
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Direct Determination of Thiol pK
a

 by Isothermal Titration Microcalorimetry
Stephen G. Tajc, Blanton S. Tolbert, Ravi Basavappa, and Benjamin L. Miller

J. Am. Chem. Soc., 2004, 126 (34), 10508-10509• DOI: 10.1021/ja047929u • Publication Date (Web): 06 August 2004

Downloaded from http://pubs.acs.org on April 1, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 3 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja047929u


Direct Determination of Thiol p Ka by Isothermal Titration Microcalorimetry

Stephen G. Tajc,† Blanton S. Tolbert,† Ravi Basavappa,*,† and Benjamin L. Miller*,†,‡

Department of Biochemistry and Biophysics and Department of Dermatology, UniVersity of Rochester,
Rochester, New York 14642

Received April 9, 2004; E-mail: benjamin_miller@futurehealth.rochester.edu; ravi_basavappa@urmc.rochester.edu

The pKa values of ionizable groups in molecules are critical
determinants of their structure and activity. However, reliable
determination of the pKa is often difficult. Traditional methods used
to determine pKa values rely on spectroscopy or potentiometry.
Since molecules tend to have a solubility minimum at their pKa,
this limitation undermines measurement at precisely those condi-
tions that are of most interest. Under some circumstances, mixed
solvent systems can be employed, but this can require a laborious
search for appropriate solubilizing conditions and requires math-
ematical extrapolation of the data to zero organic solvent content
for the estimation of aqueous phase pKa.1 The spectroscopic
approach to pKa measurement is usually performed by UV
absorption or NMR spectroscopy. The former technique requires
the presence of a chromophoric center, while the latter requires
expensive and sophisticated instrumentation and is labor intensive.
An alternative, more general method for pKa determination clearly
is needed. To that end, we describe herein the novel use of
isothermal titration calorimetry (ITC) to accurately and reproducibly
measure pKa values of small molecules.

Since its inception, ITC has become a popular method for
definitively measuring equilibrium constants (Keq) and associated
thermodynamic parameters and more recently has been used in the
study of enzyme kinetics.2 The basic premise of ITC is to monitor
the time derivative heat change resulting from a chemical event
such as ligand binding, a conformational change, dissolution, bond
formation/cleavage, and ionization. Integration of the resulting data
with respect to time allows the generation of the isotherm for the
reaction and extraction of full thermodynamic parameters for the
system. A major advantage of ITC is that it is not limited to soluble
systems but is equally effective in monitoring reaction heats in
suspensions.

Due to its ability to monitor heats of ionization, ITC has been
used to infer pKa values of reactive residues of enzyme:substrate
complexes by monitoring the∆Hbinding as a function of pH and
buffer composition.3 This approach is indirect and requires the
utilization of multiple buffering systems with varied enthalpies of
ionization. Comparable to measuring∆Hbinding as a function of pH,
other researchers have exploited the pH dependence of the
association constant,Ka.4 This approach is likewise not a direct
measurement of the pKa value of a particular group but is rather a
global effect of multiple ionizable species on the binding affinity.

Our approach uses ITC to monitor directly the covalent reaction
of a specific reagent with an ionizable group as a function of pH.
To test our approach, we used thiol as the ionizable group since
thiols are of tremendous importance in pharmaceutical chemistry
and since their pKa values can vary dramatically depending on their
particular chemical environment. For the thiol-specific reagent, we
used iodoacetamide,5 which reacts with the ionized (thiolate) form
of the thiol to produce a thioether.6 This approach avoids the

inherent limitations associated with spectroscopic techniques and
in practice should be extendable to low-solubility systems.

To determine pKa, we used the ITC instrument in single-injection
mode. In this mode, sufficient iodoacetamide is introduced into the
sample cell in a single injection to saturate all thiolate groups. The
single-injection method is often used for kinetic analysis with ITC.2

Analysis is straightforward since the time derivative of heat change
(dQ/dt) is proportional to the reaction rate. The maximum absolute
value of dQ/dt is then proportional to the initial reaction rate, which
due to the law of mass action is proportional to the initial
concentration of thiolate.

To test this approach in the context of the thiol group in free
cysteine, 1.0µL of 300 mM iodoacetamide was injected into 250
µM L-cysteine at pH values ranging from 7.00 to 9.50 in a triple-
buffer system consisting of 50.0 mM AMPSO, 50.0 mM NaP, and
50.0 mM NaPP7 (Figure 1). The maximum absolute value of dQ/
dt, denoted as (dQ/dt)max, was measured for each pH value. These
values were corrected for dilution and buffer ionization effects by
subtracting the (dQ/dt)max obtained in the absence of cysteine in
the sample cell. The corrected (dQ/dt)max values produce a classic
titration profile when plotted as a function of pH (Figure 2). The
experiment was repeated using cysteine concentrations of 400 and
500µM. These also yielded the expected titration profile. The pKa

value can be calculated using eq 1, in which (dQ/dt)max,lowand (dQ/
dt)max,high are the asymptotic values of (dQ/dt)max at low and high
pH values, respectively. This equation follows directly from the
Henderson-Hasselbach relation. Nonlinear least-squares fitting of
the data at the three different cysteine concentrations to this equation
yields a pKa value of 8.22( 0.16, which is in very good agreement
with the range of pKa values 8.3( 0.2 reported in the literature.8
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Figure 1. Calorimetric thermograms for the injection of 1.0µL of 300
mM iodoacetamide into 250µM L-cysteine at varying pHs (9.5, 9.0, 8.5,
8.0, 7.5, 7.0 from the lower to upper curves).

(dQ/dt)max,obs)

(dQ/dt)max,low +
(dQ/dt)max,high- (dQ/dt)max,low

1 + 10(pKa-pH)
(1)
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To corroborate our results, we determined the pKa of identical
samples of cysteine at 250µM using an independent method, based
on the differential absorption of light by the thiolate versus the
thiol at 240 nm.9 Comparison of the thiolate concentration as a
function of pH using ITC and absorption at 240 nm gives titration
profiles that are in excellent agreement (Figure 3; pKa ) 8.22 by
ITC, 8.26 byA240). Importantly, the relationship between (dQ/dt)max

and thiolate concentration (as measured byA240) is linear (Figure
3, inset), which experimentally validates our assertion that (dQ/
dt)max and the thiolate concentration are linearly proportional.

To provide an additional demonstration of this method we
employed ITC to determine the pKa of glutathione (L-γ-glutamyl-
L-cysteinylglycine). The pKa of the central cysteine residue of
glutathione has been reported to be 9.2( 0.15.10 Using the same
methodology described for theL-cysteine experiments, a 1.0µL
injection of 500 mM iodoacetamide was titrated into 500µM
glutathione in a pH range of 8.00 to 10.50 in the triple-buffer
system. After subtracting the heats of dilution and ionization from
the control experiments, the cysteine residue on the glutathione was
found to have a pKa of 9.42 ( 0.17 via ITC (Figure 2b). Like
cysteine, the glutathione pKa was also found to be independent of
concentration.

Finally, to verify that this method would be suitable for pKa

determinations in proteins, we examined the human mitotic-specific
ubiquitin-conjugating enzyme UbcH10.11 UbcH10 has two cysteine
residues, one at the active site (C114) with a presumably low
pKa and a buried cysteine (C102). We targeted the latter residue,
titrating the protein through a pH range of 8.5 to 11.2. As shown
in Figure 4, the ITC method allows us to establish a lower bound

for the C102 thiol pKa of 10.75. Measurement at pH much above
11.2 is difficult due to protein denaturation. The high pKa value of
the buried cysteine is expected due to its low dielectric environment
and is in good agreement with that of the buried cysteine (C35) in
thioredoxin.12

We have shown that determining thiol pKa values via ITC is
practical and straightforward for a variety of molecules from small
molecules to oligopeptides to proteins. In the case of proteins with
multiple cysteine residues, the cysteine residues of catalytic
importance and hence functional interest typically have pKa values
that are lower than that for free thiol.13 Thus, deconvolution of the
titration of several thiols to yield the pKa value of interest should
be straightforward.

In conclusion, we have demonstrated a novel application of ITC
to the measurement of pKa values. This approach extends the
conventional use of ITC into a new regime that would be beneficial
for many researchers in diverse areas, including organic synthesis,
drug development, and protein functional characterization. Exten-
sion of this technique to other ionizable groups should be feasible,
and efforts in that direction are in progress.
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Figure 2. (a) ITC results for the injection of iodoacetamide intoL-cysteine
at various concentrations (250, 400, and 500µM, from the lower to upper
curves). (b) ITC result of the injection of 1.0µL of 500 mM iodoacetamide
into 500µM glutathione at various pH ranges.

Figure 3. (a) Plot of 250µM L-cysteine absolute (dQ/dt)maxvs pH measured
by ITC, fit to eq 1. (b) Plot of 250µM L-cysteine vs pH measured by UV
A240, fit to a sigmoidal curve. (c) Plot ofA240 vs (dQ/dt)max; R ) 0.992.

Figure 4. pKa determination for C102 of UbcH10.
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