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The tendency of isolated intact phycobilisomes to disperse into multimeric phycobiliprotein subunits in dilute
phosphate buffer is diminished, or even eliminated, by means of covalent polypeptide cross-linking with
glutaraldehyde, or dimethyl suberimidate. Employing sensitized fluorescence spectrophotometry in order to
detect transitions of the type phycobilisome — phycobiliprotein multimers, and second-derivative absorption
spectrophotometry to detect transitions of the type phycobiliprotein multimers — monomers, we investigated
the molecular basis of phycobilisome stabilization by these two cross-linkers. A network of intrahexamer and
interhexamer covalent cross-links prevents the dissociation of glutaraldehyde-treated phycobilisomes into
monomers, even under the strong chaotropic effect of KNO, and KSCN solutions, but fails to protect against
polypeptide unfolding in concentrated urea solution. Dimethyl suberimidate, on the other hand, introduces
only intramonomer cross-links, and thus it does not prevent dissociation to monomers in the presence of
KNO; and KSCN. Increased hydrophobicity of phycobiliprotein subunits, as a result of the alkylation of

-NH, by the diimido ester, or the dialdehyde, is an additional structure-stabilizing factor.

Introduction

Phycobilisomes, the light-harvesting organelles
of cyanobacteria and red algae, are highly
organized structures of several hundred poly-
peptides locked together by noncovalent forces
that originate predominantly from hydrophobic
interactions (reviewed in Refs. 1-4). Gantt [1,2]
succeeded in extracting intact phycobilisomes by
performing the isolation in 0.75 M phosphate
buffer, pH 6.8-7.0. These phycobilisomes are
characterized by a tight electronic coupling of the
bilin chromophores, as suggested by the fact that
they emit almost exclusively allophycocyanin fluo-
rescence, irrespective of which phycobiliprotein is
excited.

Dissociation of phycobilisomes into smaller
subunits influences the electronic energy levels and
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the electronic coupling of the bilin chromophores,
and it can be detected by optical spectroscopic
techniques. Dissociation into multimeric phycobi-
liproteins (trimers and hexamers) interrupts the
excitation transfer sequence phycoerythrin -
phycocyanin — allophycocyanin of the native
phycobilisome, so that upon excitation each
phycobiliprotein fluoresces individually [5]. Fur-
ther dissociation of multimers into monomers (ac-
tually heterodimers af3) affects the visible absorp-
tion characteristics of phycobiliproteins, as it can
be detected by means of absorption spectroscopy
[6—11], difference absorption spectroscopy [12,13],
derivative absorption spectroscopy [14,15] and cir-
cular dichroism [16,17]. In addition, it lowers the
yield [10] and the polarization [18,19] of phycobi-
liprotein fluorescence, and may influence the rate
of intramonomer excitation transfers between
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chromophores [20,21]. Finally, the drastic altera-
tion of the protein environment of chromophores,
and the change of chromophore conformation,
which attend the dissociation and denaturation of
monomer polypeptides, are reported by a sup-
pression of the visible absorption bands of
phycobiliproteins, and a simultaneous enhance-
ment of the near-ultraviolet absorption [9,22].
Treatment of phycobilisomes, either in situ or
in vitro, with protein cross-linking compounds,
such as glutaraldehyde [15,23-27] and diimido
esters [28,29], is known to stabilize the supramo-
lecular associations of phycobiliproteins, and the
electronic energy coupling between bilin chromo-
phores. Two possible factors contribute to the
stabilization: firstly, the network of interpoly-
peptide and intrapolypeptide covalent cross-links;
and secondly, the enhanced subunit hydrophobic-
ity of phycobiliproteins whose -NH, groups have
been alkylated by the cross-linking compounds
[15]). Our objective, in the present work, was to
examine the kinds of established covalent cross-
links, and to investigate the molecular basis of
phycobilisome stabilization following treatment
with glutaraldehyde, or dimethyl suberimidate.

Materials and Methods

Sterile cultures of Nostoc muscorum were grown
for 6-8 days as described in Ref. 30. Intact
phycobilisomes were isolated according to the
method of Gantt et al. [31], as modified by
Zilinskas and Glick [32].

Purified glutaraldehyde (Sigma grade I, 25%
(v/V), Ays3s/Asgo =0.25, hence predominantly
monomeric [33]) was used for cross-linking. Its
molarity, determined according to the method of
Hesse [34], was found to be 3.24 M. The reagent
was neutralized with 1 M KOH, diluted to 0.1 M
with 0.75 M potassium phosphate buffer (pH 6.9)
and mixed with the phycobilisome suspension
(0.4-0.5 mg phycobiliprotein in 0.75 M potassium
phosphate, pH 6.9, and approx. 0.20-0.25 M
sucrose) at 10 pmol glutaraldehyde/mg phycobi-
liprotein. After 18-20 h incubation at room tem-
perature and in darkness, the mixture was centri-
fuged at 12000 X g for 30 min. The pellet, consist-
ing of intact phycobilisome aggregates, was rinsed
with phosphate buffer and stored at 0-4°C.

To avoid hydrolysis of the imidate group, it is

necessary to perform diimido ester cross-linking of
proteins in strongly alkaline solutions [35]. Since,
however, above pH 8.5-9.0 the phycobilisomes
dissociate [29], we performed the cross-linking re-
action at the compromise pH range of 8.0-8.2 as
follows: To 5 ml phycobilisome suspension in 0.75
M potassium phosphate buffer (pH 6.9) contain-
ing 1.5 mg phycobiliprotein, 1.3 ml triethanola-
mine phosphate buffer (0.75 M potassium phos-
phate, 1 M triethanolamine hydrochloride, pH 10)
were added, bringing the pH of the mixture to 8.2.
The reaction mixture was cooled in ice bath and
crystals of diimido ester hydrochloride (dimethyl
adipimidate or dimethyl suberimidate; obtained
from Pierce) were added until a ratio of 20 pmol
cross-linker / mg phycobiliprotein was achieved. At
this level, the molar ratio of imidate/NH, is be-
tween approx. 90 and 110, and more than 90% of
the -NH, groups are amidinated [15]. During the
addition of the diimido ester, the reaction mixture
was stirred continuously, and the pH was
maintained between 8.0 and 8.2, being adjusted
with dilute KOH when necessary. After a 30 min
incubation at 0°C, the reaction mixture was
centrifuged at 12000 X g for 30 min. The pellet,
consisting of aggregated intact phycobilisomes, was
washed once with phosphate buffer and stored at
0-4°C until use.

SDS-urea polyacrylamide gel electrophoresis
was performed according to Technical Bulletin
No. NWS-877 of Sigma Chemical Co. Samples
were prepared by dissolving 1 mg protein in 1 ml
medium, which contained 6 M urea, 1% (w/v)
SDS, 1% (v/v) 2-mercaptoethanol and 0.1 M
potassium phosphate (pH 6.9) and then incubating
the mixture at 37°C for 2 h. The gels (10% (w/v)
acrylamide in the main gel, 5% (w/v) acrylamide
in the stacking portion, with 0.28% (w/v) N, N-bis-
methylene acrylamide) were preelectrophoresed for
2 h at 4 mA/gel, and then a 10 pl aliquot was
applied to each gel, and the electrophoresis was
continued for 20-22 h at the same current density.
Cross-linked hemoglobin (16, 32, 48 and 64 kDa;
Sigma Chemical Co.) was used for correlating the
electrophoretic mobility to molecular size. Staining
and destaining were performed according to the
method of Chua [36]. The gels were scanned in a
Joyce-Loebl chromoscan, employing a cutoff filter
transmitting above 620 nm.



Absorption (AX = 1 nm) and second-derivative
absorption (AA =2 nm) spectra were recorded
with a Hitachi Model 557 dual-wavelength
spectrophotometer. Fluorescence was measured
with a Perkin-Elmer Model MPF-3L spectrofluo-
rometer, operated in the ratio mode. The fluores-
cence spectra are displayed uncorrected for the
variation of the photomultiplier sensitivity and of
the transmittance of the analyzing monochromator
with the wavelength. The correction factors, how-
ever, vary little with the wavelength in the spectral
region studied. Phycobiliproteins were determined
according to the method of Bennett and Bogorad
[37], total protein as described by Lowry et al. [38]
and primary amino groups as detailed by Bohlen
et al. [39].

Results

One prerequisite for preserving intact phyco-
bilisomes in suspension is a high concentration of
phosphate anion (0.65 M or more) which as an
antichaotropic agent generates sufficiently strong
hydrophobic interactions among phycobiliprotein
subunits [32]. When the concentration of phos-
phate is lowered, the antichaotropic effect is di-
minished and phycobilisomes dissociate with a
concomitant loss of excitation coupling between
phycobiliproteins [5]. As performed in the present
work, phycobilisome dissociation in dilute phos-
phate yields primarily trimers, whereas under the
influence of strongly chaotropic anions the main
products are monomeric phycobiliproteins
[10,11,40].

It has been shown that the treatment with
glutaraldehyde or dimethyl suberimidate makes
phycobilisomes resistant to dissociation in dilute
phosphate buffer [15,29]. Here, we have examined
whether they can also resist dissociation in the
presence of the chaotropic anion SCN™. Phyco-
bilisomes were incubated for 1 h at room tempera-
ture and in darkness, either in 0.75 M potassium
phosphate buffer (pH 6.9), or in a medium con-
taining 0.375 M KSCN and 0.003 M potassium
phosphate (pH 6.9). The two dissociation media
were nearly isoionic (I = 0.375 and 0.383, respec-
tively). Dissociation was assessed in terms of
phycoerythrin-sensitized (A.,, = 540 nm) and
phycocyanin-sensitized (A.,. = 620 nm) al-
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Fig. 1. Fluorescence spectra of control, dimethyl suberimidate
(DMS)-treated and glutaraldehyde (GA)-treated phycobili-
somes after 1 h incubation either in 0.75 M potassium phos-
phate buffer (pH 6.9) or in 0.375 M KSCN and 0.003 M
potassium phosphate (pH 6.9). The KSCN-treated samples are
indicated on the figure. Excitation, A = 540 nm and A = 620
nm; AX = 2 nm. Emission, A\ = 2 nm. The spectra are normal-
ized at the maximum. Samples, 40 pg phycobiliprotein /ml.

lophycocyanin fluorescence. Fig. 1 shows that with
either excitation wavelength, control phycobili-
somes and cross-linker-reacted phycobilisomes
emit allophycocyanin fluorescence (approx. Fye,),
as long as they remain suspended in the con-
centrated phosphate medium. On the assumption
that structural integrity is a prerequisite for the
electronic energy coupling of phycobiliproteins,
these phycobilisomes must be intact. In the
SCN™-containing medium, however, only the
glutaraldehyde-treated phycobilisomes retain the
capability for sensitized allophycocyanin fluores-
cence (Fig. 1, lower spectra). Control (Fig. 1, up-
per spectra) as well as dimethyl suberimidate-
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Fig. 2. Logarithmic plots of phycoerythrin fluorescence (F;,5; AA =2 nm) as a function of the incubation time of phycobilisomes
(PBS) in buffered media containing isoionic concentrations (I = 0.375) of the indicated electrolytes. F,, and F, phycoerythrin
fluorescence at the end of phycobilisome dissociation and at any given time, respectively. Excitation, A = 540 nm, AA =2 nm.

treated phycobilisomes (Fig. 1, middle spectra)
dissociate, so that each phycobiliprotein fluoresces
only when excited directly.

When all other conditions are identical, the
anions of the suspension medium exert a dissocia-
tive effect on phycobilisomes, whose relative mag-
nitude varies in accordance with the rank of the
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Fig. 3. The rate constant of phycoerythrin release from control
and dimethyl suberimidate (DMS)-treated phycobilisomes
(PBS), as a function of the ionic strength of KNO; in the
dissociation medium.

anion in the lyotropic series [32]. To determine
whether this is valid also in the case of dimethyl
suberimidate-treated phycobilisomes, we per-
formed the experiment illustrated in Fig. 2.
Phycobilisomes were incubated with the indicated
electrolytes (I = 0.375) in media buffered at pH
6.9 with 0.003 M potassium phosphate, and the
dissociation of phycoerythrin was followed in terms
of its fluorescence intensity. This is proportional
to the concentration of the released pigment be-
cause the measured samples were dilute (40 pg
total phycobiliprotein/ml). In the case of control
phycobilisomes, incubated in the presence of
KH,PO, and KCI, and in the case of diimido
ester-treated phycobilisomes incubated in the pres-
ence of KH,PO,, KCl and KNO;, the rise of
phycoerythrin fluorescence appears to obey two
consecutive first-order processes. Dissociation of
phycoerythrin in the presence of KSCN was very
fast, especially in the case of control phycobili-
somes, with no evidence for a second first-order
process.

With regard to the rates of phycoerythrin dis-
sociation these anions can be ranked in the order
SCN™ > NO; > Cl~ > HPO; . Fig. 2 shows
clearly that treatment with dimethyl suberimidate
delays but does not prevent phycobilisome dissoci-
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Fig. 4. Absorption (A) and inverted second-derivative absorption (B) spectra of intact phycobilisomes (
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) and of phycobilisomes

dissociated in the presence of 0.375 M KSCN (— — —). Difference absorption spectrum, intact-dissociated phycobilisomes (- — - —- ).

ation. The moderately protective effect of this
cross-linker is further supported by the results of
Fig. 3. In this figure, the rate constant of the first
dissociation process is plotted against the ionic
strength of KNO, in the incubation medium. The
structural stability of phycobilisomes is remarka-
bly enhanced as a result of dimethyl suberimidate
treatment. This is particularly evident at high ionic
strengths of KNO,.

These results definitely rule out the presence of
interhexamer (i.e., interdisc) covalent cross-links in
dimethyl suberimidate-treated phycobilisomes. In-
trahexamer cross-links, however, cannot be ruled
out on the basis of sensitized fluorescence experi-
ments, such as those in Figs. 1 and 2. We ex-
amined the possibility of such cross-links with the
help of absorption spectrophotometry and
second-derivative absorption spectrophotometry,
since they are capable of reporting on multimer-
to-monomer transitions.

In the experiment presented in Fig. 4, intact
phycobilisomes (80 pg phycobiliprotein/ml) were
incubated for 1 h, at room temperature either in
0.75 M potassium phosphate buffer (pH 6.9), or in

a solution of 0.375 M KSCN, 0.003 M potassium
phosphate (pH 6.9). According to the criterion of
phycoerythrin-sensitized allophycocyanin fluores-
cence, phycobilisomes suspended in the con-
centrated phosphate medium remained intact,
while those suspended in the KSCN medium were
dissociated. This dissociation is shown here to be
accompanied by an absorption loss whose dif-
ference band implicates allophycocyanin (A A4 ;
Fig. 4A). No absorption changes that would sig-
nify denaturation of the a- and B-polypeptides of
phycobiliproteins were detected in the near-ultra-
violet region.

More detailed information about the KSCN-in-
duced dispersion of phycobilisome subunits is pro-
vided by the second-derivative absorption spec-
trum (Fig. 4B). Inverted second derivatives of
Gaussian and Lorentzian curves have their major
bands in the same position, and pointing to the
same direction, as the original curves, and provide
for superior band resolution in the case of overlaps
[41]. Intact phycobilisomes are characterized by
four major second-derivative absorption bands,
centered at 652, 630, 612 and 566 nm. On the basis



328

of their spectral locations, the 652 and 566 nm
bands can be assigned to allophycocyanin and
phycoerythrin, respectively, while the 612 and 630
nm bands should be mixed absorptions, contain-
ing contributions from both phycocyanin and al-
lophycocyanin chromophores [10,12,42]. After
KSCN treatment, the second-derivative absorption
bands at 612, 630 and 652 nm merge into a single
band centered at 622 nm, while the phycoerythrin
band at 566 nm shifts slightly to the blue. It has
been shown that in the presence of powerful chao-
tropic agents, such as SCN™, ClO; and NOj,
phycocyanin and allophycocyanin multimers dis-
sociate to monomers, whose phycocyanobilin chro-
mophores have common absorption (616 nm) and
fluorescence maxima (642 nm [10,11,40]). We may
infer, accordingly, that the coalescence of the 612,
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Fig. 5. Inverted second-derivative absorption spectra of
phycobilisomes incubated for 2 h in the presence of the indi-
cated electrolytes. I = 0.375.

630 and 652 nm bands into a single band (622 nm)
signifies the dissociation of these phycobiliproteins
into monomers.

Using second derivative absorption spectropho-
tometry, we examined the effects of K,HPO,,
KCl, KNO; and KSCN on phycobilisome struc-
ture. Control phycobilisomes (Fig. 5) and dimethyl
suberimidate-treated phycobilisomes (Fig. 6) were
incubated for 2 h, at room temperature, in isoionic
solutions of these electrolytes (1 = 0.375), buffered
at pH 6.9 with 0.003 M potassium phosphate. It is
quite clear from these figures that phycobilisome
dissociation is a more complex event than the
mere detachment of phycobiliprotein multimers.
Even a mildy chaotropic medium, such as 0.125 M
potassium phosphate buffer, causes appreciable
fusion of phycocyanin and allophycocyanin ab-
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Fig. 6. Inverted second-derivative absorption spectra of di-
methyl suberimidate-treated phycobilisomes, obtained after 2 h
incubation in the presence of the indicated electrolytes. I =
0.375.
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sorption, as well as a blue shift of the phycoeryth-
rin absorptions in the control and diimido ester
cross-linked preparations. This is quite remarka-
ble, since reaction with dimethyl suberimidate, as
performed here, results in the amidination of more
than 90% of phycobiliprotein -NH, groups [15].
Qualitatively, with regard to the magnitude of the
absorption changes they cause, the electrolytes
studied are ranked in the order KSCN > KNO; >
KCl> K,HPO,. Diimido ester-treateéd phycobili-
somes appear, nevertheless, more resistant to chao-
tropic action. For example, the 652 nm second-de-
rivative absorption band is virtually absent from
the control preparation after KNO, treatment (Fig.
S), but still present in the diimido ester-treated
preparation (Fig. 6). Incubation with KSCN, how-
ever, eliminates this band in both preparations.
Since intermonomer cross-links would have,
most likely, prevented multimer-to-monomer tran-
sitions, we must conclude on the basis of Fig. 6
that such cross-links are absent from dimethyl
suberimidate-treated phycobilisomes. The absence

Fig. 7. Electrophoresis of urea-SDS dissociated control, di-
methyl suberimidate (DMS)-treated and dimethyl adipimidate
(DMA)-treated phycobilisomes on polyacrylamide gels.
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Fig. 8. Absorption (A) and inverted second-derivative absorption (B) spectra of glutaraldehyde-treated phycobilisomes after 2 h

incubation in 0.75 M potassium phosphate (pH 6.9) (
(— — —). Difference absorption spectrum (---—- -)-

), and in 0.375 M KSCN, 0.003 M potassium phosphate, pH 6.9
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of such intermonomer cross-links is further sup-
ported by the urea-polyacrylamide gel electro-
pherograms shown in Fig. 7. Control and dimethyl
adipimidate-treated phycobilisomes contain only
18~24 kDa polypeptides, which should be the a-
and B-polypeptides of Nostoc phycobiliproteins. In
contrast, the electropherogram of the dimethyl
suberimidate-treated preparation displays also
molecular masses approximately twice as large as
that of polypeptides a and 8. These could originate,
of course, from both intramonomer and inter-
monomer cross-links, but in view of the complete
dispersion of dimethyl suberimidate-treated
phycobilisomes into monomers upon treatment
with KSCN, the second possibility should be ruled
out. Larger molecular masses, which would evi-
dence the presence of both intra- and intermono-
mer cross-links, were not detected.

It should be noted, here, that amidines, the
products of the reaction of imido ester groups with
-NH,, carry a positive electric charge which makes
possible the correlation of the molecular size of
unmodified and modified proteins to their electro-
phoretic mobility. This is not the case with
glutaraldehyde-reacted proteins, where electro-
phoretic mobility is influenced both by molecular
mass and by the disappearance of bound electric
charge [33]. Therefore, a comparison of the molec-
ular masses of control and glutaraldehyde-treated
phycobiliproteins by means of polyacrylamide gel
electrophoresis is impossible.

Absorption and inverted second-derivative ab-
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Fig. 9. Absorption spectra of control and glutaraldehyde
(GA)-greated phycobilisomes, before and after 2 h incubation
in the presence of 8 M urea.

sorption spectra indicate that glutaraldehyde-
treated phycobilisomes are, more or less, insensi-
tive to KSCN (Fig. 8). Minor differences appear-
ing after incubation with this chaotropic agent
must be attributed to a small fraction of incom-
pletely fixed phycobilisomes.

Cross-linking with glutaraldehyde, however,
does not prevent the unfolding of phycobi-
liproteins in concentrated urea solutions. As shown
in Fig. 9, incubation of glutaraldehyde-treated
phycobilisomes in 8 M urea results in the suppres-
sion of the visible absorption bands and the en-
hancement of the near-ultraviolet absorption. Such
changes are ascribed to the unfolding of phycobi-
liprotein polypeptides [9] and the attendant trans-
formation of prosthetic tetrapyrroles from the ex-
tended to the cyclic configuration [22].

Discussion

Although phycoerythrin-sensitized allophyco-
cyanin fluorescence is a convenient criterion for
detecting phycobilisome dissociation [5], multimer-
to-monomer transitions and denaturation of
phycobiliproteins are more aptly reported by their
absorption properties. This reflects the fact that
the electronic energy levels of the tetrapyrroles are
influenced both by the local protein environment
and by the exciton coupling between chromo-
phores belonging to adjacent monomers [9-11,16,
43]. In the present work we have employed ab-
sorption and fluorescence spectrophotometry in
order to identify such transitions, and through
them to characterize the types of covalent cross-
links which glutaraldehyde and dimethyl sub-
erimidate introduce in the phycobilisome struc-
ture.

At approximately neutral pH, and in the pres-
ence of strongly chaotropic anions, phycocyanin
and allophycocyanin exist as monomers [11,40],
while in dilute phosphate they are predominantly
trimers and hexamers [6,44]. The absorption, fluo-
rescence and fluorescence excitation spectra of the
monomeric forms of these two phycobiliproteins
are closely similar, in contrast to the spectra of
their multimeric forms, which differ with regard to
the band shape and the position of the band
maximum. Dissociation of phycoerythrin from a
higher to a lower state of aggregation (most likely



to a monomer) is accompanied by a blue shift and
suppression of the 573 nm absorption [12], as well
as a decrease of the 575 nm and increase of the
555 nm circular dichroism bands [16]. We have
shown here that the second-derivative absorptions
of phycocyanin and allophycocyanin at 612, 630
and 652 nm merge into a single band at 622 nm,
while the second-derivative absorption band of
phycoerythrin at 566 nm is blue shifted when
intact isolated phycobilisomes are incubated in
NO; - or SCN "-containing media (cf. Fig. 5). The
absorption changes in the visible range were not
attended by increases in the near-ultraviolet ab-
sorption of phycobiliproteins that would signify
protein denaturation. We may, therefore, infer that
the observed second-derivative absorption changes
reflect the dispersion of phycobilisomes into
monomeric phycobiliprotein subunits under the
influence of the chaotropic electrolytes of the
medium.

On the basis of these spectrophotometric
criteria, it appears that glutaraldehyde-treated
phycobilisomes resist dissociation even after pro-
longed incubation in KSCN-containing media. The
increased phycobilisome stability after glutar-
aldehyde treatment is, in all likelihood, due to a
network of inter- and intrahexamer covalent
cross-links, which prevents the detachment of
hexameric discs, as well as their dissociation into
smaller subunits. Glutaraldehyde, however, af-
fords no protection against secondary structure
randomizers, such as concentrated urea solutions,
which modify the absorption spectrum of
glutaraldehyde-treated phycobilisomes in a manner
signifying denaturation of phycobiliproteins (cf.
Fig. 9).

In contrast to glutaraldehyde, the 11.5 nm long
imidate dimethyl suberimidate appears to be able
to introduce only intramonomer cross-links in the
phycobilisome structure. Such phycobilisomes dis-
sociate into monomeric subunits in the presence of
KSCN, and on the basis of urea-polyacrylamide
gel electrophoresis they appear to contain poly-
peptides with molecular masses corresponding to
the sum of a- and B-polypeptides. Dimethyl sub-
erimidate, nevertheless, confers moderate stability
to isolated phycobilisomes, which dissociate more
slowly in the presence of chaotropic electrolytes
than untreated phycobilisomes.
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A possible cause for this moderate stability is
the increased hydrophobicity of phycobiliprotein
subunits due to monofunctional alkylation of pro-
tein -NH, groups by half-hydrolysed diimido ester
molecules. Such hydrolysis is quite possible in
view of the fact that the cross-linking reaction was
performed in medium which was not sufficiently
alkaline. Moderate phycobilisome stabilization has
been observed also after treatment with the mono-
functional methyl acetimidate (Sofrova, D. and
Papageorgiou, G.C., unpublished observations),
and this can also be accounted for by the in-
creased surface hydrophobicity of the alkylated
phycobiliprotein subunits. It should be noted that
increased hydrophobicity contributes also to the
stabilization of glutaraldehyde-treated phycobili-
somes, but its importance is overshadowed by
covalent cross-linking, whose extensiveness should
be attributed to the ability of glutaraldehyde and
its polymers to modify several polypeptide side-
chain groups [33].

The biphasic first-order rise of phycoerythrin
fluorescence during phycobilisome dissociation (cf.
Fig. 2) expresses probably the fact that monomers
have a higher fluorescence yield compared to mul-
timers. The biphasic kinetics are particularly evi-
dent in dimethyl suberimidate-treated phycobili-
somes, where increased monomer hydrophobicity
slows down the dissociation of phycoerythrin mul-
timers. In contrast, as observed also by Zilinskas
and Glick [32] earlier, untreated phycobilisomes
dissociate in a single first-order process, when
incubated in the presence of strongly chaotropic
electrolytes, such as KSCN.
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