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Abstract: Gel electrophoresis and size exclusion chromatography (SEC) are vital techniques in
biochemical research, employing gel matrix structures made of polysaccharides or synthetic polymers
like polyacrylamide for the analysis and separation of macromolecules. Polysaccharides, such as
agarose, offer safer alternatives to acrylamide. Polysaccharide gels, notably agarose, facilitate the
analysis and purification of proteins and nucleic acids through a molecular sieving mechanism.
Gel electrophoresis for proteins is mainly divided into denaturing and native methods. Denaturing
electrophoresis with sodium dodecyl sulfate (SDS) simplifies protein migration but disrupts molecular
interactions. Conversely, native gel electrophoresis, without SDS, allows proteins to migrate based
on the running pH and the isoelectric point of the proteins, while nucleic acids consistently migrate
toward the anode. The electrophoresis of proteins with variable charges presents complexes. This
review focuses on the use of polysaccharides, particularly agarose, for native gel electrophoresis,
highlighting their applications in separating macromolecules. It also discusses the applications and
limitations of agarose gels when used as a matrix for electrophoresis. Such information should help
in designing electrophoresis experiments using polysaccharides.
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1. Introduction

Gel electrophoresis and size exclusion chromatography (SEC) are two fundamental
technologies in biochemical research. Both technologies use gel matrix structures for sep-
arating macromolecules. Gels are made of either polysaccharides or synthetic polymers.
Gels for electrophoresis employ both polyacrylamide and polysaccharides, which include
starch, cellulose and agarose. Among polysaccharide gels, agarose is most frequently used,
in particular for the analysis of nucleic acids. As is evident from their applications in
food products, polysaccharides are much safer than the acrylamide monomers that need
to be polymerized. Polysaccharide gels have been used to analyze and purify proteins
and nucleic acids and their interactions [1-4]. They offer a molecular sieving mechanism
for macromolecules, leading to separation based on the different molecular sizes of the
macromolecules. In applications for proteins, gel electrophoresis is mainly divided into
denaturing and native electrophoresis. Denaturing electrophoresis mostly uses sodium
dodecyl sulfate (SDS), which is negatively charged and binds to proteins. The SDS—-protein
complex is, thus, negatively charged and migrates toward the anode under the electric
field. However, SDS disrupts molecular interactions and, hence, makes the analysis of
macromolecular complexes impossible [5-8]. On the contrary, native gel electrophoresis is
done in the absence of denaturing SDS and, thus, can analyze macromolecular complexes.
While SDS-protein complexes always migrate toward the anode in SDS gel electrophoresis,
native proteins and their complexes migrate toward both the anode and cathode, depend-
ing on the pH of the gel electrophoresis system and the isoelectric point of the analyte.

Polysaccharides 2024, 5, 380-398. https:/ /doi.org/10.3390/polysaccharides5030024

https://www.mdpi.com/journal /polysaccharides


https://doi.org/10.3390/polysaccharides5030024
https://doi.org/10.3390/polysaccharides5030024
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polysaccharides
https://www.mdpi.com
https://orcid.org/0000-0002-0669-4379
https://doi.org/10.3390/polysaccharides5030024
https://www.mdpi.com/journal/polysaccharides
https://www.mdpi.com/article/10.3390/polysaccharides5030024?type=check_update&version=2

Polysaccharides 2024, 5

381

Since nucleic acids are always negatively charged, they always migrate toward the anode,
making their electrophoresis experiments more feasible under native conditions. Here, we
review the use of polysaccharides for native gel electrophoresis and aim to demonstrate
the applicability of agarose gels for the analysis of not only nucleic acids but also proteins,
especially in the current context, where commercially available polyacrylamide gels dom-
inate in protein research. Various examples of agarose native gel electrophoresis should
highlight the advantages of this technology.

2. Mechanism of Molecular Sieving

Gel structure offers a sieving mechanism for macromolecules, which is utilized in both
SEC and electrophoresis. However, the sieving mechanism is fundamentally different, as
shown in Figure 1, between SEC and gel electrophoresis. Figure 1A shows the mechanism
for SEC, in which a macromolecule is partitioned between the cone-shaped hole in the gel
beads and the bulk phase outside the beads. It is more difficult for a larger macromolecule
to penetrate the cone-shaped hole, and, thus, it is more excluded from staying in the hole.
Smaller molecules stay longer in the hole. If the hole size is smaller than the macromolecule,
the macromolecular solute is totally excluded from the holes. When the solution flows,
those macromolecules that have a lower partition coefficient and spend less time in the
hole move faster with the solution flow than the smaller macromolecules, as depicted by
the different sizes of the arrows and their positions in the SEC column.
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Figure 1. Comparison of size exclusion chromatography and gel electrophoresis. (A) SEC, (B) gel
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electrophoresis. The size of the arrow indicates the mobility of the macromolecule. In SEC, a larger
macromolecule moves faster, while in electrophoresis, it moves slower. The migration positions in
the SEC column and electrophoresis are shown in each panel.

The size dependence of the migration rate is the opposite in gel electrophoresis. As
shown in Figure 1B, the separation matrix is entirely made of gel structure, and, hence,
there is no bulk phase as in the SEC matrix. Migration is faster for smaller macromolecules
than for larger ones. This relation is schematically expressed in Figure 1B, where we show
that it would be more difficult for a large macromolecule to pass through a mesh than it
would be for its smaller counterpart, as depicted with the different arrows that indicate the
varying mobility of molecules in the electrophoretic gel matrix.

3. Polysaccharide vs. Polyacrylamide

Rees [9] proposed a step-wise formation of «-helical bundles of agarose chain, as
depicted in Figure 2A. Random coils of melted agarose are converted to c-helical bundles
that, in turn, form a network structure, resulting in the formation of a gel matrix that traps
water molecules with an internal pore size of, e.g., 0.05-0.1 um [10], although the pore
diameter shows a strong dependence on agarose concentration and ionic strength [11]. This
bundle structure may increase the gel strength at low agarose concentrations. In fact, it has
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A. Agarose

B. Polyacrylamide

C. Starch

been shown that those agarose gels that are highly charged have weak gel strength due to
charge repulsion between the agarose chains during the process of forming helical bundles
(see Figure 2A) [12,13]. Namely, charged gels may be unstable for electrophoresis purposes.
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Figure 2. Comparison of gel structures. (A) Agarose, (B) polyacrylamide, (C) starch. This is an
original diagram drawn by us with reference to refs. [9-16].

A similar gel structure was observed with polyacrylamide, which has a similar pore
size, in the range of, e.g., 130 nm for 3.5% gels to 70 nm for 10.5% gels at a constant bis-
acrylamide concentration of 3% [14,15]. As seen in Figure 2B, long polyacrylamide chains
are cross-linked by bis-acrylamide in polyacrylamide gels. Both agarose and polyacry-
lamide gels are made of rod-like fibers that form a gel network, through which macro-
molecules move. On the contrary, starch gels are made of a stack of hollow boxes, as
depicted in Figure 2C, just like bee honeycomb. They are made of walls, not rod-like fibers.
The pore size of starch gels appears to be much larger than the pore sizes of agarose and
polyacrylamide gels, in the order of, e.g., 10-30 pm at 12% starch, although different pore
sizes have been reported [16]. Different from the agarose gels and polyacrylamide gels,
the internal cells or pores of starch gels are surrounded by imperfect walls, through which
macromolecules move.

There are other polymers similar to polyacrylamide that can form gels (called hy-
drogels), and they are developed for medical use, such as tissue engineering [17-19].
Biodegradable hydrogels made from cross-linked polymers or non-covalent interactions
can absorb a large amount of water, and they are used in agriculture, biomaterials, drug
delivery and regenerative medicine [17-19]. These polymers are also used to make films
for artificial muscles and wound dressing [20,21]. Among various synthetic polymers,
acrylamide is perhaps the only one used for gel electrophoresis. Other synthetic polymers
may form gels that are too porous for separating macromolecules, while such properties
are ideal for tissue engineering and other biomedical applications. Among biocompatible
polymers, agarose also appears to be most suitable for gel electrophoresis.

4. Agarose Gel vs. Protein Gel

Gel electrophoresis uses, among various biological resources, almost entirely polysac-
charide or polyacrylamide gels. However, in food product areas, proteins, e.g., gelatins and
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glutens, are extensively utilized for generating gel structures. Why is protein gel not uti-
lized in electrophoresis? Differences between those gels made of polysaccharides and those
made of proteins are related to their charges and the other functional groups in proteins.
As shown in Figure 3, proteins can, in general, possess many charged groups and thus, as a
result, charges on the gel structure. When an electric field is applied during electrophoresis,
the gel structure may change, as the positively charged segments may move toward the
cathode and vice versa. An additional disadvantage may be the binding of sample macro-
molecules meant to be analyzed to the protein gels by various interaction forces. Lastly, and
perhaps most importantly, is the electro-osmotic flow of water through the gel. As depicted
in Figure 3 (left), for example, the gel may be negatively charged. The negatively charged
stationary protein gel cannot move toward the anode, and instead, water moves toward
the cathode as depicted in Figure 3, in the form of a flow called “electro-osmotic flow”.
This phenomenon has been explained by the accumulation of counter-ions on the charged
stationary surface. For example, positive ions accumulate on the negatively charged gel
surface and move toward the cathode, carrying along water molecules under the electric
field. On the other hand, polysaccharide gels that are not charged or are less charged do
not suffer significant electro-osmotic flow. Thus, the mobility of the macromolecules is
affected by the electro-osmotic flow in protein gels, but not in polysaccharide (e.g., agarose)
gels. Thus, the intrinsic electrophoretic mobility of the negatively charged macromolecule
moving toward the anode may be reversed by the electro-osmotic flow, as shown in panel
A (blue circle).
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Figure 3. Comparison of protein and agarose gel. (A) Protein gel is assumed to possess a negative
charge (—). (B) Agarose gel is assumed to possess no charge.

5. Denaturing vs. Native Gel Electrophoresis

As stated in the introduction, two types of gel electrophoresis are, in principle, em-
ployed for the analysis and purification of macromolecules. SDS gel electrophoresis is
a major denaturing electrophoresis, as SDS disrupts the structure and inter-molecular
interactions of the proteins [6], except for certain amyloid structures that are stable against
SDS [22]. SDS gel electrophoresis can be done in both polyacrylamide and polysaccharide
gels. In the presence of SDS, protein structures and complexes are destroyed. On the other
hand, native gel electrophoresis is done without SDS and, hence, under non-denaturing
conditions, where protein structures and molecular assemblies are retained in the native
state. There is another fundamental difference between SDS and native gel electrophoresis.
SDS provides negative charges to the proteins and, thereby, makes the proteins universally
negatively charged. This makes proteins migrate toward the anode, regardless of their
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intrinsic charges, and simplifies the electrophoretic procedure. This condition applies
to nucleic acids, which are always negatively charged, causing them to always migrate
toward the anode. On the contrary, proteins can have either negative or positive charges,
depending on the solution’s pH and the pI of the proteins. As shown later in the application
section, proteins can migrate toward either the cathode or anode, depending on the plI of
the proteins and the running pH of the electrophoresis. This is depicted in Figure 4, where
the running pH of the electrophoresis is assumed to be 6.1; this running pH was developed
recently by us [23]. Both acidic proteins with pls below 6.1 and nucleic acids are negatively
charged at pH 6.1 and migrate toward the anode, and basic proteins with pl s above 6.1 are
positively charged at pH 6.1 and run toward the cathode.

Acidic Protein pH 6.1 Baslc Protein

()

p—
Negatively charged Positively charged
Migrate toward anode Migrate toward cathode

Nucleic acids

Regardless of the running pH (except at extremely low pH),
always negatively charged
Migrate toward anode

Figure 4. Relation between the running pH of the gel electrophoresis and protein/nucleic acid
charges. The running pH is set at pH 6.1.

6. Effect of Small Pore Structure

The approximate pore sizes of various gel structures have been determined, as de-
scribed earlier. For example, a 0.1-0.5 um pore size was indicated for 1% agarose gels,
and 0.05 pm was suggested for polyacrylamide gels. BSA has a hydrodynamic radius of
~0.007 pum, as shown in Figure 5. It thus seems that the pore size of the gel is rather small
relative to the volume of the BSA molecules that move into the pores during electrophoresis.
Let us assume that there is 1 mg/mL of BSA in each pore and calculate how many BSA
molecules are in a cubic box of (0.1 — 2 x 0.007) um length, i.e., a volume (uL) of 0.086°.
This number, 0.086, corresponds to the length of the cell where the center of the BSA can
move. The inside of this length (Figure 5, shown by the dotted line) is not available for
the BSA to occupy. In other words, the diffusion is limited in the cell to within the volume
(1L) of 0.086%. At 1 mg/mL BSA, about 5.74 x 10° molecules of BSA will be present within
this volume. Assuming the partial specific volume of 0.73 mL/gram (protein volume per
gram protein), the volume fraction of BSA within this volume was calculated as 0.11%
at 1 mg/mL and 1.1% at 10 mg/mL. When the cell (pore) size was reduced to 0.05 um,
the volume fraction increased to 0.2% at 1 mg/mL and 2% at 10 mg/mL. However, this
assumes that a protein molecule can approach the surface of another protein molecule
and, hence, ignores the excluded volume effect of the protein molecule itself. As shown in
Figure 6, the center of a protein molecule cannot penetrate the space between the radius of
another protein molecule and the protein surface (shown by the dotted line). Thus, a more
reasonable calculation uses the protein volume of 0.73 x 8 mL/gram. Using this value, the
volume fraction becomes 9.2% for a 0.1 um cell at 10 mg/mL and 16% for a 0.05 um cell
at 10 mg/mL. This small cell effect may cause the protein oligomerization of monomeric
proteins or the renaturation of unfolded proteins, as seen in crowded environments, where
steric exclusion between macromolecules forces protein to either associate or condense,
both of which can reduce the surface area, as depicted in Figure 5 [24-29].
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Figure 5. The effects of gel pore size on the state of protein (BSA). Small cell effects lead to oligomer-
ization (upper panel) or protein folding (lower panel).
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Figure 6. Excluded volume of protein.

7. Application of Agarose Gel Electrophoresis

Gel electrophoresis is one of the most highly used technologies in many areas of
bioscience. There are extensive studies that have used this technology, and it is not possible
to cover all of them in this review. Thus, we will introduce typical applications of native gel
electrophoresis using agarose gels. There are a number of agaroses that are commercially
available. Among them, we have observed significant differences between a standard
UltraPure agarose gel and a high-resolution MetaPhor agarose gel. MetaPhor gels are
derived from the standard agarose gels by chemical modification. UltraPure gels have high
gel strength at low concentrations, as has been described earlier, and become too viscous
above 5%, which hampers the production of high-concentration gels. On the contrary, the
MetaPhor gels are too brittle to make low-concentration gels (e.g., below 5%). However,
they have a high size resolution, resulting in, for example, a separation of BSA oligomers
that cannot be achieved by the UltraPure agarose [30]. The examples below are most likely
obtained using the standard agarose gels, even when not explicitly indicated, due to the
high cost and handling difficulty of the MetaPhor agarose.

7.1. Nucleic Acids

Agarose gel electrophoresis is widely used in nucleic acid analysis [31]. This is perhaps
due to the large pore size of agarose gel, which allows for highly extended nucleic acids to
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migrate, owing to the high gel strength even at low concentrations, as described earlier in
Figure 2A. Gel electrophoresis gained popularity for nucleic acid separation with the dis-
covery of restriction enzymes and the use of fluorescent reagents (e.g., Ethidium bromide)
for detection in recombinant DNA technology [32,33]. There are a number of buffers used
for agarose electrophoresis; common ones for nucleic acids include Tris/acetate/EDTA
(TAE) and Tris/borate/EDTA (TBE). This technology greatly benefits molecular cloning,
PCR, genome editing, and next-generation sequencing. Figure 7A shows typical gel for-
mats, where gels are made in a horizontal or vertical mode. In the former format, gels are
immersed in a running buffer, while in the latter, the upper part of the gel is immersed in
the cathode buffer and the lower part is immersed in the anode buffer. Figure 7B shows
the results using GelGreen fluorescence detection with the TAE buffer for the analysis of
three plasmids, which are well characterized by different digestion patterns. Figure 7B
clearly demonstrates that the examination field of nucleic acid is always the anode side of
the sample loading position in native gel electrophoresis.

A B

Plasmid
1

Sizemarker

2 3

Figure 7. Digestion pattern of three plasmids by restriction enzyme. (A) Different formats of gel.
(B) Digested plasmids were analyzed by agarose native gel electrophoresis. Digital image of 3 plasmid
restriction digests run on a 1% agarose gel using TAE bulffer, stained with fluorescence dye (GelGreen).
The DNA size marker is a commercial ladder. The positions of the wells and directions of DNA
migration are noted. These are our original data.

7.1.1. Gel Shift Assay

A gel shift assay, or electrophoretic mobility shift assay (EMSA), also referred to
as mobility shift electrophoresis, a gel mobility shift assay, a band shift assay, or a gel
retardation assay, is a common affinity electrophoresis technique used to study protein—
DNA or protein—-RNA interactions [34,35]. The most widely used running conditions
for a gel shift assay are polyacrylamide with a TAE buffer. Vossen et al. reported an
alternative method using agarose gel, 2 mM Tris-acetate (pH 8.0) and 0.5 mM EDTA [36].
They proposed agarose, specifically MetaPhor XR agarose, as a solution for analyzing large
protein complexes that present challenges with polyacrylamide gels. Nevertheless, when
employing the above alkaline buffers (TAE or Tris-acetate) for electrophoresis, the nucleic
acid-binding proteins (that are highly basic) and their complexes with nucleic acid may fail
to migrate into the gel, remaining near the wells. Addressing this issue, we have developed
a novel running buffer—0.1 M His/0.1 M MES (pH 6.1)—potentially capable of facilitating
the migration of basic proteins and their complexes in agarose gel. This is schematically
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Agarose gel

depicted in Figure 8, which compares the expected changes in nucleic acid bands upon
protein binding at pH 8.3 (conventional pH 8.3 TAE buffer) and pH 6.1 (new buffer). Since
nucleic acids are negatively charged, the proteins that bind to them are usually positively
charged. The binding of positively charged proteins to nucleic acids leads to the loss of
negatively charged nucleic acid bands at pHs of both 8.3 and 6.1. However, complex bands
may exhibit different behaviors at the two pH levels. This is shown in Figure 8, where the
pl of the complex is too close to pH 8.3, with the result that there is little migration of the
complex. On the contrary, the complex acquires a positive charge (namely, the charged
state of nucleic acids is reversed by their binding to basic proteins), and it moves toward
the cathode at pH 6.1. In addition, for unknown reasons, those bands that move toward the
cathode normally show smearing or a round shape in the pH 8.3 system. Such problems
are reduced when using the new pH 6.1 buffer system.

A B

Protein quantity Protein quantity

Strongly
basic protein
o @B | complex

- S complex

1 X TAE (pH8.3) 0.1 M His/0.1 M MES (pH 6.1)

Figure 8. Schematic illustration of gel shift assay with pH 8.3 TAE (A) or pH 6.1 His/MES (B) buffer
systems. Nucleic acid is titrated with a presumably very basic protein, whereas a better resolution of
the complex may be expected for the pH 6.1 system. This is an original diagram drawn by us.

7.1.2. Comet Assay

The comet assay, or single-cell gel electrophoresis assay, is a sensitive, cost-effective
and reliable technique for assessing DNA damage and repair in individual cells [37-40].
First introduced in 1984 [41] and later optimized [42,43], this method leverages the porous
structure of agarose gels and applies them to various eukaryotic and prokaryotic cells,
including those from human, animal and plant tissues.

The comet assay has two main types: the neutral comet assay, which detects double-
stranded DNA breaks, and the alkaline comet assay, which detects both single- and double-
stranded breaks under denaturing conditions [44]. The alkaline version is more sensitive
and, thus, more commonly used.

As depicted in Figure 9A, the alkaline assay procedure involves embedding cells in low-
melting-point agarose (step 1), lysing them with Triton X-100 and high-salt buffer to release
cellular components (step 2), and then incubating them in an alkaline buffer (step 3) before
electrophoresis (step 4) [45]. DNA is stained with intercalating dyes like propidium iodide
or ethidium bromide and visualized under a fluorescence microscope [46,47]. Healthy
cells display intact nucleic acids as the round shape (step 5-1), whereas damaged DNA
forms a “comet tail” (step 5-2), indicating the extent of damage [48]. This comet shape
is characterized by the comet head corresponding to the intact DNA and the comet tail
corresponding to the damaged DNA, as shown in Figure 9B. The tail moment length
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corresponding to the length between the center of the round-shaped intact DNA and the
center of the comet shape is used to assess the magnitude of the DNA damage. The actual
image of the comet as a function of the DNA damage is shown in Figure 9B, categorized by
low, mid and high levels (right panel).

A Microscope slide
// Pipette agarose onto the slide to from
V4 a base layer
/
2 ,;’/ Pipette low melting agarose/cell mixture
—) V4 on to the top of the base layer
/}f/
Combine cells with 3 7
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/ with a DNA dye
= hy *® =
-2 N

Comettail
Damaged cells

Healthy Cells

Electrophoresisunder
alkaline or neutral conditions

Typical Damaged DNA in Comet Assay

DNA damage

Negative control Low Mid High

If the comet head gets smaller and dimmer while its tail gets longer and brighter, it suggests
that the DNA in the cell is significantly damaged

Tail(%) =Tail / (Head+Tail) > 100

Tail Moment Length

Head: Intact DNA
Tail : Damaged DNA

Figure 9. Comet assay. (A) Experimental scheme. (B) Typical data with intact and degraded /damaged
DNA. This is an original diagram drawn by us with reference to refs. [37-58].

In 2016, the OECD established guidelines for the use of the comet assay in vivo in ani-
mals. Its applications span genotoxicity testing, human biomonitoring, DNA repair studies,
environmental biomonitoring, and clinical research [49,50]. The advantages of the comet
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assay include its simplicity, quick results, low cost, and minimal cell requirements [51,52].
However, it faces limitations such as low throughput, difficulty distinguishing between
live and dead cells, and high variability between laboratories [53].

To enhance throughput and consistency, advanced methods like mini-gel slides,
GelBond films, and CometChips have been developed [54-58]. These innovations are
solidifying the comet assay’s critical role in genetic toxicology, medical research, and
environmental biomonitoring.

7.2. Proteins
7.2.1. Native Gel Electrophoresis

We recently developed a new method that involves replacing the conventional Tris-
glycine buffer (pH 8.3) with 0.1 M His/0.1 M MES (pH 6.1) in agarose gel electrophore-
sis [34]. This innovative approach enables the comprehensive analysis of proteins and
their complexes across a broad spectrum of isoelectric points (pl). Through our research
endeavors, we substantiated its potential, particularly in the evaluation of basic proteins,
including antibodies, which have posed challenges in electrophoresis analysis [59,60]. The
porous nature of agarose gel can be used for a variety of structures that differ widely in size.
Figure 10 shows the data with 1% agarose gel for different proteins and a virus. Figure 10A
shows the agarose native gel electrophoresis using the pH 6.1 system for recombinant factor
Xa, BSA, ovotransferrin (OTf), a monoclonal antibody (rabbit IgG) and lysozyme. Except
for OTf, with a pI close to 6.1 (running pH), the other four proteins show reasonable band
profiles with the pH 6.1 system. On the contrary, the pH 8.3 shows little migration for
OTf, rabbit IgG and lysozyme (Figure 10B). The observed smearing band for lysozyme
indicates the odd electrophoretic mobility behavior for basic proteins that migrate toward
the cathode in the pH 8.3 system. Figure 10C shows the results of the pH 6.1 system
for aldolase, ferritin, thyroglobulin, a high-molecular-weight IgM and virus. Except for
aldolase, the other four proteins, including IgM and virus, show migration toward both the
anode and cathode. The same gel has been used to study the electrophoretic properties of a
phage structure and a short peptide.

A B Cc
FXa BSA OTf IgG Lys FXa BSA OTf IgG Lys Aldolase  Ferritin Thyroglobulin IgM Virus
= : =] = B =]
- R T
- -_—
- wcn QD
B
-
B | He* [+ B B
CV=100V, 50 min CV= 100V, 50 min
Protei Aldol Ferriti Th lobuli IgM Vi
Protein Factor Xa BSA oTf Rabbit IgG  Lysozyme rotein oase errin yroglobutin g s
MW (kDa) 158 474 669 1000 3600-3900
kDa 45 67 75 140 14
Subunit 4 24 2 5 60
el 53 5.4 6.2 7.2 114
pl 5458 44 45 7-7.5 7-8

Figure 10. Agarose native gel electrophoresis of various macromolecules. Electrophoresis of
five different model proteins was performed using His/MES buffer at pH 6.1 (A) and Tris/Gly buffer at
pH 8.3 (B). Additionally, electrophoresis of five high-molecular-weight proteins was conducted using
His/MES buffer (C). These data were assembled and reorganized from ref. [60] and unpublished data.
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7.2.2. Activity Staining

There are a number of potential applications of agarose native gel electrophoresis for
the functional assessment of proteins based on the porous nature of the gels. Zymography
is one of them; it is based on the diffusion of the enzyme substrate to the gel and its
reaction with the enzyme band on the gel. Chromogenic conversion of the substrate to
the product by the enzyme on the gel leads to staining of the active protein band, as
shown in Figure 11A [61-63]. Also shown in Figure 11B is the result of agarose native gel
electrophoresis of enzymatically active [3-galactosidase that reacts with its substrate, X-gal,
in the gel to generate a band (shown by arrow) [64]. As another example of zymography,
the result of active 3-lactamase (recombinant CTX-M15) [65] is also shown in Figure 11C.
The chromogenic cephalosporin substrate, nitrocefin, indicates the presence of 3-lactamase
activity by the appearance of a red color (shown by red arrow) [66].

A B C

1% Agarose native (flat) 1% Agarose native (flat)

Zymography B-Galactosidase f;r'aajrc)tm:ssr
CBB X-gal stain
pUC19 = + - + CBB Nitrocefin
Substrate = =

= = - «

\ Chromogenic ol e
_ Product

Figure 11. Zymography of agarose native gel electrophoresis. (A) Schematic illustration of zymog-
raphy. (B) -Galactosidase stained by the substrate, X-gal. C. 8-Lactamase stained by the substrate,
nitrocefin. These data were assembled and reorganized from ref. [64] (B) and unpublished data (C).

7.2.3. Detection of Contamination

Agarose native gel electrophoresis can be used to examine the expression of mon-
oclonal antibodies. Figure 12 shows four different staining results of HEK293 cell cul-
ture supernatant expressing a recombinant mAb. One of four gels is stained with CBB
(Figure 12A), where little staining of proteins is seen in the medium (no cells) and day-0
(d0) cell culture. On days 5, 6 and 7 (d5, d6, d7), a band of the mAb migrating toward the
cathode is seen, while a smearing staining due to host cell proteins (HCPs) is seen migrating
toward the anode, indicating the effective separation of the mAbs from contaminating
proteins. The second gel is stained with GelGreen fluorescence for host DNA (Figure 12B).
Little staining is observed in the culture supernatant (medium) and on d0, indicating
that the cells are fully viable in dO culture. At d5, d6 and d7, multiple bands (shown by
arrow and bracket) are observed due to dead cells, corresponding to breached host cell
DNA. Two separate blots from the native agarose gels are stained by Colloidal Gold Total
Protein Stain for total proteins in the culture supernatant (Figure 12C) or anti-HEK293 cell
antibody for HCPs (Figure 12D). As shown in Figure 12C, little protein staining is observed
in the medium and d0 supernatant, while a band corresponding to the mAb and smearing
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A

Product (Antibody)

CM d0 d5 dé d7

staining are observed at d5, d6 and d7. The smearing band corresponds to the HEK293
HCPs, which are stained by horseradish peroxidase-conjugated anti-HEK293 antibody
(Figure 12D). Thus, agarose native gel electrophoresis can be used to follow the purification
of mAb from contaminants when expressed in HEK293 cells.

B C D
Western blotting
Host DNA Total Protein Host Cell Protein

B

CM d0 d5 d6 d7 CM d0 d5 d6 d7 CM d0 d5 d6 d7

HCPs HCPs

4m mAb

Iy

CBB

GelGreen fluorescence Colloidal Gold Total Protein Stain EzwestBlue
(HRP-anti-HEK2893cell antibody)

Figure 12. Expression and purity analysis of HEK293 cell culture supernatant expressing mAb.
One percent flat agarose gels at 100 V for 1 hr for protein analysis and for 30 min for DNA analysis:
7 uL of supernatant per lane and the cell culture media harvested at day 0 (d0) and day 7 (d7). Panel
(A): CBB staining. The mAb and HCPs are indicated by arrow and bracket. Panel (B): gel stained
with fluorescent GelGreen dye. DNA staining is indicated by arrow and bracket. Panel (C): blotted
membrane stained with Colloidal Gold Total Protein Stain. Panel (D): immuno-stained blot for HCPs
with anti-HEK293 cell antibody. These data were assembled and reorganized from ref. [64], where
details are given.

7.2.4. Purification of Protein by Gel Extraction

The porous nature of agarose gels makes extraction of protein bands easy. If extracted
in the native form, there are many potential analyses that can be performed on the extracted
proteins [67]. Such analyses may include a bioassay, structure analysis, antibody binding,
etc. For example, a potential protocol to rapidly purify an antibody by preparative agarose
native gel electrophoresis is shown in Figure 13A. After agarose gel electrophoresis of
the HEK293 cell culture medium expressing a rabbit monoclonal antibody (mAb), the
edge of the gel is stained by CBB to visualize the mAb band position. The corresponding
position of the remaining unstained gel is then excised and transferred in a centrifugal
filter to elute the mAb by centrifugation (upper panel). Alternatively, the correspond-
ing slice containing the mAb is placed in a dialysis tube filled with a running buffer
(0.1 M His/0.1 M MES) and eluted by electrophoresis (100 V, 30 min) (lower panel). In
the latter case, the mAb is electrophoresed from the gel slice into the solution within the
dialysis tubing. Figure 13B shows the results of agarose native gel electrophoresis of the
mADb before and after purification by the preparative gel electrophoresis, showing that
the recombinant antibody migrates toward the cathode while nucleic acids and a majority
of the host cell proteins migrate toward the anode, and that both centrifugal elution and
electro-elution can readily isolate the mAb from the crude mixture. By combining the
methods of electrophoresis and elution from the gel, impurities can be easily removed,
leading to the efficient purification of antibodies within 1 h. It can be applied as a simple
and cost-effective purification method for various proteins. For example, the purification of
antigens as native proteins can also be readily performed to generate conformation-specific
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antibodies by the immunization of small animals such as mice. There is a disc gel elec-
trophoresis apparatus, in which protein bands elute out of the gel at the bottom. One of the
difficulties in such apparatus is the Joule heat generated by the electric current during a
long electrophoresis time. The described gel elution procedure using a horizontal (flat) gel
(see Figure 7A) may be more effectively controlled in terms of heating.

B

Gel slice containing a mAb

Centrifugal elution 1% Agarose native (flat)

Centrifuge  Electro-elution

Centrifuge
(10,000g, 5 min RT) Before After  Before After
A
f . Impurities
Eited W (HCPs)
Dialysis clip mAb #
. Eluted protein ,
Pipetting o — CR
Gel slice i 5 Q& Puried
Antibody
/4 B
- mAb band
Dialysis tube

(0.1M MES/0.1M His pHE.1)
30 min

Electro-elution

Figure 13. Gel extraction of proteins. (A) Schematic illustration of gel extraction. (B) Purification of
monoclonal antibodies using gel extraction method. Rabbit monoclonal antibodies were expressed
and secreted in the medium using HEK293 cells. These antibodies were then purified using the gel
extraction method and analyzed by agarose native gel electrophoresis. The negative control for this
data is in the CM lane of Figure 12. Unpublished data are presented. This is an original diagram
drawn by us.

7.2.5. Native Western Blotting by Contact

Western blotting is one of the most important applications of gel electrophoresis [68-70].
Antibodies are commonly used to detect antigens separated by gel electrophoresis. As shown
in Figure 14A, antigen proteins on the gel, even a porous agarose gel, are not readily accessible
to a large antibody. Antigen proteins on the gel are, therefore, transferred onto a membrane
(a technique called “blotting”), where antigen proteins are trapped on the surface of the
membrane and become readily accessible to the antibody. We have shown that the simple
contact of agarose gels with the membrane is sufficient for the proteins to diffuse onto
the membrane due to the porosity of agarose gels [71-73]. Here, we show an example of
contact blotting from agarose gel using the membrane fractions of HEK293 cells expressing
a transmembrane PLXDC2 (plexin domain-containing protein 2) protein containing a
plexin moiety of human or mouse origin. Figure 14B (left panel) shows the PLXDC2
protein antigen analyzed by agarose native gel electrophoresis and contact blotting. The
CBB staining showed many bands on the acidic side of the gel regardless of the PLXDC2
expression. The PVDF membranes were probed by contact blotting by two monoclonal
antibodies, #4G3 and #3B8, which were developed in-house to specifically bind to the
antigen. While the #4G3 antibody detected only human antigen protein on contact blotting,
the #3B8 antibody detected both human and mouse antigens, indicating that the #4G3
antibody is species-specific. Figure 14B (right panel) shows the CBB-stained SDS-PAGE
gel, indicating that the patterns are similar whether the antigen was expressed or not.
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Figure 14B also shows the binding of these #4G3 and #3B8 antibodies to the SDS-denatured
PLXDC2 antigen upon electroblotting of the SDS-PAGE gel, where the #4G3 antibody
bound to the denatured human, but not to the denatured mouse, protein. Thus, the #4G3
antibody is conformation-indifferential: it binds to both native and denatured proteins. It
is species-specific, binding only to the human protein. On the contrary, the #3B8 antibody
showed no apparent binding to the SDS-denatured proteins, whether of human or mouse
origin, consistent with its conformation-specific properties.

As another example of Western blotting, a SARS-CoV-2 spike protein was subjected to
agarose native gel electrophoresis. The SARS-CoV-2 spike protein, a membrane protein
in a coronavirus envelope, has a molecular weight of 133-139 kDa and forms a trimer of
400 kDa. We tested four variants of the spike protein: alpha, delta and omicron BA1.1.529
and BA2. Figure 14C(a) shows the Coomassie Brilliant Blue (CBB)-stained pattern of the
agarose native gel electrophoresis of spike protein (1 pg/lane) expressed in and purified
from HEK?293 cells. The four variants migrated toward the anode, unexpectedly deviating
from their theoretical isoelectric points (pls): alpha (6.34), delta (6.53), omicron BA1.1.529
(6.93) and omicron BA2 (6.16). This deviation is likely due to glycosylation with sialic acid,
lowering their pls [74].

The agarose gel was contact blotted and stained with an anti-spike antibody.
Figure 14C(b) shows the strong staining of the four antigens with a 20 s exposure, in-
dicating that Western blot analysis with contact blotting resulted in strong signals for the
spike antigen proteins of all four variants.

In contrast, Western blotting of SDS-PAGE gave a different result. As shown in
Figure 14C(c), CBB staining produced an identical profile for the four variants due to their
similar molecular sizes. This demonstrates that small differences in structural properties
between the variants can be detected by agarose native gel electrophoresis, but not by SDS-
PAGE. Interestingly, Western blotting of the SDS-PAGE gave no bands with a 20 s exposure
(Figure 14C(d)), indicating that this particular anti-spike antibody cannot bind to or detect the
four spike proteins in their denatured state, thus confirming its conformation specificity.

Blotting
Antibody

Gel Membrane

X
% %

Antigen

Electrophoresis

Contact/Diffusion

Figure 14. Cont.
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Figure 14. Western blotting. (A) Schematic illustration of Western blotting. (B) HEK293 membrane
fraction expressing human or mouse PLXDC2. (C) Recombinant S-CoV-2 alpha, delta, omicron
BA1.1.529 or omicron BA2 spike protein (1 nug/lane) was loaded. The blot was stained by a neutral-
izing humanized mAb (Abwiz Bio Inc., San Diego, CA, USA, #G10 x Al) (1:5000) against S-CoV-2
spike protein. Left: agarose native gel electrophoresis. Agarose native gel electrophoresis was done
at 100 V for 90 min. (a) CBB staining of agarose gel. (b) Detected antibody on contact blotting with
20 s exposure. Right: SDS-PAGE. SDS-PAGE (10-20% gradient gel, reducing condition) was run at
300 V for 35 min. (c) CBB staining of SDS-PAGE. (d) Detected by antibody on electroblotting with
20 s exposure. Details of this method are described in refs. [71,73]. Unpublished data are presented.
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The advantage of this method is that the network structure of agarose gels is more
porous than that of polyacrylamide gels, allowing proteins to be effectively transferred in
their native structure without the use of SDS. This method may be useful not only for basic
research in protein analysis but also for the evaluation and characterization of antibodies
for diagnostic and therapeutic applications.

8. Conclusions

Polysaccharide gels have been used as a separating matrix for gel electrophoresis. We
have described the properties of starch and agarose gels in comparison with polyacrylamide
gels, all of which are routinely used for the electrophoretic analysis of proteins and nucleic
acids. Among the polysaccharide gels, agarose gels are safe and have advantages for
potential applications in the analysis of nucleic acid degradation and purification and the
characterization of antibodies and the activity of enzymes separated by gel electrophoresis.
As a perspective, we hope to find interest in using and further developing agarose-based
electrophoresis for higher-resolution, more effective applications and the commercial de-
velopment of the user-friendly method. In our experience, the agarose native gel elec-
trophoresis system produces less-sharp bands than the commercial polyacrylamide-based
electrophoresis system and requires some experience due to the need for the preparation
of hand-made gels. We believe that any improvements in these areas of disadvantage
could expand the application of this electrophoresis method. In addition, an increased size
resolution of agarose gels would be highly appreciated.
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