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Abstract: Arginine methylation is important in biological systems. Recent studies link the deregula-

tion of protein arginine methyltransferases with certain cancers. To assess the impact of methyla-
tion on interaction with other biomolecules, the pKa values of methylated arginine variants were

determined using NMR data. The pKa values of monomethylated, symmetrically dimethylated, and

asymmetrically dimethylated arginine are similar to the unmodified arginine (14.2 6 0.4). Although
the pKa value has not been significantly affected by methylation, consequences of methylation

include changes in charge distribution and steric effects, suggesting alternative mechanisms for

recognition.

Keywords: arginine; methylation; methyltransferase; pKa determination; pH titration; NMR

spectroscopy

Introduction

Molecular recognition of proteins plays an important

role in chemistry and biology. Contacts occur on the

protein surface and may involve other proteins,

nucleic acids, lipids, sugars, and other ligands.

Although the majority of polar and charged residues

are located on the protein surface, ionizable groups

are also found in the hydrophobic protein interior

and lipid membranes. Arginine is one of the most

frequently buried charged residues.1–3 The guanidi-

nium group of arginine contains a positive charge

that is retained even at elevated pH in the interior

of proteins and lipid bilayers.4–6 In addition, this

group contains favorably positioned hydrogen bond

donors that can be methylated by a family of

enzymes called protein arginine methyltransferases

(PRMTs).7

Arginine is subject to several post-translational

modifications including methylation, resulting in

monomethylarginine (MMA), asymmetric dimethylar-

ginine (aDMA), and symmetric dimethylarginine

(sDMA; Fig. 1).7 Methylation of arginine is biologically

relevant, as much as 2% of arginine residues are

methylated in rat liver nuclei,8 and deregulation of

PRMTs has been linked to a number of diseases

including cancer.7,9 Methylation of arginine is impor-

tant in nucleic acid binding, processing, and gene reg-

ulation.7 Arginine residues interact with the nucleic

acid phosphate backbone and commonly form hydro-

gen bonds with the base residues, particularly gua-

nine, in protein–DNA complexes.10 The methylation

and subsequent removal of potential hydrogen bond

donors disrupts this network of hydrogen bonds,

potentially inhibiting binding.7 In addition to the

removal of an important hydrogen bond donor, shape,

hydrophobicity, and affinity to aromatic rings are

affected, modulating regulation of transcription factors

and histones.11,12 PRMT substrates have also been

associated in a number of important DNA repair

Additional Supporting Information may be found in the online
version of this article.

Grant sponsors: Georgia Cancer Coalition (GCC), Georgia State
University, Brain and Behavior Fellowship.

*Correspondence to: Markus W. Germann, Department of
Chemistry, Georgia State University, 50 Decatur Street, Atlanta,
GA 30303. E-mail: mwg@gsu.edu

Published by Wiley-Blackwell. VC 2015 The Protein Society PROTEIN SCIENCE 2016 VOL 25:479—486 479



processes from double-strand break repair13 to poten-

tial regulation of Pol-b, implicated in base excision

repair.7,14,15

Methylation could potentially perturb the pKa of

the arginine side chain and, hence, the charge of the

guanidinium moiety. In a protein, the charge state

may be further modulated by the local environment.

In less polar microenvironments, the pKa of internal

residues shifts to favor neutral species.16 Lysine res-

idues, for example, have observable pKa values that

have shifted from 10 to around 5.17 Arginine resi-

dues, however, retain their charge even at pH 10.5

For a proper comparison of pKa shifts, the unper-

turbed values must be known.

The pKa of arginine has been difficult to deter-

mine with certainty. Although a generally accepted

pKa of 12.48 has been reported in journals and texts

since its publication in 1930, previous studies with

arginine range from 11.5 to 14.18–31 The wide range

of published values is a good indication of the diffi-

culties in measuring the pKa of such a system. In

contrast to potentiometric methods, NMR spectros-

copy facilitates pKa determination at extreme pH

values.32–34

We have shown, through NMR titrations, that

methylation does not affect the pKa of the arginine

side chain. This implies that functional consequen-

ces of methylation arise not because of a change in

the charged state, but by other means. We further

probe the effect of methylation by comparing the vol-

ume, log P, and electrostatic potential maps of the

methylated variants to simulate the contribution of

steric bulk, change in hydrophobicity, and charge

distribution.

Results

To investigate the effect of methylation, 1H NMR

spectra of four arginine variants (Fig. 1) were

observed at different pH values. The pH of each

sample was calculated using concentrated KOH and

then confirmed using a glass pH electrode

Figure 1. A: Arginine and methylated arginine variants. N- and C-termini contain protection groups to mimic a peptide environ-

ment. B: 1H NMR (600 MHz) of the delta protons of 0.5 mM MMA at 258C from pH 13.6 to 11.1 (top to bottom). C: 1H NMR pH

titration of aDMA (black), sDMA (red), MMA (green), and protected control arginine (blue) delta protons.

Table I. Extrapolated pKa Values for the Four
Modified Arginine Variants and Control Compounds
Imidazole and Trifluoroethanol (TFE)

pKa
a

Titrant Hd Hmet H2,4/5 H

Arginine 14.2 — — —
MMA 14.3 14.1 — —
sDMA 14.7 14.7 — —
aDMA 14.3 14.3 — —
Imidazole — — 14.6, 14.8b —
TFE — — — 12.5

Values are based on a plot of 1H NMR chemical shifts as a
function of pH.
a Error of 60.3 imidazole and 60.4 for each arginine vari-
ant was estimated from a model fit. Note that lower values
were calculated if using a previously published Dd of 0.2
ppm for arginine, yielding 13.8, 14.0, 14.0, and 14.4 for the
arginine variants shown in the table; however, higher Dd
better fit the experimental data for the modified variants.
b Chemical shifts were monitored for H2 and H4/H5 of imid-
azole, yielding pKa values of 14.6 and 14.8, respectively.
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appropriate for high pH. Ligand concentration and

volume were kept constant to minimize systematic

errors.32 In addition, the ionic strength was kept at

1.0 M for each NMR sample with KOH/KCl. This

electrolyte pair was selected on the basis of having

less self-association, when compared with NaOH, and

an overall higher pKw with the use of KOH.32,35 The

titration was conveniently monitored from the chemi-

cal shift of the delta protons of arginine near 3.25

ppm [Fig. 1(B)]. These protons are in close proximity

to the charged guanidinium group and experience no

overlap in that region of the 1H NMR spectra. In

addition, the chemical shifts of the methyl peaks

were also monitored for MMA, sDMA, and aDMA

(Fig. 3). Furthermore, natural abundance 13C NMR

was also measured for the protected arginine control

and arginine, prepared using the same method as

before, but with 50 mM arginine concentrations to

validate the higher observed pKa trends (Fig. 4 and

Supporting Information Fig. S1). The numerical val-

ues were estimated using a Henderson-Hasselbalch

equation modified for NMR titrations and adapted

from a pKa study in 2007,34 where dobs is the

observed chemical shift, dHA and dA2 are chemical

shifts of the protonated and unprotonated species,

respectively, and v is the mole fraction:

dobs5vHAdHA1vA2dA2 ;

dobs5
ðdHA1dA210pH2pKaÞ
ð1110pH2pKaÞ

:

The 1H NMR titration curves shown in Figure

1(C) show that all arginine variants behave

similarly and that the titrations do not reach com-

pletion even at the highest pH, a clear indication of

a pKa> 12.5.

Two control compounds with previously pub-

lished high pKa values were also measured to dem-

onstrate the validity of the method and reagents;

imidazole, with a pKa of 14.5,36 and trifluoroethanol,

with a pKa near 12.5,31 were prepared as previously

described. A complete titration curve that did not

require the estimation of the chemical shift of the

unprotonated species was obtained for trifluoroetha-

nol resulting in a pKa of 12.5 in agreement with the

published data (Table I and Fig. 2). Because the

titration could not be completed due to pH limita-

tions in aqueous solutions and degradation of the

protected arginine, the chemical shifts of the unpro-

tonated species of imidazole and the arginine var-

iants could not be directly obtained from the curves

and were therefore computationally assessed for a

range of chemical shifts (Figs. 2 and 3). The chemi-

cal shifts of protonated and unprotonated species

were obtained from Spartan 10 using a Hartree-

Fock 6-31G* basis set. For imidazole, an average

chemical shift difference of 0.6 ppm was found,

whereas the difference was 0.5 ppm for the arginine

variants (black lines). A previous publication

reported a difference between protonated and unpro-

tonated species of 0.2 ppm.24 We therefore calculated

pKa values for 0.2–0.6 ppm to assess the impact of

uncertainty in the chemical shift difference (Fig. 2).

Note that even if the unprotonated species had unre-

alistically low chemical shift differences (�0.1 ppm)

that the pKa would still be >13.5. For imidazole

[Fig. 2(A)], the pKa was estimated at 14.6 6 0.3, in

Figure 2. Titration curves for (A) control compounds and (B) the protected control arginine. Monitoring the chemical shift and

pH for (A) H2 of imidazole (top) and trifluoroethanol (bottom) and (B) Hd of arginine with a simulated curve for a hypothetical pKa

of 12.48 (red trace). Experimental data are represented by circles for imidazole (A) and by diamonds for trifluoroethanol and (B)

blue triangles for arginine. The lines are for simulated curves, assuming a difference in chemical shift between the protonated

and unprotonated species of 0.2 (dotted), 0.4 (solid), and 0.6 (dashed) ppm for the arginine variants, and 0.4, 0.5, and 0.6 ppm

for imidazole.
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reasonable agreement with literature value of 14.5

for the second deprotonation of neutral imidazole to

its anion form using this validated procedure; imid-

azole has two pKa values, 7.0 and 14.5. The unme-

thylated arginine (Fig. 2) has a pKa of 14.2, when

compared with the 14 pKa of arginine in a tripeptide

from published NMR titrations.24 MMA, sDMA, and

aDMA had pKa values from delta protons of 14.3,

14.7, and 14.3, respectively (Table I). For the meth-

ylated arginine derivatives, these values were fur-

ther supported from the chemical shift changes of

the methyl protons (Fig. 3). Because of the uncon-

ventionally elevated pKa values, we also measured

the natural abundance 13C chemical shifts as a func-

tion of pH for the protected arginine control (Fig. 4)

and for arginine (Supporting Information Fig. S1).

Figure 3. Titration curves for 1Hd and 1Hmethyl as a function of pH for 0.5 mM (A and B) aDMA, (C and D) sDMA, and (E and F)

MMA. For each plot, experimental data are represented by data points, closed for delta proton chemical shifts and open for

methyl proton chemical shifts, solid black lines are for estimated unprotonated species (0.4 ppm difference from the protonated

species), dotted lines are for estimated unprotonated species (0.2 ppm difference from the protonated species), and dashed

lines are for unprotonated species (0.6 ppm difference from the protonated species). Data were collected on a 5-mm QXI probe

at 600 MHz.
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The pKa estimated using a Dd of 4 ppm for 13Cf and

1 ppm for Dd 13Cg carbons using previously pub-

lished ranges gave pKa values of 13.8 and 14.1,

respectively, in agreement with the previously pub-

lished arginine pKa in a tripeptide.14

As methylation does not markedly change the

pKa of the guanidinium head group of arginine,

altered molecular interaction with methylated argi-

nines are not likely due to differences in charge.

Methylation affects the hydrogen bonding proper-

ties, and thus, protein–protein, peptide lipid, and

protein–ligand interactions, as shown by previous

studies.37–39 Methylation also alters steric factors,

hydrophobicity, and charge distribution of the guani-

dinium head group (Fig. 5). To further evaluate

some of these properties, we used Spartan to calcu-

late the alteration of the electrostatic potentials, vol-

ume, and hydrophobicity in terms of log P (Fig. 5).

Tautomers for each variant were constructed and

individually minimized; each lowest energy tauto-

mer is shown in Figure 5. The introduction of a

bulky moiety affects the overall volume of the head

group, introducing steric hindrance; in our model

constructs, this is represented by an increase of 17,

33, and 34% for MMA, aDMA, and sDMA with

respect to the control. Both the unmethylated and

monomethylated models have similar charge distri-

bution. In comparison, both dimethylated constructs

show electrostatic potential maps with different and

more diffuse charge localization. The charge distri-

bution in each structure is affected by methylation,

which may result in altered interactions with pro-

teins or nucleic acids. The hydrophobicity of the

molecules, described by the term log P, increases sig-

nificantly from a negative value of 20.34, as

expected for a charged molecule in the control, to

positive values of 0.18, 0.56, and 0.70 for the MMA,

aDMA, and sDMA model constructs.

Discussion

An understanding of the charge state of arginine

and methylated arginine derivatives is crucial in

understanding the mechanisms and functions of

arginine and its derivatives in biological systems. In

this study, we have found pKa values of free arginine

and methylated arginine derivatives in water near

14. This implies that in a biological environment,

the arginine side chain is fully charged regardless of

the methylation state. The placement of the methyl

groups on the nitrogen groups does not have an

appreciable impact on the pKa, with the possible

exception of sDMA; however, the pKa differences for

sDMA and aDMA are less than 0.5. This finding is

supported by a report where guanidine and methyl-

ated guanidine derivatives were all found to have

similar pKa values by potentiometric titrations of

around 13.6–13.840 and by a similar NMR study to

probe the pKa of methylated lysine residues on

Ca21-bound and apo-calmodulin where variation in

pKa between dimethylated and monomethylated

lysine species were reported to be <0.8 pH units.41

The pKa of the arginine side chain has been a

topic of several studies beginning in the early 20th

century. Although an extensively quoted value of

12.48 has been found in literature and textbooks

since 1930, published results have ranged from 11.5

to 14.18–31 The experimental determination of argi-

nine’s third pKa has been notoriously difficult, with

Figure 4. Titration curves for the control arginine for natural abundance (A) 13Cf and (B) 13Cg chemical shifts for 50 mM control

arginine with additional amide group at the C-terminus and acetyl at the N-terminus to mimic a peptide environment. Because

degradation at the backbone was observed, data points above pH 14.04 were not recorded. The Dd used were from previously

reported values of 4 and 1 ppm,24 yielding pKa values of 13.8 and 14.1, respectively. Data were collected using a 10-mm BBO

probe at 150.9 MHz.

Evich et al. PROTEIN SCIENCE VOL 25:479—486 483



few published studies citing measured pKa values

using alternative methods until very recently. A

study in 2007 attempted to determine pKa of lysine

and arginine on apo-calmodulin using NMR titra-

tions; they reported only slight chemical shift per-

turbations for arginine at pH 12.5, indicating that

the pKa has not yet been reached.34 In addition, sev-

eral groups have recently published simulated or

predicted arginine or guanidine variants pKa values

with mixed results ranging from 12.5 to 16.1.42–46

Recently, the pKa of free arginine using potentiome-

try and arginine using 1H, 13C, and 15N NMR titra-

tions was published at �13.8.24 Although this value

is somewhat lower than the one reported here, it

was stated that the reported value of 13.8 could be

an underestimation. Moreover, the endpoint of our

variants could not be reached due to degradation of

the backbone mimic; we therefore estimated the

chemical shift of the unprotonated species, and we

report an average pKa from a range of Dd 0.2–0.6

ppm.

Arginine is frequently methylated, with PRMTs

involved in a number of important biological proc-

esses. In this study, we have shown that arginine

methylation modulates interactions not by a change

in charge or pKa. Methylation results in an increase

in volume of the head group and alters the charge

distribution, hydrophobicity, and the potential to

form hydrogen bonds, all of which impact binding

and recognition with a variety of targets.38,39 These

properties are also used to discriminate between the

different methylated ligands such as aDMA and

sDMA.12,37,47,48

Materials and Methods

The arginine variants for the 1H NMR were synthe-

sized by solid-phase synthesis using rink amide res-

ins, with acetic anhydride used for capping.

Following the TFA cleavage, the crude products

were purified by reverse-phase HPLC, and the prod-

ucts were confirmed through ESI-MS. The protected

control arginine variant with amidation at the C-

terminus and acetylation at the N-terminus for the
13C NMR was purchased from Genscript. NMR sam-

ples were prepared in 90%/10% H2O/D2O at varying

calculated pH and constant ionic strength 1.0 M

adjusted with KOH/KCl.32 Samples were prepared

using KOH (with a constant ionic strength of 1.0 M

using pKw 5 14.16) and confirmed with a pH meter

suitable for high pH measurements.35 Arginine con-

centrations for the 1H NMR titrations were 0.5 and

50 mM for the 13C natural abundance titrations. All

NMR spectra were obtained on Bruker Avance 600

and 500 MHz NMR instruments equipped with

5-mm QXI and 5-mm TBI probes, respectively, for

the 1H titrations and a 10-mm BBO probe for the

Figure 5. Electrostatic potential maps of guanidinium head groups calculated using Spartan 10. The constructs shown above

depict representative shortened, model structures of the four arginine variants: (A) unmethylated, (B) MMA, (C) aDMA, and (D)

sDMA. The color scale for the electric potentials is shown in kilojoules per mole, where red represents the lowest electrostatic

potential (electron rich) and blue represents the highest electrostatic potential (electron poor) regions. Tautomers for each vari-

ant were constructed and individually minimized; the lowest energy tautomer is shown.
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13C natural abundance titrations. Spectra were

recorded at 258C using a 1D presaturation 1H NMR

pulse sequence. 1H chemical shifts were referenced

to internal 4,4-dimethyl-4-silapentane 1-sulfonic acid

(DSS) at low pH and then the 1Ha chemical shift at

high pH, as DSS showed inconsistencies at extreme

pH. 13C natural abundance spectra were recorded

using inverse-gated 1H decoupling using a 458 flip

angle. 13C chemical shifts were referenced to a

CDCl3 capillary. At high pH> 11, degradation was

observed at the C-terminal end of the protected argi-

nine variants; spectra were obtained immediately

after sample preparation, and data from the

degraded products were not used.

Because of incomplete titration curves even at

pH> 14, chemical shifts of protonated and unproto-

nated species of the arginine variants and imidazole

control were calculated from Spartan 10 using a

Hartree-Fock 6-31G* basis set. Electrostatic poten-

tial maps, hydrophobicity, and volume were also cal-

culated using Spartan 10 and Hartree-Fock 6-31G*.

Methylated and control arginine variants for the cal-

culations were shortened at the a/b carbons to focus

on the ionizable side chains. Each variant and tauto-

mer was made and individually minimized prior to

calculation. The lowest energy tautomer, where

applicable, was reported.
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