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Chlorophyll-protein complexes from thylakoids of the normal type and two mutants of
Chlorella fusca were separated using sodium dodecyl sulfate acrylamide gel electrophoresis
(PAGE). The properties of the chlorophyll-protein complexes of the three strains of Chlorella
were compare(s]. Standard curves were set up for the characterization of the chlorophyll-proteins.
In every electrophoretic separation of chlorophyll-protein complexes, a certain amount of pigment
is separated from the protein. We tried to keep that amount as low as possible by mild solubiliza-
tion and by working in low temperature. Under these conditions, we obtained several new
chlorophyll-proteins in addition to the P-700-chlorophyll a-protein (CP I) and the light-harvesting
chlorophyll a/b-protein (CP II).

Thus, a small band (CPIa) was located between the top of the gel and the CP1I after elec-
trophoresis. Although it shows spectral qualities similar to CP I, it possesses a much lower chloro-
phyll a/chlorophyll b ratio. It may be an aggregate of photosystem I and light-harvesting chloro-
phyll.

We found and analyzed three other chlorophyll-proteins with electrophoretic mobilities inter-
mediate between that of the P-700-chlorophyll a-protein and that of the light-harvesting chloro-
phyll a/b-protein complex. Two of these chlorophyll-proteins, the LHCP* and the LHCP?, have a
low chlorophyll a/chlorophyll b ratio and spectral properties similar to that of the light-harvesting
chlorophyll a/b-protein (LHCP?). They obviously represent dimers or oligomers of the latter com-
plex.

A third, new complex (CPa) migrated between LHCP?® and its dimer. With the chlorophyll b
deficient mutant G 36 of Chlorella fusca, this complex could be obtained in high purity and great
enrichment (15% of total chlorophyll). It could be proved that this complex only contains chloro-
phyll a. Its red absorption maximum is at 671 nm. Some indirect evidences suggest that it may be
a good candidate for the PS Il reaction center complex.

Introduction zone migrating at the front consists of pigments and
lipids complexed to detergent, termed the “free pig-
ment” [2, 3].

As complex I is highly enriched in P-700 (Chl/P-
700 =40 [4]; Chl/P-700 < 20 [5]) and contains the
reaction-center of PS1, it was called P-700-Chl a-
protein [6]. The complex, which should only contain
Chl a [7] is ubiquitous in the plant kingdom [7, 8].
The complex represents 4—30% of the total Chl in
all organisms examined [8] with 10—18% being
typical of its content in higher plants [4, 7].

Additional CP1 bands, showing a high Chla/
Chl b ratio, were described recently [9—11].

Since higher plants can live photosynthetically in
the complete absence of complexIl (LHCP?) its

Since substantial evidence of two chlorophyll-pro-
tein complexes in higher plants was established by
solubilization of the thylakoid membranes with an
anionic detergent and a following polyacrylamide-gel
electrophoresis [1, 2] an ever increasing amount of
data on this class of proteins has accumulated. Three
chlorophyll-containing bands were obtained in elec-
trophoresis. Whereas the zones of the lowest and
intermediate electrophoretic mobility represent chlo-
rophyll-protein complexes, which were at first called
complex I (CPI) and complex II (CP II), the third
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obvious functions are to absorb light energy and to
transfer this energy preferentially to the reaction-
center of PSII. Therefore this complex is named
light-harvesting chlorophyll a/b-protein [12]. It prob-
ably occurs in all Chl b-containing plants; it is said to
comprise the entire amount of Chl b of plants and is
said to possess equimolar quantities of Chla and
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Chl b [7, 13]. Its proportion of the total chlorophyll
accounts for 40—60% in higher plants and green
algae [7, 12, 14].

It is likely that aggregates of LH-monomers exist
in vivo [15] and dimers and oligomers (LHCP',
LHCP?) were actually found in detergent extracts
several times. This assumption is mainly based on
agreement of the absorption spectra [9—11, 16—22].

Other chlorophyll-protein complexes, which have
not been characterized so far, could sometimes be
observed [8, 17, 23].

For a long time, it seemed to be impossible to
isolate by PAGE the PS II reaction center antennae
complex, as it is very unstable [3]. Recently, how-
ever, a complex was reported to migrate between
LHCP? and its dimer in electrophoresis. This com-
plex may represent the PSII reaction center anten-
nae [9—11, 20, 22, 24]. It is supposed to contain Chl
a only.

Most data on chlorophyll-protein complexes that
have been published so far are related to higher
plants. This report intends to give information on the
Chl-protein complexes which were obtained from
two mutants and the normal type of Chlorella fusca
after solubilization with SDS and PAGE at 2 °C.

The characterization of the complexes such as
determination of the Chla/Chlb ratio and the
determination of the relative proportions of the com-
plexes was achieved by elution of the bands as well
as by standard curves. The naming of the complexes
is according to Anderson et al. [10].

Materials and Methods
Plants

The mutants G 36 (C.1.1.10.36) and G 10 (C.
1.1.10.10) of Chlorella fusca [25] and the normal
strain were examined. In the chlorophyll b-deficient
mutant G 36, the thylakoid membranes are in a
primary molecular organization stage, characterized
by small photosynthetic units, deficient grana stack-
ing of thylakoids and deficiency of antennae chloro-
phyll, especially of Chl b [26—29]. The mutant G 10
differs from the wild type that it is not able to
synthesize Chl in the dark. Exposure of dark-grown
etiolated cells of the mutant to light initiates the
greening process and results in the formation of full
photosynthetic capacity of chloroplasts [30].
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Growth conditions

The cells were grown under following conditions:
at 24 °C, on a shaker in liquid medium supplement-
ed with glucose (0.2%), under low light conditions
(about 2000 lux), in a 16 h light/8 h dark schedule.
In order to attain different greening stages of the
mutant G 10, cells were grown in the dark till the
beginning of light exposure. The cultivation of the
mutant G 10 lasted six days, that of the normal type
and the mutant G 36 seven days. Mutant G 36 was ex-
posed to diffuse light in the first two days. The me-
dium and culturing conditions were described pre-
viously [28, 31, 32].

Isolation of thylakoids

Cell homogenates were prepared from 200 ml
algae suspension. After centrifugation, the pelleted
cells were resuspended in 15 ml of a buffer solution
consisting of 0.05 mol - 17! tricine-KOH (pH 8.0);
0.075 mol - I7* KCl; 0.35 mol - I™* mannitol. Homog-
enization was carried out according to Wild and
Fuldner [29]. The broken-cell suspension was centri-
fugated (5000 x g, 10 min) and the pellet was re-
suspended in a medium containing 0.05 mol -1~
Tris-borate; 0.002 mol - 17 MgCl, (pH 8.2). In order
to remove soluble protein, the pellet was washed
twice with this medium. Then a suspension with
0.5mg Chl-ml™* was prepared with this medium.
After addition of SDS (from a 10% w/v stock solu-
tion) — according to the SDS/Chl ratio — the sus-
pension was sonicated in order to attain a better
solubilization (15 - 15 sec, 25 W, Branson Sonifier B-
12, micro tip special). For the separation of the in-
soluble components, a 10-minute centrifugation at
26000 x g was made. The supernatant was used for
the electrophoretical separation. All the methods
described above were carried out at 4 °C and in the
dark. The SDS-incubation period was 30 min. The
SDS/Chl ratio differed with the three Chlorella
strains: mutant G 36, SDS/Chl = 80 (w/w); mutant
G 10, SDS/Chl = 10; normal strain, SDS:Chl =10
and 40.

PAGE

Chlorophyll-protein complexes were separated by
polyacrylamide gel electrophoresis (PAGE) using as
running buffer 0.05 mol -1~* Tris-borate pH 8.2,
which contained 0.1% SDS (w/v). Gels were made
in 0.6 diameter and 10 cm long glass tubes (filling
height: 8 cm). They consisted of 8% acrylamide and
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0.21% (w/v) N,N’-methylenebisacrylamide made up
in 0.375 mol -17* Tris-borate (pH 8.2) plus 0.1%
(w/v) SDS and 0.05% (v/v) N,N,N’,N’-tetramethyl-
enediamine (TEMED). The polymerization was
started by ammonium persulphate (0.043% w/v).
For each gel, 5—10 pul SDS extract was used. Elec-
trophoresis was carried out at 3 mA/gel in the first
10 min, then at 6 mA/gel (corresponding 350 V).
The whole electrophoresis lasted 30 min, which cor-
responds to the migration distance of 2 cm.

During electrophoresis, the apparatus was dark-
ened and the gels were kept cool at 2 °C.

Gel scanning was obtained in situ on the gel, using
the gel scanning attachment of a Zeiss PMQ II
spectrophotometer. The scanning was carried out at
653 and 672 nm.

Isolation and characterization of chlorophyll-protein
complexes

The corresponding gel bands of 8—10 gel columns
were cut out and extruded through a nylon mesh
with pores of 0.5 mm? The diffusion of the chloro-
phyll-protein complexes from the gel into the buffer,
containing 0.05 mol - 17* Tris-HCI (pH 8.2) and 0.02%
SDS (w/v) took place in the dark at 0 °C and lasted
12 h. After centrifugation of the gel particles at
5000 x g (30 min), absorption spectra were recorded
by an Aminco DW-2 UV-VIS-spectrophotometer.
The recording of absorption spectra was repeated
after dilution of the buffer solution with acetone
(1:4). The spectra of these acetonic solutions were
used to measure the proportion of the complexes in
the total amount of chlorophyll as well as the Chl a/
Chl b ratio according to Ziegler and Egle [33].

The direct quantitative analysis of the densitom-
etric tracings was possible by means of standard
curves for chlorophyll and for the Chl a/Chl b ratio
[34]. The estimation of the relative Chl proportions
of the various chlorophyll-protein complexes was
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derived from the 672 nm scans, using a planimeter to
measure the area under each peak. Each value is the
average of 6 different scans. The content of chloro-
phyll or rather the content of Chla of the various
bands, estimated by elution, could be related to
corresponding peaks in densitometric tracings. The
plotting of the Chl a + b content against the areas of
the corresponding peaks (Fg;,) yields a standard
curve for the estimation of total Chl. Corresponding
to this, a standard curve for the determination of
Chla was obtained by plotting the Chla content
against the area under the corresponding peak F,,.

For the setting-up of a standard curve for the
Chl a/Chl b ratio, the absorbance at 653 and 672 nm
was attained from the absorption spectra. The
quotient A,,/A, was plotted against the Chlb/
Chl a ratio, which was ascertained from the acetonic
solution of the same sample. For the analysis of the
densitometric tracings, the absorbance at the peak
maximum was measured and then the quotient
Agsy/ Agy for each band was formed.

Results
Chl content and Chl a/Chl b ratio of the cells

The results reported and summarized in Table I
show that the low chlorophyll content of the yellow
mutant G 36 is combined with a very high Chl a/
Chl b ratio.

Compared to the normal type C.1.1.10, the
normally greened mutant G 10 has a high Chl
content but also a high Chl a/Chl b ratio. The value
of the Chla/Chlb ratio lies between that of the
normal type and the mutant G 36. With different
illumination periods of dark grown mutant G 10
cultures, each greening stage can be attained. Thus a
short illumination period results in a decrease of
chlorophyll and an increase of Chl a/Chl b ratio [30].

Table I. Chl a/Chl b ratio, chlorophyll content and dry weight of the normal strain

and the mutants of Chlorella fusca.

Plant material Chl a mg Chl mg dry weight
Chl b g dry weight 1 suspension
normal strain 2.46 24.1 1.04
mutant G 36 6.30 5.6 0.67
mutant G 10 (LDW) 3.52 32.0 0.81
mutant G 10 (6 h light) 4.34 35 0.73
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The determination of standard curves for the
measurements of chlorophyll from the scans

For rapid determination of chlorophyll and of the
Chl a/Chl b ratios from the scans, standard curves
were made for Chla (Fig. 1), for total chlorophyll
and for the Chl b/Chla quotient (Fig. 2). For the
estimation of Chl, the correlation coefficient of the
standard curve is 0.92, and for that of Chla it is
0.93. The inverse of the corresponding standard
curve, with a correlation coefficient of 0.93, was used
for measuring the Chl b/Chl a ratio.

Chlorophyll-protein complexes of the mutant G 36

As SDS strips off chlorophyll from the complexes
[1, 7, 35], the solubilization was carried out carefully.
Due to its low Chl content, mutant G 36 can only be
solubilized with difficulty. The lowest SDS/Chl ratio
must be found out to dissolve lamellae fully. A good
electrophoretical separation of this yellow mutant
was only possible at SDS/Chl =80. Under these
conditions no colored material remained at the top
of the gel. Fig. 3 shows the scans at 672 and 653 nm
of a representative gel pattern. In addition to the
three generally known bands (the P-700-chloro-
phyll a-protein, the light-harvesting chlorophyll a/b-
protein, and the free pigment zone), two other bands
turned up in the gel: a small band (LHCP?) showing
the same absorption spectrum as LHCP? and obvi-
ously an oligomer of LHCP?, and another distinct
zone (CPa), which migrated to a position between
the LHCP? and its oligomer.

The new complex is of a bluish-green color. A
comparison of the scans at 672 and 653 nm reveals a
strong reduction of the peak on the 653 nm scan
(Fig. 3). Because of the enrichment of Chl a in this
complex, it should be termed CPa. The high Chl a
content is reflected in the absorption spectrum of
CPa, having two maxima at 671 nm and 437 nm
(Fig. 4). Although the spectrum is identical in both
maxima with that of LHCP?, it lacks the shoulders at
653 and 470 nm usually caused by Chlb. The CPa
complex is very sensitive to warmth.

The spectrum of LHCP? is quite similar to that
described by Kan and Thornber [14] for the LHCP
of the green alga Chlamydomonas reinhardii.

The P-700-Chl a-protein complex is characterized
by maxima at 676 and 437 nm. The lack of shoulders
at 653 nm and nearly 470 nm shows the absence of
Chl b.
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Fig. 1. Standard curve for the in situ determination of
Chla from the scans of the gel bands at 1= 672 nm.
Plotting the Chla contents against the areas of the cor-
responding peaks (Fj;,) yields the standard curve. Equation
for the regression line: y =2.9 - 10~° x + 3.1 - 10~ (value of
the correlation coefficient = 0.93) and for the inverse line I:
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Fig. 2. Standard curve for the determination of the Chl a/
Chl b ratio in situ from the densitometric tracings of the gel
bands. Plotting the Chl b/Chl a ratios against the quotient
Agss/Agr, yields the standard curve. Equation for the re-
gression line: y=1.71 x —0.54 (value of the correlation
coefficient = 0.92) and for the inverse line I:
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Fig. 3. Distribution of chlorophyll-
protein complexes of the mutant G 36 \
by scanning unstained gels in situ at
A=672 and 1 =653 nm. For solubili-
zation of thylakoids the SDS/Chl ratio

was 80.
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The elution results, presented in Table II, suggest
that CPa contains only Chl a (in detail, Chl a/Chl b
values > 46 were found). This suggestion could dis-
tinctly be proved by means of the densitometric
analysis with the standard curves. Elution makes a
complete separation of CPa zones from premigrating
LHCP? difficult. This problem can easily be elimi-
nated by analyzing the scan with the aid of standard
curves, as in that case only the peak maximum has
to be measured. TablelIl illustrates that the CPa
complex of mutant G 36 accounts for some 15% of
the total of chlorophyll.

An exact determination of LHCP! data was im-
possible because of its small size.

Experiments with low SDS concentrations (SDS/
Chl = 10; 20; 40) show an unsatisfactory solubiliza-
tion and resolution. But under these conditions, ad-
ditional bands appear; they are reduced with in-
creasing SDS/Chl ratio. Thus two bands migrate
behind CP I; moreover an additional band migrating
between LHCP* and the CPa complex was observed.
All these bands have an essentially lower Chla/
Chl b ratio than the migrating complexes in front.
Higher SDS quantities led to a decline of Chl b.

Chlorophyll-protein complexes of the normal strain

In the electrophoresis of the normal type of
Chlorella fusca, up to seven bands can be dis-
tinguished at low SDS/Chl ratios.

Between the starting line at the top of the gel and
the P-700-Chl a-protein complex migrates a yellow-
ish green band which has three peaks in the den-
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sitometric tracing. An increase of SDS/Chl ratios
leads to a small reduction of this band.

At low SDS/Chl ratios two weak yellowish green
bands can be recognized between the CPI and
LHCP? complex. Their absorption spectrum is in
keeping with that of the LHCP? thus, they obvi-
ously represent oligomers of CPII (LHCP' and
LHCP?). They totally vanish at SDS/Chl = 40.

The mobility of the CPa complex is very similar to
that of the LHCP?, which together with the large
quantities of the LHCP? makes the resolution of the

e LHCP3 671

410 500 600 700 nm

Fig. 4. Absorption spectra of P-700-Chl a-protein, CPa and
LHCP® of the mutant G 36 after diffusion of the Chl-
protein complexes from the gel in the Tris-HCI, SDS buffer.
For solubilization of the thylakoids the SDS/Chl ratio was
80.
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Table II. Relative proportion of Chl-protein complexes and the Chla/Chlb ratios of the mutant G 36 according to

different methods used for Chl determination.

Method CPI LHCP! CPa LHCP? FC

elution % Chl 23.8 2 15.5 345 24.2
Chl a/Chl b only Chl a == 18.0 1.6 39

standard curves % Chl 18.5 6.8 14.6 32.1 28.0
Chl a/Chl b only Chl a 1.6 only Chl a 1.9 3.7

Table III. Relative proportion of Chl-protein complexes and Chl a/Chl b ratios of the normal strain using different SDS/
Chl ratios for solubilization of thylakoids and different methods for Chl determination.

SDS/Chl method CPla CPI LHCP* LHCP? CPa LHCP? FC
10:1 elution % Chl 12.9 7 70.4 9.5
Chla/Chlb 2.8 4.9 2.4 1.3 4.1
10:1 standard % Chl 12.1 53 64.5 18.4
curves Chla/Chlb 2.5 18.5 1.8 1.9 2.8 3 4.4
40:1 standard % Chl 11.7 — - 6.0 58.3 23.7
curves Chla/Chlb 2.8 only Chla — - 7.0 1.3 2.7

Table IV. Relative proportion of Chl-protein complexes and Chl a/Chl b ratios of the greened mutant G 10 by means of

standard curves for determination.

CPla CPI LHCP* LHCP? CPa LHCP? FC
%Chl 12.4 5.7 15.6 434 23.1
Chl a/Chl b 2.9 24.0 1.9 2.2 3.7 1.7 4.9

CPa complex difficult. At SDS/Chl =10, only a
weak shoulder at the starting end of the CP II peak
can be recognized. From SDS/Chl ratio =40 on-
wards, the densitometric tracing reveals a separated,
distinct peak for the CPa-complex. Its area at 653nm
is strongly reduced compared with that at 672 nm
(Fig. 5). This is due to the high Chl a content. The
analysis of densitometric tracings by means of stan-
dard curves yields a Chl a/Chl b ratio of 7 (Table III).
This value becomes essentially higher at a further
raising of the SDS content.

The absorption spectrum of the P-700-Chl a-pro-
tein complex of the normal strain is characterized by
maxima at 674, 437 and 422 nm.

The spectrum of the band CP Ia, which migrates
between the top of the gel and CP I, shows great
similarity to the absorption spectrum of P-700-Chl a-
protein, due to its maximum at 673 nm. But the
determination of the Chl a/Chl ratio by the densi-
tometric tracings yields a value of 2.85. This value is
higher than the corresponding value for LHCP but
much lower than that for CP L. It was impossible to
separate the two bands by means of elution.

The light-harvesting Chl a/b-protein complex and
its oligomers show corresponding absorption spectra:
They are marked by maxima at 670, 470, and
437 nm and a shoulder at 653 nm. Table III sums up
the results of the elution and the analysis of the
densitometric tracings of the normal form.

Chlorophyll-protein complexes of the mutant G 10

The electrophoresis of the normally greened
mutant G 10 leads to band patterns corresponding to
the normal type; but the mutant differs from the
normal type in the strength of the individual bands
(Fig. 6). Most striking is the strength of CPII-
oligomers (LHCP* and LHCP?), whereas the peak of
LHCP? is smaller than that of the normal strain.

This mutant also shows a yellowish green band
which frequently produces several peaks in densi-
tometric tracing and which migrates between the
starting line at the top of the gel and CP L.

Between LHCP? and its dimer migrates the CPa
complex. Concerning the mutant G 10, this zone is
strongly overlapped by neighboring bands. This
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Fig. 5. Gel scans at 672 and 653nm A
of Chl containing bands from wild t
type of Chlorella fusca. For solu-
bilization of thylakoids the SDS/

Chl ratio was 40.
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Fig. 6. Gel scans at 672 and
653 nm of Chl containing bands
from the normally greened mu-
tant G 10 of Chlorella fusca.
For solubilization of thylakoids
the SDS/Chl ratio was 10. o
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made an elution and characterization of this com-
plex impossible. The bluish green color and the
strong reduction of the densitometric peak at 653 nm
already indicate an increased Chla content. The
analysis of scans by means of standard curves shows
that in comparison to the neighboring bands the
Chl a/Chl b ratio is distinctly increased (Table IV).
The CPa-complex of this mutant is extraordinarily
labile towards SDS and warmth.

The spectra of LHCP?® and its oligomers coincide
with those of the mutant G 36 (maxima at 671, 653,
470 and 437 nm).

Striking is the relatively high value of the Chl a/
Chl b ratio of LHCP? and its oligomers.

Concerning the maxima at 674, 437 and 422 nm,
the absorption spectrum of the P-700-Chl a-protein
complex of the mutant G 10 is identical with that of
the normal strain.

- @®

Similar to the mutant G 36, weakly greened cells
of the mutant G 10 present difficulties in solubiliza-
tion because of their low chlorophyll content. The
SDS/Chl ratio of the normally greened form amount-
ed to 10:1. But in experiments with cultures grown
in the dark and exposed to light for 20, 14, 10 or 6 h
at the end of the cultivation period, it had to be raised
to ratios of 12:1, 15:1, 40:1 and 40:1 respectively.
This increase of the SDS concentration leads to an
exceeding dissociation of the Chl-proteins. This is
expressed in an increase of the free pigment and in a
decrease of the especially labile CPa and LHCP-
oligomers of this mutant. From algae suspension of a
six hour exposure period, only CPI, CPII and a
very strong FC-band could be isolated.

Elution and scans provide nearly identical values
for the relative proportions of the complexes and the
Chl a/Chl b ratio of the normally greened type as
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well as of the cells illuminated for 20 or 14 h. There
is only a reduction of the CPa-complex. As for the
more weakly greened algae, a strong increase of the
SDS/Chl ratio contributes to a distinct rise of FC
and a complete reduction of CPa and of LHCP-
oligomers. In this regard, the values for the Chl a/
Chl b ratio of LHCP? vary from that of the normally
greened type: at an illumination period of 10 h,
values ranging from 1,03 to 1,3 were found. In detail,
the Chla/Chl b ratio rose with an increase of the
relative CP II-proportion and a decrease of the FC-
proportion. Therefore it can be concluded that SDS
influenced the Chl a loss of LHCP. Thus a statement
about the chlorophyll distribution and the Chla/
Chl b ratio in vivo is only possible to a limited
extent.

Discussion

By careful solubilization and PAGE, the resolution
of chlorophyll-proteins of the normal strain and two
mutants of Chlorella fusca was made possible. Al-
though the SDS concentration was partly very high,
the proportion of FC remained low. Standard curves
were used for the characterization of the complexes.
By means of these standard curves, the amount of
chlorophyll and the Chl a/Chl b ratio can be derived
from the scans without eluating the gels. Further-
more, this method allows the determination of the
data of Chl-proteins when only small quantities of
SDS extract can be used for the electrophoretical
separation. A thinning of the eluate would mean an
additional complication of the quantitative determi-
nation. As the analysis of the densitometric tracing is
based on the peak maximum, mistakes in elution —
caused by the overlapping of neighboring bands —
can easily be avoided. This is especially important to
the measurement of the Chl a/Chlb ratio of CPa-
complex and of CPI Bands migrating closely
together can often be characterized by means of
standard curves although a separation by elution is
impossible.

Besides the P-700-Chl a-protein, the light-harvest-
ing Chl a/b-protein, and the free pigment, the
normal strain and the mutants of Chlorella fusca
show additional bands after PAGE resolution.

There is a least one band — migrating between the
top of the gel and CP I — which shows an absorption
spectrum similar to that of CPI but whose Chlb
content is essentially higher. Increase of SDS/Chl
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ratio results in a reduction of the band in question.
Some authors describe Chl-protein complexes mi-
grating between the starting line and CP I, but all
these complexes possess a very high Chla/Chlb
ratio [9—11]. The high Chlb content of CPIa of
Chlorella fusca indicates the presence of LHCP.
Thus this complex could be an aggregate of P-700
Chl a-protein and LHCP corresponding to the ag-
gregates of PS1 and LHCP postulated by Staehelin
et al. [36] in their membrane model. Formerly the
presence of small amounts of the light-harvesting
Chl a/b-protein was repeatedly demonstrated in PS I
particles prepared with digitonin or by physical
methods [7]. The Chl b-containing component could
possibly represent a specific PS I-light-harvesting
complex (ACP I or LHCP I), which Boardman et al.

“[3] postulate in one of their models for the organiza-

tion of the Chl-protein complexes in the photosyn-
thetic unit of higher plants.

Because of a very similar electrophoretic mobility
of the CPIa and the CP1I of the mutant G 10 and
the normal strain of Chlorella fusca, their separation
is very difficult. But by means of a standard curve it
could be shown that CP I complex is extremely rich
in Chl a. If a pure complex is obtained — as shown
with the mutant G 36 — only Chl a can be proved.

%

04 8- LHCP1+LHCP2
- LHCP2+CPa
- LHCP1 M
601 {p-LHCP3
@- CP1 T
50- m-CPa
m-FC
40+
304

SDS:Chl=80 |SDS:ChI=10[SDS:Chl=40| SDS:Chl=10

Fig. 7. Relative proportions of Chl-protein in the normal
strain and two mutants of Chlorella fusca measured by
densitometer tracings of polyacrylamide gels of SDS ex-
tracts. At a SDS/Chl ratio of 10, the CPa could not be
separated from LHCP? of the normal form.
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It is striking that the amount of CPI of the
mutant G 36 is markedly higher than that of the
other strains, although it contains only Chla (cf.
Fig. 7). In contrast to G 36, the percentage of CP I of
the normal strain and of the mutant G 10 (being
normally greened or illuminated for 20, 14, or 10 h,
respectively) is quite similar.

The same applies to the absorption spectra of P-
700-Chl a-proteins: The normal strain and the mu-
tant G 10 show identical absorption spectra, whereas
the mutant G 36 is characterized by a remarkable
shifting of the maximum in the red to longer wave-
lengths. The primary developing stage of the thyl-
akoids of this yellow mutant could be responsible for
such a shifting [28]. In this context Hiller ez al. [37]
postulate a first and a second stage of CP I synthesis.
An absorption maximum at 676 nm of the CPI
complex — being isolated from barley chloroplasts of
flashed leaves by hydroxylapatite chromatography —
together with strongly reduced Chl/P-700 ratio can
be considered as a feature of a developing stage
corresponding to “the earliest stages of greening
when the leaves are exposed to alternate light/dark
periods”.

In the electrophoretograms, 1—2 bands appear, mi-
grating between CP 1 and LHCP?; congruity of the
absorption spectra provides evidence of their being
oligomers of CP II. Whereas the normal type and the
mutant G 10 show two of such bands, G 36 (SDS/
Chl = 80) has only one band, whose R;-value is in
keeping with that of LHCP? of the normal strain and
of G 10. Striking is the small proportion of LHCP
di- and oligomers in the normal type at low SDS
concentrations (SDS/Chl = 5), whereas the mutant
G 10 shows a high proportion (c¢f. Fig.7). The
oligomers of LHCP?® are more sensitive to warmth
and high SDS concentrations than LHCP?® itself.
This observation is in accordance with results re-
ported in literature [10, 16]. With a low SDS/Chl
quotient, the mutant G 36 shows an additional band
between CPa and LHCP?, a band which does not
seem to be an oligomer of LHCP? on account of its
high Chl a/Chl b ratio of 5 (at SDS/Chl = 40).

The light-harvesting Chl a/b-protein complexes of
the three strains of Chlorella fusca show very similar
spectral properties. But there are great differences in
the Chla/Chlb ratio: The value for the normal
strain is 1.3; for the mutants it is essentially higher
(1.6 to 1.85). This observation is contradicted in
literature, where generally equimolar quantities in
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Chla and Chlb of CPII are reported [4, 7, 13].
According to Kan and Thornber [14], the LHCP of
the green alga Chlamydomonas reinhardii is sup-
posed to have a Chla/Chlb ratio of 1:1. But
frequently higher values for the Chl a/Chl b quotient
were found, too [1, 2, 38, 39]. Thus, quick electro-
phoresis in low temperature or low SDS/Chl ratios
during extraction result in Chl a/Chl b ratios of 1.3
to 1.8 [3].

The Chl a/Chl b ratio of LHCP? of the normal
strain of Chlorella fusca (1.3) is in perfect agreement
with the value (1.28) described by Anderson et al.
[10] and Boardman and Anderson [9] for spinach as
well with the value reported by Wild and Krebs [34]
for Sinapis alba (1.26). Remy et al. [18] suppose that
the Chla/Chlb ratio of the in vivo CPII is 1.25.
Arntzen and Ditto [40] found a Chl a/Chl b ratio of
1.3 in a LH-fraction, which had been resolved from
the membrane of Pisum sativum by digitonin and
had been separated by density gradient centrifuga-
tion. The essentially higher value of the mutants may
be explained by their relative Chl b deficiency.

In contrast to studies of Boardman and Anderson
[9] but in accordance with results of Remy et al. [18],
we found that the Chl a/Chl b ratios of the di- and
oligomers of LHCP were higher than that of LHCP?.
In a reelectrophoresis of the oligomers, Remy et al.
observed a loss of Chl a, which could be found in the
FC-zone [18]. These results lead to the conclusion
that the Chla/Chlb ratio of the in vivo LHCP
complexes is higher than 1 and can certainly assume
different values.

In regard to the relative proportion of LH-Chl a/
b-protein complexes, the three strains of Chlorella
fusca vary in a characteristic way. This difference is
illustrated in Fig. 7, in which the relative proportions
of Chl-protein complexes are compared. A relation-
ship between the LH percentage and the Chlb
content of the plant can be established. The Chl a/
Chl b ratio of the normal type is essentially lower
than that of the mutants. The lower Chl a/Chlb
ratio of the normal type results in a high proportion
of LHCP which corresponds to a high Chl b content.
In contrast to this, the Chl a/Chlb ratio of the
yellow mutant G 36 is strongly increased, corre-
sponding to a considerable reduction of LHCP. A
relationship between the Chl b and the relative pro-
portion of LHCP of plants is described for a wide
variety of plants [7, 9, 10, 12, 17, 20, 41, 42].
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Between LHCP? and its oligomers migrates the
CPa complex. It is very sensitive to warmth in the three
Chlorella-strains examined. Whereas the complex of
the mutant G 10 is extremely labile in regard to
SDS, high detergent concentrations were needed to
produce a distinct band in the electrophoresis in the
normal type. In spite of the high SDS concentration
(necessary for solubilization) the complex of the
mutant G 36 is surprisingly stable. Despite this
stability, the SDS incubation period and electro-
phoresis were kept short.

Only in the mutant G 36 — with its strongly
reduced LHCP complex due to its Chl b deficiency
— the separation of the CPa complex is possible in
such a way that it can be obtained in a very pure
state. Thus it can be used for characterization. The
maxima of the absorption spectrum at 671 and 437
nm are in correspondence with those of LHCP, but
all the typical Chl b shoulders are missing. Thus the
identification of the complex with CP I, CP II or the
free pigment is excluded. From the similarity of the
absorption spectra and the same position in the
electrophoretograms one can conclude that the CPa-
complex of Chlorella fusca is identical with “band
IV” of maize [20], with “band A” of Lactuca [22],
with “band Il b,” of Nicotiana [11] and with the

“CPa-band” [10] or “39-42 Kdalton-band” [24]

respectively of spinach. It is true that, according to
the absorption spectra, all these authors suppose
that this complex only contains Chl a. But so far it
could not be plainly proved. Anderson et al. [10]
found different values for the Chla/Chlb ratio;
Boardman and Anderson [9] determined a value of
3.66 for spinach. Other authors did not publish any
data.

In regard to the normal strain and the mutant
G 10, the overlapping of the complex with the
neighboring bands results in relatively low Chla/
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Chl b ratios. The CPa-complex of the normal type —
where a better separation of the LHCP*-band is
attained by increasing SDS/Chl ratios — clearly
shows that the insuffient separation (short electro-
phoretic distances) is responsible for the high Chl b
contents. In comparison with the normal type, the
complex of the mutant G 36, which can be obtained
in markedly absolute purity, contains Chla only..
This could plainly be proved by the analysis of the
densitometric tracings.

For the normal form, the relative proportion of
the CPa-complex is 6% (SDS/Chl = 40). This value
corresponds to those described for Lactuca sativa
(5% [22]) and for barley (8% [9]). For a barley
mutant which lacked both the Chla and the LH
complex, the CPa possesses 25% of the Chl [9]. The
finding that the relative proportion of CPa of the
mutant G 36 amounts to 15% must be considered a
high percentage because the CP II accounts for 32%.
Hayden and Hopkins [20] could only determine a
proportion of 8—10% for this complex of a Chl b-
deficient maize mutant. According to the fact that
mutants with a strongly diminished CP II content do
not show a reduction of the complex IV (CPa), the
authors exclude a connection of the complex with
LHCP. As this applies also to the Chl b-deficient
mutant of Chlorella fusca, the suggestion of the CPa-
complex being a good candidate for the PS II reac-
tion center is supported. It is strengthened by the
fact that this complex is completely free of Chlb.
This was proved for the mutant G 36 of Chlorella
fusca. Numerous separation of subchloroplast frac-
tions either show a high Chl a/Chl b ratio for the
PS II or only show Chl a [43—46].
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