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Abstract

Post-translational modifications are biologically important and wide-spread modulators of protein 

function. Although methods for detecting the presence of specific modifications are becoming 

established, approaches for quantifying their mol modification/mol protein stoichiometry are less 

well developed. Here we introduce a ratiometric, label-free, targeted liquid chromatography 

tandem mass spectroscopy-based method for estimating Lys and Arg methylation stoichiometry on 

post-translationally modified proteins. Methylated Lys and Arg were detected with limits of 

quantification at low fmol and with linearity extending from 20 – 5000 fmol. This level of 

sensitivity allowed estimation of methylation stoichiometry from microgram quantities of various 

proteins, including those derived from either recombinant or tissue sources. The method also 

disaggregated total methylation stoichiometry into its elementary mono-, di-, and tri-methylated 

residue components. In addition to being compatible with kinetic experiments of protein 

methylation, the approach will be especially useful for characterizing methylation states of 

proteins isolated from cells and tissues.
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Introduction

Protein methylation is a post-translational modification implicated in the control of gene 

expression and other functions [1]. Although extensively characterized in the context of 

nuclear core histone proteins, the majority of methylation occurs on non-histone proteins 

[2]. For example, the microtubule-associated protein tau is methylated on ≥17 Lys and Arg 

residues when isolated from mammalian brain [3, 4]. “Bottom-up” proteomic approaches 
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indicate that the tau methylation signature varies with disease state, and is positioned to 

modulate tau aggregation propensity and turnover [3, 5]. However, the full functional 

implications of these observations remain unknown in part because biological effects are 

mediated by modification stoichiometry, and bottom-up approaches alone capture site 

distribution but not occupancy. Characterization of complex methylation substrates such as 

tau would benefit from a “top-down” method [6] capable of capturing overall stoichiometry 

in terms of quantity (mol methyl equivalents per mol of protein) and quality (chemical form) 

of methylation under various biological conditions.

The classic top-down approach for characterizing bulk methylation stoichiometry from an 

ensemble of intact proteins is amino acid analysis, which leverages the unique stability of 

Lys [7], Arg [7, 8], and their methylated derivatives 1meK, 2meK, 3mek, 1meR and 2meR 

(composed of both ADMA, NG,NG′-Dimethyl-L-arginine; and SDMA, NG,NG′-Dimethyl-

L-arginine) upon acid hydrolysis [9, 10]. In contrast, other Lys and Arg derivatives are 

unstable and reduce to the parent amino acids under these conditions. For example, the most 

prevalent stable mammalian Lys modifications yield amide linkages through acylation (e.g., 

acetylation, etc; [11]) and isopeptide linkages through conjugation with ubiquitin-like 

proteins [12], both of which readily hydrolyze in parallel with peptide bonds. Similarly, 

ADP-ribosylation of Arg, which is mediated by N,O-acetal linkages, also is acid labile. As a 

result, it has been possible to estimate Lys and Arg methylation stoichiometries for specific 

proteins including calmodulin [13] and myelin basic protein (MBP) [14–17]. Nonetheless, 

limitations of amino acid analysis have hampered its general application. First, simultaneous 

separation of Lys, Arg, and all of their methylated derivatives by liquid chromatography is 

problematic [10], and so methylation stoichiometry has been reported primarily for proteins 

of low methylation complexity such as calmodulin and MBP (calmodulin contains 3meK 

and no other methylated residue [13], whereas MBP methylation is limited to 1meR and 

2meR [14–17]). Second, amino acid analysis requires derivitization for quantification, which 

yields poor sensitivity with classic colorimetric agents such as ninhydrin [18]. Replacement 

with fluorometric detection greatly improves sensitivity [9, 10], but even mid-pmol 

quantification is not adequate for characterizing proteins isolated in low abundance from 

tissues. Moreover, common derivitization agents such as o-pthalaldehyde (OPA) yield Lys 

adducts that dimerize and quench [19], thereby lowering detection sensitivity for this amino 

acid still further. Alternative top-down approaches are confined to samples where the 

complexity of methylation is modest [20].

Here we introduce a targeted mass spectrometric approach for quantifying protein Lys and 

Arg methylation stoichiometry. The method leverages the established stability of methylated 

amino acids to acid hydrolysis, but then uses LC-MS/MS to quantify analytes with high 

accuracy and sensitivity. Because targeted precursor/product ion pairs are detected by a 

triple-quadrupole mass spectrometer operated in multiple reaction monitoring (MRM) mode, 

the approach yields simultaneous and sensitive detection of even complex analyte mixtures. 

The final assay successfully quantified the methylation stoichiometry of multiply modified, 

tissue-derived proteins.
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Experimental

Materials

Recombinant human 2N4R tau was prepared as described previously [3]. All other reagents 

were obtained from commercial vendors, including Sigma-Aldrich (St Louis, MO) for 

calmodulin from bovine testes (P1431), MBP from bovine brain (M1891), unfractionated 

whole histone from calf thymus (H9250), PVDF membrane (IPVH00005), 1meR (M7033), 

ADMA (D4268), SDMA (D0390), and all unmodified L-amino acids, and Chem-Impex Intl 

(Wood Dale, IL) for amino acids 1meK, 2meK and 3meK.

Reductive tau methylation

Recombinant human 2N4R tau was reductively methylated with NaBH3CN and 

formaldehyde as described previously [3, 21]. Reactions were quenched by addition of 

glycine after 0, 7, 15, 30 and 60 min incubation. Non-methylated controls were processed 

identically, except that formaldehyde was omitted from the reaction.

SDS PAGE and blotting

Tau proteins were electrophoresed through 8% acrylamide gels, then transferred (100 V for 

1 h at 4°C) to PVDF membranes in Transfer Buffer A (25 mM Tris, 0.2 mM glycine, 10% 

methanol). PVDF membranes were then stained (50% Methanol, 7% Acetic Acid, 0.1% 

Coomassie Brilliant Blue) for 30 min at room temperature with agitation, and then destained 

(50% methanol, 7% acetic acid) for ~10 min at room temperature with agitation until the 

staining pattern was visible. After membranes dried at room temperature, Coomassie-blue 

stained bands were excised using a razor blade (2 × 6 mm slices) and stored at −20°C until 

used.

MBP, unfractionated histones, and calmodulin were subjected to SDS-PAGE as above, 

except that electrophoresis was performed through 15% acrylamide gels. MBP and 

unfractionated histones were then transferred (100 V for 1 h at 4°C) to PVDF membranes in 

Transfer Buffer B (25 mM Tris-HCl, 0.2 mM glycine, 20% methanol), whereas calmodulin 

was transferred (100 V for 1 h at 4°C) to PVDF in Transfer Buffer C (25 mM Tris, 0.2 mM 

glycine, 2 mM CaCl2, 20% methanol) as reported previously [22]. Staining and band 

excision were performed in the same way as described above for tau proteins.

Acid hydrolysis

Excised PVDF membranes were placed in glass tubes containing 1 mL 6 M HCl and purged 

with nitrogen as described previously [23]. Samples were then sealed and incubated for 24 h 

at 125°C. Following hydrolysis, samples were dried under nitrogen at 60°C and then stored 

at −20°C until LC-MS/MS analysis.

LC-MS/MS quantification

Dried hydrolysates were resuspended in 250 μL of 10 mM HCl, vortexed, filtered (0.2 μm 

Pall nanosep Mf operated at 14,000g for 10 min at 4°C), and finally prepared for LC by 10-

fold dilution with water in glass vials. LC separations were performed on a Hypercarb 

column (100 × 2.1 mm, 5 μm pore; Thermo Fisher Scientific) operated at 0.2 mL/min using 
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a mobile phase prepared from mixtures of Solvent A (acetonitrile containing 0.1% formic 

acid) and Solvent B (water containing 0.1% formic acid). The gradient expressed in terms of 

%-Solvent A was: 0–1 min, 0%; 1–1.1 min, 20%; 1.1–2.7 min, 45%; 2.7–5 min, 60%; 5–5.1 

min 90%; 5.1–7 min, 90%; 7–7.1 min, 0%; 7.1–10 min, 0% [24].

Mass spectra were acquired on a triple-quadrupole QTRAP 5500 (AB Sciex) using turbo 

spray ionization at 2.5 kV in positive ion mode and MRM of parent and characteristic 

product ions (the transitions monitored are listed in Table 1). The curtain gas (nitrogen) and 

the collision-activated dissociation were set to 30 psi and medium, respectively. The MS was 

set to have a dwell time of 35 ms. Analyst 1.6.1 software was used to acquire and process all 

data.

Analytical methods

To capture modification quality, the relative proportion (PKX) of all peptidyl-Lys residues in 

the form of 1meK, 2meK or 3meK (XmeK) was calculated ratiometrically by the equation:

(1)

The stoichiometry of total peptidyl-Lys methylation (i.e., mol methyl groups per mol 

protein; SK) was then calculated by summing the relative proportion of each methyl-Lys 

species (XPKX) and multiplying it by the number of peptidyl-Lys residues (N) expressed in 

the target analyte:

(2)

Similarly, the relative proportion (PRX) of Arg methylation was calculated ratiometrically 

from mol amounts of all methyl-Arg species (XmeR) by the equation:

(3)

The stoichiometry of peptidyl-Arg methylation (i.e., mol methyl groups per mol protein) 

was calculated by summing the relative proportion of each methyl-Arg species (XPRX) and 

multiplying it by the number of peptidyl-Arg residues (N) expressed in the target analyte:

(4)
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All methylation time series were modeled as simple exponential processes as described 

previously [25, 26]:

(5)

where kapp and ymax are the rate constant and maximum stoichiometry of methylation, 

respectively.

Statistics

Stoichiometry data were calculated as the mean ± SD of three biological replicates unless 

otherwise stated. Groups were compared with Student’s t-test for single values and one-

sample t-test for relative values. The probability (p) of differences between estimated 

parameters (kapp and ymax) was assessed by z-test:

(6)

where x1 ± sx1 and x2 ± sx2 are the pair of estimates ± SE being compared, and z is the 1−α 
point of the standard normal distribution using and JMP 13.1 (SAS Institute, Cary, NC). The 

null hypothesis was rejected for all statistical tests at p < 0.05.

Results

LC-MS/MS quantification of methylated amino acids

To establish assay conditions, unmodified Arg, Lys, the Lys isobar Gln, and methylated 

amino acids 1meK, 2meK, 3meK, 1meR, ADMR and SDMR were mixed together and 

subjected to LC-MS/MS. LC separation leveraged a porous graphitic carbon stationary 

phase developed with an acetonitrile gradient in 0.1% formic acid as the mobile phase. 

These conditions were used because they had previously been optimized for separation of 

the 20 naturally-occurring L-amino acids [27]. All nine test amino acids eluted within the 

gradient (Fig. 1) where they were resolved by a combination of retention time and 

fragmentation pattern (Table 1). For example, Lys and its isobar, Gln, generated identical 

precursor/product transitions, but were easily resolved from each other on the basis of 

retention time (reported in [28] and confirmed in Fig. 1). In contrast, Arg and its methylated 

derivatives migrated identically during LC, but were resolved from each other by their 

distinct precursor/product transitions (Fig. 1). As a result, it was possible to simultaneously 

detect Lys, Arg, and their methylated derivatives in the mixture. However, as reported 

previously [29], isobaric dimethylated arginine derivatives ADMA and SDMA were not 

distinguishable under these conditions. For this reason, dimethyl arginine (i.e., 2meR) was 

captured and reported as the sum of SDMA and ADMA.

To determine detection sensitivity [30], calibration graphs relating total area under the LC 

curve (i.e., signal) to the amount of each analyte were generated. These showed excellent 

linearity from mid fmol to low pmol levels, with correlation coefficients >0.995 and with 
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corresponding limits of detection ranging from 0.2 – 1.3 fmol and limits of quantification 

ranging between 0.8 – 4.4 fmol (Table 1). Together these data demonstrate the feasibility of 

quantifying mixtures of Lys, Arg, and their methylated derivatives in the mid-fmol – low 

pmol range by LC/MS-MS.

Method validation with tau protein

Application of the above detection method to protein hydrolysates provides a route toward 

estimating relative molar stoichiometries of peptidyl Lys and Arg methylation. To validate 

this approach, proteins with established methylation stoichiometries were separated by SDS-

PAGE, immobilized by blotting onto PVDF filters, hydrolyzed to amino acids with 

concentrated HCl, then assayed for methylated amino acid content by the LC/MS-MS 

method described above. First we examined human recombinant 2N4R tau, which we 

previously showed could be reductively methylated on Lys residues with 14C-formaldehyde 

to yield estimates of methylation stoichiometry [3]. When quantified over reaction time 

course, 2N4R tau methylation stoichiometry was found to increase monotonically to ~22 

mol methyl/mol tau protein by 60 min of incubation [3]. By replacing 14C-formaldehyde 

with unlabeled formaldehyde and subjecting the samples to bottom-up proteomic analysis, it 

was shown that all detectable methyl incorporation at all analyzed time points was in the 

form of 1meK and 2meK [3]. We used these unlabeled samples (taken after 0, 7, 15, 30 and 

60 min reductive methylation) to validate the ratiometric LC/MS-MS approach. When 

subjected to SDS-PAGE, all five samples migrated identically with intact 2N4R tau (Fig. 

2A). Following transfer to PVDF membrane and acid hydrolysis, only Lys, 1meK, 2meK 

and Arg were identified in the samples by LC/MS-MS, consistent with reported proteomic 

results [3] and the established selectivity of reductive methylation for Lys residues [21]. The 

stoichiometry of Lys methylation (SK) was then calculated from measured quantities of Lys, 

1meK and 2 meK, the known Lys composition of human 2N4R tau (44 Lys residues; [31]) 

and eqns. 1 and 2. Comparison of these estimated stoichiometries with those determined 

previously by 14C-labeling showed excellent concordance between the two methods (Fig. 

2B), with the null hypothesis being accepted at all time points (triplicate determinations).

These data indicate that LC/MS-MS could replace 14C-labeling for quantifying tau 

methylation stoichiometry. However, the approach provided additional information by 

disaggregating methylation stoichiometry into its qualitative 1meK and 2meK components. 

These components appeared together early in the time series, but differed in their subsequent 

kinetics, with 1meK plateauing early while 2meK continued to increase over time (Fig. 2C). 

By 60 min, most methylation stoichiometry was in the form of 2meK (compare Fig. 2 panels 

B and C). To quantify these observations, stoichiometry data were modeled as simple first-

order approaches to plateau by eqn. 5. Both 14C-labeling and LC/MS-MS stoichiometry data 

produced statistically similar estimates of pseudo-first order rate constant kapp and total 

plateau methylation stoichiometry ymax (Fig. 2D), demonstrating the utility of the LC/MS-

MS assay for kinetic analysis. Disaggregating these total stoichiometry data into their 1meK 

and 2meK components revealed that the kapp for 2N4R tau mono-methylation was faster 

than that for dimethylation, but plateaued at lower levels (Fig. 2CD). As a result, 2meK was 

the predominant contributor to total stoichiometry at later time points (Fig. 2D). These data 

were consistent with the established kinetics of reductive methylation, where 
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monomethylation must precede addition of a second methyl group [21]. Together these data 

illustrate the utility of LC/MS-MS detection for quantification of Lys protein methylation 

stoichiometry and its dissociation into elementary components.

Application to tissue-derived proteins

Because of its sensitive and label-free method of detection, the LC/MS-MS approach is 

ideally suited for analysis of low abundance, tissue-derived samples. To test this utility, three 

tissue-derived methyl-protein samples were analyzed. The first of these was bovine 

calmodulin, which when isolated from beef brain or testes is reported to contain one 3meK 

residue at position 115 and no other Lys or Arg methylations [13]. When subjected to SDS-

PAGE, bovine calmodulin electrophoresed as a 14 kDa species (Fig. 3A). After gel-purified 

calmodulin was acid hydrolyzed and assayed by LC-MS/MS, only 3meK was detected (Fig. 

3B). On the basis of the amino acid composition of calmodulin [13], a stoichiometry of 3.72 

± 0.57 mol methyl/mol calmodulin was calculated (Fig. 3B). This value corresponded to 

1.24 ± 0.19 mol 3meK/mol calmodulin, consistent with the single 3meK modification site 

established by protein chemistry methods (null hypothesis accepted, p = 0.16).

The second sample was MBP, which reportedly contains 1meR and 2meR (but not methyl 

Lys) when isolated from bovine brain [14–17]. Upon SDS-PAGE separation, bovine MBP 

electrophoresed as a ~18 kDa species (Fig. 3A). After acid hydrolysis and LC-MS/MS 

analysis, 1meR and 2meR were the only detectable methyl amino acids (Fig. 3B). On the 

basis of the amino acid composition of MBP, a stoichiometry of 0.65 ± 0.14 mol methyl/mol 

MBP was calculated (Fig. 3B) composed of ~0.2 mol each of 1meR and 2meR per mol 

MBP. These values were consistent with previous estimates made on the basis of amino acid 

analysis and colorimetric detection (0.18 – 0.80 mol 1meR/mol MBP and 0.12 – 0.31 mol 

2meR/mol MBP; [14–17]), demonstrating that the utility of the ratiometric approach for 

estimating protein methylation stoichiometry also extends to methyl-Arg.

Finally, mixed histones were assayed to gauge the feasibility of detecting broad-spectrum 

methylation occurring within one sample. Histones are subject to diverse post-translational 

modifications, and have been reported to contain 1meK, 2meK and 3meK as well as 1meR 

and 2meR residues [32, 33]. When analyzed by SDS-PAGE, mixed histones prepared from 

calf thymus separated into constituent core H2A, H2B, H3, and H4 components (Fig. 3A). 

After H2A, H2B, and H3 were excised as a mixture and subjected to acid hydrolysis, LC-

MS/MS analysis successfully confirmed 1meK, 2meK, 3meK, 1meR and 2meR as being 

simultaneously present in the sample (Fig. 3B). Estimates of stoichiometry in this case were 

averaged over the composition of the mixture (H2A, H2B and H3) and therefore not 

reflective of any single species. However, the observed rank order stoichiometry of 2meK > 

1meK was consistent with previously reported characterizations of arginine-rich histones by 

amino acid analysis [34, 35]. These results indicate that the LC-MS/MS method is able to 

detect and quantify both Lys and Arg methylation when present simultaneously in a 

qualitatively complex sample.
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Discussion

These data indicate that an LC-MS/MS approach can reliably detect mid-fmol quantities of 

methylated Lys and Arg yielding estimates of their stoichiometries in proteins. Its overall 

precision and accuracy are sufficient to replace radio-labeling in kinetic analyses of protein 

Lys reductive methylation. It may also be of use in characterizing the kinetics of Lys and 

Arg methyltransferases [36]. However, its greatest utility is its compatibility with a broad 

range of low abundance, tissue-derived protein samples, its ability to disaggregate bulk 

Arg/Lys methylation stoichiometry into its individual mono-, di-, and tri-methylated residue 

components, and its compatibility with diverse sample sources owing to its leveraging of 

SDS-PAGE for final sample preparation. Despite these advantages, accurate ratiometric 

quantification of tissue protein methylation stoichiometry will depend on three conditions. 

First, as with other methods, the analyte must be of high purity. While not attainable for all 

protein samples, the incorporation of an SDS-PAGE isolation step provides a convenient and 

powerful means of maximizing input sample purity. Second, ratiometric analysis requires 

full-length protein or at least precise knowledge of Lys and Arg composition. In the case of 

tau protein, this was easily achieved by using recombinant protein of defined isoform 

composition. Full-length, post-translationally modified tau proteins of known isoform 

composition also can be isolated from mammalian brain tissue and separated by SDS-PAGE 

[37, 38], and so these will likely be amenable to analysis as well. In contrast, the tau proteins 

that accumulate in human cerebral spinal fluid can become extensively proteolyzed, 

resulting in complex peptide mixtures ([39, 40]). Accurate quantification of methylation 

stoichiometry in this pool would be challenging. Finally, the ratiometric approach requires 

that diverse post-translational modifications on Lys and Arg residues other than methylation 

break down to unmodified amino acids after acid hydrolysis. This condition is largely met 

for stable Lys modifications, which apart from specific hydroxylated derivatives associated 

with collagen [41], and certain acid-stable advanced glycation end products associated with 

aging and metabolic disease [42], are dominated by acid-sensitive acylations. Arg too is 

subjected to hydrolysable PTMs. However, Arg also can be modified by peptidyl Arg 

deiminases that convert peptidyl-Arg residues to citrulline [43], which upon hydrolysis 

yields ornithine rather than Arg. As a result, the denominator for eqn. 3 will be 

underestimated when applied to citrullinated analytes, resulting in overestimation of 

methylation stoichiometry. However, the stoichiometry of citrullination in vivo is low [44]. 

Indeed, we found that ratiometric quantification of bovine MBP methyl-Arg stotichiometry 

was consistent with previously reported analyses despite the presence of five citrullination 

sites on this analyte [45]. Because ornithine also is amenable to LC-MS/MS analysis [28], it 

may be possible to create a ratiometric assay for quantification of citrullination 

stoichiometry in future.

In addition to Lys and Arg residues, proteins can be methylated on their N-termini, on His 

residues, and on certain carboxylic acid groups (reviewed in [46]). Because 

carboxymethylated residues are not stable to acid hydrolysis (for example [47]), a targeted 

ratiometric approach similar to the one disclosed here for methylated Lys and Arg would not 

be appropriate for these analytes. However, both His- and N-terminal methylation are acid 
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stable [48, 49], and so it may be possible to target these methyl-residues for bulk 

quantification using our methods.

In summary, the method disclosed herein will complement existing bottom-up proteomic 

identification of Lys and Arg protein methylation sites by yielding estimates of overall 

methylation stoichiometry and quality. The approach will facilitate study of methylation 

kinetics as well as placing observations of in vivo methylation into a more quantitative 

context.
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1meK, 2meK and 3meK Nε-(methyl)-, Nε-(dimethyl)-, and Nε-(trimethyl)-L-lysine, 

respectively

1meR NG-Methyl-L-arginine

ADMA NG,NG′-Dimethyl-L-arginine

LC-MS/MS liquid chromatography–tandem mass spectrometry

MBP myelin basic protein

MRM multiple reaction monitoring

PTM post-translational modification

PVDF polyvinylidene fluoride

SDMA NG,NG′-Dimethyl-L-arginine
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Fig. 1. 
Ion chromatograms for amino acid standards detected by multiple reaction monitoring. (A) 

Total ion count of mixed amino acid standards Lys (3.75 pmol), Gln (3.75 pmol), methyl-

Lys (1meK, 2meK, 3meK; 1.5 pmol each), Arg (750 fmol), and methyl-Arg (1meR, 1.5 

pmol; 2meR, 0.75 pmol each of ADMA and SDMA), where each color represents the 

measured ion intensity of an individual transition precursor/product ion pair (see Table 1). 

(B) LC-MS/MS chromatograms of individual amino acid standards extracted from Panel A. 

The separation of all amino acids standards was completed within 10 min.
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Fig. 2. 
Quantification of Lys methylation stoichiometry in tau protein. (A) recombinant human 

2N4R tau that was reductively methylated for 0 (lane 1), 7 (lane 2), 15 (lane 3), 30 (lane 4) 

or 60 (lane 5) min was subjected to SDS-PAGE and Coomassie blue staining. Bands excised 

for hydrolysis and LC-MS/MS analysis are marked by asterisks. (B) Time course of 

methylation stoichiometry. Solid circles represent total methylation stoichiometry (in units 

of mol methyl/mol tau) as a function of time (yt) determined through radiolabeling with 

[14C]formaldehyde (n = 3) whereas hollow circles represent total methylation stoichiometry 

determined using LC-MS/MS (n = 3). Solid lines represent best fit of each time series with 

Eqn. 5. (C) Time course of methylation stoichiometry, where methylation stoichiometry 

determined by LC-MS/MS in Panel B was disaggregated into its 1meK (solid squares) and 

2meK (hollow squares) components. Solid lines represent best fit of each time series with 

Eqn. 5. (D) Replot of data shown in Panels B and C, where ymax corresponds to the 
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calculated plateau stoichiometry (in units of mol methyl/mol tau) and and kapp corresponds 

to the pseudo-first order rate constant for each time series. Key: 14C ([14C] formaldehyde 

labeling), Total (total methylation stoichiometry determined by LC/MS-MS), 1meK (1meK 

component of LC/MS-MS stoichiometry), and 2meK (2meK component of LC/MS-MS 

stoichiometry). *, p < 0.05; ***; p < 0.001; n.s., p > 0.05 on z-test (eqn. 6).
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Fig. 3. 
Quantification of methylation stoichiometry in protein standards. (A) Coomassie-blue 

stained SDS-PAGE gel of input protein standards calmodulin (lane 1, 1 μg), MBP (lane 2, 2 

μg) and mixed histones (lane 3, 3 μg). Bands excised for hydrolysis and LC-MS/MS analysis 

are marked by asterisks. The excised histone bands consisted of core histones H2A, H2B 

and H3. (B) Methylation stoichiometry determined by LC-MS/MS and eqns. 1–4. Bar height 

indicates contributions of 1meK, 2meK, 3meK, 1meR and 2meR to mol methyl/mol protein 

in each sample (triplicate determination) whereas error bars represent the standard deviation.
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