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Allophycocyanin was purified from the extremely thermophiiic blue-green alga Synechococcus lividus. It was shown to 
be more stable to thermal or urea denatoration than allophycocyanin from a mesophilic organisms. Its amino acid composi- 
tion and spectroscopic response to pH were investiited. 

An analysis was made of the relatively low fluorescence polarization of allophycocyanin compared to that of a compar- 
able sized aggwgate of the biprotein, C-phycocyanin. A rather speculative conclusion was reached that sugests that the 
lower polarization of allophycocyanin may be caused by orientations OI positioning of the chromophores that are more 
favorable for k&a-protein energy transfer. 

1 _ Introduction 

,Allophycocyanin, a chromoprotein containing 

covalently bound tetrapyrrole groups, is located in the 

phycobilisomes of blue-green and red algae [l] ; This 

protein participates in the transfer of excitation en- 

ergy to the chlorophyll in the thylakoid membranes 

[Z] _ A structural model of the phycobilisome has been 

developed which places al!ophycocyanin in the core, 

adjacent to the membrane [3] _ It has not been found 

in cryptomonads, the third class of algae which con- 

tains biliproteins [4] _ 
Previous investigations of protein from thermophilic 

algae have focused on C-phycocyanin. In this paper 

we report for the first time t’_z properties of allophyco- 

cyanin from a blue-green al:_a, Sy?zecizococcus Zividus, 

which grows at temperatures as high as 73°C [5,6,7]. 

Allophycocyanin is composed of two different poly- 
peptides in a 1: 1 molar ratio. as demonstrated by the 

sequencing studies of Brown ct al. [8] and Brown and 

Troxler [9] and the subunit separation experiments of 
Gysi and Zuber [ lo,1 1 ] _ The isolated protein was found 
by sedimentation equilibrium studies to have a molecu- 
lar weight of about 103000 [ 12,131; and each subunit 
molecular weight, obtained by electrophoresis in sodium 
dodecyl sulfate gels, proved to be about 15-18000. 
Thus a major in vitro form of allophycocyanin isolated 

from both mesophiles and thermophiles has an cQ3 
structure. In the present study we probed the relative 
stability of ailophycocyanin obtained from each type 

of organism. In addition, the fluorescence polarization 

spectrum of allophycocyanin was examined. 

2. Materials and methods 

2.1. Extraction ofallophycocyanin 

Ten grams of cells were suspended in 100 ml of phos- 
phate buffer, ionic strength (4 0.1, pH 6.0, containing 

10 g of mannitol as an osmotic stabilizer. Lysozyme 
(Sigma, 25000 units/mg) was added to a final concen- 

tration of 0.1%. The mixture was stirred at 37OC for 

2 h and then at 4OC for 16 h. The cells were centrifuged 

at 1 OOOg for 20 min and ruptured by resuspending the 
pellet in phosphate buffer without mannitol. The sus- 

pension was stirred at 4°C and centrifuged at 17000 g 

for 20 min. The buffer extraction and centrifugation 
were repeated twice daily until the supematant was no 
longer blue. The extracts were stored in 50% saturated 
ammonium sulfate and cleaned of cellular debris by 
repeated centrifugation at 23000g for 30 min. 
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2-Z. Purificafion of aZ(ophycocyonk2 

The absorbance maximum for the lowest energy- 
excited state of S. Zividus allophycocyardn is 653 run. 
Cur primary criteria for protein purity were As&4280 
> 4.0 and AS53/A620 > 2.0 in sodium phosphate buf- 
fer, $9 6.0, and 0.10 I. 

Samples were placed on discontinuous sucrose gra- 
dients (2.0, l-5, l-0,0.8, and 0.6 M sucrose) in phos- 
phate buffer and centrifuged for 20 h at 140000g and 
5°C in a Beckman type 40 rotor. Fractions enriched in 
ks3 were Fooled and precipitated with ammonium 
sulfate. This material was pelleted and dissolved in 
phosphate buffer for subsequent purification by iso- 
electric focusing. 

Isoelectric focusing was done in a 1 IO-ml IKB 
Ampholine column (88101) with a sucrose gradient 
and a pH 4-6 ampholyte. Allophycocyanin focused 
in two major bands and a third, thinner band all so 
close together that they could not be collected in sep- 
arate fractions. The absorbance of each fraction was 
measured on a Gilford model 2400 spectrophotometer. 
Two runs through the column were necessary to obtain 
material with an Ab53/As20 ratio of 2.1 to 2.2 (Gary 
I4 spectrophotometer). Ceatrifugation at 140000g for 
30 min was used to remove insoluble material and pro- 
duced an A,,&4 280 ratio of 4.0 to 4.5. Protein was 
shown pure by sodium dodecyl sulfate gel electrophore- 
Sk. 

The purified allophycocyanin was stored at 4OC un- 
der 50% saturated ammonium sulfate. For use, aliquots 
were pelleted by centrifugation, dissolved in pH 6.0 
buffer. and dialyzed overnight at 4OC against the same 
buffer. 

Small amounts of protein with unique spectral char- 
acteristics have been found associated with some aho- 
phycocyanin preparations [14--161. These proteins 
have a higher absorbance at 680 run relative to A653 
than the major allophycocyanin form. Therefore the 
absorbance at 680 nm of fractions taken in isoelectric 
focusing experiments was measured, and any fraction 
with an elevated reading was not included in the puri- 
fied preparation. 

Thermal denaturation experiments were performed 
on an Acta II spectrophotometer (l-cm light path). The 

temperature in the sample chamber was varied by water 
circulating from a Haake bath (model F). The *thermal 
characteristics of the system were obtained by compar- 
ing the Haake bath temperature with the temperature 
of buffer in a test cuvette in the Acta II, measured with 
a copper-constantan thermocouple and a millivolt po- 
tentiometer (8690, Leeds and Northrup). The rate of 
heating was 40°C in 8 h. At each temperature the ab- 
sorption was measured until a constant value was ob- 
tained. 

Denaturation of the protein by urea was monitored 
on a Gilford spectrophotometer (I-cm light path). 
Since absorbances of samples treated with various con- 
centrations of urea at ambient temperature (23°C) 
were constant after 4 h, all absorbances are reported 
as of that time. The urea (ultra-pure grade of Schwan- 
Mann Co.) was purified by eluting a urea solution 
through a mixed ion exchange resin (AG-501 -X8 analy- 
tic grade, Bio-I&d Laboratories). The puritied urea was 
then evaporated to dryness. 

Although data on urea and thermal denaturation of 
mesophilic allophycocyanins are available [8,9,17], no 
attempt was made to duplicate the experimenta proto- 
cols of these investigators. Instead, our experiments 
with purified allophycocyanin from Phom?idium 
k&d- were performed under experimental condi- 
tions that exactly matched those for S. lividu allophyco- 
cyanin. 

The effect of pH on the absorption spectrum of al- 
lophycocyanin was followed by first dialyzing the pro- 
tein into pH 6.0, sodium phosphate buffer to remove 
residual ammonium sulfate. Equal volumes of this solu- 
tion were then pipetted into dialysis sacs and the ali- 
quots dialyzed overnight at 4OC into buffers of various 
pH values. The sacs were tightly closed to avoid diht- 
tion problems. The experiments were performed at 
room temperature. 

2.4. Amino acid amiysis 

Samples for amino analysis were hydrolyzed in 
6 N IiCl for 24,48 and 72 h under vacuum at 113°C. 
For cysteic acid analysis the procedure of Spencer and 
Wold [ISI was used. 

2.5. Fiuo7e9cemz experiments 

T&e absorbance of the sample used for fluorescence 
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studies was 0.12 at 653 run. Fluorescence polarization 
experiments were performed on a Perkin-Elmer MPF- 
44A fluorescence spectrophotometer equipped with 
an R777 HTV photomultiplier. Emission was set at 

700 or 720 nm for these measurements, and the instm- 
ment was operated in the ratio mode with excitation 
slits of 6 run and emission slits at 10 run. 

Polarizations were calculated by 

P = (I, - ‘=vh)/(fvv + GI,) (1) 

where I is the intensity of light at a given wavelength, 

G is f,,v/&., , and v and h are vertically and horizontally 
polarized Ii&t, the first subscript referring to the ex- 
citing light and the second to the fluorescence emitted. 

Fluorescence emission spectra were obtained using 
an RCA 4832 photomultiplier, which has a flat spec- 
tral response tit the region of interest. 

3. Results axed discussion 

Tire alloghycocyanin from s Iividus has spectro- 
scopic and subunit properties very similar to those of 
ahophycocyanins from mesophilic organisms. The 
structural arrangement of the bihproteins in this thermo- 
phile is also generally the same as in various mesophilic 
blue-green or red algae [1,5,19--231. However, S. Zivi- 
dus allophycocyanin is stabie at much higher tempera- 
tures (fig. 1). Its C-phycocyanin is also stable (fig. 1). 
Similarly, the thermophiiic protein is much more re- 
sistant to denaturation by urea than is the mesophile 
(fig. 2) However, only one mesophile allophycocyanin 
was compared to only one thennophile allophycocya- 
nin, so these results are not necessarily definitive. The 
results in fig. 2 show the change in -4653. The A620 for 
the thermophilic protein was essentially unchanged 
even after 4 h at 8.0 M urea; the AC*,-, of mesophik 
ailophycocyanin bleac?zeZ considerably at much shor- 
ter times. In both cases, however, the loss of Ah53 was 
more rapid than that at 620 run. Our observation of 
the relative resistance to denaturation of thsrrnophibc 
versus mesophihc allophycocyanin agree with those ob- 
tained for a variety of proteins from other organisms 
[24-271. Changes in absorption upon denaturation 
have long been noted [2S] with bihproteins. 

pH had about the same effect on both mesophilic 
and thermophilic ahophycocyanin between pH 5 to 8. 

0.6 

40 60 
TEMPERATURE (“Cl 

Fig. 1. Effect of temperature on absorbance of S. Zividus allo- 
phycocyanin (o), I? Zuridum allophycocyanin (*), and S. Zividus 
C-phycocyanin (A)_ The absorbances of the allophycocyanins 
were monitored at 652 nm and those of C-phycocyanin at 
620 nm. Results of a single typical experiment are shown. 

OV 

UREA (moI/P 1 

Fig. 2. Effect of urea on absorbarve (653 run) of S. lividm (0) 
and P_ luridurn (0) allophycocyanins. Ao is absorbance at 
653 nm (C.7) in the absence of urea. 

Absorbance was slightly higher than the thermophilic 
protein than with the mesophilic at the pH extremes 
(fig_ 3). 

With C-phycocyanin a variety of aggregates form in 
invitro solutions, depending on the solvent, temperature, 
and protein concentration 1281, and the aggregation 
properties of C-phycocyanins from mesophiles and 
thermophiles differ dramatically [7]. In contrast, S. 
lividus allophycocyanin aggregates are no larger at pro- 
tein concentrations as high as 10 8/l (fig. 4) than at 
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ig_ 3. Effect of pH on the absorbance at 653 mn of S. Zividus Fig. 4. Sedbnentation prome of S. iividus allophycocyank 
)) and P. luridurn (0) allophycocyanins. A0 is maximum ab- (IO g/l, pH 6.0). Sedimentation is from left to right a? 
>rbance for any pH. 60000 rpm after 16 rain at full speed. SXB,, = 5.563. 

bwer concentrations (0.06-0.6 g/l), where both meso- 
hilic and thermophilic protein are 03 03. Thus quafer- 
ary structure is not involved in the greater stability of 

. lividus allophycocyanin. Bryant 1291 has suggested 
lat C-phycocyanin can form larger aggregates than al- 
rphycocyanin because it has an additional segment of 
mine acids on the C-terminal end of its fi subunit. 

We have looked for differences in ammo acid com- 
osition between thermophilic and other allophyco- 
fanins-(table 1). The proteins were generally similar, 
.though there were some differences, especially in 3- 
ysteine content. The amino acid compositions of 
resophilic and thermophilic C-phycocyanins are also 

3x-y similar [7,30], but the thermal stabilities are quite 
ifferent [283 _ This phenomenon suggests that slight 
terations in amino acids can produce salient differ- 
Ices in ability to resist denaturation. 

The tendency of C-phycocyanin to aggregate af- 
rcts both its polarization of fluorescence and its en- 
gy transfer properties. Goedheer and Birnie [3 l] 
rst noted that as C-phycocyanin aggregates became 
ger their fluorescence polarization became lower, 
resumably because energy transfer was more exten- 
ve on larger aggregates having more chromophores 
ith more varied orientations. This relationship was 
rstematicaily studied by Teale and Dale [32 J and 
‘ernotte [33] _ Vernotte separated three C-phycocya- 
in aggregates and determined their respective fhrores- 
:nce polarizations at 620-630 nm excitation wave- 

ngths: 3S, 0.39-0.41; 6S, 029-0.3 1 [33] ; and 11 S, 

6- 

4- 

2- 

1 

0.09-0.10 (Vernotte, personal communication). Kessel 
et al. [34J studied even larger C-phycocyanin aggregates 
and found that for the 19s species p = 0.00. These po- 
larizations are taken from the long wavelength plateau, 
and values from the lower wavelength region are some- 
what less. 

Since the chromophores of both allophycocyanin 
and C-phycocyanin are chemically identical [35 J , their 
fluorescence polarizations should be comparable, and 
their p. are assumed to be equal. The fluorescence po- 
larization spectrum of allophycocyanin from S. lividus 

@3 @3’S20, w = 55s) is shown in fig. 5. Throughout 
the region of the first excited state from 550 to 650 mrr, 
p = about +O.OS which is very much lower than the po- 

15 86 n IS 

WAVENUMBER (m-+x IO? 

Fig. 5. Absorbance and fluorescence polar&&on spectra of 
S licidus allophycocyanin. Extinction coefficient based on 
103000 molecular weight. The standard deviation for each 
polarization value is 0.01. 
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la&ration of the comparahie 6s unit of C-phyCocyanin 
(p = -i-O-27) and, in fact, lower than the polarization of 
the much larger 1 IS aggregate. The fluorescence po- 
larization of allophycocyanin is a particularly signiii- 
cant property because of the relationship between it 
and intramolecular energy transfer, and because of the 
special function this protein is viewed as serving in ex- 
citation energy transfer [2f - This phenomenon is gen- 
eral and not limited to thermophilic aliophycocyanin 
since allophycocyanin from mesophilic algae produce 
very similar polarizations (unpublished results). Several 
possible explanations for this unexpected finding were 
examined in turn- One explanation might be that the 
lower polarization of abophycocyanin is caused by 
greater rotational freedom of its tetrapyrrole chromo- 
phores. As motion of a fhrorescent entity becomes 
more rapid, its orientations become more random, and 
its polarization of fluorescence is lowered. Such mo- 
tion could occur if the protein were partially denatured, 
as was shown with serum albumin complexed with 
fluorescent probes 136,371, or if the bond between 
chromophore and protein permitted it- However, the 
same fluorescence polarization of allophycocyanin 
was obtained in pH 6.0 buffer and pH 6.0 plus 40% 
sucrose- If greater rotational freedom were responsible 
for the observed inconsistency, the more viscous su- 
crose solvent should have reduced the molecular mo- 
bility and raised the fluorescence polarization_ Since 
the polarizations in both solvents were identical with- 
in experimental error, this explanation is virtually 
eliminated. 

A second argument is that if allopbycocyanin had 
more cbromophores per weight of protein that C- 
phycocyanin, the probability for energy transfer 
would be increased, and fluorescence polarization 
would be reduced- in fact the opposite is true. Ey 
studying the absorption spectra of denatured allophy- 
cocy:yhnin and C-phycocyanin, Glazer and Fang [38J 
proposed that allophycocyanin has fewer chromo- 
phores per unit weight (6 per o&) than C-phyco- 
cyanin (9 per a3f13). The chromophore content of 
native allophycocyanin has not been determined, but 
we have estimated it by a method devised by Brady 
and Brody [39 J. In this method the number of cbromo- 
phores, S, is calculated from the weight (m) of a par- 
ticular protein aggregate divided by the weight Q of 
protein which contains I mole of chromophore, so 
that S = m/M_ The function M is obtained by relating 

specific absorption coefficient (e8) to the molar ab- 
sorption coefficient (e&f), since Ed =Me8. This rela- 
tionship is substituted in 

1 8m2c(h130)B2,, OD 
-= 
7 NX 1o-39 

+@)dir 

to give 

M= QNX 10-3 
%?7%(hl10)72,~ i-G e&r)dir ’ 

(3) 

where Q is quantum yield, n is the refractive index, r 
is fluorescence lifetime, c is the speed of iight, N is 
Xvogadro’s number, and Z&m is the wave number of 
the maximum absorption. 

From the absorption spectrum of S. hidus abophy- 
cocyanin (fig. 5) we determined its F&, as 2345 
x IO8 cnl-2 and its j-0” esdp as 99793 crne2 9 P l g-* _ 
By averaging various literature results [8$,14&O] we 
estimated that @ = O-661, r = 2-7 X 10ep, and es 
= 6.79 B l cm-’ l 8-I - Tire refractive index is unknown, 
but values between i -33 and 1.5 are uscd in the litera- 
ture for various proteins. Since m = 103000 for S. Z&i- 
&s ailophycocyanin [6,12j M calculated from eq. (3) 
is between 18940 and 14891 depending on n, and 
there are between 5-4 and 6-9 cbromophores per o& 
structure. These results are quite close to those of 
Glazer and Fang [38], but the experimental errors in 
9, r, and es plus uncertainty about n do not allow us 
to specify an exact number. However, these results, 
when taken with those of Glazer and Fang 1381, do 
indicate that al3ophycocyanin probably does not have i 
more tetrapyrrole groups than C-phycocyanin and 
that this suggestion cannot explain the lower fhrores- 
cence pokrization- 

A third approach to an explanation of the pohuiza- 
tion results involves consideration of the excitation 
energy transfer process. We examined the mechanism 
by which 30th ahophycocyanin and C-phycocyanin 
are thon&t to transfer energy, i-e-, F&rter’s radiation- 
less dipofe-dipole interaction. The transfer rate from 
excited donor to acceptor [4i 3 is derived as 

s = 9&l 10) 9, K2J/i28n%vn4rDR6 (4) 

where @r~ and Q-, are donor emission qt*anttun yield 
and lifetime, in the absence of acceptor;@ is a di- 
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mensionless dipole-dipole orientation factor; J is a 
modified spectral overlap parameter; and R is the dis- 
tance between donor and acceptor. The contribution 
of each to thP relative difference in fluorescence po- 
larization was estimated. 

The quantum yields (P) are in the same range, 0.53 
to 0.68 for allophycocyanin [13,403 and 0.41 to 0.81 
for C-phycocyanin [39,40,42-44] _ Fluorescence life- 
time (7) is 2.7 nsec for allophycocyanin [40], slightly 
larger than the I .8 to 2.2 ns reported for C-phycocya- 
nin [39,40,42,43]. This difference is probably insig- 
nificant, but it should be noted that longer lifetimes 
favor energy transfer. 

The overlap integral, .T, is found [41] to be 

0 I- 
/ ft?ddk (5) 
0 

where E is the molar extinction coefficient and f is the 
fluorescence emission. For S. Zividus allophycocyanin 
we calculated J from its absorbance (fig. 5) and its 
fluorescence emission (cot shown) by trapezoidal !n- 
tegration. We also obtained the absorbance and fluores- 
cence emission spectra of C-phycocyanin of S lividus, 

Plertonema borynnum and P_ luridurn, and calculated 
the C-phycocyanln-C-phycocyanin overlaps for each. 
The extinction coefficients per mole of chromophore 
(E&) were calculated from the literature reports of a 
single group [13,38,45] to make the allophycocyanin 
to C-phycocyauin comparison most meaningful. Thus 
if Ed for the C-phycocyanin is 333 X 1 O5 and if there 
are three chromophores per monomer, & = 1 .l 1 
X 105. For allophycocyanin enl = 2.25 X 105, and 
since there are reporte_d to be two chromophores per 
mole, e& = 1.13 X 10’ a-n-l M-l _ We also used the 
data of Grabowski and Gantt [SO] on both allophyco- 
cyanin and C-phycocyanin from Nostoc sp. in addition 
to those listed above to generate a generalized ratio of 
the overlaps of allophycocyanin’s absorption and emis- 
sion to C-phycocyanin’s absorption and emission of 
1.4. This superior spectral overlap of allophycocyanin 
implies a higher rate of intra-protein energy transfer 
and thus a lower fluorescence polarization. 

Both R and K2 may also contribute to higher ener- 
gy transfer in allophycocyanin. Consider a simple spec- 
ulative calculation: the ratio of ic_r for allophycocyanin 
to that of C-phycocyanin can be represented as 

(%)A/(%)c = [JK2ii#l Ai [JK”i~#” 1 c - (6) 

Substitution of the values of J and T into eq. (6) yields 

Thus if K2 and R6 were negligible, the rate of energy 
transfer of allophycocyanin would be only slightly 
better than that of C-phycocyanin, even though its 
polarization is much lower. It is reasonable to suggest 
the possibility that, while J contributes to the lower 
polarization, the positions of tetrapyrrole groups in 
allophycocyanin are also more favorable for intra- 
protein ener,T transfer. Either the distance between 
chromophores or their dipole-dipole orientations may 
be arranged so that the transfer of excitation energy is 
facilitated. There are several ways that manipulation 
of chromophore arrangement could change the fluores- 
cence polarization_ One very specific way exists for the 
polarization results to be explained but strong evidence 
for this mechanism.is not yet available. The fluores- 
cence polarization spectra of the C-phycocyanin aggre- 
gates show a behavior 132,331 indicating that two 
types of chromophore are present. By segregating the 
chromophores into two rypes, the effective number of 
any one kind contributing to the lowering of the fluo- 
rescence polarization through energy transfer is re- 
duced_ If the chromophores of allophycocyanin are 
assembled so that all the chromophores contribute to 
the same energy transfer 2001 the0 its lower polariza- 
tion value might be explained1 

In conclusicn, it was found at least for one pair of 
mesophilic versus thermophilic allophycocyanins that 
the protein from the high temperature alga denatured 
less readily. The denaturation of C-phycocyanin has 
recently been studied in detail by Chen et al. [46] and 
Scheer and Kufer [47] _ In the future, application of 
their ideas to allophycocyanin should be very informa- 
tive. In addition, new functional models for phycobili- 
somes as proposed by Bekasova and Evstigneev [48] 
will probably generate new experiments on this pro- 
tein. The energy transfer mechanisms for these pro- 
teins are not yet known in great details, and our re- 
sults suggest that subtle differences occur between al- 
lophycocyanin and other types of biliprotein. Energy 
transfer studies on the picosecond scale have recently 
appeared adding a new dimension to the understand- 
ing of these processes [49,50], and finally evidence 
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has appeared suggesting other Eliproteins besides allo- 
phycocyti may participate in direct excitation en- 

ergy transfer to chloropi~yll a [Sl 3. 
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