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Abstract

We have used potentiometric titrations to measure the pK values of the ionizable groups of proteins in
alanine pentapeptides with appropriately blocked termini. These pentapeptides provide an improved
model for the pK values of the ionizable groups in proteins. Our pK values determined in 0.1 M KCl at
25°C are: 3.676 0.03 (a-carboxyl), 3.676 0.04 (Asp), 4.256 0.05 (Glu), 6.546 0.04 (His), 8.006 0.03
(a-amino), 8.556 0.03 (Cys), 9.846 0.11 (Tyr), and 10.406 0.08 (Lys). The pK values of some groups
differ from the Nozaki and Tanford (N&T) pK values often used in the literature: Asp (3.67 this work vs.
4.0 N&T); His (6.54 this work vs. 6.3 N&T); a-amino (8.00 this work vs. 7.5 N&T); Cys (8.55 this work
vs. 9.5 N&T); and Tyr (9.84 this work vs. 9.6 N&T). Our pK values will be useful to those who study pK
perturbations in folded and unfolded proteins, and to those who use theory to gain a better understanding
of the factors that determine the pK values of the ionizable groups of proteins.

Keywords: pK values; protein ionizable groups; pH titration; peptide model compounds

The acid/base properties of proteins have been studied
since 1917, when Sorensen, who first defined pH in 1909,
showed that egg albumin is an ampholyte (Sorensen et al.
1917). Soon thereafter, Linderstrom-Lang recognized that
the net charge on a protein would influence the ionization
of individual groups, and incorporated this into the first
model developed to understand the acid/base properties of
a protein (Linderstrom-Lang 1924). An important contri-
bution by Tanford and Kirkwood triggered an intense interest
in the factors that determine the pK values of the ionizable
groups of proteins that continues to the present day
(Tanford and Kirkwood 1957; Braun-Sand and Warshel
2005). The net charge on a protein varies with pH, and is
determined by the content and the pK values of the

ionizable groups (Tanford 1962). Thus, the pK values of
the ionizable groups are important to biochemists because
they influence the structure, stability, solubility, and the
many functions of proteins (Tanford 1968; Pace 1975;
Fersht 1985; Matthew et al. 1985; Anderson et al. 1990;
Ries-Kautt and Ducruix 1997; Shaw et al. 2001; Bartlett
et al. 2002).

In early studies aimed at interpreting titration curves of
proteins, Tanford (1962) introduced the term intrinsic pK
(pKint). He defined the term as the pK an ionizable group
would have when the net charge on the molecule is zero.
When proteins fold, the perturbations of the pKs of the
ionizable groups on the surface of the protein from the
pKint values are usually small, and are determined mainly
by charge–charge interactions with other ionizable groups
(Laurents et al. 2003). However, if these groups are
partially or fully buried in the protein interior, large
positive and negative perturbations often occur, and it is
important that we understand why (Schutz and Warshel
2001). Experimental studies of these perturbations have
been reported by several groups (see, for example,
Garcia-Moreno et al. 1997; Giletto and Pace 1999; Dwyer
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et al. 2000; Edgcomb and Murphy 2002; Forsyth et al.
2002; Harris and Turner 2002; Laurents et al. 2003;
Horng et al. 2005; Pujato et al. 2005; Trevino et al.
2005), and theoretical studies have shown that the per-
turbations result primarily from the Born effect, charge–
charge interactions, and hydrogen bonding (see, for
example, Schutz and Warshel 2001; Fitch et al. 2002;
Georgescu et al. 2002; Braun-Sand and Warshel 2005).
Studies of pK perturbations in proteins require accu-

rate, unperturbed pK values. Historically, these pK values
were determined using small molecules or peptides as
models, and direct techniques such as potentiometric titra-
tion or indirect techniques such as NMR to monitor
ionization. In Table 1 we summarize the values com-
monly used in the literature. These measurements were
made at various temperatures, and some were corrected
for electrostatic interactions and/or ionic strength effects
and some were not (see Table 1 of Tanford 1962 for
a description of these corrections). Most researchers
today use the pKint values from Nozaki and Tanford
(N&T) (Nozaki and Tanford 1967), which are given in
column 3 of Table 1. Our goal in this paper is to provide
accurate pK measurements using a better model system
than any of those used previously.
In this paper we report pK values for the ionizable

groups of proteins measured by potentiometric titration
using alanine based pentapeptides in 0.1 M KCl at 25°C.
We believe these peptides provide the most reasonable
model for determining the pK values for the ionizable
groups in a protein. We compare our measurements to the
N&T pKint values given in Table 1. These results will be
useful to those interested in pK perturbations in proteins,
and to those who use theory to understand the pK values
of ionizable groups in proteins.

Results

The pK values of the groups of interest were determined
in model pentapeptides by potentiometric titration in the
presence of 0.1 M KCl at 25°C. Figure 1 shows typical
results for peptides containing Glu and His in the host
site. A nonlinear, least-squares fit of these data using
Equation 1 gave a pK ¼ 4.286 0.02 for the g-carboxyl
group of Glu and a pK ¼ 6.576 0.02 for the imidazole
group of His. These data, as well as the data for the other
peptides, were also analyzed using Equation 2. In each
case, the Hill coefficient n did not differ significantly
from unity, indicating that only one noninteracting, ioniz-
able group was present in each peptide. Our results are
summarized in Table 2, where they are compared to the
pKint values reported by Nozaki and Tanford (1967).

Discussion

The peptides used in these experiments are good models
to measure the unperturbed pK values for the ionizable
groups in proteins. The choice of a pentapeptide reduces
purification problems commonly encountered with
smaller peptides and minimizes the possibility of second-
ary structure formation and hydrogen bonding interac-
tions that can occur in larger peptides (Padmanabhan et al.
1990). The residue of interest was placed in the middle of
the pentapeptides, with both termini blocked in order to
eliminate the possibility of pK perturbations through elec-
trostatic interactions with a charged group. The alanine penta-
peptides should give a local environment for the ionizable
group similar to that expected in an unfolded, uncharged
protein. The ionizable group will be influenced by the
chemical structure and partial charges (dipoles), but not by
charge–charge interactions, or to a great extent by burial.

Table 1. pK values for the ionizable groups in proteins from the literature

Group Cohn and Edsalla Nozaki and Tanfordb Gurd Labc Wuthrich Labd Creightone

a-Carboxyl 3.0–3.2 3.8 3.3 — 3.5–4.3

Asp 3.0–4.7 4.0 3.9 3.9 3.9–4.0

Glu 4.4 4.4 4.2 4.2 4.3–4.5

His 5.6–7.0 6.3 6.8 6.9 6.0–7.0

a-Amino 7.6–8.4 7.5 8.1 — 6.8–8.0

Cys 9.1–10.8 9.5 — — 9.0–9.5

Tyr 9.8–10.4 9.6 10.0 10.2 10.0–10.3

Lys 9.4–10.6 10.4 10.5 11.0 10.4–11.1

Arg 11.6–12.6 12.0 — — 12.0

These pK values were measured at various temperatures, as noted below. Typically, the error in the measurements is 6 0.1–0.2. In some studies no salt was
present, and in some the ionic strength was not given. We have not corrected any of the values given in the original articles. Usually the errors in measuring
the pK values are greater than these corrections (Tanford 1962).
aDetermined using various model compounds at 25°C, as described in Table 1 in Chapter 20 of Cohn and Edsall (1943).
bDetermined using various model compounds at 25°C, as described in Table 3 of Nozaki and Tanford (1967).
cDetermined with Gly-Gly-X-Gly-Gly pentapeptides by 13C NMR at 26°C, except for Tyr, which was determined at 33°C (see Gurd et al. 1972; Keim et al.
1973). Both termini of the peptides were not blocked.
dDetermined in Gly-Gly-X-Ala tetrapeptides by 13C NMR at 35°C (see Richarz and Wuthrich 1978). Both termini of the peptides were not blocked.
eFrom Creighton’s textbook on protein biochemistry that references some of the values from the previous columns (Creighton 1993).
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As discussed in the introduction to this paper, there is
great interest in reaching a better understanding of the
factors that contribute to the very high (Fitch et al. 2002;
Trevino et al. 2005) and very low (Anderson et al. 1990;
Giletto and Pace 1999) pK values observed for buried
residues in folded proteins (Schutz and Warshel 2001).
There is also increasing interest in interactions involving
ionizable residues in the unfolded states of proteins
(Elcock 1999; Giletto and Pace 1999; Pace et al. 2000;
Wong et al. 2000) because such interactions can influence
the kinetics and mechanism of protein folding (Horng et al.
2005; Tollinger et al. 2005; Trefethen et al. 2005). Our results
will provide a good benchmark for interpreting these studies.

We compare the pK values from this work to the
commonly cited pKint values of N&T in Table 2. Our
results agree with the N&T values within experimental
error for the a-carboxyl, Glu, and Lys ionizable groups.
We observe a somewhat lower pK value for the Asp
carboxyl, and somewhat higher pK values for the His

imidazole and the Tyr –OH groups. These differences are
only slightly larger than the experimental error, and
probably just reflect the differences among the model
compounds used for the measurements. However, the
values for the Cys–SH group and the a-amino group
reported here differ significantly from the N&T values.

Our pK value of 8.55 for the Cys–SH group is 0.95 pH
units lower than the N&T value of 9.5, which was based
on the pK of OH-CH2-CH2-SH. However, the pK values
used for cysteine thiol ionization in the literature range
from 8.3 to 8.7 (Nelson and Creighton 1994; Takahashi
and Creighton 1996; Dyson et al. 1997; Moutevelis and
Warwicker 2004; Naor and Jensen 2004; Hansen et al.
2005). In a thorough study of cysteine ionization and
reactivity from the Goldenberg lab, the pK values of
a single Cys were measured in 16 model peptides with
both termini blocked. The pKs ranged from 7.4 to 9.1
(Bulaj et al. 1998). Thus, these data also indicate that the
N&T value is too high, and suggest that that our pK value
of 8.55 is a more reasonable value to use as a model for
the Cys residues in proteins.

Our pK value of 8.00 for the a-amino group is 0.50 pH
units higher than the N&T value of 7.5, which is the
average of eight model compound values given in Table 1
of (Tanford 1962). Three of these model compounds have
pK values of 6.8, 7.0, and 7.2 for the a-amino group.
These are significantly lower than the pK values of the
other five compounds, which are all better models for an
a-amino group. For these five compounds, the pK values
range from 7.6 to 7.9, and the average pK ¼ 7.8. This
suggests that the N&T value used is probably too low, and
that our value of 8.00 is a more reasonable value to use.

There is considerable interest in using theory to predict
the pK values of the ionizable groups in proteins (Russell

Figure 1. Potentiometric titration curves of the side chain Glu carboxyl

group in Ac-AAEAA-NH2 (A), and of the side chain His imidazole group

in Ac-AAHAA-NH2 (B). The peptides were dissolved in 0.1 M KCl and

titrated with HCl at 25°C. The lines are the best fit of the data to Equation 2.

Table 2. Measured pK values based on the alanine
pentapeptides compared to the pKint values of Nozaki
and Tanford

Group pKint
a (N&T) pKb (this work)

a-Carboxyl 3.8 3.67 6 0.03

Asp 4.0 3.67 6 0.04

Glu 4.4 4.25 6 0.05

His 6.3 6.54 6 0.04

a-Amino 7.5 8.00 6 0.03

Cys 9.5 8.55 6 0.03

Tyr 9.6 9.84 6 0.11

Lys 10.4 10.40 6 0.08

aFrom the model compound data in Table 3 of Nozaki and Tanford (1967).
bThe pK values of the ionizable groups in the alanine pentapeptides used
in this work measured in 0.1 M NaCl at 25°C. The errors are the standard
deviations from the average of three independent experiments for the
a-carboxyl, Glu, a-amino, and Tyr; and two independent experiments for
Asp, His, Cys, and Lys. For all of the titrations, the error in the pK value
from fitting the experimental data to Equations 1 or 2 was <0.03.
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and Warshel 1985; Yang et al. 1993; Antosiewicz et al.
1996; Sham et al. 1997; Schutz and Warshel 2001; Fitch
et al. 2002; Georgescu et al. 2002; Warwicker 2004). The
theoretical models used generally require unperturbed
pK values for the ionizable groups in proteins and the
(Nozaki and Tanford 1967) intrinsic pK values have been
used most often. (For a discussion of this subject, see
Russell and Warshel 1985) The pK values reported in this
paper were determined using a model system that is more
reasonable than those used in previous studies. In addi-
tion, identical conditions were used for all of our pK
measurements. Hopefully, it will speed progress in de-
veloping theoretical models to understand the factors that
determine pK values in proteins if the pK values reported
here are used in future studies.

Materials and methods

Peptides with the structure Ac-A-A-X-A-A-NH2 were synthe-
sized by manual, solid-phase Fmoc chemistry methods using
standard coupling and cleavage procedures. The N and C termini
of the peptides were blocked with acetyl and amide groups,
respectively, except in those cases where the unblocked peptides
were constructed to measure the pKs of the N-terminal and C-
terminal groups. The peptides were purified using reversed-
phase liquid chromatography and their identity confirmed by
MALDI-TOF mass spectrometry.
The pK of the group of interest was determined by potenti-

ometric titration as previously described (Nozaki and Tanford
1967; Huang and Bolen 1995), with minor modifications. The
conditions were 0.1 M KCl at 25°C. The titrations were
performed with constant stirring in a sealed, jacketed titration
vessel from Metrohm (Brinkman Instruments), maintained
under a CO2 free N2 atmosphere. The instrumentation included
a Hamilton MicroLab 500 syringe pump (Hamilton, Co.), a
Corning Model 450 pH meter (Corning Inc.), and a Beckman
Futura pH electrode (Beckman Instruments). A computer program
was developed in-house to control the titration system. Two or
three independent titrations of the solvent blank and peptide
solution were performed.
The mol of H+ bound per mol peptide was plotted versus pH,

and a nonlinear, least-squares method was used to fit the data
with this form of the Henderson-Hasselbalch equation:

y ¼ ð10ðpKa�pHÞÞ
ð1þ 10ðpKa�pHÞÞ ð1Þ

The same data were similarly analyzed using the following
equation so that the Hill coefficient for proton binding or release
could be determined (Markley 1975):

y ¼ ð10nðpKa�pHÞÞ
ð1þ 10nðpKa�pHÞÞ ð2Þ
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