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Low-temperature absorption, fluorescence, and persistent hole-burned spectra are reported for aggregates of
the trimeric light-harvesting antenna complex of photosystem Il (LHC II) . The lowest engrgia@ was

found to lie at 681.5 nm on the basis of hole spectra, which correspora® thm redshift relative to the
isolated LHC Il trimer (Pieper et all. Phys. Chem. B999 2412, accompanying paper). The electron
phonon coupling of the 681.5 nm state is characterize® by 0.8 and coupling to phonons with a mean
frequency of~ 20 cnt! which is very similar to that of the isolated trimer. This coupling is consistent with

the 4.2 K Stokes shift of the fluorescence originating from the 681.5 nm state. An adjacent state at 680.0 nm
is assigned. On the basis of the results of Pieper et al. for the isolated trimer, a stat€78t5 nm is
inferred. These three lowest energy-$fates are associated with the lowest energy chloroplstite of the

subunit of the isolated LHC Il trimer. Their degeneracy is removed because of structural heterogeneity. The
hole-burning results indicate that, aside from a quite uniform and small red shifting, aggregation has little
effect on the excitonic level structure and intrinsic dynamics of the isolated trimer. Taken together, the results
presented here and in Pieper et al. lead to a model that qualitatively accounts for the strong temperature
dependence of aggregation-induced fluorescence quenching between 4.2 and 80 K (RubBioehial.
Biophys. Actal992 1102 30).

1. Introduction and EET processes of isolated LHC Il trimers which are believed
. . ) ) to be the predominant in vivo form. Of particular relevance to
_ The adaptation of photosynthetic organisms to different s naper is that in | spectral hole burning was used to identify
illumination conditions predominantly takes place via regulation ha three lowest @states of the trimer which lie at 679.8, 678.4,
of excitation energy transfer (EET) processes within pigment 504 677 1 nm at liquid helium temperatures. These states were

protein complexes which act as the antenna. In general, these,ggijgneq to the lowest energy (predominantly @hstate of
antenna systems exert a dual role: (i) at low light intensities o, of the three subunits of the trimer with th&0 cntt

exci;ed siln%let.tsr:z;lt.e% gf?ngratec: bt)Pq the.few qulantta abdsorbedsplitting between them due to structural heterogeneity. Currently,
are lunneied with nigh etficiency 1o the primary €lectron donor: o5 sypunit is believed to contain seven €and five Chib
of the reaction center (for reviews, see Rehgand van moleculeso

Grondelle et af) and (i) under light stress superfluous excitation Th is th It of . in th
is dissipated by radiationless decay processes to prevent or. " e present paper is the result of our interest in the recent
diminish harmful reactions (for a review, see Horton ef)al. finding that reversible aggregation of LHC II trimers in vitro

. . . . leads to formation of singlet quencher states as reflected by
The most abundant light harvesting complex is the integral e 119 .
L fluorescence lifetimé-12and quantum yielt data as well as a
membrane bound Chd/b containing LHC Il of green plants e L
. . red shifting of the fluorescence origin band regiérit was
which binds about 50% of the total chlorophyll content of the . ST .
. . . : . .~ inferred that aggregation in vivo serves as a protective mech-
thylakoids. Together with minor integral pigment protein ) =g o i o
. - anism for dissipation of excess excitation energy via radiation-
complexes, LHC Il forms the peripheral and proximal antenna less decay.The static fluorescence spectrum of isolated LHC
of photosystem Il and is linked to the reaction center by the : P

Chl a binding proteins CP 47 and CP 43 which are referred to . tf'mers atrr K IS dominated by an origin band at 680 nm
as core antenna (for reviews, see Jandsanchelli et al5 which decay-associated fluorescence spectra (DAS) showed

Paulserf, Green and Dunford,and Bassi et &) corresponds to an excited state with a lifetime of 5'%ns.
N . ' . ) Lowering the temperature to 4.2 K has little effect on this
As discussed in the accompanying pdpéreferred to

. lifeti iti f the origin which at 4.2 K i .
hereafter as 1), considerable progress has been made towaril eme or position of The ongin Which a 's 680.3 nm

: . see |). Aggregation results in 77 K fluorescence spectra that
understanding the ground-state structurgSQ-electronic states show additional structure to the red of the highest energy band

at 683 nm. For samples prepared by the Triton X-100 proce-

m;tiet;‘tfa%foi%sms- durels there is a comparably intense and broader band at 702
§ Max-Volmer ms?i/t'ute_ nm1L12For samples prepared by thedodecylmaltoside (DM)
* Author to whom correspondence should be addressed. proceduré? the 702 nm band is absent although there is a
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distinct shoulder at 695 nd%. At liquid helium temperatures 0.7

the 683 nm band remains intact but the 702 and 695 nm bands

of the Triton X-100 and DM samples vanishThe 10 K static 064 _
fluorescence spectra of the two types of aggregate sample are 05 4 :
very similar. Recently, DAS results have been obtained for both 3 ’ 5
aggregate sample types at 10 and 88 Both exhibit at least Z 04+ 3!
three red-emitting state$ & 683 nm) with nanosecond lifetimes 2 2
and two states with-150 and 500 ps lifetimes which, at 10 K, Q 03 S
emit near 680 and 682 nm. At both temperatures the peak %2 )
amplitudes of the two quenched states dominate those of the 02 e
red-emitting states, significantly more so at 80 K. Some 01 =
significant differences between the DAS spectra for the two

sample types exist. On the basis of these spectra, the static 0

fluorescence spectra and the temperature dependence of the 640 660 680 700
overall fluorescence yield it could be concluded that the above WAVELENGTH [nm]

red'em't“”g states are_ “‘?t the quenching St%ﬁé%’“ W_as Figure 1. Absorption (full line) and fluorescence spectrum (dashed
concluded i#? that a distribution of aggregate sizes is not line) of aggregated LHC Il complexes at 4.2 K.

responsible for the multicomponent emission. The nature of the

quenching states and the biological significance of the red- complexes, mainly CP 24 and CP 26. For low-temperature
emitting states remain as open questions. In general, theexperiments aggregated LHC Il was diluted with a glass forming
formation of aggregates can be expected to give rise to structuraly ffer solution containing 30 mM MESNaOH, pH 6.5, 15
changes that modify pigmenpigment and/or pigmenfprotein  mM NaCl, 5 mM MgCh, and 70% wiv glycerol. The total
interactions, thereby resulting in quenching states. Evidence for chjorophyll concentration of the sample was 0.007 and 0.200

structural changes has been provided by resonance Réamah g Chi/ mL for hole-burning and fluorescence measurements,
linear/circular dichroism studies at 77°K. respectively.

As discussed in detail in ref 12, understanding the aforemen-  The hole-burning apparatus used is described in the ac-
tioned effects of aggregation is a complex problem that requires companying paper @)and references therein. Zero-phonon
additional experiments for solution. In this paper we report the holewidths reported were measured at a resolution of 0:3 cm
results of hole-burning and static fluorescence experiments (burn laser line width= 0.05 cnT?). The sample temperature
which, together with the results of I, allow us to assess the extent\as 4.2 K. Burn fluences and wavelengths and read resolutions
to which aggregation affects the electronic structure and are given in the figure captions.
dynamics of the isolated LHC Il trimer and to identify absorption Fluorescence measurements employed,daBer pumped
due to the red-emitting states. The results for the aggregateqye-jaser (Laser Science, Inc., VSL-Dye) of about 3 ns duration
samples together with those for the isolated trimer lead to a gng a repetition rate of 20 Hz for excitation. Samples were
model that qualitatively explains the significant decreaseé)( excited at 430 nm. The applied pulse energy was approximately
in fluorescence quantum yield as the temperature is increased; o3 photons per ciper pulse. The fluorescence signal was
from 4 to 77 K4 Experiments were confined to aggregate measured employing a double monochromator (Carl Zeiss Jena,
samples obtained using the well-defined and biochemically gpm 1000, spectral resolution of 0.5 nm) and an avalanche
thoroughly characterizefi-dodecyl maltoside preparation of  giode (type 712-Ad). The samples were cooled in an Oxford
solubilized LHC Il trimers developed by Irrgang et'alThe helium flow cryostat (type Optistat). The optical density of the

biochemical properties are described in Siicet al:® sample at 4.2 K was 0.02 at 676 nm in a 0.01 mm cuvette.
There was no detectable influence of reabsorption under these
2. Experimental Section conditions.

LHC Il preparations were isolated by solubilization of salt 3. Results
washed PS Il membrane fragments of spinach in the presence™
of f-dodecyl maltoside (DM) and separation by sucrose density  The 4.2 K absorption spectrum of aggregated LHC Il trimers
gradient centrifugation as described in detail previodly. shown in Figure 1 exhibits four main bands at 676.3, 671.9,
Aggregated complexes were obtained by dialysing the solubi- 662.0, and 650.5 nm which are red-shifted by 1 nm relative to
lized samples for 48 h at 4C in the dark against a detergent- those of the isolated trimer; see I. Other than this slight uniform
free buffer solution containing 30 mM MESNaOH, pH 6.5, shifting, the Q-spectra of the aggregate and isolated trimer are
15 mM NacCl, 5 mM MgC}. Pigment concentration (vide infra)  essentially identical. The 4.2 K fluorescence origin band of the
and a Chl a/b ratio of 1.35- 0.05 were determined using the aggregate shown in Figure 1 exhibits a maximum at 682.6 nm
method of Porra et & The polypeptide composition of isolated ~ which is red shifted by 2.3 nm relative to that of the isolated
LHC II was checked by SDS/urea/PAGE using the method trimer, see I. In addition, the origin band of the aggregate is
described in ref 16 in combination with silver staining and broader and exhibits considerably more tailing to the red,
immunoblotting experiments as described in detail in ref 12. consistent with the existence of red emitters. The 77 K
Besides the LHCh 3 gene products of the major light-harvesting fluorescence spectra of the aggregate and isolated trimer are
complex, thes-DM solubilized LHC 11 also contains all but ~ shown in Figure 2. The fluorescence origin band of the aggregate
one of the minor Chk/b binding proteins (CP 14/15, CP 22, at 681.7 nm is red shifted by 2.3 nm relative to that of the
CP 24, and CP 26) known to be associated with the antennaisolated trimer. In addition to this shift, the red tailing of the
system of photosystem & It is CP 29 that is missing.  aggregate fluorescence and the distinct shoulder near 695 nm
According to densitometrical scanning of silver-stained poly- mentioned in the Introduction are apparent. The red shifting of
acrylamide gels, 87.4% of the apoproteins could be ascribed tothe aggregate is also seen in the vibronic region near 740 nm.
LHCb;—3 proteins and 12.6% to the minor pigmeturotein The fluorescence results of Figures 1 and 2 are consistent with
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Figure 2. Normalized fluorescence spectra of solubilized (full line)
and aggregated (dashed line) LHC Il complexes at 77 K.

Figure 4. Frame A: 4.2 K hole-burned spectra of aggregated LHC Il
obtained withlg = 660. nm and a burn intensity of 100 mW/rithe
darker and lighter spectra were obtained with burn times of 30 and 1
mm, respectively. Frame B: Noisy spectrum is the difference between

0.015 07 the two spectra of part A and is peaked at 681.5 nm. The Gaussian
001 4 06 profile of the ZPH-action spectrum is shown for comparison.
€3]
S 0.005 0.5 shifting with increasing burn fluence. For example, with a burn
5 g intensity of 100 mW/crhand burn times of 1 and 30 min, hole
) 0~ 0.4 E 1 is centered at 683.0 and 682.0 nm, respectively, see frame A
é-o.oos_ L o3 % of Figure 4. For the 30 min burn time, hole 1 is close to
« T g saturated. The blue shifting was interpreted in | as a manifesta-
E-001 Lo < tion of hole 1 being contributed to by three states associated
a2 with the lowest energy state of the subunit of the trimer which
-0.015+ - 0.1 are rendered energetically inequivalent due to structural disorder.
002 . . ' . ‘ o On the basis of the results of I, one might conclude that hole 1

of the aggregate also represents these three states of the trimer
which are populated from higher energy states by efficient
energy transfer. However, more careful inspection reveals that
Figure 3. Typical hole burned spectra of aggregated (spectra a and b) this is not entirely correct. A hole-burned spectrum from | for
and solubilized LHC Il trimers (spectrum c) obtained with a burn laser  the jsplated LHC Il trimer is shown as spectrum c in Figure 3
intensity of 100 mW/crhand a read resolution of 4.0 cf The burn with hole 1 located at 680 nm, about 3 nm to the blue of hole

wavelengths and burn times were (spectrum a) 649 nm and 10 min,
(spectrum b) 660 nm and 30 min, (spectrum c) 648.6 nm and 10 min, 1 of aggregated LHC Il (spectra a and b). For comparable burn

respectively. The arrows indicate the burn wavelengths. Hole-burned fluences, hole 1 of the isolated trimer and aggregate is located
spectra are separated byAa# of 0.01. Spectra a and ¢ are enlarged at 679.4 and 682.5 nm, respectively. This shift is about 3 times
and compressed by a factor of 2, respectively. The 4.2 K absorption larger than the shift of the principal absorption bands. At the
spectrum of aggregated LHC Il is given for comparison. same time, the width of hole 1 increases from 55 &to about

80 cnTl. It should be noted, however, that a precise determi-
those of Vasiliev et al? It is important to note that the intensity  nation of the position and width based on the spectra shown in
of the static fluorescence at 77 K was observed to be about anfigure 3 is not possible because of interference between the
order of magnitude weaker than at 4.2 K, consistent with the hole and its antihole (see 1). The observed broadening of hole
results of Ruban et & 1 upon aggregation is most likely mainly connected with the

Hole burning of LHC Il aggregates was performed with burn tailing of its low energy wing. (The antihole of hole 1 for the

wavelengths Ag) between 640 and 688 nm for different burn aggregate tails more slowly to higher energy of its maximum
fluences. As observed in | for solubilized LHC 1l trimers, the than that of the isolated trimer, especially for low burn fluences,
burn efficiency markedly decreases foy shorter tham~676 spectrum a.) This tailing is ascribed in the following section to
nm. Traces a and b of Figure 3 show hole-burned spectra ofthe aggregation-induced, red-emitting states lying at wavelengths
aggregated LHC Il which are quite typical for the burn fluences 2683 nm.
used andlg < 676 nm (the arrows in Figure 3 indicate the Burn efficiencies and widths of ZPH burned at wavelengths
burn wavelengths). The most obvious features of these spectra40 nm < i1z < 670 nm closely resemble those observed for
are (a) a zero-phonon hole (ZPH) coincident with the burn solubilized LHC Il presented in I. The broad Cinhole (hole
wavelength, (b) a broad hole (hole 1) in the vicinity of 682.5 2) for the aggregate lies at 65042 0.3 nm. This represents a
nm having a width of about 80 cmh, and (c) a broad and red shift of about 2 nm compared to its position at 648.8.3
shallow hole (hole 2) at about 650 nm that appears only at nm in the isolated trimer while its width of 125 cnttis the
sufficiently high burn fluence (see trace b and | for similar same as that of the isolated trimer.
behavior of the LHC 1l trimer). The feature labeled by the As in I, constant fluence hole-burning (ZPH action) spec-
asterisk in Figure 3 is the antihole of hole 1. For all burn troscopy was employed in order to further investigate the
wavelengths employed, the most intense feature of the hole-spectral position and inhomogeneous width of the lowest
burned spectrum is hole 1 located in the low-energy wing of state(s). The ZPH action spectrum obtained for a burn fluence
the 676.3 nm absorption band. As is the case for the LHC Il of 6 J/cn? and a read resolution of 0.3 crhis shown in Figure
trimer (see 1), hole 1 for the aggregate undergoes a slight blue5. It is centered at 680 nm and can be fitted by a Gaussian

640 650 660 670 680 690 700
WAVELENGTH [om]
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TABLE 1: Zero-Phonon Holewidths and Total Dephasing Times

. Phys. Chem. A, Vol. 103, No. 14, 1998425

4.2 Klig (nm)

677.0 678.0 679.0 680.0 681.0 682.0 683.0
AAIA? 0.01 0.03 0.06 0.10 0.12 0.15 0.11
Thote (CM™3)° 2.0+ 04 1.8+ 0.4 1.1+ 0.3 0.8+ 0.2 0.7+ 0.2 0.6+0.1 0.6+ 0.1
Thom (CcM™3)¢ 0.9+0.2 0.7+ 0.2 0.5+ 0.2 0.3+ 0.1 0.2+0.1 0.15 0.15

T2 (psy 12+3 15+ 5 204+ 10 40+ 10 ~100 e e

a Fractional absorbance change of hdl&leasured holewidth, uncor
phonon line, corrected for read resolutidotal optical dephasing timé
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Figure 5. The 4.2 K absorption spectrum and ZPH-action spectrum
(upper right corner) of aggregated LHC Il trimers. The profile of the
action spectrum centered at 680.0 nm is Gaussian with a width of 85
=+ 10 cnT? Its position within the absorption spectrum is indicated by
the hatched profile to the right of the maximum of the 677 nm
absorption band. The action spectrum was generated with a constan
burn fluence of 6 J/ciand read resolution of 0.3 crh The left inset
shows a hole burned spectrum obtained wigh= 682.0 nm, a burn
intensity and time of 40 mW/cfrand 2 min, and a read resolution of
0.5 cnT™. The pseudo-PSBH is indicated by the asterisk.

envelope with a width of 854+ 10 cntl. This means,
surprisingly, that the efficiency for selective burning of ZPH
decreases markedly for burn wavelengtiass> 684 nm even
though tailing of hole 1 is observed in this very spectral region
when burning nonselectively at shorter wavelengths, vide supra.
Implications of the absence of ZPH fdg > 684 nm are
considered in the following section. The widths of the ZPH
(uncorrected for read resolution) decrease from 2.0%c{®77

nm) to 0.6 cnt! (681—-683 nm) at the low-energy wing of the

rected for read resolution of 0.3'cffHomogeneous width of zero-
Resolution inadequate for determination.

of the maximum of the action spectrum. In view of the
similarities between the aggregate and the isolated trimer one
can infer, by analogy, that the lowest energy state/sublevel of
aggregated LHC Il represented by the action spectrum is located
at 681.5+ 0.4 nm. In the following section this assignment is
shown to be consistent with the fluorescence Stokes shift and
other results.

The data discussed above indicate that hole 1 does not solely
originate from a burn process within the above assigned three
lowest energy states. Neither the position of the action spectrum
at 680.0+ 0.2 nm nor that of the lowest state at 681#50.4
nm is in agreement with the value of 682.5 nm for the broad
hole 1. Therefore, it has to be concluded that aggregated LHC
Il is characterized by additional weak absorptionlat 683
nm that does not contribute to the action spectrum and may
reflect the long-wavelength spectral components that were
assigned in steady-state fluorescence and fluorescence decay
experiments, cf. Introduction. Further discussion is given in the
following section.
¢ The left inset of Figure 5 shows a shallow ZPH (fractional
absorbance change of 0.1) burned at 682.0 nm, i.e., at the low-
energy side of the ZPH action spectrum. It is accompanied by
a shallow and broad feature located by the asterisk which is
displaced from the ZPH by about 20 ctn The ratio of the
integrated intensities of this pseudo-phonon sideband hole
(pseudo-PSBH) and the ZPH was used to obtain an upper limit
for the Huang-Rhys factor S of 0.8. Thus, the weak phonon
coupling & = 0.8) to phonons with a mean frequency of 18
cm! observed for the isolated LHC Il trimer (see I) remains
unaffected by aggregation. The real PSBH was not discernible
for aggregated LHC Il because it is interfered with by the
antihole of the pseudo-PSBH and ZPH.

4. Discussion

action spectrum, Table 1. The broader ZPH observed at the high-

energy wing of the action spectrum most probably stem from

downward energy transfer from states associated with the mainthe LHC I Trimer.

676.3 nm absorption band and energetically inequivalent

Effects of Aggregation on the Exciton Level Structure of
As pointed out in the Introduction,
aggregation leads to pronounced fluorescence quenching of the

sublevels of the lowest state associated with the subunit of theLHC Il trimer that depends strongly on temperature inthe-

trimer complex as concluded in | for the isolated trimer, vide
infra.

A comparison of the above aggregate results with the results
in | for the solubilized trimer shows that, upon aggregation,
the lowest energy state(s) of the isolated trimer are basically
red shifted by about 2 nm. At the same time, the width of the
inhomogeneous distribution function and the homogeneous
widths of the ZPH associated with the action spectrum are hardly
affected. This also applies to the observed narrowing of the ZPH
when the burn wavelength is tuned from the blue to the red
sides of the action spectrum. Therefore, we conclude that the
low energy level structure of isolated LHC Il remains almost
intact upon aggregation except for the slight red shifting. A more
detailed inspection of the low energy absorption near 680 nm
of solubilized LHC Il given in | revealed that it is contributed
to by three states, with the lowest one lying.5 nm to the red

80 K range. However, comparison of the 4.2 K absorption
spectrum of the aggregate (Figure 1) with that of the isolated
trimer given in | shows that the major effect of aggregation is
to only uniformly shift the Q-absorption spectrum to the red
by ~1 nm. By itself, this small shift indicates that strong
excitonic interactions between neighboring trimers of the
aggregate do not exist and, furthermore, that aggregation does
not alter Chi-protein interactions of the trimer to a significant
extent. The slight red shifting is most likely mainly a manifesta-
tion of stabilization of the @Qstates of a given trimer by
dispersion and van der Waals interactions between its Chl
molecules and the protein of surrounding trimers and/or
aggregation-induced structural charigégrather than excitonic
coupling between Chl molecules belonging to different trimers.
To a first approximation, the coupling between Chl molecules
belonging to different trimers should be as weak as those
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between Chl molecules belonging to different subunits of the which is in satisfactory agreement with the experimental value
trimer, <5 cnt ! according to ref 21. The effects of such weak of 682.6 nm.

coupling would be significantly depressed by virtue of structural ~ We turn next to the question of the absorption intensity of
heterogeneity which leads to energetic inequivalence betweenthe three lowest energy states which are mainly responsible for
symmetry equivalent Chl molecules. Furthermore, excitonic the ZPH action spectrum shown in Figure 5. Its hatched
coupling would not be expected to give rise to a more or less Gaussian profile is shown below the low energy side of the
uniform red shifting. Strong support for aggregation having little 676 nm absorption band and is positioned at 680.0 nm, the
effect on the Q-electronic structure of the isolated trimer is observed maximum of the action spectrum. The procedure given
provided by the hole-burned spectra. First, comparison of the in | was used to adjust its intensity. It involves, in part, taking
hole-burned spectra for the aggregate obtained %tk 676 into account the absorbance changes of saturated ZPH on the
nm, Figure 3, with those of the isolated trimer presented in | low energy side of the action spectrum as well as the value of
reveals that their main features are very similar and, furthermore, 0.8 for the HuangRhys factorS It was found that the
that their nonphotochemical hole burning efficiencies are absorption due to the three lowest energy states constitutes 8%
comparable. The latter comparison is based on the burn fluence®f the total integrated intensity of the,@bsorption spectrum,
used and the resulting absorbance changes associated with th@ value that is similar to the value of 9% obtained for the isolated
holes. Second, the ZPH action spectrum of the aggregate showririmer. This is further evidence for aggregation having only a
in Figure 5 exhibits an inhomogeneous width of-83.0 cnt? weak effect on the exciton level structure of the isolated trimer.
which, within experimental uncertainty, is the same as that for ~ However, from Figure 5 it is apparent that there is residual
the isolated trimer; see |. The action spectra are well describedabsorption at wavelengths~683 nm. This absorption has a
by a Gaussian profile with the maximum for the aggregate maximum at~684 nm, carries a width of 240 cry and
located at 680.0 nm, a wavelength that is shifted by 2 nm to contributes 1.4% of the total intensity of the-@bsorption

the red relative to the value for the isolated trimer. Third, the spectrum. The residual absorption is much weaker for the
dependence of the width of the ZPH associated with the action isolated trimer (see I). Therefore, we associate it with the red-
Spectrum OriB given in Table 1 for the aggregate is very similar em|tt|ng states of the aggregate discussed in the Introduction.
to that of the isolated trimer (see Table 2 of I). That is, the This assignment is viewed as reasonable since the red tailing
widths of the ZPH decrease from 2.0 cthon the high energy of the fluorescence band at 4_.2 K show_n in Figure 1is far more
side of the action profiles te- 0.6 cnT® on the low energy pr_onour)ced than that (_)f the isolated trimer (see Flgu_rt_e 8 of I).
side (read resolution of 0.3 cry). The implications of these Slmulgtlon of tht_e nonlln_e narrowed fluorescence origin ban_d
widths for dynamics are considered later. Fourth, the results in ©f the isolated trimer using the theory of ref 22 showed that it

frame A of Figure 4 for hole 1 (see Figure 3) show that the can be accou_nted for using the \{alues for linear eleetron.
maximum of hole 1 shifts to the blue by up tal nm as the phonon coupling parameters and inhomogeneous broadening

burn fluence is increased. Precisely the same behavior isgiven in | (to_be published). This IS not the case for the
observed for the isolated trimer; see I. In |, the blue-shifting aggregate, which one would expect if the red emitting states

effect was linked to the existence of three states at 677.1, 678.4’are_populated by energy tfa”Sfer within the aggregate of L.HC
Il trimers and minor protein complexes. We defer discussion

and 679.8 nm which are the lowest energy states of the |solatedOf the red-emitting states until the following subsection.

trimer. Because the 679.8 nm state at 4.2 K ha$ans lifetime ] . i
it undergoes nonphotochemical hole burning first since the #Agdregation-Induced Fluorescence Quenchingin impor-

lifetimes of the two higher energy states due to downward tant step toward understanding the quenching of LHC Il trimer

energy transfer are tens of picoseconds. These two Statesfluorescence in aggregates would be to understand why the

however, can undergo hole burning following completion of guenching at 80 K_is?times more efficient than at liquid helium
hole burning in the 679.8 nm state. The difference between thetemperatures, while the dependence on temperature above 80
two spectra of frame A'of Figure 4' is shown in frame B along K is weak!® We believe that the hole burning results provide a
with the Gaussian profile of the ZPH action spectrum with a plausible explanation. These results show that, aside from a

width of 85 cn™. The maximum of the difference spectrum is slight red shifting, the @state (exciton level) structure of the

£681.5 nm which based on the arquments aiven in 1. w : nLHC Il trimer in the aggregate remains intact. The three lowest
a ’ ch, based on Ihe arguments give » We assig energy states of the trimer in the aggregate at 4.2 K lie at 681.5,
as the wavelength of the lowest energy state of the trimer in

h The inh idth of the diff 680.5, and~678.5 nm. The splitting between these states is
the 'aggregate. 1 € Inhomogeneous wi th of the di Erénce apout 30 cm?, which is large relative tkT at 4.2 K but
profile is 70 cn1™. As in I, it was found that the ZPH action  .,mparapie taT at 80 K (55 cnd). In 1, the three lowest energy
profile can be fitted by three equiintense Gaussians of equal

! . ; states of the isolated trimer were assigned to the lowest energy
intensity and a width of 70 crt, but located at 681.5, 680.0,  ggate (predominantly CH in character) of the subunit of the

and~678.5 nm. trimer with the ~30 cnm?! splittings being due to structural
Support for the assignment of the lowest energy state of the heterogeneity. It was concluded that these states are quite highly
trimer in the aggregate at 681.5 nm is provided by the 4.2 K |ocalized on a single Chh molecule of the subunit since the
fluorescence origin band, Figure 1, which lies at 682.6 nm. On excitonic coupling energies between Chl molecules belonging
the basis of the inset spectrum of Figure 5 (and others notto different subunits are small<6 cnrl) relative to the
shown) which shows a ZPH and pseudo-PSBH, a valug-of inhomogeneous broadening 80 cntY).
0.8 andwm = 20 cnT! for the linear electrorrphonon coupling Both the hole burning data of | and the purmrobe results
was determinedvn, is the mean frequency of the phonons that of Savikhin et aP3for the isolated trimer indicate that at liquid
couple to the optical transition. Because the difference profile helium temperatures downward relaxation of the two higher
of the 681.5 nm state given in Figure 4 represents a zero-phonorenergy states occurs in about 10 ps. This is also the case for
transition profile, the nonline narrowed fluorescence origin band the aggregate, vide infra. Therefore, one expects that excitation
should be displaced to lower energy of it By, = 16 cnT™. should be localized in the 681.5 nm state on the same time scale
This leads to a wavelength of 682.3 nm for the origin band and that this localization precedes intertrimer transfer, vide infra.
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We emphasize that it is the migrating exciton created by this and wavelengths of the emitting species. The time-resolved
state whose fluorescence is expected to be quenched. Thdluorescence measurements failed to identify the quenching
situation is different at 80 K where the two higher energy states states although it was convincingly shown that they are not the
are significantly thermally populated. A model in which the observed red-emitting states with nanosecond lifetifhé3lt
aggregate is viewed as a two-dimensional, close-packed arrayis also clear from those works that the fluorescence being
of trimers, predicts that the number of effective pathways at 80 quenched is that of the main origin band which lies at 681.5
K for energy transfer from a given trimer to neighboring trimers nm at liquid helium temperatures. Specifically, it would be the
is about 9 times greater than that at 4.2 K. In arriving at this fluorescence of the migrating trimer exciton that is quenched.
factor it was taken into account that at 4.2 K an excited subunit The associated 140 and 540 ps components might represent two
of a trimer corresponding to the 681.5 nm state can only transfer distinct migratory pathways to the quenching site(s) (assuming
to a nearest neighbor subunit of another trimer if the lowest that capture at such sites is fast relative to migration).
excited state of that subunit is the 681.5 nm state. Thus, underAlternatively, they might simply reflect the fact that the
the reasonable assumption that the first step of the process thamigration kinetics are quite highly dispersive due to disorder
leads to fluorescence quenching is energy transfer betweenin the aggregate. In this regard, detailed studies of the rise times
trimers, the above model accounts for the strong temperatureof the wavelength-dependent fluorescence decay components
dependence between 4 and 80 K and, also, the weak dependend®ight prove useful. They might also shed light on the exciton
on temperature above 80 R.Energy transfer within the  migration times. On the basis of hole-burning data it appears
aggregate leads mainly to population of nonradiative trap states,that, following excitation of a trimer, the time required to reach
not the red-emitting states that contribute to the low-energy @ dquenching site should be longer tharb0 ps at low
tailing of the fluorescence origin baf4!? temperatures.

The zero-phonon holewidths given in Table 1 for seven burn ~ OUr results say nothing about the nature of the highly
wavelengths between 677.0 and 683.0 nm, which span the rangé‘onr?g'at've quenching states. Thus, this question remains
from the high to low energy sides of the ZPH action profile, ©OPEN:* It was suggested in that reference that the quenching
are identical to those given in | for the isolated trimer when the M2y be due to states (Calspecies) resulting from interactions
~2 nm red shifting of the ZPH action spectrum of the aggregate P&tween the minor protein complexes, such as CP 24 and CP
is taken into accounThomin Table 1 is the homogeneous width 26, and LHC II trimers in the aggregate. Studies in which the

of the zero-phonon line calculated from the width of the hole number and .concentra.tion of the minor qomplexes are varied
(Thoi) USINGThom = (Thote — 0.3)/2, where the 0.3 corrects for would test this suggestion. The hole-burning results do suggest

the instrumental read resolution of 0.3 Thisee | where it is that interactions betwee_n neighbor_ing LHC i trimer_s in the
shown, using 20 MHz read resolution data, that this formula is aggregate are not primarily responsible for the formation of the
quite a,lccurate) The bottom line of Tablé 1 gives the total qguenching species. This follows since our results establish that,
dephasing times in ps calculated according 26=T(7tI'honC) "t as'de fro".‘ slight red sI_1|ft|_n_g, the ,Qevel structure of the_
wherec = 3 x 101 cms L. When the dephasing is dué to isolated trimer are not significantly perturbed by aggregation.
depopulation by energy transfef, = 2T, where T is the That the'qugnchlng states are hlgh!y nonr'adlatlve suggests that
lifetime. As in |, we assign thé&,-values for the four shortest the species myolved ml_ght be a Ghilimer with a co_nflguratlon .
burn wavelengths to downward energy transfer associated withthat is conducive to radiationless decay. One possible mechanism

the 680.5 and~ 678.5 nm states. Fotg = 677.0 and 678.0 forTS”Ch delc‘zy 'Sh‘?harge separation. der the red-emit
nm, states associated with the 676 nm absorption band also 0 conc dul'fet't IS tS?Ct'o? we lconsrlsgzr the rr? Hemlttlng,
probably contribute to the holewidth. The energy transfer times hanosecond lifetime states at wavelengt nmwhich were

range from~6 ps at 677 nm to 20 ps at 680.0 nm. Of particular identified in absorption by nonselective hole burning at shorter
interest to this paper are the holewidths of &:@®.1 cnt* for wavelengths. It was the tailing to the red of hole 1 (spectra a

Js = 682.0 and 683.0 nm which, according to our analysis and b of Figure 3) that was correlated with the residual red

. o . ' absorption which analysis of the results shown in Figure 5
should lie mainly in the inhomogeneously broadened absorption.” . . . :
profile of the lowest energy state of the trimer in the aggregate. indicated is located at684 nm with a broad width of 240

. L2 . . Although the states associated with the residual absorption
Since the read resolution is only 0.3 thnthere is considerable i . o
L L ) undergo hole burning following transfer of excitation energy
uncertainty in the values of 0.15 cffor T'hom In addition, it 4
. . . to them, we were unable to burn sharp ZPH upon selective
was shown in | (using 20 MHz resolution data) that pure

dephasing due to counling with the alassy two-level svstems excitation in the residual absorption region. One possible
P 9 oupling he glassy t Y explanation for the absence of ZPH is that they are Franck
of the system dominate the optical dynamics of the lowest

energy state of the isolated trimer at 4.2 K. This is probably Condon forbidden. This forbiddeness would be expected for

also the case for the aggregate. In view of this, it is reasonabIeStateS with significant charge-transfer character since such
SN ' character leads to strong electrgshonon coupling? If this
to assert that the contribution ®n,n from energy transfer g pling

between tri b ter that 1 which were to be the case, then it would lend support to the idea that
the t S}enl.frlrtqers C?I:h elno gr?atert ¢ cm V\; e metaggl 5 the yet to be characterized quenching states carry significant

at the lireime of the lowest state ot a given trimer 4 "~ charge-transfer character because of a special geometry associ-
nm due to energy transfer can be no shorter thé@0 ps. As

. . . . . ated with interacting Chh molecules.
discussed in the Introduction, time-resolved decay associated
spectra (DAS) obtained at 10 K revealed-440 ps component
near 680 nm. A 540 ps kinetic component near 682 nm with
amplitude comparable to that of the 140 ps component was also Comparison of the hole spectra for the isolated LHC Il trimer
observed. The quenching process involves three steps: escapgiven in | with those of the aggregate leads to the conclusion
of the excitation from the initially excited trimer, migration of  that aggregation has little effect on thg-€lectronic structure
the excitation to the quencher species, and capture by theand intrinsic excitation energy transfer dynamics of the isolated
quenching state. The ZPH widths discussed above speak onlytrimer. The main effect appears to be a slight, more or less
to the kinetics of the first step. The DAS define the lifetimes uniform red-shifting of the Qstates by~2 nm. The three lowest

5. Concluding Remarks



2428 J. Phys. Chem. A, Vol. 103, No. 14, 1999 Pieper et al.

energy states of the isolated trimer are associated with the lowestLaboratory is operated for USDOE by lowa State University
energy (mainly Chh) state of the subunit of the trimer (see ). under Contract W-7405-Eng-82. J.P. gratefully acknowledges
The splittings between these statess&0 cnt ! is most likely support by NaFG, the German Academic Exchange Service
due to structural heterogeneity. This level structure is preserved(DAAD), and the International Institute of Theoretical and
in the aggregate, the only difference being that in the aggregateApplied Physics (IITAP) in Ames. K.-D.l., J.V., and G.R.
the three lowest energy states are slightly red-shifted to 681.5,acknowledge financial support from Deutsche Forschungsge-
680.0, and~ 678.5 nm. This finding led to a simple model meinschaft (SFB 312, TP A2, and A6).
that explains why aggregation-induced quenching of the trimer
fluorescence is about a factor of 10 times more efficient at 80 o _
K than at 4 K. This model, which pictures the aggregate as a (), Reraer &, opis i Frosyiness, Tre Proesizins: e
two-dimensional array of “close-packed” trimers, predicts that 19g>: pp 45-99.
the number of pathways for transfer of energy from the initially (2) van Grondelle, R.; Dekker: J. P.; Gillbro, T.; Sundstrom, V.
excited trimer to neighboring trimers is about an order of Biochim. Biophys. Acta994 1187 1. .
magnitude greater at 80 K than4aK wherekT is much smaller Plarff’%vlgfré?gl’. E'g’gFé“f;”égs'.v" Walters, R. @nnu. Re. Plant Physiol.
than the 30 cm! splittings between the three lowest energy (4) Jansson, SBiochim. Biophys. Actd994 1184 1.
states. That is, the first step of the process that leads to quenching'q: Q?)Bél;gichslg,i (()3ch e%gfzeégz;S%e%rgggs, R. C.; Breton, J.; Garlaschi,
is escape of excitation from the initially excngd trimer to ™ (6) Paulsen. HPhotochem. Photobioll995 62, 367.
neighboring trimers. The other two steps are migration of the  (7) Green, B. R.: Dunford, D. G. Nannu. Re. Plant Physiol. Plant
exc?tation (exciton) to the_ trapping site(s)_ and_ capture of the Mol.giolla.atgs?aR4_7ég§]gb . D Croce, Rysiol. Plant 1997 100 769
i oot T el i XA Wiy i Sapeny 5 PEBEr J: R 1 Jancu . ngang K-D: Vo, 1
s : ) Renger, G.; Small, G. 3. Phys. Chem. B1999 103 2412.
dence of the quenching is weak at temperatures higher than (10) Kihlbrandt, W.; Wang, D. N.; Fujiyoshi, YNature 1994 367,
about 80 K (kT~ 55 cnm ). It was determined that, in the low-  614.

T : (11) Mullineaux, C. W.; Pascal, A. A.; Horton, P.; Holzwarth, A. R.
temperature limit, intertrimer energy transfer occurs no faster Biochim. Biophys. Acta993 1141 23.

than 50 ps. (12) Vasiliev, S.; Irrgang, K.-D.; Schtter, T.; Bergmann, A.; Eichler,
The hole spectra identified low energy absorption in the H.-J.; Renger, GBiochemistry1997 36, 7503.

aggregate centered at 684 nm with a large width of 240%cm 83 Ruban, £ V.. Horton, PBiochim. Blophys. Acta992 1102 30.
which was assigned to the previously identified red-emitting ppotochem. Photobioll995 61, 216. T o

states that carry nanosecond lifetimes. These states are not the (15) Burke, J. J.; Ditto, C. I.; Arntzen, @rch. Biochem. Biophy4978

quenching states:12The nature of the latter, which are highly 187 252. . . .

nonradiative, remains to be determined although it seems likely Biégﬁgr#_rl%%%g’1%'257_808'(8"‘& E. J. Vater, J.; Renger, Br. J.

that they are connected with interactions between €hl (17) Ruban, A. V.; Horton, P.; Robert, Biochemistryl995 34, 2333,

molecules of the minor protein complexes with those of the  (18) Ruban, A. V.; Calcoen, F.; Kwa, S. L. S.; van Grondelle, R.; Horton,

LHC Il trimer.12 To understand the aggregation-induced quench- P';(lD;kkSegﬁ. mfél?gf?ﬁ%r;‘h;'&‘?_rgf'\/Aoicég%?‘Rﬁét’r%iophy& 11908

ing, experiments should be performed on aggregate samples inn press.

which the amounts of the minor complexes are varied. More  (20) Porra, R. G.; Thompson, W. A.; Kriedemann, P.Bochim.

detailed time-resolved fluorescence experiments are required toB'"(grl‘gfs\-/ggﬁf’;sge%zr??ﬁ:; Setlel, R.: Schitter, Th.: Pieper, J.; Rediin,

determine whether exciton migration is the rate-limiting step  phys. status Solidi 8996 194 333.

in the quenching process. (22) Hayes, J. M.; Lyle, P. A,; Small, G. J. Chem. Phys1994 91,
7337.

(23) Savikhin, S.; van Amerongen, H.; Kwa, S. L. S.; van Grondelle,
Acknowledgmen_t._ Research at the Ames Laboratory was o Sive. W SBiophys. 11994 66, 1597,
supported by the Division of Chemical Sciences, Office of Basic (24) Lyle, P. A.; Kolaczkowski, S. V.; Small, G. J. Phys. Chen.993

Energy Sciences, U.S. Department of Energy (USDOE). Ames 97, 6924 and references cited therein.

References and Notes



