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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 systémisHowever, 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) experiménts.

In the peridinin-chlorophyll-protein (PCP), an antenna system
f_ound in dino_flagel_lates, the caro_t(_enoio_l peridinin serves as Fhe main Figure 1. Left: Crystal structure of a MFPCP monomer (PDB entry
light-harvesting pigmertt.In addition, it protects the protein by ~ 1PPR)? Each PCP monomer consists of two pseudosymmetric domains
qguenching chlorophyll (Chl) triplet states, thus preventing the (N- and C-domain), each of which contains one lipid (blue), one &hl
formation of harmful singlet oxygen. The crystal structure of the (gretgrg, ﬁﬂ'ﬁ Iﬁ;’gﬁrg”irr‘om‘;'t‘écg'ﬁﬁiié‘;rtagggz that‘:a?]r;;? ";‘inh‘:?fevxlﬁ‘a's
main form of the P.CP trimer (MFPCP) froAmphidinium carterge ?t(r)lr}ncated phytyl chain)pand peridinin cofactgr)'ls in the .N-d?)m.ain; for
has been determined by X-ray crystallography at a resolution of nympering see ref 9.

2.0 A (Figure 1) Recently, a heterologous expression system for
the N-domain of MFPCP was develop®dThe refolding of the
protein in vitro results in a complex called refolded PCP (RFPCP),
with virtually the same structure and spectroscopic properties as
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MFPCP10.11This offers the possibility of incorporation of modified four T Tt @

cofactors into the protein. laser o Jow  mw  echo
lllumination of PCP with red light generates an excited singlet —

state of Chla, which can undergo intersystem crossing to form the f 6us '

chlorophyll triplet state3Chl a. The peridinin molecule 614 is in 14 116 118 120 122 124 &M four = 500ns; T = 9ps; ¢ = 400ns
optimal contact with the Cht-system and is thus able to take over
the triplet exciton with high yield within a few rig.

From time-resolved EPR spectroscopy the zero-field-splitting
(ZFS) parameters D and E and th&alues, as well as the kinetics X1t
of triplet formation and decay can be obtairféd.In Figure 2a the
field-swept echo (FSE) Q-band EPR spectrum of triplet peridinin 3ear
in RFPCP is depicted, which shows a polarization pattern EAEAEA, RFPCP
as a result of intersystem crossing in the Ghmolecule and AJ\J Yi
subsequent triplet transfer to the peridinin 644The ZFS L e~ L\,M—\/\—
parameters obtained from a simulation &> = 48.2 mT and E| positive hfc negative hic

= 4.7 mT28 The EPR signal of the peridinin triplet decays at the 20 5 >

canonicalX, Y, andZ orientations with time constants of 18, 8/44, 19 n . 14
and 11us, respectively. LWU"“/ 7 e W
Application of ENDOR spectroscopyf allows determination I
-5

of the hyperfine coupling constants (hfcs) of the magnetic nuclei 20 15 .10 0 5 1'0 1‘5 20
(I > 0) interacting with the strongly coupled triplet electron spins v, - v, [MHz]
It H

S = 1). From the assigned hfcs, for example of the proténs
E/ f ) idini gf th in-d it d'pt ibuti pfth tri (| t Figure 2. (a) Q-band FSE EPR spectrum of peridinin triplet in RFPCP (A
2) of peridinin, a map of the spin-density distribution of the triplet ~ — absorption, E= emission); (b) Davies ENDOR pulse sequence; (c)

electrons over the molecule can be obtained. However, the shortQ—banle ENDOR spectra recorded at the three canonical orientations

lifetime and low trlplet yleld often preVentS the appllcatlon of X, Y, Zy, which are marked with arrows in the EPR spectrum of panel a,
ENDOR spectroscopy to triplet carotenoiddVe have therefore using the conditions in panel b. At the proton Larmor frequencs narrow
used pulse Q-band (34 GHz) ENDOR spectroscopy, a specially and intense line is visible resulting from nuclear transitions inMlae= 0
manifold. The frequency axis gives the deviation fremin the respective

t Max-Planck-Institut fu Bioanorganische Chemie. spectra. The concentration of RFPCP was about@00and the excitation

* Ruhr-Universita Bochum. wavelength was 630 nAt.

c Q-Band Davies ENDOR
T=80K
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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 ax€sY, andZ according to the DFT
calculations is also given.

Table 1. 'H 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
position® A, A, A, aso A Ay A, aiso
8 35 1.8 4.7 3.3 29 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 —-114 —-41 -98 -—-12.7 -89
15 -39 -85 —-105 -76 —-26 -77 -92 -6.5
15 -10 -41 -33 -28 -05 -38 -33 -25
14 -10 -36 -33 -26 -11 -51 -50 -37
20* 7.7 6.1 7.0 6.9 6.7 5.0 5.9 5.8
7 -36 —-67 —-82 -62 -30 -74 -91 -6.5

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

designed resonator with large sample access and illumination slits,

and a sequence with optimized microwave (mw) and radiofrequency
(rf) pulses for our experiment8.The increased sensitivity and
spectral resolution of this setup enabled the study of carotenoid
triplet states with good signal-to-noise ratio.

IH ENDOR spectra of triplet peridinin in RFPCP are shown
in Figure 2ct® According to the ENDOR resonance condition
venpor = |vn — MSA| the hfcs including their signs, relative to
that of D, can directly be obtained from the speéttaThe hfc

tensors are deduced from orientation selected spectra recorded at

different magnetic fields, for example, corresponding to the
canonical orientations of thB tensor Ky, Y), andZ, 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).22

The two largepositive hfcs with small anisotropy can be safely
assigned to the methyl group protons (positions 28); the five
largestnegatve hfcs show a large anisotropy (cf. Figure 2c), they
are assigned ta-protons directly attached to the peridimirsystem.

A tentative assignment of the measured larger couplings to
molecular positions in peridinin is achieved by a comparison with

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

This study has provided detailed information about tHehfc
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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