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Light-harvesting complex | (LHCI), which serves as a peripheral antenna for photosystem | (PSI) in green
plants, consists mainly of four polypeptides, Lheatl We report room temperature emission properties of
individual reconstituted monomeric Lhca proteins (Lhcal, -2, -3, and -4) and dimeric Lhcal/4, performed by
steady-state and time-resolved fluorescence techniques. The emission quantum yields of the samples are
approximately 0.12, 0.085, 0.081, 0.041, and 0.063 for Lhcal, -2, -3, -4, and the -1/4 dimer, respectively,
which is considerably lower than the value of 0.22 found for light-harvesting complex Il (LHCII), the main
peripheral antenna complex of photosystem Il in green plants. The decay components of LHCI proteins can
be divided in two categories: Lhcal and Lhca3 have decay times ofl16Ins and 3.33.6 ns, and Lhca2

and Lhca4 have decay times of 6.0.9 ns and 3.23.2 ns. These categories seem to correlate with the
pigment composition of the samples. All decay times are faster than that observed previously for LHCII.
When the absolute emission yields and the lifetimes of the Lhca samples are combined, the overall emission
properties of the individual Lhca proteins are expressed in terms of their emitting dipole moment strength. In
the samples without extreme red states, that is, Lhcal and Lhca2, the emitting dipole moment has a value
close to unity (relative to monomeric chlorophyll in acetone), which is similar to that for LHCII, whereas, in
the samples with the red-most state (F-730), that is, Lhca3, -4, and the -1/4 dimer, the emitting dipole moment
has a value less than unity (6:6.8), which can be explained by mixing the red-most (exciton) state with a
dark charge-transfer state, as suggested in previous PSI red pigment studies. In addition, we find a lifetime
component of~50—-150 ps in all red-pigment-containing samples, which cannot be due to “slow” energy
transfer, but is instead assigned to an unrelaxed state of the pigpretein, which, on this time-scale, is
converted into the final emitting state.

Introduction complex of PSII, LHCII, is known with 2.72 A resolutiorand
. . . . its spectroscopic properties and excitation dynamics are char-
Light-harvesting complex | (LHCI) is the peripheral antenna acte?ized in dgtaﬁelop 4
of photosystem | (PSI) in green plants and algae, and it collects Despite the similar pigment arrangement, some of the

arrl]d tra}tn_sf?rs excgtgn:)hn (?nergyf to tthetzjlrear(]:tlon center (t)'f PSII' spectroscopic properties among Lhca proteins and between Lhca
Wrezrr? ! ;Zn;:ppLeHéT cgnsigtg Omilisnla gfcf:lj?e soflepaéat:ggé " and Lhcb proteins are significantly different. The most obvious
Ehcal—[é)ll Fu}thermore Lhca5 may b)é present VF\)Ihi)(;II’)I cpontrib,— differences between_ th_e Lhca and Lhcb proteins appear in the
utes a m.inor increase in the antenna §i%da_HCI' is attached Iow-tgmperature emission sp_ecFra, where Lhca protelns show a
in dimeric form at one side of the PSI core antefifia considerably red-shifted emission compared with that of the
. ' Lhcb proteins. The red-most emission of Lhca3 and Lhca4 is
The Lhca polypeptl_des belong to the so-called Lhc-supergene|q4aq a¢.730 nm at cryogenic temperaturésyhereas in all
family, and they all bind (_:hlorophyll aand b (Caland Chlt,’) Lhcb proteins it is~680 nm. Thus, the lowest singlet excited
molecules and carotencl)la’é.AII Lhca proteins ShO\.N a high state of the Chl's in these Lhca proteins resides at much lower
sequence homology W'th_ the Lhcb proteins, which are the energy than does that of Lhcb proteins. The red-most states in
p_erlpheral_ antenna proteins O.f photosystem !' (PSIl). The 0 pS| antenna are even lower than the main absorption of the
pigment binding sites are considered to be similar for all Lhc o4 tion center of PSI (700 nm). It has been shown that these
proteins. The structure of the main peripheral light-harvesting red states prolong the overall trapping time of native-R$CI

particles in green plants!3 and in PSI core particles from
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because all Lhca proteins have similar biochemical properties. TABLE 1: Pigment Composition of Reconstituted Lhca
Researching individual Lhca proteins became possible once theyMOnomers""'b
could be reconstituted in vitro, and mutants of Lhca became sample Chitotal Chi/b lutein  viola  [S-car/neo

available*?2%> Since then, our knowledge of the pigment — -7 10 20 15 11 02
composition, proteifrprotein interactions, and (steady-state) | hca2 10 1.9 15 05
spectroscopic properties of individual Lhca proteins has in- Lhca3 10 55 1.7 0.6 0.4
creased considerabty:23-27 Lhcad 10 2.4 1.7 0.4

Until now, only a few studies on individual Lhca proteins Lhcal/a 20 3.0 24 16 0.8
have appeared that describe the excitation transfer kinetics 2Taken from refs 6 and 1f.iola = violaxanthin, S-car =
among the Chl molecules and the excitation decay procéssés.  fS-carotene, nee= neoxanthin.
Now that the reconstitution (and mutation) procedure of the
individual Lhca proteins has been established, it is clear thata Chromex 250IS spectrograph and a Hamamatsu C5680
more information on the excitation (decay) dynamics among Synchroscan streak camera. The streak images were recorded
the pigments in Lhca proteins will become availaBlelhe with a cooled Hamamatsu C4880 CCD camera. The exposure
observations made with such “small” particles can then be linked times per image were-510 min and 2-6 min for the 500 ps
to the overall excitation dynamics taking place in the green plant and 2 ns time bases, respectively. The detected streak images,
PSHLHCI complexes, which will lead to a more complete Wwhich showed a whole time-resolved fluorescence spectrum of
picture of the excitation pathways from the peripheral antenna the Chla and Chib molecules of the samples, were analyzed
via the core antenna to the reaction center in green plant PSi.globally from 635 to 810 nm with 8 nm resolution, and the
Because the PSILHCI particle is a large pigmentprotein decay-associated spectra (DAS) were estim#tétThe instru-
complex with ~170 chlorophylls and more than 30 caro- ment response function was modeled as a Gaussian with
tenoids332 detailed information on the excitation energy FWHMs of about 5 and 15 ps for the 500 ps and 2 ns time
pathways is difficult to obtain by studying PSILHCI particles bases, respectively. In addition, the data was modeled by using
only. a so-called target analysis methtye>

In this paper, we study the room-temperature fluorescence
decay properties of four monomeric Lhca proteins (Lhed)l Results
and a dimeric Lhcal/4 protein, by using a Streak camera setup
with about 5 ps time resolution. We show that the excitation
decay takes place biphasically in all Lhca proteins and that the
decay times depend both on the pigment composition and on
the red pigment content of the proteins. We also show that in
the samples containing red pigments, that is, in the monomeric
Lhca2-4 and dimeric Lhcal/4 complexes, the formation of the
final excited state occurs on the order of hundreds of pico-
seconds, which cannot be due to a typical energy transfer
process, but most likely reflects a small structural rearrangement
in the protein following the excitation.

Steady-State Absorption and EmissionBiochemical and
steady-state spectroscopic analyses of the reconstituted+t#cal
samples used in this study have been reported in ¢éteaf.2527
The pigment composition of each of the particles is shown in
Table 18! Room-temperature steady-state absorption and
emission spectra of the samples are presented in Figure 1.

In absorption (Figures 1A and 1C), thg-@ansitions of the
“bulk” Chl a molecules have their maxima at 680, 679, 679,
675, and 677 nm for Lhcal, -2, -3, -4, and the -1/4 dimer,
respectively. A red tail (around 69015 nm) in the absorption
can be observed for the Lhca2, -3, -4, and -1/4 samples. The
blue-most red pigment absorption is observed for the Lhca2
samples, which is in line with the low-temperature experiments,

The samples were prepared as described by Morosinotto etin which Lhca2 has the blue-most absorption and emission out
al. in 2003* and diluted with a buffer containing 10 mM Hepes of the Lhca2, -3, -4, and -1/4 sampRés’ Because the red tail
(pH 7.6) and 0.0398-DM. For the steady-state measurements is structureless at room temperature, the position of the red-
the samples were placed in ax10.4 cm cuvette, and, for the  most band is estimated, to a certain extent, only from the 4 K
time-resolved measurements, all of the samples were placed inabsorption spectra. For Lhcal, the red pigment absorption of
a 0.5 x 0.5 cm cuvette, which was shaken during the the samples is only seen as a very weak tail of the main
measurement. absorption band.

The steadystate absorption spectra and fluorescence emission  Figure 1B shows the steady-state emission spectra of the
spectra were detected with commercial spectrophotometerssamples together with the emission spectrum ofadhlacetone.
(Perkin-Elmer, Lamda 40 and Jobin Yvon, Fluorolog, respec- The spectra are normalized to the excitation density (i.e., the
tively). After the emission spectra were normalized to the same number of absorbed photons), except for the free @hl
excitation power, the emission yields of the samples were spectrum, which is normalized to half the excitation density and
determined by integrating the emission spectrum of the samplescaled down in such a way that the maximum of the free Chl
and using the emission of Chlin acetone with a yield of 0.3  a emission has a value of 0.15, which is approximately half of

Materials and Methods

as a referencé its real quantum yield, 0.8 At room temperature, the strongest
The timeresolved measurements were performed with a emission originates from emission of the bulk @rholecules,
Streak camera setup. In short, excitation pulses of 48610 and the maxima of the samples are located at about 683, 683,

fs) with vertical polarization were generated using a titanium: 681, 678, and 681 nm for Lhcal, -2, -3, -4, and the -1/4 dimer,
sapphire laser (Coherent, VITESSE) with a regenerative ampli- respectively (Figure 1D). These emission maxima follow the
fier (Coherent, REGA), a double pass optical parametric same order as that observed for the absorption maxima of the
amplifier (Coherent, OPA), and a Berek compensator. The samples (Figure 1A, see above). Depending on the red pigment
repetition rate was 50 kHz with a pulse energy of 4 nJ in the energy and content of the samples, a red emission band can be
sample, which resulted in less than 20% excited proteins perobserved. As in the case of the absorption, a clear maximum of
pulse. The fluorescence was detected at a right angle with respecthe red band cannot be determined. At low temperatures, the
to the excitation beam through a polarizer at a magic angle usingred-most emission is observed at about#@02 nm for Lhcal
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TABLE 3: (A) Excitation Proportions of the Branching

I
154 ,.’}"*A i Resulting from the Target Analysis of the Lhca Monomers
g ' ,;’ and Lhcal/4 Dimer; (B) Lifetimes of the Compartments
3 . Lhcat Resulting from the Target Analysis of the Lhca Monomers
— i A Do otheaz and Lhcal/4 Dimer
g 1'0‘t? M —-—- Lhca4 ] (A)
= ---=-Lhcal/4
<3 Py P> Ps Py
% 054 i Lhcal 0.55 0.45 0.02 0.98
< Lhca2 0.58 0.42 0.28 0.72
3 Lhca3 0.45 0.55 0.23 0.77
3 Lhca4 0.43 0.57 0.30 0.70
400 500 500 700 Lhcal/4a 0.58 0.42 0.22 0.78
015{B 5 ' ] (B)
/ B—ybas, 2! 2 T3 7 75
@ x05 ; e Lcad Lhcal 06ps 4ps 116ps  16ns  3.3ns
S 0104 ; —em-Lhoald J Lhca2 0.7 ps 5ps 78 ps 0.9ns 3.1ns
8 Y Chia Lhca3 0.8 ps 5ps 126 ps 1.1ns 3.6 ns
o Lhca4 0.8 ps 6 ps 108 ps 0.7 ns 3.2ns
9 Lhcal/4 0.5ps 6 ps 38 ps 0.7ns 2.7ns
2]
é 0.051 i aThe model is shown in Figure 4.
m
TABLE 4: Collection of the Fluorescence Emission
, B~ : : : Quantum Yield,? the Average Lifetimes? and the Calculated
630 680 730 780 670 680 690 Emitting Dipole Moments (u?)°4
Wavelength, nm yield (%) TavdnS) kadl/NS) N Vmean m?
Figure 1. Room-temperature absorption spectra (A) and emission Lhcal 12.0 2.58 0.047 152 14477 08D.1
spectra upon 430 nm excitation (B) of the Lhca monomers (Lhcal Lﬂcaz 8.5 1.58 0.054 152 14425 18@.1
4), the Lhcal/4 dimer, and Chldiluted in acetone. (C) A close-up of thcai 21 igg gggi igg ﬂgég 8%2%
the Q-absorption band of the spectra shown in (A). (D) A close-up of Lhca1/4 6-3 1'54 0'041 1'52 14216 0.334)-1
the Q-emission band of the spectra shown in (B). The absorption LHCC?IIG 216 4'00 0'054 1'52 14650 1.01 :
spectra are normalized to their-@bsorption maximum around 680 Chia 30 6.10 0049 136 14828 1.00

nm, and the emission spectra are normalized according to their

excitation power; that is, the yields are comparable with each other.
For clarity, the Chla emission spectrum is multiplied by a factor of
0.5.

TABLE 2: Collection of the Decay Lifetimes and Integrated
Relativeb Amplitudes of the Lhca Monomers and the Lhcal/4
Dimera

aFrom Figure 1P Taken from Table 2; these values are then
converted to radiative rateé.q. ¢ According to the equatiotaq =
n167%v%3eohc|zi|?, in which n is the refractive index of the medium,
€0 is the vacuum dielectric constarit,is Planck’s constant; is the
speed of light, andr is the emission frequency taken as a mean
frequency of the emission spectra (see more details in ref'Js)e
emitting dipole moments of the samples are normalized to the emitting

sample 72(NS)Aver 72(NS)Aver 73(NS)Avrer Tave dipole moment of the Ché molecule diluted in acetonén the case

of LHCII, the values presented in ref 36 have a refractive index of
Lhcal 1.65/0.45  3.34/055 258 155 instead of 1.31
Lhca2 0.06/0.13 0.8/0.45 2.91/0.42 1.58 . o ) .
Lhca3 0.19/0.1 1.30/0.58 3.59/0.32 1.92 Time-Resolved Fluorescencale studied the time-resolved
Lhca4 0.11/0.16 0.72/0.54 3.21/0.29 1.32 emission properties of the samples by using streak camera
Lhcal/4 0.05/0.12 0.68/0.45 2.84/0.43 154  detection after short laser pulse excitation with a wavelength

aObtained from global analysis (see the spectral forms of the Of 486 nm, which mainly excites carotenoids and Ghl

components from Figure 3).The average lifetimerg, is calculated ~ Mmolecules with a ratio of about 60/40respectively. Figure 2
according to ¥A, x 7). shows few fluorescence decay traces at the main emission band

and at the red emission band of monomeric (Lhed)lparticles

and the dimeric Lhcal/4 particles taken from the detected streak
(a shoulder) and Lhca2 and at 725, 732, and 732 nm for Lhca3,images. From the traces it can be seen that the overall decay
-4, and the -1/4 dimer, respectiveéfy?#2"When compared with  times qualitatively follow the emission yields observed from
the emission yield of 0.3 for Cha in acetone, the room-  the steady-state experiment; that is, the Lhcal has a longest
temperature emission yields of the samples are about 0.12, 0.085gdecay time and the Lhca4 has the shortest. From the traces it is
0.081, 0.041, and 0.063 for Lhcal, -2, -3, -4, and the -1/4 dimer, also clear that, at early times of the emission, excitation energy
respectively, (see Materials and Methods and also Table 4). Thetransfer takes place, and, subsequently, the fluorescence decays
emission yield of the Lhca monomers inversely follows the red multiexponentially. To solve the excitation kinetics taking place
pigment content; that is, the highest yield is observed for Lhcal in the ps and ns range in detail, a global analysis of the data
and the lowest for Lhca4 (Table 4 and see also Discussion).was performed. The results, that is, the DAS of monomeric
The Lhcal/4 dimer has a slightly higher yield than does the (Lhcal—4) particles and the dimeric Lhcal/4 particles, are
Lhca4. Another clear observation is that, on average, the shown in Figure 3. The first, less than 1 ps component (thin

guantum yield of LHCI proteins is almost four times lower than
that of free Chla and is also considerably lower than the value
of 0.22 found for LHCII®® This is in line with the fact that
LHCII has a major emission lifetime of about 4 ns at room
temperaturé® whereas in the Lhca proteins, the fluorescence
decay is faster (see below).

solid line in Figure 3) shows positive features (i.e., decay of
excitation) at Chb emission wavelengths and overall negative
features (i.e., rise of excitation) in the,@gion of Chla
molecules. This component describes the excitation energy
transfer from carotenoids and Ciid molecules to Chla
molecules, which mainly takes place on a subpicosecond time-
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Figure 2. Fluorescence decay traces of Lhca monomers and the Lhcal/4 dimer after 486 nm excitation at room temperature: (A) Lhcal at 680
nm, (B) Lhcal at 700 nm, (C) Lhca2 at 680 nm, (D) Lhca2 at 700 nm, (E) Lhca3 at 680 nm, (F) Lhca3 at 720 nm, (G) Lhca4 at 680 nm, (H) Lhca4
at 720 nm, (1) Lhcal/4 at 680 nm, and (J) Lhcal/4 at 720 nm. The fluorescence traces have a 5-ps time resoluti@®0psoand a 15-ps time
resolution at later times.

scale?030:31Because this time-scale is below the time resolution (Table 1): the faster decay times were observed in samples with
of our experiment (by about 5 ps), the time constant needs to higher Chlb and lower carotenoid content. The decay lifetimes
be taken with caution. In the samples in which red pigments and their integrated amplitudes are listed in Table 2, which can
exist, that is, Lhcaz4 and the -1/4 dimer, the excitation be used to calculate the average decay times for each sample.
equilibration component between bulk and red pigments, with By comparing the values from Table 2 and the steady-state
a rather conservative spectral shape, has a lifetime of abeit 5 emission spectra in Figure 1, the averaged emission lifetimes
ps in all samples. As mentioned above, the excitation energy correlate reasonably with the quantum yields of the samples,
of the red-most state varies between the samples, but this isand it is clear that in Lhca3 and Lhca4, which bind the red-
not reflected in this bulk-to-red equilibration time. most pigments, the 1 ns decay component is more dominating
All samples required more than one decay lifetime to explain compared to the 3 ns decay component. On the other hand, for
their time-resolved fluorescence emission. More than 80% of Lhcal and Lhca2, the 3 ns component contributes to either
the excitations decayed in the nanosecond regime in all samplesslightly more (Lhcal) or less (Lhca2) than 50% of the overall
and in the case of samples with red pigments, that is, Lhda2  excitation decay (Figure 3 and Table 2). The main decay rates
and the -1/4 dimer, 20% of the excitations decayed in a 100 psof Lhcal are rather similar to those reported by Melkozernov
regime (Figure 3, see text below). The nanosecond-decayet al?® For Lhca4, the longer decay lifetime of our study (3.2
components can be divided into two categories: Lhcal (Figure ns) is almost two times longer than the value reported by
3A) and Lhca3 (Figure 3C), with decay times of +B6 ns Melkozernov et al? whereas, in our case, the long lifetime of
and 3.4-3.6 ns, and Lhca2 (Figure 3B) and Lhca4 (Figure 3D), the Lhcal/4 dimer (2.8 ns) is about 40% longer. On the other
with decay times of 0.70.8 ns and 2.93.2 ns. These categories hand, the relative contributions of the decay lifetimes to the
seem to correlate with the pigment composition of the samples total emission differ quite drastically between this study and
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Figure 3. DAS of Lhca monomers and the Lhcal/4 dimer after 486 nm excitation at room temperature: (A) Lhcal, (B) Lhca2, (C) Lhca3, (D)
Lhca4, and (E) Lhcal/4.

the study performed by Melkozernov et?8lln the latter, the 200 ps spectrum deviates from a typical emission spectrum of
major decay component is the 1 ns decay, which also is the Chl a molecules in the sense that it has less contribution from
major contributor to the steady-state emission, whereas, in ourthe vibronic wing, especially in the cases of Lhca3 and the
study, the 3 ns component is the most dominant phase for theLhcal/4 dimer. In the following section, we describe this
steady-state emission (with a relative contribution of about0.6 component as an intermediate phase preceding the final decay
0.8 in all samplestsAs/Tave taken from Table 2). The reason state by using a branched target analysis for the observed data.
for these discrepancies may be due to the different sample Target Analysis. So far, we have treated the time-resolved
preparation or to the different reconstitution methods of the fluorescence data basically without a priori information, and
complexes, which results in slightly different pigment/protein we have fitted the data globally with as many decay components
ratios!1.22 as required for sufficient description of the data. We constructed
The Lhcal/4 dimer has main decay components that area model that gives the physical spectra and decay and rise times
similar to those of the Lhca2 and Lhca4 monomers, and the of each compartment and describes the connectivity between
overall kinetics of the Lhcal/4 dimer resembles that of native the compartments. Thus, the modglantitatvely determines
LHCI sampleg®28 which suggests that Lhca2/3 should have the proportions of each decay and energy-transfer channel of
excitation dynamics similar to those of Lhcal/4. This statement, the system observed by time-resolved fluorescence. Such an
however, needs to be confirmed once the isolated Lhca2/3 dimerapproach is called a target analysis. A comprehensive description
becomes available. of target analyses of time-resolved spectroscopic data can be
In addition to the nanosecond decay processes, in Lhca2, -3 found elsewheré! 35 In this case, the number of components
-4 and the -1/4 dimer (i.e. samples with red pigments), after observed in the global analysis dictates the number of compart-
equilibration between bulk and red pigments, we observed aments in the target analysis. The connectivity between the
decay process with a lifetime of about-5R00 ps with positive compartments (i.e., the arrows between the compartments) is
features between 670 and 690 nm and without a pronouncedassumed to be as simple as possible to describe the data, but,
negative feature in the red pigment region (dotted lines in Figure at the same time, the shape of the emission spectra of the
3). This means that an apparent loss of excitation takes placecompartments needs to be physically acceptable, that is, either
in the bulk pigments, and no gain of excitation on the red typical Chla emission spectra or red chlorophyll-type of spectra,
pigments can be observed, implying that this is not a “tradi- in which the vibronic part of the Ctd emission is replaced by
tional” energy-transfer component. On the other hand, the 50 a broad, structureless emission from the red pigments. The
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analysis. In the samples of Lhca3, -4, and -1/4, the emission

Chl b / Carotenoid i ST
‘ arotencids (¢,) ‘ spectra of the Intermediate compartment (dotted line in Figure

5.) show considerably stronger amplitude around 685 nm
compared to the spectra of the Decay 2 compartment (solid line
v in Figure 5). This indicates a loss of emission from the bulk
‘ Unrelaxed chlorophylls (t,) ‘ pigments, as was concluded earlier from the global analysis.
P, P, The spectra of the Decay 1 compartment (dashed line in Figure
b A v_° 5) show a rather strong contribution from the red pigments. The
Decay 2 | *#| Intermediate Decay 1 trend in the red contribution in the spectra obtained from the
@) (T3 @) target analysis for each sample (Figure 5) follows the observa-
P, tions from the steady-state spectra at room temperature (Figure
1) and at low temperatures (see above); that is, Lhca4 shows
v v the red-most spectra, and Lhcal shows the least-red spectra.
Figure 4. The model used in the target analysis. éXpresses the From Table 3A it can be seen that when the F702 is the red-

proportional values of the branching of excitation, apdepresent the most state (Lhcal and Lhca2), a higher proportion (about 55%)
lifetimes of the compartments. The values are shown in Table 3. follows a route toward the longer lifetime (Intermediate
. . . ) o Decay 2), whereas in the case of Lhca3 and Lhca4, a higher

modeled branching proportions (i.e., the weight of excitation proportion decays via Decay 1. In the case of the Lhcal/4 dimer,
for _ea_ch compartment) were accepted when the areas OT thethe situation resembles that of Lhcal and Lhca2. By multiplying
emission spectra of the compartments were the same (within, o decay rates of the particular compartment(ftbm Table
an error of 5%). . o 3B) with the branching proportions (Table 3A), the rise times

The model used for all of the samples is shown in Figure 4. f the |ntermediate and Decay 1 compartments can be deter-
To describe the time evolution of the spectra, two separate decaymined to be between 9 and 14 ps. Similarly, the rise-time of
pathways following the population of Soret states and unrelaxed {pq Decay 2 compartment from the Intermediate is found to
bulk states are needed, one of which is the so-called “Intermedi- range between 110 and 160 ps in the monomers and is about
ate”— “Decay 2" route, and the other is the “Decay 1" channel 50 ps in the Lhcal/4 dimer. The 2B0% loss of excitation of
(Figure 4). In fact, in the target analysis, it is indistinguishable he intermediate state in the samples of Lhca2, -3, -4, and -1/4
whether the Intermediate compartment leads to a longer or giyes then a time constant for the deactivation process of280

shorter decay because both models give the same residuals witls5( s for the monomers and of about 170 ps for the Lhcal/4
corresponding spectra; however, we tentatively assign the gimer.

Intermediate state to the longer decay time for all samples. It is
clear, however, that the Intermediate compartment cannot be an;<.;ssion
pure decay channel because, in that case, the target analysis
results in a nonphysical emission spectrum, which lacks the In this study, we investigated the fate of excitation energy in
vibronic part or red-emitting part (data not shown). The observed the monomeric Lhca proteins (Lhcal, -2, -3, and -4) and in the
values, in terms of the branching proportions and the lifetimes dimeric Lhcal/4 protein after excitation at 486 nm (which
of the compartments, are given in Table 3, and the spectra of mainly excites carotenoid and Ghhimolecules). By comparing
the compartments are shown in Figure 5. We note that, for the the main decay lifetimes (Figure 3 and Table 2) and the pigment
sake of clarity, we used the same model for all of the samples, compaosition of the monomers (Table 1), we observed two decay
although, for Lhcal, the scheme could have been much simpler,patterns that reflect the pigment composition of the samples.
and the states “Unrelaxed chlorophylls” and “Intermediate” are The Lhcal and Lhca3 samples, which have a lower khl
basically virtual. content and bind an “extra” carotenoid, which in most cases is
In the target analysis, the first spectrum (thin solid line in eitherp-carotene or neoxanthin (Table 1), both have main decay
Figure 5), which originates from Cld molecules, was set to  times of more than 1 ns. In contrast, the Lhca2 and Lhca4
zero at all wavelengths longer than 665 nm, and its amplitude samples exhibit the “faster” decay (Decay 1 in the target
as well as its lifetime are imprecise because of the time analysis) of less than 1 ns, and the final decay&ns. These
resolution of our experiment. The second spectrum-{dashed samples have a higher Chland lower carotenoid content.
line in Figure 5), which we call “Unrelaxed chlorophylls”, It is well known, that in a protein environment the excited-
basically shows a bulk Cla emission spectrum of the samples. state lifetimes of chlorophylls can be shorter than that of those
The expression “unrelaxed” is chosen because, in samples within solution (~6 ns, Table 4). Electron transfer (or trapping)
red pigments (Lhca2, -3, -4 and the -1/4 dimer), the blue side processes may shorten the excited-state lifetimes of these
of the spectrum is considerably more blue-shifted than the pigments by orders of magnitudes. However, in antenna proteins,
spectrum calculated using the Stepanov relation between theelectron-transfer processes do not take place, and therefore,
absorption and emission spectra (not shown). This means thatpigment-pitment coupling (both chlorophyHchlorophyll and
this compartment describes Lhca proteins in a nonequilibrated carotenoid-chlorophyll coupling) and pigmenfprotein cou-
excited state. The equilibration time (i.e., the sum of forward pling are the main factors leading to the shortening of the
and backward reaction times) between the bulk and the redexcited-state lifetimes. In the case of chloroptydhlorophyll
pigments of the Lhca proteins is about-@ ps (Table 3B). coupling, or exciton coupling, the higher delocalization length
Similarly, with the observation from global analysis, the lifetime of a state either lengthens or shortens the fluorescence lifetime,
of this compartment is insensitive to the energy of the red depending on the orientation of the pigmefit&ecause of the
chlorophylls or to the overall amount of pigments. Then the very short lifetime of the excited states of carotenoids, even a
two separate excitation decay pathways follow, one of which small carotenoietchlorophyll coupling (on the order of a few
is the so-called Intermediate Decay 2 route, and the otheris  wavenumbers) may drastically shorten the excited-state lifetime
the Decay 1 channel (Figure 4). The lifetimes of the Decay of chlorophylls®38 The coupling of the excited state with a
compartments follow the same categories observed in the globalcharge-transfer state (which can be categorized as pigment
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Figure 5. The spectra of the compartments (species-associated spectra) of the Lhca monomers Lhcal (A), Lhca2 (B), Lhca3 (C), and Lhca4 (D)
and the Lhcal/4 dimer (E) estimated from target analysis using the model from Figure 4. The relation between the compartments (Figure 4) and

the spectra is as follows: thin solid lire Chl b/carotenoids; detdashed line= Unrelaxed Chla; dotted line= Intermediate; long dashed line
= Decay 1, thick solid line= Decay 2. The time constants represent the decay times of each compartment (see also Table 3B).

pigment coupling) can also affect the lifetime, but in both transfer state because a polar state couples strongly to the
directions, depending on the lifetime of the charge-transfer statevibrations of the environmerit On top of that, various
(T. Renger, personal communication). However, in most practi- carotenoid-chlorophyll interactions between red pigments and
cal cases, the lifetime is drastically shortened. Recently, in carotenoids were observed in a magnetic resonance study with
thylakoid membranes under conditions of maximum, steady- Lhca proteing3 However, assignment of the precise contribution
state feedback deexcitation, upon @éxcitation, a 11 psrise  of each of these effects requires further investigation with a set
component was observed at 1000 nm, in the region where oneof samples in which the pigment composition or the amino acid
might expect to see a formation of a carotenoid raditdhe environment of the emitting pigments has been slightly modi-
authors suggested that the rise is due to the formation of afied. In fact, even the multiphase decay of the samples is
charge-transfer state of a zeaxanthamlorophyll pair, which puzzling. It is possible that, because of some (small) differences
is then responsible for excess energy dissipation in thylakoid in the proteins in the ensemble, the decay pathway can be either
membranes in green plants. In principle, the protein environmentintermediate-to-decay or “pure” decay, and then, with a certain
will also affect the excited-state lifetime of chlorophylls; in most contribution, the above-mentioned factors affect the fluorescence
cases, it will shorten the lifetimes. One, rather extreme example lifetimes of the samples.
was observed in a study of the Cyftitomplex, which binds Now that we have expressed the total emission yields and
one isolated chlorophyll molecule, in which the pigmepttotein lifetimes of the Lhca samples, we are able to express the overall
coupling reduced the excited-state lifetime of the chlorophyll emission properties of the individual Lhca proteins in terms of
to 215 psi® probably because of electron transfer to a nearby emitting dipole moment. Table 4 summarizes all of the observed
aromatic amino acid values and shows the connection between the emission yields
Most likely, all of the above-mentioned effects influence the calculated from the steady-state emission spectra (Figure 1) and
lifetimes of the studied Lhca proteins. The red pigments of LHCI the average fluorescence lifetimes, which were estimated from
have been shown to carry a large Huafihys factor (on the the globally analyzed time-resolved fluorescence spectra (Table
order of 3), which leads to strong (in)homogeneous broadening2) as the value of the emitting dipole moment and normalized
and large Stokes’ shit€1® These observations can be rational- to the Chla dipole moment. Table 4 shows that Lhcal and
ized by a mixture of the red-most (exciton) state with a charge- Lhca2, which do not bind extreme red absorbing pigments,
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probably because of the His-ligand they contain instead of the an excimer character was proposed previously to explain the
Asn-ligand that Lhca3 and Lhca4 possess in the A5-B5 pigment emission properties of the red pigmetts.

pair (see more details in refs 11 and 27), have an emitting dipole Except for Lhcal, which does not bind red pigments,
moment similar to that of LHCII, which also has a His in the monoexponential (average) equilibration times between bulk and
A5 binding site, and close to that of a monomeric Ghl red pigments were observed for all samples. The same equili-
molecule. In cases where most of the emission originates frombration time was found, irrespective of the specific energy
the red pigments, that is, in the samples of Lhca3, -4, and the difference between the bulk and red pigments of each protein
-1/4 dimer, the emitting dipole moments are less than 1, with (Figure 1). In other studies, multiexponential equilibration times
the lowest value for Lhca4. This suggests that, at room were reported®3! The time resolution of our experiment was
temperature, the red-most stigeat least nofa super-radiative about 5 ps, which (together with the Sorgf+@laxation times)
state. It is also noteworthy that a Gaussian decomposition limits the possibility to observe multiexponential equilibration
analysis for the room-temperature absorption spectra of the Lhcatimes. Although fully resolving this issue will require a slightly
samples shows that the red pigments carry the oscillator strengthbetter time resolution than that achieved in this study, we
of less than one Chh molecule!! Even though unequal  conclude that the equilibration among the pigments is rather
distribution of the oscillator strength between two (or more) fast and that the spectral overlap is a less important factor for
excitonic bands might be expected, the results presented in thisthe energy-transfer kinetics in comparison with the distance and
study, together with the absorption band-analysis, support theorientation of the pigments, which agrees with the fact that the
idea that the red (exciton) states are coupled with (dark) charge-red forms originate from the same binding sites in all Lhca
transfer state(s), which is a clear outcome of the Stark and proteins (A5-B5):1:27

pressure-dependent spectroscopic experiments with various PSI Final Remark. Our study shows that Lhca proteins have
particlest®4244-46 Fyrthermore, the hypothetical coupling of the ~ faster decay lifetimes and lower emission yields compared to
red pigments to the carotenoids and their possible influence ontheir counterparts of PSII antenna proteins, LHCII and CP29.

the decay lifetimes requires further investigation of samples with Whether this occurs because of the different pigment composi-
various carotenoid compositions. tion or the different protein configuration is a topic of future

studies. It is notable, however, that the observed “fast” decay

show an “extra” component with a lifetime of about-5200 'lifetimes/low emission yields of Lhca proteins have only a small
ps in the monomers and about 40 ps in the Lhcall/4 dimer. effect on the overall photochemical yield of PSI because of the

Global analysis shows that this component is not a typical much faster trapping times of the PSI reaction center compared

energy-transfer equilibration component between red and bulk © those of PSII.
pigments, neither does it display a typical Chlemission
spectrum. We assign this compartment to an intermediate state
during which a small structural change of the protein occurs
following the excitation, which leads to loss of excitation in
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