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INTRODUCTION

The pH-dependence of protein enzymatic activity,

structural stability and dynamics is governed by the acid

dissociation equilibria (or pKa values) of the ionizable

groups in the protein. The perturbations of protein pKa

values from their corresponding values in a random coil
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ABSTRACT

Site-specific pKa values measured by NMR spectroscopy

provide essential information on protein electrostatics, the

pH-dependence of protein structure, dynamics and func-

tion, and constitute an important benchmark for protein

pKa calculation algorithms. Titration curves can be meas-

ured by tracking the NMR chemical shifts of several re-

porter nuclei versus sample pH. However, careful analysis

of these curves is needed to extract residue-specific pKa

values since pH-dependent chemical shift changes can

arise from many sources, including through-bond induc-

tive effects, through-space electric field effects, and confor-

mational changes. We have re-measured titration curves

for all carboxylates and His 15 in Hen Egg White Lyso-

zyme (HEWL) by recording the pH-dependent chemical

shifts of all backbone amide nitrogens and protons, Asp/

Glu side chain protons and carboxyl carbons, and imidaz-

ole protonated carbons and protons in this protein. We

extracted pKa values from the resulting titration curves

using standard fitting methods, and compared these values

to each other, and with those measured previously by 1H

NMR (Bartik et al., Biophys J 1994;66:1180–1184). This

analysis gives insights into the true accuracy associated

with experimentally measured pKa values. We find that

apparent pKa values frequently differ by 0.5–1.0 units

depending upon the nuclei monitored, and that larger dif-

ferences occasionally can be observed. The variation in

measured pKa values, which reflects the difficulty in fitting

and assigning pH-dependent chemical shifts to specific

ionization equilibria, has significant implications for the

experimental procedures used for measuring protein pKa

values, for the benchmarking of protein pKa calculation

algorithms, and for the understanding of protein electro-

statics in general.
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polypeptide serve as highly sensitive probes of the electric

field and local dielectric properties within proteins, and

the experimental and theoretical study of protein pKa

values and protein electrostatics in general therefore con-

tinues to receive significant interest.1

The interest in protein titration curves and protein pKa

values stems from a desire to understand the energetics,

and in particular the electrostatics, of proteins and protein

complexes. Structure-based energy calculation methods

play a large role in protein engineering and design,2,3

drug design,4 and in developing a better understanding of

biomolecules through molecular simulations.5 Present

methods for predicting pKa values from a protein struc-

ture fall into several categories: Poisson-Boltzmann based

methods,6–11 knowledge-based methods12,13 and molec-

ular dynamics-based methods.14–16 Common to all of

these is that their performance is benchmarked and opti-

mized against experimentally measured pKa values.

Improvements in our understanding of protein electro-

statics therefore necessitate a better understanding of the

accuracy of experimentally measured pKa values.

NMR-monitored pH-titrations are the method of choice

for measuring site-specific pKa values of ionizable moieties

in proteins. Experimentally determined titration curves are

typically fit to equations describing one or more sequential

acid dissociation equilibria, or to equations modeling two

or more coupled titrations17 to extract the apparent pKa

values of titratable groups in a protein. Such analyses of ti-

tration curves have yielded valuable data for understanding

the effects of the protein environment on the ionization

equilibria of titratable groups, and has allowed for the anal-

ysis of large sets of measured pKa values18–20 using theo-

retical methods.13,21 Recently, global analysis of tightly

coupled systems of titratable groups has been performed,22

and analyses probing the electric field in proteins23 and

protein conformational change24,25 have pointed to excit-

ing new ways of analyzing NMR pH-titration curves.

Finally, it should be noted that some titration curves are

irregular and cannot be described by a single pKa value.

Such titration curves can be slightly ‘‘flattened’’ and are of-

ten fitted by the modified Hill equation (see later), or they

can be highly irregular26,27 and thus necessitate the appli-

cation of specialized fitting procedures.22 In these cases,

which often reflect very interesting coupled ionization

equilibria, one must analyze the entire titration curves,

rather than describing them with single pKa values.

Although we do not address this problem in the present

work, it is important to keep the existence of such titration

curves in mind when assessing the accuracy and signifi-

cance of pKa values reported in literature and databases.

Measuring pH-titration curves using NMR

Researchers exploit the unique sensitivity of the NMR

chemical shift to measure residue-specific protein titra-

tion curves. Typically 1D or 2D spectra are acquired as a

function of sample pH over a range of interest and the

chemical shifts for nuclei with resolved and assigned sig-

nals are analyzed. The change in solution pH leads to a

change in the charge of ionizable groups, and the chemi-

cal shifts of nearby nuclei are influenced via through-

bond inductive effects, through-space electrostatic field

effects, or via conformational changes. Plots of the NMR

chemical shift versus pH obtained in this way thus often

show typical Henderson-Hasselbalch (HH) titration

curves, indicative of a single dominant acid dissociation

equilibrium. These HH curves are interpreted as report-

ing the ionization states of the titratable groups in the

protein, and they can therefore easily be fitted to yield

apparent pKa values for the titratable groups in question.

Although it is possible to observe unambiguously the

charge state of ionizable groups by directly monitoring

labile titratable protons by NMR spectroscopy,28,29 this

requires that these protons are significantly protected by

burial or hydrogen bonding from rapid exchange with

water. However, since most titrating protons are unob-

servable due to fast exchange, we are usually limited to

measuring the pH-dependent chemical shifts of the

nearby nonlabile 1H, 15N, or 13C nuclei from which the

charge states and pKa values of ionizable groups can be

inferred. The exquisite sensitivity of the NMR chemical

shift to changes in structure and changes in the electric

field23,30 means that a given titration can be observed

indirectly via a large number of surrounding ‘‘reporter’’

nuclei. On one hand, this allows multiple measurements

of the same ionization event. However, unambiguously

assigning even simple titration curves to specific moieties

is often difficult as electric field effects can be observed

at distances well over 20 Å and similarly, structural and

conformational changes may be propagated over large

distances depending on the structural plasticity of the

protein.24 The fact that ionizations can be observed via

the pH-dependence of the chemical shift of neighboring

and distant nuclei also means that a given nucleus may

track two or more titration events, thus further compli-

cating the extraction of pKa values and the assignment of

these values to specific residues, as discussed below.

Spectral assignment

It is important to note that the correct measurement

of site-specific pKa values relies on a careful assignment

of NMR peaks to the correct atoms/nuclei in the protein.

An incorrect peak assignment will lead to pKa values

being assigned to wrong residues thus rendering the

experiment meaningless. Tracking individual NMR peaks

as the pH changes is another challenge since peaks often

can be seen to move in nonlinear paths. This causes diffi-

culty in resolving the identity of peaks when the paths of

two or more peaks cross during the NMR pH-titration

experiment. This problem becomes more significant for

poor spectra and when the pH is changed in larger steps.
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It is therefore advisable to perform experiments that

check the NMR peak assignment at low, intermediate,

and high pH values to confirm that the relevant peaks

have been tracked correctly.

Fitting NMR pH-titration curves

Once the required titration curves have been obtained,

pKa values are typically extracted using non-linear fits to

equations relating changes in population-weighted chem-

ical shift (dobs) to changes in protonation state. Well-

defined curves displaying single titrations in the fast

exchange limit are typically fit to an expression such as:

dobs ¼ Dda
1þ 10pH�pKa

þ doffset ð1Þ

where Dda corresponds to the difference in chemical shift

of a nucleus resulting from the nucleus in the presence

of the protonated form of that moiety. Equation (1) is

equivalent to chemical shifts weighted by the Henderson-

Hasselbalch (HH) equation:

pH ¼ pKa þ log½A��=½HA� ð2Þ

If two or more titratable groups influence the moni-

tored nuclei, then the observed titration curves can be

non-HH shaped. This is a result of the chemical shift of

the nuclei sensing more than one titrational event. These

multi-phasic titration curves can be fit to equations

such as:

dobs ¼ Dda
1þ 10pH�pKa1

þ Ddb
1þ 10pH�pKa2

þ Ddc
1þ 10pH�pKa3

þ doffset ð3Þ

where, Dda, Ddb, and Ddc refer to the chemical shift

changes associated with the titrations described by pKa

values 1–3. Note that this expression describes sequential

rather than coupled ionization equilibria.

Irregular and multiphasic titration curves can also be

fit to higher-order equations such as the modified ver-

sion of the Hill equation [Eq. (4)], or equations that

model coupled ionization equilibria [Eq. (5)].

The modified Hill equation31 is given by:

dobs ¼ Dda
1þ 10nðpH�pKaÞ þ doffset ð4Þ

where Dda refers to the chemical shift change associated

with the titration described by the pKa value, doffset is the
chemical shift of the fully protonated species, and n is

the phenomological Hill coefficient.

Coupled ionization equilibria in a two-group system

are typically modeled by equation 532:

dobs ¼ Ddað1þ 10pH�pKa4Þ
1þ 10pKa2�pH þ 10pKa2�pKa1 þ 10pH�pKa4

þ doffset

ð5Þ
where Dda refers to the chemical shift change associated

with the full deprotonation of the group governed by the

microscopic pKa2 and pKa4 values (i.e., ionization equili-

bria with the partner group in a neutral or charged state,

respectively). pKa1 and pKa3 refer to the ionizations of

the other group in the system (constrained by the linkage

pKa2 1 pKa4 5 pKa1 1 pKa3), and doffset is the chemical

shift of the fully protonated species. Coupled ionization

equilibria can also be modeled by methods based on

statistical mechanics22,27 that may allow for the extrac-

tion of physical quantities from the perturbed titration

curves.

Ghost titrations

A fundamental problem in interpreting NMR pH-titra-

tion curves is to identify the titration that gives rise to

an observed chemical shift change. Generally the chemi-

cal shift of a nucleus is dominated by the protonation

state of the nearest titratable group, although there are

significant deviations from this rule in the case of atoms

connected to a highly polarizable bond (e.g., the peptide

bond), and in the case of titrational events causing struc-

tural perturbations.

In the following we define a ‘‘ghost titration’’ as a ti-

tration observed in the chemical shift of a nucleus in res-

idue A that results from an ionization event occurring in

a different amino acid residue B. An example of an NMR

titration curve reporting ghost titrations is provided in

Figure 1, where a comparison of NMR pH-titration

curves from two mutants reveals that the biphasic titra-

tion reported by the chemical shift of the backbone am-

ide nitrogen of Asp48 in HEWL reports the ionization

equilibria of Glu35 and Asp52 rather than that of Asp48

itself. Ghost titrations will often be superimposed on

‘‘true’’ (or ‘‘self ’’) titrations (i.e., titrations originating

from within the residue being monitored) or on other

ghost titrations. If the chemical titration responsible for

inducing the ghost titrations follows the classic Hender-

son-Hasselbalch (HH) equation, then the ghost titrations

must be fit with variations of Eq. (3). In cases where a

ghost-inducing residue titrates with a non-HH behavior

the analysis must involve combinations of Eqs. (3) and

(5), possibly coupled with statistical mechanical methods.

Choosing the correct model

A scientist wishing to determine pKa values from

NMR-monitored pH-titration curves is forced to choose

a fitting equation/model. This choice of model implicitly

Measuring Protein pKa Values by NMR Spectroscopy
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assumes a specific physical behavior for the titratable

group in question. For example, if the HH equation

[Eqs. (1) and (2)] is applied, it implies that the titration

in question can be modeled perfectly by a two-state

mechanism corresponding to a single ionization equilib-

rium. Slightly perturbed titration curves are often fit

with the modified Hill equation, thereby casting devia-

tions from a single ionization equilibrium as an apparent

Hill parameter n. However, interpreting the Hill parame-

ter in terms of specific electrostatic or structural interac-

tions is difficult.

In the case of highly perturbed, multiphasic titration

curves, Eqs. (3), (5) and the statistical mechanical meth-

ods can be used. However, Eqs. (3) and (5) are mathe-

Figure 1
13Cg,15N and 1H titration curves of D48 in WT, D52N and E35A HEWL. Left top: the monophasic titration curve observed by monitoring the

chemical shift perturbation of the side chain 13Cg of Asp48 in WT HEWL, which can be fit using a pKa value of 1.6 � 0.06 (only the curve for one

of the Cg-Hb cross peaks are shown). Right top: the biphasic titration curves observed by monitoring the chemical shift perturbations of the amide
15N of Asp48 in WT (red), D52N (blue) and E35A (green) HEWL. Bottom: the biphasic titration curves observed by monitoring the chemical shift

perturbations of the amide 1HN of Asp48 in WT (red), D52N (blue), and E35A (green) HEWL. It is clear that the WT titration curve must be fit

using 2 pKa values. Based on D52N and E35A mutants, the titrations observed by the amide nitrogen of Asp48 predominantly report the titrations

of Asp52 and Glu35, rather than that of its own carboxyl. Whereas the mutation of Glu35 clearly identifies the titration of Glu35, the effect of the

D52N mutation is more complicated to analyze due to the strong interaction between Glu35 and Asp52, and due to the changes in the local

structure around Asp48 that D52N introduces. The proton titration curves display a more complex behavior, but still allows for the identification

of Glu35 being responsible for the titration with a high pKa value. Figure produced using EKIN.33
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matically interconvertable and differ only whether one

chooses to interpret the fit pKa values and chemical shift

changes as describing sequential macroscopic or coupled

microscopic ionization equilibria.32 Similarly the statisti-

cal mechanical methods22,27 can reproduce any titration

curve shape with enough free parameters, although some

guidance can be taken from assessing whether the

extracted electrostatic interaction energies are realistic.

Thus, equally good fits can be obtained with multiple

models, yet the choice of model has implications for the

physical interpretation of the extracted pKa values. In the

case of irregular titration curves, much information is

lost when titrations are simply described by apparent pKa

values and Hill constants.

Other problems arise in the fitting of chemical shift

titration curves that track two or more overlapping titra-

tions with similar pKa values (i.e., within 1 pKa unit).

Such titration curves often cannot be fit robustly to

Eq. (3).

Although the choice of fitting model can sometimes be

guided by the use of statistical treatments such as an F-

test,18 it is necessary to visually inspect titration curves

and use additional information to ensure that the appro-

priate fitting model is chosen. Such information includes

consideration of the protein structure as well as the argu-

ment that interacting ionizable residues should share

common fit pKa values. The process of choosing the

appropriate fitting model thus essentially comes down to

a subjective choice, and in the present work we employ

conservative human judgment when fitting the titration

curves to arrive at a measure of the true experimental

error of pKa values.

Obtaining a realistic error estimate of fitted
pKa values

Determination of protein pKa values is the result of a

two-step process as outlined above: (1) an NMR titration

experiment and (2) a fitting procedure. Both the NMR

experiment and the fitting procedure are conducted

under certain assumptions, and these influence the

resulting pKa values. In addition to assumptions regard-

ing the validity of the theoretical model and general

assumptions about the NMR experiments (i.e., constant

ionic strength, a single protein conformation and ideal

solution behavior), the titration curves are also influ-

enced by the experimental uncertainty.

The measurement of pH constitutes the largest source

of systematic and random experimental error. Even

assuming that care has been taken to control tempera-

ture, isotope effects, solution conditions and so on, pH

values in most NMR titration experiments are realistically

only accurate to within �0.1 units, although it should be

possible to achieve higher accuracy with improved exper-

imental protocols and equipment. In addition the identi-

fication and tracking of NMR peaks comes with an ex-

perimental uncertainty that increases for broad, poorly

defined and overlapping peaks. To account for this fact,

the robustness of the pKa value fits can be tested by ran-

domly perturbing individual pH data points by �0.1

units and the chemical shift components by reasonable

spectral-dependent values, such as: �0.02 ppm (1H),

�0.05 ppm (15N), and �0.2 ppm (13C). This type of

Monte Carlo error analysis gives a good estimate of the

error inherent in pKa values and the limiting chemical

shifts obtained from a titration curve. However, the anal-

ysis does not include an estimate of how much the fitted

pKa value is influenced by the choice of nuclei being

tracked, nor does the analysis investigate the impact of

choosing a specific model for the fitting procedure. As a

result, the experimental errors on measured pKa values

are generally not true estimates of accuracy, but merely

reflect the precision associated with extracting an appa-

rent pKa value from a given titration curve. This fact has

been acknowledged earlier,34–36 and in the NMR com-

munity it is well-known that nuclei can sense several

titrations as evidenced by comments on this issue in

almost every paper that reports NMR-measured pKa val-

ues. However only a handful of measurements are avail-

able showing the true accuracy of 13C-measured pKa val-

ues37–39 (see Supporting Information Table SI4 and

later), and no systematic studies are, to our knowledge,

available on the reliability of pKa values measured by

other NMR experiments.

Examining the accuracy of pKa values

In the present study, we study the differences in pKa

values determined from various types of NMR pH-titra-

tion experiments. Specifically, we remeasured the car-

boxyl and imidazole pKa values of Hen Egg White Lyso-

zyme (HEWL) by tracking the chemical shifts of several

different nuclei. We furthermore reanalyzed the NMR ti-

tration curves of Bartik et al.40 and compare the pKa val-

ues determined in this article to those reported in litera-

ture during the last four decades (Table I).

It is important to note that we do not explicitly deter-

mine the experimental error of pKa values measured

using a given technique. Such measurements have been

performed by several groups by performing repeat titra-

tions on the same protein37–39 (see Supporting Infor-

mation Table SI4) and have mostly yielded very low val-

ues for the error on 13C-measured pKa values (0.01–0.04

pKa units). Although a case can be made for extending

such studies to observe the variation in pKa values when

different research groups perform the sample preparation

and titration experiment, we focus on the problem of

estimating the variation in pKa values when measured

with different NMR-based techniques. In doing so, we

assume that pKa values measured by observing 13C chem-

ical shifts close to the ionizable moiety give the most

accurate measure of the true pKa value of that moiety.

Measuring Protein pKa Values by NMR Spectroscopy
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We base this assumption on the fact that the immediate

chemical environment has the largest effect on the NMR

chemical shift, and continue to note that pKa values meas-

ured from the chemical shifts of 13Cg (Asp), 13Cd (Glu),

and imidazole ring carbon atoms for His are more reliable

since they generally produce fewer and more regular titra-

tions associated with larger chemical shift changes (see

later). Consequently, in this paper, we assess the accuracy

of pKa values measured using other techniques by compar-

ing them to 13C-measured pKa values.

Specifically we show that the apparent pKa values of

HEWL originating from measurements of the chemical

shift at Hb protons and from the backbone amide pro-

tons and nitrogen are significantly different from those

measured at 13C atoms close to the titratable moiety.

In particular, we find the apparent pKa values from

backbone amide protons and nitrogens to be very unreli-

able and display differences to 13C-measured pKa values

of up to 1.0 unit.

This results from their sensitivity to ghost titrations

and generally smaller shift changes than observed with

carboxyl or imidazole nuclei. We furthermore highlight

two cases showing that even the accuracy of 13C-meas-

ured pKa values can be more ambiguous than reported

in literature, and we discuss the consequences this has

for the reliability of published pKa values.

Finally, we discuss the implications of our findings for

the benchmarking of protein pKa calculation software and

for the understanding of protein electrostatics in general.

MATERIALS AND METHODS

Sample preparation (WT HEWL and HEWL
mutants)

The expression of uniformly isotopic-labeled WT

HEWL (15N and 13C/15N) was performed using 5 g 13C6-

glucose, 10 mL 13C-methanol, and 10 g (15NH4)2SO4

(CKGas Limited) in a 2 L Bioflo 110 fermentor (New

Brunswick) using a P. Pastoris hewl expression system gen-

erously made available to us by Prof. J.F. Kirsch. Separate

samples for the uniformly 13C/15N (WT HEWL only) and
15N (WT HEWL and HEWL mutants, E7Q, H15A, D18N,

E35A, D48N, D52N, D66N, D101N, and D119N) were

dialyzed into 50 mM KCl and concentrated via centrifugal

filtration to 0.5–1.2 mM in 90% H2O:10% D2O.

Main chain amide NMR spectral
assignments

15N-HSQC spectra were recorded at 358C at pH 3.8 on

a Varian Unity 500 MHz spectrometer, processed using

NMRpipe49 and analyzed using SPARKY 3.0.50 Chemical

shifts were referenced to an external sample of 2,2-di-

methyl-2-silapentane-5-sulfonic acid (DSS). The amide
15N-1HN resonances of 15N-labeled WT HEWL were

assigned based on published data.51 To ensure that all

cross-peaks in the 15N-1HN HSQC were tracked correctly

with increasing pH, the 15N and 1HN chemical shifts

were verified with a 15N-NOESY-HSQC at pH 7.3. The
15N-1HN resonances of the 9 15N-labeled HEWL single

mutants, E7Q, H15A, D18N, E35A, D48N, D52N, D66N,

D101N, and D119N, were assigned by comparison to the

WT. In the case of D52N, which showed more extensive

spectral changes, the amide resonances were assigned

using additional 15N-NOESY-HSQC and 15N-TOCSY-

HSQC52 NMR experiments.

Side chain amide NMR spectral assignment

Spectra were recorded at 358C on a cryoprobe-

equipped Varian Inova 600 MHz spectrometer. Signals

from the side chain 13C and 1H nuclei of the Asp and

Glu residues in WT HEWL were assigned via a suite of

standard 3D 1H/13C/15N correlation experiments, with

consideration of published chemical shift data.51,53,54

Table I
HEWL pKa Values Available in Literature and Those Measured in This

Study

Titratable
group Bartik et al.40 Others Webb et al.

Max.
difference

N-term 7.941 a —
Lys1 10.13 � 0.0342 —
Arg5 —
Glu7 2.85 � 0.25 2.643 2.6 � 0.2 0.25
Lys13 9.88 � 0.0342 —
Arg14 —
His15 5.36 � 0.07 5.843 5.5 � 0.2 0.44
Asp18 2.66 � 0.08 2.8 � 0.3 0.14
Tyr20 10.341 —
Arg21 —
Tyr23 9.844 —
Lys33 9.92 � 0.0542 —
Glu35 6.20 � 0.10 6.1,45,46 5.947 b 6.1 � 0.4 0.2
Arg45 —
Asp48 <2.5 1.4 � 0.2 —
Asp52 3.68 � 0.08 3.4,45,46 4.547 b 3.6 � 0.3 0.9
Tyr53 12.141 —
Arg61 —
Asp66 <2.0 1.648 1.2 � 0.2 0.4
Arg68 —
Arg73 —
Asp87 2.07 � 0.15 2.2 � 0.1 0.13
Lys96 10.2 � 0.0842 —
Lys97 9.64 � 0.0342 —
Asp101 4.09 � 0.07 4.545 4.5 � 0.1 0.41
Arg112 —
Arg114 —
Lys116 9.76 � 0.0342 —
Asp119 3.20 � 0.09 3.5 � 0.3 0.3
Arg125 —
Arg128 —
C-term 2.75 � 0.02 3.143 2.7 � 0.2/

3.9 � 0.1
1.15

The last column shows the largest difference observed for the pKa value of a given

residue.
aEstimated from global titration curves.41

bThese studies report both microscopic and macroscopic pKa values as well as the

dependence of the pKa values on ionic strength.
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This included the stereospecific assignments of the Hb1/b2

and Hg1/g2 by referencing to the published data above.

The signals of the His15 13Ce1/d2 nuclei in constant time

(CT) 13C-HSQC spectra were assigned based on compari-

sons to the published chemical shifts.53

pH titrations of HEWL by NMR
spectroscopy

The pH values of the samples were adjusted in steps of

approximately 0.2–0.3 increments using dilute HCl or

NaOH. Sample pH values were recorded immediately

before and after recording NMR spectra using a pH me-

ter (MeterLab PHM220, Sigma), calibrated at room tem-

perature (�218C) with standard buffer solutions. Typi-

cally the initial sample was acquired at pH 3.8, and then

pH was lowered in steps of 0.2–0.3 units to pH 2. The

sample pH was raised back to pH 3.8 and recorded to

check the reversibility of the sample as a function of pH.

The pH of the sample was finally increased to pH 8–9 in

0.2–0.3 increments. No corrections were made for the

small isotope effect from 10% D2O, or for recording the

NMR data at 358C. The estimated ionic strength was

�0.05M. Insoluble fractions of the protein were pelleted

by centrifugation and removed from the sample before

recording spectra.

The pH-dependent carbonyl 13Cg/d signals of the Asp

and Glu carboxyl groups, and of the C-terminal Leu in
13C/15N-labeled WT HEWL were monitored using 2D

H2(C)CO55,56 experiments to provide 1Hb/g-13Cg/d cor-

relations. The pH-dependent 13Cd-1Hd, 13Ce-1He, and
13Cf-Hf signals of aromatic sidechains were monitored

using CT 13C-HSQC experiments. The pH-dependent
15NH-HN signals from the WT and mutant 15N-labeled

HEWL samples were monitored using 15N-HSQC experi-

ments.

The raw data from the pH-dependent titrations of the
1Ha/b signals of the ionizable residues in WT HEWL

were kindly made available by Christina Redfield.40

Titration curve fitting

The pH-dependent chemical shifts of 13C, 15N and 1H

nuclei (including those from Bartik and co-authors) were

fit to obtain the apparent pKa values of the ionizable res-

idues. As described in the introduction, the monitored ti-

tration curves were fit to permutations of the HH equa-

tion (Eqs. 1 and 3) using an in-house program Ekin.18

All titration curves were uploaded to a database (Protein

Engineering Analysis Tool DataBase, PEAT_DB33). The

appropriate model for fitting a specific titration curve

was selected manually to give the lowest overall R2.

Although we advocate the use of an automatable F-test

for selecting the appropriate model,18 here we used man-

ual inspection to spot artifacts and manually remove

outliers, and to emulate the fitting process used for most

pKa values reported in literature.

Standard deviations of fitted titration
curves

We determined the standard deviations of the reported

pKa values by randomly perturbing individual pH data

points by �0.1 units and the chemical shift components

by �0.02 ppm (1H), �0.05 ppm (15N), and �0.2 ppm

(13C), and refitting the experimental curve. For each

curve we performed 50 refits and use the resulting 50

pKa values to calculate the standard error on each pKa

value. It should be noted that the magnitude of the ran-

dom perturbation of chemical shift values must be

adjusted to model the error of a given NMR spectrum

accurately. The values given here may be too high or too

low for other types of spectra and depend on a subjective

assessment of spectral quality and the ease with which

peaks can be tracked.

Identifying titratable groups that are
responsible for ghost titrations

To identify the chemical titrations responsible for

producing ghost titrations in remote nuclei, we con-

structed nine site-directed mutants of HEWL (E7Q,

H15A, D18N, E35A, D48N, D52N, D66N, D101N,

D119N). Titration curves of the backbone amide 15N

and 1HN nuclei were recorded with 15N-HSQC spectra

for all of the nine mutant proteins and compared to

those of the wild type protein. A titratable group was

identified as being responsible for a ghost titration

observed in the wild type if the titration in question

was absent only in the mutant examined (i.e., the titra-

tion must be present in all other mutants), and if the

absolute magnitude of the chemical shift change was

>0.2 ppm for 15N, and >0.05 ppm for 1HN.

Preparation of PDB files for pKa calculations

The atomic co-ordinates of WT HEWL were taken

from PDB ID 2LZT.57 The PDB file was regularized

using WHAT IF.58 All crystallographic water molecules

were eliminated from the PDB files and all missing pro-

tein atoms were rebuilt using WHAT IF.

pKa calculations

pKa calculations were performed using the WHAT IF

routines previously described,59 with the exception that

a uniform protein dielectric constant of eight was used.

The Poisson-Boltzmann equation (PBE) solver DelPhi

II60 was used to obtain the electrostatic energies with the

following parameters: number of focusing runs, four;

final PBE map resolution, 0.25 Å/grid point; protein

dielectric constant, 8; solvent dielectric constant, 80; ionic

Measuring Protein pKa Values by NMR Spectroscopy

PROTEINS 691



strength, 144 mM; ionic exclusion radius, 2.0 Å; solvent

probe radius, 1.4 Å. Titratable groups included in the

pKa calculations were the N-terminal amine, all Asp, Cys,

Glu, His, Lys, Arg, and Tyr residues, and the C-terminal

carboxyl. Only the transition from neutral to positively

charged was included for the histidine.

RESULTS

The pKa values of HEWL have been reported in several

studies over the last 4 decades (Table I), and these pKa

values generally agree reasonably well. However, the im-

portance of NMR-measured pKa values for the study of

protein electrostatics in general, and for the benchmark-

ing of protein pKa values, warrants a detailed study on

the actual accuracy of these data. Therefore, we re-meas-

ured the NMR pH-titration curves of all carboxyl moi-

eties and the single histidine residue of WT HEWL. We

analyzed the titration curves recorded from two wt

HEWL samples (one 15N-labeled and the other 15N/13C-

labeled) using the NMR experiments described in Materi-

als and Methods. In parallel, we re-analyzed the raw

chemical shift data recorded from 2D 1H spectra as

obtained from Bartik et al.40 To identify the source of

the titrations reported by the backbone amide protons

and nitrogens, we also measured the titration curves for

these nuclei in 15N labeled samples of nine HEWL

mutants (E7Q, H15A, D18N, E35A, D48N, D52N, D66N,

D101N, and D119N).

Spectral quality

The 129 amino acid WT HEWL yielded excellent qual-

ity and well-dispersed NMR spectra from the HSQC

experiments. Supporting Information Figure SI1 shows

the 1H-15N HSQC spectrum of WT HEWL at 358C and

pH 3.8, with the backbone amide 15N-1HN and indole
15Ne1-1He1 assignments indicated. The data are compara-

ble to those published by Buck and co-authors,51 and

this enabled us to use the Buck data for peak assign-

ments.

WT HEWL NMR titration curves

Following peak assignment, we tracked the pH-de-

pendence of the NMR chemical shifts of the following

nuclei: 13Cg and 1Hb for Asp, 13Cd and 1Hg for Glu

[Supporting Information Fig. SI2(a)], 13Ce1-1He1

and 13Cd2-1Hd2 for His [Supporting Information

Fig. SI2(b)], and 13C0-1Ha for the C-terminal Leu129.

In addition the pH-dependent chemical shifts were

tracked for the side-chains of Phe (13Ce1/2-1He1/2,
13Cd1/2-1Hd1/2, and 13Cn-1Hf), Trp (13Cd1-1Hd1,
13Ce3-1He3, 13Cn2/3-1Hf2/3, and 13Ch2-1Hh2), and Tyr

(13Ce1/2-1He1/2 and 13Cd1/2-1Hd1/2), as well as for the

Gly (13C0-1Ha) residues. This yielded a total of 168

titration curves for wild type HEWL. The pH-depend-

ent chemical shifts of most backbone 15N and 1HN

nuclei and side chain amide 15N and 1H nuclei were

monitored, yielding a further 326 titration curves.

Finally, the 26 1H chemical shift titration curves made

available to us from the study of Bartik et al.,40

increased the overall total to 520 titration curves. Over

the pH range of 2 - 9 examined, these curves likely

arise from the ionization equilibria of the 7 Asp, 2

Glu, 1 His, and N- and C-termini of the protein (and

not from the Lys, Arg, and Tyr residues with expected

pKa values >10).

The observed titration curves

We investigate how many of the groups in the dataset

can be represented by one, two, three or four apparent pKa

values by fitting all titration curves to permutations of the

HH equation Eq. (1) for uncoupled titrations. The ‘‘best’’

model used to fit each titration curve was selected man-

ually since this is the usual practice in the field, and there-

fore gives a reliable estimate of the error inherent in this

process. Furthermore, a manual inspection of each titration

curve allows the researcher to double-check peak assign-

ments and remove outliers that originate from broad/mis-

assigned NMR peaks. Of the 520 WT titration curves in

the dataset, 94 were fitted to one pKa value, 205 were fitted

to two pKa values, 69 were fitted with three pKa values

and a single curve was fit to four pKa values (the 15N

titration curve of Cys76). 151 curves could not be fit satis-

factorily with less than 4 pKa values, indicating that we

could not discern any significant titrational events from

this data. Table II shows the breakdown of these fitting sta-

tistics for each type of chemical shift measured in our

dataset.

Table II shows that the complexity of the chemical

shift titration curves generally increases with the distance

between the titratable site and the monitored nucleus. Of

the 168 titration curves measured using 1H-13C correla-

tion experiments with a 13C/15N-labeled WT HEWL sam-

ple, 37 were adequately fit to one pKa value while 59

reported two or more pKa values and 72 curves could

not be fitted. However, the number of titration curves

with more than one pKa value dropped to just 5 if we

only considered titration curves measured at atoms that

are part of a titrating side chain (the carboxyl 13C of the

Asp and Glu residues and the C-terminal Leu129, as well

as the imidazole 13C and 1H of His15). Of the titration

curves measured using the double-labeled sample at

other atoms in the titratable residue (i.e., atoms further

away from the site of titration), 11 report more than one

pKa value, while 43 of the titration curves measured at

atoms of nontitratable groups (e.g. 1Ha on Gly) report

more than one pKa value.

Curves displaying only one dominant titration can

mostly be fit unambiguously, whereas curves with two or
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more titrations often can be fit equally well with a num-

ber of parameter combinations, especially in cases where

the pKa values are close and the chemical shift changes

for each titration are similar. This fact makes pKa values

from single-transition curves more reliable, especially if

both the starting and ending plateaus of the titration are

well determined. Viewing the data in Table II in this

light, it is clear that titration curves measured close to

the ionizable moiety generally contain fewer titrations

and therefore will produce more reliable pKa values.

Magnitudes of the chemical shift changes

The magnitude of the chemical shift change (Dd) is a

key factor when extracting a pKa value from a titration

curve. Curves that display larger overall shift changes

generally yield better fits since the errors associated with

peak tracking become smaller compared to the overall

change in chemical shift. The magnitude of the chemical

shift change is important because the position of an

NMR peak can be measured with limited precision. In

addition, curves where a single titration dominates the

chemical shift change generally also give more reliable

fits.

We compared the chemical shift differences recorded

for all titrations in the WT dataset, and found that the
13C nuclei generally exhibit the largest chemical shift

change and therefore give more reliable pKa value meas-

urements. The 13C nuclei closest to a titratable group dis-

play chemical shift changes from 1.6 to 4.3 ppm [avg. 2.7

� 1.0 ppm] (for Asp 13Cg), 2.5 to 2.9 ppm [avg. 2.6 �
0.17 ppm] (for Glu 13Cd) and 1.1 to 1.6 ppm (for His 15
13Ce1/d2). These values generally agree with those found

in TitrationDB18 and with those reported for model

compounds.61,62 Note that the number of titratable

groups in HEWL is too low to produce averages and

standard deviations with a general validity, and in the

following we only report ranges. Chemical shifts for side

chain protons closest to the titratable groups produce

pH-dependent chemical shift changes of much smaller

magnitude (0.05–0.40 ppm for Asp, 0.13–0.37 ppm for

Glu) and hence often yield much noisier titration curves

than those derived from 13C signals.

The pH-dependent chemical shifts of the amide back-

bone 15N and 1HN nuclei are highly dependent on the

distance and orientation to the titratable group responsi-

ble for inducing the chemical shift change. In the current

dataset we observe 15N chemical shift changes ranging

from 0.23–1.9 ppm (Asp), 1.2–1.8 ppm (Glu), and 2.5

ppm (His15), and backbone amide 1HN chemical shift

changes take values from 0.02–0.13 ppm (Asp), 0.05–0.22

ppm (Glu), and 0.09 ppm (His15). Note that since

HEWL contains only one histidine residue, the values are

simply the chemical shift difference from the fit of the

His15 titration curve. Similarly values for Glu are derived

from Glu7 and Glu35.

pKa values from optimal sites

Because an ionization event typically influences the

chemical shift of more than one nucleus, it is possible to

measure a given pKa value via several reporter signals.

The titration curves reporting the ionization of a specific

group should all fit to the same pKa value regardless of

which nucleus is tracked. However, it is often found that

titration curves, and therefore the extracted pKa values,

differ depending on which chemical shift data set is ana-

lyzed. It is therefore desirable to use a set of nuclei which

provide the most ‘‘trustworthy’’ titration curves and

hence the most accurate pKa values.

In the following we refer to this set of nuclei as the set

of ‘‘optimal sites’’ for obtaining pKa values. When choos-

ing the optimal site for monitoring the titration of a spe-

cific titratable group, the magnitude of the chemical shift

change and the simplicity of the observed NMR pH-titra-

tion curves are the parameters that influence the reliabil-

ity of the extracted pKa values. Therefore, the choice typ-

ically falls on the nucleus closest to the titration site as

measured by the number of bonds that separate the nu-

cleus from the titratable group. Thus the 13C carboxyl

Table II
Fitting NMR Measured Titration Curves for WT HEWL to Model Fits

Sample Experiment Nucleus 1 pKa 2 pKa 3 pKa >3 pKa No fit Total

Unlabelled COSY Ha/b 13 8 1 0 4 26
15N 15N-HSQC 15N 24 82 29 1 27 163
15N 15N-HSQC 1HN 20 65 30 0 48 163
13C/15N H2(C)CO

1Hb/g (D/E) 5 9 0 0 3 17
13C/15N H2(C)CO

1Ha (G/C-term) 2 1 0 0 22 25
13C/15N H2(C)CO

13Cg/d (D/E) 12 4 1 0 0 17
13C/15N H2(C)CO

13C' (G/C-term) 5 4 1 0 15 25
13C/15N CT 13C-HSQC 13C ring (F/Y/W) 9 19 0 0 12 40
13C/15N CT 13C-HSQC 13C ring (H) 1 1 0 0 0 2
13C/15N CT 13C-HSQC 1H ring (F/Y/W) 2 11 7 0 20 40
13C/15N CT 13C-HSQC 1H ring (H) 1 1 0 0 0 2
Total # 94 205 69 1 151 520

The number of titration curves for each data set where a reliable fit can be obtained with a specific model and number of pKa values.
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and histidine 1H, 13C, and 15N imidazole nuclei of a ti-

tratable group should better reflect the titrations of these

ionizable moieties than the other side-chain and main-

chain nuclei.

Table III lists the set of apparent pKa values extracted

from the optimal 13C-based titration curves measured in

this study. The table furthermore shows the apparent pKa

values extracted from chemical shift titration curves of

backbone amide nitrogen and protons, and side chain

protons. While there is good agreement between many of

the pKa values, it is also clear that significant differences

exist. An example of this is the difference of 1.0 unit in

the case of Asp87 (13C vs. 15N), while the discrepancy for

the C-terminus is around 0.8 units (13C vs. 15N). The

RMSD values to the optimal (13C) pKa values are given

in the final row of the table, and RMSD values as high as

1.3 (13C vs. 15N) is observed with the correlation between

side chain proton pKa values being closer to the 13C val-

ues (RMSD 5 0.4). The RMSD between pKa values cal-

culated with two pKa calculation packages (PropKa13

and the pKD server/WHAT IF packages63,64) is observed

to be 0.8 and 0.9 respectively, thus demonstrating that

the accuracy of predicted pKa values approaches the vari-

ation in pKa values between different types of NMR

measurements on the same protein. This observation

should in no way be taken as a license to construct pKa

calculation methods with lower accuracy since most 13C

pKa values are very accurate. Instead this should remind

theoreticians that differences in the performances of pKa

calculation packages translate into meaningful conclu-

sions on protein electrostatics only if the differences in

performance are larger than the experimental uncertainty

of the dataset used.

The full set of pKa values from the four NMR experi-

ments analyzed in this work are given in Supporting In-

formation Table SI1 (side chains) and Table SI2 (main

chain). In all cases we report the number of bonds from

the titration site to the monitored nuclei, the fit pKa

value (where more than one pKa value is reported, only

the major pKa value is listed in the table), the standard

error, and the model to which the titration curve is fit,

(i.e., 1, 2 or 3 pKa values). The sheer number of extracta-

Table III
Measured pKa Values:

13C, 15N, and 1H

Group 13C 15N 1HN 1Ha 1H side chain pKD server PropKa

E7 2.6 � 0.14 Cd-Hg1 3.0 � 0.05 3.9 � 0.02 2.6 � 0.01a 2.6 � 0.04 Hg1 3.0 3.74
2.7 � 0.12 Cd-Hg2 2.5 � 0.03 Hg2

H15 5.5 � 0.04 Ce1-He1 5.7 � 0.17 5.6 � 0.04 — 2.2 � 0.01 Hb1 a 4.3 7.25
4.8 � 0.16 Cd2-Hd1 5.3 � 0.06 Hb2 a

6.9 � 0.03 Hd2

5.5 � 0.01 He1

D18 2.9 � 0.13 Cg-Hb1/2 3.1 � 0.05 2.4 � 0.02 — 2.6 � 0.05 Hb1 2.8 2.94
2.5 � 0.06 Hb2

2.7 � 0.05 Hb1 a

2.2 � 0.03 Hb2 a

E35 6.0 � 0.13 Cd-Hg1 6.8 � 0.03 6.4 � 0.04 — 4.7 � 0.01 Hb1 a 5.5 5
4.7 � 0.15 Cd-Hg2 6.1 � 0.03 Hg1

D48 1.6 � 0.06 Cg-Hb1/2 3.8 � 0.12 3.0 � 0.10 — 1.4 � 0.01 Hb1 a 2.8 1.41
1.6 � 0.07 Cg-Hb2 1.2 � 0.01 Hb2 a

2.1 � 0.03 Hb1

2.7 � 0.02 Hb2

D52 3.6 � 0.04 Cg-Hb1 4.0 � 0.03 3.6 � 0.02 3.4 � 0.01a 3.7 � 0.02 Hb1 a 1.5 3.19
3.7 � 0.03 Cg-Hb2 3.6 � 0.06 Hb2 a

3.7 � 0.03 Hb2

D66 1.1 � 0.14 Cg-Hb1/2 3.4 � 0.22 3.7 � 0.06 1.4 � 0.00a 1.1 � 0.02 Hb1 a 1.8 1.3
2.2 � 0.01 Hb1/2

D87 2.1 � 0.07 Cg-Hb1 3.1 � 0.15 3.2 � 0.02 2.1 � 0.03a 2.1 � 0.02 Hb2 a 1.4 2.08
2.1 � 0.05 Cg-Hb2 2.3 � 0.03 Hb2

1.4 � 0.03 Hb1

D101 4.5 � 0.02 Cg-Hb1/2 4.5 � 0.03 3.8 � 0.02 3.4 � 0.01a 4.5 � 0.02 Hb1/2 4.4 4.01
D119 3.0 � 0.05 Cg-Hb1 3.4 � 0.05 3.9 � 0.01 3.2 � 0.03a 3.2 � 0.02 Hb1 a 3.2 3.48

3.5 � 0.07 Cg-Hb2 3.7 � 0.01 Hb1

3.7 � 0.01 Hb2

Cterm 3.9 � 0.19 C0- Ha 3.1 � 0.04 3.0 � 0.05 2.8 � 0.02a 2.7 � 0.02 Hb1 2.4 2.64
RMSD — 1.3 1.2 0.6b 0.4 0.9 0.8

Group: titratable residue. 13C pKa value (average): pKa values measured using the indicated correlations in H2(C)CO or 13C-HSQC spectra. 15N: pKa values measured at backbone

amide nitrogens. 1HN: pKa value measured at the backbone amide proton. 1Ha pKa values measured at the Ha proton. 1H side chain: pKa values measured at side chain protons.

RMSD: The root mean square deviation between the pKa values in each column and the pKa values in the 13C column. We use the average pKa value for the RMSD cal-

culation if more than one pKa value is measured for a titratable group at a specific site. It is seen that the difference between the sets of experimental measurements is

similar in size to the differences in the calculated results and the ‘‘best’’ set of pKa values.

‘‘—,’’ No titration curve available.
aA measured pKa value from fitting the raw chemical shift. Data supplied by Bartik and co-authors (Bartik et al., 1994).40

b 1Ha RMSD value calculated using the 7 available pKa values.
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ble pKa values even for a small protein such as HEWL

clearly shows that the assignment of apparent pKa values

to specific ionizable groups is not a trivial task.

Variation in measured pKa values

Table III, and Supporting Information Tables SI1 and

SI2, summarize the differences in the pKa values that can

be obtained from fitting the titration curve of various

nuclei associated with ionizable side chains. From these

data, it is evident that titration curves that typically

would be assumed to report the same titrational event

can yield very different pKa values. The extent of the var-

iation in the pKa values is illustrated in Figure 2, where

the pKa value associated with the titration displaying the

largest chemical shift change is plotted for each atom

within the titratable groups in HEWL. The spread of fit

pKa values for each individual titratable group is very

large, with only a few residues displaying a variation of

less than 1 unit. The variation in the measured pKa val-

ues is furthermore qualitatively correlated with the num-

ber of titratable groups close to the group of interest.

Relatively isolated groups tend to display less variation in

the measured pKa values, whereas groups in highly

charged environments tend to display a larger variation.

This observation suggests that the variation in the

observed pKa values is due to ghost titrations being over-

laid and thus obscuring the ‘‘self ’’ titration for a given

residue.

To gain an insight into the variation of the extracted

pKa values it is instructive to examine a number of

potential reasons for the variation. In the following we

comment on the role of cross peak pKa differences, struc-

tural variation, long-range electrostatic effects and the fit-

ting procedure for titration curves displaying multiple

transitions.

Cross peak differences in pKa values

The titration curves obtained from two cross peaks for

the same nucleus in a given spectrum (i.e., the 13Cg

chemical shift from the pair of 13Cg-1Hb1 and 13Cg-1Hb2

peaks for an Asp residue in a H2(C)CO spectrum)

should display the same titration curve and therefore

must fit to the same pKa value. Reassuringly, in the case

of HEWL most differences in pKa values measured from

two cross peaks for the same nucleus are very low (�0.1

pKa unit). However, we observe a 0.5 unit difference in

Figure 2
The pKa values associated with the largest chemical shift change in the NMR pH-titration curves of nuclei within the Asp, Glu, His and C-term

residues of wild type HEWL. The spread in pKa values is larger for groups that are situated in highly charged regions of the protein, whereas

isolated titratable groups display a tighter distribution of pKa values. (G): represents a ghost titration, *x: represents overlapping pKa values

measured using the chemical shifts for the following atoms/cross peaks: (1) Cd-Hg1 crosspeak, the Hg1 and the Ha atoms in E7; (2) Ce1 and He1

atoms in H15; (3) Cd-Hg2 crosspeak and the Hb1 atom in E35; (4) Cg-Hb1/2 crosspeaks for D48; (5) Cg-Hb1 crosspeak and the Hb2 and HN atoms

in D52; (6) Cg-Hb2 crosspeak and the Hb1 atom in D52; (7) Cg-Hb1/2 crosspeaks and the Hb1 atom in D66; (8) Hb1/2 atoms in D66; (9) Cg-Hb1/2

crosspeaks and the Ha and Hb2 atoms in D87; (10) Cg-Hb1/2 crosspeaks and the Hb1/2 and NH atoms in D101; (11) Hb1/2 atoms in D119.
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the pKa values for Asp119 extracted from its 13Cg-1Hb1

and 13Cg-1Hb2 titration curves, thus demonstrating that

in specific cases erroneous peak assignment, peak overlap

and/or broad peaks can produce differences in titration

curves. We expect pKa value differences of the magnitude

indicated for Asp119 to be rare in published values, but

nevertheless note that such cross-validation of pKa values

is important.

Structural variation

Another potential reason for the discrepancy between

pKa values is that nuclei are not equally sensitive to

structural alterations. The titration of a nearby ionizable

group can induce subtle changes in the chemical environ-

ment, for example, an Hb in a different residue. These

pH-dependent changes are not necessarily felt by the Ha

in the titrating residue, and can thus give rise to different

titration curves and pKa values for the two protons. Such

phenomena can also be observed when rotamer popula-

tions change as a result of titrational events, or when

larger-scale pH-dependent conformational changes

occur.25 Indeed each nucleus in a protein has the poten-

tial to be unique (freely rotatable protons are mostly

not) and thus produce a unique titration curve reflecting

its sensitivity and the pH-dependent changes in its envi-

ronment.

Long-range electrostatic effects

Atoms connected by a highly polarizable covalent

bond are extremely sensitive to changes in the electro-

static field, and this often causes titration curves meas-

ured at the backbone amide atoms (15N and 1HN) to be

dependent upon several titrational events. Titration

curves that report multiple ionization equilibria are typi-

cally more difficult to fit, and they can sometimes be

described equally well by several different models. In

addition to the problem associated with fitting the titra-

tion curves, it is also difficult to know exactly which ti-

tration is being tracked since even distant titrational

events can have a large influence on the chemical shift.

We therefore expect pKa values from main chain amide

atoms to be less reliable than pKa values obtained from

titration curves obtained from the chemical shift pertur-

bation of other atoms. This is supported by the data in

Figure 2 since pKa values measured at main chain amide

atoms often present outliers or ghost titrations in the

plot.

Reconciliation of pKa values and
15N titration curves

It is clear that peak tracking and erroneous peak

assignment can have an impact on pKa values. However,

other sources of variation such as sample conditions, cal-

ibration of pH-meters, the differential sensitivity of

nuclei to electrostatic effects and environmental changes,

and the difficulty of fitting curves displaying multiple

titrations are also likely to play major roles. It is also

possible that the variation in apparent pKa values can be

explained by the difficulty of accurately fitting multipha-

sic titration curves. If this is the case, then it should be

possible to use the pKa values derived from the carboxyl
13C chemical shifts to guide the fits of the more compli-

cated titration curves. If we successfully can fit all

titration curves using a single set of pKa values for the

ionizable groups in a protein, it means that our fitting

procedures for individual residues are responsible for the

observed variation in pKa values.

We fit the 15N titration curves of all titratable Asp, Glu

and His residues using the pKa values extracted from the

carboxyl/imidazole 13C chemical shifts of their side

chains. The results of this exercise are shown in Figure 3.

In some cases (Glu7, His15, Asp18, Asp52, Asp66,

Asp101, and Asp119), the use of pKa values obtained

from side chain carboxyls fits the 15N titration curves.

However, Asp48 does not report its own titration and

therefore cannot be fitted. For residues Glu35 and Asp87,

the 15N titration curves simply cannot be fit satisfactorily

to pKa values obtained from carboxyl 13Cg/d shifts of

these residues. In the case of E35, the pKa value of 6.1 is

too low, and similarly for Asp87 the pKa value of 2.2 is

too low to fit to the 15N titration curve.

It should be mentioned that although we can achieve

good correlations between the 13C pKa values and the
15N titration curves, we often had to use an equation

with 1-2 extra pKa values. This procedure sometimes im-

mediately yielded pKa values that were close to those

measured for other titratable groups, but typically the

‘‘additional’’ pKa values could be altered quite signifi-

cantly. Furthermore, often the best fits were obtained

only when using carefully selected starting values thus

illustrating the considerable uncertainty and multiple

local minima associated with the fitting procedure. For

example, in the case of Asp52 we could achieve a satis-

factorily agreement only when using three pKa values,

one of which was 3.6 (the 13C carboxyl pKa value of

Asp52). However, the additional two pKa values in the

model could vary over a wide range and produce fits of

almost identical quality. Supporting Information Table S3

details the pKa values used when fitting the curves in Fig-

ure 3, but it should be pointed out that many of these

pKa values could vary considerably and therefore should

be interpreted carefully.

Differences in pKa values

As evident from the above results, there can be a sig-

nificant spread in the pKa values attributed to the same

ionizable group when the titration curves are measured

using the chemical shifts of different nuclei. However, the

titration curves can of course also be different due to
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other factors such as the sample conditions (ionic

strength, temperature, buffer), the range and distribution

of the pH values examined, and the fitting procedures

employed.

The 1H titration curves of Asp101 (with a pKa of 4.5 �
0.02 from its 13Cg; Figure 4) illustrate why it is impor-

tant to record the chemical shift at many pH values over

a wide range. The Hb1/2 (this study) displays two pKa

values (4.5 and 7.5), the 1Ha (Bartik et al.) also displays

two pKa values (1.4 and 3.4), while the 1HN (this study)

can be fitted well with three pKa values (3.8, 5.4 and

6.0). In addition to differences that are caused by nuclei

monitoring different ionizations, ‘‘extra’’ titrations can be

missed and plateaus can be poorly defined if the chemi-

cal shift is not measured over the entire pH range. Thus,

while Bartik et al. observe the titration with a pKa value

of 1.4, they do not observe the high-pKa titrations associ-

ated with the true pKa of Asp101, and lack the proper

definition of a plateau at high pH. This possibly leads to

a lower pKa value for the second titration, and might

Figure 3
The amide 15N titration curves of His15 and all Asp/Glu residues except Asp48 fit using the major pKa value determined from the 13C titration

curve of the same residue. The titration curves were fit to models describing one (Asp101, C-term), two (Glu7, Glu35, Asp119), or three (His15,

Asp18, Asp52, Asp66, Asp87) sequential ionizations, with only one pKa kept fixed according to the 13C titration data. The 15N titration curve of

Asp48 does not report its own ionization and was therefore not included in the plot. The titration curves of Glu35 and Asp87 were not possible to

reconcile with the 13C pKa values of these residues. For Asp87, with a carboxyl pKa value of 2.2, the titration curve can be fit well with pKa values

of 2.8 (presumably Asp87), 5.5 (His15), and 7.5 (unknown), The titration curve for Glu35, with a carboxyl pKa value of 6.1, can be fit to pKa

values of 3.8 (presumably Asp52) and 6.6 (presumably Glu35). Figure produced using EKIN.33 [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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increase the error on the fitted pKa value. We do not

observe the titration with a low pKa value and no experi-

ments were able to define a plateau at low pH values.

The spacing of the chosen pH values is also important

for the correct interpretation of the observed titration

curves. Too few pH points can produce curves that

appear mono-phasic (HH-shaped), while measurements

performed at more pH values clearly shows a bi-phasic

behavior. We advocate a separation in pH values of 0.2

units, and the chemical shift should be measured at all

pH values where the protein is stable and folded (see

Farrell et al.18 for more information).

The error on experimentally measured pKa

values

While we have made significant efforts to reconcile the

pKa values from the different experiments in the above

analysis, it is clear that there are still many discrepancies

in assigning and fitting titrations of different reporter

nuclei to a common acid dissociation equilibrium. These

differences are larger than the errors normally reported

for experimentally measured pKa values, which reflect the

precision of the data analysis alone.

In our attempts to reconcile the pKa values we have

applied the reliability criteria listed in the introduction:

the closer the nucleus is to the site of titration the more

reliable the pKa value, and the simpler a titration curve,

the more accurate the pKa values. However, the discrep-

ancies observed for the 13C pKa value of His 15 (5.5 and

4.8, measured at the Ce1 and the Cd2, respectively) show

that significant differences in pKa values can be observed

within the same experiment. It should be mentioned that

the discrepancy of the pKa values extracted from the 13C

titration curves from His 15 to a large extent originates

from poor data above pH 5.2 for Cd2. By excluding a

data point and carefully selecting starting values for the

nonlinear fit, we can achieve a good description of the ti-

tration curve for Cd2 with pKa values of 2.6 and 5.4 (see

Supporting Information section on His15 and Figure

SI4). However, this slight data manipulation combined

with the arguments above, shows that the reliability of

assigning experimentally measured pKa values to specific

ionizable groups is far more difficult than might be

naively expected.

Table IV provides an overview of the ranges of the pKa

values measured for each titratable group along with an

indication of which pKa value we find to be the best con-

sensus pKa value for that residue. Overall there is a good

agreement between the pKa values obtained by the differ-

ent measurement with DpKa values of <0.5–1.0 units.

The single exception is in the case of the C-terminal resi-

due, where there is a large discrepancy between the meas-

ured pKa values. Significantly we are not able to resolve

the ambiguity of the pKa values for the C-terminus since

the most likely explanation involves the assumption that

the chemical shift of the C-terminal carbonyl carbon is

not dominated by the ionization of the C-terminal (see

Supporting Information Figure SI5 and Discussion).

pKa values of inter-residue titrations
(ghost titrations)

In the final part of this work, we investigated agree-

ment between pKa values in ghost titrations and those

reported by the 13C titration curves. We analyzed the ti-

Figure 4
The titration curves observed by monitoring the chemical shift

perturbations of the 1H nuclei in Asp101. The HN (red) and Hb0
(green)

titration curves were measured in this study, while the Ha (blue) curve

was obtained by Bartik et al. Figure produced using EKIN.33

Table IV
Variation in Measured pKa Values

Titratable group pKa values measured (outliers) Consensus pKa value

Glu 7 2.5–2.7 (3.9, 3.9) 2.6 � 0.2
His 15 5.3–5.7 (4.8, 6.9) 5.5 � 0.2
Asp 18 2.2–2.9 2.8 � 0.3
Glu 35 6.1–6.8 6.1 � 0.4
Asp 48 1.2–1.6 (2.1, 2.7) 1.4 � 0.2
Asp 52 3.4–4.0 3.6 � 0.3
Asp 66 1.1–1.4 (2.2) 1.2 � 0.2
Asp 87 2.1–2.3 (1.4, 3.1, 3.2) 2.2� 0.1
Asp 101 4.5 (3.4, 3.8) 4.5 � 0.1
Asp 119 3.2–3.9 3.5 � 0.3
C-terminus 2.4–2.8 (3.9) 2.7 � 0.2/3.9 � 0.1

Variation in HEWL pKa values. Values are given without errors and outliers are

given in parentheses. The consensus pKa value represents our best estimate of the

true pKa value of the residue, with an error that is judged reflecting the variation in

the measurements. The C-terminal represents the single major discrepancy (DpKa

> 1.0 unit), although the pKa values of several groups display quite a wide range.
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tration curves for all backbone and side chain amide

atoms in wild type HEWL and nine mutants (E7Q,

D18N, H15A, E35A, D48N, D52N, D66N, D101N, and

D119N). A comparison of these datasets allowed us to

identify the titratable groups responsible for most of the

inter-residue pH-dependent chemical shift changes

observed for the wild type protein. An example was pre-

viously shown (see Figure 1) where the 15N titration

curve of Asp48 in WT HEWL is compared to the same

titration curve in the D52N and E35A mutants. By

observing the disappearance of both the low and high ti-

tration in the two mutants, we can attribute the titration

curve of Asp48 to Asp52 and Glu35 respectively,

although it is clear that the residue is influenced by ioni-

zation events other than those of Asp52 and Glu35. It is

however, in principle, possible to measure the pKa values

of Asp52 and Glu35 by fitting the titration curve of

Asp48. Since the titration of a titratable group can be

observed at many nuclei, sometimes across the protein,

we can therefore calculate an average pKa value for the ti-

tratable groups from these ghost titrations.

We fit all backbone amide nitrogen and proton titra-

tion curves to determine pKa values of their parent resi-

due using the mutant spectra as guidelines. Table V

shows the number of such fit 15N and 1HN titration

curves along with the average and standard deviations

for each pKa value. The number of ghost pKa values

observed for a single residue varies from 0 up to 30 titra-

tions being observed in wild type HEWL for a given ti-

tration event. Glu35 is responsible for the largest number

of inter-residue (ghost titrations), with its ionization

reflected by the pH-dependent shifts of 30 reporter 15N

nuclei and 18 reporter 1HN nuclei. Generally the pKa val-

ues extracted from these ghost titrations cluster quite

tightly around the pKa value of the parent titratable

group, as determined from measurements on the nuclei

in the parent titratable group side chain. The largest vari-

ation in the inter-residue pKa values of the
1HN and 15N

nuclei is noted for Asp87 and Glu35, respectively.

CONCLUSIONS

No systematic studies have been performed to date on

the accuracy and agreement of pKa values obtained by

tracking the pH-dependence of the chemical shift for sev-

eral different types of nuclei. To address these issues, we

have compared the NMR-measured pKa values for

HEWL to obtain a realistic estimate of their accuracy. We

find large deviations between the apparent pKa values

potentially assignable to the ionization equilibrium of a

given residue, with the largest differences observed

between those measured at backbone amide atoms versus

the remaining atoms. The high sensitivity of the peptide

bond to the protein electric field is a major reason for
1HN and 15N reporting ghost titrations. Although better,

the agreement between pKa values from pH-dependent
13C, 1Ha, and side chain proton shifts (RMSD of 0.4) is

also not perfect. For example, the 13Ce1 and 13Cd2 within

the same imidazole ring of His15 yield apparent pKa val-

ues of 5.5 � 0.04 and 4.8 � 0.16 due to difficulties in fit-

ting the poor data above pH 5.2 for Cd2 (Table III and

Supporting Information Fig. SI4), and we are genuinely

not able to determine if the C-terminal has a pKa value

of 2.7 or 3.9. Thus, while 13C pKa values in general

undoubtedly are very reliable for many proteins (Sup-

porting Information Table SI4), individual 13C-measured

pKa values can be inaccurate if the titration curves are

poor, incomplete, if the system displays conformational

changes (e.g. as in thioredoxin) or if the chemical shift

simply reports some other titrational event.

Table V
pKa Values from Backbone 1HN and 15N Titrations Curves

Group

1HN Own
apparent pKa

Number of
mapped proton
pKa values

Average
proton pKa

value/std deviation

15N Own
apparent pKa

Number of
mapped nitrogen

pKa values

Average
nitrogen pKa

value/std deviation

E7 —a 5 2.79 � 0.38 3.0 4 3.04 � 0.2
H15 5.6 5 5.71 � 0.24 5.7 6 5.49 � 0.29
D18 2.4 8 3.21 � 0.47 3.1 5 3.20 � 0.06
E35 6.4 18 6.65 � 0.44 6.8 30 6.62 � 0.58
D48 —a — — —b — —
D52 3.6 12 3.70 � 0.39 4.0 13 3.68 � 0.37
D66 —a 1 2.26 —b 3 2.36 � 0.37
D87 3.2 4 2.70 � 0.68 3.1 2 3.31 � 0.42
D101 3.8 5 4.22 � 0.57 4.5 8 4.26 � 0.24
D119 3.9 1 3.21 3.4 — —
L129 3.0 3 3.28 � 0.18 3.1 3 3.55 � 0.05

Group: The titratable group in WT HEWL (pH 2–9), Own apparent pKa value: the apparent intra-reside pKa value reported from the main chain amide of that titration

group (i.e., the reported self titration), Number of mapped pKa values: the number of groups which sensed the inter-reside titration of that titratable group assigned

based on the mentioned HEWL mutants and where the chemical shift change of the titration was required to be 0.2 and 0.05, for N and H, respectively, Average pKa

value: the average pKa value reported by all residues for the titratable group, Std. dev: the standard deviation on the reported pKa values.
aThe 1HN titration of Glu7, Asp48, and Asp66 did not report a self-titration and therefore has no 1HN reported pKa value.
bThe 15N titration of Asp48 and Asp66 did not report a self-titration and therefore has no 15N reported pKa value.
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Measuring more reliable pKa values

A reliable pKa value measurement should always start

with a 13C-measured pKa value obtained using the best

practices.18 Furthermore, each pKa value should be associ-

ated with its estimated true accuracy based on an assess-

ment of the analyzed titration curves and any complemen-

tary data. If one performs measurements at multiple nuclei

and takes additional experimental information (mutant

spectra, pH-activity profiles, pH-stability profiles etc.) into

account, it becomes easier to estimate the true accuracy of

each pKa value. For example, one can be very confident of

the pKa values in the well-studied systems Bacillus circulans

xylanase,65 Staphylococcal nuclease (SNase)37,38 and

Protein G,66 whereas other well-studied systems such as

thioredoxin67,68 still cause controversy thus illustrating that

the accuracy of pKa values is highly system-dependent.

The use of experimental data such as pH-activity pro-

files, mutant proteins and pH-stability profiles may be

used to further confirm pKa value measurements. How-

ever it should be noted that pH-stability profiles alone

cannot give site-specific measurements and that the inter-

pretation of the properties of mutant proteins often

result in circular arguments. Furthermore the use of pH-

activity profiles relies crucially on a correct identification

of the catalytically competent protonation state of the

enzyme, particularly in the case of reverse protonation

enzymes, and a verification that the stability of the

enzyme does not affect the measured pH-dependence of

catalytic activity.69

BENCHMARKING THEORETICAL
METHODS

The large errors potentially associated with experimen-

tally measured pKa values should cause the theoretical

pKa calculation community to re-evaluate the bench-

marking procedures used to evaluate the performance of

pKa calculation algorithms. When compiling an experi-

mental dataset for benchmarking purposes, a theoretical

researcher must assess the accuracy of the pKa values in

the dataset. Such an assessment can, as a first approxima-

tion, be based on the NMR method used for measuring

the pKa values. Thus as a cautious first iteration pKa val-

ues measured at backbone amide atoms should be con-

sidered accurate only within �1.0 unit, pKa values from

side chain protons accurate to within �0.5 pKa units,

whereas 13C-derived pKa values most likely are accurate

to within 0.1–0.2 units. Therefore, as a first step, only
13C - measured pKa values should be used for bench-

marking theoretical methods. However, the average accu-

racy for each type of measurement hides large site-spe-

cific variations in each type of pKa values as demon-

strated earlier, and ideally the individual true accuracy of

each pKa value should be used to define the experimental

uncertainty of the dataset used.

In the absence of such detailed information, the accu-

racy of large collections of pKa values can be produced

using a back-of-the-envelope calculation. Such a calcula-

tion for the PPD dataset yields a rough estimate of the

minimum average error on the pKa values in this dataset

of 0.5 units (0.66 3 0.5 1 0.2 3 0.2 1 0.14 3 0.7), and

this value should be kept in mind when comparing the

performance of different pKa calculation algorithms on

this dataset. A re-examination of the performance of five

pKa calculation algorithms70 reveals that several perform-

ance differences are borderline when taking the estimated

accuracy of the experimental pKa values into account.

This average error only includes errors/uncertainties that

are due to the inherent inaccuracy of the NMR methods

examined here, and does not include errors such as mis-

assignments, poorly designed experiments, incorrect data-

base deposition and different buffer conditions. The

inclusion of such errors is likely to result in a substan-

tially larger average error on the pKa values in the PPD

database19 and indeed any compilation of pKa values.

To achieve a higher accuracy in future theoretical pKa

predictions, experimental data must be selected carefully for

benchmarking, and individual pKa values should be

assigned confidence values to ensure that pKa values with

large errors do not unduly influence the calibration of a

pKa calculation algorithm (i.e., to ensure that researchers

do not optimize their methods against experimental noise).

Such a careful selection and assessment of experimental pKa

values (which should only consider 13C-measured pKa val-

ues) is only possible if the primary experimental data is

available, and we therefore hope that the results presented

here will motivate experimental researchers to deposit their

raw NMR titration curves, pH-activity profiles, pH-stability

profiles and other relevant experimental data in Titra-

tion_DB,18 PEAT_DB33 or other databases.71 A collection

of carefully measured, publically available NMR titration

curves and pKa values with associated biophysical data

would present an invaluable collection of data for theoreti-

cal researchers and provide a solid basis for a better under-

standing of protein electrostatics, the determinants of the

NMR chemical shift, and ultimately contribute to a better

understanding of protein structure and function.
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