
transfer, the distribution and relationships among the 
above proteins suggest that Pseudomonas predated 
modern photosynthetic organisms. We suggest that 
photosynthesis may have originated with Pseudornonas 
and many  of the Pseudomonas proteins may be vestigial 
in the purple bacteria. Cytochrome c 5 and homologs 
may provide a unique record of photosynthetic develop- 
ment not available with any other gene which has the 
same function in all photosynthetic bacterial families. 
However, we need sequences, three-dimensional struc- 
tures and genetic analyses of additional proteins from 
photosynthetic bacteria and Pseudomonas such as cyto- 
chrome b q  complexes and reaction centers to develop 
this hypothesis. 
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