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C-Phycocyanin from Mastigocladus laminosus.
Isolation and Properties of Subunits
and Small Aggregates

W. John, R. Fischer, S. Siebzehnriibl, and H. Scheer

Institut fiir Botanik der Universitat Miinchen, Menzinger Str. 67
D-8000 Miinchen 19, F.R. G.

1. Introduction

Photosynthetic organisms cover most of their energy needs with

sunlight. They have consequently developed a variety of adaptation
mechanisms to compete efficiently for it. In higher plants, a dominant
mechanism is the growth towards the light. Aquatic and microorganisms
adapt commonly by chromatic adaptation of the photosynthetic antenna. The
chlorophylls a and b are rather inefficient in collecting green

1ight, and several additional pigment systems have evolved to fill this
hole in the action spectrum.

The phycobiliproteins comprise one such group of antenna pigments. They
are used in cyanobacteria, red alga and cryptophytes (1). In the former
two, they are highly aggregated together with colorless linker
polypeptides (2), in the phycobilisomes (3). These are microscopic
structures situated at the outer surface of the thylakoid membrane,
which transfer their excitation energy efficiently (quantum yield

295%) to the chlorophyllous reaction centers within the membrane. In
cooperation with the group of S. SCHNEIDER (Garching), we have recently
begun to study the fluorescence properties of small aggregates and
subunits of phycocyanins (4). The aim of this work is an understanding
of the energy transfer in these pigments in relation to the size and
structure of the assembly. This report is concerned with the stability
and the photochemical reactivity of C- phycocyanin (PC) and its subunits
from M. laminosus. Time- resolved polarized fluorescence data are
presented in the accompanying report of the Garching group.

2. Materials and Methods

M. laminosus was grown in suspension culture in CASTENHOLZ medium

)~ C- PC was isolated as reported earlier (4). The subunits were
isolated by preparative electrofocusing on Agarose gels (Pharmacia,
Miinchen) in 8M urea, and renatured without delay on a desalting column
(Biogel P6, Biorad).

Absorption spectra were recorded on a model 320 (Perkin Elmer,
Ueberlingen) spectrophotometer. The cell holder was thermostated, and
temperatures measured in the cuvettes with a Pt 100 resistor. Absorption
difference spectra were measured with a ZWS Il dual- wavelength
photometer (Sigma, Berlin) in split- beam mode. The data were digitized
and stored with model I1I+ computer (Apple, Miinchen) using a self- made
program, which was developed for obtaining high wavelength accuracy.

Fluorescence spectra were recorded on a DMR 22 (Zeiss, Oberkochen)
spectrofluorimeter. The cell holders were thermostated, and the
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temperatures recorded in the cuvettes with a Pt 100 resistor. The
spectra are uncorrected for the spectral response function of the
apparatus. Circular dichroism spectra were recorded on a model Mark V
dichrograph (Jobin- Yvon ISA, Miinchen) equipped with a silex computer
(Leanord, Lille) and a modified software. Sedimentation coefficients
were obtained in a model E ultracentrifuge (Beckman, Miinchen) at 20°C
with the scanner wavelength set at 620nm.

Chemicals and solvents were reagent grade unless otherwise stated. Sodium
dodecyl sulfate- polyacrylamide electrophoresis was done by the method
of LAEMMLI (6).

3. Results

3.1 Optical Spectra

A11 studies were done in potassium phosphate buffer (50 or 100mM) at
pH7.5. Under these conditions, PC is isolated as a trimer
(heterchexamer, (=P ), sedimentation coefficient =4.8S). It can be
dissociated reversibly into the monomer (heterodimer, (<@ )3 =~ 2.8S)

by incubation with potassium thiocyanate. The absorption spectrum of the
monomer is slightly blue- shifted as compared to the trimer, but
otherwise very similar (fig. 1).

The spectra shown in fig. 1 correspond to preparations, which are free
of colorless linker- peptides. If the latter are present, the spectra of
monomers (obtained by the same dissociation method) remain unchanged.
The trimer spectra are more strongly red- shifted, however, and a series
of slightly different species absorbing between 620 and 638nm can be
isolated. Their sedimentation coefficients are only slightly higher
#5-6S) than that of the trimer. This is due to the presence of

varying amounts of several colorless linker- peptides. The exact
stoichiometry is still under investigation. An increased chromophore-
chromophore coupling in these red- shifted complexes is suggested from
their circular dichroism (CD) spectra. Simultaneously with the red- shift
in the absorption maximum, there develops a pronounced red- shifted
feature in the CD- spectrum, which increases with an increasing red-
shift (fig. 2). It has been rationalized as an S- shaped exciton couplet
(positive at longer wavelengths), which is superimposed on the
absorption- type CD- spectrum of the monomer.

Exciton couplings are absent in linker-peptide-free preparations of PC
from M. laminosus, but have been discussed earlier in PC from S.
latensis (7) and in particular in allophycocyanins (8). The induction
of exciton coupling would require a changed geometry of the
chromophores, which can be considered on the basis of the x-ray
structure of trimeric PC from the same organism (9; see also SCHIRMER et
al., this monograph). The closest chromophore contacts in the Tinker-
peptide-free trimer are between the o« - chromophore of the monomeric
unit and the B1- chromophore of the adjacent one. The center- to-
center distance (22A) is just too large for exciton interactions.
Changes by only a few Angstrom may, however, be sufficient to allow for
strong couplings, and it is possible that such changes are induced
by the linker-peptides. Unless there is a gross structural change
involved, the red- shifted species are then most 1ikely due to a changed
geometry in the contact region of the monomeric units.
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Fig. 1:

9.000€-4

~2.000€-4

400 500 600 nm A

Absorption spectra of monomeric (xf3,—) and trimeric
((xf3); 5----) PC from M. laminosus (50mM phosphate
buffer, pH 7.5)

300.0 400.0 $00.0 600.0 260.0 Nn

Fig. 2: Circular dichroism spectra of trimeric phycocyanin containing

linker peptides: aggregates with increasing wavelength of the red
absorption band.Amax see inserts.

Emission
A max

400 500 600nm A

Fig. 3: Absorption spectra of the isolated subunits of PC from

M. laminosus (X:=—;B3:---). The emission maxima are
Tndicated by the labels in the upper right.
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The absorption spectra of the isolated subunits (fig.3) show
considerable differences both with respect to the position and the shape
of the long- wavelength band. The & - subunit (A max= 616nm) has a
narrow band similar in shape to that of integral PC, whereas the
(3-subunit has a blue- shifted (Amax= 605nm) and broadened band. The
weighed sum of the two absorption spectra is very similar to that of
monomeric PC (not shown). In spite of this blue- shifted absorption, the
fluorescence maxima are almost at the same position (fig.3). The

& -subunit carries one chromophore, the - subunit two chromophores
(A1, B2) at different binding sites of the apoprotein (10), the
broadening should then reflect a slight difference in the excitation
energies of the two chromophores. This is indeed supported by the
circular dichroism spectra (fig.4). The anisotropy of the (3 -subunit

is only ~60% as compared to the « -subunit. The positive extremum is
considerably blue-shifted with respect to the absorption maximum, and
there is a low-intensity red-wing in the CD-spectrum. It is suggested
that the {3-subunit carries one optically active ( Amax ~595nm)

and one much less active (planar ?E chromophore ( Amax »615nm).

1.500€-4

AE

~3.000€-4

300.0 400.0 §00.0 $00.0 200.0 un

Fig. 4: CD of the isclated subunits shown in Fig. 2 (&:=—;@:—). The
spectra are normalized to equal absorptions in the long-
wavelength maximum.

This interpretation is supported by similar CD data and additional
fluorescence polarisation results of MIMURO et al. (this volume). An
assignment of the individual chromophores on the B-subunit to the
such defined absorptions is not yet possible. Based on the amino-acid
sequence and the x-ray structure (9,10), B3 1 is similar to & . The
absorption maxima would then relate 31 to the chromophore absorbing at
«615nm. Since these chromophores come closest in the trimer, the
exciton split at the red wing of the main CD-band in linker-associated
trimers {vide supra) would support this assignment. However, the CD-data
suggest a rather different conformation for the @3- chromophore

(A max ~615nm) and the o - chromophore, and biochemical labeling

will be necessary to decide this point conclusively.

3.2 Stabilities

The chromophores of PC are held rigidly in an energetically unfavorable,
extended conformation (1,9). This conformation is due to non-covalent
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Fig. 5: Absorption (bottom) and CD- specira (top) of a biliprotein from
Pieris brassica (13). The pigment contains biliverdin
IXy-bound non- covalently to an apoprotein of MW %25kDa.

protein-chromophore interactions, which are reversible-lost upon unfolding of
the protein, e.g. with urea (11). This type of interaction is probably
characteristic for all phycobiliproteins and crucial to their function as
antenna pigments, because they increase the oscillator strength of the
visible band by almost one order of magnitude, and decrease the radiationless
decay of excited states by more than three orders of magnitude (1). The
specificity of these interactions can be seen by comparison with other
biliproteins, e.g. the biliverdin IXc& -serum albumin complex (12), or the
biliverdin IXy -protein from Pieris brassica (13, see fig. 5). In both the
latter pigments is the cyclic- heTical conformation of the chromophores
preserved, which is characteristic for the respective chromophores in
solution (14,15). They have, accordingly, Tow fluorescence yields and weak
absorptions in the visible range. Here, the major influence of the apoprotein
is a preferential binding of one of the two helical enantiomers. which leads
to intense induced CD-signals.

Due to the pronounced chromophore-protein interactions, the chromophores of
PC can be used as very sensitive probes to monitor the state of the protein
(1,11). Small aggregation-induced changes have been discussed in the first
part. Much larger changes occur, if the protein is partically or fully
unfolded, e.g. with urea or heat. After a previous study with PC from S.
platensis, this method has now been used to investigate the stabilities of
the PC and its subunits from M. laminosus.

The normalized absorption changes upon urea- denaturation are shown in fig. 6
(see legend for details). The gross changes are similar for the integral
pigment (trimer) and its subunits. Small differences in the final (= 8M urea)
absorptions are indicative of slightly different conformations of native
chromophores, because the chromophores have the same molecular structure and
are expected to have identical spectra in the denatured states. The most
notable difference is the increased stability of the integral pigment, as
compared to both subunits. At 4M urea, the absorption of the integral pigment
is decreased by less than 4%, whereas the decrease of the subunits is 12%
() and 15% (3). The urea concentrations necessary to induce a 50% decrease
of the long-wavelength absorptions are 6.1, 5.6, 5.4M, respectively. In
contrast to the results with PC from S. platensis, there are no

indications for a stepwise unfolding evident from the absorption spectra.
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~
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~
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1 2 3 4 5 6 1 &
M [urea]

f:...) from M. laminosus with urea. Relative

absorptions at the Tong- wavelength (top) and near-UV maxima

(bottom), normalized to the absorptions in the absence of urea.

A11 specira were recorded from stock samples treated separately before
the measurement with the appropriate amount of urea, either as 8M
solutlon or as solid. A1l solutions in 100mM phosphate buffer, pH 7.5,
T= 25°C.

Fig. 7: Denaturation of PC from M. laminosus and its
subunits with urea. Relative fluorescence intensities corrected
for absorption. Amax, exc.= 600nm;Amax, em. *#652nm,
decreasing with increasing urea concentration. Labels and
details as in fig. 5.

The relative fluorescence yields during the same titration experiment are show
in fig. 7. There is already a large difference between the three species in
their native states. The data for the integral pigment indicate a stepwise
unfolding, with the first step being possibly related to the disaggregation

of the trimer into monomers. The3- subunit is least stable (50% decrease at
3.5M urea), whereas ¢ and the integral pigment have a 50% decrease at 5.3M
urea. Although the curves of the last two species cross- over twice in the
intermediate region, the sum of the subunits is always less than that of the
integral pigment.

The differences of the thermal denaturation are even more pronounced among the
three species (fig. 8). The "melting points" (50% decrease of the long-
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A 620 (%) Fig. 8: Heat denaturation of PC. All
00 spectra were recorded 5min af-
ter the sample had reached the
7 temperature indicated. A1l mea-
surements were done with fresh
. samples. Other details as in
Fig. 5.
50
T \J T T T T T
20 4« 60 80°C
oo 350 1%1
L} b T LIO T é T w .C
1.0000-2 2.0000-3
«2.0000-3 ~3.9000-3 _
.0 0.0 oS0 -c.0 0.9 - .0 e.0 2.0 0.0 .0 -

Fig. 9: Difference spectra for the photoreaction of PC in the
presence of urea (5M). Top: Irradiation with 606nm 1ight
(interference filter). Positive bands correspond to bleaching.
Bottom: Irradiation of the sample with 525nm light after
saturing pre-irradiation at 606nm. Positive peaks correspond
to increased absorptions.
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wavelength absorption) is at 67° (PC), 61° (3) and 58° (x). The increase

of thermal stability by almost 10® is significant with regard to the
thermophilicity of M. laminosus, which grows well at temperatures as

high as 55°C. At this Temperature, the absorption of the integral pigment has
decreased by only 10%. The "melting point" for PC from the mesophilic

S. platensis is 52°C (11), i.e. 15°C below that of the thermophilic

pigment.

The subunits differ also by their photochemical activities. PC is a

light~ harvesting pigment and its major deexcitation process in the isolated
state is fluorescence. Another biliprotein, e.g. phytochrom, serves as
"reaction center" pigment for photomorphogenesis in higher plants. Here, a
structurally closely related chromophore is photochemically highly active.
Several groups have reported recently that PC can undergo photochemical
reactions, too, if it is partly denatured by a variety of reagents (see ref.
1 for leading references). This process is of potential significance also
from a physiological point of view, because the reactions are similar to
those of so- called phycochromes, which are thought be sensory photoreceptors
in blue- green alga. We have studied the photochemistry of PC and its
subunits in the presence of increasing amounts of urea. The typical response
of the sample is shown in fig. 7. Upon irradiation at 606nm, there is a
bleaching of the long-wavelength maximum, which saturates rapidly. This
bleaching is partially reversed upon irradiation at 525nm, but about the
five-fold time is required for the back reaction.

In integral PC, this photochemical reaction is negligible in the absence

of urea. It increases up to 4.5M of the denaturant, and then decreases again.
The behavior can be rationalized by a model, in which the native chromophore
is so tightly bound to the polypeptide chain, that it is unable to react
photochemically. A partial denaturation of the polypeptide loosens these
interactions sufficiently to allow for photochemical reactions, whereas a
complete unfolding opens the channel for efficient radiationless deactivation
and prohibits photochemistry as is typical for free biliverdins. The(3- subuni’
shows a similar, but much more pronounced response, and the maximum reaction
is again in the same region. Theo- subunit is, by contrast, almost inactive
and shows an irreversible bleaching at urea concentrations 25M. This
indicates again a rather specific environment of the different PC
chromophores, with the photochemical activity being mostly located on theg-
subunit.

The PC system is well suited for a detailed study of specific non-
covalent chromophore protein interactions, which are crucial for the funtion
of many chromoproteins. In combination with sensitive and selective

spectroscopic methods, and the recent advances in structure analysis, a
detailed picture of these interactions is expected in the near future.
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