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Salt-induced liquid-liquid phase separation of protein-surfactant complexes
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We report the cloud-point curve determination of lysozyme-sodium-doderyl-s{2& complexes in
solution. By varying thepH, salt concentration, and relative ratio of lysozyme to SDS, the phenomenon of
clouding and liquid-liquid phase separation is investigated under different solution conditions. For the tem-
perature, concentration, aipdd ranges used in this study, the clouding phenomenon appears to be controlled
by the electrostatic interaction between the lysozyme-SDS complexes. Any change in the solution condition
that leads to a decrease in the charge on the lysozyme-SDS complexes results in an increase in cloud-point
temperature. A generalized Flory-Huggins theory for polydisperse polymers is used to describe the cloud-point
curve.[S1063-651X%99)06410-1

PACS numbgs): 87.15.Nn, 64.10th, 64.70.Ja, 64.75.9

INTRODUCTION and presumably lowers the electrostatic field. The first cloud-

The interactions and structure of complexes formed b)ppmt curve determination of BSA-SDS complexes in solu-

proteins with surfactants in aqueous solutions have bee%on was done by Guo and Ch¢i4] and they described the

i . L cloud-point curve using generalized Flory-Huggins theory,
studied extensively1-12). Anionic surfactants such as so- : )
. . . ) h f th I lymerlike.
dium dodecyl sulfat¢SDS interact strongly with oppositely assuming the structure of the complexes to be poly

. , In this paper we investigate the protein, lysozyme, which
charged globular proteins and denature them. The unfolding, o widely studied globular proteift5,16. Its molecular

of the proteins by SDS is considered to be pauseq by binding,eight is 14 600 and the isoelectric poijt) is 11.0. Hence
of the SDS molecules to the hydrophobic portion of thej; js positively charged in aqueous solutions. Its native con-
polypeptide chain. The binding of SDS to proteins is studiettgymation is a prolate ellipsoid with dimensions X430
by determining the binding isotherms in which the number ofyx 30 A The phase equilibrium of lysozyme and SDS in wa-
surfactant molecules bound per protein moleculpié plot-  ter have been investigated recently by Moren and Kz
ted as a function of surfactant concentratid8]. At low  over a wide concentration range of 20 wt % protein and 20
surfactant concentration this number increases slowly, chaiwt % surfactant. The phase diagram was discussed in terms
acterizing a specific and noncooperative binding, followedof electrostatic and hydrophobic effects elucidating the
by a rapid increase due to nonspecific and cooperative bingsrotein-surfactant interactions. Liquid-liquid and solid-liquid
ing. The unfolding of the proteins is believed to occur in thephase separation of aqueous solutions of lysozyme induced
cooperative binding region. Further increase in surfactanby a series of chloride, bromide, and sulfate salts have been
concentration leads to a saturation region where further bindnvestigated by Broide, Tominc, and Saxowsky7]. The
ing of the surfactant does not occur on the protein and norphase-separation temperature was found to be very sensitive
mal micelle formation occurs as excess surfactant is addedo the identities of both the cation and anion of the added
The microstructure of protein-surfactant complexes hasalt. While modeling the protein interactions, they found that
been investigated by various techniqy8s-11]. The struc- the Derjaguin-Landau-Verwey-OverbeefDLVO) theory
ture of bovine serum albumi(BSA) and ovalbumin(OVA) [18] for the interaction energy between charged spheres
complexes with SDS and lithium dodecyl sulféteDS) was  could not account for their observations and hydration forces
described in terms of a necklace model by using a smalplay an important role in protein interactions.
angle neutron scatterin@BANS) study [3—5]. This model In this paper, we report the cloud-point curve determina-
assumed that denatured polypeptide chains were flexible ition of lysozyme-SDS complexes in solution along the
solution and micellelike clusters of SDS/LDS were formedguidelines given by Guo and Chéga4] for the BSA-SDS
around the hydrophobic patches of the protein backboneystem. It is found that when theH of the solution is close
along the unfolded polypeptide chain. Investigations of theto thepl of the protein and the ionic strength of the solution
BSA-SDS system by spectroscopic probe techniques—is sufficiently high, liquid-liquid phase separation occurs as
steady state and time-resolved fluorescence, electron spihe solution of lysozyme-SDS in proper weight ratio is
resonance, and deuterium NMR spectroscopy—Ied to theooled below its cloud-point temperature. The solution gets
conclusion that the structure of the complexes was of theloudy and separates into two coexisting liquid phases, one
necklace and bead type in which unfolded protein wrappedich in protein and the other poor in protein. The cloud-point
around surfactant micellef8]. The wrapping of protein temperature is found to be very sensitive to the ionic
around the micelles decreases the mobility of the head grougtrength,pH, and relative proportion of lysozyme and SDS.
Also, as observed by Moren and Khfth2], on heating to
55 °C or above and cooling, the samples give rise to heat-set
* Author to whom correspondence should be addressed. Electrongels, especially for large weight percent. This sets a limit to
address: narayan@bom?2.vsnl.net.in the concentration range that can be explored. The cloud-
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point curve is explained using generalized Flory-Huggins 250 rTTTTTTTT T T T T T T
theory for polydisperse polymefd4,19,2Q0. However, the [ 7.5%!
interplay of the various interactions that leads to the clouding 200 | i
phenomenon seems to be too elusive to be accounted for
guantitatively.
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MATERIALS AND METHODS

Count rate
)
o

—
[ ]

[ 3

)
1
—~~~
)
g

Lysozyme from chicken egg whitgs6876) was bought i "“:3..._ ]
from Sigma Chemicalglot 57H7045 and used without fur- L e ]
ther purification. SDS purchased from Loba Chertliéo- [ e
chemical grade and sodium chloridgNaCl) from Merck " )
were used as received. Carbonate buffer solutionplef 0
=9.7, 10.0, and 10.2 were prepared using 0N)28aHCO; 20 25 30 35 40 45 50
and 0.02% Na,CO; by adjusting their relative proportions. Temperature ( °C)

Samples were prepared by dissolving weighed quantities of
lysozyme, SDS, and NacCl individually in buffer and then 1
mixing them in the order lysozyme plus SDS plus NaCl. For 10.5% ]
convenience, a 15 wt% SDS stock solution in buffer was ' i
used in the preparation of samples. Lysozyme is soluble in
aqueous solutions witpH=10, but the solution is slightly
turbid, indicating some aggregati¢pal]. However, on addi-
tion of SDS solution and mixing thoroughly it becomes
clear. Later, NaCl solution was added and the sample was
stirred with a magnetic stirrer. After mixing, the solution was
left undisturbed for anothie2 h sothat the complex reached
equilibrium. Tl .

For the cloud-point determination, the solution was )
poured inb a 1 cmdiameter glass vial having an airtight cap
to prevent evaporation. The sample vial was placed in the
thermostat bath of Brookhaven BI-90 particle sizer, employ-
ing a He-Ne laserX=632.8 nm). The scattering angle was 250 e
90°. The sample was heated to a temperature above the cloud [ ? 1
point until the solution became clear. Then the temperature - ".‘ 12% |
was successively reduced by one or two degrees and the 200 - . ]
sample was equilibrated for 5 min at each temperature. The T T
count rate, which is a measure of the scattered intensity, was
monitored for 5 min at each set temperature and the average
value was recorded. A plot of count rate vs temperature
shows a sharp change of slope at the cloud-point temperature I )
(Fig. D). 100 | "y, ]

In order to settle the ambiguity in selecting the linear - RN T
regimes in the high temperature and low temperature part of I e
the curve, the following method was adopted. The data were - T T TR N
split into two groups with varying number of points in each
group. Both the groups were fitted by linear regression and
the average value of the correlation coefficienf ) was
noted down. The maximum of the, would correspond to FIG. 1. Plot of count rate vs temperature for lysozyme plus SDS
that grouping of the data which would have the best linear fiof total weight percent,(a 7.5%, (b) 10.5%, and(c) 12%.
on both low and high temperature regimes. The cloud poinkysozyme:SDS:1:2, pH=10, and NaCl concentration is equal to
was determined by grouping the data as per thjs/alue. 0.4M. T_he cI_oud-_point temp_erature is at the point of inter_section of

The cloud-point temperature has been found by solel)}he straight line fits to the high and low temperature regions of the
cooling the sample. In order to eliminate the error of under-9raPh-
cooling the sample to induce phase transition as is mentioned
in Ref. [17], the experiment was repeated by heating thewere too large to find a meaningful average.
same sample and measuring the count rate at the same tem-The temperature range used in this study was 20-50 °C.
peratures as were set while cooling. For low concentratiorit temperatures less than 20 °C there is condensation of wa-
samples, the cloud-point temperature measured by heatirtgr vapor around the sample vial. Since there is no purging
the sample was found to be 1°C to 2°C higher than thagas facility in the instrument, only those concentrations
found by cooling the sample. For samples of high concentrawhich would have cloud-point temperature greater than
tion, the fluctuations in count rate while reheating the sampl&5 °C were chosen for this study.
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Total Wt% (lysozyme+SDS) FIG. 3. Variation of cloud-point temperature with SDS concen-

. _ tration. Lysozyme concentration is equal to 3 wt%, NaCl concen-
FIG. 2. Cloud-point curve for lysozyme-SDS complexes in tration is equal to OMI, pH=10. The dotted line is a guide to the
buffer solutions ofpH 10 and 10.2 in the presence of M4NaCl. eye.

The weight ratio of lysozyme:SDSL:2.

Samples of low concentration phase separated verd-4M NaClis shown in Fig. 2. The weight ratio of lysozyme
slowly below the cloud point. At higher concentrations, theto SDS was maintained at 1:2. The total weight percent of
phase separation was fasterithin a day or twg with the  lysozyme plus SDS in the solution was varied from 6% to
lower phase appearing more dense and turbid than the upp&8.5%. For comparison, we have also plotted the data on
phase. On reheating the phase-separated sample above theasurements gH=10.2.
cloud-point temperature, both phases cleared but maintained The effect of SDS concentration on cloud-point tempera-
a meniscus at the boundary of the two phases. The samptare was studied by fixing the lysozyme concentration at 3
could later be homogenized by shaking to get a visually cleait %, salt concentration at OM}, and varying the SDS con-
one phase. In low concentration samples, the data correentration for different weight ratios of lysozyme to SDS.
sponding to cloud-point measurements were reproducible byhe samples were prepared in a bufferpdi=10. It was
heating and cooling the same sample two or three timegoynd that for weight ratios of 1:1.5 and 1:2.5 of lysozyme-
However, for high concentrations, especially beyond thegps the solution did not show any clouding when cooled

critical point, the reproducibility of the results was limited |, 15 20 °C. For intermediate weight ratios, the clouding was
due to formation of gel on repeated heating. Hence verifica.

tion of the results had to be done by preparing fresh sampleor%basxei:,:Sr(il1 \;\ltltz.;lL?UdégJOInt temperature passing through a
of the same concentration. AMg. 9.

. The effect ofpH on cloud-point temperature is shown in

Separatbd samples was confirmed as follows. ¢+ Fig. 4. The fotal weight percent of ysozyme plus SDS was

A solution of total weight percent of 0.6% with lysozyme- maintained at 9 wt % with .Iysozyme:SDS in the weight ratio
:SDS in the weight ratio of 1:2 was prepared in buffepsf of 1:2. The salt concentration was kept atNd.4The samples
10 in the presence of Vi NaCl. This was diluted with Were prepared in buffers gbH 9.7, 10.0, and 10.2. The
buffer to get a standard solution with protein concentratiortloud-point temperature was found to pass through a maxi-
of 16 mg per 100 ml. Protein estimation was done by thenum atpH~10.0.
method of Lowryet al. [22]. The absorbance of the sample
was measured using a Jasco V-530 UV/VIS Spectrophotom- s o e L o e e
eter and a calibration graph of absorbance vs protein concen- ’ ]
tration was determined. From the upper phase of a fully
phase-separated sample of total weight percent of 12% with
lysozyme:SDS in the weight ratio 1:2 in buffer pH 10 in
the presence of OM NacCl, 0.1 ml of the solution was drawn
out carefully and diluted by 50 times. The absorbance of this
sample was measured and from the calibration graph, the
protein concentration in the upper phase was determined. For
this sample, protein was found to phase separate in the ratio
1:17 by weight in the upper and lower phases at room tem- ]
perature. The presence of protein in the upper phase was also R EEEE—
confirmed for fully phase-separated samples of total weight 96 9.7 98 9.9 10 10.110.210.3
percent of 9 and 7.5. pH

[ - N
35 F , . -
F , .
F . N
.

30

Cloud Point Temperature ( °C)

RESULTS FIG. 4. Variation of cloud-point temperature wigpH. Total
weight percent of lysozyme plus SDS is equal to 9 wt %, lysozyme-
The cloud-point curve determined for lysozyme-SDS:SDS weight ratio is equal to 1:2, NaCl concentration is equal to
complexes in buffer solutions gfH= 10 in the presence of 0.4M. The dotted line is a guide to the eye.
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40 prerrrr T T amounts of SDS to an aqueous lysozyme resulted in precipi-
o ; o tation. The yield of the precipitate increased as the number of
Py ; ] SDS molecules per protein moleculBldys/Np) increased
2 a5F * 3 and reached a maximum lps/Np=8. This is attributed to
g f ] complete charge neutralization of protein sinceldt=7 the
E . charge on lysozyme is-8e. On addition of more SDS, a
EOF , ] complete redissolution of the precipitate occurred at about 19
'Dg_ 0 ¢ E SDS molecules per protein. For higher SDS concentration, a
T f ] clear isotropic single solution phase was obtained. Hence the
g ] interaction between protein and surfactant fdgps/Np

og bl Leeiiiie 3 >19 must be due to nonspecific and cooperative binding.

0.3 0.35 0.4 0.45 The Iysoz_yme_—SDS weight ratios of 1:1.75, 1:2, and
NaCl Concentration (M) 1:2.25 used in this study correspondN@ps/Np=88, 101,

and 114, respectively. Hence it may be expected that SDS
FIG. 5. Variation of cloud-point temperature with NaCl concen- aggregates into micelles which get bound to the protein un-

tration. Total weight percent of lysozyme plus SDS is equal to 9folding it. A rough estimate of the hydrodynamic radius of
wt %, lysozyme:SDS weight ratio is equal to 12H=10. The the lysozyme-SDS1:2) complexes at 45°CpH=10, and
dotted line is a guide to the eye. [NaCl]=0.4M, determined from the count rate of the scat-

tered light, was 150 A, which is almost an order of magni-

The effect of salt on cloud-point temperature was studiedude higher than the mean radius of the protein.

by fixing the total weight percent of lysozyme plus SDS at The aggregation number of SDS micelles in water is 60
9% in buffer ofpH=10.0 (lysozyme:SDS1:2) and varying for a concentration of 69 mM~2 wt %) which increases to
the salt concentration from QVB to 0.45M. For 0.3Vl salt,  about 1000 in the presence of BI&NaCl[24]. However, the
the solution remained clear at room temperature. As the sathicellelike aggregates formed on protein were found to be
concentration was increased from OMB5to 0.429M, the  smaller than the corresponding micelles formed in protein-
cloud-point temperature also increas@eg. 5. A sample free solutiong3,8]. Guo and Chenl4] report that there is no
with 0.45M salt was not clear up to 55°C. On heating to substantial change observed in the cloud-point curve for SDS
60 °C it cleared, but on cooling there was irreversible phas¢o BSA weight ratio varying between 2.2/1 and 3.2/1 except
separation with a formation of a gel that had a spongy texthat the shape of the cloud-point curve becomes slightly flat-
ture. It has to be mentioned here that fité of the solution ter with increasing SDS to protein weight ratio. For these
changes on addition of salt, especially in large quantitiesveight ratiosNgps/Np varies from 504 to 733. This suggests
[17,23. Since lysozyme precipitates out in the presence ofhat these SDS concentrations are in the saturation binding
salt at thispH, we could not adjust the buffer solutiggH in ~ region of the binding isotherm where free micelles may co-
the presence of salt to required values and use it for dissohexist with protein-bound micelles as the saturation binding of
ing lysozyme and SDS. Hence tip¢d values reported here SDS to BSA is 1.4 g of SDS/g of prote[,25].
are those of the buffer solutions used to dissolve lysozyme, For the lysozyme-SDS system, Fukushirteal. [9,10]
SDS, and NacCl individually and then mix them in the samehave determined the binding isotherm at differpht and in
order. It was found that for the buffer solutions pH the presence of salt. Beyond= 10, the binding of SDS to
=9.7, 10.0, and 10.2 used in this study, the relative decrelysozyme was found to be cooperative anéhcreased to as

ment of pH in the presence of OM salt was the same. high as 70 in the cooperative binding region for salt concen-
trations ranging from 10 to 100 mM. Also the degree of
DISCUSSION counterion (N&) binding in the lysozyme-SDS complex

was found to increase with and approach the value of 0.7

For a system exhibiting an upper consolute boundaryfor free SDS micelles for large values ofv>60). In Fig. 3
cooling below the cloud-point temperature produces a phas@e observe that in the lysozyme-SDS system, the cloud-
separation, which is driven by a net attraction between th@oint temperature is highly sensitive to the relative weight
molecules. The stronger the attraction, the higher is theatio of lysozyme to SDS unlike the case of the BSA-SDS
cloud-point temperature. We find that the cloud-point tem-system[14]. For the lysozyme:SDS weight ratios of 1:1.75,
perature of lysozyme-SDS complexes is very sensitive to thé:2, and 1:2.25Ngps/Np=88, 101, and 114, respectively,
ionic strengthpH, and relative proportion of lysozyme and which are far less than those in the BSA-SDS system studied
SDS. This indicates that the screening of the electrostatiby Guo and Chehl4]. One possible explanation of the ob-
interaction plays an important role in deciding the net attracserved result could be that the SDS concentrations used in
tive force responsible for clouding. this study are in the cooperative binding region of the bind-

The charge on lysozyme is 7e at pH=9 and decreases ing isotherm where no free micelles exist in the solution. The
rapidly as the isoelectric point aH=11 is approachefl5]. negatively charged SDS micellar aggregates bound to the
As mentioned earlier, the solution of lysozyme dissolved inprotein may change the net charge of the lysozyme-SDS
buffers of pH~10 is turbid, indicating some aggregation. complex from a net positive to a net negative charge as the
However, when SDS solution is added in the weight ratio ofprotein to surfactant ratio decreases. Increase in charge of
lysozyme:SDS-1:2, the solution clarifies. Moren and Khan either sign would increase the repulsive energy between the
[12] have determined the phase diagram for the lysozymeeomplexes, resulting in a lowering of cloud-point tempera-
SDS-water system. They found that addition of smallture.
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Keeping thepH and salt concentration constant, if the els assume that the interacting particles are spherical in struc-
charge on the protein can be tuned by changing the relativieire as liquid state theories of phase separation are far more
proportion of protein to SDS, then, by keeping the relativeadvanced for this case. Description of anisotropic particles of
proportion of protein to SDS and the salt concentration conmoderate ratios of length to diameter as effective spheres is
stant, it should be possible to vary the charge on the&onsidered as a reasonable approximation in these models.
lysozyme-SDS complexes by changing thid of the solu- Regular solution theory and lattice models are also used
tion. Sincepl of lysozyme is 11.0, the charge on the proteinto describe the consolution cure5]. However, these theo-
progressively becomes more positivepds is decreased be- ries are thermodynamic in origin and not molecular. The
low 11.0. If the negative charge on the SDS micellar aggre@pproach which uses a lattice model in the mean-field ap-
gates bound to the protein remains the same at constant SIeximation was extended by Flory and Huggiig6] to
concentration, the charge on the lysozyme-SDS complex capolymer solutions. A generalized Flory-Huggins theory for
be changed by varying theH. In Fig. 4, we find that the Polydisperse polymer solutions has been developed by Kon-
cloud-point temperature is very sensitiveisl and the ef-  ingsveld[19] and Solc[20]. The experimental consolution
fect of increasingoH at constant SDS concentration is the curves of several polymer solutions could be accounted for
same as increasing SDS concentration at congthintFig. by this theory[19]. Flory-Huggins theory has been used to
3). explain the lower consolution boundary of nonionic micellar

That the charge on the protein-surfactant complex play§olutions[37,38. Treating the proteins unfolded by bound
an important role in deciding the cloud-point temperature isSurfactant micelles as polymerlike objects, Guo and Chen
demonstrated by Fig. 5, in which the cloud-point temperaturé14] have applied the Flory-Huggins theory for polydisperse
is plotted against saliNaCl) concentration, keeping the pro- Polymers to describe the cloud-point curve of BSA-SDS
tein to surfactant weight ratio and thgH of the solution ~Complexes in solution. We recapitulate this polymer phase-
constant. As the salt concentration is increased, the cloudieparation theory in the following. .
point temperature increases monotonously till an irreversible If the interaction parameteyr (~ constT) is assumed to be
phase separation occurs. The range of the repulsive Coulomdependent of the volume fraction of polymers, the cloud-
energy is decided by the Debye screening lengtt. At~ Point curve equation for the Flory-Huggins system can be
room temperature,« *~3 A/\1 where | is the ionic Written in the form[20]
strength of the solution. In addition to the salt concentration,

the counterion concentration also contributes to the ionic EKU’(l‘FVO)‘F(VO— D= (v_1—p_1)

strength. The ionic strength due to counterions is given by 2

0.5¢(C-CMC) [26] where« is the fractional charge on the 1 1— v

SDS micelles,C is the molar concentration of SDS, and o 1= S (14w In( 0):0, (1)
CMC is its critical micelle concentration. However, for SDS 2 1-¢

concentrations used in this studyC€£9wt%, i.e., ) ] ) ]
<0.32M), since a~0.3 [10,27], the ionic strength due to Where¢ is the volume fraction of the polymer in solution,

counterions is negligible and hente=[NaCl]. Increasing #k are the statistical moments of the n(_)rmali.zed-chain-length
the ionic strength of the solution decreases the repulsive paftistributionw(x) of the polymer under investigation, ang
of the interaction energy between the particles, which would'€ the statistical mo.ment's of the gr!normallzed distribution
increase the cloud-point temperature as seen in Fig. 5. Th¥ the polymer contained in the incipient phase.

the ionic strength seems to play an important role in the

liquid-liquid phase separation. This is supported by the re- |, _ fmka(x)dx and v= fmka(x)exp(Kox)dx.

cent finding of Satcet al. [28], who have investigated the 0 0

binding of lysozyme to pyrene-labeled polyanions. Macro- 2
scopic phase separation is found to occur in these systems

due to the association of the complexes of the lysozymdhe constanK=1 if $<¢c and—1if > ¢, whereg is
dimers with polymers. TheoH at which the macroscopic the critical volume fraction given by

phase separation begins to occur depends on the ionic P

strength, which implies that the bulk phase separation is con- b= (L+XuX, 7). ()
trolled by electrostatic interaction.

The microscopic origin of the cloud-point transition is Xw andx; are, respectively, the weight average aralerage
elusive. Different models have been proposed to explain thehain lengths of the polymer. Since;=x,, and u,/u
phenomenon of clouding in macromolecular solutions.=Xz,

Water-mediated intermicellar interaction modeled in the 32 11

form of the Yukawa potential has been used to explain the be=(1+puypy ™) 4
lower consolute boundary in nonionic micellar solutions

[29]. The sticky hard sphere potential and Baxter mg@e] The positive parameter is related to the interaction param-
have been used to determine the phase diagram of nonionfier x through

surfactant solution$31] and sterically stabilized colloidal
silica dispersion$32]. The phase boundaries of charged col-
loidal dispersions have been described using a sticky hard
sphere reference system with DLVO perturbation potential
treated in random phase approximat[@3,34. These mod- At the critical point,

1-¢
1_¢VO

. (5)

2xp(vog—1)=Ko+In
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XC:%(1+X;./%(VT’1)(1+XZ—1/2) 1.01 :“..|...|.n.|.u.|un|nn T nn:
£ o o _:
=3 (L g 3 (14 3, ). (6) ' o ?Q :
C o ]
Hence for a given normalized chain-length distributiofx) 0.99 i E
of the polymer under investigation, all the statistical mo- Z 0 3
mentsu, andvy, can be evaluated and using E¢B—(6) the ?fo 098 , ]
cloud-point curve can be theoretically determined. = 0.97 ro B
For polymers with exponential distributid0], TS ]
w(x)=t"" 1T " L(u+1)x" exp( —tx). (7) 0.96 F E
Cooadeveebovrn b bonnnlanasbigasded
The moments of the polymer distribution are given by 0.95
0.04 0.06 0.08 0.1 0.12
¢ (lysozyme + SDS)
_Plu+k+1) | ® FIG. 6. Theoretical fit to the experimental data of the cloud-
L I'u+1) point curve in Fig. 2. The dotted line is the theoretical cloud-point
curve (yc/x vs ¢) calculated using the polymer phase-separation
and model with polydispersity indexu=3 and an average effective
chain lengthu,;=105. Circle corresponds tpH=10.0 of Fig. 2.
The experimental data were recalculated in term3/af: and ¢
_F(u+ k+1) tutt 9 (refer texy. The arrow indicates the critical point.
"CTTUFD) (tmKo) TR (

fractions. The theoretical curve in Fig. 6 corresponds to the
with o<t, sinceK==*1. polydispersity indexu=3, and the average effective chain
Applying the above phase-separation theory to BSA-SD3ength w,=105. The smalli value indicates that the
complexes in solution, Guo and Chglf] have assumed the lysozyme-SDS complexes are highly polydisperse.

effective chain-length distribution to be a Schulz distribu-
tion. In this casew(x) is identical to Eq.(7) with t=(u
+1)/x, whereu is an integer ange;=X. The parameteu

Though the polymer phase-separation theory reproduces
the experimental cloud curve, the exact nature of the inter-
particle interaction force is difficult to assess. It could be the

indicates the polydispersity of the sample; the smaller theesultant of the repulsive Coulomb and attractive van der
value ofu, the larger is the polydispersity. Drawing an anal- Waals and attractivéhydrophobi¢ solvation force§40]. In
ogy with the BSA-SDS system, we apply the polymer phasethe preceding paragraphs we have explained the variation in
separation theory to explain the cloud-point curve ofcloud-point temperature witlpH, salt concentration, and
lysozyme-SDS complexes in solution. relative lysozyme to SDS ratio in terms of the electrostatic
If the phase volumes of the phase-separated sample atigteractions. However, the role played by other repulsive in-
temperature very close to the cloud-point temperature arteractions such as hydration forde)| cannot be ignored.
equal, then the sample can be considered to be at the critical
concentratior14,39. The lysozyme-SDS sample of 12 wt %
at pH 10 (lysozyme:SDS1:2 and[NaCIl|=0.4M) was set SUMMARY
at a temperature 1 °C below the cloud-point temperature and
allowed to phase separate. The volumes of both phases were The phenomenon of clouding and liquid-liquid phase
found to be almost equal. Hence 12 wt % was assumed to b&eparation in lysozyme-SDS complexes in solution has been
the critical concentration. The critical volume fractieht  investigated under different solution conditions by varying
was calculated using the specific volumes of lysozymehe pH, salt concentration, and the relative weight ratio of
(0.703 cnig™) and SDS(0.847 cnig™Y). Using the experi-  lysozyme to SDS. The cloud-point temperature is found to
mental data shown in Fig. 2, the cloud-point curve was repe very sensitive to these parameters. The cloud-point curve
calculated in terms off /T and ¢, where T¢ (K) is the  can be described by a generalized Flory-Huggins theory for
cloud-point temperature at= ¢ . polydisperse polymers. This suggests that the lysozyme-SDS
From the experimental value @fc, for a given polydis- complexes behave like flexible polymers due to the unfold-
persity parameteu, the average effective chain lengthy  ing of the protein by the bound surfactant micelles. For the
=X can be obtained by solving E¢f) and hence all, and  temperature, concentration, apHl ranges used in this study,
v, can be computed. For every assigngdthe interaction the clouding phenomenon appears to be controlled by the
parametely can be solved from Eq¢l) and(5) numerically.  electrostatic interaction between the lysozyme-SDS com-
Sincex~constl, xc/x~T/Tc. The experimental{/Tc vs  plexes. A decrease in the net charge on the complex€s by
¢) and theoretical ¢/ x vs ¢) cloud-point curves are shown varying the pH of the solution, (i) changing the relative
in Fig. 6. It was found that only=3 could fit the experi- lysozyme to SDS ratio, an(ii ) electrostatic screening of the
mental data satisfactorily. The quality of the fit near the precharge by salt ions present in the solution leads to a reduc-
cipitation threshold, which is the maximum of the cloud- tion in repulsive interaction energy which results in an in-
point curve, is not very goodi=1 gave a good fit near the crease in the cloud-point temperature. However, the electro-
precipitation threshold, but a very bad fit at lower volumestatic interaction alone cannot account for other observed
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