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Abstract

Electrophoretic separations of proteins are widely used in proteomic analyses, and
rely heavily on SDS electrophoresis. This mode of separation is almost exclusively
used when a single dimension separation is performed, and generally represents the
second dimension of two-dimensional separations.

Electrophoretic separations for proteomics use robust, well-established protocols.
However, many variations in almost all possible parameters have been described in
the literature over the years, and they may bring a decisive advantage when the
limits of the classical protocols are reached.

The purpose of this article is to review the most important of these variations, so that
the readers can be aware of how they can improve or tune protein separations
according to their needs.

The chemical variations reviewed in this paper encompass gel structure, buffer
systems and detergents for SDS electrophoresis, two-dimensional electrophoresis
based on isoelectric focusing and two-dimensional electrophoresis based on cationic
zone electrophoresis.



1. Introduction

Strictly speaking, two-dimensional electrophoresis is the combination of any type of
electrophoreses. However, in the vast majority of cases, the second dimension is
fixed to SDS-PAGE. Consequently, in order to maximize resolution, the first
dimension shall be as remote as possible, in its separation principles, from SDS-
PAGE. Although this leaves quite a wide space for non-classical 2D gels, as
reviewed in [1], the first separation of 2D gels generally falls into three main
categories, namely: i) denaturing zone electrophoresis [2, 3] ,ii) native zone
electrophoresis, as pioneered by Blue-Native PAGE [4] and in most cases iii)
denaturing isoelectric focusing, as first described in [5, 6].

For all of these three basic setups, many changes and adaptations have been
devised over the years to improve the performances of the two-dimensional
electrophoretic separation and /or to adapt them to the experimental needs. The
word performance can encompass resolution, scope of analytes, analysis window in
terms of protein parameters, loading capacity, and any type of combination of these
parameters.

Many of these optimized variants have been described in the literature, and are quite
often forgotten, although many can still be very useful. The purpose of this review is
therefore to redescribe some of these variants and bring them back to light, hoping
that it will be useful to researchers using the various types of 2D gels for their
research. However, some areas are deliberately left out of the scope of this review.
One of these is the native/denaturing setup, which has been recently reviewed
elsewhere [7]. The other is the pH gradient engineering in the case of IEF-based
separations, as this too has been reviewed thoroughly [8]. Last but not least, the field
of protein detection after electrophoresis will be left out of the scope of this review,
and readers interested in this aspect should refer to a recent review [9].

Thus, this review will be focused on two types of SDS-PAGE-based 2D separations
using respectively denaturing zone electrophoresis and denaturing IEF as the first
separation.

2. Variations in SDS-PAGE

Technically speaking, a SDS-PAGE separation is made in a gel containing a buffer
and a detergent. Not surprisingly, numerous variations have been attempted for all
three parameters, and will therefore be described below

2.1. Variations in the gel structure

Compared to the classical acrylamide-bisacrylamide gel, which makes the vast bulk
of SDS gels run nowadays, some variants have been devised to improve the
characteristics of the gel itself. Polyacrylamide gels are relatively fragile, and this can
be felt especially when large-size gels are used [10]. This fragility has indeed
hampered the wide use of very large gels, despite their wonderful resolution, as
resolution in 2D gels goes with the surface of the gel, i.e. the square of the linear
dimensions. Thus, doubling the size of each dimension increases the resolution by a
factor of 4.

To increase the mechanical resistance of the gels, two approaches have been



described. In the first one [11], a linear polymer (linear, uncrosslinked
polyacrylamide) is added to the monomer solution before polymerization, and the
ready to use mixed solution was sold under the trade name Duracryl. Considerably
enhanced mechanical properties were described. However, with the advent of the
mass spectrometry-based protein identification techniques, the presence of a
polymer in the gel considerably degraded the performances in terms of protein
identification. This led to very limited use of this matrix nowadays.

The second way on increasing the mechanical strength of the gel is to change the
monomers themselves. One successful attempt in this direction was made by
changing the crosslinker of the gels, and namely to replace methylene-bisacrylamide
by bis-acryloyl piperazine. Bis-acryloyl piperazine was first described in conjunction
with another monomer, acryloyl morpholine [12], but its successful use in 2D gels
was to be described some years later, and in conjunction with regular acrylamide as
the main monomer [13]. In addition to greater mechanical properties, bis-acryloyl
piperazine was also shown to provide slightly larger pores in the gel and improved
performance in some silver staining techniques [13].

This story shows how difficult it is to end up with monomers that are really useful for
protein separations in SDS PAGE. In fact, the higher the molecular mass of the
monomer, the better in terms of flexibility, as at constant monomer mass percentage
a gel with wider pores will be obtained, while at constant pore size more monomer
will be added, resulting in a stronger gel. However, the story of acryloyl morpholine
shows that the game is not that simple, as heavy monomers are generally more
hydrophobic and either lead to phase separation during polymerization, with an
acrylic plastic separated from the aqueous phase, or to gels that have strong
hydrophobic properties and therefore perform very poorly in protein electrophoresis.

The solution to this problem would be to use heavy but hydrophilic monomers, such
as acryloylaminosugars [14] or trisacryl [15]. However, the use of these monomers is
not without problems, and points to a second important feature of polyacrylamide
gels, which is their chemical resistance. After polymerization, polyacrylamide can be
seen as a polyethylene backbone with numerous pending amido groups conferring
to the polymer its hydrophilicity and thus its ability to form hydrogels (see figure 1).
The polyethylene backbone is chemically very resistant, but the amido groups are
sensitive to hydrolysis, especially under basic conditions. This leads to conversion of
polyacrylamide into polyacrylate, with deeply altered properties, such as greater
swelling in water, strong electroendosmosis and ion retention properties. These
properties are unwanted for electrophoretic applications, and base-resistant
monomers should be used if possible. Acrylamide is reasonably stable at the pH
present during electrophoresis (see next section on buffers), but the highly
hydroxylated monomers such as acryloylaminosugars and trisacryl are much more
prone to base-catalyzed hydrolysis [16], and this precludes their use in SDS PAGE
under standard conditions. Some monomers, however, have been developed
specifically to combine hydrophilicity with resistance to hydrolysis, such as
acrylamidoethoxyethanol (AAEE) [17] and acrylamidopropanol (AAP) [18]. The use
of these monomers has remained confidential up to now, but a recent paper focused
on membrane proteins takes advantage of the base resistance of AAP gels to use
them in conjunction with in gel proteolysis at high pH with proteinase K [19].

Another feature of interest in gels used for proteomics applications is the control of
the pore size. Ideally, the gel should have a small pore size during electrophoresis to



perform an efficient separation, and then a larger pore size to facilitate protease
penetration and peptide elution. This means to be able to cleave the crosslinker,
ideally only part of the bonds to keep a solid gel structure and not to pollute the
extracts with polymers. Regular acrylamide-bisacrylamide gels are quite resistant
and require concentrated hydrogen peroxide to be cleaved [20]. These conditions
would be of course completely incompatible with any decent peptide analysis. Thus,
it is required to change the crosslinker for manipulating the pore size, and quite
different cleavable crosslinkers have been developed over the years (reviewed in
[21]). However, these crosslinkers are not always easy to use. Some (e.g. the allyl
derivatives) polymerize very poorly [21], Others such as ethylene diacrylate and
bisacrylyl cystamine, cleave under the conditions used for SDS PAGE, i.e. during the
migration, which is of course to be avoided. Thus, the only successful reports in
proteomic-type applications up to now use either DHEBA with subsequent base-
catalyzed cleavage [22], or a new acid-cleavable crosslinker [23]. In the case of
DHEBA, however, it must be stressed that this report used immunoblotting as the
protein probing technique. As cleavage of DHEBA under basic conditions will liberate
glyoxal (see figure 1), it can be expected that this technique will not be very useful
for mass spectrometry-based proteomics setups.

This drives to the last point in the gel structure that may interfere with the
subsequent proteomic analysis, i.e. the chemical reactivity of the gel itself on the
proteins. A perfect polyacryamide gel would be completely unreactive toward
proteins, but real-life polyacrylamide gels are not perfect. First of all, the conversion
efficiency of the monomer into the polymer is far from perfect under standard
conditions [24, 25]. Moreover, a 90% conversion efficiency in a 7.5% gel still means
0.1M of free acrylamide at the end of the polymerization process. It is therefore not
surprising that, under the basic conditions prevailing in SDS PAGE, such a
concentration of free acrylamide can lead to addition on the most nucleophilic amino
acids, e.g. cysteine [26]. In fact, the extent of aminoacid alkylation observed in
proteomics is relatively low when compared to this concentration of acrylamide, and
this may be due to the use of a glycine-containing buffer in SDS PAGE, glycine
acting as a scavenger for unpolymerized acrylamide [27].

Another problem in the use of classical polyacrylamide gels for proteomics lies in the
chemicals used for inducing polymerization. What is commonly called "catalysts" (i.e.
TEMED and persulfate) are not catalysts, because they are not recovered
unchanged at the end of the process. Their proper naming is initiators, as they
initiate the polymerization process. In fact, TEMED-derived species and persulfate-
derived species can be found at both ends of the polymer chains, as they will graft
covalently at the start of the chain to initiate polymerization (see figure 1), but can
also play a role in the termination reactions. Thus, many chemicals used to initiate
polymerization, although ionic, will not be migrated away during the electrophoretic
process, as they are covalently bound to the gel itself.

This has been used purposely to graft thiosulfate in the gel in order to decrease the
background during silver staining [28], but the key point is that standard TEMED-
persulfate systems lead to gels that are oxidizing. This has been very clearly
demonstrated for IPG gels [29], but it is highly likely that the same holds true
(although probably to a lesser extent) in SDS gels [30], and may explain why
methionine sulfoxides are so often observed in any type of gel-based proteomics.
Although not widely used, to say the least, there are however polymerization



systems that alleviate most of these problems. These systems are based on
photopolymerization. The first photopolymerization systems, based on riboflavin [30],
were poorly efficient and rather unreliable. However, it could be demonstrated that
photopolymerization did not induce any oxidizing power in the resulting gels [31].
However, improved photopolymerization systems based on methylene blue were
also introduced [32] resulting in excellent monomer conversion in almost any
condition of pH [33] and solvents [34]. It was shown, however, that this system is not
fully compatible with SDS electrophoresis, due to the cationic nature of methylene
blue [35]. The solution found was to replace methylene blue by riboflavin phosphate,
but also keeping the co-initiators toluene sulfinate and diphenyliodonium chloride.
This resulted in efficient and reliable polymerization [35], with decreased protein
modification (as assessed by Edman sequencing). However, its is clear that such
photopolymerization systems, replacing methylene blue with anionic dyes, result in
less artefacts in the subsequent proteomic analyses [36].

Although these photopolymerization systems are cumbersome to use when large
number of gels are to be run, as in 2D gels-based proteomics, they should bring
some improvements in other proteomics setups using SDS-PAGE, such as the
widely used GelLC system [37].

2.2. Variations in the buffer systems

Due to their high resolution, only discontinuous systems are used. In most cases, the
original Tris-HCI-glycine system is used [38], although many systems can be devised
by application of the discontinuous electrophoresis theory [39, 40]. A simple point
that must be kept as a reminder for anionic systems, as those used for SDS-PAGE,
is that for any given system, the mobility of the ions is pH-dependent. The higher the
pH, the faster the moving boundary, and thus the more the system is able to resolve
low molecular mass proteins, at the expense of the resolution space allocated to
high molecular mass proteins. Conversely, the lower the pH, the more space is
allocated to resolve high molecular mass proteins, with the low molecular mass ones
comigrating with the ion boundary.

In the case of the popular Tris-glycine system, it is possible to play with the pH in
mainly one direction, i.e. lowering it. With a gel pH of 8.8, the system operates at a
pH of 9.5, and further increase in the pH results in polyacrylamide hydrolysis, with
severe consequences on separation performances. Furthermore, 8.8 is already quite
far from the pK of Tris (8.05) so that the buffering power of the system drops at
higher pH. Thus the upper limit for use of the glycine-based system and its
application for resolving low molecular mass proteins has been reached with the
ammediol-glycine system [41]. This system has never reached strong popularity
because it operates too close to the basic limits tolerated by acrylamide.
Furthermore, it should be kept in mind that basic conditions promote deamidation not
only on the polyacrylamide gel, but also at glutamine and asparagine, i.e. conditions
that are not favourable for a proteomic analysis.

Conversely, lowering the pH in the tris-glycine system has several advantages such
as a better buffering power and a better resolution of high molecular mass proteins,
as first exemplified by Johnson [42], and further extended to giant proteins (1MDa)
by Fritz et al. [43].

When resolution of low molecular mass proteins at a more neutral pH is needed, it
becomes necessary to change the trailing ion, and to opt for chemicals with a lower



pK, so that their mobility will be higher for the same pH. The extreme in this direction
is represented by the MES system [44] (pK = 6 for MES instead of pK= 9.74 for
glycine). However, the most popular systems are based on other Good's buffers,
namely Bicine [45] and Tricine [46], as these system show good performances for
low molecular mass proteins at a gel pH lesser that 8.5, i.e. with very good buffering
power.

In 2D gel systems, the Tris-Tricine system has been successfully used in cases
where the resolution of low molecular mass proteins is needed, e.g. for mitochondrial
proteins [47], but also for microorganisms [48, 49].

Further developments of the Tricine-based system have been made to replace the
glycine-based system. In fact, a Tricine system operating at gel pH of 7 has the
same separation window than a glycine system operating at gel pH of 8.8 [50], with
the advantages of lesser hydrolysis of amides (and thus longer shelf life for ready to
use gels) and of lesser reactivity of nucleophilic amino acids toward spurious
chemicals such as residual acrylamide. However, operating at pH 7 also poses
buffering problems with Tris, and the situation is further complicated by the fact that
many low pK bases, which could replace Tris as gel buffers interfere strongly with
polyacrylamide polymerization, either by inhibiting it (e.g. imidazole) or by acting as
polymerization catalysts (e.g. triethanolamine), leading to excessive heat production
during polymerization and thus irregular gels.

Thus, the two most popular electrophoresis systems operate in their own separate
niche, Tricine (pK 8.05) for low molecular mass proteins, and glycine (pK 9.74) for
medium and high molecular mass proteins. This suggests that a system using a
trailing ion of intermediate pK (i.e. ca. 9) should be able to operate on the whole
spectrum with Tris as the only buffer component needed. Indeed, a taurine-based
system is able to operate over the whole spectrum, at the expense of a precise
control of the gel pH [51] (see figure 2). Here again, 2D electrophoresis of
mitochondrial proteins has shown the ability of this system to separate low-molecular
mass proteins without increasing acrylamide concentration too much [52]. However,
this system is clearly not limited to low molecular mass proteins [53, 54]

An additional, but less understood, phenomenon taking place when changing from
one buffer system to another one consists in alterations of the relative mobilities of
proteins in the SDS gel. Theoretically, proteins migrate according to their molecular
mass in SDS gels. However, there are exceptions to this basic rule in every buffer
system, but the ones observed in the widely used glycine system are of course more
documented. For example, it has been shown that Tricine and borate-based buffers
show an altered migration of some cytoskeletal proteins, and indeed more accurate
compared to their molecular mass [50]. This phenomenon can be used to enhance
separation of some proteins in some crowded zones in 2D gels, although the results
cannot be predicted.

2.3. Variations in the detergent

As the name says, SDS PAGE is carried out in the presence of dodecyl sulfate as
the primary solubilizing and charge-conferring agent. The performances of this
detergent are documented by more than 40 years of use and thousands of satisfied
scientists. However, there are cases in proteomics studies where it would be nice to
have even better performances, either in the separation process itself or in the post-



separation process, when the SDS gel in interfaced with the process leading to
identification by mass spectrometry.

As to the separation itself, there are cases in the course of a proteomics study where
the study gets focused on a few proteins, and it is the desirable to separate the
proteins of interest from other proteins migrating very close to them, or even to
separate variants of the proteins of interest. To this purpose, the detergent used can
be altered, on order to induce differential detergent binding and thus differential
mobility. This has been observed empirically when comparing different sources of
SDS [55], and the concept has been rationalized by mimicking the detergent
composition most able to induce separation of normally comigrating proteins [56].
Such alterations of the detergent composition may prove quite efficient in some
cases. It must be kept in mind however, that the resolution and performances of SDS
electrophoresis rely on a strong binding of numerous detergent molecules to
proteins, so that the space for variations is rather limited, as shown in [57].

As to the post-separation steps, SDS, as most detergents, is not the mass
spectrometer best friend, and it would be nice use detergents that can be chemically
cleaved at will into products that are more mass spectrometry-friendly. Two families
of cleavable anionic detergents have been described to date, acid-cleavable
detergents [58] and photocleavable ones [59]. Only acid-cleavable detergents have
been used to a certain extent. However, their separation properties are much poorer
than the ones of SDS [58], as could be anticipated from the stringent constraints
applying to detergents for electrophoretic separations [57].

3. Variations in the first dimension: zone electrophoresis

This section of the review will focus on how to improve and simplify zone
electrophoretic separations used in conjunction with SDS PAGE to build two-
dimensional systems. In order to maximize the resolution, this separation should be
as different as possible from the one obtained by SDS PAGE. As the magnitude of
this difference is clearly IEF > native zone electrophoresis >> denaturing zone
electrophoresis, it is clear that systems using denaturing zone electrophoresis as a
first dimension will be used mainly when the other systems do not perform well, e.g.
for membrane proteins [60, 61]

As can be seen from [57], electrophoresis in the presence of cationic detergents is
clearly the best candidate for denaturing separations, a fact that had been
discovered empirically before [3].

Compared to this core protocol, changes and improvements will target the same
areas as in SDS PAGE, i.e. gel structure, buffer system and detergent.

Electrophoresis in the presence of cationic detergents proceeds with a reverse
polarity compared to SDS gels, and at acidic pH compared to the basic pH used for
SDS PAGE. Consequently, polyacrylamide hydrolysis is not a problem in this case.
However, gel polymerization cannot proceed with the standard TEMED-persulfate
system, as protonated TEMED does not induce persulfate decomposition. In most
cases, the Fenton's system described in the original publication [62] is used.
However, this system is not as reliable as the TEMED-persulfate one, so that the
robust methylene blue-based system [32] can be used very successfully in this case



(see figure 3).

As to the detergent, only two cationic detergents have been successfully used to
date, the original benzalkonium chloride, either with a pure C16 chain (16-BAC
stands for hexadecyl benzyl dimethyl ammonium chloride) or with a mixture of
hydrocarbon chains [62], and CTAB (hexadecyl trimethylammonium bromide) [63].
What has changed over the years, however, is the process for interfacing the first
dimension on the second one. In the core protocol [3], the cationic gel was first fixed
and stained to remove the cationic detergent, and then equilibrated in SDS prior to
loading onto the SDS gel. In more recent protocols, this fixation and staining is
omitted, and the gel containing the cationic detergent is just rinsed in water prior to
equilibration in SDS buffer [63], or even directly equilibrated in SDS buffer [64].

What remains poorly explored with this technique, however, is the choice of buffers.
Because of the presence of the cationic detergent, electrophoresis could
theoretically be carried out at any pH. Indeed, in one-dimensional cationic PAGE
various buffers have been used, and the very acidic phosphate-glycine buffer used
for 16-BAC electrophoresis [62] is not the most widely used. Other systems
operating at higher pH, such as the acetate-beta alanine buffer [65] or even the
Tricine-arginine buffer [66] have also been described. Indeed, the phosphate-glycine
buffer system operates at a pH where the classical calculations for discontinuous
systems are no longer valid, so that an electrophoretic system specially designed for
electrophoresis in the presence of cationic detergents has been recently proposed
[67]. This buffer system uses methoxyacetic as the buffering compound. The
separating gel is cast at pH 3 and operates at pH 2.5, and the stacking gel is cast at
pH 4 (acetate buffer) and operates at pH 2.9. For comparison, in the phoshate buffer
system [62] the separating gel is cast at pH 2 and operates at pH 1.5, and the
stacking gel is cast at pH 4 and operates at pH 2.2. However, it has been recently
shown that the operative pH seems to play an important role for protein solubility
[68], a feature that can be of weak importance when working with soluble proteins,
as in [65-67], but this is not necessarily the case with membrane proteins, which are
the most important field of application of this technique in proteomics [61].

4. Variations in the first dimension: isoelectric focusing

In a sense, the constraints existing on isoelectric focusing gels are the contrapositive
of those existing on SDS PAGE, so that the areas for flexibility and improvement are
quite different. In SDS PAGE, the gel is simple to make and many buffers can be
used, so that there is a lot of flexibility in these two areas, as shown above. However,
there are a lot of constraints on the detergent as the protein-solubilizing agent, so
that the flexibility is quite limited in this area.

In isoelectric focusing, the difficult task is to form the pH gradient, and thus the
buffers are extremely constrained. Now that immobilized pH gradient dominate the
field of isoelectric focusing, these constraints on the buffers have also translated into
constraints on the gel, as immobilized pH gradients are by definition grafted into the
gel. Just as an example, the standard gel for SDS PAGE is made of just two
monomers of quite related structure (acrylamide and Bis). A wide range immobilized
pH gradient (e.g. 3-10) uses eight different Immobilines plus the two standard
monomers, i.e. ten monomers that must be copolymerized with equal efficiency to



ensure the accuracy of the gradient, and this has been shown not to be obvious [69].
Changing the main gel-forming monomer (acrylamide) would mean to reassess the
polymerization efficiency of all Immobilines with this new monomer, and it is
therefore not surprising that such changes in the monomer have been limited to
cases where acrylamide was bound to fail, i.e. isoelectric focusing in very basic pH
gradients [70].

Oppositely to the situation of the IEF gels, there is a lot of flexibility in the area of
solubilizing agents used for IEF. In fact, on the one hand there is a single chemical
constraint, i.e. the solubilizing agents must be non ionic and shall not change the
charges of the proteins, and on the other hand it is quite difficult to keep the proteins
in solution under such conditions of low ionic strength and with no charge
modifications. In fact, isoelectric precipitation is as old as isoelectric focusing (e.g. in
[71]). Thus, considerable effort has been devoted to improving this situation, and this
has resulted in many additives used to increase protein solubility during isoelectric
focusing.

In proteomics, isoelectric focusing is always conducted under denaturing conditions,
i.e. inducing protein unfolding. Furthermore, disulfide bridges are also reduced to
induce complete dissociation of proteins into separate, unfolded polypeptides.

From the very beginning of 2D gels, protein solubilization has been carried out with
neutral chaotropes such as urea [5], and most often used in conjunction with
detergents [6]. Thus, the variations that have been brought to this basic protocol
have touched the chaotropes and the detergents.

As to chaotropes, there is relatively little choice, chemically speaking, as the
chaotrope must remain neutral over the whole pH range. This limits the choice to
urea, alkylureas, thiourea, and combinations thereof. Alkylureas proved completely
inefficient [72], as could be expected from their weak denaturing power [73].
Oppositely, mixtures of thiourea and urea proved more efficient than urea alone,
here again in line with the denaturing power observed in solution [73]. This was
shown to be true in every isoelectric focusing setup, i.e. carrier ampholytes IEF in
agarose [74], IEF with immobilized pH gradients [72], and carrier ampholytes IEF in
polyacrylamide [75]. The latter setup, however, is the most difficult to use, as
thiourea inhibits acrylamide polymerization, thereby necessitating the use of the
highly efficient methylene blue-based photopolymerization initiator [32, 75].

The situation is quite different for detergents, where any detergent non ionic over the
pH range of interest can be used in IEF. Furthermore, the incentive of solubilizing
membrane protein in 2D gels has always been a driving force to test non-classical
detergents in conjunction with urea as protein solubilizers for 2D gels. As Triton X-
100 is known to be one of the best solubilizers of the polyethylene glycol-based
detergents [76], the interest has turned to other classes of uncharged detergents,
such as glucosides [77], but also members of the sulfobetaine class. The first one to
be used, and by far still the most popular, was CHAPS [78]. Linear sulfobetaines, i.e.
the most potent nonionic detergents [79], have also been tested. However, as they
are not fully compatible with urea, this required decreasing the urea concentration
[80]. This poor compatibility (which is temperature-dependent) has considerably
impaired their use in 2D gels [81]. To alleviate this problem, special sulfobetaines
with improved compatibility were prepared and used [82, 83], at that time mainly with
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descriptive results. However, when protein identification techniques developed, it
became possible to assess more thoroughly the real gain in protein solubilization
obtained by various detergents, and especially for membrane proteins. The gains
were assessed for sulfobetaines [84, 85], glucosides [86, 87], phosphocholines [88]
and even more classical, polyethylene glycol-based detergents [87]. While the
positive trends observed earlier on glucosides and sulfobetaines were confirmed by
these studies (see an example in figure 4), it was shown quite surprisingly that some
of the polyethylene glycol-based detergents perform better than CHAPS in urea plus
thiourea chaotrope, while the reverse is true in urea alone.

Despite the documented gains in protein solubility, it is now quite clear that all these
variations have proven unable to solubilize a high proportion of the membrane
proteins expressed by cells [89].

Besides solubilization of proteins by chaotropes and detergents, the problems
caused by cysteines have brought their share of modifications compared to the
original protocols. As mentioned earlier, denaturing isoelectric focusing implies
reduction of the cysteines in order to separate polypeptidic chains. No problems
were encountered as long as carrier ampholytes-based IEF was used, i.e. not
extending much higher than pH 7, or when transient focusing systems were used for
basic proteins [90]. However, with the use of immobilized pH gradients, it became
obvious that cysteine oxidation was a real problem in the basic pH intervals [91].
Indeed, the thiol compounds used for disrupting disufide bridges and keeping
cysteines in their reduced form behave as weak acids, and migrate toward the anode
when the pH is high enough. This fact has been used in SDS gels to keep giant
proteins reduced [43]. Thus, in an IEF setup, the basic portion of the pH gradient
becomes devoid of reducing agents, so that cysteines can reoxidize in many ways,
including disulfide bridges, which induces a lot of trailing of the proteins in the basic
region of the gels.

To solve this problem, three strategies have been proposed. The first one consists in
the continuous infusion of thiol-containing reducers from the cathode [92], so that the
proteins are kept in a reducing environment. The obvious problem with this strategy
is its absolute need for a careful tuning and timing, in other words its lack of
robustness. The second strategy consists in alkylating the cysteines, so that they
become chemically inert and cannot either make spurious disulfide bridges nor react
on unreacted monomers. Although this strategy seems straightforward and efficient,
it has been shown that it does work properly [93]. The issue is that various cysteines
on different proteins show quite different reactivities, depending on their environment
and thus on the neighbouring amino acids. Consequently, it is almost impossible to
find conditions where all the cysteines will be alkylated and none of the other
nucleophilic amino acids (e.g. lysine, tyrosine). This unfortunately holds true for a
wide range of alkylating agents [94]. Thus, only the third strategy has proven
efficient. It consists in blocking the cysteines of the proteins as disulfide bridges,
using a vast excess of a low molecular mass disulfide [95]. Because of the very high
specificity of the reaction, high concentrations of the disulfide can be used, thereby
ensuring maximum blocking of the protein thiols. As an added benefit of this
strategy, it is possible to perform a simplified equilibration process, in which no
alkylation of the cysteines is needed, opposite to the standard process with
immobilized pH gradients [96]. Furthermore, as this process is reversible, either the
cysteines can be left protected as disulfides until the mass spectrometry step, using
the mass of the adduct as a fixed modification, or the cysteines can be alkylated

11



after spot excision, prior to digestion, extraction and mass spectrometry.

5. Concluding remarks

Prefractionation of samples is generally a pre-requisite in proteomics, and protein
fractionation by electrophoresis is quite a versatile and reliable toolbox to perform
such prefractionation. As this toolbox has now been used for decades by
biochemists and proteomicists, it now relies on a corpus of well-established, robust
and efficient techniques and protocols. However, in the course of a proteomic study,
there are often cases where it would be very advantageous to be able to tune the
separation. This means to increase the resolution and/or the solubilization for
proteins of interest, even if it means loosing resolution or solubilization for other
proteins that are no longer of interest when the initial proteomics screening process
has been achieved.

Numerous ways of tuning electrophoretic separations have been described over the
years in the literature, and this review cannot claim to be comprehensive for all these
modifications. However, many of them are not widely known nowadays. Thus, the
main paths for modifications have been reviewed here, in order to provide the reader
the rationale and references to be able to design his own separation system tuned to
his own needs, and to adapt to the demands risen by different proteomic projects.
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Figure 1: scheme of a polyacrylamide gel

The figure is divided in three panels. In the top panel, the chemistry of polymerization
is shown, with the radical production by the TEMED-persulfate couple, and the
radical polymerization of acrylamide

In the medium panel, the structure of the gel is shown (Bis crosslinker). The
polyethylene backbone and the numerous pending amido groups are visible on this
scheme, and a gel pore is circled in dashed line

In the bottom panel, base-induced degradation phenomena are shown (DHEBA-
crosslinker). The chemical species induced by the hydrolysis (glyoxal, pending
carboxylates) are boxed
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Figure 2: Separation modulation in the SDS dimension by a pH change

120 pg of proteins extracted from HelLa cells were used as a sample, and separated
on a linear 4-8 immobilized pH gradient (70,000 Vh). The strips were then loaded on
top of a 10% polyacrylamide gel and electrophoresed in a Tris-HCI-Taurine system.
Detection by silver staining. Molecular mass markers were loaded on the side of the
SDS gel.

Panel A : gel buffer: Tris-HCI pH 8.05

Panel B: gel buffer: Tris-HCI pH 7.75

A few equivalent proteins on both gels are shown by a box and arrows
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Figure 3: separation of membrane proteins by double zone electrophoresis

A membrane preparation from B. subtilis was used as the sample. 100ug proteins,
solubilized in 3.75M urea, 2% 16-BAC, 5mM tris-carboxyethylphosphine, 100mM
phosphate buffer pH3, were loaded on the first dimension rod gel, containing 7.5 %
acrylamide, 3.75M urea, 0.1% 16-BAC, 200mM phosphate buffer pH 2.1, and
photopolymerized with 1mM sodium toluene sulfinate, 20 uM diphenyliodonium chloride
and 30uM Methylene Blue. The electrode buffer contained phosphate, glycine and 0.1%
16-BAC

Pyronin Y was used as a tracking dye for the end of the first migration (polarity
indicated on the figure). The rod gel was then extruded and equilibrated in high SDS
buffer (2.5%) for 15 minutes, before sealing on top of the second dimension, SDS
PAGE gel (10% acrylamide). Detection by silver staining. The limited streaking and
numerous spots show the efficiency of the whole method, including the
polymerization process.

16-BAC stands for hexadecyl benzyl dimethyl ammonium chloride.
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Figure 4: differential protein extraction by detergents in IEF-based 2D
electrophoresis

A membrane preparation from B. subtilis was used as the sample. 100ug proteins,
solubilized in 7M urea, 2M thiourea, 2% detergent, 0.4% carrier ampholytes and
50mM DTT, were separated by IEF in immobilized pH gradients (same buffer as for
extraction, linear 4-8 pH gradient). Migration for 70,000 Vh

Second dimension: 10% acrylamide gel.

Panel A: extraction and migration using CHAPS as the detergent

Panel B: extraction and migration using Brij56 as the detergent

Spots solubilized and focused by Brij56 and not by CHAPS are shown by arrows
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