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ABSTRACT

An immobilized pH gradient (IPG) has strong power against instability (e.g., drifting and plateau) existing
in classic isoelectric focusing (IEF). However, the relevant mechanism against the instability of pH
gradient is still unclear. In this work, the theories of diffusional current and water products in IEF were
developed based on the Svensson-Tiselius's differential equation and concept of moving reaction
boundary (MRB). Two novel methods of pH gradient mobilization in IPG-IEF and non-IPG-IEF (opposite
to IPG-IEF) were developed to unveil stability mechanism of IPG-IEF. The theoretical and experimental
results indicated that (i) the drifting of pH gradient in non-IPG-IEF could be effectively controlled by IPG
technique due to the existence of equal-fluxes of hydroxyl and hydrogen ions in the IPG-IEF system, (ii)
there existed high diffusional current in non-IPG-IEF because of the existence of free carrier ampholyte
(CA), but weak current in the IPG-IEF due to the immobilization of CA species in gel matrix, and (iii) the
high diffusional current resulted in a great amount of water formation in neutral zone of pH gradient that
led to distinct plateau in non-IPG-IEF, conversely the weak diffusional current caused little of water
formation and weak plateau of pH gradient in IPG-IEF. These studies have considerable significance to

the understanding of mechanism and development of protein IEF separation technique.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Isoelectric focusing (IEF) is a powerful technique separating
different proteins in line with their pls in a pH gradient [1]. In
1961-1962, Svensson [2,3] advanced the classic theory of IEF and
indicated the key role of carrier ampholyte (CA) in formation of pH
gradient in IEF. According to the classic theory, Vesterberg [4,5] in
1967-1969 successfully synthesized the material of CA, resulting in
the actual uses of gel-slab IEF in biological research. In 1970, O'Farrell
[6] firstly constructed the two-dimensional gel electrophoresis (2DE)
system, in which IEF was applied as the first dimensional separation
technique of complex protein sample. During the last two decades,
2DE has become a standard separation method in proteomics [7,8].

However, the classic IEF suffered from instability of pH gradi-
ent, including drifting and plateau of pH gradient as well as pH
gradient mobilization, which could not be explained by Svennson's
theory [1-3]. To explore the mechanism of instability, numerous
hypotheses were developed, such as (i) isotachophoretic (ITP)
migration of ampholytes [9-12], (ii) CO, adsorption at the cathodic
gel end [13], (iii) focusing and formation of pure water zone within
pH gradient [14,15], (iv) selective deficiency and interaction of
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ampholyte [13,16], (v) progressive gain or loss of charged ligand by
CA [13], and (vi) unbalance migration between hydrogen and
hydroxyl ions [17,18]. Nevertheless, the instability is still present in
a classic IEF.

To address the issues of drifting and plateau of pH gradients,
Rightti et al. in 1980s advanced the important concept of immobi-
lized pH gradient (IPG) and successfully synthesized the IPG gel strip
for both IEF run [19-22] and 2DE separation [23,24]. Currently, the
commercial IPG gel strip is available from both GE and Bio-Rad
companies. The IPG-IEF technique could greatly improve the stability
of pH gradient. Recently, IPG technique was further used in capillary
IEF [25,26], microchip IEF [27] and prefractionation of protein and
peptide [28]. However, the relevant physico-chemical mechanism is
indeed complex and still unclear, as will be revealed in this work.

The theories of moving reaction boundary (MRB) [29,30] suggest
a pathway to unveil the exact mechanism of stable pH gradient in
IPG-IEF. The MRB concept was developed from the important ideas
of moving reactive front (MRF) advanced by Deman [31,32] and
stationary neutralization boundary by Pospichal [33,34]. Based on
the above-mentioned concept, our laboratory along with Liang et al.
[35,36] have evolved the physico-chemicalchemical model and
theory of IEF. Furthermore, we qualitatively explained the mechan-
ism, why there was a quasi-stability of pH gradient in a classic IEF
[30,37], and gave the semi-quantitative explanation on pH gradient
instabilities [30] and Hjerten's mobilization [30,38]. These results
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[29,30,35-38] indicate that the two necessary conditions to a stable
pH gradient in IEF are (i) the gain of equal-fluxes of hydrogen in the
anolyte and hydroxyl ions in the catholyte and (ii) the effective
weakening of water production.

The main purposes in our studies are further to explore the
stability mechanism of IPG-IEF. For this purpose, we develop the
relevant judgement expressions for fluxes comparing of hydrogen
and hydroxyl ions in the IPG-IEF system, define the concept of
relative diffusional current for description of water production in
IEF, design a novel IEF method for the relevant study, and unveil
the exact mechanism of controlling pH gradient drifting and
plateau in IPG-IEF via the developed theory.

2. Materials and methods
2.1. Chemicals

Readystrip™ IPG strips (7 cm in length, pH 3-10), Bio-Lyte pH 3—
10 ampholytes and IEF standard proteins (pI 4.45-9.6), including
nine kinds of model proteins of phycocyanin, f-lactoglobulin B,
bovine and human carbonic anhydrase, equine myoglobin, human
hemoglobin A and C, lentil lectin, and cytochrome C), along with
mineoil, were purchased from Bio-Rad Laboratories (Mississauga,
Canada), Milli-Q grade water was purified to 18.2 MQ cm™!. Ploya-
crylamide, Bis-acrylamide, ammonium persulfate and methylcellu-
lose (MC) were purchased from Sigma. All other chemicals were
gained from Sigma and directly used without further purification.

2.2. Instruments

All of IEF runs, including IPG-IEF and non-IPG-IEF, were per-
formed with a Multiphor II Electrophoresis Unit (LKB Co., Sweden)
and a 2197 power supply (LKB Co., Sweden). A circle water cooling
device (Ningbo XinYi Instrument Ltd., Ningbo, China) was used for
controlling temperature of the cooling plate in the Multiphor II
Electrophoresis Unit. A 7-cm long IEF tray originally used in the
PROTEAN IEF System (Bio-Rad Laboratories Headquarters, USA) was
applied for the experiments of IPG-IEF and non-IPG-IEF. A PAGE
apparatus (Mini Protean Tetra Cell, Bio-Rad Laboratories Head-
quarters) was supplied for the synthesis of non-IPG gel strip. A
digital camera was used for imaging (Olympus Co., Japan). A digital
multimeter (DT9205A", Zhangzhou Weihua Electronic Co., Ltd.,
Fujian, China) was in series with the Multiphor II Electrophoresis
Unit and the 2197 power supply for the monitoring of the current
during a IPG-IEF or non-IPG-IEF run.

2.3. Experimental procedures

2.3.1. IPG-IEF

Rehydration: The rehydration of IPG gel strip was handled in a
rehydration tray according to manufacturer’s introduction. The
rehydration solution (total volume150 pl) for each IPG gel strip
was composed of 30pul glycerol (20%, v/v), 1.9 pl 40% carrier
ampholyte (0.5%, v/v), 2 ul IEF standard protein sample, and
116 pl ultrapure water. After 10 min of rehydration, the strip was
covered with about 1 mL mineral oil added dropwise. The rehy-
dration was set overnight.

Run of IPG-IEF: The rehydrated IPG strips were taken from the
rehydration tray and taken out from the mineral oil. Then the
strips were immediately placed into the focusing tray slot (Fig. 1A).
1 mL mineral oil was added into the tray slot preventing water
evaporation from the strips. The IPG-IEF run was carried out at
100V for 30 min, followed by a stepwise voltage from 200V to
800V (1 h and 100V as interval time and voltage, respectively).

Finally the constant voltage of 800 V was kept until the end of IEF
run. The cooling temperature was set at 15 °C.

Imaging of protein zones in IPG-IEF. The electrophoregram of
chromoprotein zones during an IPG-IEF run was photographed
every 60 min from 240 min to 780 min by an Olympus digital
camera. One did not record the electrophoregram before 240 min
as the zones were not focused well within 240 min IPG-IEF run.

Detection of electric current: The electric current was recorded
every 5 min during an IPG-IEF run via a digital multimeter was in
series with a LKB IEF system (the Multiphor II Electrophoresis Unit
and the 2197 power supply mentioned above) and a Bio-Rad 7-cm
in length IEF focusing tray. Then the curve of current versus the
run time of IEF was obtained by the software of Origin 8.0.

2.3.2. Non-IPG-IEF

Preparation of non-IPG-IEF gel: A thin PAG gel (5%T, 3%C) was
prepared for the relevant study in line with the procedure in Ref.
[39]. Briefly, the thin PAG layer was synthesized based on a Bio-
Rad PAGE apparatus (Mini Protean Tetra Cell). After polymeriza-
tion, the thin PAG gel on a glass was removed from the frame of
PAGE apparatus and dried at 25 °C in a dust-free oven. Then, the
dried thin PAG gel was cut and made into non-IPG gel strip with
3 mm in width and 7 cm in length. The dried non-IPG gel strip was
placed in the slot of 7-cm long focusing tray (Bio-Rad Laboratories)
for rehydration in situ. The size of rehydrated non-IPG gel strip
was designed to be the same as that (3 mm x 1.18 mm (including
1 mm IPG gel layer and 0.18 mm backing film)) of IPG gel strip for
the following comparative experiments of diffusional currents
between the IPG-IEF and non-IPG-IEF system (Section 3.2.4). The
rehydration solution (150 pl for each gel strip) was composed of
30 ul 20% (v/v) glycerol, 7.5 ul 2% (v/v) carrier ampholyte (pH 3-10),

A
IPG strip

Anode Cathode

B
cover
non-IPG strip
[ ] @

Paper pad IEF slot

C

IPG strip

N

Fig. 1. Schematic diagrams of IPG-IEF (A), non-IPG-IEF (B) and IPG-IEF with paper
pads (C).
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2 ul IEF standard protein sample, and 110.5 pl ultrapure water, being
the same as the composition of rehydrattion solution of IPG gel strip
except for the content of carrier ampholyte. After 10 min of rehydra-
tion, the gel strips were covered with about 1 mL mineral oil and the
rehydration was performed overnight.

Run of non-IPG-IEF: For a non-IPG-IEF run, 80 mM H,SO,4 and
200 mM NaOH were used as the anolyte and catholyte, respec-
tively. Prior to a non-IPG-IEF run, the filter paper pads were
individually immersed into the anolyte and catholyte overnight.
Next day, the immersed paper pads bridged between the non-IPG
gel strip and the electrodes (Fig. 1B). The following steps and
conditions for non-IPG-IEF were the same as those of IPG-IEF
mentioned in Section 2.3.1.

Finally, we imaged every 60 min from 300 min to 840 min and
recorded the electric current every 5 mins during a non-IPG-IEF
run. The other procedures were the same as those of IPG-IEF
experiments mentioned in Section 2.3.1.

2.3.3. IPG-IEF with electrode paper pads

The electrode paper pads were individually immersed in 80 mM
H,S04 and 200 mM NaOH overnight. Prior to IEF run, the rehy-
drated IPG gel strip was set between the anode and the cathode
(Fig. 1C). The anode paper pad (with 80 mM H,SO,) or the cathode
pad (with 200 mM NaOH) bridged the gel strip and the electrodes
respectively. And then 1 mL mineral oil was dropped into the slot of
focusing tray preventing IPG gel strip water evaporation. The other
procedure, including the rehydration, IEF run condition and imaging
of focused standard protein zones, was the same as that of IPG-IEF
experiments in Section 2.3.1.

2.3.4. IPG-IEF with Hjerten's mobilization

The procedure of IEF with Hjerten's mobilization was similar to
that reported in Ref. [38], but with some modification. In this study,
one used sulfuric acid (80 mM) as the anolyte and sodium hydro-
xide (200 mM) as the catholyte. Anodic and cathodic salt-gradient
solutions were prepared. The anodic salt gradient solutions con-
tained 20 mM H,S04+ 50, 100, 150 and 200 mM NaySO,4 (Table 1),
and the cathodic ones had 200 mM NaOH+50, 100, 150 and
200 mM Na,SO4 (Table 2). The anode and cathode paper pads were
respectively immersed into the anodic and cathodic salt gradient
solutions (Tables 1 and 2) before used. Rehydration solution recipe
in the experiment was the same as that of IPG-IEF (Sections 2.3.1
and 2.3.3).

IPG-IEF with Hjerten's mobilization was initially carried out using
the electrode paper pads with 80 mM H,SO, and 200 mM NaOH

Table 1

(Section 2.3.3). The run was paused when the focusing reached its
steady-state (8 h run of IPG-IEF). Then, the anode (80 mM sulfuric
acid) and cathode (200 mM NaOH) paper pads were respectively
displaced with those having the anodic and cathodic salt gradient
solutions. After that, the IPG—-IEF run again. The electrophoregram of
IPG-IEF run from 9h to 68 h (12 h as imaging interval time) was
recorded by a digital camera.

3. Results and discussion
3.1. Theoretical results

3.1.1. Judgment expressions for IPG-IEF

In order to compare the fluxes of hydrogen and hydroxyl ions in
an IPG-IEF system, it is necessary to define the absolute expression
[29,30]

Raps=m? ¢ «P-mP P «~ 1)

where R is the symbol of judgment expression, the subscript “abs”
means the absolute one, « is the conductivity of a solution or phase
(S/m); m is the ionic mobility (m?s~!'V~1); ¢ is the equivalent
concentration (equiv./l), the subscripts, “+” and “-”, imply the
positive and negative reacting ions, such as hydrogen and hydroxyl
ions, respectively, and the superscripts, “o” and “”, mean phase «
and phase B, respectively. For a pure acid-base system used in I[EF,
one has the following relative judgement expressions for the
comparison of hydrogen and hydroxyl ion fluxes [29,30]

m* . /‘[p ~
R = giT—l(forRabszo) (2a)
Moy A+
mb. A%,
R=1- uo”iﬁ”(forRabs <0) (2b)
my. Aoy

where the subscript “r” means the relative judgement expressions,
A is the ionic equivalent conductivity in a pure electrolytes. It is
defined as [40,41]

A =m;F 3

Suprisingly, when inserting Eq. (3) into Egs. (2a) and (2b), one
get Egs. (4a) and (4b), respectively:

R; = O(forR s >0) (4a)

R: = O(forRs < 0) (4b)

R, values and significances for the salt gradient drifting experiment by adding salt in the anolyte.

Number® Anolyte Catholyte R; Prediction Experiment in Fig. 5
1 80 mM H,S04+50 mM Na,SO4 200 mM NaOH —-0.240 4th anodic drifting 4th anodic drifting
2 80 mM H,SO4+ 100 mM Na,SO4 200 mM NaOH -0.809 3rd anodic drifting 3rd anodic drifting
3 80 mM H,SO4+ 150 mM Na,SO4 200 mM NaOH -1.692 2nd anodic drifting 2nd anodic drifting
4 80 mM H,S04+200 mM Na,SO,4 200 mM NaOH -2.976 1st anodic drifting 1st anodic drifting

2 The numbers herein correspond with Panels A-D in Fig. 5.

Table 2

R, values and significances for the salt gradient drifting experiment by adding salt in the catholyte.

No.? Anolyte Catholyte R: Prediction Experiment in Fig. 6
1 80 mM H,S04 200 mM NaOH+50 mM Na,SO4 0.479 4th cathodic drifting 4th cathodic drifting
2 80 mM H,S04 200 mM NaOH+ 100 mM Na,SO4 0.879 3rd cathodic drifting 3rd cathodic drifting
3 80 mM H,SO04 200 mM NaOH+ 150 mM Na,SO4 1.320 2nd cathodic drifting 2nd cathodic drifting
4 80 mM H,SO,4 200 mM NaOH+200 mM Na,SO4 1.803 1st cathodic drifting 1st cathodic drifting

¢ The numbers herein correspond with Panels A-D in Fig. 6.
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The significance of R,=0 is that the flux of hydrogen ion is equal
to that of hydroxyl ion, indicating no cathodic or anodic drifting of
pH gradient in the IPG-IEF system.

At present, it is very difficult to calculate the exact experimental
value of R; in IPG-IEF because one cannot obtain the specific
conductivities of the anodic and cathodic ends of IPG gel strip,
unlike conductivity of anodic and cathodic solutions in a classic IEF
easily obtained via a conductance-meter [29,30]. Although the
direct experimental value of R, in IPG-IEF cannot be obtained, we
may get the indirect value of R; in IPG-IEF (being close to zero) via
the analogical experiments in Section 3.2.

3.1.2. Currents in IEF

In the initial stage of the IEF system, the electromigration
current (EMC) of ion i (Igmc;) is given as [40,41]
Iemci = IOOOVAF )
where A is the cross-sectional area of electrophoretic tube. The
total current is originated from the electromigrations of various CA
species, hydrogen and hydroxyl ions (omission of the current from
protein electromigration). Thus, the total EMC at an initial stage of
IEF (Iemcinitiat) is [40,41]

AF
1000

where the subscript “initial” means the initial stage of IEF, the
velocity of CA species is v; = m;E[29,30].

At a steady-state of IEF, CA species are focused at their pl
positions, indicating the net zero mobilities of CA species (viz.,
mi=0). However, the hydrogen and hydroxyl ions are still present at
the steady-state of IEF. Thus, Eq. (11) becomes

(6)

Tenmic,initial = (CiVi+Cy+ Vg +Con VoH ) Tann

AF
Iemc,ss = (Cy+ Vy+ + Con Vou) 1000 @)

where the subscript of “SS” indicates the steady-state of IEF.
Assuming uniform conductivity and cross-sectional area, the dis-
tribution of CA; can be described by Svensson-Tiselius' differential
Egs. (1-3),

C,-m,-I _ dC,

A = DidT(,- 8

where, C; is the molar concentration (mol/L), D; is the diffusion
coefficient of the ion constituent, and dC;/dx; is the concentration
gradient of focused CA;. Eq. (8) implies that the electric mass flow of
CA; per-second and cross-sectional area is equal to the diffusional
mass flow. If the conductance, diffusional coefficient and pH
gradient are constant in the IEF system, then the analytic solution
concentration of equations (8) for CA; can be expressed as [1-3]

Ci= Co,exp< pz'},f.;) 9

where x is the coordinate for CA; along the direction of current. Eq.
(9) describes a Gaussian's concentration distribution (Supplemen-
tary Material Fig. S1) of CA; focused at steady-state. In Fig. S1A, the
consequence of diffusion-electromigration is that CA; necessarily
extends to or through the concentration maximum of the adjacent
CA species (e.g., CA;_; and CA;, 1). Fig. S1B reveals the steady-state
of IEF at which the diffusion fluxes of CA; are equal to the
electromigration fluxes. Evidently, the diffusion of CA; leads to
electromigration of CA; species from its adjacent species of CA;_;
and CA;, 1, indicating the formation of diffusional current originated
from the CA; diffusion. Thus, Eq. (8) can be expressed as

AF dC; AF

amiE 1500 =P dx, 1000

(10)

Eq. (10) can be defined as the diffusional current (Ipcss) of CA;
at steady-state of IEF. Hence, we have

AF dC; AF
Iocss = cmiE 1566 =Di g 1000 an
Evidently, the total current (Iss) at steady-state of IEF is
Itss = Iemc,ss +Ipc.ss (12)
Inserting Eqs. (6) and (11) into Eq. (12), one gets
dC;\ AF
I _ = | Cy+ Vy+ +CoHV, +D7')7 13
T,55,n0n-IPG ( H+ Vy onvor +Ditr | 7500 13)

where, the subscript “non-IPG” after the current of “I” indicates a
non-IPG-IEF system, the subscript of “IPG” after the current of “I”
implies an IPG-IEF system. Eq. (13) has validity for the total
current in a non-IPG-IEF. However, for an IPG-IEF, the diffusional
constant is close to zero due to the bonding of CA species to gel
matrix. Evidently, for an IPG-IEF, Eq. (13) is written as

AF
It ss,ipc = (Cy+ Vy+ +Cor Vo) 7500 (14)

3.1.3. Product of water in IEF at steady-state

In 1975, Baumann et al. [14] recognized the focusing and
formation of pure water zone within pH gradient. In 2005, Li
et al. [39] demonstrated the chemical reaction product in a MRB
system, and defined product equivalent number of electromigra-
tion reaction in unit-time in a MRB system (R;ate,qUiVv./s).

B p
Ry — 10 My G- Con (15)
p p
K%l CGH+ —Con

Clearly, the combination of Egs. (13) and (15) produces

1000 Mgy <"~ " ¢y, Coyr
Rrate,SS,non—IPG = IT,SS,nonflPG 5 B (1 6)
AF Kok Y, —Cour

which has validity for the formation of water in a non-IPG-IEF
system. Inserting Eq. (14) into Eq. (15), one gets
R | 1000 Mpy K“=ms, . kP s Cyy
rate,SS,IPG = IT,55,IPG
AF Kx%xP e, _CBOH’
Eq. (17) has validity for the product of water in an IPG-IEF
system.

a7)

3.2. Experimental results

3.2.1. Comparison of stability in IPG-IEF and non-IPG-IEF

Fig. 2 showed the experimental results of IPG-IEF. As can be seen,
the chromoprotein bands (blue phycocynin, brown Hb and Mb, and
bright red cytochrome C) still were obscure within 360 min of IEF,
suggesting an incompleted focusing. After 360 min of IEF run, it was
observed that the chromoprotein bands became clearer and straigh-
ter without distinct drifting and/or plateau of pH gradient and their
positions were almost constant until 780 min, implying high stability
pH gradient existing in the IPG-IEF from 360 min to 780 min. The
experiments (Supplementary Material Fig. S2) demonstrated the
similar results. Therefore, IPG-IEF technique can overcome the pH
gradient drifting and plateau phenomenon existing in non-IPG-IEF
by immobilization of pH gradient.

Fig. 3 showed the experimental results of non-IPG-IEF. In Fig. 3,
the blue phycocynin moves toward the anode obviously (2.87 mm)
if the IEF run in 600 min, while brown protein Hb/Mb has rapid
cathodic migration (3.28 mm), and the bright red cytochrome C also
has significant drafting. All of these results revealed the imcomplete
IEF for the colorful proteins if the focusing was set within about
600 min. During the IEF run of 600-840 min, the blue band held a
slight anodic movement (1.23 mm) and the bright red band had
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almost no movement, indicating no obvious anodic or cathodic pH
gradient drifting during the long-term run of IEF. However, the
brown bands of Mb (pl 7.0) and Hb (pl 7.1) obviously moved toward
the cathode (1.33 mm). The cathodic movement of Mb/Hb, coupled
with the quite constant positions of Phycocynin and cytochrome C
during 600-840 min run, showed the apparent plateau of pH
gradient, which also existed in a long-term non-IPG-IEF. The
experiments (Supplementary Material Fig. S3) proved the similar
plateau of pH gradient occurring in non-IPG-IEF.

From the comparison of experiments in Figs. 2 and 3, one could
conclude that there were no obvious anodic or cathodic drifting
and plateau of pH gradient after the steady-state (see the discus-
sion below) in the long-time IPG-IEF run; whereas there still
existed a clear plateau of pH gradient after the steady-state (about
600 min run) in the non-IPG-IEF.

3.2.2. Mechanism of weak pH gradient drifting in IPG-IEF

As revealed in the previous works [29,30,35-38], two necessary
conditions for stable IEF run (viz., no cathodic or anodic drifting and
plateau of pH gradient) wereas follows: (i) the R, value was equal or
close to zero, implying equal or quasi-equal fluxes of hydrogen and
hydroxyl ions in IEF; and (ii) low produce rate of water formation,
viz., low current intensity under the given voltage, at steady-state of

Time (min)
240

phyco Mb,Hb eyt C
ot i

Fig. 2. Electrophoregrams of standard proteins focused in IPG-IEF under different
running time. Experimental conditions: Bio-Rad linear IPG gel strips (pH 3-10), IEF
run at 100 V for 30 min, stepwise voltage from 200V to 800V (1 h and 100V as
interval time and voltage, respectively), less than 50 pA/strip all the time, and 15 °C
cooling. (phyco: phycocinin, Mb: equine myoglobin, Hb: human hemoglobin, and
cyt C: cytochrome C).
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360 [N R o E
420 i E i i
aso b i A
540 | = b il i
600 [ ' wE R |
660 I iR E_E A
720 | f i |
780 f W 4
840 B TE |

Fig. 3. Electrophoregrams of standard proteins focused in non-IPG-IEF under
different running time. Experimental conditions: 80 mmol H,SO4 as the anolyte
and 200 mmol NaOH as the catholyte, non-IPG gel strips (pH 3-10). The other
conditions were the same as those in Fig. 2. (phyco: phycocinin, Mb: equine
myoglobin, Hb: human hemoglobin, and cyt C: cytochrome C). (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article.)

IEF (Egs. (16) and (17)). The first condition existed in a run of IPG-IEF,
which had been theoretically unveiled in Egs. (4a) and (4b). However,
it was impossible to compute the exact R, value in IPG-IEF since the
specific conductivities of the anodic and cathodic ends could not be
detected currently, unlike the easy measurement of conductivity of
both anodic and cathodic solutions used in the classic IEF [30,35-38].
Though one could not directly calculate an experimental R; value of
IPG-IEF, an indirect experimental R, value of IPG-IEF might be
obtained via the analogical experiments as shown below.

It has been demonstrated in the previous works [29,30,35-38]
that if there was R,=~0, no cathodic or anodic drifting occurred in an
IEF; conversely if there was no pH gradient drifting in an IEF, the R,
value ought to be close or equal to zero. To obtain an indirect
experimental R; value in Fig. 2, we further performed the analogical
experiments of IPG-IEF runs with and without electrode paper
pads. Fig. 4 presents the relevant experiments. In Fig. 4A, the
experimental conditions are the same as these in Fig. 2 except for
the long-term running time. In Fig. 4B, the conditions were the
same as those in Fig. 4A except for the electrode paper pads. The
anodic paper pad contained 80 mM H,SO, and the cathodic pad
had 200 mM NaOH. The R; value calculated with Eq. (2a) for the
electrode pad pairs was 0.082, being near zero [30,35-38].

The experiments in Fig. 4 reveal (i) that positions of the blue and
brown bands are almost constant from 8 h to 68 h, indicating no
drifting of pH gradient in Panel A, (ii) that the bands do not show
any drifting even if the run lasted up to 68 h (Panel B), and (iii) that
the bands in Panel A as a whole migrate slightly toward the cathode
in contrast to these in Panel B. This just accounts for the correctness
of experimental prediction of R, value (0.082) in the electrolyte pairs
of 80 mM H,SO,4 and 200 mM NaOH [29,30,35-38]. The analogical
experiments in Fig. 4 indicates that the R, value of IPG-IEF without
electrode paper pad pairs is very close to that of non-IPG-IEF with
paper pad pairs (viz., R,=0.082), proving the validity of Eq. (4a).

Conversely, if the R, value was obviously higher than zero, there
was a clear cathodic drifting or mobilization of pH gradient; other-
wise there was an evident anodic drifting or mobilization. The
theoretical conclusion had been demonstrated by the experimental
results cited from numerous references (Table S2 in [30]) and the
recent experiments on pH gradient mobilization in a classic IEF [38].
The experiments given in Section 3.2.3 further manifest that even in
an IPG-IEF, there was a clear cathodic drifting or mobilization of pH
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Fig. 4. Electrophoregrams of standard proteins focused in (A) IPG-IEF system with
anodic paper pad of 80 mM H,SO4 and cathodic paper pad of 200 mM NaOH and
(B) IPG-IEF system without paper pads. The other conditions were the same as
those in Fig. 2. (Phyco: phycocinin, Mb: equine myoglobin, Hb: human hemoglobin,
cyt C: cytochrome C). (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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gradient if the R, value was obviously greater than zero; on the
contrary there was an evident anodic drifting or mobilization if
greatly less than zero. The experimental results in Section 3.2.3
present the opposite proofs to indirectly demonstrate the validity of
Egs. (4a) and (4b).

3.2.3. Mobilization of pH gradient in IPG-IEF

A series of experiments on the pH gradient mobilization or drifting
in IPG-IEF were performed by controlled hydrogen and hydroxyl ionic
fluxes. Table 1 shows the R; values for the systems of 80 mM H,SO,4
with 50-200 mM Na,SO,4 and 200 mM NaOH, and their significance
was given in Section 3.1.1. The R; values for numbers 1, 2, 3, and4 in
Table 1 are —0.240, —0.809, —1.692, and —2.976 respectively, indicating
the anodic mobilization or driftingof pH gradient [30,38]. Table 2
presents that the R; values for the systems of 80 mM H,SO, and
200 mM NaOH with 50-200 mM Na,SO,4 were 0.479, 0.879, 1.320 and
1.803 respectively, implying the cathodic mobilization or drifting. The
higher R, value was, the more serious pH gradient instability was.
The experiments in Tables 1 and 2 clearly demonstrat two predictions.
The experiments given below further validated the predictions.
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Fig. 5. Electrophoregrams of standard proteins focused in IPG-IEF with salt

mobilization under the conditions of (A) 80 mM H,S04+50 mM Na,SO, as the

anolyte and 200 mM NaOH as the catholyte; (B) 80 mM H,S04+ 100 mM Na,SO,4 as

the anolyte and 200 mM NaOH as the catholyte; (C) 80 mM H,SO4+ 150 mM

Na,SO4 and 200 mM NaOH; and (D) 80 mM H,S04+200 mM Na,SO4 and 200 mM

NaOH. The other conditions are the same as those in Fig. 2. (Phyco: phycocinin, Mb:

equine myoglobin, Hb: human hemoglobin, cyt C: cytochrome C). (For interpreta-

tion of the references to color in this figure, the reader is referred to the web
version of this article.)

1]

Figs. 5 and 6 exhibit the mobilization results of IPG-IEF run with
the electrolyte pairs in Tables 1 and 2, respectively. As showed in
Fig. 5, the anodic mobilization of pH gradient was initiated due to the
addition of sodium sulfate in the anolyte. Panels A, B, C and D
revealed the results with 50 mM, 100 mM, 150 mM, 200 mM Na,SOy,,
respectively. We could observe that the brown bands gradually
drifted toward the anode in 8-68 h of IEF run and the drifting
distance gradually increased as added salt concentrate enchanced.
Even in Panels C and D, the brown bands drifted to the position near
blue phycocynin and the intensity of the brown band near blue band
gradually increased from 8 h to 68 h. Meanwhile, the intensity of the
brown bands near the cathode gradually decreased. In all panels, the
band of cytochrome C drifted toward the anode step by step and its
intensity also decreased gradually from 8 h to 68 h. As shown in 68 h
panel of Fig. 5A, the red band catch up with brown band and overlays
with brown band (green arrow). It could be seen in Fig. 5A-D that pH
gradient shifted faster toward the anode as R, value increased.

Fig. 6 shows that mobilizations of IPG-IEF with 80 mM H,SO4
and 200 mM NaOH + 50 mM, 100 mM, 150 mM, 200 mM Na,SO, as
the anolyte and the catholyte respectively. We could observe that
the blue phycocynin band evidently drifted toward the cathode and
the drifting distance gradually increased while the added salt
concentrate increased. The blue band has an obvious drifting at

A

Fig. 6. Electrophoregrams of standard proteins focused in IPG-IEF with salt
mobilization under the conditions of (A) 80 mM H,SO4 as the anolyte and
200 mM NaOH+50 mM Na,SO, as the catholyte; (B) 80 mM H,SO4 and 200 mM
NaOH+ 100 mM Na,SOy4; (C) 80 mM H,SO4 and 200 mM NaOH+ 150 mM Na,SO4;
and (D) 80 mM H,SO4 and 200 mM NaOH+200 mM Na,SO,4. The other conditions
were the same as those in Fig. 2. (Phyco: phycocinin, Mb: equine myoglobin, Hb:
human hemoglobin, cyt C: cytochrome C).
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56 h in Fig. 6A. However the obvious drifting appears at 32 h in
Fig. 6B. There is farther drifting of blue band at 32 h in Panels C and
D. Due to the red cytochrome C drifts to the cathode, we can
observe that the intensity of the red band gradually decreases as the
run prolonged at each panel in Fig. 6. Interestingly, the red bands
firstly drifted toward the anode when salting in the anolyte and the
blue protein firstly drifted toward the cathode when salting in the
catholyte. This was presumably caused by heterogeneous salt
concentrate distribution in IPG-IEF run.

Through the experiments above, one can conclud that pH
gradient in an IPG-IEF run could be controlled by the fluxes of
hydrogen and hydroxyl, viz., the R, value of Eq. (4a). When R, > 0, pH
gradient drifted toward the cathode (Table 2), conversely toward the
anode (Table 1). The higher R; value was, the more serious the
drifting became (Tables 1 and 2). These conclusions are in complete
agreement with the theoretical results in Section 3.1, further testify-
ing the validity of Eqs. (4a) and (4b) for IPG-IEF.

3.2.4. Mechanism of weak pH gradient plateau in IPG-IEF

The water production in IEF has a key role in the pH gradient
plateau [29,30,35-38]. Theoretically, the more the water produc-
tion is, the more obvious the pH gradient plateau is. Eqs. (16) and
(17) further imply that the higher the current at steady-state of IEF
is, the more water production turns, of course the more serious the
pH gradient plateau in IEF is. From the comparison between Egs.
(13) and (14) or Egs. (16) and (17), we could obtain the following
predictions.

Prediction (i): the electric current of steady-state in IPG-IEF
run (Itsspc) is certainly less than that in non-IPG-IEF run (Itss,
non-ipG) due to much higher diffusional current of CA existing in
non-IPG-IEF rather than IPG-IEF.

Prediction (ii): the pH gradient plateau in IPG-IEF is necessa-
rily weaker than that in non-IPG-IEF due to the existence of I,
SS,IPG < IT,SS,non—IPGv viz., Prediction (] )

Prediction (iii): the comparison of Egs. (13) and (14) indicates
that the electromigration current at initial stage of IPG-IEF
(Iemcpc) is clearly lower than that of non-IPG-IEF due to more
free CA species used in non-IPG-IEF but not in IPG-IEF.

Prediction (i) was manifested by the following experiments on
current comparison between IPG-IEF and non-IPG-IEF runs. Fig. 7
shows the curve of current versus run-time in both IPG-IEF and
non-IPG-IEF. Note here, there was a slight difference of voltage
used in IPG-IEF and non-IPG-IEF. For the convenient comparison
from the beginning to the end, the current value in Fig. 7 is
transferred as the one at unit voltage used in the two IEF runs. In
Fig. 7A, the current decreases from the maximum value of 1 pA/V
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to 0.1 pA/V within 200 min run, and around 0.07 uA/V at the end of
[EF. In the run of non-IPG-IEF in Fig. 7B, the current reduced from
the maximum (37 pA/V) to 1.0 pA/V within about 300 min run, and
further declined to around 0.5 pA/V until the end of non-IPG-IEF.
The comparison of steady-state current in Fig. 7A and B evidently
demonstrates Prediction (i).

Obviously, Prediction (ii) was demonstrated by the experimen-
tal results in Fig. 7 and the comparative experiments of both Fig. 2
(the weak pH gradient plateau in IPG-IEF) and Fig. 3 (the obvious
plateau in non-IPG-IEF). And the comparison of electromigration
current within 150 min run in Fig. 7A and 200 min run in Fig. 7B
clearly manifestes the validity of Prediction (iii).

It was observed that the electromigration current at the initial
stage of non-IPG-IEF was greatly higher than that of IPG-IEF. This
might be caused by the following reasons. First, the quantity of CAs
(2%) used in non-IPG-IEF was clearly higher than that (0.5%) used in
IPG-IEF. Second, a certain quantity of inorganic salt (ammonium
sulfate 0.06%) was present in non-IPG-IEF, which had a contribution
to the electromigration current.

4. Conclusions

In this study, we developed the theories on the judgment
expression in IPG-IEF system, the current formation (especially
the diffusional current) and the water production in the IEF system
and deduced relevant equations which could well predict the
stability of pH gradient in IEF. Two novel techniques of IEF were
developed, including mobilization of pH gradient in IPG-IEF and
non-IPG-IEF with IPG-IEF focusing tray. Subsequently stability
mechanism of IPG-IEF was explored by the theories and a series of
experiments. It was revealed that (i) there existed high diffusional
current in non-IPG-IEF due to the diffusion of free CAs, resulting in
more water production and more distinct plateau phenomenon,
(ii) there was almost no diffusional current in the IPG-IEF due to
the immobilization of CAs in gel matrix, leading to less water
products and slight plateau phenomenon, (iii) the pH gradient
drifting could be effectively controlled by IPG technique due to the
equal-fluxes of hydroxyl and hydrogen ions in the IPG-IEF system,
and (iv) an immobilized pH gradient could be mobilized by salting
into either anolyte or catholyte to change the fluxes of hydroxyl
and hydrogen ions in the developed IPG-IEF system.
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