
before the uracil is fully extruded8. A uracil
analogue that is unable to hydrogen-
bond within the uracil-specific pocket 
may mimic this intermediate12. Together,
these studies1,8,12 suggest that a multi-step
base-recognition process is a common 
strategy used by BER glycosylases to guaran-
tee accurate base excision. Exploitation of
Banerjee and colleagues’ covalent trapping
strategy may result in the detection of other
intermediates in this process. In particular,
clamping hOGG1 in the proximity of an A–T
base pair may give insight into how it is 
dismissed by the enzyme. ■
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bacteriochlorophyll groups whose absorp-
tion characteristics give these complex 
molecules their typical colour, and which 
correspond to the cofactors of a photosyn-
thetic light-harvesting protein. Fleming and
colleagues’spectra of �� versus �t over a range
of waiting times change with T because
energy is transferring between the cofactors
as the system tends to equilibrium in its elec-
tronically excited state. The new method
allows the energy transfer to be tracked on a
cofactor-by-cofactor basis, providing a pic-
ture in space and time of the reorganization
of the energy between the bacteriochloro-
phyll molecules in the light-harvesting com-
plex of the bacterium Chlorobium tepidum.

The experiment clearly reveals which of
the cofactors are coupled, and also yields the
timescales of the energy flow between them.
It is notable that the experimental two-
dimensional electronic spectrum can be
reproduced by a numerical analysis based on
the electronic wavefunctions of the cofactors
and a quantum theory of the interaction of
cofactors with each other and with the pro-
tein environment. Theory and experiment
combined have thus generated a molecular-
scale map of the energy reorganization
occurring within the light harvester, allow-
ing us to visualize how it feeds energy to the
reaction centre.

Because of its relatively broad band-
width, this experimental method will not 
be restricted to the measurement of equilib-
rium dynamics. The pulse sequences that
generate the photon echo could be applied 
to a system that has been kicked into a non-
equilibrium state by another laser pulse. The
new two-dimensional electronic and infra-
red methods are structural probes of the
kinetics of chemical changes over a wide
range of timescales dictated only by the abil-
ity to introduce spatial or electronic delays
between short laser pulses; in comparison,
the range over which kinetic data can be
acquired with NMR is limited at present to
tens of milliseconds12.Furthermore,with the
new techniques, the distance scale of the
electronic couplings that can be measured
can reach tens of nanometres, much more
than is possible with NMR or two-dimen-
sional infrared,both of which operate only at
distances up to about 1 nm.

The approach detailed by Fleming and
co-workers2 thus opens a new era of elec-
tronic spectroscopy — one in which we can
expect to visualize combined space–energy
relationships between interacting electronic
systems at the nanometre scale in a wide 
variety of applications. Ultimately these
approaches will replace conventional ultra-
violet, visible and infrared spectroscopy,
because not only do they contain the struc-
tural information of the conventional 
spectra but they also tell whether or not 
the structural elements responsible for the
absorption bands are near each other. The

news and views

How light is converted into chemical
energy in a photosynthetic system is
largely determined by the vibrational

and electronic dynamics of the complex bio-
logical macromolecules involved. An essential
step in the elucidation of these mechanisms
is the combined determination of structure
and dynamics. The extension of nuclear mag-
netic resonance (NMR) spectroscopy into
multiple dimensions1 was introduced not
long ago as one of the great advances in the
study of the structure of proteins in solu-
tions. Now, Fleming and co-workers2, writ-
ing on page 625 of this issue, have transferred
these principles of multidimensional spec-
troscopy to the electronic spectrum, where
the wavelengths are about 10�7 of those in
the NMR regime. This has allowed the first
direct measurement of electronic couplings
combined with the dynamics of excitations
transferring between molecular energy levels
in photosynthetic antennas.

The dimension of a spectroscopy refers to
the number of independently variable time
intervals between the field pulses that induce
the signals. For example, with three fem-
tosecond laser pulses there are three time
intervals of interest — that between the first
and second pulses (�, the coherence time);
that between the second and third (T, the
waiting time); and the interval (t, the detec-
tion time) between the third pulse and the
detected photon-echo field emitted by the
sample in response to all three pulses. The
three-dimensional grid of experimental data
points obtained by varying these time inter-
vals then defines a response in the time
domain that can readily be converted to a

three-dimensional spectrum in the frequen-
cies ��, �T and �t by Fourier transformation
along the three time axes. The unique aspect
of such spectra is that they exhibit cross
peaks at spectral points (����A, �t��B)
linking two transitions between molecular
energy levels at the frequencies �A and �B.
These cross peaks are present only because
the structural components A and B of the
system are able to sense one another’s pres-
ence. In other words, A and B are close
enough to be coupled and the pulse sequence
must be inducing transitions between them.
This information is not exposed directly by
spectra in one dimension.

Multi-dimensional spectroscopy show-
ing coupling between different structural
units has also been demonstrated for electron
paramagnetic resonance3 spectroscopy, for
which the wavelengths used are much smaller
than in NMR but still in the centimetre range,
where the phase is relatively easy to control.
More recently, experiments analogous to
those using NMR have been performed in 
the infrared region of the spectrum4 at a
wavelength of 6 �m, enabling the coupling
between molecular vibrations to be exposed.
Two-dimensional infrared spectroscopy has
now become an active field of theoretical5

and experimental research, with applications
in unravelling the dynamic structures of
peptides and proteins6–10, and liquids11.

Fleming and colleagues2 introduce two-
dimensional spectra at a wavelength near the
visible range (0.8 �m). The spectra are used
to spread electronic transitions into two
dimensions and expose the pattern of
electronic couplings between the seven 

Techniques

Spectroscopy at a stretch
Robin M. Hochstrasser

Two-dimensional spectroscopy can now be done using visible light. This
allows the electronic couplings between energy levels to be measured
directly and sheds new light on how molecules function in photosynthesis.

570 NATURE | VOL 434 | 31 MARCH 2005 | www.nature.com/nature

31.3 N&V 569 NR  24/3/05  6:11 pm  Page 570



next stage in the advancement of this tech-
nology will be to access even shorter wave-
lengths at which the residues and backbones
of proteins and the bases of DNA have their
electronic transitions. ■
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news and views

Most animals and plants are sexual,
and in organisms that normally
multiply asexually, such as microbes

and some groups of fungi, sexual processes
are rarely completely absent. Such a wide-
spread process must have an essential 
function. To their embarrassment, however,
evolutionary biologists have had great diffi-
culties in finding a simple and general expla-
nation. As they describe elsewhere in this
issue, Goddard and colleagues (page 636)1

have used twenty-first-century techniques 
to provide confirmation of an idea, first
mooted in the nineteenth century, as to why
sex is good.

Sexual reproduction involves the 
marriage of genetic material from two 
parents to form progeny that transmit new 

combinations of paternal and maternal
genes to their offspring. It has spectacular
consequences for the biology of organisms
that extend beyond its evolutionary essence
— the generation of new genetic combina-
tions. In a world without sex there would be
no males and females, no flowers, no insects
specialized in pollinating them, no extrava-
gant colour and form like the peacock’s tail;
and much animal behaviour aimed at find-
ing and selecting mates would not exist.

A large body of theory proposes a variety
of hypothetical evolutionary advantages of
sexuality and the genetic shuffling (recombi-
nation) that it involves2,3. Discriminating
between these theories empirically has proved
very hard. But Goddard et al.1 present the
results of an elegant and rigorous experiment

with yeast, showing that a sexual population
evolves faster than an asexual population
when challenged by a novel environment.

When supplied with sufficient nutrients,
yeast cells reproduce vegetatively (asexu-
ally), but if starved they undergo the process
of meiosis, producing four spores that are
functionally equivalent to the gametes
involved in sexual reproduction. These
spores then fuse in pairs to produce the next
generation of vegetative cells (Fig. 1). God-
dard et al. constructed an asexual yeast strain
from a normal strain by deleting two genes
(SPO11 and SPO13) that are required for
normal recombination and meiosis. This
asexual strain differs from the sexual strain
only in its ability to undergo meiotic recom-
bination. When starved, the asexual strain
forms two diploid spores, which are geneti-
cally identical to the parental cell, instead of
the four recombinant haploid spores pro-
duced by the sexual strain.

The authors set out to test an idea, which
traces back to August Weismann4,5 in the late
nineteenth century,that sex increases genetic
variation and thereby promotes evolution-
ary adaptation.Subjecting many generations
of both the sexual strain and the engineered
asexual strain to two novel environments,
harsh and benign, they measured adaptation
as increased ‘fitness’ (in this case, growth
rate) relative to the non-evolved ancestral
strain. In the benign environment, in which
growth is limited by glucose concentration
and where there is little selection,Goddard et
al. observed no fitness increase in either the
sexual or the asexual strains. However, in the
harsh environment — having the same 
glucose concentration but at a higher tem-
perature and with more demanding osmotic
conditions — the sexual strain reached an
increase in growth rate of 94% but the 
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Evolutionary biology

Why sex is good
Rolf F. Hoekstra

According to a proposal put forward many years ago, sexual reproduction
makes natural selection more effective because it increases genetic
variation. Experiments now verify that idea — at least in yeast. 

Figure 1 Yeast reproduction, and Goddard and
colleagues’ experiments1. Vegetative (diploid)
cells proliferate asexually when food is available,
but starvation induces sporulation; these diploid
cells have both forms (a, �) of the ‘mating type’
gene. a, In the sexual strain sporulation involves
meiosis, and so genetic recombination, and
results in haploid spores that differ in genetic
composition in mating type and elsewhere in 
the genome (indicated by the different colours).
Pairs of spores with opposite mating type then
fuse to produce a new generation of diploid
vegetative cells. b, In the asexual strain,
engineered to form unrecombined diploid
spores but otherwise identical to the sexual
strain, sporulation does not increase genetic
variability. Here the diploid spores develop
directly into the new vegetative cells. When 
both strains are grown in a harsh environment,
the sexual strain shows faster evolutionary
adaptation than the asexual strain, seen 
in terms of growth rate, owing to its greater
genetic variability.
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