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Protein partitioning in aqueous two-phase systems (ATPSs) represents a convenient, inexpensive, and easy to
scale-up protein separation technique. Since partition behavior of a protein dramatically depends on an ATPS
composition, it would be highly beneficial to have reliablemeans for (even qualitative) prediction of partitioning
of a target protein under different conditions. Our aim was to understand which structural features of proteins
contribute to partitioning of a query protein in a given ATPS.We undertook a systematic empirical analysis of re-
lations between 57 numerical structural descriptors derived from the corresponding amino acid sequences and
crystal structures of 10 well-characterized proteins and the partition behavior of these proteins in 29 different
ATPSs. This analysis revealed that just a few structural characteristics of proteins can accurately determinebehav-
ior of these proteins in a given ATPS. However, partition behavior of proteins in different ATPSs relies on different
structural features. In otherwords,we could not find a unique set of protein structural features derived from their
crystal structures that could be used for the description of the protein partition behavior of all proteins in all
ATPSs analyzed in this study.We likely need to gain better insight into relationships between protein-solvent in-
teractions and protein structure peculiarities, in particular given limitations of the used here crystal structures, to
be able to construct a model that accurately predicts protein partition behavior across all ATPSs.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Aqueous two phase system
Partition
Protein structure
Protein structural feature
1. Introduction

Aqueous two-phase systems (ATPSs) are formed in mixtures of two
or more components in water, when concentrations of these compo-
nents exceed certain threshold concentrations or at particular tempera-
ture [1–3]. The phase forming components may include two polymers,
such as dextran and polyethylene glycol (PEG), single polymer and
salt or organic additive, such as PEG and sodium sulfate, citrate, surfac-
tant, e.g., octylglucoside, or osmolyte, such as glycine betaine, for exam-
ple. All these ATPSs are commonly used for separation or analysis of
biomacromolecules, such as proteins or nucleic acids. Separation of
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proteins in polymer-salt ATPSs was recently reviewed in [4], and appli-
cation of this method for analysis of proteins was discussed in detail in
[5].

Commonly, in order to design appropriate conditions for extraction
of a particular protein from amulticomponentmixture, such as fermen-
tation broth or cell extract, it is necessary to screen a variety of ATPSs in
order to select conditions providing required recovery and purification
of the target protein [6–10]. Similarly for designing conditions for anal-
ysis of a given protein it is needed to screen different ATPSs in order to
establish what ATPSs provide conditions for reliable differentiating be-
tween the target protein and its structurally altered variants [5,11].

It would be very beneficial to be able to predict (even qualitatively)
partition behavior of a target protein under different conditions, since it
would reduce time, labor, and quantity of proteins currently used for
screening different partition conditions. Several attempts to predict par-
tition behavior of proteins based mostly on their charge and hydropho-
bicity have been reported in the literature [12–20]. Charge and
hydrophobicity of proteins undoubtedly play an important role in the
protein partition behavior in ATPSs. The definition of hydrophobicity,
however, remains an open question. The overall hydrophobicity of any
compound is reduced with increasing its total charge, for example,
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and the same trend may be expected for proteins. It has been reported
[21] that partition coefficients of the peptides of the same amino acid
composition but different sequence differ 3-fold in PEG-600-Na2SO4

ATPS. It has been established [22,23] that partition behavior of proteins
in a givenATPS is governed by thenature and spatial arrangement of the
solvent exposed groups; i.e., 3D–structure of the proteins. It has been
also found [24–27] that protein partitioning in anATPS is driven by elec-
trostatic, dipole-dipole, and hydrogen bonding interactions with aque-
ous media in the two phases of an ATPS. The relative contributions of
these different types of interactions vary for different proteins in various
ATPSs.

The aim of this work was to explore what structural features of pro-
teins are important for the protein partition behavior in dextran-PEG
and PEG-salt ATPS of different ionic composition.

2. Materials and methods

2.1. Proteins

We analyzed 10 structurally and functionally diverse proteins that
were used in recent related studies [28,29]. These proteins were select-
ed based on their availability and on the availability of high resolution
X-ray structures. They include α-chymotrypsin, α-chymotrypsinogen
A, ribonuclease A and trypsinogen from bovine pancreas, concanavalin
A from Canavalia ensiformis (jack beans), human hemoglobin, β-
lactoglobulin A and B from bovine milk, lysozyme from chicken egg
white, and papain from papaya latex. The proteins were purchased
from Sigma-Aldrich. Table 1 summarizes some basic properties of
these proteins.

2.2. Aqueous two-phase systems

Amixture of polymers was prepared as described elsewhere [30] by
dispensing appropriate amounts of the aqueous stock polymer solutions
into a 1.2 mL microtube using a Hamilton Company (Reno, NV, USA)
ML-4000 four-probe liquid-handlingworkstation. Appropriate amounts
of stock buffer solutions, salt additive(s) and water were added to
achieve the ionic and polymer composition required for thefinal system
(after the sample addition— see below)with total weight of 0.5 g (total
volume 457± 2 μL). Sodiumphosphate buffer solutionwith pH 7.4was
used.

2.3. Partitioning

Partitioning experiments were performed at 23 °C using the Auto-
mated Signature Workstation, ASW (Analiza, Inc., Cleveland, OH,
USA). The ASW system is based on the ML-4000 liquid-handling work-
station (Hamilton Company, Reno, NV, USA) integrated with a FL600
fluorescence microplate reader (Bio-Tek Instruments, Winooski, VT,
USA) and a UV-VIS microplate spectrophotometer (SpectraMax Plus
384, Molecular Devices, Sunnyvale, CA). Solutions of all proteins were
prepared in water at concentrations of 1–5 mg/mL. Varied amounts
Table 1
Proteins that were utilized in this study.

Protein Abbreviation Molecular weight [kDa] PDB ID

α-Chymotrypsin CHY 25.0 1AB9
α-Chymotrypsinogen A CHTG 25.7 1ACB
Concanavalin A ConA 104.0 1JBC
Hemoglobin human HHb 64.5 1BZ0
β-Lactoglobulin A bLGA 18.3 1B8E
β-Lactoglobulin B bLGB 18.3 1BEB
Lysozyme HEL 14.3 194L
Papain Pap 23.4 1PPN
Ribonuclease A Rnase A 17.0 1BEL
Trypsinogen TRY 24.0 1BTY
(e.g. 0, 15, 30, 45, 60 and 75 μL) of protein solution and the correspond-
ing amounts (e.g. 75, 60, 45, 30, 15 and 0 μL) of water were added to a
set of the same polymers/buffer mixtures. The systems were then
vortexed in aMultipulse vortexer and centrifuged (Jouan, BR4i, Thermo
Fisher Scientific, Waltham, MA, USA) for 60 min at 3500 ×g at 23 °C to
accelerate phase settling. The top phase in each system was removed,
the interface discarded, and aliquots from the top and bottom phases
were withdrawn in duplicate for analysis.

For the analysis of the proteins partitioning aliquots of 30 μL from
both phases were transferred and diluted with water up to 70 μL into
microplate wells. Then, the microplate was sealed, shortly centri-
fuged (2 min at 1500 rpm) and following moderate shaking for
45min in an incubator at 37 °C, 250 μL of o-phthaldialdehyde reagent
was combined. After moderate shaking for 4 min at room tempera-
ture, fluorescence was determined using a fluorescence plate reader
with a 360 nm excitation filter and a 460 nm emission filter, with a
sensitivity setting of 100–125.

The partition coefficient, K, is defined as the ratio of the sample con-
centration in the top phase to that in the bottom phase. The K-value for
each protein was determined as the slope of the concentration (fluores-
cence intensity) in the top phase plotted as a function of the concentra-
tion in the bottomphase averaged over the results obtained from two to
four partition experiments carried out at the specified composition of
the system. The deviation from the average K value was always b3%
and in most cases lower than 1%.

2.4. Protein descriptors

Similar to refs. [28,29], the proteins were comprehensively charac-
terized based on 57 numerical descriptors derived from the correspond-
ing sequences and structures; Table 1 lists identifiers of their crystal
structures in the Protein Data Bank [31]. These features quantify physi-
ochemical properties, tertiary and secondary structures, surface, intrin-
sic disorder and flexibility and they include:

• Length of the sequence (1 feature).
• Molecular weight (1 feature).
• Isoelectric point (pI) that was computed with the ExPASy server [32]
(1 feature)

• Descriptors of intrinsic disorder predicted with the MFDp method
[33]: disorder content (fraction of disordered residues in the se-
quence), normalized (by the chain length) number of disordered seg-
ments, and the average propensity of disorder (3 features).

• Properties of the tertiary protein structure computed with the
Voronoia program [34] including average packing density, van der
Waals volume, solvent-excluded volume, fraction of buried atoms,
and size of internal cavities in the protein structure (14 features).

• Properties of the surface generatedwith theCASTp software [35], such
as the number, surface area and volume of pockets on the protein sur-
face (6 features)

• The contact order that quantifies packing of the structure [36]
• Characteristics of the tertiary and secondary structures derived with
the YASARA program (http://www.yasara.org/) including radius of
gyration, nuclear and van der Waals radii, molecular mass, content
of six secondary structure types: α-helix, 310-helix, both helix types,
β-sheet, turns and coils, as well as flexibility expressed with B-factor
and occupancy (12 features).

• Properties of the surface and secondary structure computed with
the DSSP software [37]. These properties include fraction of surface
residues; fraction of polar, nonpolar, neutral, positively charged,
and negatively charged residues on the surface; hydrophobicity
of surface residues that was estimated based on three amino
acids scales: Kyte-Doolittle [38,39], Eisenberg [40], and Cid [41];
and content of 8 secondary structure types: α-helix, 310-helix, all
helix types, β-sheet, β-bridge, both β structure types, turn, bend,
and coil (18 features).

http://www.yasara.org
pdb:1AB9
pdb:1ACB
pdb:1JBC
pdb:1BZ0
pdb:1B8E
pdb:1BEB
pdb:194L
pdb:1PPN
pdb:1BEL
pdb:1BTY
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The considered features are listed in Table 2. They are categorized
into five types: physiochemical properties, tertiary structure, secondary
structures, surface, and intrinsic disorder and flexibility.

2.5. Multivariate modeling

We use linear regression to model a relation between the partition
coefficients and structural features of the proteins. The regression was
derived tominimize sumof squared errors, defined as the difference be-
tween the experimentallymeasured values and the values derived from
regression that uses a particular set of features as the input. Given the
experimentally measured (observed) values from a given two-phase
system yi∈Rt×1 and the set of features X∈Rt×nwhere t=10 is the num-
ber of proteins, i = 1, 2, …, 29 is the index of a particular system, and
n = 1, 2, …, 57 is the number of considered features, the regression
was optimized to minimize:

mink k0 þ kX−yi
2
2

�� ��� � ð1Þ

where k∈Rn×1 are the coefficients.
We empirically selected subsets of the considered 57 feature that

maximize the Pearson correlation coefficients (PCC) between the out-
puts of the regressions that use the subsets of features and the observed
values of proteins' partition coefficients for a given aqueous two-phase
system. The corresponding regressions describe relationships between
the selected structural features and the logarithms of partition coeffi-
cients of the proteins given that their PCC values are high and statistical-
ly significant. Since the number of samples (proteins) is relatively low,
we limited the number of selected features to 1, 2 and 3 andwe consid-
ered all possible combinations. For each considered set of features for
which PCC is statistically significant (p-value b 0.05) based on the
Pearson correlation test or Spearman rank test, depending on the result
of normality test, we performed further tests to ensure that the
Table 2
List of the 57 descriptors of physiochemical properties (PP), tertiary structure (TS), secondary

Index Type Description In

x1 PP Length of the protein sequence x3
x2 PP Molecular weight (sum of mass of all residues in the protein chain) x3
x3 PP Isoelectric point (pI) computed with ExPASy x3
x4 TS Contact number defined in ref. [36] x3
x5 TS Nuclear radius computed with YASARA x3
x6 TS Van der Waals radius computed with YASARA x3

x7 TS Radius of gyration computed with YASARA x3
x8 SS α-helix content computed with YASARA x3
x9 SS β-sheet content computed with YASARA x3
x10 SS Turn content computed with YASARA x3
x11 SS Coil content computed with YASARA x4

x12 SS 310-helix content computed with YASARA x4
x13 SS α- and 310 helix content computed with YASARA x4
x14 PP Molecular mass computed with YASARA x4
x15 DF B-factor computed with YASARA x4
x16 DF Occupancy computed with YASARA x4
x17 SF Fraction of solvent accessible (SA) residues computed with DSSP x4
x18 SF Fraction of polar SA residues computed with DSSP x4
x19 SF Fraction of non-polar SA residues computed with DSSP x4
x20 SF Fraction of positively charged SA residues computed with DSSP x4
x21 SF Fraction of neutrally charged SA residues computed with DSSP x5
x22 SF Fraction of negatively charged SA residues computed with DSSP x5
x23 SF Avg hydrophobicity (Kyte-Doolittle index) of SA residues computed

with DSSP
x5

x24 SF Avg hydrophobicity (Eisenberg index) of SA residues computed with DSSP x5
×25 SF Avg hydrophobicity (Cid index) of SA residues computed with DSSP x5
x26 SS α-helix content computed with DSSP x5
x27 SS 310-helix content computed with DSSP x5
x28 SS β-bridge content computed with DSSP x5
x29 SS β-sheet content computed with DSSP
corresponding regressiondoes not overfit thedata.We repeated the sig-
nificance test 100 times by randomly sampling with replacement a sub-
set of 5 to 10 proteins; there are in total 638 sets of 5, 6, 7, 8, 9, and 10
proteins to consider. Given the assumed significance level at 0.05, fea-
ture sets for which the fraction of results where PCC is not significant
is below 0.05 are retained.

Next, we investigated whether the regressions that use the remain-
ing feature sets could be used to predict the observed values for a given
types of solute-solvent interactions. We estimated PCCs between out-
of-sample predictions generated by these regressions and the observed
values. We performed 100 five-fold cross validations tests on the set of
the 10 proteins to calculate the corresponding out-of-sample PCC
values. In this cross validation, 8 proteins were used to derive a regres-
sion and the remaining two were used to test predictions with this re-
gression. This was repeated five times, each time selecting a different
set of two proteins as the test set. Each repetition of the cross validation
randomly selects these five test sets. We used the average of these 100
cross validation-based PCCs, cvPCC, to quantify the predictive perfor-
mance of a regression that uses a given set of features. In our analysis,
we only considered regressions characterized by strong correlation,
i.e., cvPCC N0.9. Moreover, we testedwhether these correlations are sta-
tistically significant. Only the regressions for which the fraction of PCCs
that are not significant out of the 100 repetitions is below 0.05 were
retained.

3. Results and discussion

3.1. Regression models for proteins partition coefficients

We performed empirical analysis to find regressions of up to three
features that provide statistically significant (p-value b 0.05) and high
(N0.9) correlations with the measured partition coefficients for each
of the considered aqueous two-phase systems. Table 3 reports the
structures (SS), surface (SF), and intrinsic disorder and flexibility (DF) of the proteins.

dex Type Description

0 SS Turn content computed with DSSP
1 SS Bend content computed with DSSP
2 SS Helix (including α-, 310 and π) content computed with DSSP
3 SS β (including bridge and sheet) content computed with DSSP
4 SS Coil (including turn and bend) content computed with DSSP
5 TS Fraction of atoms in partially filled internal cavities (IC) computed by

Voronoia
6 TS Fraction of atoms neighboring partially filled ICs by Voronoia
7 TS Fraction of atoms in empty ICs by Voronoia
8 TS Fraction of atoms neighboring empty ICs by Voronoia
9 TS Fraction of atoms in partially filled ICs excluding HETS by Voronoia
0 TS Fraction of atoms neighboring partially filled ICs excluding HETS by

Voronoia
1 TS Fraction of atoms in filled ICs excluding HETS by Voronoia
2 TS Fraction of atoms neighboring filled ICs excluding HETS by Voronoia
3 TS Fraction of atoms in all ICs computed by Voronoia
4 TS Fraction of atoms neighboring all ICs by Voronoia
5 TS Avg van der Waals volume computed by Voronoia
6 TS Avg solvent excluded volume computed by Voronoia
7 TS Fraction of buried atoms computed by Voronoia
8 TS Avg packing density computed by Voronoia
9 DF Disorder content predicted with MFDp
0 DF Normalized number of disordered segments predicted with MFDp
1 DF Avg propensity of disorder predicted with MFDp
2 SF Number of pockets on the protein surface computed with CASTp

3 SF Normalized number of pockets on the protein surface computedwith CASTp
4 SF Area of pockets on the protein surface computed with CASTp
5 SF Normalized area of pockets on the protein surface computed with CASTp
6 SF Volume of pockets on the protein surface computed with CASTp
7 SF Normalized volume of pockets on the protein surface computed with CASTp
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regressions that secure the highest out-of-sample PCC values, cvPCC,
based on 100 five-fold cross validations for each system among the re-
gressions satisfying the above condition. The regressions for each of
the 29 systems are characterized by statistically significant and very
high correlations at over 0.95 for both the in-sample experiments
(based on fitting the entire set of 10 proteins) and the out-of-sample
cross validations. This means that just a few structural characteristics
of proteins can determine the behavior of these proteins in the consid-
ered two-phase systems.

The 29 different ATPSs were grouped into four clusters:

1) ATPS formed by PEG-8000 and dextran-70 (ATPS #1–17);
2) ATPS formed by PEG-8000 and Na2SO4 (ATPS #18–22);
3) ATPS formed by PEG-600 and Na2SO4 (ATPS #23–28), and
4) ATPS #29 formed by PEG-600 and sodium phosphate buffer (NaPB).

Detailed analysis of the best performing regressions (having highest
cvPCC) for one representative ATPS in each cluster (systems #3, 19, 23
and 29) is shown in Table 4; these systems are highlighted using bold
font in Table 3. Analysis of the data presented in Table 4 bymultiple lin-
ear regression shows that they are described as:

ATPS #3 : logK ¼ ‐4:491�0:545 þ 0:041�0:006x16–20:974�2:644x17
þ0:227�0:010x28

N ¼ 10; r2 ¼ 0:995; SD ¼ 0:049; F ¼ 384;pb0:001
ð2aÞ

ATPS#19 : logK ¼ 60:528�3:795 þ 8:062�0:582x25–‐4:321�0:272x45
þ0:0737�0:0079x55

N ¼ 10; r2 ¼ 0:985; SD ¼ 0:103; F ¼ 134;pb0:001
ð2bÞ
Table 3
List of the 29 considered solute-solvent systems togetherwith regressions that fit values of thei
summarizes features). For each systemwe show the regression that secures the highest value o
sions and the observed values), PCC on the entire protein set and p-value. Systems are grouped
using bold font.

ATPS# Description of the solute – solvent system Regression

1 Dex PEG 8000–0.01 M NaPB 2.793820–5.6351
2 Dex PEG 8000–0.11 M NaPB 0.984056–115.29
3 0.01 M NaPB – 0.15 M NaCl –4.490950 + 0.04
4 0.01 M NaPB – 1.05 M NaCl –1.255040 + 0.45
5 0.01 M NaPB – 0.083 M Na2SO4 0.289463–93.583
6 0.11 M NaPB – 0.083 M Na2SO4 0.331989–86.959
7 0.01 M NaPB – 0.30 M Na2SO4 0.949488–0.0000
8 0.01 M NaPB – 0.17 M CsCl –1.158490 + 0.35
9 0.11 M NaPB – 0.17 M CsCl –0.625500–105.1
10 0.01 M NaPB – 0.80 M CsCl –1.270210 + 0.44
11 0.01 M NaPB – 0.094 M NaClO4 –1.189630–88.40
12 0.11 M NaPB – 0.094 M NaClO4 4.262780–0.0993
13 0.01 M NaPB – 0.43 M NaClO4 –39.857700 + 0.0
14 0.01 M NaPB – 0.17 M NaSCN –1.1888900 + 0.4
15 0.11 M NaPB – 0.17 M NaSCN –32.677100 + 0.0
16 0.01 M NaPB – 1.26 M NaSCN –36.261000 + 0.0
17 0.11 M NaPB – 0.35 M NaSCN –36.745900 + 0.0
18 PEG 8000 Na2SO4–0.01 M UB 5.091420 + 0.040
19 PEG 8000 Na2SO4–0.15 M NaCl + 0.01 M UB 60.528300 + 8.06
20 PEG 8000 Na2SO4–0.33 M NaCl + 0.01 M UB –14.591200 + 0.1
21 PEG 8000 Na2SO4–0.15 M NaSCN + 0.01 M UB 7.393290 + 0.466
22 PEG 8000 Na2SO4–0.40 M NaSCN + 0.01 M UB 11.506200–0.157
23 PEG 600 Na2SO4–0.15MNaCl + 0.058 M K/NaPB –1.905130 + 0.32
24 PEG 600 Na2SO4–0.085 M K/NaPB –1.572490 + 0.26
25 PEG 600 Na2SO4–0.15 M NaCl + 0.085 M K/NaPB –0.975663 + 0.36
26 PEG 600 Na2SO4–0.4 M NaSCN + 0.085 M K/NaPB 9.477500 + 0.547
27 PEG 600 Na2SO4–0.17 M K/NaPB –0.899874 + 0.34
28 PEG 600 Na2SO4–0.15 M NaCl + 0.15 M K/NaPB 37.838000 + 173
29 Dex PEG 600–0.14 M NaPB –0.115000–46.52
ATPS#23 : logK ¼ ‐1:905�0:146 þ 0:325�0:015x3–0:157�0:025x4
þ0:0416�0:010x27

N ¼ 10; r2 ¼ 0:989; SD ¼ 0:077; F ¼ 188;pb0:001
ð2cÞ

ATPS#29 : logK ¼ ‐0:115�0:039–46:522�5:281x22 þ 5:655�1:069x23
þ1:838�0:235x53

N ¼ 10; r2 ¼ 0:978; SD ¼ 0:044; F ¼ 89;pb0:001
ð2dÞ

where K — partition coefficient for a protein; x is the structural fea-
ture of the protein as defined in Table 2; N — number of proteins;
r2— correlation coefficient; SD— standard deviation; F— ratio of var-
iance; p — statistical significance (p-value for each coefficient in the
above equations is mostly b0.001, and in the worst case b0.006).

In Table 4, the values of the structural features for proteins and
the calculated logarithms of proteins partition coefficients are
listed together with the corresponding observed values. Some of
the structural features of the proteins have modest to high correla-
tions with the partition coefficients. The correlation grows to very
high levels once multiple (three) features are combined using the
linear model. The calculated logK values are not only highly corre-
lated with the observed values but also provide an accurate ap-
proximation. The average absolute error for ATPSs # 3, 19, 23 and
29 is only 0.03, 0.07, 0.05, and 0.03, respectively. These are very
small errors considering that the range of the observed values is
1.5 (2% error), 2.3 (3% error), 1.6 (3% error) and 0.8 (4% error),
respectively.

Fig. 1 illustrates graphically relation between the calculated and the
measured partition coefficients of the proteins in the four selected
ATPSs (# 3, 19, 23 and 29). The estimates generated by the regression
that uses just three selected features are very similar to the actual
r measured coefficients using an empirically selected set of three input features xn (Table 2
f cvPCC (average over 100 cross validation-based PCCs between the outputs of the regres-
into four clusters given using shading. A representative system from each cluster is shown

cvPCC PCC p-value

50x21–26.876400x22 + 53.583400x36 0.95 0.99 2.13E−11

7000x17–4.461890x20–16.819300x44 0.97 0.99 1.40E−12

1001x16–20.973600x17 + 0.226591x28 0.99 1.00 1.45E−18

2619x28–0.024110x52 + 0.064414x57 0.98 0.99 5.29E−13

000x17 + 0.118733x28–15.071000x44 0.97 0.99 5.59E−12

000x17 + 0.111770x28–15.554000x44 0.97 0.99 1.87E−11

39x02–51.374800x17 + 45.969400x41 0.95 0.98 5.31E−10

3765x28–0.018499x52 + 0.041672x57 0.99 0.99 1.56E−15

14000x21 + 0.089028x28 + 24.963300x41 0.98 0.99 6.91E−14

3420x28–0.025232x52 + 0.063328x57 0.98 0.99 3.73E−14

4500x21 + 0.082040x27 + 0.311406x28 0.96 0.99 2.83E−11

02x29–0.064040x32–9.731340x42 0.98 0.99 1.58E−14

84056x10–36.575700x47 + 86.959800x48 0.99 1.00 1.55E−22

50418x28–0.030070x52 + 0.061609x57 0.99 0.99 5.59E−15

60262x10–24.879700x47 + 67.331800x48 0.96 0.99 6.99E−11

62149x10–30.658600x47 + 77.460600x48 0.98 0.99 3.18E−15

64237x10–29.663200x47 + 77.237000x48 0.99 1.00 1.51E−11

379x05 + 150.588000x19–0.742383x46 0.96 0.99 6.10E−12

2460x25–4.321020x45 + 0.073699x55 0.97 0.99 1.27E−13

35864x16 + 38.145800x23 + 0.327895x28 0.95 0.98 9.25E−10

832x03 + 0.074593x12–18.500800x21 0.98 0.99 3.96E−15

056x13–0.254760x33–27.372000x42 0.92 0.98 3.76E−09

5039x03–0.157164x04 + 0.041578x27 0.99 1.00 4.24E−15

0153x03–2.091270x51 + 0.000063x56 0.99 1.00 4.88E−17

4431x03–0.033699x11–100.733000x18 0.98 0.99 5.04E−15

497x03–0.056105x11–0.117209x16 0.97 0.99 3.83E−11

2403 × 03–0.026658 × 11–97.861500x18 0.99 1.00 3.34E−16

.344000 × 25–2.654030x45 + 0.020199x52 0.97 0.99 4.10E−12

2000x22 + 5.655000x23 + 1.838000x53 0.96 0.99 8.63E−12
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values, which is why the points are located near the diagonal line. This
means that the structural properties of proteins can be used to accurate-
ly determine the protein partition behavior in a variety of the two-phase
system that we explored in our study.

3.2. Relation between structural characteristics of proteins and their parti-
tion coefficients in aqueous two-phase systems

Analysis of the data in Table 3 shows that different structural fea-
tures can be used to describe the partition coefficients of proteins in var-
ious ATPSs. It may be noticed, however, that partition coefficients of the
proteins in three out of six ATPSs formed by PEG-600 and Na2SO4 with
various salt additives (systems #25, 26 and 27) are described by the
same proteins structural features, isoelectric point (x3), coil content
(x11), and fraction of polar solvent accessible residues (s18) or occupan-
cy (x16). The data were re-examined to find out if proteins' partition co-
efficients might be described in terms of the above three structural
features (x3, x11, and x18) in all PEG-600-Na2SO4 ATPSs utilized in this
study. The coefficients and statistical parameters of multiple linear re-
gression equations obtained are presented in Table 5. The data shown
in Table 5 indicate that the three structural features of the proteins
adequately describe protein partition coefficients in all six PEG-600-
Na2SO4 ATPSs studied here, though the contributions of the structural
features represented by the corresponding coefficients vary with salt
composition of ATPS.

Furthermore, Table 4 shows that themodel for system3 relies on the
features that quantify flexibility of protein structure (x16), protein sur-
face (x17), and secondary structure (x28). Models for the other systems
utilize other types of protein characteristics. Specifically, regression for
system 19 is based on characteristics of protein surface (x25 and x55)
and tertiary structure (x45), system 23 based on features that quantify
physiochemical properties (x3), tertiary structure (x4) and secondary
structure (x27), while model for system 29 uses information about sur-
face (x22, x23 and x53). One should keep inmind that Table 4 shows only
themodels that attain the highest cvPCCwhile many other high quality
models (having cvPCC N 0.9 and p-value b 0.05) were also produced for
these systems.

We use the collection of all significant regressions (cvPCC N 0.9 and
p-value b 0.05) to determine a set of structural features that are associ-
ated with the measured coefficients of a given two-phase system. The
degree of the association is quantified with a score based on a fraction
of significant regressions that include that feature, weighted by the
number of inputs for these regressions. The scores across the features
used by all significant regressions for a given system sum to 100. Next,
we grouped the features into the five corresponding types: physio-
chemical properties (PP), tertiary structure (TS), secondary structures
(SS), surface (SF), and intrinsic disorder and flexibility (DF). Fig. 2
shows the highest score for each type of features across the considered
29 solute-solvent systems. Interestingly, we note that certain types of
features are consistently associated with the systems from the same
cluster. For instance, systems in the first cluster (systems 1 to 17) are
determined by the secondary structure, surface and to a smaller extent
tertiary structure. In contrast, the systems in the third cluster (systems
23 to 28) are particularly suitable to study physiochemical properties,
in particular pI, surface and secondary structure. Overall, we found
that partition behavior of proteins is determined by at least one of the
considered structural characteristics of proteins. Peculiarities of the pro-
tein surface are one of the strongest and most consistent (across differ-
ent systems) determinants. Different types of two-phase systems offer
complementary way to characterize different sets of structural proper-
ties of proteins.

It should be mentioned that the protein molecular weight (feature
x2) has been found as a factor with a very small contribution just for a
single ATPS in agreement with the suggested previous observation
[24,27,28] that molecular weight of a solute does not play a role in sol-
ute partitioning in ATPS. The conclusion that the molecular weight of
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Fig. 1. Relation between values derived from the regression modeling (y-axis) and the corresponding observed values of the solute-specific coefficients (x-axis) measured for the
considered 10 proteins. Lines denote linear fit. Panels A, B, C and D correspond to results for the representative four solute-solvent systems 3, 19, 23, and 29, respectively.
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the solute does not influence its partition behaviorwas drawn previous-
ly on the basis of the facts that (a) partition coefficients of small organic
compounds and proteins have been found to be equal, and (b) there
was no trend between partition coefficients and molecular weight of
proteins or small organic compounds.

For the two other relatively large subsets of PEG-8000-Na2SO4 (five
systems) anddextran-PEG (17 systems) ATPSswe could notfind certain
structural features of proteins that could be used to describe protein
partition behavior in terms of the same features. There are two likely
reasons. First, it has been established [24,26–28] that the logarithm of
partition coefficient of a protein in an ATPSmay be described as a linear
combination of different types of protein-solvent interactions in the two
phases (dipole-dipole, hydrogen bonding and electrostatic interac-
tions), and the contributions of these types of interactions vary with
rather small changes in the ionic composition of ATPS. We would like
to emphasize here that the previously conducted analysis of the
Table 5
Coefficientsa and statistical parametersb for equation logK = ko + k1x3 + k2x11 + k3x18.

ATPS # ko k1 k2 k3

23 −1.400.22 0.3230.018 −0.0170.005 −63.7
24 −0.750.21 0.2640.018 −0.0240.005 −59.9
25 n/a* 0.3530.042 −0.0400.013 −84.4
26 −1.830.68 0.5450.057 −0.0430.016 −107.
27 n/a* 0.3300.036 −0.0340.011 −86.9
28 n/a* 0.3390.027 −0.0340.007 −151.

a Standard errors shown as subscripts; b N — number of proteins; r2— correlation coefficien
statistical significance (p N 0.05).
hydrophobic properties of the phases using free energy of transfer of a
methylene group revealed that there was no correlation between parti-
tion behavior of proteins and the relative hydrophobicity of the phases
in all analyzed ATPSs [24–29].

Second, the majority of structural features of the proteins explored
(except three physicochemical features x1, x2, and x3) were computed
based on the crystal structures of the proteins. The crystal structure of
a protein is clearly incapable to represent changes in the protein-
solvent interactions occurring in response to different ionic composition
of the media. The results obtained in this study appear to confirm that
analysis of protein partitioning in ATPSs of various compositions pro-
vide complimentary information about protein-solvent interactions
[11]. Hence it seems unavoidable to conclude that structural features
of proteins derived from the protein crystal structure cannot be used
to predict protein partition behavior across different ATPSs. We likely
need to gain better insight into relationships between protein-solvent
N r2 SD F p

12.3 10 0.984 0.095 124 b0.001
11.9 10 0.979 0.092 91.2 b0.001
29.1 10 0.942 0.213 32.4 b0.001
138.6 10 0.947 0.298 35 b0.001
24.9 10 0.952 0.182 39.9 b0.001
518.1 10 0.977 0.140 86 b0.001

t; SD— standard deviation; F — ratio of variance; p — statistical significance; *n/a — low



ATPS# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

feature

type

PP 6 11 32 22 22 13 18 8

TS 17 33 10 7 11 21 21 11 33

SS 31 24 28 23 22 31 13 27 16 22 11 22 13 12 15 11 33 8 12 7 10 8

DF 8 9 12 22

SF 25 33 10 10 13 7 26 12 7 6 6 8 7 18 24 22 32 6 7 15 17 17 23 25

Fig. 2. Relation between the peculiarities of the protein structures and the observed solute-specific coefficients for the considered 29 systems. Shading indicates strength of the relation
where white, gray and black correspond to lack, modest and strong relation. The strength values are quantified by the frequency of inclusion of the corresponding protein features
among all regressions characterized by significant correlations (cvPCC N 0.9, p-value b 0.05) with the observed coefficients for a given system. The systems are divided into four groups:
systems 1 to 17, 18 to 22, 23 to 28, and 29. Features are divided into five categories: physiochemical properties (PP), tertiary structure (TS), secondary structures (SS), surface (SF), and
intrinsic disorder and flexibility (DF); see Table 2.

119Z. Wu et al. / Biochimica et Biophysica Acta 1865 (2017) 113–120
interactions and protein structure peculiarities gleaned frommore suit-
able structural models to be able to predict these protein partition
behaviors.
4. Conclusions

Analysis of partition coefficients of 10 different proteins in 29 vari-
ous ATPS in terms of 57 different structural features derived from the
proteins crystal structures shows that three different features describe
protein partition behavior in each ATPS quite satisfactory. These fea-
tures, however, vary for different ATPS. It appears that analysis of the
protein partition behavior in different ATPS may provide different com-
plementary information. There is no a unique set of protein structural
features derived from crystal structures of query proteins that can de-
scribe the partition behavior of all proteins in all ATPSs. It is suggested
that information gained from the crystal structure of a protein cannot
provide insight in regard of the protein responsiveness to different
aqueous environment.
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