Biophysical Journal Volume 80 June 2001 2843-2855 2843

Energy Transfer in the Peridinin Chlorophyll-a Protein of Amphidinium
carterae Studied by Polarized Transient Absorption and Target Analysis

Brent P. Krueger,* Stefania S. Lampoura,” Ivo H. M. van Stokkum,* Emmanouil Papagiannakis,*
Jante M. Salverda,* Claudiu C. Gradinaru,* Danielis Rutkauskas,* Roger G. Hiller," and Rienk van Grondelle*

*Department of Physics and Astronomy, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands; and TSchool of Biological Sciences,
Macquarie University, NSW 2109, Australia

ABSTRACT The peridinin chlorophyll-a protein (PCP) of dinoflagellates differs from the well-studied light-harvesting com-
plexes of purple bacteria and green plants in its large (4:1) carotenoid to chlorophyll ratio and the unusual properties of its
primary pigment, the carotenoid peridinin. We utilized ultrafast polarized transient absorption spectroscopy to examine the
flow of energy in PCP after initial excitation into the strongly allowed peridinin S, state. Global and target analysis of the
isotropic and anisotropic decays reveals that significant excitation (25-50%) is transferred to chlorophyll-a directly from the
peridinin S, state. Because of overlapping positive and negative features, this pathway was unseen in earlier single-
wavelength experiments. In addition, the anisotropy remains constant and high in the peridinin population, indicating that
energy transfer from peridinin to peridinin represents a minor or negligible pathway. The carotenoids are also coupled directly
to chlorophyll-a via a low-lying singlet state S, or the recently identified Sc. We model this energy transfer time scale as 2.3 =
0.2 ps, driven by a coupling of ~47 cm™ . This coupling strength allows us to estimate that the peridinin S,/Sg; donor state
transition moment is ~3 D.

INTRODUCTION

Carotenoids are perhaps the most ubiquitous pigments iconversion from peridinin Sto an equilibrium between,S
nature, serving as antioxidants in organisms ranging irand a third low-lying singlet state,$, identified recently
complexity from single-celled to higher mammals (Britton (Bautista et al., 1999a; Sashima et al., 1999; Frank et al.,
and Young, 1993; van Grondelle et al., 1994; Frank and000). Fast peridinin to Chlenergy transfer is also medi-
Cogdell, 1996; Koyama et al., 1996). In photosyntheticated by coupling of the peridinin,®r S-; transition to the
organisms carotenoids serve a second role as light-harvesthla. The magnitude of this coupling suggests a peridinin
ing pigments. The latter role has received considerables,/S. transition dipole moment of-3 D. The experiments
attention recently as the complex photophysics of carotedo not show evidence of significant peridinin-peridinin en-
noids has become better understood (Hudson et al., 1988rgy transfer. (Note that we adopt the typical notation in
Andersson et al., 1991, 1995; DeCoster et al., 1992; Franighich the $ and § states of peridinin correspond to the
et al., 1993; Chynwat and Frank, 1995; Fujii et al., 1998;1B} and 24, states of ideal G, symmetry, respectively. By
Herek et al., 1998; Sashima et al., 1998; Krueger et al.analogy, the S, state would correspond to JBalthough

1999a,b; Polivka et al., 1999; Sundstret al., 1999), and  this relationship is not known and is complicated by the
the crystal structures of several light-harvesting complexegsymmetry of peridinin.)

have become known (Kibrandt et al., 1994; McDermottet | jght-harvesting complexes (LHCs) play a vital role in

al., 1995; Hofmann et al., 1996; Koepke et al., 1996; Schuphotosynthetic organisms (Clayton, 1980; Suridsted al.,
bert et al., 1997). In this work, we report the results of1999; Govindjee, 2000) by absorbing sunlight and effi-
ultrafast transient absorption studies that examined eleGsently transferring the resulting electronic excitation en-
tronic excitation transfer (EET) between carotenoids anqargy to the reaction center where the energy is converted to
chlorophylls in the peridinin chlorophy#-protein (PCP) 5 charge separation that drives the further, chemical pro-
light-harvesting complex from the dinoflagellafemphi-  cesses of photosynthesis. To carry out their role, most
d|n|_um_ car_terae These ex_perlments reveal tha_t ?'gn'f'camIight-harvesting pigments (e.g., chlorophylls) display strong
excitation is transferred directly from the peridinip Sate absorption throughout the visible spectrum, maximizing
to chlorophylla (Chla) in competition with rapid intemnal  gpq6rhtion of sunlight, along with high fluorescence quan-
tum yields made possible via large radiative rates and long
singlet lifetimes, maximizing energy donor functionality.
Received for publication 25 April 2000 and in final form 19 March 2001. The ability of carotenoids to serve as light-harvesting pig-
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S — peridinin—Chla EET is mediated by the,State (Akimoto
et al., 1996; Bautista et al., 1999b). Presumably, this is due
to the unusual photophysical properties of peridinin. Typi-
cal carotenoids, such gscarotene, consist of a,sym-

Scr _— Qx metric polyene backbone that is mainly unsubstituted. Peri-
S, —— dinin, whose structure is given in Fig. 1 along with the
_— Qy relevant energy levels of peridinin and @hhas both a

lactone ring and an allene moiety. These substituents break
its C,,, symmetry, modifying the electronic structure of
peridinin, yielding a carotenoid with significant emission
(Mimuro et al., 1992; Akimoto et al., 1996) from, presum-
Sy —— - ably, the S state. Typical photosynthetic carotenoids from
Peridinin Chla higher plants or bacteria show ng &mission and only
small amounts of Semission (DeCoster et al., 1992);
however, the oxygenated carotenoids (e.g., peridinin, fucox-
anthin, and siphonaxanthin) characteristic of several algal
groups exhibit a weak ;Semission (Mimuro et al., 1992).
Experimental work (Bautista et al., 1999a; Frank et al.,
2000) along with recent calculations (Damjanoet al.,
2000) have suggested that the reduced symmetry of peri-
dinin (compared with that of most carotenoids), particularly
the presence of the carbonyl group in conjugation with the
FIGURE 1 A schematic diagram of the states relevant to EET in PcPPOlyene backbone, relaxes the forbiddenness of tkeS§
The peridinin S, Scr, and S states are given along with the @, and  transition enough to allow emission, althougha®sorption
Q, states. The relative energies of the states are approximate, particularlyas not been observed. In addition, Frank and coworkers
for'S, and . Below is the chemical structure of peridinin. suggested that an additional electronic state with significant
charge transfer characterg lies between the Sand S
states, complicating the situation (see Fig. 1). This state may
compete with the rapid internal conversion (i.e., shost S be related to the 1B state recently observed in several
lifetime). In contrast, the Sstate has a forbidden transition carotenoids (Sashima et al., 1999, 2000), although the
dipole (to/from ), which disallows traditional long-range asymmetry of peridinin makes use of the,Gymmetry
coupling mechanisms such asrsir theory (Foster, 1948, labels more tenuous than for other carotenoids. Thus, the
1965), making EET difficult despite a reasonabjdifetime  pathways and mechanisms of energy transfer from carot-
(10-100 ps). Nature has succeeded in utilizing carotenoidenoid to chlorophyll may be quite different in PCP relative
as light-harvesting pigments by placing them very close tdo other light-harvesting complexes, and their identification
a group of energy-accepting pigments, typically chloro-is the primary motivation of the present investigation.
phylls. Thus, the carotenoid ,Stransition can couple The crystal structure of PCP (Hofmann et al., 1996)
strongly to several chlorophylls, resulting in rapid EET thatreveals close contacts between groups of pigments. The
can, in some cases, compete with theSginternal conver-  smallest pigment unit consists of four peridinins surround-
sion (Shreve et al., 1991; Andersson et al., 1996; Petermaing a central chlorophyl& (Chla). Two such groups of 4
etal., 1997a; Krueger et al., 1998); and the dipole-forbiddemeridinins and 1 Cla lie beside each other in each protein
carotenoid $ transition can have significant coupling subunit, and subunits are further grouped as trimers con-
through higher-order transition multipoles and orbital over-taining 6 Chha and 24 peridinins. The close interactions
lap mechanisms, which are too weak at longer distanceletween peridinins and the large ratio of peridinin toaChl
(Nagae et al., 1993; Scholes et al., 1997; Damjanovic et alsuggest that peridinin-peridinin coupling could be strong

1999). and that energy may be transferred from peridinin to peri-
Here, we examine the PCP light-harvesting complexdinin before peridinin-Cla transfer.
from the dinoflagellateAmphidinium carterae Previous In this work, we present the results of ultrafast, polarized

studies have shown that PCP differs from other carotenoidiransient absorption spectroscopy on PCP. First, we de-
based light-harvesting complexes both in EET pathwayscribe the experiment along with our modeling procedures,
and in its primary pigment, peridinin. Although the light- followed by a brief description of the results in terms of a
harvesting complexes from purple bacteria all exhibit sig-simple model. The Discussion presents a more detailed
nificant carotenoid s—bacteriochlorophyll EET (Shreve et analysis using two more complex models, in which we show
al., 1991; Andersson et al., 1996; Ricci et al., 1996; Kruegeevidence for previously unseen peridinig-SChla EET on

et al., 1998), experiments on PCP have suggested that al ~100-fs time scale. We find no evidence of peridinin-
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peridinin EET and model the peridinin,/Sc-Chla EET  reduce the effect of these artifacts on the measured rates, the 450-550-nm
time to be 2.3+ 0.2 ps. Finally, this energy transfer rate is region was weighted lightly in the fitting process. Consequently, the shapes

: T B . of the species-associated difference spectra (SADS) in this region are
used to estimate the perldlnln 1/SCT Chia coupllng unreliable, particularly for the fastest component.

strength, which in turn leads to an estimate of the transition The data were analyzed using a global fitting routine (van Stokkum et

dipole magnitude of the peridinin,&. state of~3 D. al., 1994) as described previously. SADS were determined through target
analysis assuming one of several models described later (cf. Fig. 3). The
anisotropic data were fit by creating model isotropita and anisotropic

MATERIALS AND METHODS (r) decay curves for each specidg. (Parallel and perpendicular fits were
then constructed via

PCP samples were prepared as done previously (Sharples et al., 1996).

Transient absorption experiments were carried out with ml of sample, MA(t) ma(t)

which was flowed using a peristaltic pump and cooled in an ice-water bath. VVL(1) | = | mal(t) X (1 + 2r.(t

Steady-state absorption spectra were taken with a spectrophotometer (Per- VHk((t)) mi(‘f(z) X((l —r lé)))) ® IRF(t)’ (1)
K K

kin-Elmer A40) and emission spectra with a home-built fluorometer (Ar

laser excitation, Oriel 77250 monochromator). . . ) ) . .
in which ® means convolution, and combined to yield curves representing

Transient absorption spectra were collected with a high-throughpu he full le. Th | fth ) llel d
diode array spectrometer that is described elsewhere (Gradinaru et afhe full sample. The total error of the magic angie), parallel ¥V), an

2000). Briefly, signal and reference probe spectra along with the pumé)'erpen(_iicular_\(H) fits_ compared Wit_h the rgspective Fjata SE_BtS was used as

intensity were measured for each 610,000 laser shots per time delay. the ba}3|_s for' |mprOV|ng the_ model isotropic and anlsotropu.: dec_aYS- Th's

Statistics of the pump intensity allowed each spectrum to be classified agssomatlve_ fitting of the e_amsot_rop_y_ (Brand et al., 1985_) avoids d_'mCUIt'_eS

pump on, pump off, or neither (pump intensity not within 10% of average),that can arise from the dlscont_lnumes qﬁen _observed in absorpt_lon anlso_t—

which were discarded. In addition, shots with probe spectra that Weré_Opy when spe_ctral!y overlapping species simultaneously contribute posi-

significantly different than the average probe spectra (from a single timet've and negative s_lgnals (Jonas et al., 1996). )

delay) were also discarded. The average of the remaining signal and TW(_’ types of anisotropy _models were employed. In the simpler model,

reference spectra with both pump on and pump off were combined in théhe anlsotropy of each species was_ assumed to have a cqnstant value. In the

standard fashion to yield AO.D. spectrum. Spectral resolution of the more cor_nphca_ted _scheme| t_he anlsotropy _Of_ each Species was allowed to

system is~0.5 nm and the spectral range~425 nm. Two separate sets decay, simulating |ntra—§p§0|es (e.g., per|d|nhnp5r|d_|n_|n S) EET. For

of data were combined to yield the final probe window-e#50—700 nm. both methods the total |n|t_|al anisotrops(0), was originally al_loweq to
Samples were excited by20-nJ pulses of 500- or 520-nm light focused vary and always re_SL_JI_ted |n_ values r_1ear 0.40. Therefore, final fits were

to a ~150-um-diameter spot, resulting in excitation densities~af0** performed with the initial anisotropy fixed 1(0) = 0.40.

photons pulse® cm™2. Fitting S = aP* where S is transient absorption

signal andP is pump power (varied from 20 to 180 nJ/pulse) gave 0.9,

indicating the presence of mild annihilation and/or saturation. To guardqRESULTS

against this, we have carefully performed measurements with b&th

and ~100 nJ/pulse pump energy and found EET time scales that agreéSteady-state absorption and emission spectra of PCP are

confirming _thgt any annihilation effects are within our reported experimen-shown in the upper panel of Fig. 2, with solution spectra of

tal uncertainties. peridinin and Chd in the lower panel. Peridinin ¢Sransi-

Tunable excitation light was provided by a home-built, single-pass,. . .

optical parametric amplifier. The OPA was pumped by a portion of thetlon) contributes t_he broad absorptlon from 400-550 nm
output from a Nd:YLF (B.M. Industries, Totowa, NJ, Q-switched maxi- Whereas Cla contributes the peaks at 430 nm and 670 nm
mum of 3 kHz) -pumped Ti:sapphire regenerative amplifier (.M. Indus- along with vibronic features just to the blue of these bands.
tries) that produced 50Qd, 50-fs pulses at 1 kHz. The amplifier was Because of the complexity of the multi-wavelength, dif-

seeded by 25-fs pulses from a Ti:sapphire oscillator (Coherent Mira, Sa”tf’erence-spectra data perhaps the clearest presentation is in
Clara, CA) pumped by a diode-pumped Nd:YAG source (Coherent Verdi). ;

The remaining output of the amplifier passed a delay line and was focuseBermS of a fit to a s_lmple model. We expe_ct the data t_O
into a 2-mm sapphire window to produce multi-filament white light used asS€parate into three time scales, corresponding roughly with
the probe. The probe beam was split into signal and reference and passg®pulation of the peridinin sSstate, the peridinin Sand S
through a thin film polarizer before focusing on the sample. The signal andstates, and Chl Therefore, a minimal model must contain

reference beams were collimated and dispersed off a single grating ontﬂ“.ee species such as model | shown in Fig 3. in which

separate photodiode arrays for detection. The chopped pump beam passed h model i T nds to an aver fth tual
a Berek polarization compensator (New Focus 5540, San Jose, CA)e,aC odel species corresponds 1o an average of the actua

allowing it to be easily adjusted to parallel, perpendicular, and magic anglample species th_aF decay on a given time Sca_le- The SADS
polarizations with minimal displacement of the beam. For all spectrathat result from fitting model | to the isotropic data are
parallel and perpendicular data were used to construct magic angle curvéghown in Fig. 4 and described briefly below. In addition,
for comparison with the actual magic angle data. No S|gn|f|cantd|ﬁerence§jecay profiles of both the fit and the raw data (from isotro-

were found. ic 500-nm excitation) at several individual wavelength
The instrument response function (IRF), fit to a Gaussian in the datep ¢ exciatio ) at severa ual wavelengins,

sets, was 100150 fs full-width half-maximum, similar to values obtainedinc_ll*'din_g 521_ nm (primari_ly peridinin §b|ea(_:h), 570 nm

by measuring the rise of induced birefringence in,CEhe probe pulse  (primarily peridinin § excited state absorption), and 671
dispersion was fit as a third-order polynomial function of the wavelength.nm (primarily Chha Qy bleach), are given in Fig. 5. Note that
Imprecision in the IRF leads to errors in the fastest component in the f'tt'ngalthough there are some differences between the 500- and

(e.g., species A of model I; cf. Fig. 3), which are reflected in the reported520 itation dat ticularly in th isv bl .
error bars. These errors are particularly problematic for the bluest wave= -Nm excitation data, particularly in the noiSy biue region

lengths €530 nm) and in regions where artifacts such as scattered pum|§_42_5_550 nm), the sperc';ral features are similar and the
light or transient hole burning may influence the most rapid decay rate. Tdifetimes derived from fitting are the same. Thus, results
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06 T T Therefore, we developed models Il and Il (Fig. 3) to

e AN pcP ] give a closer correspondence between model species and
/ Emission pathways with actual PCP species and pathways. The
presence of strong,55.+ characteristics in both species
A and B suggests that two,Sike species are needed to
encompass the two time scales of dynamics, which we
label § and S+. (The S state may correspond to
vibrationally excited $rather than a separate electronic
state. See Discussion.) The presence oa@itach in all
species may be the result of rapid peridingGhla EET
(model II) or direct excitation of Clal (model Ill). Fi-
nally, the presence of peridinin character in species C
suggests a population of long-lived peridinin that does
not transfer energy to Caland is represented by the
disconnected . Transfer to $y (throughky) does not
necessarily represent a physical process, but simply the
fraction of populationky/(ky + ks + ksg), in the discon-
nected peridinin. The SADS that result from fitting mod-
400 500 600 700 els Il and Il to the 500-nm excitation data are given in
Wavelength (nm) Fig. 6 (expanding the red region to show more detail),
and the rates of the pathways are given in Table 1.
P et s el sesen o o i s , e descripion of the SADS and rates are It to
PCPi The peridinin absorption and zmission spectra are gi\?e% by dashevdarlous sectlons'of the Discussion, although we provide
and solid lines, respectively, whereas the a&Chbsorption spectrum is several observations here. Each of the SADS correspond
given by the dashed-dotted line. much closer to a single PCP species than the model | SADS,
with the exception of &, which, because of possible pico-
second ChHd relaxation (see below) and the small population
reported below are averages over both excitation waveef Sy, still shows significant contamination from GhlFor
lengths unless specifically noted. both models Il and Ill, the SSADS are free from ESA and
The A species (primarily peridinin ;5 shows strong the Chh SADS are free of peridinin character, and for
bleaching (negative signal) in the region gkSS; absorp- model Il the S, So+, and § SADS are free of Cla bleach.
tion as expected, along with excited-state absorption (ESAModels Il and Il also differ in the amplitudes of$and §
positive signal) at longer wavelengths, which is more sugESA relative to the Clal bleach. The amount of,Q popu-
gestive of peridinin $or St population, and a slight Cal lation (the value oky) is inferred from its contribution to
bleach feature at 670 nm. The B species (primarily peridinirthe fit assuming a SADS amplitude similar to that ¢f Bhe
S, and $.7) shows the anticipated strong excited-state ab-S, population is 10% of the Spopulation for the 520-nm
sorption in the §—S; region, from 550 to 620 nm, which excitation data and 20% for the 500-nm excitation data,
continues farther red beyond 700 nm due {p<SS.; ab-  suggesting that the non-EET peridinin population is gener-
sorption (see below), as well as the continuedadiieach  ally blue-shifted of the EET peridinin population.
at 670 nm. The C species (primarily @hldisplays strong Fitting the anisotropy data to model Il in the simplest
Q, bleaching near 670 nm along with small amounts of ESAway, in which all species have a constant anisotropy value,
at bluer wavelengths, which appears to be a long-livedjields Ry, = 0.40,rg,n= fscr = g1 = 0.29* 0.05, and
peridinin § or perhaps T population. Average character- rq,, = 0.06 = 0.05. As mentioned in Materials and
istic time scales from the fitting of all data sets at8.2 ps  Methods,rg, was initially fit freely and always yielded
for the A—B step, 2.0+ 0.2 ps for the B>C step and>1  values near 0.40, so this value was fixed in the final fits.
ns for the decay of C. Fig. 7 shows the experimental and model traces for all
Although model | does fit the data quite well, indicating polarizations at several wavelengths. The wavelengths
that dynamics in PCP can be separated into three time scalshown are particularly challenging to fit because they
(<200 fs,~2 ps, and>1 ns), the resulting SADS demon- each reflect different and changing proportions ofSg
strate that model species A, B, and C all correspond t@nd Ché signals. Careful fitting allowing the anisotropy
multiple PCP species. Species A contains characteristics aff each species to be time dependent yields no improve-
peridinin S, Sc1, and § as well as CHd. Species B contains ment to the fits. Therefore, only the results of the mini-
peridinin § and S with Chla. Even species C, which is mal model are reported. In an extended target analysis we
primarily Chla, contains evidence of some long-lived ex- could also identify contributions to the anisotropy decay
cited peridinin species. from Chla-Chla energy transfer (Kleima et al., 2000a) on
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FIGURE 3 The three models used in data analysis. The three excited states of model | correspond to mixtures of the actual excited species present i
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Model II1

PCP. The excited states of models Il and Il correspond more closely with pure PCP species, as do the rates connecting thestafEheSresents
a population of peridinin that does not transfer energy teaCWhereas the S Sct, and S states represent peridinin that do transfer energy ta.Chl
Note that the §; state may represent either an individual excited state or simply vibrationally excitedpSlation. Models Il and Il are identical

aside fromk;.

a time scale of 5 ps, concomitant with a small red shift of DISCUSSION

the Chh bleach (Kleima et al., 2000b). These observa-
tions were corroborated by measurements at 77 K (S.

Lampoura, unpublished).
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SThe results mentioned briefly above will be discussed here
in terms of the flow of energy within peridinin, between
peridinins, and between peridinin and @hThus, this sec-
tion will discuss peridinin internal conversiok,( k;, and

k,), peridinin-peridinin EET (anisotropy decay), peridinin
S,-Chla EET (k,), peridinin §/Sc-Chla EET (k, and k),
followed by the identity of the peridinin,&S--Chla donor
state.

Peridinin internal conversion

The description of internal conversion in carotenoids has
been made significantly more complex recently by the ob-
servation of the 1B state in several bacterial carotenoids
(Sashima et al., 1999, 2000) and the similar observation of
the S state in peridinin (Bautista et al., 1999a; Frank et al.,
2000). In accordance with these works, our models Il and IlI
both represent peridinin internal conversion as a sequential
process, from Sto St to S;. However, because of the
complexity of our model and the poor resolution of our data
at early times, we cannot confidently identify-Sas a
separate excited state, and it may simply correspond to a
vibrationally excited $ population. We only know that the
dynamics captured by the data requires two states in the
models.

The Bautista et al. (1999a) study of peridinin in various
solutions does provide compelling evidence for the exis-
tence of the §; state by showing two bands of ESA with
quite different solvent dependence. The-S5, band (550—
600 nm) is only slightly dependent on solvent, whereas the

FIGURE 4 Species-associated difference spectra (SADS) estimategn,&sCT band (600—700 nm) is highly dependent on sol-

from fitting model | to the isotropic excitation datal, species A;A,
species B®, species C. The average characteristic lifetimes from all data
sets are<200 fs for A—B, 2.0 = 0.2 for B—>C, and>1 ns for the decay

of C.

vent. Bautista et al. (1999a) found that thg;State was
populated rapidly €50 fs) from S and that $; and §
decayed together with a single lifetime. Because the S
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FIGURE 5 Magic angle (isotropic) data (——) and model { -) traces for several probe wavelengths from the 500-nm excitation data. Model traces
derive from the model | SADS given in Fig. 4. The 521-nm traces primarily represent peridirbie&ch; 570-nm traces represent peridinjp-S,
excited-state absorption; and 671-nm traces represeat @hbleach. Note that the time axis is linear fron0.3 to 0.3 ps and logarithmic from 0.3 to

300 ps.

and § states show the same dynamics (other than at verperidinin-peridinin interactions
early times where our data cannot resolve them), we shoul_(lj_h ) dh ford
not expect to be able to identify them separately in our € anisotropy measurements presented here afford an ex-

models, and both the S and § states should appear cgl[ent opporFunity to observg energy transfer between peri-
spectrally similar. This is consistent with the Bautista et al dinins. We find that the anisotropy drops from 0.40 to
(1999a) results, and in fact, we note the strong similarity?-29 = 0.05 as the population goes from peridinip ®
between the shape of oug.Sand § SADS in models Il and ~ Sv/Scr suggesting that either some peridinin$ EET has

1l (apart from the Cha bleach) and the SADS reported for occurred or that the 5. transition moment is oriented
polar solvents in Fig. 7 of the Bautista et al. (1999a) work.quite differently from the §transition moment. Previous
This spectral similarity suggests that the protein environWork with other carotenoids has shown deviation in the
ment in PCP is similar to low-molecular-weight alcohols. In directions of the %S, and S<S; transition dipoles. For
these solvents, peridinin displays Betimes of 12-50 ps, instance, Andersson and co-workers used anisotropy mea-
in accord with the~15-ps found here fok,. Thus, we feel surements to determine that thead S transition dipoles
that our data are most consistent with theS3+S, picture  are 23° apart in both okenone and M15,Becarotene

of Bautista et al. (1999a) and couch our discussion in thesderivative (Andersson and Gillbro, 1995; Andersson et al.,
terms. 1996). If we assume peridinin also shows this kind of
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60 T shown in Fig. 7) suggests that peridiniff &+ population is
| Model 11 transferred directly to Chland that peridinin §S-+-S,/Scr
w041 i EET is a minor or negligible pathway. Though the absolute
— Seq time scales are a bit different than presented here and the
8 EN Scr State was not considered, semi-empirical calculations
E 207 . (Damjanovicet al., 2000) found that peridinin, S5, EET is
a S roughly an order of magnitude slower than peridinip S
2 o JCha Chla Q, EET, in qualitative agreement with our findings.
s, o Although we cannot rule out peridinin,/Sc1-S,/Sc+ EET,
our models do not require it, and calculations suggest that it
20T i should be a minor or negligible process.
600
———+ Peridinin S,-Chla EET
20 --gm - Based on other light-harvesting antenna, peridinjfC8la
_S"‘ EET might be expected to be a significant process, but this
8 0 C1hla
=S N
o} £
< 20 + s é
e«
5 w
Model 111
Ap
600 650 700
Wavelength (nm)
FIGURE 6 SADS from fitting the 500-nm excitation data to model Il E
(top) and model Il pottor). Blue portions of the SADS are not shown, -]
revealing more det_ail in the Chlregion. In both plots, SADS traces %
correspond to species as follows], S,; ¢, Sers A S;; ¥, Si\; @, Chla.
Inverse rate constants estimated from the fits are given in Table 1.
deviation, then the 0.40—0.29 depolarization represents an .
angle of 25° between the,&nd § transition dipoles, in c
remarkable agreement with the carotenoids studied by 2
Andersson et al. However, calculations by Damjanetial. w
(2000) suggest rapid peridinin,Peridinin S, EET, ~100
fs, which could compete effectively with the-200-fs peri-
dinin S, lifetime. Either deviation between,&nd § tran-
sition dipoles or peridinin $S, EET is itself a plausible
explanation for the observed 0.40 to 0.29 depolarization, £
and neither can be excluded by our data. c(;:
Once the population has left the peridinip Sate, fits 2
with time-dependent $S- anisotropy yield no improve-
ment over fits with constant anisotropy. In fact, because the

wavelengths shown in Fig. 7 each reflect a very different
contribution from Ché relative to peridinin, as a group they
are a very sensitive test of the accuracy of the anisotropy

Time (ps)

model. For instance, the 630-nm traces have littleaChl FIGURE 7 Anisotropy data (—) and model - -) traces from the
signal and should reflect peridinin/Se,-S,/Ser EET in 500-nm excitation data. The 630-, 660-, 670-, and 680-nm probe wave-

their anisotropy decay whereas the 670-nm traces shoulﬁ

ngths demonstrate the quality of the model Il fit for all polarizations. For
| plots, the parallel traces have the largest absolute magnitude, magic

reflect pgridinin %{SCT'ChIa EET. The success Qf the con- angle intermediate, and perpendicular the least. Note that the time axis is
stant-anisotropy fit at all wavelengths (in addition to thoselinear from—0.3 to 0.3 ps and logarithmic from 0.3 to 300 ps.
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TABLE 1 Inverse values of the rate constants connecting states in model Il
Pathway Ky Ko ks k* Ks Ks
Model Il 0.1 (<0.2) 0.1 €0.2) 0.1 €0.2) 15 (10-30) 2.3 0.2 >1000

These times are taken from the fitting of all data sets. Values for model Ill are within the uncertainty ranges of the model Il time scales exckpt for the
pathway, which ise by definition. As noted in the texky, does not represent a physical EET pathway, and its value is not given. All values are times in
picoseconds.

*k, was fixed at a value determined by fitting the red region only.

has not been observed in previous work on PCP. The Comparison of the SADS in Fig. 6 shows small but
overlapping features of the Ghbleach and the $S-+ ESA  significant differences in the models Il and Il peridinin
make resolving early time dynamics at 670 nm difficult, asSADS near 670 nm. The model lll SADS all show clear
demonstrated by the 660—-680-nm traces in Figs. 5 and Bleaching at 670 nm, suggesting that excitedeGhlpresent
that show a total positive signal at early times giving way toin the data that is not accounted for in the model. In fact, an
a negative signal at long times. Without other data, thenitial Chla population of~35% is needed to remove the
individual contributions of positive and negative signalschla signal from the peridinin SADS in model IlI. In
cannot be separated from their sum. Because of the fulontrast, the § S.r, and § SADS for Model Il are free of
spectral information in our data, we can now see thatChl chja bleach. Thus, direct excitation of Ghiwithout S-
bleach is present at early times and have designed models#nja EET is unable to account for the 670-nm bleach
and 11l to test whether this signal results from peridinin present in the data at early times. Only by includipgCSila
Sy-Chla EET or from an instantaneous process. Model leeT (or an unrealistically high instantaneous &kkcita-

allows the EET to occur, whereas model Ill does not,ion) can the appearance of @siignal be removed from the
instead allowing a small (5%) initial population of excited geridinin SADS.

Chla. (Note that we do not state whether the acceptor stat
in peridinin S-Chla EET is Q or Q. Our data only identify
Chla ground state bleaching, sa,@nd Q, populations are
indistinguishable and we model them together as simpl
excited Chd.)

In addition, the two models differ significantly in their
final Chla populations. The distributions of initial excitation
throughout all of the states in models Il and Ill are given in
Yrable 2. The overall peridinin to CalEET efficiency in
model Il is 86%, very similar to the 88 2% from steady-

The initially excited Ch& population in model Ill may .
. - . _state measurements (Bautista et al., 1999b). In contrast, the
t direct excitation by th | h 3 rements tsat g | contrast,
represent direct excitation by the pump pulse (perhaps in corresponding efficiency in model Ill is 72% (including the

the red tail of the Soret absorption) or some other instanta-o/ initial Chia lati Modifving th . del
neous mechanism such as an electrochromic shift. Either oef o Initia population). Modifying the rates in mode

these direct excitation mechanisms is plausible, althoughl! €@n 9ive a higher peridinin-CRIEET efficiency, but this
they should both be very small in magnitude. Similar ex-réauires significantly reducingy, resulting in a reduced
periments utilizing similar excitation wavelengths (Gradi- Sin POPUlation that, to maintain a reasonable fit to the data,
naru et al., 2000) do not show measurable instantaneou¥ives the $y SADS to unrealistically large amplitudes.
Chla bleaching in LHC-Il or CP29. Although electrochro- Only by including peridinin $Chla EET can good agree-
mic shifts have been observed in carotenoid bands followment between the overall peridinin-@HEET efficiency of

ing bacteriochlorophyll excitation in LH2 (Gradinaru et al., the model and the measured value be achieved while main-
1998; Herek et al., 1998), recent Stark measurements in odigining realistic SADS for all species.

laboratory indicate that the magnitude of the &b&nd shift In summary, both models Il and Il fit the data well, with
signal is<0.5 mOD (R. N. Frese, unpublished results), anSADS that generally appear as expected. However, the
order of magnitude or more smaller than the initial £hl presence of Cllbleach in the peridinin SADS of model IlI,
bleach seen here. Therefore, we expect instantaneoas Chiespite allowing instantaneous excitation of &lihdicates
bleaching to be small, but cannot rule it out completely andhe need for peridinin SChla EET. The model I peridinin
use an initial excited Chlpopulation of 5% in model Ill.  SADS appear free of Calcharacter, and the overall peri-

TABLE 2 Fractions of initial excitation that reach each of the states in models Il and Il

Peridinin Cha
State S, Scr Sn S, Sy (Sn) S, (S1) S, (total) From S From S+ From § Initial Total
Model I 1.00 0.50 0.10 0.38 0.10 0.04 0.14 0.50 0.02 0.34 0 0.86
Model Ill 0.95 0.95 0.18 0.73 0.18 0.10 0.28 0 0.04 0.63 0.05 0.72
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dinin-Chla EET efficiency is reproduced significantly better dipole Coulombic coupling should dominate the total cou-
by model Il than model IIl. pling (see below).
The peridinin S-Chla EET time scalek,) on the order of The results of fitting to models Il and Il give us directly
100 fs is poorly determined by the combination of our dataan estimate of the Sto Chla EET time scale as 2.3 0.2
and a complex model but is similar to time scales found forps, giving a rate oks = (4.4 + 0.4) X 10**s™*. In addition,
the same pathway in the LH2 complexes of bacterial systhe S lifetime in the absence of energy transfer is approx-
tems (Shreve et al., 1991; Andersson et al., 1996; Ricci einately given by the decay of the non-energy-transferring
al.,, 1996; Krueger et al., 1998) and in LHC-II of green peridinin population, § as 15 ps, ranging from 10 to 30 ps,
plants (Peterman et al., 1997a). Given the similarity offor a rate ofk, = 6.8 (3.2, 10)x 10*°s™ 2. This S, lifetime
carotenoid and chlorophyll transition moment magnitudesnust be used with care because this population of peridinin
and molecular separations in PCP compared with all ofnay not be completely disconnected and may demonstrate
these light-harvesting complexes, it seems reasonable thgfow EET to Chh. In addition, because the,$ SADS is
the peridinin $-Chla EET time scale should be similar as sjgnificantly contaminated with Calfeatures, the measured
well. Although recent calculations on PCP found a signiﬁ-slN lifetime may also be tainted by Ghbynamics. How-
cantly slower time scale of-10 ps (Damjanovicet al.,  ever, although the measured value kgrcorresponds only
2000), they were hampered by difficulties estimating speciposely with the peridinin $S, internal conversion rate, we
tral overlaps and Chltransition moments. Therefore, we expect effects from EET and Ghdlynamics to be negligible
suggest that peridininSChla EET is a significant pathway  compared with the large uncertainty given for As men-
in PCP with a time scale on the order of 100 fs andtoned previously, the shape of the, @nd S SADS
accounting for roughly 25-50% of the overall peridinin to 5, ggest a solvent environment consistent with the measured
Chla energy transfer. k,. and, the overall peridinin-ChIEET efficiency, of which
k, is a key component, reproduces previous measurements
(Bautista et al., 1999b). Thus, we have confidence that our
Peridinin S,/Scr-Chla energy transfer estimate ofk, is reasonable.
Using the relationship of $lifetime to solvent polarity
The remainder of the peridinin-Chla EET must be mediateCtBautista et al., 1999a) suggests that a lifetinkg) ¢, of
by peridinin §/Sc-Chla EET. The lifetimes associated 10_30 ps results from a local protein environment with a
with the SADS allow us to estimate the time scale andgielectric constant in the mid-twenties. Within the list of
mechanism for peridinin $Scr-Chla EET, one of the pri-  gqyents described by Bautista et al. (1999a), this is similar
mary motivations of this work. The presence of two low- acetone { = 20.7,n = 1.36), ethanol{ = 24.3,n =
lying excited singlet states,;Sand &y, casts doubt on 1 36y and benzonitrilee(= 25.3,n = 1.53), which seem
which is the energy donor state. For the moment we yse Syoasonable for describing the pigment environment in PCP

to refer to the generic peridinin donor state, leaving itSyg iy addition to protein, both lipids and water appear near
identity for the next section. We emphasize that the methodfhe pigments in the crystal structure (Hofmann et al., 1996).

used bglow t?] dﬁterm?n%)the propder::esb@‘ &e equ:ally In addition, these solvents, particularly benzonitrile, which
appropriate whether itis, r%,T and that because the tWo g, 14 haye polarizability similar to protein, suggests an
states decay together (Bautista et al., 1999a), the targ%dex of refraction value of-1.5, which agrees well with

anagyfls”dozsurot tdlfrlerentlate btetween tthemf%g.:;ﬁ the 1.6= 0.1 estimated by careful analysis of the &hla
models Il an actually represents a mixture g © EETin PCP (Kleima et al., 2000a).

Iong-llyed S)- Our primary assum'ptlonils Fhat the donor With reasonable confidence in the rates pertinent to
state is the same state observed in emission, a reasonable . .

: S O -Q, EET, particularly the 2.3t 0.2 ps EET time scale,
one given that the peridinin emission is measurable and that® ™Y . :

L . . . . ) we can now estimate the strength of the coupling between
coupling involving a transition dipole easily dominates o L

: . : . he transitions. In the weak coupling limit, the rate of EET

other coupling mechanisms. Along these lines, Bautista eltt iven by (Faster, 1965):
al. (1999a) measured the fluorescence quantum yield and 9 y ' '
lifetime of peridinin in several solutions. The resulting
radiative rates range from 5% 10° to 2.1 X 10" s % Kon = é|VDA|2‘JDA @)
Because there is significant uncertainty about the states hc
involved and the frequencies of the transitions, Bautista et
al. (1999a) did not use these rates to estimate a transitionheres is Planck’s constant (divided by, ¢ is the speed
dipole magnitude. However, for our purposes we desire awof light, Vp, is the electronic coupling between the donor
order-of-magnitude estimate and use the simple-minded asind acceptor transitions, adgd, is their spectral overlap.
sumption that the emission maxima correspond to the tranfhe spectral overlap is given by the integral over energy of
sition frequencies. This yields anp, &ansition dipole on the the donor emission and acceptor absorption spectiai@io
order of 2 D, sufficiently large to reassure us that dipole-1965):
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fo(v) ea(v) The role of orbital overlap coupling between carotenoids
Joa = A f D 3 A dv, (3) and chlorophylls has been recently addressed (Nagae et al.,
v 1993; Scholes et al., 1997; Damjanowt al., 1999). All

three works examined purple bacterial LHCs and deter-
whereA andB are normalization constants chosen to satisfymined that exchange coupling (Dexter, 1953) is negligible.
Af (fo(w)/v®) dv = BJ(ea(v)/v) dv = 1. To estimate the In addition, a similar analysis on PCP (Damjariogical.,
spectral overlap, we have utilized the solution (methanolR000) recently found that exchange coupling is also negli-
emission spectrum of peridinin and absorption spectrum ogible in this system. However, a number of groups have
Chla (see Fig. 2). pointed out that the exchange coupling term is the least
Normally, care must be taken to ensure that both thesignificant of several coupling mechanisms that depend on
absorption and emission spectra reflect the homogeneousbital overlap (Koutecky and Paldus, 1963; Choi et al.,
line widths of the two species. However, when the spectrd964; Azumi and McGlynn, 1965; Harcourt et al., 1994;
show significant vibronic structure, the width of each vi- Scholes et al., 1995). Of principle importance to carotenoids
bronic band becomes much less important than the numberre the polarization coupling and charge transfer coupling
and relative amplitudes of the vibronic bands. The peridinirmechanisms. Using the Scholes et al. (1997) formalism
vibronic structure, barely detectable in the emission specalong with the average peridinin-Ghéeparation of-10 A,
trum because each band is extremely broad, is well dewe estimate that the total orbital overlap coupling for the
scribed by a single Gaussian component. Thus, we represeaverage peridinin-Chlpair is roughly 15 cm*. Although
the peridinin § emission by one Gaussian, centered atthis is a difficult contribution to estimate, previous work on
14,170 cm* with a width of 2800 cm*?, corresponding to  LH2 using this same approach yielded EET rates that were
the width of the Franck-Condon envelope. In contrast, then reasonable agreement with experiment (Krueger et al.,
well studied Chah absorption profile is quite complex. How- 1998; Scholes and Fleming, 2000). Assigning4% cm™*
ever, because the peridinin emission is much broader thaef the total 47+ 2 cm ' coupling to orbital overlap con-
the Chh absorption, the spectral overlap is insensitive to itstributions leaves 32- 7 cm* that must be contributed by
precise description; we represent €hds four Gaussian Coulombic coupling.
components for the main and first three vibronic bands. In principle, this Coulombic coupling contains all terms
Note that the spectral overlap is driven by the main bandpf the multipole expansion (e.g., dipole-dipole, dipole-qua-
but the vibronic components are needed for proper normaldrupole, quadrupole-quadrupole). However, because we ex-
ization of that band. The Chlabsorption was fit to four pect the § transition dipole moment to have a significant
Gaussians centered at 14,915, 16,000, 17,085, and 18,48tagnitude, the dipole-dipole term should adequately repre-
cm™ %, with widths of 250, 500, 500, and 750 cthand sent the total Coulombic coupling,
relative amplitudes of 1.000, 0.017, 0.087, and 0.040. The
250-cn * width of the Ch& main band is the homogeneous \/Coul  \/dip-dip — K ||| mal
linewidth of Chla in LHC-II as measured by fluorescence =V "~ 4me, PR )
line narrowing (Peterman et al., 1997b) and photon echo
(Agarwal et al., 2000) experiments. The relative widths ofand allow us to roughly estimate the magnitude of the
the other bands roughly match the relative widths observegeridinin donor state transition dipolgy. Taking the peri-
in the absorption spectrum, although the final spectral overdinin S, transition dipole to point along the conjugated
lap is insensitive to the widths of the Ghbands; widths portion of the molecule (from C9 to C20, with the center
two times larger yield a spectral overlap thatid4% dif- defined as the average of C7, C9, C11, and C23 from the
ferent. The calculated spectral overlap is 1:68.0 % cm,  crystal structure) suggests orientation faciovalues of
which along with an inverse rate of 2.8 0.2 ps yields —1.42,1.02, 0.56, ang0.07 for the four peridinin-Clal Q,
(from Eq 2) a coupling strength of 4% 2 cm™ %, pairs. The peridinin with the smallestwill not significantly
These values represent the magnitude of the total coparticipate in the dipole-dipole coupling, so we estimate a
pling between the peridiningSand Cha Q, transitions, but  single, effectivex of 1.0 by averaging the absolute magni-
do not give us any direct information concerning the mech-tudes of the three largest values. Finally, takingto be 5.2
anism(s) of the coupling. As mentioned at the beginning oD (Kleima et al., 2000b)R to be 10.2 A, andh to be 1.5
this section, the transition dipole-transition dipole Coulom-gives a peridinin § transition dipole moment of-3 D.
bic coupling of Faoster (1965) should be dominant. How-  The orientation factors above, as well as calculations by
ever, the short-range orbital overlap component has beebamjanovicet al. (2000), suggest that the-£hla EET is
suggested to be significant in other carotenoid systemsoughly separable into two time scales, possibly explaining
(Scholes et al., 1997; Krueger et al., 1998, 1999a) and couldur need for both the;Snd S states. Thus, the,;%nd S
be driven in PCP by the van der Waals contacts betweestates of models Il and Il may primarily correspond to the
peridinin and Chd shown in the crystal structure (Hofmann three peridinins with efficient $Chla EET and the fourth
et al., 1996). peridinin with poor $-Chla EET, respectively. This fourth
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peridinin does have reasonably good@@, orientation,k = Although our data cannot discriminate between direct
—0.54, so this peridinin with low $Chla EET efficiency = S,—S, internal conversion and the,S S« S; pathway,
may well have high $Chla EET efficiency (Damjanoviet the latter is more consistent with the body of literature on
al., 2000). peridinin. A small amount of depolarization, from 0.40 to
0.29* 0.05, occurs on the same time scale as th8§/S,;
internal conversion. This depolarization suggests that the
Identity of the peridinin donor state S,<Sc+/S; transition dipole is oriented-25° away from

. . th t ition dipol that Il t of
Although the above analysis is fraught with the use of many eeri d%n?sé-ggzzllr:?: S Igr?e?gsrtranife? (?g(lirs amount o

approximations, it does provide a reasonable experimentﬁ Assuming the $—Ser<>S, pathway, the peridinin pop-
T ]

measure of the properties of the peridinin donor state and 'lsgation is in equilibrium between two low-lying singlet

ci)nsllsgtggt W'E: tzevrardlatlvi rftss rge\?su;ﬁdrbyiB?utlst? esr ates, $and S, after internal conversion. There is no
?‘- .( . a). Ho e_ er, as .0 ed above, there 1S no Ceaclear evidence as to which of these is the state observed in
indication as to which state is the donor.

emission, or which is the donor state in energy transfer to
Two recent Works_sugg_e:_;t that the ﬁ_ate may be f[h_e_ Chla, although some data suggest iS the more likely
energy donor. Semi-empirical calculations on pe”dmmcandidate
(Damjanovicet al., 2000) estimate an 8ansition dipole of '

. " . Fitting with the peridinin $S.t anisotropy fixed at 0.29
4.7 D. This remarkably large transition dipole suggests tha L : :
the —3 D estimated here is reasonable for thergnsition. }md allowing it to be time dependent gives the same results,

. . o a strong indication that significant peridinin/Sc-peri-
:/ne;idndétl%g’roi)éﬁizérge{;sg&%t Osnp:lr(];o? daecri”aflﬂrllldgh'rt;sﬁrr(-)'g-inin S,/Sct energy transfer does not occur before peridinin
porene (Zhang et al., 2000) reveals measuralea@sition ,/Scr-Chla energy transfer. Target analysis of the isotropic

) . : ecays reveals that the peridinin/ lifetime in the
dipoles of 0.64, 0.72, and 0.86 D, respectively. This trend Ogbsexce of EET is 15 (18_30) &%ﬁd that the peridinin
increasing dipole strength with decreasing conjugatiorb

- S1/Sct to Chla EET time scale is 2.3 0.2 ps. The full set

1 T
length (1.1' 10, and_9 doubl_e _b(_)rlds)_ suggests that a fa'rl%f rates determined by the target analysis yields an overall
symmetric carotenoid of peridinin’s size should have an S

. . i o peridinin-Chh EET efficiency of 86%, in agreement with
transition dipole on Fh_e order of 1 D. G|ven the significant that measured by steady-state methods as-88% (Bau-
asymmetry of peridinin~3 D seems, again, reasonable.

. o i . . tista et al., 1999b). In turn, this suggests a total peridinin
However, if the $ transition dipole is really~3 D, then it i . L Y .
should be easily visible in the PCP absorption spectrum; yeglls‘” Chla coupling of 47 2 cm . Assuming that 15

: cm * of this total coupling is mediated by orbital overlap
thorough spectroscopic analyses (Carbonera et al., 1999; . . . : . )
Frank et al., 2000; Kleima et al., 2000b) failed to find echanisms and that the remainder is driven by a dipole

viden f the Stransition in absorption or circular di dipole mechanism results in an estimate for the peridinin
ihro'iesrﬁe of the Stransitio absorption or circuia S,/Sc transition dipole magnitude o3 D. In addition, the

Distortion of the peridinin structure on excitation, com- 15-ps §/Scy lifetime in PCP (in the absence of EET)

mon for polyenes (Zechmeister, 1962), would be eXpecteﬁ?uggests that the pigment environment is described by an

to yield an emitting/donating,Sransition with significantly hdex of refraction of~1.5 in reasonable agreement with
h -+ i i
more dipole strength than the absorbing transition. Sucﬁhe 1.6 0.1 found by studying CRFChla EET (Kleima et

distorti Id al lain a significant transition strength® 2 2000%)-

f istortion cohu %SO expiain at5|dgnIl3lcatr_1 trantSI Ilonlsggzng The highly efficient peridinin-Cld energy transfer pro-
Well 35 the absence of Such a stte flom the semi-empioge=S I" PCP is mediated through both the peridinn S
calculations (Damjanoviet al., 2000). Hence, distortion or ransition and the lower donor transition, eithard Sr.

. R o . Both EET pathways are mediated mainly by Coulombic
twisting of the peridinin after excitation may drive the donor : , . - ;
state transition strength, in eitheg 6 Ser. coupling with the accepting Chatransition. The Coulombic

Clearly, more work is needed to sufficiently explain the coupling of the $ or Scr transition is driven by the asym-

photophysics of peridinin. Although significant evidence metry of peridinin, and perhaps distortion in the excited

. ) state, allowing the donor state a significant transition mo-
suggests that th_elState IS _resp0n5|ble_ f_o_r the EI.ET to @n ment. Lack of peridinin-peridinin EET suggests that each
too many questions remain for a definitive assignment.

peridinin is independently coupled to the central&lguite
unlike the highly cooperative situation found in purple

CONCLUSIONS bacterial LH1 and LH2.

The results presented here suggest that there is significant

. e We thank Frank Sharples for assisting in sample preparation, F. Kleima
—5009
(25 50 /0) energy transfer dIrECtIy from the perldlnl@ S and H. van Amerongen for enlightening discussions, as well as A. Dam-

state to Cha, as well as through a low-lying Si_”g'?t stat@, S janovic for additional discussions and for providing a preprint of Dam-
or S, after internal conversion from the peridinip §ate.  janovicet al. (2000).
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