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INTRODUCTION

Many biophysical characteristics of proteins are sensitive to pH, with the pH-

dependent changes in protein stability and enzyme activity being of major im-

portance for their function both in vivo and in biotechnological applications.

Proteins characteristically display pH-dependent properties due to titration of

amino acid side chains and termini, coupled with changes in the relative free

energies of specific conformational states.1 The catalytic activity of an enzyme,

for example, is dependent on having a fraction of its population in a catalytically

competent protonation state2,3 and the pH-dependence of protein stability is a

result of different titrational properties of its folded versus unfolded states.

The ionization of an isolated titratable group in a protein is characterized

by the well-known sigmoid curve defined by the Henderson–Hasselbalch

(HH) equation (1)

pH ¼ pKaþ log
½A��
½HA� ð1Þ

[Correction made here after initial online publication; the log term was inad-

vertently omitted from the originally published equation.]

The pKa value of a HH titration is defined as � logðKaÞ, where Ka is the equi-

librium constant for the acid dissociation reaction HA 1 H2O � H3O
1 1

A2 (with molar concentrations generally replacing thermodynamic activities).

The pKa values of amino acids in random coil polypeptides are well known,

but in the context of a folded protein, these pKa values may be shifted sub-

stantially depending on local environmental factors.4 The omnipresence and

importance of titratable groups in proteins has led to a significant effort being
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ABSTRACT

NMR-monitored pH titration experi-

ments are routinely used to measure

site-specific protein pKa values. Accu-

rate experimental pKa values are essen-

tial in dissecting enzyme catalysis, in

studying the pH-dependence of protein

stability and ligand binding, in bench-

marking pKa prediction algorithms,

and ultimately in understanding elec-

trostatic effects in proteins. However,

due to the complex ways in which pH-

dependent electrostatic and structural

changes manifest themselves in NMR

spectra, reported apparent pKa values

are often dependent on the way that

NMR pH-titration curves are analyzed.

It is therefore important to retain the

raw NMR spectroscopic data to allow

for documentation and possible re-

interpretation. We have constructed a

database of primary NMR pH-titration

data, which is accessible via a web

interface. Here, we report statistics of

the database contents and analyze the

data with a global perspective to

provide guidelines on best practice

for fitting NMR titration curves.

Titration_DB is available at http://

enzyme.ucd.ie/Titration_DB.
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invested in understanding the determinants of protein

pKa values. At the forefront of these efforts are experi-

mental NMR-monitored pH-titration curves, which can

provide site-specific insights into the ionization states of

protein amino acid residues.

Presently, numerous NMR-measured pKa values have

been reported,5 and benchmarking and optimization of

structure-based pKa calculation algorithms on these data-

sets has led to a significant increase in our understanding

of the factors that determine the pKa values of titratable

groups in proteins. However, current datasets have been

produced by a large number of different research groups

using a variety of different NMR experiments and analy-

sis methods. This has resulted in pKa values being deter-

mined with varying accuracy/precision and under a host

of different conditions. Furthermore, there is no world-

wide repository for the deposition of raw NMR pH-titra-

tion curves (i.e., chemical shift vs. pH) or derived pKa

values, and there are no consistent, accepted standards

on how to extract pKa values from NMR titration curves.

This leads to problems for experimental researchers since

they have to ‘‘invent’’ proper protocols for measuring

and fitting NMR pH-titration curves, and it leads to

problems for theoreticians because it is difficult to esti-

mate the reliability of published pKa values without

access to the original titration curves.

In this report, we present a database and a set of gen-

eral guidelines aimed at remedying this situation. Titra-

tion_DB (http://enzyme.ucd.ie/titration_db) is a database

of NMR monitored pH-titration curves extracted from

primary literature and contributed by researchers world-

wide. Titration_DB provides consistent data formats,

automated fitting procedures, the ability to re-analyze

NMR pH-titration curves with various models, and,

most importantly, access to the primary experimental

data in a simple file format. We will explain the motiva-

tion for constructing Titration_DB and discuss best prac-

tices measuring and fitting NMR titration curves, fol-

lowed by an analysis of the 1929 titration curves pres-

ently in Titration_DB.

The need for a database of NMR
pH-titration curves

The accurate measurement of pKa values are, as men-

tioned earlier, paramount for our understanding of pro-

tein stability,6,7 enzyme catalysis,8–10 protein conforma-

tional transitions,11 and protein energetics in gen-

eral.2,12 Structure-based pKa calculations,13–19 in

particular, have benefited from the availability of large

experimental data sets, and have developed to be able to

predict pKa values with a somewhat satisfactory accuracy

(�0.75 pKa units for the best methods). Significant pro-

gress in the field of protein electrostatics20 has thus been

made largely thanks to the availability of experimental

data for benchmarking and calibration purposes. How-

ever, the size and quality of the experimental data sets

could be improved significantly thus leading to the devel-

opment of better theoretical methods. It is our hope that

establishing a database of NMR monitored pH-titration

curves will act as an effective interface between experi-

mentalists and theoreticians to achieve this goal. Just as

the Protein Data Bank21 acts both as a repository and as

quality filter for protein structures, we envisage Titra-

tion_DB to encourage experimentalists to adopt standard

procedures when measuring and analyzing NMR pH-

titration curves. This should facilitate the creation of

uniform high-quality datasets of protein NMR titration

curves and pKa values. The database will allow the

benchmarking of theoretical algorithms, thus giving theo-

reticians a way of testing their programs against a con-

sistent set of pKa values. We chose to populate Titra-

tion_DB with the NMR pH-titration curves themselves

instead of simply collecting a dataset of published pKa

values for four reasons:

1. To allow fitting of NMR pH-titration curves with vari-

ous model to extract pKa values.

2. To allow for the analysis of the NMR titration curves

to extract additional structural/electrostatic parame-

ters.3,6

3. To allow for the proper representation of non-HH

titration curves, which reflect coupled ionization equi-

libria.2

4. To provide statistics on the chemical shift changes

observed for various NMR-detectable nuclei in pro-

teins as a function of pH.

Measuring NMR pH-titration curves

Although the ionization equilibria of proteins can be

examined by a multitude of biophysical techniques rang-

ing from the kinetics of chemical modifications to X-ray/

neutron crystallography, NMR-monitored pH-titration

measurements remain the preferred method for experi-

mentally determining the site-specific pKa values of indi-

vidual protein residues.22 The NMR chemical shift is an

exquisitely sensitive measure of the chemical environment

of the reporter nucleus, and thus can be exploited to

monitor changes in the local structure, dynamics or the

electric field of a specific residue in a protein. However,

it is important to stress that one rarely observes an ioniz-

able proton directly, but rather monitors nonlabile 1H,
13C, or 15N nuclei whose chemical shifts are sensitive to

the ionization state of a functional group (e.g., 13Cg/d of

Asp/Glu, 15Nd1/e2 and 1H-13Cd2/e1 of His, 15Nf of Lys,
13Cb of Cys, and13Cf of Tyr). Furthermore, for reasons of

spectral dispersion and sensitivity, pH titrations are typi-

cally recorded with two-dimensional NMR experiments

using detection via a nonlabile 1H nucleus that is assign-

able and ideally within a spin system close to or contain-
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ing the ionizable functional group of interest. Such

experiments include 1H-13C HSQC spectra for monitor-

ing the titration of histidine side chains,23,24 long range
1H-15N HSQC (or HMBC) spectra for determination of

histidine ionization and tautomerization states,2,3,24,25

H2(C)CO-type spectra for titrations of C-termini, aspar-

tic acid, and glutamic acid carboxyls,4,26,27 and

H2(C)N-type spectra for N-termini, lysine and arginine

side chains (although titrations of the latter, with a pKa

> 12.5, have not been reported for proteins).26,28 In the

event that an ionizable group does not show a titration

over the pH-range studied, one cannot determine its pro-

tonation state based on chemical shift information alone

(except in the case of histidine, for which 15N chemical

shifts are highly diagnostic of charge state; see Ref. 3).

Additional NMR experiments, such as the use of deute-

rium isotope shifts4,29 or the measurement of 1JNH sca-

lar couplings,30 can help resolve this ambiguity.

Before embarking on a project to measure pH-titration

curves by NMR spectroscopy, a researcher has to choose

the nucleus/nuclei for tracking pH-dependent chemical

shifts, the order and range of pH values to measure, and

the sample buffer, ionic strength, and temperature. All of

these parameters can have a significant influence on the

conclusions interpretable from the measured final titra-

tion curves, and it is therefore of high importance to

make informed decisions before starting an extensive set

of experiments. Most important is the choice of nucleus/

nuclei to be monitored. As noted earlier, nuclei closest in

covalent structure to an ionizable functional group gener-

ally give the most accurate pKa values because their pH-

dependent chemical shift changes are dominated by the

titration of that moiety. Nuclei more distant (through

bonds or through space) from the site of ionization may

yield titration curves that also track the ionization equili-

bria of other residues, thus complicating the analysis. If

the nuclei are part of a conjugated system or if they are

connected by a very polarizable bond (as in the case of

the backbone amide N��H bond), the sensitivity of their

chemical shifts to the electric field in the protein can

become a determining factor.31,32 In fact, this can be

exploited to measure the local dielectric constants within

a protein core.33 In general, one should track the pH-

dependences of all available peaks in a given NMR spec-

trum since the collective information often aids in assign-

ing fitted pKa values to specific titratable groups. Titra-

tion curves measured for nuclei in nonionizable residues

can also give valuable information on pH-dependent

conformational changes11 and on changes in local elec-

tric field.31,32

It is also of crucial importance to choose a range and

order of pH values that will yield an accurate definition

of the titration curve. For nuclei reporting a single, ideal

HH-titration, as few as three judiciously chosen pH val-

ues (corresponding to a midpoint and two end points)

could in principle be used to at least obtain an estimated

pKa value. However, as a rule of thumb, the chemical

shift should be recorded at every �0.2 pH units to allow

for precise and accurate fitting of the pKa values and for

detection of multiphasic titrations, including those indic-

ative of coupled ionization equilibria. Since protonation

equilibria typically occur in the fast exchange limit, this

also allows one to confidently track the pH-dependent

chemical shifts of nuclei that were assigned initially at

one reference pH value. Furthermore, it is important to

define the starting and ending plateau chemical shifts of

a titration curve accurately, and therefore one should use

the widest possible range of pH values under which a

protein remains soluble and folded. The choice of buffer

is also important, as is the variation of the ionic strength

resulting from adjustments of pH. Of course, the stability

or solubility of the protein will often limit the pH range

or choice of sample conditions, and available spectrome-

ter time may limit the number of spectra that can be

obtained with acceptable signal-to-noise and resolution.

In these cases, one must find an acceptable trade-off

between practicality and the desired level of accuracy/pre-

cision in the final fitted pKa values. Finally, chemical

shifts should be referenced against those of an internal,

inert pH-independent compound, such as 2,2-dimethyl-

2-silapentane-5-sulfonate (DSS). Note that water (and

hence the lock solvent, HDO) does shows small depend-

ences on pH (22 ppb/pH unit from pH 2–7) and ionic

strength (29 ppb/100 mM salt), and a strong sensitivity

to temperature (212 ppb/8C).34

Care must also be taken to ensure that the NMR titra-

tion curves reflect ionization events within the protein

state of interest, and not alternative pH-dependent

changes, such as global unfolding, oligomer/ligand disso-

ciation, or detrimental chemical modifications. This can

be accomplished with appropriate controls, such as inde-

pendently determining the pH-dependent stability of a

protein, recording 1H-15N HSQC spectra during a

titration experiment to monitor for conformational

changes, and measuring repeat titration points to ensure

reversibility.35

Once the pH-titration curves have been recorded, pKa

values can be extracted using nonlinear fitting methods,

and subsequently assigned to titratable groups in the pro-

tein. In the following sections, we will discuss these tasks

separately.

Fitting NMR titration curves

In the case of titration curves that show only one tran-

sition with well-defined endpoint (or plateau) chemical

shifts, it is straightforward to employ the HH equation

to obtain a single pKa value. However, in the case of

multiphasic titration curves, or when one or both of the

end-point chemical shifts are poorly defined, the task of

extracting accurate and meaningful pKa values becomes

difficult, if not impossible. For example, Figure 1 shows a

Titration_DB
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titration curve that can be fitted with models involving

2, 3, or 4 independently titrating groups [see Eqs. (6)–

(8) in Materials and Methods]. In such cases, it is impor-

tant to use a rigorous statistical procedure to decide how

many statistically-significant pKa values one can extract

from a specific titration curve. In this work, we employ

the F-test36 because it is simple and easy to use in an

automated fashion. However, it is pertinent to consider

any additional available experimental information, such

as pKa values from independent measurements or

expected chemical shift changes (sign and magnitude)

based on reference random coil polypeptides, when

selecting a best model. One may also simultaneously fit

the titration curves of multiple nuclei, provided that they

report the same ionization event.

An additional complication arises in the case of NMR

titration curves for reporter nuclei that are a part of a

strongly connected cluster of titratable groups. Such

groups can display non-HH titrational behavior,2,29,37

and in such cases, it is possible to fit the titration curves

equally well with equations describing either independ-

ently titrating groups or coupled titrational behavior. As

clearly discussed by Shrager et al.,38 the NMR-monitored

titration curves for even two coupled ionization equili-

bria (i.e., with four microscopic pKa values) are experi-

mentally under-determined. In such cases, there is no

straightforward way to resolve this ambiguity, without

additional experimental approaches, such as the use of

mutants lacking combinations of the coupled residues, or

possibly through fitting with a statistical-mechanical

model.2

Assigning fitted pKa values

The pKa values extracted from a given NMR moni-

tored pH-titration curve now must be assigned to titrata-

ble groups in the protein. If a curve is dominated by a

single titration, and if the detected nucleus is within or

adjacent to an ionizable moiety, then it is usually safe to

assign the fit pKa value to the specific residue containing

that moiety. This conclusion is bolstered further if more

than one nucleus with the same residue reports the iden-

Figure 1
pH-dependent 15N chemical shifts from Ala 45 of plastocyanin (A.v.). These non-HH shaped titration data can be fitted with multiple independent

pKa values. In this case, our procedure selects a model with 2 pKas. The obtained pKa values may however be filtered out as unreliable in the later

analyses.
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tical titration. However, in many cases, it is not so simple

to assign a fit pKa value to a specific ionization equilib-

rium, particularly if the detected nucleus is not part of a

titratable residue. For example, Figure 2 shows the titra-

tion curve of the backbone 15NH of Asp48 in hen egg

white lysozyme (HEWL). This curve contains two titra-

tions with pKa values of 3.8 and 7.3, each displaying a

chemical shift change of �0.32 ppm. Using mutagenesis,

Webb et al. (in preparation) were able to demonstrate

that neither of these titrations originate from the car-

boxyl of Asp48 itself (which has a pKa value < 2.0), but

instead they can be ascribed to the ionization of Asp 52

and Glu35, respectively. Similarly in E. coli reduced thio-

redoxin, Mössner et al.39 were unable to unambiguously

assign the pKa values extracted from the titration curves

of Cys32 and Cys35 because of their multiphasic shapes

and the ambiguous magnitudes of the associated chemi-

cal shift changes.

In this work, we present a database and a set of meth-

ods aimed at automating the fitting and assignment of

NMR titration curves. We present statistics on the fitted

pKa values and associated pH-dependent chemical shift

changes. Experimentalists and theoreticians can use this

data to guide experiments and algorithm development,

respectively. The database, Titration_DB, contains the

primary titration data for each NMR reporter nucleus,

and each titration curve is linked directly to the appro-

priate atom in a protein structure file. The original litera-

ture reference (where available) and link to the structure

on the PDB are also stored. Further details are given in

Materials and Methods section.

RESULTS AND DISCUSSION

Titration_DB currently holds 1929 individual NMR ti-

tration curves from 97 proteins, 31 of which are mutants.

NMR titration curves were digitized manually from

journal publications11,27,29,32,37,39–78 or provided by

contributors in spreadsheets. All titration curves were

uploaded to Titration_DB using PEAT (Farrell et al., in

preparation) as described in the Materials and Methods

section. We fitted all titration curves to models for one

to four independent titrating groups, and the best was

selected by comparing progressively more complex mod-

els using an F-test with a P-value cutoff of 5%. The ma-

jority (55%) of the titration curves in the database are

measured at protons, with 13C and 15N nuclei accounting

for the remaining 15 and 30%, respectively (Table I).

The quality and completeness of the titration curves in

Titration_DB varies considerably between proteins, with

44% of proteins having five or less measured titration

curves. At the other extreme, for HEWL, beta-lactoglobu-

lin, Phormidium laminosum (P.l.) plastocyanin and Ana-

baena variabilis (A.v.) plastocyanin, the database holds

titration curves for 100% of the amide 1HN and 15N

nuclei. Only 927/1929 (48%) of the titration curves are

recorded for atoms residing in titratable groups. This

number changes to 705/840 (84%) if only the incomplete

datasets are considered. The majority of titration curves

originate from histidine (15%), aspartate (14%), and glu-

tamate (13%) residues, with lysine (5%) accounting for a

smaller fraction of experiments.

In total, the database contains 30,646 data points (a

data point being a pH and corresponding chemical shift

value). The average number of data points per titration

curve is 16 (SD 5.4), the average span of the pH range is

5.1 (SD 1.3), and the average lowest pH value is 3.0 (SD

1.2). The average spacing between pH points is 0.3,

although 40% of curves have an average pH spacing of

less than 0.3. Only three titration curves were measured

with an average pH spacing less than 0.2 pH units.

In the following, we analyze the contents of Titra-

tion_DB to extract information on:

1. The pKa values of titratable groups.

2. Chemical shift distributions per residue/nucleus.

3. Correlation of pH-dependent amide 1HN-15NH chemi-

cal shifts for four complete datasets.

Figure 2
Asp48 15NH titration curve in wt HEWL. The fit pKa values of 3.8 and

7.3 correspond to the ionization equilibria of Glu35 and Asp52,

respectively.

Table I
Summary of Current Dataset and Fitting Models

One pKa,
two shifts

Two pKas,
three shifts

Three pKas,
four shifts

None
(linear) Total

1H 497 346 45 169 1057
15N 182 231 66 104 583
13C 123 83 32 49 287

Total 1927

Titration_DB
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pKa values of titratable groups

The main point of analyzing NMR monitored protein

pH-titration curves is to extract and assign accurate pKa

values. To automatically fit the titration curves to one or

more pKa values, we apply the F-test-based approach

outlined in the Materials and Methods section. To assign

the fitted pKa values to titratable groups, we test the

extracted pKa values against a number of criteria (see

later). In this work, we have limited ourselves to analyz-

ing the 908 titration curves measured at nuclei in titrata-

ble residues. A first step in the analysis was to filter the

pKa values by a set of automatable reliability criteria. A

similar approach has been adopted in a previous study.42

We have done this by defining two terms: ‘‘reliable pKa

value’’ and ‘‘primary pKa value.’’

A reliable pKa is defined with the following criteria for

any curve fit to a model with one or more pKa values:

Ddr � cutoff ;
Ddr

Ddother
� 1:2 ð2Þ

pKa
r
� pKaother � 0:2 ð3Þ

pKar � pKamodel � 3 ð4Þ

pKar � pHmin � 0:3; pHmax � pKar � 0:3 ð5Þ

where pKar is the reliable pKa value, Ddr is the value of

the chemical shift change associated with the pKa value

and must be greater than the cutoff value for each nu-

cleus. Ddother are the chemical shifts associated with the

other pKa values in the same titration curve. pKamodel is

the model pKa for the titratable residue considered, and

pHmin and pHmax are the upper and lower end of the

range of pH data.

In summary, reliable pKa values are associated with

the largest chemical shift changes in a titration curve. Fur-

thermore, a reliable pKa value must be at least 0.2 pH

units distant from the other pKa values fitted to the titra-

tion curve, must not be shifted more than three units

from the model pKa79 value of the amino acid, and must

be at least 0.3 pH units from the pH value of the terminal

data points. The criteria specified by Eqs. (3) and (5) serve

to filter out improperly fitted titration curves, Eqs. (2)

and (5) are criteria that have been ‘‘conservatively’’ chosen

to produce a set of reliable pKa values that contain very

few false positives since this is important for producing

reliable statistics (see later). When manually fitting NMR

titration curves, the criteria specified above can of course

be overruled if human judgment (i.e., consideration of

additional experimental or theoretical data) produces a

better global interpretation of the data.

We define primary pKa values simply as the subset of

the reliable pKa values that originate from titration

curves with only one titration. A primary pKa value rep-

resents the most reliable pKa value measurement for a ti-

tratable group since no other titrations influences the

extraction of a pKa value from the NMR titration curve.

Further comments on criteria for selecting ‘‘reliable’’

pKa values:

� Equation 2: This is the sole pKa value associated with a

chemical shift change (Dd) greater than the cutoff or,

for a multiple pKa model, the pKa corresponding to the

largest chemical shift change. Dd cutoff values were cho-

sen as being the lower limit of a recognizable titration

for a given nucleus. This figure in part reflects the reso-

lution of typical NMR spectra and hence the limitations

in chemical shift measurements. Cutoff values of 0.08

ppm42 and 0.07 ppm80 have been previously suggested

for 1H. Although these values may vary with the sample

(i.e., line widths) and NMR protocols, for the sake of

automation, our chosen values for cutoff were 0.06 ppm

for 1H, 0.3 ppm for 15N, and 0.2 ppm for 13C.

For a multiple pKa model, the associated Dd is greater

than the others by an arbitrary factor of 1.2. The ration-

ale is that the pKa would then represent the primary

titrational event detected for that residue.

� Equation 3: For a multiple pKa model, the pKa value is

further than 0.2 units from any another pKa, so that

they can reasonably be considered as distinct events.

� Equation 4: The pKa value is within 3 pH units of the

unperturbed (model) pKa, and therefore represents a

realistic value. However, residues with highly perturbed

pKa values are indeed found in proteins and these

omitted values can be flagged for later analysis. The

model pKa values used here are those provided by

Grimsley and coworkers79 measured using alanine

pentapeptides. These are very close to other standard

values previously published81,82 and the particular

choice of values does not affect this filtering step.

� Equation 5: The pKa value is not too close to edge of

the available range of sample pH conditions. This is

important because the algorithm will attempt to fit a

discontinuous titration, where the data points do not

sufficiently define the entire event. This generates

incorrectly large Dd values.

In the present dataset, we analyze 908 titration curves

and fit 2276 pKa values. In this set of pKa values, we

identify 517 reliable pKa values with 343 of these being

primary pKa values. The number of pKa values found,

per residue type, along with their average values are

shown in Table II. Supporting Information Tables 1–3

show a detailed list of all primary pKa values with the

specification of protein name in the DB, protein residue

number, atom name, and fitting error. These tables may

be generated dynamically via the web interface at any

time and will reflect the current data in the Titra-

tion_DB.
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Precision of fitted pKa values

The precision of the fitted pKa values due to experi-

mental uncertainty was assessed using a Monte Carlo

approach. The experimentally measured points on the ti-

tration curves were perturbed with estimated random

errors of �0.1 for the pH values and the following for

chemical shift: 1H, �0.03 ppm83; 15N, �0.1 ppm32; and
13C, �0.2 ppm). The fitting algorithm was rerun 50 times

using the randomly perturbed values to obtain the stand-

ard deviation of the fit pKa values. Note that, unlike most

cases of error analysis for which the independent variable

is assumed exact and only the dependent variable errone-

ous, in the case of NMR-monitored titrations, the sample

pH measurements are likely to contain more systematic

and random errors than the monitored chemical shifts.

Average fitted pKa values

A comparison between our average fitted pKa values

for four ionizable groups (1H dataset) to the recent work

summarizing 541 experimentally derived pKas in folded

proteins84 is shown in Table III. All show close agree-

ment, apart from lysine, for which we have excluded

more than half the curves using our filtering criteria and

therefore have only 14 pKas available for the average

value. This indicates the much greater difficulty in fitting

the lysine data (note the large standard deviation, 3.3 of

the 14 pKa values we were able to fit).

Distribution of DdpH

For each type of residue in a protein, the chemical

shifts and pH-dependent shift changes measured at a

given nucleus are, to a large extent, characteristic of the

corresponding amino acid. Thus, the observable chemical

shifts and chemical shift changes are generally found to

be within restricted ranges. Here, we analyze the data in

Titration_DB to establish the magnitude of chemical shift

changes that are observed when a specific amino acid

titrates. Such values are useful in the interpretation of

NMR pH-titration curves to establish the origin of an

observed titration (i.e., this will aid in assigning the

observed pKa value to a titratable group).

1H chemical shift changes

The relatively larger data set for 1H provides the most

complete distribution and therefore gives the best

impression of the range of observable chemical shift

changes. The distribution of 1H pH-dependent Dd values

for Asp 1HN/1Hb* nuclei and Glu 1HN/1Hg* nuclei gener-

ally overlap and are found almost entirely in the 1–1.5

ppm range [Fig. 3(A,B)]. In contrast, the Dd of histidine
1Hd2 and 1He1 are clustered in two distinct distributions

of 0–0.6 ppm and 0.6–1.2 ppm, respectively (Supporting

Information Figure 1). There is insufficient data on the

remaining nuclei to form a clear picture of the ranges of

Dd. This plot, and those for 15N and 13C data, can be

generated in the web interface.

Table III
Average Fitted pKas for Four Tiratable Groups, 1H Data Only

Model
pKaa

Protein
pKab

Average 1H
fitted pKac

No. of curves
fitted

Asp 3.9 3.5 � 1.2 3.4 � 1.1 79
Glu 4.3 4.2 � 0.9 4.2 � 1.0 88
His 6.5 6.6 � 1.0 6.4 � 0.9 150
Lys 10.4 10.5 � 1.1 9.0 � 3.3 14

aFrom Ref. 79.
bFrom Ref. 84.
cUsing all reliable pKa values in this study.

Table II
Average Extracted Dd and Associated Average pKa Values with Errors Broken Down by Atom/Nuclei for Titratable Residues

Residue

1H 15N 13C

Atom
Avg.
Dd

Avg.
Dd err

Avg.
pKa

Avg.
pKa
error

No.
curves Atom

Avg.
Dd

Avg.
Dd err

Avg.
pKa

Avg.
pKa error

No.
curves Atom

Avg.
Dd

Avg.
Dd err

Avg.
pKa

Avg.
pKa
error

No.
curves

His He1 0.86 0.02 6.5 0.03 54 N 2.86 0.06 5.7 0.04 5 Cg 2.6 0.08 3.8 0.05 2
H 0.82 0.02 6.1 0.04 12 Ne2 2.78 0.06 6 0.04 3 Ce1 2.15 0.07 6 0.07 18
Hb* 0.66 0.01 6.6 0.03 6
Hd2 0.33 0.01 6.6 0.07 23
Hd1 0.3 0.01 5.1 0.04 2

Asp H 0.32 0.01 3.3 0.08 22 N 1.32 0.12 4.3 0.25 4 Cg 3.12 0.07 3.5 0.04 24
Hb* 0.25 0.01 3.8 0.08 28 Cb 2.3 0.04 4.2 0.04 3
Ha 0.12 0.01 3.2 0.12 5 Ca 1.43 0.06 8.5 0.07 2

Glu H 0.51 0.01 4 0.07 28 N 0.67 0.02 5.7 0.09 4 Cd 3.74 0.07 4.1 0.07 27
Hg* 0.24 0.01 4.3 0.07 33
Hb* 0.22 0.01 3.7 0.07 3
Ha 0.07 0.01 2.8 0.33 2

Lys H 0.41 0.02 8.8 0.07 13 N 0.65 0.03 5 0.14 7 Ce 1.27 0.08 10.8 0.1 11

Nuclei for which there is one curve only are omitted. Hb* in Asp refers to both Hb2/Hb3 because most of the reported shifts are not usually stereospecifically assigned.

The same applies for Hg* in Glu.
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15N and 13C chemical shift changes

The distribution of Dd for Asp 13Cg nuclei and Glu
13Cd nuclei display similar ranges, with Asp being con-

fined to a somewhat narrower range of 1–4 ppm [Fig.

3(C,D)]. Unfortunately, there is a relative lack of data for

the pH-dependent 15N and 13C chemical shift changes in

Titration_DB, and the histograms for these nuclei should

therefore be considered very incomplete distributions.

Similar plots can be generated dynamically from the web

interface to provide statistics on any nucleus/amino acid

pair, and thus allows for the capture of any future data

that is added to Titration_DB.

Correlation between pKa values extracted
from amide 1HN and 15NH nuclei

Because of the relative ease of assigning amide 1HN

and 15N chemical shifts, and of using 1H-15N HSQC

spectra to monitor pH-titrations, several investigations

have yielded experimental data of 1HN and 15NH chemi-

cal shifts versus pH for essentially every residue in a

given protein. We have thus far retrieved complete amide
1HN and 15NH data sets for four proteins: Plastocyanin

A.v.,62 plastocyanin P.l.,85 bovine beta lactoglobulin

(bLG)11 and HEWL.

Amides do not titrate over any accessible pH range;

rather, their nuclei report pH-dependent changes due for

example to inductive, electrostatic, or structural pertur-

bations. Chemical shift changes measured at the back-

bone amide 15N and 1HN nuclei of the same residue

should, to some extent, reflect the same titrational

event(s) on their ionizable side chains. However, this is

not always the case due to the complicated propagation

of the electrostatic field and the complex nature of struc-

tural relaxation. We therefore decided to investigate if

pKa values extracted from 15NH and 1HN titration curves

are indeed identical. Figure 4 shows plots of 15N pKa val-

ues versus 1HN pKa values for the titratable residues in

the four proteins with complete datasets. We observe a

reasonable correlation (correlation coefficient 5 0.86)

between the reliable pKa values [i.e., the pKa values asso-

ciated with the largest chemical shift change within a

titration curve; Fig. 4(A)], thus demonstrating that if a

reliable pKa value is found in both curves, then those

pKa values are likely to be similar.

We also investigate the cases where a reliable pKa value

is found in only one of the titration curves (i.e., either in

Figure 3
Distributions of Dd associated with all reliable pKa values for selected 1H Asp/Glu and 13C Asp/Glu nuclei. (A) HN and Hb* nuclei in 1H Asp,

(B) HN and Hg* nuclei in 1H Glu, (C) Cg nuclei for Asp 13C data, and (D)13C Glu Cd nuclei. Hb* and Hg* in Asp/Glu denote undifferentiated

Hb2/Hb3 and Hg2/Hg3 assignments.
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the 1HN or in the 15NH titration curve), by plotting the

reliable pKa value against the closest pKa value in the

titration curve without a reliable pKa value [Fig. 4(B)].

The lack of an exact correlation between many 15N and
1HN pKa values in this plot demonstrates that directly

bonded 15NH and 1HN nuclei do not always report the

same ionization event, thus making it difficult to assign

fit pKa values to specific ionization equilibria.

The data points in Figure 4(A) may be broadly placed

in three categories:

1. Closely correlated pKa values for the 15NH and 1HN of

a given amide, with essentially identical chemical shift

pH dependency.

2. Correlated pKa values, but with a Dd of opposite sign.

3. Data from titration curves that cannot be fit to

matching pKa values.

In cases (i) and (ii), the bonded nuclei almost certainly

reflect the same titrational event and we can extract the

same pKa(s), whereas the pKa values belonging to case

(iii) correspond to outliers in the plot where the two

nuclei do not report the same titrational event. We have

excluded nuclei for which there is no discernable Dd in

either nucleus.

To illustrate the details of the differences in 1HN and
15NH curves, we examine a number of titration curves of

titratable residues. We examine two residues in plastocya-

nin because we have complete datasets for the closely

related plastocyanins from Anabaena variabilis and Phor-

midium laminosum. Furthermore, we analyze the titration

curves for Asp64 and Glu114 from b-lactoglobulin.
The titration curves for His61 in plastocyanin [Fig.

5(A,B)] are almost identical in the two species, however,

the titration curves vary significantly depending on the

type of nucleus. The proton titration curves are bell-

shaped, whereas the nitrogen titration curve displays two

titrations that both increase the chemical shift of the nu-

cleus. The 15NH and 1HN titration curves of His61 are

therefore good examples of case (ii) behavior, with the pKa

values being similar but where the second titrations have

opposite sign of their associated chemical shift changes. It

has previously been established that His6162 occupies two

different conformations with different hydrogen-bonding

networks. In addition, the chemical shift is perturbed by

interactions with the copper ion (9 Å away) and/or His92,

which has a pKa of 5.1 and 5.0 in plastocyanin A.v. and P.l.,

respectively [Fig. 5(C,D)]. The titration with a low pKa

value in the titration curve of His61 [Fig. 5(A,B)] thus

reflects the deprotonation of His92, whereas the higher

pKa value reflects the titration of His61 itself. Protonation

of His92 is a well-studied attribute of the plastocyanin

active site.86,87 On protonation, His92 dissociates from

the copper and the site rearranges to result in increased

interactions between the copper and the remaining three

ligands (His, Cys, and Met). The consequent structural and

electrostatic changes are likely to be sensed by nuclei in the

vicinity. For example, as seen earlier, the His61 nuclei may

be sensitive to pH dependent changes in the active site as

well as protonation of the His61 side chain.

Glu114 from bLG shows a 15NH curve with two Dd
(0.2, 0.45 ppm) with pKa values of 3.3 and 6.7 in com-

parison with the 1HN curve, which is found to be mono-

phasic by the F-test procedure and produces a single pKa

value of 3.7. (This pKa value is actually close to 3.3, but

since we are comparing reliable pKas, the point appears

as an outlier). Glu114 is thus an example of case (ii) sce-

nario where a pKa value in one titration curve is

observed in the other titration curve, but where there is

multiple pKas in either curve [see Fig. 5(E)].

Figure 4
pKa values for fits of pH-dependent amide 15N versus 1HN chemical shifts

for His, Asp, Glu, and Lys residues from four complete datasets. (A) shows
the correlations between all reliable 15N and 1HN pKa values from the four

proteins. The outliers represent genuine differences in 15N versus 1HN

curves. (B) illustrates why the pKas have been filtered for reliability. This

plot includes points where either one of the 15N versus 1HN pKas is not

considered reliable and hence the large amount of scatter—we are not

comparing two reliable pKas.
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Figure 5
Selected corresponding titration curves of the pH-dependent 15NH and 1HN chemical shifts of the same residue. (E) and (F) are outliers in Figure

4(a). (C) and (D) are the curves for His92 from both plastocyanin from Phormidium laminosum (P.l.) and Anabaena variabilis (A.v.). (A) His61,

A.v. plastocyanin; (B) His61, P.l. plastocyanin; (C) His92, A.v. plastocyanin; (D) His92, P.l. plastocyanin; (E) GLU114, bLG; and (F) ASP64, bLG.
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Asp64 15NH was found to be fit with three pKas (2.5, 4.2,

5.9) in contrast to the two pKas of 4.9 and 6.9 found in the
1HN fit. Both of these curves are highly perturbed from a

HH shape. Curves for Asp64 are shown in Figure 5(F).

Note that one can combine 1HN and 15NH chemi-

cal shift changes, using an expression of the form

((d1H,pH 2 d1H,ref)
2 1 w(d15N,pH 2 d15N,ref)

2)1/2

(where w is a weighting factor and the reference chemical

shifts are at a clear endpoint to avoid potential problems

due to the loss of sign information).88 Alternatively, one

could fit the uncombined 1HN and 15NH titrations simul-

taneously to obtain common pKa values. Titration curves

analyzed in this way might have an improved signal/noise

ratio due to a larger range of pH-dependent chemical shift

changes. However, the aforementioned analysis shows that
1HN and 15NH signals sometimes track different ionization

events and that one of the curves may be incomplete/

noisy. Thus combining or co-fitting curves might actually

decrease the precision of the extracted pKa values. Fur-

thermore, combining titration curves for residues with

behavior similar to His61 in plastocyanin can lead to sit-

uations where one or more titrations cancel each other.

Thus, one should always carefully inspect the two titration

curves separately before combining the two into a single

curve using the equation mentioned earlier.

The modified Hill equation

Finally, it should be mentioned that NMR titration

curves often are fitted to the modified Hill equation

dobs ¼ dp þ Dd

1þ 10nðpKa�pHÞ ;

where n is the Hill parameter, dobs is the observed chemi-

cal shift, dp is the chemical shift of the fully protonated

form, and Dd is the chemical shift change associated with

the titration governed by the pKa value. In this study, we

do not advocate the use of the Hill equation because a fit

producing a Hill value different from 1 (i.e., a non-HH ti-

tration curve) indicates that the titration of the group is

coupled to other titrational or structural events in the pro-

tein. In these cases, we therefore believe it appropriate to fit

the titration curve using a model that explicitly accounts

for these effects instead of ‘‘hiding’’ the effects in the Hill

parameter. Furthermore, it is important to realize that

straight lines can be fit very well with the modified Hill

equation when the Hill parameter is low enough (�0.5). In

these cases, it is questionable if the observed change in the

chemical shift represents a real titrational event, or if the

data essentially is noise or some inexplicable combination

of titrational and structural events. In this article, we

remove titration curves if the F-test gives the best fit to the

linear model. Using the modified Hill equation instead of

the linear model in the F-test framework leads to a large

number of titration curves being fit best by the modified

Hill equation. Thus, the Hill equation fits many nontitra-

tions (straight lines) well, and additionally fits many curves

with two or more titrational events, thus potentially causing

a loss of valuable experimental information. In summary,

we discourage the use of the modified Hill equation because

it does not provide an explicit description of the physics

underlying the observed deviation from the HH equation.

CONCLUSIONS

We have created a repository of NMR-monitored pH

titration data for a large number of proteins, and made

the raw NMR data available for download. The statistics

and analyses presented in this article will serve as useful

guidelines for interpreting NMR-monitored titration

curves, and we have furthermore illustrated several aspects

that are of importance when pKa values are extracted

from such curves. All data that could be retrieved has been

included in the DB and any omitted data will be gratefully

accepted. We will continue to populate Titration_DB with

experimental data, and we encourage experimental

researchers to submit the current and newest raw NMR

data to us using the contact information on the website.

In summary, we hope that the repository will strengthen

the interest in measuring pKa values using NMR, and thus

lead to an improved understanding of pH-dependent

effects in proteins and protein electrostatics in general.

MATERIALS AND METHODS

Data collection and storage

The data was retrieved either directly from the authors

or by reconstructing published graphs using g3data.89 In

either case, data points are stored into text format and

imported into Protein Engineering Analysis Tool (PEAT)

(Farrell et al., in preparation), which contains a special-

ized component used to display and fit NMR titration

curves. PEAT is written in the python (http://www.pytho-

n.org) programming language and stores the datasets

internally as a python specific data type (dictionary). The

entire dataset is written to plain text files that form the

basis of the PEAT project file. On the server side, the

project file is kept on a subversion90 server and when

new data is uploaded, the versioning system creates a

new ‘‘revision’’ of the database. This client-server system

allows anyone with the PEAT client to download (i.e.,

‘‘checking out’’ in subversion terminology) the latest ver-

sion of the database and apply the same analysis and fit-

ting tools that we have used. One consequence of this

approach is that a record is kept of all the previous ver-

sions of the datasets at each revision and this log can

also be viewed online. New records can be added to the

database by anyone with write access in the same way.

The PEAT software is available free for academic use at

http://enzyme.ucd.ie/PEAT.
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The following fields are stored for each record where

available: Protein name, one column for each of the

NMR nuclei (1H, 15N, and 13C), link to original article,

PDB structure coordinate file, and links to the PDB and

organism name.

The following formatting was applied to the data:

� Protein names are supplied in the following form:

name (organism)—mutation, for example, FNfn10

(Human)—D7K.

� PDB structure coordinate files for each protein or mu-

tant are required for the purpose of our analysis. X-ray

crystallography structures at the best resolution possi-

ble have been found for the majority of proteins in the

database. In the cases, where data is available for

mutants of a protein, the WHAT IF software91 was

used to model the mutated structure from the pub-

lished wild type. For each record, the structures are

stored along with the pH titration data.

� Assigned fields are provided for residue names and atoms

in each dataset, allowing search algorithms and quick

location of residue in the structure during analysis.

� Experimental conditions, when available, have been

stored with each set of curves.

Fitting and models

Titration data was fit using an implementation of the

Levenberg–Marquardt algorithm.92 The choice of the

appropriate number of apparent titration events (pKa

values) required to fit the experimental data to a modi-

fied HH equation was determined primarily by the F-

test. An F-test is a standard statistical tool for comparing

the fits of a given data set to two models with differing

degrees of freedom.93 This has previously been used for

fitting of HH curves.43 We use an iterative procedure,

fitting a curve in turn with a linear fit and then with

progressively more complex models (Models 1–3). For

each model:

1. The sum of squares errors for current and next mod-

els are compared: if the next more complex model has

a higher error (this is unusual, but can happen when

the data are scattered around a straight line in a way

that produces a lower sum of squared differences than

the more complex model), stop and accept the current

model; else proceed to step 2.

2. Perform F-test: if the F-test returns a P-value outside

the confidence level of 95%, the more complex model

is accepted.

3. The new model becomes the current model and we

return to step 1 until the statistically best model is found.

If a linear fit of chemical shift versus pH is the best

found, then the data are considered to be a nontitration.

The results obtained depend on the F-test confidence level

used (95% is typical) and it must be stressed that some fits

will always be open to interpretation. In a small number of

cases, curves were re-fit by hand and the best model selected

visually, but generally the fits from this global method were

accepted. This fitting procedure is implemented in the titra-

tion analysis module of our PEAT software.

Fitting models:

1. A single pKa value, two chemical shifts:

dobs ¼ dp þ Dd1
1þ 10½pKa1�pH� ð6Þ

Figure 6
The Titration_DB web interface.

D. Farrell et al.

854 PROTEINS



2. Two pKa values, three chemical shifts:

dobs ¼ dp þ Dd1
1þ 10½pKa1�pH� þ

Dd2
1þ 10½pKa2�pH� ð7Þ

3. Three pKa values, four chemical shifts:

dobs ¼ dp þ Dd1
1þ 10½pKa1�pH� þ

Dd2
1þ 10½pKa2�pH�

þ Dd3
1þ 10½pKa3�pH� (8)

where dobs is the observed chemical shift at each pH, is

the dp is the chemical shift of the fully protonated state

with respect to the titration(s), and Ddi is the chemical

shift change associated with the titration governed by

pKai.

Web interface

The web interface is a CGI front end to our custom

software for storage and analysis (Fig. 6). The primary

purpose of which is to allow convenient access to experi-

mental NMR titration data, with search functionality,

links to structure, visualization of curves, and download

links to data. The web interface is simply a front end

using the same codebase that we have written to perform

the analyses discussed previously. Thus, we can add anal-

ysis components to the web interface relatively easily. The

data is publicly accessible and no software is required to

view and use the web interface apart from a web browser.

The current version of the web interface is available at

http://enzyme.ucd.ie/titration_db.

The interface allows the user to browse all the available

records and perform searches. Searches can be currently

performed by protein name/key word, residue, and pKa

range. When an individual residue (or sets of residues

within one record) is selected, the web server will

dynamically generate graphs from the stored data points

and our fit data. Current fit model and pKa values will

also be displayed for each residue. Any combination of

curves can be over-laid and displayed on a single graph

or shown as separate graphs. The data may be normal-

ized for easy visual comparison.

The data may currently be searched by:

� The pKa values (or range of pKa values) occurring as

either single or double titrations.

� The residue type and atom type.

� The shape of titration curve (i.e., the model used and

fit details).

Additional search parameters to be added:

� The environment of titratable group (surface accessibil-

ity, position in structure (helix, sheet, turn, coil), B-

factor, density of charged groups, and crystal contacts).

Other functionality:

� Cross-reference with calculated pKa values in pKD

server.94

� Load selected curves into pKa tool.95

� Ability to download experimental data and fit infor-

mation for selected datasets as a text file.
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