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Nuclear magnetic resonance (NMR) spectroscopy is a proven technique for protein structure and dynamic studies. To study proteins with NMR,
stable magnetlc isotopes are typically incorporated metabolically to improve the sensitivity and allow for sequential resonance assignment.
Reductive "°C- -methylation is an alternative labeling method for proteins that are not amenable to bacterial host over-expression, the most
common method of isotope incorporation. Reductive *C- -methylation is a chemical reaction performed under mild conditions that modifies

a protein's primary amino groups (lysine €-amino groups and the N-terminal a-amino group) to *c- -dimethylamino groups. The structure

and function of most proteins are not altered by the modification, making it a viable alternative to metabolic labeling. Because reductive *C-
methylation adds sparse, isotopic labels, traditional methods of a33|gn|ng the NMR signals are not applicable. An alternative assignment method
using mass spectrometry (MS) to aid in the assignment of proteln 3c- -dimethylamine NMR signals has been developed. The method relies on
partial and different amounts of c- -labeling at each primary amino group. One limitation of the method arises when the protein's N-terminal
residue is a lysine because the a- and e-dimethylamino groups of Lys1 cannot be individually measured with MS. To circumvent this limitation,
two methods are described to identify the NMR resonance of the *C- -dimethylamines associated with both the N-terminal a-amine and the side
chain e- amlne The NMR signals of the N-terminal a-dimethylamine and the side chain e-dimethylamine of hen egg white lysozyme, Lys1, are
identified in "H-">C heteronuclear single-quantum coherence spectra.

Video Link

The video component of this article can be found at http://www.jove.com/video/50875/

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a valuable structure elucidation tool for proteins1 NMR spectroscopy can be used to
determine the solution structure of a protein in its native state. To overcome the low natural abundance of stable magnetic isotopes, it is
necessary to mcorporate 3C and "N into the protein of interest. The most common method employed is recombinant expression in a bacterial
host?? However, two disadvantages of bacterial host over-expression are it cannot produce post-translational modifications and does not work
for all protems3 When bacterial expressmn is not a viable route for protein production, over-expressmn in nonbacterial hosts can be used, but
isotopic labeling is difficult and expenswe Alternative expression methods for mcorporatmg C and °N isotopes |nto proteins for NMR analysis
include sparse labeling techniques using metabolic precursors for methyl Iabellng and smgle C "®N amino acids”®. A chemical approach to
sparse labeling used herein is the well-established reductive 3c. -methylation reaction (Figure 1), where the primary amino groups on a protein -
the N-terminal a-amine and the lysine, side chain g-amines - are methylated. Once monomethylamines are formed, the amine readily undergoes
methylation again, due to the higher pKa value, to form dimethylamines.

Reductive methylation was first introduced as a method to chemically modify proteins by Means and Feeney . The advantages of this reaction
are its broad applicability and mild reactions conditions at buffered, physiological pH and low temperatures11 2 In the presence of formaldehyde
and a reducing agent, such as dimethylamine borane complex (DMAB), the lysine €-amino groups and the N-terminal a-amino group are
selectively methylated to produce dimethylated amines. Although formaldehyde is known to cross-link proteins through the formation of
methylene bridges, this process is blocked by the reducing agent

Reductive methylation has been successfully used to study protelns with both NMR and x-ray crystallography. Reductive methylation is used

to facilitate the crystallization of otherwise intractable protelns . Hen egg white lysozyme was the first protein crystallized in its dlmethylated
form. The root-mean square difference between the heavy atoms in the methylated and unmethylated lysozyme structures is 0.40 A" This
comparison demonstrates that the protein structure can be maintained after reductive methylation, making the reaction a viable, labeling tool for
structure elucidation.

By using ¥C-labeled formaldehyde in the reductive methylation reaction, ¥ -dimethylated amines are produced. The ¥C- dlmethylammes are
NMR-detectable probes that have been widely used to study protein dynamics, structure, and function. NMR and reductive '>C- -methylation
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have been used to study protein-ligand and protein-protein interactions for the B, adrenergic receptor”, ribonuclease A'®, Iysozymew' fd gene 5
proteinzo, and cytochrome & Similarly, structural and functional properties have been studied of reductively 13C-methylated ribonuclease A%,
Iysozyme23, fd gene 5 protein®*, Clostridium pasteurianum ferredoxin®®, Fc fragment of IngG, apolipoprotein A-1¥’, and MIP-10% The dynamics
of the 13C-dimethylamino groups have been studied on concanavalin A% and calmodulin®".

Even though reductive 13C-methylation has been used widely to study proteins with NMR, the labeling method has always been limited by the
difficulties of assigning the NMR resonances?®. Most assignment strategies for reductivelg/ 13C-methylated proteins have relied on small numbers
of sites, 2% known structural properties11'19’23'26‘31'32. or extensive genetic modifications®*. None of these studies successfully assigned all the
13C-dimethylamine peaks except for the calmodulin study, where the peaks were assigned by site-directed mutagenesis of each Iysine33. In

the study of MIP-1a dimer formation, the use of mass spectrometry (MS) to aid in the NMR assignment of reductively 13C-methylated amines
was first reportedza. Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) MS was used to identify the lysine at the interface

of the dimer. The partially methylated lysines of human MIP-1a tryptic peptides were identified with MS and correlated with the appearance of
mono- and dimethylamine signals of the intact protein observed in 2D "H-C HSQC NMR spectrazg. Our group expanded on the use of MS and
presented an assignment method that requires no prior knowledge of the protein's structure or properties other than the amino acid sequence34.
This method is applicable to most proteins. One exception is when a protein has an N-terminal lysine because the MS isotopic profile of the N-
terminal lysine a- and 5-13C-dimethylamines cannot be independently measured.

Here we present two methods, one chemical and one enzymatic, to identify the N-terminal a-dimethylamine and the side chain e-dimethylamine
sites of an N-terminal lysine residue. The first method was inspired by Cérdova et al. who used pH to control the selectivity of protein
acetylationas. The reaction favors the N-terminal a-amine at low pH and the side chain e-amines at high pH, allowing the protein a- and e-amino
groups to be distinguished, in their studies, with capillary electrophoresiss5. We demonstrate how high and low pH is used to alter the labeling

of protein amino groups using the reductive 13C-methylation reaction and to allow application of the MS-assisted assignment strategy. The
second method to assign the N-terminal a- and s-1SC-dimethyIamines takes advantage of the selective removal of the N-terminal residue(s) using
recombinant Aeromonas proteolytica aminopeptidase.

1. Reductive Methylation of Lysozyme

Prepare 500 ml of a 50 mM sodium phosphate buffer at pH 7.5. Store at room temperature.

Label three 1 ml microcentrifuge tubes for fully labeled sample (FLS), low pH partially labeled sample (LpH), and high pH partially labeled

sample (HpH).

3. Weigh out 10 mg of lysozyme and dissolve in 2 ml of sodium phosphate buffer to create an aqueous solution with a concentration of 5 mg/
ml. Cover the tubes with aluminum foil to protect the formaldehyde from degradation due light exposure. Add 500 pl of lysozyme solution to
each tube.

4. Prepare fresh 1.0 M solutions of dimethylamine borane complex (DMAB) and 13C-formaldehyde. Store at 0 °C.

5. For the fully labeled sample, use a molar ratio of 1:10 (reactive amine: formaldehyde), and for the partially labeled samples, use a 1:5 ratio.
Alternatively, the ratio can be optimized. For example, in order to see the dominance of the u-13C-dimethyIamine peak at low pH, a 2:7 ratio
was required.

6. Add 6.1 ul of 1.0 M DMAB to FLS, add 3.2 pl of 1.0 M DMAB to LpH and HpH, and gently vortex. Then add 12.3 pl of 1.0 M 13C-formaldehyde
to FLS and 6.1 pl of 1.0 M 130-f0rmaldeh¥de to LpH and HpH. Shake the reaction mixtures at 4 °C for 2 hr.

7. Add another aliquot of 1.0 M DMAB and 3C-formaldehyde as in the previous step and shake the reaction mixture overnight at 4 °C for a total
reaction time of 18-24 hr.

8. Exchange the sample's buffer to phosphate at pH 7.5 to remove excess reagents and side products using a centrifugal filter (3 kDa molecular
weight cut-off).

9. For the partially labeled samples, reductively methylate the samples at pH 7.5 with natural abundance formaldehyde to create a
homogeneously modified protein. Prepare new 1.0 M solutions of DMAB and natural abundance formaldehyde.

10. Cover the sample tubes with foil, add 6.1 pl of DMAB to LpH and HpH, and gently vortex. Then add 12.3 pl of natural abundance
formaldehyde. Shake the reaction mixtures at 4 °C for 2 hr.

11. Add another aliquot of 1.0 M DMAB and natural abundance formaldehyde as in the previous step and shake the reaction mixtures overnight

at 4 °C for a total reaction time of 18-24 hr. Then buffer exchange using steps 2.5-2.6 and store 50 ug samples at -20 °C for MS.

N =

2. Prepare the Sample for NMR Analysis

1. Prepare a 2.0 M sodium borate buffer solution at pH 8.5 in H,O.

Add 375 pl of 2.0 M sodium borate buffer solution to four 15 ml conical tubes. Parafilm the tops and poke holes. Place the flask in a

lyophilizing flask and freeze the sample.

Place the frozen sample on a lyophilizer to dry. Remove when dry.

Using a pipette, add 15 ml of D,O to each tube and mix.

Label three 4 ml centrifugal filters (3 kDa molecular weight cut-off) with FLS, LpH, and HpH. Add the corresponding sample to the filter tubes

(~500 pl). Add 3.0 ml of 50 mM sodium borate buffer at pH 8.5 to each tube. Make a balance tube for the third tube and concentrate the

samples to 500 pl using a centrifuge with a 35° fixed angle rotor at 4 °C and 7,500 rcf.

6. Empty the trap under each filter. Add another 3.0 ml of buffer to the samples and concentrate the samples again to 500 ul. Repeat step
2.5 4x.

7. Using the bicinchoninic acid (BCA) protein assay36, determine the concentration of each sample. Dilute the lysozyme samples with 50 mM
sodium borate buffer to make 150 uM samples.

8. Transfer 530 pl to a 5 mm NMR tube or 250 uM to a 5 mm magnetic susceptibility matched tube.

ok w
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9. Prepare an 80 mM stock solution of 1,2-dich|oroethane-1302 in D,O. Store this stock solution at -80 °C. Dilute to 24 mM in 80 ul and transfer
to coaxial insert tube to use as a reference in NMR analysis. Analyze the samples with NMR. Note: Run a 1D 'H-"3C HSQC and integrate the
peak areas for each resonance. Peak areas should be the same for fully labeled sample.

3. Aminopeptidase Degradation of Lysozyme

Prepare a 5 mg/ml solution of lysozyme in ultrapure water.

Add 250 pl of the lysozyme solution to a clean, 1 ml centrifuge tube.

Add 25 pl of a 0.1 M tricine solution, pH 8.0, and 6 ul of a 2.16 ug/ml Aeromonas proteolytica aminopeptidase solution.

Incubate at 37 °C for 6 hr.

Add an additional 6 pl of the 2.16 pg/ml aminopeptidase solution to the sample for a 1:50 molar ratio of aminopeptidase to lysozyme.
Incubate for an addition 20 hr at 37 °C.

Desalt 30 pl of the sample using a C18 spin column, (follow manufacturer's protocol). Store at -20 °C for MALDI MS analysis.
Prepare the remaining protein sample for NMR as described in protocol 2).

abrwN =

No

4. Prepare Samples for Mass Spectrometry

1. Using the 50 pg of sample reserved in step 2.3, exchange the buffer to 100 mM ammonium bicarbonate, pH 8.0, and concentrate to
approximately 50 ul using a 1 ml centrifugal filter (3 kDa molecular weight cut-off). Transfer the sample to a 1 ml centrifuge tube and wrap in
aluminum foil.

Add 2.0 pl of 500 mM dithiothreitol to reduce the disulfide bonds. Incubate the solution at 60 °C for 1 hr.

Add 2 pl of freshly prepared 500 mM iodoacetamide to alkylate the thiol groups. Incubate at room temperature for 20 min.

Remove the foil and add 1.0 pl of the 500 mM dithiothreitol solution to quench the reaction.

Add 2.0 ug of sequencing grade trypsin to digest the protein. Incubate the mixture at 37 °C for 16-24 hr.

Add TFA until the pH is less than 2 to quench the digestion. (Formic and acetic acids can be used as well)

Desalt the sample on a C18 spin column and elute the protein in 80% acetonitrile/0.1% TFA. Dry the sample using a vacuum concentrator.
Reconstitute the sample in 5.0 pl of 50% acetonitrile/0.1% TFA for MALDI MS analysis. Mix equal volumes of the reconstituted sample

and a saturated solution of 2,5-dihydroxybenzoic acid matrix solution on the MALDI target plate. Analyze the samples on a MALDI MS.
Note: Use tandem MS to confirm the identity of peptide peaks. Smooth the mass spectra and analyze. For each dlmethylamlne containing
peptide, determine the peak intensity and peak area of each isotope in the profile. Calculate the percentage of "®c- -incorporation as described
previously™.

Representative Results

Reductive Methylation and pH

NGO R WD

A pH induced chemoselective reductive 13C-methylation reaction has been demonstrated on lysozyme. At low pH, the reaction prefers the N-
terminal a-amine over the side chain e-amines and vice versa at high pH. In solution the protein's amino groups exist in equilibrium between the
free amine and the conjugate acid, which is tunable with pH. The optimum pH range for this reaction depends on the reducing agent used. In this
case, dimethylamine borane has an optimum pH of 7.0-9.0. Working outside the optimum range of the reducing agent does make the reaction
less efficient, which becomes an advantage in this case. The reductive methylatlon reaction preferentlally modifies the N-terminal a-amine at pH
6.0 due to the lower acid dissociation constant (pK,) of the a-amine (~7) versus the g-amines (~10) . At pH 6.0 the equilibrium is drastically
shifted to favor the conjugate acid; the a-amine has the highest concentration of free amine, the reactive form in the reductive methylation
reaction. At pH 10.0, the equilibrium favors the free amine. Even though the a-amine with its lower pKj, exists nearly entirely in the free amine
form, the e-amines are stronger bases and more reactive. In the presence of I|m|t|ng 3c. -formaldehyde, we are able to take advantage of the
differing rates of reaction between the g-amines and the a-amine. Reductive '>C- -methylation of lysozyme at pH 10.0 with a molar ratio of 1:5
(moles of reactive amine: moles of "*c- -formaldehyde) achieved methylation at each of the side chain e-amines but not at the a-amine site,

due to the weaker nucleophilic nature of the a-amine. As illustrated in Figure 2, peak 7 is absent for the lysozyme sample reacted at pH 10. O
indicating that peaks 1-6 belong to e-dimethylamino groups and peak 7 is the N-terminal a-dimethylamino group. a-Amine favored reductive "*C-
methylation at pH 6.0 was observed when the amount of *c- -formaldehyde used was reduced to a molar ratio of 2:7 and the sample was not
further reacted with natural abundance formaldehyde. As illustrated in Figure 3, the methylation at low pH is a mlxture of monomethylamines

( 3C-chemical shift ~32-34 ppm) and dimethylamines ( 3¢c- chemlcal shift ~43-44 ppm). Three amino groups show *C- -dimethylation, indicating
that these groups reacted faster than the groups showmg 3c- -monomethylation. Of the 3 3¢c- -dimethylamines, peak 7 has the highest intensity
and was assigned as the N-terminal a-dimethylamino group, corroborating the assignment of peak 7 using the sample reacted at high pH.

With the ability to alter the rate of reductive methylation of the N-terminal a amino group, the MS-assisted method for assigning the NMR
resonances can be applled . The lysozyme sample that was reductlvely 3c- methylated at pH 10.0 with a 5:1 ratio was digested with trypsin and
analyzed with MALDI-TOF MS. Because the a-amino group was not reductlvely 3c- -methylated under these condltlons as shown in Figure 2,
the MS isotopic profile of the tetramethylated N-terminal peptide can be used to quantify the percentage of "®c- -incorporated at the N-terminal
e—dlmethylamlno group. The ¥'?C- -dimethylated N-terminal peptide, K(13/1ZCH3)4VFGR with a mass-to- charqe ratio (m/z) of 662, gave a scaled
percentage of "*C- -incorporation of 27%. NMR anaIyS|s of the same lysozyme sample gave a percentage of 3c- -incorporation of 33% for peak 6,
indicating that peak 6 is the N-terminal Lys1 e-C- -dimethylamine.

Aminopeptidase and Reductive Methylation

MALDI-TOF mass spectra of untreated- and aminopeptidase-treated lysozyme samples are shown in Figure 4. Insulin, which was used as a
positive control, shows a shift to lower average m/z compared to its native form, 5731.2 to 5242.7. The treated lysozyme shows a shift from
14305.8 to 13930.5, corresponding to the loss of the first three N-terminal residues of lysozyme, Lys1-Val2-Phe3. Figure 5 shows the NMR
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spectra of the untreated- and aminopeptidase-treated reductively 13C-methylated lysozyme samples. Compared to the control spectrum (Figure
4a), the spectrum of the aminopeptidase-treated sample (Figure 4b) shows a decrease in intensity for peaks 6 and 7 and an additional peak
labeled 7a. From this data, peaks 6 and 7 can be assigned pairwise as Lys1 a- and e-dimethylamine.

OH
]
R—NH; === R-NH, + 130 <=—> "CH,
R—NH
13?H3
R=N-"3CH,

}14 -OH,
13?H3 - H q_H_ 13
R—N-13CH, —=—— R—N-"3CH, R—N="CH,
dimethylamine monomethylamine
Figure 1. Reaction scheme of the reductive methylation reaction.

HBG.0
7
b pH 10.0
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28 25 Jh 25 24 23 2.2 241
1
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Figure 2. 1D 'H-*c HSQC NMR spectra obtained at 25 °C and pH 8.5 of reductively 13C-methylated lysozyme at reaction conditions
of a 1:5 molar ratio (amine: 1"'C-formaldehyde) and (a) pH 6.0 and (b) pH 10.0 followed by reductive methylation with natural abundance
formaldehyde in a ratio of 1:10 at pH 7.5.
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Figure 3. NMR spectra of lysozyme reductively 13C-methylated with a 2:7 molar ratio (amine: 13C-formaldehyde). (a)2D 'H-"*c HSQC
and (b) 1D "H-"3C HSQC.
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Figure 4. MALDI-TOF mass spectra. (a) Bovine pancreas insulin, (b) aminopeptidase-treated bovine pancreas insulin, (c) lysozyme, and (d)

aminopeptidase-treated lysozyme.
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Figure 5. 2D 'H-"3c HSQC NMR spectra. (a) Reductively 13C-methylated lysozyme and (b) Aminopeptidase-treated reductively 13C-methylated
lysozyme.

Assigning the NMR signals of reductlvely 3C- -methylated proteins is necessary to fully utilize this isotopic labeling method. The use of MS

to aid in the assignment of the NMR signals thru correlation of the partlal 3c- -incorporation data is a promising technique. The advantage of
this technique over other assignment methods is that only the prlmary amino acid sequence is needed. The MS-assisted assignment method
is limited when the N-terminal amino acid is a lysine because the ¥ -incorporation at the a-dimethylamine and e-dimethylamine cannot be
measured separately with MS. Titration experiments usually show a pH dependence of the a-dimethylamine chemical shift, but salt bridges
and other structural contributions make the chemical shift an unreliable asmgnment method. Using the methods presented not only solves
this problem, but also cwcumvents the problem of measuring individual "*C %- -incorporation for the a- and e-dimethylamino peptide with MS.
Since one site is labeled, the 3C %- mcorporatlon can be directly measured W|th MS The previous assignments of Lys1 a- and e-dimethylamine
were ambiguous because only the average 3C %- -incorporation was measured>*. With the pH and aminopeptidase methods, the a- and €-
dimethylamine peaks can be assigned directly and agree with assignments made by others 23,373 Controlllng the pH of the reductive "°C-
methylation and using aminopeptidase provide two, complementary methods to distinguish the NMR signals of the N-terminal a- and ¢-
dimethylamine groups.

The reductive methylation reaction is more efficient at higher protein concentrations. Reductive methylation of lysozyme was carried out at

a 5 mg/ml protein concentration. The concentration used depends on the solubility and aggregation tendencies of the protein of interest. For
example, if dimerization of the protein occurs and one of the lysine residues sits at the interface of the dimer, then complete methylation may be
inhibited as demonstrated by Fisher et al. with human MIP-10%. In this case, the protein concentration was used to control the selectivity of the
reductive methylation reaction. To prevent aggregation or precipitation, lower protein concentrations and/or different buffers should be tested,
keeping in mind that the buffer cannot have reactive amino groups.

When comparing different reductive methylation conditions, it is important to minimize variability and analyze replicate samples. This is mainly
achieved by using stock solutions from which each subsequent sample is produced. For example, a stock protein solution at the proper
concentration can be divided into smaller aliquots appropriate for the reaction. Stock solutions of the reagents, DMAB and formaldehyde, should
be prepared to aliquot the appropriate molar ratio. It is important to make the DMAB and formaldehyde solutions fresh before use. To reduce the
loss of protein through precipitation, protein samples should not be concentrated beyond the reaction concentration when exchanging the buffer.
Using a standard BCA assay to determine reductively methylated protein final concentration, prepare 50-200 uM samples to be analyzed with
NMR. Depending on the NMR instrument, even lower concentrations can be used, making the method amenable to proteins in limited supply.

The NMR spectra presented were obtained at 25 °C in a borate buffer at pH 8.5. The relative chemical shifts of the dimethylamine resonances
depend on the type of buffer, pH, and temperature of the sample. Chemical shifts presented here are slightly different from previous literature
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due to different buffer conditions. Dichloroethanewas used as an external reference in these experiments for two reasons. The initial reason was
to normalize the peak areas between samples for the MS-assisted assignment method. Since the dichloroethane peak does not overlap with the
dimethylamine peaks, we used it as a chemical shift reference as well; however, DSS and chemical shift referencing ratios can be used instead.

The reaction conditions for the aminopeptidase digestion should be optimized for the protein of interest. A molar ratio of 1:100 was needed to
digest lysozyme, while a 1:50 ratio was sufficient for the control protein, insulin. The buffer may also need to be optimized as was the case for
lysozyme. The digestion did not work for lysozyme in phosphate buffer, but was successful in a tricine solution. The zwitterionic tricine is known
to stabilize the charged intermediates formed during aminopeptidase digestion3g. Although this protocol calls for pH 8, the aminopeptidase used
has a pH range of 6-9. Also, there are a number of other aminopeptidases that work at varying pH ranges and are specific to certain residues.
For those proteins not soluble at high pH, this method is still applicable through a combination of the low pH reaction and aminopeptidase
treatment. It should be noted that some proteins cannot be digested with aminopeptidase while they are in their native structure because the N-
terminal residue(s) may be buried and inaccessible. If the protein can be denatured (fully or partially) and refolded, then aminopeptidase can be
used to digest the denatured protein. The converse could also be a problem, when the protein structure changes significantly upon truncation
of the N-terminus. In this case, limiting the aminopeptidase concentration and time of the reaction should be used to optimize the digestion. The
aminopeptidase method is useful for identifying the N-terminal a-dimethylamine and lysine, e-dimethylamines near the N-terminus.

For the MS-assisted assignment method, the reductively methylated protein is digested with a protease to produce peptides. Trypsin was used
with reductively methylated lysozyme, but other proteases can be used. The choice of protease(s) depends on the primary amino acid sequence
of the protein and the need to isolate each dimethylamine to a peptide. Trypsin specifically cleaves the peptide bonds on the C-terminal side of
arginine and lysine residues, but not of dimethyl-lysine residues*’. Trypsin has good activity in ammonium bicarbonate, pH 8 buffer. The choice
of buffer and trypsin concentration minimizes interferences during MS analysis. Reduction and alkylation of the cysteines reduce the complexity
of the peptide mixture be preventing the formation of random disulfide bridges between peptides. Breaking the disulfide bonds of lysozyme also
allows better access of trypsin and reduces the number of missed cleavages.

The procedures described herein utilize both NMR and MS to quantify isotopic labeling of the N-terminal residue of proteins. These incorporated
isotopes can then be used for structural and functional studies of the protein. Careful attention must be paid to the details of this method to
achieve the desired results. The procedure is tunable and can be optimized for different proteins of interest. These methods are beneficial
because they do not require extensive prior knowledge of the target protein.
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