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ABSTRACT. We have investigated the structure of the higher plant light harvesting complex of photosystem

I (LHCI) by analyzing PS+LHCI particles isolated from a set @frabidopsisplant lines, each lacking

a specific Lhca (Lhcat4) polypeptide. Functional antenna size measurements support the recent finding
that there are four Lhca proteins per PSI in the crystal structure [Ben-Shem, A., Frolow, F., and Nelson,
N. (2003)Nature 426 630-635]. According to HPLC analyses the number of pigment molecules bound
within the LHCI is higher than expected from reconstitution studies or analyses of isolated native LHCI.
Comparison of the spectra of the particles from the different lines reveals chlorophyll absorption bands
peaking at 696, 688, 665, and 655 nm that are not present in isolated PSI or LHCI. These bands presumably
originate from “gap” or “linker” pigments that are cooperatively coordinated by the Lhca and/or PSI
proteins, which we have tentatively localized in the PBHCI complex.

In higher plants the primary photochemistry of light- conditions, via a mechanism known as “state transition” (for
induced charge separation and splitting of water to yield a review see refl).
oxygen is performed in the chloroplast thylakoid membrane  gjngle particle electron microscopy and crystal diffraction
by the cooperative action of photosystems | (PSI) and Il pattern studies have provided clear information about the
(PSII). The two photosystems share structural similarities, position of individual subunits in LHCIIg, 6) and PSII T,
and the chromophores bound to these multiprotein complexesg) 55 well as the molecular organization of the PSII/LHCII
can be divided into distinct groups according to their primary macrocomplex 4, 10), both in cyanobacteria and higher

functions. A few pigments participate directly in charge piants |n comparison, the light-harvesting antenna of higher
separation (“special pairs”) and secondary electron transferplant PSI (LHCI) has not been as well characterized. The

in the core of the photosystem. These pigments are SUr-gyot stryctures published for PSI have been obtained from
rounded by a group of chlorophylls and carotenoids deliver- cyanobacteria {1—14), which do not contain LHCI-like

ing energy to them (‘inner antenna’) that are also coordinated ;e - However, ring structures around cyanobacterial
by central reaction center proteins. Around the periphery, a trimeric PSI compléxes have been reported to be induced
number ”of chlorophylllcarotgnoid bipding proteins (“outer under iron deficiency ¥5—17). These rings are composed
antenna”) are closely associated with PSI (Lhedland ¢ ) imeric copies of the IsiA protein, a homologue of

PSII (Lhcb1-6). Two proteins of this LHE gene family the PSII reaction center protein CP43, and have been shown

(1—3), Lhcbl and Lhcb2, form a mobile trimeric complex to serve as functional antennae for P83,(19). Green al
: ) . ,(19). gae
(LHCII) that can be associated with either photosystem, contain a variety of Lhca-like protein@ 21), but the

2!1?:thgtligr:her§;ﬂlyee {aontggn?):l:r?seéo Eﬁ dZ?JL\’;tf?nanﬂ tﬁfrecently published low-resolution PSLHCI structure of
P ying g Chlamydomonas reinhardti{22, 23) seems to contain

considerably more Lhca-like proteins than its counterpart in
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photosystem I; RP-HPLC, reversed-phase high-pressure liquid chro- N @ddition, a novel type of Lhca protein, Lhca5, has recently
matography; wt, wild type. been found to associate with PS6( 37).
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In higher plants, LHCI has peculiar fluorescence charac- them in terms of thylakoid polypeptide composition and low-
teristics with red-shifted emission spectra due to a few temperature chlorophyll fluorescence emission of intact leafs
chlorophyll molecules, so-called red chlorophylls, with an and monitored their fitness in terms of seed production under
energy level lower than that of the PSI reaction center. Thesenatural conditions33, 35, 54). In this contribution, we report
red chlorophylls are capable of uphill excitation energy experiments in which we subjected the plant collection to
transfer to the reaction center, and although their presencean array of biochemical and spectroscopic analyses in order
slows down trapping by charge separatid88)( the efficiency to learn more about the structure of LHCI and its pigment-
of trapping is not markedly affecte®%). They were first binding properties.
believed to be confined to the so-called LHCI-730 complex,
consisting of an Lhcal/Lhca4 heterodimer, as preparationsMATERIALS AND METHODS
of Lhca2 and Lhca3 (LHCI-680) exhibited more blue-shifted
emission peaks2Q, 40), until it was found that Lhca2 and
Lhca3 also bind red chlorophyll8%, 41). Lhca2 and Lhca3
might form heterodimers in vivo2d, 42, 43), but it is not
known for certain if they can also form homodimers.
Recently, the evolution of long-wavelength fluorescence in
LHCI was shown to be predominantly associated with an
asparagine-bound chlorophyll on site &8t(45) in Lhca3

Plant Material. The wild-type (WT; ecotypes Colombia
and C24), antisensé\{hca2-a4), and T-DNA knock-out
lines (ALhcal) of Arabidopsis thalianaused in this study
have been described earlieB3( 35 54). It has been
previously shown that the antisense lines do not accumulate
the respective targeted proteins, and their phenotypes in terms
of LHC protein composition are consistent in several
individual antisense lines resulting from different transforma-

and Lhca4. In Lheal, Lhca2, and Lhca, as well as in the tion events. During the course of this work a T-DNA knock-
Lhcb-type proteins, this binding site contains a histidine, and out line for Lhcad (SALK127744,55) that yields unde-

consequently, reconstituted monomers of these proteins do . 4 .
not show long-wavelength fluoresceness(46). tectable amounts of Lhca4 was isolated. This plant line had

Single particle electron microscopy studies have indicated the same Lhca polypeptide content and showed the same
that the entire LHCI binds to one side of the PSI complex growth phef?‘)?ype.as the antisense Lhca4_p|an}s. Therefore,
(47). On the other side of the complex, PSI-H forms a we do not distinguish between these lines in this report, and
docking site for mobile LHCII (Lhcb1/Lhch?) trimerd), ‘é"gf.gfm”Ora;fgeﬁgraﬂhigi'ysis hfgreboggé'g;;b%‘; Lg‘.‘;a“'
while other small PSI subunits, such as PSI-L and PSI-O, | icient p . cal, w ve u rabidopst
may also be involved in LHCHPSI interactions49, 50). line with @ T-DNA Insertion in the promoter region bhgal
The amount of Lhca proteins per PSI within the LHCI has that causes a decrease in Lhcal cont(_ant—t5_% .Of wild-
been estimated to range between six and ei26t30, 43), type levels. All plants were grown on soil/perlite in a growth
but according to the recent model obtained from crystal- chamber under fluorescent lamps with a photon flux density

: : of 150 umol m2 s™1, a light/dark regime of 6/18 h, a
e o e e B iererytemPeraiLre regime of 23/TE and 75% felative humidty.
Lhca types cannot be distinguished at this resolution, their _ Preparation and Immunoblotting of Thylakoids and PSI.
positions in the crystal structure have been based onThylakoids were prepared from-&-week-old dark-adapted
previously obtained data from cross-linking studié®) @nd plants 66), and PSI particles were isolated by solubilizing
the protein composition of mutants missing either PSI the thylakoids with dodecyf-p-maltoside (Sigma) with
reaction center proteins (for a review see 84j or Lhca subsequent ultracentrifugation on sucrose gradie?&. (
proteins 82, 35). Sampleg were cc_)ncentrated to a chlorophyll content ofR.8

A total of 167 chlorophylls have been localized in the PSI M3/ML in centrifugal concentrators (Centricons YM-10,
structure 24), 56 of which seem to be coordinated by the Millipore), and the chlorophyll content was determined
four Lhca proteins of LHCI. The implied ratio of 114 photometrically 86). SDS-PAGE and immunoblotting were
chlorophylls per Lhca polypeptide is higher than the ratio Performed as previously describegby.
found in a number of in vitro reconstitution studies, where ~ Pigment Analysis.Following the method in ref57,
6—10 chlorophylls have been reported to be bound by eachpigments were extracted with 80% acetone, centrifuged, and
Lhca protein 43, 44, 52, 53). This indicates that pigments  loaded on an RP-HPLC column (Lichrosorb C18, /i@,
either loosely associate with the individual polypeptides or 250 x 4.6 mm), which was equilibrated in buffer A [85%
that pigments located at the interfaces between the proteingcetonitrile, 13.5% methanol, 1.5% 0.2 M Tris-HCI (pH 8.0)].
need more than one protein for stable association. In eitherAfter 15 min of isocratic flow at 1 mL/min the neoxanthin,
case, their weak binding complicates biochemical studies, vViolaxanthin, and lutein were eluted from the column. After
since the individual proteins are difficult, or perhaps impos- @ linear gradient of 3 min to buffer B (83.3% methanol,
sible, to purify in their native state, and in vitro reconstitution 16.7%n-hexane) and an isocratic run for 40 min with buffer
studies are unlikely to reflect the in vivo situation. By B, the chlorophylls and carotenes were eluted. The column
applying reverse genetic techniques such as antisense inhibiwas then rinsed with methanol for 10 min and again
tion and T-DNA knock-out mutagenesis, plants lacking equilibrated with buffer A. The HPLC system was equipped
individual gene products can be produced. Since none ofwith a diode array optical absorption spectrophotometer,
the LHC proteins are essential for growth under laboratory Which allowed peaks in the chromatogram to be identified
conditions, the plants can be grown and subjected to variousby their absorption spectra.
analyses to pinpoint the characteristics of the individual ~Antenna Size Measuremenisolated PSI particles were
proteins. We have previously produced a full sefaoébi- subjected to saturating light pulses of actinic light, and the
dopsisplants in which each of the fouchca genes are  changes in absorbance of the oxidized P700 at 810 nm were
individually repressed or knocked out and have characterizeddetermined as describe@8), except that 22.5g of total
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chlorophyll was used in a volume of 75. Averaged A WT  Aal  Aa2 Aa3  Aad
absorption curves were recorded for 1000 ms for series of o .

eight pulses b1 s with 20 s intervals at two different gl SR ol
intensities (40.6 and 766mol of photons m? s™1) of actinic ™ e

light for two independently prepared samples with three to

six replicates. The absorption curves were fitted with single- Lhca3 WS e
exponential functions, and relative antenna sizes (percent of

wild type) were calculated from the halftimet{) with the Lhcad s G S a—
assumption that all chlorophylls functionally connected to a

reaction center contribute equally to P700 oxidation in the Lhcas e NN s GO

monitored millisecond time scale.

Absorbance Spectroscopyhe samples were diluted in
20 mM Bis-Tris (pH 6.5), 20 mM NacCl, 0.06%-DM, and

PSD s s s s— —

WT Aat Aa2 Aa3 Aad

66% (Vv/v) glycerol to an optical density of about 0.6 ¢m B .

at 680 nm and placed in acrylic cuvettestwit 1 cmoptical Lhca1 - —c—
path length. The samples were cooled5tK in a helium

bath cryostat (Utreks, Ukraine), and absorption spectra were Lheaz (D Lt
measured using a spectrometer, built in-house, with an optical

bandwidth of about 1.3 nm. The resulting absorption spectra Lhead _ —

were first normalized to the same total chlorophyll content. e i : A

The spectra were then multiplied by estimated chlorophyll/

RC factors of wild type and mutants, as appropriate, and Lhcas - —
wild-type minusALhca difference absorption spectra were ‘
constructed. PSAD e S S— c— —

Emission Spectroscop¥he samples were diluted to an . ,
Ficure 1: Effect of LHCI depletion on Lhca protein content. The

optical denS|_ty of about 0.1 cth at 680 nm and cooled to Lhca protein content of (A) thylakoids and (B) PSI preparations (2
5 K as described above. Fluorescence emission spectra WerG of Chl per lane) from wild-fype (WT) andLhcal-4 (Aal—4)

then measured with & m imaging spectrograph and a CCD  plants was analyzed using immunoblotting.

camera (Chromex Chromcam ). The spectral resolution was ) ) - )

about 0.5 nm. For broad-band excitation a tungsten halogendifferent light intensities gave consistent data. However,
lamp (Oriel) was used with band-pass filters transmitting at Immunoblotting detected a small genotype-specific LHCII
420 and 475 nm (bandwidth of 20 nm). The obtained contentin all PSI preparations (data not shown) that was
emission spectra were corrected for the wavelength-depend-Slightly higher for preparations from tielhca2 andALhca4

ent sensitivity of the detection system. plants, which also showed the highest reductions in PSI
antenna size. We therefore used the neoxanthin levels
RESULTS determined by HPLC analyses (data not shptercalculate

the LHCII contents on the basis of the pigment-binding

The depletion of individual Lhca proteins affects the pattern of LHCII ). From the resulting data, we estimated
association of the other main Lhca-type polypetides (Lhcal one LHCII trimer to be associated per-224 PSl in the wt,
4) to the PSI core, as shown by western blot analysis of ALhcal, andALhca3 lines but the LHCII to PSI ratios to
thylakoids (Figure 1A) and the PSLHCI preparations  pe higher (one LHCII trimer per 11 and 8 PSI, respectively)
(Figure 1B) used in this study. In addition, the level of Lhca5 in ALhca2 andALhca4 preparations. Since the PSHCI
content is decreased in plants lacking Lhca2 and elevated incomplex does not contain neoxanthin in vivo, the relative
the plants depleted in Lhcal and Lhca4. Preparations fromps| antenna sizes were recalculated by subtracting the LHCII
the latter line yielded PSILHCI particles that were virtually  contribution. On the basis of the number of 167 chlorophylls
devoid of all Lhca proteins, except Lhcab. But as this protein resolved in the PStLHCI structure 24), absolute antenna
could not be detected either in Coomassie- or silver-stainedsjzes (Chl/P700) can now be calculated for the-ASACI
gels (data not shown), the total protein amount has to be complexes prepared from the Lhca-deficient plants (Table
judged as rather low despite a strong antibody signal. The1). It is interesting to note that the preparations from the
Lhca protein content analysis of the P&HCI particles ~ ALhca4 plants still contain about 12 chlorophylls that must
confirms previous reported data on this lin@5,(36, 54). be located on Lhca proteins, since the PSI core only accounts

Antenna Size and Pigment Composition of Lhca-Deficient for 101 chlorophylls. This indicates that one Lhca-type
PSI Particles.We have determined the functional antenna protein is present per PSI in these samples. In some cases
sizes and pigment stoichiometries of the PSI particles the putative protein may be Lhca5, but the findings may also
described in Figure 1B. On the basis of the measuredbe explained by the presence of residual amounts of Lhca2
oxidation kinetics of P700, which is proportional to the total and Lhca3 in this preparation.
amount of chlorophyll transferring energy to P700, the  The corrected absolute antenna sizes (Table 1) have been
relative antenna sizes of all Lhca-deficient plants were used to normalize the amounts of @hj3-carotene, and two
significantly reduced (Table 1). This reduction was highest xanthophylls (lutein and violaxanthin) of the PSI preparations
for ALhcad (32%) andALhca2 plants (25%), while the determined by HPLC (Table 2). As expected, the loss of
antennas ofALhcal (17%) and\Lhca3 plants (19%) were  light harvesting proteins clearly affects the amounts of
less strongly, but still clearly, affected. Measurements at two chlorophyllb and xanthophyll, while the levels gfcarotene
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Table 1: Antenna Sizes for PSLHCI Complexe3d

light (uE) WT AlLhcal AlLhca2 AlLhca3 AlLhca4
40.6 ti2 (Ms) 70.4+0.9 84.5+ 1.3 92.0+ 1.7 84.7+£ 2.1 102.5+ 1.8
rel (%) 100.0+ 1.3 83.2+ 1.8 76.5+ 2.4 83.1+ 3.0 68.4+ 2.6
76.7 ti2 (Ms) 37.5£0.8 447+ 1.7 50.4+ 1.4 47.1+ 1.6 57.1+1.6
rel (%) 100.0+ 2.0 83.4+ 4.5 74.3+ 3.7 79.7+£ 4.2 705+ 4.1
mean rel (%) 100.&- 1.6 83.3+£ 3.2 75.4+ 3.0 81.4+ 3.6 69.4+ 3.3
minus LHCII content 100.0 83.0 74.4 81.0 67.6
total Chl/P700 167.0 138.7 124.2 135.3 113.0

aP700 oxidation kinetics for PSILHCI complexes prepared from wild-type (WT) and Lhca-deficiAmabidopsislines (ALhcal—a4); values
for t1> (Ms) and relative antenna sizes (%) compared to the wild type are mestasidard errors of four to nine measurements on two independent
preparations; total numbers ofChl a + b per P700 have been calculated after subtracting LHCII Chl content in the sample (see text).

Table 2: Pigment Composition of PSLHCI Complexed

WT AlLhcal ALhca2 AlLhca3 AlLhca4
Chla+b 167.0 138.7 124.2 135.3 113.0
Chla/b 10.6 13.2 14.4 15.4 32.1
Chla 152.6 128.9 116.2 127.1 109.5
Chlb 14.4+0.8 9.84+0.1 8.1+ 0.1 8.2 3.4£0.1
p-carotene 27.20.1 24.3+ 0.6 21.7+0.3 22.7 21.5-0.1
lutein 9.840.1 6.4+ 0.1 4.440.1 5.4 1.8+ 0.1
violaxanthin 5.8+0.1 2.8+ 0.4 29+ 0.1 2.6 1.1+ 0.2

aHPLC pigment analysis of isolated PAIHCI complexes prepared from wild-type (WT) and Lhca-deficirabidopsislines (ALhcal-a4).
Amounts of pigments associated with LHCII present in the sample were calculated from the determined neoxanthin content using the ratios given
in ref 6 and subtracted from the total pigments. Resuttstandard error) are averaged from two independent measurements (excebhéa3)
and normalized to the total number wiChl a + b per P700 calculated according to Table 1 (see text).

are less affected. The analysistfhca2 andALhca4 PSI nm) and chlorophyllb (peaking around 650 nm) are di-
particles indicates that two to siikcarotenes are lost in these minished, as anticipated since LHCI has higher contents of
plants and are thus most likely coordinated by LHCI. chlorophyllb and red chlorophylls than the PSI core com-
Therefore, the number of 227 -carotenes per PSLHCI plex. The differences were most pronounced forAhdcasd

can be compared with the number of 22 assigned in the and least pronounced for tid_hcal plants, in accordance
crystal structure of cyanobacterial P3H. Our finding of with the finding that theALhca4 andALhcal plants have
nine to ten luteins and five to six violaxanthins in a wild- the highest and lowest LHCI contents, respectively.

type LHCI is in agreement with previous data from native ~ We calculated difference spectra (of particles from wild-
and reconstituted LHCI complexed3 59). Due to the type plants minus particles fromLhca plants) after normal-
mutual dependencies of the Lhca proteins regarding theirizing the spectra to the estimated pigment stoichiometries
binding to the PSI core, clear assignment of bound pigments(Table 2; see also Materials and Methods). These spectra
to individual Lhca proteins is not feasible, but it can be (Figure 3) mainly reflect absorption properties of the missing
assumed that each of the four Lhca proteins assigned in thepigments, associated with the corresponding Lhca mutation.
structure binds on average 124 chlorophylls and 23 Then, absorption properties of pigments between the missing
luteins, as well as 41.5 violaxanthins angB-carotenes. Lhca proteins and the PSI core or between neighboring Lhca
These figures differ from the reported numbers of pigments proteins can be determined in some extent. A comparison
coordinated by reconstituted Lhca proteins, with total of these difference spectra and spectra of isolated LHCI

numbers (per Lhca protein) of-6L0 chlorophylls, 1.31.7 dimers @1) shows that the difference spectra have clear
luteins, 0.5-0.8 violaxanthins, 0.20.45 -carotenes, and  absorption bands peaking at 688 and 696 nm and shoulders
trace amounts of neoxanthid3 44, 52, 53, 59—61). It is at about 665 nm that are not present in isolated LHCI dimers.

likely that some of the pigments coordinated in native Since most linker chlorophylls are probably not present in
complexes (especially those located in the interaction sitesthe spectrum of the isolated LHCI dimers, it is likely that
between the Lhca proteins or between LHCI and the core some of the linker chlorophylls absorb preferentially at 665,
antenna) may not be incorporated under reconstitution 688, and 696 nm. The 696 nm band has approximately equal
conditions. intensity in all spectra, but the 688 nm bands are more
Spectroscopic Properties of LHCI in PSLHCI Particles. pronounced in the spectra dominated by Lhca2 and Lhca3,
As reconstituted systems do not contain all of the pigments indicating pigments responsible for 688 nm absorption bands
bound by the complexes in vivo, we subjected isolated PSI to be in the vicinity of Lhca2 and/or Lhca3. The lack of
particles from the set oArabidopsislines to a detailed  absorption at 674 nm in the spectra dominated by the Lhca2
spectroscopic analysis to connect certain chlorophyll spectralor Lhca3 proteins is in line with observations from recon-
forms to individual Lhca polypeptides. Figure 2 shows the stituted Lhca proteins, where Lhca3 does not show any
4 K absorption spectra of the particles prepared from the absorption at 674 nm and the absorption maximum of Lhca4
different lines. The spectra were normalized to the integratedat 5 K is found to be at 674 nm4@, R. Croce and J.
absorption between 620 and 730 nm. It is immediately clear Ihalainen, unpublished results).
from the spectra that in most cases the absorption bands of In the chlorophyllb absorption region, there is increased
red chlorophylls (absorbing at wavelengths longer than 700 absorption at 643 nm in the spectra dominated by Lhcal
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FIGURE 2: Absorption spectrata4 K of wild-type (WT) PSI ALhca2ALhca3 (WTAa2, WTAa3) spectra. For details on the
together with (A)ALhcal (Aal) andALhca4 (Aad) spectra and construction of the difference spectra see Materials and Methods
(B) ALhca2 (Aa2) andALhca3 (\a3) spectra. The spectra are and Tables 1 and 2. For comparison, the absorption spectra of a
normalized to the same chlorophgloscillation strength atthe,Q ~ native LHCI preparationdd) is shown. All spectra are normalized
region. to the same chlorophyl oscillation strength in the Qregion.

and Lhca4 and at 650 and 655 nm in the spectra dominatedLhca3 within the native PSILHCI complex, the binding

by Lhca2 and Lhca3. This is consistent with absorption of these complexes to the PSI core complex probably causes

spectra of reconstituted Lhcal/4 proteins, which have 643 a red shift of the absorption spectra of the red chlorophylls.

nm chlorophyllb states 43; 52; J. Ihalainen and R. Croce, This red shift is probably caused by excitonic interactions

unpublished results), and partially consistent with absorption between neighboring chlorophylls within the Lhca3 or Lhca4

spectra of reconstituted Lhca2 and Lhca3 proteins (which (45, 62) and a slight change in conformation of the protein,

have 650 nm chlorophyb states but no clear 655 nm states). which very slightly diminishes the distance between the

These findings suggest that the 655 nm absorption band ariseinteracting chlorophylls.

from one or more linker molecules in the vicinity of Lhca2 We also record@4 K fluorescence emission spectra after

and/or Lhca3 and that a small proportion of the linker excitation at 420 nm of the different preparations. The red

molecules are chlorophyb. emission maxima are located at about 734 nm for wild type,
In the red-most absorption region, the spectra dominated732 nm for ALhcal, 724 nm forALhca2, 727 nm for

by Lhca2 and Lhca3 show a slight red shift compared to ALhca3, and 720 nm forALhca4 PSI preparations after

those dominated by Lhcal and Lhca4. The spectra dominatecexcitation at 420 nm (Figure 4A). The blue shift of the

by Lhca2 and Lhca3 peak at 712 nm, which is further to the emission spectra of the particles prepared fedbinca2 and

red than the spectrum of the isolated dimers and considerablyALhca3 lines is remarkable, because the LHCI protein with

further to the red than the spectrum of reconstituted Lhca3 the red-most fluorescence spectrum (Lhca4) is still present

(53, R. Croce and J. Ihalainen, unpublished results). Becausein PSI preparations from bothLhca2 andALhca3 plants,

the spectra shown here reflect the absorption of Lhca2 andalbeit in lower quantities. We note that in vitro reconstituted
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andALhcal—4 (Aal—4) PSI preparations, normalized to their red
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for ALhca4. (B) Excitation at 475 nm. The red emission maxima
of the spectra are at about 734 nm for WT, 732 nmAd&hcal,
728 nm forALhca2, 729 nm foALhca3, and 720 nm foALhca4.

Lhca4 and Lhca3 emit maximally at 73032 nm 69) and
725 nm 63), respectively, while the isolated PSI core
complex emits at around 720 nm & K (63; J. Ihalainen

Klimmek et al.

at either wavelength. In the case of nonblocked energy
transfer, thermal equilibrium between the emitting states is
reached, leading to a common emission spectrum regardless
of excitation wavelengths. However, if excitation energy
cannot flow freely, local maxima of the emitting states will
start to contribute, leading to changes in the shape and
amplitude of spectra obtained under different excitation
wavelengths.

Taken together, the above findings show that chlorophylls
absorbing at 655, 665, and 688 nm belong to the linker
chlorophylls preferentially associated with Lhca2 and/or
Lhca3, while chlorophylls absorbing at 696 nm are linker
chlorophylls associated with all Lhca proteins. The lack of
Lhca2 or Lhca3 proteins and the linker pigments leads to
imperfect energy transfer between the PSI core and LHCI,
which, together with loss of the 712 nm-absorbing form,
results in a blue shift of the red-most emission band.
However, the absorption properties of the individual Lhca
proteins are largely consistent with those observed for in vitro
reconstituted systems4%, J. lhalainen and R. Croce,
unpublished results), in particular with regard to the 643 and
674 nm absorption bands in Lhcal and/or Lhca4 and the
650 nm absorption band in Lhca2 and/or Lhca3. In addition,
the results show that the red chlorophylls, at least in Lhca3
and Lhca2, are considerably red shifted in the native-PSI
LHCI complex compared to those in the reconstituted
systems.

DISCUSSION

Our data obtained from antenna size measurements and
pigment analysis of PSI complexes prepared from a set of
Arabidopsiglants that are deficient in specific Lhca proteins,
and hence differ in their PSI antenna protein composition,
appear to agree, in principle, with the P&HCI model
recently published24). The determined antenna sizes are
consistent with the finding that higher plant LHCI is typically
composed of four Lhca proteins in vivo. On the basis of the
number and location of chlorophylls assigned to the structure
there is little or no evidence for an additional two to four
Lhca proteins. Any higher Chl/P700 ratios reportéd)(can
therefore probably be attributed to additional LHCII attached
to PSI. Our data do not confirm the suggestigd, €5) that
Lhcal serves as an anchor for the whole LHCI as the protein
patterns determined in this study show that the loss of Lhcal
has little impact on antenna size and Lhca protein composi-

and R. Croce, unpublished results). The blue shift of the tion. As the loss of Lhca4 clearly destabilizes the whole

ALhca2 andALhca3 emissions can be explained by the loss LHCI and leads to the greatest diminishment of LHCI

of the 712 nm-absorbing chlorophyll species and by assuming@ntennae, we rather propose a central function for Lhca4 in
that excitation energy absorbed by pigments in the core LHCI association with PSI.

antenna is not transferred efficiently to the red chlorophylls
in the remaining Lhca proteins, and therefore more is

It must, however, be pointed out that LHCI is probably a
rather flexible structure. Plants grown at different light

transferred to the red pigments of the PSI core, the emissionintensities can differ in their amounts of individual Lhca
of which then becomes more prominent. The increased proteins 84), PSI in different thylakoid compartments may

contribution of PSI core emission to the total emission in
the ALhca2 andALhca3 lines is confirmed by the finding

also differ in Lhca protein conten8(), and plants lacking
LHCII compensate by making more Lhcag@y. It is likely

that upon 475 nm excitation the red-most bands of the that the structure in which one copy each of the Lhcal,

ALhca2 andALhca3 PSI particles are red shifted by-2
nm (Figure 4B) compared to 420 nm excitation, which can

Lhca2, Lhca3 and Lhca4 proteins is associated with PSI
might be the “basic” and most abundant structure, which is

be explained by the higher excitation rate of the remaining stable enough to be prepared using standard PSI preparation

Lhca proteins. In the case of wild typ&| hcal, andALhca4

protocols. In PSI preparations from wild-type plants the

the red-most emission band is unchanged following excitation association of Lhca5 is weaker than in preparations from
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ALhca4 plants, and therefore this protein is presumably not
recovered by the procedure used to prepare the complexes
crystallized 67). Therefore, PStLHCI complexes with
other polypeptide compositions exist in vivo and will
probably accumulate only under certain conditions. We have
as yet no clear evidence on the binding sites of the
“additional” Lhca subunits, which perhaps could be added
outside the basic structure. For Lhcab, for example, a clear
interaction with Lhca2 is shown by the Lhca protein pattern
as Lhcab5 abundance is decreased when Lhca2 is absent
(Figure 1B). A second possibility is that the positions may
not be absolutely fixed, so that different polypeptides may A696
occupy the same position. This might also be illustrated by Figyre 5: Assignment of chlorophyll absorption forms. Model of
the case of Lhca5, which strongly binds to the PSI prepara- the PS+LHCI interaction site with suggested locations of chlo-
tions from the ALhca4 plants that lack all other Lhca rophyll forms absorbing at indicated wavelengths (see text for
proteins, including Lhca2, which seems to be involved in details.
Lhca5-PSl interactions in the wild type. On the other hand, pigments that can be observed with different spectroscopic
we believe that posttranslational events most likely decreasetechniques. On the basis of the results from the absorbance
the stability of proteins lacking their normal “partners” in  difference spectra reported here (Figure 3), we were able to
the structure, and this is more consistent with Lhca proteins, assign four of the absorption bands to chlorophylls located
and all subunits, having fixed positions. If the system was within the Lhca proteins and the PSLHCI interaction side
very flexible, any partner could potentially stabilize any other (Figure 5). Since chlorophylls located between single Lhca
protein. With respect to these considerations, the unusualpolypeptides or between LHCI and the core will probably
binding pattern of Lhca5 seems to be an exception. Itis clearbe lost during LHCI preparation, differences between the
that further studies are needed to fully understand the full LHCI absorbance spectrum and the difference spectra in
complexity of the native LHCI structure, but in comparison Figure 3 are likely to reflect such linker chlorophylls. We
to the PSI model for the wild type we can use the pigment found a number of chlorophylls with absorption bands at
quantifications and spectroscopic studies of the PSI particles655, 665, 688, and 696 nm, which were not present in the
from our Lhca-deficient lines to draw conclusions about the LHCI preparation. The chlorophylls absorbing at 655 and
pigments associated with the individual LHCI subunits. 688 nm seemed to be mainly associated with Lhca2 and
Of the 167 chlorophylls resolved in the structu?d)(101 Lhca3, and since 688 nm forms are sometimes seen in
are associated with the PSI core: 93 of which are also foundisolated core particle$8), some pigments absorbing at 688
in the cyanobacterial PS| and 8 are unique to higher plants.nm might be located near the core complex, but on the
An additional 10 chlorophylls are located in the core, but at Lhca2/3 side. Chlorophylls absorbing at 665 and 696 nm
the peripheral binding site where the Lhca proteins assemble.were found to be associated with all Lhca proteins, making
It is not clear how these chlorophylls are affected when it difficult to pinpoint their exact locations. However, since
individual Lhca proteins are missing, and thus we have the 696 nm form is most prominent inLhca2, ALhca3,
assumed an average number of chlorophylls is affected byandALhca4 plants and least prominent in thehcal plants,
the absence of each protein. It is worth to note that the-PSI this band may originate from the linker chlorophylls situated
LHCI holocomplex probably contains eight additional chlo- between Lhca4 and Lhca2. At about 696 nm a CD signal
rophylls that could not be unambiguously assigned in the has been observed in the case of PIHICI particles, which
structure and which are most likely located in the PSI core is lacking in isolated PSI core or LHCI spectra, indicating
(N. Nelson, personal communication). Within LHCI a total that this absorption band has an excitonic character involving
of 56 chlorophylls are located, 47 of which are coordinated chlorophylls located on both Lhca2 and Lhca4 (J. Ihalainen,
by the four Lhca proteins and 9 are placed at the contactunpublished results). On the basis of absorbance analyses
sites between the Lhca proteins. This indicates that four of reconstituted systemdg, 45; J. lhalainen and R. Croce,
monomers of Lhca proteins might bind 436 chlorophyll unpublished data), we assigned the pigments absorbing at
molecules in total, exceeding the number ef1® chloro- 643, 650, and 674 nm to chlorophyll molecules associated
phylls per monomer determined by in vitro reconstitution with Lhcal, Lhca2/Lhca3, and Lhca4, respectively. It is
studies 43, 44, 52, 60, 61). However, since there is evident that, as well as those associated with Lhca4, red
consistency with the data reported for reconstituted and chlorophylls are also present in the Lhedzhca3 site of
isolated native Lhca proteins, it is obvious that substantial the complex. The chlorophylls responsible for the 712 nm
proportions of the pigments bound in the native LHCI are absorption band are bound to Lhca3, whereas the red-most
lost during the preparation of monomers and do not bind in band of Lhca2 is located around 690 nab,(70). Taken
current reconstitution procedures. together, we demonstrate a quite unique pattern of chloro-
On the basis of the data available so far, we use a modelphyll absorption forms in vivo for each of the Lhca
for the higher plant PStLHCI holocomplex in which the monomers. On the other hand, larger scale patterns are also
locations of the individual PSI polypeptides are based on known, as red pigments are located on at least one Lhca
cross-linking studiesA@) and analyses of plants deficientin  protein of the Lhcal/Lhca4 and Lhca2/Lhca3 subcomplexes
PSI subunits (for example, refd and68) and Lhca proteins ~ (Morosinotto et al., in preparation). A deeper understanding
(35, 54) as well as the crystal structur24). In this model, of the energy transfer processes within the light harvesting
we have attempted to pinpoint the locations of some of the antenna of higher plant PSI also requires further in-depth
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spectroscopic studies of the lines analyzed here and of knock-

out plants that have been complemented by mutated versions 5

of the Lhca proteins.
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