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Structural and Partitioning Studies of Bovine Serum Albumin in Mixture of
(Poly(ethylene glycol)+ K,HPO4 + H,0)

Ram Sanati Faravash, Hamid Modarress,* and Bahram Nasernejad

Faculty of Chemical Engineering, Amir-kabir University of Technology, 424 Hafez Avenue, Tehran, Iran

Secondary structural changes and partitioning process of bovine serum albumin (BSA) in the mixture of (poly-
(ethylene glycol 2000} K,HPO, + H20) have been studied at 28. The effect of varying weight percents of
poly(ethylene glycol) and ¥HPO, on the secondary structure of partitioned BSA and the partitioning process of
BSA were examined. The equilibrium weight percents of the obtained aqueous two-phase system (ATPS) have
been evaluated, and the phase diagrams including the tie lines are presented. It was found that the magnitude of
the partition coefficient of BSA and the secondary structures of partitioned BSA depend on the length of obtained
tie lines. Occurrences of changes on the secondary structure content of the partitioned BSA were observed by
FTIR spectroscopy investigation. The amounts of the secondary structure content of partitioned 8&lias
p-sheets-turn, and unordered structures of BSA were determined and reported.

Introduction the partitioning process on the structure of partitioned biomol-
ecules. So the effects of different parameters that are mentioned
above on the secondary structure content of the partitioned
protein must be considered.

The partitioning of proteins had its origin in the early 1950s

Aqueous two-phase systems (ATPSs) consist of two im-
miscible aqueous solutions that are in an equilibrium state. The
ATPSs are divided into two main groups: (i) an agueous mixture

of two incompatible polymers such as poly(ethylene glycol) ) .
(PEG) and dextran and (ii) an aqueous mixture of one polymer when an attempt was made o find appropriate .ATPSS to
fSeparate proteins from other biomaterfal®artitioning of

and an appropriate salt such as PEG and sodium phosphate. i7" o h barl lbumi dh
these mixtures, phase separation occurs at a specific concentrala1ous Proteins such as barl€y albumin and human serum
tion known as the ATPS critical concentratibdOne of the albumin and its dependence on the concentration of potassium

most important features of an ATPS is that both phases are richchlgride_have _bee_n investigatéthfter these pioneering stuo!ies,
in water. Therefore, they have low interfacial tension [(0.0001 various investigations have been made on the effects of different

to 0.1) dyncm™1] being less than that of conventional systems parameter'slon.the part|t|9n|ng of proteffs:® )

[(1 to 20) dyncm1].1 The physical property of an ATPS The_part|t|on|ng of proteins s_uch asamylase, bc_)vme serum
provides suitable conditions for partitioning of biological albumin (BSA),a-chymotrypsin, and lysozyme in a PE6
particles with less harmful effects on their main structure and Potassium phosphate ATPS have been studied in systems that
their activities. In addition to maintenance of biological proper- Were produced by manipulation of a monophasic mixture
ties, ease of scale up, high mass transfer rate, and selectivitycOMPposition close to the critical poift BSA has been used as

are the advantages of applying these systems in the separatio® model protein to examine the effects of pH and concentration
of biomaterials.3 of NaCl on protein partitioning in aqueous PBE&dextran two-

n phase system<. Balasubramaniam et &.investigated the
"applicability of an ATPS to recombinant protein purification
from tobacco with egg white lysozyme as the model protein.
Partitioning of spleen proteinase from yellowfin tuna in an ATPS
dof PEG 1000+ magnesium sulfate was investigated to find

the maximum partitioning of the proteina¥ePico et ak®
recently studied the partitioning of chymosin frokspergilus
fniger and pepsin from bovine stomach in ATPSs formed by
PEG+ potassium phosphate. Chiang and’Sso studied the
extraction of lysozyme from chicken egg white by PEGalt,

The ATPSs have been widely used for extraction, separatio
or purification of various microorganisms and biomolecules such
as different types of bacterf&, viruses® proteins!-”-8 nucleic
acids?%antibiotics!! etc. Proteins are one of the most important
biological substances used in the pharmaceutical and foo
industries. Many investigations have been conducted to find out
the effects of various parameters on the partitioning of proteins.
These parameters are concentration and molecular weight o
the polymer; concentration and other characteristics of the salt;
properties of biomaterials being partitioned such as size, . " .
molecular weight, and surface properties; and partitioning and they found the.optlmal conditions of the process using the
conditions such as pH, temperature, and ionic strength of Box—Wilson expenmental method. )
mixtures. Each of these parameters could affect the secondary Very few observations have been made on changes of protein
structure contents of partitioned protein. Secondary structure Seécondary structure content during partitioning. Pico étal.
of proteins includesu-helix, B-sheet,S-turn, and unordered  Studied t.he effect of high concentration monovaler.lt.ca.tions such
structures that are very important in the performance of eachas chloride salts of Na Rb*, and C¢ on the partitioning of

protein. But there is no comprehensive report of the effects of Povine albumin, trypsin, ovoalbumin, and lysozyme in an ATPS
formed by PEG 1500 and potassium phosphate at pH 7.4. They

* Corresponding author. E-mail: hmodares@aut.ac.ir, Tel98-21- observed the effect of those cations on théelix content of
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b) Second Drivative

1

The main objective of this work is to investigate the effect
of ATPSs on the secondary structural changes of partitioned
BSA. In addition to the structural study of partitioned BSA,
the partitioning process of BSA and the effect of PEG 2000
and potassium hydrogen phosphateHRO,) weight percents
on the BSA partition coefficient have been investigated.

Materials and Methods

2

054

Materials. The materials used in this study without further
purification were as follows: BSA from Sigma USA (Lot No.
81K1815); PEG 2000, dipotassium hydrogen phosphate, sodium
molybdate, and sulfuric acid from Merck Germany; and
hydrazine sulfate from BDH UK.

Preparation and Analysis of the Aqueous Two-Phase
SystemsTwo aqueous stock solutions were prepared: (a) PEG Figure 1. FTIR absorbance spectra of aqueous solution of BSA with
2000 (40 % w/w) and (b) BHPO, (20 % w/w). A certain weight concentr_a‘tion_ of 5 9_‘1 at 23°C. (e_a) _FTIR absorbance spectrum without
of solution (a) was put into a test tube. A solution (b) was then a1y modification with software (original spectra) at (1720 to 1350ytm.

. . . (b) Second derivative of BSA stock solution spectrum after baseline
?‘dded _dropW|se to the test Wbe- First, a homo_geneous m'Xturecorrection, auto-smoothing, and deconvolving at (1720 to 1350} cm
is obtained, but after a certain amount of solution (b) has been
added, one further drop will cause cloudiness and turbidity. This to the equilibrium weight percent of BSA in the bottom phase
cloud point is the indication of formation of an ATPS. The (wgsa)s:
procedure described above is known as cloud point measure-
mentst and by using this procedure, 40 points were obtained 2
and used to construct the binodal curve. In addition to this, five ) N
mixtures of (PEG 2000+ K,HPO, + H,O) with various Sepondary Struct_ure Content Analysis of Partmoned BSA.
compositions were prepared by weighing stock solutions (a) and Fourier transform infrared (FTIR) spectroscopy is a well-
(b) in a way that an aqueous two-phase mixture can be formed.€stablished technique for the analysis of protein _secondary
The mixtures were vortex mixed for 2 min and centrifuged at Structure?®-3! FTIR spectra of all samples were obtained after
2000 rpm for 15 min to speed up phase separation; then, thePartitioning of BSA and compared with that of the BSA stock
obtained ATPSs were allowed to settle foh to complete the solution to find out the influence of the ATPS on the secondary
two-phase equilibration. structure of the partitioned BSA.

The equilibrium weight percent of PO, was determined FTIR Spectroscopy.FTIR spectroscopy was done by a
by the Vogel procedu?d and by using the calibration curve. ~Boem—Hartman-Braun spectrophotometer (Canada) equipped
The PEG equilibrium weight percent was determined by with special cells for aqueous samples andaspect_ral resolution
refractive index measurements using a Kruss-Optronic-GmbH ©f 1 cn*. A total of 100 scans was taken to obtain the peak
(Germany) refractometer. This method is the same as used byPosition and peak area with high accuracy. For each sample,
other researchers for determining PEG or PPG concentrationth® measurements were repeated at least three times.
in the aqueous mixture of different salts such aBlRO,.24-28 Data analysis was accomplished by using Bom#fichelson

The weight percents of PEG 2000 in two phases at equilib- 100 series FTIR software and GRAMS/386 software. The
rium were calculated from refractive index measurements by Packground of all spectra were corrected automatically, and
using the following equation: subtraction of blank solutions of each sample (ATPSs without
BSA) was performed? Amide () region of BSA [(1620 to
1700) cnt!] was selected to study the secondary structure
content of the partitioned BSA. The second derivatives of all
wherenp is the refractive index anglsarandweec are the weight  background-corrected spectra were analyzed after the correction
percents of KHPO, and PEG 2000, respectively. The coef- of their base lines and deconvolution of the amide (I) band
ficients of eq 1 are evaluated by correlating the measured region. Changes in the amide (I) band (centered near 1658 cm
refractive indices for the mixtures (PEG 2080K,HPO, + were used to reveal the changes in the secondary structure
H20). The pH of all ATPSs was 9.& 0.1 as was indicated by  content of the partitioned BS®. Figure 1 shows the FTIR
a digital pH meter (with a precision ot 0.01) at 23°C. All spectra of BSA before partitioning (BSA stock solution) and
experiments were performed in at least triplicate. its second derivative at (1700 to 1400) ©min all samples,

Partitioning of Bozine Serum Albumin (BSA)An aqueous  the secondary structure content was determined by the ratios
stock solution of BSA (5 d.7) was prepared by weighing.  of individual assigned bands areas to the total area in the amide
All experiments were carried out at Z&. From the stock (1) region30:33
solution, samples containing (0.0650.001) g of BSA were . .
taken and added to thg five ATPS§ previously.prepared. The Re&ﬁgga?%dugésg?gﬂggoo% K,HPO, ATPS at 23°
systems were vortex mixed for 2 min and centrifuged at 1500
rpm for 10 min to speed up the partitioning of BSA. Each ATPS

a) Original spectra

1500 1400

Wave number (cm™)

T T
1700 1600

Kesa = (Wesa)t/(Wasa)s

Np = 1.33223+ 0.0014@v_,,, + 0.00150,

(1)

C.By
cloud point measurements, the data points for construction of
the binodal curve for the mixture of (PEG 2000K,HPO, +

was allowed to settle for 12 h to complete the equilibration.

Samples were taken by weighing from each phase, and after

dilution and weighing, the absorbance of each solution was

H,0) were obtained at 23C. The points were fitted to a
polynomial of the following form with the square of the
correlation coefficient of 0.9981.:

measured at 280 nm by using a GBC-Cintra-5 spectrophotometer

(Australia).
The partition coefficient of BSAKgsa) is defined as the ratio
of equilibrium weight percent of BSA in the top phaseséa)r

W, = 40.79— 2.832%, — 0.1873v,° + 0.0193v,° —
0.0004v,* (3)
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Figure 2. Binodal curve of the PEG 2008 K;HPO, ATPS at 23°C and 0 2 4 6 8 10 12 14 16 18 20 22
five prepared ATPSs for protein partitioning.
prep profein p 9 K,HPO, (wiw%)

wherew; and w, stand for KkHPQ, and PEG 2000 weight  Figure 3. Five tie lines of (PEG 2006 K:HPQ, + H,0) systems at 23
percents, respectively. The binodal curve is shown in Figure 2. °C. The point at the end of each tie line with higher weight percent of PEG
Maderia et aP* obtained the binodal curve for the mixture (PEG 2000 indicates the top phase, and the point on other end indicates the bottom
6000 + K,HPO, + H,0) at 25°C. Although the molecular ~ Phase.

weight of PEG used by Maderia et al. is different, their binodal o .
curve is similar to Figure 2. Snyder et3lstudied the mixture ~ 1om (9.6 to 11.1) %, and as a result, the partition coefficient
of (PEG+ K,HPOy + KH,POi+ H,0) at 25°C using various 1N the last column of this table increases from 0.45 to 1.12.

molecular weights of PEG. Their binodal curves form at higher This is in agreement with the general conclusion on partitioning
concentrations of PEG and salt. that the salt concentration increases the partitioning behavior

ATPS AnalysisFigure 2 represents the five studied ATPSs. ©f ATPSs? Also an increase in total weight percent ofPQ,
In this figure, three points show the systems with constant weight IN the ATPS increases its weight percent in the bottom phase
percents of PEG 2000, and three points show the systems with@nd transfers proteins from the bottom phase (phosphate-rich
constant weight percents 0bKPO,. Total weight percents of ~ Phase) to the top phase (PEG-rich phd$énother explanation
the components in the ATPSs and their weight percents in the €@n be provided in terms of hydrophobic interactions, which
phases at equilibrium are reported in Table 1. As shown in this CaUse an increase in weight percent of BSA in the top pHase.
table, the weight percent of PEG in the top phase is higher than !t Should be noted that the ratio of,KPO, weight percent to
the bottom phase. The points with higher PEG weight percent PEG weight percent in both phases is a determining factor in
at the end of each tie line in Figure 3 correspond to the top Partitioning of the BSA in the ATPS. o
phase, and the points with lower PEG weight percent correspond  Effect of PEG 2000 Weight Percent on the Partitioning of
to the bottom phase. Also, the points on the tie line correspond BSA. The first and second columns of Table 1 for systems 3 to

to the total weight percent in the ATPSs. 5 show that the total weight percent oL, PO, is almost
Each tie line length (TLL) was calculated by the following constant (9 %) as the weight percent of PEG increases from
equation?-36 (14.2 to 18.6) %, and as a result, the partition coefficient in the
last column of Table 1 increases from 0.45 to 1.2. This is the
TLL = [A(Wpg 6)2 + A(W5a|92]0-5 (4) expected trend for the partition coefficient as observed by other

researchefsand is due to an increase in the ratio of the K
where A(wpeg) and A(wsay) represent the differences of PEG  HPO; weight percent to PEG weight percent in the bottom
and salt (kHPQy) weight percents in the top and the bottom phases of the ATPS.
phases at equilibrium respectively. Before considering the Influences of TLL on the Partitioning of BSA.Figure 4
influences of TLL on the partitioning of BSA, it is important  represents the effect of TLL on the partition coefficients of BSA.
to find out the effects of PEG 2000 andHPO, weight percents Figure 4 confirms the findings of other authbsin which the
on BSA partitioning. partition coefficient of BSA decreases as the TLL decreases.

Effect of K;HPO, Weight Percent on the Partitioning of The minimum partition coefficient (0.45% 0.003) is obtained
BSA. Table 1 reports the partition coefficients of BSA in ATPSs. at the minimum TLL € 17.65) and is the closest point to the
The first and second columns of Table 1 for systems 3 to 1 binodal curve. Partition coefficient variation is due to many
show that the total weight percent of PEG is almost constant factors, such as protein interactions with the surrounding
(14.1 to 14.2) % as the weight percent ofHPO, increases molecules (water, PEG 2000, andHPO, molecules), for

Table 1. Total Weight Percent of the Components in ATPSs and Their Equilibrium Values in Each Phase at 232

total (w/w %) top phase (w/w %) bottom phase (w/w %)
system KHPO4 PEG 2000 KHPO, PEG 2000 KHPO, PEG 2000 partition coeff
1 11.100 14.230 3.694 29.626 15.757 2.114 1428002
2 10.286 14.098 4.320 26.858 14.957 2.367 0812002
3 9.067 14.190 5.584 22.382 11.807 5.860 0.451.003
4 9.036 16.088 4.425 25.983 14.353 2.284 0.77.003
5 8.982 18.664 3.720 29.058 16.186 1.253 1.203.002

aDetermined partitioned coefficients are reported in last column.
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Figure 4. Effect of tie line length (TLL), as defined by the eq 4, on the

partition coefficients of BSAKes). The Kesa is defined as the ratio of —\\hqer the amide (1) region. The amide (1) region was selected
equilibrium weight percent of BSA in the top phase to that of BSA in the because it is well-understood and has been employed thus far
bottom phase. . . . .

P in many IR investigations of protein secondary structdidany

5 theoretical and experimental studies have been conducted to
M correlate IR absorption bands of proteins to their secondary
structure content, based on the spectra of the proteins either in

the solid state or in aqueous soluti&¥fo-42
Table 2 represents the peak position and analyzed data
obtained from FTIR spectroscopy. The positions of peaks are
in agreement with findings of other authGfs’®4%42 The
obtained content of each secondary structure is represented in
Table 2. Maximum structure content correspond8-&iructure
(including -sheets-turn, and dipole coupling iff-sheets) and
was obtained as (44 to 49) %. From the results in Table 2, the
1800 1600 1400 1200 1000 total a-helix content is varied from (16 to 19) %. The amount
Wave number (cm") of total unordered structure content varied from (34 to 37) %.
Figure 5. FTIR absorbance spectra of partitioned BSA within ATPSs (1 It should be ”0“?9' thaf[ the IR ba,ndslat 1695 ¢rare due to
to 5) at (1800 to 900) cnt. the strong transition dipole coupling j#rsheetg® Therefore,
the maximum structure content is obtained for the total amount
instance, hydrogen bonding, ionic and hydrophobic interactions, of 5-structure.
together with other weak forces can affect the partition coef-  Total changes afi-helix, 5-sheet, dipole coupling ii-sheets,
ficient,?® and the net influence of these factors determines the B-turn, and unordered structures of BSA are shown in Figure
protein partitioning in ATPS. 7. The change in structures is obvious during partitioning. It
Similar values of TLL were calculated for the systems (1 shows no loss in th@-sheet content of partitioned BSA. It
and 5); these values are 30.04 and 30.47. Also similar valueswould be concluded that th&sheet structure is probably the
of TLL were calculated for systems (2 and 4), these values are most favorable structure in BSA and that other structures tend
26.70 and 25.69. The partition coefficients of systems (1 and to form the -sheet structure. This can be attributed to the
5) are 1.128+ 0.002 and 1.20% 0.002, respectively. Systems  minimum Gibbs free energy of thtsheet structure among other
(2 and 4) are 0.81% 0.002 and 0.77% 0.003, respectively. secondary structures as explained by Sagawa #twhp stated
This indicates that systems having the same TLL have the samethat thes-sheet structure is thermodynamically more stable in
partition coefficient, and this can be used to obtain the optimum BSA than thea-helix structure. On the other hand, the other
ATPS weight percent for an effective partitioning of proteins. main secondary structure of proteinglfelix) had significant
Secondary Structure Content of Partitioned BSAigure 5 changes in ATPSs. The maximum change (10.40 %) corre-
represents the FTIR spectra of BSA in the ATPSs after sponds to ATPS 1, which consists of the maximum amount of
partitioning, and Figure 6 shows the second derivative of the K;HPOs. The greater loss ak-helical structure content could
obtained spectra. No new peak for partitioned BSA was be as a result of ionic or electrostatic interaction between some
observed when the spectrum of the stock solution of BSA was amino acids residu¢$.The higher amount of #HPQ, can exert
compared with that of partitioned BSA. Moreover, the peaks a greater electrostatic force on the functional groups of BSA.
in the spectra of partitioned BSA (Figures 5 and 6, ATPS 1 to The greater loss ofi-helix structure of BSA is in agreement
5) were located at wave numbers similar to those in the spectrawith the finding of Lacefield et al2 The minimum change in
of the BSA stock solution. So it can be concluded that the the a-helical structure £0.16 %) occurred in ATPS 3, which
subtraction of the ATPS spectra did not create any spectralwas the closest system to the binodal curve. The minimum
artifacts30 change of thea-helix content could be as a result of the
The BSA molecule is made up of three homologous domains. minimum ionic and electrostatic forces that exist in ATPS 1.
Each domain has a specific structure. Relative amounts of Furthermore, it was observed that théelix content increased
secondary structure content of BSA includeselix, -sheet, as a result of an increase in PEG weight percent. AnotherZtudy
pB-turn, and unordered structure, were determined by calculating shows that the PEG 1500 decreasedotHeelix content of BSA
the percentage area changes of the associated component barahd increased the-helix content of ovoalbumin and lysozyme.

0.2
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Table 2. FTIR Band Positions of Stock Aqueous Solution of BSA and Partitioned BSA in ATPSs (1 to 5) Accompanied with Band Assignments
in Amide (I) Region at (1700 to 1620) cm??2

stock solution of BSA ATPS 1 ATPS 2 ATPS 3 ATPS4 ATPS5

secondary secondary secondary secondary secondary secondary
] wave structure  wave  structure  wave  structure  wave  structure  wave  structure wave  structure
assignment no.cnt! content/% no./cnt! content/% no./cnt! content/% no./cnt! content/% no./cnT! content/% no./cnT! content/%

1 dipole coupling 1696.81 14.87 1697.28 14.38 1696.56 11.47 1697.36 15.00 1696.60 12.01 1696.58 11.51

in B-sheets
2 B-sheet 1692.36 161  1692.93 370 169210 091  1692.89 351 1692.21 133 1692.50 1.49
3 Btumn 1689.59 425  1689.95 171 1689.57 356  1690.15 2.83  1689.69 3.38  1689.67 3.06
4  unordered 168520 1348  1685.83  10.19  1684.88 1166 168557 1077 168511  11.70  1685.15 1159
5  B-tumn 1680.43 6.82 168125 813  1680.54 6.70  1680.99 7.67  1680.42 715  1680.63 6.96
6 [B-sheet 1676.50 391  1676.90 701 1676.07 6.35  1676.76 6.74  1676.30 6.68  1676.33 6.60
7 1670.13 533  1672.10 6.20 166954 640 167172 6.18  1669.77 6.76  1670.56 6.72
g unordered 1663.65 410  1664.54 3.86  1663.48 432  1664.28 343  1663.82 3.97  1664.00 3.92
9 helix 1658.55 3.94  1659.27 448 165855 472  1659.13 446  1658.67 428  1658.80 4.67
10 1653.71  14.26  1654.81  11.83  1653.86 1250 165443  13.72  1653.86 1398  1654.16  14.18
1 ered 164829  10.76  1649.89  10.84  1648.02  10.94  1649.28 1029  1648.60  10.45  1648.96  10.70
12 1642.09 3.83  1643.13 328  1642.18  3.65  1642.98 347 164218 3.79 164263 3.88
13 1636.53 703 1636.95 537  1635.88 6.36  1636.80 559  1636.23 6.27  1636.29 6.34
14 4 cheet 1631.85 1.80  1632.60  3.63  1631.65 156  1632.56 270 1631.99 1.66  1632.00 2.23
15 1628.41 1.65  1629.17 258  1628.45 291  1629.13 2.65  1628.90 315  1628.72 3.03
16 1624.02 238  1624.25 2.80 162451 599  1624.42 1.00  1624.33 3.44  1624.26 3.13

aPercentage of structural content under relative peak position is determined as the ratio of relative peak area to the total area of amide (Brregion und
(1700 to 1620) cm!. Assignments are from refs 33 and-442.

b g Increasing the KHPO, weight percent also resulted in a
£ Xa - Helix decreasing of th8-sheet content of partitioned BSA. It changed
g 40 | - from (36.64 to 20.74) %.

g 35 - | | + Dipole coupling in g - Sheet . .
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