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Phycoerythrocyanin: A Photoreceptor Pigment With Two Faces
K.-H. Zhao, Q. Hong, S. Siebzehnribl, and H. Scheer

Botanisches Institut der Universitdt, Menzinger Str. 67, D-8000 Minchen 19,
Germany.

INTRODUCTION

Biliproteins are the major light-harvesting antenna pigments of cyano-
bacteria, red and cryptophyte algae. Two of them, viz. allophycocyanin
(APC)™” and phycocyanin (PC) are constitutive in cyanobacteria and red
algae, and many species contain in addition either phycoerythrin (PE) or
phycoerythrocyanin (PEC) to improve the light-harvesting capabilities in
the green spectral region. These phycobiliproteins are organized together
with linker polypeptides (which may or may not contain additional chromo-
phores) in supramolecular structures, the phycobilisomes (PBS). Light ener-
gy is absorbed strongly by them and transferred efficiently to the photosyn-
thetic reaction center [1-4].

Besides being photosynthetic antenna pigments, biliproteins can have
rather different functions. In higher plants and some algae, a biliprotein,
phytochrome, is an important sensory pigment which is essential for many
lightinduced developmental responses [5]. Although the transduction chain
is still only poorly understood, the primary sequence of events has simila-
rities to those found in the animal photoreceptors, the rhodopsins. In
cyanobacteria and red algae, a fraction of the phycobiliproteins, or a
small pool of structurally distinct biliproteins, has also been implied in
complementary chromatic adaptation and photomorphogenesis, although the
relationship is still only circumstantial and no such "adaptachrome" or
"photomorphochrome" [6] has yet been identified [7-9].

The binding and conformation of the bilin chromophores of the antenna
(APC, PC, PE, PEC) and sensory biliproteins (phytochrome) are remarkably
similar. The chromophores are covalently attached via thioether linkages,
and they are present in a rigid and energetically unfavorable extended con-
formation [9-12]. Another common feature of both classes is that their
excited states show greatly reduced internal conversion to the ground state
[see 9). However, their response to light is nonetheless rather different.
The sensory pigment(s) are photochemically reactive and show little to no
detectable fluorescence [5]. Isolated antenna biliproteins have, by con-
trast, a high fluorescence quantum yield and correspondingly long lifetimes
of the excited states [13,14]. A minor photochemical response can be only

*) Abbreviations: PBS = phycobilisome, PEC = phycoerythrocyanin, PC= phyco-
cyanin, M.= Mastigocladus, KPP = potassium phosphate buffer, SDS-PAGE =
sodium dodecylsulfate-polyacrylamide gel electrophoresis
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induced in PC and APC by a variety of mildly denaturing conditions which
may "soften" the chromophore environment(s) [see 7]. While these properties
can be readily rationalized as being important to their different func-
tions, the molecular basis for their distinctive properties is still un-
known.

PEC [15] is a remarkable exception to these rules. When incorporated in-
to the PBS, it has the properties of an antenna pigment, whereas after iso-
lation it shor's a pronounced photoreversibly photochromic response
[7,8,15,16] similar to that of phytochrome [17,18]. Furthermore, consider-
able variations in the extent and difference spectra of the reversible pho-
tochemistry were observed [7,16,17,19-21]. Even though the evidence for a
sensory function of PEC is still indirect [22], the pigment is then useful
to study tl.- factors responsible for the photochemical and photophysical
properties of biliprotein chromophores. Here, a summary is given on recent
studies from our laboratory with PEC from two cyanobacteria, viz. Masti-
gocladus laminosus and Westiellopsis prolifica.

DIFFERENT ISOLATES

Similar to the¢ Fuglistaller’s report [23], chromatography of crude ex-
tract from Mastigocladus laminosus on DEAE-cellulose yielded an early elu-
ting PEC I and a second fraction (PEC II) eluting at higher ionic
strengths. Both had similar absorption spectra and SDS-Page patterns, but
the extent of reversible photochemistry (measured as AAA™ [21]) was always
distinctly lower for PEC I than for PEC II. Chromatography of a crude ex-
tract from Mastigocladus laminosus yielded PEC I and PEC II in a ratio of
0.8 to 1. If the same crude extract was instantly frozen with liquid nitro-
gen, kept for two months at -20°C, and chromatographed under similar condi-
tions, this ratio increased to 3. Either, PEC I is then derived from PEC
II, or PEC II is more labile and degraded during storage.

A similar chromatography of an extract from Westiellopsis prolifica
yielded a third fraction which is hardly adsorbed on the column at all and
was termed PEC(X). It lacked the long-wavelength shoulder due to the two
cyanin chromophores on the B-subunit, it showed the SDS-PAGE mobility of a
PEC a-subunit, and its a-terminal sequence was very similar to that of the
a-subunit of PEC from M. laminosus. It is then concluded that PEC(X) is a
free a-subunit or a derivative thereof. The isolation of a free a-subunit

*) AAA has been defined similar as in phytochrome research [21]: The sample
is irradiated saturatingly at one effective wavelength, generally 500
nm, and the absorption difference determined at the two maximum-response
wavelengths (generally 500 and 570 nm). The sample is then irradiated
saturatingly at a second effective wavelength (generally 570 nm), and
the difference absorption determined again. AAA is the difference of
these differences, normalized to the 570 nm absorption after a satura-
ting irradiation at 500 nm.
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is not without precedence: In her attempt to isolate photochromic pigments
from cyanobacteria, G. Bjérn [24]) characterized a pigment termed phyco-
chrome b from several species, and it is most likely that this pigment is
identical to the PEC a-subunits.

AGGREGATION STATE

The aggregation state is an important factor controling the extent of
photochemistry. AAA-values (see above) are maximum for monomers (aB), they
decrease upon aggregation to trimers and are close to zero for PEC in the
PBS [21]. As an increased rigidity is likely upon aggregation, we see this
as an argument that photochemistry requires some flexibility of the protein
environment of the chromophore(s).

Possibly even more importantly, there is also an inverse effect of the
photochemistry on the aggregation behavior of isolated PEC. Whereas the 570
nm absorbing form aggregates like other phycobiliproteins to trimers (aB) ,
aggregation is impeded after conversion to the 500 nm absorbing forms. The
a-84 phycobiliviolin chromophore, which probably isomerizes from the 15Z
(A =~ 570 nm) to the 15E-configuration (A ~ 500 nm), is located on the
contact surface between the monomeric (aB) gsaponents in the torus-shaped
trimer, and may be involved in two inter-monomer hydrogen bonds [11]. This
situation is again reminiscent of the situation in phytochrome. The intra-
molecular dissociation of one domain from the chromophore domain, has been
discussed as one event in the signal transducing chain following the light-
induced 15Z-E isomerization of the chromophore.

REGULATION OF PHOTOCHEMICAL ACTIVITY

For a long time, we have been puzzled by the poorly reproducible photo-
chemistry of different PEC preparations. Kufer and Bjérn [16] published
spectra for the a-subunit corresponding to AAA-values close to 70%, whereas
even the most active preparations in our hands gave a AAA of only <20%. The
results of a systematic investigation of environmental factors other than
aggregation on the photochemistry, can be summarized as follows: 1) PEC I
and PEC II both showed variable photochemistry, but that of PEC II was con-
sistently higher than that of PEC I. 2) After dialysis against increasing
concentrations of KPP buffer, the photochemistry increased first (5 mM to
500 mM), but decreased again at 1 M. 3) Both PEC fractions showed higher
amplitudes of the photochemical reponse with increasing (7 to 9) and
decreasing pH (7.0-5.0). 5) The photochemistry of PEC II could be enhanced
further by addition of KSCN to 1 M, which is known to dissociate phycobili-
protein aggregates to monomers [25,26]. 6) The effect of increasing pH is
still present in the presence of KSCN, while that of low pH is leveled.
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A SECOND TYPE OF PHOTOCHEMISTRY

Since the photochemically active chromophore is a-84, further studies
concentrated on the a-subunit. Upon electrofocusing under denaturating con-
ditions, both PEC I and PEC II yielded two bands each with the spectral
characteristics of the a-subunit, which had pairwise the same isoelectric
points. No significant difference was found among the four fractions on
SDS-PAGE, but considerable differences in their AAA values. When irradiated
alternatingly with 577 and 600 nm, they all showed a different type of
response characteristic of a line broadening rather than a line shift (dif-
ference maxima at 504 and 594 nm, minimum at 565 nm). This reversible
response, which was termed type II photochemistry, had been observed pre-
viously [19] with integral PEC, but could be studied more clearly in one of
the four fractions in which the type I photochemistry was almost lacking.
The response of all a-subunit fractions to ionic strength was negligible,
and the response to pH strongly decreased. This may indicate again, that
interactions among the subunits is an important factor. However, the diffe-
rences among the different fractions still remain puzzling.

EFFECT OF SH-GROUP DIRECTED REAGENTS

Reagents known to react with SH-groups showed a remarkable effect on the
photochemistry of subunits: The type I response of all four subunit frac-
tions was increased to AAA > 70 % in the presence 2-mercaptoethanol (5 mM).
It remained high even after 2-mercaptoethanol was dialysed out, but decrea-
sed again slowly upon storage. The type II response is barely discernible
under these conditions. On the other hand, addition of p-chloro-mercury-
benzenesulfonate (PCMS) resulted in the inverse effect. Type I photo-
chemistry was strongly decreased. That of type II was clearly discernible,
but it is not clear if it increassed, or was only buried before under the
intense type I-response. This modulation is fully reversible.

The reversibility with PCMS, and the persistant high photochemistry if
2-mercaptoethanol is dialyzed out of the sample, provide good evidence that
(modification of) SH-group(s) plays a dominating role in controlling the
photochemistry. Besides the cystein which binds the a-84 chromophore and
does not react with PCMS, there are two free cysteins (a-98 and a-99) in
the PEC a-subunit. They are located on helix E [1l] close to the loop con-
necting it to helix F, at a distance of >17 A from the nearest edge of the
chromophores. A direct interaction is unlikely over such a distance, but
since the chromophore is bound to helix E and in contact with helix F, an
indirect effect can be rationalized by which e.g. the mobility of the chro-
mophore is affected.

Irrespective cf the details, the possibility to obtain reproducibly sub-
units with a maximum photochemical response of type I by treatment with
2-mercaptoethanol, provides for the first time an access to polypeptides
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highly enriched in either the chromophore of the 570 or the 500 nm form.By
the same token, the treatment of a-subunits with PCMS provides samples in
which the type II photochemistry maximum. If one takes into account that
the two cysteins can be oxidized by air to a similar form with low type I
and high type II activity, this would provide a ready explanation for the
rather different photochemical signals found previously for a-subunits.

Scharnagl (27] has provided recently a model for biliproteins, in which
the microenvironment of the chromophores is very heterogeneous. Possibly,
the line-broadening features of the type II-reponse, can be explained by a
photochemically induced shift of the population equilibrium of the a-84
chromophore. Changes in the orientation of nearby aromatic amino acids like
His-a90, may well influence ring D of the phycobiliviolin chromophore in PEC.
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