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Abstract

The reduction of nitroblue tetrazolium by superoxide radicals generated from photo-reactive ri-
boflavin has been in use for more than four decades to detect superoxide dismutase (SOD) on non-
denaturing polyacrylamide gels. SOD research in medicine and biochemistry has warranted the
development of multiple assay variants to overcome specific experimental constraints or to com-
bine the SOD assay with other enzyme assays. Fine-tuning reagent concentrations to effectively
visualize bands continue to be a major research obstacle in assay development. Herein we de-
scribe a straightforward technique to reliably adjust the background color of polyacrylamide gels
without compromising assay efficacy. Low micromolar to low millimolar concentrations of yellow
riboflavin can be mixed with the blue of reduced nitroblue tetrazolium to controllably produce
blue, purple, yellow-brown, or yellow gel backgrounds. The advantage of this technique is that the
assay is not modified by the introduction of new reagents. Quantitative reliability of these alterna-
tive stains was assessed by plotting determined band intensity values against known enzyme
loads. The correlation (R?) values of trial averages were compared against the average correlation
of the standard 0.028 mM riboflavin solution using pooled standard deviation and Student’s T-test
at 95% confidence. Assay sensitivity was assessed by comparing lowest possible visible enzyme
load of the experimental stains with the 0.028 mM riboflavin standard. No difference in the quan-
titative reliability was found in any riboflavin concentration. The minimum reliable sensitivity of
the assay was found to be 10 ng for each concentration of riboflavin. This technique has already
been employed to analyze SOD protein expression levels in extracts of Escherichia coli (Bertrand
et al., Med Hypotheses 2012; 78:130-133, 2012; Bertrand & Eze, Adv. Enz. Res., 1: 132-141, 2013).
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1. Introduction

Superoxide dismutase (SOD) is the antioxidant enzyme responsible for eliminating superoxide radicals, ubi-
quitous in nearly all forms of life. SOD is essential for mitigating cellular oxidative damage: Its absence or ab-
normal expression has been associated with multiple severe pathologies, including neonatal cardiomyopathy [1],
hepatocellular carcinoma [2], age-associated muscular atrophy [3], amyotrophic lateral sclerosis [4], down syn-
drome [5], hypertension [6], acute respiratory distress syndrome (ARDS) [7], and chronic obstructive pulmonary
disease (COPD) [8]. The medical and biochemical relevance of SOD has thus warranted the development of
multiple enzyme assays over the decades. The nitroblue tetrazolium (NBT)—based SOD assay, originally de-
veloped by Beauchamp and Fridovich in 1971 [9], operates through the reduction of NBT by superoxide radicals
generated by photo-reactive riboflavin. As SOD efficiently removes superoxide, achromatic bands form on a
uniformly blue background when the technique is applied to non-denaturing polyacrylamide gels. There have
since been published multiple variations of this assay in response to specific experimental requirements. For
example, some variations employ a lower concentration of NBT [10] [11] this study] because the original con-
centration prescribed [9] would be prohibitively expensive for routine analysis and with larger staining solutions.
Another variation of the NBT-based assay includes an assay for the simultaneous detection of catalase on the
same gel [10]. Other variations include modest changes in the riboflavin concentration [12], inclusion of ethyle-
nediaminetetraacetate (EDTA) [11] (which promotes superoxide generation via the light-dependent reduction of
free flavins and by chelating trace metals that inhibit superoxide generation [13] [14]), and a simplified metho-
dology that combines NBT and riboflavin application together as a single solution [11]. A significant research
obstacle in the development of these assays is the extensive fine-tuning of reagents required to achieve effective
band-background contrast and/or to visualize multiple enzymes (e.g., See reference [10]). A straightforward
technique for changing the background color for enzyme visualization would therefore be advantageous to assay
developers.

We have observed that the background color of non-denaturing polyacrylamide gels during staining can be
changed to a variety of colors by exploiting the natural yellow color of riboflavin. This yellow superoxide donor
mixes with the blue of NBT to produce green. In lesser concentrations this will darken the background to blue or
purple. Alternatively, higher concentrations of riboflavin can be employed to overpower the darkening effect to
produce a brilliant yellow background. The accuracy of quantification and the minimum sensitivity were not
found to be affected within the range examined (0.028 - 33.22 mM riboflavin). The advantage to this simple
technique is that it does not introduce new reagents to the staining solution, simplifying quality control testing
during development of future SOD assay variants or refinement of existing ones. Unlike NBT, riboflavin is an
inexpensive reagent that can be used liberally or sparsely as needed to achieve effective contrast. Hence, mod-
ifying riboflavin concentration is an economical means of exploiting the natural colors of riboflavin and NBT.
Both high- and low-riboflavin variants of this assay have already been applied experimentally to elucidate SOD
protein expression levels in Escherichia coli, and all three isozymes of E. coli SOD (iron, manganese, and cop-
per-zinc isoforms) were detectable on polyacrylamide gels [15] [16].

2. Methods
2.1. Materials and Methods

Five, 10, 20, 40, and 80 nanograms of E. coli SOD (Sigma-Aldrich; St. Louis, MO, USA) were electrophoresed
in 7.5% polyacrylamide gels, and then assayed by the methods of Britigan and colleagues [11] with exception to
the concentration of riboflavin, as described: A 50 mM phosphate buffer solution (pH 7.8) containing 0.25 mM
NBT, 1 mM EDTA, 28 mM tetramethylethylenediamine (TEMED), and 0.028 - 33.22 mM of riboflavin was
applied to gels in darkness for 45 minutes, stirring occasionally, followed by destaining in darkness with phos-
phate buffer for 45 minutes. Gels were developed by illumination with fluorescent room lighting, photographed
with a white overlay, and the bands quantified with a gel analyzer (RaminVakili, Vakili Gel Analysis Unit, Dept.
of Chem., University of Winnipeg). A stain containing 0.028 mM riboflavin, the original concentration pre-
scribed by Beauchamp and Fridovich [9], was used throughout as a standard solution.

2.2, Statistical Analysis and Interpretation

Quantitative accuracy was assessed by plotting band intensity values against known quantities of SOD. The
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correlation (R?) values were then determined as an average of three or four replications for each riboflavin con-
centration examined (33.22, 4.15, 0.52 mM), and challenged against a 0.028 mM average via pooled standard
deviation and Student’s T-test at 95% confidence. To mitigate the influence of random error on results, the same
five protein preparations were used throughout all trials. Thus, any deviation from perfect linearity in the origi-
nal preparation would be common to all trials; and therefore, differences between data sets would more greatly
reflect the inherent effects of each riboflavin stain on quantitation (if any). Whether riboflavin affected assay
sensitivity was assessed by comparing the minimum reliably detectable and measurable enzyme load of the three
experimental concentrations with the 0.028 mM standard.

3. Results and Discussion

All concentrations of riboflavin examined were equally capable of accurately presenting enzyme loads for quan-
titation (Table 1). There was no change in minimum quantifiable enzyme load from the 0.028 mM standard,
which was determined to be 10 ng of SOD throughout (Figure 1). Five nanograms of SOD can be seen in some
staining applications, but is unreliably detectable and quantifiable at all concentrations of riboflavin tested, in-
cluding the 0.028 mM standard. Five nanogram SOD loads were thus omitted from calculations. It is remarkable
that the minimum reliable sensitivity obtained in the present study (10 ng) is somewhat better than 16 ng origi-
nally reported by Beauchamp and Fridovich [9]. These results demonstrate that even dramatic changes in ribof-
lavin concentration do not affect assay sensitivity or band quantitation.

We have observed that as riboflavin concentration increases, the development time decreased: 33.22 mM of
riboflavin required 10 - 15 min., 0.028 mM riboflavin required 30 - 60 min., and 4.15 and 0.52 mM solutions
required an intermediate period of time. The time required to develop the standard 0.028 mM applications dif-
fers greatly from those reported by other authors, which is usually around 5 to 15 min. [9] [10]. This discrepancy
is explainable by their reliance on direct intense light sources to enhance the rate of the light-activated reaction,

Table 1. Average correlates (R%) of SOD activity bands.

Riboflavin (mM) No. of trials Average Corr. (R?) Standard dev. (s) Significance (95%)
33.22 3 0.9967 3.35x10° None
4.15 3 0.9993 9.74x 10 None
0.52 4 0.9976 1.37x10° None
0.028 4 0.9986 1.28x10°* N/A
(ngsOD) 80 40 20 10 5 80 40 20 80 40 20 80 40 20
(Riboflavin 33.22 mM 4.15 mM 0.52 mM 0.028 mM
Conc.)

Figure 1. Typical staining results of purified Escherichia coli superoxide dismutase (SOD), methodology as described in
“Methods”. Far right was produced by application of standard riboflavin staining mix (0.028 mM), the concentration origi-
nally employed by Beauchamp and Fridovich [9]. The original reliable sensitivity reported by Beauchamp and Fridovich is
16 ng of SOD. A minimum reliable sensitivity of 10 ng was achieved in the present study. Five ng is unreliably detectable
and quantifiable in each of the four applications, and cannot therefore be used as a metric of comparison for the relative effi-
cacies of each concentration of riboflavin for visualizing SOD.
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as opposed to fluorescent room lighting used in the present study. Bands produced by highly concentrated ap-
plications of riboflavin have the tendency to fade after 30 min., and for this reason it is recommended that regu-
lar room lighting be used during development to provide economy of time and effort. It is worthy to note that,
regardless of the riboflavin concentration used, as gels develop under light, they darken. By slowing the reaction
down with indirect light sources, the researcher is enabled to take multiple photographs at a range of color
shades throughout development, and choose the photo with the best band presentation. We have personally
found that relying on room lighting alone is better for generating high quality photos suitable for publication. It
is equally notable that despite the poor aqueous solubility of riboflavin (0.225 mM), even colloidal solutions of
riboflavin (e.g., 33.22 mM) were capable of staining gels uniformly and reliably. As the quantity of riboflavin is
the only changing variable within each staining application, the variance in color seen in the gel backgrounds
must be caused by changes in the quantity of riboflavin employed (Figure 1). It appears, therefore, that the
modest solubility of riboflavin does not limit the possible colors produced. It is advised that gels stained with
such copious riboflavin be briefly rinsed before being allowed to sit in destaining solution.

4. Conclusion

We have demonstrated that by changing the quantity of riboflavin used in the staining solution of the superoxide
dismutase assay, one can adjust the background color of the polyacrylamide gel. No new reagents were intro-
duced in order to achieve this effect. Statistical analysis showed that changing the riboflavin concentration does
not compromise the reliability of quantitation of superoxide dismutase (Table 1). The minimum reliable sensi-
tivity was shown in all applications, including the 0.028 mM riboflavin application originally used by Beau-
champ and Fridovich [9], to be 10 ng of superoxide dismutase (Figure 1), consistent with 16 ng originally re-
ported by the authors [9]. Five nanograms of SOD were unreliably detectable and quantifiable. Continued re-
search on superoxide dismutase requires the development of variants of this assay in order to overcome experi-
mental constraints or to combine the assay with other enzyme assays for simultaneous visualization of more than
one enzyme. This technique will simplify the fine-tuning of reagent concentrations in order to visualize SOD ac-
tivity bands fortuitous for assay development.
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