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Abstract

Colorimetric protein assays, such as the Coomassie blue G-250 dye-binding (Bradford) and
bicinchoninic acid (BCA) assays, are commonly used to quantify protein concentration. The
accuracy of these assays depends on the amino acid composition. Because of the extensive use of
reductive methylation in the study of proteins and the importance of biological methylation, it is
necessary to evaluate the impact of lysyl methylation on the Bradford and BCA assays.
Unmodified and reductively methylated proteins were analyzed using the absorbance at 280 nm to
standardize the concentrations. Using model compounds, we demonstrate that the dimethylation of
lysyl e-amines does not affect the proteins’ molar extinction coefficients at 280 nm. For the
Bradford assay, the response (absorbance per unit concentration) of the unmodified and
reductively methylated proteins were similar with a slight decrease in the response upon
methylation. For the BCA assay, the responses of the reductively methylated proteins were
consistently higher, overestimating the concentrations of the methylated proteins. The enhanced
color-formation in the BCA assay may be due to the lower acid dissociation constants of the lysyl
e-dimethylamines, compared to the unmodified e-amine, favoring Cu(ll) binding in biuret-like
complexes. The implications for the analysis of biologically methylated samples are discussed.
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1.1 Introduction

The Coomassie blue G-250 dye-binding (Bradford) and bicinchoninic acid (BCA) assays are
common colorimetric assays used to determine the concentrations of proteins [1-3]. Both
assays produce a colored solution in the visible spectrum in response to protein. The color
formation observed in the Bradford assay is a result of interactions between the protein and
the Coomassie blue G-250 dye (Fig. 1a). Under acidic conditions, the dye is red in its
protonated state. Through electrostatic and hydrophobic interactions with a protein
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molecule, the anionic (-1 net charge) blue form of the dye is stabilized [4-7]. In the BCA
assay, color formation is the result of two reactions. First, cupric ions (Cu*2) are reduced to
cuprous ions (Cu*) by the protein under alkaline conditions via the biuret reaction [8]. Then,
a complex between Cu™ and two molecules of bicinchoninic acid forms, which gives the
characteristic purple color (Fig. 1b) [2]. The intensity of the color formed by these assays is
measured by absorbance photometry at 595 nm and 562 nm for the Bradford and BCA
assays, respectively. Typically, standard solutions of bovine serum albumin (BSA) are used
to produce a calibration curve of absorbance versus mass concentration. Assuming the
analyte-proteins react in the same manner as the BSA standard, the unknown concentration
can be determined. Unfortunately, the assumption that the assay sensitivity or response
(absorbance per unit concentration) is universal is not always valid, and protein-to-protein
variability can lead to an over- or under-estimation of the analyte-protein’s concentration

[9].

Protein composition can bias the results of Bradford and BCA assays. In the Bradford assay,
the dye-protein interaction is influenced by the electrostatic interactions of the sulfonate
groups with the basic residues, arginine and lysine [4-5]. An additional factor is the
hydrophobic interactions of the dye with tryptophan, phenylalanine, and tyrosine residues
[4,10]. Proteins that are largely hydrophobic and/or have a high proportion of arginine and
lysine residues give higher absorbance values than the same mass concentration of a protein
with less hydrophobic character and/or fewer basic residues. Similarly, the BCA assay can
be influenced by the amino acid composition of the analyte-protein. Cysteine-cystine,
tyrosine, and tryptophan residues have been shown to participate in the reduction of Cu2* to
Cu® ions [11]. Proteins that contain a high proportion of these reactive residues will produce
higher responses. Differences in the composition of the proteins and the standard, typically
BSA, can result in inaccurate concentration determinations.

The influence of amino acid composition on protein concentration assays also includes
effects from post-translational modifications (PTMs). PTMs alter the chemical composition
of a protein with the addition or cleavage of a functional group and are important for protein
regulation and function. Glycosylation is a PTM where a mono- or polysaccharide is added
to a protein, typically at asparagine, serine, or threonine residues. Fountoulakis et al.
investigated the variability of the Bradford, BCA, and Lowry assays in quantifying several
glycosylated proteins in comparison to the unmodified protein [10]. They concluded that
glycosylation interfered with the assay responses, resulting in an under-estimation of the
glycoprotein concentration with the Bradford assay and an over-estimation of the
glycoprotein concentration with the BCA and Lowry assays [10].

Lysine methylation is a common PTM and can be mimicked using the reductive methylation
reaction [12]. Lysine methylation is important for protein regulation and signaling [13] and
can exist as mono-, di-, or tri-methylation of the e-amino group. Mono- and di-methylation
of lysine residues can be produced chemically using the reductive methylation reaction.
Reductive methylation selectively incorporates methyl groups at the lysyl e-amino groups
and the N-terminal a-amino group without disturbing the structure, and often activity, of the
protein [12,14]. Formaldehyde reacts with the primary amines to form Schiff bases, which
are subsequently reduced to form methyl groups with a reducing reagent, such as
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dimethylamine-borane complex (DMAB) [15]. In the presence of excess reagents, the
reaction adds two methyl groups to each primary amine. Reductive methylation is
commonly used in X-ray crystallography because the modification rarely alters the protein’s
overall structure and aids crystallization [14]. The modification is also useful for studying
proteins by nuclear magnetic resonance (NMR) spectroscopy because 13C-formaldehyde can
be used to add 13C-methyl groups as isotopic labels [16-17]. The 13C-methyl groups are
sensitive probes for investigating structural and dynamic properties of proteins and their
complexes by NMR [16,18-39]. Because of the extensive use of reductive methylation in the
study of proteins and the natural occurrence of methylated proteins, it is necessary to
evaluate the impact of methylation on the response of commonly used concentration assays.
In this study, we investigate the effect of lysine methylation on the determination of protein
concentration by the Bradford and BCA assays. Amino acid composition and
hydrophobicity can bias the responses of the Bradford and BCA assays, so reductive
methylation may likewise alter the accuracy of these assays. Unmodified and reductively
methylated hen egg white lysozyme (HEWL), BSA, and ovalbumin were used to test and
compare the assays’ responses.

1.2 Experimental

1.2.1 Materials

Acetonitrile, ammonium sulfate, BSA (catalog number A7030), DMAB, formaldehyde,
HEWL (catalog number 16876), albumin from chicken egg white (ovalbumin, catalog
number A5503, Grade V), potassium phosphate (monobasic and dibasic), sinapinic acid,
trifluroacetic acid, L-lysine hydrochloride, and N¢,Né-dimethyl-L-lysine hydrochloride,
anhydrous caffeine, and sodium 3-(trimethylsilyl)-1-propanesulfonic acid (DSS) were
purchased from Sigma Aldrich. The BCA assay kit and Coomassie Plus (Bradford) assay
reagent were purchased from Fischer Scientific/Pierce. Corning UV-transparent half-area
96-well plates were purchased from VWR. Deuterated water (D,0) was purchased from
Cambridge Isotope Laboratories. Bio-Gel P-4 size exclusion chromatography resin was
purchased from Bio-Rad. All water used was supplied from a Millipore Direct-Q 3 ultrapure
water system.

1.2.2 Sample Pathlength Determination

Because a microplate spectrophotometer was used to measure the absorbance, the pathlength
varied with the sample volume. The method of McGown et al. was used to determine the
sample pathlength and is an option in the Gen5 software for the BioTek PowerWave XS2
microplate spectrophotometer used in this study [40]. Briefly, the absorbance of water at 977
nm and 900 nm are subtracted and divided by the known absorbance of water at 977 nm and
1 cm (0.180) to give the pathlength in cm. The pathlength of replicate samples of water at
100, 120, and 200 pL were measured in a UV-transparent half-area 96-well plate at 25 or 37
°C. The average pathlength values and 95% confidence intervals are summarized in the
supplementary data in Table S1. The average pathlength values were used to normalize the
measured absorbances to 1 cm.
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1.2.3 Extinction Coefficients at 280 nm

To determine if lysine methylation added significantly to the overall absorbance at 280 nm
(A2g0nm) Of a protein, the molar extinction coefficients at 280 nm (g,gq’s) of L-lysine (Lys)
and N&,Né-dimethyl-L-lysine (DM-Lys) were determined in phosphate-buffered saline (PBS)
buffer (50 mM potassium phosphate, 100 mM NaCl, pH 7.5). Solutions (50 g/L) of Lys and
DM-Lys were prepared by weighing at least 10.0 mg of material and dissolving in the
appropriate amount of buffer. The Apgonm Was measured using 100 pL of sample in a 96-
well plate with a BioTek PowerWave XS2 microplate spectrophotometer at 25 °C. The
absorbance values were corrected for the background absorbance of buffer and normalized
to a 1 cm pathlength using the average pathlength of 100 uL of water (0.568 + 0.002 cm). To
correct for differences in the moisture-content of Lys and DM-Lys, the concentration of
each solution was determined using quantitative NMR with an internal standard, anhydrous
caffeine [41-42]. A 50.0 mM stock solution of caffeine was prepared in D,O. NMR samples
were prepared by diluting the stock solutions to make approximately 2 mM Lys or DM-Lys,
1.00 mM caffeine, and 0.01% DSS (chemical shift reference) in D,O. The samples were
analyzed using a 400 MHz Bruker instrument at 25 °C using a relaxation delay of 2 s, an
acquisition time of 4 s, a 30° pulse width, and 8 scans. The areas of the caffeine methyl
peaks and the Lys or DM-Lys methylene and Ha peaks were determined by integration. The
relative peak area was used to calculate the concentration of Lys and DM-Lys in each stock
solution. The pathlength-corrected Agonm’s Were divided by the concentrations to give the
molar e,g0’s of Lys and DM-Lys in PBS buffer in units of M~1cm™1.

The mass &,gp’s were determined for each unmodified protein in water and in PBS buffer at
25 °C. Stock solutions of each unmodified protein (HEWL, BSA, and ovalbumin) were
prepared in triplicate at a concentration of 1.00 g/L by weighing at least 10.0 mg of protein
and dissolving in an appropriate volume of water or PBS buffer. Aliquots of the stock
solutions were added to a 96-well plate and diluted to a final volume of 100 puL with water
or PBS buffer. The final concentrations for BSA and ovalbumin were 0, 200, 400, 600, 800,
and 1000 mg/L and for HEWL were 0, 100, 200, 300, 400 and 400 mg/L. These
concentration ranges were chosen to ensure that the maximum absorbance values were less
than 1.0. The Aogonm Was measured with a BioTek PowerWave XS2 microplate
spectrophotometer after incubating the samples at 25 °C for 5 minutes. The absorbance
values were corrected for the background absorbance of water or buffer and normalized to a
1 cm pathlength using the average pathlength of 100 uL of water (0.568 + 0.002 cm). The
slope, intercept, and correlation coefficient (R2) of the absorbance versus the concentration
was calculated by fitting the data to a linear equation using the least squares method.
Because the absorbance values were corrected for a pathlength of 1 cm, the slope values
give the mass ,g0’s in units of g1 L cm™. The average £5g0’s and 95% confidence
intervals were calculated for each protein in water and in PBS buffer. The molar e5gq’s were
calculated using the average molecular weight of the proteins determined by matrix assisted
laser desorption ionization mass spectrometry (MALDI MS).

1.2.4 Reductive Methylation

Stock solutions of unmodified HEWL, BSA, and ovalbumin were prepared at a
concentration of 5 g/L in 50 mM potassium phosphate buffer, pH 7.5. Reductive
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1.2.5 MALDI

methylation of all proteins was performed using 500 uL aliquots of the protein stock
solutions. Stock solutions of DMAB (1.0 M) and formaldehyde (1.0 M) were prepared fresh.
An aliquot of DMAB was added to each protein in a 20:1 molar ratio (DMAB to protein
amino groups) followed by an aliquot of formaldehyde in a 40:1 molar ratio (formaldehyde
to protein amino groups). The samples were incubated at 4 °C while shaking for 2 hours.
After 2 hours, a second aliquot of DMAB (20:1) and formaldehyde (40:1) were added,
followed by a second 2 hour incubation with shaking. A final aliquot of DMAB (10:1) was
added to each sample, and the samples were incubated overnight at 4 °C while shaking for a
total reaction time of 24 hours. After 24 hours, the reactions were quenched by adding
ammonium sulfate to a final concentration of 10 mM. The reductively methylated samples
were then exchanged into PBS buffer using a Bio-Gel P4 size exclusion column (7 mL of
media) at a flow-rate of 0.2 mL/min. The eluting protein was monitored by absorbance
photometry at 280 nm using a Bio-Rad BioLogic DuoFlow F10 Workstation, and the
fractions with reductively methylated protein were pooled.

The concentration of the reductively methylated samples was calculated by measuring the
Aogonm and using the determined eogq’s in PBS buffer for the unmodified proteins. The
Aogonm Of each reductively methylated sample was analyzed in triplicate by diluting 50 pL
aliquots of the pooled fractions to 200 uL with PBS buffer in a 96-well plate. Buffer blanks
and water were run in triplicate (200 pL). After correcting for the blank absorbance of the
buffer, correcting for dilution, and normalizing to a 1 cm pathlength using the average
pathlength of 200 uL of water (1.102 + 0.002 cm), the average absorbance values were
divided by the epgg’s to give the concentrations of the reductively methylated samples.

MS Sample Preparation and Analysis

MALDI MS analysis of the unmodified and reductively methylated proteins was performed
to measure the extent of methylation. The proteins (approximately 1 mg) were desalted into
water using a Bio-Gel P-4 size exclusion column (7 mL of media) at a flow-rate of 0.2 mL/
min. A volume containing approximately 100 pmol of protein (as determined by the Ajgonm)
was dried using a centrifugal evaporator (Savant SPD121P Speedvac Concentrator) and
reconstituted in 2 pL of matrix (a saturated solution of sinapinic acid in 30% acetonitrile,
0.1% trifluoroacetic acid). The protein-matrix mixture (1 uL) was spotted on a MALDI
target (MTP 384, Bruker) and allowed to dry under ambient conditions. Unmodified and
reductively methylated samples were analyzed using a Bruker UltrafleXtreme operating in
linear mode with a mass-to-charge ratio (m/z) range of 5,000-70,000 Da. A nitrogen laser
was used at 89-92% power, and 2000 laser shots were averaged for each spectrum. Using
Origin software, the spectra were smoothed using either the Savitzky-Golay method (5
coefficients, 2" order polynomial; BSA and HEWL) or a 0.05 Hz low pass, fast Fourier
transform filter (ovalbumin). To determine the molecular weights of the proteins, the peaks
were either fitted to a Gaussian curve (BSA and ovalbumin) using nonlinear regression
analysis or the apex value was used (HEWL).

1.2.6 Bradford Assay

Protein solutions were made at 50.0 mg/L from the stock solutions of unmodified and
reductively methylated protein. Aliquots of the 50.0 mg/L solutions (2, 4, 8, 12, 16, and 20
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uL) were added to a 96-well plate, and PBS buffer was added to bring the total sample
volume to 20 pL. Blank samples of 20 L of buffer were prepared in triplicate. Coomassie
reagent (100 pL) was added to each well, mixed by shaking, and incubated at 25 °C for 5
min. The absorbance at 595 nm (Asgsnm) Was measured with a BioTek PowerWave XS2
microplate spectrophotometer. The absorbance values were corrected by subtracting the
average absorbance of the blank samples and normalized by dividing by the average
pathlength of 120 uL of water (0.679 + 0.003 cm). The normalized absorbance values were
plotted versus the mass concentration (g/L). The data were fitted to a linear equation using
the least squares method. Since the absorbance values were corrected to a 1 cm pathlength,
the slopes are equal to the assay responses in units of g~ L cm™L. The average response and
95% confidence interval were calculated for each sample.

1.2.7 BCA Assay

Protein solutions were made at 250 mg/L from the stock solutions of unmodified and
reductively methylated protein solutions. Aliquots of the 250 mg/L solutions (2, 4, 8, 12, 16,
and 20 L) were added to a 96-well plate, and PBS buffer was added to bring the total
sample volume to 20 pL. Blank samples of 20 pL of buffer were prepared in triplicate. Fresh
BCA reagent was prepared following the manufacturer’s instructions, and 100 pL was added
to each well, mixed by shaking, and incubated at 37 °C for 30 min. The absorbance at 562
nm (Asgonm) Was measured immediately with a BioTek PowerWave XS2 microplate
spectrophotometer. The absorbance values were corrected by subtracting the average
absorbance of the blank samples and normalized by dividing by the average pathlength of
120 pL of water (0.679 £ 0.003 cm). The normalized absorbance values were plotted versus
the mass concentration (g/L). The data were fitted to a linear equation using the least squares
method. Since the absorbance values were corrected to a 1 cm pathlength, the slopes are
equal to the assay responses in units of g~ L cm™L. The average response and 95%
confidence interval were calculated for each sample.

1.3 Results and Discussion

1.3.1 Reductive Methylation and MALDI-MS Analysis

Unmodified and reductively methylated proteins were analyzed with MALDI MS and
compared to assess the extent of methylation. A 100% conversion to the dimethylated
species would indicate that all lysines and the N-terminus of the protein had undergone the
addition of two methyl groups at the e-amino groups and the a-amino group. Fig. 2 shows
the mass spectra of unmodified and reductively methylated BSA, HEWL, and ovalbumin.
The unmodified mass, average mass of the reductively methylated samples, and average
fraction methylated is reported in Table 1. BSA and HEWL were reductively methylated
reproducibly with 86 + 3% and 100 + 1% methylation, respectively, based on mass shifts.
Ovalbumin is a mixture of cleaved and full-length proteins, each with an N-linked
glycosylation site [43]. The ovalbumin samples consistently ionized poorly in MALDI MS,
which is not unusual for glycoproteins. Electrospray ionization MS was attempted, but also
gave signals with low signal-to-noise ratios (data not shown). Nonetheless, the data indicate
that ovalbumin was highly methylated with percentages of 91 + 2% and 77 + 17% for the
cleaved and full-length ovalbumin, respectively.
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1.3.2 Extinction Coefficients at 280 nm

The apparent mass e,gg’s of the unmodified proteins at 25 °C were determined in water and
in PBS buffer. Table 2 summarizes the mass €,g5’s, 95% confidence intervals, the literature
values reported by the manufacturers [44-47], and the molar e»g¢’s. The raw data for
determining the e,gg’s is in the supplementary data in Tables S2-S7. Overall, the apparent
mass g,go’s of the protein samples were similar to those from the literature. The apparent
€280’S in buffer and water for BSA and ovalbumin were 10% less than the manufacturer’s
values even though the protein content was = 98% (according to the manufacturer). This
difference may be due to differences in moisture-content or lot-to-lot variability. The only
significant difference (p<0.05) between samples measured in water and in buffer was the
apparent g,go’s for HEWL with a 12% difference (asterisk in Table 2). The molar 9gg’s and
propagated errors are also listed in Table 2 and were calculated by multiplying the mass
€0g0’S in PBS buffer with the mass of the proteins determined by MALDI MS (Table 1).

After the reductive methylation reaction, the protein concentration must be empirically
determined because some protein is lost to precipitation and/or adhesion to surfaces. If the
dimethyl modifications do not contribute significantly to the Agonm, the egg’s of the
unmodified proteins could be used to determine the concentration of their reductively
methylated counterparts. To test this assertion, the molar e5gg’s of Lys and DM-Lys were
determined and compared. Lys and DM-Lys stock solutions were prepared, and quantitative
NMR was used to determine the molar concentrations to correct for moisture in the weighed
samples. Integrated 1H NMR spectra of each compound, with caffeine as an internal
standard, are shown in the supplementary data in Fig. S1. The blank and pathlength-
corrected Aogonm’s for the stock solutions were divided by the molar concentrations to give
the molar e,g0’s of Lys and DM-Lys in PBS buffer of 0.72 M~1cm=1 and 0.70 M~1cm™1,
respectively. The magnitude and difference between the measured e,gp’s are small compared
to the molar e5g¢’s of the proteins, which range from 26 x 103 to 40 x 103 M~1cm™1 (Table
2). Even for BSA, which has 59 lysine residues, the difference between the Aogonm’s of
unmodified and reductively methylated BSA is less than 0.01%. These results confirm that
the molar e,g¢’s of the unmodified proteins can be used to determine the concentration of
the reductively methylated proteins.

The concentrations of the reductively methylated samples were determined by measuring the
Aogonm’s and dividing by the apparent e,g0’s of the unmodified proteins in PBS buffer.
Initially, stock solutions (50 and 250 mg/L) of the reductively methylated proteins were
incorrectly made based on the calculated concentration using the mass g,gg’s. The mass €259
is widely reported for proteins because the exact mass of a protein is difficult to obtain
(especially if the protein is a mixture), and the common colorimetric protein assays,
including the Bradford and BCA assays, assume a composition-independent response. The
Aogonm Of a protein, on the other hand, depends on the composition because the absorbance
is primarily due to the number of tyrosine, tryptophan, and cystine residues [48]. Because
the Aogonm depends on the moles of protein and not the mass, the molar €,g4’s of the
unmodified and reductively methylated proteins is the same, but the mass e,gq’s are different
by the ratio of the molecular weights. Therefore, the stock solution concentrations were
corrected using the ratio of the masses of the reductively methylated and unmodified
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proteins determined by MALDI MS (Table 1), effectively using the molar epggnm’s instead
of the mass €ogonm’S to determine the concentrations. The corrected concentrations for the
50 mg/L stock solutions are 50.69, 51.09, and 50.57 mg/L and for the 250 mg/L stock
solutions are 253.44, 255.47, and 252.86 mg/L for BSA, HEWL, and ovalbumin,
respectively.

1.3.3 Bradford Assay

The Bradford assay responses of the unmodified and reductively methylated proteins are
summarized in Fig. 3. Typically, BSA is used as a standard for the Bradford assay, and a
calibration curve based on the mass concentration of BSA is used to determine the unknown
concentration of a protein. Using the Bradford assay in this manner assumes that the color
intensity (Asgsnm) is composition-independent such that the mass sensitivity or response
(971 L cm™1) of the assay is the same for every protein. Based on our results in Fig. 3, this
assumption is valid for unmodified BSA and HEWL, which have similar responses of 46 + 5
glLcm™and 45 +3 g1 L cm™, respectively. Unmodified ovalbumin, however, has a
significantly lower response of 33 + 1 g1 L cm™2. This result is not surprising because
ovalbumin is a glycoprotein. A similar decrease in response for glycoproteins in general, and
ovalbumin specifically (33% decrease), has already been demonstrated [10,49]. The color
production in the Bradford assay occurs when the blue, anionic form of the dye is stabilized,
typically through electrostatic and hydrophobic interactions. The ovalbumin glycan
comprises approximately 3-4% of the total mass and is mainly composed of neutral, high-
mannose- or hybrid-type oligosaccharides [50-51]. While the glycan mass alone does not
explain the approximately 27% decrease in sensitivity, it is likely that the glycan competes
with the dye by forming hydrogen bonds with basic amino acids, stacking with hydrophobic
residues, and/or steric shielding [49]. In addition, ovalbumin is highly phosphorylated at two
sites [51], which likely further decreases the affinity for the anionic dye.

With the Bradford assay, the reductively methylated proteins had similar responses as their
unmodified counterparts (Fig. 3). The general trend was a lower response, but only BSA and
reductively methylated BSA showed significantly different responses (p > 0.05) among the
unmodified/reductively methylated pairs. A greater difference might be expected since
lysine is one of the primary amino acids involved in dye binding [4-5,52], but the amine
retains its positive charge allowing for electrostatic interactions. The small decrease in
response can be explained by a slight change in the affinity of the amino groups for the
Coomassie blue G-250 dye upon methylation. The methyl groups may sterically hinder the
electrostatic interaction with the dye’s sulfonic groups or decrease the accessibility of the
amine by binding hydrophobic groups on the protein. Reductively methylated BSA, in
particular, shows a larger difference in response compared to unmodified BSA, likely
because it has the highest density of lysine residues with 0.89 lysines per kDa of protein.
HEWL and ovalbumin have nearly half this density with 0.42 and 0.46 lysines per kDa of
protein, respectively, suggesting that the proportion of methylated lysines in the protein is
important to consider when using the Bradford assay.
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1.3.4 BCA Assay

The BCA assay responses of the unmodified and reductively methylated proteins are
summarized in Fig. 4. The BCA assay responses of the unmodified proteins are 16.6 + 2.0,
22.7+0.4,and 15.1 £ 0.6 g1 L cm™1 for BSA, HEWL, and ovalbumin, respectively. Unlike
the Bradford assay responses, the BCA assay responses of BSA and ovalbumin are similar,
and the response of HEWL is significantly higher. The color formation in the BCA assay is
mainly due to Cu2* reduction by cysteine, cystine, tyrosine, tryptophan, and the backbone
amide groups, with the cysteine and cystine residues being the most reactive [2,11,53].
While the color formation cannot be predicted based on the sum of the individual color-
producing components [11], in the case of BSA, HEWL, and ovalbumin, there is a
correlation between the BCA assay response and the weight percentage of cysteine, cystine,
tyrosine, and tryptophan residues (Fig. 5). The similar responses of ovalbumin and BSA are
not consistent with results by Fountoulakis et al., where the BCA assay gave an
overestimation of 148% for ovalbumin when BSA was used as the calibration standard [10].
The primary difference between our work and Fountoulakis et al. is the temperature of the
BCA reaction; we incubated our samples at 37 °C and Fountoulakis et al. at 60 °C. While
Fountoulakis et al. observed an overestimation of several glycoproteins using the BCA assay
at 60 °C, Noble et al. observed an underestimation of the protein concentration for the
glycoprotein RNase B compared to non-glycosylated RNase A using the BCA assay at 37
°C [49]. The temperature of the BCA reaction is clearly important for accurately measuring
glycoprotein concentration. It has been shown that increasing the reaction temperature
increases the participation of tyrosine, tryptophan, and the backbone amide groups in copper
reduction [11], but it may also increase the participation of the glycans. While individual
monosaccharides do not interfere strongly in the BCA assay [10], the polydentate effect of a
polysaccharide may result in a significant interference at elevated temperatures.

The BCA assay responses of the reductively methylated proteins are consistently higher than
the responses of the unmodified proteins for all three test proteins. The responses of the
reductively methylated proteins in the BCA assay were 22.4 + 3.0, 30.1 £ 0.9, and 22.4 +
2.1g71 L cm™1 for BSA, HEWL, and ovalbumin, respectively. As shown in Fig. 4, the
responses for the unmodified and reductively methylated proteins increased by 32-49% upon
methylation. This change in response may be due to an increase in the affinity of lysyl ¢-
dimethylamine, compared to lysyl e-amine, for Cu?*. It has been shown that the lysine side-
chain amino group can complex Cu2* in a biuret-like complex [54-55] and even bridge
copper ions [56-57], but the interaction has also been shown to be unfavorable and/or only
occurring at alkaline pH [54,58-59]. Alkaline conditions are necessary for binding Cu2*
because the typical acid dissociation constant (pK,) of lysyl e-amines in proteins is 11.0 £
0.4 [60-61]. The BCA reaction pH is 11.25, so the lysyl e-amines exist as protonated and
deprotonated species (Fig. 6a). Tertiary amines typically have lower pK,’s than their
corresponding primary amines [62], and this is the case for lysyl e-dimethylamines in
proteins. The typical pK, of lysyl e-dimethylamines in proteins is 10.1 £ 0.3 [16,18,26,30].
This difference in the pKy’s is significant because a larger fraction of the e-dimethylamines
is in the deprotonated state compared to the unmodified e-amines (Fig. 6a-b) at the BCA
assay pH. The deprotonated e-dimethylamine can form biuret-like complexes with Cu2*
(Fig. 6¢) [55], leading to increased copper reduction.
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Dimethylation of the N-terminal a-amino group may also affect the BCA assay because the
N-terminal a-amino group plays an important role in peptide-Cu?* complexes, anchoring the
Cu2* jon as it chelates neighboring amide groups [55,63]. Unlike the lysyl e-amines, the pK,
of the a-amine is lower with a pK, of 7-8, so nearly all the a-amino- and a-dimethylamino-
groups are in the deprotonated, neutral state during the BCA assay. The N-terminal a-amine
forms a complex with Cu2* through the lone pair of electrons on the nitrogen (Fig. 7a). It
has been shown that the absence or modification of the N-terminal a-amine decreases a
peptide’s affinity for Cu2* [64], suggesting that reductive methylation of the N-terminal c.-
amine would decrease the BCA assay response. Alternatively, the small methyl groups may
not sterically hinder binding to Cu?* (Fig. 7b) and could contribute to binding by stabilizing
the correct ligand geometry.

1.4 Conclusions

This study demonstrates the importance of considering not only the amino acid composition,
but also the composition of the post-translational or chemical modifications of a protein
when using the Bradford or BCA assay. Reductive methylation can be used to uniformly
modify proteins with dimethyl groups at the lysyl e-amines and N-terminal a-amine. The
assay responses to the unmodified proteins showed typical protein-to-protein variation.
Results similar to previous studies were observed, including an underestimation of the
glycoprotein, ovalbumin, with the Bradford assay and a dependence on the amino acid
composition (cysteine, cystine, tyrosine, and tryptophan residues) with the BCA assay. The
Bradford assay produced more consistent responses between the unmodified and reductively
methylated proteins than the BCA assay. The Bradford assay responses were somewhat
smaller for the reductively methylated proteins, suggesting a decrease in the dimethylamine
affinity for the Coomassie blue G-250 dye, with the largest decrease for the lysine-rich
protein, BSA. The BCA assay response was significantly higher for all three, reductively
methylated proteins tested. The lower pK, values of the tertiary e-dimethylamino groups
likely contribute to the increased BCA assay responses, increasing the concentration of the
deprotonated e-dimethylamine and favoring Cu?* binding.

The results of this study are relevant to biological methylation of lysine residues. Biological
methylation can exist as mono-, di-, or tri-methyl-lysine. For the Bradford assay, the extent
and proportion of methylation should be considered. If the methyl groups hinder binding to
the Coomassie blue G-250 dye, then the assay response will decrease with increasing
numbers of methyl groups. The concentration of a heavily tri-methylated protein may be
underestimated when analyzed with the Bradford assay. On the other hand, if methylation
occurs on a small fraction of lysine residues in a protein, the Bradford assay will likely give
the same response as the unmodified protein. The effect of biological methylation on the
BCA assay response is more complicated due to the differences in the pK, values of lysyl e-
amines, e-monomethylamines, and e-dimethylamines near the assay pH and the lack of an
ionizable group on the lysyl e-trimethylamine. For lysyl e-amino groups on proteins, the
unmodified e-amine pKj is 11.0 £ 0.4 [60-61], the e-monomethylamine pKj is 10.9 £ 0.3
[16,30], and the e-dimethylamine pKj is 10.1 £ 0.3 [16,18,26,30]. These values follow the
typical trend, in which the pK, of the secondary amine is the same or higher than the
primary amine and the pK; of the tertiary amine is lower than that of the primary amine
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[62]. Based on the rationale that the lower pKj of the lysyl e-dimethylamine allows for Cu?*
binding in the BCA assay, the effect of a lysyl e-monomethylamine would be the same as an
unmodified lysyl e-amine. Similarly, the lack of an ionizable group on a lysyl e-
trimethylamine would result in a decrease in the BCA assay response compared to the
unmodified lysyl e-amine.

In conclusion, the dimethylation from reductive methylation does not greatly alter the
response of the Bradford assay, which can be used to determine the concentration of
reductively methylated proteins with nearly the same response as the unmodified proteins.
The use of a reductively methylated standard may compensate for the slight decrease in the
Bradford assay response, but the composition of the standard should match the density of
lysine residues in the analyte-protein. The BCA assay response increases upon reductive
methylation, providing insight into the role of lysine residues in binding Cu2*. For studying
proteins with biological methylation, the Bradford assay is recommended due to the varying
effects that mono-, di-, and tri-methylation may have on the BCA assay response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Research reported in this publication was partially supported by the NIGMS of the NIH under Award Number
R25GM069743 (Louisiana State University Initiative for Maximizing Student Development (IMSD) program);
Pamlea Brady thanks the IMSD program for her scholarship. The project described was partially supported by
Award Number ROORR024105 from the National Center for Research Resources of the NIH. We thank Dr. Aaron
P. Smith for proof reading the manuscript.

Abbreviations

BCA
BSA
PTMs
DMAB
NMR
HEWL
DSS
D,0
A280nm
€280
Lys
DM-Lys
PBS

bicinchoninic acid

bovine serum albumin
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MALDI MS matrix assisted laser desorption ionization mass spectrometry
pK, acid dissociation constant
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Fig. 1.
The structures of (a) the Coomassie blue G-250 dye in its blue, anionic (-1 net charge) form

and (b) the purple, bicinchoninic acid,-Cu* complex.
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Fig. 2.
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MALDI mass spectra of unmodified (a,e,i) and reductively methylated (b,c,d) BSA, (f,g,h)
HEWL, and (j,k,1) ovalbumin showing the percentage of dimethylation, the theoretical shift

of completely dimethylated protein (dashed gray lines), and the best fit (red lines) to a

Gaussian curve for the BSA and ovalbumin samples.
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Fig. 3.

Results of the Bradford assay plotted as the pathlength-normalized absorbance values
(Asgsnm/cm) versus the protein concentration determined for triplicate samples of
unmodified and reductively methylated (a) BSA, (b) HEWL, and (c) ovalbumin at various
concentrations, and (d) a bar graph summarizing the Bradford assay responses (g~ L cm™,
error bars = 95% confidence intervals) with brackets indicating the p-value between pairs of

data.
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Fig. 4.

Results of the BCA assay plotted as the pathlength-normalized absorbance values
(Asg2nm/cm) versus the protein concentration determined for triplicate samples of
unmodified and reductively methylated (a) BSA, (b) HEWL, and (c) ovalbumin at various
concentrations, and (d) a bar graph summarizing the BCA assay responses (g~ L cm™1,
error bars = 95% confidence intervals) with brackets indicating the p-value between pairs of

data.
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Fig. 5.
The BCA assay responses of BSA, HEWL, and ovalbumin versus the weight percentage of

cysteine, cystine, tryptophan, and tyrosine residues in each protein with the best fit line
equation, correlation coefficient (R2), and error bars representing the 95% confidence
interval determined for each response from three replicates.
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Fig. 6.

Agid dissociation equilibria of (a) lysyl e-amines and (b) e-dimethylamines favoring the
deprotonated lysyl e-dimethylamines under the alkaline conditions (pH 11.25) of the BCA
assay, and (c) a model of lysyl e-dimethylamine in a biuret-like complex with Cu?* (R, R’,
and R’’ represent the side-chains of three amino acids).
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Fig. 7.

Biuret-like complexes of the N-terminal (a) a-amine and (b) a-dimethylamine with Cu2*
with the a-amino and a-dimethylamino groups colored in red as the anchors of
guadridentate ligands (R, R’, and R’’ represent the side-chains of three amino acids).
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The percentages of complete dimethylation and the molecular weights of unmodified and reductively

Table 1

methylated proteins determined with MALDI MS.

Unmodified Average reductively methylated Change in Fraction
Protein mass (Da) mass and standard deviation (Da) | mass (Da) | methylated (%)
BSA 66,165 67,611 + 56 1,447 86+3
HEWL 14,297 14,494 + 2 197 100+ 1
Ovalbumin
(cleaved) 39,898 40,406 + 12 508 91+2
Ovalbumin
(full-length) 44,190 44,645 + 98 455 77+17
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Table 2
Mass and calculated molar extinction coefficients at 280 nm and 25 °C for BSA, HEWL, and ovalbumin
[44-47].
Literature g;g9 Mass g,g9 in PBS Mass g,g9 in water Molar g,g0 in PBS
Protein (*Lcm™ (@tLem™y+95%CI | (@1Lecm™)+£95% Cl | (mM1cm™) +95% CI
BSA 0.667 [44] 0.61 +0.06 0.61+0.01 40+4
HEWL 2.64 [45-46] 2.26+0.17" 2,56 +0.14" 32.3+24
Ovalbumin | 0.69 - 0.76 [47] 0.63 0.03 0.63 +0.02 26+1
*
p=0.004
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