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T H E ~  AE~E TWO widely accepted 
views about aerobic metabolism: first, 
that it was possible only aiter oxygen 
released by photosynthesis became 
abundant, and second, that it devel- 
oped independently in diverse evolu- 
tionary lines. Both views are commonly 
accepted in textbooks L2, and are 
backed up by considerable geological 
data. For example, stromatolites (sedi- 
mentary structures thought to have 
been produced by cyanobacterial com- 
munities) have been reported from 
more than 20 geological locations dat- 
ing from 2.5-3.5 billion years ago and 
the oldest known cyanobacterium-like 
fossils are estimated to be 3.5 billion 
years old 3. On the other hand, analyses 
of the temporal distribution and geo- 
chemistry of banded iron formations, 
paleosols (ancient soils) and red beds 
(oxidized subaerial deposits) suggest 
that the transition from a reducing to a 
stable oxygenic environment occurred 
later, between 2.3 and 1.8 billion years 
agC. The commonly accepted inter- 
pretation of these ddta L2 is that the 
photosynthetic apparatus developed 
first (more than 35 billion years ago), 
leading to a steady increase in the level 
of free oxygen (culminating about 2 
billion years ago) and subsequently 
making the emergence of aerobic 
metabolism possible. Distinct evolu- 
tionary lineages were already estab- 
lished 2 billion years ago. Therefore, 
the textbooks suppose that aerobic res- 
piratory chai,s evolved independently 
in these different lines. 

Molecular data now available allow 
inferences to be made about the evo- 
lution of metabolic processes. We have 
sequence information for the central 
bioenergetlc enzymes and redox pro- 
reins from many aerobic and photosyn- 
thetic organisms. The analysis of these 
sequences within the framework of our 
current knowledge of bacterial phy- 
logeny leads to a picture that is quite 
different from that presented in the 
textbooks, but one that remains com- 
patible with the geological data. 

The last common ancestor of Bacteria and 
Archaea 

The phylogenetic analysis ot all 
present-day organisms has revealed the 
existence of three domains, Bacteria, 
Archaea and Eucarya 5,6 (also called 
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The main energy-transducing metabofic systems originated and diversified 
very early in the evogution of fife. This makes it difficult to unravem the pre- 
cise steps in the evomution of the proteins involved in these processes. 
Recent molecular data suggest that homologous proteins of aerobic res- 
piratory chains can be found in Bacteria and Archaea, which points to a 
common ancestor that possessed these proteins. Other moOecular data 
predict that this ancestor was unlikely to perform oxygenic photosynthesis. 
This evidence, that aerobic respiration has a single origin and may have 
evolved before oxygen was released to the atmosphere by photosynthetic 
organisms, is contrary to the textbook viewpoint. 

eubacteria, archaebacteria and eukary- 
otes, respectively). Aerobic respiration 
occurs as a primary trait only in 
Archaea and Bacteria, and chlorophyll- 
based photosynthesis only in Bacteria. 
In Eucaria, both metabolic capabilities 
were secondarily acquired from bac- 
terial endosymbionts 7. Plant chloro- 
plasts are known to have descended 
from cyanobacteria and mitochondria 
[tom proteobacteria. Therefore, we can 
limit our discussion on the evolution 
of energy-transducing systems to the 
components found in Archaea and 
Bacteria. 

Molecular data support a phyio- 
genetic tree that puts Eucarya and 
Archaea i'~to the same group, with 
Bacteria as the earliest branching 
domain 6,s,° (Fig. 1). The exact position 

of Eucarya witiain the tree does not 
affect our conclusions because the 
present discussion only relies upon 
archaeal and bacterial proteins. The 
main line in our argument is that every 
protein that has archaeal and bacterial 
homologs can be assumed to have been 
present in their last common ancestor. 
(This conclusion would be wrong if 
lateral gene transfers had occurred 
between the domains during evolution; 
however, generally these processes can 
be detected in phylogenetk trees.) If 
the position of Eucarya in the tree in 
Fig. 1 is correct, the last common ances- 
tor of Bacteria and Archaea is also the 
last universal ancestor (Fig. 1). 

The biochemical character of the last 
universal ancestor has been the subject 
of recent debate m !. Some authors have 

Last COmmOn ancestor 

Last unJvemal ancestor 

Progenote 

GOossary 

The last common ancestor of any group of species is the most 
recent species from which all them descend. It is possible to recon- 
struct characteristics of a last common ancestor by searching 
homologous features in the descending species. 

The last common ancestor of all species that are alive today. Since 
all living species can be divided !nto three domains, Archaea, 
Bacteria and Eucarya, the last universal ancestor can also be 
defined as the last common ancestor of these three domains. 
Homologous molecular features in Archaea, Bacteria and Eucarya 
suggest that the last universal ancestor was a cellular organism 
with most of the central metabolic activities. 

A preceilular entity with a rudimentary, imprecise linkage between 
its genotype and phenotype. It might have existed before the last 
universal ancestor. 
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Rgure 1 
Phylogeny of the taxa discussed in the text, adapted from Ref. 9. The cyanobacterial 
evolutionary line is drawn in green. Branch lengths are not drawn to scale. 

suggested that it was a precellular en- 
tity (or progenote '~) and lacked a cell 
membrane. However, homologs of mem- 
brane proteins such as cytochrome 
oxidase, cytochrome b and ATP syn. 
those |2,|3 are inferred to exist in the last 
universal ancestor. Oxidative phos- 
phorylation, which uses these enzymes 
to produce ATP from a proton gradient 
across a membrane, must have been 
present in the last universal ancestor 
and so a cell membrane in this ances- 
tral organism was an absolute require- 
ment. An Intact cellular membrane 
would, in turn, lim!t the fluid exchange 
of genes between descending lineages. 

The ~ m ~ m ~  ~ .  of the lint 
mlvnd m~mt~ 

The following redox proteins are 
known to be present in aerobic respira- 
tory chains of both Archaea and 
Bacteria, and therefore can be assigned 
to the last universal ancestor. 
cytochrome orJdase subunits I and I!, 
cytochrome b, Rleske iron-sulphur pro- 
tein, blue copper protein, 2Fe-2S and 
4F¢-4S ferredoxins, and the iron-sul. 
phur subunit of succinate dehydrogen. 
ase. To prepare this list of proteins, we 
first made an extensive screening of the 
EMBL database 14 and detected a total of 
19 archaeal redox proteins known to 
participate in electron transfer reac- 
tions, Numerous sequences were 
obtained for their bacterial homologs 
(Table I). 

Phylogenetic trees have been con- 
structed for cytochrome oxidase sub- 
units, cytochrome b, Rieske Iron-sul- 
phur protein, blue copper protein and 
4Fe-4S fermdoxin Ism. They are all 
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consistent with phylogenetic expec- 
tations and so there is no need to con- 
sider lateral gene transfer between 
Bacteria and Archaea. The phylogenetic 
tree for the iron-sulphur subunit of sue= 
cinate dehydrogenases and for homolo- 
gous fumarate reductases (not shown) 
shows evidence of a gene duplication, 
since both succinate dehydrogenase 
and fumarate reductase are present in 
Escherichia coil, and the archaeal 
sequence is placed in the expected 
position on the tree. Phylogenetic trees 
for 2Fe-2S ferredoxins (not shown) sug- 
gest a larger number of gene dup!io 
cations within Bacteria. So far, homolo- 
gous archaeal proteins have only been 
found in Halobacterinm. Thus, the possi- 
bility of lateral transfer remains but, in 
the absence of any clear evidence for 
horizontal gene transfer, we assign 
2Fe-2S ferredoxin to the last universal 
ancestor. 

Figure 2 shows the position (mem- 
brane-bound, peripheral or cytoplas- 
mic) of the redox proteins listed in 
Table I within the cell of the last univer- 
sal ancestor. ATP syntbase is also 
shown, as sequences of this protein 
complex are known from both Archaea 
and Bacteria ~2.~3. This ancestral cell 
probably employed the chemiosmotic 
mechanism for energy conversion, as it 
contained the necessary molecular 
apparatus including membrane-bound 
proton pumps (cytochrome oxidase 
and cytochrome b complexes), as well 
as ATP synthase. 

Cytochrome oxidase, the key enzyme 
in aerobic metabolism, catalyses the 
reduction of oxygen to water and acts 
as a redox-linked proton pump ~8. The 
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databases contain 18 homologous 
sequences of subunit I (the main cata- 
lytic subunit) from Bacteria and three 
from Archaea (Table I). Cytochrome 
oxidases have been sequenced from 
Sulfolobales and Halobactedaceae, two 
deeply divergent evolutionary lines 
within Archaea. Thus, it is unlikely that 
archaeal cytochrorne oxidases have 
been acquired through recent horizon- 
tal gene transfers. We have previously 
conducted a phylogenetic ~alysis of 
the cytochrome oxidase supeffamily ~ 
and concluded that two gene dupli- 
cations had already happened before 
Bacteria and Archaea diverged. This 
means that three d|fferent cytochrome 
oxidases were present in the last uni- 
versal ancestor (Fig. 3). Sequences of 
two of them, which we call the SoxB- 
and So.~-type cytochrome oxidases, 
are known from Archaea and Bacteria 
(Table 1), and can be clearly assigned to 
the last universal ancestor. The third 
type, the FixN-type cytochrome oxidases, 
is an outgroup to the two other types, 
which indicates that it might also have 
existed in the last universal ancestor. 
FixN oxidases have not yet been found 
in Archaea (and therefore we do not 
represent this type in the ancestral cell 
in Fig. 2), but the phylogenetic t~'ee 
suggests that they could be present in 
aerobic archaeal species. On the basis 
of a similar phylogeneUc analysis ~6,m7, 
we can assign two different homologs of 
subu~it 1I of cytochrome oxidase to the 
last universa| ancestor, one associated 
with the SoxB-type and the other with 
the SoxM-type subunit L 

The other components of the respira- 
tory chain in the last universal ancestor 
included cytochrome b, blue copper 
protein and four different types of pro- 
teins with iron-sulphur centres: Rieske 
protein, 2Fe-2S ferredoxin, 4Fe--4S ferre- 
doxin and one subunit of succinate 
dehydr~genase. Ferredoxins might have 
been involved in redox reactions by 
feeding electrons to the respiratory 
chain. Other redox proteins, such as 
NADH dehydrogenase or cytochrome c, 
were probably also present in the last 
universal ancestor, althougil they have 
not yet been found in archaeal 
genomes. We conclude that the respira- 
tory chain of the last universal ancestor 
was elaborate and probably used oxy- 
gen as the terminal electron acceptor. 

Aerobic metabolism occurs in 
Bacteria, Archaea and Eucarya. 
Although most bacterial species are 
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anaerobic, many are facultative or obli- 
gate aerobes. The majority of archaeat 
species live i~. extreme environments 
that are often highly anaerobic. There 
are, however, several cases of aerobic 
archaea such as Haiobacterium, Thermo- 
plasma, S~lfolob~s and Yymbaculum ~. 
Most o~ the known eukaryotes carry out 
aerobic metabolism within their mit~- 
chondria. All aerobic organisms contain 
oxidases off the cytochrome ox~dase 
superffamily, but some members of the 
proteobacteria (E. carl and Acetobacter 
vinelandiO can also use the unrelated 
cytochrome bd complex as a respira- 
tory terminal oxidase ~9. 

Thus, in contrast with previous 
views L2, and with the exception of the 
cytochrome bd complex, we conclude 
that aerobic respiration has a single ori- 
gin. This notion has been masked by 
the lack of a close phylogenetic rela= 
tionship among present-day aerobic 
organisms. This phylogenetic diversity 
is due to the loss of the ancestral 
respiratory system in many evolution- 
ary lines of Archaea and Bacteria, so 
that it presc~tly exists in unrelated 
taxa. Early eukaryotes probably 
acquired aerobic respiration when the 
atmospheric levels of oxygen increased, 
by means of a bacterial endosymbiont 
that gave rise to mitochondrid. 

Denftfification processes were present ~n 
the Bast unive~sal ancestor 

We and others 2°,2~ have previously 
shown that the bacterial NO reductase, 
a key enzyme in denitrification, is 
homologous to cytochrome oxidases. In 
the phylogenetic tree, NO reductase is 
an outgroup of all cytochrome oxidases 
and so NO reductase was most prob- 
ably present in the last universal ances- 
tor. No archaeal sequences of this 
enzyme are yet known, but one can pre- 
dict that denitrifying archaeal species 
(which exist in Halobacteriaceae ~t) pos- 
sess a homologous protel,. We have 
postulated ~° an evolutionary pathway 
in which the FixN-type cytochrome oxi- 
dases evolved from NO reductase. The 
reactions catalysed by NO reductase 

2NO + 2H + * 2e- -> NzO + H20 

and cytochrome oxidase 

Protein ~rchaea ~ 8acted~¢ 

Cytochrome o×idase IB) 
So×M-type Hatobacteriurn hatobium 17 

Sulfatabus 8cidocaldanus 
So×~type SuEalobus 8cidccaldadus 1 

Cy~.ochrome oxidase {it) 
SoxM-type SMfolobus acidocaMarius 14 

SoxB-type Sulfolobus acidocaldarius ~ 1 

Cytochrome b Sulfalobus 8cidocaldarius e 9 

Rieske protein Sulfalobus acidocaldarius 9 

81ue copper protein Natranobactedum pharaonis 28 
Sulfolobus acidocaldarius 

2Fe=2S ferredo×in Halobacterium halobium 24 
Halobacterium sp. 

4Fe-4S ferredoxin Methanosarcina barked 49 
Methanococcus thermolithotrophicus 
Thermoplasma acidophiurn 
Thermococcus litoralis 
Pyrococcus furiosus 
Sulfolobus acidocaldarius 

Succinate dehydregenase f Thennoplasma acidophilum 5 
(Fe-S subunR) 

aEntry names for all sequences are available upon request. 
bSpecies from which the protein sequences have been reported. 
c Number of different protein sequences. 
dThe SoxB-type subunit II of cytochrome oxidase does not have a copper centre, which was 
probably lost during evolution. 
eTwo cytochromes b have been sequenced from Sulfolobus acidocaldarius. 
fSequences of the homologous fumarate reductase from Bacteria are included. 

Cytochreme oxidase 
(SoxM-type) _,~ 

Cytochrome oxidase 
($oxB-type) 

Cytochrome b 

Rieske protein 

~ )  2Fe-2S Ferredoxin 

Q 4Fe-4S Ferredoxin 

( ~  Succinate dehydrogenase 

( ~  Blue copper protein 

ATP synthase 

0 2 • 4H' • 4e- ~ 2H20 

are similar. Since NO was easily gener- 
ated in the early atmosphere 23, the 
binuclear Fe--Fe catalytic centre u that 
reduces NO is probably more ancient 

Rgute 2 
Redox proteins involved in the respiratory chain in the cell of the last universal ancestor. 
These proteins are present in both Archaea and Bacteria (see Table I) and can therefore 
be assigned to the last universal ancestor. Redox groups in these proteins are 
(heine), 0 (iron-sulphur centre) and @(copper centre). Subunit I of cytochrome oxidases 
is coloured orange. The ATP synthase is also shown. 
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Rgure 3 
Phylogenetic tree of a set of cytochrome oxidase subunits I (Ref. 16). Arrows point to the gene duplications that happened before the diver- 
gence of the last universal ancestor into Bacteria and Archaea. These gene duplications gave rise to three main groups of cytochrome oxi- 
dases, which are boxed in different colours. The SoxB-type has been sequenced from Archaea and Bacteria (only one sequence from each 
domain is available). The SoxM-type is also present in Archaea (two sequences, one from Sulfolobus acidocaldarius and one from 
Ha/obacterium ha/obium) and in Bacteria (17 sequences, represented as a triangle). It follows that both types were present in the last uni- 
versal ancestor. The RxN.type has been sequenced only from Bacteria (five sequences, represented as a triangle), but its position in the 
tree, branching before the divergence of the two other types of cytochrome oxidase, predicts that it was also present in the Oast universal 
ancestor. A phylogenetic tree containing all available sequences from Archaea and Bacteria can be found in Ref. 16. More cytochrome 
oxidase sequences from archaeal species would be necessary to corroborate the main groups of the tree. 

than the Ofreduclng Fe-.Cu active site. 
In other words, aerobic resplratlon may 
have evolved from denltrlflcatlon. 

On the basis of this link, a different 
scenarlo for the evolutlon of aerobic 
respiration can be proposed. The 
cytochrome oxldase of the last univer- 
sal ancestor might have used NO rather 
than O 2 as electron acceptor, and the 
change in the active slte of NO reduc- 
tase caused by the change In substrate 
could have happened independently in 
Archaea and Bacteria. The rise of atmos- 
pherlc oxygen caused by the photo- 
synthetic activity of evolving cyanobac- 
terla must have created a remarkably 
strong selective pressure on organisms 
In both domains. Adaptations to use the 
new, chemically superior, electron 
acceptor might have taken place, with 
similar molecular solutions creating the 
oxygen-reduclng active site. This would 
mean that the appearance of aerobic 
respiration was polyphyletlc. However, 
the predicted presence of three differ- 
ent types of cytochrome oxidases in the 
last universal ancestor (Fig. 3) compli- 
cates this hypothesis, since it is un- 
likely that all three should have 
changed their active sites indepen- 
dently in Bacteria and in Archaea. The 
determination of the detailed mecha- 
nism of proton translocation coupled to 
oxygen reduction should clarify this 
situation. We predict that these steps 
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will prove to be the same in 
cytochrome oxidases of both domains if 
the solution for this coupling mecha- 
nism was found only once. 

The electron transfer chain in the last 
universal ancestor (see Fig. 2) was 
probably very adaptable. !t had the ca- 
pacity for aerobic respiratiotl using two 
or three different terminal oxidases, 
and It could also generate energy by 
denltriflcation 0f NO reductase in dent- 
trifying Archaea prove to be homologous 
to those In bacteria). During evolution, 
many metabolic systems were probably 
lost in diverse evolutionary lines in 
response to adaptation to different 
niches, leading to a haphazard distribu- 
tion of metabolic characteristics among 
present-day organisms. However, the 
remaining systems could be controlled 
much better than those in the ances- 
tral, non-specialized organisms 24. 

Was the l i t  univemal ancestor 
photosphere:,:'? 

Photosynthetic reaction centres are 
integral membrane proteins known only 
in bacterial species. Photosystem I is 
present in Heliobacteria and Chloro- 
biaceae, whereas photosystem ii oc- 
curs in Proteobacteria and Chloro- 
flexaceae zs,z~ (Fig. 1). Oxygen-releasing 
photosynthesis occurs only in Cyano- 
bacteria, which have both types of 
photosystem. No photosynthetic reaction 

centres have been found in Archaea 
and so it cannot be ass~ned that they 
were present in the last universal an- 
cestor. Bacteriorhodops~l~ is a com- 
pletely different archaeal photosynthetic 
system, based on the retinal photo- 
cycle, and is found exclusively in 
I~lalobacteria~:, ~. :~,~ 

Two hypotheses about the evolution 
of photosynthesis in Bacteria have been 
proposed. (1) In the fusion model 2s, the 
last common ancestor of Bacteria 
(Fig. 1) had only one primitive reaction 
centre. Later, two evolutionary lines, 
one with a photosystem I and the other 
with a photosystem !i reaction centre, 
fused to produce the ancestor of 
cyanobacteria. (2) In the selective loss 
model 26, the last common ancestor of 
Bacteria contained both types of reac- 
tion centres. Several bacterial lines lost 
either one or the other, or both. Only 
cyanobacteria maintained both reaction 
centres and added a water-splitting 
enzyme to photosystem II that could 
extract electrons from water with the 
consequent production of oxygen, a 
system that has been retained by all 
cyanobacteria. 

It has also been shown that bacterio- 
chlorophyll, the pigment used by most 
bacteria, evolved earlier than chloro- 
phyll 27, which is only used by cyano- 
bacteria. Therefore, the last common 
ancestor of Bacteria probably had 
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bacteriochlorophyH. The current distri- 
bution among Bacteria of photosynthetic 
reaction centres and the water-splitting 
system does not aBow the assumption 
that the last common ancestor of 
Bacte~'ia could perMrm oxygenic photo- 
synthesis, as this trait only evolved in 
cyanobacteria, it follows that the last 
universal ancestor, a more ancient 
organism, could not perform oxygenic 
photosynthesis. 

Respiration ~fere oxygen[© photosynthesis: 
the supply of oxygen 

We have argued that aerobic respir- 
ation was present in the last universal 
ancestor (Fig. 2). However, it is unlikely 
that oxygenic photosynthesis was pres- 
ent either in the last universal ancestor 
or in the last common ancestor of 
Bacteria (see Fig. l). it arose only later, 
in the cyanobacterial evolutionary line. 
Therefore, molecular evidence shows 
that aerobic respiration evolved before 
oxygenic photosynthesis or, in other 
words, cytochrome oxidase (the 
enzyme that consumes oxygen) 
appeared before the water-splitting sys- 
tem (the enzyme that produces oxy- 
gen). The existence of very old fossils 
assigned to ancient photosynthetic 
cyanobacteria '~ does not affect this con- 
clusion: it is the order of appearance of 
these metabolic traits, rather than the 
actual date of appearance, that is rel- 
evant here. But was respiration possible 
before the large increase of oxygen in 
the atmosphere caused by oxygenic 
photosynthesis? 

It is known that traces of oxygen 
existed in the early atmosphere, result- 
ing from photolysis of water, it is also 
believed that 'oases' of high oxygen 
concentration occurred on the ocean 
surface 4,~a. The cells of the last univer- 
sal ancestor living in these restricted 
environments might have been able to 
carry out aerobic respiration. In fact, a 
high oxygen concentration is not 
required for aerobic respiration, as 
some cytochrome oxidases of present- 
day organisms work under a very low 
oxygen pressure. For example, this is 
the case for the FixN-type cytochrome 
oxidases of endosymbiotic proteobac- 
teria living inside root nodules, where 
the oxygen concentration has to be 
extremely low to allow nitrogen 
fixation 28. 

Concluding rereads 
Our conclusions (see Fig. 4) are 

based on current knowledge of res- 
piratory chains and reaction centres, 

• . . . . . . .  
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Rgure 4 
(a) Phyiogenetic tree of Archaea, Bacteria and Eucarya, with (b) a curve showing the rise 
of atmospheric oxygen caused by oxygenic photosynthesis, and relative time positions 
where proteins of respiratory and photosynthetic chains appeared. 

homology between redox proteins as 
deduced f rom the sequences in 
databases, and analysis of their distri- 
bution among present-day organisms. 
This molecular evidence leads to a 
'respiration-early hypothesis' that can 
be summarized as follows. 

(1) Denitrification (NO reductase) 
is the probable origin of aerobic 
respiration. 

(2) Aerobic respiration (cytochrome 
oxidase) arose only once and was 
already present in the last universal 
ancestor. Therefore, aerobic respiration 
in present-day organisms has a single 
origin. The branched and elaborate res- 
piratory chain of the last universal 
ancestor had several redox protein 
components. Traces of oxygen in the 
early biosphere could have been used 
for respiration by the last universal 
ancestor. 

(3) Oxygenic photosynthesis 0nvolv- 
ing a water-splitting enzyme) developed 
in a single evolutionary line, the 
cyanobacteria, after the origin of 
aerobic respiration. 
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TWO B E ~ r . C H A R A ~  green 
fluorescent proteins (6FPs) are from 
marine invertebrates: a Facific North- 
west jellyfish, Aequorea victoria, and a 
sea pansy from the Georgia coastline, 
RenUla renifonnis ~. Other members of 
this coelenterate sub-phylum Cnidarla 
contain fluorescent proteins which 
remain to be characterized 2,3, ~,oq~torea 
and Renilla C#Ps ea~-h transmute blue 
chemiluminescence from a distinct pri- 
mary photoprotein into green fluor- 
escence. The first wdken report of such 
biolumlnescence was from Pliny the 
Elder in the first century AD, who 
observed the bright glow of certain 
jellyfish present in the Bay of Naples 4. 
His early development of glowing slime 
that could be scraped from these organ- 
isms and used to make various articles 
luminescent was abruptly terminated 
by the eruption of Vesuvius in ~79. 
More recently, blochemic~ charac~ 
terization of the GFPs in the labs of 
Bllnks, Cormler, Hastings, Joh,lson and 
Shlmomura, Prendergast and Ward 
began In the 1960s and culminated in 
the cloning of a eDNA (gfplO) for 
Aequorea GFP by Prasher et at. s Chalfie 
et el, 6 then trlggeeed an enormous 
upsurge of Interest In GFP by showing 
that expression of the cloned gene pro. 
duces fluorescent protein in a variety of 
cell types, as also reported by Inouye 
and Tsuji 7. 

As yet there is no definitive expla- 
nation as to why these organisms 
evolved biolundnescence or fluorescent 
proteins 3. GFPs probably serve not just 
to shift the output color from blue to 
green, because that color change might 
be achieved more simply by mutating 
the primary photoproteln. Perhaps GFPs 
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Green fluorescent proteins (GFPs) are presently attracting tremendous 
interest as the first general method to create strong visible fluorescence 
by purely molecular biological means. So far, they have been used as 
reporters of gene expression, tracers of cell lineage, and as fusion tags to 
monitor protein localization within living cells. However, the GFP originally 
cloned from the jellyfish Aequorea victoria has several nonoptimal proper- 
ties including low brightness, a significant delay between protein synthesis 
and fluorescence development, and complex photoisomerization. 
Fortunately, the protein can be r~engineered by mutagenesis to amelio- 
rate these deficiencies and shift the excitation and emission wavelengths, 
creating different colors and new applications. 

evolved mainly to boost the overall 
quantum efficiency of emission. The 
chemiluminescence efllciencies of pri- 
mary photoproteins are relatively low, 
but if their excited state energy can be 
efficiently transferred to a GFP that, in 
turn, emits with high efficiency, then 
the organism produces more light for 
a given energy cost (Refs I, 8; W. W. 
Ward, M. W. Cutler and D. E Davis, pets. 
commun.). 

M e ¢ ~ I  ~ r t ~  
Aequorea GFP is a protein of 238 

amino acid residues. Its biggest 
absorbance peak is at 395 nm with a 
smaller peak at 475 nm. The amplitudes 
of these peaks 0.e. extinction coeffi- 
cients) have been estimated as 21--30 
and 7-15 m ~  ~ cm -~, respectively 
(Ref. 8, W. Ward, pets. commun.). 
Excitation at 395 nm yields all emission 
maximum at 508nm. The quantum 
yield, or probability of re-emitting a 

photon once the molecule has been 
excited, is 0.72-0.85 (Ref. 8; E. Kurian, 
J. Rudzki-Small and E Prendergast, 
pets. commun.), and the excited state 
lifetime is 3.25 ns (Ref. I0). To put these 
numbers in perspective, the well-known 
dye fiuorescein has an extinction coeffi- 
cient of 80 m~ "~ cm -~ at 490 nm and a 
quantum yield of 0.91. Because fluores- 
cence brightness is proportional to the 
product of these numbers: wild-type 
Aequorea GFP excited with fluorescein 
filters is about an order of magnitude 
less bright than the same number of 
molecules of free fiuorescein. Switch- 
ing the excitation to 395 nm does not 
help because such wavelengths cause 
rapid photoisomerization (see below) 
and also excite more background 
autofluorescence. 

The mature purified protein is highly 
stable, remaining fluorescent up to 65°C, 
phil,  I% sodium dodecyl sulphate 
(SDS) or 6 M guanidinium chloride, and 

© 1995, Elsevier Science Ltd 0968-0004/95/$09,50 


