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ABSTRACT: Determination of affinities and binding sites
involved in protein−ligand interactions is essential for
understanding molecular mechanisms in biological systems.
Here we combine singular value decomposition and global
analysis of NMR chemical shift perturbations caused by
protein−protein interactions to determine the number and
location of binding sites on the protein surface and to measure
the binding affinities. Using this method we show that the
isolated AD1 and AD2 binding motifs, derived from the intrinsically disordered N-terminal transactivation domain of the tumor
suppressor p53, both interact with the TAZ2 domain of the transcriptional coactivator CBP at two binding sites. Simulations of
titration curves and line shapes show that a primary dissociation constant as small as 1−10 nM can be accurately estimated by
NMR titration methods, provided that the primary and secondary binding processes are coupled. Unexpectedly, the site of
binding of AD2 on the hydrophobic surface of TAZ2 overlaps with the binding site for AD1, but AD2 binds TAZ2 more tightly.
The results highlight the complexity of interactions between intrinsically disordered proteins and their targets. Furthermore, the
association rate of AD2 to TAZ2 is estimated to be 1.7 × 1010 M−1 s−1, approaching the diffusion-controlled limit and indicating
that intrinsic disorder plus complementary electrostatics can significantly accelerate protein binding interactions.

■ INTRODUCTION
Proteins interact with a variety of ligands, including other
proteins, DNA, and small molecules, at a single site or multiple
sites on their surfaces. Determination of the affinities and
binding sites involved in protein−ligand interactions is essential
for understanding molecular mechanisms in biological systems.
Heteronuclear NMR spectroscopy has been widely used to
identify binding sites and to determine binding affinities by
monitoring chemical shift perturbations that accompany
complex formation.1,2 However, the method has been applied
mostly to one-site binding processes, and more complicated
binding phenomena have rarely been studied quantitatively by
NMR titrations. Since NMR is an extremely powerful technique
for obtaining structural insights into protein−ligand inter-
actions, development of a method to analyze quantitatively the
chemical shift perturbations associated with multiple binding
events will have a significant impact on molecular biology and
biochemistry.
Two alternative approaches that are potentially applicable to

the quantitative analysis of chemical shift perturbations are
singular value decomposition (SVD) and global analysis. SVD
is a multivariate analysis used to estimate the number of

meaningful components, such as the number of binding sites,
necessary for explaining the observed data set, and to remove
the contribution of noise to experimental data.3,4 However, it
cannot provide information on affinities and binding sites. On
the other hand, global analysis can provide reliable solutions for
the affinities and locate binding sites by fitting multiple data sets
simultaneously to a given physicochemical model.4,5 Although
global analysis fails if a fitting model is not reasonable, an appro-
priate physicochemical model can be inferred from the number of
the binding sites provided by SVD. Therefore, the combination of
SVD and global analysis is a powerful method for analyzing
experimental biochemical and biophysical data.
The combined SVD/global analysis method has been applied

to analyze structural transitions of proteins monitored by
circular dichroism, fluorescence, absorption, and small-angle
X-ray scattering.4,6−8 However, relatively few studies have utilized
SVD for heteronuclear NMR.9−11 SVD has been applied to
analyze chemical shift perturbations associated with the pH-
dependent conformational transitions of a protein, but without an
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accompanying global analysis.11 Here, we apply a combination of
SVD and global analysis to study two-site protein−protein inter-
actions measured by heteronuclear single-quantum correlation
(HSQC) titrations.
As an example, we consider binding of the isolated AD1

(residues 13−37) and AD2 (residues 38−61) subdomains of
the tumor suppressor p53, derived from the N-terminal
transactivation domain (TAD), to the transcriptional adapter
zinc finger 2 (TAZ2) domain of cyclic-AMP response element
binding (CREB)-binding protein (CBP).12 Direct interactions
between TAZ2 and the p53 TAD are essential for activation of
transcription from p53-responsive genes.13,14 The AD1 and
AD2 regions are intrinsically disordered but form stable helical
structures upon binding to target proteins.15,16 Combined SVD
and global analysis of NMR titration data reveals that the AD1
and AD2 subdomains each bind at two distinct sites on the
surface of TAZ2 and that AD2 has much higher affinities than
AD1, with dissociation constants for primary and secondary
binding, Kd1 and Kd2, of 32 nM and 10.2 μM, respectively. To
validate this small Kd1 value, we performed extensive
simulations by generating titration curves and line shapes
with wide ranges of values for Kd1 and Kd2. We find that Kd1 in
the 1−10 nM range can be determined accurately by NMR
titrations, provided the secondary binding process is sufficiently
tight and is coupled to the primary binding. We also find by
line shape analysis that the association rate of AD2 to TAZ2 is
1.7 × 1010 M−1 s−1, approaching the diffusion-controlled limit.
This suggests that intrinsic disorder in the presence of favorable
electrostatic interactions can significantly accelerate protein
binding interactions.

■ RESULTS

Singular Value Decomposition (SVD). For independent
multisite protein−protein interactions, the observed 1H or 15N
chemical shift, δobs, can be represented by a linear combination
of basis chemical shifts,

δ = δ + δ + δ + ··· + δ− −p p p p n nobs F F B1 B1 B2 B2 B 1 B 1

(1)

where δF and δBi (i = 1, 2, ..., n− 1) are the 1H or 15N chemical
shifts for the free form and for the bound form in which only
the i-th binding site is occupied, respectively, and pF and pBi
(i = 1, 2, ..., n− 1) are the fraction of the free form and the
occupancy of the i-th binding site, respectively. SVD analysis of
a series of HSQC titrations can determine the number of the
binding sites (n− 1) involved in the system if the n species are
spectrally distinguishable (see Supporting Information for
details).3

We performed an HSQC titration in which the unlabeled
p53 AD1 peptide was added incrementally to 15N-labeled
TAZ2 (Figure 1a and Figure S1a (Supporting Information)).
The cross peaks in the spectrum of the TAZ2 domain shift in
fast exchange and exhibit curvature, indicating the presence of
at least two binding modes. To estimate the number of binding
sites, we performed SVD of the raw chemical shift data set (see
Materials and Methods for details). In SVD analysis, the
number of non-noise components is estimated by taking into
account (1) the significance of singular values, (2) the smooth
shape (i.e., high autocorrelation) of the vi vectors, which are
related to the occupancies of the binding sites, and (3) a small
root-mean-square deviation (rmsd) between the reconstructed
and raw data sets.6,8 For the 15N-TAZ2 titration with AD1, the

first three components have significantly large singular values
(Figure 2a), and their corresponding vi vectors have smooth
shape and high autocorrelation (Figure 2a,b). The spectral data
set reconstructed using only the three components is essentially
the same as the raw data set with an rmsd of 0.007 ppm, and
inclusion of additional components does not significantly
improve the rmsd (Figure 2a). Thus, the SVD analysis indicates
the presence of three non-noise components. According to
eq 1, one of the non-noise components represents the spectrum
of the free form of TAZ2. Thus, the presence of two additional
non-noise components indicates that there are two AD1 binding
sites on TAZ2.

Local vs Global Analysis. Accordingly, we analyzed the
HSQC titration curves (Figure S2) assuming a two-site binding
model (Scheme 1), where F is the free form of TAZ2, B1 and
B2 are the singly bound forms in which only the primary (high
affinity) site or the secondary (low affinity) site is occupied by
p53, respectively, B12 is the doubly bound form, and L is the
free form of the p53 subdomain (see Materials and Methods for
details). Kd1, kon1, and koff1 are the equilibrium dissociation
constant, the association rate, and the dissociation rate for
primary binding, respectively, and Kd2, kon2, and koff2 are those
for secondary binding. Correction for protein concentration
was implemented in the fitting, because accurate determination
of protein concentration is crucial for obtaining reliable fits.
Fitting each titration curve independently (i.e., local fitting)
did not give reliable Kd values; only the curves with large
chemical shift changes gave reasonable fits but with large scatter
(Figure S3a,b and Table 1). When we used the noise-filtered
data set that was reconstructed using only the three non-noise

Figure 1. Portions of the 1H−15N HSQC spectra of (a) TAZ2
showing chemical shift changes upon titration with p53 AD1(13−37)
and (b) p53 AD1 showing chemical shift changes upon titration of
TAZ2. The cross-peak color changes gradually from black (free) to
magenta (bound) according to the concentration ratio.
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components, many curves fitted better to the two-site binding
model, especially when a concentration correction was imple-
mented (Figure S3c,d and Table 1). However, the Kd values
were still scattered and had large standard deviations.
On the other hand, fitting all titration curves globally (i.e.,

global fitting) gave reliable estimates of Kd1 and Kd2 with smaller
errors (Table 1). Here, dissociation constants and a concentration
correction factor are common for all curves, but the chemical shift
differences between the free and the bound forms differ for each
curve. All 1H and 15N titration curves were fitted well to the
common Kd values (Figure S2). Thus, global fitting is effective in
accurately estimating dissociation constants. The use of the noise-
filtered data set in the global fit with concentration correction
further improved the model fitting and gave Kd1 and Kd2 of 24
and 164 μM, respectively, with smaller errors (Figures 3a and S4,

and Table 1). Taken together, the global fit of titration curves
after noise filtering is the most effective way of estimating accurate
dissociation constants from HSQC titration experiments.
In addition to the dissociation constants, the global fit also

gives the 1H and 15N chemical shift differences between the free
and the bound forms for both primary and secondary binding
(Figure S5). Effects of binding events on each residue are
represented by an average chemical shift difference, Δδav =
[(ΔδH)2 + (ΔδN/5)2]1/2 (Figure 3b).17 For the primary binding,
a large chemical shift difference was observed especially for
Val1802, Leu1823, and Leu1826 (Δδav > 2 × standard deviation
(SD) from the mean). On the other hand, the secondary binding
largely affected Ala1825, Cys1827, Tyr1829, and Lys1832. Mapping
these residues onto the NMR structure of TAZ2 shows that the
residues affected by the primary and secondary AD1 binding are
located at two opposite faces of TAZ2 (Figure 3c).

Complementary Titration. As an alternative way of
measuring the same binding events, we measured the HSQC
titrations of 15N-labeled AD1 with unlabeled TAZ2 (Figures 1b
and S1b). The AD1 peaks also show fast-exchange shifts and a
slight curvature, again indicating the presence of at least two
binding modes. The SVD analysis indicates the presence of
three non-noise components, one of which is the spectrum for
the free form of AD1 (Figure S6a,b). Thus, the data set re-
constructed using only the three non-noise components was
globally fitted with the two-site binding model to obtain Kd1 and
Kd2 of 38 and 263 μM, respectively (Figure S6c and Table S1).
Although the Kd values are consistent with those obtained

from the 15N-TAZ2 titration with AD1, they have larger un-
certainties. This is because the secondary binding event is less
prominent for the 15N-AD1 titration with TAZ2 compared with
the 15N-TAZ2 titration with AD1 (Figure S7). Thus, it is
preferable to titrate ligand (that binds at multiple sites) into
15N-labeled protein (that has multiple binding sites), in order to
estimate accurate Kd values for multisite binding.
To estimate chemical shift changes for 15N-AD1, the titration

curves were fitted using the Kd values obtained by 15N-TAZ2

Scheme 1. A Two-Site Binding Model

Table 1. Dissociation Constants Kd1 and Kd2 for Primary and
Secondary Binding of Unlabeled p53 AD1 with 15N-Labeled
TAZ2

method
data
seta correctionb

no. of
curvesc Kd1 (μM) Kd2 (μM)

local fit raw − 41 27 ± 27d 448 ± 788
local fit raw 1.0 ± 0.3 30 24 ± 26 345 ± 638
local fit SVD − 57 33 ± 14 225 ± 280
local fit SVD 1.1 ± 0.1 67 27 ± 14 126 ± 52
global fite raw − 148 31 ± 2 180 ± 7
global fit raw 1.029 ± 0.009 148 27 ± 3 177 ± 6
global fit SVD − 148 32 ± 2 169 ± 4
global fit SVD 1.071 ± 0.005 148 24 ± 1 164 ± 3
aThe data set used for fitting: the raw data set (raw) or the
reconstructed data set after noise filtering (SVD). bWith or without
(−) correction for the TAZ2 concentration. The correction factor, cP,
is given when the correction was implemented in the fitting. cFor local
fits, only the good fits in which both Kd1 and Kd2 are within 10−6−10−2
M and in which the fitting errors are smaller than the fitted values were
used in calculating the average and standard deviation of the Kd values
and the correction factor. The number of curves satisfying this criteria
is shown. For global fits, all curves showing clear fast-exchange shifts
were used for fitting. dStandard deviation. eFor global fit, errors were
estimated by the Monte Carlo error estimation method.

Figure 2. SVD analysis of the 15N-TAZ2 titration with unlabeled p53
AD1. (a) Blue bars show the singular values sorted in decreasing order
plotted in the logarithmic scale. Red circles show the rmsd (ppm)
between the raw data set and the data set reconstructed using the first
through i-th components (abscissa). Inclusion of all components
(1−17) for the data reconstruction results in the rmsd of 0, which is
not shown in the figure. Inset shows the autocorrelation of vi vectors
plotted against the component number. (b) The shape of vi vectors for
the first five components plotted against the number of titrations. The
first three components have smooth shape (thick lines with filled
circles), resulting in high autocorrelation.
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titration with AD1 (Table 1). Upon binding of p53 AD1 to
TAZ2, chemical shifts of residues 19−26 of p53 are affected
(Figure 4), suggesting that this region interacts with TAZ2.
TAZ2:AD2 Interactions. Next we performed the HSQC

titration of 15N-labeled TAZ2 with the unlabeled AD2 peptide
from p53 (Figure S8). The SVD analysis indicates the presence

of three non-noise components, one of which is the spectrum
for the free form of AD2 (Figure S9a,b; see Supporting
Information for details). Thus, the data set reconstructed using
only the three non-noise components was globally fitted to
the two-site binding model to get Kd1 and Kd2 of 32 nM and
10.2 μM, respectively (Table S2, Figures 5a and S10). The Kd1
value is close to the Kd for the binding of p53(13−61) to TAZ2
measured by fluorescence titrations (∼10−20 nM), supporting
the validity of this small value.18 Large chemical shift differences
were observed especially at Val1819, Ala1825, and Leu1826
for the primary binding and at Thr1806, Cys1827, Lys1832,
and Lys1838 for the secondary binding (Figure S9c). Although
the HSQC cross peaks for Val1802 and Leu1823 broadened
at higher ratios and were not used for the global fit, their
Δδav values at a 1:0.6 ratio were the seventh largest and the
largest among all residues, respectively, indicating that both
Val1802 and Leu1823 are greatly affected by the primary AD2
binding. The cross peak for Tyr1829 broadened above 1:2.5
ratios, but the chemical shift change between 1:1.0 and 1:2.5
ratios was the largest for Tyr1829 among all residues, indicating
that Tyr1829 is strongly affected by the secondary binding.
Mapping these residues onto the NMR structure of TAZ2
shows that the regions affected by the primary and secondary
AD2 binding are very similar to those for the AD1 binding
(Figure 5b).

Ranges of Accurate Kd1 and Kd2 Determined by NMR
Titrations. To accurately determine dissociation constants for
one-site binding processes from titration experiments, the protein
concentration should be close to Kd.

2 Given the relatively high
protein concentration typically used for NMR detection (ca.
100 μM or greater), it is difficult to determine Kd in the nano-
molar range for single-site binding by NMR titrations, although
the use of lower protein concentrations may expand the lower
limit of Kd in favorable cases (see Supporting Information for
details). In marked contrast, it is possible to accurately estimate a
Kd1 of less than 100 nM by NMR titrations for two-site binding,
even at high protein concentrations, because secondary binding
reduces the occupancy of the primary site.12 However, accurate
estimates of both Kd1 and Kd2 require that the primary and
secondary binding events are coupled; if the secondary binding
event is very weak, then the situation once again approximates to
a one-site binding event. Our previous simulations show that Kd1
of 10 nM−1 μM can be reliably obtained by global fit if Kd2 is
between 101- and 103-fold of Kd1 and that, if the dissociation rate

Figure 3. Global fitting of the noise-filtered titration curves for the
15N-TAZ2 titration with unlabeled p53 AD1. (a) Selection of the data
from the global fit of chemical shift changes of HSQC cross peaks of
15N-TAZ2 as a function of the concentration ratio of AD1/TAZ2.
Color codes are shown in the panel along with the residue number.
(b) Histograms of the averaged chemical shift differences Δδav for the
primary (upper) and secondary binding (lower). The black horizontal
line shows the mean of all Δδav (0.081 and 0.104 ppm for primary and
secondary binding, respectively). The residues are categorized into the
following groups: (red or blue) greater than or equal to mean + 2SD;
(orange or cyan) mean + 1SD to mean + 2SD; (yellow or pale green)
mean to mean + 1SD; and (gray) less than mean. (c) Mapping the
location of the residues having large Δδav onto the NMR structure for
the primary (upper) and secondary binding (lower). The color codes
are the same as in (b). Three zinc binding sites and four α-helices are
shown. Helix α1 corresponds to residues 1765−1785, α2 to 1794−
1806, α3 to 1818−1833, and α4 to 1842−1852.

Figure 4. Δδav histograms of the primary (left) and secondary binding
(right) obtained from the 15N-p53 AD1 titration with unlabeled TAZ2
using the Kd values obtained by the

15N-TAZ2 titration with AD1. The
TAZ2 concentration correction factor was 1.08 ± 0.01. The black
horizontal line shows the mean of all Δδav (0.251 and 0.286 ppm for
primary and secondary binding, respectively). The residues are
categorized as described in Figure 3b.
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is rapid enough such that resonances shift in fast exchange, even a
Kd1 of 1 nM can be measured if Kd2 is in the range 0.1−10 μM.12

To examine whether this conclusion holds when exper-
imental conditions are changed, such as the number of data
points, the maximum titrant/protein ratio, the protein
concentration, and the number of peaks used in the analysis,
we simulated titration curves by changing these conditions and
examined whether the Kd1 and Kd2 values used for simulation
can be reproduced by global fitting (Figure 6). Here, Kd1 and
Kd2 were set as multiples of 10 between 10−10 and 10−1 M
(Kd1 < Kd2), and chemical shift changes obtained for 15N-TAZ2
titration with AD1 (Figure S5) were used for simulations (see
Materials and Methods for details). First, we changed the
number of data points by fixing the maximum titrant/protein
ratio to 1:5. For example, the number of data points was 25
when the interval of titrations was 1:0.2. The fitting simulations
showed that the Kd1 of 10

−9−10−4 M was accurately reproduced
by global fitting if Kd2 was 10

1−103-fold of Kd1 (Figures 6a and
S11). On the other hand, when the interval of titrations was
1:1 and the number of data points was 5, only the Kd1 of
10−7−10−4 M was reproduced by global fitting (Figure S11).
Thus, the increase in the number of data points, i.e., the decrease
in the interval of titrations, improves fitting and widens the ranges
of sets of Kd1 and Kd2 that are accurately reproduced by global
fitting. Therefore, it is preferable to measure titration curves at an

interval of 1:0.2 (Figure 6a). Interestingly, the titration curves
with an interval of 1:0.5 also gave good estimates of Kd1 and Kd2
(Figure S11), probably because measurement at a 1:1 ratio is
important for accurate estimates. In our experiments, we measured
HSQC spectra at 1:0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.25, 1.5, 1.75, 2.0,
2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 concentration ratios (17 data points),
which are combinations of 1:0.2, 0.25, and 0.5 ratios. Thus, the
present simulations show the validity of the use of these ratios for
accurate estimates of Kd values. This set of concentration ratios was
used in the following simulations.
Changing the maximum titrant/protein ratio in global fitting

indicated that titration curves should be measured up to at least
1:2 ratio and, preferably, more than 1:3 ratio (Figures 6b
and S12). Protein concentration dependence on titration experi-
ments shows that lower Kds are accurately estimated at lower
protein concentrations and vice versa (Figures 6a,c and S13).
Finally, changing the number of peaks used in global fitting
indicated that the Kd values are more accurately estimated by
using more resonance peaks (Figures 6d and S14); the use of a
single peak (two curves from 1H and 15N chemical shifts) does
not give an accurate Kd1 in nM ranges, and the use of more than
20 peaks (40 curves) is preferable. With these points taken
together, it is possible to accurately estimate a Kd1 in nM ranges if
the primary and secondary bindings are coupled and if the above
criteria are satisfied. Our titration experiments fulfilled all these
criteria, demonstrating the accuracy of the Kd values for the
TAZ2:AD1/2 interactions.

Lower Limit of Accurate Kd1. An essential prerequisite for
this analysis is that the chemical exchange process is in the fast-
exchange regime. To estimate the Kd1 range showing fast
exchange, we simulated a series of one-dimensional 1H line
shapes for two-site binding at 1:0−1:5 concentration ratios,
taking into account kon and koff rates explicitly.

1H chemical shift
changes for primary and secondary binding were assumed to be
∼0.1 ppm, because the mean ΔδH values for the primary and
secondary binding of p53 AD1/2 with TAZ2 were 0.05 and
0.07 ppm, respectively. kon and koff were set as multiples of 10
between 104 and 1011 M−1 s−1 and between 10−2 and 108 s−1,
respectively. Combinations of kon1, kon2, koff1, and koff2 that
satisfy Kd1 and Kd2 of 10

−10−10−1 M (Kd1 < Kd2) were used to
calculate line shapes (see Materials and Methods for details).
For example, 336 combinations of rate constants satisfied a Kd1
of 1 μM, and 132 combinations among them showed fast
exchange throughout titrations from 1:0 to 1:5 ratios; in other
words, the fraction of fast exchange was 39% (=132/336) at a
Kd1 of 1 μM (Figures 7a and S15a). The simulations showed
that the fraction of fast exchange is 0% at a Kd1 of 0.1 nM,
increases with increasing Kd1, and finally reaches 100% at a Kd1
of more than 10−2 M (Figure 7a). The results indicate that a
Kd1 of 0.1 nM cannot be determined by NMR titrations, and
the lower limit of Kd1 determined by the present method is
1 nM. Note that the lower limit of Kd1 also depends on
chemical shift changes for the primary and secondary binding.
When the 1H chemical shift differences were assumed to be
∼0.4 ppm in the line shape simulations, close to the maximum
ΔδH for 15N-TAZ2 titrations with AD1 (Figure S5a), the lower
limit of Kd1 became 10 nM (Figure S15b). Therefore, the lower
limit of Kd1 that can be accurately determined by NMR titration
ranges from 1 to 10 nM, depending on the particular system.
In Scheme 1, we neglected an interconversion between the

B1 and B2 forms. However, it might be possible that the p53
AD1 or AD2 subdomain bound to one site of TAZ2 moves to
another site without dissociation as shown in Scheme 2, where

Figure 5. Global fitting of the noise-filtered titration curves for the
15N-TAZ2 titration with unlabeled p53 AD2. (a) Selection of the data
from the global fit of chemical shift changes of HSQC cross peaks of
15N-TAZ2 as a function of the ratio of AD2/TAZ2. Color codes are
shown in the panel along with the residue number. (b) Mapping the
location of the residues having large Δδav onto the NMR structure for
the primary (upper) and secondary binding (lower). The color codes
are the same as in Figure 3b, except that Val1802 and Leu1823 are
shown by magenta (upper) and Tyr1829 is shown by purple (lower).
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k12 and k21 are the rate constants for the interconversion from
B1 to B2 and from B2 to B1, respectively. The presence of the
interconversion may affect the chemical shift time scale. As
expected, line shape simulations based on Scheme 2 showed
that the presence of interconversion increases the fraction of
fast exchange (Figure 7b); more than 40% increase in the
fraction of fast exchange was observed at a Kd1 of 10

−8−10−6 M
(Figure 7c). Thus, fast exchange for a nanomolar dissociation
constant is not unrealistic, and our NMR titration analysis is
also applicable to the cases of tight binding phenomena
accompanied by rapid association/dissociation equilibrium.
kon and koff Rates for TAZ2:AD2 Interactions. To esti-

mate kon and koff that fulfill a small Kd1 of 32 nM for the TAZ2
interactions with AD2, we performed fitting of line shapes of a
series of titrations (see Materials and Methods for details).
Here, one-dimensional slices of cross peaks in the 1H
dimension were used (Figures 8 and S16), and Kd1 and Kd2
were fixed to 32 nM and 10.2 μM, respectively. Global fitting of
1H line shapes for many peaks gave a kon1 of (1.7 ± 0.2) ×
1010 M−1 s−1, which is extremely fast but not beyond the
diffusion-controlled limit (see below). koff1 was estimated to be
540 ± 80 s−1, which is reasonably fast to show fast-exchange
shifts. On the other hand, kon2 and koff2 for the secondary
TAZ2:AD2 binding were (7.1 ± 0.8) × 108 M−1 s−1 and 7200 ±
900 s−1, respectively. Thus, slower kon and faster koff compared
with the primary binding resulted in larger Kd2.

It should be noted that the fast kon1 obtained by line shape
analysis is not an artifact due to assumptions introduced in the
fitting, because a kon1 of 1010 M−1 s−1 is readily predicted as
follows. Fast-exchange shifts for TAZ2:p53 AD2 interaction
imply that koff1 ≥ 500 s−1.1 Here, Kd1 is 32 nM, suggesting that
kon1 = koff1/Kd1 ≈ 500/(32 × 10−9) ≈ 1.6 × 1010 M−1 s−1. Our
line shape analysis is fully consistent with this estimate.

■ DISCUSSION
p53 AD1 and AD2 Binding Sites on TAZ2. Primary

binding of the p53 AD1 peptide largely affects the chemical
shifts of the residues located on a hydrophobic surface at the
interface between the α1, α2, and α3 helices. This region
corresponds to the binding site previously identified by
chemical shift mapping using the p53(14−28) peptide.19 On
the other hand, secondary binding of AD1 affects residues
located on the opposite surface of TAZ2, composed mainly of
residues in the α1, α3, and α4 helices. Because these two
regions overlap with the binding sites of the STAT1-TAD20

and E1A,21 it is reasonable to consider that the large chemical
shift changes are due to direct interactions with AD1. The
chemical shifts of some residues that are distant from the
binding surfaces, such as Thr1806 and Lys1838, are also slightly
affected by the secondary binding process, probably due to
propagation of perturbations from the binding surfaces or local
conformational changes rather than direct binding (see

Figure 6. Dependence of accurate Kd1 and Kd2 ranges on (a) the number of data points (an interval of ratios), (b) the maximum titrant/protein ratio,
(c) the protein concentration, and (d) the number of peaks used in the analysis. Representative results are shown (see Figures S11−S14 for details).
Conditions of fitting simulations are described in each panel. The red, orange, and yellow squares and cross symbols show that both the fitting errors
and the differences between the fitted Kd and the input Kd used for generating the curves are less than 5%, 5−10%, 10−20%, and more than 20% of
the input Kd values, respectively. Gray circles and diamonds show that only Kd1 or Kd2 was accurately obtained by global fit, because the binding
events approached one-site binding at higher Kd2 or at lower Kd1, respectively. It should be noted that a Kd1 of less than 1 nM cannot be estimated by
NMR titrations, because such a tight binding does not show fast-exchange shifts (see Figure 7).
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Supporting Information for more discussion). Recently Feng
et al. have determined the NMR structure of the complex
between TAZ2 from p300 and the p53(2−39) peptide.22 The
structure is consistent with our chemical shift mapping results
in that Val1802, Leu1823, and Leu1826 of TAZ2 have direct
hydrophobic contacts with p53 and that residues 17−24 of the
p53 AD1 subdomain form an α-helix upon binding.
Comparison between the primary and secondary binding

sites indicates that the primary site is more hydrophobic than
the secondary site. This suggests that hydrophobic interactions
are important in stabilizing the TAZ2−p53 AD1 interactions.
Unexpectedly, the primary and secondary AD2 binding sites

on TAZ2 overlap with those for AD1 binding. However, there
is a slight difference between AD1 and AD2 binding. The
primary binding site of AD2 overlaps with that of AD1 at
Val1802, Leu1823, and Leu1826, but Val1819 and Ala1825 are
also affected by AD2, indicating binding to a broader TAZ2
surface. The reason why AD2 binds more tightly than AD1 may
be that highly negatively charged AD2 (−8.0) compared with
AD1 (−2.0) is more favorable for the electrostatic interactions
with the highly positively charged TAZ2 (+14.3).
Thus, AD1 and AD2 can bind to the same primary and

secondary binding sites. However, in the full-length p53 TAD,
AD1 and AD2 are connected by a linker, and it is unlikely that
both of them can bind simultaneously to the primary site of a
single TAZ2 molecule, considering the size of the binding site.
Since the affinity of AD2 for the primary site is significantly
higher than that of AD1 (Kd1 32 nM versus 24 μM), it is most
likely that AD2 occupies the primary binding site and the AD1
the secondary site in the binary complex between TAZ2 and
the full-length p53 TAD. In support of this, the titration of the
AD2 peptide into the 15N-AD1:TAZ2 (1:1) complex out-
competes the 15N-AD1, but the titration of the AD1 peptide
into the 15N-AD2:TAZ2 (1:1) complex only inefficiently
competes with the 15N-AD2, indicating that both AD1 and
AD2 bind the same high-affinity site on TAZ2 and that AD2
binds more tightly than AD1.

Extremely Fast Association Rate for TAZ2−p53
Binding. Previous studies have reported that a protein−protein
association rate can be larger than 109 M−1 s−1 (Table 2);23−27

the hydroxylated HIF-1α/TAZ1 association rate was shown to be
∼109 M−1 s−1.28 However, a kon larger than 1010 M−1 s−1 has not
yet been reported. To our knowledge, a kon of 1.7 × 1010 M−1 s−1

Figure 7. (a) Kd1 dependence of the fraction of fast exchange for
Scheme 1. Chemical shift changes were assumed to be ∼0.1 ppm.
Combinations of kon1, kon2, koff1, and koff2 that satisfy Kd1 and Kd2 of
10−10−10−1 M (Kd1 < Kd2) were used to calculate line shapes. Black
open squares show the counts of the combinations of rate constants
that produce the indicated Kd1 value. Red filled circles show the counts
of the combinations of rate constants that show fast-exchange shifts
throughout the titrations from 1:0−1:5 ratios. Green bars are the ratio
of these values, corresponding to the fraction of fast exchange at the
indicated Kd1 value. (b) The same as (a), except that the inter-
conversion between B1 and B2 is taken into account (Scheme 2). (c)
Increase in the fraction of fast exchange by the presence of the B1−B2
interconversion. The gray bar shows the ratio of the fraction of fast
exchange in the presence of the B1−B2 interconversion (Scheme 2) to
that in the absence of the interconversion (Scheme 1).

Scheme 2. A Two-Site Binding Model with an
Interconversion between B1 and B2

Figure 8. Series of 1H line shapes for Val1841 observed in the 1H−15N
HSQC titration of 15N-TAZ2 with unlabeled p53 AD2 in which
TAZ2:AD2 concentration ratios ranged from 1:0 to 1:5. The line
shape color changes from black (free) to magenta (bound) according
to the concentration ratio. Continuous lines are obtained from global
fitting of line shapes.
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for TAZ2 binding with p53 AD2 is the fastest association rate for
protein−protein interactions.
Although a diffusion-limited association rate was theoretically

estimated to be 109−1010 M−1 s−1 for two uniformly reactive
spheres with an equal size,29 the association rate for binding of
the p53 AD2 subdomain to TAZ2 is not exceptionally large if
the size, geometry, and charges of the two interacting molecules
are taken into account. First, an association rate can be faster if
one molecule is small and diffuses rapidly while the other is
large and provides a large target.29 Indeed, fast association
processes with a kon of >1010 M−1 s−1 have been reported
for the interactions between a protein and a small ligand
(Table 2).27,30,31 Second, for a molecule with rod-like geometry
(prolate ellipsoid), which can be adopted by nucleic acids, the
effective capture radius approaches the length of the major
semi-axis of the ellipsoid, leading to a higher association rate
than for a spherical molecule.29 Although intrinsically dis-
ordered proteins (IDPs) often have more compact structures
than chemically denatured proteins, they are more expanded
than molten globules.32−34 In accord with this, Wolynes and
co-workers have predicted on theoretical grounds that the
association rates of IDPs will be enhanced substantially by the
“fly casting” mechanism.35,36 However, a recent study has
suggested that a greater capture radius of an IDP also leads to
slower translational diffusion, which opposes fast association.37

Finally, particularly favorable, complementary electrostatic
interactions can accelerate binding reactions dramatically, giving
a kon range of 109−1011 M−1 s−1.26,38−43 Consistent with this,
association processes with a kon of ∼1010 M−1 s−1 have been
reported for protein−nucleic acid interactions (Table 2).44−46

The p53 AD2 motif fulfills these requirements: it is small, it
is intrinsically unstructured in its free form, and it has negative
charges that favor electrostatic interaction with the highly
positively charged TAZ2. Thus, a kon of 1.7 × 1010 M−1 s−1 is
within the range expected for binding processes of IDPs with
favorable electrostatic interactions (see Supporting Information
for more discussion). Among these requirements for fast associa-
tion, complementary electrostatics probably plays a major role in
determining the very rapid binding kinetics of the AD2 motif.
Accordingly, kon for the secondary AD2 binding process is slower,
because the second p53 AD2 molecule experiences a smaller

electrostatic driving force for binding after the reduction of the
net positive charge on TAZ2 due to binding of the first AD2
molecule.
In general, IDPs tend to be deficient in hydrophobic residues

necessary for folding and rich in charged residues, resulting in a
large net charge at neutral pH.34 Therefore, it is plausible that a
large net charge causes both intrinsic disorder and rapid
binding, suggesting that fast association is an intrinsic nature of
IDPs.
This fast association rate is comparable to the helix folding

rate. A relaxation time constant for helix folding is typically
0.2−2 μs.47 In our experimental conditions, the TAZ2 and p53
AD2 concentrations are on the order of 10−4 M. Here, the
binding rate constant is 106 s−1 (=1010 M−1 s−1 × 10−4 M),
which corresponds to 1 μs. This value is comparable to the
helix folding rate. The protein concentrations in vivo are much
lower than in our NMR studies, indicating that the binding
time constant is longer than 1 μs, within which helix formation
can occur. Therefore, even if the mechanism of TAZ2 recognition
by p53 AD2 is conformational selection,48 helix formation of AD2
can precede the TAZ2 binding reaction.

■ CONCLUSIONS
We have presented here a quantitative method to analyze two-
site protein interactions monitored by NMR chemical shift
perturbation. Our method extends the lower limit of Kd
determined by NMR to the 1−10 nM range under favorable
exchange conditions. The method is applicable not only for
protein−protein interactions but also for protein−ligand
interactions and for conformational changes in a single protein
molecule. Application of the method to the binding of IDPs
revealed the presence of two p53 AD1 binding sites on TAZ2.
Moreover, these sites overlapped with the site of binding of
AD2 on the hydrophobic surface of TAZ2, but AD2 binds to
TAZ2 more tightly than AD1. These results highlight the
complexity of the interactions between IDPs and their targets.
Thus, careful investigation of binding interactions is necessary
for understanding the molecular mechanisms involving IDPs
and “hub” proteins such as transcriptional coactivators. The
binding of AD2 to TAZ2 is extremely fast, approaching the
diffusion-controlled limit and suggesting that intrinsic disorder
plus complementary electrostatics can significantly accelerate
protein binding interactions.

■ MATERIALS AND METHODS
Protein Expression and Purification. Unlabeled and 15N-labeled

TAZ2 (residues 1764−1855) domain of mouse CBP and unlabeled
and 15N-labeled p53 AD1 (13−37) and AD2 (38−61) subdomains
were expressed and purified as described previously.12

NMR Spectroscopy. NMR spectra were recorded using Bruker
500, 600, and 800 MHz spectrometers and analyzed using NMRPipe49

and NMRView.50 Published backbone assignments for TAZ2 and p53
were used.12 1H−15N HSQC titrations were performed to characterize
binding of the TAZ2 domain to the p53 AD1 and AD2 subdomains.
Conditions were 20 mM Tris-HCl (pH 6.8), 50 mM NaCl, 1 mM
DTT, and 10% D2O at 35 °C. For 15N-TAZ2 titration with p53 AD2,
the initial concentration of 15N-TAZ2 was 200 μM, and aliquots of
concentrated p53 AD2 were titrated into the NMR tube. For 15N-
TAZ2 titration with p53 AD1 and for 15N-p53 AD1 titration with
TAZ2, the concentrations of 15N-TAZ2 and 15N-p53 AD1 were
200 μM throughout the titrations.

SVD Analysis. In the SVD analysis, the chemical shift data of each
HSQC spectrum were represented as a one-dimensional column vector

Table 2. Fast Association Rates for Protein−Protein,
Protein−Ligand, and Protein−Nucleic Acid Interactions

protein target kon (M
−1 s−1) ref

Protein−Protein
TAZ2 p53 AD2 1.7 × 1010 this study
barnase barstar >5 × 109 26
E9 DNase Im9 6 × 109 24
colicin E9 Im9 4 × 109 24
cytochrome peroxidase cytochrome c >3 × 109 25
TAZ1 HIF−OH 1.3 × 109 28
acetylcholinesterase fasciculin 1 × 109 27
thrombin hirudin ∼1 × 109 23

Protein−Ligand
acetylcholinesterase TFK+ 2−9 × 1010 27
fumarase fumarate 3 × 1010 30
superoxide dismutase superoxide 2 × 1010 31

Protein−Nucleic Acid
lac repressor operator DNA 2 × 1010 44
restrictocin rRNA 1.7 × 1010 46
RNase A RNA substrate 3 × 109 45
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that contains δH and δN values, d = {δH1, ..., δHi, ..., δHm, δN1, ..., δNi, ..., δNm},
where m is the number of peaks (or residues) used in the analysis, and
i (=1−m) is the peak number. Then, the HSQC spectra obtained by a
series of n titrations were represented as a 2m × n data matrix D, in
which the j-th column (D)j is given by the chemical shift vector d for
the j-th titration. The SVD algorithm expresses the data matrix in the
following form:

=D UWVT (2)

where U = (u1, ..., un) is a 2m × n matrix of orthogonal columns, which
form a complete set of n basis chemical shift vectors ui; W is a diagonal
n × n matrix of singular values sorted in decreasing order; and V =
(v1, ..., vn) is an n × n matrix whose elements measure the proportion of
each ui basis vector attributable to each of the singular values.

6 Equation 2
indicates that the chemical shift vector at any concentration ratio can be
expressed as a linear superposition of the orthogonal ui bases. In the ideal
case without noise, the rank of the matrix D corresponds to the number
of mathematically independent states. However, for real data with noise,
the number of non-noise components, nc, must be estimated by taking
into account (1) the singular values, (2) the shape and the autocorrelation
of the vi vectors, and (3) the rmsd of the SVD reconstruction.6,8 The i-th
singular value corresponds to the weight of the ui basis vector in
reconstituting the data matrix, and thus the large singular value indicates
the significance of the corresponding base. Because each vi vector is
described as a linear combination of pF and pBi, the vi vector corresponding
to a non-noise component should have a smooth shape and, consequently,
a high autocorrelation. The autocorrelation and shape of each ui basis
vector were not used for this purpose, because a one-dimensional chemical
shift vector, d, usually does not have a smooth shape and its auto-
correlation is close to 0 (Figure S17).
For independent multisite protein−protein interactions, the number

of non-noise components thus obtained corresponds to the number of
binding sites + 1 (for the free form) according to eq 1. To confirm that
the spectrum for the free form is one of the non-noise components, we
used a chemical shift difference referenced to the free form, Δδ =
δobs − δF, in constructing the one-dimensional chemical shift vector d
and then the data matrix D. The SVD results showed that the
number of non-noise components is reduced by 1, demonstrating that
the spectrum for the free form is indeed one of the non-noise
components.
After the number of non-noise components nc is determined, it is

possible to reconstruct the data set using only the non-noise
components and discarding the noise components. The component
reduction (noise filtering) is done by constructing the reduced U, W,
and V matrices using only the non-noise components, resulting in
2m × nc, nc × nc, and n × nc matrices, respectively. Then, back
calculation of the data matrix D using eq 2 provides the noise-filtered
data matrix, the use of which will increase the reliability of the
subsequent model fitting.
Binding Models. In the present study, interactions of the p53 AD1

and AD2 subdomains with the TAZ2 domain of CBP showed two-site
binding, according to the SVD analysis. In the subsequent global
analysis, we assumed an independent two-site binding model. In this
model, the TAZ2 domain of CBP exists in the free form (F), the singly
bound forms (B1 and B2) in which only the primary (high affinity)
site or the secondary (low affinity) site is occupied, respectively, and
the doubly bound form (B12). The p53 subdomain in the free form is
denoted as L. For a two-site binding model with no interconversion

between B1 and B2 (Scheme 1), the fractions of the F, B1, B2, and
B12 forms, f F, f B1, f B2, and f B12, respectively, are described as

=
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where Kd1 and Kd2 are the dissociation constants for the primary and
secondary binding, respectively, and [L] is the concentration of the
free form of AD1 or AD2, which is a solution of the following cubic
equation:
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where [P]tot and [L]tot are the total concentrations of TAZ2 and AD1
(AD2), respectively. The closed-form solution of eq 4 has been
reported:51
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When TAZ2 is 15N-labeled, the observed 1H and 15N chemical shift
difference referenced to the free form, Δδobs, is described as

Δδ = + Δδ + + Δδ
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where [B1], [B2], and [B12] are the concentrations of the B1, B2, and
B12 forms, respectively, ΔδFB1 and ΔδFB2 are the 1H or 15N chemical
shift difference between the free form and the B1 or B2 form,
respectively. On the other hand, when p53 AD1 is 15N-labeled, Δδobs is
described as
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For a two-site binding model in which the singly bound states B1 and
B2 interconvert (Scheme 2), eqs 3−7 and the following equation hold:
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Note that k12 and k21 cannot be determined by fitting the titration
curves because the fitting function is the same for both Schemes 1 and
2. However, the ratio of k12 to k21 can be obtained from Kd1 and Kd2
using eq 8.
Global Analysis. The titration curves monitored using both 1H

and 15N chemical shifts referenced to those of the free form, ΔδH and
ΔδN, respectively, were locally or globally fitted with the two-site
binding model (Scheme 1). In performing global fits, the dissociation
constants are common for all curves, but the chemical shift differences
between the free and the bound forms, ΔδFB1 and ΔδFB2, differ for
each curve. The fitting was done with an in-house fitting program
nmrKd written in Fortran using algorithms taken from Numerical
Recipes.52 Accurate determination of the protein concentrations is
crucial for obtaining reliable fits. Because TAZ2 concentration could
not be determined accurately by UV absorbance due to the presence
of DTT, concentration corrections were implemented in the fitting
program. Thus, [P]tot was replaced by cp[P]tot in the above equations,
where cp is a correction factor for the TAZ2 concentration and is set as
a variable during the fitting procedure. The concentration correction
led to improved fits. The global fit of 2m titration curves for m peaks
includes 4m + 2 adjustable parameters (or 4m + 3 when concentration
correction was performed).
Nonlinear least-squares fits with the Levenberg−Marquardt (LM)

algorithm were used to minimize a global X2:
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where 2m is the total number of titration curves, n is the total number
of titration points, yobs(i,j) and yfit(i,j) are observed and fitted chemical
shift differences at i-th curve and j-th titration point, respectively, and
σ(i,j) is a standard deviation of each data point, which works as a
weight of the data point. Appropriate estimate of σ is necessary for
global analysis, because only the curves with large Δδobs would be
optimized if all data points had the same σ. When σ was not known,
the σ for each titration curve was estimated by repeating the LM fit as
follows: (1) an initial LM fit was performed assuming that all σ values
are 1; (2) the rmsd was calculated for each titration curve; (3) the
rmsd of the curve was used to determine σ for the data points involved
in the curve, and the data were then refitted using the LM method; (4)
steps (2) and (3) were repeated until the σ values for all curves
converged. This procedure gave a reasonable estimate of σ for all
curves.
The Monte Carlo error estimation method was used to estimate the

fitted parameters and the corresponding errors.52 Here, an initial
global fit was performed using the actual data set. The rmsd between
the actual and fitted curves was calculated for each curve. Then, ∼100
hypothetical data sets were synthesized by using the initially fitted
parameters and adding to each data point a random error calculated as
(a random number with a normal distribution) × (rmsd of the
corresponding curve). Each of the synthetic data sets was globally fit to
obtain its fitted parameter set. The mean and standard deviation of
these ∼100 fitted parameter sets were used as the final fitted value and
the corresponding error.
Peaks that are unassigned, noisy, or invisible because of inter-

mediate exchange were not used in the combined SVD and global
analysis. For 15N-TAZ2 titration with AD1, a total of 74 out of 92
residues of TAZ2 were used (148 curves and 17 titration points; a total
of 2516 data points). For 15N-TAZ2 titration with AD2, a total of 68
residues of TAZ2 were used (136 curves and 16 titration points; 2176
data points). For 15N-AD1 titration with TAZ2, a total of 21 peaks of
AD1 were used (42 curves and 13 titration points; 546 data points).
Fitting Simulations. Fitting simulations were performed with

various dissociation constants Kd1 and Kd2 by changing the number of
data points (an interval of ratios), the maximum titrant/protein ratio,
the protein concentration, and the number of peaks used for analysis.
The titration curves were generated using the ΔδFB1 and ΔδFB2 values
obtained by titrating AD1 into 15N-labeled TAZ2 (Figure S5),
assuming that the Kd1 and Kd2 values are a power of 10 between 10−10

and 10−1 M (see the grid points in Figure 6; Kd1 < Kd2). A small
amount of noise was added to each data point to simulate actual
experimental data, as described above in the Monte Carlo error
estimation method. Then, a global fit was performed for each Kd set,
and the fitted Kd values were compared with those used in generating
the titration curves. Fits were considered to be good if both the fitting
errors and the differences between the fitted Kd and the input Kd used
for generating the curves were within 10% of the input Kd values.

Line Shape Simulations. The quantum mechanical density matrix
formalism was used for the line shape analysis.53,54 Excited
magnetization at each resonance frequency M(ν) is calculated by

σν = − − −M I M( ) Re( )0
1 (10)

where I− is a row vector in which all elements are equal to 1. σ is a
column vector represented by

σ = C f f f f{ , , , }F B1 B2 B12 (11)

where C is a constant and f F, f B1, f B2, and f B12 are fractions of F, B1,
B2, and B12 forms, respectively, which are calculated from eq 3. For
Scheme 2 with the interconversion between B1 and B2, the complex
matrix M0 is

=

⎛

⎝

⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟

a k k

k L a k k

k L k a k

k L k L a

M

0

0

0

1 off1 off2

on1 2 21 off2

on2 12 3 off1

on2 on1 4 (12)

= − − − + π ν − ν

= − − − − + π ν − ν

= − − − − + π ν − ν

= − − − + π ν − ν

a k L k L R i

a k k L k R i

a k L k k R i

a k k R i

2 ( )

2 ( )

2 ( )

2 ( )

1 on1 on2 2F F

2 off1 on2 12 2B1 B1

3 on1 off2 21 2B2 B2

4 off1 off2 2B12 B12 (13)

where νi and R2i (i = F, B1, B2, and B12) are the chemical shift and the
transverse relaxation rate in the absence of chemical exchange,
respectively. For Scheme 1 without the interconversion between B1
and B2, k12 = k21 = 0. The R2i values were assumed to be 20 s−1 for all
forms. 1H chemical shift changes for primary and secondary binding
were assumed to be ∼0.1 ppm. Consequently, the νi values were
assumed to be −50, −10, 10, and 50 Hz for the F, B1, B2, and B12
forms, respectively. Calculations were also performed assuming 1H
chemical shift changes of ∼0.4 ppm (−200, −10, 10, and 200 Hz for
the F, B1, B2, and B12 forms, respectively). Complex eigenvalues and
eigenvectors of the matrix M0 were calculated using LAPACK. kon1,
kon2, koff1, and koff2 were set as multiples of 10 between 104 and
1011 M−1 s−1 and between 10−2 and 108 s−1, respectively. k12 and k21
were assumed to be multiples of 10 between 10−2 and 108 s−1.
Combinations of kon1, kon2, koff1, koff2, k12, and k21 that satisfy Kd1 and
Kd2 of 10

−10−10−1 M (Kd1 < Kd2) were used to calculate line shapes.
Protein concentrations were the same as those used for the TAZ2
titration with AD1. A line shape was considered to be that of fast
exchange if there is a single peak and its intensity is higher than one-
tenth of the peak intensity for the free form at a 1:0 ratio.

Line Shape Fitting. To estimate kon and koff, the
1H line shapes of

a series of p53 AD2 titrations into 15N-TAZ2, measured using the
500 MHz spectrometer, were globally fitted with the two-site binding
model (Scheme 1). All spectra were processed without apodization but
with 8192-point zero-filling to increase the number of data points in
the 1H dimension. One-dimensional slices in the 1H dimension were
obtained at the top of cross peaks from the NMRView-format files,
regions including other peaks were removed from the slices, and a set
of 1H line shapes for a series of AD2 titrations into TAZ2 was obtained
for each peak.

The fitting was done with an in-house fitting program glove_
lineshape written in Fortran using algorithms taken from Numerical
Recipes.52 Similar to nmrKd, the program uses the LM fitting
algorithm and can globally fit line shapes of many peaks. Line shapes
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were calculated using the quantum mechanical density matrix
formalism as described above.53,54 In performing global fits, kon1,
kon2, koff1, and koff2 were common for all curves, but independent
parameters were kon1 and kon2 only, because Kd1 and Kd2 were fixed to
the values obtained from the titration curve analysis. Correction for
TAZ2 concentration was implemented similar to nmrKd, and a correc-
tion factor cp was fixed to the value obtained from the analysis of
titration curves. The frequencies in hertz and the R2 in s−1 for the F,
B1, B2, and B12 forms differ for each peak. The initial estimates of
frequencies were obtained from titration curve analysis. Because the
population of B2 is very low, line shape fitting could not accurately
estimate the frequency and R2 for B2. Thus, the frequency of B2 was
fixed to the value estimated from the titration curve analysis, and the
R2 of B2 was assumed to be the same as that of B1. In addition, an
adjustable parameter for peak intensity was introduced for each line
shape, to account for changes in peak intensities accompanied by
titrations. The initial estimates of R2 values and peak intensities were
obtained by fitting the line shape of the free form. The global fit for m
peaks and n titrations includes m(n + 7) + 3 adjustable parameters.
Fitting errors were obtained from a covariance matrix.
Overlapping peaks were not used in the fitting. Moreover, line

shapes were not fit well when they had low intensities, distorted
shapes, and small peak shifts. Consequently, only the following 12
peaks gave a reasonably good global fit: Val1781, His1782, Cys1791,
Gln1797, Arg1801, Val1803, Thr1806, Lys1807, Cys1820, Val1841,
Lys1848, and His1849. A total of 192 line shapes and 18 009 data
points were used for fitting (279 parameters). The fitted R2 values for
the F, B1 (B2), and B12 forms were, on average, 36, 41, and 49 s−1,
respectively.
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