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knaturstio~ of the protein phycocyanin in urea soh~tioti was inuesti@.ed by microtalorimetry, uItraviofer and visibi(e 
spectroscopy, circular dichroisn and sedimentation esuilibnium. Ihe F~SWS consistently demonsttated that in the presence 
of 7 M urea lb% protein is wmpleielly denauwd. By assuming a two-5tate;mes.kaR&m. im apparent free cnwgy of unfold%l_e 
at zero denaturant concentration, &e”, was Found tobe 4.4 kxaUn~%e at& 6.0 and 25°C. By rn~croca~o~etr~ &e en- 
t&.&y of denaturation of pb~~~an-~~~~~ found to he -230 kcJjmnte at 2S”C. The reIati*eiy large negative cnrhalpy cbanee 
results from proteit unfolding and changes in protein salvation. 

Urea is well known as ;L strong denaturan~ Ear un- 
fOi&ng tie native canformation of &obukx proteins in 
aqueous solution [I]. The ~hen~e~0~ is attxibwed to 
the perturbing effect of urea on the stnlcture of water, 
which enhances the capacity of water to accommodate 
hydrophobic @aups of the pro&~ 121. A fheoreticaI 
z&&s of the a6ifiQ of usea to act as a water sttucntre 
breaker has been reported f3] _ It ha also ken susested 
that ufea interacts directly with the protein - specifical- 
Ly , that the amine groups in utea compIex with tie car- 
bony1 groups of the po~y~~p~de backbone by hydrogen 
bonding - and that &is interaction is a necessary con- 
tribution to the denaturing processI even ‘thcw& it is 
not a ~redcnn~nan~ Fzi~Ux 141. 

l&e protein phycacyar&, which is an accessory pig- 
ment in photosynthesis, exists in solution as severa\ dif- 
femnt aggregates. Iiydraphobic interaction p’lays an es- 
sential role in itr; a~e@iou. We have recently emp’loyed 
~ic~~~o~et~ to study the ~e~~~n~~G aspects 
of tie interaction of phycacyanin with tetsz&kyl~- 
moniurn bromides 151 a 

The present investigation is an extension of OUX snr- 
dies OEI pro%n aggregation and protein-s2t interaction 
[S,G] e MicrocalaGsnetsy, W and visible spectra, circtias 

dichroism @33] and ~e~e~~at~an equ~Iib~um were 
employed to investigate the denatutatian of phycocyanin 
in urea s&~~ions. The enthalpy (AH) of the protein de- 
naturation was measured by microcalorimetry. The pos- 
siblemajar contributions %Q the ~n~~~y change: during 
the denaturation ape discussed. 



CDM2e conductivity meter (Radiometer Laboratories). 
Aliquots of the pure urea solution were evaporated to 
dryness and stored in a vacuum desiccator. 

Ultraviolet and visible absorption spectra and CD of 
phycocyanin in the presence and absence of urea were 
measured with a Gary mode1 14 spectrophotometer and 
a Car-y model 6 1 CD spectropolarimeter, respectively. 

A twin-reactionceIl batch microcalorimeter was used 
to measure the heats of mixing. The inst~me~ration, 
calibration and experimental procedures have been de- 
scribed previously [5] _ The rne~ur~en~ were carried 
out at 25°C. Tfre scheme for the protein-urea mixing 
experiments was as follows: The two compartments of 
the reaction cell contained 0.700 ml of an appropriate 
concentration of urea in phosphate buffer, pli 6.0, and 
0.200 ml of phycocyanin solution (10 mg/ml in phos- 
phate buffer). The compartments of the reference ceil 
contain&d the same concentration and volume of urea 
solution and 0.200 ml of phosphate buffer. 

Sedimentation equilibrium and velocity rneasure- 
men& were performed at 25°C on a Spinco model E 
uftracentrifuge equipped with ~TI electronic speed con- 
trol anti photo&&-k scanner. The speed was ~~0 
rpm for the equilibrium runs and 60000 rpm for the 
sedimentation velocity runs. The partial specific volume 
(U) of 0.75 ml/g of phycocyanln in buffer solution (81 
was used to compute the molecular weight of the protein 
in 3-8 TiI urea solutions. In the presence of 8 M urea 
a 1% decrease in v’ has been reported for other proteins 
[9], and the presence of such a smaII change in u’ affects 
the calculated molecuIar weight to the magnitude of 
about 600 out of 14300. This uncertainty does not have 
any effect on the inte~reta~on of the results. 

The densities of urea in aqueous solution [lo] are 
used as those in the buffer solution for the sedknenta- 

tion equiIibrium measurements. The difference between 
these two densities is negligible in the urea concentra- 
tion ranges studied. For instance, the densities of 7 and 
8 M urea in the buffer solutions were measured pycno 
metrically at 25 t O.Ol”C; it was found that the densi- 
tiesare l.llS3 fO.0001 and 1.1101 -fO.O04g/ml, as 
compared to I.1200 and 1_1W5 g/ml In aqueous solu- 
tions, respectively. 

3. Results 

The UV and visible spectra of phycacyanin show a 

maximum absorption at 625 urn in phosphate buffer, 
pH 6.0, in the absence of urea. The maximum shifts to 
620 nm in the presence of 1 M urea and to 615 run in 
2-6 M urea. The absorption at around 6 15 run becomes 
broader in 7-10 M urea (fig. I). The optlcaI density 
(OD) at the maximum absorption decreases as the con- 
centration of urea in the protein solution increases. A 
plot of moIar extinction coefficient at the visible ab- 
sorption maximum of phycocyanht as a function of the 
concentration of urea is presented in fig. 3A. 

Circular dichroism mea~remen~ demonstrate that 
the strong positive dkhroic band of phycocyanin at 
around 630 mn shifts to 6CI0 nm at 2-10 M urea, while 
the strong negative band at 330 run remains essentially 
unaltered (fig. 2). At 222 run the molar elliptic&y [e] 
in the absence of urea is 21 deg cm2/decimole. This 
value remains unchanged in the presence of 14 M 
urea, decreases in 5-7 M urea and remains essentially 
of the same magnitude in 8-10 M urea. The depen- 
dence of moIar elliptic&y of CD of phycocyanin at 
222 nm on the concentration of urea is piotted in fig. 
3B. 

For a two-state mechanism in protein denaturation, 

Fig. 1. Visible absorption spectrum of phycacyanin as a func- 
tion of urea coneentratian Ihf). Phycaeyanin concentration = 
0.26 m&111. Path length = 0.5 cm. 
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Fig. 2. CD spectrum of phycocyanin ZIS a function of urea concentration (M). Phycocyanin concentration = 0.26 mg/ml. 

Fig. 3. (A) molar extinction coefficient (EM) at the eble ab_ 
sorption ma..imum and (B) molar eilipticity of CD at 222 run 
([0 1222) of phycocyanin as a function of the concentration of 
urea (CJ. Phycocyanin concentration = 0.26 m&ml. 

the equilibrium constant, K, and the free energy of de- 
naturation, AG , can be determined from the experi- 
mental data by%ng 

K= (lel N - ccl )/([el - tel D)’ (1) 

where [e] is the observed molar ellipticity at 222 run 
and [e] N and [O] D denote the molar ellipticities which 

the native and denatured states would have under 
the same conditions. A plot of the calculated AGaPp 
for the tinfolding of phycocyanin against C, is shown 
in fig. 4. Fig. 4 demonstrates that AGape varies linear- 
ly with denaturant concentration. A linear extrapola- 
tion of AG to zero urea concentration leads to a 

value of 4.?l%al/moie for AGH2* at pH 6.0 and 25”C, 
as compared to 9.7 kcal/mole ?$ ribonuclease at pH 
6.6,6-l kcaljmole for lysozyme at pH 2.9,8.3 kcal/ 
mole for ar-chymotrypsin at pH 4.3 and 11.7 k&/mole 
for @-lactoglobulin at pH 3.2 [ 1 l] _ 

Sedimentation equilibrium measurements empIoying 
the meniscus depletion method [ 121 show that the pro- 
tein solution is apparently monodispersive in 4-S M 
urea solutions. The straight-Kne plot of In OD versus 
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Fig. 4. Apparent free enerm of unfoldi%, AGapp+ as a function 
of urea concentration CC,). 

~2 and the least-squares coefficients of the strai&t lirle 

are given in fig. 5. in these experiments OD is the op- 
tical density of the protein solution at 280 or 620 ntn 
and the absorption is demonstrated to be a linear func- 

tion of protein ~~Rcentratia~ (obeys Beer’s law) and r 
is the distance to the center of rotation. The molecular 

Fig. 5, Typical plot of &I CID versus r* by the meniscus deple- 
tion method of the sedimentation equilibrium measurement, 
Concentrations: pbycocyanin = 0.8 m&rz~l; uxea = 8 I\f, x = 
X30 run; intercept = -42.07 r 0.74; slope = 0.803 r 0.015. 

weights of phycocyanin determined in 3-8 M urea se 
Won are presented in table 1_ 

The phycocyanin-urea mixing reaction in the reac- 
tion cell of the microcalorkmeter is 

PC and U denote phycocyanin and urea, respectively, 

Jr& and Iti; represent tile concentratiom of phycacya- 

TMIe I 
hfonomer and subunit molecular weight of phycocyanin from Phw-rnidtin~ iurfdutn 

Solurion condition Monomer Subunit mol. wt. 

mol. wt_ 

no denatuntion agent a) 3oooc 

SDS f p-mercaptoetfranol b, 
urea soiu tions =) 

8 Sl use3 
7 M urea 

6 XI ??rea 

5 Xi urea 

4 hf urea 

3 I\-! uread~ 27100 I 864 

oz P mean 

11900 18500 

13960 4 230 

I43 I# t 270 

13100 t I30 

135IO = 280 

13470 +- 210 

13 130 t 720 

al From ref. [IS]. b, From ref. [20]. 
‘) Determined by sedimentition equilibrium measurements. 
d, A mixture of monomer and subunits. 



nin (mglml) and me2 (mole/l) before mixing. V and 
Vu represent the volumes of phycocyanin (O.ZOgCml) 
and urea (0.700 ml), respectively. Cpc and C, denote 
the concentrations of phycocyanin and urea after mixing. 
-Ibus Vt = V’ f Vu; Cw = ~fp~V~~Vt and Cu = 

Jfu qv,- 
The mixing reaction in the reference cell is 

U@f,, , Vu) f buffer (V,) + U(C,, V,), 

where Vb = VW. 
Since the heats of dilution of urea in the reaction 

and the reference cells are effectively balanced out, the 
heat change (AQ,,) observed in reaction (Al) is 

AQma = AQm f “Qd ii@,-) * (3 

where AQm is the heat of reaction and AQctirW, is the 
heat of dilution of 0.200 ml of 10 n&ml protein so- 
Iution diluted with buffer solution to a final volume of 
O-900 ml. Since the value of AQdilcpc is negligible (less 
than 1 mJ) [s] in comparison with t?l at of AQ,k, AQmiy 
can be presumed to be AQ,, and the enthalpy of reac- ’ 
tion (AHr,) can be easily calculated from AQmix. 

Values af&fu, cu, iup, C’. AQmiy “4 AHr; are 
presented In table 2. Each Y ue of AQmix 1s an aver- 
age of two to four measurements_ The plot of A&, 
versus C, in fig- 6 demonstrates that in the denatura- 

TabIe 2 
Calorimetric results fram mixing phycocyannin with urea in 
phosphate buffer, pH 6.0,IO.l. I%ycocyanin concentration: 
&fpc = 10 msfml; Cpc = 22 mplml a) 

Ures concentridion 

%3 cu 
(mote/n) (molelel 

-AQ*iX 

(mJ) 

-~nl 

&xl/mole of 
monomer pc b)) 

10.30 8.0 I32.8 r. 4.5 476 
9.64 7.5 125.0 r 5.0 448 
9.00 7.0 127.4 IC 4.0 457 
7.71 6.0 81.1 L 0.3 290 
6 -43 5-O 42.0 % 3-8 1.51 
5.14 4.0 35.0 = 03 12-s 
3.86 3.0 28.5 r 0.4 102 
257 .2.0 143 r: Q-i 52 
1.285 1.0 7.6 +. 3.8 27 

G(mofe/I} 

Fig. 6. &H,, as 3 fufiction of use3 concentration CC,). 

tion range ihere is a sharp increase in the negaative en- 
thalpy_ The same behavior has been observed in the de- 
naturations of lysozyme in guanidine hydrochloride so- 
Iution [ 131 and of chymotrypsin A by urea [ 141. By 
extrapolating the linear part of the curve before (region 
i) and after (region 11) the denaturation and drawing 
a vertical iine at the midpoint of denaturation f 131, 
the overall enthalpy of den3turation (AH& can be es- 
timated from the length of ths: vertical line to be -230 
&l/mole. 

4, DiscusSon 

The OD or molar extinction coefficient 0F the vi- 
sible absorption spectrum decreases as the concentra- 
tion of urea increases to 7 M and then levels off (fig. 1, 
fig,. 3A). The essentially constant visible absorption 
spectrum at C,, > 7 M can be interpreted as evidence 
that the protein is completely denatured. This finding 
is consistent with the minirnuin changes in I@] in the 
500-650 run region at C, > 7 M (fig. 2, fig. 3B). The 
CD results also suggest that the protein conformation 
change starts at Cu > 4 &% and is completed at C,, = 
7-8 M- 

The complex interaction of the chromophore with 
the protein and solvent is primarily responsible for 
both the position and the relative intensity of phyco- 
cyarlWs maximum absorption at 620-630 run. The 
shift of this m&.mum to a lower wavelength and the 
decrease in its relative intensity in visible and CD spec- 
tra in the presence of 2-10 M urea indicate that the 
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chromophore-protein solvent interaction is modified 
as a result of the new environment containing dena- 
turant. 

The values of [0] obtained by CD at 190-250 nm 
have been used to compute the relative contents of the 
helix (a). the 6 form and the unordered form of the 
protein [ I5]_ The [e] of a protein at a specific wave- 
length can be represented as 

0 =f,e, +f@e, +fRe,, (3) 

where ea, t?p and 8, are the reference molar ellipticities 
for the (Y, fi and unordered forms of the protein. f,, fp 
and & are the fractions of the (Y, p and the unordered 
forms. The values of 8 0 and t3P at 222 nm are 
-3 1500, -NJ00 and &I$0 deg cm’/decimole, respec- 
tively [14] . By employing these data, eq. (3) and the 
values of 8 appearing in fig. 3 B, it can be roughly esti- 
mated that the protein contains about 65% of o! helix 
at Cu = 0 and < 10% at CU > 7 M. This indicates that 
the protein undergoes very significant conformation 
changes (unfolding) during urea treatment. 

The CD spectra of the separated P and 0 subunits of 
phycocyanin from different algal sources, Synechococ- 
cus sp. and oatzidium caldarium, have been examined 
[l&17] _ At pH 7.0 the CD spectra display an absorption 
maximum at 620 run for the OL subunit and 608 MI for 
the fl subunit in Synechacoccus sp. and 620 MI for 01 
subunit and 585 MI for the fl subunit in Cyanidium 
caldarium. Our data show a broader absorption at 600 
run for the mixture of OL and /3 subunits in 3-10 M urea. 

In 4-S M urea, the determined mean molecular 
weight of the subunits is about 14000 daltons (table 1) 
which is not far from one-half of the monomer molecu- 
lar weight of phycocyanin (30000) [IS] _ This result, 
in view of the monodispersion shown by sedimentation 
equilibrium measurements, suggests that ‘rhe protein 
is completely denatured into its subunits at 4-S M urea 

concentrations and that the two subunits have relatively 
close molecular weights. A mixed moIecular weight, 
13 130 close to the meniscus and 27100 close to the 
cell bottom, is found in 3 M urea solution. This indicates 
that in 3 M urea the protein contains a mixture of mo- 
nomer and subunits. 

The value of -230 kcal/mole (MHd,) at Cu = 6 M 
assigned for the enthalpy of denaturation (or the overall 

enthatpy of unfolding) is comparable with -300 kcal/ 
mole for the denaturation’of lysozyme in guarddine 
hydrochloride solution [‘13]. This relatively large ne- 
gative enthalpy of denaturation contains contributions 
from protein unfoIding and changes of protein solva- 
tion. A method has been presented for calculating the 
number of guanidine hydrochloride and water molecules 
bound to protein in 6 M guanidine hydrochioride solu- 
tion [ 191. However, in the present caze, without know- 
ing the state of protein solvation as a function of urea 
concentration and the hydrophobic interactions of pro- 
tein, it is not possible to make any relevant estimation 
of the individual contributions. 

References 

C. Tanford, Advan. ProteinChem. 24 (1970) 1. 
P.H. von Hippel and K.Y. Wong, J. Biol. Chem. 240 (1965) 
3909. 
H.S. Frank and F. Franks, I. Chem. Phys. 48 (1968) 4746. 
hf. Roseman and W-P. Jenks, J. Am. Chem. Sot. 97 (1975) 
631. 
C.-H.Chen and D.S* 3erns.J. Phys.Chem. 81 (1977) 125. 
C--H_ Chen. R. XIacColJ and D.S. Bems, Arch. Biochem. 
Biophys. 165 (1974) 544. 
A. Mar&n acd R-B. Meritield. Arch_ B&hem. Biophys. 
122 (1967) 748. 
E. Scott and D.S. Berm, Biochemistry 4 (1965) 2597. 

[91 P-A. CharIwood, J. .&n.Chem. Sot. 79 (1957) 776. 
[ 101 Handbook of Chemistry and Physics 56th Ed. (CRC Press, 

1975) p. D-264. 
-[ 111 R.F. Greene Jr. and C-N. Pace, J. Biol. Chem. 249 (1974) 

5388. 
[12] D.A. Yphantis, Biochemistry 3 (1964) 297. 
[I31 S. Lapanje and J. Wadso, European J. Biochem. 22 (1971) 

345. 
[ 141 J. Skerjanc and S. Lapanje, Croat. Chem. Acta (1969) 

1Jl. 
[ 151 Y.-H.Chen, J-T. Yang and H-XI. Martinez. Biochemistry 

11 (1972) 4120. 
[ 161 A.N. Glazer, S. Fang and D.&f. Brown, 1. Biol. Chem. 248 

(1973) 5679. 
[ 171 R-F. Troxler, J-A. Foster, AS. Brown and C. Franzblau. 

Biochemistry 14 (1975) 268. 
[ 181 D.J. Chapman, The biology of blue-green algae (Univeni- 

ty of California Press, Berkeley, 1973). 
[ 191 J.C. Lee and S.N. Tiiasheff, Arch. B&hem. Biophys. 

165 (1974) 268. 
1201 Y. Kobayashi, H-W_ Siegelman and C.H.W. Hirs, Arch_ 

B&hem. Biophys. 152 (1972) 187. 


