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ABSTRACT. Trimeric (bT) and monomerickM) light-harvesting complex Il (LHCII) with a chlorophyll
a/b ratio of 0.03 were reconstituted from the apoprotein overexpresseédanerichia coli Chlorophyll/
xanthophyll and chlorophyll/protein ratios bT complexes and ‘native’ LHCII are rather similar, namely,
0.28vs 0.27 and 104& 1.5 vs 12, respectively, indicating the replacement of most chloropmblecules
with chlorophyllb, leaving one chlorophyt per trimeric complex. The LD spectrum of th& complexes
strongly suggests that the chlorophlglmolecules adopt orientations similar to those of the chlorophylls
a that they replace. The circular dichroism (CD) spectréblgf and bT complexes indicate structural
arrangements resembling those of ‘native’ LHCII. Thermolysin digestion patterns demonstra@& that
complexes are folded and organized like ‘native’ trimeric LHCII. Surprisingly, irofheomplexes at 77

K, half of the excitations that are created on either chloroghgt xanthophyll are transferred to chlorophyll
a. No or very limited triplet transfer from chlorophyi to xanthophyll appears to take place. However,
the efficiency of triplet transfer from chlorophydl to xanthophyll is close to 100%, even higher than in
‘native’ LHCII at 77 K. It is concluded from the triplet-minus-singlet and CD results that the single
chlorophyll a molecule that on the average is present in elthcomplex binds preferably next to a
xanthophyll molecule at the interface between the monomers.

Light-harvesting complex Il (LHCIBis the most abundant ~ monomer in the 3.4 A crystal structure. The seven chloro-
pigment-protein complex in higher plants. Its main task is phylls located closest to the resolved central pair of xantho-
the absorption of sunlight and the subsequent transportationphylls were assigned as Chl4). This assignment is mainly
of excitation energy toward the reaction center of mainly based on the idea that due to fast ®hto Chl a singlet
photosystem I 7). The complex exists in a trimeric form, energy transfer, triplet states will predominantly be formed
and each monomeric unit contains besides at least 3on Chlaand in order to achieve effective triplet quenching
xanthophylls (Xan) approximately-8 chlorophylla (Chl all Chl a pigments will have to be in close contact with the
a) and 5-6 chlorophyllb (Chl b) molecules 2, 3). Together xanthophylls. However, it is not clear whether this assign-
with 2 xanthophylls, 12 chlorophylls were resolved per ment is correct and this hampers a good understanding of

the structure-function relationship.
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1 Abbreviations: abT complexes, trimeric reconstituted LHCII  the pigment stoichiometry of the reconstitution mixture can

complexes containing Xan and Glib in a ratio of 0.7.bT complexes, be varied in order to obtain reconstituted complexes with
trimeric reconstituted LHCII complexes containing Xan, @hland various pigment stoichiometries. Both approaches were used
traces of Chla; bM complexes, monomeric reconstituted LHCII s . - .

complexes containing Xan, Ch| and traces of Ché; DADS, decay- for CP29 7, 8), which is a minor Ilght-harvestlng complex
associated difference spectrum; CD, circular dichroism; &dhlo- that shows a strong sequence homology with LH@JI9).

rophyll a; Chl b, chlorophyll b; DM, n-dodecylf,p-maltoside; DP, : Cnatival ;
deletion product; EDTA, ethylenediaminetetraacetate; FWHM, full Besides Xathphy”S' native’ CP29 binds 6 Caland 2

width at half-maximum; LD, linear dichroism; LDS, lithium dodecyl ~Chls b. It was reported that stable reconstituted CP29
sulfate; LHCII, light-harvesting complex of photosystem I of higher complexes could also be formed with a @ ratio of ~0.4,
plants; LHCP, light-harvesting complex protein; SDS, sodium dodecyl \hereas the Chl/protein ratio did not change, thereby
sulfate; PAGE, polyacrylamide gel electrophoresisiT1 1—transmis- - . .

sion; T-S, triplet-minus-singlet; v/v, volume per volume; w/v, weight showing that at least part of the Chl binding sites can be

per volume; WT, wild type; Xan, xanthophyll. occupied by either Chd or Chlb (8). In (7) it is shown that
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when Chla/b ratios ranging from 8 to 18 are applied in the a ratio of 0.01/1 to obtain the complexes containing only
reconstitution mixture, reconstituted CP29 complexes are trace amounts of CHd, or a Xan extract to which Cld and
formed with the ‘native’ pigment composition. Therefore, it Chl b were added in a ratio of 1/1, leading to the formation
is suggested that the ‘native’ conformation corresponds to aof complexes with a final Chi/b ratio of 0.7. Pigment/
high stability state for the proteing)( The construction of  protein ratios in the reconstitution mixtures were 70 for Chl
point mutants on putative Chl binding sites has in the casea + Chl b and 17 for the xanthophylls. The molar ratio of
of CP29 led to the identification of the nature of at least one neoxanthin/violaxanthin/lutein was 1/1/3. Monomeric and
binding site (7). However, in general the assignment is not trimeric complexes were separated on sucrose gradients as
very straightforward, since some binding sites might not in (12, 13).

exhibit a strong preference for binding either Ghor Chl Some of the complexes having a Ghto Chl b ratio of

b, at least during the reconstitution proce8s ( 0.7 were prepared by a modified method which raised the

The dependence of the Calb ratio in the reconstituted ~ Yield of trimers as compared to the original trimerization
complex on the Ché/b ratio during LHCII refolding is not ~ assay {2, 13) but changed neither the Calb ratio nor the
fully understood. In order to investigate within what ranges Pigment/protein stoichiometry. After dialysis and ultra-
of pigment composition “LHCII-like” complexes could be filtration (12, 13), the reconstituted LHCII suspension was
formed, both pigment stoichiometry and pigment to protein solubilized in 0.5% Triton X-100 at a Chl concentration of
ratio of the reconstituted algal LHCII complexesGiilorella 0.5 mg/mL and precipitated on ice for 30 min with 300 mM
fuscawere varied in (10). It was demonstrated that complexes KCI. The spun-down pellet (4C, 1500@) was washed once
containing Chia/b ratios from 0.9 to 1.5 share a very similar in ice-cold water and centrifuged again. The pellet was then
CD spectrum in the visible region. This was interpreted in solubilized in 0.1%n-dodecyl,0-maltoside (DM) for 30
terms of a central cluster of pigment molecules being min and applied to sucrose gradients as befa@ 13).
responsible for the characteristic circular dichroism and being  In the present work, trimeric complexes with a Gitb
required for the folding of a large portion of the protein into ratio of 0.7 are referred to abT complexes. Monomeric
the correct secondary structure. This cluster seemed to beand trimeric complexes containing mainly Ghland only
complemented by more peripheral pigment binding sites trace amounts of Cha will be referred to adM and bT
which are rather tolerant to either Chbr Chlb, but donot ~ complexes, respectively.
lead to a more complete restoration of secondary structure Determination of Pigment Composition and Pigment to
(20). Protein Ratio.Pigment stoichiometries of the complexes

Reconstitution of LHCII with LHCP overexpressedEn isolated from sucrose gradients were determined after extrac-
coli and various Chh/b ratios in LDS micelles has shown tion of the pigments following the method described 1#)(
that deviation from an optimal ratio of Cllb = 1 in the AI|quot§ of 1OQ/4L of the removed sucrose gradient bands
reconstitution mixture leads to a decrease in complex Were mixed with 10QL of secbutanol and 2% of 5 M
formation rather than a variation in the Cib ratio in the ~ NaCl. After 30 min on ice, phase separation was enhanced
reconstituted complexes. However, when complex formation Py Spinning for 10 min at #C and 15000. The upper
is achieved by a detergent exchange to octyl glucopyranoside °r9anic phase was carefully removed, and the water phase
less stable complexes with largely varying @Hi ratios can was extracted a second time with 40 of butanol. Bytan_ol
be obtained (Paulsen and Hobe, unpublished). phases were pooled and incubated-20 °C overnight in

Here we have investigated such reconstituted complexes.?hrgreer J\?a:);CAUdﬁaglesgozsr:?tzgtg ?:OVZg:]e\;v;etg‘a;?lt?‘lge. g’g 2521
We present a detailed spectroscopic study concerning P P ( ),

reconstituted complexes containing, besides xanthophylls,the volume of the butanol phase was determined gravimetri-

Chl a/b ratios of respectively 0.7 and 0.03 (1 Chlper cagy « =t0.81 g/m_'IE). determined bv directl Vi
trimer). The latter complex allows us to investigate to what Igment composition was determined Dy directly applying

extent Chla can be replaced by Ciil and how this affects the buttarcljol phase to Zn analytlc?l HPLSC‘ Plgrtnents v%/ere
structure and function of the complex. Circular dichroism separated on a reversed-phase column (Symmetry @8,

(CD), linear dichroism (LD), absorption (OD), fluorescence 4'6;. 1?0 frn;r(;l\/(\)/gg/ers, Etschbo:n, ﬁermargy) l;slmglialllpear
emission, fluorescence excitation, and triplet-minus-singlet gradient 0 0 acetone at a flow rate ot 1 mL/min.

(T—S) measurements on these reconstituted monomeric andEIUtIng bands were detected by their absorption at 440 nm

trimeric complexes have been performed. Spectra are com—and. .quan_t|f|ed using calibration Curves estab.hshed for
purified pigments. Samples for calibration points were

pared to spectra of ‘native’ and ‘native’ reconstituted LHCII. e . -
In (12) it was shown that the spectroscopic properties of qua_ntnjed using _the algorithm ofif) for _Chls and the
LHCII reconstituted with all pigments in ‘native’ ratios were extlncthn coeffl_(:lents for Xans as determ_lned Iltﬁ)( .
similar (though not identical) to those of ‘native’ LHCII. Prqtem quantitation was done by densitometric analysis
Furthermore, the efficiencies of singlet and triplet excitation of stained bands after denat_urlng SBISAGE. .Clomplexes
energy transfer are estimated. were heat-denatured fqr 2 min at 100 after mixing 4QuL
of the sucrose band with 4/4_ of 10% SDS and directly
MATERIALS AND METHODS loaded. As an internal standard, aliquots of purified over-
expressed and denatured mature LHCP were loaded on the
Preparation of Reconstituted Complextnomeric and same gel. Standard samples were calibrated using a gravi-
trimeric reconstituted LHCIlI complexes were prepared as metrically determined extinction coefficiert o, 1cm,280nm—
in (12, 13) with the following modifications. Pigments for 19, in 10 mM Tris, pH 6.8, 2% SDS, 1 mM-mercapto-
reconstitution were composed of either a Chl-free Xan extract ethanol. Gels were run at 60 V and at 20 for about 3 h
of pea thylakoids to which Chd and Chlb were added in using a running buffer with reduced (0.05%) SDS concentra-
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tion. Gel staining with Coomassie Brilliant Blue followed 1.1c 1 Pigment Composition of the Reconstitubddand abT
the standard protocol. Destained gels were scanned on a flatcomplexes
bed scanner. Two-dimensional densitometric analysis of the

resulting Tif-files was performed using AIDA (Raytest pigments el il

IsotopenmessgeraGmbH, Germany). The determined pig- \r/]i%cl);f:rtltt]f:ri]n &'11& 8:33 3:3% 8:3613

ment/protein ratios had an accuracy limit-615%. lutein 2.00+ 0.26 212+ 0.47
Thermolysin DigestionComplexes were removed from Chla 0.37+£0.04 4.93+0.10

sucrose gradients and incubated at°25for 30 min after Chib 11.63+0.04 7.07£0.10

the addition of 10 mM HepesKOH (pH 8.0), 0.5 mM aNumbers are mean values of 3 determinations and were normalized

CaCb, and 0.1 mg/mL thermolysin. Digestion was terminated to a total of 12 chlorophylls.
by adding 10 mM EDTA and subsequent heat-denaturing.

Fully Denaturing Electrophoresis and ImmunobliBamples ratios of 0.7 and 0.03 were obtained when reconstitution
were heat-denatured (2 min, 100) after adding 1% SDS  mixtures contained Chd and Chlb at ratios of 1 and 0.01,
and applied to fully denaturing SBFAGE (12% poly- respectively. Complexes with a Calb ratio of 0.7 contain
acrylamide). Immunodetection was done as described earlietthe same overall number of 1045 1.5 Chls per protein as
(6). the ones with a Chi/b ratio of 0.03. The xanthophyll

Spectroscopykor spectroscopic measurements at 77 K, composition is not affected by the altered @Hi ratio, since
the samples were diluted in the following buffer: 20 mM we observe, like in ‘native’ LHCII isolated from pea, ratios
HEPES (pH 7.5), 0.19%-dodecylg,p-maltoside, and 80%  of about 2 luteins, 1.1 neoxanthins, and substoichiometric
(v/v) glycerol. For these measurements at cryogenic tem- amounts {0.1) of violaxanthin per 12 Chls (see Table 1).
peratures, an Oxford Instruments DN1704 liquid nitrogen Because pigment analysis was done on green bands from
cryostat was used. Absorption spectra were measured on &ucrose gradients comigrating with ‘native’ LHCII trimers
double-beam Cary 219 spectrophotometer with a bandwidthisolated from pea (see below), complexes are terieeChl
of 1 nm. Circular dichroism and linear dichroism measure- a/b ratio = 0.03) andabT (Chl a/b ratio = 0.7) in Table 1.
ments were performed on a home-built spectropolarimeter Some spectroscopic data were also collected from monomeric
(17). Fluorescence emission spectra were recorded with acomplexes with a Chévb ratio of 0.03 pM). Due to minor
CCD camera (Chromex 500IS) via a 0.5 m spectrograph contaminations with unbound carotenoids, these samples
(Chromex 1) with a bandwidth of 1 nm and were corrected show a 1.5-fold higher Xan/Chl ratio as compared viih
for the wavelength sensitivity of the detection system. or ‘native’ LHCII.

Excitation light was provided by a 250 W tungstemalogen Reconstituted LHCII with a lowered Clalb ratio forms
lamp via a band-pass filter at 475 nm with a FWHM of 20 trimers in vitro under the experimental conditions used for
nm. Fluorescence excitation spectra (1 nm resolution) werethe trimerization of recombinant LHCII with a more ‘native’
measured on a home-built setup. Modulated excitation light pigment composition13). The trimers containing almost
was provided by a tungstethalogen lamp via a 0.5 m  exclusively Chlb (bT) behave very similarly to ‘native’
monochromator (Chromex 500SM, spectral bandwidth 1 nm) LHCII isolated from pea with regard to their sedimentation
and a mechanical chopper. Fluorescence light was detectedn sucrose gradients (Figure 1A) and migration in partially
in a 90 geometry via a 690 nm high-pass filter by an S-20 denaturing polyacrylamide gels (not shown).
photomultiplier connected to a lock-in amplifier. The setup  In order to test whether the isolated complexes are
was calibrated for the wavelength dependence of the intensitycorrectly folded and organized like ‘native’ LHCII trimers,
of the excitation light using three different dyes (Steryl 9M, we assayed their resistance to proteolytic attack after isolation
DCM, and LD722, all in methanol). and spectroscopic measurements. It has been shown before

T—S absorption difference measurements were performedthat ‘native’ LHCII as well as reconstituted LHCII trimers
using a pulsed dye laser (FWHM 8 ns, 10 mJ per pulse) for with a ‘native’-like Chla/b ratio are largely protected against
excitation at 590 nm and a pulsed (20 ms) xenon lamp (450 protease, giving rise to an N-terminally shortened digestion
W) for detection {8). Transmitted light was detected via a product (DP) of 24 kDaZ2). Upon dissociation of ‘native’

1/4 m monochromator with a photomultiplier (Hamamatsu LHCII into monomeric complexes, a larger part of the
R928). The instrument response time was less tham$.5  N-terminal domain becomes accessible to protease, yielding
Kinetic traces were averaged 128 or 256 times at many a 20 kDa digestion product (DP*RP). Figure 1B shows
wavelengths. The data were analyzed using a global analysismmunoblots of the thermolysin digestion products of
routine (9). ‘native’ LHCII trimers and monomers and the corresponding

The Chl to Xan triplet transfer was estimated by dividing assays on complexes, reconstituted at lowahkatio (0T,
the amount of Chl triplets by the total amount of triplets bM). Both monomeric samples result in two deletion
(Chl + Xan). The Chlb bleaching at 472 nm, the Chl products of 24 kDa (DP) and 20 kDa (DP*). F@M
bleaching at~675 nm, and théXan peak at 507515 nm complexes, DP* is the most prominent band while ‘native’
were used to calculate relative concentrations using themonomers are only partially degraded all the way to DP*.

following extinction coefficients: Chb, 1.56 x 10° cm™?® On the other hand, ‘native’ trimeric LHCII yields the larger

M-t at 472 nm; Chla, 1 x 10° cm* Mt at 675 nm; and  DP exclusively, and ifbT this is the predominant product

Xan, 2.4x 10° cm* M~! at 507515 nm @0, 21). of the protease reaction, with only trace amounts of DP*
earing.

RESULTS appeanng

Absorption.The 77 K absorption spectra of thd, abT,
Pigmentation and Folding of Reconstituted LHCII with andbM complexes are shown in Figure 2A. The absorption
Reduced Chl a/b Ratidrecombinant LHCII with Chla/b spectrum of theabT complex has peaks at 435, 473, 600,
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Ficure 1: Sucrose density centrifugation (panel A) of ‘native’
LHCII and products of reconstitution and trimerization at low Chl
a/b ratio and immunoblot (panel B) of thermolysin digestion
products. (A) ‘Native’ LHC Il (1) and the trimerization product of
low Chl a/b (=0.01) reconstitution (2) were applied to sucrose
density gradients, containing 0.1% LM. N¥F ‘native’ trimeric
LHCII; NM = ‘native’ monomeric LHCII; FP= unbound pigment;
bM = monomeric reconstitution produdf] = trimeric reconstitu-
tion product. (B) Bands from gradients in panel A were digested
with 0.1 mg/mL thermolysin, electrophoresed, blotted, and immu-
nostained—/+ indicates absence/presence of thermolysin. LHCP
= mature size of LHCP; DR= deletion product at 24 kDa: DP*

= deletion product at 20 kDa.

649, 661, 670, and 675 nm and is to a large extent similar
to the absorption spectrum of the ‘native’ reconstituted
complex presented inl{). The spectra ofbT and bM
complexes show peaks at 464 nm (Soret band oftS};ht
600 nm (Q band of Chlb), and at 649 nm (@band of Chl
b). The difference in the Soret region between monomers
and trimers is partly due to variations in the scattering
background. However, the difference spectroil (— bT)

shows features (data not shown) which are due to the fact

that relatively more xanthophyll is present in thv
preparations.

In Figure 2B, blowups of the spectra in thg @gion of
bT (solid) andabT (dashed) complexes and their second
derivatives are shown. Both preparations show alijig#ak
at 648-649 nm. The peak at 661 nm is most probably Chl
b in the bT complexes whereas in ‘native’ LHCII this peak
was assigned to Chh (24). In the spectrum of théT
complexes, Chb peaks have appeared at 641 and 654 nm.
This is similar to the band positions assigned to Ghh
CP29 reconstituted with a Clalb ratio of ~0.4 @). The
second-derivative spectrum of tihd complexes suggests
that two small Chl peaks (670 and 676 nm) are hidden in
the tail of thebT absorption spectrum. Similar features were

Kleima et al.
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FIGURE 2: (A) Absorption spectra at 77 K dbT (solid), abT
(dashed), andtM (dotted) complexes. (B) Absorption spectra of
the Q region of bT (solid) andabT (dashed) complexes. Also
shown are the second derivatives of both spectra. (C) Same as (B)
but of bT(solid) andbM (dotted) complexes.

630 640

observed for preparations containing three Gtyer trimer
(data not shown). In Figure 2C, the spectra in the€gion
of bT andbM complexes and their second derivatives are
shown. The same peaks are present, but the peaks at 661
and 654 nm are less pronounced for monomers. e
complexes lack a peak at 641 nm that is present irbihe
complexes. Similarly, trimeric ‘native’ LHCII shows a peak
at 639.5 nm while monomers prepared with phospholipase
or chymotrypsin do not show that band in the absorption
spectrum 17).

Circular Dichroism. The room temperature CD spectra
of bT (solid) andbM (dotted) complexes are given in Figure
3. In the Soret region, a negative peak at 478 nm is present
in the spectrum of thbT complexes, but it is missing in the
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’ The solid line shows the sum of the two Gaussian bands.

bM_compIexes. This chara}cteristic d!ffergn?e in the.Soret spectrum is characterized by a positive band at 660 nm, a
region was reported previously for ‘native’ reconstituted negative band at 646 nm, and a “positive” band at 640 nm
LHCII and ‘native’ LHCII (11, 13, 25), confirming that PR . '
indeed trimerich complexes are formed. _In the LD spectrum_of native (reconstltuted) LHCII
) ) trimers, the most positive LD band is caused by the red-
The Chl'b Q region of thebT and bM spectra is 45t Chla molecules (absorbing at 676 nm)i( 26). For
comparable to that of ‘native’ LHCII; however, the Cal 6| b gpectrum of theT complexes, the strongest LD band
Qy region differs from that of ‘native’ LHCII due to the 5 ~5,sed by the red-most Chipigments (666-662 nm).
s;rongly reqluced Ché content _in thebT complexes. The g strongly suggests that in tHel complexes Chla
difference in the Chla Q, region betweerbM and bT molecules have been replaced by Glmholecules while the
complexes indicates that at least some &f8 bound ata  grientation of the pigments has remained the same. The rest
binding place that is affected by the aggregation state of the ot he spectrum is hard to interpret due to the large overlap
complex. This is in agreement With_ the fact that the Presence ot many absorption bands.
Of some Chla seems to be crucial for the form_atlon of Fluorescenceln Figure 5A the fluorescence emission
trimeric b complexes (Hobe and Paulsen, unpublished).
] ) i ) spectra ofbT and abT complexes at 77 K are shown as
The intensity of the CD signal at 650 nm is<1107° for obtained upon excitation at 475 nm, at which wavelength
both bM and bT complexes with an OD at 650 nm of 1. cp| a absorption is negligible. The maximum of the
This is somewhat lower than the CD intensity of ‘native’ fiyorescence is located at 678 nm for #iE complexes and
LHCII, which is ~1.6 x 107° with an OD of 1 at 650 nm. 4t 679 nm for theabT complexes, which is in both
However, since the contribution to the CD signal at 650 Nm preparations characteristic for Gifluorescence. This shows
of Chl b molecules binding at Cha binding sites is not  that also in the case of tHeT complexes, energy transfer
known, these numbers are difficult to compare. It can be has occurred from CHi to Chla. The fluorescence peak of
concluded that the CD signal @M and bT complexes IS the bT complexes (FWHM 13 nm) is broader than that of
(i) much larger than that of unbound pigments and (i) of the abT complexes (FWHM 8 nm). This is caused by some
the same order of magnitude as that of ‘native’ LHCII.  ch| b fluorescence, leading to a shoulder near 665 nm. The
Linear Dichroism.The room temperature LD spectrum abT fluorescence spectrum is in good agreement with the
(dashed) obT complexes in the Q-Q region is shown in  spectrum of similar complexes presentedid)( In Figure
Figure 4. Also shown are the OD spectrum (solid) and the 5B a Gaussian fit of the short-wavelength part of the
reduced LD spectrum (dotted). The, @gion of the LD fluorescence emission spectrum of th& complexes is
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spectrum (solid), and difference spectrum (dotted) at 77 K of the
bT complexesiqger > 690 nm. (B) As in (A), ofabT complex.

shown, which will be used for the estimation of the relative

amounts of Chi and Chlb fluorescence (see Discussion).
The fluorescence emission spectrumbdf complexes in

a buffer containing 0.06% w/v DM showed a peak-@&95

nm (data not shown), indicative for the formation of

aggregates23). At a DM concentration of 0.1%, this peak

practically disappears (see Figure 5). Therefore, all experi-

Kleima et al.

cence excitation and the-T spectrum has been determined
in the 665-680 nm region, showing that the singlet Ghl
to Chl a transfer efficiency is~90% (also see Discussion).
Since moreover the fluorescence yield of Gl much lower
than that of Chla, Chl b hardly contributes to the total
fluorescence. Finally, the Xan to Chltransfer efficiency
also appears to be90%.

Triplet Minus Singlet Absorption Difference Spectroscopy.
The triplet energy transfer was studied usingSabsorption
difference spectroscopy. After selective excitation of chlo-
rophyll at 590 nm with a light flash of several nanoseconds,
the transient changes in absorption were measured at many
wavelengths. The kinetic traces contained two lifetime
components:~10 us and~ms. Due to the short experi-
mental time base used (1@8), the latter lifetime could not
be determined more accurately. With the use of global
analysis 19), the corresponding decay-associated difference
spectra (DADS) were obtained, and the results are given in
Figure 7.

Figure 7A,B shows the spectra of the 48 and~ms
lifetime components of th&T complexes. The shapes of
the T—S spectra of th&M complexes are similar to those
of thebT complexes (data not shown). In the Soret region,
the spectrum of the 1@s component shows peaks at 515
and 478 nm and a minimum at 496 nm. Apparently, Chl
triplets are quenched effectively by the xanthophylls such
as in ‘native’ LHCII (20), giving rise to xanthophyll triplets
(3Xan) with a lifetime of~10us. In the Q region, also some
features with the same lifetime are visible, which will be
discussed below. Thems DADS with minima at 444, 472,
and 651 nm is due to the bleaching of Ghimolecules in
the triplet state. Apparently not all Chb triplets are
transferred to Xans. On the contrary, no @htiplets (~ms
lifetime, bleaching 676680 nm) could be detected. This is
striking since it was concluded from the fluorescence spectra
that singlet excitation energy transfer from @b Chlais
rather efficient. Besides the Xan triplets (43%, see Table 2),
a significant amount of Chb triplets (57%) is observed
which have not been transferred to either Chler Xans.

In Figure 7C,D the spectra of thabT complexes are

ments have been performed at a DM concentration of 0.1% shown. The 1Q«s Xan component shows peaks at 507 and

wiv.
In order to further study singlet energy transfer, fluores-

473 nm, a minimum at 494 nm, and a positive shoulder at
~527 nm. This shoulder is also found in the-$ spectrum

cence excitation measurements were performed at 77 K.of ‘native’ trimeric LHCIl whereas it is not observed for

Mainly Chl a, but also some CHi, fluorescence was detected
with the 690 nm high-pass filter. In Figure 6, fluorescence
excitation spectra, -ttransmission (£ T) spectra, and the
difference of these spectra are shown foF and abT
complexes. The4T and fluorescence excitation spectra are
normalized at 650 nm in order to quantify Xan to Chl singlet
energy transfer. Since the-T and fluorescence excitation
spectra are roughly the same both in the 61D, region
and in the 408-550 nm region, the amounts of Ghito Chl

a and of Xan to Chhk (possibly via Chlb) transfer have to
be the same (at least45%, see Discussion).

Figure 6B shows the spectra of theT complex which
have been normalized in the Chlabsorption region (650
nm). In the Chla Q, region, the fluorescence excitation
spectrum is higher than the-T spectrum. The difference

‘native’ monomeric LHCII. It was tentatively assigned to
violaxanthin @). In the Q region, the 10us component
shows a peak at 677 nm. Besides minima at 472 and 649
nm (Chlb triplets), the~ms component shows a minimum
at 674 nm, meaning that some of the triplets formed on Chl
a have not been transferred to the xanthophylls. The
estimated percentage of triplets on Xan, @hland Chlb
are 62, 24, and 14%, respectively.

The meaning of the bleaching in the @gion with a~10
us lifetime as observed here and in ‘native’ LHCII complexes
is not yet fully understood. It is not due to chlorophyll triplets
but must be ascribed to absorption changes of some of the
chlorophylls induced by the triplets on nearby xanthophylls
(20). In ‘native’ LHCII, these signals are observed in the
Chl a region and not in the Chb region around 650 nm.

spectrum shows some structure, due to some incomplete Chirhe 10us DADS (open diamonds) in Figure 7B shows a

b to Chl a energy transfer combined with the contribution
of some scattered excitation light. The ratio of the fluores-

small absorption change a675 nm. However, the spectrum
is too noisy to resolve whether there is also some signal at
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FIGURE 7: (A, B) T—S spectrum of the 1@s (open diamonds) spectral componedaf) and the ms (filled circles) spectral component
(3Chl) of bT complexes measured at 77 K. The solid line in (B) shows the average gfiectral component of three reconstituted complexes
with very similar pigment compositions (scaled to the peak at 515 nm and subsequently multiplied by 3). (€5 Bjpdctrum of the 10

us (open circles) spectral componefXdn) and the ms (filled squares) spectral compon&dhlj of abT complexes measured at 77 K.

Table 2: Estimated Relative Amounts of Triplets Located on tuted L_HC” V_V'th such V_ar'Ed Chla/b_ ratios Seer_n_s to
Different Pigments Calculated on the Basis of the DADS Shown in ~ contradict earlier observations on the pigment conditions for
Figure 7 and the Extinction Coefficients Given under Materials and in vitro reconstitution since in@] it was reported that only

Method$ reconstituted complexes with a ‘native’ pigment composition
pigments bT abT could be isolated. The major difference between the present

% Xan 43 62 results and the earlier investigations is the level of stringency

% Chlb 57 24 with which the complexes are isolated after their formation.

% Chla - 14 The rapid removal of dodecyl sulfate by potassium precipita-

2 Shown are the numbers fbif andabT complexes. tion with parallel exchange by octyl glucoside enables the

formation of reconstituted complexes with a much larger
~650 nm. Therefore, we have in addition plotted the average flexibility in their pigment composition albeit at a lowered
of the DADS's of previous S measurements on similar complex stability. Thus, monomeric LHCII can be recon-
complexes (scaled to the peak at 515 nm and subsequenthptituted that does not contain any Ghivhereas trimers only
multiplied by 3). The small signal visible at650 nminthe ~ form when at least one Cha per trimer is present
averaged spectrum possibly indicates some contact betweerfunpublished data). A more detailed biochemical analysis
one or more Chb molecules and xanthophyll(s) which is of such complexes is presently underway.

absent in ‘native’ LHCII. A plausible explanation for this  gpectroscopic evidence as well as biochemical data proves
difference is that inbT complexes Chlb molecules are  that the isolated complexes with largely reduced @bratio
binding at sites which are occupied by Ghimolecules in  jndeed are in the trimeric state. The formation of pigment
‘native’ LHCII. protein complexes is confirmed by the CD spectrab®f
andbM complexes (Figure 3) which are in the Ciland
DISCUSSION xanthophyll region very similar to that of ‘native’ trimeric
LHCII (13) and far more intense than those of free Chl.
Structural and Biochemical Consequences of ReplacementComparison of the CD spectra off and bM complexes
of Chl a by Chl b.Here we report on the spectroscopic reveals a peak at 478 nm in the case of ltiecomplexes.
properties of reconstituted LHCII of which the C&IChl b This confirms that trimers are formed since monomeric and
ratio has been largely reduced by using small &blratios trimeric ‘native’ (reconstituted) LHCII show the same
in the reconstitution procedure. The formation of reconsti- characteristic differencel(, 13).
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FurthermorepT complexes show exactly the same DP at bare 0.22 and 0.060.1, respectively, in alcohols or alcohol-
24 kDa as ‘native’ LHCII when assayed with thermolysin containing mixturesd7). When we take the values 0.22 and
(Figure 1B). It has been shown before that the formation of 0.06 for Chla and Chlb, respectively, this leads to 45% of
trimeric complexes leads to a largely protected apoprotein, the excitations on Chd and 55% on Chb, giving an upper
giving rise to an N-terminally shortened LHCP of 24 kDa, limit for the relative amount of excitations on Chl Using
whereas in monomeric LHCII a cleavage site further into a fluorescence quantum yield of 0.1 for Ghlwe find that
the apoprotein can be reached by thermolysin, resulting in 58% of the excitations are localized on Ghand 42% on
the characteristic DP* at 20 kD&%). The fact thatbT Chl b. Although this is only a rough estimate, it seems safe
complexes hardly produce any DP*, which in turn is the main to conclude that about half of the singlet excitations on Chl
product ofoM complexes, proves thal andbM complexes b are transferred to Cld.
are folded in a ‘native’ like manner and indeed are in trimeric At this stage we cannot conclude why the other half is
and monomeric states, respectively. Although digestion not being transferred. It might be that excitations are trapped
conditions were relatively mild (note some DP in monomeric on Chlb because the energy transfer rate of some ®hls
samples), we still see a small portion of DP*ih complexes toward the single Chla in each trimer is of a similar
indicating a reduced stability as compared to ‘native’ trimeric magnitude as or even smaller than the excited state decay
LHCII where DP* is completely absent. Also the complete rate. This might be tested with time-resolved (polarized)
degradation to DP strongly suggests thfitcomplexes are  measurements. If the decrease of energy transfer was due to
not in an unspecific aggregation state. Aggregation would structural differences, they would have to be so subtle that
shield participating complexes and lead to a portion of they do not influence the inaccessibility of large parts of the

nondegraded LHCP. protein to protease. We cannot exclude, however, that binding
The trimeric complexes studied here, containing @bl of Chl b at Chl a sites causes some reorientation of Chl

ratios of respectively 0.7 and 0.03, are characterized by amolecules which then renders some of the Bhholecules

Chl/protein ratio of 10.5t 1.5 and a Xan/Chl ratio 6¥0.28, less effective in terms of energy transfer to the single&hl

indicating that nearly the full number of Chls and Xans is In principle it is also possible that in 50% of the trimers no
bound. The fact that neither the Xan composition nor the Chl a is present. However, this is inconsistent with the
overall Xan/Chl ratio changes drastically upon the variations observation that trimers cannot be formed in vitro in the
in the Chla/b ratio also indicates a more or less correct three- absence of Cha.
dimensional folding. Furthermore, it suggests (i) a rather From the TS measurements, it was concluded thd8%
specific binding of xanthophylls and (ii) binding of Chlto of the triplets which were formed on the chlorophylls
sites where Ché is supposed to bind. The fact that the Chl (because of selective chlorophyll excitation) are transferred
albratio is increased by a factor of 3 upon complex formation to the xanthophylls. No Ché triplets are observed, and
(0.01 vs 0.03) while at the same time several chlorophyll probably they have been transferred to xanthophylls like in
positions can obviously be occupied by either Gldr Chl ‘native’ LHCII where the transfer efficiency is90% at 77
b indicates that binding sites differ with respect to their K (20). In contrast, many Chb triplets are observed, and
relative affinity for one of the pigments. This is also apparently these triplets cannot be transferred to the xan-
confirmed by competition experiments during complex thophylls. The triplet yield of unbound CHi is slightly
formation, covering a wide range of Calb ratios (unpub- higher [0.88, 28)] than that of unbound CHd [0.64, 28)].
lished experiments). Based on the [Ch&*]/[Chl b*] ratio calculated above, one
The red-most Cha molecules show the strongest LD in  would expect {Chl a)/[3Chl b] to be approximately 37%/
‘native’ LHCII complexes 26), while in bT complexes the  63% if no xanthophylls would accept the triplets (the
red-most Chb molecules show the strongest LD, indicating superscript 3 refers to molecules in the triplet state). If all
that they have very similar molecular orientations as the Chl Chl a triplets would be transferred to xanthophylls, one
a molecules at these binding sites in ‘native’ LHCII. It is would expect $Xan]/[*Chl b] to be 37%/63% (or 50%/50%
possible that the phytyl chains of the Chls force the Chls in in case a fluorescence quantum yield for Ghaf 0.1 would
a specific orientation at each binding site. be used). Since the observed amount ofitiplets is 57%,
Singlet and Triplet Energy Transfer in bT Complexés.  the amount of triplet transfer from Chblto Xan is probably
is evident that ibT complexes both singlet and triplet energy very low if present at all. So apparently those Ciilshich
transfer occur. Excitation at 475 nm, where Chlsand do not transfer their singlet excitations to Ghalso do not
xanthophylls absorb but Clal absorption is nearly absent, transfer their triplets to Xan. These might be one or a few
leads to mainly Cha fluorescence, indicating efficient singlet  “trap” Chls b at the periphery of the complex.
energy transfer. We tried to estimate the [@HV[Chl b*] Based on the observed pigment stoichiometry, the CD and
ratio in the singlet excited state using the 77 K fluorescence LD spectra, and the reasonable amount of singlet and triplet
spectrum of thebT complexes (the asterisk refers to the transfer, it seems likely that thBT complexes adopt a
singlet excited state). In Figure 5B, a Gaussian fit of the structure which is to a significant extent similar to that of
short-wavelength part of this spectrum is shown. The maxima ‘native’ LHCII. In ‘native’ LHCII, at least seven chlorophylls
of the two Gaussian bands are located at 665 nm (FWHM are in close contact with the central xanthophyl#, (
13 nm) and 678 nm (FWHM 12 nm), respectively. We indicating that in theoT complexes many CHd molecules
ascribe the band at 665 nm to Chlfluorescence. The are located next to the xanthophylls. The small features in
integrated areas of both bands are then a measure for thehe Chlb absorption region of the average 49 T—S DADS
relative amounts of Cld and Chlb fluorescence which gives  spectrum indeed might confirm this. Also in the Cal
25% of Chlb fluorescence and 75% of Chlfluorescence. absorption region (670680 nm) clear features are observed,
The fluorescence quantum yields for unbound &ahd Chl pointing to a contact between Chablnd xanthophylls which
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is required for the apparently very efficient triplet transfer.
It should be noted that for ‘native’ LHCII such signals were
also observed for Chd but not for Chlb (20).

Singlet and Triplet Energy Transfer in abT Complexes.
In theabT complexes, efficient CHb to Chla singlet energy

Biochemistry, Vol. 38, No. 20, 199%595

‘native’ LHCII at 77 K and also higher than for theT
complexes in the present study. This illustrates that the single
Chl a molecule does not arbitrarily bind at one of the
available Chl binding sites but has a preference for one or
more of these sites.

transfer occurs (90%). Fluorescence excitation spectra also The results presented in this paper suggest that it is

show efficient singlet energy transfer from Xan to Chl. The
amount of triplets transferred to Xan is significantly higher
in the abT complexes than in theT complexes, namely,
62% vs 43%. The triplet transfer efficiency is lower than in
‘native’ LHCII monomers and trimers where it is 80% and
90%, respectively, at 77 K3J. In ‘native’ LHCII, these
nontransferred triplets are only formed on Ghlin abT
complexes, besides CHl triplets also Chlb triplets are
formed. If triplet transfer to Xan only takes place from Chl
a and not from Chb (as suggested by the results on Hie
complexes), the transfer efficiency from Ghis 82%, rather
similar to what is found for ‘native’ LHCII at 77 K. The
Chls b on which triplets are formed do not transfer their
singlet excitations to Ch. One would therefore expect to
see some CHi fluorescence. Using the triplet quantum yields
for free Chla andb (28) one can calculate that 17% of the
singlet excitations would be located on Ghknd 83% on
Chl a. From the fluorescence excitation measurements, we
estimated the singlet transfer efficiency to be roughly 90%,
in reasonable accordance.

Exchange of Chl a with Chl b and Its Functional
Implications. A particularly interesting feature in thbT
complexes is the single Chlmolecule that, on the average,
is present per trimer. This unique Goimolecule should be
more easily characterized spectroscopically than Chls in
‘native’ LHCII since its signals are not obscured by other
Chl a molecules. However, the second derivative of the

absorption spectrum suggests that there are two distinct

signals in the Chh absorption region, indicating that there
are Chla molecules in at least two different environments.
This is surprising, as we expect one Ghio be bound per
trimeric LHCII rather homogeneously since we have been

unable to reconstitute trimeric complexes in the absence of 11.

Chl a and conclude that one Chlper trimer is needed for

stability. The heterogeneous absorption signal then means

that the single Chla molecule either occupies different
binding sites or is bound to complexes adopting different
conformational states. The fact that this Ghis required

for LHCII trimer stability suggests that it is located near the
interface between monomers, at the periphery of a mono-
meric complex. This view is supported by the fact that the
Chl a CD differs significantly for monomers and trimers.
On the other hand, this molecule shows 100% efficient triplet
energy transfer to xanthophylls; therefore, it must be in close
contact to one of the xanthophyll molecules. It cannot be
excluded that this Chh binding site is not present in
monomeric LHCII but formed only upon trimer formation.
Then the Chl would most likely be in contact with one of
the more peripherally bound xanthophylls that are not seen
in the LHCII crystal structured). If, on the other hand, this
single Chla is bound to one of the Chl positions visible in
the LHCII crystal structure, tha5 binding site (notation as

in ref 4) would fulfill both requirements of being close to
the monomer interface and to one of the central xanthophylls.
It is worth mentioning that the 100% efficient triplet energy
transfer from this Chla to Xan is even higher than for

possible to replace most of the Chlmolecules in LHCII

by Chl b without destroying the structure of the complex.
However, the spectroscopic data also clearly show that a
decrease in the Chd/b ratio strongly affects singlet and
triplet energy transfer efficiencies within LHCII. Thus proper
functioning of the light-harvesting complex seems to require
the correct Chb/Chl b stoichiometry.
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