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Time-resolved ab~t~rption difference profiles wcrc obtained f i)r LIt(_-ll trimcrs, isolated from Photosystcm I I  in spinach with 
n-dodcc)l j~-t)-malto~idc, using one-color and t~o-color pump-probe techniques. The one-color isotropic signals are predomi- 
nantly excited ~tatc ~d',sorption at 640 nra. ~w'J a combination of photoblcaching and stimulated emission at wavelengths >_ 665 
nm. At intermediate ~avclcngths, dynamic rcd-~hifting due to downhill energy transl~:r among the chlorophyll (Chl) spectral 
fi,rrns produces a bipolar signal, in which prompt photo-bleaching/stimulated emission is superseded at later times by excited 
sidle ab,~orplion. Triexponcntial analyses of these profiles yield the lifetime coml~ments 2-6 ps (associated with the spectral 
shilting), 14-36 ps {possibly duc lo energy transfer between LHC-ll monomers), and several hundred picoseconds. The one-color 
ani~otropy dcca)s arc resolvable at 6(~5-675 nm. with lifetimes of 4.3 to 6.3 ps. They are unresolvably fast (i.e., exhibit 
subpicosccond lifetimes) at 640-6511 nm. The two-color i.,,otropic absorption difference signals show clear spectral evolution 
arising from equilibration among the LHC-il spectral components h,r excitation wavelengths shorter than 671} nm. However, 
most of this ~,pcctral evolution occurs within less than 2.5 ps. No resolvable anisotropy decay was observed in the two-color 
experiments. Taken tt,gcthcr, the one-color and two-color experiments indicate that both picosecond and subpieosccond energy 
transl~r steps occur in this antcnpa. The faster processes appear to dominate the spectral equilibration; slower processes occur in 
isoencrgctic energy transfers among :he Iongt,r-wavclength Chl a spectral li,rms that absorb bclwccn ¢)05 and 675 nm. The valuc.~ 
of the long-lime anisotropics r{~:), measured in the onc-coh,r and two-color experiments, arc qualitatively consistent with static 
linear dichroi,~m spcclra of these prcparati~m,,. 

Introduction 

The light-harvesting Chl ~,/h complex LHC-II ,  as- 
sociated with Photosystcm I1 contains about 5(}5~- of 
all chlorophyll chromophorcs  ,~ynthesizcd in green 
plants and green algae. I~ serves as the principal an- 
tenna for solar energy, it i~ involved in the stacking of 
thylakoid mcmbrane~,, and :t mediates the energy alk,- 
cation between Photosystcms ! and 11 [I]. The  LHC-I!  
complex is organized into tHmcrs containing 27 kDa 

( 'o r lc , ,pont lc l lcc  to: "~. St ru ' ,c .  l ) c p a r l n  cnt  t}l ( 'hcmi , , t ry .  ll}wa Sla te  
Uni~crq ty .  Amc~.  IA 5()(111. USA.  
Ahbrc~i , , t ions:  I~Chl. bacterl,}chlt}r,~ph),L ( ' [ ) .  c i rcu la r  d i ch roKm;  
( 'h i .  chlor,~phyll: | - I!T.  e lec t ron ic  cxc i t a l am tran, , lcr ;  F.SA. cxci lcd  
~tatc ~d~,,t~rption; ~v, hm.  full width  at b~lf m a x i m u m :  LI).  l inear  
dichr~i~m: 1 |1 ( ' - I I .  l igh t -harves t ing  ct,~npl,'x l rom Ph{}io~5~tcm II; 
t .  ~b'~Ol bd ncc 

and 25 kDa apoprotcins.  While these apoprotcins  dif- 
fer in phosphorylation potentials,  they exhibit consider-  
able sequence homology, and bind essentially identical 
organizat ions of  chlorophyll molecules  [2,3]. Electron 
diffraction, microscopy, and imaging studies of this 
complex have progressively revealed more detai led in- 
formation about its symmetry and protein conforma-  
tion since 1983 [4-6]. These  exper iments  culminated in 
a recent 6 ,A resolution electron crystallography study 
[7], which disclosed for the first t ime the positions and 
approximate orientat ions of  the 15 chlorophyll pig- 
mcnts in an 1,11C-II monomer.  

The  new structural data have in turn prompted  
reexamination of the low-temperature  spectroscopic 
propert ies  [8] in tr imers solubilized with n-dodecyl 
~-D-maltoside. The Chl a/b ratio in these prepara-  
tions is ca. 1.5, indicating that the protein monomer  
probably contains 9 Chl a and 6 Chl b chromophores .  
The  spectroscopy of  these trimers closely resembles 
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that of intact thylakoid mcmbrancs [8], but diffcrs 
somewhat from that of  LHC-II isolated in Triton X-100 
[q]. This suggests that the LHC-Ii complex in the 
newer isolations, using the gentler detergent, may be 
more physiological. Analysis of low-temperature ab- 
sorption, LD, and CD spectra indicated that the Chl 
a / b  Q~. absorption spectrum in LHC-II trimers com- 
prises at least six different spectral components. Polar- 
ized fluorescepce excitation spectra show evidence of 
efficient energy equilibration among the red-most Chl 
a pigments responsible for the 676 nm spectral compo- 
nent. The CD spectrum indicates the presence of strong 
exciton interactions among the Chl a and Chl b chro- 
mophores, as is to be expected in view of the small 
nearest-neighbor separations 19-14/~) found in LHC-ll 
[7]. 

Previous ultrafast studies of LHC-ll energy transfer 
include two transient absorption studies [10,11] and a 
subpicosecond fluorescence upconversion experiment 
[12]. These two approaches have yielded very different 
views of the energy transfer time scales. The Chl b 
Chl a and Chl a ---, Chl a energy transfer times derived 
from pump-probe measurements on a Triton X-100 
LHC-II preparation were 6 + 4 ps and 20 ps, respec- 
tively [10]. In these experiments, the Chl b ~ Chl a 
energy transfer kinetics were inferred from isotropic 
photobleaehing decay in the Chl b absorption region, 
where no depolarization was found. The Chl a ~ Chi 
a kinetics were determined from one-color anisotropy 
decay at 665 nm. Gillbro et al. [11] later inferred a 
nearest-neighbor energy transfer time of 5 ps at most 
(and probably closer to I ps) on the basis of exciton 
annihilation kinetics in aggregates of Chl a / b  com- 
plexes from spinach. The Chl a fluorescence rise-time 
observed by Eads et al. [12] upon 6511 nm excitation of 
Chl b in the LHC-II antenna of a C reinhardtii strain 
deficient in Photosystems I and 11 indicated a Chl 
b ---} Chl a transfer time on the order of 500 fs. The 
latter group speculated that the lower time resolution 
and the presence of the coherent coupling artifact [13] 
in the one-color pump-probe studies [10] may have 
obscured subpicosecond energy transfer processes. Tri- 
ton X-100 solubilization may also decouple significant 
numbers of Chl a pigments from other chromophores, 
introducing slow processes that are absent in the intact 
antenna. 

in the present work, we report one- and two-color 
pump-probe experiments on LHC-li trimers isolated 
using n-dodecyl /~-t)-maltoside. These appear to be 
timely for several reasons. First, the newly discovered 
LHC-li structure [7] has supplanted earlier models 
[14-16] of its chromophore organization, so that exper- 
iments can be targeted toward understanding struc- 
ture-function relationships. Second, the confirmation 
that our preparations are spectroscopically similar to 
those of LHC-II in situ [8] cnables us to gauge the 

possible effects of solubilization on the earlier kiuctic 
experiments. Finally, one- and two-color ptmlp-prohc 
techniques can yield very diffcrcm perspectives on the 
energy transport (depending t,n the chronmphorc ar- 
chitecture), so that the origins of the contrasting results 
in the one-color experiments [10,1 i] and the fluores- 
cence upconvcrsion work {inherently a two-coior tcel- 
nique) may be more fundamental than previously en- 
visaged. 

Materials and Methods 

The isolation of the LHC-II trimers using n.dodecyl 
~l-D-maltoside has been described earlier [8]. PS-II 
membrane fragments were obtained from spinach th- 
ylakoids as reported by Berthold et al. [17], and solubi- 
lized with 1% (w/v) n-dodecyl ~-o-maltoside in a 
buffer of 20 mM BisTris, 20 mM MgCI z. 10 mM 
MgSO 4, and 5 mM CaCI, at pH 6.5. The solubilized 
fraction was loaded onto a O-Sepharos¢ column equili- 
brated with the same buffer as described above, but 
with 0.03% dodecylmaltoside. These buffer conditions 
allowed retention of the Photosystem !1 core c-~mplex, 
but not of LHC-II [18]. The LHC-ll enriched eluate 
was centrifuged on a linear sucrose gradient at 4°C in a 
Beckman SW 41 rotor at 41000 rpm for 16 h. The 
purified LHC-II was verified by SDS-PAGE to consist 
of 25 and 27 kDa polypeptides. The Q~ absorption 
spectra of the LHC-II preparations contbrmed to those 
reported in Ref. 8. Samples were stored in the dark 
near 0°C. Room-temperature experiments were con- 
ducted with samples in a buffer of 20 mM Bistris with 
20 mM NaCI and 0.i)3e/~ dodecylmaltoside at pH 6.5. 
These samples exhibited about 0.4 A at 676 nm in 
Starna 49-G1 1 mm path length cells, which were 
periodically translated over ca. 2 cm at 2 Hz to mini- 
mize laser photooxidation. The room tempcraturc Q, 
absorption spectrum of the LHC-II trimers is shown in 
Fig. 1. 

The lasers and pump-probe apparatus have bee~ 
described previously [10]. The principal modifica;ion 
was the addition of a second hybrid mode-locked dye 
laser for two-color studies. Both dye lasers (DCM laser 
dye, DDCi saturable absorber dye) were pumped using 
532 nm SHG pulses 1711 ps fwhm, approx. 1 W average 
power) from a N d : Y A G  cw mode-locked laser Each 
dye laser typically exhibited autocorrelations with about 
3-4  ps fwhm, and was tunable from 640 to 6811 nm. 
The dual laser cross-correlation (evaluated with a Type 
1 LilO 3 SHG crystal in place of the sample) varied with 
wavelength, but was typically 5-8  ps fwhm. In an RF 
multiple-modulation scheme, the pump and probe 
beams were modulated at 6.5 and (}.5 MHz. respec- 
tively in Isomet 1206-C acousto-optic modulators. The 
pump pulse delay was swcpt using a retrorcflector 
m'~untcd on a Micro-Controlc UT! 00125 PP translation 
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stage. Both beams were focusscd into the sample with 
a 7 cm f.I. lens, and the transmitted probe beam was 
detcctcd with a 0.51 mm= E G & G  FOD-100 silicon 
photodiodc.  The probe beam polarization v,4s fixed at 
45 ° from the vertical laser polarization. The  polariza- 
tion of the pump beam was defined by a rotatable 
Glan-Thompson prism, in a recent study that com- 
pared t ime-resolved anisotropy decays with static LD 
measurements  in the BChl c antenna in chlorosomes 
from Chloroflextts aurantiacus, it was dctermincd that 
the ratio of the tv, o polarized pump beam intensities in 
pump-probe experiments was moderately wavclcngth- 
dcpcndent  [20]. Thc  differencc signals for different 
polarizations wcre, therefore,  normalized to the re- 
spective pu~np and probe beam intensities at cvery 
wavelength. The 7.0 MHz sum frequency component  in 
the absorption difference signal was recovered in a 
Drake R-7A i , . ! io  receivcr, whose signal-bearing 50 
kHz intcrmediatc frequency was fed into a Stanford 
Research Systcms SR510 lock-in amplifier. In .';omc 
experimcnts,  the pump-probe prefilcs were also nor- 
malized to the real-time laser int:n,,ity. Profiles were 
accumulated in a DEC MINC-23 computer ,  and trans- 
ferred to a D E C  VAXstat ion 2(}0{1 for analysis with 
nonlincar least-squares convolutc-and-compare algo- 
rithms. For all combinations of  pump and probe wave- 
lengths, polarized profiles AAli(t) and AA ~(t) wcrc 
obtained with parallel and pcrpendicular  polarizations 
respectively. The isotropie decay functions AA(t)were 
then computed from 

3 ,4 ( t i  = ..~A ( t )+2 . lA  . ( t )  (1) 

while the anisotropy functions r ( t ) w e r e  evaluated 
from 

l . - t  ( t l -  . . 1 . - I  i t )  
t i t )  :~ . . . . . . . .  

.1 .,11 t ) 

The maximum number  of photons absorbed per 
chromophorc  per  laser pulse in the overlap region of  
the pump and probe pulses was about 0.111 at 676 nm. 
The effects of  exciton annihilation on the isotropic 
decay kinetics were s tudied by varying the pump beam 
intensity over two orders  of  magni tude (vide infra). 

Results  

One-color t:rperimenls 
Representat ive  isotropic absorption difference pro- 

files obtained in one-color  exper iments  at six wave- 
lengths from 641) to 675 nm are shown in Fig. 2. The  
principal fcatures t,f these transients are as follows: (a) 
At the shortest wavelength studied (6411 nm), the (posi- 
tive) signal is dominated  at all t imes by excited state 
absorption (ESA). At the two longest wavelengths (665 
and 675 nm), the (negative) signal is principally a 
combinat ion of  photobleaching and st imulated emis- 
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Fig. 2. One-color isotropic absorptitm difference profiles at six wave- 
lengths from ~,40 to ¢~75 nm Positive and r.egati~'e signals correspond 
to excited state absorptitm a,d pholoblcaci,iag/stimulated emission, 
respectively. Final parameters for triexponential fits to these and 
other ist~tropic profiles are gi','en in Table I. The profiles at different 

wavelengths are not mutually normalizc,I. 
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sion throughout. At intermediate wavelengths (645-660 
nm), a prompt photobleaehing signal gives way to ESA 
within < 5 ps. The dichotomy between the ESA and 
photobleaching observed at the shortest and hmgest 
wavelengths, respectively, can be phenomenologically 
rationalized in terms of Chl a ground and Q,. excited 
state absorption spectra qualitatively similar to those 
that have been recently characterized for BChl a 
monomers by Parson and co-workers [21]. For BChi a 
in methano I, 'fie integrated ESA spectrum is similar to 
the integrated grou-4 state spectrum; the ESA spec- 
trum is consideral ,der, and exhibits a maximum 
absorption coeffi, , is at most half that of the 
ground state spectrum. Hence, the net signal at wave- 
lengths considerably to the blue of  the LHC-II Q ,  
absorption band should bc dominated by ESA (assum- 
ing that the relationships between the Chl a/b ESA 
and ground state spectra are similar to those in BChl 
a). This is also consistent with absorption difference 
spectra observed b~ Shepanski and Anderson [22] for 
Chl a monomers in pyridine: at long times, the latter 
spectra show ESA and photobleaching/stimulated 
emission, respectively, at wavelengths less than, and 
greater than, about 655 nm. The bipolarity of our 
absorption transients at the intermediate wavelengths 
must arise from dynamic s0ectral shifting, stemming 
from energy transfer among different Chl a/b spectral 
components [8]. We caution here that the details of the 
Chl a/b absorption difference spectra in LHC-II may 
differ from those of the monomeric pigments in conse- 
quence of exciton couplings [8] and /o r  pigment-pro- 
tein interactions. (b) Triexponentia! fitting of the 
isotropic transients yields three families of lifetimes 
that are essentially uniform (with minor fluctuations) 
across the wavelength spectrum. In this analysis, the 
gross wavelength variations apparent in the profiles 
shown in Fig. 2 arise from redistributions in the pre- 
exponential factors. The lifetime groups evident in 
Table I arc (i) 2--6 ps; (ii) 14-36 ps; and (iii) several 
hundred picoseconds. The latter (longest) lifetime 
components are less accurately determined than the 
others, because the sweep duration was typically lim- 
ited to 80 ps. The first family of lifetimes (2-6 p:~) 
arises from spectral shifting, and corresponds to the 
time scale of the bipolar switching at the intermediate 
wavelength.~, 645-66!1 nm. The intermediate lifetimes 
(14-36 ps) may result from EET between monomers 
within a trimer, because it resembles a lifetime compo- 
nent that emerges in exciton annihilation studies of the 
isotropic decay (see below). (c) Annihilation effects 
were screened by reducing the pump pulse intensities 
by factors of 10 and 102 below those used in the 
isotropic studies of Fig. 2, with the results shown in 
Fig. 3 and Table 11. (In Fig. 2, the total pulse intensity 
was about 3.  1013 photons cm--',  distributed in an 
approx. 2 : i ratio between pump and probe pulses; this 

T A B L E  ! 

F i t l i t t g  par~l tn t ' l er~ '  [FOHI I , i ( t ~ p o t w H t i a ]  tlntllv~e.~ o f  01/( '-( OIOF i , o t r o l , i c  

deca,~s m I.I/C-I/ 

A l l  l ifetimes ; ire in ps. 

Wave leng th  r t ( , 41 )  "r2(A:) "r3(AO 
(nm)  

6411 5.3 ( - 0.271 16 (11.321 45(1 ((I.421 
645 5.6 ( - 0.4111 18 (11.261 27(1 (0.35) 

4 . 0 ( - 0 . 4 8 )  17(0.181 342(0 .33)  
650 4.4 ( - 11.76) I 5 (0.06) 200 (0.18) 

4.2 ( - 0.78) 22 (0.07) 22310.151 
h55 4.7 ( - 11.781 14 (0.06) 215 (0.16) 
660 3.7 ( - 0.88) 19 (0.051 112 (0.07) 

3 . 6 ( - 0 . 8 5 )  19 (0,051 239(11.1111 
665 2 . 9 ( - 0 . 6 0 )  23 ( - 0 . 2 4 )  1.5E6 ( - 0 . 1 5 ) "  

3.111-11.731 2 7 1 - 0 . 1 3 )  5 3 6 1 - 0 . 1 4 1  
2 . 5 ( - 0 . 6 9 )  2 6 ( - 0 . 1 5 )  3 5 2 1 - 0 . 1 6 1  

67(1 3.8(-11.261 31 ( - 0 . 3 7 )  256 ( - 0.37) 
3.6 (-0,301 361-0.281 249(-0.42) 

675 h 20( -11.471 2511( - 0,53) 

2 h ( - 0 . 4 1 1  144 ( -  0.50) 

" Limited  fitt ing interval.  
h Biexponent ial  fits a re  used at 

that  of  re(exponential  fits. 
075 nm,  a~, their  quality is similar to 
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Fig. 3. One-co lo r  iso l ropic  absorpt ion d i f fe rence  prof i les  at h76 nm 
for I(10G. IIIcL and I" ;  excitation p{,wer (top. middle,  and boI Iom 
respectively).  The  signal at this wave length  is domina t ed  by ( 'h i  a 
p h o t o b l e a c h i n g / s t i m u l a t e d  emission.  The  profiles are  not m u t , a l l y  
normal ized.  Op t imized  p a r a m e t e r s  for biexponenlial  and Ir iexponen-  

tial iils to these profiles a re  listed in Table  11. 

T A B L E  I1 

E(fi'ct o f  pump power  on one-color isotropic decay.~ at 075 rim." 
tmwponemial and triexponemial fits 

A l l  l i te l imes are in ps. 

Percent  r =( .4  ~ ) =2( ,42  ) T ~( ,4 ~ 1 
hlsel po~e r  

1 I).31 ( - 0 . 7 7 )  221-11.1191 4 4 7 1 - 0 . 1 4 1  
20 ( - (I.41 ) 443 ( - 0.59) 

10 0 . 4 6 t - 0 . 8 3 1  24 ( - 0 . 0 " ~  31s0 ( -I) .101 
21 ( -11.471 205 ( - 0._'~:) 

IIXI 0 . 4 6 ( - 0 . 8 3 )  22(  -11.1181 25q(  0.091 
211 t - 11.521 272 ( - 0.48) 
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corresponded to approx, one excitation per four 
trimcrs.) The ground-state rcc(wery is visibly faster at 
the higher pump pulse intensities in Fig. 3. These 
decays, obtained with 160 ps sweep durations near the 
67{) nm Chl a photoblcaching maximum, were amt- 
lyzcd with bicxponential and tricxponcntial model 
functions. The bicxponential analyses indicate a 211 ps 
fast component, whose contribution increases with laser 
intensity. However, the tricxpoential analyses show that 
such a simple correlation can bc spurious: here, the 
contribution of the 20 ps component is slightly higher 
at 1% laser intensity than at 10ff, intensity. Hence, 
direct comparisons of preexponential factors in the 20 
ps component can be misleading, due to simultaneous 
changes in the other lifetime components. The princi- 
pal conclusion that can be drawn hcrc is thai there is 
an intensity-dependent component, with a lifetime in 
the low tens of picoseconds, which make ; a substantial 
contribution even at 1% laser intensity. At such laser 
powers (about 1 excitation per 4110 Irimers), singlet- 
singlet annihilation is highly improbable, lsotropic life- 
time '_'omponcnts cannot arise from energy equilibra- 
tion between spectrally identical chromophorcs; the 211 
ps process could originate, in principle, from energy 
transfer between chromophorcs in contrasting protein 
environment,,; (e.g., bound to 25 and 27 kDa apopro- 
reins within a trimcr, or located in similar proteins but 
exhibiting spectral inhomogeneity). More detailed ex- 
amination of this lifetime component at 30(1 and 23 K 
(H. Van Amerongen, S.L.S. Kwa, H.-C. Chang, J.P. 
Dekkcr, R. van Grondellc and W.S. Struve, unpub- 
lished work) suggests that it arises principally from 
singlct-triplct annihilation, resulting from triplet state 
buildur (e.g., ;n the carotcnoids) that accumulates over 
a large r, umbcr of laser pulses. 

Anisotropic one-color profiles arc shown in Fig. 4 
for several wavdcngths. At 640 nrn. the depolarization 
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Fig. 4. (hie-color  anisotropic absorption dl l fcrcncc profiles J , 4  I t ) .  
. J . ' t  I f )  d l  f i . l l i .  6 6 5 .  (~70 a n d  #~'/5 n n l .  F i t t i n g  p a r a i n e t e r s  a r c  ! ' . i~.cl l  

lor  Ihcsc cind ~ l l kq  anisoiropic proi i lcs in Table II1. 

T A B I , E  Il l  

One-cob," am.~otropy decay .naranwter.~ /i,r I.H('-II " 

~,r'iP, LlCngl~ / ' { i l l  , { ;) ; '(ps) 

( n m ) 

h4() - lu l l  + 0113 
h45 - ILII3  +0.13 
h5P - I).1)3 + 0.03 
f~55 - 0.115 + 0.04 
f}{~() - 11.03 + 11.(13 

t)65 I).22 0.115 + (1.04 
6711 (I. 13 0.02 ± 0.(|3 
{)?5 1|. 14 (!.(X) ± (L03 

6.3 + 2.1) 
5.0 + 2.11 
4.3 + 2JI 

" Values  l'or r{0) and r are  listed onl~ fi~r w a v d e n g t h s  at which 
rcsoh'ablc depolar iza t ion  lifetime c o m p o n e n t s  were  observed.  

is clearly faster than the time resolution of 3-4  ps, 
because the derived anisotropy function (not shown) is 
essentially constant at times beyond the coherent laser 
spike (In this regard, our anisotropy decays at 640-655 
nm resemble the 652 nm anisoiropy described by Gili- 
bro ct al. till], although our measured anisotropies are 
much smaller than the value 11.42 + 0.(t5 reported by 
these authors at 652 rim.) At rde three longest wave- 
lengths, however, discernible anisotropy decay sets in, 
with a lifetime of about 6 ps at 665 nm and about 4 to 5 
ps at 670 and 675 nm. The depolarization lifetimes and 
residual anisotropies are shown for these and several 
other wavelengths in Table 111. A careful comparison 
was made between the anisotropy decay and the instru- 
ment function at 675 nm in order to address the effects 
of the coherent spike, with the results shown in Fig. 5. 
The shown anisotropy decay r ( t )  is an average from 
five pairs of measurements of . .IA H, J A  ~ .  The decay 
in r( t)  exhibits a lifetime component (4.3 ps) that is 
clearly not attributable to the instrument function wing. 
Moreover, one-color anisotropy decays obtained using 
independent lasers tuned to the same wavelength 
(which do not produce a coherent spike because the 
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Fig. 5. One-co lor  anisotropy decay funct ion r ( t  ) ;.it 675 nm. super im- 
posed on the corresponding ins l runlenl  funct ion (symmetr ic  curve). 
The  anisolropy dcca~ is averaged  over  five pairs of  profiles ..1.4 ( t ) ,  
. IA  I t )  at this ~,avclength. The  cor responding  anisoL ",y decay 

lime. der ived from a singlc-cxponeut=al fit. is 4.3 ps. 
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Fig. 6. Two-color i~)tropic absorr, tion difference profiles excited : .  
bS(|. 665. and 680 nm (first. see(~nd, and third columns, respecti,,ely). 
and probed at several wavelengths from 645 to 676 nm. Final 
parameters for biexponential fits to these and other profiles are 
given in Table IV. Profiles at different wavelenglhs are not mutually 
normalized. The positkm of zero time (coincidence between pump 
and probe pulses) changes with wavelength, because time delay 
between 532 nm YAG laser pulse and dye laser pulse is sensiti~,e to 

dye laser wa~,'elength. 

lasers exhibit uncorrelated noise patterns) are similar 
to those generated using a single laser. 

Two-color L:['peritPlellls 
Some appreciation of the spectral information af- 

forded by two-color isotropic profiles for LHC-II may 
be gained by comparing transients obtained at contrast- 
ing excitation wavelengths. These are shown in Fig. 6 
for the wavelengths 650 nm (which predominantly ex- 
cites Chl b spectral components) and 665 and 680 nm 
(which are in the Chl a absorption region). These three 
groups of profiles resemble each other (and the one- 
color profiles in Fig. 2) in that the absorption differ- 
ence signal is dominated by ESA at the shortest probe 
wavelength (645 nm) and by photobleaching and stimu- 
lated emission at the longest wavelengths (665-675 
nm). When the pump wavelength is detuned from the 
probe wavelength (transforming a one-color into a 
two-color experiment), the resulting isotropic profile 
will differ from the one-o~lor profile if spectr~l equili- 
bration is incomplete on the experimental timescale. 
Comparisons between the one-color and two-color pro- 
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files in Figs. 2 and 6 reveal striking examples of su,:h 
contrasts. As cxpeclcd, lhc on,.'-color h5l) nm profile m 
Fig. 2 resembles the twe ,:ok)r profile excited and 
probed at 650 tim in Fig. 6 It bears little icsemblancc 
to the *.wo-co:.)r profiles probed at 050 nm after excita.- 
tibet at either 665 or 6811 rim; the prompt, short-lived 
photobleaching signal tb'~t appears under 651) nm 
pumping is absent at the other two pump wavelengths. 
Similarly, the one-color 665 nm prot'le (Fig. 2) is 
comparable, to the two-color profile excit, d and probed 
at 665 nm (Fig. 6). it differs considerably from the 
two-color profiles probed at 665 nm after either 65(1 or 
680 nm excitation, in that the former profile exhibits a 
visibly larger fast decay component (lifetime < 5 ps) in 
the photobleaching/stimulated emission signal. (This 
dissimilarity is especially conspicuous between the pro- 
files excited at 665 and 680 nm.) These examples 
illustrate that one-color isotropic profiles generated by 
exciting higher-energy spectral forms can exhibit large 
photobleaching decay components, attributable to 
equilibration with lower-energy spectral form,~. This 
serves as a caveat for the interpretation of one-color 
i:~otropic profiles in antennae that are connected to an 
excitation trap (e.g., the Photosystem 1 core antenna). 
In such systems, fast photobleaching decay co,,,ponents 
at the blue edge of the antenna spectrum may stem 
from spectral equilibration rather than trapping. For 
all of the excitation wavelengths in Fig. 6. the photo- 
bleaching decays exhibit progressively smaller ampli- 
tudes of fast decay components as the probe wave- 
length is increased from 665 to 675 nm. Optimized 
parameters are given for biexponentiai fits to these and 
other two-color isotropic profiles in Table IV. 

An additional perspective is gained by organizing 
the isotropic transients obtained at different probe 
wavelengths into absorption difference spectra for fix.'d 
time delays. In Fig. 7, we plot the absorption difk-r - 
enccs computed from optimized triexponential fits to 
the isotropic decays for several probe wavelengths be- 
tween 645 and 674 nm under 650 nm excitation. Plot- 
ting these fits instead of the original curves decomo- 
lutes them from the instrument function.,,, which va~ 
with wavelength. Absorption difference signals J A ( ) )  
for different probe wavelength:, A were mutually nor- 
malized using 

-~;( A ) 
..I.4(A) = (3) 

Ip,,,,,,(650 nm lpt,t,,.( a )10 /)~.~) 

where louvp. Ir,,h ,, are the relevant laser intensities. 
S(A) is the measured absorption difference signal, and 
D(A) is the sample optical absorbance. In this figure. 
the prompt (0 ps) difference spectrt:m consists princi- 
palb of a photoblcaching-stimulated emissi(m neak at 
650 nm. indicating that most of the immediate signal 
arises from LIIC-ll pigments that are (nearly) isoener- 
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TABLE IV 

Fitting paranwter~ ]or hi('aponcntial fits ¢o two-cohn Ax)ttopic decay.s ill 
LII('-II 

All lifetimes arc in ps. These biexponcntial fits do m)t reveal the full 
range of lifetimes contained in the is,~lropic de:ays,  and ~,rc intended 
only to ~.ow.'ey the gross waveh.ngth varialions in the isolropic 
profiles. Tricxponential  fits to the protiles excited at 650 nm and 
probed :it 665-6,76 nm. for example, reveal a very. fast photo- 
bleaching-stimulated emission rise component  that corresponds to 
downhill excitation transport  among Chl spectral lbrms (cf. Fig. 7). 

Pump Probe r =( .4 t ) ';'z( A., ) 
wma.i~ ilgt h wavelength 
(nm) (rim) 

h50 h45 18 (0.1(I) 221 (0.90) 
6511 5 .4( -0 .83)  182(0.171 
655 h.6 (-0.7(1) 193 (0.30) 
660 4.5 ( - 0 . 8 4 )  208111.161 
665 5 .71 -0 .511  2281 ~ 11.49) 
670 7.2 t - u.61 ) 231 ( - 0.59) 
(,76 211111.16) 262 ( - 0.84) 

¢~o5 645 24.810.291 17810.71 ) 
~50 8.3 ( - 11.21 ) s610.79! 

b55 !.o ( - 11.65) 90 (1t.35) 

6NI 4.4 ( - 11.971 56 (0.03) 
665 4.7 (-0.62) 136(~0.381 

6711 15 ( - 0.37) 127 ( - 0.63) 
675 311 ( - 0.54) 3,~0 ( ~ 11.46) 

681) 645 17 (0.291 116 (0.71) 
645 35 (0.25) 1115 11/.75) 
6511 23 (0.28) 129 ((1.72) 

655 14 (0.4(I) 116 ((1.60) 
(~60 7.4 ((I.45) 74 (0.55) 
665 5'0 ( - 0.36) 163 ( - (1.641 
676 12 ( - 0.38) 174 ( - 0.62) 
676 27 ( -0.431 169 ( -0.571 

gctic with the laser-excited chremophores. (This spec- 
trum is, in fact. only nominally a prompt spectrum, 
since it is derived by fitting isotropic profiles with 
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Fig. -r. Two-co(or difference absorption spectra for fixed time delays. 
reconstructed from isolropic f ime-depcndent  profiles at seven ,uave. 
Icngths from ~45 tc .675 nm. Excitation wavelength is 6511 nm, in the 
Chl h absorption region. Time delays are 0 ps (e), 2.5 ps ( • ), 5 ps 
(+ ) .  Ill ps (*). 211 ps (,3) and 50 ps ( × ) .  Abmrp t ion  differences are 

in arbitrary units. 

convohttions of 5-8 ps fwhm ;nstrument functions with 
model triexponcntial decay functions.) Within a very 
short time (< 2.5 ps in Fig. 7), the spectrum becomes 
dominated by strong photobleaching and stimulated 
emission at wavelengths of 675 nm or more - which is 
consistent with excitation equilibration, primarily into 
the lowest-energy pigments in LHC-II. Hence, the de- 
cay in the prompt photobleaching peak that occurs in 
the bipolar absorption transient under 650 nm excita- 
tion in Fig. 6 arises from downhill energy transfer from 
the Chl b spectral components that absorb at 650 rim. 
The accentuated fast photobleaehing decay observed at 
665 nm under 665 nm excitation has a similar origin, as 
does the gradual attenuation in the fast component's 
amplitude as the probe wavelength is increased from 
665 to 675 nm. Some spectral equilibration persists for 
delay times longer than l0 ps in Fig. 7, where the 
zero-crossing wavelength (662-663 nm) between the 
ESA and photobleaching regions experiences a time- 
dependent red shift. In contrast, this zero-crossing 
wavelength exhibits a dynamic blue shift in the differ- 
ence spectra obtained under 680 nm excitation (not 
shown), indicating that some uphill spectral equilibra- 
tion occurs upon excitation at the extreme red edge in 
the LHC-II absorption spectrum. The absorption tran- 
sients for this excitation wavelength (not shown) show 
little of the bipolar behavior in Fig. 6. The profiles for 
all probe wavelengths between 640 and 655 nm, for 
example, are dominated here by ESA at all times 
(Table IV). This is consistent with the interpretation of 
the spectral evolution in Figs. 6 and 7 in terms of 
spectral equilibration, since under 680 nm excitation 
the laser-prepared LHC-II state(s) resemble the 300 K 
Boltzmann equilibrium more closely than the states 
prepared under 650 or 665 nm excitation. 

We emphasize that the prompt 650 nm photo- 
bleaching band observed under 650 nm excitation in 
Fig. 7 is not a coherent coupling artifact, which cannot 
occur when the pump and probe pulses are derived 
from independent dye lasers. Moreover, the sum fre- 
quency detection mode in our multiple modulation 
scheme precludes scattered pump light from contribut- 
ing to the difference spectrum, even when the pump 
and probe wavelengths coincide. 

When the pump and probe wavelengths are sepa- 
rated by at least 20 nm, the anisotropies observed in 
two-color experiments show no resolvable decay under 
our experimental resolution, unlike the one-color 
anisotrop;es at 665-675 nm (ef. Fig. 4 and Table Ill). 
The prompt anisotropies, observed at times immedi- 
ately fo!:owing the instrument function, are essentially 
the same as the residual anisotropies r(=) measured at 
long times. Several of these values are contrasted in 
Table V with the corresponding residual anisotropies 
measured in the one-color experiments. For probe 
wavelengths between 640 and 650 rim, the residual 
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TABI.E V 

l¢(,~khtal ani.~otropie.~ ob.~erved m ~me-coh~r and two-('oh~r ~wcriment~ 

Pt, mp wavelength A, is 675 nm in all two-color measurements. 

645 nm oxazine and LHC-II profiles in F'ig. N may arise 
from thc disappearance of a prompt photoblcaching 
component in LHC-ll at this wavelength. 

Probe wavelength AI ()ne-cok)r Two-color 
r(a~. a , )  r(,~ : ,  a~) 

640 - 0 . 0 1  + ().(13 0.11 ± (l.|12 

645 - (,.03 _+ (I. 13 (I. 16 ± 0.02 
6511 - 0.03 ± 11.03 1L23 ± I).02 
675 II.IXI ± 0.03 - 

anisotropies are considerably larger in the two-color 
i f  an in the one-color experiments. This interesting 
feature is rationalized in the light of room-temperature 
LHC-I! linear dichroism spectra in the discussion. 

Risetime behaviors were compared in the two-color 
isotropic signals for LHC-II and oxazine 725 in ethy- 
lene glycol, with the results shown in  Fig. 8. These 
signals were probed at 645, 665, 6711, and 675 nm under 
650 nm excitation. At these probe wavelengths, the 
oxazine 725 transient absorption arises principally from 
photobleaching and stimulated emission. The risetime 
behavior in this dye (which is limited by vibrational 
equilibration) is essentially prompt under present time 
resolution. In each case, the riset,..e of the LHC-Ii 
signal essentially parallels that of oxazine 725, indicat- 
ing that most of the excitation redistribution among 
LHC-11 spectral forms occurs within the two-color in- 
strument function fwhm of 5-8  ps for this excitation 
wavelength. (However, the absorption difference spec- 
tra in Fig. 7 show that some slower spectral equilibra- 
tion does occur.) The delay of approx. 5 ps between the 
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Fig. 8. Comparison of two-color ab~rp t ion  d i l l t ,  cnce risetimes 
between LI-IC-ll (solid curves) and control ~)lution of oxazine 725 
dye in ethylene glycol (dashed curves). Pump wavelength is 6511 nm in 
all ca~s ;  probe wavelengths are 645, 665. 6711 and 675 nm. The 
oxazine 725 signal is photobleaching/s t imulated emission at all probe 
wavelengths: the LHC-I! signal is dominated by photo-bleaching/  
stimulated emission at the three longer wavelengths, and by excited 
state absorption at 645 rim. The oxazine signal at 645 nm is inverted. 

D i s c u s s i o n  

The present LHC-ll work is striking in that it con- 
firms seemingly contradictory features in both the ear- 
lier one-color pump-probe experiments [10,11] and the 
fluoreseence upconversion study [12]. In particular, 
Gillbro et al. [10] reported a one-color Chl h isotropic 
signal at 652 nm that decayed with a lifetime of 6 + 4 
ps. This corresponds most closely to our 6511 nm signal 
in Fig. 2, in which a prompt photobleaching signal is 
supplanted within 4-5 ps by ESA. In this ca~,  the 
small ESA signal we observe at long times (Fig. 2) may 
have been obscured by a lower S / N  in the earlier 
work. Our 665 nm anisotropy decay (Fig. 4) qualita- 
tively resembles the one described by Gilibro et al. [11;], 
in that it contains a lifetime component that is easily 
resolvcd from our 2-3 ps fwhm instrument function. 
Our 6.3 ps anisotropic lifetime at that wavelength 
(Table l id  is shorter than their 20 ps depolarization 
lifetime. Hence, while some details in our one-color 
experiments differ from those in the earlier pump- 
probe experiments [10,11], they share a family resem- 
blance with the latter work. 

in contrast, our two-color experiments reveal EET 
dynamics that appear consistent with the subpicosee- 
ond energy transfer timescale characterized in the fluo- 
rescence upconversion experiments [12]. This is re- 
vealed most clearly in the absorption difference spectra 
in Fig. 7. Here, the bulk of the spectral metamorphosis 
between the "prompt" and long-time difference spec- 
tra occurs within less than 2.5 ps, since by this time the 
LHC-ll photobleaching spectrum has already become 
concentrated at wavelengths >_675 nm. Additional 
confirmation appears in the two-color risetime studies 
in Fig. 8, where the onset of the difference absorption 
is indistinguishable under the 5-8  ps instrument func- 
tion from the prompt signal observed in solutions of 
the control dye oxazme 725. Our two-color anisotropy 
studies show no evidence for resolvable anisotropy 
decays, in contrast to the 4-6  ps depolarization life- 
times observed at the longer wavelengths m our one- 
color experiments. This is consistent with the fluores- 
cence upconversion result of Eads et al. [12], who 
report an anisotropy decay time of less than 1 ps for 
fluorescence excited at 650 nm and monitored at 690 
nm, Consequently, the major differences between the 
earlier pump-probe and fluorescence upconversion 
studies may stem from contrasting projections of EET 
dynamics viewed in one-color and two-color studies, 
rather than from improvements in laser time resolution 
or sample isolation protocol. The two-color absorption 
difference spectra in Fig. 7 suggest that the spectral 
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equilibration occurs over a range of timescalcs: while 
the major rcdis|ribution of the initial photoblcaching 
and stimulated emission occurs within less than 2.5 ps, 
perceptible red-shifting of the zero-crossing point per- 
sists fl~r as long as 20 ps. 

In the crudest model for spectral equilibration, wc 
may consider downhill energy transfer from a single 
Chl b pool to a single Chl a pool with rate constant k,. 
The energy scpardtion between these pools (which 
absorb at about 6511 and about 676 nm) is about 60ll 
cm ~; the rate constant k ~ for the reverse (uphill) 
energy transfer would then bc smaller than k n by a 
factor of ~ 17 at room temperature. In the absence of 
other energy transfer steps, the time-dependent excited 
state populations B(t)  and A( t } in the respective pools 
(following excitation of the Chl h pool) would then 
become 

l i l t  ) :  B({})- m ~. mc ,J,L'x ,,, (4) 

. - t { / ) : = m  m c  t'~"t" ~1~ (5~ 

with 

/~ IB({])  
It! = . . . . .  

k l + k  I 

in this limit, the lifetime of the fast, single-exponential 
Chl b decay component iwhich would bc mirrored by a 
Chl a rise component) is essentially ! / k  ~, owing to the 
large disparity between k ~ and k ~. This model can be 
generalized by also alh)wing the Chl b and Chl a pools 
to decay independently, with rate constants k~ and k 3. 
respcctively (e.g., duc to annihilation). In this case, the 
excited-state kinetics of the two pools become biexpo- 
ncntial, with empirical rate constants k ,  k , ,  kt~ given 
by 

, ~ . + k l + = k  i + k l + ~ 2 + A +  I{'l) 

l , , k l ~ = k  t k : + k l k ~ + l ,  2k~ ( 7 )  

Asaprac t i ca l cxamplc ,  w c m a y s e t  k ~ = l  ps i k t =  
(1.1)6 ps i k ,  = k 3 = 1).05 ps " I. This would yield empir- 
ical lifetimes k,, ~ I p s - i  kt ~ ~ 0.05 ps " t that closely 
resemble the individual ratc constants for downhill 
energy transfcr and exeiton annihilation. Such a situa- 
tion arises because the time scales for these two pro- 
cesscs arc so disparate. Hence, observation of a range 
of timescales for spectral equilibration in the two-color 
experiments suggests a kinetic scheme that is more 
complex than energy transfers between two homoge- 
neous pigmcnt pools. 

The origin of the differences in the LHC-li  kinetics 
observed in one-vs, two-color experiments remains 
speculative, owing to uncertainties in the chromophore 
architecture. While the positions and approximate ori- 
entations of the 15 chromophores in an LHC-II 

monomer have been determined by Kiihlbrandt and 
Wang [7], the Chl a and Chl b molecules have not 
been differentiated: the locations of the individual 
pigments responsible for the spectral components iden- 
tified in the recent LD and CD studies [8] are still 
unknown. Approximately four of the nine Chl a chro- 
mophores in a monomer are believed to contribute to 
the lowest-energy LHC-II absorption band at 676 nm 
[8]. If dispersion cxists in ihc separations between pairs 
of such C676 pigments (as is to be cxpccted in this 
irregular monomer structure [7]), it would lead to mul- 
tiexponentiai decay in the 676 nm one-color anisotropy 
function - which is controlled mainly by excitation 
equilibration among the pigments whose absorption 
dominates at this wavelength. Such a situation is 
strongly implied by the anisotropy parameters  for 675 
nm in Table !11. While the resolvable anisotropy decay 
is well described by a lifetime of 4.3 + 2 ps at this 
wavelength, the fitted initial anisotropy r(0) is only 
I).14 - which is well below the theoretical r((I)= 0.4. 
Hence, faster (likely subpicosecond) decay components 
are likely to bc present within the instrument function, 
and the total one-color anisotropy decay probably con- 
tains a superimposition of picosecond and subpicosec- 
ond lifetime components. 

The residual anisotropies r(~)  observed at the 
shorter wavelengths (Table V) cart be directly com- 
pared with the static LD spectrum of LHC-i l  trimers. 
in the latter case, the reduced linear dichroism (Al~-  
,4 L ) / ( A , I  + 2 A .  measured in a rotationally symmetric 
antenna is proportional to (P2(cos /~ ')) .  Here flu is 
the angle between the pigment Q,. transition moment 
and the normal to the plane of the disk-shaped trimer 
[7], and the average is taken over all pigments absorb- 
ing at the pertin ,nt wavelength. In the case of the 
present absorption difference spectra at 640-650 nm, 
the signal is dominated by ESA (with absorption coeffi- 
cient A~) and likely contains some photobleaching 
(with absorption coefficient A0). Hence the total 
anisotropy r(A:,  A~) measured using pump and probe 
wavelengths 8gl, and A t, will contain contributions r t 
and r~ from ESA and photobleaching, respectively, 
according to [23] 

A o1"11 - A I r  I 
r (8) 

A .  - A l 

If the excitation equilibrates among rotationally equiva- 
lent monomers in a trimer, the anisotropy function 
detected in a pump-probe experiment is related to the 
transition moment angles /3 u, /3" at the pump and 
probe wavelengths respectively through [24] 

}s r, . i, • /A t, P:( c~. fl,l~.+aeh ) - A I P,(cos/31~s,, , ) \ 

tg) 



T A B L E  VI 

('mnparison 0/" n'duced lim'al dichroi,m with Ic~'hhtal ani.solropv l~'om 
I)llnqg-prohe t'.lpt'ri/tlt'tlls 

"~ t ( nm)  Reduced  LI )  " (/ '?(co~/3~'(  A I ))) / 
(/ '_,(cos flu( A : ))) v, 

6411 11.25 + 11,114 -- 0. I + 0.3 
645 0.25 + 0.0-t - 0 .1  ±0 .8  
6511 0 .16+0 .04  0 .15+0 .15  

675 I.(X) I,(X) 

" R o o m  t c m p c r a t u r e ,  no rmal i zed  to reduced  l inear dichroism at 675 
nm. 

h Excitation wave leng th  675 nm in two-color  exper iments .  
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The low value ( - 0.113 _+ 0.03)of the one-color resid- 
ual anisotropy r(x) at 6511 nm (Table V) dilfcrs consid- 
erably front the value 0.42 + 0.05 reported at 652 nnt 
[l I]. in view of thc prcccding analysis, the latter value 
appears to be inconsistent with the static LD spectrum 
of our LtlC-il  trimcrs. Similarly, our residual 
anisotropy at 665 nm (0.115 + I}1141 is much smaller than 
thc reported 0.28 + (I.(14 [I I]. These differences may 
originate in part from structt, ral diffcrcnccs between 
thc LHC-I! particles isolated using n-dodccyl fl-t)- 
maltoside and Triton X-101). 

Conclusions 

(Eqn (9) allows for the possibility that the ESA and 
photobleaching transition moment directions differ.) 
Accordingly, the ratio of anisotropies observed at long 
times in one-color and two-color experiments at thc 
probe wavelength A t will bc 

r (~t l ,  a I ) (P2(co.s/Ju ( A i ) ) )  

r(~t2. ~tl) ( P , ( c o s / J " ( A  ~) )) 
( l l ) )  

For fixed excitation wavelength A2. this ratio of one- 
color to two-color residual anisotropies becomes analo- 
gous to the reduced linear dichroism in that it is 
proportional to (P_,(cos/~u(,~t)). 

The linear dichroism spectrum of LHC-II trimers [8] 
is dominated at long wavelengths by an intense, posi- 
tive band at 676 nm, corresponding to Chl a ~igments 
with Qr moment~ that are nearly parallel to '~he mem- 
brane plane (/3 ~' = 90°). At the Chi b absorpuon wave- 
lengths 640-655 nm, the LD signals are far smaller. 
For example, the 77 K spectrum exhibits a positive 
band at 640 nm and negative bands at 648 and 657 nm. 
The relevant Chl b O,  transition moments are thus 
aligned at angles slightb, greater than and slightly less 
than 54.7 ° from the disk plane, respectively. For direct 
comparison with our residual anisotropies, the LD 
spectrum was obtained at room temperature, with the 
results shown in Table VI. While there are large uncer- 
tainties in the pump-probe anisotropies at the shorter 
wavelenglhs, the LD data are qualitatively consistent 
with the residual anisotropies listed in Tables !II and 
IV. Eqn (10) predicts, for example, that the ratio of 
one-color to two-color residual anisotropies should 
scale with the linear dichroism at the probe wavelength 
An. Since the one-color anisotropies are smaller (by a 
factor of at least 5) than the two-color anisotropies at 
640-650 nm, and since this ratio is defined as unity at 
675 nm for )t 2 = 675 rim, this scaling is, in fact, approxi- 
mately obeyed (Table VI). The large fractional errors 
in these ratios at the shorter wavelengths stem from 
the extremely low values of  the one-color anisotropies 
r(Ap ~t)observed at these wavelengths (cf. Table V). 

The principal features of our one-color and two-color 
pump-probe experiments on LHC-ll trimers isolated 
using n-dodccyl /3-D-maltosid.: may bc summarized as 
fi)llows: 
(1) Both the isotropic and anisotropic decays show 
clevr cvidencc fi)r subpicosecond downhill excitation 
transicr, both in the Chl h --, Chl a transfer processes 
and in excitation equilibration among the Chl a spec- 
tral fi)rms. Thc former conclusion is consistent with 
that drawn by Eads et al. [12] on the basis of their 
fluorescence upconversion study. 
(2) Our isotropic decays also contain the slower life- 
time components 2-6 ps, 14-36 ps, and several hun- 
dred picoseconds. The 2-6 ps components arc con- 
nected with dynamic red-shifting in the Chl a/b ab- 
sorption difference spectrum; the comprehensive spec- 
tral equilibration in LHC-I! thus appears to contain 
picosecond as well as subpicosecond lifetime compo- 
nents. Such multiphasic equilibration kinetics are to 
expected, given tlne dispersion in ChI-Chl separations 
and orientations [7]. The Chl chromophores in a 
monomer arc organized into upper and lower layers 
containing eight and seven pigments, respectively; the 
2-6  ps lifetime components may arise from excitation 
transfer between layers. The 14-36 ps components may 
stem from energy transfer between pigments belonging 
to different monomers. The origin of the longest life- 
time components remains unassigned, pending a more 
thorough study of the exciton annihilation kinetics. 
(3) The anisotropy decays are multiexponential. Subpi- 
eosecond components dominate the two-color aniso- 
tropies; picosecond components are conspicuous in the 
one-color ~:nisotropies at the red edge of the Chl a 
absorption region. In the latter case, the initial 
anisotropy r(0) is generally less than 0.4, so that subpi- 
cosecond components exist even in the one-color aniso- 
tropics. As in the isotropic decays, this multiphasic 
behavior is consistent with the irregular structure [7] of 
the LHC-I! antenna. The appearance of picosecond 
components in the one-color anisotropies is reminis- 
cent of the anisotropy decays reported by Gillbro et al. 
for Triton X-100 preparations of LHC-II [10]. 
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(4) The values of the long-time anisotropics  r(~c) mea- 

sured in the one-color  and two-co!or cxpcrimt~nts are 

qualitatively consistent with polarized s lcady-statc  exci- 

tation spectra [8] and with the linear dichroism spec- 

trum of  LHC-II trimcrs, 
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