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Retention model of protein for mixed-mode interaction mecha-
nism in ion exchange and hydrophobic interaction chromatogra-

phy
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A unified retention equation of proteins was proved to be valid
for a mixed-mode interaction mechanism in ion exchange
chromatography- { IEC ) - and - hydrophobic - interaction— chro=
matography (HIC). The reason to form a “U” shape reten-
tion curve of proteins in both HIC and IEC was explained and
the concentration range of the strongest elution ability for the
mobile phase was determined with this equation. The parame-
ters in this equation could be used to characterize the differ-
ence for either HIC or IEC adsorbents and the changes in the
molecular conformation of proteins. With the parameters in
this equation, the contributions of salt and water in the mobile
phase to the protein retention in HIC and IEC were discussed,
respectively. In addition, the comparison between the unified
equation and Melander’ s three-parameter equation for mixed-
mode interaction chromatography was also investigated and
better results were obtained in former equation.
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Introduction

Ion exchange chromatography (IEC) and hydropho-
bic interaction chromatography (HIC) have been widely
employed in the separation of proteins. With the both, a
three or four-dimensional structure and bioactivity of pro-
tein molecules generally maintain. The retention mecha-
nisms of protein in the two kinds of chromatography have
been presented in several models, such as electrostatic
theory in IEC and solvophobic theory in HIC,! and stoi-
chiometric displacement model® for the both, etc. Dur-
ing a process of protein separation, the retention curves
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often exhibit an “U” shape as salt concentration changes
in mobile phase employed. This should be attributed to a
mixed-mode interaction mechanism in both HIC and
IEC. However, the general theory used in HIC and IEC
often focuses on a single mechanism of retention. There-
fore, they could not explain this phenomenon to form
such a “U” shape curve reasonably. Melander et al.!
proposed a three-parameter equation for elucidating this
problem. According to the theory of stoichiometric dis-
placement, one of the authors presented a unified reten-
tion equation for explaining this phenomenon of HIC in
previous paper.> However, it did not discuss the physi-
cal meaning of each parameter in that equation and its
application. In addition, this equation has not been test-
ed with IEC. In this study, the unified equation was
proved to be valid for IEC with the retention data in
weak cation ion exchange chromatography (WCX), and
the physical meaning of each parameter in the equation
was proved by experiments. The comparison between the
unified equation and Melander’ s three-parameter equa-
tion was also made.

Theory

Considering all kinds of interactions in chromato-
graphic system, such as the interactions between solute
and solvent, solute and stationary phase, solvent and
stationary phases and the competitive adsorption between
salt and water molecules on the stationary phase em-
ployed, a retention equation was derived as:>
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logh’ = {logKs + logp + n(r + r')logK,} - nrlogil + K.(m - ¢+ 1)[ W]}

- qlog[ W] - (n%r' + q')log[ S]

where, [ W] and [S] denote the molar concentra-
tions of water and salt in the empolyed mobile phase,
respectively. K, and m are the parameters relating to
the chromatographic system used. The nr and nr' are
the numbers of water and salt molecules released from
the stationary phase at the interface between the station-
ary phase and the protein, respectively. The ¢ and ¢’

logk' = Bg + Bllog[W] +
where,

By = logKs + log# + n(r + r')logK, (3)

By =-g¢ (4)

By = nr(m - g + DK, (5)
By = 12nr(m - g + 1)*K 2 (6)
By = - (n?r +¢') (7

According to the physical meanings of nr, g, ¢’ and r’
pointed above, the three middle terms containing con-
stants By, B,, and Bj on the right-hand side in Eq.
(2) would be the contribution of hydrophobic interaction
to the protein retention, while the last term, By in it,
be that of electrostatic interaction to protein retention.

Experimental
Equipment

The chromatographic system ( Shimadzu, Japan)
consisting of two pumps (LC-6A), a system controller
(SCl-6B), UV-Vis detector {(SPD-6AV), and recorder
wasemployed. Separations were carried out on HIC col-
umn (4.0 x 100 mm I[.D), weak cation ion exchange
(WCX) and weak anion ion exchange (WAX) column
(7.9 x 50mml. D), packed with XDF-1(7pm silica) ,

(1)

corresponding to nr and nr’ represent the numbers of
water and salt molecules released from the proteins at
the interface between the stationary phase and the pro-
tein, respectively. The symbol ¢ is column phase ratio.
The physical meanings of other parameters in Eq. (1)
were explained in previous paper.® After some assump-
tions were done, Eq. (2) would be obtained as:?

B[ W] + B;[W]* + Bylog[S] (2)

WCX-1 and WAX-1 (7 um polymer synthesized in our
laboratory) , respectively.

Chemicals

Cytochrome-C (Cyt-C), insulin (Ins), ribonucle-
ase-A (Rnase-A), myoglobin (Myo), a-chymotrypsino-
gen A (a-Chy-A), and lysozyme (Lys) were purchased
from Sigma Co. (St. Louis, Mo. USA).

Chromatographic procedure

Mobile phase was prepared with two pumps using
following solutions: solution A, 3.0 mol/L ammonium
sulphate and 20 mmol/L potassium dihydrogen phos-
phate (pH =7.0) ; solution B, 20 mmol/L potassium
dihydrogen phosphate (pH = 7.0). Before injecting a
sample solution, the column must be equilibrated with
40 mL of the mobile phase. The flow rate was 1.0 mL/
min and detection was at 280 nm.

The void volume of the chromatographic system was
determined with NaNO, solution. Water concentration in
mobile phase was calculated according to the following
equation:

(dy —dg - M)S +3.0dg

(W) = 3.0% 0.018

(mol/L) (8)

where, d, and dp are the densities of solutions A and
B, respectively, S is the concentration of ammonium
sulphate in the mixed solution measured, M is the
amount of salt in solution A.
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Results and discussion
Testing the unified equation

The retention curves of Lys in WCX (Fig. 1a) and
HIC (Fig. 1b) with isocratic elution mode were shown
in Fig. 1, respectively. The retention factors of other
five proteins at different salt concentrations in IEC and
HIC were also listed in Table 1, respectively. The com-

mon features of Fig. 1, Tables 1 and 2 show that the
protein retention gradually decreases with the increasing
of salt concentration until to a minimum value denoted
with underlines in two Tables and after that their reten-
tion increases. In other words, the retention curves of
“U” shape. This result is the
same as that obtained by Melander et al.' and this phe-
nomenon should be attributed to the multi-mode interac-

these proteins exhibit a

tion mechanisms in HIC and IEC.

Table 1 Retention factors for six proteins at different salt concentrations in HIC

Salt concentrations (mol/L)

Proteins 0.025 0.038 0.050 0.075 0.125 0.25 0.50 0.75 1.00 125 150 1.75 2.00
Myo 0.22 030 0.01 007 0.0 004 004 004 0.07 014 031 062 3.22
Rnase-A 0.80 0.06 004 004 004 004 004 006 0.8 0.12 0.17 0.46 1.14
Lys 231 043 0.2 0.15 009 0.0 009 0.19 0.19 0.33 0.82 226 7.8
Ins - - - 0.00 0.00 ©6.00 0.02 003 005 008 060 1.5 9.12
o-Chy-A - - - 001 001 0.00 0.02 005 0.06 0.13 0.33 1.32 7.33
Cyt-C 0.54 0.18 0.17 0.08 0.05 0.04 0.064 0.05 0.05 0.08 0.12 0.15 0.18
Table 2 Retention factors for six proteins at different salt concentrations in IEC
C (mol/L) 0.06 0.07 0.08 0.9 0.12 0.15 0.18 1.8 1.83 1.92 198 2.04
Myo K, 832 3.9 272 1.8 0.8 057 04 045 0.8 0.9 1.57 1.8
k', 6.76 4.32 2.9 2.10 097 054 034 063 0.71 1.02 1.30 1.68
d 1.56 ~-0.33 -0.24 -0.28 -0.08 0.03 0.07 -0.18 0.12 -0.12 0.27 0.23
Rnase-A K, 29 1.73 1.2 0.70 -~ - - 0.92 1.07 1.71 2.36P 3.19
k. 2.18 1.60 1.22 09 - ~ - 0.67 0.83 1.68 2.75 4.62
d 0.78 0.13 -0.02 -0.25 - - 0.25 0.24 0.03 -0.39 1.43
C (mol/L) 0.21 0.27 0.3 0.36 045 051 0.6 0.81 0.9 1.14 1.2 1.32
Lys K, 2.10 1.15 0.49 0.75 0.51 0.55 0.4 0.62 0.8 1.50 1.60 2.5
k. 2.06 1.18 0.8 071 0.55 0.50 049 0.60 0.90 1.39 1.68 2.54
d 0.04 -0.03 -0.35 0.04 -0.04 0.05 -0.03 0.02 -0.02 0.11 -0.08 -0.04
Ins* k. 0.63 0.60 0.49 030 0.28 0.28 0.26 035 123 193 2.8 7.00
K, 0.87 0.49 0.40P 031 026 026 0.28 0.5 1.05 2.19 3.00 5.8
d-0.240.11 0.09 ~-0.01 0.02 0.02 -0.02 -0 15 0.18 -0.06 -0.11 1.15
C (mol/L) 0.09 0.18 0.24 0.3 0.42 0.48 0.54 0.6 0.66 0.72 - 0.81 0.99
a-Chy-A K, 15.8 1.39 0.75 047 0.35 040 050 0.5 0.71 0.93 1.58 4.05
K. 147 1.2 0.70 0.48 0.38 0.40 0.46 0.5 0.69 091 1.43 4.13
d 1.1 -0.03 005 -0.01 -0.03 0.00 004 001 002 002 0.15 -0.08
C (mol/L) 0.09 0.12 0.15 0.21 2,34 24 246 2.49 2,52 258 264 2.73
Cyt-C K. 568 1.94 078 024 0.5 0.74 0.92 1.03 1.15 1.46 1.82 2.61
k' 583 1.8 0.80 0.24 0.60 0.74 0.93 1.03 1.16 1.45 1.82 2.56
d -0.15 0.08 -0.02 0.00 -0.01 0.00 -0.01 0.00 -0.01 0.01 0.00 0.05

The k', and k', denote the experimental and calculated value, respectively. * The stationary phase is WAX-1.

Table 3 lists the parameters calculated by Eq.

(2) . The standard deviations of the experimental data of
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the six proteins in WCX and HIC were obtained from the
least square analysis, respectively. In order to compare
the experimental value and the calculated value, Table 2
also shows the calculated retention factors and deviation
in IEC with Eq. (2). Most of the deviations in Table 2
are less than 10% and all of the standard deviations in
Table 3 are less than 0.4. These results elucidate the

experimental data fits Eq. (2) well. The elution curves
of Lys calculated by Eq. (2) shown by the triangle sym-
bol in Fig. 1 also indicate the foregoing points. Thus, it
could be concluded that Eq. (2) effectively coincides
the multi-mode interaction mechanisms in bhoth HIC and
IEC.

3p T »
: —~—O— experimental —O— experimental
value 6 F value
—&— calculated —&— calculated
2r value value
:;4
r
Il '] ] 5 J
0 0.5 I 1.5 0 05 1 1.5 )
C (mol/L) C (mollL)
Fig. 1 Retention curves of Lys in IEC (a) and HIC (b).
Table 3 Parameters (Eq. 2) and deviations for six proteins in HIC and IEC
By B, B, B, B, Std
Myo HIC 118.36 ~56.60 -1.15 0.02 -0.94 0.1
IEC 61.99 6.67 -2.22 0.02 -3.16 0.07
Rnase - A HIC 169.95 -200.77 5.67 -0.05 -1.28 0.35
1IEC 87.94 185.86 -13.78 0.11 -1.87 0.11
Lys HIC 77.12 -38.96 -0.69 0.01 -1.03 0.09
IEC 17.47 13.71 -0.71 -0.00 -3.66 0.02
Ins HIC 238.88 -119.37 -3.10 -0.05 0.52 0.10
IEC* 3.9 46.72 -1.77 0.03 -4.45 0.08
a—Chy— A HIC 106.01 -12.70 -3.92 0.04 0.40 0.09
IEC 22.70 -2.4 0.62 -0.2 4.97 0.03
Cyt-C HIC 103.81 ~-117.84 3.16 ~-0.03 -1.32 0.08
1IEC 30.26 0.09 -0.57 -0.00 -4.56 0.01

Std-standard deviation. * The meaning is the same as in Table 2.

Comparative contribution of water and salt to protein re-
tention

It should be firstly explained the reason why the re-
tention curve of proteins in both IEC and HIC has a “U”
shape. According to the foregoing calculated result, the
contributions of both water for hydrophobic mechanism
and salt for ion exchange mechanism to the protein reten-

tion would be conformed, respectively.
From Eqs. (5) and (6), the relationship between
B, and B; is as:

nr = By2/2B, (9)

From Table 3, it can be seen that | B,| (absolute
value) is much larger than | B3 |. Therefore, the value
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of nr should be large enough. The parameter, ¢ [ B; in
Eq. (2)], as shown in Table 3, is also a large value.
As a result, the second and third parameters pointed out
above in Eq. (1) are greater than the last term in the
right-hand side of this equation. The second and the
third terms in Eq. (1) are parameters relating to the hy-
drophobic interactions, and the last term, (n?r + q')
[equals to By in Eq. (2)7 to electrostatic interaction.
Since the [W] in Eq. (1) is much greater than [S] in
mobile phase, it may be expected that water is a domi-
nant factor contributing to protein retention even though
salt concentration in it very high in both HIC and IEC.
In other words, the hydrophobic interactions play a main
role to protein retention in higher concentration of salt.
On the contrary, when salt concentration is very low
(less than tens mmol/L for HIC and 1.0 mol/L for
IEC), log[S] in Eq. (1) would become a large value.
As a result, the salt contribution to the protein retention
would increase. So the elution curve of proteins was ob-
served to appear a “U” shape.

It should be next elucidated that the contributions
of electrostatic force in IEC and hydrophobic force in
HIC would dominate protein retentions, respectively. In
other words, though they have the same mixed retention
model and could be expressed with the same Eq. (1) or
Eq. (2), the difference between the two kinds of sta-
tionary phases still exits. The data in Table 3 also show
the values of | B! for HIC being much less than those
for IEC. This exactly confirms to the fact that the elec-
tronic interaction between protein and the adsorbent in
HIC is less than that in IEC, because of the less elec-
tronic density on HIC adsorbent surface. It also consists
with the physical meaning of the two terms in Eq. (2).
Thus, B4 would be used as a parameter to characterize
the difference between HIC and IEC adsorbent. On the
other hand, from Egs. (1) and (2), the value of (nr
+ ¢) is equal to B,>/2B3 — B and represents the num-
bers of water molecules released from the interface be-
tween the stationary phase and the protein.> Both (nr +
q) and the parameter, B4[or (n’r' +¢') in Eq. (1)]
in Eq. (2) are related to the interface region between
the stationary phase and solute molecules. Just as Z in
SDM-R,*both (nr + ¢) and Bylor (n?r' +¢q') in Eq.
(1)] in Eq. (2) could also be referred to a characteri-
zation parameter for the changes in the molecular confor-
mation of proteins.

The third question should be answered that why the

salt concentrations of the mobile phase were selected to
be different for IEC and HIC by using the unified equa-
tion. From Eq. (2), the concentration of water or salt
at the minimum of %’ in HIC and IEC, [W],, or
[S]ins could be obtained. [ W], and [ S],,;, denote
the water and salt concentrations to have the strongest e-
lution ability of the mobile phase employed, respective-
ly. The [S]un values in HIC and IEC were listed in
Table 4. For the six proteins, the range of [ S], in
HIC and IEC are 0—0.45 and 0—90.88 mol/L, respec-
tively. When [S] is more than [S],., the contribution
of hydrophobic interaction to the protein retention was
found to be stronger than that of the electronic interac-
tion. In the circumstance of [S] < [S]n, it is just the
opposite. That is the reason why the salt concentration in
mobile phase should often be more than 0.5 mol/L in
the HIC, while less than 1.0 mol/L in IEC.

Table 4 [S],;, values in HIC and IEC (mol/L)

Myo Ins Rnase-sA Lys Cyt-C  o-Chy-A

HIC 0.35 0.24 0.09 0.45 0.45 0.31
IEC 0.64 0.499" 0.56 0.59 0.88 0.42

* The meaning is the same as in Table 2.

Comparison between the unified Eq. (2) and Melander’s

equation

Three-parameter equation for mixed-mode interac-
tion mechanism of protein in IEC proposed by Melander
et al." is shown as follows:

logk’ = A - Blogm + Cm (10)
where m is the salt concentration in mobile phase, B
and C are the appropriate electrostatic and hydrophobic
interaction parameters, respectively, and A is a con-
stant. The calculated data based on Eq. (10) were list-
ed in Table 5.

Compared to the data in Table 3 and Table 5, it
shows that the Melander’ s equation has larger deviation
than that of the unified equation of the SDM-R. There-
fore, it would be concluded that the later equation is
better than the former.

In the experiment, as that pointed above, the ionic
interaction causing from HIC column is weaker than that
from the IEC column, but the hydrophobicity from the
former is stronger than that from the latter. The values of
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B in Eq. (10) in IEC are higher than those in HIC.
This result reflects their natures of the HIC and IEC col-
umn themselves, respectively. However, the values of C
in IEC are also higher than those in HIC, this result
could not reflect the experimental data, and is not con-

sistent with the physical meaning in parameter C. This
may be attributed to the fact that Eq. (10) is based on
the solvephobic theory based on surface tension to be an
oversimplication when dealing with such a complex sys-

tem protein binding.

Table 5 Retention parameters (Eq. 10) for HIC and IEC

Myo Rnase-A Lys Cyt-C a-Chy-A Ins
HIC IEC HIC IEC HIC HIC IEC HIC IEC HIC IEC”
A -2.80 -3.34 -2.26 -475 -2.35 -2.82 -2.20 -4.20 -1.54 -430 -3.42 -3.89
B 1.40 3.32 0.8 4.12 1.29 3.76 1.12 4.54 0.14 4.79 1.22 4.43
C 1.74 2.24 1.20 3.2 1.74 2.78 1.00 2.42 0.68 4.95 2.25 3.94
Std 0.13 0.08 0.37 0.20 0.10 0.08 0.10 0.01 0.35 0.04 0.18 0.08

* The meaning is the same as in Table 2.

Conclusion

1. A unified retention equation of proteins from stoi-
chiometric displacement model was proved to be
valid for a mixed-mode interaction mechanism in
ion exchange chromatography (IEC) and hydropho-
bic interaction chromatography ( HIC). With the
parameters in this equation, it may be expected
that water is a dominanted factor for protein reten-
tion, while, at low salt concentration, electrostatic
force mainly contributes to the protein retention.
As a result, the elution curves of proteins in IEC
and HIC were observed to exhibit a “U” shape.

2. The tem (nr + ¢) and the parameter, B, in this
equation could be used to characterize the differ-
ence between either HIC or IEC adsorbents and the
changes in the molecular conformation of proteins.

3. The concentration range of the strongest eluted abil-
ity for the mobile phases in both IEC and HIC can
be determined with the unified equation.

4. It was found that the unified equation presented this
paper fits the experiment facts better than by Me-
lander’ s three-parameter equation.
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