
The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Multilayered allosteric modulation of coupled
folding and binding by phosphorylation,
peptidyl-prolyl cis /trans isomerization,
and diversity of interaction partners

Cite as: J. Chem. Phys. 157, 235102 (2022); doi: 10.1063/5.0128273
Submitted: 27 September 2022 • Accepted: 28 November 2022 •
Published Online: 21 December 2022

Karin J. Buholzer,1 Jordan McIvor,2 Franziska Zosel,1,a) Christian Teppich,1 Daniel Nettels,1

Davide Mercadante,1 ,2,b) and Benjamin Schuler1 ,3,b)

AFFILIATIONS
1 Department of Biochemistry, University of Zurich, Zurich, Switzerland
2School of Chemical Sciences, The University of Auckland, Auckland, New Zealand
3Department of Physics, University of Zurich, Zurich, Switzerland

Note: This paper is part of the JCP Special Topic on New Views of Allostery.
a)Present address: Department of Biophysics and Injectable Formulation 2, Novo Nordisk A/S, Måløv, Denmark.
b)Authors to whom correspondence should be addressed: davide.mercadante@auckland.ac.nz and schuler@bioc.uzh.ch

ABSTRACT
Intrinsically disordered proteins (IDPs) play key roles in cellular regulation, including signal transduction, transcription, and cell-cycle
control. Accordingly, IDPs can commonly interact with numerous different target proteins, and their interaction networks are expected
to be highly regulated. However, many of the underlying regulatory mechanisms have remained unclear. Here, we examine the representative
case of the nuclear coactivator binding domain (NCBD) of the large multidomain protein CBP, a hub in transcriptional regulation, and the
interaction with several of its binding partners. Single-molecule Förster resonance energy transfer measurements show that phosphorylation
of NCBD reduces its binding affinity, with effects that vary depending on the binding partner and the site and number of modifications.
The complexity of the interaction is further increased by the dependence of the affinities on peptidyl-prolyl cis/trans isomerization in NCBD.
Overall, our results reveal the potential for allosteric regulation on at least three levels: the different affinities of NCBD for its different bind-
ing partners, the differential modulation of these affinities by phosphorylation, and the effect of peptidyl-prolyl cis/trans isomerization on
binding.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128273

INTRODUCTION

Intrinsically disordered proteins (IDPs) have important reg-
ulatory roles in signal transduction, transcription, and cell-cycle
control.1–4 Many advantages of structural disorder in cellular reg-
ulation have been proposed, among them structural flexibility,
which allows IDPs to interact with many different binding part-
ners and leads to higher accessibility for posttranslational modifi-
cations (PTMs).5–8 The degree of disorder in unbound IDPs and
even in their complexes varies greatly, from largely ordered to fully
disordered.4,9,10 Structural disorder enables or facilitates various

types of allosteric regulation.11 In general, folding-coupled binding
processes, which have been observed for many IDPs,12,13 fall into
the class of allosteric changes if we consider allostery as a ligand-
induced conformational change in a protein that modulates its
biological function, including the thermodynamic coupling of bind-
ing and folding in multidomain IDPs.14 Other allosteric processes
common for IDPs are the competition between different interac-
tion partners for overlapping binding sites11,15 and the effects of
PTMs on structure and affinity.16,17 However, many of the allosteric
mechanisms in IDPs and their interplay remain to be understood
quantitatively.

J. Chem. Phys. 157, 235102 (2022); doi: 10.1063/5.0128273 157, 235102-1

© Author(s) 2022

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0128273
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0128273
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0128273&domain=pdf&date_stamp=2022-December-21
https://doi.org/10.1063/5.0128273
https://orcid.org/0000-0003-2324-5492
https://orcid.org/0000-0002-6558-994X
https://orcid.org/0000-0002-5137-6601
https://orcid.org/0000-0003-1794-8431
https://orcid.org/0000-0003-3872-4955
https://orcid.org/0000-0001-6792-7706
https://orcid.org/0000-0002-5970-4251
mailto:davide.mercadante@auckland.ac.nz
mailto:schuler@bioc.uzh.ch
https://doi.org/10.1063/5.0128273


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

IDPs are particularly prevalent among transcription factors.18

A prominent example is the CREB-binding protein (CBP), an
important hub in transcriptional regulation, with more than 400
known binding partners.6 It consists of eight domains connected by
long flexible linkers. In view of its modular architecture, CBP has
been suggested to act as a signal integrator by combining the inter-
actions and corresponding signals of the individual domains.6 The
C-terminally located nuclear coactivator binding domain (NCBD),
a member of the large group of αα-hub domains,19 has an interest-
ing property: It contains three α-helices but lacks a stably folded
core,20–22 which enables the helices to be present in different
arrangements within the conformational ensemble.21,22 Many pro-
teins have been reported to bind to the region of CBP encompassing
NCBD,23–25 and for eight well-characterized cases, the NCBD core
region (CBP 2058–2116) is sufficient for the interaction.20,22,26,27

Among them are five IDPs: the three homologous nuclear recep-
tor coactivators (NCoAs) SRC1 (the steroid receptor coactivator 1),
TIF2 (the transcriptional intermediary factor 2), and ACTR
(the activator for thyroid hormone and retinoid receptor); the trans-
activation domain of the tumor suppressor p53, p53TAD; and the
adenoviral early region 1A protein, E1A. The available structures
reveal different arrangements of the three helices of NCBD when
bound to different binding partners20,26,28,29 [Fig. S1(a)], which illus-
trates the conformational plasticity of this IDP that enables its
versatile interactions.

Among the interactions of NCBD, binding to ACTR has
attracted special attention because it was the first reported example
of two IDPs that bind and fold in a mutually synergistic manner.20

Since then, many studies have investigated this binding mecha-
nism and have revealed remarkable structural, energetic, and kinetic
aspects of NCBD binding to several of its binding partners.30–40

Here, we investigate the various levels of regulation that may be
involved in these interactions: the different affinities of NCBD with
its different binding partners; how they are differentially affected by
peptidyl-prolyl cis/trans isomerization; and the role of NCBD phos-
phorylation, which is known to occur in vivo.41–44 Specifically, we
focus on the interaction of NCBD with three of its intrinsically dis-
ordered binding partners: the three NCoAs ACTR, SRC1, and TIF2.
We find that the phosphorylation of Ser residues near Pro20 reduces
the affinity of NCBD to all three NCoAs, but to different extents. We
further identify peptidyl-prolyl cis/trans isomerization of Pro20 of
NCBD to be an important kinetic modulator for the interaction with
ACTR and TIF2, but less so for SRC1. These results point toward a
complex interplay of these allosteric processes and their potential
role for cellular regulation.

RESULTS
Affinity of NCBD to different binding partners

NCBD can bind both to intrinsically disordered and to folded
proteins. Nuclear magnetic resonance (NMR) structures indicate
that the arrangement of the three helices of NCBD bound to its dis-
ordered binding partners is similar but not identical; the detailed
arrangement of the helices and the length of the third helix, e.g., dif-
fers between the bound structures20,21,26,28,45 [Figs. 1(a) and S1(a)].
Different binding partners/effectors thus lead to different functional
conformations, in line with the concept of allostery. The detailed

FIG. 1. Binding of NCBD to its disordered interaction partners. (a) NMR structures
of free NCBD (gray, with helices α1-α3 indicated), NCBD bound to ACTR (blue) or
SRC1 (green). To highlight the different degrees of disorder in the flexible tails of
NCBD, NMR conformers of the respective structures of NCBD are overlaid below
(PDB 2KKJ,21 1KBH,20 2C5226). (b) Normalized single-molecule FRET efficiency
histograms from a titration of fluorescently labeled NCBD (Alexa Fluor 488 and
CF660R, green and red stars) with unlabeled ACTR [increasing concentration from
blue to red; see panel (c) for concentration range]. (c) Fractions of bound NCBD
as a function of binding partner concentrations (see the legend), fitted with binding
isotherms. Uncertainties represent standard errors of the fits.
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structure of NCBD in complex with TIF2 is unknown, but in view of
its high sequence identity with ACTR (75% in the interacting heli-
cal region of ACTR (1044–107720) and the corresponding residues
in TIF2, Table S1), it is likely to adopt a similar conformation. To
study the interactions of NCBD binding to its disordered partners,
we first conducted free-diffusion single-molecule Förster resonance
energy transfer (FRET) experiments with NCBD labeled at its ter-
mini with Alexa Fluor 488 and Biotium CF660R. This dye pair is
well suited for monitoring the relatively short distances between the
termini because of its relatively small Förster radius of R0 = 4.6 nm
(see Methods).38

In the absence of a binding partner, we observe a single peak in
the transfer efficiency histogram of NCBD [Fig. 1(b), blue curve].
Addition of unlabeled ACTR leads to the population of a second
peak at lower transfer efficiency [Fig. 1(b)], indicating an increased
end-to-end distance of NCBD in complex with ACTR, which is in
line with the C-terminus of NCBD gaining structure and extend-
ing its third helix upon complex formation20,22 [Fig. 1(a)]. We find
similar shifts for the binding of NCBD to TIF2, and SRC1, albeit
with slightly different transfer efficiencies (Fig. S2), consistent with
the slightly different conformations of NCBD in its different com-
plexes [Fig. 1(a)]. From the relative peak areas, we obtain the fraction
of bound NCBD as a function of binding partner concentrations
and quantify equilibrium dissociation constants, KD [Fig. 1(c)]. All
NCoA-NCBD complexes exhibit tight binding in the nanomolar
range, with slightly lower affinity for ACTR than for SRC1 and
TIF2, in agreement with previous results.40 We also confirmed the

lower, micromolar affinities previously reported for p53TAD and
E1A40,46 (Fig. S2) but did not investigate them further because of the
high affinity required for dissecting the kinetics in detail with inter-
molecular FRET experiments. These differences in affinity provide
an obvious first level of regulation: The effects of different bind-
ing partners will manifest at different concentrations, which can be
tuned by changes in protein turnover.

NCBD phosphorylation reduces binding affinity

Another well-established mechanism of regulating protein
interactions is by posttranslational modification. NCBD is known
to be phosphorylated at several sites in vivo, including Ser residues
near Pro2041–44 [Fig. 2(a)]. To test the possible influence of phos-
phorylation on NCBD binding, a radioisotope-based screen of
51 kinases was performed for their ability to phosphorylate NCBD
(see Methods). We focused on the CMGC family,47 an essential
and large group of kinases present in all eukaryotes that includes
cyclin-dependent kinases (C), mitogen-activated protein kinases
(M), glycogen synthase kinases (G), and CDC-like kinases (C), and
which consists primarily of Pro-directed Ser/Thr kinases. The screen
identified 12 hits, of which CDK5, CDK1, HIPK2, and p38 were
selected as representative examples of the different groups within
the CMGC family and for which phosphorylation of NCBD could
be confirmed by mass spectrometry. A more detailed analysis of
NCBD phosphorylated by these four kinases using reversed-phase
(RP)-HPLC and mass spectrometry revealed phosphorylation to

FIG. 2. Effects of NCBD phosphorylation on binding affinity. (a) Sequence and structure of NCBD with the previously reported phosphorylation sites highlighted in blue
(PhosphoSitePlus;48 font size indicates the relative number of reports on this phosphorylation position) and Pro20 indicated in red. (b) Transfer efficiency histograms from
free-diffusion single-molecule FRET measurements of double-labeled NCBD (Alexa 488/CF660R) phosphorylated with CDK5 or CDK1 titrated with increasing concentrations
of unlabeled ACTR (range: 0–51.2 μM, from blue to red). (c) KD between ACTR and NCBD upon phosphorylation of NCBD with different kinases relative to unphosphorylated
NCBD (“NCBD wt”). (d) Equilibrium dissociation constants of the complexes ACTR-NCBD, TIF2-NCBD, and SRC1-NCBD upon site-specific single-site phosphoserine
incorporation (gray) relative to unphosphorylated NCBD (color). Error bars in (c) and (d) indicate the errors of the fits.
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occur predominantly at one (CDK5 and HIP2) or two (CDK1 and
p38) Ser residues (Fig. S3).

To assess the effect of enzymatic phosphorylation on binding,
we performed single-molecule FRET experiments on enzymatically
phosphorylated double-labeled NCBD with ACTR [Figs. 2(b), 2(c),
and S4, Table S2]. Phosphorylation has clear effects on affinity,
with pronounced differences between the kinases. Phosphoryla-
tion with CDK1 and p38 increased KD by more than 20-fold
[Figs. 2(b) and 2(c)]; with CDK5 and HIP2, KD increased much
less, indicating that the effect on affinity is amplified with the
number of phosphate groups [Figs. 2(c) and S4]. Already based
on the net negative charge of ACTR and the net positive charge
of NCBD,37,38,40 we indeed expect phosphorylation of NCBD to
reduce the favorable electrostatic contribution to binding, but other
effects are likely to contribute as we will show below (see the
section titled Probing the effects of phosphorylation and peptidyl-
prolyl cis/trans isomerization with simulations). An issue with the
enzymatically phosphorylated samples is that they exhibit a consid-
erable degree of chemical heterogeneity, especially in terms of the
number of phosphate groups, and also by some nonspecific oxida-
tion, a result of the long reaction times required (Fig. S3). Many
kinases modify between one and several hundred potential phos-
phorylation sites in vivo, a process that requires complex regulatory
mechanisms.14,15,49 Attaining specific and homogeneous phosphory-
lation in vitro is thus usually difficult, which complicates quantitative
analysis.

To achieve specific single-site phosphorylation and enable us
to investigate the effects of such modifications on the complexes of
NCBD with different binding partners, we thus used NCBD pro-
duced by solid-phase peptide synthesis, with phosphoserine (pSer)
incorporated at two positions, Ser19 or Ser22; both are in the vicinity
of Pro20, which has previously been shown to influence the interac-
tion between NCBD and ACTR by peptidyl-prolyl cis/trans isomer-
ization, and both precede a Pro residue and thus form a Ser–Pro
motif, a common target for kinases41–44 [Fig. 2(a)]. The result-
ing sequences for these site-specifically phosphorylated variants are
slightly different from the recombinantly produced proteins, and in
these measurements, the NCoAs carry the two negatively charged
fluorophores (see Table S1 for sequences), which can affect the abso-
lute affinities, but since we compare identical constructs with and
without phosphorylation, the relative changes are expected to be
robust. Site-specific phosphorylation of NCBD causes a decrease in
affinity for all three NCoAs [Fig. 2(d)], with KD changes in a sim-
ilar range as observed upon enzymatic phosphorylation of NCBD
and binding to ACTR [Fig. 2(c)]. In summary, phosphorylation of
NCBD at both Ser19 and Ser22 destabilizes the complex for all three
binding partners, but with differential effects on the different bind-
ing partners. Phosphorylation may thus be a way of differentially
regulating the interactions of NCBD with closely related binding
partners.

Peptidyl-prolyl cis/trans isomerization
modulates the interaction of NCBD
with its binding partners

We recently observed the spontaneous switching of NCBD
between two kinetic binding regimes with an eightfold difference
in affinity to ACTR.37 We identified the peptidyl-prolyl cis/trans

isomerization of Pro20 in NCBD as the dominant source of
this kinetic heterogeneity and assigned it to two conformational
states (NCBDP20,trans and NCBDP20,cis) that interconvert slowly and
differ in their kinetics of binding to ACTR [Fig. 3(a)]. To probe the
effect of this allosteric process on the binding of NCBD to the differ-
ent NCoAs, we investigated the kinetics with single-molecule FRET
between surface-immobilized molecules and their binding partners
in free solution (Fig. 3), which allows timescales from microseconds
to minutes to be probed.37,38,50–53

We labeled biotinylated NCBD with Cy3B as the donor fluo-
rophore and immobilized it via Avidin on a biotinylated, polyethy-
lene glycol-(PEG-)passivated glass surface [Fig. 3(a)]. Fluorescence
from a single NCBD molecule was recorded by confocal single-
photon counting. Binding and dissociation were monitored by
changes in FRET upon binding to acceptor-labeled molecules
present freely diffusing in solution: The time traces exhibit anticor-
related jumps of donor (green) and acceptor emission (red), indicat-
ing transitions between the unbound state (high donor counts) and
bound state [high acceptor counts, Fig. 3(b)]. In addition to rapid
association and dissociation events on the millisecond timescale,
we observed within the trajectories of single NCBD molecules
two kinetic regimes that interconvert on a timescale of tens of
seconds: a high-affinity regime [Fig. 3(b), purple shading], with
more frequent and longer binding events than in the low-affinity
regime (light green shading). Based on mutation studies, NMR spec-
troscopy, and molecular dynamics (MD) simulations, we previously
assigned the high-affinity regime for the interaction with ACTR to
a conformation of NCBD with Pro20 in the trans configuration
(NCBDP20,trans), and the low-affinity regime to NCBD with Pro20
in the cis configuration (NCBDP20,cis).37

Analogous to the procedure described in Zosel et al.,37 we used
a hidden Markov model (HMM) based on the kinetic scheme in
Fig. 3(a) to quantify the rate coefficients from the time traces by like-
lihood maximization (MLH) (Table S3). As an alternative analysis
approach, we obtained dwell-time distributions of the bound and
unbound states with the Viterbi algorithm [Fig. 3(c), see Methods
for details]. In agreement with our previous results,37 the over-
all dwell-time distribution of the bound state for ACTR decays
biexponentially, reflecting the different dissociation rate coefficients
associated with the two kinetic regimes. A useful way of visual-
izing the two regimes is to split the time traces into shorter seg-
ments of 4 s and plotting the mean dwell times per segment of
the unbound against the bound state (`τoffe vs `τone) in a 2D his-
togram [insets in Fig. 3(c)]. For NCBD containing Pro20, the two
populations cluster around the rate coefficients from the biexpo-
nential dwell-time distributions. This observation is confirmed by
separating the segments corresponding to the two kinetic regimes
directly in the trajectories and overlaying the resulting 2D his-
tograms [light green and purple dotted lines in insets of Fig. 3(c)].
The kinetic heterogeneity in the dissociation kinetics of ACTR
and NCBD is eliminated if Pro20 is replaced by Ala: The homo-
geneous binding behavior visible in the time trace results in a
single population in the 2D dwell-time histogram and a single-
exponential dwell-time distribution with a higher decay rate close
to that of the cis state [Figs. 3(c) and 3(d)]. Although NCBD con-
tains four helix-terminating prolines, only Pro20 affects the switch-
ing between the two kinetic regimes observed with ACTR binding
to NCBD.37
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FIG. 3.Peptidyl-prolylcis/transisomerization causes kinetic heterogeneity in the binding of NCBD to its interaction partners. (a) Schematic representation of the experiment
with immobilized NCBD (gray) labeled with Cy3B and binding partner (in this case ACTR, blue) labeled with CF660R. (b) Representative time traces for the binding
to ACTR, TIF2, and SRC1 showing time-binned numbers of donor (green) and acceptor photons (red) from confocal measurements. Binding and dissociation events
lead to anticorrelated changes of the photon rates. Two kinetic regimes due to Pro isomerization are highlighted: NCBDP20,trans(purple shading) and NCBDP20,cis (green
shading). The Viterbi algorithm was used to identify state trajectories from which dwell times of the bound (� on) and unbound (� off) states were obtained. (c) Corresponding
dwell-time histograms of the bound state of NCBD wt (left) and NCBD P20A (right) �tted with single- (dashed lines) and double-exponential decays (solid lines), with
residuals below each panel. Insets show 2D dwell-time histograms of the mean dwell times in the bound (`� one) and unbound states (`� offe) determined from 4 s segments
of the recorded time traces. The inverse values of the dissociation rates (`� one � 1/koff) are indicated by vertical lines. For variants showing biexponential dwell-time
distributions, the two kinetic regimes were separated (see Methods) and the 2D dwell-time histogram overlaid in light green for thecisand in purple for thetransstate.
(d) Equilibrium dissociation constants,KD, for the different binding partners, for NCBD wt on average (av.; based on analysis with a two-state model), separately fortransand
cis, and for NCBD P20A on average (av.). All values provided in Table S3. (e) and (f) Close-ups of the region around NCBD Pro20 (red) in complex with ACTR (e) and SRC1
(f) (PDB 1KBH20 and 2C5226).
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