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Protein unfolding of eight different phycocyanins was investigated utilizing circular dichroism and visible spectra. The 
phycocyanin samples were extracted from algae that are normally found in vastly different environments, ar.d are classi- 
fied as mesophilic, tberrnophilic, halophilic and psychrophilic. The ability of these proteins to resist the denaturant urea 
is in the order of therrnophile > mesophile, halophile > psychrophile. Based on a two-state approximation the apparent 
free energies of protein unfolding at zero urea denaturant concentration, AGHzO , were found to range from 2.4 to 8.8 
kcal/mole for the eight phycocyanins at pH 6 and 25°C. The proteins from U%?hermophile are generally more stable than 
those from the mesophile. An extra stability of the halophile is believed due to the specific interaction of the proteins and 
the ions in solution. A correction for AGHzO 
tural properties of these proteins are pr&%y 

due to minor amino acid differences reveals that the stability and the struc- 
affected by this minor difference in amino acid compositions. 

I_ Introduction 

The biliprotein, phycocyanin, is found in blue- 
green and red algae. It is both an energy-transfer pig- 
ment in Photosysiem II [l] , and a modifier of the 
electron flow across chloroplast extract bilayer mem- 
branes [2] _ Enzymatic activity in the conventional 
sense is not present in this protein. The protein is 
found in vivo in an asegated state in structures call- 
ed phycobilisomes [3] _ Cyanophyta (blue-green algae) 
are among the oldest known organisms 143 and are 
found to exist in a diversity of ecological niches and 
consequently thrive under vastly different environ- 
mental stress. This characteristic leads to the else of 
phycocyanin as a probe in the studies of the effect 
of variations in environmental conditions on the 
structure and function of proteins. The characteriza- 
tion of phycocyanin extracted from different micro- 
organisms such as Masti’gociadus laminosus (1-30-m), 
Mastigodudus Zuminosus (NZ-DB2-m), Cpmidium 
culdm-m, Anabaena vmiabilis, Piectonema calothri- 
coidei, Phonnidium zwidum. Mirrocoleus ~aginatus, 

and Coccochlor;is eia&?zs has been reported [5--93. 
These organism s were grown in the laboratory under 
the specific culture conditions that reflect the envi- 

ronmental niche in which they are normally encoun- 
tered. The above mentioned algae are classified as 
thermophilic (high temperature), mesophilic (room 
temperature), psychrophilic (low temperature) or 
halophilic (high salt) alga according to the tempera- 
ture or the salt concentration of their culture media. 
The amino acid analyses, partial amino acid sequences 
and immunochemical studies of phycocyanin from 
this diverse group of organisms demonstrate that 
these phycocyanins have a striking degree of similari- 
ty [5-91, even though in their natural environment 
they are exposed to markedly different temperature 
and salt conditions_ It is suggested that the investiga- 
tion of these algal proteins is useful in the understand- 
ing of the subtleties of protein structure that are fac- 
tors in the organisms’ ability to survive environmen- 
tal stresses [5-g]_ 

The protein aggregation property of phycocyanin 
results from both protein-protein and protein-solvent 
interactions. At 25”C, the purified phycocyanins in a 
concentration of about 10 mg/ml contain a mixture 
of principally three different aggregates, 6s (trimer), 
11s (hexamer), and 19s (dodecamer), in pH 6 or pH 
7, I (ionic strength) 0.1 sodium phosphate buffer_ It 
is possible to isolate phycocyanins under conditions 
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where there will be large amounts of aggregates larger 
than 1 IS. The relative amounts of the several aggre- 
gates found in protein prepared from different algal 
sources can vary widely (5,7-9]_ Hydrophobic in- 
teractions are believed to play an important role in 
the aggregation of these proteins [lOI _ The effects 
of small molecules such as tetraalkylammonium salts, 
phenol and naphthols on their aggregation properties 
at room temperature have also been studied. It was 
found that the changes in the aggregation state caus- 
ed by phenol and naphthols differ between proteins 
isolated from mesophile and thermophile [S, lOI_ 

The thermostability of enzyme activity from some 
thermophibc and mesophilic organisms have been in- 
vestigated [I l-133 . it has been shown that the pro- 
teins such as cytoplasmic proteins, bacterial flagella 
and triosephosphate isomerase from thermophiles are 
more thermostable and more resistant to denaturants 
than those from the mesophile [ 12, 13 J _ There are 
few studies of thermal or perturbant denaturation of 
the proteins from a psychrophilic source compared 
with a thennophile or a mesophile. One recent report 
is that triosephosphate isomerase from a psychro- 
phile was found to have less resistance to heat and 
ures denaturation than ‘that from the thermophile or 
the mesophile [14]_ The effect of salt on the activity, 
and stability of some enzymes from halophilic oga- 
nisms has also been studied_ Enzymes from extreme- 
ly halophilic bacteda have been shown to require high 
concentrations of salt for both activity and stability 
[15-173 _ 

The native conformation of a globular protein is 
about 5-1, kcal/mole more stable than a randomly 
coiled conformation [ 18]_ By studying the protein 
denaturation in urea or guanidine hydrochloride so- 
lution, one can ob?ain the apparent free energy of 
protein unfolding at zero denaturant concentration 
aGwzo [19,20] which is an estimate of the native 
conaopmation stability relative to the coiled form- In P 
the investigation of the denaturation ofghycocyanio 
by urea, we have recently reported LIG, ‘p” for phyco- 
cyanin from P. luridurn [21 J _ There is, iowever, no H 
study that reports simultaneous investigations that 
compare the structural stability of the same protein 
extracted from oiganisms which are grown in four 
different environments, high, room and low temper- 
atures and high salt concentration_ The present in- 
vcstigation is a study of the denaturation of a broad 

spectrum of phycocyanins extracted from organisms 
that are grown in these four different environments, 
and presents and compares the free energies of un- 
folding and the stability of these phycocyanins to 
see if any correlation may be made between the esti- 
mated relative stability of these proteins and their 
structural properties. 

2. Materials and methods 

Seven blue-green algae,fK laminosus (1-30-m), M. 
hinosus (NZ-DB2-m), C cakitium, A. varinbilis, 
P. CaZothticoides, M. va,oinohrs and C. elhbens, were 
cultured under specitic conditions. After harvest the 
cells were lysed by lysozyme. The extraction and pu- 
rification of the phycocyanins was described previ- 
ously IlO] _ The protein solutions were repeatedly 
precipitated with 50% ammonium sulfate, and the 
protein dissolved in pH 6.0 phosphate buffer was 
dialyzed in 35% ammonium sulfate solution and frac- 
tionated several times until the ratio ofAhz,-, to ADS,-, 

was 4 or greater. Sodium dodecyl sulfate acrykamide 
gel electrophoresis has been performed on all proteins 
and the only protein present in the purified prepara- 
tion is phycocyanin. The purified proteins were 
stored in 50% saturated ammonium sulfate solution 
in a 4OC cold room. 

Urea (ultra pure grade from Schwarz/Mann Co.) 
was purified by treatment with a mixed ion exchange 
resin (AG-501-X8 analytical grade, Bio-Rad Labora- 
tories) as described previously 12 13 . 

Urea solutions from 1 M to 9 M were prepared by 
dissolving appropriate amounts of urea in 2 ml vol- 
umetric flasks containing $3 6, I = 0.1 buffer. The 
addition of urea solutions resulted in only a small 
change in the pi-I of the solution (pH = 6.3 at 7 M 
urea as compared to pH = 6.0 at zero urea). Since it 
was necessary TO refer to the same reference state, it 
was decided not to add additional acid to the solu- 

tions and consequently the small change in the pH 
of the pro&n solutions was not readjusted after urea 
addition _ . _ bout lo-20 ,ul of phycocyanins were add- 
ed to the urea solutions to give an optical density 
(OD) of the solution of approximately 0.8-09 at 
620 nm. The mixed protein-urea solutions were kept 
in 4OC cold room overnight to make sure the dena- 
turation process was completed. It was found that 
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in the presence of urea the absorbance at 615 run of 
phycocyanin extracted from iVostoc punctifomis 
decreases as time increases and then levels off 1223 _ 
The present absorption and circular dichroism (CD) 
measurements were performed on urea-protein solu- 
tions that were monitored over a sufficient period of 
time to ascertain no additional changes were occur- 
ring. In order to make proper comparison of the tem- 
perature-dependent thermodynamic quantity, AG$;O 
and to correlate this quantity with the known aggre- 
gation data at room temperature, all measurements 
regardless of the sources of phycocyanins were car- 
ried out at the same temperature, 215~C. 

Visible absorption spectra and CD of phycocyanin 
in the presence and absence of urea were measured 
with a Gary model 74 spectrophotometer and a Gary 
model 61 CD spectropolarimeter, respectively. To ob- 
tain accurate ellipticity data, a constantly low scan- 
ning rate was used during the measurements. The CD 
cells had a 0.1 cm light path. The concentrations of 

proteins were determined on the basis of a specific 
extinction coefficient of6.0 at 620 mn for a 1 mg/ml 
solution of protein in pH 6 buffer [ lo]_ Phycocyanins 
have a maximum absorption at approximately 620 
run in the visible range. The absorption spectra were 
measured as a function of urea concentration in the 
ranges from 710 to 450 nm. The CD spectra of phy- 
wcyanin showed a strong positive band at around 
630 ;;m and a strong negative band at 330 run [2 1, 

23]_ In the present investigation, we were interested 
in the CD spectral region in which it is generally ac- 
cepted manifestations occur of changes in protein 
conformation [24J _ The CD spectra of seven phyco- 
cyanins were therefore studied from 280 to 200 nm. 

3. Results 

The dependence of the molar ellipticities of CD 
spectra at 222 nm, [0] 222 (deg cm2/decimoIe), of 

B 
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Fig. 1. (a) CD spectrum of phycocyanin from M. Laminosus 
(3TC!, I-30-m) as a function of urea concentration. Protein 
concentration = 0.12 mg/ml. (b) Molar extinction coefficient 
<em) at the viable absorption maximum of phycocyanin 
from M iamtiosrrs (37”C, I-30-m) as a function of urea con- 
centration CC,). Protein concentration = 0.12 mg/mL 

05- 

Fig. 2. (a) CD spectrum of phycocyanin from M lnminosus 
(SOOC, NZ-DB2-m) as a function of urea concentration. Pro- 
tein concentration = 0.11 mg/ml_ 0) hlolar extinction copf- 
ficient cc,,.,) at the visiile absorption maximum of phyco- 
cyanin from M. laminosus (SO”C, NZ-DB2-m) as a function of 
urea concentration (CT,). Protein concentration = 0.11 mg/ml. 



seven pllycocyanins on the concentration of urea 
(C,) is plotted in figs, I a-&. Each of these plots 
consists of three regions representing the protein be- 
fore unfolding, the protein undergoing unfolding and 
the protein after unfolding, respectively. 

The visible spectra of phycocyanins show a maxi- 
mum at 615-620 mn. In the presence of 1-9 34 
urea, the OD at the maximum absorption decreases 
as the concentration of urea in the protein solution 
increases. The molecular weight of phycocyanin 
monomer, 3 X IO4 da&on, was used to calculate the 
molar extinction coefficients (eat). Rots of ehl at the 
visible absorption maximum of the phycocyanins as 
a function of Cu are presented in figs. lb-7b. 

A two-state mechanism has been used to expkin 
the denaturation of phycocyanin from P, iun*dum 
12 l] _ This assumption is also adopted in the present 
studies for phycocyanins from other sources. The 
equilibrium constant (K) can be determined from the 
CR data by using the foliowing equation: 

P&. 3. (a) CD spectrum of phycocyanin from C. cati&m Fe_ 4. <a) CD spectrum of phycocyanin from A. vanhailir as 
as a function of urea concentiation. Protein concentration = a iunction of urea concentration. Protein concenimtion = 
0.15 rug/ml. (b) hlolar extinction coefficient <em> at the vi% 0.16 m&nl_ @) Molar extinction coefficient (em) at the vis- 
ible absorption maximum of phycoeyanin from C ca.?&?&unt I%& absorption maximum of phywcyanb from A. vbaZG’z3 
as a function of urea concentration K&L Protein wncen- as a function of mea concentration <C& Protein concentm- 
nation = 0.15 mg/mi. tion = 0.16 m&d. 

Native state + Denatured state 01 

where ItI] denotes the observed molar ellipticity at 
222 run for protein in urea solution C,, and [@I N 

and [@II) are the molar ellipticities which fhe native 
and the completely unfolded proteins would have 
under the same conditions. The magnitudes of [0] N 
and @‘Jr, at C,, can be obtained from the extrapo- 
lated straight lines as shown in figs. la-7a. The ap- 
parent free energy of denaturation, AC,,,, can then 
be calculated according to 

Values of K and AGaPP obtained from the analysis 
of the data shown in figs. Ia-7a are presented in ta- 
ble 1. 

In the studies of denaturation of ribonuclease, 
lysozyme, cr-chymotrypsin and &lactoglobuI.iu by 
urea and guarddine hydrochloride, Greene and Pace 
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Fig_ 5. (a) CD spect~m of phycocyanm from i’. colorirricoides 
as a function of urea concentration. Protein concentration = 
0.15 mg/ml. (b) Molar extinction coefficient (em) at the vrs- 
rble absorption maximum of phycocyanin from P. calothri. 
coides as a function of urea concentration. Protein concen- 
tration = 0.15 mg/ml. 

119,201 obtained AGHaO, the apparent free energy 
of unfolding at zero d%%urant concentration, by 
usg aleast squares analysis to fit AGaP,., to the equa- 
tion _- 

AGaPP 
=AGHao--mC _ 

am U 

This method is also adopted here. The least square 
coefficients ?rr and the calculated AG$O for eight 
phycocyanins are summarized in table 1 . The culture 
condition of each alga from which the protein was 
attained and the urea concentration at which the pro- 
tein denaturation is half way through, (CU),,z, are 
also included in the table. 

The ammo acid compositions of the eight phyco- 
cyanins are sim%u [4-73 _ An arbitrarily composite 
idealized amino acid composition based on a 30,000 
molecular weight monomer is used as a reference val- 
ue in table 3 and deviations from this are catalogued. 
In order to make a relevant comparison of the struc- 
ture of phycocyanins by utilizing AGcp’,“, one needs 

Fig. 6. (a) CD spectrum of phycocyanin from psychrophilic 
M. vaginnnrs as a function of urea concentration. Protein 
concentration = 0.12 mg/ml. (b) Molar extinction coefficient 
(em) at the visible absorption masimum of phycocyanm 
from psychrophilic M. vaginatus 3s a function of urea con- 
centration (Cu). Protein concentration = 0.13 mg/ml. 

to employ AGHzo values that take into account on 
any differenceagthe amino acid composition from 
the reference value. A correction for AGz:p” due to 
the amino acid composition differences can be car- 
ried out on tbt basis of 

(5) 

where AGF!r$& is the apparent free energy of protein 
unfolding at zero denaturant concentration corrected 
for differences in amino acid composition, 6nj is the 
deviation in the number of amino acid residue i and 

Mt(i) is the free energy of transfer for group i from 
one solvent composition to another. Free energies of 
transfer Mtti) from water to aqueous urea solutions 
at 2S°C are taken from Nozaki and Tanford [25] _ 
It is assumed that isoleucine and leucine have the same 
~r(i> [26] _ The calculated S~Z~AF,(~ are shown in 
table 3 and values of AGFP$$j are presented in table 2. 
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Fig. 7. (a) CD spectrum of phycocyenin from C. elnbens as 
a function of urea concentration_ Protein concentration = 
0.14 mg/ml. @) Molar extinction coeffkient (em) at the vis- 
ible absorption maximum of Phycocyenin from C. elabens 
as a function of urea concentration. Protein concentration = 
0.14 majml. 

4. Discussion 

A comparison of CD and visible absorption spec- 
tra as shown in figs. 1-7 reveals that the shapes of 
the denaturation curves are quite similar for both 
CD and absorption spectra. In addition, there is good 
agreement in the denaturant concentration for which 
the protein undergoes complete denaturation. 

Table 2 shows that, in general, the magnitudes of 
the denaturant concentration at the midpoint of the 
denaturation curve, (C,),, , and thus the ability of 
phycocyanin to resist the denaturant urea is in the 
order of thermophile > mesopbae, halophile > psy- 
chrophile. Jt should be noted here that the halophile 
is grown at room temperature es are the mesophiles 
although studies in laboratory cultivation indicate 
that the halophilic organism will grow at tempera- 
tures as high as 45°C [73 _ In the examination of the ef- 
fects of temperature and urea on the enzyme denatu- 
ration, the purified thennophilic, mesophihc and psy- 
chropbhilic triosephosphate isomerases show great dif- 

ferences in susceptibility to denatumuts [ 153 . These 
enzymes lose 50% of the initial activity after 10 mm 
of incubation at 28OC for psychrophile, 45°C for 
mesophile, and 64°C for therrnophile. The resistance 
of these three proteins to urea deuaturation was found 
to follow- their resistances to heat denaturation. The 
premnt results agree with the observations that a pro- 
tein from a themopldic source seems somewhat more 
impervious than the mesophilic one to reagents which 
are thought to disrupt hydrophobic interactions [13, 
27,283. The thermophibc proteiu is considered to 
have a more rigid structure which is less easily dena- 
tured by the change of an external parameter such 
as temperature and the nature of the solvent 127,293 _ 
This conclusion is supported by the observation that 
10m2 M phenol and IO-3 M naphthols promote the 
aggregation of phycocyauiu from mesophilic P. luri- 
dum by increasing its hexamer concentration and re- 
ducing the amount of trimer [lo], but phenol and 
naphthol have no effect on phycocyauius isolated 
from the two cultures ofM_ Zarninosus [5] _ 

The magnitude of AGHso for phycocyanin de- 
rived from algae subject rfour different degrees of 
environmental stress is compared in table 2 and the 
values are in the order of halophile > thermophile, 
psychrophile > mesophile. The observation that the 
ranking of the order of AGHzO does not coincide 
with that of (Cu)1,2 does n%indicate a contradic- 
tion between AG$PO and (C,),, data, since these 
quantities do not nave a simple direct correlation. 
For instance, the values of (&),p are 6.96,5.21, 
4-04, and 5.01 M for ribonuclease, lysozyme, (P- 
chymotrypsin, and &lactoglobuli, respectively, * 
while those of AGHso are 7.7,5.8,8_4 and 105 kcal/ 
mole, respectivel/[$OJ _ In general, the present data 
demonstrate that the average AGHzo for thermo- 
phile and psychrophile are about?E2 kcal/mole 
higher than the value for the mesophile, while AGzP” 
of the halophile is about 4 k&/mole higher than 
the average AGzpo of therrnophile or psychrophile. 
The extra stab&ty of a protein from a thermophile 
has been found for D-glyceraldehyde-3-phosphate 
dehydrogenase from a thermophilic bacterium in 
which an increase of about 40°C in the melting point 
due to a stabilization energy of 10 kcal/mole was re- 
ported [303 _ There is an absence of data in the liter- 
ature on the relative stability of the same protein 
isolated from psychrophile and mesophile. The reason 



K
nn

d 
A

G
ap

p v
nl

uc
s o

f p
hy

co
cy

nn
ln

s c
nl

cu
ln

tc
d i

n 
th

e p
ro

ce
ss

 of
 w

ca
 d

en
nt

ur
at

ia
a 

K
 

A
%

lp
p 

K
 

%
pp

 
K

 
A

%
pp

 
K

 
%

pp
 

K
 

A
%

pp
 

1y
 

“G
oP

p 
1y

 
A

G
fi

PP
 

2J
5 

2.
30

 
2.

50
 

2.
70

 
2,

90
 

3.
10

 
3.

30
 

30
50

 
3.

75
 

3.
80

 
34

85
 

4.
00

 
4.

10
 

4.
25

 
4.

50
 

4*
75

 
5.

00
 

5.
25

 
5.

50
 

5.
75

 
G

o0
0 

6.
25

 

0‘
9G

G
 

0.
02

 
1,

60
0 

-0
.2

8 
2.

34
3 

-0
.5

0 

3.
17

9 
-0

.6
8 

4.
31

8 
-0

.8
7 

O
SG

O
 

1.
09

 
0,

23
6 

0.
86

 
ss

oo
 

-1
.0

1 
0,

14
1(

 
1.

13
 

0.
20

6 
0.

94
 

0,
44

0 
0‘

49
 

6.
80

0 
-1

.1
4 

0.
24

8 
0.

83
 

0.
25

8 
0.

80
 

0,
65

8 
0,

2!
i 

9.
72

7 
-I

,3
5 

0,
35

2 
O

,G
2 

0.
32

6 
0.

66
 

1,
22

0 
-0

.1
2 

13
-7

5 
-1

.5
5 

0.
51

5 
0.

39
 

0.
40

4 
0.

54
 

1.
84

8 
-0

,3
6 

18
.8

3 
-l

o7
4 

0,
75

0 
O

J7
 

O
.S

Z
b 

0.
38

 
2.

74
3 

-0
.6

0 
1.

04
2 

-0
.0

2 
0,

72
5 

0.
19

 
4,

03
8 

-0
A

3 
1.

49
2 

-0
.2

4 
1.

06
9 

-0
.0

4 
s,

a9
s 

-1
.0

5 

0,
11

8 
1.

27
 

0.
25

0 
0.

82
 

0,
48

4 
0.

43
 

0,
86

3 
0.

09
 

1,
43

1 
-0

.2
1 

2,
48

1 
-0

.5
4 

4.
87

5 
-0

.9
4 

0,
74

6 
0.

17
 

0,
29

9 
0,

82
 

1,
29

6 
-0

.1
5 

0,
51

4 
0.

39
 

L
Q

36
 

-0
.0

2 
2,

02
4 

-0
.4

2 
2.

20
0 

-0
.4

7 
3,

13
3 

-0
.6

8 
3.

87
0 

-0
.8

0 
4,

20
8 

-0
.8

5 
6,

40
0 

-i
d0

 
5,

57
9 

-1
.0

2 
8.

00
0 

-1
.2

3 
10

.4
5 

-1
.3

9 
14

,8
8 

-1
.6

0 
2O

S7
 

-1
.7

8 



230 C-H_ then, D_S. Bems/.eZarive xraZdi~ of phycocyrmins 

Table 2 
Apparent free energy of unfolding of phycocyanins 

Source of 
phycocyanin 
_- 

lhermophilic 

M. iaminosus 
(1-30-m) 

M lnminozus 
(NZ-DB2-m) 

C caldarii4m 

Culture condition 
of organism 

37°C pH 7 

50°C pH 7 

50--55°C pH 2 

~C,>l/2 /IGHZG in F (6q) @q(r)) a) &Hz0 b) 

mole/l kc$i?ole kcal.imole kcz$i?$i 

6.0 f 0.2 5.3 * 0.1 0.89 = 0.02 -0.2 * 0.02 5.1 i 0.1 

6.2 i 0.2 3.9 f 0.1 0.62 2 0.02 

5.2 I 0.2 5.3 + 0.2 1.02 f 0.03 

0.3 2 0.03 

-0.6 f 0.06 

4.2 2 0.2 

4.7 t 0.3 

Mesophilic 

A. variabilis 25-C, pH 7 3.3 r: 0.2 2.4 r: 0.1 0.74 f 0.03 0.9 * 0.09 3.3 * 0.2 
P. calorhn-coides 25°C pH 7 3.9 * 0.2 3.2 * 0.2 0.84 * 0.03 1.6 + 0.16 4.8 2 0.3 
P. luridurn C) 25°C pH 7 5.0 * 0.2 4.2 -c 0.3 0.83 2 0.05 0.7 * 0.07 4.9 * 05 

Psychrophilic 

M. vaginarus 4OC, pH 7 2.8 2 0.2 5.1 ” 0.2 1.83 f 0.07 -0.4 2 0.04 4.7 2 0.2 

Halophibc 

C elabens 26°C. 15-202 NaCl 4.1 + 0.2 8.8 f 1.1 2.12 f 0.26 1.0 * 0.1 9.8 f 1.2 

a) No standard deviation was reported in ref. 125 ] for tit(r). It is assumed to be + 10% here. 
b) See eq. (5) for deftition. 
=) Recalculated from ref. [21]. 

Table 3 
Amino acid compositions and calculation of @ni) (aFtb-,) of the eight phycocyauins a) 

Residues Reference No. of Deviant amino acid 
amino acid residue content 

6”i ‘) ~to 
d) 

car/mole 
(sui) (bFt(f)) 
kcal/mole 

residues b) 

(A) Polar 

Acidic 

Asp 30 

Ghl 26 

Basic 

Lyse) 11 

19 18 29 &) -8 3 -120 -140 -124 0.8 1.1 -0.4 
(PC) (PI-) (CR) 8L) (CR) (PC) (Pk.) (CR) (PC) @‘L) (CR) 

ZE) 
-2 - - 

(CE) 

His 2 

Arg 17 

Hydroxy 

Tbr 16 19 13 3 -48 -58 -0.1 0.2 
WV) W-) 0 

Z) 
0 (-PL) 0 BL) 

Serf) 18 22 14 4 -4 0 0 0 0 
0 (CR) 0 (CR) 0 (CR) 0 (CR) 
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Residues Reference X0. of Deviant amino acid 
amino acid residue content 
residues b) 

(B) Nonpolar 

Aliphatic 

GUY 21 

Ala 41 

Val 

Ileu 

17 

15 

LCXl 24 

pro a) 9 

Met 8 

1/2cys 2 

Aromatic 

Tyr 13 

Phe 8 

24 
WV) 

10 18 
(CEI (ML501 

o\:UO) 
3 

(Av) 

4 4 6 
(hIL37) WV) (CC) 

6ni Cl A-Ftci> d) 
calfmole 

@nil Cst(i>) 
k&/mole 

-9 &) & (CE) 

GE) &50) 

2 

WV) 

-3 
(ML-EO) &, 

2 4 
GL37, WV) (CC) 

-2 -2 
(CE) (PC) 

0 

4 0 

(MV) (Mv) 

33 9 20 -0.2 -0.1 -0.2 
(CC) (MV! (CE) (CC) (MV) (CE) 

-150 -196 0.8 -0.6 
(CE) (ML50) (CE) (ML50) 

- 

-300 -182 0.9 0.9 

(MUO) (AV) OfLsO) WV) 
-110 -110 -110 -0.2 -0.2 -0.4 
(ML371 WV) (CC) (ML37) (MV) (CC) 

-390 

(CE) 

-300 
BL) 

-376 
(PC) 

- 

0.8 
(CE) 

-0.6 
(PL) 

0.8 
CPC) 

a) Abbreviations SigGfy algal source of phycocyanin. PC, Plecronem~ col~rhtic~ides; PL, Phomidirrm Iuridum; CC, Cyanidium 
caldnrium; h%V, Microcoleus vaginatus; CE, Coccochloris ekzbens; ML37, MasrigocIadus larninosus (I-30-m); ML50, Masngocia- 
dus Zaminosus (NZ-DB2-m); AV, Anabaena variabilix 

b) Amino acid residues are arbitrarily idealized composite values based on a molecular weight of 30,000 for phycocyanin 
monomer. They are used as reference values. Sources of data: ML37, ML50 and PC 151, CC 1331, AV [6], PL [9], MV [S] 
and CE [7]. Experimental error is taken as i 770, therefore the calcu%tions where 16nil < the reference number of residue X 7% 
are neglected in the table. 

c) Deviation in the number of amino acid residue i from the rsference value. 
d) Free energy of transfer from water to urea solution_ The concentration of urea solution is assigned at (C,,)t,2 except that for 

e) Ut(a of Lys and Pro are not available. Based on ref. 1251, the estimated values of (6n;l (aF,(,&o&Lys for CE and Pro for 
MV would be in the range of 0.2 kcal/mole which will not significantly effect the cahxdated AG, 2 

f) The magnitude of hFto is small based on the assumption of Ser being equivalent to Thr-Ala [Zt?p!‘)‘ 

for the extra stability of psychrophilic phycocyanin 
at this stage is unknown. It was found that the puri- 
fied psychrophilic phycocyanin contains a significant 
amount of polysaccharide [8] _ It is not clear as to 
whether all the polysaccharide found is simply a con- 
taminant or if a small amount is part of the protein 
structure (a glycoprotein). It is possible that this ma- 

terial could interact with protein or urea so as to af- 
feet the stability of protein. A variety of enzymes 
from extremely halophiiic bacteria have been shown 
to require high concentrations of Na+ or other cations 
for both activity and stability [ 16]_ The mechanisn 
of action of salts has been proposed to involve shield- 

ing of ionic groups on the enzyme by counterions 13 1] 
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Aggregation states of phycocyanin in pi% 6.0, I 0.1 phosphate buffer at 25°C 

Source pf phycocyanin Percentage of aggregates a) Degree of polymerbzation b) 

21s 19s 16S 31s BS 3s 

Tkxmophiie 

M. &m&onrs 
<I-30-m) 

nr. iiminosus CNZ-DB2-m) 

C aildu~&4m 

Mesophile 

A.vmkb%s 
P. c&?rhriroides 
P. luridurn 

Psychrophile 

M. vaginoms 

Halophile 

C e&t&ens 

2 43 55 45 

12 29 59 5.0 

46 19 35 7.7 

37 43 20 7.6 
5 70 25 5.6 
7 32 62 4.6 

11 0 13c) 26 19 30 5.3 

7 27 66 4.4 

a) 19s = dodecamer, llS = hexamer, 65 = trimer, and 3s = monomer. Data taken from refs. [S, 7,8,33-35]_ 
h) Degree of p03ymxizatio~ = 12 x percentage of 19s + 6 x percentage of 1 IS + 3 X percentage of 6s -f 1 X percentage Of 3s. 
C) Arbitrary assignment of the sum of the amount of 21s and 16s aggregates asbeing equal to the amount of 19s aggregate. 

and salting out of nonpolar side chains allowing them 
to form stable hydrophobic bonds within the interior 
of the protein structure. For sodium or potassium 
salts, the order of promoting enzyme activity and 
stability is Ci- , H2P0, > Br- > NOc?, > ClOT > 
gCW [17]- In the present study, the purifjed halo- 
philic phycocyanin is dissolved in sodhrm phosphate 
buffer. The high stability of AGHzo for halophile in 
the present study might result fF%r the specifc in- 
teractions of the protein with sodium and phosphate 
ions. 

AG&$& is the apparent free energy of protein un- 
folding at zero denaturant concentration corrected 
for differences in amino acid content. Table 2 shows 
that average values of AG~~p~,., are about the same 
for thermophile (4.6 kcal/moie), mesopfiile (43 kca3/ 
mole), and psychrophile (4.7 kcal/mole), while that 
of halophile is much bigher. These results suggest that 
the difference observed in AGHzo among these pro- 
teins are prim&y due to the %or difference in 
amino acid compositions and also suggest the possibil- 

ity that there is a specific interaction of halo&Se 
with tbe ions in the solution so as to give a much 
higher AGzp$)- 

The aggregation state of phycocyaniu to a signif- 
icant extent results from protein-protein and pro- 
tein-solvent interactions f9, IO]_ In analyzing the da- 
ta shown in table 4, one will find no systematic cor- 
relation between the percentages of aggregates or the 
degree of polymerization and the sources of the pro- 
teins_ It is possible that the minor difference in amino 
acid compositions would provide a difference in pro- 
tein-protein and protein-solvent interactions. How- 
ever, it is not clear how this amino acid difference is 
related to the aggregation states of phycocyanins. 
even though it has been z&own that a single amino 
acid residue substitution can dramatically affect the 
aggregation properties and physiological function of 
hemoglobin [32]. 
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