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Intrinsic protein flexibility is of overwhelming relevance for intermolecular recognition and adaptability
of highly dynamic ensemble of complexes, and the phenomenon is essential for the understanding of
numerous biological processes. These conformational ensembles—encounter complexes—lack a unique
organization, which prevents the determination of well-defined high resolution structures. This is the
case for complexes involving the oncoprotein SET/template-activating factor-Ib (SET/TAF-Ib), a histone
chaperone whose functions and interactions are significantly affected by its intrinsic structural plasticity.
Besides its role in chromatin remodeling, SET/TAF-Ib is an inhibitor of protein phosphatase 2A (PP2A),
which is a key phosphatase counteracting transcription and signaling events controlling the activity of
DNA damage response (DDR) mediators. During DDR, SET/TAF-Ib is sequestered by cytochrome c (Cc)
upon migration of the hemeprotein from mitochondria to the cell nucleus. Here, we report that the
nuclear SET/TAF-Ib:Cc polyconformational ensemble is able to activate PP2A. In particular, the N-end
folded, globular region of SET/TAF-Ib (a.k.a. SET/TAF-Ib DC)—which exhibits an unexpected, intrinsically
highly dynamic behavior—is sufficient to be recognized by Cc in a diffuse encounter manner. Cc-mediated
blocking of PP2A inhibition is deciphered using an integrated structural and computational approach,
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combining small-angle X-ray scattering, electron paramagnetic resonance, nuclear magnetic resonance,
calorimetry and molecular dynamics simulations.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction mission and controlling the action of the DNA repair mechanisms
The intrinsic flexibility of proteins is essential for their function-
ality and interactions, which are virtually key in all cellular func-
tions. Flexible or disordered ca. 30-residue long segments are
common in ca. 75% of signaling proteins [1]. Such flexibility
becomes more prominent in intermolecular recognition and adapt-
ability, strongly influencing binding affinities, thermodynamics [2]
and nature of the interaction surface [3]. Dynamic recognitions
involve a diffusive search along the protein surfaces, yielding an
ensemble of conformations—an encounter complex—in which the
two proteins diffuse along each other or participate in several col-
lisions that properly align their binding interfaces [4]. Therefore,
these processes are highly dynamic and lack a well-defined orien-
tation [5].

When at least one of the components remains flexible upon
binding, the ensemble is governed by polymorphic conformational
states, keeping alternative transient contacts between specific
partners [3,4]. Thus, protein intrinsic flexibility becomes promi-
nent for intermolecular recognition and adaptability, exerting con-
siderable influence on binding affinity or thermodynamics [2], as
well as on the modulation of the binding interfaces [3]. Such a
dynamic behavior is essential to fully understand the biological
mechanisms relying on the molecular recognition of encounter
complexes [6,7]. Therefore, it is critical to analyze their conforma-
tional ensemble, or the collection of the tridimensional structures
they adopt, which remains an immense challenge in structural
biology [8].

Conformational diversity makes difficult to obtain complete,
well-defined structures by crystallographic methods [7,9,10]. In
solution, electron paramagnetic resonance (EPR) and nuclear mag-
netic resonance (NMR) have widely been applied to analyze
dynamic encounters [10–12]. In particular, paramagnetic relax-
ation enhancement (PRE)-NMR data have been used in computa-
tional complex modelling [13–15]. As well, EPR studies based on
site-directed spin labeling of proteins provides rich pieces of infor-
mation about their conformational behavior and the setting-up of
protein interactions taking into consideration the intrinsic flexibil-
ity of protein partners [16,17]. Such consideration becomes essen-
tial in the structural study of proteins with high intrinsic dynamics,
like the oncoprotein SET/template-activating factor-Ib (SET/TAF-Ib)
whose biological functions can be strongly altered by its inherent
structural plasticity.

SET/TAF-Ib is a homodimer that functions as a histone chaper-
one [18,19] and modulates the DNA damage response (DDR) by
retaining proteins involved in chromatin compaction and inhibi-
tion of DNA repair mechanisms around DNA breaks [20]. Recently,
it has been described a role for SET/TAF-Ib in histone H1 eviction
from damaged chromatin, hence decreasing the cell survival upon
DNA breaks [21]. In this context, it has been proposed that SET/
TAF-Ib facilitates the entry of DNA repair factors into the damaged
sites, allowing chromatin dismantling, repair and rearrangement,
as known for other nucleosome assembly protein 1 (NAP1) family
members [22–23].

Besides acting as a chromatin remodeler, SET/TAF-Ib is a well-
known inhibitor of protein phosphatase 2A (PP2A), so it is also des-
ignated as the inhibitor 2 of PP2A or I2PP2A [24,25]. Recently, PP2A
has emerged as a major regulator of DDR, regulating signal trans-
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[26–28]. In recent years, PP2A has also been shown to be recruited
by the Integrator RNA endonuclease complex to transcriptionally-
active regions in chromatin, forming the so-called INTAC
(Integrator-PP2A complex) [29,30]. Within the INTAC, PP2A is inte-
grated as an enzyme lacking only its regulatory subunit, whose
function in recruiting and handling substrates is accomplished by
the Integrator subunits Ints6 and Ints8 [29]. Thenceforth, PP2A
dephosphorylates the C-terminal domain of RNA polymerase II
(RNApol II), which promotes transcriptional pausing and termina-
tion and, ultimately, downregulates transcription [30,31]. Actually,
PP2A is considered as an important tumor suppressor protein [32]
whose inactivation is commonly detected in solid tumors [33–35].
The role of PP2A in regulating INTAC-mediated transcription is
essential in tumor suppression. In this context, it has recently been
described the antagonistic role of INTAC and cyclin-dependent
kinase 9 (CDK9), which phosphorylates the C-terminus of RNApol
II and promotes the amplification of acute oncogenic transcrip-
tional responses [36]. Indeed, mis-regulations and aberrant
expressions of Integrator or some of its subunits that mediate
PP2A bridging have been detected in some kinds of cancers and
neurodevelopmental syndromes [29,30]. PP2A inhibition by SET/
TAF-Ib plays indeed a relevant role in tumor progression and
DDR control. In this context, SET/TAF-Ib is upregulated in a variety
of tumors [37,38]. Additionally, PP2A downregulation by SET/TAF-
Ib has been proposed as the main cause of tau protein hyperphos-
phorylation and subsequently, Alzheimer’s disease progression
[39–41].

Major SET/TAF-Ib functions, such as histone chaperone and
PP2A inhibition activities, mainly rests on its globular ‘‘earmuff”
domains [18,42,43]. The chaperone is a homodimer, each mono-
mer comprising an N-terminal dimerization helix, followed by
the so-called earmuff domain and an acidic disordered stretch at
the C-end [18] (Fig. 1A). SET/TAF-Ib orthologues—such as yeast
NAP1 [44] and vacuolar protein sorting-associated protein 75
(VPS75) [45], and Plasmodium falciparum nucleosome assembly
protein L (NAPL) [46]—share the structural architecture of SET/
TAF-Ib and bind histones through the groove between their globu-
lar domains, which are negatively charged and contain flexible,
unstructured segments. Interestingly, the hydrophobic evolution-
ary conserved segments connecting the dimerization helices with
the earmuffs are responsible for the aperture of the groove, which
is crucial for the binding of histone dimers [45]. Remarkably, such
groove substantially narrows in the crystallographic structure of
SET/TAF-Ib DC, a construct lacking its C-terminal acidic unstruc-
tured stretches (residues 226–277; Fig. 1A), when compared to
those of NAP1 and VPS75 [18,45]. It suggests that SET/TAF-Ib con-
formational dynamics changes the relative orientation of the ear-
muffs so as to accommodate histones or other partners of the
chaperone [47].

Recently, we reported that SET/TAF-Ib is targeted by cyto-
chrome c (Cc) upon migration of the hemeprotein from mitochon-
dria to the cell nucleus under DNA damage conditions, leading to
the impairing of the nucleosome assembly activity of the chaper-
one [47,48]. Besides, it has been shown that nuclear Cc also binds
to the histone chaperone acidic leucine-rich nuclear phosphopro-
tein 32 family member B (ANP32B), also named as inhibitor 3 of
PP2A (I3PP2A) [49].
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Fig. 1. Cytochrome c blocks PP2A inhibition mediated by SET/TAF-Ib and SET/TAF-Ib DC. (A) Domain organization and ribbon representation of the structural model of SET/
TAF-Ib. Dimerization domain (residues 1–80) is represented in blue, the earmuff domain (81–225) in gold, and the unstructured acidic domain (226–277) in green. The
structural model was built using MODELLER [66] to trace the earmuff loops and C-terminal acidic domains, which were not visible in the crystallographic structure (PDB entry
2E50 [16]). (B) Relative PP2A activity of extracts from HEK293T cells transfected with empty pCDNA3.1 vector (-), pCDNA3.1-SET/TAF-Ib (+) (Upper) or pCDNA3.1-SET/TAF-Ib
DC (+) (Lower), upon addition of increasing amounts of recombinant Cc. Data shown are the mean ± SD of three independent experiments. Western-blots of cell extracts
against c-myc tag checking transfection with both SET/TAF-Ib species are shown in each panel. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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In this work we demonstrate how Cc blocks the SET/TAF-Ib-
mediated inhibition of PP2A. We also show that PP2A inhibition
and Cc binding abilities of SET/TAF-Ib pivot over the globular por-
tion of the oncoprotein, comprised within SET/TAF-Ib DC. To dee-
ply understand the diffuse events that govern the recognition
between SET/TAF-Ib DC and Cc, we resorted to a methodological
formula that primarily considers the flexibility and dynamics
exhibited by the chaperone and its transient contacts with Cc.
Accordingly, we here report a biophysical integrative approach,
including a flexible model of SET/TAF-Ib DC. Actually, our molecu-
lar dynamics (MD) simulations and small-angle X-ray scattering
(SAXS) analysis evidence the highly dynamic nature of SET/TAF-
Ib DC and provide a structural model in solution. SAXS, PRE-
NMR, site-directed spin labeling (SDSL)-EPR and 19F NMR analyses
allowed us to fully characterize the abovementioned encounter
complex, showing how Cc preferably samples the earmuff domains
at SET/TAF-Ib DC forming a dynamic ensemble of multiple confor-
mations. Overall, this work evinces the molecular basis for a new
regulatory function for extra-mitochondrial Cc based on hindering
the SET/TAF-Ib-mediated PP2A inhibition, making thus use of an
integrative conception of structural determination methods.
2. Materials and methods

2.1. DNA constructs

The SET/TAF-Ib and SET/TAF-Ib DC genes were cloned into the
pcDNA3.1 vector [39] for their expression in mammalian cells to
perform PP2A inhibition assays. The c-myc tag was included at
the C-terminus of each construct to be detectable by Western-blot.

Recombinant expression of SET/TAF-Ib species was achieved by
cloning SET/TAF-Ib DC (residues 1-225), containing an N-terminal
6xHis tag, into the pET14b vector under the T7 promoter [50]. To
graft both nytroxide and fluorine tags into the earmuff domains
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or the a-helices responsible for protein dimerization, Cys residues
were introduced at different positions of SET/TAF-Ib DC. Site-
directed mutagenesis was performed by polymerase chain reaction
(PCR), using the pET14b-SET/TAF-Ib DC construct. The following
primers were designed:

50- CCAACCATTTTTTTGCAAGAGGTCAGAA �30 and.
50- TTCTGACCTCTTGCAAAAAAATGGTTGG �30 for Q69C;
50- CCATCCACAAGTGTGTGCACTGCTTGG �30 and.
50- CCAAGCAGTGCACACACTTGTGGATGG �30 for S93C;
5́- GCAGAATAAAGCCTGCAGGAAGAGGCAG �30 and.
50- CTGCCTCTTCCTGCAGGCTTTATTCTGC �30 for S178C;
50- CTGATGCAGGTTGTGATGAGTTAGGAG �30 and.
50- CTCCTAACTCATCACAACCTGCATCAG �30 for A201C;
50- GTTCCCGATATGTGCTAAGGATCCG �30 and,
50- CGGATCCTTAGCACATATCGGGAAC �30 for D226C.
It is worth to be mentioned that mutant D226C includes a Cys

insertion at the C-end of SET/TAF-Ib DC, since this construct com-
prises residues 1 to 225.

The DNA encoding for Cc was already cloned into the pBTR1
expression vector, along with yeast heme lyase for the proper
heme group assembly [51,52].

2.2. Cell cultures

Human embryonic kidney 293 T (HEK293T) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 lg/mL strepto-
mycin, and maintained at 37 �C in a humidified 5% CO2

atmosphere.

2.3. PP2A inhibition assays

To perform PP2A inhibition assays, 2.5 � 106 HEK293T cells
were cultured in 150 mm diameter plates approximately 70%
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confluence was reached. Cell transfection with both SET/TAF-Ib,
SET/TAF-Ib DC or the empty vector was performed with calcium
phosphate as previously described [53]. 48 h after transfection,
cells were harvested in lysis buffer, containing 10 mM Tris-HCl
(pH 7.4), 50 mMNaCl, 1 mM ethyleneglycol tetraacetic acid (EGTA)
and 1 mM ethylenediamine tetraacetic acid (EDTA), and sonicated
(10 s, 10% amplitude) on ice. Cell debris were removed by centrifu-
gation at 16,300 � g during 15 min. Protein expression was con-
firmed by Western-blot detection.

Western-blot assays were performed by separating proteins in a
sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE, 12% acrylamide) and transferring them onto
polyvinylidene fluoride (PVDF) membranes using a BioRad Mini
Trans-Blot transfer cell. Next, membranes were blocked with 5%
non-fat dry milk in phosphate buffered saline (PBS) containing
0.1% Tween 20 (TPBS) for 1 h. Immunodetection was performed
using an antibody against c-myc tag, clone 4A6 (catalog number
05–724, EMD Millipore) and a secondary horseradish peroxidase
(HRP)-conjugated mouse IgG (catalog number A9044, Sigma
Aldrich).

Relative PP2A activity was measured as previously described
[39] with minor modifications. Briefly, cell extracts (120 lg of pro-
tein, determined by Bradford method [54]) were incubated with
increasing concentrations of recombinant Cc in the reaction buffer,
containing 50 mM Tris-HCl (pH 7.4), 0.1 mM CaCl2 and 2.5 mM
NiCl2, as well as 1 mg/mL p-nitrophenyl phosphate as enzyme sub-
strate. Reactions were stopped with 13% K2HPO4. PP2A activity was
followed by measuring absorbance values at 410 nm, using a plate
reader spectrophotometer (model 680, BioRad). For each assay,
data were normalized to extracts transfected with the empty vec-
tor. Each experimental data was the mean ± SD value of at least
three independent measurements.

2.4. Protein expression and purification

SET/TAF-Ib DC wild type (WT) construct and its Cys mutants
were expressed in E. coli BL21 (DE3) strain. Firstly, Luria-Bertani
(LB) pre-cultures, supplemented with ampicillin (100 lg/mL), were
grown at 37 �C up to saturation. Afterwards, they were used to
inoculate the final cultures, which were grown at 37 �C until an
optical density measured at 600 nm (OD600) of 0.6–0.8 was
reached. 1 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG) was
then added to induce protein expression during 24 h at 30 �C. Cells
were collected by centrifugation at 3,500 � g for 10 min (4 �C) and
then, resuspended in 20 mM Tris-HCl buffer (pH 8.0), 800 mM
NaCl, 10 mM imidazole. Cell suspension was incubated during
15 min at room temperature with 0.01% phenylmethylsulfonyl flu-
oride (PMSF), 0.2 mg/mL lysozyme, 0.02 mg/mL DNase I and 1x
protease inhibitors (cOmplete Mini, EDTA-free; Roche) before son-
ication (4 min, 35% amplitude). Insoluble debris was removed by
centrifugation at 48,000 � g for 40 min (4 �C). SET/TAF-Ib DC spe-
cies were purified from the protein extract by affinity chromatog-
raphy, using a Ni Sepharose 6 Fast Flow (GE Healthcare) column.
For Cys mutants, a concentration of 5 mM of dithiotreitol (DTT)
was kept during purification. Protein purity was verified by SDS-
PAGE (Fig. S1) and their aggregation state by dynamic light scatter-
ing (DLS) (Fig. S2). Pure SET/TAF-Ib DC samples were monodisperse
according to DLS analyses, yet displaying a slightly high polydis-
persion index (0.303 ± 0.023). The smooth shapes of the autocorre-
lation functions (ca. 0.75 amplitude and flat baseline; Fig. S2, inset)
indicates this is due to molecular flexibility rather than denatura-
tion or aggregation. Protein concentrations were assessed by Brad-
ford method [54].

Cc was expressed in the E. coli BL21(DE3) strain, as previously
described [52]. First, a 50 mL LB preculture, supplemented with
ampicillin (100 lg/mL), was grown at 37 �C up to saturation. Then,
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5 mL were used to inoculate 2.5 L LB cultures in 5 L Erlenmeyer
flasks. These cultures were incubated during 24 h at 30 �C under
agitation. Afterwards, cells were harvested and resuspended in
10 mM Tricine-NaOH (pH 8.5). Cell suspension was treated with
0.01% PMSF, 0.2 mg/mL lysozyme and 0.02 mg/mL DNase I and
next, cells were sonicated for 3 min at 30% amplitude and cen-
trifuged 40 min at 48,000 � g (4 �C) to remove the cellular debris.
For NMR experiments, 15N-labeled Cc was expressed in minimal
media (M9), supplemented with 15NH4Cl as a nitrogen source, by
following a similar procedure. Protein purification was based on
cation exchange chromatography using a Foresigth Nuvia S 5 mL
column (BioRad). The purity and homogeneity of Cc preparations
were confirmed by SDS-PAGE. Cc concentration was followed by
UV–Vis spectrophotometry, using an extinction coefficient at
550 nm of 28.92 mM�1 cm�1.

Finally, proteins were concentrated using 3 or 10 kDa cut-off
Merck Millipore concentrators and dialyzed against the appropriate
buffer.

2.5. Dynamic light scattering

DLS measurements were carried out to determine the oligomer-
ization state of the SET/TAF-Ib DC samples. Samples were prepared
at 0.8 mg/mL in 10 mM sodium phosphate (pH 7.4). DLS experi-
ments were performed at 25 �C in a Zetasizer Nano ZS (Malvern
Instruments).

2.6. Circular dichroism

Circular dichroism (CD) spectra were recorded at 20 �C in the far
UV region (190–250 nm) at 0.2 nm/min, using a 1-mm thick quartz
cuvette on a J-815CD Spectropolarimeter (Jasco), equipped with a
Peltier temperature control system. All the measurements were
taken for 0.1 mg/mL for the different SET/TAF-Ib DC Cys mutants,
in 10 mM sodium phosphate (pH 6.3) in D2O. Three scans were
averaged for each sample. Mean ellipticity values per residue
([h]mrw,k) were calculated as described by Kelly et al. [55].

2.7. Spin and 19F labeling

SET/TAF-Ib DC Cys mutant samples were dialyzed in 20 mM
sodium phosphate (pH 7.4) and 50 mM NaCl, containing 1 mM of
DTT. Then, DTT was removed by gel filtration using a desalting
PD-10 column (GE Healthcare). Immediately, fluorine label BTFA
(3-bromo-1,1,1-trifluoroacetone), paramagnetic spin label MTSL
([1-oxyl-2,2,5,5-tetramethyl-d3-pyrroline-3-methyl] methanethio-
sulfonate; Toronto Research Chemicals Inc., Toronto, Canada) or
diamagnetic label MTS ([1-acetoxy-2,2,5,5-tetramethyl-d-3-pyrro-
line-3-methyl] methanethiosulfonate; Toronto Research Chemicals
Inc., Toronto, Canada) were added to the sample at a 7 to 10-fold
molar excess from concentrated stock solutions in acetonitrile. The
labeling reaction was carried out at 4 �C, in the dark, under gentle
stirring and continuous flow of Ar during 1 h for spin labeling,
whereas overnight for 19F labeling. Excess of unbound label was
removed using a desalting column (PD-10) in the elution buffer
(10 mM sodium phosphate, pH 6.3) that was prepared in D2O for
EPR experiments. The fractions containing the labeled variants were
pooled and concentrated by ultrafiltration using 30 kDa cut-off
Merck Millipore concentrators. The secondary structure of SET/TAF-
Ib DC Cys mutants was assessed before and after spin labeling, as
well as its stability, by CD (Fig. S3). For double electron–electron res-
onance (DEER) experiments, final protein concentrations of 80 lM
were used and 30% (v/v) deuterated glycerol-d8 was added just
before a rapid freezing in liquid N2 to prevent excluded volume
effects and heterogeneous protein concentration.
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2.8. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were per-
formed in a Nano ITC Low Volume (TA Instruments, USA) at 25 �C.
The experiments consisted of 17 injections of 300 lM reduced
Cc, 2.91 lL each, in 10 mM sodium phosphate (pH 7.4) into the
sample cell, initially filled with 30 lM solution SET/TAF-Ib DC.
The same experiment was performed in the presence of 100 mM
KCl. Injection interval was set to 180 s, allowing the return of the
thermal power signal to the baseline before the next injection. Dur-
ing the titration, stirring was constantly maintained at 300 rpm.
The reference cell was filled with ultra-pure water and all samples
were degassed prior to the experiments. Injection heats normal-
ized per mole of injectant vs. molar ratio data were fitted to an
independent binding site model.
2.9. Surface plasmon resonance

Surface plasmon resonance imaging (SPRi) experiments were
carried out using a SPRi-Plex II (Horiba) equipment. SET/TAF-Ib
DC species at different concentrations (5 and 10 lM) were cova-
lently coupled to a CO-chemistry biochip surface. Bovine serum
albumin (BSA) was coupled at reference spots as a control. Cc solu-
tions at 500 nM, 2.5 lM and 5 lMwere passed, at least three times
each, onto the biochip surface at a 50 lL/min flow rate. Measure-
ments were performed at 25 �C, using 10 mM sodium phosphate
(pH 6.3) as running buffer. Data processing and analysis was per-
formed using Origin 2016 (OriginLab Corporation). SPR response
curves were obtained as average of the three independent injec-
tions and simultaneously fitted to a one-site binding model.
2.10. Small-angle X-ray scattering

SAXS data on SET/TAF-Ib DC and SET/TAF-Ib DC:Cc complex
were collected at the P12 beamline [56] of the European Molecular
Biology Laboratory at the PETRA III storage ring (DESY, Hamburg,
Germany). Preparatory SET/TAF-Ib DC dilution series were mea-
sured to evaluate possible interparticle interactions and to select
SET/TAF-Ib DC working concentrations. For SET/TAF-Ib DC titration
with Cc, both size-exclusion chromatography (SEC)-coupled SAXS
(SEC-SAXS) [57] and sample changer (SC) [58] were used. Measure-
ments in SC mode were carried out using a fixed concentration for
SET/TAF-Ib DC of 6.1 mg/mL at different titration levels of Cc, rang-
ing from 1:0 to 1:4 molar ratios. In the SC mode, samples and buf-
fer underwent a continuous flow during SAXS measurements at
20 �C, consisting of 40 � 100 ms exposures, for a total exposure
time of 4 s. The data were recorded on a Pilatus 6M detector at
the wavelength k = 1.24 Å, covering the momentum transfer range
0.03 < s < 7.3 nm�1 (s = 4p sin h/k, 2h being the scattering angle).

The experimental data were processed using standard proce-
dures [59]. Radius of gyration (Rg) and particle distance distribu-
tion function [P(r)] were calculated with Autorg and Datgnom
[60], respectively. SET/TAF-Ib DC molecular weight (MW) was
assessed by the absolute calibration method [61] and also by the
concentration-independent approaches and its credibility intervals
were determined by means of Bayesian statistics [62]. The scatter-
ing from the atomistic models were computed, fitted to the exper-
imental data by CRYSOL [63] and the models were further refined
using normal mode analysis (NMA) in SREFLEX [64].

The arrangement of SET/TAF-Ib DC monomers and Ccmolecules
into the complex was analyzed by rigid body modelling using
CORAL [65]. No symmetry restrictions were imposed.

Raw experimental data, models, and fits were deposited to the
SASBDB data bank with the following accession codes: SASDN77
and SASDN87.
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2.11. Molecular dynamics computations

MD computations on SET/TAF-Ib DC were carried out using the
AMBER 16 package [66] and the AMBER-14SB force field libraries
[67]. The loop-refined model of SET/TAF-Ib DC—based on X-ray
diffraction (XRD) analysis (PDB entry 2E50 [18])—were the initial
coordinates. N-terminal helices and missing loops in the XRD
structure were modelled by simulated annealing using MODELLER
[68]. The topology and coordinate files needed for MD calculations
were generated by using the LEAP module of the AMBER 16 pack-
age [66]. Simulations were performed under periodic boundary
conditions, using an orthorhombic cell geometry and particle mesh
Ewald (PME) electrostatics with an Ewald summation cut off of 8 Å.
The system was neutralized with sodium counter-ions according
with the total charge of the protein and solvated using an optimal
3-charge, 4-point rigid water model (OPC) molecules [69]. After
500 steps of energy minimization of protein sidechains, solvent
and counter-ions were subjected to 500 steps of steepest descent
minimization followed by 500 ps isothermal and isobaric (NPT)-
MD computations. Isotropic molecule position scaling and a pres-
sure relaxation time of 2 ps at 25 �C were used. Temperature
was regulated using a Langevin integrator [70] with a collision fre-
quency of 5 ps�1. When the system density reached a plateau, an
energy-minimization was performed previously to isothermal
and isochoric (NVT)-MD computations at 25 �C for 23 ns. The
SHAKE algorithm [71] was used to constrain bonds involving
hydrogen atoms. Average energies of this run were used to simu-
late a 200 ns evolution by accelerated-MD computations [72].
MD simulations on full-length SET/TAF-Ib were carried out with
the OpenMM software [73] using a Langevin integrator with a fric-
tion coefficient of 1 ps�1. For each system, evolution times of
100 ns were simulated at 298 K and 1 atm, with 5,000 previous
energy minimization steps of 2 fs. The PTRAJ module of AMBER
[74] was used for trajectory analysis.

Every snapshot from SET/TAF-Ib DC trajectories was analyzed
with the CRYSOL program of ATSAS package [63,75] to check com-
patibility with the SAXS data. Contact maps of full-length SET/TAF-
Ib were created with the Contact Map Explorer tool of the MDTraj
library [76]. Intramolecular contacts were accounted when the dis-
tance between any atom of the considered residues was less than
4.5 Å. Molecular graphics were performed with Chimera [77].

2.12. Electron paramagnetic resonance

Continuous-wave (CW)- and pulsed-EPR experiments (DEER)
were carried out on MTSL spin-labeled SET/TAF-Ib DC single-Cys
mutants, in both the absence and the presence of reduced Cc in a
1:2 SET/TAF-Ib DC:Cc molar ratio.

X-band continuous-wave room temperature experiment (23 �C)
EPR spectra were recorded on an ELEXSYS E500 Bruker spectrome-
ter, equipped with a Super High Q Sensitivity resonator operating
at X-band (9.9 GHz). The microwave power was 10 mW, the mag-
netic field modulation amplitude 0.1 mT and the frequency modu-
lation 100 kHz. Spin concentration was obtained by measuring the
double integral of EPR signals, compared to a reference sample. For
all variants, high spin-labeling yields—ranging from 80 to 100%—
were obtained.

DEER experiments were performed on a Bruker ELEXSYS E580 at
Q-band (34 GHz), using an EN 5107D2 resonator. The system was
equipped with an Oxford helium cryostat temperature regulation
unit. Data acquisition was performed at -213 �C. This temperature
was optimized according to relaxation times (spin–lattice relax-
ation time T1 and phase memory time Tm), measured at variable
temperatures in order to maximize Tm for optimal echo detection
and minimize T1 for optimal repetition time. Four-pulse DEER
experiments were run with pulse durations of 20 ns (p/2) and
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40 ns (p), interpulse delays s1 of 200 ns and s2 adjusted according
to Tm. The pump frequency was centered at the maximum reso-
nance while the observer frequency was 56 MHz lower. Undesir-
able echoes were suppressed using an 8-step phase cycling. Total
acquisition time was between 8 and 12 h. Inter-label distance dis-
tributions were calculated using DeerAnalysis 2018 software [78].
The dipolar evolution datasets after background correction were
processed with Tikhonov regularization. The regularization factor
a was chosen according to the L-curve criterion, based on a com-
promise between smoothness and resolution.
2.13. 19F and paramagnetic relaxation enhancement nuclear magnetic
resonance

1D 19F NMR measurements of BTFA-labeled SET/TAF-Ib DC spe-
cies upon the addition of reduced Cc or BSA, both in a 1:2 M ratio,
were performed on a Bruker Avance 600 MHz at 25 �C. These exper-
iments were carried out in 10 mM sodium phosphate buffer (pH
6.3), with 10% D2O to adjust the lock signal.

PRE-NMR measurements were performed on samples contain-
ing 92 lM of 15N-labeled Cc and 23 lM of each SET/TAF-Ib DC
single-Cys mutant conjugated with MTS or MTSL probes, forming
a 1:0.25 complex. Samples were prepared in 10 mM sodium phos-
phate (pH 6.3) containing 10% D2O. Samples were maintained in Ar
atmosphere, in order to minimize 15N-Cc oxidation. All measure-
ments were performed on a Bruker Avance III 500 MHz, equipped
with a 5 mm TCI cryoprobe, at 25 �C. Spectra were acquired and
processed by TopSpin NMR software (Bruker) and analyzed by
NMRFAM-SPARKY [79]. The assignments for Cc 1H-15N resonances
were available (BMRB entry 25907 [80]).

For each observed amide proton, the intensity ratio of 1H-15N
resonances for Cc in complex with either paramagnetic (MTSL) or
diamagnetic (MTS) variants of SET/TAF-Ib DC mutants (Ip/Id) was
calculated. Obtained Ip/Id ratios were divided by the mean of the
ten higher Ip/Id values for each complex to get normalized Ip/Id.
3. Results

3.1. Cytochrome c blocks SET/TAF-Ib-mediated inhibition of PP2A

PP2A inhibition by SET/TAF-Ib mainly rests on the chaperone
earmuff domains, which are actually responsible for their histone
chaperoning [18,42,43]. Such domains likewise settle the SET/
TAF-Ib interaction with Cc upon nuclear translocation of the heme-
protein following DNA breaks, thereby altering the nucleosome
remodeler activity of SET/TAF-Ib [47,48]. Under that cellular stress,
Cc also binds to another histone chaperone, namely ANP32B, regu-
lating the PP2A inhibitory function of the latter [49]. These facts led
us to hypothesize that the hemeprotein could play a similar role
controlling PP2A activity through SET/TAF-Ib inhibition.

To prove this hypothesis, PP2A activity was measured in
HEK293T cell extracts overexpressing full-length SET/TAF-Ib or
the construct that exclusively contains dimerization and earmuff
domains (SET/TAF-Ib DC) (Fig. 1A). Upon addition of increasing
amounts of recombinant Cc, the PP2A activity levels dropped to
ca. 40% or 65% in the presence of SET/TAF-Ib or SET/TAF-Ib DC,
respectively, over control cells transfected with empty vector
(Fig. 1B). This suggests that SET/TAF-Ib DC is still capable of
inhibiting PP2A activity, albeit to a lesser extent as compared with
full-length SET/TAF-Ib. Although the SET/TAF-Ib earmuffs were
described as the main domains responsible for their PP2A inhibi-
tion activity [39,42,43], our results reveal that the C-terminal
domains strengthen the PP2A inhibition by an indirect, unexplored
mechanism.
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Adding Cc resulted in a concentration-dependent recovery of
PP2A activity of extracts containing full-length SET/TAF-Ib
(Fig. 1B, upper). As expected, this effect of the Cc concentration over
the recovery of the PP2A activity was less pronounced when
expressing SET/TAF-Ib DC (Fig. 1B, lower). In fact, an additional
titration point (30 lg of Cc) was needed in this case to reach a sim-
ilar recovery level than the obtained under full-length SET/TAF-Ib
inhibition conditions. Nevertheless, Cc alleviates the PP2A inhibi-
tion exerted by SET/TAF-Ib even when the C-terminal acidic
stretches of the histone chaperone were removed. Faster restora-
tion of PP2A activity detected when using full-length SET/TAF-Ib
(Fig. 1B, upper) could stem from additional contacts of the heme-
protein with the acidic C-terminal domains of the chaperone, as
previously observed [43]. Altogether, these results points to a com-
petition between Cc and PP2A for binding SET/TAF-Ib earmuff
domains.

3.2. SET/TAF-Ib DC is a flexible protein

To understand the molecular basis of SET/TAF-Ib DC inhibition
by Cc, we firstly assessed the dynamic behavior of such construct.
In the available XRD model, SET/TAF-Ib DC forms a dimer with a
headphone-like shape (PDB code 2E50 [18]) in which several
stretches are missing (145–152, 167–188 and 195–200) in both
monomers. These absent stretches correspond to mobile regions
and hence, we analyzed their dynamics. To this end, we employed
a preliminary loop-refined model which contained these loops,
based on the XRD coordinates [47]. Then, a 200 ns trajectory of
the homodimer was computed (Fig. S4). Despite its high content
in secondary structure, the whole molecule exhibited highly
mobility (Fig. S4A), displaying stretching and twisting distortions
along the trajectories besides the expected fluctuations of the
above-mentioned loops (Fig. S4B). The dimerization domain acted
as a hinge, enabling rigid-body motions, changing the relative ori-
entation between the two globular domains.

Considering the high flexibility exhibited by SET/TAF-Ib DC, we
performed SAXS on this construct to clarify whether the structure
of SET/TAF-Ib DC in solution differs from the XRD model. Fig. 2A-B
(left panels) displays the fits of the scattering intensity profile using
CRYSOL [63]. When the initial, loop refined XRD coordinates were
used, their fit to the SAXS experimental profile was significantly
worse (v2 = 8.29, Fig. 2A, left) than the fit by the structure closest
to the average from the MD computation (v2 = 1.99, Fig. 2B, left).
The fits from both XRD and MD-based models to the SAXS data
were improved with NMA, yielding v2values equal to 1.12 and
1.16, respectively (Fig. 2A-B, left panels). Notably, when starting
from XRD coordinates, the NMA-refined model displayed strong
distortions not compatible with the basic configuration of the pro-
tein, as the dimerization helices were broken (Fig. 2A, right, red
model). The final SAXS-validated MD model of SET/TAF-Ib DC
was therefore selected for further analysis (Fig. 2B, right panel
and 2C, blue models; SASBDB entry SASDN77).

Additionally, we used SDSL-EPR and in particular, DEER experi-
ments to evaluate the inter-label distance distribution between the
two monomers of SET/TAF-Ib DC and then evaluate its dynamics.
For such purpose, five single-Cys mutants across SET/TAF-Ib DC
were designed, namely Q69C, S93C, S178C, A201C and D226C. Such
Cys residues were utilized to graft MTSL nitroxide probes. By these
means, we measured dipolar couplings between spin labels at the
same position of each monomer. The chosen positions cover a con-
venient representation of locations and dynamics presumably
experienced by the different SET/TAF-Ib DC regions. It should be
mentioned that these mutants were located at several stretches
of the earmuffs, excepting for Gln69, which is located in the dimer-
ization helix. DEER spectra analysis of the MTSL-labeled SET/TAF-Ib
DC mutants shown in Fig. S5 (black lines) clearly indicate broad



Fig. 2. SET/TAF-Ib DC structural model provided by combining MD calculations with SAXS experimental approaches. (A) Left – Experimental scattering profile of SET/TAF-Ib
DC obtained by SAXS, fitting to the theoretical profile of SET/TAF-Ib DC modified crystallographic structure (v2 = 8.29, dashed black line) and fitting after normal mode
analysis (NMA) performed by SREFLEX (v2 = 1.12, solid red line). Right – Overlay of ribbon representations of the loop-refined crystallographic model of SET/TAF-Ib DC (PDB
entry 2E50 [16], grey) and the structure obtained after NMA refinement for SAXS fitting (red). Black arrow indicates a break of dimerization helices upon NMA refinement.
Both models include flexible segments in earmuff domains built by MODELLER [66]. (B) Left – Experimental scattering profile of SET/TAF-Ib DC obtained by SAXS are
accompanied by the fits to the theoretical profile of the better MD structure before (v2 = 1.99, dashed black line) and after normal mode analysis NMA performed by SREFLEX
(v2 = 1.16, solid blue line). Right – Overlay of ribbon representations of the structural model provided by MD that better fits SAXS experimental data (ocher) and the one
obtained after NMA refinement (dark blue). (C) Overlay between the modified crystallographic model of SET/TAF-Ib DC (grey) and the final SAXS-validated MD model (dark
blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and multimodal distance distributions for spin pairs placed on the
earmuffs (all positions except 69), indicating a large distribution of
orientations of one monomer with respect to the other. Interest-
ingly, a bimodal distance distribution of spin labels (around 5
and 7 nm) were observed for position 69 (Fig. S5C), which is
located at the dimerization helix; it suggests a movement of the
earmuffs around the two dimeric helices, as depicted in Fig. S4B.
This finding corroborates the abovementioned changes in the rela-
tive orientation of SET/TAF-Ib DC observed in the MD simulations
(Fig. S4B). Kratky plot obtained from SAXS measurements on the
molecule further supported these observations, showing a marked
flexible component together with a mainly globular profile
(Fig. S4C). The distances between each pair of spin-labeled residues
calculated on the SAXS-validated MD model are included in the
most populated states of distance distributions measured by
DEER-EPR (Fig. S5). This data supports that the proposed SET/
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TAF-Ib DC model (Fig. 2B, right panel and 2C) provides a very good
representation of the average state of the molecule in solution.

In summary, both SAXS and DEER-EPR spectroscopic data, along
with MD simulations, indicate that SET/TAF-Ib DC possesses a
highly flexible structure, despite having large ordered regions.

3.3. SET/TAF-Ib DC earmuff domains are responsible for cytochrome c
binding

To obtain structural information about the complex between
SET/TAF-Ib DC and Cc, SAXS was utilized on a titration series with
SET/TAF-Ib DC:Cc molar ratios of 1:0.5, 1:1, 1:2 and 1:4. Along the
titration, Rg increased from 34 to 44 Å, the plateau being reached at
a 1:2 molar ratio, suggesting that two molecules of Cc bind to each
SET/TAF-Ib DC homodimer. In parallel, the maximum dimension
(Dmax) increased from 97 to 170 Å (Table S1). The data obtained
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at the highest titration ratio (1:4) were chosen for further analysis
to ensure the full complex formation.

Fig. 3 shows the SAXS pattern obtained for the complex, from
which a rigid body model was built using SASREF [81]. The best
fit (v2 = 1.6) was found using the structure for SET/TAF-Ib DC clos-
est to average of the sampled trajectories by MD computations
together with two Ccmolecules. These two hemeprotein molecules
sample the SET/TAF-Ib DC earmuffs, one of them being oriented
towards the internal groove between the earmuffs and the other
one placed at the external face of the other earmuff (Fig. 3; SASBDB
entry SASDN87).

We further performed ITC measurements using SET/TAF-Ib DC
in complex with Cc to study the thermodynamics of the interac-
tion. At low ionic strength, the thermograms (Fig. S6) fitted to an
independent binding sites model. Such fitting renders a stoichiom-
etry value of 1.51 for the interaction (Table S2), which may be
explained if the active protein fraction in the experiment is lower
than the total amount. Thus, ITC experiments agree with SAXS
measurements and SET/TAF-Ib DC interacting with two Cc mole-
cules. Both binding events are thermodynamically equivalent, with
affinities in the micromolar range (Table S2), as inferred from the
monophasic profile of binding isotherms (Fig. S6A).

The analysis also showed that this interaction was endothermic
and entropically-driven, suggesting that the driving forces leading
to complex formation are mainly electrostatic and/or hydrophobic
[82]. Hence, we assessed the abovementioned interaction at high
ionic strength (Fig. S6B). The KD value was substantially increased
in the presence of 100 mM KCl when compared with the value
obtained at low ionic strength (Table S2). This finding reveals a
strongly electrostatic nature for the interaction, which is disrupted
when the high net charges of both partners are shielded by coun-
terions. A similar thermodynamic behavior was exhibited by the
complex between Cc and full-length SET/TAF-Ib, with the binding
affinity constant for the Cc/SET/TAF-Ib complex at moderate ionic
strength (100 mM KCl) similar to that of Cc/SET/TAF-Ib DC at low
salt (this manuscript). The biological relevance of the interaction
Fig. 3. SAXS data of SET/TAF-Ib DC in complex with cytochrome c. SAXS model entails
surface of SET/TAF-Ib DC represent its dimerization domain in blue and earmuff domain
group in green. The fit (v2 = 1.6) of the experimental solution scattering profile to the th
colour in this figure legend, the reader is referred to the web version of this article.)
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between the histone chaperone and the hemeprotein was likewise
corroborated in cell assays [47].

3.4. Cytochrome c explores the mobile globular domains of SET/TAF-Ib
DC in a highly dynamic and polyconformational manner

To better understand how Cc explores the globular domains of
SET/TAF-Ib DC, we further analyzed the regions of the histone
chaperone involved in the interaction, with particular emphasis
on details about the protein intrinsic dynamics and flexibility.
For such purpose, we performed CW-EPR and 19F-NMR experi-
ments making use of MTSL and BTFA probes grafted on different
regions of SET/TAF-Ib DC by profiting of the abovementioned
designed mutants. Accordingly, either nitroxide MTSL spin probe
or BTFA 19F probes were covalently bound to Cys residues (Q69C,
S93C, S178C, A201C and D226C; Fig. 4A and S7A).

CW X-band EPR spectra of each spin-labeled variant of SET/TAF-
Ib DC were recorded in the absence or in the presence of reduced
Cc in a 1:2 molar ratio (SET/TAF-Ib DC:Cc; Fig. 4B-D, left and
Fig. S7B). EPR spectral shapes reflected different structural con-
straints exerted on the spin label by the surrounding structure
(Fig. 4A and Fig. S7A). Noteworthy, the EPR spectra of Q69CMTSL

and S93CMTSL species are broad (Fig. 4B-C, left), indicating that
the spin label motions are restricted, in agreement with the label
being in a well-structured environment. In addition, the S93CMTSL

spectrum displayed a broad and a narrow component, suggesting
at least two exchanging conformations (Fig. 4C, left). Supporting
this, MD computations (Fig. S4D) indicated that helix 4—which
includes Ser93—is strained and exchanges between a, 310 and turn
conformations. On the contrary, S178CMTSL and D226CMTSL

(Figs. S7, left and 4D, left) showed the highest mobility. Accord-
ingly, these residues are not visible in the 3D X-ray structure, most
likely due to the highly dynamic behavior of those regions.

The interaction of Cc with the labeled SET/TAF-Ib DC mutants
hardly affected the dynamics of the grafted spin labels (Fig. 4B-D,
left panels and Fig. S7B). The absence of significant alterations in
two molecules of Cc sampling the globular domains of SET/TAF-Ib DC. Ribbon and
in beige. Ribbon and transparent surface of Cc is represented in red with the heme
eoretical profile (dark blue curve) is shown. (For interpretation of the references to



Fig. 4. Cytochrome c specifically targets SET/TAF-Ib DC earmuff domains, as inferred from CW-EPR and 19F-NMR. (A) Ribbon representation of SET/TAF-Ib DC in two
projections rotated 120� on the horizontal axis. Dimerization domains are represented in blue and earmuff domains in beige. Highlighted residues in red have been
substituted by Cys (Q69C, S93C and D226C) to graft either MTSL nitroxide or BTFA 19F probes. (B-D) Continuous-wave EPR (CW-EPR) spectra (left panels) and 19F-NMR spectra
(right panels) of MTSL and BTFA probes bound to Q69C (B), S93C (C) and D226C (D) SET/TAF-Ib DC mutants. Spectra corresponding to free probe-bound SET/TAF-Ib DC are in
black, whereas those in complex with Cc are in red. BSA (green) was used as a negative control in 19F NMR. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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spectral shapes indicates that the mobility of the spin labels (in the
ns range) is not affected by the presence of Cc. This suggests that Cc
might not occupy a specific position over a long time period but
rather samples the multiple conformations of SET/TAF-Ib in a tran-
sient manner. SPRi experiments on WT SET/TAF-Ib DC or
D226CMTSL allowed us to discard possible changes in affinity due
to spin grafting at the interaction interface of SET/TAF-Ib DC with
Cc (Fig. S8 and Table S3).

19F-NMR spectra were acquired for the same Cys mutants
labeled with the BTFA fluorine probe. Each BTFA-labeled SET/
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TAF-Ib DC variant generated a signal at a specific chemical shift,
indicating that they are exposed to different chemical environ-
ments and dynamics. We monitored chemical-shift and linewidth
perturbations upon addition of Cc, and upon addition of BSA as a
negative control (Fig. 4B-D, right and Fig. S7C-D). S93CBTFA and
A201CBTFA resonances underwent both line broadening and
chemical-shift perturbation upon Cc binding (Fig. 4C, right and
Figs. S7C, right), thereby indicating that they are directly sampled
by the hemeprotein. D226CBTFA spectrum displayed two proximal
resonances, which might correspond to two possible exchanging
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populations (Fig. 4D, right). The latter agrees with the high mobility
of that region. Interestingly, such splitting disappears upon Cc
binding, alongside a chemical-shift perturbation (Fig. 4D, right).
No changes in the 19F signal upon addition of BSA were observed
for any SET/TAF-Ib DC variant (Fig. 4B-D, left and S7C, right). Note-
worthy, the S178CBTFA signal showed a completely unspecific
behavior, suffering Cc-concentration independent chemical-shift
perturbations and line broadening, even upon addition of BSA
(Fig. S7C, left). With the aim of discarding a possible effect derived
from the high conformational diversity of such region, we recorded
the 19F-NMR spectra at 7 �C (Fig. S7D). Interestingly, the 19F signal
was not affected by BSA under these conditions—in contrast with
the spectrum recorded at 25 �C (Fig. S7C, left)—but broadened upon
Cc addition in a concentration-dependent manner. This behavior
suggests that this region surrounding Ser178 is involved in Cc
recognition, even when sampling multiple conformational states.

In this context, we performed PRE-NMR measurements to map
those residues at the Cc surface that are affected upon binding to
the different spin-labeled SET/TAF-Ib DC variants. Fig. 5 shows
the paramagnetic effects exerted by spin-labeled SET/TAF-Ib DC
mutants on Cc amide signals, as well as their mappings on the Cc
surface. Almost no paramagnetic effect was observed on Cc inter-
acting with SET/TAF-Ib DC Q69CMTSL (Fig. 5A), in concordance with
the 19F-NMR data. On the contrary, when the spin probe was
placed at Ser93 or Ala201 (Fig. 5B and S9A), we observed intense
PRE effects circumscribed to the heme cleft region of Cc, in agree-
ment with our previous chemical-shift perturbation analysis
[47,48]. A similar pattern along the Cc surface was produced by
the variant D226CMTSL (Fig. 5C), but to a lesser extent. In this case,
a more diffused pattern of Cc affected residues can be explained by
the moderate flexibility of the stretch containing Asp226. In a sim-
ilar manner, spin label at Ser178 (Fig. S9B) produced a very faint
and diffused pattern along the Cc surface, accounting for the high
flexibility and dynamics of the segments in which this residue is
located. Thus, Ip/Id values for S178CMTS/MTSL variants suggest a
weaker sampling by Cc of the bottom of earmuffs domains (posi-
tion 178).

Altogether, these results hint the earmuffs of SET/TAF-Ib as the
effectors of the Cc recognition rather than the dimerization helices.
The NMR results point out that Cc samples the surroundings of the
SET/TAF-Ib DC internal groove—partially involving the flexible
loops at the bottom of the earmuffs—and exposing the surface
nearby its heme group.
4. Discussion

In last years, the intrinsic flexibility of proteins has become
increasingly important in the study of their intermolecular recog-
nition mechanisms. Many protein complexes actually occur
through an assorted ensemble of conformations, rather than fitting
a classical model of static and well-defined binding sites. Within
this frame, the occurrence of a multiconformational encountering
interaction for the accomplishment of a biological function is espe-
cially enhanced when one of the partners exhibits high intrinsic
dynamics [1]. This is the case with the multifunctional oncoprotein
SET/TAF-Ib, whose globular domains—earmuffs—are important in
the recognition of its novel partner Cc, as do they with histones
[18,19] or PP2A [42]. Here, we show the role of the structured por-
tion of SET/TAF-Ib in Cc binding, without ruling out the participa-
tion of the unstructured C-terminal acidic stretches in the
binding of histones [19], PP2A [39,42] or also Cc [47]. Our MD,
SAXS and SDSL-EPR data show that SET/TAF-Ib DC possesses a
highly inherent flexibility of the two monomers within the
dimer—in spite of its large ordered regions—which directly influ-
ences Cc recognition. The structural characterization of this con-
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struct through MD and SAXS allowed us to analyze the dynamics
of the flexible segments not visible in the crystallographic model
(PDB 2E50 [18]), as well as the dynamic behavior of the entire
structure. Such inherent flexibility of the structured region of
SET/TAF-Ib DC likely remains unaltered in the context of full-
length SET/TAF-Ib (Fig. S10A). Its unstructured acidic C-terminal
tails are highly dynamic and establish a limited number of contacts
with other regions of the protein (Fig. S10B). This contrasts with
the case of the variant TAF-I a, whose helix 1 at the N-terminus
is rich in basic residues (Arg and Lys) and is involved in multiple
electrostatic intermolecular contacts with the acidic C-terminal
tails, thus restraining their mobility and impairing the histone
chaperone activity of the protein [83]. Additionally, DEER-EPR
experiments have revealed the wide distribution of relative orien-
tations experienced by the globular domains of SET/TAF-Ib DC,
pointing to their importance in the recognition of its partners, such
as Cc, through the modulation of the contact surface.

The nuclear interaction between Cc and SET/TAF-Ib has recently
been described to regulate the histone chaperone activity of SET/
TAF-Ib under DNA damage conditions [47]. In this work, we report
a new functional consequence of such interaction, i.e. the regula-
tion of the PP2A inhibitory activity of SET/TAF-Ib by Cc. Such inhi-
bition relies primarily in the structured portion of SET/TAF-Ib, as
evidenced by the ability of SET/TAF-Ib DC to inhibit PP2A. Indeed,
such a construct contains the regions which are mainly responsible
for PP2A inhibition, comprising both the dimerization domain and
the beginning of the earmuffs of SET/TAF-Ib [42]. Thus, the compe-
tition between Cc and PP2A for binding to the SET/TAF-Ib ear-
muffs—or at least a part of them—might lead to abrogation of
PP2A inhibition. In addition, alterations in the SET/TAF-Ib DC
intrinsic dynamics upon Cc binding to the earmuffs—as demon-
strated in this work—may induce drastic changes in the N-
terminal region of SET/TAF-Ib, also contributing to disrupt the
recognition of PP2A by the chaperone. In fact, recent work from
our group suggests that changes in the intrinsic dynamics can alter
the binding process taking place in separated regions of such mole-
cule [49].

The structural and dynamical analysis of the SET/TAF-Ib DC:Cc
complex conducted in this work have allowed us to unveil the
molecular mechanism subjacent to the Cc-mediated blocking of
the PP2A inhibition. SAXS and NMR analyses yielded a low-
resolution model of the complex, displaying two Cc binding sites,
one at the inner groove between the earmuffs of the chaperone,
and another one at the external face of these domains. Altogether,
the data suggest that Cc samples the earmuffs of SET/TAF-Ib DC in a
diffuse fashion and exploring multiple conformational states of the
chaperone. It is widely accepted that SET/TAF-Ib, along with other
structural and functional analogues, use their internal groove to
recognize histones [18,44–46]. However, all these chaperones har-
bor histones in a single, well-defined orientation, as inferred from
solved structures (PDB entry 5G2E [84]). Such mode of interaction
has a functional purpose, which is to keep histones soluble during
chromatin remodeling. On the contrary, the diffuse nature of the
SET/TAF-Ib recognition by Cc could agree with the regulatory role
of the hemeprotein: i) blocking PP2A inhibition [this work], and
ii) controlling (dis)assembly of chromatin [47]. Different interac-
tion modes of SET/TAF-Ib with its known partners—histones or
Cc—may represent a unique example in biology on how different
functions require different molecular recognition mechanisms.

Herein, we decipher the molecular mechanism underlying the
interaction in the nucleus of SET/TAF-Ib with Cc via the globular
domains of the chaperone to form a polyconformational ensemble,
thus providing insights about the newly discovered regulatory
function of Cc, i.e. regulation of an essential DDR phosphatase. This
novel Cc role, along with its ability to inhibit SET/TAF-Ib histone
chaperone activity and alter chromatin accessibility [47], further



Fig. 5. Paramagnetic relaxation enhancement NMR effects of SET/TAF-Ib DC binding on cytochrome c surface. For each SET/TAF-Ib DC spin-labeled position–Q69C (A), S93C
(B) and D226C (C)– the normalized Ip/Id ratio (signal intensity in the paramagnetic sample by signal intensity in the diamagnetic sample) of Cc residues is plotted in bar
diagrams (left panels) and on the surface of the hemeprotein as a white to blue gradient (right panels; PDB entry 2N9I [80]). Heme group is colored in red. Prolines and non-
assigned residues are represented with grey shadows or colored in grey at left and right panels, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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supports the relevance of extramitochondrial Cc in the DDR regu-
lation. In addition, we have recently reported the ability of Cc to
modulate PP2A activity by interacting with another PP2A inhibitor,
namely ANP32B [49]. A potential role for Cc regulating tumor pro-
gression by inducing PP2A release from its inhibitors SET/TAF-Ib or
ANP32B cannot be discarded, as disruption of PP2A inhibition by
targeting SET/TAF-Ib hinders the progression of certain kinds of
tumors [38,85,86]. In this context, it is tempting to propose a plau-
sible function for SET/TAF-Ib and/or ANP32B in INTAC-mediated
transcription, as well as a clear impact of nuclear Cc over INTAC
activity and its consequences in tumor development.
5. Conclusions

Taken together, our results herein presented shed light on the
molecular mechanism of the polyconformational, diffuse ensemble
3705
between SET/TAF-Ib oncoprotein and Cc, and explain how the
extramitochondrial hemeprotein regulates DDR by means of
PP2A activation. Inducing PP2A release from its inhibitors, nuclear
Cc emerges as a cornerstone to understand the complex and inter-
twined PP2A regulatory network. Within this frame, mechanistic
details of targeting SET/TAF-Ib by Cc may help in rational drug
design to disrupt the progression of certain types of tumors.
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