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a b s t r a c t

In the study of 1:1 binding by isothermal titration calorimetry, reagent concentration errors are fully
absorbed in the data analysis, giving incorrect values for the key parameters—K, DH, and n—with no effect
on the least-squares statistics. Reanalysis of results from an interlaboratory study of a selected biochem-
ical process demonstrates that concentration errors are likely responsible for most of the overall statis-
tical error in these parameters. The concentration errors are approximately 10%, greatly exceeding
expected levels. Furthermore, examination of selected data sets reveals a surprising sensitivity to the
baseline, suggesting a need for great care in treating dilution heats.

� 2011 Elsevier Inc. All rights reserved.
Isothermal titration calorimetry (ITC)1 is widely used to study
complexation and binding, with one of its strongest assets being
the unique ability to yield estimates of all key thermodynamic quan-
tities—DH�, DG�, and DS�—from an experiment at a single tempera-
ture [1]. For 1:1 binding, M + X ¢ MX, commercially available
instruments can produce results with approximately 1% relative
standard error for the three key parameters: the binding enthalpy
DH, the equilibrium binding constant K, and the stoichiometry
parameter n [2]. However, systematic errors can lead to inaccuracies
that exceed the least-squares estimated precisions. Among these are
the cell volume V0 (�5%) [3], the heat calibration (�1%) [4], and
other problems of varying significance (e.g., baseline errors, gas bub-
bles, PV work, sorption, corrosion) [5]. In an interlaboratory study of
the enzyme–inhibitor process, bovine carbonic anhydrase II (CA
II) + 4-carboxybenzenesulfonamide (CBS), Myszka and coworkers
found overall relative standard deviations for the three parameters
of approximately 20%, exceeding the individual precision estimates
by a factor of 10 [6]. They suggested that concentration errors were
the likely cause and presented spectrophotometric results that sup-
ported this claim. In the current work, we have conducted a new
analysis of their results that strongly supports this interpretation,
indicating concentration errors in both reagents on the order of
10% across the 14 laboratories where the experiments were done.
Because such errors should be significantly less than this if care is
used in solution preparation, we believe that this situation warrants
attention.
ll rights reserved.
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In an ITC experiment, the reagent that is more limited with re-
spect to some combination of availability, cost, solubility, and
quantitative characterization is usually placed in the sample cell
(titrand M), and the other reagent is loaded in the syringe (titrant
X). In standard analysis algorithms, the parameter n is associated
with the cell reagent, where it serves to correct the stated concen-
tration [M]0 and absorb errors in the cell volume V0, both in accord
with the assumed stoichiometry of the reaction [3]. This means
that the accuracy of the estimates of K and DH is totally reliant
on an accurate concentration [X]0 for the titrant. If the data from
an experiment are reanalyzed with the stated concentrations [X]0

and [M]0 scaled by factors f and g, respectively, K and DH change
by the factor 1/f, whereas n changes by the factor f/g—with identi-
cal least-squares fit statistics and residuals [7].

With this dependence in mind, we ask whether the results re-
ported in Table 3 of Ref. [6] might yield single overall estimates
of K and DH through application of titrant concentration scale fac-
tors f for the individual experiments. This could be done if all
experiments yielded the same ratio of K/DH, but a quick check
shows that this is not the case. On the other hand, there is enough
similarity in these ratios to suggest that this approach might ex-
plain much of the interlaboratory variability. So, instead we ask,
how much can we improve the global precisions for K and DH by
adjusting the stated [X]0 for each experiment?

To address this issue, we first examined the displayed data in
Fig. 4 of Ref. [6] and concluded that results 2, 8, and 14 exhibited
pathologies severe enough to justify exclusion. For the other 11
data sets, we then used information in Tables 2 and 3 in Ref. [6]
to generate synthetic enthalpograms as heat qi for each injection
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Fig.1. Concentration correction factors f and g and sum of weighted square
residuals WSQ from the current global analysis displayed as functions of the
participant number in Ref. [6]. Connecting lines are included as a visual aid and
have no other significance.

Fig.2. ITC parameters from Ref. [6] before (A) and after (B) adjustment with the
concentration scale factors (units kcal/mol for DH and 106 L/mol for K). The sums of
weighted squared residuals (v2) dropped from 2879 to 67 for DH and from 129 to
68 for K. From the adjusted values, the best estimates are�11.11(4) kcal/mol for DH
and 1.08(4) � 106 L mol�1 for K. Note: 1.08(4) = 1.08 ± 0.04.
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i—a form analogous to that shown in the lower half of each frame
in Fig. 4 of Ref. [6].2 The data in the different sets were assigned
weights based on the reported parameter standard errors (Table 3
of Ref. [6]).3 Then all 11 data sets were refitted to a four-parameter
model—K, DH, n, and f—with K and DH fixed globally but n and f ad-
justed for each data set. This computation was repeated with adjust-
ment of K and DH until the cumulative sum of weighted squared
residuals (WSQ) achieved a minimum. This minimum yielded the
best estimates of K and DH and the 11 pairs of n and f values. Under
the assumption of a single ‘‘true’’ n = 0.94, which was the average
found in Ref. [6] and also from extensive calibration experiments
on a MicroCal model VP-ITC [4], these n values were then converted
to concentration scale factors g for the titrand.

This exercise yielded K = 1.057 � 106 L/mol, DH = �11.17 kcal/
mol, and a cumulative WSQ of 50.8. The latter represents a sort
of residual variance not explained by the model. (It would be zero
if all data sets could be brought into exact agreement.) By compar-
ison, when this computation was run with the same K and DH but
with all f values frozen at unity, the cumulative WSQ was 2912, lar-
ger by a factor of 57. In short, the apparent discrepancies among
the results in Table 3 of Ref. [6] are largely removed by application
of concentration correction factors to the reagents.

Results for f, g, and WSQ are illustrated in Fig. 1. The averages
for f and g are 0.97 and 0.99 with standard deviations 0.09 and
0.08, respectively. A slightly different perspective is obtained by
applying these f and g values to the original K, DH, and n from
Ref. [6], yielding the results shown in Fig. 2. From the caption,
the adjustment massively decreases WSQ (here v2) for DH, but
much less so for K. This is because the K values are determined
with lower relative precision, so the adjustment is much less sen-
sitive to them than to DH.
2 We were informed by the first author of Ref. [6] that the original data are not
available; however, this lack is only an inconvenience for the current analysis.

3 The exact data were first fitted to the standard three-parameter model assuming
that r = 1 for each qi, yielding parameter standard errors from the a priori V matrix,
which does not vanish for exactly fitting data [8]. Because the parameter standard
errors scale with the data error r, we could then adjust r to match the reported
parameter errors. For example, if r = 1 yields rn = 0.014, whereas the reported value
in Ref. [6] is 0.007, the corrected data error is r = 0.5 and the weight is 1/(0.5)2 = 4. In
fact, we used just the stated errors on n for this purpose and then checked whether
the other two were reasonably close. The other assumption here is that all analyses
behind the results in Ref. [6] employed unweighted least squares, which is the default
choice for the standard algorithms. (Weights are needed here to treat the data
collectively.)
Myszka and coworkers identified concentration errors from the
strong correlation between the derived DH values and the esti-
mated molar absorptivities e for the titrant (CBS) from the different
laboratories at 272 nm (Fig. 6 in Ref. [6]). Assuming that these e
estimates were obtained by measuring absorbance A for a 1-cm
cuvette, we have
eapp ¼ A=Capp ¼ Af=Ctrue ¼ etruef ; ð1Þ
where the subscript ‘‘app’’ signifies apparent and C is concentration.
Regression of our f values on eapp supports this relationship: The
intercept is statistically insignificant, and the fit to beapp yields
e272,true (= 1/b) = 1342(20) L mol�1 cm�1.

If concentration errors accounted for all of the variability in K
and DH, the v2 values given in Fig. 2B would be approximately
10, a factor of 7 smaller than that found. This means that there
are additional sources of systematic error. The large WSQ values
for data sets 1, 4, 5, and 11 in Fig. 1 prompted us to examine some
of these in more detail. On fitting data for sets 1 and 11, obtained
by digitizing the plots in Fig. 4 of Ref. [6], we needed to include a
fourth adjustable parameter Dq for a baseline offset to reproduce
the reported values. Furthermore, the results for DH and K were
remarkably sensitive to this parameter. For set 1, the offset
amounted to only 1.4% of the maximum heat in the first few injec-
tions, yet fixing it at zero changed DH by 2.5% and K by 11%. For set
11, the offset was more significant at approximately 11% of maxi-
mum; concomitantly, neglecting it altered DH by 20% and K by a
whopping 50%.

In summary, researchers working with ITC must be mindful
of systematic errors from poorly defined titrant concentrations
and baselines. It should normally be possible to prepare titrant
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solutions with concentration uncertainties below 1% by paying
attention to the precision-limiting aspects of all operations.4,5 If
large concentration uncertainties are unavoidable, researchers
should include these in their reported errors, which can be done
by adding the percentage uncertainties in quadrature and taking
the square root.6 (For example, 3% titrant concentration uncertainty
with 1% and 3% uncertainties in DH and K, respectively, will lead to
overall uncertainties of 3.2% and 4.2%). Similarly, baselines must be
treated with care. Dilution heats often are both significant and
variable, invalidating the use of a compensating constant in the fit
model. The variability is especially obvious when ionic titrants are
injected into cells holding solution of different ionic strength [2,4].
Subtraction of the blank injection heats—obtained by running the
experiment without M in the cell—is essential in such cases and can
correctly account for most of the dilution effect [9]. In experiments
with buffers, dilution heats should be minimal when the syringe
and cell solutions are adjusted to common ionic strength. Cases that
do not fit these patterns may require modification of the fit model
beyond adding a constant [2,9]. At all times, dilution effects should
be examined and their treatment should be stated clearly.

ITC experiments take time to set up and run. For most of the 14
experiments in Ref. [6], the run time alone was approximately 3 h,
an amount that can become significant when many similar exper-
iments are required. One of us has shown previously that, contrary
to intuition, better precision is achieved with fewer injections
rather than more, which clearly also improves throughput [7–
10]. A protocol involving just 10 injections has been recommended
for 1:1 processes, with adjustment of the titration range using

Rm ¼ ð6:4=c0:2Þ þ ð13=cÞ or Rm ¼ 1:1minimally; ð2Þ

where c = K[M]0 and Rm is the total X/M ratio after the last (mth)
injection. Although the experiments in Ref. [6] were done before
4 Replicate experiments run with a single set of stock solutions will not manifest
concentration errors in their statistics, nor will experiments with individually
prepared solutions reveal the bias that results from a repeated procedural error in
their preparation.

5 If for some reason the reagent that is preferred as titrant M is also easier to
prepare to a known concentration, the analysis algorithm can be altered to
incorporate the stoichiometry parameter n with the titrant concentration [X]0

instead of with [M]0. However, in that case the cell volume V0 must be known reliably,
whereas in the standard algorithms errors in V0 are compensated by n [3].

6 The least-squares parameter uncertainties and titrant concentration uncertainties
are essentially independent, so their variances add to give this result.
these results were known, most researchers today still follow stan-
dard manufacturers’ recommendations—25–30 injections to Rm � 2.
These procedures are often far from optimal and needlessly limit
precision and productivity.
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