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This paper provides a guideline for optimizing and utilizing Mn2+ Phos-tag gel
technology to separate phosphorylated proteins from their unphosphorylated
counterparts. It provides key insights into methods for careful sample prepara-
tion and experimental directions for determining the appropriate Phos-tag gel
compositions and electrophoresis and western blotting conditions. This proto-
col has been used to successfully resolve proteins extracted from cardiac and
skeletal muscles. The guidelines can be extended for optimizing protocols to re-
solve proteins from other cells or tissue sources. With this, phosphoproteomics
and the elucidation of underlying mechanisms of disease progression can be
accelerated. © 2021 The Authors. Current Protocols published by Wiley Peri-
odicals LLC.
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INTRODUCTION

Much of biology relies on phospho-linkages, as evidenced vy the sugar phosphate back-
bone of DNA in all living organisms (Schneider, Neidle, & Berman, 1997). Phosphory-
lation of amino acid residues in eukaryotic cells is the most common post-translational
modification, given that 9 of the 20 naturally occurring amino acids can be phospho-
rylated (Cieśla, Frączyk, & Rode, 2011). About 30% of human proteins are covalently
bound to phosphate ions, and about 500 protein kinases and 200 phosphatases are en-
coded in the human genome (Cohen, 2001; Sacco, Perfetto, Castagnoli, & Cesareni,
2012).

Phosphorylation of amino acids facilitated by kinases creates a negative charge den-
sity on protein surfaces, allowing stronger and stable intramolecular and intermolecular

Current Protocols e221, Volume 1
Published in Wiley Online Library (wileyonlinelibrary.com).
doi: 10.1002/cpz1.221
© 2021 The Authors. Current Protocols published by Wiley Periodicals
LLC. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or
adaptations are made.

Markandran et al.

1 of 32

https://doi.org/10.1002/cpz1.221
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


interactions. This elicits physical and chemical responses such as structural modifica-
tions, alterations in the interactions with surrounding molecules, and regulation of sig-
naling pathways (Hunter, 2012). Phosphatases are responsible for dephosphorylation and
complement the role of kinases by regulating the rate and duration of signaling (Heinrich,
Neel, & Rapoport, 2002). These quick and reversible mechanisms usually affect kinetics
and pathways at a molecular, cellular, and possibly physiological level, over time scales
of seconds to days.

Protein phosphorylation plays vital roles in basic cellular processes such as cell-cycle
progression, differentiation, organ development, intercellular communication, cytoskele-
tal arrangements, and apoptosis, which preserves the natural phenotype of living organ-
isms (Johnson, 2009); it can also lead to adverse consequences, such as promoting disease
progression (Kristjánsdóttir & Rudolph, 2004; Perluigi, Barone, Di Domenico, & Butter-
field, 2016). Thus, protein phosphorylation in biological systems is a subject of intense
research.

Existing Methods to Quantify Protein Phosphorylation Levels

Generally, phosphoproteins exist in low abundance, which imposes a major challenge
for their detection and measurement (Goshe, 2006). Nonetheless, various methods to
study and analyze the phosphorylation levels of proteins have been devised. For example,
mass spectrometry and one- and two-dimensional (1D and 2D) gel electrophoresis are
necessary steps for obtaining phosphoproteomic data, but these are time consuming and
require careful interpretation (Kinoshita-Kikuta, Kinoshita, & Koike, 2009a; Tsunehiro
et al., 2013).

Certain gel-electrophoretic methods (e.g., urea-glycerol, Phos-tag, gradient polyacry-
lamide gels, and 2D gel electrophoresis) and the phospho-specific enzyme-linked im-
munosorbent assay (ELISA) are useful for analyzing phosphorylation levels and hence
the kinase activity of targeted proteins. However, intensive optimization is required to
obtain repeatable and reliable results. Although gradient polyacrylamide gels may be
useful to resolve large amounts of sarcomeric proteins, they may not be capable of resolv-
ing phosphorylated proteins from their unphosphorylated counterparts (Zaremba et al.,
2007). In the past, it was common to perform global radioisotope (32P) labeling of phos-
phorylated proteins before gel electrophoresis. However, the usefulness of this approach
is limited by the difficulty of deciphering the phosphorylation levels of protein of inter-
est. Also, it is challenging to identify the labeled proteins using mass spectrometry due
to sensitivity limitations (Aponte et al., 2009).

Meanwhile, although phospho-specific ELISA is a promising tool, there are only a few
commercially available phospho-specific ELISA kits for targeted proteins. Moreover, the
use of phospho-specific ELISA kits and phosphofluoro antibodies will limit the findings
to a particular phosphorylation site rather than the total phosphorylation activity of the
protein of interest (Jczernik et al., 1991).

Immunohistochemistry can reveal the spatial localization of phosphorylated proteins in
cells or tissues. Immunohistochemistry’s power depends on the availability of the tar-
geted phosphor-fluorophore and imaging modality (controlling spatial resolution) that
can be used to visualize the fluorophore-tagged phosphorylated proteins (Lima et al.,
2008; Yaseen et al., 2015).

A summary of commonly used techniques for studying protein phosphorylation is pro-
vided in Table 1. The choice of technique will be driven by the abilities of the different
techniques to answer research questions, their reliability, their efficiency, and the cost-
effectiveness relationship.Markandran et al.
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Table 1 Comparison of Different Techniques to Study Protein Phosphorylation
a

Technique Quantitative Qualitative
Specific protein
detection Codetection Throughput

Pro-Q Diamond
phosphoprotein gel stain

√
Depends on the
method to resolve
proteins

Western blotting (WB)
using phosphofluoro
antibodies

√ √
Depends on the
method to resolve
proteins

Urea-glycerol PAGE
+ WB

√ √ √
Moderate

2D gel electrophoresis +
WB

√ √ √
Low

Phos-tag acrylamide gel
+ WB

√ √ √
Moderate

Mass spectrometry
(MS/MS, LC/MS/MS,
MRS-MS)

√ √ √
High

Phospho-specific ELISA
√ √

Immunohistochemistry
and histology

√ √ √

a
Quantitative: Gives numerical output for protein quantification. Qualitative: Gives non-numerical output; post-analysis of immediate results re-

quired for protein quantification. Specific protein detection: identification of phosphorylated protein of interest. Codetection: Phosphorylated and non-
phosphorylated protein of interest can be identified concurrently. Throughput: Rate of processing samples.

Significance of Phos-tag Polyacrylamide Technology

To obtain data on the total phosphorylation of a specific protein with respect to its unphos-
phorylated counterpart, mass spectrometry, 2D sodium dodecyl sulfate (SDS)-PAGE,
urea-glycerol PAGE, or Phos-tag SDS-PAGE followed by western blotting is commonly
performed. These approaches provide concurrent quantitative and qualitative description
of the phosphorylation levels of proteins of interest.

As mentioned earlier, the large data output of mass spectrometry is time consuming and
expensive to analyze. On the other hand, 2D gel electrophoresis has low throughput be-
cause only one sample can be analyzed per gel. Moreover, it requires phosphor-specific
antibodies to detect phosphorylated proteins, as other post-translational modifications
(i.e., deamidation) could result in a similar shift of proteins (Scruggs & Solarob, 2011).
In our laboratory, we attempted urea-glycerol PAGE, a technique in use since the late
1980s to resolve phosphorylated proteins extracted from smooth and skeletal muscles,
along with various troubleshooting steps. But we found it difficult to resolve cell-lysate
proteins with this approach (Fig. 1; Sobieszek & Jertschin, 1986). After careful opti-
mization studies, we settled on Phos-tag technology for the separation, detection, and
purification of phosphorylated proteins. This technology indeed provides new opportu-
nities for the systematic collection of high-quality phosphoproteomic data.

Phos-tag is a divalent metal (Mn2+ or Zn2+) complex with a molecular weight of 594.7
Daltons (Da). It specifically binds to the phenyl phosphomonoester dianion of the phos-
phorylated residues, increasing the overall molecular weight of the phosphorylated pro-
tein (Kinoshita et al., 2009a). This results in the electrophoretic retardation of the phos-
phorylated protein, separating the phosphorylated protein from its unphosphorylated
counterpart and thus facilitating the study of phosphorylation and related processes of
proteins in vitro. Markandran et al.

3 of 32

Current Protocols



Figure 1 Urea-glycerol polyacrylamide gel electrophoresis results. (A and B) Resolution of re-
combinant purified regulatory light chains and cardiac lysate proteins, respectively.

There are two types of Phos-tag molecules: the Mn2+-Phos-tag and the Zn2+-Phos-tag
(Kinoshita, Kinoshita-Kikuta, & Koike, 2009b). Because the Mn2+-Phos-tag molecule is
compatible with the well-known Laemmli SDS-PAGE protocol, we preferred the Mn2+-
Phos-tag over the Zn2++-Phos-tag, as the gel composition used in Laemmli’s system can
be conveniently transferred to making the Mn2+-Phos-tag gel.

Nonetheless, the Phos-tag SDS-PAGE assay requires meticulous optimization. In our
experience, Phos-tag SDS-PAGE is particularly sensitive to temperature, pH, and the
presence of chelating agents. Care is required during sample preparation and in the opti-
mization of polyacrylamide gel content and electrophoresis and western blotting condi-
tions to optimally resolve proteins. There are papers with brief methodology descriptions
for using Mn2+-Phos-tag gel for protein phosphorylation quantification (Ito et al., 2016;
Sutherland & Walsh, 2012; Sutherland, MacDonald, & Walsh, 2016; Toepfer et al., 2013).
However, published procedures include many variations in the experimental factors, and
clearly there is no one-size-fits-all protocol, as summarized in Table 2. Hence, we present
here a guide to optimize the factors required for success in Mn2+-Phos-tag polyacry-
lamide gel electrophoresis, along with a protocol that we have optimized to quantify
protein phosphorylation levels from cardiomyocytes specifically.

STRATEGIC PLANNING

Initial Questions

To make it possible to perform successful Phos-tag SDS-PAGE, it is necessary to first
answer the following questions:

1. What method of sample preparation will be used? This will depend on the type of
samples used.

2. What polyacrylamide percentage will be used for the gels? This depends on the molec-
ular weight of the protein to be resolved.

3. What Phos-tag concentration will be used for the gels? This will affect the separa-
tion of phosphorylated and unphosphorylated proteins, as well as subsequent transfer
efficiency during immunoblotting.

4. How much protein will be added to each well? This is important so as to achieve an
appropriate intensity for detection and measurement via western blotting. It is also
important to avoid overloading wells, which could result in smearing.

5. What electrophoresis conditions (temperature, duration) will you use? This will affect
the resolution of protein bands.

Markandran et al.
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Table 3 Overview of Optimization Procedure

Steps Processes to be optimized

Step 1: Sample preparation Frozen tissue pulverization method
Protein extraction buffer

Step 2: Phos-tag gel
preparation

Percentage of polyacrylamide in resolving gel
Protein amount to be loaded
Phos-tag concentration

Step 3: Gel electrophoresis Electrophoresis condition
Electrophoresis duration for optimal resolution

Step 4: Western blotting Treatment of gels and polyvinylidene fluoride membrane
Transfer buffer
Immunostaining and Imaging

6. What conditions will be used for treatment of Phos-tag gels and polyvinylidene flu-
oride (PVDF) before western blotting? The conditions chosen are important as they
affects protein transfer efficiency from Phos-tag gels to PVDF membranes.

7. Should SDS be added to the transfer buffer for immunoblotting? The inclusion of SDS
in the transfer buffer has been suggested to increase transfer efficiency but may not be
suitable for proteins of lower molecular sizes.

These questions are especially relevant to optimize the various parameters of concern
summarized in Table 3.

Step 1: Sample Preparation

Muscle pulverization

Although monolayer cells can be simply lysed by adding lysis buffer followed by gentle
agitation, tissue samples, due to their intricacy, must be effectively pulverized by physi-
cal methods such as mechanical, sonication, and manual grinding methods. Though son-
ication reduces protein loss during the procedure, the proteins in the lysate are at risk
of degradation or denaturation because of the high-energy sound waves and increase
in temperature (Pchelintsev, Adams, & Nelson, 2016). Mechanical pulverization using
blenders are not suitable for small volumes of muscles (e.g., a portion of the left ventri-
cle from a mouse). On the other hand, pulverizing muscles using mortar and pestle may
reduce protein yield due to the loss of muscle particles during transfer from the mortar
to a tube. Each method possesses its own advantages and disadvantages. Ultimately, the
final choice of pulverization method will depend on factors such as the cell type, the
abundance of the protein of interest, and the stability of the proteins.

Manual pulverization carried out in the cold reduces damage to labile proteins. Snap-
frozen muscle should not be allowed to thaw before manual grinding, in order to prevent
repeated cycles of freeze-thaw that may produce ice-crystal stresses on the proteins, re-
sulting in degradation (Cao, Chen, Cui, & Foster, 2003). Protein degradation results in
multiple bands that will be detected on western blot images, making analysis complex or
even inaccurate (Zilliges et al., 2011). A precalculated volume of lysis buffer should be
added quickly to the pulverized muscle and the sample immediately placed in a 100°C
heat block. This rapid heating of pulverized muscle particles in buffer denatures proteases
and phosphatases that can alter protein post-translational modifications.

Lysis buffer for protein extraction

Appropriate buffers must be chosen based on the experimental design. Two
commonly used lysis buffers are radioimmunoprecipitation assay and Laemmli
buffer. Radioimmunoprecipitation assay buffer cannot be used for this method of Markandran et al.
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phosphorylation analysis because of the incompatibility between ethylenediaminete-
traacetic acid (EDTA) and Phos-tag gel: EDTA chelates Mn2+ ions in the gel, making
the Phos-tag molecule ineffective and thus possibly leading to distorted (curved) protein
bands on Phos-tag gels. On the other hand, Laemmli buffer is effective in extracting pro-
teins, even of low abundance, from pulverized striated muscle tissues (Kinoshita, 2016).

Laemmli buffer—62.5 mM Tris, (pH 6.8), 2% SDS, 10% (v/v) glycerol, 50 mM dithio-
threitol, 0.004% (w/v) bromophenol blue, 6.7 M urea—is commonly used as lysis buffer
for endogenous protein extraction. There are slight variations in the buffer composition
across different published papers (Table 2), but the above-mentioned mixture worked
well for extracting insoluble proteins from skeletal and cardiac muscle and denaturing
them to unfolded primary structures for optimal resolution of the protein bands on the
gel (Cho et al., 2008).

Addition of a high concentration of urea (6-8 M) is crucial to unfold the hydrophobic
proteins (Zangi, Zhou, & Berne, 2009). Lysate proteins experience carbamylation when
heated with urea. However, studies have shown that carbamylation has no significant
effect on Phos-tag gel results (Takeya, Kaneko, Miyazu, & Takai, 2018).

Also, the proteins must not be treated with phosphate-buffered saline (PBS) or any other
chemicals containing phosphates as this may alter the phosphorylation level. In some
studies, additives such as hypotonic solution have been used to facilitate cell lysis (Qi,
Yang, & Chen, 2011). However, to extract proteins from muscle tissues for Phos-tag gel
electrophoresis, Laemmli buffer works effectively.

Cell lysis and protein extraction

Again, there are variations in the ratios of lysis buffer volume to muscle mass reported
(Table 2). Based on our experience, to successfully extract the low-abundance, insoluble
proteins from left ventricular cardiac muscles, Laemmli buffer (abovementioned con-
stituents) of a ratio of 20 μl per milligram of muscle is suitable. In practice, the total
volume of solution prepared at this stage varied from 100 to 300 μl. After the samples
have been heated in lysis buffer for 5 min, ensuring thorough denaturation of proteins, the
lysate must be centrifuged at maximum speed (or 20,000 × g) for 2 min at room temper-
ature to collect cell debris as a pellet, leaving the solubilized proteins in the supernatant.
The centrifugation step is crucial to pellet nucleic acids and membranes (with high lipid
content), as loading these into the gel can cause smearing of proteins during electrophore-
sis (Caprette, 1996a; Kurien & Scofield, 2012). Additional steps can be taken to shear
the nucleic acid materials. However, this is not discussed here as the genetic material and
lipid contents did not pose any problems with our protocol.

The protein concentration can be conveniently measured by colorimetry using a protein
assay kit (Micro BCA Protein Assay Kit, Thermo Fisher Scientific). However, some col-
orimetry kits are incompatible with bromophenol blue, as it interferes with the output
reading. In such situations, bromophenol blue should not be added before protein con-
centration measurement. It is a good practice to divide the proteins into smaller-volume
aliquots and store them at –80°C. This minimizes freeze-thaw cycles and allows the sam-
ples to retain its form for a longer duration (Sitaramamma, Shivaji, & Rao, 1998).

Step 2: Phos-tag Polyacrylamide Gel Preparation

Optimizing polyacrylamide percentage

The percentage of polyacrylamide in the gel depends on the molecular weight of the
protein to be resolved. Published protocols are useful for gauging a suitable polyacry-
lamide percentage. For example, protocols have recommended that resolving gels should
comprise ∼15% polyacrylamide (a relatively high percentage, resulting in smaller poresMarkandran et al.
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Figure 2 Resolved skeletal muscle proteins in Phos-tag gels. Use of a 15% polyacrylamide gel
(the percentage used to resolve cardiac proteins) drastically slowed down the migration of skeletal
lysate proteins, preventing the separation of the phosphorylated and non-phosphorylated counter-
parts. The separation increased by almost twice when a 10% polyacrylamide gel was used.

in the gel matrix) for proper separation of low-molecular-weight proteins (19-25 kDa)
and ∼8% for high-molecular-weight proteins (90-200 kDa; Abcam, 2020; Novus Bio-
logicals, 2019a; Rath, Cunningham, & Deber, 2013).

The ratio of acrylamide to N,N′-methylene bisacrylamide (the cross-linking agent) also
affects the pore size. A smaller ratio results in a smaller pore size of the gel matrix.
To resolve low-molecular-weight cardiac lysate proteins, gels made from a 30% (w/v)
polyacrylamide stock solution with N,N′-methylene bisacrylamide at a 29:1 ratio is
suitable.

In our experiments, we observed that resolving proteins of the same molecular weight
but of a different muscle type may require a different polyacrylamide concentration
in the gel (Fig. 2). To be specific, a different polyacrylamide concentration was re-
quired to resolve and detect regulatory light-chain isoforms (∼19 kDa) from skele-
tal and cardiac muscle, respectively. A lower percentage of polyacrylamide (10%) was
needed to resolve regulatory light chains from New Zealand white rabbit psoas muscle,
whereas 15% worked well for resolving cardiac regulatory light chains from C57BL/6
mice (Fig. 2). Though the reason why a different percentage of polyacrylamide was
needed for cardiac and skeletal isoforms is unclear, it is possibly due to tissue-specific
protein sequences, species-related isoforms, or differences in intracellular ion inter-
actions with the gel (Lindskog et al., 2015). Thus, obtaining the best protein resolu-
tion requires optimization of the polyacrylamide percentage adapted to each protein of
interest.

Optimizing Phos-tag concentration

The concentration of Phos-tag molecules is important as it affects the separation of pro-
teins and the transfer efficiency during western blotting.

Increasing Phos-tag concentration improves the separation between the non-
phosphorylated and phosphorylated lysate proteins, but decreases the protein transfer
efficiency, especially for phosphorylated proteins (Fig. 3). The same pattern was ob-
served for purified recombinant regulatory light chains of Homo sapiens origin (Fig.
3). Thus, it is crucial to find a balance between Phos-tag concentration and transfer
efficiency, as evidenced by the fact that such optimization has been described in other Markandran et al.
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Figure 3 Effect of Phos-tag concentration on protein transfer efficiency. (A) Protein resolved in 50
μM and 25 μM Phos-Tag acrylamide gel, respectively. (B) Comparison of phosphorylation levels of
protein of interest (POI) transferred from lysate proteins. (C) Comparison of phosphorylation levels
of protein of interest transferred from purified recombinant proteins. Transfer efficiency is lower
when gel containing 50 μM Phos-tag molecules is used as compared to gel containing 25 μM Phos-
tag molecules. Two-tailed t-test with Welch’s correction was performed for statistical analyses. *p
< 0.05, **p < 0.01; n ≥ 3 for each experimental group, where n refers to the number of gel lanes
used to obtain results. Normal distribution of data is verified by Shapiro-Wilk test. Scans were taken
using Bio-Rad’s ChemiDoc MP Scanner at the same scanning duration.

studies (Bekešová et al., 2015; Kinoshita-Kikuta, Kinoshita, Matsuda, & Koike, 2014).
In our optimization, 25 μmol/L Phos-tag molecules in the resolving gel was found to be
sufficient to separate the striated muscle lysate proteins of molecular weights between
18 and 150 kDa from their phosphorylated counterparts with an acceptable transfer
efficiency (data not shown).

On a separate note, the difference in the molecular weights between the recombinant
(Homo sapiens origin) and lysate regulatory light chains (Mus musculus origin) in Fig-
ure 3 may be attributable to the His-tag component in the recombinant proteins or the
differences in the nucleotide sequences (Zhao, 2016).

Optimizing protein amount to be loaded

The amount of protein loaded per well is a key factor for effective resolution of pro-
tein bands and for achieving an appropriate intensity for detection and measurement via
western blotting.

Protein-overloaded wells result in gels with smeared proteins (Caprette, 1996a). Sci-
entific manuals recommend a total load of protein from muscle extract of ∼0.5
μg protein per band for the gel dimensions described above (1-mm-thick gels;
Caprette, 1996b). However, the number of protein bands resolved from a crude
lysate varies among tissues of different species, and the abundance of individual
proteins varies. Thus, protein amount optimization is required to answer different
research questions. This can be done by loading a range of protein amounts and
then determining the best amount to use through visual interpretation and software
detection.

We used such an optimization procedure to elucidate the amount of lysate protein to
be added per well for the detection of regulatory light chains, which we determined
to be 300 μg (Fig. 4). The antibody signal tends to drop as the amount of protein in-
creases beyond a certain value (Fig. 4). This could arise if, when overloaded proteins
are transferred, the antibodies bind only to the surface layer of the proteins, result-
ing in the collection of underestimate results (Taylor, Berkelman, Yadav, & Hammond,
2013).

Markandran et al.
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Figure 4 Optimization of amount of protein loaded into each well. Densitometry of the gel (right)
shows that measurements do not increase linearly with protein amounts. Saturation is seen beyond
300 μg proteins. 300 μg of proteins were loaded per well for experiments. 0P, 1P, and 2P refer to
the unphosphorylated, singly phosphorylated, and doubly phosphorylated regulatory light chains,
respectively.

Figure 5 Effects of temperature on Phos-tag gel results. (A) Scanned blots depicting poor protein
resolution when gel electrophoresis conducted in cold room. (B) “Smiling” bands seen when heat
is unevenly distributed or in excess.

Step 3: Phos-tag Gel Electrophoresis

Electrophoretic conditions

Heating during electrophoresis leads to diffused, distorted, or poorly resolved protein
bands. Gel temperature is affected by room temperature, electrophoresis voltage, num-
ber of gels in a tank, and electrophoresis duration. Thus, a balance among these factors
is needed to maintain appropriate gel temperature. The temperature of the running buffer
during gel electrophoresis should be kept below 25°C for optimal lysate protein resolu-
tion. “Smiling” bands can occur when gels experience excess or uneven distribution of
heat (Fig. 5; Anonymous, 2017).

Gel electrophoresis can be conducted in the cold room to reduce the effect of heat on the
gel. However, during protocol optimization, we found that the separation was not distinct
even after 3 hr of gel electrophoresis at 4°C (Fig. 5), as low temperatures decrease the
conductivity of the electrolytes in the buffer, decreasing the rate of protein migration
(Rogacs & Santiago, 2013). As a result, the protein bands became compact, with poor
resolution. Poor resolution of proteins can also occur due to protein diffusion as a result
of prolonged gel electrophoresis.

From our experience, it is best to subject only one Phos-tag gel to electrophoresis per tank
to reduce gel heating, as more gels result in more electric current flow. If it is necessary
to run two gels at once, it is advisable to wrap the tank with a wet towel to conduct
the heat away and maintain the temperature below 25°C to prevent protein distortion
(Anonymous, 2017). Markandran et al.
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Figure 6 Optimization procedure to evaluate the time needed to resolve proteins. (A) Pro-
teins were resolved between 30 and 150 min. 150 or 165 min of electrophoresis best resolves
the proteins, as demonstrated by the separation of the phosphorylated proteins from the non-
phosphorylated counterparts and the ability of the PeakFit software to detect the three protein
bands. (B and C) PeakFit software detection of protein bands resolved for 120 and 150 min, re-
spectively.

Our experience and that of others converges on the use of a constant voltage (V) in the
range of 140-160 V at room temperature to resolve lower-molecular-weight proteins
(Copeland et al., 2010; Kampourakis, Sun, & Irving, 2016; Nagy, Comer, & Smolen-
ski, 2018). As the voltage remains constant, the current decreases during electrophoresis
as the resistance (R) increases due to the depletion of electrolytes in the buffer (Kelly,
Altria, & Clark, 1997). The power (P), the product of current and voltage, is propor-
tional to the heat generated. This is the heat that must be dissipated by conduction to
the running buffer and that is then dissipated to the ambient air. Given the relation P
= V2/R, as resistance increases under constant voltage conditions, power gradually de-
creases, reducing the heating of the gel over the course of electrophoresis. The higher
the electrophoresis voltage, the number of gels, and the electrophoresis duration, the
greater the heat dissipated. Use of a constant voltage limits heating of the buffer and
gel.

Electrophoresis duration

Even though it is ideal to keep the duration of electrophoresis short to reduce heating
and protein diffusion, it must be sufficient to clearly resolve the proteins. Optimization
experiments are required to determine the shortest possible duration of electrophoresis
for optimal protein resolution. This involves loading equal amount of proteins into the
lanes at different time-points such that the proteins resolve for varying length of time on
the same gel.

There are two steps to determine the ideal duration for optimal protein resolution.
First, a visual observation for obvious separation of protein bands (based on the
possible number of phosphorylation sites) must be conducted on the scanned blots. Sec-
ond, quantitative measurement of the scanned peaks, for example using PeakFit v4.12
software, gives objective measures of resolution. The software calculates peak param-
eters according to peak-fitting constraints. The densitometric pixel values can be fitted
to a normal distribution (Gaussian) curve at a 95% confidence interval with the Peak-
Fit software. A good fit can be verified based on the coefficient of determination (r2)
value.

Our optimization experiment identified the ideal duration for resolution of low-
molecular-weight proteins to be 150 min (Fig. 6). This was determined from the clear
resolution of protein bands and the r2 value (calculated by PeakFit) near 1 (r2 = 0.96l
Fig. 6).Markandran et al.
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Step 4: Western Blotting

The western blotting procedure presented here was optimized based on published proto-
cols to achieve good protein transfer efficiency from Phos-tag gels to PVDF membrane
(Hycult Biotech, 2010; Mahmood & Yang, 2012) and protein detection.

Treatment of gels and PVDF membrane

Our experience and that of others has established that phosphorylated proteins do
not readily transfer to PVDF membrane, possibly because they bind to the Phos-tag
molecules. Treating the gel with EDTA to chelate the Mn2+ ions in the Phos-tag metal ion
complex improved the transfer efficiency of phosphorylated proteins (Kinoshita-Kikuta
et al., 2014). According to the literature, a range of 1-10 mM EDTA is generally used
to treat the gels of similar size. The gel is then washed with EDTA-free transfer buffer
to remove any excess EDTA present. The ideal duration of the washes is dependent on
the thickness of the gel. For 1.0-mm-thick Phos-tag gels, 30-min washes with 10 mM
EDTA followed by 30 min without EDTA were suitable. Additional details are presented
in the supplementary section (Kinoshita et al., 2009b; Komis, Takáč, Bekešová, Vadovič,
& Samaj, 2014). It is important to minimize the duration of washes to avoid protein dif-
fusion or protein migrating out of the gel.

Before protein transfer is performed, the hydrophobic PVDF membrane must be treated
with 100% methanol to displace the air trapped in the membrane, which makes it much
less hydrophobic (Roche Laboratories, 2019). After this, the membrane is swirled for
a few seconds in transfer buffer to remove excess methanol. This allows water-based
transfer buffers to diffuse into the membrane and proteins to be adsorbed onto it. When
the gel and membrane are ready, they are tightly sandwiched in the cassette holder to
remove all air bubbles between the gel and membrane and ensure close contact, which
facilitates protein transfer. The PVDF membrane comes in different pore sizes. Thus, a
membrane of appropriate pore size must be chosen depending on the molecular weight
of the protein of interest. For proteins between 18 and 150 kDa, PVDF membranes with
a pore size of 0.2 μm are suitable.

Transfer buffer

The addition of SDS to the transfer buffer increases the ionic strength and thus conduc-
tivity of the buffer, which improves protein transfer. However, whether to include SDS
must be decided based on the molecular weight of the protein of interest and the poly-
acrylamide and Phos-tag concentrations in the gel. Generally, SDS is recommended for
the transfer of proteins with a large molecular weight, as they migrate out of the gel
very slowly. Also, larger proteins tend to precipitate, and the presence of SDS reduces
precipitation (Abcam, n.d.).

The binding affinity between the dinuclear manganese (II) complex and phenyl phosphate
di-anion in aqueous solution has not been reported. Assuming it is similar to that for Zn2+
complex binding to the phenyl phosphate di-anion, the binding affinity would be ∼Kd =
2.5 × 10−8 M under neutral pH. The high binding affinity and compromised protein
transfer efficiency from Phos-tag gels prompted the exploration of adding SDS in the
transfer buffer (Kinoshita et al., 2009b; Kinoshita, Kinoshita-Kikuta, & Koike, 2007;
Kinoshita-Kikuta et al., 2014).

Our experiments showed that the amount of proteins detected in blots transferred with
0.08% (w/v) SDS is significantly lower than in the absence of SDS (Fig. 7). Results of
previous studies involving non-Phos-tag gels support these experimental data, empha-
sizing that the addition of SDS is essential to increase transfer efficiency of only high
molecular weight proteins, as smaller proteins (∼19 kDa) easily migrate out of the gel to
be adsorbed on the PVDF membrane even in the absence of SDS. The addition of SDS Markandran et al.
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Figure 7 Effects of sodium dodecyl sulfate (SDS) in transfer buffer. (A) Experimental results of
transfer buffer with and without 0.08% SDS. (B) Comparison of phosphorylation levels for the
protein of interest (PI). (C) Comparison of the total amount of protein of interest. Two-tailed t-test
with Welch’s correction was performed for statistical analyses. *p < 0.05, ***p < 0.001; n ≥ 3 for
each experimental group, where n refers to the number of gel lanes. Normal distribution of data
was verified by Shapiro-Wilk test. Scans were taken using Bio-Rad’s ChemiDoc MP Scanner at
the same scanning duration.

leads the proteins to acquire additional negative charges, which could cause them to mi-
grate through the positively charged PVDF membrane, resulting in the loss of proteins
(Novus Biologicals, 2019b; Thermo Fisher Scientific, n.d.). Smaller proteins are not re-
tained on the blot even at low concentrations of SDS in the transfer buffer (Abcam, n.d.;
Bolt & Mahoney, 1997) and thus can be eliminated.

Methanol present in the transfer buffer removes SDS (from lysis buffer) bound to the
proteins and swells the gel. This promotes protein binding to the PVDF membrane and
the migration of proteins out of the gel, respectively. However, methanol also precipitates
proteins and changes the charges of basic proteins to neutral or positively charged, which
can inhibit efficient protein transfer to the PVDF membrane. Thus, methanol should be
limited to 20% of the buffer. Methanol should be omitted from buffers used to transfer
large-molecular-weight proteins (Abcam, 2020; LI-COR, 2020).

The pH of the transfer buffer, which is temperature dependent, also affects protein
transfer to the PVDF membrane. Thus, if the transfer is taking place in the cold room
(∼4°C), the pH of the buffer must be adjusted for that temperature, as Tris buffers
have high temperature sensitivity (AppliChem, 2008). Also, it is important for the pH
to be close to 8.3, which is higher than the isoelectric point of most proteins, so that
proteins carry a net negative charge and migrate toward the anode (positively charged
electrode) for adsorption on the positively charged PVDF membrane (Egger & Bienz,
1994).

Fixation of proteins on PVDF

Subsequent treatment of PVDF membranes with buffers containing Tween 20 (addressed
in the next section) may strip proteins, reducing accuracy in the quantification of phos-
phorylation. To reduce the loss of proteins, fixation of proteins with glutaraldehyde treat-
ment of the PVDF membranes after blotting can be introduced. Although we do not ex-
plore the differences arising from including versus omitting such a protein fixation step,
this has been successfully used in other protocols and is worth considering (Fiesel, Hudec,
& Springer, 2016; Takeya et al., 2018; Takeya, Loutzenhiser, Shiraishi, Loutzenhiser, &
Walsh, 2008). The fixation is typically done before blocking of the blotted membrane, us-
ing 0.25%-0.5% glutaraldehyde for 20-45 min with shaking, and is followed by a washing
step. Depending on the abundance of the protein of interest, this step must be optimized
accordingly.Markandran et al.
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Immunostaining

5% bovine serum albumin (BSA) dissolved in Tris-buffered saline/2% Tween 20 buffer
can be used to block all potential antibody binding sites (antigens) of proteins on the
PVDF membrane. This prevents nonspecific binding of antibodies and thus increases the
signal-to-noise ratio. When antibodies are added, they displace BSA and bind to their
respective antigen of interest as they have a higher affinity for the binding sites than for
BSA (Jensen, 2012). The recommended dilution factor for antibodies is usually provided
in the product specifications. Using the range provided as a guide, an optimization pro-
cedure can be performed to determine the most appropriate dilution factor to detect the
protein of interest (data not shown) and avoid signal saturation, which would be dele-
terious to quantitative analysis. The membranes are washed in Tris-buffered saline/2%
Tween 20 to remove excess antibodies.

Secondary antibodies with different types of labels (for example, Alexa Fluor and
horseradish peroxidase) are used to observe the protein of interest, depending on the
availability of instrumentation for quantitative assays. Here, secondary antibodies con-
jugated with horseradish peroxidase were used together with chemiluminescent reagents
to visualize the protein bands.

Imaging and quantification

As mentioned in the previous section, chemiluminescent reagents are useful for visu-
alizing protein bands on blots as the reagents become oxidized by horseradish peroxi-
dase. The oxidation emits a signal (light) that is detected with the Bio-Rad ChemiDoc
MP-Imaging system and captured using the ImageLab5.2 software. Commercially avail-
able chemiluminescent reagents eact with proteins even in the picogram and femtogram
concentration ranges. To obtain results that can be compared from membrane to mem-
brane, the scanning duration must be kept constant among the different blots.

If film-based methods are used to detect the chemiluminescent signals, the films must
be scanned using transmission mode instead of reflection mode to capture an image for
densitometric analysis. That is, the light source and detector must be on the opposite
sides of the scanner. Also, the scanner must provide a linear intensity response. These
two factors are essential to obtain accurate densitometric values. Thus, office scanners
are not reliable for scanning and interpreting the results from film-based methods (Tiago
Ferreira, 2012). Again, to obtain results that can be compared between blots, the duration
of exposure of the blots to the films must be kept constant.

To ensure reproducibility among different blots, the image-processing steps must be done
the same way for each blot image. The area (aspect ratio) of the region of interest analyzed
must be equal, as the densitometric values are computed from the product of the region
of interest area and the gray values of all pixels (Tiago Ferreira, 2012). In our analysis,
the only modification done to the image was to convert it to an 8-bit image using ImageJ
before measuring the area density of bands.

Attention to the parameters described above, together with systematic optimization pro-
cesses, will improve the usability and reliability of Phos-tag gels for phosphorylation
studies.

SAFETY CONSIDERATIONS

Chemicals

CAUTION: The monomer of polyacrylamide used for gel casting is probably carcino-
genic and can result in peripheral neuropathy. It is important to handle polyacrylamides
in a fume hood while wearing personal protective equipment such as goggles, nitrile Markandran et al.
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gloves, and lab coats. In the case of splashes, immediately replace gloves. The polymer-
ized gel is not toxic and can be disposed of in biosafety bags.

Hydrochloric acid and sodium hydroxide solutions of high concentrations may be used
to alter the pH of various solutions. Methanol is also used to activate PVDF membranes
and in the transfer buffer. Spillage of solutions containing these chemicals can result in
skin irritation and organ damage. Furthermore, they produce fumes that can be dangerous
upon inhalation. Care should be taken to handle these chemicals with personal protective
equipment in a well-ventilated area such as fume hoods.

Experimental waste (e.g., used chemicals) must be disposed of appropriately according
to institution’s policies.

Electrical Safety

When performing electrophoresis and western blotting, the equipment is able to supply
up to 300 V, which can result in lethal shocks. Do not use other plugs or banana jacks
which may not be safety compliant for use with the power supply. Ensure that the power
supply is connected to a grounded three-prong AC outlet. When handling the power sup-
ply, do not grasp both voltage leads at the same time. Conduct frequent checks of the
equipment to ensure that there are no exposed wires. When removing gels or blots after
runs, ensure that the power supply is turned off beforehand.

Risk of Burns

Heating must be performed before protein samples are loaded and during gel staining.
Temperatures can reach as high as 100°C, which can result in burns. Care must be taken
when handling any heated samples and equipment as there is a possibility of burns.

BASIC
PROTOCOL

Mn2+-PHOS-TAG GEL ELECTROPHORESIS TO RESOLVE
PHOSPHORYLATED PROTEINS FROM CARDIOMYOCYTES

By considering the parameters that have been discussed in this paper, we have optimized
a Phos-tag protocol for detecting phosphorylated low-molecular-weight (∼20 kDa) pro-
teins from C57BL/6 mouse cardiac tissues. Although this protocol has been written
specifically for cardiac tissues, it can be easily optimized for proteins from other tissue
sources by taking into consideration the factors presented in Table 4.

Materials

70% (v/v) ethanol
Milli-Q deionized water (0.55 nS/cm conductivity)
30% (w/v) 29:1 acrylamide/bisacrylamide solution
1.5 M Tris/0.4% SDS, pH 8.8 (see recipe)
10% (w/v) SDS
10 mM MnCl2
5 mM Phos-tag in 3% (v/v) methanol
Tetramethylethylenediamine (TEMED)
10% (w/v) ammonium persulfate (see recipe)
100% ethanol
0.5 M Tris/0.4% SDS, pH 6.8 (see recipe)
1× electrophoresis running buffer (see recipe)
Protein sample extracted for analysis
Protein ladder
1× loading buffer (Laemmli buffer; see recipe)
100% all-purpose bleach
1× transfer buffer (see recipe)Markandran et al.
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Table 4 Overview of Typical Best Approach and Time Required

Day 0 (sample preparation)

Step Key optimized conditions Time
a

Muscle
pulverization

Mechanical pulverization using mortar and pestle for small
volumes of muscle tissue.
Rapid heating of pulverized particles on 100°C heat block for
5 min to ensure thorough denaturation of proteins.

Dependent on the number of
samples to process

Protein extraction Avoid any treatment with PBS or phosphate-containing
chemicals.
Laemmli buffer is suitable and effective for muscle tissues (use
20 μl/mg for muscles).
Centrifugation of lysate at maximum speed (or 20,000 × g) for
2 min at room temperature to remove nucleic acids and
membranes as pellet to prevent smearing of proteins.

Day 1 (total duration: ∼9.5 hr)

Step Key optimized conditions Time

Gel casting Polyacrylamide percentage of 10%-15%.
Phos-tag concentration of 25 μM in resolving gel to balance
resolution of separation and transfer efficiency.
Lysate proteins loaded per well of 20-300 μg, depending on
protein abundance, for sufficient signal without overloading.

Preparations for casting gel:
30 min
Casting resolving and stack
gels: 135 min

Gel
electrophoresis
and preparation
for western
blotting

Ideally only one gel at a time should be run in each
electrophoresis tank. If two must be gels in a single tank, ensure
it is wrapped with wet towels throughout.
140-160 V constant voltage to limit heating of buffer and gel.
Electrophoresis duration of 150 min.
Gel treatment with EDTA to chelate Mn2+ ions for increased
transfer efficiency. Subsequent washes needed to remove EDTA.

Running gel: 150 min
Gel treatment and washes:
70 min

Western blotting
and primary
antibody
incubation

Polyvinylidene fluoride membrane of pore size 0.2 μM suitable
for proteins of 15-150 kDa
Transfer buffer without sodium dodecyl sulfate for smaller
proteins (∼19 kDa). Methanol limited to 20% of transfer buffer,
and eliminated for high-molecular-weight proteins.
Blocking with 5% BSA in Tris-buffered saline/2% Tween 20
buffer.
Optimize dilution factor for antibodies based on range specified in
product specification.

Western blotting: 60 min
Blocking: 60 min
Buffer washing time: 60 min
Primary antibody incubation:
Overnight or ≥14 hr

Day 2 (total duration: ∼3 hr)

Step Key optimized conditions Time

Washes and
secondary
antibody
incubation

Use secondary antibodies with appropriate labels based on
instruments available in the laboratory (e.g., secondary antibodies
conjugated with horseradish peroxide with chemiluminescent
reagents).

Washes post primary
antibody: 30 min
Secondary antibody
incubation: 60 min
Washes post secondary
antibody: 30 min

Staining and
incubation

For film-based methods, transmission mode must be used to
detect chemiluminescent signals.
Scanners must provide linear intensity response.
Scanning duration and area of the region of interest analyzed must
be equal for comparison between membranes.

60 min (including a
30-min buffer time)

a
Timing may vary depending on the number of gels and membranes handled. This timing is applicable when experimenting with one gel and membrane.
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Table 5 Composition of 25 μM Phos-Tag Resolving Gel

Component Volume

Deionized water 1.08 ml

30% (w/v) 29:1 acrylamide/bisacrylamide solution 2.475 ml

1.5 M Tris/0.4% SDS, pH 8.8 1.25 ml

10% SDS 50 μl

10 mM MnCl2 25 μl

5 mM Phos-tag in 3% (v/v) methanol 25 μl

Tetramethylethylenediamine 7.15 μl

10% ammonium persulfate 35.75 μl

1× transfer buffer with EDTA (see recipe)
Primary antibodies (e.g., regulatory light chain–targeted antibodies, Abcam

ab92721) and secondary antibodies
1× Tris-buffered saline/2% Tween 20 (see recipe)
1× blocking buffer (see recipe)
Chemiluminescent reagent (e.g., Bio-Rad 1705061)

Blotting paper
Electrophoresis equipment (e.g., using Bio-Rad Mini-PROTEAN vertical

electrophoresis cell module and Bio-Rad PowerPac Basic Electrophoresis Power
Supply, assembled with short plates, spacer plates, integrated spacers, cell
bugger dams, combs, casting stand gaskets, casting stand, casting frame, buffer
tank, cell lid with power cables, and gel holder cassette)

Western blotting equipment: foam pads, thick blot filter paper, central core
Imaging system (such as ChemiDoc MP from Bio-Rad)
100°C heating block, for denaturing pulverized proteins
Microwave
Software: ImageLab 5.2 (Bio-Rad), PeakFit v.4.12 (SeaSolve Software), and

ImageJ 1.51j8 (National Institutes of Health, USA)

NOTE: Besides the abovementioned companies, electrophoresis and imaging equipment
is available from other suppliers such as Thermo Fisher, Bio-Rad, Analytik-Jena, Amer-
sham, or Licor.

Day 1: Gel casting
1. Clean short and spacer plates thoroughly with 70% ethanol and then with deionized

water (Milli-Q; 0.55 nS/cm conductivity). Using clean plates reduces the risk of
distortions in the protein bands.

2. Assemble the plates on a casting stand and fill with deionized water to the brim.
Check that the glass plates are assembled properly. Improper assembly results in
water leakage and the level of water in between the glass plates gradually drops.

Tip: 1000-μl pipette tips can be slotted in between the clips to strengthen the clamp be-
tween the spacer plate and the rubber strip to prevent leakage.

3. Once the gel casting setup is ready, prepare the resolving gel with 25 μM Phos-tag,
as shown in Table 5.

IMPORTANT NOTE: The gel must be freshly prepared on the day of the experiment.

4. Add the resolving gel constituents and ensure they are thoroughly mixed before
pouring 4.5 ml into the gel casting setup. Add 100% ethanol to the gel casting setupMarkandran et al.
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Table 6 Composition of Stacking Gel

Component Volume

Deionized water 1.5 ml

30% (w/v) 29:1 acrylamide/bisacrylamide solution 0.35 ml

0.5 M Tris/0.4% SDS, pH 6.8 0.625 ml

Tetramethylethylenediamine 10 μl

10% ammonium persulfate 12.5 μl

to the brim and gently shake the gel cast from side to side, making sure that the denser
gel mixture settles and forms a straight front line. Leave the gel to polymerize for
90 min. Tip: The ratio of Phos-tag concentration to MnCl2 concentration is 1:2, as
2 mol of Mn2+ ions bind to 1 mol of Phos-tag molecule.

IMPORTANT NOTE: Ensuring the presence of a straight front line in the gel will ensure
that the proteins loaded in all lanes enter the resolving gel at the same time.

5. About 75 min into the polymerization of the resolving gel, prepare the stacking gel,
as shown in Table 6. A stacking gel of ∼25 mm depth is a gel of low acrylamide
content into which proteins migrate rapidly. It improves the sharpness of the protein
bands.

6. Decant the ethanol, and rinse the gel front with deionized water three times. Remove
as much water as possible by tilting the casting stand, and absorb the small amount
of water remaining on the edges using a clean tissue.

7. Pour the stacking gel solution to the brim of the plates and insert a clean 15-well
comb into the gap. Leave the stacking gel to polymerize for 45 min.

8. While waiting for polymerization, clean the tanks and tank lid for electrophoresis
and prepare the electrophoresis running buffer (25 mM Tris, 192 mM glycine, 0.1%
SDS; see recipe). Thaw the aliquoted protein samples on ice.

9. After the 45 min are over, carefully remove the gel comb from the stacking gel, and
rinse the top of the gel with water to remove bubbles and any impurities.

Tip: This step must be done gently as the wells are very delicate.

10. Position the plates in the vertical electrophoresis apparatus and place them into the
electrophoresis tank. Gently pour the electrophoresis running buffer into the tank up
till the recommended level marked on it.

Tip: For optimal electrophoresis, it is advisable to reuse buffer only once.

Day 1: Gel electrophoresis
11. Load the proteins and protein ladder for calibrating molecular weights into the wells.

Empty wells must be loaded with loading buffer (Laemmli buffer) to prevent inter-
lane buffer concentration gradients, which may lead to distorted protein bands.

Checkpoint: Quality control of the gel can be conducted at this point by loading lanes
with control phosphorylated proteins. This can be done by cutting out the portion of the
gel containing the control proteins (before subjecting the rest of the gel to western blotting
procedures) and staining it with Coomassie stain. If there is separation between the phos-
phorylated proteins and their unphosphorylated counterparts, the gel polymerization is
deemed successful.

Tip: Most protein ladders are incompatible with Phos-tag gels. Hence, they only serve as
an indicative marker of successful protein transfer during western blot.

Markandran et al.
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Figure 8 (A) Cross-section of cassette assembly before placement of PVDF membrane and
polyacrylamide gel. (B) Cross-section of cassette assembly after placement of PVDF membrane
and polyacrylamide gel.

12. Set the PowerPacTM Basic Power Supply to operate for 2 hr 30 min at 140 V.

IMPORTANT NOTE: Ensure that the buffer level is maintained to the brim throughout
the run for optimal electrophoresis.

Tip: Plastic containers used for washing gels, staining, and blocking blots should be
washed with 100% all-purpose bleach. This will reduce background signal on blots. Do
this by pouring the bleach into the containers and shaking them on a seesaw rocker for
at least 2 hr at 70 rpm.

13. After electrophoresis, transfer the gel to a container containing 15 ml of transfer
buffer with 10 mM EDTA. Agitate the gel for 15 min on a seesaw rocker at 25 rpm
to remove as many Mn2+ ions as possible. Repeat this step once more.

IMPORTANT NOTE: It is important to agitate the gel at a low speed to minimize diffu-
sion of proteins.

Tip: Depending on the acrylamide concentration, this timing may need to be optimized.

14. Wash the gel with transfer buffer for 15 min at 25 rpm on a seesaw rocker. Repeat
this step once more.

15. Ten minutes before the end of the gel wash in transfer buffer, prepare the equipment
for western blotting. Two bleach-cleaned containers are required to contain methanol
and transfer buffer, respectively. Thorough washing of the transfer tanks, cassette,
foam pad and filter paper, roller, and forceps with deionized water is necessary.

Day 1: Western blotting
16. The PVDF membrane is shielded from dirt or impurities by being sandwiched be-

tween two protective papers. Cut the membrane (while it is still in between protective
papers) to an appropriate size such that it fully covers the protein band region of the
gel.

17. Assemble the clean cassette, foam pads, and wet filter paper as shown in Figure 8.

18. When the gel washes (step 14) are completed, activate the PVDF membrane by
submerging it in 100% methanol for 20 s. Gently swirl the container to ensure that
the air pockets in the membrane are fully displaced.

19. Transfer the activated membrane to the container containing transfer buffer to re-
move methanol from the membrane pockets, as methanol may inhibit the elution
of proteins from the gel and/or adhesion of proteins to the membrane. This can be
achieved by gently swirling the container.

20. Place the PVDF membrane on filter paper on the transparent/grey part of the cassette.
Markandran et al.
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Tip: Use a roller to roll out all air bubbles trapped in between the PVDF membrane and
filter paper.

21. Place the gel on the PVDF membrane and roll out any air bubbles again. The setup
will look like the schematic diagram in Figure 8.

22. Carefully bring together the two sides of the cassette and clamp them together. A
tight clamp will increase the contact between the gel and membrane and release
trapped air bubbles, if any.

23. The orientation of the cassette inserted into the electrode assembly is crucial as it af-
fects the direction of protein transfer. For the Bio-Rad assembly, the correct orienta-
tion is achieved when the black portion of the cassette faces the black wall (cathode)
of the electrode assembly.

Proteins transfer from the cathode to the anode, so the gel carrying the proteins should
be on the cathode side, and the membrane on the anode side during transfer.

24. After setting up the tank, electrode assembly, and cassette, place an ice pack in the
tank and quickly pour the transfer buffer into the tank to prevent the PVDF mem-
brane from drying. Ensure that the transfer buffer is adjusted to pH 8.3 at 4°C prior
to the blotting step.

25. Transport the setup to the cold room (∼4°C) and place the buffer tank lid. Adjust
the settings of the Bio-Rad PowerPac Basic to run at a constant current of 400 mA
for 60 min to start the blotting process.

26. After the proteins are blotted into the PVDF membrane, transfer the membrane to a
bleached container containing blocking buffer. Block the membrane for an hour at
room temperature on a seesaw rocker at a speed of 25-30 rpm.

Checkpoint: Because the protein ladder (molecular weight markers) is color coded, the
transfer of ladder proteins will be visible on the PVDF membrane and thus is an indica-
tion that the loaded proteins have been transferred in the correct direction.

27. Dilute primary antibodies in blocking buffer just before use. Prepare a total volume
of 10 ml of diluted antibodies in a 50-ml centrifuge tube (6250× dilution for regu-
latory light chain–targeted antibodies, Abcam ab92721). This volume is required to
fully cover the membrane to ensure that it remains hydrated.

28. Roll the PVDF membrane and place it in the 50-ml centrifuge tube containing the
primary antibodies. Then incubate it on a rod-rotating shaker at 20 rpm in the cold
room (∼4°C) overnight or for at least 14 hr.

Tip: It is advisable to use the reconstituted antibodies solution only once as the signal
becomes weaker as the antibodies are reused.

Day 2: Washes and secondary antibody incubation
29. Add Tris-buffered saline/2% Tween 20 to one of the bleached containers (from the

day before) to cover the membrane entirely.

30. Transfer the PVDF membrane incubated in primary antibody to the container con-
taining Tris-buffered saline/2% Tween 20. Wash the membrane on a see-saw rocker
at 70 rpm for 10 min. Repeat this step twice more to remove as much nonspecific
primary antibody binding as possible.

31. During the last 10 min of the third wash, add the secondary antibodies. They are
reconstituted in a total of 10 ml of blocking buffer (1429× dilution) in a 50-ml
centrifuge tube. Incubate the membrane as for the primary antibodies (step 28), but
for 1 hr at room temperature.

Tip: It is advisable to use the reconstituted antibodies only once for Phos-tag gels. Markandran et al.
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32. Wash the membrane with Tris-buffered saline/2% Tween 20 on a see-saw rocker
at 70 rpm for 10 min. Repeat this step twice more to remove as much nonspecific
secondary antibody binding as possible.

Day 2: Staining and imaging
33. After the washes, rinse the membrane in water, submerge it in the chemiluminescent

reagent (contained in a bleached container) for 10 s, and immediately image using
the Bio-Rad ChemiDoc MP Imaging system.

Because horseradish-peroxidase-conjugated secondary antibodies are used, chemilumi-
nescent reagents are required to visualize the protein of interest.

Tip: Take note of the detection limit of the reagents and check whether it is compatible
with the abundance of your protein of interest.

34. Capture the image and export it in both TIFF and JPEG format using the Image-
Lab5.2 software.

35. Measure phosphorylation from the images using ImageJ and peak-fitting software
such as PeakFit v4.12.

REAGENTS AND SOLUTIONS

Ammonium persulfate, 10%

1 g ammonium persulfate
10 ml water

CAUTION: 10% (w/v) ammonium persulfate must be prepared on the day of exper-
iment (no more than 24 hr before use; store at 4°C once prepared).

Blocking buffer, 1×
1× Tris-buffered saline (see recipe), pH 8.1
2% Tween 20
5% bovine serum albumin (BSA)
Stable for at least 1 month when stored at 4°C.

Electrophoresis running buffer, 10×
250 mM Tris�Cl, pH 8.1
1.92 M glycine
10% (w/v) sodium dodecyl sulfate (SDS)
Store at room temperature; functional for at least 6 months.

Laemmli buffer, 1× (loading buffer)

62.5 mM Tris�Cl, pH 6.8
2% (w/v) SDS
10% (v/v) glycerol
50 mM dithiothreitol
0.004% (w/v) bromophenol blue
6.7 M urea
Store at room temperature; stable for only ∼10 hr

CAUTION: Because reducing agents such as dithiothreitol have a short half-life
due to oxidation in air, that must be added to the buffer minutes before the pro-
tein extraction steps to optimally reduce the disulfide bonds between cysteine
residues.

Markandran et al.
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MnCl2, 10 mM

125.84 mg MnCl2
Dilute to 100 ml with water
Store at room temperature; stable for at least 6 months

Transfer buffer with EDTA, 1×
25 mM Tris, pH 8.3
192 mM glycine
20% (v/v) methanol
10 mM ethylenediaminetetraacetic acid (EDTA)
Store at room temperature; stable for at least 2 months

Transfer buffer, 1×
25 mM Tris, pH 8.3
192 mM glycine
20% (v/v) methanol
Store at room temperature; stable for at least 2 months

0.5 M Tris/0.4% SDS, pH 6.8

30.285 g Tris base
2 g SDS
Dilute to 500 ml with water and adjust pH to 6.8
Store at room temperature; stable for at least 6 months

1.5 M Tris/0.4% SDS, pH 8.8

90.855 g Tris base
2 g SDS
Dilute to 500 ml with water and adjust pH to 8.8
Store at room temperature; stable for at least 6 months

Tris-buffered saline

20 mM Tris, pH 8.1
150 mM NaCl
Store at room temperature; stable for at least 1 month

Tris-buffered saline/2% Tween 20, 1×
20 mM Tris, pH 8.1
150 mM NaCl
2% Tween 20
Store at room temperature; stable for at least 1 month

COMMENTARY

Critical Parameters and
Troubleshooting

Variations in the protocol are inevitable due
to the sensitivity of Phos-tag gels in response
to different samples being used. Hence, this
article was written to attend to these varia-
tions and enable scientists to easily follow the
guidelines to optimize a protocol so as to an-
swer their unique scientific questions.

Table 7 presents a list of problems that may
arise with this procedure along with their pos-
sible causes and solutions.

Understanding Results
Phos-tag gel electrophoresis detects low-

abundance phosphoproteins at high through-
put and hence enables rapid data collection. It
is relatively low in cost compared to tools such
as Phospho-ELISA kits. The dynamic changes
in proteins’ phosphorylation levels during dis-
ease progression or in response to various con-
ditions can be identified through longitudinal
studies using Phos-tag gel to map out potential
pathophysiological pathways. For example,
Mn2+ Phos-tag gels were used to detect and Markandran et al.
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Table 7 Troubleshooting Guide for Phos-Tag SDS-PAGE with Western Blotting

Problem Possible cause Solution

Distortion of
bands

Blank lanes leading to a
concentration gradient causing
diffusion

Add equal volume of Laemmli buffer into
the blank lanes to eliminate the
concentration gradient.

Smearing of
bands (“smiling”-
shaped bands)

Uneven heat distribution or excess
heat

Ensure that only one gel is run in each
electrophoresis tank at a time. If it is
necessary to run more than one gel at a time,
wrap the electrophoresis tank with wet
towels and replace at least once during the
entire run to remove excess heat.

Poor transfer to
membrane

Poor contact between the gel and
membranes

Ensure that there are no air bubbles between
the gel and membrane before western
blotting.

Mn2+ ions in the Phos-tag metal
ion complex reducing the transfer
efficiency of phosphorylated
proteins

Slightly increase the duration of EDTA
washes to chelate Mn2+ ions.

Poor resolution Gel- or electrophoresis-related
problems

Perform optimization of (i) polyacrylamide
concentration, (ii) Phos-tag concentration,
and (iii) electrophoresis conditions, as
detailed in Strategic Planning.

analyze multiple phosphorylatable residues of
myosin targeting subunit 1 of myosin light
chain phosphatase (a key subfragment regula-
tory protein) from rat caudal arterial smooth
muscle, under varying chemical perturbations,
as shown in Figure 9 (Sutherland et al., 2016).

Kinase/phosphatase activity (kinomics)
plays an important role in pathological mech-
anisms. Phos-tag gels are also useful for
uncovering activities of these enzymes dur-
ing disease progression (Barbieri & Stock,
2008; Hosokawa, Saito, Asada, Fukunaga, &
Hisanaga, 2010; Ito et al., 2016; Kinoshita
et al., 2009a). Phos-tag gels enable the
identification of novel or altered signaling
pathways, which can lead to the identification
of therapeutic targets for diseases (Berard,
Kroeker, McQueen, & Coombs, 2018).

Total phosphorylation level
The key data that can be obtained from

Phos-tag gels are total phosphorylation levels.
Phosphorylated proteins band(s) appear above
unphosphorylated proteins due to their slower
rates of migration. It is also reported that Phos-
tag polyacrylamide gels are able to separate
proteins based on the phosphorylation site,
rather than the overall molecular weight (Ki-
noshita et al., 2008).

In proteins with multiple phosphorylation
sites, more than two bands will be seen due to
the presence of multiple possible phosphoryla-

tion states (mono- and diphosphorylated pro-
teins, etc.). In some images, the separation of
protein bands is not very distinct, but curve fit-
ting (PeakFitv4.12) provides the ability to de-
tect the density of individual bands and to re-
liably measure protein abundance.

To quantify phosphorylation levels, calcu-
late the ratio of the intensity of the sum of
phosphorylated bands (mono- [represented as
1P] and/or diphosphorylated [represented as
2P] proteins) to the total proteins (unphos-
phorylated [lowest band] + phosphorylated
bands). The intensity of the protein bands are
calculated based on pixel values, given in arbi-
trary units, by ImageJ. A higher value implies
greater intensity. The steps to calculate phos-
phorylation levels of proteins are shown be-
low. A working example with mouse cardiac
regulatory light chains (RLC) resolved with
50 μM Phos-tag (Fig. 3) is presented below.
The formula to calculate phosphorylation level
is:

= (intensity of 2P ∗ 2) + intensity of 1P

intensity of 2P + 1P + 0P

= (4476.3 ∗ 2) + 2139.5)

4476.3 + 2139.5 + 26367

= 0.34 molPi/mol RLC

Phosphorylation levels calculated using
Phos-tag gels, and urea-glycerol polyacry-
lamide gels (the traditional method for

Markandran et al.
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Figure 9 Calyculin A–induced phospho-
rylation of LC20 and MYPT1 in intact rat
caudal arterial smooth muscle. (A) Phos-tag
SDS-PAGE of Triton-skinned rat caudal arterial
smooth muscle strips treated for 60 min with
microcystin (1 μM) or intact strips treated for
60 min with calyculin A (0.5 μM) and subjected
to western blotting with anti-MYPT1. Purified,
unphosphorylated, recombinant full-length
MYPT1 (MYPT1) is included for comparison.
Data are representative of five independent
experiments. (B) Intact smooth muscle strips
incubated with 0.5 μM calyculin A in the
presence of Ca2+ for the indicated times were
subjected to Phos-tag SDS-PAGE and western
blotting with anti-MYPT1 (pan-MYPT1), anti-
phosphorylated (Thr697) MYPT1 (pT697),
anti-phosphorylated (Thr855) MYPT1 (pT855),
anti-phosphorylated (Ser696/Thr697) MYPT1
(pS696pT697), and anti-phosphorylated
(Ser854/Thr855) MYPT1 (pS854pT855).
Horizontal bars at left of western blots for
pan-MYPT1, pT697, and pT855 indicate that
the major band recognized by the pan-MYPT1
antibody at time 0 corresponds to the major
band recognized by pT697 and to a minor
band recognized by pT855, as confirmed by
reprobing with the complementary antibody.
Data are representative of three independent
experiments. This figure and caption are
reproduced with permission from Sutherland
et al. (2016).

resolving phosphorylated proteins from their
counterparts) showed no significant differ-
ences, suggesting that Phos-tag gels are
as reliable as urea-glycerol gels (Fig. 10).
Urea-glycerol and Phos-tag gels separate
proteins using different mechanisms, causing
phosphorylated proteins to appear differ-

Figure 10 Comparing a Phos-tag gel with a
urea-glycerol gel. Both methods give similar
measurement of phosphorylation level in the
phosphorylated recombinant regulatory light-
chain protein sample. 0P refers to the un-
phosphorylated regulatory light chains and 1P
refers to singly phosphorylated regulatory light
chains. Phos-tag gels separate proteins based
on their weight, whereas urea-glycerol gels
separate proteins based on their charge dif-
ferences. In Phos-tag gels, the heavier (phos-
phorylated) proteins migrate more slowly than
their unphosphorylated counterparts, whereas
in urea-glycerol gels, the more negatively
charged proteins migrate more rapidly.

ently in faster and slower migration bands,
respectively. In Phos-tag gels, the binding
of SDS to proteins occurs at a consistent
charge-to-mass ratio. This masks the intrinsic
charge of proteins, allowing the separation
of proteins by weight (Gallagher, 2012) and
causing in the tagged phosphorylated proteins
to appear to have a higher molecular weight
and migrate more slowly than their unphos-
phorylated counterparts (Kinoshita et al.,
2009a). In urea-glycerol gels, phosphorylated
and unphosphorylated myosin light-chain
species are separated based on their charge
differences at the pH value of the buffer (Per-
rie, Smillie, & Perry, 1973), where the more
negatively charged proteins migrate faster
(Persechini, Kamm, & Stull, 1986). Our
experimental conditions allowed for faster
migration of the phosphorylated proteins.

PeakFit v4.12
PeakFit is a software that semi-

automatically resolves protein bands on gel or
Markandran et al.
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blot images read by ImageJ. The coordinates
of intensity peaks generated by ImageJ are
obtained via the macro function codes. The
coordinates can be saved as a MS-DOS file
to run compatibly in PeakFit software. Con-
straints can be adjusted in PeakFit to fit the
peaks as accurately as possible. The macro
function codes (https:// forum.image.sc/ t/
x-and-y-duplicates-when-exporting-coordina
tes-of -an-outline/7420) are provided
below:

h = getHeight(); run("Make
Binary");
run("Skeletonize");
run("Invert LUT"); doWand(0,
0.5*h);
getSelectionCoordinates(x,
y);

tabDelText = "" for (i = 0; i
< ×.length; i++)
{tabDelText += "" + ×[i] +
"\t" + y[i] + "\n";} path =
getDirectory("Choose a
Directory");
File.saveString(tabDelText,
path + "myTabDelText.txt");

Further research
The principle behind the separation of

phosphoproteins on the basis of their phospho-
rylation sites is unclear, but it may be related
to the effect that gives rise to different mobil-
ities for cardiac and skeletal regulatory light
chains, as mentioned earlier. Further experi-
ments should be designed to uncover the cause
of such results. This will expand the use of
Phos-tag polyacrylamide gels.

Alternatively, 2D-Phos-tag gel elec-
trophoresis (isoelectric focusing + Phos-tag
gel electrophoresis) separates phosphopro-
teins isotypes better. The blots need to be
stained with different primary and secondary
antibodies to detect the proteins phosphory-
lated at specific sites. The gels can also be
analyzed using mass spectrometry to verify
the phosphoisoproteins. This strategy has
been applied in a previous study to determine
the phosphorylation sites of intracellular
β-catenin (Kinoshita, Kinoshita-Kikuta, &
Koike, 2012).
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