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few cases in which the energy transfer within
photosynthetic light-harvesting complexes
can be correctly characterized by conven-
tional Förster theory. Moreover, the realiza-
tion that the concepts elucidated during the
study of light-harvesting proteins are general

principles that operate in molecular aggre-
gates has inspired a change in thinking about
energy transfer in confined geometries5.

Various studies2,6–8 have revealed that the
nanoscale dimensions of the photosynthetic
complexes are critical for light harvesting.
Unlike most model systems, where the 
chromophores are spaced at distances that
are large with respect to their size, chromo-
phores in light-harvesting systems are densely
packed. This means that the electronic 
interactions between the light-absorbing
components are both qualitatively and
quantitatively different from most other
model systems. This realization has spurred
the development of new theoretical meth-
ods, including Jang and colleagues’ work1,
which provides a detailed prescription for
calculating energy transfer in multi-
chromophoric assemblies.

To understand the dynamics of light-
harvesting and light-trapping in photosyn-
thesis, certain design features must be taken
into account. For example, the distances
between the molecules are often smaller than
the overall size of each molecule. In this con-
fined geometry, energy transfer is governed
by how the donor ‘sees’ the acceptor on the
submolecular scale at which the fine differ-
ences in the shape of the wavefunctions
between the ground and excited states at the
donor–acceptor junction become signifi-
cant (Fig. 1). At this level of spatial confine-
ment, transitions and energy levels that
would be ineffective, or even inoperative, in

news and views

some of the protostomes are,embryologically
speaking,deuterostomes.

So why are the arrow worms turning out
to be so hard to place within the animal king-
dom? The short answer seems to be that the
arrow-worm genes studied so far have been
subject to more rapid evolutionary change
than those of other species7. The result is
that, on an evolutionary tree, arrow worms
form a long branch, and such long-branch
species are notoriously problematic. Unfor-
tunately, the simplest solution to the long-
branch problem — finding a species of arrow
worm with a more normal rate of evolution
— seems impossible,because all of the 100 or 
so living species appear to suffer from the
same problem8. The unavoidable conclusion

is that yet more genetic data need to be 
gathered in the expectation that the picture
will continue to become clearer. ■
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Physical chemistry

Quantum mechanics for plants
Graham R. Fleming and Gregory D. Scholes

To what extent do photosynthetic organisms use quantum mechanics
to optimize the capture and distribution of light? Answers are emerging
from the examination of energy transfer at the submolecular scale.

The first law of photosynthetic eco-
nomics is: “A photon saved is a 
photon earned.” Research into the

factors behind this principle has been 
burgeoning, and has recently culminated in
a paper in Physical Review Letters by Jang et
al.1 in which the authors look at photosyn-
thetic energy transfer at the quantum level.

Plants use solar antennae to capture inci-
dent photons and transmit the excitation
energy to reaction centres, where it is used 
to initiate the primary electron transfer 
reactions of photosynthesis. These antennae
are one of nature’s supreme examples of
nanoscale engineering, and are constructed
from specialized light-harvesting complexes
formed of proteins that bind chlorophylls
and carotenoids. Photon collection involves
up to several hundred light-absorbing 
molecules, or chromophores. Hundreds of
energy-transfer steps over a hierarchy of
time scales and distances, which often occur
with near-perfect efficiency2, are therefore
required to collect and trap solar energy.

More than 50 years ago, Theodore Förster
described a method for calculating the rate of
energy transfer between molecules from the
overlap of the donor molecule’s fluorescence
spectrum and the acceptor molecule’s
absorption spectrum3,4. The theory has had
an enormous impact on biology, chemistry
and physics. Collectively, high-resolution
structural models,ultrafast spectroscopy and
quantum chemical calculations have helped
to expose the complex and, in some cases,
subtle relationships between structure and
light-harvesting in photosynthetic systems.
Indeed, it has turned out that there are only a

Figure 1 Designs for energy transfer. a, Chromophores in a model of light-harvesting complex 
(LH) 2 from the bacterium Rhodopseudomonas acidophila (Fig. 2), radius 3.4 nm. B800
bacteriochlorophyll molecules (blue) are widely spaced and constitute simple donors, but the 
B850 molecules (red) interact strongly and constitute a complex acceptor in a confined geometry.
Through such interactions between molecules, photosynthetic organisms employ quantum
mechanics to funnel absorbed photons to the reaction centre. On time scales of less than 
1 picosecond, energy flows from the 800-nm-absorbing B800 molecules to the 850-nm-absorbing
B850 molecules, and from the carotenoids (yellow) to both B800 and B850. b, A real-space picture of
electronic interactions between molecules on a submolecular scale, as seen in the transition densities
of LH2 bacteriochlorophyll (left) and carotenoid (right) molecules calculated from ground- and
excited-state wavefunctions. The different colours represent the sign of the electron density. Instead
of one average separation between donor and acceptor defining the energy transfer rate, as in Förster
theory, there are clearly many length scales (examples arrowed) over which the various parts of the
donor and acceptor electron densities interact.
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coherence effects are not deployed in the
normal operation of the best-characterized
photosynthetic antenna, the light-harvesting
complex 2 of the bacterium Rhodopseudo-
monas acidophila. But they could play a part
in a system with more extensive delocaliza-
tion among the chromophores or at very 
low temperature.

The work of Jang et al.1 of course leaves
plenty of scope for further investigations.
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For example, what is the interplay between
the length and time scales over which coher-
ent nuclear fluctuations of chromophores
and their surrounding protein are pre-
served? Can experiments be designed to
reveal these quantum effects? And on the
practical side, how can these factors lead to
design strategies for synthetic light har-
vesters with enhanced energy-transfer rates
and efficiencies? ■
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systems with widely spaced chromophores
may be crucial in increasing energy-transfer
efficiency.

Typically,a confined multichromophoric
system allows energy to be moved more
rapidly and effectively using a broad window
of acceptor states.As a result,new definitions
are needed to characterize the donor and 
the acceptor. Physically, they each consist of
multiple chromophores; spectroscopically,
they behave as electronically delocalized
states. The properties of these states are
strongly modified by interactions with 
the chromophores’ environments, making
each donor–acceptor pair in the ensemble
unique.That concept is familiar from single-
molecule experiments9, where the spectro-
scopy of an individual molecule is influenced
by its local environment. A general conse-
quence is that absorption and fluorescence
measurements cannot be used to record a
meaningful measure of the energy transfer
rate, as in the spectral overlaps that consti-
tute the backbone of Förster theory.

These realizations led to the development
of generalized Förster theory, which has
helped to resolve several long-standing 
mysteries in photosynthesis. Paradoxically,
for instance, it has emerged that the same
interactions that produce perfectly efficient
energy transport also allow photosynthetic
organisms to construct molecular safety
valves that dissipate excess excitation energy
that would otherwise cause irreversible
damage10,11. Furthermore, this work has
shown how photosynthetic systems exploit
energetic disorder to improve spectral 
coverage, and reduce energy mismatches to
make the system exceedingly robust against 
thermal and structural variations.

Jang et al.1 have further explored the
multi-component donor–acceptor aspect of
natural antennae, and report an improved
method of calculating the spectral overlap
factors in the generalized Förster theory 
for predicting the rate of energy transfer in
complex multichromophoric systems. They
consider an additional ingredient: a kind of
interchromophore term that accounts for
quantum mechanical coherence among the
chromophores that collectively donate, or
accept,excitation energy.Such an effect,if not
destroyed by environmental fluctuations on
times shorter than that on which the energy
transfer occurs, could lead to increased rates
of energy flow. However, it is still assumed
that such a quantum effect is insignificant in
the donor–acceptor interaction.

In the context of this theory, we can now
determine whether coherent nuclear fluctu-
ations throughout a protein or synthetic
structure can be used to accelerate the rate 
of energy transfer. A signature of coherence
effects is that the entity acting as a donor or
an acceptor will effectively change size as the
amplitude of the environmental fluctuations
changes with a change in temperature. Such
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Genetic code seizes pyrrolysine
Paul Schimmel and Kirk Beebe

Identification of the enzyme that mediates insertion of a rare amino
acid, pyrrolysine, into protein solves a puzzle and expands the rules 
of the genetic code established nearly half a century ago.

The discovery of the genetic code that
translates the information contained
in DNA into proteins ranks as one of

the greatest achievements of the past century.
The code appeared before the split of the tree
of life into the three great kingdoms — Bac-
teria, Archaea and Eukarya — and has been
maintained in all organisms as an algorithm
that relates nucleotide triplets in genes to
specific amino acids in proteins. The code
requires for its implementation a set of 20
universal enzymes — aminoacyl tRNA 
synthetases (one for each amino acid). But
on page 333 of this issue, Blight et al.1 show
that, in certain archaea, an unusual, natural
amino acid is read by the code using a novel
twenty-first aminoacyl tRNA synthetase.

The adaptors responsible for translating
the genetic code from the messenger RNA
(mRNA) into amino-acid sequence are the

transfer RNAs (tRNAs). Each tRNA bears an
‘anti-codon’ sequence that corresponds to
the nucleotide triplet code for a specific
amino acid. Each of the canonical 20 amino
acids is covalently linked to the tRNA that
bears the anti-codon corresponding to the
particular amino acid. This charging reac-
tion, an aminoacylation reaction, is carried
out by the aminoacyl tRNA synthetases,each
synthetase being specific for a particular
amino acid and tRNA. Essentially, the tRNA
reads the position in the mRNA sequence
where its cognate amino acid is supposed to
appear, and holds the amino acid in position
until it is incorporated into the growing 
peptide chain. Three nucleotide triplets —
UAA, UAG and UGA — are used as stop 
signals.

Much effort has gone into artificially 
creating (typically by mutagenesis) new

Figure 2 Rhodopseudomonas — a bacterium 
that makes light work.

A
.P

A
SI

E
K

A
/S

P
L

16.9 news & views 251 MH  10/9/04  5:13 pm  Page 257

©  2004 Nature  Publishing Group


