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We present the first direct evidence of the presence of an intermediate singlet 
excited state (Sx) mediating the internal conversion from S2 to S, in carotenoids. 
The S2 to Sx transition is extremely fast and is completed within approximately 50 
femtoseconds. These results require a reassessment of the energy transfer path- 
ways from carotenoids to chlorophylls in the primary step of photosynthesis. 
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tal part of the earliest reaction in photosynthesis 
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noids is rapidly and efficiently transferred to the 
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primary producers such as dinoflagellates sur- 
vive solely on light absorbed by their carote- 
noids (4). Other than their role in photosynthe- 
sis, carotenoids are also widely studied as mod- 
els for conjugated polymers (5) and are candi- 
dates for molecular electronics applications. 
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Classically, carotenoid photophysics has 
been interpreted in terms of two low-lying 
excited singlet states, called S2 (1 'Bu) and 

S1 (21Ag-) (2). Due to selection rules, the 
one photon allowed transition from the 
ground state SO (1'Ag-) goes to S2, which 
then internally converts to S in a few 
hundred femtoseconds (8-10). Decay from 

S, to the ground state then occurs in a few 
picoseconds. Singlet-singlet resonant ener- 
gy transfer from carotenoids to chloro- 
phylls has been described, depending on 
the antenna complex involved, as going 
either from S2 to the chlorophyll Qx excited 
state or from S1 to the Qy state (3, 7); in 
some complexes, both pathways are active 
(11). Theoretical calculations (12, 13) had 

Fig. 1. Differential transmission spectra 
in all-trans (-carotene in cyclohexane 
solution at different time delays after 10 
photoexcitation by a 15-fs pulse reso- 
nant with the So -> S2 transition. A 
sub-10-fs visible pulse probes the 500- 
to 710-nm wavelength region, whereas 
a 12-fs near-infrared pulse probes the 
820- to 1020-nm region. 

predicted additional excited states for caro- 
tenoids, and recently, they were supported 
by experimental results suggesting that 
carotenoids may have an additional excited 
singlet state (which we call Sx) of 'BU- 
symmetry, lying between S2 and S, (14- 
17). Because of the extremely fast time 
scales of the processes involved, however, 
this intermediate state was not directly ob- 
served, and its existence was debated. 

The recent availability of pulses with 10- 
to 20-fs duration, tunable throughout the vis- 
ible and the near infrared, allows us to probe 
the early events of energy relaxation in caro- 
tenoids with unprecedented temporal resolu- 
tion (18). Here, we exploit this improved 
temporal resolution, to directly monitor the 
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Fig. 2. (A) Circles show dif- 
ferential transmission dy- 
namics in all-trans p-caro- 
tene at 560-nm probe wave- 
length after photoexcitation 
with a 15-fs pulse resonant 
with the So -- S2 transition. 
Solid lines are fits obtained 
using the four-state model 
described in the text and 
convoluting the system re- 
sponse with the pump-probe 
cross-correlation function. 
(B) Same as (A), at 650-nm 
probe wavelength. (C) Same 
as (A), at 850-nm probe 
wavelength. (D) Same as (A), 
at 980-nm probe wavelength. 
The inset in (C) shows the 
rise times of the signals at 
850 nm (solid line) and 980 
nm (dotted line), together 
with a pump-probe cross- 
correlation (squares). 
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dynamical resolution of the intermediate Sx 
state. 

We studied two carotenoids, p-carotene 
and lycopene, in cyclohexane solution at 
room temperature. Both molecules were ex- 
cited by 15-fs blue pulses centered at 510 nm, 
resonant with the SO to S2 (SO -> S2) transi- 
tion (19), and the temporal evolution of dif- 
ferential transmission was probed in the vis- 
ible spectral range (500 to 700 nm) using 
sub-10-fs pulses and in the near-infrared 
range (820 to 1020 nm) using 12-fs pulses. 
Pump and probe pulses were derived from 
two independent non-collinear optical para- 
metric amplifiers (20-22). 

Figure 1 shows differential transmission 
spectra in all-trans-3P-carotene at three differ- 
ent time delays after photoexcitation. After 
the pump pulse, we observe the prompt ap- 
pearance of a broad photoinduced absorption 
(PA) band, extending from 600 to 950 nm; 
we call this band PA2. The band decays very 
quickly and is replaced, within -50 fs, by 
another band (PAX) peaking at 980 nm; PAX 
decays on the 100-fs time scale with a kinetic 
matching the formation of a new band (PA,) 
peaking at 565 nm. The PA, band is a well- 
known feature of carotenoids (8, 18) and is 
assigned to the S1 -> Sn absorption, thus 

providing a spectral signature of the internal 
conversion process. The PAX band was also 
previously observed (17, 23) and attributed to 
transient absorption from the S2 state. These 
data are at variance with those expected in the 
classical three-level picture of carotenoid sin- 
glet states and indicate the presence of an 
extra state between S2 and S,. We assigned 
PA and PAx to transient absorption from the 
S2 and Sx states, respectively; the very rapid 
decay of PA2 and the corresponding rise of 
PAX highlight the initial S2 -> SX conversion 
process. The subsequent decay of PAx and 
rise of PA1 correspond to the Sx -> SI 
conversion. 

This photoexcitation scenario is con- 
firmed by differential transmission dynamics 
at different probe wavelengths (Fig. 2). At a 
wavelength of 850 nm (Fig. 2C), we see an 
instantaneously rising signal, due to the PA2 
band, which decays within 50 fs; at longer 
times, we observe a tail of the PAX band, 
disappearing within - 400 fs. At a wave- 
length of 980 nm (Fig. 2D), we see the de- 
layed PAX absorption, with a rise time match- 
ing the PA2 decay and a subsequent decay, 
over the time scale of a few hundreds of 
femtoseconds, to form PA1. The PA, band is 
best monitored at a wavelength of 560 nm 
(Fig. 2A); it does not rise instantaneously 
after photoexcitation, but is rather delayed 
by - 50 fs, in agreement with our kinetic 
model. At a wavelength of 650 nm (Fig. 2B), 
we observe, again, at early times a signature 
of the PA2 band followed by the slow rise of 
PA1. The inset in Fig. 2 shows the initial 
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kinetics of PA2 and PAX. On this expanded 
time scale, the delay in the formation of PAx 
relative to PA2 is clearly seen. The pump- 
probe cross-correlation illustrates that this de- 
lay is well resolved. Figure 2 also shows, as 
solid lines, exponential fits using a four-level 
model, which allow us to extract the time 
constants T2x = 10 

+ 

2 fs for the S2 - Sx 
conversion process and TxI = 150 fs for the 

Sx -> Si conversion process (use of rate 
equations should be considered as a first or- 
der approximation to describe the extremely 
fast S2-->S conversion process). 

In order to be sure that our observations 
are applicable to carotenoids other than 
P-carotene, we extended our experiments to 
include lycopene. Differential transmission 
dynamics at relevant wavelengths are report- 
ed in Fig. 3. These data can also be explained 
by introducing an intermediate state; a three- 
level model is unable to explain the delay in 
the formation of Sx absorption (980-nm trace) 
and in the onset of the exponential rise of SI 
absorption (560-nm trace). Exponential fits 
(solid lines in Fig. 3) give T2x = 9 + 2 fs and 

Tx = 90 fs, for lycopene. 
Previous studies have used time-resolved 

fluorescence to monitor the S2 to SI transition 
in carotenoids (9, 10). Typically the decay of 
the fluorescence signal from S2 kinetically 
matches the rise time of SI, monitored by the 
appearance of the S1 -> Sn absorption. This 
was interpreted as strong evidence for the 
classical three-level model (Fig. 4A). How- 
ever, theoretical work by Tavan and Schulten 
(12, 13) on long polyenes had previously 
calculated the energy levels of a number of 
so-called "covalent states" lying below the 
first excited ionic state (S2). For the back- 
bone lengths relevant to our study, their cal- 
culation predicted the presence of an addi- 
tional low-lying excited singlet state, the Sx 
state, between S2 and Sl, resulting in the 
four-level scheme for the excited-state relax- 
ation (Fig. 4B). The first experimental con- 
firmation of an Sx state was provided by 
Koyama et al. (14, 15). Using resonance Ra- 
man spectroscopy, this group located what 
they designated a 1 BU- state between S2 and 

St. This evidence was supported by time- 
resolved studies. Zhang et al. (16), studying 
excited-state dynamics of all-trans-neuros- 
porene in the near infrared, needed to assume 
a four-level model to fit the experimental data 
by a singular-value decomposition algorithm. 
Yoshizawa et al. (17), studying the vibration- 
al relaxation of S1 of 3-carotene by femto- 
second time-resolved Raman spectroscopy, 
also required an additional state between S2 
and SI to fit their results. The time resolution 
used in these experiments ( 150 fs) did not 
allow this proposed intervening state to be 
directly observed. 

With our enhanced temporal resolution, 
we have unequivocally resolved this interme- 
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diate state both in 1-carotene and lycopene. 
We must now consider whether it is indeed a 
distinct electronic state or some relaxed form 
of S2. For the following reasons, we favor the 
idea that this is a distinct electronic state. Our 
excitation pulse at 510-nm overlaps only the 
low-energy side of the carotenoids absorption 
band, thus enabling selective excitation of the 
zero-phonon line of the SO -> S2 transition. 
Therefore, we expect only rather small vibra- 
tional relaxation to be possible. The large 
shift in the position of the transient differen- 
tial transmission spectra of PA2 and PAX 
(Fig. 1) is incompatible with the expected 
small vibrational relaxation. In addition, vi- 
brational relaxation would be expected to 
shift the PA2 band to the blue, as observed for 
the PAI band (17, 18), and not to the red (24). 
We note that the S2 -> Sx internal conversion 

process takes place on an extremely fast time 
scale, comparable to the periods of nuclear 
vibrations coupled to optical transitions, 
which are in the 20-fs range (18, 25). There- 
fore the adiabatic approximation, commonly 
used to describe excited-state dynamics, fails 
and the reaction should be described as pro- 
ceeding along a diabatic pathway linking the 
S2 and Sx potential energy surfaces (26). A 
full molecular dynamics simulation rather 
than the simple rate equation model used in 
this work, would be required to satisfactorily 
describe this process. 

Tavan and Schulten's calculations pre- 
dicted that this intermediate state should be 

Probe Delay (fs) 

nonemissive. Our data, however, provide ev- 
idence that the Sx state in P-carotene is emis- 
sive (see trace at 560 nm in Fig. 2 and 
differential spectrum at 50-fs delay, showing 
stimulated emission). This reconciles our 
data with the previous fluorescence up-con- 
version experiments and explains why those 
experiments failed to identify the intermedi- 
ate state, detecting an overlap of the fluores- 
cence signals from S2 and Sx. How can we 
explain the predictions of Tavan and Schulten 
that this new state should be nonemissive? 
Their calculations invoked strict selection 
rules based on perfect C2h symmetry and 
noninteracting states. The Sx state could be 
activated by vibronic coupling with the S2 
state, due to their small energy difference. 
Another possibility, which we consider more 
likely, is that departure from the planar con- 
figuration, consequent to conformational re- 
arrangement in the excited state after photo- 
excitation, may relax the spatial selection 
rules and thus activate emission from Sx. 

The identification of an intermediate 
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Fig. 3. (A) Circles show differential transmis- 
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dophila was determined to be 61 fs (11). 
The carotenoid in this complex, rhodopin 
glucoside, like lycopene has 11 conjugated 
double bonds. If we take the time scale for 
the S2 to S, transition from this report, then 
at least some of this energy transfer must 
involve Sx. Indeed, if S2 was the only state 
from which energy transfer could occur, 
then the efficiency would be expected to be 
much lower than the measured value of this 
LH2 complex, which is 50%. This report 
illustrates again the remarkable subtlety of 
the photophysical behavior of carotenoids. 
The exact electronic designation of Sx and 
its involvement in the molecular mecha- 
nisms of carotenoid-to-chlorophyll singlet- 
singlet energy transfer remain to be 
determined. 
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To explore the role of mitochondrial activity in the aging process, we have 
lowered the activity of the electron transport chain and adenosine 5'-triphos- 
phate (ATP) synthase with RNA interference (RNAi) in Caenorhabditis elegans. 
These perturbations reduced body size and behavioral rates and extended adult 
life-span. Restoring messenger RNA to near-normal levels during adulthood did 
not elevate ATP levels and did not correct any of these phenotypes. Conversely, 
inhibiting respiratory-chain components during adulthood only did not reset 
behavioral rates and did not affect life-span. Thus, the developing animal 
appears to contain a regulatory system that monitors mitochondrial activity 
early in life and, in response, establishes rates of respiration, behavior, and aging 
that persist during adulthood. 
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During a systematic screen of a C. elegans 
chromosome I RNAi library (1, 2), we found 
that animals grown on bacteria expressing 
double-stranded RNA (dsRNA) encoding a 
component of the mitochondrial ATP syn- 
thase (atp-3) lived much longer than normal 
(3) (Fig. 1A, table S1). RNAi of three genes 
encoding respiratory-chain components also 
extended life-span: nuo-2, which encodes a 
component of complex I (NADH/ubiquinone 
oxidoreductase); cyc-1, which encodes a 
component of complex III (cytochrome c re- 
ductase); and cco-1, which encodes a compo- 
nent of complex IV (cytochrome c oxidase) 
(Fig. 1A, table Sl) (3). Treatment of wild- 
type animals with antimycin A, which inhib- 
its complex III (4), increased life-span as 
well (3) (Fig. 1D, table S1). 

RNAi of respiratory-chain components also 
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affected growth and behavior. The animals 
were smaller than normal. They were well pro- 
portioned (fig. S 1, table S2) and did not have an 
obvious decrease in cell number. We counted 
cells in two postembryonic lineages, the vulval 
and epidermal seam cell lineages (5), and found 
that cell number was normal (3). Thus, in these 
tissues (and likely in others as well), a metab- 
olite whose level is regulated by mitochondrial 
respiration acts as a signal to control cell size. 
Small body size itself is unlikely to extend 
life-span, because mutants defective in daf-4, 
which encodes a transforming growth factor-p 
type II receptor (6), are small but not long-lived 
(7). Respiratory-chain RNAi also decreased the 
rate of growth to adulthood, as well as the rates 
of pharyngeal pumping (eating) and defecation 
(table S2). In addition, the animals moved more 
slowly than normal (table S2). 

Inhibition of a component of respiratory 
chain complex III, isp-1, in C. elegans has been 
shown to reduce oxygen consumption (8). In- 
hibiting respiratory-chain components and ATP 
synthase would also be predicted to reduce 
ATP levels. We found that ATP levels were 
reduced 60 to 80% in animals subjected to 
cyc-l (complex III) or atp-3 (ATP synthase) 
RNAi and 40 to 60% in animals treated with 
nuo-2 (complex I) or cco-l (complex IV) RNAi 
(3) (Fig. 2).6 These findings, and the fact that all 
these proteins are known to function together in 
the processes of respiration and ATP produc- 
tion, suggest that reducing the rates of respira- 
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