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ABSTRACT: Intrinsically disordered proteins (IDPs) are
abundant in the proteome and involved in key cellular
functions. However, experimental data about the binding
kinetics of IDPs as a function of different environmental
conditions are scarce. We have performed an extensive
characterization of the ionic strength dependence of the
interaction between the molten globular nuclear co-activator
binding domain (NCBD) of CREB binding protein and five
different protein ligands, including the intrinsically disordered
activation domain of p160 transcriptional co-activators (SRC1,
TIF2, ACTR), the pS3 transactivation domain, and the folded
pointed domain (PNT) of transcription factor ETS-2. Direct
comparisons of the binding rate constants under identical conditions show that the association rate constant, k,;, for interactions
between NCBD and disordered protein domains is high at low salt concentrations (90—350 X 10° M™' s7" at 4 °C) but is
reduced significantly (10—30-fold) with an increasing ionic strength and reaches a plateau around physiological ionic strength. In
contrast, the k,, for the interaction between NCBD and the folded PN'T domain is only 7 X 10° M~" s (4 °C and low salt) and
displays weak ionic strength dependence, which could reflect a distinctly different association that relies less on electrostatic
interactions. Furthermore, the basal rate constant (in the absence of electrostatic interactions) is high for the NCBD interactions,
exceeding those typically observed for folded proteins. One likely interpretation is that disordered proteins have a large number
of possible collisions leading to a productive on-pathway encounter complex, while folded proteins are more restricted in terms
of orientation. Our results highlight the importance of electrostatic interactions in binding involving IDPs and emphasize the
significance of including ionic strength as a factor in studies that compare the binding properties of IDPs to those of ordered

proteins.

Intrinsically disordered proteins (IDPs) have been shown to
play crucial roles in processes such as cellular signaling,
transcription, and cell-cycle control." IDPs are not able to fold
into homogeneous well-defined globular three-dimensional
structures but instead form a heterogeneous ensemble of
rapidly interconverting conformations, which often but not
always adopt an ordered structure upon binding to their targets.
They are abundant in the proteome and have also been shown
to be associated with various diseases.” It has been proposed
that IDPs have advantages with regard to ligand binding,
including a greater possibility of modulating the rate constants
(e.g., higher k,, and kg values) to achieve optimal affinity.’
Indeed, one important difference between globular and
disordered proteins is that the latter contain less hydrophobic
and more charged and hydrophilic amino acid side chains.* One
implication of this property would be that charges play an
important role in protein—protein interactions involving IDPs.
However, despite the significant attention IDPs now receive in
the context of protein—protein interactions, there are few
studies that have investigated the binding kinetics of IDPs (see
Table 1 of refs 5 and 6), and even fewer studies that have
addressed the role of electrostatics in kinetics.”® Previous
studies, in which published data sets were used to compare the
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kinetics of binding of IDPs to folded proteins, concluded that
differences in both the association (k,,) and dissociation (k)
rate constants could exist.”” However, data from such
tabulations were collected under different conditions (pH,
temperature, and ionic strength), which can greatly affect the
rate constants and jeopardize the conclusions.” Thus, there are
several remaining questions regarding the binding reactions of
IDPs: are there general differences in binding rate constants,
binding mechanism, and in the electrostatic contribution to
binding between IDP and globular domains? To shed light on
these issues and facilitate a direct comparison between IDPs
and folded domains, we have in this study investigated the
binding kinetics for one protein domain with different binding
partners (folded and disordered) under similar conditions.
Often, protein—protein interaction domains have more than
one binding partner. The molten globular nuclear co-activator
binding domain (NCBD) of the transcriptional co-activator
CREB binding protein (CBP)"'® is such an interaction domain
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with several interaction partners. Importantly, the interaction
partners include both disordered and folded protein domains,
for example, the disordered activation domain found in each of
the three pl60 transcriptional co-activators (NCOAl—
NCOA3) and denoted SRC1, TIF2, and ACTR, respectively,11
the disordered transactivation domain of p33 (pS3TAD),'>"
the folded pointed domain (PNT) of transcription factor ETS-
2,15 and the IRF association domain of IRF-3 (IRF-3)'*'
(Figure 1). In particular, the interaction between NCBD and

NCBD/SRC1 NCBD/ACTR free NCBD

NCBD/p53TAD

NCBD/IRF-3

Figure 1. Three-dimensional structure of free state NCBD (PDB entry
2KK]), flanked by structures of NCBD complexes [PDB entries 2C52
(NCBD/SRC1), 1KBH (NCBD/ACTR), 2L14 (NCBD/pS3TAD),
and 1ZOQ (NCBD/IRF-3)]. NCBD is colored blue in all five panels.
The figures were generated using PyMol (www.pymol.org).

ACTR has been previously characterized in great detail with
regard to structure and dynamics,'*'”"*° kinetic binding
mechanism,”" and formation of structure along the coupled
binding and folding pathway.>”>* The well-characterized
NCBD system is therefore perfectly suited for a comparative
study of the kinetics of binding to different ligands.

The binding kinetics for the NCBD interactions were
investigated as a function of ionic strength to five of the
binding partners, which allowed us to assess the role of
electrostatic interactions, and the binding mechanisms in the
case of three coupled binding and folding reactions. We
demonstrate that similarities for some of the interactions exist,
in terms of binding mechanisms but also the magnitude of rate
constants. However, there are also distinct differences between
the NCBD ligands, which are presented and discussed in the
context of our current understanding.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The DNA
sequences of the following human proteins were inserted into
a modified pRSET vector (Invitrogen): the activation domain
of the three pl60 transcriptional co-activators; SRC1 (920—
970), TIF2 (1071-1110), and ACTR (1018—1088), NCBD of
CBP (2058—2116), the PNT domain of transcription factor
ETS-2 (four variants; 60—170, 60—174, 60—195, and 76—170),
the transactivation domain of pS3 (13—61) (pS3TAD), and the
IRF association domain of IRF-3 (173—394). All of the
proteins were expressed in fusion with an N-terminal Hisy-
tagged lipoyl protein domain followed by a thrombin cleavage
site. Escherichia coli BL21(DE3) plysS cells (Invitrogen) were
grown to an ODgy, of 0.7—0.9 at 37 °C, after which protein
expression was induced using 1 mM isopropyl S-p-thiogalacto-
pyranoside at 18 °C overnight. Cells were harvested by
centrifugation, resuspended in 30 mM Tris-HCI (pH 8.0) and
200 mM sodium chloride (1—2 mM reducing agent added for
IRF-3 and PNT), and lysed by ultrasonication. After a second
centrifugation, the lysate was sterile filtered and the expressed
protein was purified by nickel affinity chromatography [washed
with 30 mM Tris-HCl (pH 8.0), S00 mM sodium chloride, and
20 mM imidazole and eluted with 250 mM imidazole (pH 7.9)
and 500 mM sodium chloride], followed by dialysis against 20
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mM Tris-HCl (pH 8.0) and 100 mM sodium chloride and
subsequent thrombin cleavage to remove the fusion protein.
The protein solution was again loaded onto a nickel affinity
column with a serially attached benzamidine column, to remove
the fusion protein, impurities, and thrombin. To eliminate any
remaining impurities, a C8 reversed phase purification step
[standard water/acetonitrile solvents, 0.1% (v/v) trifluoroacetic
acid] was conducted for SRC1, TIF2, ACTR, NCBD, and
pS3TAD, whereas for the PNT domain and IRF-3, this step
was replaced with anion exchange chromatography in Tris-HCI
buffer at pH 8.0. During the purification of the PNT domain
and IRF-3, 0.5—1 mM TCEP was used as a reducing agent. A
Trp variant of NCBD (NCBDy,,ogy) was purified and used in
the kinetic binding experiments as detailed in the next section.
This variant has been previously shown to have the same
properties as the wild-type NCBD (NCBDyyy).*' Purity and
identity were checked with sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis and matrix-assisted laser
desorption ionization time-of-flight, respectively.
Stopped-Flow Fluorimetry. Measurements were taken
using an upgraded SX-17MV stopped-flow spectrometer
(Applied Photophysics, Leatherhead, U.K.). All experiments
were performed at 277 K in 10 mM MOPS (pH 7.4) or 20 mM
sodium phosphate (pH 7.4) buffer, at different ionic strengths
adjusted using sodium chloride. For NCBDy/PNT, 0.9 mM
dithiothreitol (DTT) was also added to the experimental buffer.
For the interactions between NCBD and SRCI1, TIF2, and
ACTR, the Trp variant NCBDy, ogw was used to obtain a
change in fluorescence upon binding. Both PNT and pS3TAD
contain Trp residues that were used to monitor a change upon
binding to NCBD,yy. Excitation was at 280 nm, and the
fluorescence emission was monitored by using a 330 nm band-
pass filter for NCBDy/PNT and a 320 nm long-pass filter for
the remaining binding interactions. The association rate
constants (k,,) for NCBDy,ogw/SRC1, NCBDy,;0sw/TIF2,
and NCBDy,,psw/ACTR were obtained by varying the
concentration (0.1-16 uM) of SRCI1, TIF2, and ACTR,
respectively, with the concentration of NCBDy, sy held
constant at 0.2—1.0 M. For NCBDy/PNT, the concen-
tration of NCBDy; was varied while the PNT domain
concentration was kept constant at 2 uM, to obtain k.
Experimental binding traces for NCBD,,1/PNT were fitted to a
single-exponential equation to obtain kg, The binding kinetics
of NCBDy,05w/TIF2 (Figure S1A of the Supporting
Information) and NCBDy,osw/ACTR were biphasic as
described previously,*"** with a fast phase that showed a linear
dependence on TIF2 or ACTR concentration and a slow phase
that remained approximately constant with an increasing
concentration (Figure S1B of the Supporting Information).
The binding kinetics of NCBDy,,ogw/SRC1 appeared to be
monophasic (Figure 3A) with a kg, that displayed a linear
concentration dependence (Figure 3C). At an ionic strength of
1 M, an additional kinetic phase, also described previously for
NCBDy,;05w/ACTR,”' appeared for all three NCBD/pl60
interactions, with a k., that did not change with an increasing
concentration of the varying species (Figure S2 of the
Supporting Information). The linearly increasing kinetic phases
(NCBDy,;08w/SRC1, NCBDy,osw/TIF2, NCBDy,;ogw/
ACTR, and NCBDy/PNT) were analyzed by fitting an
equation for a second-order binding® to obtain the association
rate constant k,, at each ionic strength. Data fitting was

performed using Kaleidagraph (Synergy Software).
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Displacement experiments were performed to determine the
dissociation rate constant (k). This was achieved by
challenging a preformed complex of NCBDy,,osw/ACTR,
NCBDy,;0sw/SRC1, or NCBDy,,oew/TIF2 with an excess of
NCBDyyr and monitoring the fluorescence change, while for
NCBDy,/PNT or NCBDy,1/pS3TAD, an excess of SRC1 was
used. All experimental traces were monophasic and fitted to a
single-exponential equation to obtain kg, which is equal to kg
with an excess of the competitor (NCBDy, or SRC1). It was
not possible to determine k,, for NCBDyy/pS3TAD because
of elevated observed rate constants, but because we were able
to obtain kg in the displacement experiment, we combined
isothermal titration calorimetry [to get K; (see below)] with
stopped-flow spectroscopy (to get k,z) and calculated k,,
(=k,#/K4) for NCBDy1/pS3TAD, at the three lowest ionic
strengths.

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were performed using an iTC200 calorimeter (Malvern
Instruments). The temperature was set to 277 K, and
measurements were taken in 10 mM MOPS (pH 74), at
different ionic strengths, adjusted with sodium chloride.
Proteins were dialyzed against the experimental buffer before
the ITC measurements were taken. For NCBDyy/pS3TAD,
concentrations of NCBDyyy ranging from 0.86 to 2.1 mM were
titrated into a 75—190 uM pS3TAD solution. Higher protein
concentrations were used in the experiments at the higher ionic
strength, to compensate for the lower affinity. For NCBDyyy/
IRF-3, NCBDy at a concentration of 1.4 mM was titrated into
a 56 uM IRF-3 solution, at an ijonic strength of 0.2 M in
presence of 0.8 mM TCEP. We also attempted binding
experiments at low ionic strengths, but mixing IRF-3 (in fusion
with the lipoyl domain) with NCBD resulted in precipitation.
Typically, a titration series consisted of a preliminary 0.4 or 0.5
uL injection followed by 20—23 subsequent 1.7—19 uL
injections. Data were fitted to a 1:1 binding model using the
software provided by the manufacturer.

Stability Measurements. The thermodynamic stability of
PNT(60—174) was determined by GdnHCl-induced denatura-
tion monitored by fluorescence using a SLM4800 spectro-
fluorimeter (OLIS, Inc.). Experiments were conducted at 298 K
and in 20 mM MOPS (pH 7.4), 190 mM sodium chloride, and
2 mM DTT. Fluorescence excitation was at 280 nm, and
emission spectra were recorded at each GdnHCI concentration
(0—7.3 M), while the concentration of the PNT domain was
kept constant at 3 uM. Data were fitted to a two-state
transition>® using Kaleidagraph (Synergy Software).

Circular Dichroism (CD) Spectroscopy. Far-UV CD
spectra were recorded at 298 K, using a JASCO-810 CD
spectropolarimeter, and a 0.1 cm cuvette. Protein concen-
trations were 20 yM for SRC1 and pS3TAD, 30 uM for TIF2,
and 10 uM for the PNT domain, in 20 mM sodium phosphate
(pH 7.4) and 150 mM sodium chloride. For the PNT domain,
0.7 mM TCEP was included in the buffer.

Calculation of Basal Rate Constants. k_, as a function of
ionic strength, I, was fit to a Debye—Hiickel-like approximation
according to eq 1, to calculate the basal rate constant k
i.e., in the absence of electrostatic effects

i) !
RT )1 + ko

on,basaly

In kon =In kon,basal - ( (1)
where R is the gas constant, T is the temperature, U is the
electrostatic interaction energy, x is equal to (2N, é1/
eoe.ksT)V?, where N, is Avogadro’s constant, e is the
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elementary charge, I is the ionic strength, ¢, is the vacuum
permittivity, e, is the dielectric constant of water, kg is the
Boltzmann constant, and T is the temperature. @ is the minimal
distance of approach and is set to 6 A.>*

B RESULTS

We investigated the interaction between NCBD and six
different protein partners using stopped-flow spectroscopy
and ITC. Four of these are intrinsically disordered protein
domains, and two are folded globular domains. The activation
domain of the §)160 co-activators (TIF2 and ACTR)'*'72%29
and pS3TAD"?%*' have been previously shown to be
intrinsically disordered. Indeed, the CD spectra of these
domains and that of the previously uncharacterized free state
SRC1 (Figure 2A) display the characteristics of a disordered
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Figure 2. (A) CD spectra of SRC1, TIF2, ACTR NCBD, and the
PNT domain of ETS-2(60—170). The CD data for ACTR and NCBD
were published previously.”! (B) Fluorescence-monitored guanidine
hydrochloride denaturation of PNT at 298 K.

protein, in terms of both the magnitude of the signal and the
shape of the spectrum. An X-ray structure of the PNT(76—
170) domain has recently been determined (PDB entry
4MHYV), showing it to be a compact a-helical protein. We
determined the stability of the PNT domain using GdnHCI-
induced denaturation (Figure 2B). The free energy of unfolding
is 5.1 kcal/mol at 298 K, which means that the PNT domain is
a relatively stable protein domain. Furthermore, the PNT
domain has CD properties typically observed for a-helical

DOI: 10.1021/acs.biochem.5b00520
Biochemistry 2015, 54, 4741—-4750


http://dx.doi.org/10.1021/acs.biochem.5b00520

Biochemistry

proteins, in agreement with the crystal structure. The bound
IRF-3 structure is a f-sandwich that also includes three a-
helices, two of which provide the interaction surface for
NCBD."® The three NCBD helices observed in the SRC1/
ACTR/pS3-bound conformation are also formed in the IRF- 3
complex; however, their tertiary arrangement is different.'®
Despite these fascinating differences, a biophysical character-
ization of the interaction between IRF-3 and NCBD has not yet
been reported. The binding of these six protein domains (four
disordered and two ordered) with NCBD was investigated as
detailed below.

Binding Kinetics of NCBD and the p160 Activation
Domains. The binding kinetics of NCBD with the activation
domains of the three pl60 co-activators were measured using
stopped-flow fluorimetry. NCBD was mixed with its respective
protein ligand and the change in fluorescence upon binding
monitored with time. Previous studies of the NCBD/ACTR
interaction have shown that the binding kinetics is multiphasic,
with at least three kinetic phases.”"”** The same three kinetic
phases were observed for NCBD/TIF2, with similar
magnitudes of the three observed rate constants” (Figures
S1 and S2 of the Supporting Information). For NCBD/SRCl,
the slowest kinetic phase was not observed, which, however, is
likely due to the lower signal-to-noise ratio in the kinetic traces
compared to those of the kinetic traces of NCBD/ACTR and
NCBD/TIF2. These results imply that the same binding
mechanism is in operation for at least two of the three NCBD/
p160 activation domain interactions.

One of the kinetic phases increased linearly with an
increasing concentration of SRC1, TIF2, and ACTR and was
used to obtain k,, (Figure 3C and Figure S1 of the Supporting
Information) for each of the five ionic strengths investigated
(Figure 4B and Table 1). The k,, had a significant ionic
strength dependence at lower salt concentrations but rapidly
reached a plateau at ~0.2 M (Figure 4B), where the k,, for
SRC1 and ACTR was ~3 X 10" M~ 57, whereas the k, for
TIF2 was approximately twice as high. The change in k,, when
going from a low to a high ionic strength, was around 10—15-
fold, indicating the importance of electrostatic interactions in
these association reactions (Figure 4B and Table 1). The kg
values were also very similar for the three pl60 co-activator
domains, with values of 1.5, 3.1, and 2.7 s™! for the SRCI,
TIF2, and ACTR interactions, respectively, at an ionic strength
of 0.2 M (Figure 4A and Table 1).

Binding Kinetics of NCBD and p53TAD. The observed
rate constant for the binding of NCBD and pS3TAD was at the
limit of the stopped-flow instrument, even at the lowest ligand
concentrations. However, using a displacement experiment for
the stopped flow, we determined the dissociation rate constant
ko for NCBDyy1/pS3TAD to be 280 s~ at an ionic strength of
0.04 M. This value is 2 orders of magnitude higher than those
obtained for the interactions with the pl60 co-activator
domains. The large k s precluded a direct measurement of
k,, for the interaction between NCBD and pS3TAD using the
stopped-flow technique. We therefore determined k,, by
measuring the Ky using ITC and then using k. measured in
the separate displacement experiment to calculate k, = k.g/Kj.
The K, value was determined to be 3 #M at an ionic strength of
0.04 M (Figure SA and Table 1) but increased to ~90 yM at an
ionic strength of 0.2 M (Figure SB and Table 1). A further
increase in salt concentration did not significantly affect Ky
(Figure 4C). The observed effect of the ionic strength on Ky
was found to be almost entirely due to a decreasing k,, value.
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Figure 3. Example of stopped-flow binding traces for the reaction
between (A) 1 uM NCBDy, ggw and 4.5 uM SRC1 and (B) 2 uM
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Figure 3. continued

PNT and 8 yuM NCBDyy. The traces were fitted to a single-
exponential function to obtain kg, values. (C) kg, as a function of
SRC1 (purple, constant NCBDy, s concentration) or NCBDyyr
(orange, constant PNT concentration) concentration. The experi-
ments were performed in 10 mM MOPS (pH 7.4) at an ionic strength
of 0.2 M.
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Figure 4. Ionic strength dependence of (A) k. (B) k., and (C) K.
Experiments were conducted at 277 K and in 10 mM MOPS (pH 7.4),
with the ionic strength adjusted using sodium chloride.
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However, we could determine values for k,, with high accuracy
only at ionic strengths of 0.04 M (k,, = 9.4 X 10’ M~' s™!) and
0.07 M (k,, = 3.7 X 10" M~ s7'), because at higher salt
concentrations the binding affinity becomes much weaker.
Because of the poor quality of the stopped-flow traces at an
ionic strength of 0.2 M, the kg value could not be determined
accurately but was estimated to be somewhere between 200
and 500 s™" and a k,, of approximately 2—5 X 10° M~' s™". The
kg appeared to have a weak dependence on ionic strength.

Interaction between NCBD and the PNT Domain. The
PNT domain was included in the study as a folded protein
ligand of NCBD. The kinetic traces obtained with the PNT
domain (residues 60—170) were monophasic (Figure 3B), and
the k., values increased linearly with NCBD concentration
(Figure 3C). The k,, at a low ionic strength was much lower
for the NCBD/PNT interaction than for the interaction
between NCBD and the four disordered domains (Figure 4B
and Table 1). Interestingly, the ionic strength dependence was
found to be much weaker for the NCBD/PNT interaction
(Figure 4B), indicating that the interaction between NCBD and
the PNT domain relies on electrostatic interactions less than
other NCBD interactions do. The kg was 2.0 s at an ionic
strength of 0.2 M, which is similar to those of the other NCBD
complexes except for pS3TAD, with a 100-fold higher k..
There is no three-dimensional structure available for the
NCBD/PNT complex, but a previous study suggested that
NCBD binds at the C-terminal part of the PNT domain.'> We
therefore determined the kg for a longer construct of the PNT
domain (from residue 60 to 195) and performed ITC
measurements for three PNT variants of different lengths
(60—170, 60—174, and 60—195) to determine the minimal
length of the PNT domain that is required for binding to
NCBD. The kg of PNT(60—195) was found to be the same as
that of the shorter PNT(60—170) variant, and all three PNT
constructs bound to NCBD with the same Kj within
experimental error. We also performed binding measurements
with PNT(76—170), truncated at the N-terminus, but judging
from the ITC experiment, this variant displayed no binding to
NCBD. Hence, The PNT domain, with a length that
encompasses residues 60—170, contains the region that
interacts with NCBD. Because the N- and C-terminal parts of
the PNT domain are close to each other, both regions might be
involved in the interaction with NCBD.

Interaction between NCBD and IRF-3. The IRF
association domain of IRF-3 is another folded domain, which
binds to NCBD and for which there is a crystal structure of the
complex'® (Figure 1). This interaction is particularly interesting
because the crystal structure shows that NCBD binds IRF-3 in
a distinct conformation, as compared to the complexes with
SRC1,> ACTR,"” and p53TAD. >

Using ITC, the Ky for the NCBD/IRF-3 interaction was
determined to be around 100 #M at an ionic strength of 0.2 M
(Figure SC), thus, a lower affinity compared to those of the
pl60 co-activator domains but in the same range as for
pS3TAD. We also conducted stopped-flow studies at an ionic
strength of 0.2 M, to investigate the binding kinetics, but could
not observe a binding trace. The lack of trace is likely due to a
combination of a relatively low affinity (resulting in a large kg
and thus a large observed rate constant) and a high total
fluorescence of IRF-3 (giving a low signal-to-noise ratio).

Basal Rate Constants. Modulation of the ionic strength
will affect electrostatic interactions.”” In a recent study,” Clarke
and co-workers determined the basal association rate constant,
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Table 1. Rate Constants and K; Values for NCBD Interactions, Determined in 10 mM MOPS (pH 7.4), at Different Ionic
Strengths Adjusted with Sodium Chloride

binding partner I (M) koge (s7) Kon (M~ s7) Ky (uM) Konpasal (WM™ s7")
SRC1 0.044 1.3 + 0.02 200 + 20 0.006 + 0.001
0.074 1.3 + 0.001 105 + 7 0.012 + 0.001
0.20 1.5 + 0.01 31 +1 0.047 + 0.002
0.50 1.5 + 0.04 14+1 0.11 + 0.01
1.00 12 + 0.1 2 +3 0.053 + 0.007
14+ 12
TIF2 0.044 27 +03 350 + 9 0.008 + 0.001
0.074 29 + 0.1 160 + 4 0.018 =+ 0.001
0.20 3.1 + 0.02 58 + 0.6 0.053 + 0.001
0.50 2.3 + 005 35+2 0.066 + 0.004
1.00 1.1 + 0.01 24+5 0.045 + 0.010
2.0+ 09
ACTR 0.044 2.1 + 0.08 171 £ 6 0.012 =+ 0.001
0.074 24 + 0.02 91 + 4 0.026 + 0.001
020 2.7 + 0.07 29 + 04 0.094 + 0.003
0.50 2.5 + 0.03 18 + 0.6 0.14 + 0.005
1.00 1.4 + 0.02 16 + 2 0.086 + 0.010
14+ 08
pS3TAD 0.044 280 + 22 94 + 14° 3.0 £ 047
0.074 470 + 90 37+ 8° 13 +2¢
0.20 ~200—500 ~2—5Y 94 + 0.6°
1.00 - - 100 + 6%
PNT 0.044 3.3 + 003 7.1+ 05 0.46 + 0.03
0.074 2.6 + 04 57 + 04 046 + 0.07
0.20 20 + 0.1 3.5 402 0.58 + 0.04
0.50 1.8 + 0.08 25+ 0.1 0.71 + 0.0S
1.00 14 + 0.05 1.9 + 02 0.71 + 0.07
0.57 + 0.03
IRF-3 0.20 ~100%

“Determined by ITC. bCalculated (kon = kog/Ky) by combining ITC with the stopped-flow method. All measurements were taken at 277 K.
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Figure 5. Equilibrium dissociation constants for NCBD/pS3TAD and NCBD/IRF-3 determined using isothermal titration calorimetry at 277 K. (A)
NCBD (0.86 mM) was titrated into 7S #uM pS3TAD at an ionic strength of 0.04 M. (B) NCBD (2.1 mM) was titrated into 190 uM pS3TAD at an
ionic strength of 0.2 M. (C) NCBD (1.4 mM) was titrated into 56 M IRF-3 at an ionic strength of 0.2 M. See Table 1 for fitted K, values.

Konpasay for the interaction between the disordered c-myb and Debye—Hiickel theory,>” we calculated Konpasa at 277 K, for the
the folded KIX domain and found that it was the highest interactions between NCBD and its protein ligands (Figure 6
reported to date for any protein—protein interaction. Using and Table 1). Previously published k.., constants for other

4746 DOI: 10.1021/acs.biochem.5b00520

Biochemistry 2015, 54, 4741—-4750


http://dx.doi.org/10.1021/acs.biochem.5b00520

Biochemistry

8
e SRC1
o TIF2
6 e ACTR
| e PNT(60-170)

on

Ink /uM’s’

0.4

06
)

0.8 1

Figure 6. Basal association rate constant at 277 K determined from the
ionic strength dependence of k,,, as the intercept with the y-axis (eq
1). The slope of the curve is —U/RT, where U is the electrostatic
interaction energy. Buffer conditions were 10 mM MOPS (pH 7.4),
with various sodium chloride concentrations.

protein—protein interactions have been determined mainly at
298 K (Shammas et al” and references cited therein).
Extrapolation of k,, from 277 and 283 K*' for NCBD/ACTR
to 298 K** results in a basal association rate constant of
approximately 1-2 X 10" M™' s7' for the NCBD/ACTR
interaction (and the other NCBD associations assuming a
similar temperature dependence), similar to the value obtained
for c-myb/KIX. Hence, our kg, values (Table 1) are also
unusually high, exceeding the regime (10°—10° M~ s7') for
diffusion-controlled reactions involving folded proteins.”” We
were not able to determine Kk, for NCBD/pS3TAD
because of the very low binding affinity at ionic strengths
equal to or higher than 0.2 M, which demanded increased
protein concentrations, leading to a much higher total
fluorescence that resulted in a low signal-to-noise ratio in the
stopped-flow traces.

B DISCUSSION

To fully understand the biological functions of IDPs, we must
grasp their basic biophysical properties.”®> Further, we must
relate these properties to those of globular proteins®* to shed
light on the question of whether there are fundamental
differences between folded and disordered proteins. While
IDPs have been the subject of intense theoretical and
experimental research over the past 15 years, it is only recently
that dedicated studies of the binding kinetics of IDPs have
appeare_‘d.7’8’21’22’24’35_41 Such studies are necessary to improve
our understanding of the interplay between protein disorder
and biological function* and in particular how different
environmental conditions modulate the kinetics. They are
also important for benchmarking computer simulations.*™*
We have here investigated the binding of NCBD to a set of six
different proteins, five of which were amenable to analysis of
binding kinetics as a function of ionic strength.

It is clear that the interaction between NCBD and all four
investigated disordered protein domains has a significant ionic
strength dependence, which signifies the importance of
electrostatic interactions for the formation of the complexes.
Further, such dependence on the ionic strength implies that any
local intracellular changes in salt concentration close to the
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physiological ionic strength could greatly affect the binding
properties of IDPs. For instance, an increase in ionic strength
from 0.074 to 0.20 M results in changes in K4 by 3—7-fold for
the NCBD/IDP interactions.

In contrast to the strong salt dependence of the IDPs, the
binding of NCBD to the folded PNT domain relies less on
electrostatic interactions. This difference in electrostatic
component is reflected in the 100-fold difference between the
extrapolated k,, at zero ionic strength, i.e., at 1/(1 + k&) = 1 in
Figure 6 (ko, =2 X 10’ M~ s™" for PNT vs 0.9-2.2 X 10° M™*
s~! for SRC1, TIF2, and ACTR). The reason for this difference
may be found in the intriguing conformational changes of
NCBD: the conformations that NCBD adopts when bound to
SRC1, ACTR, and p53TAD are all very similar but are different
from the IRF-3-bound structure (Figure 1). In the IRF-3-bound
conformation,'® most of the charged residues point away from
IRF-3, resulting in a binding interface that relies more on
hydrophobic interactions than that between NCBD and the
three IDPs, SRC1, ACTR, and pS3TAD. Furthermore, an
NMR relaxation dispersion study demonstrated that within the
unbound NCBD ensemble, a minor excited state that resembles
the IRF-3-bound conformation is present.”’ Although one
cannot say, at present, which structure NCBD adopts when it is
complexed with the PNT domain, it is tempting to speculate
that the PNT domain and IRF-3-bound NCBD conformations
resemble each other. Future structural studies of NCBD/PNT
will show whether NCBD utilizes a different conformation
when interacting with proteins that rely less on electrostatic
interactions, and the SRC1/ACTR/pS3TAD-bound conforma-
tion when interacting with IDPs.

Four domains from CBP (TAZ1, TAZ2, KIX, and NCBD)
are able to bind _})53TAD, which contains two subdomains,
ADI and AD2.">* Qur p33TAD construct includes both AD1
and AD2. The NCBD/pS3TAD structure reveals that NCBD
interacts mainly with AD2,"> which contains several acidic
residues in the AD2 region that would make binding sensitive
to changes in ionic strength. In fact, the Ky is increased by a
factor of 31, going from 0.04 to 0.2 M in ionic strength (Figure
4C and Table 1). The k. for NCBD/pS3TAD is 2 orders of
magnitude higher than those of the other complexes in this
study, which might be due to greater residual disorder in the
complex. For instance, NMR studies have demonstrated that
several residues in pS3TAD that interact with NCBD appear to
be quite disordered,'” with some of them not adopting regular
secondary structures. This is to be compared with the NCBD/
ACTR complex, which appears to have backbone dynamic
properties typically observed for well-folded protein com-
plexes.”® Thus, residual disorder in the bound state could be a
way for IDPs to modulate k.5 depending on the functional
requirements.

It has been argued that IDPs in general have kg values higher
than those of folded proteins,®® which could be advantageous
when short-lived associations are desirable, such as in signaling.
However, previous reports have shown that IDPs may display
widely different kg values, including very low ones, although,
on average, there might exist a trend toward higher values.>® In
the study presented here, all of the NCBD/target complexes
have relatively high kg values compared to those of interactions
involving folded proteins.® Assuming a similar temperature
dependence** among NCBD complexes, estimated values at
298 K range from 15-30 s7! (ACTR, SRCI, TIF2, and PNT
domain) to 3000 s~ (pS3TAD). We can assume that the
dissociation rate constant for NCBD/IRF-3 is also high,
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because of the low binding affinity. Thus, the IDPs in our study
form short-lived protein—protein complexes, lending support to
the notion of a general trend in kg between IDPs and folded
proteins.6 However, the variation in rate constants among
available data sets is large,’ and any general conclusions
regarding both k. and k,, must await further studies.

The association rate constant in the absence of electrostatic
contributions, the basal association rate constant, k,, .,y can be
very informative from a mechanistic point of view. The
association rate constant for two spherical particles that are
uniformly reactive over their whole surface can be calculated
using the Smoluchowski equation to be 10°—10'° M~' s71.%7
However, for proteins, such magnitudes are never reached
because they are not uniformly reactive; for example, they
usually have a binding site, which the ligand must enter in a
certain conformation. Therefore, basal association rate
constants for diffusion-controlled reactions involving folded
proteins are around 10*—~10° M~ s7.*” The basal association
rate constants determined in this study (0.57 x 10° M~ s™* for
the folded PNT domain and 1.4—2.0 X 10° M™! 57" for the
disordered p160 co-activator domains at 4 °C) are at the upper
end of this regime or even exceeding it at 25 °C. One potential
reason for this is that disordered proteins may be able to bind
initially in several different ways; i.e., they have a significantly
increased number of productive collisions leading to an
encounter complex as compared to folded proteins. The initial
complex for such IDP interactions may be very nonspecific and
with non-native interactions, before rearrangement into the
final native bound state.*® This is consistent with a recent ®
value analysis of the interaction between ACTR and NCBD,*
which showed that the transition state contains a few weak
native hydrophobic contacts but is otherwise quite disordered.
Similar arguments were put forward by Shammas et al,” who
also observed a high basal rate constant for the interaction
between the disordered c-myb and the KIX domain, which the
authors argued could be due to fewer obligatory contacts for
the initial association.

A plausible model for the interaction between the full-length
versions of pS3 and CBP is a dimeric complex through a
tetravalent interaction, in which each of the four pS3TAD units
binds to one of the four CBP domains, TAZ1, TAZ2, KIX, or
NCBD."”* The Ky for NCBD/pS3TAD at a physiological
ionic strength of 0.2 M is high, ~90 uM, which would suggest
that this interaction contributes little to the overall binding
affinity of the tetramer. Previous studies'” reported measure-
ments of binding of pS3TAD to NCBD, TAZ1, TAZ2, and KIX
at a low ionic strength, making it difficult to assess the relative
contribution each interaction makes to the overall binding
affinity of CBP for pS3 at a physiological ionic strength. The
potentially different contribution of electrostatics for each
individual interaction emphasizes the importance of conducting
measurements at biologically relevant salt concentrations.

In conclusion, we have shown that IDP associations involving
NCBD have high k,, values with a significant ionic strength
dependence, which reflects the importance of electrostatic
interactions in these interactions. On the other hand, the
interaction between NCBD and the folded PNT domain
depends less on electrostatic interactions, which may indicate a
distinctly different interaction surface. Finally, the basal
association rate constants determined in this study exceed
those previously determined for folded proteins, suggesting that
disordered proteins or regions initially associate with their
targets in a manner less restricted than that of folded proteins.
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Biphasic binding trace for TIF2 at an ionic strength of 0.2 M
(Figure S1A) and concentration dependence of the fast and
slow kinetic phase for TIF2, at an ionic strength of 0.2 M
(Figure SIB) and concentration dependence of the additional
third kinetic phase that is observed at an ionic strength of 1 M
(Figure S2). The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.biochem.5b00520.
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