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The spectroscopic properties of peridinin in solution, and the efficiency and dynamics of energy transfer
from peridinin to chlorophylla in the peridinin-chlorophyltprotein (PCP) fromAmphidinium carterage

were studied by steady-state absorption, fluorescence, fluorescence excitation, and fast transient optical
spectroscopy. Steady-state measurements of singlet energy transfer from peridinin to chlorophyll revealed an
88 + 2% efficiency. Fast-transient absorption experiments showed that the exctdeSof peridinin decayed

in 13.4+ 0.6 ps in methanol and 34 0.4 ps in the PCP complex after direct excitation of the carotenoid.
The onset of the bleaching of the chlorophyll absorption band at 672 nm, signifying the arrival of the excitation
from the carotenoid, occurred in 3220.3 ps. These data show that the primary route of energy transfer from
peridinin to chlorophyll in the PCP complex is through thesg&te of peridinin. Nanosecond time-resolved
transient optical spectroscopy revealed that chlorophyll triplet states are efficiently quenched by peridinin
whose triplet state subsequently decays with a lifetime of1Dus in the PCP complex. Close association
between the peridinins and chlorophylls, which is clearly evident in the 3-D structure of the PCP complex,
along with proper alignment of pigments and energy state matching are responsible for the high efficiencies
of the photochemical processes.

Introduction complex from Rps. acidophilastrain 10050, which has a
¢ carotenoid-to-Chl pigment stoichiometry of either 1 or 2

protein complexes for harvesting light energy and converting rhodopin glucoside m_ol_ecules to 3 bactegng)chloroph"i/llms

it into chemical potentiat. These light-harvesting, or antenna, 20 €nergy transfer efficiency of only40%2™® A knowledge
pigment-protein complexes are responsible for binding the vast of the moIepuIar structures of these proteins is essentlgl 'for
majority of the chlorophyll (Chl) and carotenoid pigments found Understanding their spectroscopic properties and for building
in nature. Several of these antenna complexes have bee uantitative models th‘?‘t d_escrlbe how they function as light-
crystallized, and their structures have been solved to high- N@rvesting complexes in vivo. . _ _
resolution using X-ray or electron diffraction techniques. This [N Th'S paper, the spectroscopic properties qsgopmte;d with the
group of complexes consists of the LH2, or B800-850, proteins [0W-lying excited states of the carotenoid, peridinin (Figure 1),
from Rhodopseudomonas (Rps.) acidoplsiteain 10058 and in solution, and t_heT (_afflmency anql dynamics of energy transfer
Rhodospirillum molischianufhthe LHC-Il complex from higher 0 and from peridinin and Ché in the PCP complex from
plants? the water-soluble FMO complex froRrosthecochloris ~ Amphidinium cartera@re examined. There are two important
aestuarii® and the peridinirChl—protein (PCP) complex from low-lying excited singlet states of peridinin that can poter_1t|ally
the dinoflagellate, Amphidinium carteraé The structures,  actas energy donors to Chl. These are denoteah8 . Itis
pigment stoichiometries, and physical properties of these generally accepted that for polyenes and carotenoids, tie®
complexes vary widely, and therefore it is difficult to draw any POSsesses gsymmetry in the idealize@n point grouptt—*2
general conclusions regarding the mechanism by which light- Electronic transitions to and _from1$md the ground _state,
harvesting is accomplished. For example, the carotenoid-to-Chldenoted & and also possessing,Aymmetry, are forbidden
stoichiometry of the LHC-II complex from higher plants£ by symmetry; i.e. the §— S; (1'Ag — 2'Ag) transition is
carotenoids, most likely luteins, to 12 Calandb moleculest forbidden. Electronic transitions to and from the Sate and

In the PCP complex, the stoichiometry is 8 peridinins to 2 Chl the ground state are allowed, however, becayspoSsesses
amolecules These pigment stoichiometries are very different, Bu Symmetry in the idealizedCsn point group. The strong
yet both of these complexes have carotenoid-to-Chl singlet @bsorption in the visible region characteristic of all polyenes

energy transfer efficiencies approaching 1008The LH2 and carotenoids is attributable to the-S S, (1'Ag — 1'By)
transition. The present work addresses the issue of which of

Photosynthetic organisms make use of discrete pigmen
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solvent blank taken under identical conditions. The fluorescence
spectra were also corrected for the wavelength dependences of
the optical components using a correction factor generated by
a Spectral Irradiance 45 W quarthalogen tungsten coiled
filament lamp standard.

Time-Resaled Optical Spectroscopywo different transient
optical spectrometers were used. One has time resolution to 7
. ) . ns and the other has time resolution to 140 fs. For the
explores the dynamics of the quenching of @lttiplet states  5n65econd experiments, 4D of a degassed solution of PCP
by the peridinin molecules in the PCP complex. (OD4go = 3 in a 1 cmpath) was transferrecbta 2 mmpath

A significant body of work has been reported using spectro- square quartz cuvette using an airtight syringe. The measuring
scopic methodologies to elucidate the topography and binding heam was obtained from a 150 W Xe lamp passed through a 4
environment of peridinin and Ca in the PCP complex from  mm diameter aperture, a 450 nm cutoff filter, and a 20%
Amphidinium cartera@nd related speciés® The geometric  transmitting neutral-density filter. The measuring light was then
requirements for energy transfer derived from this previous work passed through the sample cuvette and the transmitted light was
have been brought into clearer focus with the presentation of yetected using an Instrument SA model LH20 monochromator
the high-resolution (2.0 A) X-ray structure of the PCP complex employing a grating with 1200 grooves/mm and an RCA R928
which revealed that a noncrystallographic trimer of polypeptides pnotomultiplier. The output signal was amplified by a Stanford
comprises the fundamental light-harvesting unit. Each of these Research System model SR445 amplifier. A Tektronix oscil-
polypeptide members has pseudo 2-fold symmetry and binds|sscope model TDS 620A was used for signal averaging. Each
eight peridinin molecules and two Clal molecules. Close  transjent profile consisted of 1000 points per trace and was
association, essentially van der Waals contact, exists betweengcorded as an average of 1000 scans. The intensity of the probe
the peridinins and CH molecules in the complex. In the present light was 4 mW. A Quanta-Ray DCR-3/PDL-2 Nd:YAG-
work, data from steady-state absorption, fluorescence, ﬂuores‘pumped dye laser having a pulse duration of 7 ns at 580 nm
cence excitation, and fast transient .op'.[ical spectroscopic method%sing Rhodamine 610 in spectroscopic grade methanol was
are presented and discussed within the framework of the empjoyed at a pulse repetition rate of 20 Hz. The laser beam
molecular structure of the complex. This paper augments theyas gligned perpendicular to the probe beam and focused onto

H i 21 i . . . .
previous excellent reports of optié&l®t and magnetic reso- e sample. The flash laser intensity was kept in the region where
nancé? properties of peridinin and the PCP complex already he amplitudes of the transient signals increased linearly with
presented. The present work (1) presents strong evidence thajj;sp intensity.

the primary mechanism of energy transfer is via thetdte of
peridinin; (2) demonstrates that the triplet states of &lalre
quenched efficiently by the bound peridinin molecules; and (3)
explores the controlling factors for energy transfer involving
excited electronic states coupled to spin-forbidden and sym-
metry-forbidden transitions.

Figure 1. Structure of peridinin.

The transient absorption apparatus used to measure the
subpicosecond excited state lifetimes consisted of a homemade,
self-mode-locked, Ti:sapphire oscillator that was pumped by
the 3 W output from a Spectra Physics Millennia CW frequency-
doubled, diode-pumped ND:YAG las#&.The Ti:sapphire
oscillator emits 25 fs, 840 nm pulses which were temporally
stretched using a double-passed grating/mirror combination to
a duration of ca. 200 ps. The chirped pulses were amplified

Samp|e Preparation.The PCP comp|ex was prepared asin with a homemade Ti:sapphire regenerative amplifier that
Sharpleset al2® Pigments were extracted fom PCP by the €employed a folded cavity, and used a double-step Pockels cell
procedure of Martinson and Plumféexcept that 1-butanol was  (Medox)/thin film polarizer combination for injection and cavity
used in place of 2-butanol. Peridinin was separated fromeChl dumping. The regenerative amplifier was pumped by an
by HPLC on a C18 Econosil column (Alltech) using a two- intracavity frequency-doubled, Q-switched, ND:YAG laser
solvent gradient. Solvent B was 50% methanol/50% acetonitrile (Spectra Physics 3450) that produced 3.8 mJ, 50 ns, 532 nm
and solvent A, 50% water/50% solvent B. The column was Pulses ata 1.27 kHz repetition rate. The output of the Ti:sapphire
equilibrated with 80% A. The sample was applied at a flow regenerative amplifier was recompressed with 70% efficiency
rate of 2 mL/min, after 5 min a gradient to 90% B over 10 Using a grating pair to give 20@J, 140 fs, 840 nm pulses at a
min, followed by a gradient to 99% over 5 min and then held 1.27 kHz repetition rate. Using appropriate beamsplitters, about
at 99%. The eluent was monitored at 440 nm and the fractions 10J of 840 nm light was used to generate a very smooth white
containing peridinin dried under vacuum in darkness. light continuum by focusing it wit a 5 cmlens inb a 2 mm

Spectroscopic MethodsSteady-State Absorption and Fluo- thick sapphire window. Shot-to-shot intensity fluctuatlons_ Qf
rescenceAbsorption spectra were recorded at room temperature the probe beam were generally less than 5%. The remaining
using a Milton Roy Spectronic 3000 Array photodiode array 840 nm was frequency doubled with 35% efficiency by using
spectrometer. Fluorescence spectroscopy was carried out using 2 mm long type I LBO crystal to yield 140 fs, 420 nm pulses.
an SLM Instruments, Inc. model 8000C spectrofluorimeter ~ The 420 nm light was used to pump a two-stage optical
employing a 450 W ozone-free xenon arc lamp and a 1500 parametric amplifiéf that furnished 140 fs transform limited
grooves/mm grating monochromator for excitation. The sample pulses that were tunable from 470 to 820 nm with energies up
emission passed through a 10 mm Glan-Thompson calcite prismto 5 uJ per pulse. The energy of the excitation light on the
type polarizer and a 450 nm cutoff filter into another mono- sample was controlled using a polarizélp in. waveplate
chromator positioned 9Qo the excitation beam. The spectral combination. Typically 0.31 «J was used to excite the
profile of the incident light and the emission were detected by molecules. The excitation beam was synchronously chopped at
two independent Hamamatsu model R-928 photomultiplier one-half the laser repetition rate. The white light probe beam
tubes. Contributions resulting from Raman scattering bands of was split into measuring and reference beams. The arrival of
the solvent were removed from the spectra by subtracting athe pump beam relative to the measuring probe beam was

Materials and Methods
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Figure 2. Absorbance (ab), fluorescence (em), and fluorescence Figure 3. S — S, spectrum of peridinin in methanol at room

excitation (ex) spectra of peridinin inhexane at room temperature.  t€mperature after excitation by a 140 fs laser pulse at 500 nm.
The vertical scale is arbitrary. The spectra were all normalized to their

peak maxima. 0.03 | ' ! |
accomplished with an optical delay line that used a linear 0.02 L T=13.4£06ps
stepping motor (Compumotor) with Am (6.6 fs) resolution. ;j L .
The nearly-collinear and codirectional excitation and measuring 0.01 | .
probe beams were focused into the sample to a 0.3 mm diameter - 4
spot size. The carotenoid was dissolved in methanol and was 0.00 | g
placed n a 2 mmpath length cuvette. Following deoxygenation 0 20 40 60 80

of the sample by bubbling with nitrogen gas, the cuvettes were
sealed. The wavelength of the measuring and reference probe
beams were selected with a computer-controlled monochromatorrigure 4. Decay of the $— S, transition of peridinin in methanol at
(ISA/SPEX M270). Changes in the transmission of the measur- room temperature after excitation by a 140 fs laser pulse at 500 nm
ing probe light through the sample and changes in the referencewith the probe wavelength set at 560 nm. The decay corresponds to
probe beam were monitored by photodiodes. The output of eachthe S lifetime of peridinin.

photodiode was integrated by a gated integrator (Evans), and ] o . ) ] o

both signals were digitized and recorded by a personal computerProvided insight into how one might assign the origins of
(Gateway P6-200). The data acquisition software monitored the €mission of polyenes whose spectra lack resolution in their
quality of each shot and only averaged shots within 5% of the vibron.ic features. These authors compared the high-resolution
average intensity of the reference probe beam level. Kinetic €mission spectrum of attans2,4,6,8,10,12,14-hexadecahep-
parameters were obtained by iterative reconvolution using the taene with the less-resolved spectrum oftedhs-apo-12-

Levenberg-Marquardt algorithm. The instrumental time re- carotenal at 77 K (see Figure 4 in Cosgroseal®), and
sponse was 140 fs at 420 nm. demonstrated that the spectral origins of these two homologous

m-electron systems lie roughly 2750 cito the blue of the
position of maximum emission, or in other words, at the second
vibronic feature to higher energy relative to the Fran€london
Peridinin in Solution. Figure 2 shows the room temperature maximum. If one applies this logic to peridinin in solution, the
absorbance, fluorescence, and fluorescence excitation spectrapectral origin of the §— S (2!A4 — 1'Ag) emission profile
of peridinin inn-hexane. The absorbance spectrum is character-would be at~600 nm, corresponding to a transition energy of
ized by an intense band having a maximum at 456 nm, known ~16 700 cn?,
to be associated with theyS> S, (1'*Ag — 1'B,) transition. For the measurement of the excited singlet state lifetimes,
The longest wavelength vibronic feature in the spectrum peridinin was dissolved in methanol where it displays an
corresponds to the spectral origin and is located at 486 nm. Fromabsorption spectrum at the sarh@ax (~475 nm) as that of
this observation, the energy of the Sate relative to the ground  peridinin in the PCP complex. The sample was excited at 500
state of peridinin im-hexane can be determined to be 20 600 nm with a 140 fs laser pulse and resulted in a rapid, instrument-
+ 100 cn1™. The fluorescence spectrum of peridinimiiexane limited buildup of an $— S, absorption band having a width
has a maximum at 720 nm, which is 264 nm to the red of the of ~175 nm and a maximum at560 nm (Figure 3). The decay
maximum of its absorption spectrum (Figure 2). This large red of this absorption band occurs with single-exponential kinetics
shift between the emission and absorption suggests that thecorresponding to a lifetime of 13.4 0.6 ps (Figure 4).
fluorescence emission from peridinin corresponds to afn~S Comparing this value of the;State decay time to the lifetimes
S (2'Ag — 1'Ay) transition rather than an,S~ S (1B, — of several carotenoids whose-S S (2'1Ag — 1'Ag) transition
1'Ag) transition. This may be observed if internal conversion energies are known from fluorescence studié®;*a value
from the $ state to the Sstate occurs with a higher probability  of 13.44 0.6 ps would appear to be too short to correspond to
than fluorescence from the, State. Carotenoids having less a transition energy of16 700 cm®. From a comparison with
than nine carboncarbon double bonds typically display this the dynamics of several other carotenoids and based on the
behavior?’” As seen in Figure 2, the fluorescence excitation energy gap law of Englman and Jortd&the value for the §
spectrum corresponds very well to the absorption spectrum and— S (2'Ag — 1'Ag) transition energy of peridinin that would
strongly supports the notion that the emission does indeedbe more consistent with a 134 0.6 ps lifetime is 14 606t
originate from peridinin. However, the spectral origin for the 50 cnT!. However, this is not in agreement with thel6 700
emission is difficult to determine owing to the lack of vibronic  cm™ assignment of the;S~ & (2!Ag— 1'A) transition energy
features in the band profile, although noticeable inflections are based on the analysis of the features of the-SS, (2*Ay —
apparent in the spectrum (Figure 2). (See also Figure 1E in 1'Ag) emission spectrum described above. The question that
Mimuro et all? for the spectrum in C§) Cosgroveet al28 remains is, why is the peridininy$fetime in methanol shorter

Time/ps

Results and Discussion
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Figure 5. Fluorescence (em), fluorescence excitation (ex), afd 1-

spectra, wherd is the transmittance, of the PCP complex at room Figure 7. Onset of Chla bleaching and subsequent decay probed at

temperature. The emission and excitation spectra were normalized tothe Chla Q, absorption band at 670 nm after excitation by the pump

the 1T maximum peak intensity of Chl at 672 nm. laser at 530 nm in the carotenoid region at room temperature. The full
trace shows the rise of Chlbleaching in 3.2t 0.3 ps followed by 2

decay phases corresponding to lifetimes of4& ps and 4.5+ 0.1

0 ns. The inset shows that the rise of the signal is well-fit by a single-
exponential function. No evidence for a contribution from a subpico-
< -0.004 second component is seen.
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Figure 6. Kinetic trace associated with the bleaching and recovery 0 30 60 90
dynamics of the peridinin absorption in the PCP complex after excitation Time/ns

by a 140 fs laser pulse at 530 nm and the probe wavelength set at 550
nm at room temperature. An instantaneous onset of bleaching was \
followed by a two-component recovery of the transient. One of these 0.35207

components was-180 fs and accounted for70% of the signal, F
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whereas the other corresponded to a lifetime of 3.10.4 ps and 0.3515 - b

accounted for30% of the signal. 0.3510% ‘ MMWMWW WM\ “

than expected based on the energy gap law? The answer 0 0 20 30 40
probably lies in that fact that the peridinin molecule is highly Time/us
substituted compared to most other carotenoids. It has an allene K
moiety and a lactone ring both of which are connected directly Figure 8. Rise and decay profiles at room temperature of the triplet
to its zz-electron conjugated system (Figure 1). The combined triplet absorption signals observed in the PCP complex after excitation
presence of these substituents may lead to unique dynamicst 580 nm and probing at 555 nm. Both the rise and decay curves were
behavior of peridinin compared to other carotenoids. In par- best f_|t by single exponentials. The dynamlcs of the perldlnln_trlplet
. . - . _state in the PCP complex was determined to be:17 ns for the rise
ticular, the presence of a carbonyl group in the conjugated chain

e and 10+ 1 us for the decay.
has been shown to affect the origin of fluorescecReox-
anthin, which lacks the lactone ring, but is otherwise similar in maximum peak at 674 nm. If one normalizes the intensity of
its structure to peridinin fluoresces predominantly from ifs S the fluorescence excitation spectrum to the 1-T spectrum at 672
state. Fucoxanthin, which has a carbonyl functional group but nm, the efficiency of singlet energy transfer from peridinin to
not the lactone ring, emits predominantly from itssfate like Chl a, based on the intensity of the peridinin peak at 488 nm,
peridinin1” Katoh et al1® suggested that a distortion in the is calculated to be 8& 2%.
configuration of the carotenoid owing to the presence of the  For the measurement of the excited singlet state dynamics
carbonyl group may be responsible for the effect on the origin of peridinin in the PCP complex, the protein was excited by a
of the fluorescence. A change in the displacement of the pump laser into the carotenoid absorption region at 530 nm.

potential surface of the State relative to that of the,State, With the probe laser tuned to 550 nm in the carotenoid
that enhances;S0 S internal conversion, may favonS> S absorption region, after excitation with the pump laser, there
(2'"Ag— 1'Ag) emission over $— S (1B, — 1'Ag) emission. was an instantaneous onset of bleaching followed by a two-

However, the coupling ofat* states derived from the carbonyl  component recovery of the transient (Figure 6). One of these
functional group to $and $ may affect the dynamics of the  components was approximately 180 fs and accounted 7@%
S, state of peridinin and cannot yet be ruled out. of the signal. The other corresponded to a lifetime of-8.0.4
Peridinin in the PCP Complex. The fluorescence, fluores-  ps and accounted for30% of the signal (Figure 6). When the
cence excitation, and Tspectra, wher@ is the transmittance, probe laser was tuned to the GhlQ, absorption band at 670
of the PCP complex were taken at room temperature and arenm, after excitation by the pump laser at 530 nm in the
shown in Figure 5. The maximum in the Tlspectrum of carotenoid region, the dynamics showed an onset of &hl
peridinin is located at 488 nm. A noticeable shoulder corre- bleaching in 3.2+ 0.3 ps followed by two decay phases
sponding to the Soret absorption band of @h$ observed at corresponding to lifetimes of 46 5 ps and 4.5t 0.1 ns (Figure
440 nm. The Qtransition of Chla is observed at 672 nm. 7). The inset of Figure 7 shows that the rise of this signal is
Fluorescence from CH is observed upon excitation into the well fit by a single-exponential function. No evidence for a
peridinin absorption region. The Cld fluorescence has a  contribution from a subpicosecond component is seen.
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' ' ‘ can be accounted for solely on the basis of the behavior of the
06+ i S, state of peridinin; and (iii) there is no evidence for a
r T subpicosecond component in the rise of the &hleaching at
< 047 1 670 nm (Figure 7) lend strong support to the idea that the
< - 8 mechanism of energy transfer from peridinin to Ghbccurs
02 . primarily through the §state of the carotenoid. It may be noted
L N that the lifetime of the peridinin Sstate has been measured to
: ‘ L be 103 ps in C8?! If the S lifetime of peridinin in a protein
520 560 600 environment were of this order, the efficiency would-b&00%
Wavelength/nm rather than 88% measured here. Moreover, the spectral origin
Figure 9. Triplet—triplet absorption spectrum of peridinin in the PCP  Of absorption and spectroscopic features of peridinin ip &8
complex measured after excitation at 580 nm at room temperature. Thesignificantly different from those for peridinin in the PCP
vertical axes are in arbitrary units and represent negative changes incomplex. Further investigation of the 8fetime of peridinin
transmission monitored at 555 nm. in different solvent environments is clearly required.

Figure 8a,b shows the rise and decay profiles at room

fs decay component seen while probing the carotenoid absorp-lemperature of the triplettriplet absorption signals of the PCP
tion region at 550 nm is associated with the internal conversion C0MPplex. Both the rise and decay curves were best fit by single
of S, to S; of peridinin. A similar value of 192t 7 fs for this exponentials. The dynamu_:s of the peridinin triplet s_tate in the
molecule has been reporfdcind assigned as the Sfetime. PCP complex was determined to_ bet77 ns for the_nse and

In this time domain at 550 nm an S+ S, transition for peridinin 10+ 1 usforthe decay_. The amp_lltudes of the transients plotted
is expected to build up (Figure 3). However, the Skate of versus wavelength (Figure 9) _dlsplay a spectral maximum at
peridinin is depopulated in 3.1 ps by a combination of internal 29> NM. These results are typical of triplet spectra and triplet
conversion to the ground state which occurs in 13.4 ps in €nergy transfer times involving carotenoids and ChIS.
methanol (Figure 4), and energy transfer to Chl. The 3.2 ps  Because the structure the PCP complex has been solved to 2
rise of the Chla bleaching at 670 nm (inset of Figure 7) is A resolution, it is interesting to seek a correlation between
associated with the peridinin-to-Cld singlet state energy  specific molecules in the protein and the mechanisms of singlet
transfer time, Mz1. The 46 ps decay component probably and triplet state energy transfer. As mentioned above, the
corresponds to a small amount of singlet annihilation commonly minimal unit of the PCP complex consists of a trimer of protein
seen in laser pumpprobe experiments on antenna compleXes.  subunits. Each of the individual protein subunits comprising
The 4.5 ns decay component corresponds to theaGlhglet the trimer binds two molecules of Chland eight molecules of

The interpretation of these results is as follows: THEB0

lifetime in the PCP complex. peridinin (Figure 10). One Chh molecule is surrounded by
Using the equatior = ket/(ket + kic), wheree is the energy ~ four peridinins and is related to the other Ghinolecule and

transfer efficiency, and kir = 3.2 + 0.3 ps for the $decay its associated four peridinins by a pseu@gsymmetry axis.

in the PCP complex, and K/ = 13.4 £ 0.6 ps for the $ There is van der Waals contact between pairs of peridinins and

dynamics of peridinin measured in methanol solution, a value between the peridinins and the Ghimolecule. The distance
of 82 + 14% for the energy transfer efficiency is obtained. This between pairs of peridinins is approximatety BL A. All four

is within the experimental error of the 882% value measured  peridinin molecules in a group have very similar distances of
here using steady-state fluorescence excitation spectroscopyclosest approach of theit-electron conjugated chains to the
(Figure 5). The facts that (i) the 3.1 ps decay of thestate of m-electron conjugation of their respective Chls with values
peridinin in the complex is only slightly faster than the 3.2 ps ranging from 3.70 to 5.00 A. (See Table 1.) In contrast, one
onset of the Ché bleaching; (ii) the energy transfer efficiency  specific peridinin out of four in each group has a much closer

Figure 10. Structure of the pigments associated with one-third of the trimeric minimal unit comprising the PCP complex. A pseudo 2-fold axis
runs vertically in the center of the picture. Structure taken from coordinates of the PCP complex 1PPR deposited in the Brookhaven Protein Data
Bank by Hofmann et .
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TABLE 1: Distances and Cosine Projections of the Chh and Peridinin (per) Moleculest

distance (A) of center-to-center projection of Chl projection of Chl
closest approach of distance (A) Qy onto carotenoid Qy onto carotenoid
m-electron systems between pigments long axis long axis
Chl and per 1/1 5.00/4.71 5.44/5.36 0.103/0.0918 —0.992/-0.988
Chl and per 2/2 4.24/4.14 9.36/9.49 0.790/0.766 —0.467+0.515
Chl and per 3/3 4.38/4.50 8.57/8.57 0.769/0.726 —0.537+0.582
Chl and per 4/4 4.24/3.70 8.97/8.97 0.973/0.953 0.134/0.164

aThe distance of closest approach of thelectron conjugated systems was measured from an outside edge of the chlorophyll conjugation to
the closest point in tha-electron conjugated system along the carbon chain of the carotenoid. The center-to-center distance was measured from
the Mg center of the Chl to carbon 15 in the peridinin (Figure 1). The long axis of a peridinin is defined as a vector connecting carbons 11 and 11
in the carotenoid. The two numbers in each cell of the table represent the distances and projections corresponding to the two groups of single Chls
and four peridinins related by the pseu@psymmetry axis.

center-to-center distance than the other three in the same groupbetween the peridinins and chlorophylls, clearly evident in the
(See per 1 and per in Table 1.) Also, this specific peridinin  3-D structure of the PCP complex, along with proper alignment
has, by far, the largest projection of its long axis onto the Q of pigments and the energy state matching are responsible for
transition moment axis of the Chl. (See Table 1.) As shown the high efficiencies of the singlet and triplet energy transfer
above, singlet energy transfer from the peridinin to @hl processes.

involves the % state of the carotenoid as the donor state. This
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