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Abstract The pKa values and charge states of ionizable

residues in polypeptides and proteins are frequently

determined via NMR-monitored pH titrations. To aid the

interpretation of the resulting titration data, we have mea-

sured the pH-dependent chemical shifts of nearly all the
1H, 13C, and 15N nuclei in the seven common ionizable

amino acids (X = Asp, Glu, His, Cys, Tyr, Lys, and Arg)

within the context of a blocked tripeptide, acetyl-Gly-X-

Gly-amide. Alanine amide and N-acetyl alanine were used

as models of the N- and C-termini, respectively. Together,

this study provides an essentially complete set of pH-

dependent intra-residue and nearest-neighbor reference

chemical shifts to help guide protein pKa measurements.

These data should also facilitate pH-dependent corrections

in algorithms used to predict the chemical shifts of random

coil polypeptides. In parallel, deuterium isotope shifts for

the side chain 15N nuclei of His, Lys, and Arg in their

positively-charged and neutral states were also measured.

Along with previously published results for Asp, Glu, Cys,

and Tyr, these deuterium isotope shifts can provide com-

plementary experimental evidence for defining the ioniza-

tion states of protein residues.

Keywords Protein electrostatics � pH titration � Chemical

shift � Scalar coupling � Deuterium isotope shift � Hydrogen

exchange

Introduction

Electrostatic interactions are central to the structures,

dynamics, and functions of proteins (Creighton 2010).

These interactions are established in large part by the pH-

dependent protonation states of their termini and ionizable

side chains. Although substantial progress has been made

in theoretical methods to predict the charges and acid

dissociation equilibrium constants (pKa values) of these

moieties within the context of a folded protein (Alexov

et al. 2011; Nielsen et al. 2011), experimental measure-

ments remain critical. This is particularly true for func-

tionally important residues, which often have significantly

perturbed pKa values (Forsyth et al. 2002; Harris and

Turner 2002) and may be involved in complex, coupled

ionization equilibria (Forman-Kay et al. 1992; Lindman

et al. 2006; Ludwiczek et al. 2013). Crystallographically-

and NMR spectroscopically-determined structures are

invaluable for understanding protein electrostatics. How-

ever, in the absence of neutron (Blakeley et al. 2008;

Niimura and Bau 2008) or very high-resolution X-ray

diffraction data (Lecomte et al. 2008), the protonation
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states of residues in these structures are often experimen-

tally undefined and thus inferred from physicochemical

arguments. In favorable cases, the ionization states and pKa

values associated with selected side chains can be deter-

mined using approaches spanning potentiometry (Parsons

and Raftery 1972) to pH-dependent stability (Fitch et al.

2002), chemical reactivity (Tolbert et al. 2005), and

enzymatic measurements (Knowles 1976). Given suitable

chromophores/fluorophores, various forms of absorption/

emission spectroscopy can also be used. Of all such

experimental methods, NMR spectroscopy is the most

powerful technique for investigating the residue-specific

charge states and pKa values of proteins and their

complexes.

The observation of the 1H-NMR signal(s) from the acidic

proton(s) of an ionizable functional group provides unam-

biguous evidence that it is indeed protonated. However,

labile nitrogen-, oxygen- and sulfur-bonded protons typi-

cally exchange rapidly with those of water (Englander and

Kallenbach 1983; Wüthrich and Wagner 1979). Thus, their

direct detection usually requires conditions of low temper-

ature, pH, and general acid/base buffer concentrations

(Liepinsh and Otting 1996; Liepinsh et al. 1992), combined

with pulse sequences that minimally perturb water magne-

tization (Gueron et al. 1991; Zheng and Price 2010). Even so,

observable acidic protons also tend to be protected from

exchange (HX) by hydrogen bonding and burial within the

interior of a protein or protein complex. As a result of such

structure-specific environments, the associated residues

often have perturbed pKa values and their acidic protons may

resonate over a wide range of chemical shifts relative to those

found for model reference compounds. This is advantageous

for simple 1H-NMR measurements if yielding well resolved

signals downfield of*10 ppm (Baturin et al. 2011; Schubert

et al. 2007). However, labile protons with less perturbed

chemical shifts may remain undetected by one-dimensional

(1D) 1H-NMR approaches due to spectral overlap within the

envelope of water and protein signals, and by conventional

2D 15N/13C heteronuclear correlation experiments due to

their optimization for amides and aromatic/aliphatic groups,

respectively.

When properly optimized, acidic protons on arginine,

histidine and lysine side chains, as well as the N-terminal

amine, can often be detected in a 15N-HSQC or -HMQC

spectrum due to a strong one-bond 1JNH coupling to the

directly attached 15N (provided that the HX rate constant

kex \ 1JNH to allow coherence transfer (Henry and Sykes

1990; Segawa et al. 2008)). These functional groups are

easily recognized by their diagnostic 15N shifts, which are

clearly resolved from those of the protein amides and indoles

(Blomberg et al. 1976; Blomberg and Rüterjans 1983; Cohen

et al. 1983). In addition, the number of slowly exchanging

protons on the 15N can be determined unambiguously from

1JNH multiplet patterns in spectra recorded without 1H

decoupling in the indirect dimension. This is particularly

helpful for distinguishing –NH3
? versus –NH2 groups (Poon

et al. 2006; Takayama et al. 2008a, b). In contrast, oxygen-

and sulfur-bonded protons lack such useful one-bond cou-

plings. Thus, direct detection of these protons requires the

use of less sensitive homo- or heteronuclear multiple-bond

scalar correlation experiments or potentially ambiguous

NOE approaches (Baturin et al. 2011; Liepinsh et al. 1992;

Nordstrand et al. 1999). Alternatively, oxygen- and sulfur-

bonded protons may be observed in 1D 1H-NMR spectra

recorded while filtering against protons directly bonded to
13C and 15N nuclei in a protein uniformly labeled with these

two isotopes (Brockerman et al. 2014). In the event that an

acidic proton cannot be observed directly because of rapid

HX or because of spectral overlap that cannot be resolved

using scalar or NOE correlations, its presence may still be

revealed through deuterium isotope shift measurements

(Hansen 2000, 2007; Ladner et al. 1975; Led and Petersen

1979; Takeda et al. 2009, 2010, 2014; Tugarinov 2014;

Wang et al. 1996).

The pKa values and hence protonation states of ionizable

residues in proteins are most frequently determined via

NMR-monitored pH titrations. Over the course of the

titration, one generally measures the signals from selected

non-exchangeable 1H, 13C or 15N nuclei within a given

residue, whose chemical shifts (or scalar couplings) are

assumed to report the protonation state of that residue.

Fitting the chemical shift versus pH data to a suitable

equation for a chemical equilibrium in the fast exchange

limit yields the apparent pKa values governing the observed

titrations (McIntosh et al. 2011). However, a titration curve

may deviate from that expected for a simple acid/base

equilibrium as reflected by the familiar Hendersen-Hasselbalch

equation. This phenomenon can arise from coupled pro-

tonation equilibria, such that a residue exhibits multiple

microscopic pKa values that depend upon the exact charge

states of all other interacting residues (McIntosh et al.

2011; Rabenstein and Sayer 1976b; Shrager et al. 1972;

Søndergaard et al. 2008; Surprenant et al. 1980; Szakacs

et al. 2004; Ullmann 2003). Chemical shift perturbations

may also result from other pH-dependent effects, including

changes in the electric field around a nucleus due to the

deprotonation of neighboring residues (Buckingham 1960;

Kukic et al. 2013), as well as local or global protein con-

formational transitions (Tomlinson et al. 2010; Wishart

2011). Indeed, it is important to stress that, for most nuclei

in a protein, the range of possible chemical shift changes

induced upon folding or ligand binding encompass those

due to (de)protonation (Ulrich et al. 2008). Thus, caution

must be exercised when trying to infer the charge state of a

residue solely from the chemical shifts of its 13C, 15N, or

non-exchangeable 1H nuclei.

J Biomol NMR

123



With these caveats in mind, the pKa value(s) of an

ionizable residue is most confidently determined when

several nuclei in that residue (particularly if part of the

acidic/basic functional group) report co-incident titrations

and exhibit chemical shift changes comparable in magni-

tude and sign (i.e., upfield or downfield) to those shown by

reference random coil polypeptides. Most of these refer-

ence values can be found in papers from the pioneering

days of biological NMR spectroscopy (Batchelor et al.

1975; Blomberg et al. 1976, 1977; Blomberg and Rüterjans

1983; Bundi and Wüthrich 1979a, b; Cohen et al. 1983;

Freedman et al. 1973; Howarth and Lilley 1978; Kanamori

et al. 1978, Keim et al. 1973, 1974; London 1980; London

et al. 1977, 1978; Quirt et al. 1974; Rabenstein and Sayer

1976a; Richarz and Wüthrich 1978; Surprenant et al.

1980). However, these studies were carried out with a

variety of amino acid derivatives, polypeptides, or proteins

under a range of experimental conditions and, to add

potential confusion, were reported using several different

chemical shift referencing protocols. Accordingly, we have

measured the pH-dependent chemical shifts of essentially

all the 1H, 13C, and 15N nuclei in the seven common ion-

izable amino acids within the context of a blocked tri-

peptide. The few missing values correspond to rapidly

exchanging protons not detected under alkaline conditions.

Alanine derivatives were used as models of the N- and

C-termini. Deuterium isotope shifts for the side chain 15N

nuclei of His, Lys, and Arg in their cationic and neutral

states were also determined. Collectively, this provides an

almost complete set of intra-residue and nearest-neighbor

reference 1H, 13C, and 15N chemical shift data to guide pKa

measurements and to aid in interpreting the NMR-moni-

tored pH titrations of polypeptides and proteins. These data

should also better enable pH-dependent corrections in

algorithms used to predict the chemical shifts of random

coil polypeptides (Wishart 2011).

Materials and methods

Samples

N-acetyl alanine (CAS 97-69-8) and alanine amide (CAS

33208-99-0) were obtained from Chem-Impex. A series of

acetyl-Gly-X-Gly-amide (X = Asp, Glu, His, Cys, Tyr,

Lys, and Arg) tripeptides were purchased from Biometik

(HPLC purified to [95 %). Uniformly 13C6/15N4-enriched

L-arginine was bought from Sigma-Aldrich.

NMR spectroscopy

The tripeptides and alanine derivatives were prepared at

*10 mM in 50 mM NaCl and 5 % D2O (D = 2H). DSS

(4,4-dimethyl-4-silapentane-1-sulfonic acid; 1 mM) was

included as a pH-independent internal reference (Demarco

1977; Wishart 2011). For the cysteine tripeptide, 10 mM

TCEP (tris(2-carboxyethyl)phosphine) was also present as

a reductant. Sample pH values were measured at room

temperature (*20 �C) using a Thermal Scientific Orion*

3-Star pH meter with an Orion ROSS micro pH electrode

(8220BNWP), and adjusted by addition of HCl or NaOH

(0.1 or 1 M) in small aliquots. Spectra were recorded at

25 �C using Bruker Avance III 500 and 600 MHz spec-

trometers with TCI CryoProbes. The 1H and 13C signals

were referenced directly to the internal DSS, and the 15N

referenced indirectly via magnetogyric ratios (Wishart

2011). Chemical shifts were measured using 1D 1H-NMR

along with 2D 13C-HSQC spectra for protonated carbons,

multiple-bond 13C-HMBC spectra for non-protonated car-

bons, 15N-HSQC spectra for slowly exchanging protonated

nitrogens, and multiple-bond 15N-HMBC spectra for

deprotonated or rapidly exchanging protonated nitrogens.

For the latter, samples were in 99 % D2O to minimize

signal loss due to HX, and the reported chemical shifts

were corrected for deuterium isotope shifts. The isotope

shifts were determined by comparing spectra recorded in

95 % H2O versus 99 % D2O solutions under similar pH (or

pH*) conditions such that the functional group in question

was effectively fully charged or neutral. Here, pH* denotes

the uncorrected pH meter reading (Krezel and Bal 2004).

The 13C6/15N4-L-arginine was initially 10 or 100 mM in

50 mM NaCl with 1 mM DSS and 5 % D2O, and the

sample pH increased using small aliquots of 0.1 or 1 M

KOH. To obtain pH [ 13, solid KOH was added directly to

the solution. For measurements under very alkaline con-

ditions, KOH is preferable over NaOH to minimize elec-

trode errors (Licht 1985; Popov et al. 2006). Samples were

in 5 mm NMR tubes, except under very high pH condi-

tions, where a 3 mm tube was used to allow tuning at the

resulting elevated ionic strength. Chemical shifts were

measured from 1D 13C-decoupled 1H-NMR, 1H/15N-

decoupled 13C-NMR (with 1H-NOE), and 1H/13C-decou-

pled 15N-NMR (with 1H-NOE) spectra. The TCI Cryo-

Probe is designed for direct detection of 1H and 13C, but

not 15N, and thus a 100 mM sample of 13C6/15N4-arginine

was required for the latter 15N-NMR measurements.

Data analysis

Spectra were processed using Topspin 3. The pH-depen-

dent 1H, 13C, or 15N chemical shifts were fit separately with

KaleidaGraph or GraphPad Prism to standard equations for

one, or in the case of arginine, two sequential titrations in

order to obtain pKa and limiting chemical shift values

(McIntosh et al. 2011). These values also include possible

effects of increasing ionic strength over the course of the
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titrations due to the addition of acid or base. As expected

with only a single ionizable group in the alanine derivatives

and blocked tripeptides, all constituent nuclei exhibited co-

incident titrations. Thus, the cited pKa values, with estimated

errors of ±0.05 units due to pH measurements, are the

average of the very similar fit values for each nucleus

showing a substantial pH-dependent chemical shift change.

These averaged pKa values agree closely with those reported

previously for the termini and Asp, Glu, His, Cys, Tyr, and

Lys side chains in alanine pentapeptides (Grimsley et al.

2009). Analysis of the titration curves also yielded plateau

chemical shift values for the tripeptides and arginine in their

fully protonated and deprontonated forms, with fitting errors

of ±0.02 ppm for 1H nuclei, ±0.08 ppm for 13C, and

±0.06 ppm for 15N. These chemical shift data have been

deposited in the BioMagResBank (Ulrich et al. 2008).

Results

The pH-dependent chemical shifts of the ionizable amino

acids were measured in the context of a blocked tripeptide,

acetyl-Gly-X-Gly-amide. Along with parallel studies of N-

acetyl alanine and alanine amide, this provides a near com-

plete database of the conformationally-averaged intra-resi-

due and nearest-neighbor 1H, 13C, and 15N chemical shift

changes resulting from the deprontonation of terminal and

side chain groups. These results are summarized in Fig. 1

and Table 1 (with complete data sets in Supplemental Tables

S1 and S2), and discussed below. A review of key literature

and/or representative studies on each amino acid type is also

b Fig. 1 pH-dependent chemical shift changes (Dd in ppm; negative is

upfield) upon deprotonation of the ionizable amino acid functional

groups (atoms and Dd values are colored as: acidic proton, red;

oxygens and non-labile protons, black within the named residue and

grey in flanking blocked glycines; carbon, green; nitrogen, blue;

sulfur, yellow; phosphate, magenta). The data are from Table 1 and

Supplemental Table S1, or in the case of the phosphoamino acid

peptides (second ionization step), from (Bienkiewicz and Lumb

1999). Data for 13C6/15N4-L-arginine are due to deprotonation of the

guanidinium moiety in the context of fully deprontonated amino (pKa

9.15) and carboxyl groups (Table 1 and Supplemental Table S2).

Values for the neutral forms of the Gly-His-Gly tripeptide and

arginine are tautomer averaged

Table 1 pH-dependent chemical shifts (ppm) of the ionizable amino

acids a

Nucleus type Nucleus d (HA) d (A) Dd (A–HA)

N-terminal amine: alanine-amide (pKa 8.23)
1H H (amine) 8.04

Ha 4.10 3.51 -0.59

Hb (methyl) 1.54 1.27 -0.27
13C Ca 51.7 52.7 1.0

Cb (methyl) 19.3 22.9 3.6

CO 176.0 184.6 8.5
15N N (amine) 40.4 33.8 -6.6

C-terminal carboxylic acid: N-acetyl alanine (pKa 3.55)
1H HN 8.35 7.94 -0.41

Ha 4.33 4.12 -0.21

Hb (methyl) 1.41 1.32 -0.09
13C Ca 51.4 53.7 2.3

Cb (methyl) 18.8 20.1 1.3

CO 179.6 183.0 3.4
15N N 110.5 115.7 5.2

Aspartic acid: Ac-Gly-Asp-Gly-NH2 (pKa 3.86)
1H HN 8.55 8.38 -0.17

Ha 4.78 4.61 -0.17

Hb (avg.) 2.93 2.70 -0.23

Hd2 (carboxyl) [10
13C Ca 52.9 54.3 1.4

Cb 38.0 41.1 3.0

Cc (carboxyl) 177.1 180.3 3.2

CO 175.8 176.9 1.1
15N N 118.7 120.2 1.5

Glutamic acid: Ac-Gly-Glu-Gly-NH2 (pKa 4.34)
1H HN 8.45 8.57 0.12

Ha 4.39 4.29 -0.10

Hb (avg.) 2.08 2.02 -0.06

Hc 2.49 2.27 -0.22

He2 (carboxyl) [10
13C Ca 56.0 56.9 1.0

Cb 28.5 30.0 1.5

Cc 32.7 36.1 3.5

Cd (carboxyl) 179.7 183.8 4.1

CO 176.5 177.0 0.6
15N N 119.9 120.9 1.0
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Table 1 continued

Nucleus type Nucleus d (HA) d (A) Dd (A–HA)

Histidine: Ac-Gly-His-Gly-NH2 (pKa 6.45)c

1H HN 8.55 *8.35d *-0.2

Ha *4.75d 4.59 *-0.2

Hb (avg.) 3.25 3.08 -0.17

Hd2 7.30 6.97 -0.33

He1 8.60 7.68 -0.92

Hd1 [10

He2 [10
13C Ca 55.1 56.7 1.6

Cb 28.9 31.3 2.4

Cc 131.0 135.3 4.2

Cd2 120.3 120.0 -0.3

Ce1 136.6 139.2 2.6

CO 174.8 176.2 1.5
15N N 117.9 119.7b 1.8

Nd1 175.8 231.3b 56

Ne2 173.1 181.1b 8

Cysteine: Ac-Gly-Cys-Gly-NH2 (pKa 8.49)
1H HN 8.48

Ha 4.56 4.28 -0.28

Hb (avg.) 2.97 2.88 -0.09

Hc (thiol) *2.0e

13C Ca 58.5 60.6 2.1

Cb 28.0 29.7 1.7

CO 175.0 176.9 1.9
15N N 118.7 122.2b 3.6

Tyrosine: Ac-Gly-Tyr-Gly-NH2 (pKa 9.76)
1H HN 8.16

Ha 4.55 4.49 -0.06

Hb (avg.) 3.02 2.94 -0.08

Hd 7.14 6.97 -0.17

He 6.85 6.57 -0.28

Hg (phenol) *9.3e

13C Ca 58.0 58.2 0.3

Cb 38.6 38.7 0.1

Cc 130.5 123.8 -6.7

Cd 133.3 133.2 -0.1

Ce 118.4 121.7 3.3

Cf 157.0 167.4 10.4

CO 176.3 176.7 0.4
15N N 120.1 120.7b 0.6

Lysine: Ac-Gly-Lys-Gly-NH2 (pKa 10.34)
1H HN 8.40

Ha 4.34 4.30 -0.04

Hb (avg.) 1.82 1.78 -0.04

Hc 1.44 1.36 -0.08

Hd 1.68 1.44 -0.24

Table 1 continued

Nucleus type Nucleus d (HA) d (A) Dd (A–HA)

He 3.00 2.60 -0.40

Hf (amine) 7.52 *1–2f

13C Ca 56.4 56.9 0.4

Cb 32.8 33.2 0.3

Cc 24.7 25.0 0.4

Cd 28.9 33.9 5.0

Ce 42.1 43.1 1.0

CO 177.0 177.5 0.5
15N N 121.0 121.7b 0.7

Nf (amine) 32.7 *25.2g *-7.5g

Arginine: 13C6/15N4-Arg (pKa 13.9)h

1H HN (amine) 7.81

Ha 3.26 3.19 -0.07

Hb (avg.) 1.60 \ |-0.1|

Hc 1.60 \ |-0.1|

Hd 3.19 3.00 -0.19

He (guan.) 7.22

Hg (guan.) 6.67
13C Ca 58.4 58.6 0.2

Cb 34.4 35.2 0.9

Cc 27.2 28.1 1.0

Cd 43.8 44.3 0.5

Cf (guan.) 159.6 163.5 4.0

CO 185.8 186.1 0.2
15N N 33.2 33.6 0.4

Ne (guan.) 85.6 91.5 5.9

Ng (guan.) 71.2 93.2 22

a Recorded at 25 �C with 50 mM NaCl and 5 % D2O, unless indi-

cated. Reported are the fit pKa values and end point chemical shifts d
(ppm) of the of the acid (HA) and conjugate base (A) forms, along

with the chemical shift change upon deprotonation (Dd; negative is

upfield). The estimated errors are ±0.05 for pKa values (±0.1 for

arginine), ±0.02 ppm for 1H nuclei, ±0.08 ppm for 13C, and

±0.06 ppm for 15N. Blank values indicate not determined. Prochiral
1Hb shifts are averaged. Supplemental Table S1 provides data for the

flanking blocked glycines
b Recorded in 99 % D2O and corrected for the deuterium isotope

shift
c Data for neutral histidine are an average of *80 % Ne2H and

*20 % Nd1H tautomers
d Estimated from (Kjaergaard et al. 2011)
e From the BioMagResBank (Ulrich et al. 2008)
f From (Takayama et al. 2008a)
g From (Andre et al. 2007)
h Tabulated are the fit chemical shifts for the titration of the guan-

idinium moiety in 13C6/15N4-L-arginine with its a-carboxyl and a-

amine deprotonated (with the exception of the nitrogen-bonded 1H at

pH *7). Supplemental Table S2 provides full data including the a-

amine titration. Due to bond rotations, the two 15Ng and four 1Hg

each yield one broad signal. The shifts for neutral arginine are tau-

tomer averaged
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given. For consistency, titrations are described in terms of

increasing pH and thus deprotonation of the acid species to

form its conjugate Brønsted-Lowry base.

N-terminal amine

Alanine amide was used as a simple model of an N-ter-

minal residue, yielding a pKa value of 8.23. The a-amino
15N shifts by -6.6 ppm (i.e., upfield) upon deprotonation,

and thus serves as an obvious reporter nucleus for mea-

suring the pKa value of the N-terminus of a protein. Fur-

thermore, the protonated nitrogen has a relatively unique

chemical shift (*40 ppm), distinct from that of the lysine

side chain 15Nf (*33 ppm), thus potentially allowing its

observation as a well-resolved signal in a 1D 15N-NMR

spectrum (Mcintosh et al. 1990; Smith et al. 1987; Zhu

et al. 1995). However, detecting the 15N nucleus indirectly

via a 2D Ha(Ca)N-type experiment recorded with a selec-

tively or uniformly 13C/15N-labeled protein should provide

improved sensitivity (Andre et al. 2007). Alternatively, the
1Ha, 1Hb, 13Ca, 13Cb, and even more so, carbonyl 13CO of

alanine amide all show substantial chemical shift changes

upon deprotonation of the a-aminium group (Brown et al.

1978; Led and Petersen 1979; Quirt et al. 1974; Rabenstein

and Sayer 1976a; Surprenant et al. 1980). Thus, when

monitored by 13C-HSQC or Ha(Ca)CO-type experiments

(Kay 1993; Oda et al. 1994), respectively, these nuclei

should also serve as reliable reporters for measuring the

pKa value of the N-terminus of a protein. (Complex het-

eronuclear NMR experiments are denoted following a

loose convention of specifying the measured nuclei, and

indicating additional nuclei used for key coupling steps

within parentheses). Although not studied herein, upon a-

aminium deprotonation, additional side chain 13C nuclei in

different amino acids are known to show pH-dependent

chemical shift changes that vary in sign and magnitude

(Quirt et al. 1974; Surprenant et al. 1980). These can also

serve as reporter nuclei, as demonstrated by the recent

measurement of the pKa value of Thr1 in the proteosome

core particle, labeled selectively with 13Cc2H3-threonine

(13Cc2 Dd * -1 ppm) for methyl-TROSY spectroscopy

(Velyvis and Kay 2013).

C-terminal carboxylic acid

N-acetyl alanine was used as a model of a C-terminal

residue, for which a pKa value of 3.55 was measured. The
13CO of the carboxylic acid functional group shifts

downfield by 3.4 ppm upon deprotonation, and thus should

be a reliable reporter nucleus for pKa measurements via 1D
13C-NMR or 2D Ha(Ca)CO-type approaches (Kay 1993;

Oda et al. 1994). In addition to significant pH-dependent
1Ha, 13Ca and 13Cb chemical shift perturbations (Brown

et al. 1978; Led and Petersen 1979; Quirt et al. 1974;

Rabenstein and Sayer 1976a; Surprenant et al. 1980), it is

also notable that the amide 15N and 1HN signals shift

downfield by 5.2 ppm and upfield by -0.41 ppm, respec-

tively, when the carboxyl ionizes (Bundi and Wüthrich

1979b). Indeed, the 15N-HSQC spectrum of a protein often

has a sharp, downfield-shifted 15N signal arising from the

amide of its flexible, charged C-terminal residue. Thus,
15N-HSQC spectra can also be used for pKa measurements

of a protein’s C-terminus, particularly since amide HX will

be slow under the acidic conditions likely associated with

such a pH titration. This approach was used to determine

the pKa * 2.7 for the C-terminal Trp185 of Bacillus cir-

culans xylanase (Joshi et al. 1997).

Aspartic and glutamic acid

The carboxylic acid functional groups of Asp and Glu in

the blocked tripeptides have pKa values of 3.86 and 4.34,

respectively. With downfield chemical shift changes of 3.2

and 4.1 ppm, respectively, upon deprotonation, the side

chain carboxyl 13C nuclei are most frequently used as

reporter nuclei for pH titrations monitored via 1D 13C-

NMR or 2D H2
b/c(Cb/c)COc/d spectra (McIntosh et al. 1996,

2011; Yamazaki et al. 1993, 1994). However, the adjacent

aliphatic 13Cb of Asp (3 ppm) and 13Cc of Glu (3.5 ppm),

as well as their directly bonded protons, show comparable

chemical shift changes and can also be used for pKa

measurements (London et al. 1978; Pujato et al. 2006;

Quirt et al. 1974; Rabenstein and Sayer 1976a; Richarz and

Wüthrich 1978; Yamazaki et al. 1994). This could be

accomplished using 2D or 3D versions of the H2
b/cCb/cCOc/

d experiment (Yamazaki et al. 1994). Alternatively, 2D
13C-HSQC spectra could be used to observe the 13Cb/cH2

signals. However this latter approach would likely require

some form of selective 13C-Asp or -Glu labeling to avoid

spectral overlap from a multitude of additional signals

expected with a uniformly labeled protein. Given that both

the carboxyl and adjacent aliphatic 13C nuclei show sub-

stantial pH-dependent chemical shift changes, ‘‘proton-

less’’ 13C-detected Cb/cCOc/d correlation spectra also

provide an effective route for measuring Asp and Glu pKa

values (Castaneda et al. 2009). Although the most sensitive

approaches for NMR data acquisition generally rely on 1H-

detection, cryogenic probes open the door for the improved

observation of such 13C nuclei (Felli and Brutscher 2009).

Signals from the rapidly exchanging oxygen-bonded Hd2

of Asp or He2 of Glu (or the C-terminal a-carboxylic acid

H00 proton) are very rarely seen in the NMR spectra of

proteins. Furthermore, with the exception of
2JCOH * 7 Hz and 4JHCCOH * 1 Hz measured for acetic

acid in liquid Freon at 110 K (Tolstoy et al. 2004), no

useful scalar couplings have been reported for these acidic
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protons in a polypeptide or protein. Thus, the very limited

number of carboxylic acid protons identified to date, which

have chemical shifts in the range of *10 to 22 ppm,

appear to have been assigned via homonuclear correlations

(e.g., for samples in aprotic solvents (Volpon et al. 2007))

or via perturbations resulting from mutations or ligand

binding (Frey 2001; Hanoian et al. 2010; Langkilde et al.

2008; Saito and Ishikita 2012). However, most of these

carboxylic acid-associated protons are also involved in

short strong or low barrier hydrogen bonds, for which the

predominant role of the Asp/Glu as a proton donor or

acceptor is difficult to define.

Although the acidic proton of an Asp, Glu, or C-termi-

nus may be exchanging too rapidly to be detected directly,

the observation of a two-bond isotope shift of *0.23 ppm

for the carboxyl carbon (13CO2H vs. 13CO2D; Table 2)

upon transfer from D2O to H2O provides very good evi-

dence that the functional group is predominantly neutral

under the experimental conditions (Ladner et al. 1975; Led

and Petersen 1979; Wang et al. 1996). In contrast, the

unambiguous lack of an isotope shift indicates that the

group is deprotonated (although the a-carboxylate of the

C-terminal residue could exhibit a three-bond isotope shift

of *0.03 ppm upon protonation of its deuterated amide

(Ladner et al. 1975). Such deuterium isotope shifts are

particularly useful when other reporter nuclei do not show

a titration, making it unclear if the carboxylic acid has a

pKa less than the lowest or greater than the highest pH

tested (Joshi et al. 1997). Under conditions when the car-

boxylic acid is neutral (pH � pKa), intermediate deute-

rium isotope shifts might result from strong hydrogen

bonding (Dziembowska and Rozwadowski 2001; Guo et al.

2012; Hansen 2007; Joshi et al. 2000).

It is also noteworthy that the 1JCC *50 Hz to the side

chain carboxyl of Asp/Glu and to the C-terminal carboxyl

decrease by *3 to 4 and *6 Hz, respectively, upon de-

protonation (London et al. 1978). This offers another

possible route for pKa measurements and ionization state

determination.

Histidine

Histidine is undoubtedly the most studied ionizable amino

acid by NMR spectroscopists for many reasons. These

include its frequent roles in ligand binding and enzymatic

catalysis, its ionization typically occurring over a physio-

logical pH range (blocked tripeptide pKa 6.45), and its

wealth of reporter nuclei. Early studies of histidines in

proteins often focused on the aromatic carbon-bonded 1Hd2

and 1He1, which shift upfield by *-0.3 and -0.9 ppm,

respectively, upon deprotonation (Markley 1975). How-

ever, essentially all of the 15N and 13C nuclei in this amino

acid show substantial pH-dependent chemical shift and

J-coupling changes. In particular, the ring 15Nd1 and 15Ne2

have dramatically different chemical shifts whether pro-

tonated or deprotonated (or post-translationally modified,

including phosphorylation (Rajagopal et al. 1994; van Dijk

et al. 1990)), thus providing very strong evidence for the

ionization state of a histidine side chain (Blomberg et al.

Table 2 Useful deuterium isotope shifts for characterizing ionizable

functional groups

Amino acid Exchangeable sitea Isotope shift (ppm)a

Asp/Glu 13Cc/dO2D / 13Cc/dO2H
13Cc/dO2

- / 13Cc/dO2
-

0.23b

0

His 15Nd1/e2D? / 15Nd1/e2H? 0.95c,d

Cys 13CbScD / 13CbScH
13CbSc- / 13CbSc-

0.12e

0

Tyr 13CfOgD / 13CfOgH
13CfOg- / 13CfOg-

0.13f

0

Lys 15NfD3
? / 15NfH3

?

15NfD2 / 15NfH2

1.05g,i

*1.9h,i

Arg 15NeD? / 15NeH?

15NeDx / 15NeHx

1.0d,j

1.8d,j

15NgD2
? / 15NgH2

?

15NgDy / 15NgHy

1.4d,j,k

1.7d,j

13CfNe/gD5
? / 13CfNe/gH5

?

13CfNe/gD4 / 13CfNe/gH4

0.19j

0.08j

a Detected nucleus underlined and shift changes are upon transfer

from D2O to H2O. Paired rows correspond to the acid (upper) and

conjugate base (lower) forms
b From (Ladner et al. 1975; Led and Petersen 1979; Wang et al.

1996). A similar value is expected for the C-terminal carboxylic acid
c Average value measured herein at pH/pH* * 3.6 for the imi-

dazolium nitrogens in the blocked histidine tripeptide. Not determined

for the neutral side chain due to tautomer averaging
d Values due to one-bond and possible three-bond contributions
e From (Takeda et al. 2010). The 13C also experiences three-bond

isotope shift upon exchange of the amide DN to HN

f From (Takeda et al. 2009)
g Measured herein at pH/pH* *4, and in agreement with (Tomlinson

et al. 2009; Ullah et al. 2011)
h Estimated from Dd of -8.3 and *-7.5 ppm upon 15Nf deproto-

nation in D2O (herein) and H2O (Andre et al. 2007), respectively,

combined with the total 1.05 ppm deuterium isotope shift for the

protonated f-aminium of the blocked lysine tripeptide
i Isotope shifts of 1.07 ppm for the a-aminium (pH 7 versus pH* 5.8)

and 1.86 ppm for the neutral a-amine (pH 15.25 versus pH* 15.1)

were measured with 13C6/15N4-L-arginine
j Values measured for the side chain of 13C6/15N4-L-arginine in its

guanidinium (pH 7 versus pH* 5.8) and guanidine (pH 15.25 versus

pH* 15.1) forms. The latter are tautomer averaged and the degree of

site-specific protonation (x B 1, y B 2) is undefined
k A value of 1.2 ppm was reported by (London et al. 1977)
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1977; Kawano and Kyogoku 1975). Accordingly, a wide

variety of 1D 1H-, 13C-, and 15N-NMR or 2D single- and

multiple-bond heteronuclear correlation experiments can

be used to measure histidine pKa values (Betz et al. 2004;

Löhr et al. 2002, 2005; Ludwiczek et al. 2013; Pelton et al.

1993; Plesniak et al. 1996; Schubert et al. 2007; Spitzner

et al. 2001; Sudmeier et al. 1996; Yu and Fesik 1994).

Although the labile nitrogen-bonded 1Hd1 and 1He2 of a

random coil histidine exchange rapidly with water, when

sufficiently protected from HX within a folded protein,

they also yield signals typically downfield of 10 ppm.

These rather distinct signals are readily detectable in 1D
1H-NMR or 2D 15N-HSQC spectra (Bachovchin 1985;

Connelly and McIntosh 1998; Plesniak et al. 1996; Robil-

lard and Shulman 1972; Schubert et al. 2007; Wu et al.

1984).

The neutral imidazole of histidine exists in a pH-inde-

pendent equilibrium between two tautomers, with the Ne2H

form favored by *4 to 7-fold over the Nd1H form in the

free amino acid (Blomberg et al. 1977). However, this

equilibrium can be readily perturbed by interactions such

as hydrogen bonding, and thus it is often important to

determine the tautomeric state of a neutral histidine in

given protein. Based on NMR spectroscopic studies of

several histidine derivatives (Fig. 2), upon neutralization of

the imidazolium ring, the 15N that retains a proton shifts by

*-9 ppm, whereas the deprotonated 15N shifts dramati-

cally by *73 ppm (Bachovchin 1986; Bachovchin and

Roberts 1978; Munowitz et al. 1982; Roberts et al. 1982;

Witanowski et al. 1972). Therefore, the tautomeric state (or

equilibrium distribution of tautomers) of a neutral histidine

can be deduced immediately upon assignment of its ring
15N signals. Although obtainable via 1H/13C/15N triple

resonance experiments (Löhr et al. 2005; Sudmeier et al.

1996), these assignments are most frequently determined

using qualitative patterns of small pH-dependent two- and

three-bond 1H–15N scalar couplings detected in long-range
15N-HSQC or 15N-HMBC spectra (Blomberg et al. 1977;

Pelton et al. 1993). A one-bond deuterium isotope shift of

*0.95 ppm on the ring nitrogens (Table 2) could also be

used to identify the charge and tautomeric state of a his-

tidine. However, given that 15N shift alone is so diagnostic

of protonation, deuterium isotope shift measurements may

be more useful for probing other histidine properties, such

as hydrogen bonding and HX kinetics (Chevelkov et al.

2010; Tugarinov 2014). In the case of a detectable nitro-

gen-bonded proton, the magnitude of 1JNd1H may also

correlate to the neutral Nd1H tautomer ([97 Hz) or charged

imidazolium form (\94 Hz), whereas 1JNe2H appears to be

uniformly*99 Hz regardless of charge (Schubert et al.

2007). However, this correlation is derived from a very

limited data set and is unlikely to be a robust criterion for

determining the tautomerization state of a histidine due to

additional structure-dependent factors that could affect

these couplings (Bachovchin 2001).

Histidine ionization and tautomerization can also be

determined by measuring the chemical shifts of the ring 13C

nuclei using direct 13C or indirect 1H–13C heteronuclear cor-

relation approaches (Ludwiczek et al. 2013). These are gen-

erally more sensitive that the 15N-directed experiments

discussed above. Again, based on model compounds (Fig. 2),

deprotonation of the histidine side chain to its Ne2H tautomer

leads to chemical shift changes of approximately 6.5 to

6.8 ppm for the 13Cc nucleus and -2.1 ppm for the 13Cd2,

whereas the opposite changes of -2.3 to -2.5 and 7.1 ppm,

respectively, result upon formation of its Nd1H tautomer

(Goux and Allerhand 1979; Reynolds et al. 1973). Thus, the

difference between the chemical shift changes exhibited by

these two nuclei with increasing pH provides a robust indi-

cation of the resulting tautomeric distribution of a given

C
HN CH

NHHC

+

-9 ppm  
+2.6 ppm 
(-13 Hz) 

C
N CH

NHHC

C
HN CH

NHC

+73 ppm

+73 ppm
+2.6 ppm 
(-13 Hz) 

-2.1 ppm 
(-10 Hz)

~ +6.8 ppm

+7.1 ppm
(-10 Hz)

~ -2.3 ppm

176 ppm 

137 ppm 
(222 Hz) 

120 ppm 
(202 Hz)

131 ppm 

-9 ppm

173 ppm

δ1

ε2ε1

δ2 δ1

ε2ε1

δ2

Nε2H tautomer Nδ1H tautomerimidazolium

Fig. 2 Determining the charge and tautomeric state of a histidine.

(left) Chemical shifts and 1JCH couplings of the ring 13C (green) and
15N (blue) nuclei in the protonated side chain (protons, red and black).

Also shown are the chemical shift and J-coupling changes upon

deprotonation to the Ne2H (middle) or Nd1H (right) neutral tautomer.

The data are from Table 1 or averaged for model compounds reported

in the following references for 15N shifts (Bachovchin 1986;

Bachovchin and Roberts 1978; Blomberg et al. 1977; Munowitz

et al. 1982; Pelton et al. 1993; Roberts et al. 1982; Witanowski et al.

1972), 13C shifts (Goux and Allerhand 1979; Quirt et al. 1974;

Reynolds et al. 1973; Reynolds and Tzeng 1977), and 1JCH

(Bachovchin et al. 1981; Day et al. 2003; Hansen and Kay 2014;

Hunkapiler et al. 1973; Wasylishen and Tomlinson 1975). The 1JCH

coupling for 13Ce1 has been confirmed to be essentially independent

of tautomer form (Hansen and Kay 2014), and a similar behavior for
13Cd2 is assumed
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histidine. Consistent with these data, it has been noted that a
13Cd2 chemical shift[122 ppm is diagnostic of a predominant

Nd1H tautomer (Sudmeier et al. 2003). Parenthetically, due to

its sensitivity to tautomerization, 13Cd2 shift is a reliable sig-

nature of the zinc coordination mode of a histidine (Barraud

et al. 2012). Two- and three-bond 1H–13C scalar couplings

(Wasylishen and Tomlinson 1977), as well as one-bond
13C–15N couplings (Alei et al. 1980; Blomberg et al. 1977;

Shimba et al. 1998; Sudmeier et al. 1996) within the imidazole

ring can also be used to distinguish histidine tautomers. In

contrast, the chemical shifts of carbon-bonded 1Hd2 and 1He1

alone are not useful reporters of tautomerization (Tanokura

1983). The readily measurable strong 1JCH couplings

(*200 Hz) of the ring 13Ce1 and 13Cd2 also decrease by

*10 Hz upon deprotonation with little apparent dependence

upon tautomeric state (Fig. 2). This provides a complementary

route for pKa measurements and ionization state determination

(Bachovchin et al. 1981; Day et al. 2003; Hunkapiler et al.

1973; Wasylishen and Tomlinson 1975). Indeed, this coupling

has been exploited to measure the pKa values of histidines in

sparsely populated unfolded states of proteins (Hansen and

Kay 2014). Solid-state NMR methods have also been devel-

oped to characterize the charged form and the neutral tau-

tomers of histidine (Li and Hong 2011; Miao et al. 2014).

As a closing point, the values listed in Fig. 1 and

Table 1 for the blocked Gly-His-Gly tripeptide are tauto-

mer averaged. Assuming fast exchange between the

limiting 15N and 13C chemical shift changes of Fig. 2, the

neutral histidine in the tripeptide is in equilibrium between

major Ne2H (*80 %) and minor Nd1H (*20 %) forms.

Accordingly, the observed macroscopic pKa of 6.45 for

deprotonation of either nitrogen is a weighted sum of the

microscopic pKa values of 6.55 and 7.15 for forming these

two species, respectively (Tanokura 1983).

Cysteine

The side chain thiol of cysteine in the blocked tripeptide has a

pKa value of 8.49. In addition to having highly diagnostic

chemical shifts for a disulfide-bridged side chain

(*41 ppm) versus a reduced thiol (*28 ppm) (Wishart

2011), the 13Cb signal moves downfield by 1.67 ppm upon

deprotonation to the thiolate anion. Accordingly, the pKa

values of cysteines in several proteins selectively labeled

with 13Cb-Cys have been measured via 13C-HSQC approa-

ches (Chivers et al. 1997; Jeng et al. 1995; Mavridou et al.

2007; Mossner et al. 2000; Roos et al. 2013; Wilson et al.

1995). It is notable that the 1Ha, 13Ca and amide 15N show

even larger pH-dependent chemical shift changes and thus

can also be used as reporter nuclei (Forman-Kay et al. 1992).

However, under the alkaline conditions likely associated

with cysteine deprotonation, rapid amide HX may well

preclude a 15N-HSQC approach (Lim et al. 2012).

Although the labile sulfur-bonded 1Hc of cysteine is

generally not observable for a random coil polypeptide, it

can be detected when protected from rapid HX within the

context of a structured protein. Of course, the observation

of such a signal provides unambiguous evidence that a

cysteine is predominantly in its neutral state. The BioMa-

gResBank (Ulrich et al. 2008) currently lists an average

chemical shift of 2.0 ± 1.3 ppm for a small number of

thiol 1Hc signals. However, significant shift deviations are

possible depending upon the environment of the proton

(Nordstrand et al. 1999). The signals from these slowly-

exchanging 1Hc protons were likely assigned via 3JHbHc

scalar (Nordstrand et al. 1999) or interproton NOE inter-

actions (Takeda et al. 2010). Alternatively, by exploiting

an expected 3JCaHc * 3 to 7 Hz (Hansen 1981), the thiol

proton should be detectable and assignable using a long-

range 13C-HSQC experiment as demonstrated for serine/

threonine hydroxyl protons (Brockerman et al. 2014). This

strategy would likely require selective 13C-Cys labeling

(ideally 13Ca only) because a uniformly enriched protein

will yield a myriad of complicated long-range couplings.

The presence of the 1Hc can be confirmed via a two-

bond deuterium isotope shift of *0.12 ppm (13CbScH vs.
13CbScD; Table 2) measured via 13C-NMR in proteins

selectively labeled with 13CbD2-Cys (Takeda et al. 2010).

This isotope shift has also been exploited to quantitate HX

rates and protium-deuterium fractionation factors for the

thiol moiety (Takeda et al. 2010).

Tyrosine

Within the context of a blocked tripeptide, tyrosine has a

pKa value of 9.76. Thus, this residue is neutral in most

proteins under physiological conditions. Upon ionization of

the phenolic oxygen, the ring 13Cc and 13Cf shift substan-

tially by -6.7 and 10.4 ppm, respectively (Norton and

Bradbury 1974; Richarz and Wüthrich 1978). In contrast to

the smaller changes exhibited by the other ring 13C and 1H

nuclei, these ionization-dependent shift changes are larger

than those typically accompanying protein folding or

ligand binding (Baturin et al. 2011). Therefore, the 13Cc

and 13Cf both serve as very reliable reporter nuclei for pKa

measurements. However, neither is directly protonated,

thus requiring lower sensitivity approaches such as 2D

He(Ce)Cf or H2
b(Cb)Cc correlation spectroscopy (Baturin

et al. 2011; Oktaviani et al. 2012; Prompers et al. 1998;

Yamazaki et al. 1993).

As with other oxygen-bonded protons, the labile 1Hg of

tyrosine is usually observable only when protected from

rapid HX, such as via hydrogen bonding within a folded

protein (Liepinsh and Otting 1996; Liepinsh et al. 1992).

Although the BioMagResBank (Ulrich et al. 2008) lists an

average chemical shift of 9.3 ± 1.3 ppm for a small
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number of assigned 1Hg signals, a substantially larger

range is possible depending on the structural environment

of the tyrosine (Baturin et al. 2011; Werner et al. 1997). In

addition to homonuclear NOE approaches, one unambig-

uous method to assign these signals relies on a weak

dihedral angle-dependent 3JCeHg coupling of *4 to 8 Hz

(Borisov et al. 1998; Bystrov 1976; Hansen 1981) that is

detectable in long range 13C-HSQC spectra (Baturin et al.

2011; Werner et al. 1997). The observation of the 1Hg

either directly or indirectly via a two-bond deuterium iso-

tope shift of *0.13 ppm (13CfOgH vs. 13CfOgD; Table 2)

(Takeda et al. 2009) also provides clear evidence that a

tyrosine is neutral. Once detected, NOE and J-coupling

measurements can be used to obtain distance and dihedral

angle restraints, respectively, to define the structural fea-

tures of tyrosine 1Hg protons in proteins. Complementary

HX studies can be carried out to help characterize their

dynamic properties (Baturin et al. 2011; Liepinsh et al.

1992; Takeda et al. 2009).

Lysine

Lysine in the blocked tripeptide has a pKa value of 10.34.

Hence, unless in a highly unusual environment, lysine Nf-

amino groups in proteins are most likely positively-charged

under neutral pH conditions (Daopin et al. 1991; Isom et al.

2011). Similar to an N-terminal amine, the lysine side

chain 15Nf shifts by *-7.5 ppm upon deprotonation

(Andre et al. 2007), thus allowing reliable pKa measure-

ments by 1D 15N-NMR (Zhu et al. 1995) or 2D H2
e(Ce)Nf

approaches (Andre et al. 2007; Tomlinson et al. 2009;

Yamazaki et al. 1993). In contrast to changes of -0.4 and

-0.24 ppm for the non-labile 1He and 1Hd, respectively,

and a change of only 1 ppm for the nitrogen-bonded 13Ce,

the ‘‘once removed’’ 13Cd shifts substantially by 5 ppm

upon lysine neutralization (Batchelor et al. 1975; Keim

et al. 1974; Kesvatera et al. 1996; Richarz and Wüthrich

1978; Surprenant et al. 1980). Thus, as exemplified by

studies of the lyase domain of DNA Pol b (Gao et al.

2006), the 13Cd aliphatic carbon can be used as a very

reliable reporter nucleus for pKa measurements via sensi-

tive 2D 13C-HSQC experiments. However, selective

labeling with 13C-lysine (ideally 13Cd only) is likely

required to avoid spectral overlap with other side chain

signals, as would arise with a uniformly 13C-enriched

protein.

The labile amino protons of lysines (or the N-terminal

amine) can also be observed directly, particularly when

protected from rapid HX due to their environment within a

folded protein and/or under conditions of low temperature,

pH, and general acid/base concentration (Esadze et al.

2014; Iwahara et al. 2007; Liepinsh and Otting 1996;

Liepinsh et al. 1992; Poon et al. 2006; Zandarashvili et al.

2013). Strikingly, a chemical shift of 0.8 ppm has been

reported for the nitrogen-bonded 1Hf of a neutral buried

lysine in a staphylococcal nuclease mutant (Takayama

et al. 2008a). This stands in contrast to a shift of *7.5 ppm

typically found for the protons in the charged f-aminium

group. Thus, if detectable, the 1Hf chemical shift of a lysine

side chain will be highly diagnostic of its charge state.

Alternatively, the 15N nuclei in –15NH3
? versus –15NH2

groups show distinctly different multiplet patterns due to
1JNH couplings of *74 Hz (quartet) and *64 Hz (triplet),

respectively (Poon et al. 2006; Takayama et al. 2008a, b;

Tomlinson et al. 2009). This provides unambiguous evi-

dence for the protonation of a lysine residue. The detection

of the lysine –15NH3
? also opens the doors to dynamic

studies of this side chain in proteins and protein complexes

(Anderson et al. 2013; Esadze et al. 2011; Zandarashvili

et al. 2011, 2013).

The lysine 15Nf aminium group has a combined one-

bond deuterium isotope shift of 3 9 0.35 = 1.05 ppm

(15NH3
? vs. 15ND3

?; Table 2) (Tomlinson et al. 2009). In

contrast, a value of *2 9 0.95 = 1.9 ppm can be esti-

mated for the combined isotope shift of –15NH2 versus

–15ND2 in the neutral amine (Table 2). Similar results were

found for the a-amine of 13C/15N-arginine (Table 2).

Therefore the deuterium isotope shifts, which reflect elec-

tronic structure and bonding (Hansen 2000), are substan-

tially different for the cationic and neutral states of the

lysine 15Nf nucleus and the N-terminal amine. This paral-

lels data reported for the ammonium ion versus ammonia

(Wasylishen and Friedrich 1987). Smaller pH-dependent

changes in the multiple-bond deuterium isotope shifts on

the side chain 13C nuclei of lysine have also been measured

(Led and Petersen 1979). However, it may be difficult to

use deuterium isotope shifts as a criterion for characteriz-

ing the charge of a lysine or N-terminus because they also

vary with hydrogen bonding and counterions (Hansen and

Lycka 1989; Tomlinson et al. 2009; Ullah et al. 2011). This

stands in contrast to the simple presence or absence of a

deuterium isotope shift for the carboxyl, thiol, and hydro-

xyl groups in their neutral versus anionic states,

respectively.

Arginine

The pKa value of the arginine side chain has recently been

measured as 13.9 (in preparation). This is considerably

higher than the commonly cited values of *12 to 12.5

(Creighton 2010), and thus arginines are invariably posi-

tively-charged in proteins under physiological conditions.

To the best of our knowledge, an arginine in a measurably

populated neutral state has never been unambiguously

observed within the context of a protein or protein com-

plex, and hence a corresponding pKa value has never been
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determined (Baillargeon et al. 1980; Grissom et al. 1987;

Harms et al. 2011; Xiao and Braiman 2005). Nevertheless,

such studies are very interesting to pursue, particularly for

proteins in which the guanidinium moiety becomes post-

translationally modified (Smith and Denu 2009) or is

potentially involved in a proton transfer cascade (Hutson

et al. 2000; McMahon et al. 2004; Petkova et al. 1999;

Xiao et al. 2004), or for enzymes that appear to use this

side chain as a general acid/base catalyst (Schlippe and

Hedstrom 2005). As with all pKa measurements, control

experiments would be absolutely necessary to ensure that

the protein remains in its native state and not hydrolyzed or

otherwise chemically modified over the entire pH titration

range studied (which, for most systems, seems unlikely

given the extreme alkaline conditions required for arginine

deprotonation).

Arginine side chains have been characterized exten-

sively with NMR spectroscopy, although almost always in

the cationic state (Blomberg et al. 1976; Blomberg and

Rüterjans 1983; Kanamori et al. 1978; Kanamori and

Roberts 1983; Keim et al. 1974; Legerton et al. 1981;

London et al. 1977; Oldfield et al. 1975a, b; Pregosin et al.

1971; Richards and Thomas 1974; Richarz and Wüthrich

1978; Surprenant et al. 1980; Yavari and Roberts 1978). To

enable this characterization, many pulse sequences have

been developed to detect and assign the 1H, 13C, and 15N

signals of the guanidinium moiety (Andre et al. 2007;

Iwahara and Clore 2006; Pellecchia et al. 1997; Rao et al.

1996; Vis et al. 1994; Wittekind et al. 1993; Yamazaki

et al. 1993, 1995). In particular, due to strong 1JNeH and
1JNgH couplings of *93 Hz, the nitrogen-bonded protons

of arginines are often readily observable in 15N-HSQC

spectra recorded under conditions to minimize HX. How-

ever, unless restrained by interactions such as hydrogen

bonding, rotation about the Ne–Cf and Cf–Ng partial

double bonds generally leads to broad, degenerate signals

from the two 15Ng and four 1Hg nuclei (Henry and Sykes

1995; Kanamori and Roberts 1983). Note that, due to this

conjugated bonding, the guanidinium group is planar

(Raczynska et al. 2003).

We initially attempted to measure the pKa value and pH-

dependent chemical shift changes of the guanidinium

moiety in a blocked tripeptide. However, due to hydrolysis

at high pH, reliable data could only be obtained for the side

chain 13Cf and 1Hd nuclei (Supplemental Table S1).

Therefore, we used a sample of 13C6/15N4-arginine to

obtain the desired results, which after correction for shift

perturbations due to the titration of the a-amine (Supple-

mental Table S2), agreed well with those for the tripeptide.

As summarized in Fig. 1 and Table 1, the 13Cf, 15Ne, and
15Ng all show substantial chemical shift changes upon

deprotonation, and thus serve as potential reporter nuclei

for arginine pKa measurements. The titration Dd values

measured herein for these nuclei are consistent with, but

generally larger in magnitude, than those published previ-

ously (Baillargeon et al. 1980; Kanamori et al. 1978;

Kanamori and Roberts 1983; London et al. 1977; Suzuki

et al. 1974; Xiao and Braiman 2005). This is most likely

due to difficulties in extrapolation to high pH plateau

chemical shifts. Alternatively, since arginine can dimerize

(Kubickova et al. 2011; Vondrasek et al. 2009), this might

reflect differences in experimental conditions. However,

similar shift changes were determined with 10 and

100 mM samples. Under highly alkaline conditions, the

guanidinium protons will undergo rapid HX, and thus these

reporter nuclei would have to be observed by directly via
15N- or 13C-NMR or indirectly via scalar correlations with

the non-exchangeable side chain protons. Observing the
15Ng nuclei would be most challenging due to their ter-

minal positions and potentially broad signals resulting from

rotation about the Ne–Cf bond or from tautomerization

(Kanamori and Roberts 1983). This is unfortunate as the
15Ng nuclei, with dramatically different chemical shifts of

*71 and 93 ppm in charged versus neutral arginine,

should best serve as reporters of its ionization state.

However, any arginine with an unusually low pKa value

will likely be in a very unusual environment, which may

also lead to strongly perturbed chemical shifts. Indeed, the

chemical shift differences between the charged and neutral

arginine side chain nitrogens are substantially smaller in

nonpolar solvents than in water (Xiao and Braiman 2005).

It is also worth noting that the neutral side chain gua-

nidine moiety is non-planar and can exist in five possible

tautomeric forms, each lacking one of the five different

nitrogen-bonded protons (Raczynska et al. 2003). Experi-

mental (Kanamori and Roberts 1983) and theoretical cal-

culations (Norberg et al. 2005) suggest that these

tautomers, which can interconvert rapidly via bond rota-

tions or proton transfer, are roughly iso-energetic and exist

in an equilibrium distribution with *1/3 deprotonated at

Ne. This is also supported by the observation that the 15Ne

and two 15Ng nuclei still have similar chemical shifts in the

deprotonated state of 13C6/15N4-arginine (with the 15Ng

being degenerate). Significantly different shifts would be

expected for non-interconverting sp2 (C=N bonded) and

sp3 (C–N bonded) hybridized nitrogens (Witanowski et al.

1976).

To test this prediction, we also measured deuterium

isotope shifts for the 15Ne and 15Ng nuclei. Based on

comparative titrations of 13C6/15N4-arginine in H2O and

D2O, at low (high) pH, deuterium isotope shifts of 1.0 ppm

(1.8 ppm) were measured for the 15Ne and 1.4 ppm

(1.7 ppm) were measured for the 15Ng (Table 2). Thus, as

seen with the amino group, deuterium isotope shifts are

generally larger for the neutral guanidine than the charged

guanidinium species despite the reduced number of
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hydrogens. However, these measurements are complicated

by possible incomplete (and differing levels of) deproto-

nation under extremely high pH conditions, particularly

since pH meter readings and the pKa value of arginine

likely differ in H2O versus D2O solutions (Krezel and Bal

2004). In addition, multiple three-bond isotope shifts could

add to the one-bond shifts. Although many such caveats

exist, these measurements do indicate that the Ne and Ng

nuclei all remain at least partially protonated in the neutral

tautormers of free arginine. Of course, if indeed present in

a folded protein, the relative populations of these tautomers

could change in response to structure-dependent intermo-

lecular interactions, such as hydrogen bonding. Con-

versely, without better characterization, deuterium isotope

shift measurements are not likely useful for determining

the charge and tautomeric form of an arginine side chain,

even if restrained within a protein.

Phosphoamino acids

For completeness, we have also included the pH-dependent

chemical shift changes of phosophoserine (second pKa

5.96), phosphothreonine (pKa 6.30) and phosphotyrosine

(pKa 5.96) in Fig. 1. These data were measured by Bien-

kiewicz and Lumb for these commonly phosphorylated

amino acids (X) in the context of the blocked pentapeptide,

acetyl-Gly-Gly-X-Gly-Gly-amide at 25 �C (Bienkiewicz

and Lumb 1999). Similar results were reported earlier for

unblocked Gly-Gly-X-Ala peptides containing these three

phosophoamino acids (Hoffmann et al. 1994). Data have

also been published for phosphohistidine (Kalbitzer and

Rosch 1981) and phosphoaspartate (Schlemmer et al.

1988).

Certainly, 31P-NMR monitored pH-titrations of the

phosphate moieties provide an obvious route for pKa

measurements. However, several 1H, 13C and 15N nuclei in

these amino acids show diagnostic changes upon phos-

phorylation, as well as upon deprotonation to the dianion.

The former can be used to identify modification sites

within a protein (Bienkiewicz and Lumb 1999; Hoffmann

et al. 1994; Lau et al. 2012; McIntosh et al. 2009; Smet-

Nocca et al. 2013), whereas the latter can also be monitored

for pKa measurements. Akin to phosphorylation, many

additional post-translational modifications involve ioniz-

able side chains or introduce ionizable groups into protein.

These can also be characterized by NMR spectroscopy,

including biologically relevant in vivo approaches (Theillet

et al. 2012).

Amides

The main chain amide 1HN, 15N and 13CO nuclei of the

blocked tripeptides exhibit chemical shift changes due to

side chain deprotonation. As expected for both through-

bond inductive and through-space electric field interac-

tions, the magnitudes of these changes generally increase

with decreasing separation to the acid/base functional

group. Thus, the intra-residue 1HN and 15N of the peptide

preceding and the 13CO of the peptide following the ion-

izable side chain show the largest pH-dependent shift

perturbations, whereas the flanking glycines report smaller

changes. Nevertheless, the latter nearest-neighbor amide

titration shifts can still be substantial, particularly for Asp,

His, and Cys (Fig. 1 and Supplemental Table S1). It is also

interesting that the intra-residue 1HN signal of N-acetyl

alanine, Asp, His, and Cys shift upfield upon deprotona-

tion, whereas those of Glu, phosphoserine, and phospho-

threonine shift downfield. In the case of Glu, the downfield

shift has been attributed to a transient intra-residue

hydrogen bond between the amide and the d-carboxyl that

strengthens when the latter is deprotonated (Bundi and

Wüthrich 1979b; Mayer et al. 1979). Similar seven-mem-

bered rings could be formed by the two phosphorylated

amino acids.

The amide 15N-HSQC spectrum of a protein serves as its

‘‘fingerprint’’ due to the presence of one 1HN-15N crosspeak

from each non-proline or non-N-terminal residue that does

not undergo rapid HX. Robust methods have also been

developed to rapidly assign the signals from the mainchain
1H, 13C and 15N nuclei of a protein, which in turn are

stepping stones to its side chain nuclei (Sattler et al. 1999).

Accordingly, it is often simple and convenient to monitor

the pH-titration of a protein using 15N-HSQC or HNCO-

type spectra. Indeed, in numerous cases, pKa values of

ionizable groups have been extracted from pH-dependent

intra-residue and nearest-neighbor amide 1HN, 15N and, to

a lesser extent, 13CO shifts in both folded (Anderson et al.

1993; Betz et al. 2004; Forman-Kay et al. 1992; Lindman

et al. 2007; Tomlinson et al. 2010) and unfolded proteins

(Pujato et al. 2006). However, caution must be exercised in

interpreting such data because the amide of an acid/base

residue may also report the ionization of other residues in a

folded protein. Indeed, amides of non-titrating residues

often show pronounced apparent titrations that can arise

from many reasons. In addition to pH-dependent structural

changes (Kukic et al. 2010; Tomlinson et al. 2010), inter-

residue hydrogen bonding between an amide and an ion-

izable side chain can lead to diagnostic downfield 1HN shift

changes upon deprotonation (Betz et al. 2004; Clark et al.

2007; Ebina and Wüthrich 1984; Haruyama et al. 1989;

Khare et al. 1997; Schaller and Robertson 1995). Further-

more, the chemical shifts of the polarizable peptide are

particularly sensitive to their local electric fields (Buck-

ingham 1960), and these fields can change upon the titra-

tions of even relatively distal groups in a protein. This

sensitivity has been exploited to probe protein
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electrostatics, including extracting dielectric constants (An

et al. 2014; Boyd et al. 2003; Hass et al. 2008; Kukic et al.

2013).

Concluding remarks

In this paper, we report the pH-dependent chemical shifts

of essentially all the 1H, 13C, and 15N nuclei associated

with the acid/base functional groups in a protein. The few

missing values correspond to the rapidly exchanging pro-

tons of the conjugate base forms of the ionizable residues

that could not be detected under alkaline conditions. These

data, which are consistent with and extend upon those of

numerous pioneering studies, were measured in the context

of a blocked tripeptide under a common set of experimental

conditions. This unified set of reference chemical shifts

should help guide protein pKa studies.

Measuring pH-dependent chemical shifts by NMR

spectroscopy is often straightforward for a protein, pro-

vided that it is well behaved across the necessary experi-

mental conditions. However, interpreting the resulting

titration curves to yield residue-specific pKa values and

ionization states can be very difficult (Lindman et al. 2006;

McIntosh et al. 2011; Søndergaard et al. 2008; Szakacs

et al. 2004; Ullmann 2003; Webb et al. 2011). This diffi-

culty results from the complex nature of electrostatic

interactions in proteins, combined with the sensitivity of

chemical shifts to many pH-dependent factors and the often

unappreciated fact that most titration curves are experi-

mentally underdetermined for model fitting (Shrager et al.

1972). The confidence by which one can assign observed

titrations to the ionization of a specific residue in a protein

certainly increases if several 13C, 15N or non-exchangeable
1H nuclei closely associated with that residue all report

coincident pH-dependent chemical shift changes. Impor-

tantly, these titration shifts should be comparable in sign

and magnitude to those exhibited by reference model

compounds. Practically speaking, the number of such

reporter nuclei that can be monitored will depend upon the

pH-dependent stability of the protein combined with fea-

sibility of the required isotopic labeling strategies and the

dispersion, resolution and sensitivity (time requirements)

of the corresponding NMR experiments. With this said,

there are numerous published cases where even directly

bonded nuclei within a given residue track very different

titrations. These include amide 15NH (Tomlinson et al.

2010; Webb et al. 2011), Asp, Glu, and Cys 13CH2 (Jeng

et al. 1995; Oda et al. 1994; Song et al. 2003; Wilson et al.

1995), and even His imidazole 13CH pairs (Ludwiczek

et al. 2013). Based on these and other examples, the 15N

and 13C nuclei are generally the more reliable reporters of

intra-residue ionization, whereas the 1H are frequently

sensitive to additional pH-dependent changes in the

protein.

Unfortunately, the chemical shifts of most reporter

nuclei for the protonated and deprotonated forms of the

ionizable functional groups fall within the range of chem-

ical shifts induced upon protein folding or ligand binding.

For example, the 13Cb and carboxyl 13Cc of an aspartic acid

change from approximately 38 to 41 and 177 to 180 ppm,

respectively, upon deprotonation, whereas structure-

dependent shifts of 38–44 and 176–183 ppm are listed for

these nuclei in the BioMagResBank (Ulrich et al. 2008).

The latter values represent the mean chemical shifts ±2

standard deviations for all diamagnetic proteins, regardless

of sample conditions. The few exceptions to this point

include the histidine 15Nd1 and 15Ne2, tyrosine 13Cc and
13Cf, and arginine 15Ng reporter nuclei, which exhibit

rather large, and hence diagnostic, pH-dependent changes

in their resonance frequencies. Accordingly, great caution

should be exercised in inferring ionization states from

chemical shift (or J-coupling) information alone. Strictly

speaking, in the absence of a detectable pH titration, one

can only conclude that the pKa value of a residue is either

less than the lowest sample pH value examined (and thus

deprotonated throughout the titration) or greater than the

highest pH value examined (protonated). Fortunately,

several NMR approaches can be used to resolve this

problem by providing complementary insights into the

ionization states of protein. In particular, the direct obser-

vation of a slowly exchanging acidic proton via chemical

shift or J-coupling measurements is clearest evidence that a

functional group is in its conjugate acid form. Alterna-

tively, for groups with well-populated but rapidly

exchanging acidic protons, deuterium isotope shift mea-

surements can help define their charged states. Of course,

parallel studies with biophysical techniques other than

NMR spectroscopy can be highly informative.

The reference data provided herein should also help

enable pH-dependent corrections in algorithms used to

predict the ‘‘random coil’’ chemical shifts of a polypep-

tide sequence. These reference shifts are of great impor-

tance to NMR spectroscopists for numerous reasons,

including determining the secondary/tertiary structure and

dynamics of a protein or protein complex from chemical

shift information, as well as characterizing transient

conformations within otherwise intrinsically disordered

regions of these biomolecules (Wishart 2011). Broadly

speaking, these algorithms have been developed from the

statistical analyses of protein chemical shift databases (De

Simone et al. 2009; Tamiola et al. 2010; Wang and Jar-

detzky 2002) or from studies of various reference poly-

peptides (Braun et al. 1994; Kjaergaard et al. 2011;

Prestegard et al. 2013; Schwarzinger et al. 2001; Thanabal

et al. 1994; Wishart et al. 1995). The latter were generally
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carried out under acidic conditions, and have been adap-

ted to account for the ionization of Asp, Glu, and His.

The current tripeptide data provide corrections for the

remaining termini and Cys, Tyr, Lys, and Arg residues, as

well as an essentially complete summary of the pH-

dependent 1H, 13C, and 15N chemical shifts of all the

main chain and side chain nuclei of these ionizable amino

acids in proteins.
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