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ABSTRACT
High pressure native polyacrylamide gel electrophoresis has been
designed to visualize the dissociation/association process of
protein complexes. This paper reports this methodology in more
quantitative way by inspecting pressure dissociation of pig heart
lactate dehydrogenase, a tetrameric protein, which was
extensively investigated in spectroscopic methods. We observed
the change of electrophoresis pattern with pressure up to
150 MPa. By optimizing the buffer system and careful image
analysis of the stained gels, we quantified all the dissociates in the
process of pressurization. We discussed the characteristics of our
methodology by comparing the result with the previously reported.
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1. Introduction

High pressure has been applied to investigate the protein oligomerization. Pressurization
up to 200 MPa is known to disturb the protein quaternary structure precisely without any
significant effect on the tertiary structure [1]. In addition, a shift of the dissociation equili-
brium by pressure is related to volumetric parameters that involve changes of hydration
and intermolecular packing [2,3].

Protein dissociation has been successfully monitored by various spectroscopic methods
under high pressure, including fluorescence spectroscopy, small angle X-ray scattering
(SAXS), etc. However, dissociation of oligomeric protein might involve several intermedi-
ates with various molecular weights, which would complicate the data analysis.

Native polyacrylamide gel electrophoresis (native PAGE) can visualize the size distri-
bution of the multicomponent system under the controlled temperature and pressure.
Therefore, high pressure native PAGE (HP native PAGE) has been applied for monitoring
the pressure dissociation of the protein complex qualitatively [4–6]. In our previous
study, HP native PAGE successfully quantified the amount of monomer in equilibrium
with the amyloid fibrils as a function of temperature and pressure [7]. Such quantitative
HP native PAGE methodology should be applied to various protein complex systems
with different dissociation schemes.

In this paper, we revisited L-lactate dehydrogenase (LDH) from pig heart, which dis-
played pressure dissociation [8,9]. Comparison with these previous studies reveals the dis-
tinction of this methodology.
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2. Experimental

LDH from pig heart was purchased from Boehringer Mannheim GMBH as crystalline sus-
pension in 1.6 M ammonium sulfate solution. A small aliquot was dialyzed toward the elec-
trophoresis gel buffer written below with 1 mM EDTA and 1 mM DTT for 12 h at room
temperature, and diluted to 1 mg/mL.

High pressure electrophoresis apparatus was designed according to Masson et al. [4],
and the overview was described in our previous papers [6,7]. The electrophoresis bath con-
taining six capillary gel tubes (2.5 mm φ and 95 mm length) is accommodated inside a
high pressure vessel, and can be compressed via machine oil.

For native PAGE, we prepared polyacrylamide gels of uniform (non-gradient) but
various concentration, 7–12%. As for the buffer system, the Laemmli’s discontinuous
system and the continuous system were used, as tabulated in Table 1. The Laemmli’s dis-
continuous system has been widely used in native PAGE. In such a discontinuous system,
however, the solvent condition changes continuously during the electrophoresis, which
would influence the association equilibrium. Therefore, we designed the continuous
system where the solvent condition is constant and similar to the previous LDH studies
[8,9], with respect to pH and the buffer reagent. Just prior to the experiment, sample sol-
ution was diluted twice with the gel buffer containing 50% glycerol and 1 mg/mL BPB
marker, and 2 μL was loaded on each gel tube. After prerunning at ambient pressure
for 3 min, the pressure was increased up to the target pressure, and the system was equi-
librated for 2 h at 25°C, followed by the electrophoresis process.

After staining gels using CBB R-250 with the standard procedure, images of gels were
scanned by a CCD scanner, GELSCAN-2 (iMeaure Inc.), with the resolution of 300 ppi and 16
bit grayscale. The grayscale at each position of gels was converted to the optical density to
obtain the density profiles.

3. Results and discussion

3.1. Native PAGE of LDH at ambient pressure

Figure 1 shows the native PAGEs of LDH as density profiles, with various polyacrylamide
gel concentrations, at ambient pressure. In the Laemmli’s discontinuous system (a), two
bands were observed; major one, #1, and minor one, #2. Their migration rate decreased
with the gel concentration increase in the manner different from one another, so that
the migration order of #1 and #2 was reversed over 12%. In the continuous system (b),
native PAGE patterns were similar to those in the discontinuous, while the migration
was much slower; each band was sharper; and the resolution of the bands was improved.

Table 1. Electrophoresis conditions for HP native PAGE.
Laemmli’s discontinuous system Continuous system

Gel buffer 15 mM Tris-HCl, pH8.7 15 mM Tris-HCl, pH7.5
Running buffer 8.2 mM Tris, 106 mM glycine Same as above
Polyacrylamide gel concentration T = 7–12%, C = 3.45%
Applied voltage 110 V
Electrophoresis time 40 min 60 min
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In native PAGE, the gel concentration dependence of migration rate is used for deter-
mining the molecular weight, which is known as the Ferguson plot analysis. According to
Hedrick and Smith [10], the migration rate and the gel concentration is related as follows.

logM = logM0 − KRT (1)

where M is the migration rate, T is the gel concentration. In Ferguson plot, where log M is
plotted against T, a linear relation is obtained, and the slope KR, called retardation coeffi-
cient, is related to the migration object size, while the tangent log M0 is related to the
charge. Figure 2(a) shows the Ferguson plot of #1 and #2 in the continuous system. In
Figure 2(b), we also present the calibration curve for the molecular weight and KR
measured using several standard proteins with the same experimental condition as this
study. Using this calibration curve, the molecular weights of #1 and #2 were estimated
to be 190 ± 30 kDa and 60 ± 10 kDa, being assigned to tetramer (146 kDa) and dimer
(73 kDa), respectively. In the Laemmli’s discontinuous system, the similar results were
also obtained (data not shown).

Recently, an estimation of molecular weight in native PAGE has been carried out using
gradient gels, because the molecular sieving effect is simply shown. On the other hand,
gradient-gel native PAGE requires several hours for one electrophoresis. In our HP
native PAGE, the dissociation equilibrium was once achieved at the top of the gel
during the equilibration time, before the electrophoresis. Therefore, longer electrophoresis
time would make the band separation worse owing to the subsequent association or dis-
sociation in the gel. In this paper, we employed uniform gels for native PAGE, where

Figure 1. Native PAGEs of LDH represented as density profiles, using 12%, 9%, and 7% polyacrylamide
gels at ambient pressure. These were obtained using the Laemmli’s discontinuous system (a) and the
continuous system (b), as described in Table 1. Horizontal axes represent migration by pixel, where 1
pixel corresponds to 0.0847 mm, owing to the CCD scanner resolution. Vertical axes represent optical
density of the stained gel. The right edge of each profile corresponds to the BPB marker migration. In
both buffer system, major band #1 and minor bands #2 were observed, which were deconvoluted using
Gaussian curves.

220 T. MIWA ET AL.



electrophoresis completed within 1 h. Figure 1 clearly shows that the single gel concen-
tration would mislead the molecular weight estimation; therefore, the Ferguson plot analy-
sis is essential for HP native PAGE.

Figure 2. (a) Ferguson plot of #1 (closed symbols) and #2 (open symbols) in the continuous system.
Horizontal and vertical axes represent the polyacrylamide gel concentration, T, and logarithm of the
migration rate, M, respectively. The slope of the fitted line corresponds to the retardation coefficient,
KR. (b) Calibration curve for the molecular weight and KR, prepared using various standard proteins.
Solid and dotted lines represent the least square fitted line and the 95% confidence interval,
respectively.

Figure 3. Density profiles of LDH at various pressures, using 7% polyacrylamide gel in the Laemmli’s
discontinuous system (a) and the continuous system (b). #1, #2, and #3 bands were deconvoluted using
Gaussian curves.
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3.2. HP native PAGE of LDH

Figure 3 shows the native PAGE patterns of LDH using 7% polyacrylamide gels at various
pressures. In both buffer systems, with pressure up to 70 MPa, the peak area of #1
decreased and that of #2 increased. Above 100 MPa, the third band emerged as #3. In
the Laemmli’s discontinuous system (a), however, #2 and #3 were hardly distinguishable
until PAGEs using different gel concentrations were compared (data not shown). There-
fore, the continuous system (b) where #3 behaved more clearly and simply was considered
to be more convenient for analysis. Unfortunately, the Ferguson plot analysis of #3 was
unreliable because of the slow migration. By the compression and decompression
process before the electrophoresis, #3 was revealed to be an irreversible component
(data not shown), suggesting that #3 would be the aggregated state.

In order to identify the components at high pressure, we showed Ferguson plots of #1
and #2 at various pressures in Figure 4(a). These were prepared from the native PAGEs in
the continuous system. From the fact that the slopes of #1 and #2 did not exhibit any sig-
nificant pressure dependence, #1 and #2 were considered to be tetramer and dimer,
respectively during the compression. Therefore, the PAGE pattern change with pressure
would correspond to the dissociation from tetramer to dimer.

On the other hand, Ferguson plot of #2 was shifted downward with pressure. This
would be interpreted in two possibilities as follows. First, it would be due to the poly-
morphism of dimer. Since the tangent of Ferguson plot depends on the charge, the par-
allel shift would indicate the change of distribution of isomers with various charges.
Second, aggregation of dimer would occur during the electrophoresis. If the aggregation

Figure 4. (a) Ferguson plot of #1 (closed symbols) and #2 (open symbols) at various pressures in the
continuous system. Different symbol shape corresponds to the different pressure; circles, 0.1 MPa;
squares, 50 MPa; diamonds, 70 MPa; triangles, 100 MPa; and reverse triangles, 150 MPa. (b) Weight
fractions of tetramer (circles), dimer (squares), and aggregates (triangles) as functions of pressure, esti-
mated from the ratio of the #1, #2, and #3 band areas in the density profiles using 7% gel. Open and
closed symbols correspond to the Laemmli’s discontinuous system and the continuous system,
respectively.
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(transformation from #2 to #3) was as fast as the electrophoresis process (∼1 h), #2 band
would be retarded. We cannot discuss about the authenticity of these two possibilities.
Now we are preparing to study the voltage dependence of the electrophoresis patterns,
which would reveal the kinetic effect on the electrophoresis, like the second.

Weight fractions of tetramer, dimer, and aggregates were evaluated from the ratio of
the areas of Gaussians fitted to the #1, #2, and #3 bands on the density profiles, assuming
that each component bound to the same number of CBB per weight. For the precision of
curve deconvolution, we used the density profiles of 7% gel. Figure 4(b) shows these
weight fractions at various pressures. Those of tetramer and dimer obtained using the
Laemmli’s discontinuous system were also plotted. Dissociation from tetramer to dimer
was observed in the pressure range of 0.1–70 MPa, regardless of the buffer system.
Above 100 MPa, the fraction of the aggregates increased slowly.

3.3. Comparison with the previous studies

The pressure dissociation of LDH from pig heart was intensively investigated using fluor-
escence depolarization [8] and SAXS [9] under high pressure. Their experimental con-
ditions and rough results were compared with the present data in Table 2.

Dissociated form was assigned to monomer by fluorescence depolarization, and dimer
by SAXS, respectively. Our HP native PAGE suggested dimer as dissociated form, as same
as SAXS. Because the Ferguson plot analysis comprises 20% error for the molecular weight
estimation, however, we could not deny the probability of monomeric LDH under high
pressure.

As for the pressure range of dissociation, the midpoint was determined to be lower by
more than 80 MPa than that in the previous studies. This discrepancy could be interpreted
in two possibilities as follows. First, the concentration of LDH would influence the dis-
sociation, because the sample concentration in gel media was not clear; it may be concen-
trated on the entry into the gel, and diffused during the equilibration. Second, the
difference of solvent condition should be considered. Native PAGE requires lower ionic
strength of the solvent to avoid the generation of Joule’s heat. The ionic strength could
influence the dissociation equilibrium. Therefore, a combination of the HP native PAGE
and the other spectroscopic method that enables the experiment with various sample
concentrations and solvent conditions would be profitable.

In summary, the present HP native PAGE analysis enabled to identify and quantify
several coexisting pressure dissociates, which was more complicated than our previous
study [7]. Estimated molecular weights of the dissociates coincided with previous
reports [9]. Direct visualization of dissociates distribution of the system apparently

Table 2. Pressure-induced dissociation behaviors of LDH; comparison of methods.
Method Fluorescence depolarization [8] SAXS [9] This paper (Continuous system)

Solvent 50 mM Tris-HCl, 50 mM Tris-HCl, 15 mM Tris-HCl,
1 mM EDTA, 1 mM EDTA, 1 mM EDTA,
10 mM DTE, pH 7.6 1 mM DTT, pH 7.5 pH 7.5

Sample concentration 0.015–1.5 mg/mL 10–20 mg/mL 0.5 mg/mL
Dissociation process Tetramer–monomer Tetramer–dimer Tetramer–dimer
Dissociation midpoint 120–160 MPa 120 MPa 40 MPa
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overwhelms the other spectroscopic methods. On the other hand, the experimental con-
dition inherent to native PAGE may hinder the direct comparison of thermodynamic par-
ameters with those from other methods. However, it does not exclude the easy
assessment of pressure response of given systems by this method.
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