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ABSTRACT. CP29 (thdhcb4gene product), a minor photosystem Il antenna complex, binds six chlorophyll
(Chl) a, two Chlb, and two to three xanthophyll molecules. The @ Q, absorption band substructure

of CP29 (purified from spinach) was investigated by nonlinear polarization spectroscopy in the frequency
domain (NLPF) at room temperature. A set of NLPF spectra was obtained at 11 probe wavelengths.
Seven probe wavelengths were located in thes@gctral region (between 630 and 690 nm) and four in
the Soret band (between 450 and 485 nm). Evaluation of the experimental data within the framework of
global analysis leads to the following conclusions: (i) The dominantaCidsorption (with a maximum

at 674 nm) splits into (at least) three subbands (centered at 660, 670, and 681.5 nm). (ii) In the Chl
region two subbands can be identified with maxima located at 640 and 646 nm. (iii) The lowest energy
Qy transition (peaking at 681.5 nm) is assigned to a &hhich only weakly interacts with other Chl

or b molecules by incoherent Fster-type excitation energy transfer. (iv) Pronounced excitonic interaction
exists between certain Chland Chlb molecules, which most likely form a Clal/lb heterodimer. The
subbands centered at 640 and 670 nm constitute a strongly coupleaflQbdir. The findings of the

study indicate that the currently favored view of spectral heterogeneity in CP29 being due essentially to
pigment-protein interactions has to be revised.

To achieve high efficiency of photosynthetic light trans- CP47. The minor LHCs (also called CP29, CP26, and CP24)
formation and optimal adaptation to different environmental, each bind about 5% of the total CH, (2).
in particular, illumination, conditions, higher plants have Due to their location between LHC Il and the core antenna
evolved intricate antenna systems consisting of several light-the minor LHCs have been invoked to play key regulatory
harvesting pigmentprotein complexes (LHCS).The an- roles in the photosynthetic apparat®s-@). The essential
tenna system does not only increase the efficient cross sectiorelementary process in the antenna system is radiationless
of the photosystems but also regulates excitation energy flowelectronic excitation energy transfer (EET) between the
to the photochemical reaction centers. In plants theaZinl pigments. The nature of the EET steps depends on the
binding LHC subunits of the oxygen evolving photosystem electronic structure of the pigments, their spin state, and
Il (PS II) are nuclear encoded by the gene fantligh 1-6 pigment-pigment as well as pigmenprotein interactions
The major and most peripheral component of the PS Il (reviewed in refs5 and 6). The aggregation state of the
antenna system is the trimeric LHC Il (encodedlbgb 1-3 subunits does not only effect the overall efficiency of EET
genes) that binds about 50% of the total ChlZ). LHC Il but can (under light stress conditions) also introduce protec-
is connected via minor complexes (encoded byitioh 4-6 tive dissipative valves, as shown for LHC Il aggregat®s (
genes) to the Chd binding core antenna subunits CP43and  Mechanistic understanding of the antenna function(s)
requires detailed knowledge of the structural arrangement
of the pigments within the protein matrix, in particular, the
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2 At low temperatures (4, 13 K) the absorption spectrum of
CP29 exhibits more fine structurdq, 22). The Chla Q,
absorption narrows considerably, and the peak position is
\ shifted from 676.5 to 674 nm. Below 13 K the Chl
absorption is characterized by two peaks at 638 and 650 nm.
In the Soret region, the peak position of Ghlis nearly
unchanged and that of Chlis at 464 nm. Peaks attributed
to xanthophylls were observed at 483 and 496 48).(

An unambiguous assignment of the above-mentioned
[ ] spectral features to specific pigment binding sites in CP29
has not been achieved so far. Gaussian deconvolution of
absorption spectra as well as linear and circular dichroism
400 450 500 550 600 650 700 studies of CP29 resulted in up to nine Chl subbands (e.g.,
Wavelength [nm] refs18and23). In these studies, the possibility of excitonic
FiGuRe 1: Absorption spectrum of CP29 at room temperature. INtéractions between the pigments as a source of spectral
Arrows indicate spectral positions of the probe wavelengtpsr( heterogeneity has been considered but regarded as negligible
the NLPF experiments; in the,@andZ; were separated by 5 nm.  on the basis of the interpretation of the data. Excitonic
coupling may lead to energy level splitting, which may in
turn result in the observed red shift of the absorption spectra
for certain geometrical orientations of the interacting pig-
ments (compare, e.g., r2f)). In the case of strong electronic
coupling the chromophores of the interacting unit share a
common ground state for all excitonic transitions into the
one-exciton state. Accordingly, EET does not occur via
Forster-type “hopping” but as exciton downscattering. Sev-
eral lines of experimental hints for excitonic coupling
between Chl molecules in CP29 exist. For instance, circular
dichroism spectra reveal a considerable rotational strength
in the Q absorption band 1@, 19) that can hardly be
explained without considering excitonic interactions. How-

OD[AU]

of the porphyrin rings13) led to the conclusion that strong
coupling may exist between individual pigment&4).
Therefore, it seems premature to disregard effects that might
arise from excitonic pigmentpigment interactions in LHCs.
Major problems for unequivocal detection of excitonic
coupling in pigmentprotein complexes with multiple chro-
mophores are the interference by effects such as inhomo-
geneous broadening (due to site-specific pigmembtein
interaction) and spectral overlap of presumed subbands.
Conventional techniques do not permit an unambiguous
distinction. The method of nonlinear polarization spectros-

tcoplyt n tdh de freth]gncy %(I)mn";m_(lNLPF) provides a suitable ever, so far neither the exact number of excitonically coupled
ool to address this problen$-17). molecules has been determined nor have the involved

Furthermore, to simplify interpretation of the data in the subbands been identified (in particular not at physiologically
current study, we concentrate on the elucidation of spectralrelevant room temperature).

substrupture and exqitonic interactions in CP29. Obviously, Tpe present study analyzes the spectral substructure of the
CP29 is a much simpler system than LHC Il and an ¢ gpsorption band of CP29 using NLPF. As a result,

appropriate model system for all LHCs because of the close nequivocal evidence for the existence of strong excitonic
similarity of essential structural motifg); CP29 binds about coupling in at least one Cta—Chl b pair is obtained.

six Chlsa and two Chlsb (as compared to at least seven

Chlsa and five Chlgbin LHC I1). Additionally, xanthophyll MATERIALS AND METHODS

molecules are bound to the complex, namely, lutein, neox-

anthin, and violaxanthin; their exact stoichiometry, however, CP29 was isolated from PS Il membrane fragments
remains to be established. CP29 does not form (hetero)prepared as outlined in ref5 with the modifications as
trimers as LHC Il. The room temperature absorption described in ref26. PS Il membrane fragments were
spectrum of CP29 is shown in Figure 1. Certain regions of resuspended to 0.2 mg of Cal+ b mL™*in 0.8 M Tris-

the spectrum can be assigned to different pigments.aChl HCI (pH 8.35) under ambient light for 30 min. CP29 was
displays a broad Qabsorption band between 660 and 680 extracted and purified following the protocol from g7

nm peaking at 676.5 nnil8, 19) and absorbs in the Soret with the following modifications: 2 mM benzamidine and
region (B, By) at wavelengths shorter than 460 nm with a 1 mM Pefabloc (Merck) were used as protease inhibitors;
peak at 438 nm1(Q, 19). In the Q region, Chib exhibits a sulfobetaine 14 was replaced by sulfobetaine 12. Chromato-
peak at about 640 nm and a weak shoulder near 650 nmgraphic purification was performed on a CM-Sepharose Fast
Additionally, vibronic states of Chh are to be expected to  Flow column (Amersham Pharmacia Biotech) under dim
form a broad but low-absorption underground in this region green light at 4°C. Elution buffers contained 0.1% (w/v)
(11, 12). In the Soret region, Chi contributes (together with ~ Sulfobetaine 12 and 0.05% (w/wydodecylf-p-maltoside.

the xanthophylls) to an absorption band between 450 andOne to two rechromatography steps were necessary to
520 nm. However, also low-transition dipole moments achieve the desired purity.

bearing higher excited CHd states have been predicted to NLPF spectra were recorded by applying & @@range-

be located in this regiorn2Q, 21). A deconvolution of the ment of pump {,) and probe 4;) beams as introduced
CP29 room temperature Soret absorption spectrum revealgecently €8) and illustrated in Figure 2. Eithéy, or A; (both

that the contributions of Cld andb are well distinguishable  with a spectral width of about 0.05 ct) is obtained from
(10); in particular, above 460 nm the contribution of Ghl  dye lasers (DCM/DMSO for the (Qegion and coumarin 102/
can be neglected. methanol for the Soret region) simultaneously pumped by
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z according to Nelder and Mead. The procedure is described
polarizer /[<y in detail in ref16.
2 sample x Resulting from mutual distances, orientations, and strengths
t

of transition dipole moments, three basic cases of pigment
pigment interactions within a protein matrix can be distin-
guished:

(i) Pigments are “isolated”. (ii) Pigments are coupled by
weak dipole-dipole interaction giving rise to only incoherent
EET (Faster-type hopping). (iii) Strong dipotedipole
FiGURe 2: Principle of nonlinear polarization spectroscopy in the interaction between pigments leads to excitonic coupling
frequency domain (NLPF). Pump, probe, and signal fiefJsae ~  \yhich may result in splitting of the transition energies,

ggsrtrlgggésnhd?ggbzvg]vilr?lﬂfg:rp\}et.cz%.S(_,I_Lisrli\lefg\éeg'ég:IV\ilg Ilﬂ?es theredistribution of dipole strengths, and delocalization of the

component of the signal field which is perpendicular to the incident €xcitation energy. The strongly coupled pigments are also
probe field. characterized by a common ground state.

Even if not discernible by conventional techniques the
an excimer laser (pulse duration 15 ns). The sample 40D  different modes of coupling can be distinguished by NLPF.
1 at the maximum of the Qabsorption) is located in a To illustrate the potential of this technique, the expected
homemade flow system wita 5 mmquartz cell (Helma, NLPF line shapes for a simple system containing only two
Mulheim, Germany). At a laser repetition rate of 5 Hz the pigments characterized by two absorption bands with peak
illuminated sample volume is exchanged after each flash. positionsi; and4, will be outlined (Figure 3). The following
NLPF spectra were recorded in the low pump intensity range, characteristic features emerge in the NLPF spectra of such
thus satisfying the conditions for the description of NLPF a system for the special cases tHatis located at the
spectra by g2 approach. The photon flux density of the absorption maxima of the respective subbaridsand A,
pump beam was about 4:6 10* photon cm? pulse* for whereasl, is tuned over the entire absorption profile.

At in the Q region and about 1 order of magnitude higher (i) A system consisting of isolated pigments exhibits a
for 4; in the Soret region. The intensity of the pump beam heterogeneous substructuoé the absorption profile. The
exceeded that of the probe beam by a factor of about 100.corresponding NLPF spectrum shows in addition to the
Absorption, circular dichroism, and fluorescence spectra of strong peak at the maximum of the subband in whicts

the samples were monitored before and after the NLPF located another, less pronounced peak arising in the spectral

analyzer

experiments, indicating no sample degradation. region of the other subband (Figure 3C,D, solid lines). The
contribution of the nonprobed subband to the overall NLPF
RESULTS AND DISCUSSION signal depends on spectral overlap of the two subbands and

scales with excited state lifetime. In case of no spectral
overlap, the latter peak vanishes, and the NLPF spectrum
features only the subband in whiéhis located.

(ii) A system with weakly coupled pigments: The sub-
ands represent independent species that are now connected
via Farster-type EET 12, Figure 3C,D, dotted lines). Probing
in the higher energy subband results in almost the same
NLPF line shape as in case i. Probing in the lower energy
subband, the NLPF spectra are distinct: The peak in the
. . . spectral region of the higher energy subband grows with
NLPF spectroscopy together with a thorough discussion of increasing EET rate. However, if there is no spectral overlap

the contents of information i.n NLPF line 'Sh'apes for the between the subbands (resulting also in vanishing EET), the
general case (overall absorption band consisting of mhomo-NLPF spectrum features once more only the subband in
geneously or homogeneously broadened subbands Witk\/vhich A is located

varying degrees of electronic coupling) is given in et (iii) In case of strongly coupled pigmentshamogeneous
Nonidentical pigments (e.g., Chdsand Chisb) oridentical ~ supstructureemerges: The energy level scheme is character-
pigments at energetically inequivalent binding sites give rise jzed by a common ground state and two excitonic states with
to a more or less substructured overall absorption profile of 5 transition rate (exciton downscattering),. In the NLPF
a pigment-protein complex. profile, the peak of the nonprobed subband is considerably
In principle, the line shape of the resulting NLPF spectrum more pronounced than in the other two cases (Figure 3C,D,
contains a series of distinguishable peaks (related to thedashed lines). Since it can be assumed that the EET and
spectral substructure). A global line-shape analysis compris-relaxation rates from upper to lower states are higher than
ing a fit of the theoretical NLPF line-shape function to a set those in the reverse direction, the homogeneous substructure
of NLPF spectra obtained at differehtallows determination ~ can be well distinguished from cases i and ii. Even if there
of the energy level scheme including energy relaxation and is no spectral overlap between the two subbands, the peak
EET pathway(s) of the system under investigation. Fitting of the NLPF spectrum corresponding to the nonprobed
parameters are weighting factors, center frequencies, andsubbandioes not disappeai his effect originates from the
dephasing rates for all subbands and matrices describingbleaching of theommorground state of the two interacting
energy relaxation rates as well as the underlying term species and, hence, allowsequiocal identification of
scheme. Algorithms for nonlinear optimization are used, e.g., heterogeneous and homogeneous substructure.

Line Shape of the NLPF Signal for Model SysteNIsPF
spectra are obtained at a fixed probe wavelength Ky
tuning the pump wavelengttid) across the absorption band
under investigation. For an absorption band originating from b
only one homogeneously broadened optical transition (with
the peak wavelengthg), the NLPF signal exhibits at least
two features: (i) a spectrally narrow peak is observed in the
immediate vicinity ofl;, and (ii) a broad peak is centered at
Ao. A detailed description of the theoretical background of
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Ficure 3: Theoretical line shapes of NLPF spectra of model systems (as depicted in panel A). The corresponding absorption spectrum is
visualized in panel B. For the sake of simplicity, homogeneous line widths of both subbands as well as the spectral gap between them are
assumed to be equal. The mutual orientation of the transition dipole moments is assumed to be parallel, and excited state jifetimes (1/
with yo2 = y12) are the same for both pigments (in paneis. Panels C-E: heterogeneous substructure, solid lingsker-type excitation

energy transfer, dotted line; homogeneous substructure (strong excitonic coupling), dashed line. Panel E visualizes the case that the higher
energy subband has only one-fifth of the excited state lifetime of the other subband.

Note that the intensity of a NLPF subband scales with its lying and probing in a higher energy absorption band, without
excited state lifetime1(6). Hence, if the latter is compara-  spectral overlap (e.g., the,@nd Soret bands, respectively),
tively short, the corresponding subband may not be readily can provide invaluable information on excitonic coupling,
resolved in the overall NLPF spectrum regardless of the in particular, between different pigment species, as will be
location of the probe wavelength. Figure 3E illustrates this shown below.
issue for the homogeneous case; here the higher energy state Nonlinear Polarization Spectroscopy in the Frequency
has a shorter lifetime (one-fifth) than the lower energy state. Domain of CP29.NLPF spectra of CP29 (witli, tuned
The diminuition of the short-lived band is observed for the across the spectral range of the Ghland b Q, region,
homogeneous (strong excitonic coupling) as well as the between 640 and 690 nm) were measured for diffeteint
Forster-type EET case. the Q region. Normalized spectra as obtained Ao+ 640,

Antenna complexes such as CP29 contain more than two650, 660, 670, 680, and 690 nm are displayed in Figure 4.
pigments (i.e., several Chés Chisb, and xanthophylls) that  Pronounced changes of spectral shape and shifting peak
are incorporated into energetically inequivalent binding sites positions upon variation ofl; are indicative of spectral
(resulting in inhomogeneous broadening) and may vary in heterogeneity of the absorption band. The displayed NLPF
coupling strength (through different mutual distances and spectra obviously can be placed in two distinct groups:
orientations). Therefore, all cases-{ii) can be expectedto  Variation of 1; between 670 and 695 nm (right column in
occur simultaneously in antenna complexes. Hence, theFigure 4) results in spectra peaking at 680 nm and displaying
resulting line shape of the NLPF spectrum can be a complexalmost identical red wings. These observations most likely
superposition of the above outlined features. Nevertheless,indicate the existence of a red-most subband (peaking at
NLPF spectra obtained by pumping in an energetically lower about 681 nm) connected by #ster-type EET, but not
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Ficure 4: NLPF spectra of CP29 obtained at different probe wavelendthi@icated by the arrows) in the Chlandb Q, region. All
spectra were obtained at the same pump intensity. Solid lines: best fit of global data analysis. Dotted lines: absorption spectrum of CP29.

excitonically, to other subsystems at higher energy. Obvi- 1.2

ously, the shoulder on the blue wing of the spectrum obtained
at At = 670 nm reveals contributions of further (shorter
wavelength) subbands. NPLF spectra obtained la¢tween
640 and 660 nm display some variation in shape and position
of the maximum (left column in Figure 4). In the framework
of NLPF line-shape analysis this can be explained only as
the result of superposition of several subbari,(consis-
tent with the proposed existence of further subbands in this
spectral rangel@, 23). Subbands that can be assigned to
Chlsb are hardly observed in the NLPF spectra (in contrast
to the absorption spectra) due to their short excited state 0,0 :
lifetimes as compared to Chl species. 650 660 670

NLPF spectra obtained by pumpiramd probing in the Pump wavelength A,
Qy band provide hints for excitonic coupling. Whereas in Figure5: Direct comparison of normalized NLPF spectra of CP29
the heterogeneous case the NLPF maximum shifts in parallelobtained at probe wavelength&)(640 nm (open symbols) and
with shifting 4; (16), here we observe that the maximum of 650 nm (closed symbols). Spectra were obtained at the same pump
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the normalized NLPF signal fo = 650 nm is blue shifted ~ Nensity.

with repect to the one obtained fér= 640 nm (Figure 5).  moments marginalizes their contribution to the overall NLPF
This may well indicate excitonic interactions between species signal.

at about 640 and 670 nm. To derive origin (excitonic versus nonexcitonic), actual

It has to be noted that vibronic states of @hhay overlap number, and exact peak positions of the subbands from the
with Chl b Q, states in this spectral region. However, the set of NLPF spectra obtained &tin the Q region is not
combination of their short lifetimes and low transition dipole straightforward. To ascertain the excitonic nature of sub-
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Ficure 6: NLPF spectra of CP29 obtained at different probe wavelendthin(the Soret region. All spectra were obtained at the same
pump intensity.

bands, NLPF spectra pumped and probed in absorption bandsardly detectable (since they are 2 orders of magnitude less
with no spectral overlap were measured. THugas placed intense absorbing than ChIBy). Moreover, whereas Clal
in the Chl Soret (and xanthophyll) absorption regions while absorption slightly increases toward 500 nm, GhiBy
pumping in the @band. absorption strongly decreases concomitantly with the de-
NLPF spectra pumped in the,@egion (646-700 nm) crease of the 670 nm NLPF subband intensity (not shown).
and probed at; = 450 and 460 nm (essentially CalSoret Another issue that might complicate the interpretation of the
region) as well as 470 and 485 nm (Chl Soret and NLPF spectra concerns possible contributions due to deple-
xanthophyll region) are displayed in Figure 6. Those tion of the ground state of xanthophyll molecules. However,
contributions to the NLPF spectra, which originate from the previous studies with the related complex LHC R9[
Chl b partition of the Q band ¢, = 635-660 nm) depend indicate that population of xanthophyll excited states (via
strongly on the position of; and expectedly increase with  3Chl* — 3xanthophyll* EET) in relation to the relevant Chl
shifting A; from the Chlato the Chlb Soret region. On the  a ground state depletion is negligible under the described
other hand, all NLPF spectra exhibit, independent of the excitation conditions.
position of/;, a pronounced subband with a maximum around  Additionally, by tuning the probe wavelength from 460
670 nm. Noteworthy, the latter feature is observed even whento 490 nm (and, hence, decreasing the ratio of Ehb
At is beyondthe Chla Soret absorption (above 460 nm). In  xanthophyll excitation), we observed a decline of the 670
other words, exciting Chh low-energy Q states (between  nm NLPF signal, rendering a contribution due to interactions
670 and 690 nm) elicits a NLPF response in the (higher of Chl a and xanthophyli(s) unlikely.
energy) Chlb Soret region. This observation can be hardly =~ Resolution of Spectral Substructure by Global Line-Shape
explained assuming noninteracting pigments but indicates Analysis. In the following section, a further analysis of
strong excitonic couplingetween certain Chisandb. The spectral substructure in the, @gion of CP29 is outlined.
observation that the center wavelength and line shape of thisA global analysis of the total set of NLPF spectra obtained
subband (located at around 670 nm) are almost unchangeavith 4 in the Q, region was performed. On the basis of the
upon variation ofl; indicates that the respective coupled Chl hints obtained so far, the following assumptions were taken
acan be assigned to a subband peaking at 670 nm. Moreoverinto account: (i) The Qband of CP29 is heterogeneous
since there is no significant contribution of longer wavelength (consists of yet unresolved subbands). (i) At least two
bands to the NLPF signal probed in the @boret region, spectral subsystems have to be assumed. (iii) The red-most
the initial assumption of a subband (peaking at 681 nm) not feature (peaking at about 681 nm) of the NLPF spectra can
being excitonically coupled to CHd is confirmed. be assigned to one subband that is not excitonically coupled
At this point a possible contribution of theoretically to any other subband. This is immediately obvious from a
predicted low dipole strength Chltransitions between the  comparison of the line shape of the measured NLPF spectra
Q« and B regions R0, 21) to the NLPF signal has to be  with the theoretically predicted shape of a heterogeneous
discussed. Indeed, Chlabsorption is not zero in this region. model system (compare Figure 3). (iv) To describe the Q
However, although NLPF is a very sensitive technique, region in the range below 680 nm, subband positions from
contributions from these states to the NLPF signal will be the literature {8, 23) were taken as starting parameters. (v)
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Excitonic coupling between at least one @hénd one Chl coupling between Chlg and b to explain the observed
b subband was explicitly included in the models as suggestedinstantaneous Chla bleaching. Rather, an attempt to
by the above considerations (compare NLPF spectra probedsimulate such ultrafast transient absorption data for excitation
in the Soret region and pumped in the kand). (vi) The at 640 nm was made in the framework of incohereirsten-
subband of the excitonically coupled Chivas assumed to  type EET, which apparently failed (see 6, Figure 5A,B,
be located at about 670 nm. in remarkable contrast to 653 nm excitation). Excitation of
Out of the tested manifold of models constructed on the higher vibronic levels of Chia was invoked to explain
basis of the above assumptions, one fitted the availableconcomitant bleaching in the Clal region upon 640 nm
experimental data most consistently. The results can bepumping by these authordl, 12). However, the latter is
summarized as follows: (i) The existence of the proposed not an issue in the described NLPF experiment and is easily
band at the red-most edge of theliand (at about 681 nm)  circumvented with selective excitation (pumping) of the Chl
is confirmed, being also in accordance to a previous a Q, (0,0) transition and probing in the ChlSoret band.
mutational analysis30). Remarkably, this band is found not Summarizing the results and the above considerations on
to be coupled excitonically at room temperature as well as spectroscopy at cryogenic and ambient temperature, one can
at 4 K asrevealed by nonphotochemical hole-burning data state that NLPF is a suitable technique to reveal excitonic
(22) where the maximum of this band is located at 678 nm interactions in pigmenrtprotein complexes at physiological
due to a cooling induced shift. However, a direct comparison relevant temperatures.
of data as obtained at cryogenic temperatures and at
(physiologically relevant) room temperature may not be CONCLUSIONS

warranted for several reasons. First of all, immersion of 1o hia chib Q, absorption band substructure of the
. . . . y y
pigment-protein complexes in approximately 70% glycerol monomeric minor photosystem Il antenna complex CP29 was

to facilitate freezing (usually at elevated concentrations of investigated at room temperature by NLPF. The dominant
detergents to prevent glycerol-induced aggregation) may We”ChI a absorption (with a maximum at 674 nm) splits into
bring about structural and spectral alterations of the samples,(at least) three subbands (centered at 660, 670, and 681.5
as well as the freezjng process in itsleX. Moreover, low nm). In the Chlb spectral region two subband,s witﬁ maxima
temperature can induce spectroscopic effects that may,i 640 and 646 nm can be identified. The lowest energy Chl
confound investigation of excitonic interactions. Spectral line astate (at 681.5 nm) is connected to other pigments only by

narrowing aF low tgmperature can decrease spectral 0Verl""H:'()rster—type EET. Pronounced excitonic interactions exist
between neighboring chromophores and, hence, lessen expoyyeen certain Cha and Chib molecules: the subbands

citonic 'interactions. Decreased optical dephasi_ng (loss of at 640 and 670 nm (Chi/b) constitute a strongly coupled
excitonic coh_erer_m(_e) at IOW temperature may, in contrast, pair. The above findings challenge the current view that
enhance excitonic interactions (that may vanish at higher essentially pigmentprotein interactions are responsible for
temperatures; see r8fl). Further support for the existence s [

7 pectral heterogeneity in CP29.
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