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Understanding Western Blot Normalization

1. Introduction

Researchers rely on Western blotting (also called immunoblotting) to detect and compare target proteins
in complex samples. This trusted technique has become a widely-used tool for quantitative analysis and
comparison of relative protein levels.

Quantitative immunoblotting relies on internal loading controls to confirm that changes observed in target
protein abundance represent actual differences between the protein samples. Internal loading controls
verify that samples are uniformly loaded across the gel, confirm consistent transfer from gel to membrane,
and enable comparison of relative protein levels among samples.

Sample-to-sample variability is inevitable, even when sample concentrations are adjusted for uniform load-
ing. Internal loading controls can mathematically compensate and correct for this variation. This process is
called normalization, and is used to improve the accuracy and reproducibility of quantitative Western blot
analysis. Careful, appropriate normalization is critical for meaningful comparison of relative protein levels
and responses, and is particularly crucial when small or subtle responses are reported.’® Accurate nor-
malization begins with careful experimental design, to reduce the amount of sample-to-sample correction
required. Reducing or eliminating sources of error will improve sample reproducibility and minimize the
contribution of normalization to data analysis.

Internal loading controls are an important part of immunoblotting studies, and are often required for publi-
cation. But what's the best way to use internal controls for normalization and quantitative analysis? Many
researchers who use a “housekeeping protein” (such as actin or tubulin) as an internal loading control
assume that this method is reliable, because it's widely published. But recent studies indicate that house-
keeping proteins are sometimes less reliable than expected as loading controls.*®

This raises a number of questions. What's the best normalization strategy? How do loading controls affect
the statistical properties of the data?'® Is it better to stick with what we know, or explore different ways of
thinking? As journals change their reporting requirements, what will editors and reviewers expect?

These questions circle back to the role of internal loading controls: confirming that the changes you see on
the blot reflect actual change in the composition and/or biology of your samples. To demonstrate statisti-
cally significant changes in the abundance of target protein, you need a reliable normalization strategy that
fits the context and biology of your experiment. But normalization can be more complex than it appears.
It's important to understand the limits of each normalization approach — because your current method may
not be the best fit for your experimental conditions.

This paper describes important considerations, strengths, and limitations of commonly used loading con-
trols and normalization methods, to assist you in choosing a reliable method for your experimental con-
text. Alternative approaches to Western blot normalization are examined, and the effects of normalization
strategy on resulting data are explored. Important considerations for using a single internal loading control
protein are discussed, as well as emerging alternatives like total protein staining that use aggregate mea-
surements for normalization of sample loading.

LI-COR Biosciences Page 2



Understanding Western Blot Normalization

2. Understanding Western blot normalization
2.1 How does normalization work?

Quantitative immunoblotting is often used for ratiometric analysis, to compare relative protein levels
across a group of samples. Relative comparison requires that ALL samples be uniformly loaded with
equal amounts of sample protein, without variation; ratiometric analysis is based on this fundamental
assumption. But complete uniformity is a flawed assumption. A variety of factors can introduce unavoid-
able sample variability and inconsistency across each blot.™

In quantitative immunoblot analysis, a target protein is measured in samples from various experimental
conditions. The intensity of each target protein band is then divided by the intensity of the internal load-
ing control for that sample. This adjusts target protein signals with respect to small, unavoidable varia-
tions in cell number and sample loading.' The ratio of target protein to loading control is then used to
compare target protein abundance in different samples (Fig. 1).

The concept of normalization assumes that both measures (target protein and loading control) are de-
pendent on sample concentration, and they will vary together to the same degree." If this is true, calcu-
lating the ratio of target protein to internal control (i.e., dividing or “normalizing” by the loading control)
will correct for variability. Accuracy of the normalization process is critical for quantitative analysis and
meaningful comparison of protein samples.
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Figure 1. Normalization makes quantitative analysis more accurate. Internal loading controls and normalization ensure that
observed changes in protein levels represent actual change in protein samples, not experimental artifacts. A) Raw data (not nor-
malized). Target protein levels (red) are variable, with sample 4 showing the lowest protein level. B) Normalized data. The internal
control protein (green) reveals that protein loading was inconsistent. The normalized data demonstrate that target protein levels
are very similar in all samples.

Reducing or eliminating sources of variability throughout the experiment will improve sample repro-
ducibility. This minimizes the amount of correction applied by normalization, enhancing the precision
and reproducibility of sample-to-sample comparisons. Normalization is intended to compensate for
small and unavoidable variation between samples, and cannot completely remove variability. If samples
are inconsistent or large data corrections are applied, accuracy may be affected.
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Precision and accuracy are even more crucial for interpretation of small changes in protein expression.®
Reproducible measurement of a small response demands a much higher level of precision than a strong
response, because the magnitude of the response must exceed the variability of the assay. If an immu-
noblot assay displays 20 - 30% variability (often cited as a typical coefficient of variation for Western
blotting™'"?), the measured response must exceed that variation by a statistically significant margin.

If assay variability is low, it may be possible to reproducibly document a subtle response. Effective,
carefully-planned normalization will more accurately reflect the amount of protein in each lane, and

the actual composition of the samples.

2.2 Reporting normalization in published studies

Normalization is very relevant to the ongoing conversation about reproducibility in science. Although
normalization is critical for quantitative immunoblotting, published studies frequently omit the experi-
mental details needed for other researchers to evaluate the results.’>'® Fortunately, scientific publishers
are now increasing transparency — asking authors to report the “routine” details of their experimental
methods, including data analysis methods such as immunoblot normalization.

In response to concerns about reproducibility, Nature and the Nature research journals introduced new
editorial measures.'® The updated guidelines ask authors to “describe methodological parameters that
can introduce bias or influence robustness, and provide precise characterization of key reagents that
may be subject to biological variability...[as well as] more precise descriptions of statistics”. Space
restrictions in the methods section were abolished to encourage detailed descriptions of experimental
design and methods.”™ As more journals move in this direction, other publishers, and even funding
agencies, may follow suit.

3. Common loading controls and normalization methods

A variety of biological factors can introduce error in Western blot analysis. The cell number may change in
response to cell death or stimuli. Confluency of cultured cells drives considerable variability in protein ex-
pression.' Structural and metabolic proteins thought to have stable expression may be affected by growth
conditions, stimuli, cell type, developmental stage, and other factors.*® Biological context can and should
influence the selection of appropriate internal loading controls and normalization strategies. It's not only
important to have an internal control, but also to understand why that control is appropriate for the context
and biology of the experiment.

An effective loading control meets two requirements: its expression is relatively constant across condi-
tions and samples relevant to the experiment, and the resulting signal intensity is a linear representation of
loading control abundance. If a single internal loading control cannot meet both requirements, more than
one loading control should be used in that experiment.'"" As evidence emerges that single loading controls
may not consistently meet both criteria, aggregate methods of normalization for quantitative immunoblot
analysis are becoming popular alternatives.

A recent study reframed commonly-used normalization strategies and evaluated their statistical impact on
data interpretation. Although this topic has been examined in depth for microarrays, the effects of normal-
ization on the coefficient of variation (CV) and interpretation of Western blot data aren’t well understood.
For each method, the authors explored the effects of loading control variability on the normalized data.
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Common immunoblot normalization strategies can be divided into two categories: normalization by a fixed
point (using a single internal control protein) and normalization by sum (using total protein staining or
multiple internal controls). The merits, liabilities, and statistical impact of each method are discussed below.

3.1 Normalization by a fixed point: Using an internal loading control protein

Normalization by a fixed point (using a single internal control protein) is the most commonly published
method.’® A second, unrelated protein that is common to all samples (often a “housekeeping protein”
such as actin, tubulin, or GAPDH) is typically detected on the same blot as the target protein. Expression
of the internal reference protein is assumed to be stable in all samples and unaffected by experimental
conditions, such that reference protein abundance is entirely dependent on sample concentration.

This approach divides the data for each sample by measurement of a single reference point in that sam-
ple, the internal control protein. Biological variability of that fixed point can introduce uncertainty and
increase the mean CV of the normalized data. The extent of influence depends on the choice of con-
trol for the experiment; internal controls with higher variability will more strongly affect data analysis.
Normalization by a fixed point reduces false positives in the normalized data (samples with no statisti-
cally-significant difference in protein level that are mistakenly identified as different in the data analysis).
But fixed-point analysis can also greatly increase the percentage of false negatives (samples that have
small but statistically-significant changes in protein level that are not identified by data analysis). As a
result, this method may sometimes fail to identify actual differences between samples.™

Using a single internal control protein alters the Western blot experiment. Rather than measuring the
level of target protein relative to a sample characteristic such as total protein or cell number, you are
measuring target protein levels relative to the protein selected as the internal control.”” That protein
may be very appropriate, if it is stably expressed and its abundance in all samples is dependent only
on sample concentration.

Recent studies, however, indicate that stable expression of housekeeping proteins shouldn’t always be
taken for granted.*® Although their expression is often thought to be relatively stable, steady-state levels
of these proteins are known to vary in different tissues, or to be altered by some experimental condi-
tions (discussed in section 7.1).4° If a single internal reference protein will be used for normalization,
stable expression should be validated with the appropriate sample types, experimental conditions, and
antibodies.’® This issue is explored in section 6, and several published examples are presented.

Band intensity and signal saturation also affect the accuracy of a single internal loading control. The
intensity of internal control bands should fall in the middle of the linear range of detection whenever
possible.’® But many proteins used as internal controls, such as actin and tubulin, are highly expressed
and generate strong bands — often falling outside the linear range of detection and becoming saturat-
ed.’311.13 Ag a result, signal intensity cannot increase in proportion to protein abundance. High-intensity
normalization points increase the mean CV of the normalized data and should be avoided.™

Saturation artifacts are very deceptive — they can mask actual variation in protein levels by underesti-

mating the amount of protein in the saturated bands. The similar intensities of saturated bands create
the false impression that protein levels are nearly equivalent (Fig. 2).
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Figure 2. Strong bands become saturated and underestimate protein abundance. Target protein was detected in serial dilu-
tions of NIH-3T3 cell lysate, using chemiluminescent substrate and 5-min film exposure. Strong signals (box) display saturation
because they fall outside the linear range of detection. Band intensity can no longer increase proportionately to indicate protein
abundance. As a result, the signal intensity of the saturated bands appears similar. High-intensity data points should not be
used as controls for normalization.

3.2 Normalization by sum: Using total protein staining or multiple internal loading controls

Some researchers recommend the use of multiple internal control proteins on each blot.""" This is a
form of normalization by sum, an aggregate method for analysis of protein levels. Normalization by sum,
using a multi-protein loading control strategy and aggregate measurements, is an emerging alternative
to the fixed-point normalization strategy. In this approach, the target protein signal for each sample is
divided by the sum of data obtained for that sample using total protein staining or multiple internal
control proteins.

Unlike the fixed-point strategy, normalization by sum generally does not introduce uncertainty. It
redistributes the uncertainty of the raw data in a mean-dependent manner, reducing the variability of
high-intensity measurements and increasing the variability of low-intensity measurements.™ This nor-
malization strategy may increase false positives for high-intensity data points.

3.2.1 Total protein staining

Total protein staining is one type of normalization by sum. This approach uses a stain or chemical
label to detect the total amount of sample protein and correct for variation. Total protein staining
measures the aggregate protein signal (sum) in each lane, and eliminates the error that can be
introduced by a single internal control protein.3591

Total protein staining is emerging as a reliable and widely applicable strategy for quantitative immu-
noblotting.?"" It directly monitors and compares the aggregate amount of sample protein in each
lane, rather than using an internal reference protein as a surrogate marker of sample concentration.
This direct, straightforward approach to protein quantification may increase the accuracy of normal-
ization. And it may also simplify your normalization workflow — because, unlike an internal control
protein, total protein staining does not require validation for each experimental context and biologi-
cal system.

An ideal total protein stain should meet several key requirements. It should produce linear signal
output in response to sample concentration, across a wide range; correct for variation at all points
in the Western blot process, including gel loading and transfer to membrane; and be compatible
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with downstream immunodetection of target proteins.”"2022 The linear range of detection should
be determined empirically to ensure that signal intensity is moderate, without saturation or low
signal-to-noise ratios.®

Total protein staining is performed by gel staining or by staining of the membrane after transfer.
Alternative methods for total protein detection, such as the Bio-Rad Stain-Free™ technology,
replace conventional staining methods with chemical labeling of the sample proteins before or
during electrophoresis. These methods are discussed in section 7.

3.2.2 Using multiple internal control proteins on a single blot

Multiple internal control proteins represent another approach to normalization in sum. In this strat-
egy, several internal control proteins are detected on the same blot, to provide a more thorough
assessment of sample loading. The band intensities of multiple loading controls are aggregated and
used to calculate a mean estimate of sample concentration. This aggregate strategy is less sensitive
to biological variability than a single loading control, but may require optimization.

A detailed 2015 study tested this approach, analyzing a single target protein in multiple cell lysate
samples (biological replicates) using a fluorescent immunoblot method.” An antibody cocktail was
also used to simultaneously detect five internal control proteins in each lane of the blot. After imag-
ing, data analysis examined the effect of each loading control, as well as various combinations of
loading controls, on reproducibility in these biological replicates. Without normalization, the coeffi-
cient of variation (CV) was 21%. Normalization with a single loading control produced variable CV
results, depending on the protein used. GAPDH normalization decreased the CV to 9%, whereas
normalization with tubulin did not improve the CV. The poor performance of tubulin in this experi-
ment is likely due to saturation effects.

When additional loading controls were included in the analysis, the CV steadily improved to 7-8%.
With more loading controls, reproducibility became less dependent on the specific combination of
controls used for analysis. Because multiple controls are averaged, saturation or variability of one
internal control has a negligible effect on the overall accuracy of normalization. This study con-
cludes that using a single internal control protein for normalization can be risky, and recommends
a multi-protein normalization strategy for quantitative immunoblot analysis. Three or more internal
loading controls are suggested, if the sample concentration is unknown or cannot be directly
measured.’

4. Important factors for effective normalization
4.1 Experimental design

Accurate normalization begins long before the gel is loaded, by carefully planning the experiment to
make normalization as unnecessary as possible.®"" Although normalization is a powerful method, it
cannot completely remove variation and should be used judiciously.

Throughout the experiment, methodological choices and seemingly minor variations will affect the
reproducibility and linearity of your immunoblot results. Without careful attention, immunoblotting may
produce pseudo-quantitative results that are not proportional to the input.’32° A thoughtfully planned
experimental strategy can control and reduce error, maximizing the consistency and reproducibility of
the resulting samples. This, in turn, minimizes both the amount of correction required and the contribu-
tion of normalization to your data analysis.
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A recent “Research Resource” article in Science Signaling proposed simple Western blot diagnostics
to identify and optimize a variety of factors that can affect your results.”'® Several of these factors are
briefly described here.

4.2 Sample preparation

Sample preparation can profoundly affect experimental outcome.’? Even minor inconsistencies in
plating, cell lysis, reagent volume, and other technical details can have a surprising impact.

Cell lysis conditions can affect sample composition, because they strongly influence protein extraction,
solubilization, and modification status. Relevant proteins may be lost in the insoluble fraction; experi-
mental treatments or stimuli may cause a shift between soluble and insoluble fractions.’

After sample preparation, a protein assay should be used to estimate the total protein concentration of
each sample. Bradford, BCA, and Lowry assays are widely used; Nanodrop assays (A, ) are an option
for cytosolic samples with no nucleic acid contamination.?®> The choice of protein assay should be in-
fluenced by the presence of detergents, buffers, or other components of your samples. Gel loading
should be adjusted according to the estimated protein concentration, and samples loaded as accu-
rately as possible to reduce the need for normalization."'® Some researchers run a “pilot gel” and use
Coomassie staining to confirm the results of the protein assay and fine-tune sample loading as needed.

4.3 Sample loading

Sample loading is a critical but underappreciated parameter. Many labs routinely load a specific, set
amount of total protein per lane, generally 10-50 pg.”*" Sample loading is rarely optimized, yet over-
loaded gels are a significant problem.?* If samples are overloaded, you may see very consistent band
densities for an abundant internal loading control protein. However, this deceptive similarity may occur
because those strong bands have exceeded the local capacity of the transfer membrane and/or exceed-
ed the linear dynamic range of detection (signal saturation is discussed in detail in section 5). Running a
standard curve with two-fold serial dilutions of cell lysate will identify the linear range and approximate
point of saturation, which may be different for each target protein (Fig. 2).3

Janes examined this parameter using two-fold serial dilutions, from massive overloading (200 pg cell
extract) to below the limit of detection (100 ng extract).” The linear range of sample loading was then
determined for several target proteins. For p38 and actin, linear detection was demonstrated up to

50 ug of total protein. But for Hsp90 and tubulin, saturation was observed with less than 25 pg of total
protein. Gomes et al? indicate that 20 pg/lane is excessive; Taylor and Posch report that sample loading
in excess of 5-10 pg/lane are frequently overloaded and saturated.®

4.4 Detecting multiple proteins on the same blot

Quantitative immunoblotting is widely used to compare the relative levels of a target protein in a group
of samples. Because this ratiometric analysis requires uniform loading of all samples, an internal loading
control is detected and used for normalization."” For maximum accuracy, the target and internal control
should be detected in the same context — at the same time, on the same blot, and in the same lanes.

4.4.1 Artifacts introduced by stripping and reprobing

When probing for multiple proteins using chemiluminescent detection, two options are available:
stripping the blot and reprobing for a different protein, or simultaneously incubating the blot with all
antibodies for multiplex detection. Although stripping and reprobing is very common, it’s also time-
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consuming and can introduce error. If stripping is incomplete, residual antibody will generate arti-
facts when the blot is reprobed; this is particularly troublesome if the two proteins migrate similarly
on the gel. But complete removal of antibodies may be difficult to achieve. Stripping can damage or
dissociate target proteins. It may also cause significant loss of sample proteins from the membrane
— perhaps 25% or more of the target in a single stripping cycle.2?

This issue was examined in a 2015 study, using immunoblots probed with phospho-ERK1/2 antibody
and a GAPDH internal control.” The results showed that low-pH glycine stripping was very ineffec-
tive, with considerable residual antibody staining for p-ERK1/2 and GAPDH. Guanidinium stripping
was more effective for removal of GADPH antibody, but a p-ERK1/2 artifact remained. An SDS
stripping buffer with f-mercaptoethanol completely removed the GAPDH and p-ERK1/2 antibodies,
but caused substantial loss of total protein from the membrane. This study describes stripping and
reprobing of membranes as “a quantitative trade-off between antibody removal and total protein
loss”." The potential effects of protein-specific factors (such as local overloading of the membrane,
amino acid composition, and post-translational modification) on protein loss are an additional con-
cern, although undocumented.

4.4.2 Multiplexing

Chemiluminescent detection is a single-color, single-channel method. If two proteins are detect-
ed simultaneously on a blot, chemiluminescent detection cannot identify or correct for antibody
cross-reactivity artifacts. Proteins must be well separated on the blot, and controls should be used
to check for antibody cross-reactivity. For multiplex detection, antibody incubations and detection
are sometimes performed sequentially without stripping. However, this method is very time-con-
suming and may increase the membrane background.

Multiplex fluorescent immunoblotting makes normalization with an internal control simpler, more
convenient, and more accurate. The blot is incubated with primary antibodies raised in different
hosts. Secondary antibodies labeled with spectrally-distinct fluorescent dyes are then used to
simultaneously detect the internal control on the same blot and in the same lanes as the target
protein.?®?’ Blots are digitally imaged to detect the stable fluorescent signals (Fig. 3). Stripping is
not required, co-migrating proteins can be used, and antibody cross-reactivity is easily identified.
Stable expression of the internal control protein should be validated, as for any other fixed-point
normalization strategy.
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Figure 3. Multiplex fluorescent Western blot detection with an internal control protein. The stability and expression of ATPa
(green) was examined in cell lines with differential expression of the ubiquitin ligase Dube3a. Normalization was performed with
GAPDH as a loading control. NIR fluorescence imaging was used for detection. Normalized fluorescent intensities were graphed
(n=3). Jensen et al. PLoS ONE 8(4): e61952.%
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5. Saturation of highly abundant proteins

The impact of protein abundance and saturation on Western blot normalization is often overlooked. Satura-
tion of strong internal control bands is especially problematic when a single internal loading control is used
(normalization by fixed point). Many housekeeping proteins and structural proteins used as internal loading
controls are highly abundant, but target proteins are often expressed at much lower levels.

Many factors contribute to saturation of strong bands, and saturation can occur at multiple points in the
immunoblotting process. Saturation arises from limitations of protein transfer to the membrane, the detec-
tion chemistry used to generate signal, and the capacity of the imaging modality to record strong signals.
When saturation occurs, strong signals will “plateau” and produce non-linear results that no longer reflect
protein levels. These factors have a larger impact on data analysis when a single internal loading control is
used for fixed-point normalization.

5.1 Membrane transfer

Overloading of samples is a common problem, but this parameter is not typically optimized. When an
overloaded gel is transferred onto blotting membrane, highly abundant proteins can bind in layers on
the membrane surface.’®?° As a result, primary and secondary antibodies may only have access to the
surface (top) layer of protein on the blot. This layering phenomenon contributes to underestimation of
strong signals, and could interfere with detection of less abundant proteins. Even if other sources of
saturation (such as detection chemistry and mode) are controlled, this layering effect is still able to
cause saturation.

Membrane-related saturation is difficult to identify in Western blot images. A dilution series can quickly
determine the upper limit, but the saturation point may be different for each target protein. Because it
arises from the binding chemistry of proteins and blotting membranes, this type of saturation can occur
with any detection chemistry or mode of imaging.

5.2 Detection chemistry

When internal control bands fall outside the linear range of detection, increases in protein level will not
produce a proportional increase in signal intensity. Saturation artifacts can make strong bands appear

to have similar intensity, hiding variations in protein levels and under-estimating the amount of protein

present (see section 3.1, Fig. 2).

Large amounts of cell lysate are often loaded to facilitate detection of a target protein at endogenous
levels, extremely overloading the abundant internal control protein (Fig. 4)."%'"13 This pushes the internal
control bands past the saturation point of the detection method. For accurate normalization, both the
internal control protein and target protein must be detected within the linear range of the method used.
When the abundance of the target and internal control are quite different, the linear range of detection
and optimal sample loading will also be very different. This discrepancy makes quantitative analysis
more complicated.
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The most commonly used detection chemistries for Western blotting are enhanced chemiluminescence
(ECL) and NIR fluorescence. The reagents and detection chemistry used to visualize signals can be af-
fected by saturation in several ways, and the enzymatic nature of chemiluminescent detection makes it
particularly vulnerable to saturation artifacts.

LI-COR Biosciences

5.2.1 Chemiluminescence

Chemiluminescent detection is an indirect, enzymatic method that typically uses secondary anti-
bodies labeled with horseradish peroxidase (HRP) as an enzymatic reporter. This enzyme oxidizes a
luminol-based substrate, transiently producing photons of light. Because signals are influenced by
the kinetics of the enzymatic reaction, signal intensity does not always reflect the abundance

of antigen. 2430

This detection chemistry provides high sensitivity, but may exaggerate or underestimate signal
intensity. The enzymatic reaction is not necessarily proportional or linear, and a two-fold change

in protein abundance may be measured as an exaggerated five-fold or greater increase in signal
intensity.” But enzyme/substrate dynamics also cause underestimation of stronger signals, as the
“runaway reaction” drives them to saturation.’?'"'3 These contradictory effects occur because the
chemiluminescent reaction amplifies signal by turnover of substrate at the site of antibody binding.
Signal amplification creates significant problems for quantitative analysis.

Local concentrations of enzyme and substrate can greatly impact the rate of the chemiluminescent
reaction. The local concentration of substrate varies continuously throughout imaging, as the enzy-
matic reaction proceeds and consumes substrate.?>3'%2 Thus, substrate availability can vary widely
across the membrane and is constantly in flux. When antibodies bind to a low-abundance protein
on the blot, the local concentration of HRP enzyme is low and an excess of substrate is maintained.
But an abundant protein such as a loading control will bind more antibody molecules, creating a
high local concentration of HRP that consumes the reagent at a higher rate. Although excess sub-
strate may initially be present, the kinetics and reaction rate will change as substrate is rapidly
consumed.®’
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High local concentrations of enzyme-labeled antibody complex can also lead to loss of signal in
several other ways. Side products of the peroxidase-catalyzed reaction may become oxidized and
precipitate, causing the membrane to “brown out” and begin absorbing emitted light." Additionally,
the HRP enzyme itself can be inactivated by prolonged exposure to substrate, as free radicals pro-
duced by the reaction bind to the enzyme and reduce its ability to interact with substrate.?

The enzyme/substrate dynamics of chemiluminescent detection introduce variability and often
generate non-linear responses. The limitations of this detection chemistry make quantitative analysis
more challenging, and may affect the reproducibility of Western blot results — particularly when a
single internal control is used for normalization by fixed point. These limitations apply to chemilumi-
nescent Western blots in general, regardless of the method used to document the signals.

5.2.2 Fluorescence

Fluorescent detection is generally considered the most accurate method for quantitative immuno-
blotting.26-27:33-34 Fluorescent immunoblotting is a direct, non-enzymatic method that uses secondary
antibodies covalently labeled with fluorescent dyes (fluorophores), typically in the near-infrared (NIR)
spectrum. Fluorophores are retained at the site of antibody binding, and generate signals across a
wide linear range when exposed to excitation light of appropriate wavelength. When the appropriate
fluorescent dyes are selected, fluorescent signals are very stable; blots can be stored for days

or months and re-imaged later.?’

Fluorescent detection is inherently more reproducible than enzymatic methods, because signal
intensity is not affected by timing or enzyme/substrate dynamics."?%% In heavily loaded samples,
tightly packed fluorophore-labeled antibodies do have the potential for self-quenching.

5.3 Imaging modalities

The detection technology that records your results may impose its own limitations. Signal saturation is
extremely common with some detection modes; it truncates the linear and dynamic ranges and may
greatly affect the accuracy of normalization. Wide linear range is an important consideration for quanti-
tative immunoblotting — and is absolutely critical for comparison of samples when target protein abun-
dance is variable."33

Chemiluminescent Western blots are documented by exposure to x-ray film or with a CCD imaging
system. Both modalities are affected by saturation, but with very different mechanisms. Digital imaging
is used to document fluorescent immunoblots using CCD, PMT, or APD-based imaging systems.

5.3.1 Film exposure of chemiluminescent blots

Although film is commonly considered to provide the highest quality Western blot image, this is

a misconception.’ In fact, film-based detection has two fundamental limitations that affect the
analysis and reproducibility of immunoblotting data. It provides an extremely narrow linear range

of detection, roughly 4-10 fold (Fig. 5A); and rapid saturation of strong signals makes it very difficult
to accurately determine the limits of detection, particularly the upper limit."® Film can exaggerate
small differences in abundance, while also masking sample-to-sample variability of strong bands.’

Plateau and saturation of strong signals are artifacts of the photographic emulsion that coats the

film. Photons of light from the chemiluminescent reaction activate individual silver grains in the
emulsion, which are then converted to black metallic silver to create a visible image. A strong signal
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will quickly activate the majority of silver grains in that area of the film. Film responsiveness slows
and eventually saturates, as new photons of light become less likely (and eventually unable) to acti-
vate additional silver grains in that local area. This effect, known as high-intensity reciprocity failure,
causes the rapid plateau and saturation of strong signals commonly observed in film exposures.36-38
As a result, the intensity of strong bands may be significantly underestimated and actual changes in
relative protein level will not be detected.

The plateau and saturation of strong signals are particularly risky because they are largely unde-
tectable to the user. Without a dilution series of controls on every blot, it's extremely difficult to
determine the upper limit of detection. Film response becomes compromised before it reaches the
point of saturation — but there’s no reliable way to determine when this begins to affect data output.
Because of these limitations, film should not be used for quantitative immunoblotting.’313.33

5.3.2 CCD imaging of chemiluminescent blots

CCD imaging typically offers a wider linear range of detection than film (Fig. 5B).3'0326 Many CCD
systems are able to detect some lower-intensity signals without extensive saturation of strong sig-
nals. However, saturation does occur with some imagers, and the resulting linear range may be less
than 100-fold.31°%6 Sensitivity and linear range will vary, depending on the imaging hardware.

Saturation of CCD images is often represented by the imaging software as colored pixels. CCD im-
aging provides improved image quality and clarity, and eliminates the error and variability introduced
by scanning of exposed films for densitometry.®® Overall, digital imaging more accurately represents
band intensity and protein abundance than film exposure (Fig. 5B). If immunoblot accuracy is opti-
mized and results are carefully interpreted, this method can be useful for quantitative immunoblot
analysis."® Even with a digital imaging modality, Western blot signals are still subject to the non-
linear enzymatic effects of chemiluminescent detection that may affect outcome.
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Figure 5. Film imaging provides a much narrower linear range than digital imaging with a CCD system. A) Two-fold serial
dilutions were detected on replicate Western blots, using ECL substrate. A) Film exposure. Only the first 2-3 dilutions (blue squares) fell
within the linear range, with R? = 0.9863. All other dilutions were subject to saturation (red triangles). B) CCD imager (longest exposure
with no saturation observed). The linear range spanned b dilutions (blue; R? = 0.995). Image clarity was improved; stronger bands were

more distinct and did not overlap. Membrane overloading and detection chemistry effects are likely both contributing to the saturation

observed in both A and B. Degasperi et al. PLoS ONE (2014) doi:10.1371/journal .pone.0087293.
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5.3.3 Digital imaging of fluorescent blots

Fluorescent immunoblotting is best performed with near-infrared (NIR) fluorescent dyes and imaging
systems."512.26.30.33-35 Background autofluorescence of transfer membranes and biological samples is
low in the NIR spectral region, enabling high sensitivity. In contrast, high background fluorescence
in the visible spectrum causes poor signal-to-noise ratios, limiting sensitivity and performance. NIR
fluorescent signals are typically documented by measuring fluorescence intensity with a laser-based
APD scanner or CCD imager. The sensitivity and linear range of this method are also influenced by
the imaging instrumentation used. The excitation light source and optical system affect sensitivity
and background levels. The ability to detect low-intensity signals without saturation of strong sig-
nals, which is crucial for a wide linear dynamic range, is highly dependent on the imaging hardware
and varies from 2.5 to > 6 orders of magnitude (Fig. 6).
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Figure 6. NIR fluorescence imaging provides a very wide linear dynamic range of
detection. Two-fold serial dilutions of purified transferrin were detected by NIR fluores-
cent immunoblotting, using a laser APD scanner. All 14 dilutions, from 40 ng to 4.8 pg,
fell within the linear range without signal saturation (an 8000-fold range).

6. Using internal loading control proteins for immunoblot normalization

The most commonly used internal loading control strategy is detection of a second, unrelated protein on
the same blot (normalization by fixed point; described in section 3.1). An ideal internal control protein would
be stably expressed in all cell types, with its expression level unaffected by changing experimental condi-
tions. Housekeeping proteins such as actin, tubulin, and GAPDH are widely used and published as internal
control proteins, but their expression may not be as stable as previously hypothesized.*®

Multiplex immunoblot analysis of post-translational modification is a different type of internal control. The
blot is incubated with a mixture of modification-specific and pan-specific primary antibodies against the
target protein, and fluorescently-labeled secondary antibodies are used to detect and discriminate the two
signals.?® This ratiometric analysis approach uses the target protein as its own internal loading control
(discussed in section 6.3).
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6.1 Housekeeping proteins as internal loading controls

Use of housekeeping proteins as loading controls is based on the concept of “housekeeping genes,”
stable endogenous controls used for data normalization in gene expression assays that measure tran-
script abundance. A housekeeping gene is defined by its constitutive expression throughout all cells
of an organism. Ideally, such a gene would not be subject to regulation and would be expressed at a
constant level in every cell type.*°

Published observations of relatively stable gene expression of housekeeping genes such as actin, tubu-
lin, and GAPDH across cell types and tissues have led to widespread use of their protein products as
internal loading controls for quantitative immunoblotting. But in a cellular context, expression of these
proteins can be much more variable than expected.*®

Validation of the internal reference protein is very important, to confirm stable expression across the
relevant cell types, tissue types, disease states, and/or experimental treatments.’24%1° A house-
keeping protein such as actin or tubulin may not be the most appropriate choice for every experiment,
and fixed-point normalization with a single control protein warrants consideration of additional factors
(as discussed in section 3.1).

Biological and methodological factors contribute to the variability of housekeeping proteins as internal
controls for immunoblot analysis:

e Gene expression does not reliably predict the abundance of the corresponding proteins*'-42
(see section 6.1.1).

e Housekeeping protein expression is not always constant across cell types and tissues. It may be
affected by a variety of biological factors, including tissue type, growth conditions, stage of
development, and disease (see section 6.1.2).

e Housekeeping proteins are typically very abundant. The resulting strong bands frequently cause
signal saturation, which reduces the accuracy of detection and under-estimates the actual amount
of internal control protein in each lane (as discussed in section b).

6.1.1 Gene expression levels do not reliably predict protein abundance

For many proteins, mRNA levels do not reliably predict protein abundance.***” A 2014 mass spec-
trometry study built a draft of the human proteome.*” Published mRNA abundance values were
compared to quantitative protein-expression profiles for twelve human tissues. Correlation between
mRNA and protein abundance was weak in all tissues, with an average RS value of 0.41 +/- 0.07
(Table 1).
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Tissue R
Uterus 0.34
Kidney 0.56
Testis 0.33
Pancreas 0.38
Stomach 0.45
Prostate 0.41
Ovary 0.39
Thyroid 0.31
Adrenal gland 0.47
Salivary gland 0.46
Spleen 0.39
Esophagus 0.45
Average R, 0.41 +/- 0.07

Table 1. Spearman correlation coefficients for mRNA
versus protein abundance plots for proteins in 12 human
tissues. mRNA values were drawn from an existing data-
base, and were not measured in the same tissue samples
used for protein analysis. Wilhelm et al.¥/

Because post-transcriptional regulatory mechanisms strongly influence protein abundance, gene
expression observations should be validated at the protein level to confirm stable expression of any
housekeeping protein used as an internal loading control.

6.1.2 Expression of housekeeping proteins may be influenced by biological factors

Several recent studies have raised concerns about the use of common reference proteins as loading
controls, reporting differential expression of housekeeping proteins in certain circumstances.?4%
One example is shown here. Examination of human adipose tissue samples demonstrates highly
variable expression of beta-tubulin in the same tissue type from obese subjects and non-obese con-
trols (Fig. 7).” Subject-to-subject variation was observed within each group, and also between the
two metabolic states.

Control y Obese

Beta-actin | == — — —— —— ————— e —

GAPDH |~ = e e e e e - ===

TBBS5 (s v v ae =P e e —

Beta-actin GAPDH TBBS
p=0.637 p=0.273 p=0.204 Figure 7. Variable expression of housekeeping proteins

is observed in human adipose tissue from non-obese

1 (control) and obese subjects. \Western blot analysis of
beta-actin, GAPDH, and tubulin beta chain (TBB5) expres-
05 sion in omental fat samples from 6 non-obese controls
(Co) and 7 obese (Ob) subjects. Relative band intensity is
0 expressed as mean + SD. Pérez-Pérez et al. doi:10.1371/

Co Ob Co Ob Co Ob journal.pone.0030326.

Relative intensity
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Developmental status is another important source of variable protein expression. To identify an
appropriate housekeeping gene for use as an internal control in a retinal development study, ex-
pression profiles of three internal control candidates were examined across distinct developmental
stages (Fig. 8). From embryonic to post-natal development, each housekeeping protein displays a
unique expression profile. Alpha-tubulin levels rise during early post-natal development, but then
fall. Beta-actin is highly expressed in embryonic development, but expression drops off dramatically
in post-natal stages. MAPK1 was also examined, and unlike the traditional housekeeping proteins,
expression of this signaling protein was relatively constant throughout these stages of retinal de-
velopment. The authors conclude that of the proteins tested, MAPK1 would be the most suitable
internal control protein for retinal development.
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Figure 8. Variability of housekeeping protein levels
N A SN SO i, throughout retinal development in rat. A) Western
B blot analysis of a-tubulin, B-actin and MAPK1 is
shown for distinct retinal developmental stages, from
embryonic to post-natal (E18, P1, P4, P10, P14, P45).
B) Densitometric analysis of B-actin, a-tubulin and
MAPK1. Values expressed as Mean + SEM for 3 experi-
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Changes in protein expression also arise from environmental factors. Diurnal rhythm is one example.
The neurexins are neuron-specific presynaptic proteins that participate in regulation of the excita-
tory/inhibitory balance in synapses. A 2012 study explored the hypothesis that neurexin expression
might exhibit circadian patterns connected to the light:dark cycle.® Diurnal variations were demon-
strated for expression of neurexins, exon splicing, and postsynaptic scaffolding proteins. Figure 9
shows one example.
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Figure 9. Diurnal rhythm influences neurexin 2c. protein expression in mouse neurons C3H/J mice kept at 12:12 hours

light:dark schedules were sacrificed at different times after light onset (0 hr). Expression of neurexin 2a (a synaptic receptor

protein of the vertebrate nervous system) was examined by fluorescent immunoblotting. A) Representative blot shows levels
at various times after lights-on. B) Values expressed as Mean +SEM relative to GAPDH (N = 3 per time point). Purple shading
indicates the dark phase. Shapiro-Reznik eta'. PLoS ONE 7(5): €37894 (2012). doi:10.1371/journal.pone.0037894.%
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Expression of reference proteins may even vary in different portions of a single tissue. The levels

of reference proteins were examined in proximal and distal portions of sciatic nerve from the same
mouse.® Although total protein concentration was constant, relative expression of actin and neuro-
filament-L (NF-L) was different in proximal and distal tissue samples. Abundance of actin was ~50%
lower in the distal sample, whereas NF-L abundance was nearly 8-fold higher in the distal sample
than the corresponding proximal sample. Although this study was performed with a structurally
asymmetrical tissue, it emphasizes the importance of reference protein validation and implicates
tissue sampling procedures as a possible source of variability in quantitative immunoblotting.

6.2 Saturation of strong bands

Housekeeping proteins are typically expressed at high levels. The resulting strong bands often cause
saturation of signal, particularly when chemiluminescent detection is used.?3'"'® Quantification of
saturated bands generally underestimates the amount of internal reference protein in each sample. This
effect may hide actual sample-to-sample variation in protein abundance,’'" as discussed in section 5.

6.3 Multiplex analysis of protein modifications: a different kind of internal control protein

Multiplex fluorescent detection is another option for immunoblot normalization. This approach is partic-
ularly useful for relative analysis of post-translational modifications such as phosphorylation. The meth-
od combines two primary antibodies raised in different hosts: a phospho-specific antibody (or other
modification-specific antibody) and a pan-specific antibody that recognizes the target protein regardless
of its modification state.’?4+4%%" Fluorescently-labeled secondary antibodies are used to simultaneously
detect and discriminate the two signals with digital imaging.?® Phospho-signal is then normalized
against the total level of target protein, using the target protein as its own internal control.

This method is widely used, and published examples are shown in Figures 10 and 11.4%% |n validation
experiments, Bakkenist et al. examined the possibility of binding interference from combined phospho-
specific and pan antibodies, but detected little or no effect.** An additional, independent loading control
may be used to verify sample loading, if desired.
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Two-color phospho-analysis has several advantages. Sample volume is reduced, and analysis is stream-
lined because all data are derived from a single blot without stripping and reprobing. Analytical con-
fidence is increased by detection of unmodified and modified forms of the target protein on the same
blot, in the same lane. No error is introduced by stripping and reprobing. Ratiometric analysis improves
accuracy by correcting for loading and sampling error, and eliminates the uncertainty and variability
that housekeeping proteins can introduce. Figure 11 illustrates the importance of detecting the internal
control protein in the same lane of the same blot.5° The Akt band in the last lane (far right) is irregular,
likely because of a small bubble present during membrane transfer (Fig. 11, arrowhead). With multiplex
detection, the same bubble is observed in the p-Akt (green) and total Akt (red) images and this transfer
artifact is easily corrected.

wild-type ECmut

low phys. | low phys.

p-Akt
(800 nm)

Figure 11. Loss of E-cadherin function affects PI3K/Akt
signaling. Human urothelial cells with a dominant negative mu- total Akt
tation in E-cadherin (ECmut) were grown in low or physiological (700 nm)

Ca? conditions. Lysates were examined by multiplex Western
blotting. Physiological Ca?* increased phospho-Akt levels in
wild-type cells but not ECmut cells (box). Arrowheads indicate
a transfer artifact. Georgopoulos et al. PLoS ONE 5(10): 13621
(2010). doi:10.1371/journal.pone.0013621.%
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Although ratiometric analysis is used to monitor and compare the relative phosphorylation response in
a group of samples, relative comparisons do not indicate phosphorylation stoichiometry. Calculation of
stoichiometry requires electrophoretic separation of phosphorylated and total protein forms; it cannot
be determined using antibodies with different affinity characteristics.’

Fold p-Akt
expression

Analysis of other post-translational modifications, including ubiquitination, glycosylation, and acetyla-
tion, can also be performed in this manner.?8.52%3

Chemiluminescent detection can make modification-specific immunoblotting much more difficult. Blots
are sometimes stripped and reprobed with a pan-specific antibody, but it's essential to confirm that the
original modification-specific antibody is completely removed. Any residual antibody will create arti-
facts when the blot is reprobed. Complete removal of antibodies can be difficult, and may require harsh
stripping conditions that cause substantial loss of transferred proteins from the membrane.’2?® Methods
such as two-color fluorescence or detection of replicate blots are alternatives to stripping and reprobing.’
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6.4 Internal loading control proteins: strengths, limitations, and considerations

For accurate normalization by fixed point, an internal control protein should meet several requirements:

Its abundance must be relatively constant for the conditions and samples relevant to the experiment (cell
and tissue type, drug treatments, growth conditions, disease state, etc). A housekeeping protein may
meet this need, or an alternative internal reference protein may be selected. Validation is essential to
confirm stable protein expression in the samples, in your lab, and with your antibodies.? If the internal
control is highly abundant, sample loading should be optimized to ensure that the protein is detected
within the linear range and signals are not saturated. Target protein and internal control protein signals
must both fall within the linear range of detection.

Signal intensity for the reference protein must display a linear relationship with the abundance of the ref-
erence protein. The upper and lower limits of the linear range can be determined empirically, and will be
different for each protein detected.’® At the upper end of the range, signals will become saturated and
variations in protein abundance will not be detected. At the lower end of the linear range, low-intensity
data points are affected by random noise and are generally not appropriate for normalization. Optimiza-
tion of sample loading can help you identify and maximize the linear range of detection.

If a single internal reference protein does not meet these requirements, a multi-protein strategy (normal-
ization by sum; discussed in section 3.2) may be needed.""" Stripping and reprobing of blots can intro-
duce detection artifacts and cause loss of blotted proteins from the membrane; it should be used with
caution.’225

7. Using total protein stains for immunoblot normalization

Concerns about the reliability of internal loading control proteins have prompted interest in alternative
approaches for normalization. Total protein normalization, using a protein stain to detect the total protein in
each lane of the gel or blot, is an increasingly popular option 51120235457 For each lane, the signal intensity
of all proteins in the lane is measured in aggregate; that value is used in normalization calculations to repre-
sent the total protein content of the sample.

7.1 Total protein staining

This emerging method eliminates many of the challenges associated with internal control proteins.

Total protein staining is a direct measure of the total amount of sample protein in each lane, and does
not rely on an internal reference protein as an accurate indicator of sample concentration. Taking a more
direct approach to assessment of sample proteins may increase the accuracy of normalization. And
unlike an internal control protein, total protein staining does not require validation for each experimental
context, biological system, and primary antibody. A total protein stain should produce a linear increase
in signal intensity in response to increasing protein concentration. It should also correct for variation at
all points in the Western blot process, including gel loading and transfer to membrane. And it must be
compatible with subsequent immunodetection of the blot.""20-22

Some protocols involve staining of a gel for comparison of total protein.’ This is an excellent method for

standardization of sample loading, but does not address potential inconsistencies in membrane trans-
fer. Other protocols call for direct staining of the membrane after transfer.29-235557 This provides a more
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detailed assessment of total lane density on the blot by accounting for variability in transfer efficiency,
protein binding, and other factors. However, the membrane stain must be compatible with subsequent
immunostaining. In some protocols, the membrane is stained after immunodetection is complete.'®
Alternative approaches have also been proposed; these “stain free” methods involve labeling of total
sample proteins with a detection moiety.’>2*% Protein labeling occurs prior to or during gel electro-
phoresis (see section 7.4).

7.2 Coomassie staining of total protein for normalization

Although Coomassie staining has traditionally been quantified by densitometry, Coomassie Blue is also
an excellent near-infrared (NIR) fluorophore. Gel imaging with an NIR fluorescence laser scanner gen-
erates strong 700 nm signals, with a wide linear response to protein concentration. Fluorescent signal
is proportional to protein content across a range of 10 ng to 20 ug per band.>* Because fluorescence is
induced by binding to protein, background is very low and sensitivity is excellent.

Replicate gels or blots can be stained with Coomassie to standardize sample loading. It can also be
used to stain the Western blot membrane after immunodetection.

7.2.1 Coomassie staining of replicate gels

The replicate gel approach was validated in a 2014 study.® Wishart and colleagues explored
Coomassie staining as an alternative to commonly-used internal control proteins. First, they evalu-
ated the linear range and sensitivity of total protein staining (Fig. 12). Coomassie staining (detected
by NIR fluorescence and pseudo-colored in red) produced a total protein signal that was linear
across the entire range of protein concentrations (Fig. 12, red line). Coomassie results directly cor-
related with protein concentration data from BCA assays (Fig. 12, blue line). Total protein analysis
by Coomassie staining provided a valid, linear readout of sample concentration.
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Figure 12. Coomassie staining of total protein is an accurate measure of protein load.
Total protein was detected in whole brain homogenates with Coomassie stain and NIR
fluorescence imaging. Coomassie signals (R?=0.996) were directly correlated with BCA assay
results (R?=0.979) across a wide range of protein concentration. Eaton et al. doi:10.1371.
journal.pone.0072457 5

Beta-actin expression was then examined in various tissues from wild-type mice, using total protein
analysis for normalization.® Actin was detected by Western blotting in samples from six different
tissues and was highly variable (Fig. 13A, green bands). In the quantitative analysis, Coomassie
staining showed that total protein levels were relatively consistent but actin expression varied widely
(Fig. 13B). Total protein is a more appropriate loading control than actin for cross-tissue comparison
of these mouse samples.
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Figure 13. Expression of $-actin is highly variable in different mouse tissues. A) Actin expression was
assessed by immunoblotting in tissue samples from muscle, heart, bone (femur), calvaria, spleen, and fat
(gonadal). Multiplex immunoblot analysis with NIR fluorescence demonstrates variability of actin expres-
sion (green) in these tissues. A total protein gel image (red; overlaid on blot) was used to confirm the
accuracy of protein loading across the samples. B) Stacked bar graph shows the comparative variability
of B-actin (green bars) and total protein stain (red bars) for each tissue. Eaton et al. doi:10.1371/journal.
pone.0072457.5

7.2.2 Coomassie staining of immunoblots

The replicate gel strategy is simple and useful, but does not account for variability in membrane
transfer. Welinder and Ekblad demonstrated conventional Coomassie staining of PVDF blots after
immunodetection as an internal control for protein loading.%® The linearity of this method was su-
perior to antibody-based detection of GAPDH, and more sensitive than the reversible total protein
stain, Ponceau S. Although the blot had been blocked with nonfat dry milk, blocking proteins caused
only negligible background staining and protein bands were clearly resolved. This post-staining ap-
proach corrects for variation in membrane transfer, and guarantees that total protein staining

will not affect antibody binding and detection.

7.3 Other options for total protein staining of membranes

A variety of stains can be used to detect total protein on blotted membranes.'35%5 Some stains are re-
versible and can be removed from the blot prior to immunodetection. Depending on the binding chem-
istry, reversal of staining may require changes in pH or solvent hydrophobicity.?> Commercially available
total protein stains with signals of various colors and wavelengths are available. Depending on the stain,
detection and quantification may be performed by densitometry or fluorescence imaging.

Several factors should be considered when you choose a total protein stain for normalization by sum.
The sensitivity and linear range of each stain are different, and these parameters may affect your ex-
periment. Although some blot stains are quite sensitive and able to detect low-nanogram amounts of
protein, others are orders of magnitude less sensitive. Linear response range should be empirically
tested to make sure it is appropriate for your sample concentrations.? Certain stains are compatible
with only one type of membrane, nitrocellulose or PVDF. Some stains may cause increased membrane
background,! and significant residual staining of protein bands is sometimes observed. The additional
time required to stain and destain the blot is another consideration. It's also possible that use of a rever-
sible stain could somehow affect certain epitopes. This is also a concern with staining methods that
chemically modify sample proteins by covalent attachment of a detection molecule (section 7.4).5
Coomassie staining performed after immunodetection would eliminate this possibility,® as discussed in
section 7.2.2.
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7.4 Alternative methods for total protein normalization

7.4.1 Stain-Free™ technology

The “Stain-Free” system from Bio-Rad takes a different approach to total protein detection —
chemical labeling of the sample proteins.®'35¢ The labeling moiety, a trihalo compound, is incorpo-
rated into the proprietary pre-cast gel. When this gel is exposed to UV light, the trihalo label cova-
lently binds tryptophan residues in the sample proteins and forms a cross-linked fluorescent prod-
uct. Fluorescently-modified proteins are then detected with a CCD imager and UV illumination.

Total protein can be assessed in the gel with good sensitivity across a linear range of 1-35 ug of cell
lysate (Fig. 14A)."® However, sensitivity is greatly reduced and the linear range is much narrower for
detection of proteins on the transferred membrane. Loss of sensitivity is caused by high membrane
background, due to autofluorescence of the PVDF membrane at UV wavelengths.'®* Membrane
imaging of Stain-Free labeled proteins offers a linear range of only 10-70 pg (Fig. 14B), similar to
Ponceau S.
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Figure 14. Stain-Free imaging of transferred membranes has a much narrower linear range than imaging of gels. Two-fold
serial dilutions of Hela cell lysate were loaded. A) Detection of Stain-Free labeled proteins in the gel. Graph displays the average
relative lane density of the total protein load for three gels. MW markers were run in the first and last two lanes. B) Detection of
Stain-Free labeled proteins after membrane transfer. Membrane autofluorescence is high at UV wavelengths, limiting the detection
sensitivity and linear range. Taylor SC et al. 2013. Mo/ Biotechnol. 55:217-26."
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7.4.2 Limitations of the Stain-Free™ technology

The Stain-Free technique is convenient but has notable limitations. Unlike conventional stains that
can be washed away, the Stain-Free chemistry is covalently, irreversibly bound to your protein sam-
ples. Chemical modification of tryptophan residues may interfere with immunodetection of some
epitopes or have other unintended downstream effects.>'356

Although Stain-Free chemistry performs well for gel imaging, optimal normalization also requires
correction of variability introduced by membrane transfer. Inconsistent transfer efficiency can result
in two- to four-fold changes in signal across the blot.’®' If uncorrected, these effects add uncertain-
ty to the data and may increase the coefficient of variation (CV).

The limited sensitivity of Stain-Free chemistry for total protein detection on membranes may also
limit its usefulness. The published limit of detection is ~10 pg/well (Fig. 14B)."™® Given that sample
loading of 10-25 pg/well is common,’ 2?3 total protein levels may routinely fall in the lower end of
the Stain-Free linear range, near the lower limit of detection. These low-intensity data points may be
unsuitable for normalization. Low-intensity normalization signals have larger CVs and may introduce
uncertainty, increasing the mean CV of the normalized data and producing false negatives (unde-
tectable differences between protein samples).'®" This may be a concern in the context of normal-
ization by sum, because the redistribution of uncertainty may further increase the CV of low-inten-
sity data points.

Increasing the amount of sample protein loaded on the gel will not overcome this sensitivity limita-
tion. As discussed previously, overloaded samples may produce strong Western blot signals that
become saturated. High-intensity data points outside the linear range will also affect the accuracy
of normalized data.’® It may be possible to boost the Stain-Free signal intensity by extending the UV
crosslinking step, but this increases the extent of covalent modification and the risk of interference
with antibody binding.%¢

This method also offers less flexibility than conventional stains. Proprietary gels and specific equip-
ment for transfer and imaging are needed, requiring you to change established lab protocols.?' The
predetermined workflow makes it difficult to adjust the staining protocol to fit the sensitivity and
linear range needs of different experiments or target proteins.

7.4.3 Total labeling of protein samples with reactive dye

Pre-labeling of protein samples with a lysine-reactive fluorescent dye is another option for normal-
ization. In this method, amine-reactive fluorescent cyanine dye is mixed with the total protein sam-
ple prior to electrophoresis.?? Reactive dye covalently binds to lysine residues in the sample proteins,
forming a stable conjugate. The extent of protein labeling is controlled by the reaction stoichiometry,
using a small amount of amine-reactive dye to label approximately 5% of total protein.

As with the Stain-Free method, covalent modification of sample proteins could affect downstream
analysis. Conjugation of the cyanine dye to sample proteins may alter epitopes and affect antibody
binding. Partial labeling of a complex mixture with reactive dye is not straightforward, and the extent
of protein labeling in this method is inherently dependent on amino acid composition.
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7.5 Total protein normalization: strengths, limitations, and considerations

An ideal total protein stain for normalization by sum has several key characteristics:

Linear signal output in response to sample concentration. Many protein stains can meet this need, but
linear range and sensitivity can vary widely and may be specific to the type of membrane used. These
parameters should be considered when choosing a stain for total protein normalization.

Corrects for variation at all points in the Western blot process. Gel-staining approaches are useful and
inexpensive, but do not correct for membrane transfer variability. Staining of total protein on the blotted
membrane may be the most accurate approach for Western blot normalization. Several good staining
options are available, but the “best” choice for membrane staining is unclear. Sensitivity and linear
range should not be sacrificed to enable detection on blotted membranes.

Compatible with immunodetection of target proteins. Membrane stains are a promising option, but stain-
ing of replicate gels or staining of blots after immunodetection may also meet researchers’ needs. For a
number of membrane stains, no downstream effect on immunodetection has been demonstrated. Meth-
ods that covalently modify target proteins for fluorescent detection have the potential for downstream
interference.

Total protein staining after membrane transfer is emerging as possibly the most reliable and accurate
method for normalization of Western blot data. This normalization strategy will require staining reagents
that are affordable and flexible, offer a wide linear range of detection and excellent sensitivity on mem-
branes, and add minimal handling time and effort to the quantitative immunoblot process.

8. Conclusions and future directions

Internal loading controls and normalization are critical for quantitative immunoblotting. An accurate loading
control will display a linear relationship between signal intensity and sample concentration. When imple-
mented, an effective normalization strategy should correct for variability in all stages of the immunoblotting
process, including the transfer of sample proteins to membrane. It should also be compatible with immuno-
detection of target proteins and other types of downstream analysis.

As researchers detect and interpret subtle changes in protein samples, accurate normalization is becoming
increasingly important. Although use of an internal control protein such as actin or tubulin is perhaps the
most common strategy, recent studies are raising questions about this approach. The evidence indicates
that an internal reference protein should be validated in the relevant experimental context, to confirm stable
expression. But these proteins are still widely used for normalization, and routinely published without vali-
dation data. Many researchers may be unaware that an internal reference protein is not always sufficient for
normalization, or that validation of the control protein is important. \We see a constant stream of new publi-
cations that use this familiar, widely-accepted internal reference protein approach for quantitative Western
blot analysis. But if this established method is failing us, how should we respond?%8

As scientific publishers look more closely at experimental methods and data analysis,’® we have a unique
opportunity to re-evaluate our commonly-used normalization methods. These discussions may be uncom-
fortable, but we cannot simply ignore the issue. A deeper understanding of how our methods work, why
they sometimes fail, and how they affect reproducibility is important for choosing the “best” normalization
strategy — one that fits the context and biology of the experiment.58

Multi-protein normalization strategies such as total protein staining are now emerging as the new standard
for immunoblot normalization.®20-235457 Membrane staining of sample proteins may be an affordable, reliable
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option that easily integrates into your existing laboratory workflow.

Several recent studies hint at the future of Western blot normalization and analysis. Some researchers are
making existing internal loading controls more powerful by adding bioinformatics to the mix. Examples
include the aggregate analysis strategies recommended by Janes' and Degasperi et al.® (as discussed in
section 3.2). Andrews and Rutherford recently described an online tool for maximum likelihood calibration
of immunoblotting data and other assays that measure samples in batches. This “1-step calibration meth-
od” computes calibration results iteratively from all measurements, and reduces the sensitivity of results to
experimental noise. The data calibration software they describe is open source and in the public domain.5°

Looking at normalization from new perspectives may help us more fully understand the limitations, and
potential strengths, of our existing methods. The future “gold standard” for immunoblot normalization may
combine familiar tools with new analytical paradigms that help us more effectively apply the techniques we
already use.
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