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Abstract

Transcriptional regulation involves interactions between transcription factors, coregulators, and DNA. Intrinsic disorder is a major player in this
regulation, but mechanisms driven by disorder remain elusive. Here, we address molecular communication within the stress-regulating Ara-
bidopsis thaliana transcription factor ANACO13. Through high-throughput screening of ANAC013 for transcriptional activation activity, we identify
three activation domains within its C-terminal intrinsically disordered region. Two of these overlap with acidic islands and form dynamic interac-
tions with the DNA-binding domain and are released, not only upon binding of target promoter DNA, but also by nonspecific DNA. We show that
independently of DNA binding, the RST (RCD-SRO-TAF4) domain of the negative regulator RCD1 (Radical-induced Cell Death1) scavenges the
two acidic activation domains positioned vis-a-vis through allovalent binding, leading to dynamic occupation at enhanced affinity. WWe propose an
allovalency model for transcriptional regulation, where sequentially close activation domains in both DNA-bound and DNA-free states allow for
efficient regulation. The model is likely relevant for many transcription factor systems, explaining the functional advantage of carrying sequentially
close activation domains.
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Introduction

Transcriptional programs regulate diverse biological pro-
cesses such as stress responses and development, and they cul-
minate in regulation of gene expression by gene-specific tran-
scription factors. These consist of at least a DNA-binding do-
main (DBD) and an intrinsically disordered region (IDR), typ-
ically harboring the transcriptional activation domains (ADs)
[1]. Due to their high content of intrinsic disorder (ID) [2, 3],
ADs in transcription factors have been challenging to study.
However, recent high-throughput studies have advanced the
understanding of these functional units [4-6], for which ID
properties and sequence features enable dynamic interactions,
which are central to both coregulator interactions and the for-
mation of regulatory condensates [7, 8]. Despite the vast in-
formation now available on the position and specific sequence
features of ADs provided by these high-throughput studies,
mechanistic insight into the details of regulation of AD inter-
actions is still critically lacking.

So far, most structure—function studies of transcription
factors have focused on their separate domains, ignoring
intramolecular communication between order and disorder
shown in some systems to be functionally important. For the
tumor suppressor p53, the AD within the N-terminal IDR in-
hibits binding to nonspecific DNA through dynamic interac-
tions with its DBD [9, 10], and phosphorylation in the IDR
increases its affinity for the DBD, resulting in autoinhibition
of promoter binding [11]. Conversely, in the SOX2 transcrip-
tion factor, the C-terminal IDR interacts loosely and electro-
statically with the DBD in an ensemble that is redistributed
upon DNA binding to promote higher accessibility to one of
the ADs [12]. These examples reveal intriguing yet incom-
pletely understood ID-based regulation of transcription fac-
tor function, and studies addressing the role of interdomain
communication in transcription factors are needed to enable
mechanistic decomposition. Due to their simple structure with
a single DBD and a single, but long C-terminal IDR, the
plant-specific NAC [NAM (no apical meristem), ATAF (Ara-
bidopsis thaliana activating factor), CUC (cup-shaped cotyle-
don)] transcription factors represent ideal molecular models
for such studies [13].

The A. thaliana NAC transcription factor ANACO013 [also
known as NTL1 (NAC with transmembrane motif 1-like 1)] is
a regulator of oxidative stress responses [14] as well as of
seed germination [15] in plants. As part of the mitochon-
drial retrograde regulation, reactive oxygen species (ROSs)
elicit release of ER-membrane-bound ANACO013, which then
translocates to the nucleus. Here, ANACO013 induces ex-
pression of target genes by binding to cis-regulatory ele-
ments in the UP-REGULATED BY OXIDATIVE STRESS
(UPOX) promoter, enhancing oxidative stress tolerance [14].
The activity of ANACO013 is suppressed by interactions with
Radical-induced Cell Deathl (RCD1) in coordination with
ROS signals emitted from both mitochondria and chloro-
plasts [16]. RCD1 itself plays multiple roles in development
and responses to ROS [17, 18]. It is a member of the ao-
hub family of transcriptional regulators [19, 20] and uses
its small helical xx-hub RCD-SRO-TAF4 (RST) domain for
short linear motif (SLiM)-based interactions with ANAC013
and other transcription factors [21]. In ANACO013, the long
C-terminal IDR encompasses the RCD1-interaction-SLiM
(RIM) [21] and a transmembrane helix for ER-anchoring [14]
(Fig. 1A).

NAC transcription factors have IDRs that differ in length
with some up to hundreds of residues long and containing
transcriptional ADs (see [21, 22]). A recent comprehensive
work mapped ADs in the plant transcription factor proteome,
revealing that some ADs exist alone in a long IDR and some
ADs exist together with other ADs separated by linkers of
various lengths [6]. Most of the ADs in plants have an unre-
solved interactome, although for some transcription factors,
such as DREB2A, which carries two ADs, a few interactors
are known. For DREB2A, this includes the negative regula-
tor RCD1 that also binds to ANACO013, and the coactivator
Med25 [23]. A splice variant where one of the ADs is missing
exists for DREB2A [23, 24] and this provides tuning of tran-
scriptional activation and abolishment of the negative regu-
lation. Thus, the almost omnipresent IDRs of the transcrip-
tion factors carry one or more ADs and play regulatory roles
in transcription, highlighting the need for deeper mechanis-
tic understanding of these IDRs for decoding transcriptional
regulation.

Here, we address the molecular communication within
ANACO013 and how binding of DNA and RCD1-RST affects
this. From a high-throughput yeast-based assay, we identify
three ADs in the IDR. Using biophysical methods, two acidic
islands (Als) in the IDR are shown to form localized and dy-
namic interactions with the DBD. These islands overlap with
the ADs and are released from the DBD upon binding of both
target promoter and nonspecific DNA. Intriguingly, interac-
tion with the hub-domain RST of RCD1 is independent of
DNA binding, just as DNA binding is independent of RCD1-
RST binding. Through allovalency, RCD1-RST dynamically
occupies the ADs at enhanced affinity. We propose an allo-
valency model for transcriptional regulation, where spatially
close ADs are dynamically scavenged by the negative regula-
tor in both free and DNA-bound states. The model is relevant
for the functional understanding of the many other transcrip-
tion factors currently appearing from high-throughput studies
to carry closely spaced ADs.

Materials and methods

Protein expression and purification

The sequences coding for ANACO013 corresponding to
residues M1-T274,5161-T274,5204-T234,and S161-G498
(UniProt FAEID2) were ordered from Twist Bioscience (San
Francisco, CA, USA) and inserted into a modified pET-24b
vector with an N-terminal 6xHis tag followed by SUMO.
Escherichia coli NiCo21(DE3) cells (New England Biolabs)
were transformed with one of the ANACO013 constructs and
grown in lysogeny broth (LB) medium at 37°C until the op-
tical density (OD) at 600 nm reached 0.6-0.8. Protein ex-
pression was induced either through autoinduction [25] or,
when labeling for nuclear magnetic resonance (NMR), by ad-
dition of B-p-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM. The cultures were grown while shak-
ing overnight at 18°C, and the cells were harvested by cen-
trifugation. "N/13C- and " N-labeled samples were produced
by growing transformed E. coli NiCo21(DE3) cells accord-
ing to the protocol described previously [26]. For all pro-
ductions, cells were resuspended in purification buffer [50
mM sodium phosphate, pH 8.0, 150 mM NaCl, 5 mM
B-mercaptoethanol (BME)] supplemented with protease in-
hibitors (cOmplete EDTA-free, Roche Diagnostics) and were
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Figure 1. The IDR of ANACO13 interacts with its DBD through electrostatic interactions. (A) Schematic representation of ANAC013 and variants used in
this study. TMH, transmembrane helix; RIM1 and RIM2, RCD1-RST interaction motifs, previously reported and identified here, respectively. Al, acidic
islands. Lower panel: Charge distribution and L, F, Y, and W abundance in ANAC013 calculated by IDDomainSpotter [49]. (B) Disorder prediction (gray)
(DISOPRED) [72] in ANACO013 and AD scores (red) of 40 residue tiles as a function of the tile center position. (C) 'H, ™®N HSQC (Heteronuclear Single
Quantum Coherence) spectrum of ANACO013161-498 (gray) and of the assigned ANACO13161-27 (blue). (D) Far-ultraviolet (farUV) circular dichroism (CD)
spectrum of ANACO13161-498 (gray) and of ANACO13161-074 (blue). (E) Top panel: Transverse relaxation rates (R;), obtained for ANACO0134_574 (red) and
ANACO013161-274 (blue). Black line corresponds to random coil R, values [35]. Middle panel: R, values for ANACO13,_,7 at different NaCl concentrations.
All relaxation rates were obtained at 10°C and a 'H frequency of 750 MHz. Lower panel: SCS of C* of ANAC0131g1-27.

disrupted by eight French press (Constant Systems, Daventry,
UK) cycles at 25 kpsi. The extract was centrifuged at 20 000
x g for 45 min at 4°C.

ANACO013504-234 was purified on a gravity flow Ni
Sepharose 6 fast flow column (Cytiva) followed by size-
exclusion chromatography (SEC). After a washing step with a
purification buffer containing 20 mM imidazole, the protein
was eluted with purification buffer containing 250 mM im-
idazole. The obtained protein fraction was dialyzed against

purification buffer and digested overnight at 4°C by ULP1
produced as described [27]. After removal of Hisg-SUMO
by a second gravity flow Ni Sepharose 6 fast flow column
(Cytiva), SEC was performed on a Superdex 75 10/300 col-
umn (GE Healthcare) equilibrated with NMR buffer [20 mM
sodium phosphate, pH 7.4, 150 mM NaCl, 2 mM dithiothre-
itol (DTT)]. ANACO013141_274 was purified using a similar pro-
tocol, except for an additional anion exchange chromatogra-
phy (MonoQ, GE Healthcare) step between the second Ni?*
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affinity column and the SEC. The protein was loaded onto the
MonoQ column in 20 mM sodium phosphate, (pH 8.0), 150
mM NaCl, and 5§ mM BME, and was eluted using a NaCl
gradient to 1 M NaCl. ANACO013_,74 was purified using the
same protocol as ANACO1341_574 without the second Ni**
affinity column. The SEC was performed using a Superdex
$200 10/300 column (GE Healthcare) in NMR buffer.

Cells expressing ANACO013141_493 were lysed in 50 mM
sodium phosphate, (pH 6.0), 150 mM NaCl, 6 M urea, and §
mM BME. After centrifugation, the supernatant was applied
to a HiTrap Q FF 5 ml column (GE Healthcare) and eluted
using a 20 mM to 1 M NaCl gradient. Fractions containing
ANACO013141_493 were pooled and dialyzed against 20 mM
sodium phosphate (pH 8.0), 150 mM NaCl, 5 mM BME at
4°C. After 1 h, the dialysis bath was changed, and ULP1 was
added to the dialysis bag overnight. The sample was then ap-
plied to a gravity flow Ni Sepharose 6 fast flow column (Cy-
tiva) equilibrated in dialysis buffer. The flow-through was fur-
ther purified using SEC with a Superdex S200 column 10/300
(GE Healthcare) equilibrated in the NMR buffer. ANACO013
RIM1 corresponding to residues 254-274 (UniProt F4EID2)
and the RCD1-RST domain (residues 499-572) (Uniprot
MS5BF30), were expressed and purified as previously described
[28, 29]. The purity and monodispersity of all samples were
checked by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, dynamic light scattering, and mass spectrometry.

High-throughput screening for ADs in the
A. thaliana transcription factor ANAC013

The ANACO013 protein sequence was divided into 40 amino
acid residue tiles with a step size of 10 amino acid residues.
Yeast codon-optimized sequences for each ANACO013 tile
were synthesized and cloned in bulk into pMVS1421 [4] creat-
ing synthetic transcription factors consisting of an N-terminal
mCherry tag, a mouse Zif269 DBD, an estrogen binding do-
main, and the tested ANACO13 tile expressed under the yeast
actin 1 (ACT1) promoter as described [4]. The expression
cassette was cloned into the mating type A strain DHY211
(courtesy of Angela Chu and Joe Horecka) using homolo-
gous recombination at the URA3 locus as previously described
[4]. Positive strains carrying the synthetic transcription fac-
tor were mated to yeast carrying a GFP reporter driven un-
der the P3 promoter. Yeast were sorted based on reporter
to transcription factor ratio (GFP:mCherry), and each bin
was sequenced to determine the abundance of each fragment
tested. A corresponding AD score was calculated by taking
the dot product of fragment abundance in each bin by the
median GFP:mCherry ratio of each bin. Activity of synthetic
control transcription factors with known ADs is shown in
Supplementary Fig. S1A [6].

NMR measurements

All samples for NMR contained 20 mM sodium phosphate
(pH 7.4), 150 mM NaCl, 2 mM DTT, 10% (v/v) D,0, and
2 mM DSS. The assignment of ANAC01341_274 was ob-
tained using a set of BEST-TROSY-type experiments [30]
recorded at 10°C using a N, 3C-labeled sample (370
uM) using a Bruker spectrometer operating at a 'H fre-
quency of 750 MHz, equipped with a cryoprobe. A small
number of weak resonances from proline cis/trans isomers
around P174 were observed. The assignment of the RCD1-
RST domain bound to ANACO01341-074 was obtained at

20°C using a N, 13C-labeled sample containing unlabeled
ANACO013141_274 at a equimolar ratio (200 uM of each pro-
tein) using BEST-TROSY-type triple-resonance experiments
[30] and 20% nonuniform sampling [31] on the same spec-
trometer. The spectra were processed using qMDD [32], man-
ually peak-picked in POKY [33], and MARS [34] was used
for identification of spin systems followed by manual verifica-
tion. The obtained assignments were then transferred to 10°C
using HSQC:s recorded every 2.5°C.

For the NMR relaxation data, the following protein con-
centrations were used: 370 uM for ANACO01341_274, 140
LLM fOl‘ ANAC0131_274, and 108 LLM for ANAC0131_274
salt titration; 100 and 80 uM equimolar admixtures for
ANACO0131_574:proUPOX and ANACO013;_574:5crUPOX,
respectively; and 80 uM equimolar admixture for
ANACO013_574:proUPOX:RST. Measurements of "N trans-
verse relaxation rates of ANACO013_574, ANACO013141-274,
ANAC0131_274:DNA, and ANAC0131_274DNARCD1-RST
were obtained at 10°C on a Bruker spectrometer operat-
ing at a 'H frequency of 750 MHz with a cryoprobe. The
magnetization decay was sampled at 16.96, 33.92, 50.88,
101.76,135.68,203.52,237.44,271.36,407.04, and 542.72
ms. All spectra were processed in MDD [32], peak heights
were extracted using POKY [33], and relaxation rates were
calculated using Prism fitting to a single exponential decay
function. Random coil R; values were calculated according
to the following equation, where Ry, is the intrinsic relax-
ation rate set to 0.27 s~ 1, Ao is the persistence length of the
polypeptide chain set to 7, and N is the total length of the
polypeptide [35]:

N
REC (i) = Rintze oo,

NMR peak intensity ratios for ANAC0131_574:DNA and
ANACO0131,74:DNA:RCD1-RST were extracted from stan-
dard HSQC-type pulse sequences from Bruker BioPack, which
were recorded along with the relaxation measurements.

Titration experiments of "N ANAC013;,74 and N
ANACO013141-274 with RCD1-RST were recorded on a 50
uM sample where RCD1-RST was added at molar ra-
tios varying from 0.5 to 2 at 10°C on a Bruker spec-
trometer operating at a 'H frequency of 800 MHz with
a cryoprobe using standard HSQC-type pulse sequences
from Bruker BioPack. Interactions of N RCD1-RST
with ANAC013151_274, ANAC013254_274, or ANAC013204_234
were recorded on a 50 uM sample where ANACO013 was
added at a 1:1 (ANAC013161_274 and ANAC013254_274) or
4:1 (ANACO013,04-234) ratio and were obtained at 10°C
on a Bruker spectrometer operating at a 'H frequency
of 750 MHz (ANAC013161,274 and ANAC013254,274) or
600 MHz (ANACO013504234) using standard HSQC-type
pulse sequences from Bruker BioPack. The titration of
ANAC013204_234 with RCD1-RST was done with 100 uM
ANACO013 on a 750 MHz instrument at 10°C with RCD1-
RST concentration from 0 to 4 molar equivalents.

Chemical shift perturbations from titration
experiments

Perturbations of amide chemical shifts, also termed chemical
shift perturbations (CSPs), comparing the chemical shifts in
the absence and presence of varying concentrations of binding
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partner, were calculated using the following equation:

CSP =/ (A82) + (0154  AB?),

where 0.154 is a scaling factor based on the relative average
standard deviations of HY and N nuclei in proteins [36]. Sec-
ondary chemical shifts (SCSs) of C*, CP, and C chemical shift
values were obtained using random coil referencing [37, 38]
and calculated as follows:

SCS = As = Sobserved — Srandom coil

CD spectropolarimetry

Far-UV CD measurements were performed on a Jasco J-
810 spectropolarimeter equipped with a Peltier-controlled cu-
vette holder in a 1 mm path-length quartz cuvette (HELMA).
A protein sample of 2.7 uM was prepared in 10 mM
Na,HPO4/NaH,PO4 (pH 7.4), 137 mM NakF and 0.5 mM
TCEP (tris(2-carboxyethyl)phosphine). The spectrum was
recorded at 10°C from 260 to 190 nm, data pitch was 0.1
nm, digital integration time was 2 s, and the measurement was
performed with a scan speed of 10 nm/min for 10 accumula-
tions. The high-tension voltage was kept below 700 V dur-
ing all accumulations. Identical settings were used to record a
buffer spectrum for subtraction. Data were converted to mean
residue ellipticity (Omre) using the following equation:

0

6 =
MRE = J0x cx [ xn

where 0 is the measured intensity in mdeg, ¢ is the molar pro-
tein concentration, / is the path length in cm, and 7 is the num-
ber of peptide bonds in the protein.

Small angle X-ray scattering of ANAC0134_74 and
ANACO013161-274

SEC-small angle X-ray scattering (SAXS) experiments of
ANACO013141-274 and ANACO013_,74were obtained at 20°C
at the P12 EMBL BioSAXS beamline [39], at PETRA
I, EMBL Hamburg, which operated at a fixed energy
(10 keV, A = 0.123981 nm). The associated SEC-MALLS
(size exclusion-magic angle laser light scattering) was car-
ried out using a Superdex S200 increase 10/300 column (GE
Healthcare) at a flow rate of 0.65 ml min~' with an injec-
tion volume of 70 ul and a running buffer composed of 20
mM HEPES (pH 7.4), 150 mM NaCl, 5 mM NaNOj, and
5 mM TCEP. Frames were each 1 s in duration using the
Pilatus 6M detector (Dectris) placed 3 m from the sample.
Samples were purified as described above and consisted of
ANAC013151_274 (70 |J.l, 9.1 mg ml’l) and ANAC0131_274
(70 wl, 8.6 mg ml~'). SEC-MALLS data analysis was carried
out using the ASTRA7 software. SAXS data were processed
using the ATSAS package [40]. To analyze the experimental
SAXS data of ANACO013141-274, a 20 000-structures ensem-
ble was generated using flexible-meccano [41, 42], using the
secondary structure propensities previously determined as in-
put (20% helix for residues 220-228). The theoretical SAXS
curves of each structure from the ensemble were predicted us-
ing CRYSOL [43] and averaged to represent the ensemble and
compared to experimental data using CRYSOL [43]. The five
best-fitting structures from the ensemble were selected, their
SAXS curves averaged, and compared to experimental data.
To analyze the experimental SAXS data of ANAC0131_,74,

Allovalent scavenging of ADs gears transcriptional activation 5

two states were considered. A closed form, where the IDR
interacts with the positively charged islands of ANAC013
DBD, was generated. To do this, the structure model of the
DBD dimer was predicted using AlphaFold2 [44], and manual
sculpting in PyMOL using experimentally determined contact
areas to generate the final structure. An open form was gener-
ated using the DBD dimer model predicted by AlphaFold2 and
flexible-meccano was employed to add the flexible IDR to the
predicted structure, assuming statistical coil distribution for
these amino acids (residues 183-274). SAXS curves were pre-
dicted for each form (“closed” structure and “open” ensem-
ble) by averaging predicted SAXS curves for individual struc-
tures over the entire ensemble using CRYSOL [43]. The two
predicted SAXS curves were then combined in a population-
weighted average to best describe the experimental data using
OLIGOMER [45].

Isothermal titration calorimetry

All isothermal titration calorimetry (ITC) experiments were
performed on either a MicroCal ITC200 or a Malvern Pana-
lytical PEAQ-ITC at 25°C. Experiments were performed using
1 + 13-18 injections of 0.5 and 2-3 ul with delays of 150 s
or longer and a stirring speed of 750 rpm. Before the exper-
iments, ANAC013 and RCD1-RST were dialyzed into ITC
buffer (20 mM sodium phosphate, pH 7.4, 150 mM NaCl)
and degassed by centrifugation at 20 000 x g for 20 min at
the experimental temperature. For ANACO013 fragments con-
taining cysteine residues, proteins were dialyzed into ITC
buffer containing 2 mM DTT. Interaction of RCD1-RST with
ANACO0134_574:proUPOX was done in duplicate. All other ex-
periments were done in triplicates. Supplementary Table S2
provides details of each experiment. All binding isotherms
were analyzed by a nonlinear least-squares fit of the exper-
imental data to a single site model, or the two sets of sites
model as described by Microcal. Reported K errors are asym-
metric, and confidence intervals should be determined from
the free energy standard deviation.

Simulation of ITC experiments

ITC experiments of ANACO013 RIM2-RIM1 fragments were
simulated using a COPASI setup by performing time course
simulations with an event trigger that would “inject” a certain
amount of protein into a cell volume. An equilibration time of
60 s between injections was used. Interaction rate constants
were arbitrarily selected to yield the desired dissociation con-
stants. Diffusion rates involved in the allovalent model were
assumed similar to the values used by Klein et al. [46]. Dis-
placed volume from injections was not considered and simu-
lated enthalpy was calculated from the change in concentra-
tion of the involved species based on concentrations extracted
immediately before and 50 s after each simulated injection.
Simulated injection error bars represent standard deviations
of 100 simulations using parameters sampled from the exper-
imental parameter distributions.

Results
The ANACO013 IDR contains three ADs and forms
soluble oligomers

Like in our previous work [23], we used a high-throughput
yeast-based assay to screen the entire sequence of ANAC013
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for ADs using 40-residue tiles (Fig. 1B and Supplementary Fig.
S1A) [6]. Based on synthetic transcription factors containing a
DBD targeting a GFP reporter gene, an mCherry fluorescence
tag for quantification, and a variable putative AD from the
ANACO013 sequence, the transcriptional activity was taken by
proxy of the AD score of each tile calculated from the fluo-
rescence intensity ratio of GFP to mCherry. The screen iden-
tified three ADs in ANACO013 (Fig. 1B). Although AD1 (cen-
tered around residue 220) scored just above the set threshold,
it was retained in our further analysis as this region contains a
previously reported EDLL-like activation motif (residues 214-
227) [47]. AD2 overlapped with the previously identified RIM
[21], and AD3 was located C-terminally to AD2, centered
around residue 300 (Fig. 1B). Since ADs are often enriched
in acidic residues balanced by leucines and aromatic residues
[48, 49], we mapped the charge patterning and leucine and
aromatic abundance in ANACO013 using IDDomainSpotter
[49], (Fig. 1A, lower panel). Four stretches carried an excess
negative charge; hence, we will refer to these as acidic islands
(AI1-AI4, Fig. 1A). Strikingly, AI2 coincided with AD1, AI3
with AD2, and Al4 with AD3, and all were associated with
a high degree of hydrophobicity, with Al4 being the most hy-
drophobic. Thus, the ANAC013 ADs fall into the category
of acidic ADs with leucines and aromatics (Fig. 1A, lower
panel), and we refer to these regions as AD1/AI2, AD2/AI3,
and AD3/AI4. AIl lacks the accompanying hydrophobicity
and does not coincide with an AD.

To investigate the behavior of intra- and intermolecular in-
teractions within ANACO013 (Fig. 1A), we excluded the trans-
membrane helix and focused on the ANACO013 IDR (residues
161-498), containing the three ADs. Using NMR spec-
troscopy, only ~100 of the expected 321 NMR resonances
were observed in the 'H, "N HSQC NMR spectrum, lo-
cated within a narrow 'H dispersion typical of IDRs (Fig.
1C). A SEC analysis indicated higher order soluble struc-
tures (Supplementary Fig. S1B), and a far-UV CD spectrum
revealed the presence of ~15% helicity (Fig. 1D), in line
with PSIPRED prediction of helicity in the regions 420-460
(Supplementary Fig. S1C). Furthermore, predictors of phase
separation reported a high score of 0.78 (PSPredict) [50] and
predicted two ~20-residue stretches outside the ADs centered
around F280 and M 510 with propensity for driving phase sep-
aration (ParSe) [51]. Thus, the ANAC013 IDR has a propen-
sity to form intermolecular interactions. We therefore assessed
whether supramolecular interactions could explain the lack
of NMR signals and recorded a 'H, "N HSQC spectrum
of ANACO01316149g in 6 M urea (Supplementary Fig. S1D).
All resonances were recovered, indicating that a relatively
large part (~2/3) of the ANACO013 IDR contributes to these
structures.

Based on these results, we produced a shorter fragment,
ANACO013441-274 (Fig. 1A), corresponding to the N-terminal
1/3 of the IDR and comprising A1, AD1/AI2, and AD2/AI3,
the latter including the RIM (residues 254-274) [21, 24].
The 'H, PN HSQC spectrum of ANACO01341_274 overlapped
nearly perfectly with that of ANACO013141_49g at native condi-
tions (Fig. 1C), demonstrating that the inferred internal asso-
ciations involve residues ~280-498, obscuring access to this
region as well as to AD3/AI4 directly. As ANACO013141-274
constitutes a functional hot spot, containing two of the ADs
and the previously identified biologically relevant coregulator
binding site, RIM, we focused on this region of ANACO013.

The ANACO013 IDR interacts with the DBD through
negatively charged islands—Als

Using a set of BEST-type triple-resonance NMR experiments,
we assigned the backbone resonances of ANACO013141274
to 81% completeness (Fig. 1C and E; BMRB: 51969).
The secondary '3C* and 'CP chemical shifts (Fig. 1E
and Supplementary Fig. S2) showed few consistent pat-
terns from transient secondary structures, inferring that
ANACO013161-274 is mostly disordered, except for a transient
helix between D217 and G232. This helix is populated to
~20% as deduced from consecutive positive SCSs [52] and
overlaps AD1/AI2 (Fig. 1E). The dominant disorder was con-
firmed by a minimum at 200 nm in the far-UV CD spectrum
(Fig. 1D). We measured "’N transverse relaxation rates (R)
and compared these to calculated R; rates of random coil be-
havior [35] (Fig. 1E, upper panel). Significantly elevated R,
values were observed for N218-5231, consistent with the ex-
istence of a transiently populated helix.

To investigate the effect of the DBD on the IDR behavior,
we produced and purified ANACO0131,74 (Fig. 1A), which,
as expected [30], was dimeric as confirmed by SEC-MALLS
analyses (Supplementary Fig. S3). Its visible resonances in the
'H, N HSQC spectrum overlapped nearly perfectly with
those of ANACO013141_274 (Supplementary Fig. S4), allowing
transfer of assignments. Compared to ANACO013441-274, we
observed line broadening to different degrees. Resonances cor-
responding to all residues up to V188 were broadened beyond
detection, suggesting these either belong to the folded DBD
dimer—itself not visible due to its large size (43 kDa)—or in-
teract with the DBD on an intermediate NMR timescale. We
measured R; rates and compared those to the R, values for
the IDR alone (ANACO013141-274) (Fig. 1E, upper panel). Gen-
erally, an increase in the Ryvalues was seen across the IDR,
suggesting slower tumbling rates when fused to DBD. Larger
increases were concentrated to three regions. The first region
is directly connected to the DBD, where Rpvalues from D189-
$200 gradually decreased, suggesting that residues up to D185
would be part of the folded DBD. To address this hypothesis,
we used AlphaFold2 [44] to predict the model structure of the
ANACO013 dimer (ANACO0131,74) alone and in the presence
of UPOX DNA, a previously identified target promoter cis-
element [14]. We observed that residues S161 to D183, which
overlap All, fold onto the DBD in trans (Supplementary Fig.
SSA). AIl contacts the DBD outside the DNA binding re-
gion, especially around a basic B-strand-connecting loop (62-
KTRDR-66). Al forms an «-helix and its binding in trans
helps orient a loop region (residues 162-166) that binds to
the minor groove of DNA (Supplementary Fig. S5B). The
model structures of ANACO013 were found to be almost iden-
tical in the absence and presence of UPOX DNA (RMSD¢
= 0.51 A), supporting the hypothesis that residues $161 to
D183 are indeed part of the folded DBD. The two other re-
gions with increased Rpvalues were S200-Q230, AD1/AI2,
comprising the transient helix, and V240-E270, AD2/AI3,
comprising the RIM (Fig. 1A). The DBD is overall positively
charged, with several charged patches, mostly in the DNA
binding surface [53, 54], but also on the side opposite to it
[54] (Supplementary Fig. SSC and D). We therefore hypothe-
sized that the IDR interacts with the DBD through dynamic
electrostatic interactions between negatively (IDR) and posi-
tively (DBD) charged areas. Indeed, R, rates showed a grad-
ual decrease across the IDR with increasing ionic strength
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(Fig. 1E, middle panel), reflecting screening of the DBD-IDR
interaction involving the AD1/AI2 and AD2/AI3 and con-
firming the observed interactions to be mainly electrostatic.

ANACO013 DBD-IDR exists in an open and closed
state equilibrium

To obtain a representation of the overall structural proper-
ties of ANAC013161_274 and ANAC0131_274, both were in-
vestigated using SEC-SAXS. To analyze the SAXS profile for
ANACO013441-274, flexible-meccano, a statistical coil genera-
tor [41, 42], was used to generate 20 000 conformers, and a
SAXS curve predicted for each one. The average SAXS curve
of these conformers did not reproduce the experimental data
accurately (x2 = 25) (Supplementary Fig. S6A), indicating
that ANACO013141-274 does not behave as a statistical coil. The
average R, of this ensemble (31 A) was smaller than the ex-
perimentally determined Ry (36 A) (Supplementary Fig. S6B),
showing ANACO013141-274 to be extended in solution, con-
sistent with its net negative charge (Fig. 1A, middle panel),
and correlating with the R, values that were overall higher
than expected for a random coil (Fig. 1D). The conformers
were then ranked by their ability to reproduce the experi-
mental SAXS curve and the five best conformations chosen
to represent the ensemble structure of ANACO013161-274 (Fig.
2A and Supplementary Fig. S6C). The average SAXS curve of
these expanded conformers reproduced the experimental data
well (x2 = 1.08), consistent with repulsion between the three
Als. The transient helix (D217-G232) was partially populated
in this ensemble (one out of five conformers, 20%), consistent
with the SCSs from NMR.

For ANACO0131_,74, we generated a flexible-meccano en-
semble of 10 000 conformers [41, 42], where the IDR could
explore all the available conformational space and modeled
the observed interaction between the DBD and the IDR us-
ing a combination of AlphaFold2 and manual sculpting. We
then used OLIGOMER [45] to approach the experimental
SAXS data using a weighted average of the ensemble with
the IDR both in an open state and in the modeled closed
state where AD1/AI2 and AD2/AI3 interact with the DBD
(Fig. 2B and Supplementary Fig. S7). Despite the crudeness
of the model, the obtained average SAXS curve represented
the experimental data well (x> = 2.53) and showed that
ANACO013;_,74 in solution is in equilibrium between ~30%
(31%) closed and ~70% (69%) open forms. The obtained
%% also suggested the presence of other minor species unac-
counted for in the model, such as single Als bound to the DBD.
These were not considered further.

DNA binding shifts the equilibrium toward the
open state by releasing the IDR from the DBD

To investigate whether and how the interaction between the
ANACO013 IDR and the DBD would influence DNA bind-
ing and vice versa, we used the two different ANACO013
fragments: the DBD alone (ANAC013,_133) and the DBD
with the IDR (ANACO0131_,74). We chose a previously iden-
tified target promoter cis-element proUPOX [14], as well as
a scrambled DNA of that sequence, scrUPOX, serving as
a nonspecific DNA control (Supplementary Table S1). The
thermodynamic parameters of the interaction were deter-
mined by ITC (Table 1 and Fig. 2C). The dissociation con-
stants Kp of the complexes with proUPOX were similar, with
Kp = 438 + 13 and 550 4+ 110 nM for ANACO013_133 and
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ANACO0131_574, respectively. A stoichiometry of 1:2 (DNA
to ANACO013 monomer) was found, consistent with a previ-
ously determined structure of a DNA-bound DBD from the
NAC family [53,54]. Strikingly, proUPOX interaction with
ANACO013,74 displayed a much smaller entropic penalty
compared to ANACO013;_1g3:proUPOX, with the entropy dif-
ference between the free and bound states —TAS of 9 and 32
kJ mol~!, respectively (Table 1). This suggests that the longer
IDR contributes with favorable conformational entropy in
DNA binding and that there is enthalpy—entropy compensa-
tion [55]. At the same conditions, binding could not be de-
tected for any of the variants using the scrUPOX control DNA
(Supplementary Fig. S8).

To understand this entropic driving force, we investigated
the behavior of the IDR upon DNA binding using NMR
and added stoichiometric amounts of proUPOX to the YN-
labeled ANACO0131_,74 dimer. Peak intensities corresponding
to residues from AD1/AI2 and AD2/AI3 increased, suggest-
ing a DNA-driven increase in dynamics in accordance with
the ITC data (Table 1), and hence a release of the IDR from
the DBD (Supplementary Fig. S9). This was also recapitulated
in reduced R;values of the IDR for ANACO0131_574:proUPOX
compared to free ANACO13;_,74 caused by increased dynam-
ics (Fig. 2D). Interestingly, adding scrUPOX vyielded similar
results (Fig. 2D), suggesting that even nonspecific DNA can
release the IDR from the DBD, despite a lack of measurable
binding to the ANAC013-DBD by ITC.

Simultaneous DNA and coregulator binding

RCD1 downregulates the expression of ANACO013 target
genes [16]. Using ITC, we confirmed that RCD1-RST is able
to form a 1:1 complex with ANAC0131_,74 when titrated into
a prebound ANACO0131_,74:proUPOX complex. This interac-
tion (Kp of 60 £ 1 nM) was mainly, but not only, driven
by enthalpy (AH = —45 + 1 kJ mol™!) (Fig. 2C and Ta-
ble 1). We then used NMR to assess whether RCD1-RST
binding to ANACO013 could disrupt or prevent interaction
with target DNA. Stoichiometric amounts of RCD1-RST to
ANACO013 monomer were added to a preformed ' N-labeled
ANACO0131_574:proUPOX complex. Upon addition of RCD1-
RST, NMR intensity losses were observed in two regions of
the IDR overlapping with, but not fully covering, AD1/AI2
and AD2/AI3 (Fig. 2E). Unexpectedly, RCD1-RST bound to
DNA-loaded ANACO013 at not one, but two different sites. R,
measurements confirmed that the IDR of ANAC013_,74 re-
mained flexible when bound to both RCD1-RST and DNA
(Fig. 2F), but also suggested that RCD1-RST did not dis-
rupt ANACO013 interaction with proUPOX. Vice versa, when
adding proUPOX to a prebound YN-ANACO013;_,74:RCD1-
RST complex, we observed NMR signal intensity increases
from the release of the IDR from the DBD (Fig. 2G), as was the
case for ANACO013;_,74 binding to proUPOX (Supplementary
Fig. $9). Thus, binding of RST to YN-ANAC013;_,74 does
not abolish the DBD:DNA interaction, or the IDR interac-
tion with the DBD. Notably, comparing the NMR signal de-
creases in Fig. 2E with the regions that display high R;values
and interact with the DBD in Fig. 2D, it becomes clear that
the DBD and the RST binding regions overlap but are not
identical. This suggests that in the absence of DNA, the IDR
retains its ability to bind to RCD1-RST while still contact-
ing the DBD. This is also supported by the broader IDR re-
gions involved in DBD binding compared to those involved
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Figure 2. ANACO013 interacts simultaneously with DNA and RCD1-RST. (A) Experimental SAXS curve obtained in SEC-SAXS for ANAC0131g1-274 (dark
blue line) against the average theoretical SAXS curve of the ensemble of five conformers selected to represent the ANAC013161_074 structure (black line).
Residuals are shown below. (B) Experimental SAXS curve obtained in SEC-SAXS for ANACO013;_,74 (red) against the average theoretical SAXS curve
obtained from the weighted average (black line) of the SAXS curves of an ensemble with a free IDR (open) and DBD-bound IDR (closed) model (~70%
and ~30%, respectively, as determined by OLIGOMER). Residuals are shown below. (C) Representative ITC data of the interaction between
ANACO0131_1g3 (left) or ANACO131_27 (middle) and proUPOX DNA, and between RCD1-RST and ANACO0134_574:proUPOX (right). (D) Transverse relaxation
rates, Ry, for ANAC0131_574 (red), ANACO131_7:proUPOX (curry), and ANACO0131_74:scrUPOX (dark green). (E) HSQC intensity profile (//lp) of
ANACO131_574:proUPOX:RCD1-RST 1:1:1 (/) compared to ANAC0131_274:proUPOX 1:1 (lp). (F) Transverse relaxation rates, R, for ANACO0131_574:proUPOX
(curry bars) and ANACO0131_574:RCD1-RST.proUPOX 1:1:1 (dark blue line). (G) HSQC intensity profile (/1) of ANACO0131_274:RCD1-RST:proUPOX 1:1:1 (/)
relative to ANAC0131_,7:RCD1-RST 1:1 (lp). Black bars indicate the areas involved in intramolecular interaction of the IDR with the DBD. Stars indicate
resonances recovered upon addition of proUPOX.
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Table 1. Thermodynamic analyses of ANAC013 interactions with DNA in the presence and absence of RCD1-RST4g9-572

Cell Syringe Kp (nM) N AH (k] mol~1) —TAS (k] mol~1) AG (k] mol~1)
proUPOX ANACO013_1g3 438 £ 13 1.70 4+ 0.01 —68 £ 1 32 -36
proUPOX ANACO0131574 547 + 110 1.98 + 0.05 —44 £+ 2 9 -36
scrUPOX ANACO0131_183 No binding

scrUPOX ANAC0131,274 No blndlng

ANACO0131_574:proUPOX? RCD1-RST 60 + 1 0.84 + 0.01 —45 + 1 4 —41

2ANACO013_,74:proUPOX was in the cell to avoid dissociation of DNA upon injection.

in binding RCD1-RST (Fig. 2E and G). Taken together, these
data showed that ANACO0131_574 can bind cognate DNA even
when already bound to RCD1-RST and vice versa, highlight-
ing the ability of ANACO013 to simultaneously bind DNA and
its negative regulator.

ANACO013 contains a second binding site for
RCD1-RST

To decompose a possible second RCD1-RST binding site in
ANACO013, we first re-established the interaction between the
ANACO013-RIM (N254-T274) and RCD1-RST using ITC at
the current conditions, showing the formation of a 1:1 com-
plex with a Kp of 70 & 30 nM (Table 2 and Fig. 3A, left
panel) consistent with previous work (Kp = 9 + 4 nM; dif-
ferent buffers [21]). We then explored the N-terminal context
and followed the addition of RCD1-RST to ANACO0131_,74
or ANACO013141-274 by NMR. ANACO013 resonances did not
show measurable CSPs upon RCD1-RST addition but un-
derwent extensive line broadening, suggesting slow exchange
on the NMR timescale (Fig. 3B and Supplementary Fig.
S10A). In both instances, residues corresponding to the RIM
(N254-T274) located in AD2/AI3 were broadened beyond
detection at a 1:1 ratio of RCD1-RST:ANACO013 (Fig. 3B
and Supplementary Fig. S10B). However, a second interaction
site was identified in ANACO013 between 1220 and Q230, cor-
responding to the transient helix located in AD1/AI2 (Fig. 1E
and Supplementary Fig. S2). For this second site, which bears
sequence similarities to the known RIM (Supplementary Fig.
S$10C), resonances were broadened beyond detection at a ratio
of RCD1-RST:ANACO013161274 of 1.5:1, suggesting a weaker
affinity compared to RIM1 (Fig. 4B). We term this second site
RIM2 (residues 1220-Q230), keeping the known site (N254—
T274) as RIM1 (Fig. 1A).

To investigate the RIM2 interaction with RCD1-RST sep-
arately, we produced ANACO013;04-534 and studied the in-
teraction by ITC. This revealed a Kp of 11 + 2 uM
(Table 2 and Fig. 3A, middle panel). The large entropic
penalty (<TAS = 25 4+ 5 k] mol™') as well as large en-
thalpy contribution (AH = —53 4 § k] mol™') suggested
that the transient helix (D217-G232) would fold further
upon binding. Reversing the titration resulted in an N-value
of 0.6, suggesting more than one binding site within the
RIM2 ANACO013 fragment (Table 2). From an NMR titra-
tion, RIM2 displayed complex CSP movement suggesting
two binding events, the second with a considerably weaker
affinity. Since the same residues were affected, the second
and much weaker binding event was possibly enabled by
the first binding event (Supplementary Fig. S12). Disregard-
ing this very weak interaction, an apparent Kp of 11 £ 2
uM was assumed for the RIM2 interaction with RCD1-RST
(Table 2).

RIM1 and RIM2 have overlapping binding sites on
RCD1-RST

We next asked whether the binding site for RIM2 on
RCD1-RST would be different from that of RIM1. The
resonances of RCD1-RST were previously assigned [28],
and upon addition of ANACO013161574, we observed
large CSPs (Supplementary Fig. S13), requiring reas-
signments (Supplementary Fig. S14). From adding either
ANAC013161_274 (RIMZ + RIMl) or ANAC013254_274
(RIM1) to RCD1-RST, the CSPs were not markedly different
(Fig. 3C). However, adding ANACO013504.234 (RIM2) did af-
fect similar resonances significantly, but with markedly lower
amplitude, even considering the difference in affinities of over
one order of magnitude (Fig. 3C and Supplementary Fig. S13).
It also resulted in broader peaks suggesting an exchange on
an intermediate to slow NMR timescale and prohibited
the transfer of assignments of RCD1-RST L550-S572 to this
bound state (Fig. 3C and Supplementary Fig. S13). Thus, these
NMR data showed that the RIM1 and RIM2 binding sites on
RCD1-RST are not identical, but overlap so much that simul-
taneous binding is prevented and therefore cannot give rise
to cooperativity. To assess the population of the RIM1- and
RIM2-bound states within the context of the long IDR in the
ANACO013141-74:RCD1-RST complex, we used a weighted
average of the CSPs of W507-NH¢! of RCD1-RST located
within the binding site and positioned isolated in the NMR
spectrum. From its CSPs in the ANACO013;54274:RCD1-RST
and ANACO013,04-234:RCD1-RST complexes, we obtained
populations of 73% (RIM1-bound) and 27% (RIM2-bound),
respectively, in a saturated ANACO013141274:RCD1-RST
complex. Thus, there is a preference for RIM1 over RIM2,
but not as extensive as the K D values obtained by ITC
suggested (Table 2).

To obtain the thermodynamic parameters of the combined
RIM2-RIM1 fragment, we performed titrations in both di-
rections using ITC. With ANACO013141274 in the cell (Fig.
3A, right panel), we observed a biphasic isotherm with a dis-
tinct transition around the 1:1 ratio, but with sustained large
heats after the first transition suggesting at least two binding
events with orders of magnitude difference in affinity. The data
could be fitted using a two-sets-of-sites model, producing N-
values around 1. However, the fitted Kp values were an order
of magnitude lower than what was obtained from the indi-
vidual RIM titrations. Thus, binding cannot be explained by
a sequential two-site binding model. In the reverse titration,
we again obtained a biphasic isotherm (Supplementary Fig.
S11A); however, here, we observed two distinct transitions at
stoichiometries of around 0.4:1 and 0.7:1, and thus the quan-
titative interpretation and assignments of each transition were
not clear (Table 2 and Supplementary Fig. S11A). The appar-
ent mismatch between the two titrations was investigated by
modeling the ITC experiments using the biochemical simu-
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Table 2. Thermodynamic analyses of interactions between ANACO013 and RCD1-RST4gg9-572 using ITC

Cell Syringe Kp (nM) N AH (k] mol~1) —TAS (kJ mol™!) AG (k] mol~1)
ANACO013354.274 RCD1-RST 70 £+ 30 1.05 £ 0.05 —-49 £ 5 8+35 —-41 £ 1
ANACO013504-234 RCD1-RST 11 000 + 2000 0.87 + 0.01 -53+£5 25 +5 —28.3 £ 0.3
ANACO013141-274 RCD1-RST 1.6 £ 0.9 0.93 + 0.07 -55+4 S5+4 -50 £ 1
RCD1-RST ANACO013504-234 13 000 + 2000 0.59 + 0.02 -70 + 4 42 + 4 —-27.9 +£ 0.4
RCD1-RST ANACO013141-274 60 + 30 0.68 + 0.05 —-20 £ 10 —20 £+ 20 —41 £ 1
13 £ 6 0.37 £ 0.04 —160 + 40 120 + 40 —45 £ 1
RCD1-RST ANACO0131 574 60 + 30 0.63 + 0.05 -19 £+ 1 -22 —42
14 £ 8 0.46 + 0.08 —140 £ 5 95 —45
Errors represent standard deviations of at least three technical replicates.
A Time (min)
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Figure 3. Interaction between ANAC013 and the negative regulator RCD1. (A) ITC data representative of the titration of RCD1-RST into ANACO13254-074

(RIM1, left), ANACO13204-234 (RIM2, middle), or ANACO13161-07 (RIM2-RIM1, right). (B) Relative HSQC peak intensity profile (I/1p) of ANACO13161-274 With
different ratios of RCD1-RST (1:0 to 1:2). (C) CSPs of RCD1-RST upon addition of saturating amounts of ANAC0131g1_27 (green), RIM1 (orange), or RIM2
(pink). Inset: W507-NH®" region of the 'H, "N HSQC spectrum of RCD1-RST in the same conditions.

lator COPASI [56] to obtain theoretical isotherms. The sys-
tem was modeled as two independent binding sites. The sim-
ulations showed that the major features of both experimen-
tal isotherms could be obtained using a common set of pa-
rameters derived from the two-sets-of-sites fit of the experi-
ment with ANACO013141-274 in the cell (Fig. 3A, right panel),
with Kpvalues approximately an order of magnitude lower
than those determined for the individual RIM regions (Ta-

ble 2 and Supplementary Fig. S11B). A plausible explanation
for this discrepancy is that RIM1 and RIM2 are sequentially
close (25 residues apart); therefore, the binding of RIM1 will
cause an increase in the local effective concentration of RIM2
around RCD1-RST in the RIM1-bound state, and vice versa
[57]. The probability of binding RIM2 will then be greatly
increased in the time between dissociation of RIM1 to RST
escape from the vicinity of the bivalent ANACO013 region.
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Thus, the apparent affinity of both RIM1 and RIM2 will
be enhanced through the phenomenon known as allovalency
[46, 58-60].

Implementation of the allovalency model (Supplementary
Fig. S11B) enabled reasonable recapitulation of the experi-
mentally observed isotherms using parameters derived from
the titrations of the individual sites. Therefore, our data sup-
port an allovalency model and indicate that individually de-
scribed interactions are realistic in context of the full protein.
However, some deviations from the ITC data and observed
NMR peak intensity losses in the ANAC013 175-210 region
(Fig. 3B) suggested that including minor states such as po-
tential “trimers” (both RIMs bound at the same time) would
be required to describe the multivalent ANACO013 interaction
with RCD1-RST fully and accurately.

Discussion

Disregarding its transmembrane helix, the plant transcrip-
tion factor ANACO013 has a conventional transcription fac-
tor architecture consisting of a folded DBD and a long
IDR. Little is known about the intramolecular communica-
tion of ANACO13 and its functional impact. Using a high-
throughput screening method, we identify three ADs in the
IDR of ANACO013 and demonstrate that in vitro and in the
context of the long IDR, only two of these ADs appear acces-
sible. The remaining AD engages in larger assemblies within
the C-terminus of the IDR with a high propensity for conden-
sate formation [7, 61-63]. The three ADs locate to three out
of four Als. We show that two of these regions (AD1/AI2 and
AD2/AI3) dynamically and electrostatically interact with the
DBD. The core interaction sites based on the R, profiles cor-
respond to 11 FIEEEWAEDDDDDVDE,,; (AD1/AI2) and
»50ELDDNDIEELMSQVRD¢s (AD2/AI3). Both display gen-
eral AD features with aromatic and hydrophobic residues dis-
tributed among acidic residues enabling the display of hy-
drophobic residues suitable for interactions, as suggested by
the recent acidic exposure model for transcription factor acti-
vation [5,48]. A third AI, AI1, was found to fold onto the DBD
in trans across the dimer, suggesting an extension to the folded
NAC domain of ANACO013 compared to known NAC DBDs
[54, 64]. The dynamic interactions of AD1/AI2 and AD2/AI3
with the positively charged residues of the DBD lead to an
equilibrium in which 30% of the IDR population is bound to
the DBD and 70% exists in an open state (Fig. 4). Thus, the
ADs of the ANACO013 IDR remain accessible in a dynamic
equilibrium between open and closed states.

Overlapping with—but not identical to—the AD/AlIs, the
IDR is bound to the RST domain of the negative regulator
RCD1 through two different sites, RIM1 and RIM2 (Fig. 1A).
We observed that RCD1-RST bound the IDR, both in the ab-
sence and in the presence of DNA, and did so allovalently
with affinities unperturbed by DNA using two sites positioned
vis-a-vis (Fig. 4A). Allovalency requires multivalency, given as
several identical or similar sites that bind one at a time to the
same site on the target protein. After dissociation, rebinding of
another spatially close site prevents escape from the binding
partner. The increase in time spent in the bound state leads to
sensitive dependence on the number of binding sites, increas-
ing the apparent Kp with the number of sites [60, 65]. Allo-
valency has, because of its mathematical description [58, 66],
predictive power. Thus, the allovalency model introduces an
intermediary state, where the interaction partner is localized

Allovalent scavenging of ADs gears transcriptional activation "

within proximity to the multivalent binding region. The tran-
sition between the captured and the free diffusing states is
controlled by several factors: the spatial distance between the
binding regions, the diffusion coefficients of the interacting
proteins, and the competing probabilities of the partner pro-
tein binding to an accessible site versus diffusing out of the ef-
fective range, referred to as the “capture sphere”. Within this
capture sphere, the association rate constant will depend on
the local effective concentration, c.g, of the interaction partner
(Fig. 4A) [46, 58, 66].

Importantly, RCD1-RST is bound by only partially dis-
rupting the electrostatic contacts between the AD/Als in the
IDR and the DBD, suggesting that the interactions with the
DBD and with RCD1-RST locate to the same regions but
are not completely overlapping (Fig. 2E and G). Indeed,
ANACO013574 can bind target DNA when already bound
to RCD1-RST, and vice versa. These results therefore suggest
that regulation of ANACO013 by RCD1 works not to prevent
DNA binding, but rather to scavenge its ADs that overlap
with the RIMs, dynamically. Thus, scavenging of AD1/AI2
and AD2/AI3 by RCD1 would compete with binding of coac-
tivators both with and without DNA bound (Fig. 4B). Binding
the two ADs allovalently to RCD1-RST will provide dynamic
access to one unbound AD and thereby allow for takeover
by another coregulator when its concentration increases. It is
also possible that activators may be specific to a single site,
either AD1 or AD2, and thus will be unable to exploit the
additional binding strength arising from allovalency. Impor-
tantly, this is regulated by the relative levels of the partners,
and at low transcription factor concentration, both sites will
be occupied by RCD1-RST and transcription then effectively
turned off, independently of the presence of DNA.

In agreement with previous studies on SOX2 [12], we found
that the affinity for DNA was not affected by the presence of
the IDR. Surprisingly, the interdomain interaction did not af-
fect ANACO13 affinity for its negative regulator RCD1-RST
either. Thus, other functions relevant for this interdomain in-
teraction must exist. Intriguingly, we observed that the inter-
domain communication lowered the entropic barrier for DNA
binding by contributing with favorable entropy related to
chain release. Such an entropic driving force has been seen in
other IDR-driven interactions, e.g. by release of the C-terminal
tail of RST upon DREB2A binding [29], or the differential
binding of MKK4 to p38«x or JNK1 [67]. Furthermore, the
release of the IDRs from the DBD by DNA was independent
of DNA sequence. Thus, the mere presence of DNA expels the
IDR from the DBD, modulating the equilibrium between open
and closed states. This suggests that, unlike an autoinhibition
of DNA binding from acidic stretches and from phosphoryla-
tion observed in e.g. p53 [9, 11], even nonspecific DNA will
prime the ANACO013 DBD for DNA binding [52-54], and
other negatively charged molecules such as RNA, polyphos-
phate, or negatively charged binding partners may induce sim-
ilar effects. It is also possible that the interdomain interaction
within ANACO013 serves to regulate coactivator binding. Pos-
sibly, some coactivators bind to the closed form and others to
the open form, effectively serving as a filter for binding. For
now, effects from different relevant binding partners, includ-
ing RNA, remain to be addressed.

Our work raises an important implication for transcription
factors with more than one AD, whose abundance is becom-
ing evident through the vast information from the many high-
throughput studies emerging. Since allovalency requires the

G202 Iudy 2| uo1senb Aq GZG8008/5904eXB/p/EG/e 1./ eu/woo dno-olwepeoe//:sdiy wol papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf065#supplementary-data

12  Delaforge et al.

“7\ Conformational exchange
x_/ Allovalency

O:) ANACO013-DBD

AD1/AI2 /7 AD2/AI3
D RCD1-RST V4 anf¥ e

O DNA

A \//\Q
CefrKonrimz Q
Keaptre(D,1) o /ofwmz kﬂ",R|’Nk&)n,R\M1
\ ! \ Captured \_Q/\Q
\/’-\ ) \ jCor=2:3mM
Kescape(Kon,n,,D . P
oe( U KoftRIM1 kuﬂ,R%(
Konrivz
Ceﬁ'kon,lh \-9/\% O
B

Free RCD1 bound
30% closed; 70% open 30% closed; 70% open and repressed
+ RCD1-RST
—
- N—— ) - N——
+ DNA +DNA
>000( >oo°(
+ RCD1-RST
O
—
—

DNA bound
Open and accessible

N N

DNA and RCD1 bound
Open and repressed

Figure 4. Allovalent scavenging of ADs gears transcription factors for activation. (A) Model of the RCD1-RST interaction with the two RIM motifs in
ANACO13. The capture rate depends on the number of binding sites, n, the diffusion coefficients, D, and a sphere with a radius r that depends on the
mean distance between binding sites [46]. The escape rate further depends on the number of sites and the association rate constant that governs the
probability of association versus the probability of escape. The effective concentration (cest) can be determined as the concentration of a single particle in
the sphere or using more empirical approaches. (B) In DNA-free ANACO013, its IDR interacts with the DBD through AD1/AI2 and AD2/AI3, in equilibrium
between a 30% closed form and a 70% open form (top left) occupying the ADs. Upon the presence of DNA, the Als are released, shifting the
equilibrium toward the open form (bottom left). RCD1-RST can interact allovalently with either free or DNA-bound ANACO013, through RIM1 and RIM2,

leading to dynamic occupation at enhanced affinity (top and bottom right).

ADs to be closely positioned within the sequence, the distance
between ADs within the same transcription factor now be-
comes relevant for inferring how they are regulated. In the case
of closely positioned ADs, allovalent and dynamic exchange
of regulators represents a mechanism for fast regulation, com-
plementing those suggested for frustration-based coregulator
exchange [23], as well as those involving trimer formation, in-
cluding HIF1« and CITED2 competition for TAZ1 [68, 69],
and prothymosin « and histone H1 [70], involving competi-
tive substitution [71].

Conclusion

In summary, we identify intramolecular interactions between
the DBD of the transcription factor ANACO013 and ADs/Als
located in its IDR. These interactions are released by DNA
and do not affect the affinity of ANACO013 for its target DNA
or for its negative regulator RCD1. We demonstrate that in-
teractions with DNA and RCD1 are not mutually exclusive
but use sites that partially overlap and that two ADs/Als

in the IDR are efficiently scavenged by the RST domain of
RCD1 through allovalency. Thus, ANACO13 regulation by in-
tramolecular communication is not aimed at preventing DNA
binding, but rather at modulating access to its ADs. The data
support an allovalency model for regulation of the transcrip-
tion factor ANACO013 by its negative regulator RCD1, where
ADs are dynamically and efficiently scavenged. The model
may be relevant for other transcription factor systems harbor-
ing closely positioned ADs within their IDR.
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