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Abstract

In order to obtain information on the organization of the pigment molecules in chlorophyll (Chl) a/b/c-containing
organisms, we have carried out circular dichroism (CD), linear dichroism (LD) and absorption spectroscopic measurements
on intact cells, isolated thylakoids and purified light-harvesting complexes (LHCs) of the prasinophycean alga Mantoniella
squamata. The CD spectra of the intact cells and isolated thylakoids were predominated by the excitonic bands of the Chl a/b/
¢ LHC. However, some anomalous bands indicated the existence of chiral macrodomains, which could be correlated with the
multilayered membrane system in the intact cells. In the red, the thylakoid membranes and the LHC exhibited a well-
discernible CD band originating from Chl ¢, but otherwise the CD spectra were similar to that of non-aggregated LHC II, the
main Chl a/b LHC in higher plants. In the Soret region, however, an unusually intense (+) 441 nm band was observed, which
was accompanied by negative bands between 465 and 510 nm. It is proposed that these bands originate from intense excitonic
interactions between Chl a and carotenoid molecules. LD measurements revealed that the Qy dipoles of Chl a in Mantoniella
thylakoids are preferentially oriented in the plane of the membrane, with orientation angles tilting out more at shorter than at
longer wavelengths (9° at 677 nm, 20° at 670 nm and 26° at 662 nm); the Qy dipole of Chl ¢ was found to be oriented at 29°
with respect to the membrane plane. These data and the LD spectrum of the LHC, apart from the presence of Chl ¢, suggest
an orientation pattern of dipoles similar to those of higher plant thylakoids and LHC II. However, the tendency of the Qy
dipoles of Chl b to lie preferentially in the plane of the membrane (23° at 653 nm and 30° at 646 nm) is markedly different
from the orientation pattern in higher plant membranes and LHC II. Hence, our CD and LD data show that the molecular
organization of the Chl a/b/c LHC, despite evident similarities, differs significantly from that of LHC II. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Abbreviations: CD, circular dichroism; Chl, chlorophyll; The photosynthetic apparatus of the prasinophy—
DM, dodecyl maltoside; LD, linear dichroism; LHC, light-har- cean alga Mantoniella squamata exhibits some unique
vesting complex; LHC II, the main higher plant Chl a/b LHC; . .. . .

properties that clearly distinguish it from those of
PS, photosystem . o
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has been observed between grana and stroma thyla-
koids, the thylakoids appear to be multilayered, with
a parallel alignment of the membranes, separated by
a gap of 2-8 nm [1]. Mantoniella contains only one
functional light-harvesting complex (LHC), which
serves as an antenna for both photosystems (PSs)
[2]. Minor Chl a/b-binding proteins that are typical
of the light-harvesting system of higher plants and
green algae (for a recent review concerning pig-
ment—protein complexes of PS I and PS 11, see Green
and Durnford [3]) are not present in M. squamata,
although a multigene family of LHC genes has been
found [4]. The LHC of Mantoniella displays no im-
munological relationship to the light-harvesting pro-
teins of Chl a/c-containing brown algae [5] and Chl
alb-binding green algae or higher plants [6]. On the
basis of the amino acid sequence, Rhiel and Mor-
schel [4] calculated a molecular weight of 24.2 kDa
for the mature LHC polypeptide, while Schmitt et al.
[7] reported a value of 21.3 kDa. The LHC polypep-
tides of Mantoniella exhibit a higher homology to the
Chl a/b-binding antenna proteins (34-38% homol-
ogy) [8,9] than to the Chl a/c LHCs (only 22% ho-
mology) [10]. Homology to the LHC II of higher
plants is high in the C-terminal region containing
helix III, but in consequence of the existence of atyp-
ical hydrophilic domains, helix I is not detected by
predictive methods [4].

The organization of the light-harvesting systems in
Chl alc-containing algae differs comparably mark-
edly in the different algal groups. In most of the
chromophytic algae which have been analyzed so
far, only one membrane intrinsic LHC can be found
[11], though Biichel and Wilhelm [12] have reported
the existence of two different LHCs, (associated with
the two PSs) in Pleurochloris meiringensis, a member
of the Xanthophyceae. Knoetzel and Rensing [13]
also found PS I and PS II specific intramembrane
antenna proteins in the marine dinoflagellate Go-
nyaulax polyedra.

Although the Chl a/c-containing algae differ con-
siderably as concerns the accessory pigments in the
different algal classes, the number of pigment species
bound per polypeptide is relatively low. In diatoms,
3—4 different xanthophylls, one carotene and Chl ¢
are to be found (for a detailed analysis of pigments

in algal photosynthesis, see Rowan [14]). Higher
plants and green algae contain up to five different
xanthophylls, one carotene and Chl b as accessory
pigments.

With regard to pigment binding, the LHC of M.
squamata differs appreciably as compared to both
Chl a/b and Chl a/c complexes. Mantoniella LHC
binds three Chl species (Chl @, Chl b and Chl ¢),
and up to 12 carotenoids, with prasinoxanthin being
the main carotenoid light-harvesting pigment [15,16].

Data on the organization of the pigment molecules
in the photosynthetic apparatus of Chl a/c-contain-
ing algae are scarce, and to our knowledge are not
available at all for Chl a/b/c complexes. No crystallo-
graphic structural data have been reported on Chl c¢-
containing LHCs, and our knowledge is therefore at
a far less advanced state than that for LHC II [17] or
related complexes. Information concerning the mo-
lecular organization of the complexes is derived
mainly from circular dichroism (CD) and linear di-
chroism (LD) measurements, which have contributed
significantly to our knowledge of the molecular orga-
nization of virtually all main pigment—protein com-
plexes of higher plants and green algae [18,19]. Hiller
et al. [20] utilized LD spectroscopy to clarify the
orientation of Chl a, Chl ¢ and the xanthophylls in
a cryptophyte alga, Chroomonas CS24. Hiller and
Breton [21] also reported on the light-harvesting sys-
tem of two fucoxanthin—Chl a/c-containing algae,
Pavlova lutherii and Phaeodactylum tricornutum.
The organization of photosynthetic pigments and
pigment—protein complexes of another diatom, Cy-
lindrotheca fusiformis, has been investigated by Hsu
and Lee [22]. In recent studies involving the use of
CD and LD techniques, Biichel and Garab [23,24]
concluded that the pigment organization of the
LHC of P. meiringensis (Xanthophyceae) differs sig-
nificantly from that of LHC II and also from that of
the LHC in some other Chl a/c-binding algae. In the
present study, absorption, LD and CD spectroscopy
were applied to obtain data on the pigment organi-
zation of the photosynthetic apparatus of M. squa-
mata. We found that, although some similarities are
evident, the molecular organization of the Chl a/b/c
LHC differs significantly from that of LHC II in
higher plants.



192 R. Goss et al. | Biochimica et Biophysica Acta 1457 (2000) 190-199

2. Materials and methods
2.1. Plant material and cultivation

M. squamata Manton et Parke (isolated by Desi-
kachary, supplied by the Culture Collection Ply-
mouth, Cambridge, UK, strain LB 1965/1) was
grown in batch cultures in artificial seawater medium
according to Miller [25]. The light intensity during
cultivation was 20 umol photons m~2 s~! under a
light:dark regime of 14:10 h. The temperature of
the growth chamber was held constant at 20°C.

2.2. Isolation of thylakoid membranes

Mantoniella cells were harvested from the logarith-
mically growing culture at a Chl content of 2 mg 1!
by centrifugation (3000Xg for 5 min). Cells were
resuspended in an isolation buffer containing 40
mM HEPES (pH 7.4, KOH), 10 mM KCI, 2 mM
MgCl,, 1 mM EDTA and 0.35 M sorbitol and im-
mediately broken (1 min, 0°C) in a glass bed homog-
enizer (MSK, Braun, Germany). The homogenate
was passed through a glass filter (pore size DI,
Schott, Germany) and centrifuged at 3000Xg for
5 min at 4°C. The pellet enriched in chloroplasts
was washed with isolation medium and, after a fur-
ther centrifugation step, osmotically shocked by a
2 min incubation in shock medium containing
10 mM HEPES (pH 7.4, KOH), 10 mM KCI and
2 mM MgCl,. The thylakoid membranes were cen-
trifuged (3000 X g, 5 min, 4°C) and the resulting pel-
let was resuspended in a small volume of shock me-
dium and kept on ice until the spectroscopic
measurements.

2.3. Isolation of LHC

Thylakoid membranes of M. squamata were solu-
bilized for 30 min on ice with dodecyl maltoside
(DM) at a ratio of 30 mg DM per mg Chl. Solubi-
lized thylakoids were spun for 15 min at 40000 X g at
4°C to remove unsolubilized membrane fragments.
The supernatant was then loaded onto a discontinu-
ous sucrose gradient consisting of six layers of differ-
ent sucrose concentrations (10-35% sucrose in shock
medium pH 7.4, 0.05% DM). Ultracentrifugation
was performed with a swing-out rotor (Beckman

SW 28) for 16 h at 100000 X g at 4°C. After separa-
tion, the purified LHC was found in the 20-25%
sucrose layer of the gradient; it was carefully re-
moved and stored on ice until the measurements.

2.4. Chl determination

Chl contents were determined spectrophotometri-
cally in 80% acetone, the equations of Ziegler and
Egle [26] being used.

2.5. Spectroscopy

Absorption spectra were recorded with a Specord
M 500 spectrophotometer (Zeiss, Germany) in the
wavelength range between 400 and 750 nm, using a
bandpass of 1 nm. LHC and isolated thylakoid mem-
branes were adjusted to a Chl content of 10 mg 17!,
Intact cells of Mantoniella were taken directly from
the growing cultures at a Chl content of 2 mg 1.
This explains the poor signal to noise ratio in the CD
spectra of the intact cells (centrifugation induced sig-
nificant alterations in the CD spectra).

CD spectra from 400 to 750 nm were measured at
room temperature with a Jobin—-Yvon (Longjumeau,
France) CD6 dichrograph, using a bandpass of 2 nm.
The CD spectra of the samples were corrected for the
baseline of the culture medium in the case of intact
Mantoniella, and for the baseline of the shock me-
dium in the case of isolated thylakoids and purified
LHC. CD is expressed in units of absorbance.

LD measurements were performed at room tem-
perature between 400 and 700 nm with a Jobin—Yvon
CD6 dichrograph equipped with an additional mod-
ulator board optimized for LD measurements; the
bandpass was set to 2 nm. The membranes and iso-
lated LHC were aligned by using the gel squeezing
technique described by Abdourakhmanov et al. [27].
Concentrated samples of isolated thylakoid mem-
branes or purified LHC were diluted with stock so-
lutions of shock medium pH 7.4, acrylamide and
N, N'-methylenebisacrylamide to yield a final Chl
concentration of 10 mg 17!, The final concentrations
of the reaction mixture were 10% (w/v) acrylamide,
0.33% (w/v) N, N’'-methylenebisacrylamide, 0.1% (v/v)
N,N,N',N'-tetramethylethyldiamide and 0.1% (w/v)
ammonium persulfate. The samples were oriented
by uniaxially squeezing the gel blocks to 50% of their
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original length. Comparison of the absorption and
CD spectra of the samples in polyacrylamide gel
with the respective spectra in the buffer demonstrated
that the polyacrylamide gel did not noticeably affect
the molecular organization of the pigment molecules.

The orientation parameter S and the mean orien-
tation angles of the pigments in the thylakoid mem-
branes and in the isolated LHC were calculated ac-
cording to [18].

3. Results

Fig. 1 reveals that the absorption spectra of intact
M. squamata cells and the isolated thylakoid mem-
branes are dominated by the absorbance of the LHC,
which contains about 70% of the total Chl a content
of the membranes [28]. The principal absorption
bands of Chl a and Chl b are found at 675 nm and
646 nm, and 437 nm and 470 nm, respectively. The
spectral contributions of the carotenoids at 486 and
525 nm could be identified most clearly in the ab-
sorption spectrum of the LHC. The 525 nm band has
been assigned to prasinoxanthin, the main light-har-
vesting pigment of M. squamata [16]. Chl ¢, which
has absorption maxima at around 450 and 630 nm, is
present in significant amounts in M. squamata, but
its absorption bands were not resolved because of the
overlap with the more intense Chl « and Chl b bands
in the Soret and the red spectral regions, respectively.
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Fig. 1. Absorption spectra of intact cells, isolated thylakoids
and purified LHC of M. squamata. The Chl concentrations
were 2 ug ml~! (cells) and 10 pg ml~! (thylakoids, LHC). The
absorption spectra of the thylakoids and LHC are shifted along
the y axis; zero absorbances are indicated by broken lines.
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Fig. 2. CD spectra of intact cells, isolated thylakoids and puri-
fied LHC of M. squamata recorded at a Chl concentration of
10 ug ml™! for the thylakoids and LHC and 2 pg ml™! for the
intact cells. The spectra of the thylakoids and LHC are shifted
along the y axis, as indicated by the broken lines.

CD measurements (Fig. 2) on intact cells of Man-
toniella in the Soret region revealed a shoulder at 447
nm and a broad positive band with a peak at 459
nm. An additional band could be seen at around 520
nm, but it was not resolved clearly because of the
presence of the long tail above 500 nm. As evident
from the anomalous shape of the main band and
from a comparison with the CD spectra of the thy-
lakoids and LHC, the bands cannot be assigned to
excitonic CD, but are likely to arise from some kind
of chiral macroarray [18]. In the red, three negative
bands at 630, 650 and 675 nm and two positive
bands at 644 and 665 nm were identified in the
case of the intact cells. On the basis of the absorption
spectra and pigment stoichiometries of Mantoniella
cells, the (=) 630 nm and the (—) 675 nm peaks
could be assigned to Chl ¢ and Chl a, respectively.

Upon isolation of the thylakoids and LHC, the
anomalously shaped band peaking at 459 nm essen-
tially disappears and the (—) 675 nm band becomes
considerably weaker. These changes are probably
correlated with the loss of the regular, multilayered,
membrane system.

It can be seen that the CD spectra of the thyla-
koids and the LHC closely resemble each other, evi-
dently because of the substantial contribution of the
LHC to the total pigment content of the membranes.
In the red, the band structure of the thylakoids and
LHC of Mantoniella also resembles the band compo-
sition for higher plant thylakoids and non-aggre-
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gated LHC II. This similarity is most evident be-
tween 650 and 700 nm, where the composition and
magnitude of the CD bands ((—) 650, (+) 665 and
(—) 675 nm) are similar to those in LHC II [29,30].
This suggests a similar molecular organization in the
Chl a/b/c LHC and in Chl a/b LHC 11, at least as far
as the interactions between the Qy dipoles of the Chl
a and b molecules.

In the Soret region, some similarities remain be-
tween the LHC and LHC II. The bands at (—) 467
and (+) 474 nm may originate from excitonic inter-
actions involving Chl » molecules, similarly as in
LHC II. The (—) 482 nm band can be assigned to
a carotenoid, the peak position of which, however, is
clearly different from that of the corresponding band
in LHC II (cf. [31]). The origin of the shoulder at 456
nm is unclear, though it may arise from Chl ¢ mol-
ecules. The band above 500 nm originated from
carotenoids, and most likely from prasinoxanthin,
exhibits a pronounced shoulder in the absorption
spectrum in this wavelength region [16]. In the Soret
region, however, the CD spectrum is characterized
by dissimilarity rather than by similarity between
the two types of complexes. The intensity of the pos-
itive CD band at 441 nm is about an order of mag-
nitude higher than that of similar bands in LHC II
or the thylakoid membranes (cf. e.g. [32,33]) and Chl
alc LHC [23]. This band evidently originates from
Chl a; it is red-shifted by about 4 nm as compared
to the absorption band. Similar, red-shifted, very in-
tense, non-conservative CD has been shown to result
from the Qy transition of a small number of Chl «
molecules in P. meiringensis [23] and is attributed to
an induction of chirality in Chl a by its binding to
the apoprotein. In Mantoniella, a similar explanation
can be ruled out, because induction of the chirality of
the molecule should cause significant CD not only
around 440 nm, but also at all other transitions.
On the other hand, the (+) 441 nm CD band is
accompanied by negative bands above 460 nm which
evidently originate from carotenoids. The integrated
areas of the positive and the negative bands appear
to be approximately equal. This strongly suggests
that the bands between 440 and 510 nm originate
from excitonic interactions between Chl ¢ and caro-
tenoid molecules. Further experiments concerning
the nature and possible role of these interactions
are in progress.

Linear Dichroism
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Fig. 3. LD spectra of isolated thylakoids and purified LHC of
Mantoniella embedded in polyacrylamide gel and aligned by
uniaxial squeezing; Chl concentration 10 ug ml~!. The spec-
trum of the LHC is shifted along the y axis, zero dichroism sig-
nals are indicated by broken lines. Inset: absorption spectrum
of intact cells recorded at 77 K at a Chl concentration of 2 ug
ml~!. The fitted Gaussian bands are given by dotted lines.

The isolated thylakoid membranes and purified
LHC of M. squamata exhibited strong LD signals
(Fig. 3), which clearly indicated that the pigments
possess a non-random orientation with respect to
the membrane plane and to the main axes of the
isolated complexes. In the red, the thylakoid mem-
branes displayed strong positive LD at 676 and 651
nm and a weaker maximum at 635 nm. These LD
bands can be assigned to Chl @, Chl b and Chl ¢
molecules, respectively, and demonstrate that the
Qy dipoles of these molecules preferentially lie in
the membrane plane. The orientation of the Chl a
Qy pattern dipoles in Chl a/b/c LHC agrees well with
the pattern found in higher plants (cf. [18,19]). The
mean orientation angles of the Chl a transitions in
the red part of the spectrum are 9° (677 nm), 20°
(670 nm) and 26° (662 nm) with respect to the plane
of the thylakoid membrane (Table 1). In contrast
with the thylakoid membranes of higher plants, the
strong positive LD band peaking at 651 nm indicates
that the Qy transition dipoles of Chl b in Mantoniella
preferentially possess an in the plane orientation,
with a calculated orientation angle of 23° with re-
spect to the plane of the membrane. In higher plants,
these dipoles of Chl b have been shown to tilt out of
the membrane plane [34,35]. Gaussian analysis of the
low-temperature absorbance spectrum of intact Man-
toniella cells (inset in Fig. 3) showed the presence of
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Table 1

The orientation parameter S and the mean orientation angles of the transition dipoles of the photosynthetic pigments in the thylakoid

membranes and isolated LHC of M. squamata

Pigment Wavelength (nm) Thylakoids LHC
S (orientation Mean orientation angle S (orientation Mean orientation angle
parameter) () parameter) ©)
Chl a 677 0.20 9 0.15 19
670 0.14 20 0.07 28
662 0.09 26 0.03 32
Chl b 653 0.12 23 0.05 30
646 0.09 26 0.02 33
Chl ¢ 635 0.06 29 0.02 33
Carotenoids 520 0.19 11 0.10 25
490 0.19 11 0.07 28

The orientation parameter S and the orientation angles were calculated according to [18]. The orientation angles of the pigments are
given with respect to the plane of the thylakoid membrane or the axis of the isolated complex, respectively.

two Chl b forms absorbing at 652 nm and 644 nm.
The Chl b molecules absorbing at 644 nm exhibit a
slightly larger orientation angle (26°), but also con-
tribute significantly to the positive LD in the Chl b
region.

The positive LD around 635 nm can be assigned to
Chl ¢, and indicates a preferentially in the plane ori-
entation of the Qy dipoles of these molecules. The
calculated orientation angle for the Qy transition of
Chl ¢ is 29° with respect to the plane of the thylakoid
membrane. Different results have been reported re-
garding the orientation of Chl c. In the fucoxanthin—
Chl a/c complex from the brown alga Dictyota dicho-
toma, no Chl ¢ LD band could be identified [36],
whereas Hiller et al. [20] found a form of Chl ¢,
giving a strong positive LD band at 645 nm in the
LHC of Chroomonas CS24.

The thylakoid membranes exhibited a negative LD
band at 415 nm and positive contributions at 448,
465, 490 and 520 nm. The 415 nm LD band evidently
originates from Chl a, as in LHC II. The shoulder at
448 nm and the positive LD band at 465 nm can
most probably be assigned to Chl ¢ and Chl b, re-
spectively. Similarly to the Soret bands of Chl a, the
Chl b and c transitions probably reflect simultaneous
excitations of two or more absorption transition di-
pole moments [37], and the interpretation of these
bands may therefore be complex. The bands at 520
and 490 nm can be assigned to long-wavelength-ab-
sorbing carotenoids such as prasinoxanthin and oth-
er carotenoids that absorb at shorter wavelengths,

respectively. These carotenoid molecules are prefer-
entially oriented in the plane of the thylakoid mem-
brane, with orientation angles of 11° for both the
long- and the short-wavelength-absorbing pigments.
It is interesting that the relative LD amplitudes of
the positive bands in the blue with respect to the
corresponding LD signals in the red are considerably
higher in Mantoniella than in higher plant thyla-
koids. It seems likely that this can be accounted for
by a more significant contribution from the carot-
enoids in Chl a/b/c LHC than in LHC II.

The isolated LHC exhibited a more pronounced
negative LD band at 415 nm than that for the thy-
lakoids, and the zero crossing was shifted toward
longer wavelengths. The explanation of these differ-
ences is uncertain. It could be due to the lack of a
positive LD contribution at around 440 nm. A band
with intense positive LD at 440 nm in P. meiringensis
has been assigned to PS I [24]. In other regions, as
demonstrated by the close similarity of the two spec-
tra, the LD spectrum of the thylakoids was domi-
nated by the dichroism of LHC. The fact that the
LD of the purified LHC has the same sign as the LD
of the isolated thylakoids means that the mechanism
of alignment of the LHC in the gel is essentially the
same as that for the thylakoids, suggesting that the
isolated complexes form trimers or small disc-shaped
aggregates. The trimerization of Mantoniella LHC
was proposed by Rhiel et al. [38], who used electron
microscopy to determine the native structure of the
light-harvesting system. The values of the orientation
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parameters for the LHC (Table 1) are somewhat low-
er than those for the thylakoids, which can most
probably be attributed to irregularities in the shape
of the LHC trimers or oligomers. The carotenoid
molecules display a significantly lower degree of ori-
entation with respect to the plane of the isolated
complex than that in the thylakoids (orientation an-
gles of 25° and 28° as compared to 11° in the thyla-
koids). This decrease in orientation might be due to
an alteration in the binding of these pigments, caused
by the purification procedure. In Mantoniella, espe-
cially B-carotene and the xanthophylls of the xantho-
phyll cycle have been reported to be sensitive to de-
tergent treatment and sucrose gradient centrifugation
[16].

4. Discussion

This study has provided the first CD and LD data
on Chl a/b/c-containing membranes and the purified
LHC. The organization of the pigment molecules in
M. squamata is of special interest, because the prasi-
nophycean algae most probably represent an ancient
group of the chlorophyta, and data on this molecular
organization may therefore provide important infor-
mation on the evolution of the Chl-binding proteins.

At the organizational level, intact cells of Manto-
niella exhibited much weaker anomalous CD signals
than those observed for higher plant chloroplasts,
and no anomalous CD could be identified for the
isolated thylakoids and purified LHC. Anomalous
CD (intense bands combined with differential scatter-
ing of the left and right circularly polarized light) has
been observed in the granal thylakoids and lamellar
aggregates of isolated LHC II and demonstrated to
originate from the chiral macroorganization of the
chromophores, features typical of psi-type (polymer
or salt-induced) aggregates (cf. [18]). The fact that
this type of signal is weak in the case of Mantoniella
cells and absent in the case of isolated thylakoids can
be explained by the organization of the thylakoid
membranes in the chloroplasts of prasinophycean al-
gae, which is clearly different from that in higher
plants. In Mantoniella, the thylakoid membranes
are aligned parallel to each other, with spacings of
2-8 nm [1]. This regular membrane organization,
which cannot be maintained when the cells (and

the chloroplasts) are broken, can give rise to the
weak anomalous CD observed in intact cells.

The absence of a large CD for the Chl a/b/c LHC
could point to a different role of the LHC of Man-
toniella in the organization of the thylakoid ultra-
structure as compared to LHC II. In higher plants,
the extensive self-aggregation capability of LHC II
has been shown to play a key role in the stacking of
the membranes (cf. [39,40]) and also in the lateral
organization, i.e. the packing of the PS II particles
and the sorting of PS II and PS I between the grana
and stroma membranes, respectively [32,33]. As con-
cerns the CD of the purified LHC, it must be stressed
that the procedure for the isolation of Chl a/b/c an-
tenna complexes does not favor the formation of
lamellar aggregates, which are associated with psi-
type CD bands (cf. [41]).

The CD signature of the thylakoid membranes and
purified LHC of Mantoniella to a considerable extent
resembles those of higher plant thylakoids suspended
in a low-salt hypotonic medium (cf. [32]) and of non-
aggregated LHC II (cf. [31]). This was most clearly
indicated by the similarity of the band structures of
the Chl a/b/c and Chl a/b LHCs between 640 and 700
nm. This suggests that the organization of Chls ¢ and
b in the Chl a/b/c LHC is similar to that in LHC IIL.
However, as revealed by the positive LD of Chl b
bands in both the thylakoids and the LHC, this is
not true for the binding of the Chl » molecules,
which in Mantoniella seem to be preferentially ori-
ented in the plane of the membrane (Table 1). In
LHC II, the Chl b dipoles have been shown to pos-
sess an out of plane orientation [30], close to the
magic angle [35].

An even more significant difference was revealed as
concerns the interactions involving the Bx dipoles of
Chl a, revealed by the intense (+) 441 nm CD band.
This band is about one order of magnitude higher
than similar bands in LHC II and Chl a/¢c LHCs.
Further, it is accompanied by intense negative bands
between 465 and 510 nm. Hence, it is proposed that
the bands between 440 and 510 nm originate from
intense interactions between Chl and carotenoid di-
poles of higher excited states.

As regards the Chl ¢ molecules, the CD band at
(—) 630 nm points to the fact that these pigments
possess significant optical activity in the Mantoniella
LHC, this appearing to be stronger than in the Chl
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alc LHCs of P. meiringensis, D. dichotoma and Am-
phidinium carterae [23,36,42]. It is also noteworthy
that the Chl ¢ molecules in Mantoniella are oriented
with their Qy dipoles lying close to the membrane
plane (orientation angle 29°); a similar orientation of
Chl ¢ has been described for two chromophytic algae
[21]. In the LHC of Mantoniella, it has been pro-
posed that the binding of Chl ¢ molecules takes place
on the luminal half of helix I, which contains a
stretch of polar and charged amino acids [4]. This
domain, which is absent from LHC II, could provide
the suitable environment needed for the binding of
Chl ¢ molecules, which are more polar than Chl a
and b. In Chl a/c-containing LHCs, where Chl b is
replaced by Chl ¢, the Chl ¢ binding is thought to
occur on helix II; this displays the highest degree of
divergence in the different LHC proteins [43] and in
higher plants contains the binding sites for three of
the five Chl b molecules of LHC II [17]. However,
Chl ¢ binding in the LHC of Mantoniella is most
probably different from that in the Chl a/c LHCs,
because the Mantoniella species (apart from Chl «
and c¢) also binds Chl b in even higher amounts
than LHC II (six Chl b as compared to five in higher
plants) [15]. A comparison of the amino acid sequen-
ces of the LHC proteins in Mantoniella and higher
plants reveals that especially those amino acids that
are proposed to serve as ligands to the Chl ¢ and b
molecules (His, Asn, Gln) are highly conserved [4].
These results suggest that in Mantoniella, most of the
Chl a and Chl b molecules are bound to the same
ligands as in LHC II. However, other factors must
also influence the binding of the Chl » molecules,
which, unlike the situation in LHC II, display an
in the plane orientation in Mantoniella.

In the thylakoids and LHC of Mantoniella, the
carotenoids also exhibit a significant degree of orien-
tation, as can be seen from the positive LD bands
between 490 and 520 nm. This is in contrast with the
Chl alc-containing thylakoids and LHC of P. mei-
ringensis, which exhibit negative LD in the region
of the carotenoids; tilting out of the dipoles from
the membrane plane has therefore been proposed
[23]. The major light-harvesting xanthophyll of the
diatoms, fucoxanthin, is considered to be oriented at
an angle <35° with respect to the plane of the thy-
lakoid membrane in P. lutherii and P. tricornutum
[21]. A similar orientation of fucoxanthin has been

observed for thylakoids and the Chl a/c fucoxanthin
complex of the diatom C. fusiformis [22]. Earlier
studies on the thylakoids and LHC II established
that some carotenoids in higher plants likewise ex-
hibit a high degree of orientation and lie close to the
plane of the membrane, with the optical transitions
polarized along the polyenic chain [44,45]. Recent
results, taking into account the structure of LHC
11, have helped to clarify the orientation of the xan-
thophyll molecules. A monomeric LHC II unit con-
tains two lutein molecules forming the cross-brace
essential for the tertiary structure of the LHC II
protein [17]. The lutein molecules are perpendicular
to each other and to the axis that connects the cen-
ters of two molecules. Crystallographic data [17] al-
low a prediction of an out of plane orientation for
these carotenoids, as indeed derived from polarized
fluorescence excitation spectra by Gruszecki et al.
[46]. In this study, neoxanthin was found to adopt
a similar orientation to lutein, whereas violaxanthin
was suggested to exhibit a planar orientation with
respect to the plane of the thylakoid membrane.

In Mantoniella, the strong positive LD signal at
520 nm is most probably due to prasinoxanthin.
Although prasinoxanthin is bound to the LHC pro-
tein in the same stoichiometric amounts as lutein in
LHC II (two molecules per polypeptide) [15], there is
no experimental evidence for a cross-brace arrange-
ment of the two molecules. However, this does not
necessarily mean the absence of such a structure in
LHC. The present data strongly suggest that the ca-
rotenoid molecules absorbing at 520 nm are arranged
as proposed for violaxanthin in the trimeric LHC II
[46]. In other regions, the interpretation of the carot-
enoid LD is complicated by the presence of nine
different xanthophylls with very similar absorption
spectra.

In summary, we conclude that the pigment orga-
nization in M. squamata exhibits some typical fea-
tures of Chl a/b-containing organisms. The resem-
blance of the pigment organization to that in other
Chl c-containing membranes and Chl a/c LHCs ap-
pears to be more limited. This is in good agreement
with the structural data from amino acid analysis,
which reveal a closer relationship of the Mantoniella
LHC to the Chl a/b-binding LHCs of higher plants
and green algae [4,7]. On the other hand, it must also
be emphasized that there are very significant differ-
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ences between the Chl a/b and Chl a/b/c complexes,
which cannot be accounted for simply in terms of the
different pigment compositions, but are rather due to
differences in the architecture of the LHCs and in-
teractions between different chromophores.
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