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Carotenoids fulfill several important functions in nature, such
as light harvesting, photoprotection, and dissipation of excess
energy, for example, in photosynthetic systems.1-3 However, little
is known about the detailed electronic structure of the short-lived
excited states of carotenoids that play a role in these processes.
Such information is, in principle, accessible for the carotenoid triplet
state from application of time-resolved (pulse) EPR and electron-
nuclear double resonance (ENDOR) experiments.4-7

In the peridinin-chlorophyll-protein (PCP), an antenna system
found in dinoflagellates, the carotenoid peridinin serves as the main
light-harvesting pigment.8 In addition, it protects the protein by
quenching chlorophyll (Chl) triplet states, thus preventing the
formation of harmful singlet oxygen. The crystal structure of the
main form of the PCP trimer (MFPCP) fromAmphidinium carterae
has been determined by X-ray crystallography at a resolution of
2.0 Å (Figure 1).9 Recently, a heterologous expression system for
the N-domain of MFPCP was developed.10 The refolding of the
protein in vitro results in a complex called refolded PCP (RFPCP),
with virtually the same structure and spectroscopic properties as
MFPCP.10,11This offers the possibility of incorporation of modified
cofactors into the protein.

Illumination of PCP with red light generates an excited singlet
state of Chla, which can undergo intersystem crossing to form the
chlorophyll triplet state,3Chl a. The peridinin molecule 614 is in
optimal contact with the Chlπ-system and is thus able to take over
the triplet exciton with high yield within a few ns.12

From time-resolved EPR spectroscopy the zero-field-splitting
(ZFS) parameters D and E and theg values, as well as the kinetics
of triplet formation and decay can be obtained.4,5,7 In Figure 2a the
field-swept echo (FSE) Q-band EPR spectrum of triplet peridinin
in RFPCP is depicted, which shows a polarization pattern EAEAEA,
as a result of intersystem crossing in the Chla molecule and
subsequent triplet transfer to the peridinin 614.12 The ZFS
parameters obtained from a simulation are|D| ) 48.2 mT and|E|
) 4.7 mT.13 The EPR signal of the peridinin triplet decays at the
canonicalX, Y, andZ orientations with time constants of 18, 8/44,
and 11µs, respectively.

Application of ENDOR spectroscopy6,16 allows determination
of the hyperfine coupling constants (hfcs) of the magnetic nuclei
(I > 0) interacting with the strongly coupled triplet electron spins
(S ) 1). From the assigned hfcs, for example of the protons (I )
1/2) of peridinin, a map of the spin-density distribution of the triplet
electrons over the molecule can be obtained. However, the short
lifetime and low triplet yield often prevents the application of
ENDOR spectroscopy to triplet carotenoids.17 We have therefore
used pulse Q-band (34 GHz) ENDOR spectroscopy, a specially
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Figure 2. (a) Q-band FSE EPR spectrum of peridinin triplet in RFPCP (A
) absorption, E) emission); (b) Davies ENDOR14 pulse sequence; (c)
Q-band1H ENDOR spectra recorded at the three canonical orientations
XII , YII , ZII , which are marked with arrows in the EPR spectrum of panel a,
using the conditions in panel b. At the proton Larmor frequencyνH a narrow
and intense line is visible resulting from nuclear transitions in theMS ) 0
manifold. The frequency axis gives the deviation fromνH in the respective
spectra. The concentration of RFPCP was about 200µM, and the excitation
wavelength was 630 nm.15

Figure 1. Left: Crystal structure of a MFPCP monomer (PDB entry
1PPR).9 Each PCP monomer consists of two pseudosymmetric domains
(N- and C-domain), each of which contains one lipid (blue), one Chla
(green), and four peridinin molecules (orange) that are in van der Waals
contact with the Chl to promote efficient energy transfer. Right: Chla
(truncated phytyl chain) and peridinin cofactors in the N-domain; for
numbering see ref 9.
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designed resonator with large sample access and illumination slits,
and a sequence with optimized microwave (mw) and radiofrequency
(rf) pulses for our experiments.15 The increased sensitivity and
spectral resolution of this setup enabled the study of carotenoid
triplet states with good signal-to-noise ratio.

1H ENDOR spectra of triplet peridinin in RFPCP are shown
in Figure 2c.18 According to the ENDOR resonance condition
νENDOR ) |νH - MSA| the hfcs including their signs, relative to
that of D, can directly be obtained from the spectra.6,16 The hfc
tensors are deduced from orientation selected spectra recorded at
different magnetic fields, for example, corresponding to the
canonical orientations of theD tensor (XII , YII , andZII in Figure
2c; see also Figure S1 in Supporting Information).

At least 13 proton hyperfine couplings have been resolved,
comparable to the number of protons in the conjugated part of the
peridinin (see Figure 2c and Figure 3). This confirms that the trip-
let is localized on one specific peridinin molecule at low temperature
(80 K).12

The two largepositiVe hfcs with small anisotropy can be safely
assigned to the methyl group protons (positions 19′, 20); the five
largestnegatiVe hfcs show a large anisotropy (cf. Figure 2c), they
are assigned toR-protons directly attached to the peridininπ-system.
A tentative assignment of the measured larger couplings to
molecular positions in peridinin is achieved by a comparison with

DFT calculations19 of the hfc tensors (see Table 1). The calculated
spin-density plot is depicted in Figure 3.

This study has provided detailed information about the1H hfc
tensors and the spin density distribution of the excited triplet state
of the carotenoid peridinin in the RFPCP antenna. The combined
EPR/ENDOR experiments described here can be extended to
elucidate the electronic structure of other short-lived carotenoid
triplet states, opening new perspectives in the investigation of the
functional details of these important molecules on a molecular level
with atomic resolution.
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Figure 3. Molecular structure of the carotenoid peridinin (IUPAC
numbering) and spin density plot of peridinin 614 in its excited triplet state.
The orientation of the ZFS tensor axesX, Y, andZ according to the DFT
calculations is also given.

Table 1. 1H Hyperfine Coupling Constants (MHz) of Peridinin
Triplet in RFPCP Obtained from ENDOR Spectroscopy and DFT
Calculations. A Tentative Assignment to Molecular Positions
(Figure 3) Is Provided.

experimental DFT calculation

positiona Ax Ay Az aiso Ax Ay Az aiso

8′ 3.5 1.8 4.7 3.3 2.9 1.4 4.1 2.8
19′* 11.5 9.8 10.8 10.7 10.0 8.0 8.8 8.9
10′ 2.8 1.2 3.9 2.6 1.9 0.2 3.1 1.7
11′ -6.6 -11.7 -16.0 -11.4 -4.1 -9.8 -12.7 -8.9
15′ -3.9 -8.5 -10.5 -7.6 -2.6 -7.7 -9.2 -6.5
15 -1.0 -4.1 -3.3 -2.8 -0.5 -3.8 -3.3 -2.5
14 -1.0 -3.6 -3.3 -2.6 -1.1 -5.1 -5.0 -3.7
20* 7.7 6.1 7.0 6.9 6.7 5.0 5.9 5.8
7 -3.6 -6.7 -8.2 -6.2 -3.0 -7.4 -9.1 -6.5

a The asterisks mark the magnetically equivalent protons of the rotating
methyl groups. All hfc tensor axes are collinear to the ZFS tensor axes
within 20°.
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