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he evolution of life has been closely

tied to the evolution of light-harvest-
ing systems. Even the most primitive
ability to use the sun’s energy would have
given the earliest photoautotrophs tre-
mendously expanded opportunities to
proliferate and diversify. As early as
2.5-3.3 billion years ago (1, 2), the cya-
nobacteria had evolved a sophisticated
linear electron transport chain with two
photosystems that could pull electrons
from water and give rise to molecular
oxygen. One of these cyanobacteria be-
came the ancestor of all modern chloro-
plasts (Fig. 1). Although there is now an
enormous diversity in photosynthetic eu-
karyotes, the molecular structures of the
two photosynthetic reaction centers and
their core light-harvesting antennas have
been remarkably conserved (3), along
with their almost exclusive use of one
type of chlorophyll (Chl), Chl a.

Where photosynthetic eukaryotes dif-
fer is in their peripheral light-harvesting
antennas and accessory pigments. The
red algal chloroplasts, like their cya-
nobacterial ancestors, use phycobili-
somes, eleborate multisubunit structures
with open-chain tetrapyrrole chro-
mophores associated with the cytoplas-
mic surface of the thylakoid membrane.
The green algal and plant chloroplasts
have membrane-intrinsic antenna pro-
teins binding Chl b as well as Chl aq,
whereas the many groups of brown and
yellow algae (dinoflagellates, crypto-
phytes, and chromophytes sensu lato)
have related antenna proteins binding
Chl ¢ and Chl a. The antenna proteins of
these two groups are members of a very
large protein family, the light-harvesting
complex (LHC) superfamily, which also
has members involved in photoprotec-
tion rather than light harvesting (4).

This simple story took an unexpected
turn a few years ago when Elizabeth
Gantt and her colleagues (5) reported
that red algae had at least five proteins
related immunologically to the Chl a/b
proteins of higher plants and the fuco-
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Fig. 1. Evolution of the three major types of
photosynthetic eukaryotes, based on a consensus
of ultrastructure, pigment, and molecular phylo-
genetic data. LHC, membrane-intrinsic LHC; PBS,
phycobilisome.

xanthin Chl a/c proteins of chromo-
phytes. Sequencing showed that they
were indeed members of the LHC super-
family, even though they bound only Chl
a and were associated only with photo-
system I (6—8). This showed that phyco-
bilisomes (associated primarily with
PSII) and membrane-intrinsic antennas
of the LHC superfamily could coexist in
the same chloroplast, and strongly sup-
ported a common evolutionary origin for
all chloroplasts (8). In addition, it sug-
gested that ancestral members of the
LHC family may have had a considerable
degree of flexibility in pigment binding,
so they were able to adapt to binding a
variety of different Chls and carotenoids.

It turns out that this adaptibility was not
restricted to the past. In this issue of
PNAS, Grabowski et al. (9) demonstrate
quite clearly that a red algal LHC apopro-
tein can be reconstituted with the pig-
ments from either a higher plant or a

chromophyte alga, and that the reconsti-
tuted pigment-protein can perform the
critical function of transferring energy ab-
sorbed by the accessory Chl (Chl b or Chl
¢) to Chl a. Furthermore, approximately
eight Chls are bound per polypeptide
chain, the same number bound when the
protein is reconstituted with its own pig-
ments, and close to the number found in
the native complex (5). It therefore ap-
pears that the Chl-binding sites on the
LHC protein may be conserved, but they
are not particularly specific for which Chl
they bind, and in fact, can bind Chls that
their ancestors had never encountered.
Does this promiscuity result from Chl
structures being very similar to each
other? This could be the case for Chls a
and b, because they differ only by a
methyl side chain in Chla versus a formyl
side chain in Chl b (Fig. 24). Reconsti-
tution and mutagenesis experiments on
Chl a/b proteins suggest that at least
some of the eight Chl-binding sites com-
mon to all Chl a/b proteins (10, 11) can
ligate either Chl a or b (11-13). One of
these proteins can even be reconstituted
almost exclusively with Chl b, although
with somewhat altered energy transfer
characteristics (13). The several variants
of Chl ¢ are similar in structure to divinyl
protochlorophyllide @ (Fig. 2B), the
common precursor of all Chls, which also
can act as a minor light-harvesting pig-
ment (14-16). They have a completely
unsaturated ring system and lack the
hydrophobic phytyl tail. These features
might be expected to impede the binding
of Chl ¢ to a Chl g site and even diminish
protein folding, but this was not found in
the experiments of Grabowski et al. (9).
All of these experiments suggest that the
differences in sequence among the LHC
proteins (8) may have more to do with

See companion article on page 2911.

*E-mail: brgreen@interchange.ubc.ca.

PNAS | February 27,2001 | vol.98 | no.5 | 2119-2121

COMMENTARY



Fig. 2.  Structures of eukaryotic Chls. (A) Chloro-
phyll a. Note the reduced ring D (blue circle) and
phytyl tail (not drawn to scale). Side-chain modifi-
cations resulting in Chl b (green) and Chl d (red) are
shown. (B) Mg-divinyl protochlorophyllide a and
Chl ¢z (blue). Note the double bond in ring D (red
circle).

optimizing energy transfer, binding caro-
tenoids, and forming protein—protein in-
teractions than with binding a specific
Chl.

There is another protein family whose
members are adapted to bind different
types of Chl. Three unrelated genera of
cyanobacteria (often referred to collec-
tively as prochlorophytes) have Chl a/b
antenna proteins that are completely un-
related to the LHC superfamily. Instead,
they belong to the same protein family as
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the extremely conserved Chl a-binding
proteins CP47 and CP43 of the photo-
system II core antenna (17, 18). This is a
classic example of parallel evolution, and
it suggested that the ability to make Chl
b evolved separately from the evolution
of the proteins that bind it (17, 18). This
was confirmed when the gene for Chl a
oxygenase (CAO), the enzyme that
makes Chl b from Chl a was finally
discovered (19), and sequences from two
prochlorophytes, two green algae, and
several higher plants all were found to be
related (20). Unlike the Chl-binding pro-
teins, CAO did have a common ancestor
in prokaryotes and chloroplasts. This led
Tomitani et al. (20) to propose that all
cyanobacteria originally had the ability
to make both Chl b and phycobilisomes;
the ability to make phycobilisomes was
lost in the four lines that led to prochlo-
rophytes and chloroplasts, whereas CAO
was lost in all other cyanobacterial lines.
This is an interesting suggestion, but it
requires multiple independent losses of
CAQO because the closest relatives of
each kind of prochlorophyte do not make
Chl b either (21). A more parsimonious
possibility is that lateral gene transfer
spread the CAO gene among the three
prochlorophytes and the ancestor of the
chloroplast, which was not closely related
to the any of the prochlorophytes (21). It
subsequently would have been lost in the
line leading to the red and Chl a/c
containing chloroplasts; the enzyme for
the synthesis of Chl ¢ from protochloro-
phyllide a would have evolved only after
the secondary endosymbios(es) that gave
rise to the chromophyte and dinophyte
lines (Fig. 1).

The most striking example of Chl sub-
stitution is that of the prokaryote
Acaryochloris marina (22), in which al-
most all of the Chl a has been replaced by
Chld (Fig. 24). All of these observations
suggest that the Chl complement of both
prokaryotes and eukaryotes depends on
which enzymes for Chl synthesis they
happened to inherit from their ancestors,
and that proteins of both the photosyn-
thetic core and the distal antennas can
adapt to using whatever Chl is available.
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In that case, why have large groups of
organisms specialized in binding a par-
ticular set of Chls? The usual argument
is that the addition of accessory Chls
increased the absorption of light in the
“green gap” between 470 and 650 nm
where Chl a (in vivo) has limited absorp-
tion (e.g., ref. 23). However, the addition
of Chl b decreases this gap by only a few
tens of nm. The double bond in Chl ¢
shifts the red absorption a bit more into
the green region, but makes absorption
less efficient. Examination of the absorp-
tion spectra of Chl a/c proteins (24)
suggests that it is the carotenoids of the
Chl ¢ algae, with their absorptions ex-
tending out to 550 nm, that contribute
the most to increased light absorption in
the blue-green enriched aquatic environ-
ment (25). The red algae with their phy-
cobilisomes are the only group that effi-
ciently harvests light across the complete
visible range (400-700 nm). It is there-
fore unclear how much of an advantage
it could have been to replace phycobili-
somes with Chl ¢ and some carotenoids
in a membrane-intrinsic LHC.

The study of molecular adaptation at-
tempts to determine which amino acid
substitutions were essential for a given
function, to see whether change was
gradual or rapid, and to detect evidence
for positive selection against a large
background of neutral changes (26). Mo-
lecular evolution is now an underlying
theme of many papers, even when the
word evolution is not in the title. The
dramatic increase in high-resolution
structures and the explosion of sequence
data are providing new insights into the
evolution of many proteins, even if
understanding the evolution of their
owners is more problematic. One of the
most exciting new approaches is the
fusion of phylogenetic methods and pro-
tein engineering to recreate ancestral
proteins (27). The next stage in studying
molecular evolution should be to follow
the evolution of cells with engineered
proteins under the relevant physiological
conditions to test hypotheses about what
factors might actually have favored
growth or survival in their ancestors. We
are lucky to live in such exciting times!
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