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Abstract

Reductive methylation of lysyl side-chain amines has been a successful tool in the advancement of 

high resolution structural biology. The utility of this method has continuously gained ground as a 

protein chemical modification; first, as a tool to aid protein crystallization and later, as a probe in 

protein nuclear magnetic resonance (NMR) spectroscopy. As an isotope-labeling strategy for 

NMR studies, reductive methylation has contributed to the study of protein-protein interactions 

and global conformational changes. While more detailed structural studies using this labeling 

strategy are possible, the hurdle of assigning the NMR peaks to the corresponding reductively 

methylated amine hinders its use. In this review, we discuss and compare strategies used to assign 

the NMR peaks of reductively methylated protein-amines.
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Introduction

Reductive methylation is an effective tool for studying protein structure and function and 

has been used since 1968 to study the biological functions of specific lysines [1]. This sparse 

labelling method allows for lysines to be chemically modified under slightly basic 

conditions in the presence of a reducing agent and formaldehyde. The protein N-terminal α-

amine and the lysyl side-chain ε-amines undergo methylation to produce 

monomethylamines, which have a slightly higher acid dissociation constant (pKa) compared 

to the unmodified primary amines [2]. In the presence of excess formaldehyde, the 

monomethylamine readily reacts to produce a dimethylamine (Figure 1). Proteins can be 

isotopically labeled in this manner with the use of labeled formaldehyde (13C and 14C) 

and/or reducing agent (2H and 3H) [2-5]. Since lysines are polar and the side-chains are 

typically solvent-exposed, it is easy to homogeneously modify most lysines by reductive 
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methylation. Some exceptions are when the lysine is involved in a salt bridge or buried in 

tertiary or quaternary structures. The reductive methylation reaction conditions are mild, so 

proteins can be modified without denaturation. Reductive methylation of proteins is usually 

performed at pH 7.5-10.0; but, in an unpublished study, we found that reductive methylation 

is achievable as low as pH 4.0, extending the applicability of the method. Another attractive 

feature is the retained charge of the amines with reductive methylation, closely maintaining 

the isoelectric point (pI) of the protein. Due to the small size of the methyl groups, the 

modification rarely introduces global changes to the protein structure or interferes with its 

activity, the most important feature of reductive methylation.

Reductive methylation of proteins has been used to advance many techniques in the study of 

protein structure and function. Reductive methylation can facilitate protein crystallization by 

altering the dynamics of the lysyl side-chains through steric and hydrophobic interactions. 

Aiding protein crystallization is one of the early applications of the reductive methylation 

reaction and is still a major application today [6-7]. Rypniewski et al. demonstrated the first 

high-resolution three-dimensional (3D) structure of a reductively methylated protein [8]. In 

this work, the structures of lysozyme and reductively methylated lysozyme were compared, 

revealing highly similar structures with a root mean squared deviation of 0.40 Å in the 

backbone atoms (Figure 2). As a result, reductive methylation has had a major impact on 

studying the biophysical properties of proteins, especially structure.

Other techniques, such as bioactivity assays, electrophoresis, and circular dichroism (CD), 

have also benefited from reductive methylation [4,9-12]. Electrophoresis is a useful 

technique for assessing biophysical properties, such as the molecular weight and the pI, of 

medium to large proteins. Reductive methylation has been used in electrophoresis to 

radiolabel protein samples with 14C and 3H, improving the detection sensitivity over the 

traditional Coomassie Blue staining method [13]. CD is a technique that can probe the 

secondary structure of a protein by monitoring the differential absorption of circularly 

polarized light at ultraviolet wavelengths. Each unique combination of amino acids and 

secondary structure gives a distinct absorption fingerprint. Reductively methylated proteins 

have been shown to conserve the structural fingerprint of their native counters, which allows 

CD to be used to analyze the effects of methylation on protein binding [14-15]. Mass 

spectrometry (MS) is a powerful technique for analyzing isotopic composition, mass, and 

chemical structures of proteins and peptides. Reductive methylation has provided many 

advantages in MS proteomics studies for peptide enrichment [16], separations [17], 

quantitation [18], detection [19], and signal enhancement [20]. In addition, reductive 

methylation has been used to identify and associate protein biomarkers with breast cancer 

using a proteomics MS approach [21]. MS is also being used to determine tertiary and 

quaternary protein structure [22-23], and the reductive methylation reaction could be used in 

this way to identify structurally protected lysines or the N-terminus.

Reductive methylation has also positively impacted the study of proteins by NMR. NMR 

can be used to study the high-resolution 3D structure, ligand interactions, and dynamics of 

proteins. The technique relies on NMR observable nuclei, such as 1H, 15N, and 13C. Due to 

the low natural abundance of 15N and 13C, these isotopes must be incorporated into the 

protein. Metabolic labeling using bacterial hosts and recombinant DNA is the most common 
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approach to produce fully 15N- and 13C-labeled proteins [24]. This labeling technique is not 

amenable to all proteins, especially those requiring post-translational modifications. 

Reductive methylation provides an alternative labeling strategy where 13C-formaldehyde is 

used to incorporate 13C-methyl groups. This labeling method introduces sparse 13C-labels 

that can be used as sensitive probes to determine lysyl pKa values [25-29], discover the roles 

of lysines in enzyme activity [30-32], study protein-protein interactions [33-34], and observe 

pseudo-contact shifts and paramagnetic relaxation enhancement (PRE) effects [2,25,35].

Despite the significant advantages reductive methylation provides NMR-studies of proteins, 

the utility is mitigated by the difficulty in assigning the 13C-methyl peaks to their respective 

amines. Traditional NMR assignment strategies for fully 15N- and 13C-labeled proteins rely 

on through-bond, scalar couplings or through-space, nuclear Overhauser effects. Because the 

reductive methylation reaction produces sparse labeling, these assignment methods are not 

applicable. Here, we review alternative assignment strategies for reductively methylated 

proteins and compare the results for the assignment of reductively 13C-dimethylated hen egg 

white lysozyme.

NMR Assignment Methods

Assignment of the dimethyllysyl NMR peaks was pioneered in 1973 by Bradbury and 

Brown [25]. This work established the utility of the dimethylamino group to probe the 

microenvironment of lysines by studying the dimethylamino 1H-NMR peaks of lysozyme as 

a function of gadolinium (III) (Gd3+) concentration. Through PRE, Gd3+ has a broadening 

effect on NMR peaks, which is inversely related to the distance to the sixth power between 

Gd3+ and the nucleus of interest. Broader lines were observed as the concentration of bound 

Gd3+ increased, with the group closest to the paramagnetic ion broadening the most. 

Assignments made with this method were based on a single Gd3+ binding site observed in 

the X-ray crystal structure determined by Blake and Rabstein (not published). Corroboration 

of the results with experimental pKa values and the 3D structure allowed for the assignment 

of the six ε-dimethyllysyl, 1H-NMR peaks. It should be noted that lysozyme has six lysines, 

so seven dimethylamino peaks are expected; however, inadequate modification of the N-

terminal α-amino group, confirmed by experimental pKa values, resulted in six peaks. While 

absolute assignment of the ε-dimethyllysyl peaks was accomplished, this assignment method 

is limited to proteins that bind paramagnetic ions and have known structures with ion-to-

methyl distances in the range of 15 – 24 Å. In 1975, Brown and Bradbury published an 

addendum to this procedure using reductively methylated ribonuclease A (RNase-A) [26]. In 

this work, the authors compared the pKa values obtained from pH titrations of the 

dimethylamines to those of model compounds to make assignments. The pKa of the N-

terminal α-dimethylamine of a protein is distinct and typically around 7.0. The lysyl ε-

dimethylamines fall within the range of 9.5 – 11.0, depending on their microenvironment. 

When the dimethylamines are involved in a salt bridge, the pKa is typically lower. Because 

of their distinct pKa values, the authors were able to assign the α-dimethylamino peak (pKa 

= 6.6) as well as the ε-dimethylamino peak of Lys41 (pKa = 8.6), with the aid of the crystal 

structure, which shows Lys41 in a salt bridge. The remaining dimethylamines had pKa 

values in the range of 10.6 – 11.2 and could not be assigned by titration alone.
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In 1979, Jentoft and Dearborn described new methods for reductive methylation and the 

study of dimethylamines on proteins [36]. Reductive methylation of proteins with sodium 

borohydride (NaBH4) suffers from low efficiency due to the strength of this reducing agent. 

In addition to reducing the Schiff base, NaBH4 also reduces aldehydes and ketones; thus, the 

reduction of formaldehyde to methanol competes with the desired, forward reaction. Other 

problems associated with NaBH4 are its strong pH dependence (pH 9.0) and the reduction of 

disulfide bonds. The reductive methylation method presented by Jentoft and Dearborn uses 

sodium cyanoborohydride (NaCNBH3), a milder reducing agent that does not reduce 

aldehydes or ketones at neutral pH. Additional benefits of NaCNBH3 are the larger pH range 

(pH 7.0 – 9.0) and a higher degree of lysine modification. Another difference between the 

methods is that Jentoft and Dearborn used 13C-NMR to study the dimethylamino peaks 

instead of 1H-NMR. Reductive methylation of the lysyl side-chains can yield 

monomethylamines and dimethylamines depending on the efficiency of the reaction and 

limiting reagents. The 1H-chemical shifts of both mono- and dimethyl peaks are similar and 

often overlap each other as well as other 1H-signals from the protein. Titration (pH) 

experiments are often used to differentiate the α- and ε-dimethylamino peaks; however, 

significant 1H-signal overlap can render this method ineffective as signals shift in the same 

direction with pH. On the other hand, the 13C-chemical shifts of methylamines are sensitive 

to the “amine order.” Monomethylamines (Δ ~32 – 34) and dimethylamines (Δ ~41 – 44) are 

isolated from each other as well as other signals from the protein. Jentoft and Dearborn 

demonstrated that α-dimethylamino peaks shift upfield while the ε-dimethylamino peaks 

shift downfield with increasing pH. Using the new reductive methylation method and 13C-

NMR, Jentoft et al. studied RNase-A. Peak assignments of RNase-A were made by 

comparing the 13C-spectra of dimethylated RNase-A to the spectra of model compounds and 

verifying both the α-dimethylamino and Lys41 ε-dimethylamino peaks by pH titrations. 

This work demonstrated the benefits of using the 13C-NMR peaks and became the basis for 

ensuing experiments.

Variations of Jentoft and Dearborn’s method were later used by Gerken et al. to study 

lysozyme and Sparks et al. to study apolipoprotein A-1 (apoA-1) [28,31,37]. Instead of 

using model compounds to verify assignments made from experimental pKa values, Gerken 

et al. used the X-ray structure of lysozyme and Sparks et al. used the predicted secondary 

structure of apoA-1 to make and verify assignments. Like their predecessors, each of the 

methods is limited by the number of distinct pKa values. Additionally, the assignment 

methods used by Gerken et al. and Sparks et al. are limited by their reliance on determined 

and predicted structural data, respectively. Using pH titrations for assigning dimethylamino 

peaks is proven to be a useful tool; however, supplementing with a secondary technique is 

necessary to achieve absolute assignment. In order to use reductive methylation as a strategy 

to study protein structure by NMR, it is important that the assignment techniques not rely on 

prior knowledge of the protein other than the amino acid sequence.

In 1988, Dick et al. assigned 13C-NMR peaks of reductively methylated fd gene 5 protein 

(G5P) using pH titration and peptide sequencing of partially radiolabeled (3H and 14C) 

protein [30]. This method advanced the development of an ideal assignment strategy and 

was the first to utilize partial methylation for assignment. In this method, G5P was 
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reductively 13C-methylated both free (control) and bound to a ligand followed by 

subsequent 14C-methylation to completion (unbound) to incorporate radiolabels. The protein 

was enzymatically digested and sequenced by Edman degradation. Radioactivity was 

monitored during degradation to assess the level of protection by bound ligand of each lysyl 

residue. Those lysyl residues with higher radioactivity exhibited lower peak intensities in 

the 13C-NMR spectrum. One of the lysines of G5P is the C-terminal residue, which Dick et 

al. cleaved using carboxypeptidase B. Subsequent difference spectra of methylated G5P and 

the carboxypeptidase-modified G5P were used to assign the C-terminal lysyl residue. 

Degenerate levels of radioactive isotope-incorporation led to group-wise assignments; 

however, absolute assignments were possible by comparing the data to the X-ray crystal 

structure.

The assignment of dimethylamino NMR peaks soon progressed with the introduction of two 

dimensional (2D) NMR. The 2D experiments improved the resolution of the dimethylamino 

peaks by utilizing the chemical shift dispersion of the dimethylamino peaks in the 13C-

dimension with the sensitivity of 1H-detection. Zhang and Vogel used site-directed 

mutagenesis to assign the dimethylamino peaks in a 1H-13C heteronuclear multiple quantum 

coherence (HMQC) spectrum of reductively methylated mammalian calmodulin (CaM) 

[29]. Individual mutants (Lys → Gln) of CaM were generated for each of the 7 lysl residues, 

followed by reductive methylation with 13C-formaldehyde. Each peak was assigned by its 

absence in the spectrum of the corresponding mutant. This assignment method is the first to 

achieve absolute assignment without prior knowledge of the target protein’s structure and 

has significant implications towards protein structural studies. Although technically sound 

and successful, site-directed mutagenesis can require extensive work for those proteins 

containing many lysines.

In 2000, Ashfield et al. presented an assignment method that utilized matrix assisted laser 

desorption ionization – time of flight (MALDI-TOF) MS to identify partially 13C-

methylated lysines on tryptic peptides [34]. The use of MS to probe the extent of 

methylation at each lysine is an alternative approach to the peptide sequencing (Edman 

degradation) method used by Dick et al. and does not require radio-labeling. Dimethylamino 

NMR peaks of human MIP-1α D26A (hMIP-1α), which contains 3 lysines, were assigned 

by correlating the disappearance of unmodified peptide masses in the mass spectra with the 

appearance of mono- and dimethylamino peaks in 13C-NMR and 2D 1H-13C heteronuclear 

single quantum coherence (HSQC) NMR spectra. Reductive methylation of dimeric 

hMIP-1α revealed that one of the lysyl residues was completely protected from 

modification. The authors were able to make absolute assignments of the 3 reductively 

methylated lysines of hMIP-1α with only the amino acid sequence as prior knowledge.

The MS-assisted assignment method, developed by Macnaughtan et al., expands on the 

Ashfield method with the introduction of using MS to measure the amount of 13C 

incorporated at each dimethylamine [38]. This method utilized partial labeling for 

assignment based on the varying rates of the reductive methylation reaction at each site. 

Partial labeling with 13C-formaldehyde, followed by labeling with excess natural abundance 

formaldehyde, resulted in varying levels of 13C at each dimethylamine. The amount of 13C-

incorporation at each site was measured by NMR, using the peak volumes in a 2D 1H-13C 
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HSQC spectrum, and MS, using the shift in the isotopic profile of peptides produced by 

trypsin digestion. MS analysis also provides the identity of the dimethylamine through the 

unique mass-to-charge ratio (m/z) of the peptide, which can also be verified by tandem MS 

experiments. By correlating the NMR and MS data for 13C-incorporation, the 

dimethylamino peaks can be assigned knowing only the amino acid sequence of the target 

protein. Assignments of the dimethylamino NMR peaks of hen egg white lysozyme were 

made through the correlation of 13C-incorporation percent values calculated for both tryptic 

peptides with MS and NMR peaks of 2D 1H-13C HSQC NMR experiments. While the range 

of partial labeling was good (30.2 – 71.4 %), the accuracy of the NMR and/or MS 

measurements of 13C-incorporation did not allow for complete assignment. In addition, the 

MS data were incomplete because individual isotopic profile measurements could not be 

made for the two N-terminal dimethylamines or for the tandem lysines, Lys96 and Lys97. 

The inherent difficulty in assigning the N-terminal lysine led to the supplemental methods 

by Roberson et al. [39]. This work presented two techniques to identify and assign the N-

terminal lysine α- and ε-dimethylamino NMR peaks. The first method used aminopeptidase 

to identify the two peaks belonging to the N-terminal lysine, and the second method used 

pH-induced chemo-selectivity to modify either the α-amine or the lysine side-chain ε-

amines. Assignments were made by the loss of peaks in 2D 1H-13C HSQC spectra and by 

using the MS-assisted assignment method on selectively labeled samples. The pH-selectivity 

technique provides advantages over the titration approach in assigning the α-dimethylamino 

peak because it does not require a supplemental technique or structural knowledge to 

confirm the assignments. It also has the added benefit of assigning the N-terminal ε-

dimethyllysyl peak, which has a pKa similar to other ε-dimethyllysines. Establishment of 

these methods to supplement the original work by Macnaughtan et al. aided in further 

assignments of lysozyme; however, limited accuracy and degenerate labeling did not allow 

for absolute assignments, despite intense efforts to vary the extent of labeling [40].

Recently, Larda et al. published a new approach for the assignment of ε-methyllysyl peaks 

for protein structural studies [2]. Instead of focusing on dimethylamines, the authors 

presented a protocol that favors monomethylation of the amino groups to take advantage of 

the improved resolution and overcome exchange broadening. In addition, deuterium tags 

allowed for the use of pulse sequences that filter out natural abundance 13C-signals. 

Assignments of methylamino peaks were made by comparing aromatic nuclear Overhauser 

effects (NOEs) and line broadening effects from dissolved nitroxide spin-labels to that of 

predicted effects from the X-ray crystal structure. Although absolute assignments were 

made, the general applicability of the method is limited because of the dependence on the 

assignments made by Macnaughtan et al. and the crystal structure.

Assignments of Reductively Methylated Lysozyme

Lysozyme has been the model protein most often used in developing an assignment strategy 

for dimethyllysyl NMR peaks. With six lysines and the N-terminal amine, seven sites of 

methylation are possible and will be referred to as αLys1, εLys1, Lys13, Lys33, Lys96, 

Lys97, and Lys116. Depending on the pH, ionic strength, and temperature of the reductively 

methylated lysozyme sample, the methyl groups of a single dimethylamine can be 

equivalent and exhibit one NMR peak or they can be non-equivalent or in slow exchange 
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and exhibit two NMR peaks. The number of peaks and the peak widths depend on the 

dynamics associated with the methyl groups, which are influenced by bond rotations, amine-

inversion, and pKa. Assigning the NMR peaks of the dimethylamino groups to the lysines 

and N-terminal amine is usually performed within the pH range of 8 – 9 at room 

temperature, when each site has equivalent methyl groups and seven peaks are observed as 

shown in Figure 3. Assignments of the dimethylamino peaks have been made in part or in 

absolution by five methods, which we refer to as Bradbury, Gerken, Macnaughtan, 

Roberson, and Larda. Each assignment strategy is discussed and compared in detail and 

summarized in Table 1.

In the first study, conducted by Bradbury and Brown, six resolved peaks corresponding to 

the six ε-dimethyllysines were titrated to obtain pKa values and then assigned using selective 

broadening effects with increasing concentrations of Gd3+ [25]. This method is based on the 

assumption that the paramagnetic ion binds in a single location between Glu35 and Asp52. 

Each residue was assigned based on the observed pKa values compared to those of model 

compounds and the side-chain interactions interpreted from the X-ray crystal structure. The 

authors noted that the only ambiguity in the assignments was between peaks 1 and 2, 

corresponding to Lys97 and Lys96, respectively, citing identical chemical shifts at pH 4.5. 

Paramagnetic perturbation studies have been useful in protein structure determination; 

however, when used to assign NMR peaks, this technique requires structural knowledge of 

the protein. For that reason this method is not applicable to proteins whose structures have 

not been solved. In addition, the assumption made in this assignment strategy was 

questioned by Gerken et al., citing multiple binding sites for Gd3+ at high concentrations 

[37].

Gerken et al. used observed pKa values and chemical shifts to make assignments of 

lysozyme dimethylamino NMR peaks [37]. The αLys1 peak was assigned by its distinct pKa 

and chemical shift. A suggested “salt bridge” between Lys13 and the C-terminal Leu129 in 

the X-ray crystal structure aided the assignment of Lys13’s dimethylamino peak. This 

assignment was confirmed with the altered pKa value of Lys13 when Leu129 was cleaved. 

Likewise, the εLys1 was assigned with assistance from the suggested ion pairing between 

εLys1 and Glu7. Lys97 was deduced to be either peak 1 or 4 (peak numbering based on 

Figure 3 and not on Gerken et al.); however, the remaining peaks could not be 

unambiguously assigned. Table 2 summarizes the peak assignments for each method for 

direct comparison. Gerken’s assignments agree with Bradbury’s for αLys1, εLys1, and 

Lys97 (peak 1), but other assignments were different or missing. Like Bradbury and 

Brown’s method, this method is limited to those proteins whose 3D structures have been 

solved. Even though both methods used suggested salt bridges and ion pairings from the 

crystal structure to justify their assignments, the assignments of all, except for αLys1, 

εLys1, and Lys97, conflict. Viable arguments were presented to rationalize the assignments 

from both methods, which suggest that reliance on the crystal structure introduces bias when 

assigning the NMR peaks.

Assignments of lysozyme dimethylamino NMR peaks by Macnaughtan et al. relied on the 

correlation of isotope incorporation measurements of the intact protein using NMR and of 

dimethylamino, tryptic peptides using MS [38]. Definitive assignments were made for three 
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of the seven peaks (αLys1, Lys96, and Lys97), but the remaining four peaks were assigned 

pairwise (εLys1 and Lys13; Lys33 and Lys116) as shown in Table 1. Absolute assignment 

of all dimethylamino peaks was prohibited by two problems associated with this method. 

First, isotope-incorporation was degenerate for two pairs of sites. The reaction rates at these 

sites are comparable, likely due to similar microenvironments. Various methods have been 

tested to break the degeneracy, including varying the reducing agent and using 18-crown-6-

ether as a selective protecting agent [39]. Improving the accuracy of the NMR and/or MS 

measurements may reveal a difference in the level of labeling. The second problem is that 

individual isotope-incorporation values could not be measured for all dimethylamines with 

MS. For peptides that contain two dimethylamines, only the average isotope-incorporation 

can be measured with MS. Trypsin is commonly used to digest proteins for MS analysis, but 

it does not cleave at dimethylated lysines. Consecutive lysines, such as Lys96 and Lys97 in 

lysozyme, pose a significant challenge for digestion. One possible solution is to use high-

resolution tandem MS to measure the isotopic profile of peptide fragments. On the other 

hand, the selectivity of trypsin can be an advantage. The assignments of Lys96 and Lys97 

are based on the observation of peptide Lys97-Arg112 in the MS, which suggests that some 

Lys96 was not methylated, even under conditions of excess formaldehyde. Consequently, 

the NMR peak with the lowest peak area (peak 6) was assigned to Lys96 (Table 1). Another 

instance of a peptide with two dimethylamines occurs when the N-terminal amino acid is a 

lysine, which is the case for lysozyme. The α- and ε-dimethylamines of the N-terminal 

lysine cannot be separated using a protease, so other methods must be used.

Roberson et al. published two methods to distinguish, identify, and assign both the αLys1 

and εLys1 NMR peaks as a supplement to the MS-assisted assignment method [39]. The 

NMR spectrum of lysozyme treated with aminopeptidase displayed the disappearance of 

peaks 6 and 7, identifying these peaks as the dimethylamino groups of the N-terminal lysine. 

Further investigation of the peaks with pH-induced selectivity of the reductive methylation 

reaction confirmed those results. At low pH, the α-amine methylated at a higher rate than 

any of the side-chain ε-amines, and at high pH, no methylation was observed for the α-

amine. The high pH sample made it possible to distinguish the αLys1 peak from the εLys1 

peak. With little to no methylation at the α-amine, the N-terminal peptide could be analyzed 

with MS to give a 13C-incorporation value for the ε-dimethylamine, which made the 

assignment of εLys1 possible (independent of the aminopeptidase method). Although peaks 

6 and 7 were previously assigned to Lys96 and Lys97, respectively, data from the N-

terminal methods were conclusive and these peaks are εLys1 and αLys1, respectively. 

Combining these assignments with Macnaughtan’s data [38] provides new assignments for 

peaks 1 (Lys13), 3 (Lys97), and 4 (Lys96), but peaks 2 and 5 are still ambiguous (Lys33 or 

Lys116) due to degenerate labeling (Table 2). The assignment of αLys1 and εLys1 may 

provide insight to improve the MS-assisted assignment method. The average 13C-

incorporation measurements of αLys1 and εLys1 are 54.2% by NMR (Peak 6 = 30.2%, Peak 

7 = 78.3%) and 44.8% by MS (peptide Lys1-Arg5). The difference between the values is 

very large and clearly indicates that the accuracy of the NMR and/or MS measurement must 

be improved for the method to be viable.
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Larda et al. introduced the use of monomethylamines and deuterium-filtered NMR to 

improve the quality of the NMR peaks for assignment [2]. Using data from Macnaughtan et 

al. and predicted, spin-label-induced line broadening from the X-ray crystal structure, all 

monomethyl- and dimethylamino signals were assigned (Table 1). Like the Bradbury and 

Gerken methods, this assignment method is limited by its reliance on the crystal structure. 

The adjusted assignments made by combining Roberson and Macnaughtan’s data agree with 

Larda’s assignments, with the exception of Lys96 and Lys97. It is not surprising that the 

assignments of Lys96 and Lys97 are unresolved, since a pair of consecutive lysines is 

difficult to distinguish using spin-labels or MS.

To date, the only consensus and conclusive assignments of dimethylamino peaks of hen egg 

white lysozyme are αLys1 and εLys1. Although there is some overlap in the assignment of 

the remaining peaks, they are difficult to accept as definite. The use of crystal structures to 

aid in the assignments produces conflicting results and limits the applicability of the method. 

While proteomics MS is useful, it is not without its limitations, including the need to 

separate, identify, and measure every dimethylamine. Advanced tandem MS methods and 

more accurate modeling of dimethylated lysines from crystal structures may alleviate the 

current challenges to dimethylamino NMR peak assignment. Analyzing lysine mutants of 

lysozyme is the most direct and reliable way to definitely assign the NMR peaks, as was 

done with calmodulin.[29] Even though the definitive assignments of reductively 13C-

methylated hen egg white lysozyme may bias future method development, a retrospective 

evaluation of the strategies reviewed would be possible.

Conclusion

Over the last 40 years, labeling proteins with reductive methylation has proved useful to 

many analytical techniques and permitted the study of proteins with limited prior knowledge 

of structural properties. Using isotopically labeled reagents, radio- or magnetic-isotopes can 

be incorporated in high yield and with little impact on the protein’s overall fold or activity. 

Labeling a protein with 13C-dimethylamino groups provides a means of studying proteins by 

NMR and is particularly useful for labeling proteins from source or purified from eukaryotic 

cell cultures. The 13C-dimethylamino NMR peaks can be studied in a number of ways to 

characterize the protein’s activity and probe its tertiary and quaternary structures. The 

applicability of the reductive methylation strategy to NMR is limited by the lack of a 

universal assignment strategy that does not require a high resolution structure or 

recombinant expression. When the structure of a protein is available, soluble (nitroxide) or 

bound (Gd3+) spin-labels and measured pKa values can be used to make assignments. This 

strategy produced conflicting results for hen egg white lysozyme, but improved 

computational modeling of reductively methylated proteins may provide more accurate 

predictions of paramagnetic effects and the state of salt bridges in solution. Using partial 

labeling of the protein (radio- or magnetic-isotopes) and a secondary method to identify and 

correlate the data (Edman degradation/scintillation or MS) has the advantage of not 

requiring a protein structure for assignment. Such an assignment strategy has the potential to 

be universal, but requires higher accuracy in measuring the amount of partial labeling for 

absolute correlation. Our review of five assignment strategies applied to reductively 13C-
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methylated hen egg white lysozyme exemplifies the difficulty of the task and creativity 

devoted to overcoming the assignment-hurdle.
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Figure 1. 
The reductive methylation reaction with 13C-formaldehyde. The top row shows the reaction 

to form the monomethylamine, and the bottom row shows the continuing reaction to form 

the dimethylamine.
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Figure 2. 
Comparison of the α-carbon positions for native and reductively methylated hen egg white 

lysozyme. Reprinted with permission from [8]. Copyright 1993 American Chemical Society.
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Figure 3. 
1H-13C HSQC spectrum of 13C-dimethylated hen egg white lysozyme (120 μM) at pH 8.1 

collected on a 600 MHz spectrometer in approximately 5 min. The peak numbering scheme 

is the same as in Table 1. Reprinted with permission from [38]. Copyright 2005 American 

Chemical Society.
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Table 1

Summary of the strategies to assign the dimethylamino NMR peaks of reductively 13C-methylated hen egg 

white lysozyme.

Name Assignment Strategy Advantages Disadvantages

Bradbury [25]

Compare experimental pKa

values to model compounds
and predicted electrostatic
interactions from the X-ray

crystal structure

Assignment of the α-amine
and ε-amines involved in
electrostatic interactions

Relies on the 3D protein
structure; pKa values were

not sufficient to assign all ε-
amines

Compare selective
broadening effects of Gd3+ to

predictions from the X-ray
crystal structure

Assignment of amines within
24 Å of the paramagnetic ion

Relies on the 3D protein
structure; relies on a known
paramagnetic ion-binding

site

Gerken [37]

Compare experimental pKa

values and chemical shift to
model compounds and
predicted electrostatic

interactions from the X-ray
crystal structure

Assignment of the α-amine
and ε-amines involved in
electrostatic interactions

Relies on the 3D protein
structure; pKa values were

not sufficient to assign all ε-
amines

Macnaughtan [38]

Correlates isotope-
incorporation measurements
from NMR peaks and MS
isotopic profiles of tryptic

peptides

Does not require a 3D
protein structure

Degenerate isotope-
incorporation limits absolute
assignments; the α- and ε-

amines must be separated to
measure the MS isotopeincorporation

Roberson [39]

Uses pH to alter the relative
rates of the α-amine reaction

compared to the ε-amines

Does not require a 3D
protein structure; absolute

assignment of the α-amine;
the MS isotope-incorporation

of an ε-amine near the N-
terminus can be measured

Limited to assigning the α-
amine and one ε-amine near

the N-terminus

Uses aminopeptidase to
assign the α-amine and an ε-
amine near the N-terminus

Does not require a 3D
protein structure

Limited to assigning the α-
amine and one ε-amine near

the N-terminus; relies on
aminopeptidase activity

toward the protein of interest

Larda [2]

Compares spin-label-induced
line broadening with

predictions from the X-ray
crystal structure

Assignment of amines
affected differently by

soluble spin-labels

Relies on the 3D protein
structure and data from

another method
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Table 2

Assignments of the dimethylamino NMR peaks to the lysyl residue number and N-terminal amine of 

reductively methylated hen egg white lysozyme with peak numbers corresponding to those in Figure 3.

Peak number Bradburya Gerkenb Macnaughtanc Robersond Lardae

1 97 ~97 ε1 or 13 13 13

2 96 33 or 116 33 or 116 116

3 116 13 ε1 or 13 97 96

4 13 ~97 α1 96 97

5 33 33 or 116 33 or 116 33

6 ε1 ε1 96 ε1 ε1

7 α1 α1 97 α1 α1

a
Data from reference [25].

b
Data from reference [37].

c
Data from reference [38].

d
Based on data from references [39] and [38].

e
Data from reference [2].
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