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The interaction between the intrinsically disordered transcription factor HIF-1o and the coactivator
proteins p300/CBP is essential in the fast response to low oxygenation. The negative feedback regulator,
CITEDZ2, switches off the hypoxic response through a very efficient irreversible mechanism. The negative
cooperativity with HIF-1a relies on the formation of a ternary intermediate that leads to allosteric
structural changes in p300/CBP, in which the cooperative folding/binding of the CITED2 sequence
motifs plays a key role. Understanding the contribution of a binding motif to the structural changes
in relation to competition efficiency provides invaluable insights into the molecular mechanism.
Our strategy is to site-directedly perturb the p300-CITED2 complex’s structure without significantly
affecting binding thermodynamics. In this way, the contribution of a sequence motif to the negative
cooperativity with HIF-1a would mainly depend on the induced structural changes, and to a lesser
extent on binding affinity. Using biophysical assays and NMR measurements, we show here that the
interplay between the N-terminal tail and the rest of the binding motifs of CITED2 is crucial for the
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unidirectional displacement of HIF-1a. We introduce an advantageous approach for evaluating the roles

Open Access Article. Published on 30 May 2024. Downloaded on 12/4/2025 9:03:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-chembio

Introduction

Intrinsically disordered proteins (IDPs) play a central role in
modulating cellular processes and often regulate mechanisms
that react to altered conditions."™ Gene transcriptions that
switch on in response to decreased oxygenation are governed by
the hypoxia-inducible factor (HIF-1),>”” which is implicated in
several cancer-related conditions.® ™" In hypoxia, the o subunit
of HIF-1 (HIF-1a) translocates to the nucleus and interacts with
the HIF-1pB subunit, forming HIF-1."*> This complex recruits the
multidomain hub proteins p300 and its paralog CREB binding
protein (CBP), the coactivators required for the transcriptional
activity of HIF-1.">7'® As a result, the expression of hundreds of
genes associated with mechanisms adapting to oxygen-
deprived conditions is upregulated.’” In a negative feedback
loop, the CREB-binding protein/p300-interacting transactivator
with ED-rich tail (CITED2) terminates the hypoxic response
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of the different sequence parts with the help of motif-by-motif backbone perturbations.

through the competition with HIF-1a. for binding to p300/
CBP.>**! Even though CITED2 and HIF-1o have similar binding
affinities to p300/CBP, the competition is so efficient that
CITED2 completely displaces HIF-1a in a switch-like, irreversi-
ble mechanism, allowing the precise regulation of the hypoxic
response.”” Several experimental®*>*> and molecular modelling
studies*®*° investigated the underlying structural mechanism
of this competition. These works agreed on basic concepts but
highlighted different key determinants or provided alternative
explanations for the virtually irreversible competition.

CITED2 and HIF-1a bind with their disordered C-terminal
activation domain (CTAD) to the TAZ1 (or CH1) domain of
p300/CBP**?***%*1 and form folded structures comprising
several binding motifs (Fig. 1). Both display high-affinity
interactions with p300/CBP,>****° show slow dissociation
kinetics,**?> and compete through a partially overlapping
binding site (Fig. 1e). The competition mechanism involves
the formation of a transient ternary complex in which the
CITED2 o, helix and the C-terminal helix/helices (o and o)
of HIF-1a are simultaneously bound to p300/CBP. The coopera-
tive folding/binding of the CITED2 binding motifs drives the
displacement of HIF-1a and results in an allosteric conforma-
tional change that favours the CITED2-bound state, rendering
the competition virtually irreversible.**™°
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Fig. 1 Structure of p300/CBP bound to HIF-1o and CITED2. (a) Structure of HIF-1a CTAD (blue) bound to CBP TAZ1 domain (wheat) (PDB: 1L.8C)*° and
(b) to p300 TAZ1 domain (PDB: 1L3E).3! The helices of the TAZ1 domain are annotated al—-a4 from N to C terminus, and the spheres represent Zn atoms.
HIF-1a helices are annotated ap—oc from N to C terminus; as was not observed for the p300-bound structure. Structures of CITED2 CTAD (red) bound to
(c) CBP TAZ1 domain (wheat, PDB: 1R8U)?! and (d) to p300 TAZ1 domain (PDB:1P4Q).2° CITED2 binding motifs are annotated as N-tail, a,, loop, and
C-term. (e) Overlayed structures of CITED2 and HIF-1a bound to TAZ1. Only one protein domain is shown for clarity. (f) Overlayed structures of p300—
HIF-1a and p300-CITED2 complex showing the conserved LPE/QL motif. (g) Sequences of HIF-1a (residues 776-826 used in ITC, NMR measurements
and as the competitor in FA titrations; residues 786—-826 was used as the fluorescent tracer in FA titrations) and CITED2 peptides used in this study, with
their binding motifs indicated above. Flu: 5,6-carboxyfluorescein, Ahx: aminohexanecarboxylic acid.

Several factors play an important role in this complex
inhibitory mechanism. These include differences in binding
thermodynamics,* displacement kinetics,>*** and intramolecular
cooperativity between binding motifs.*>***° Changes in p300/CBP
dynamics® and electrostatic forces***° also contribute to effective
inhibition. The irreversibility of the competition depends highly
on the transient ternary intermediate that results in allosteric
structural changes and negative cooperativity between the two
ligands.?*>**%?° The binding of the CITED2 a, helix alters the
conformation of the o4 helix of p300/CBP and destabilises the
binding of HIF-1a o.>* The conserved LPEL motif replacing HIF-
1o LPQL is a key step in the displacement process;***® mutations
in this region significantly decrease competition efficiency.”*?*

The binding of o, and LPEL is not sufficient for effective
inhibition, the absence of the C-terminal hydrophobic region

712 | RSC Chem. Biol., 2024, 5, 711-720

diminishes the competition efficiency of CITED2, suggesting
that the C-terminus induces unidirectionality.>® The removal of
the C-terminus, however, also results in a significantly lower
binding affinity (2 orders of magnitude in Kp, Table S1,
ESIT),>>* which can affect the detected competition efficiency
and mask the role of these residues in mediating allostery.
Furthermore, our previous ITC data showed that CITED2,54 550,
comprising all three binding motifs (a4, loop, and C-terminus)
is not an efficient competitor, suggesting that a fourth binding
motif, the N-terminal tail of CITED2 (residues 218-223) plays
an important role,?® but the exact function of the N-terminal
tail and how it cooperates with the rest of the CITED2 binding
motifs is currently unclear.

Because the formation of the transient ternary complex is
key to the negative cooperativity between the ligands, probing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the extent to which each binding motif contributes to the
intermediate formation would enhance our understanding of
the underlying molecular mechanism. Furthermore, identify-
ing binding sites that can tolerate structural perturbations with
conserved competition mechanisms would provide useful
insights into the mimicry and/or inhibition of the system.
To this end, we set out to understand the role of the
N-terminal tail of CITED2 in the competition mechanism and
probe its interplay with the rest of the binding motifs leading to
the formation of the ternary intermediate and the negative
cooperativity with HIF-1a.

Our approach is to induce site-directed structural changes in
p300 by altering the bound conformation of CITED2 and
linking those changes to the competition mechanism. Because
the effective competition between CITED2 and HIF-1a depends
both on high-affinity binding and allostery, it is important
to use only modifications that minimize the effect of direct
binding. In this way, the observed competition efficiency of a
modified ligand is mostly dependent on the induced structural
change, rather than on its binding affinity. Consequently, we
avoid such modifications that substantially decrease binding
affinity (i.e. sequence truncations) and maintain the native-like
properties (intrinsic disorder, charge, side-chains, and binding
thermodynamics) of CITED2 variants. The plasticity of p300/
CBP allows their adaptation to various disordered ligands and
participation in fuzzy interactions.®® We hypothesised that a
similar adaptation would occur to the local conformational
perturbations of the bound CITED2, resulting in close to native
binding parameters, which we achieve through motif-by-motif
backbone modifications. A small number of o to f*-amino acid
replacements in CITED2 allowed us to produce native-like
CITED2 variants and induce binding-site dependent structural
changes in p300. Using a combination of direct binding,
competition assays, and NMR measurements, here we provide
further details on the underlying molecular mechanism of the
Pp300/HIF-10. competition.

Results

The N-terminal residues of CITED2 drive the unidirectional
replacement of HIF-1a

The structure of the p300 and CBP TAZ1 domains is similar, but
their reported complexes with CITED2 have differences in the
more flexible N- and C-terminal regions (Fig. 1c-d). Consider-
ing both structures, we synthesised the shortest possible
CITED2 sequence (CITED2,,5 556, Fig. 1g) comprising residues
reported to be in contact with p300/CBP.**?' CITED2,:5 556
therefore contains the following binding motifs: an extended
N-terminal region (N-tail, residues 218-223), an o-helix (o,
residues 224-235) that is connected through a loop (residues
236-253) to an aromatic/hydrophobic amino acid rich
C-terminus (residues 253-256). To probe the role of the N-termi-
nal tail we compared the competition efficiency CITED2,;g 556
to a shorter sequence lacking the N-terminus (CITED2;54 556,
which we term CITED2AN Fig. 1g). Fluorescence anisotropy (FA)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Binding and competition of different CITED2 sequences. (a)
Fluorescence anisotropy (FA) competition of unlabelled CITED2,1g 256,
CITED2AN and HIF-1a776-g26 against fluorescein-labelled HIF-107g6-g26
(Flu-HIF-1a) in complex with p300 using 50 NM protein and 25 nM tracer
concentration, curves were fitted to a competition model using a fixed Kp
value for Flu-HIF-1o (Kp = 64 nM) determined beforehand (Fig. S3, ESIT). (b)
ITC thermogram for CITED2,18_256 and CITED2AN binding to p300 (c) ITC
thermogram for the titration of CITED2,18-25¢ and CITED2AN to the
preformed p300-HIF-10776-g26 complex. ITC data were fitted globally to
a model including ternary intermediate formation (Fig. S20, ESIt) using
constrained Kp and AH for HIF-1a (determined beforehand Fig. S2, ESIT).
Fitted parameters are listed in Table 1.

measurements indicated that CITED2,,g »5¢ i more potent than
CITED2AN in competing for binding to p300330_42 (referred to as
P300) with fluorescently labelled HIF-10,g6 g6 (Flu-HIF-10,, Fig. 2a).
The fitted apparent competition Ky, value of CITED2AN is similar
to the Kp app of HIF-1o. displacing itself (86 + 5 and 57 & 4 nM,
respectively), indicating the absence of negative cooperativity.
CITED2,,5 556, however, displays an inhibition with significantly
higher efficacy (Kp app = 2.0 = 0.9 nM). This is in line with previous
observations, but the Kp ,pp, deviates from reported values?®?
(Table S1, ESIt), which may be due to different experimental
setups or protein/competitor sequences used.

To characterise the negative cooperativity between the
ligands and the stability of the ternary intermediate, the follow-
ing ITC titrations were performed: direct titration of HIF-1o and
CITED2 variants to p300 and competition titration of CITED2
variants to a preformed p300-HIF-1a complex. The data were
then globally fitted to a model that takes into account the
formation of a ternary intermediate (Fig. S20, ESI{).***® From
this model we extracted the direct binding affinities Kp and
AH for CITED2 variants and the parameters Ag and A#,
which represent the additional Gibbs energy and enthalpy
due to cooperative interactions when CITED2 is bound to the

RSC Chem. Biol., 2024, 5, 711-720 | 713
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Table 1 Thermodynamic parameters for direct binding and competition with p300—-HIF-1a. ITC data were fitted globally to a model that included
ternary intermediate formation (Fig. S20, ESI) using constrained Kp and AH for HIF-1a (Fig. S2, ESI). Ag (and Ah) represent the additional Gibbs energy (and
enthalpy) due to cooperative interactions when CITED2 is bound to the p300—-HIF-1a complex relative to CITED?2 binding to free p300. Positive Ag and
Ah values indicate negative cooperativity with an unfavourable contribution to enthalpy. 68% confidence intervals of the fitting are included in brackets

Direct binding to p300

Cooperativity parameters, CITED2 binding to p300-HIF-1a

K4 (nM) AH (keal mol ) AS (cal mol ' K™')  Ag (kcal mol ) AR (keal mol ™) As (cal mol ' K1)
CITED2315 256 11 (8-13) —14.3 (—14.1 to —14.6) —10.0 1.1 (0.9-1.3) 26.3 (25.9-27.0) 82.7
CITED2AN 51 (45-57) —10.6 (—10.8 to —10.5)  —1.0 >4 0 n.a.
1 19 (16-23) —12.3 (—12.5 to —12.1)  —4.6 2.6 (2.3-2.9) 26.2 (24.4-29) 76.7
2 16 (13-20) —11.1 (—10.9 to —11.3)  —0.4 1.4 (1.2-1.6) 24.3 (23.4-26.1) 74.1
3a 675 (595-814)  —4.6 (—4.8 to —4.4) 13.3 >4 0 n.a.
3b 98 (83-108) -11.3 (-11.6 to —11.1)  —4.6 >4 0 n.a.
3c 29 (26-33) —10.9 (—11.0 to —10.8)  —0.9 >4 0 n.a.
4 17 (12-23) —10.3 (—10.6 to —10.1) 2.1 1.1 (0.9-1.4) 23.2 (22.1-24.14) 71.6

p300-HIF-1a complex relative to CITED2 binding to free p300.
We observed a similar enthalpically favoured high affinity direct
interaction with p300 with Kp = 10.6 nM for CITED2,;5 556 and
50.5 nM for CITED2AN (Fig. 2b, Fig. S1 (ESI}), Table 1). In line
with the anisotropy data the two CITED2 sequences showed very
different competition efficiencies (Fig. 2c and Table 1). The small
positive Ag (1.2 keal mol™") and the A% of 26 kcal mol ™ fitted for
the competition of CITED2,:5,5 indicated an entropy-driven
negative cooperativity with HIF-1o. through the formation of a
transient ternary intermediate. The competition of CITED2AN
against p300-HIF-10. resulted in Ag value greater than 4 kcal mol "
(and Ak = 0, Table 1.) indicating that the ternary complex
formation is unlikely, resulting in the loss of the allosteric com-
munication between the ligands.

The effect of the N-terminal CITED2 residues on the con-
formation of p300 was characterised by solution NMR using
3C-, ®N-labelled p300330_424 (referred to as p300) in complex
with the different CITED2 peptides. The calculated chemical
shift perturbations using the assigned "H and '°N resonances
show that the two peptides induce different structural changes
(Fig. 3 and Fig. S4, ESIT). The absence of the N-terminal CITED2
residues had a major effect on the amide resonances of p300 a1
residues 347-357, a3 residues 401-407, and o4 residues 418-
420 (Fig. 3a and b). The observed changes were spatially close to
the expected binding site of the N-terminal residues, suggesting
that these residues interact with the protein surface. Since
the core of p300 is tightly packed with hydrophobic amino
acids, the CH; chemical shifts of these residues can indicate
the overall structural change. Significant differences in CH,
chemical shifts were observed for residues 1342, 1.346 and 1417
(Fig. S5, ESIT). These are located at the a1/04 interface of p300
(Fig. 3b), suggesting that the presence of CITED2 N-terminal
residues alters the relative orientation of these helices.

To investigate the reversibility of the competition, samples
containing p300 with equimolar amounts of HIF-lo. and
CITED2,,5 56 or CITED2AN were prepared. For the p300:HIF-
10:CITED2AN sample, we observed chemical shifts that
correspond to the binary complexes of p300-HIF-1oo and
p300-CITED2AN (Fig. 3c and Fig. S6, ESIt), indicating that
both complexes are present in the solution. For p300:HIF-
10:CITED2,,5 556, oOnly resonances corresponding to the

714 | RSC Chem. Biol., 2024, 5, 711-720

CITED2-bound state were detected (Fig. 3d and Fig. S6, ESIT).
These data strongly supported that the presence of the N-terminal
residues is not only required for the negative cooperativity through
the transient ternary complex formation, but also results in
the conformational lock that renders the competition unidirec-
tional. To rule out the effect of the slightly decreased affinity of
CITED2AN on the competition results we repeated the FA and
NMR experiments with CITED2,,, 559 which has a longer C
terminus and a Kp similar to CITED2,5 556> (Table S1, ESIY).
This modification, however, did not influence competition effi-
ciency or unidirectionality (Fig. S7, ESIt), further confirming that
the absence of the N-terminal tail is detrimental to the negative
cooperativity with HIF-1o.

Backbone perturbation strategy to probe the interplay between
binding motifs

The above analysis highlighted a determining role of the
N-terminus; however, the literature results clearly indicate that
a fine interplay between CITED2 segments are responsible for
the negative regulation of HIF-la. To probe cooperativity
between the N-terminus and the rest of the binding motifs
(oa helix, loop and C-terminus), our goal was to induce site-
directed structural changes in p300 by perturbing the bound
conformation of CITED2 motif-by-motif. The induced struc-
tural changes are then correlated with the ability of the mod-
ified CITED2 to inhibit p300-HIF-1a. To separate the effect of
direct binding affinity on the competition efficiency we set out
to prepare native-like CITED2 variants, maintain the intrinsic
disorder of the ligand, the original side-chain functionality, and
the enthalpy-driven high-affinity interaction with p300. A back-
bone modification strategy fulfils all these requirements, for
which we selected B*-amino acid replacements. These amino
acids are frequently incorporated into helical secondary struc-
tures, and tolerated in loop regions, often resulting in overall
fold and affinity comparable to the parent sequence.**™** The
extra methylene group in the backbone influences the local
conformational preferences, thus structural adaptation of the
target protein can be expected. Based on the above considera-
tions, six CITED2 variants were synthesized (1-4, Fig. 4a) by
modularly incorporating two to three B*-residues. To keep the
perturbation effects of the modifications at a controlled level,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural comparison of CITED2,15_256 and CITED2AN bound to p300 using NMR. (a) Weighted average 'H, **N chemical shift difference
between the p300~CITED2AN and p300-CITED21g_256 complex. Ad = [(Adn)? + (Adn/5)%1M2, residues above the significance level (A5 > 0.9 Adayerage +
o) highlighted blue. Black diamonds indicate unassigned or proline residues. (b) Residues with significant chemical shift differences mapped onto the
p300-CITED2 structure and highlighted blue. Blue spheres represent core residues with significantly shifted CHs resonances. See Fig. S5 (ESIt) for CH3
Ad values. (PDB: 1P4Q, p300 in wheat, CITED2 residues 224-259 in red, N-terminal residues 218-223 represented in yellow). (c) Overlayed *H->N
resonances of representative p300 residues of samples containing p300:HIF-1a:CITED2AN (grey), p300:CITED2AN (blue) and p300:HIF-1a (black).
(d) Overlayed *H-°N resonances for the same p300 residues of samples containing p300:HIF-10: CITED2,15_256 (grey), p300:CITED2,15-256 (red).
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our aim was to replace amino acids that have little contact with
p300 in the bound state. This was supported by computational
alanine scanning using BAlaS,**** and solvent-exposed amino
acids whose side chains have only a small contribution to the
binding free energy (<4 kJ mol ') were selected for replace-
ment or removal (Fig. S8, ESIT). To tune the distance between
the oA helix and the C-terminus, three loop-region variants
were prepared (3a—c), including deletions of amino acids to
compensate for the backbone elongation caused by the addi-
tional methylene group of the B*-amino acids. To ensure that

the modifications do not significantly affect the overall con-
formation of the CITED2 variants, circular dichroism (CD)
measurements were carried out. CD spectra recorded for the
free peptides 1-4 showed random coil conformation, with a
slight helical content indicated by the minimum at 220 nm
(Fig. 4b). This pointed toward that the presence of B*-amino
acids did not induce unwanted folding, and the modified
peptides retained their disordered nature.

The binding and competition efficiency of the CITED2
variants was examined using the same ITC method described

a — Nl re— loop TewEwT b,
1 Ac-TIDTDFIDEEVLMSLVIEMGLDRIKELPELWLGONEFDFM-NH, [
0
Ac-IDTDFIDEEVIMSLVIEMGLDRIKELPELWLGONEFDFM-NH, =
B -2
3a Ac-IDTDFIDEEVLMSLVIEMGLDRIKELPELWLGONEFDFM-NH, £
~_ -4
3b Ac-IDTDFIDEEVLMSLVIEMGLDRI-ELPELWLGONEFDFM-NH, 'E —CITED2,,,.,
3c Ac-IDTDFIDEEVLMSLVIEMGLD-T-ELPELWLGQNEFDFM-NH, & ° .
4 Ac-IDTDFIDEEVLMSLVIEMGLDRIKELPELWLGONEFDFM-NH, © —
R R o 5-10 —3c
o — B = =4
:fj Sy hLLL B ej\N :: =l . ; , , : ;
H H 190 200 210 220 230 240 250
o Wavelength (nm)

Fig. 4 Sequences and overall structure of the B-amino acid modified CITED2 variants. (a) Sequences of modified CITED2 variants with binding motifs
indicated above. o — B* substitutions are highlighted in red, and deletions are represented by a line. (b) CD curves for CITED2 and variants in 20 mM
Na-phosphate, 1 mM DTT, pH 7.4 at 20 uM concentration at room temperature.
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above, from which the direct binding and cooperative para-
meters were derived (Fig. 5, Table 1; Fig. S9-S10, ESIt). Regard-
ing their direct interaction with p300 sequences 1, 2, and 4
displayed a similar enthalpy-driven interaction with affinities
(Kp in the range of 16-19 nM) comparable to the native CITED2
sequence (Table 1.). Modifications in the loop, however,
resulted in more pronounced effects. Replacement in the
conserved LPEL motif (3a) resulted in a 50-fold increase in Kp
with an excessively different thermodynamic profile.

B-amino acid replacements were more tolerated when the
conserved region was not directly involved. The thermody-
namic signatures of the binding of 3b and 3¢ to p300 resembled
more to the native CITED2 with Ky values 98 nM and 29 nM,
respectively (Fig. 5 and Table 1). Overall, the less favourable
binding enthalpy of the CITED2 variants pointed to loss of non-
covalent interactions, which is compensated by decreased
entropic cost of binding. This change may be attributed to
the presence of the additional methylene groups, and can be
the result of multiple contributing factors, such as a more
favourable desolvation during folding,*® increased local flex-
ibility of the bound structure®® or favourable displacement of
surface waters.*” It should be noted that global conformational
changes of p300 can also affect the detected thermodynamic
profiles and cannot be ruled out based on these data.
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Fig. 5 Direct binding to p300 and competition with p300-HIF-1a of
the B-amino acid modified CITED2 variants. Direct binding (circles) and
competition (squares) titrations were fitted globally to a model that
involved the formation of ternary intermediate (Fig. S20, ESI¥). Titrations
were carried out in 40 mM sodium phosphate, pH 7.5 100 mM NaCl, 1 mM
DTT buffer using 5 uM protein in the cell and 60 uM ligand in the syringe at
35 °C. Error bars represent raw data integration errors. Raw data and fitted
thermograms are included in the ESI (Fig. S9-S10).
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The global analysis revealed that compounds 1, 2, and 4
maintained their ability to form the transient ternary inter-
mediate indicated by the small positive Ag values and exhibited
negative cooperativity with HIF-1o (Table 1). The lower As
values of these variants point to decreased entropic stabilisa-
tion of the ternary intermediate, which can be the result of their
less unfavourable direct binding entropy. Modification of the
tail region (1) resulted in slightly higher Ag (2.6 kcal mol ™)
indicating that the transient intermediate is less stable, and
this region is more sensitive to alterations, further underlining
the role of the N-terminal tail in mediating effective competi-
tion. CITED2 variants containing loop modifications (3a-c)
completely lost their ability to cooperate negatively with HIF-1a,
even when the direct binding affinity was high (3c). Similar
results were obtained using fluorescence anisotropy (Fig. S11
and Table S2, ESIt) where CITED2 variants 2 and 4 exhibited
inhibitory efficiency comparable to the native sequence.

To elucidate the effect of the f-amino acid modifications on
the structure of p300, we recorded "H-"’N HSQC spectra using
13C-, N-labelled p300 in complex with all the peptides. The
weighted average chemical shift differences were calculated
relative to the native p300-CITED2,;5 555 complex (Fig. 6,
Fig. S12-S17, ESIf). Generally, the observed chemical shift
differences were low (Ad < 0.2 ppm), indicating that the overall
folds of the complexes are similar, but the location of the
observed changes was highly dependent on the modification
site. f-amino acid replacements in the N-terminal tail of
CITED2 (1) resulted in the change in the terminal regions of
al, o3, and o4 of p300, which was similar to what was
observed for the p300-CITED2AN complex, further supporting
the importance of the N-terminus in binding. The modified o,
helix (2) and C-terminal hydrophobic region (4) also had only
local effects on the structure of p300, corresponding to the
interaction sites of these binding motifs. Modifications in the
loop region (3a-c), however, resulted in a more distributed
effect, and significant chemical shift differences were
observed for amino acids distant from the loop interaction
site (Fig. 6). This suggested that the loop region is critical for
connecting the recognition elements, and local modification
of the loop might influence the placement of the other
binding motifs.

The CH; resonance changes corresponded well with the
amide proton chemical shifts (Fig. 6 red arrows, Fig. S18-519,
ESIT). Methyl protons of L346 and L417 at the interface of a1
and o4 are mainly affected by the binding of 1, while L342
shifted the most upon interaction with 3a-c¢, resulting in
chemical shift values close to the CITED2AN.

Overall, structural changes associated with modifications in
the o, helix and C-terminus of CITED2 can be tolerated, and the
negative cooperativity with HIF-1a is retained. The N-terminus
is more sensitive to backbone modifications, but to some extent
retains the ability to act through the allosteric process. On the
other hand, modifications in the loop of CITED2 are detri-
mental to the competition efficiency, which is accompanied by
distributed structural changes, indicating strong cooperativity
between these sequence motifs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 NMR chemical shift changes of p300 upon binding to the B-amino acid modified CITED2 variants. Weighted average *H-"N chemical shift
differences between the p300-CITED2 variants and p300—CITED215_256 complexes. AS = [(Ady)? + (Adn/5)21Y2. The significance level was determined
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removed amino acids highlighted grey. Black diamonds on the bar graphs indicate unassigned or proline residues. Red arrows indicate residues for which

significant methyl proton chemical shift differences were detected (Fig. S18—-S19, ESI+).

Discussion

Understanding an effective competition mechanism to which
several factors contribute, such as the high binding affinity of
the competing ligands, the cooperativity between the binding
motifs, and allosteric structural changes, can be challenging.
Several studies investigated the molecular details by which
CITED2 disrupts the p300/CBP-HIF-10. complex,*%*? often
highlighting different key determinants for the unidirectional
competition. Here, we clarify the role of a crucial sequence part
of CITED?2 that is necessary for negative cooperativity with HIF-
lo. We also introduce a strategy with which the interplay
between binding motifs and their individual contribution to
allostery can be efficiently probed.

The two sequence variants, CITED2,,5 556 and CITED2,,4 556
(CITED2AN) display an enthalpy-driven high-affinity inter-
action with p300, but their ability to displace HIF-1o signifi-
cantly differs (Fig. 2 and Table 1). The presence of N-terminal
residues (CITED2 218-223) is required for negative cooperativ-
ity through the formation of transient ternary complex (Fig. 2).
Our NMR data indicate that these residues interact with
p300 and induce conformational changes that affect the o1/
a4 interface (Fig. 3). This is in line with the previously reported

© 2024 The Author(s). Published by the Royal Society of Chemistry

mechanism but reveals a different effector. It has been shown
that the conformational change of the a4 helix of p300/CBP
mediates the negative cooperativity between CITED2 o, and
HIF-10. ac.?* Still, our data indicate that without the N-terminal
tail, the competition is reversible (Fig. 3c). Therefore,
N-terminal residues are essential to lock the conformation into
the CITED2-bound state. Although it has not been explicitly
stated, an indication of such a mechanism could be seen from
the NMR data of a fusion peptide comprising CITED2 residues
216-246 connected to HIF-1a residues 796-826.> An L822 to
alanine mutation in the fusion peptide, which impairs the
binding of the HIF-1a o helix, resulted in significant chemical
shift changes of residues corresponding to the CITED2
N-terminal tail, suggesting that these residues are involved in
the displacement of the HIF-1a o¢ helix.

To probe the interplay between the N-terminal tail with all
the binding motifs, we introduce a strategy that maintains the
native properties of CITED2 but allows binding site-targeted
investigation of individual sequence parts. Using B-amino acid
replacements in a native ligand is a well-known approach for
designing peptidomimetics with improved properties.*®*>*38
Helical and loop structures containing B*-amino acids closely
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resemble the native fold and reproduce the binding contacts
with the target protein.*>*"*?*° We expected that native-like
CITED2 variants could be obtained with o to B* amino acid
replacements, to which p300 would respond with binding-site
dependent structural adaptation. Using a motif-by-motif
screen, we prepared CITED2 variants that bind with high
affinity to p300 and show similar thermodynamic fingerprints
(Fig. 5) that helped us to probe the correlation between struc-
tural adaptation and competition efficiency.

Backbone modifications of the o, helix (2) and the hydro-
phobic C terminus (4) of CITED2 cause local structural changes
in p300 that are accompanied by retained negative cooperativity
with HIF-1a (Fig. 5 and 6, Table 1). This indicates that these
motifs are not directly involved in the structural change that
renders the competition unidirectional. Taking into account
that the contribution of the N-terminal tail to p300 binding
affinity is not significant (Table 1), it suggests that the role of
the simultaneously bound «, and C terminus is to provide high
affinity, thus a strong tether for the tail to bind. This is in line
with the reported sequence truncation data. Modifications that
decrease the p300/CBP binding affinity of CITED2, such as
removing the hydrophobic C-terminus,”® can lead to a wea-
kened tether for the N-terminal tail; the conformational lock is
lost, and the competition becomes reversible. Molecular
dynamic simulations suggested that the effector in the allos-
teric process is the highly conserved charged residues of the
CITED2 helix immediately after the N-terminal tail.>® In con-
junction with our data, the role of this charged patch is more
likely to contribute to the strong tether for the N-terminal tail.

The N-terminal tail is more sensitive to backbone modifica-
tions. The location of structural changes in p300 upon binding
to the o/pf-modified N-terminus matches with those that we
observed for CITED2AN, but the changes are less pronounced
(Fig. 6, 3b). This is in good agreement with the ability of
compound 1 to partially retain its function in forming the
transient intermediate and acting as the allosteric effector.
This also holds promise that with careful design the function
of this key sequence part can be mimicked.

On the other hand, the loop region of CITED2 is highly
sensitive to modifications leading to decreased p300-binding
affinity (3a-b), and loss of competition efficiency even when
binding parameters closer to the native CITED2 are retained
(3¢, Fig. 5). Several studies highlighted that CITED2 binding
motifs act synergistically in which the loop region is function-
ally important.>*?® Qur data indicate a similar role; the loss in
competition efficiency accompanied by the distributed struc-
tural changes in p300 point toward that all binding motifs are
affected by the modified loop that leads to weak cooperativity or
the misplacement of important binding motifs.

In conjunction with previous studies, our data provide a
more detailed picture of the molecular mechanism of the
competition between CITED2 and HIF-1a. CITED2,;5 556 iS
the minimal sequence required for the irreversible competition
with HIF-1a, in which the concerted action of the binding
motifs that leads to the conformational lock provided by the
N-terminal tail is crucial. Several groups have shown that
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inhibiting p300/CBP-HIF-1a is a promising strategy to influ-
ence pathological conditions related to hypoxia,®'34>175
An inhibitory ligand that exploits this unidirectional competi-
tion with HIF-1a0 would be highly advantageous. Our data
provide insights for modification sites developing such ligand.

Sensitive regulation of the hypoxic response essentially
relies on the intrinsic disorder of CITED2 and HIF-1a; since
IDPs are prevalent in eukaryotic cells, determining crucial
factors that contribute to their regulatory mechanisms would
provide insight into their function. IDPs can form specific
interactions with multiple protein partners, often through inde-
pendent binding motifs.">>> The precise regulation mediated
by IDPs is often facilitated by their ability to engage in transient
complexes and compete with partially shared interaction sites,
resulting in allosteric changes.’®*>® Such complexity often
hinders understanding of the underlying processes in molecu-
lar detail. The site-directed conformational perturbation strat-
egy presented in this work provides a general approach to gain
mechanistic insights for IDP-mediated interactions with multi-
ple, cooperatively acting binding motifs and inform inhibitor
design for interactions of therapeutic relevance.

Author contributions

V. L. P., Z. H., and T. A. M. conceived the project and designed
the experiments. V. L. P., I. P., and Z. H. performed experiments
and data analysis. Z. H. wrote the manuscript with contribu-
tions from all authors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank Anasztazia Hetényi and Edit Wéber for the
technical help with the NMR measurements. This work
received funding from the National Research, Development
and Innovation Office - NKFIH PD 135324 (Z. H.) and NKFIH
K134754 (T. A. M.) Project no. TKP2021-EGA-32 has been
implemented with the support provided by the Ministry of
Culture and Innovation of Hungary from the National
Research, Development and Innovation Fund, financed under
the TKP2021-EGA funding scheme. This paper was supported
by the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences (Z. H.).

References

1 P. E. Wright and H. Jane Dyson, Intrinsically disordered
proteins in cellular signalling and regulation, Nat. Rev. Mol.
Cell Biol., 2015, 16, 18-29.

2 J. Habchi, P. Tompa, S. Longhi and V. N. Uversky, Introdu-
cing protein intrinsic disorder, Chem. Rev., 2014, 114,
6561-6588.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00066h

Open Access Article. Published on 30 May 2024. Downloaded on 12/4/2025 9:03:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

3

10

11

12

13

14

15

16

17

18

19

R. Van Der Lee, M. Buljan, B. Lang, R. J. Weatheritt, G. W.
Daughdrill, A. K. Dunker, M. Fuxreiter, J. Gough, J. Gsponer,
D. T. Jones, P. M. Kim, R. W. Kriwacki, C. J. Oldfield,
R. V. Pappu, P. Tompa, V. N. Uversky, P. E. Wright and
M. M. Babu, Classification of Intrinsically Disordered
Regions and Proteins, Chem. Rev., 2014, 114, 6589-6631.

L. M. Iakoucheva, C. J. Brown, J. D. Lawson, Z. Obradovi¢
and A. K. Dunker, Intrinsic Disorder in Cell-signaling and
Cancer-associated Proteins, J. Mol. Biol., 2002, 323, 573-584.
L. E. Huang and H. F. Bunn, Hypoxia-inducible factor
and its biomedical relevance, J. Biol. Chem., 2003, 278,
19575-19578.

G. L. Semenza, Signal transduction to hypoxia-inducible
factor 1, Biochem. Pharmacol., 2002, 64, 993-998.

C. W. Pugh and P. J. Ratcliffe, Regulation of angiogenesis by
hypoxia: role of the HIF system, Nat. Med., 2003, 9, 677-684.
G. L. Semenza, Targeting HIF-1 for cancer therapy, Nat. Rev.
Cancer, 2003, 3, 721-732.

G. L. Semenza, Defining the role of hypoxia-inducible factor 1
in cancer biology and therapeutics, Oncogene, 2010, 625-634.

I. K. Nordgren and A. Tavassoli, Targeting tumour angio-
genesis with small molecule inhibitors of hypoxia inducible
factor, Chem. Soc. Rev., 2011, 40, 4307-4317.

G. M. Burslem, H. F. Kyle, A. Nelson, T. A. Edwards and
A. J. Wilson, Hypoxia inducible factor (HIF) as a model for
studying inhibition of protein-protein interactions, Chem.
Sci., 2017, 8, 4188-4202.

D. Wu, N. Potluri, J. Lu, Y. Kim and F. Rastinejad, Structural
integration in hypoxia-inducible factors, Nature, 2015, 524,
303-308.

F. Wang, C. B. Marshall and M. Ikura, Transcriptional/
epigenetic regulator CBP/p300 in tumorigenesis: structural
and functional versatility in target recognition, Cell. Mol.
Life Sci., 2013, 70, 3989-4008.

H. J. Dyson and P. E. Wright, Role of Intrinsic Protein
Disorder in the Function and Interactions of the Transcrip-
tional Coactivators CREB-binding Protein (CBP) and p300,
J. Biol. Chem., 2016, 291, 6714-6722.

M. E. Breen and A. K. Mapp, Modulating the masters:
chemical tools to dissect CBP and p300 function, Curr.
Opin. Chem. Biol., 2018, 45, 195-203.

R. H. Goodman and S. Smolik, CBP/p300 in cell growth,
transformation, and development, Genes Dev., 2000, 14,
1553-1577.

Z. Arany, L. E. Huang, R. Eckner, S. Bhattacharya, C. Jiang,
M. A. Goldberg, H. F. Bunn and D. M. Livingston, An
essential role for p300/CBP in the cellular response to
hypoxia, Proc. Natl. Acad. Sci. U. S. A., 1996, 93, 12969-12973.
P. Jaakkola, D. R. Mole, Y.-M. Tian, M. 1. Wilson, J. Gielbert,
S. J. Gaskell, A. von Kriegsheim, H. F. Hebestreit,
M. Mukherji, C. ]J. Schofield, P. H. Maxwell, C. W. Pugh
and P. J. Ratcliffe, Targeting of HIF-a to the von Hippel-
Lindau Ubiquitylation Complex by O2-Regulated Prolyl
Hydroxylation, Science, 2001, 292, 468-472.

D. R. Mole, C. Blancher, R. R. Copley, P. J. Pollard,
J. M. Gleadle, J. Ragoussis and P. ]J. Ratcliffe, Genome-

© 2024 The Author(s). Published by the Royal Society of Chemistry

20

21

22

23

24

25

26

27

28

29

30

31

32

33

View Article Online

Paper

wide Association of Hypoxia-inducible Factor (HIF)-1o and
HIF-20. DNA Binding with Expression Profiling of Hypoxia-
inducible Transcripts, J. Biol. Chem., 2009, 284, 16767-16775.
S. J. Freedman, Z. Y. J. Sun, A. L. Kung, D. S. France,
G. Wagner and M. J. Eck, Structural basis for negative
regulation of hypoxia-inducible factor-1o. by CITED2, Nat.
Struct. Biol., 2003, 10, 504-512.

R. N. De Guzman, M. A. Martinez-Yamout, H. J. Dyson and
P. E. Wright, Interaction of the TAZ1 domain of the CREB-
binding protein with the activation domain of CITED2:
Regulation by competition between intrinsically unstruc-
tured ligands for non-identical binding sites, J. Biol. Chem.,
2004, 279, 3042-3049.

R. B. Berlow, H. ]J. Dyson and P. E. Wright, Hypersensitive
termination of the hypoxic response by a disordered protein
switch, Nature, 2017, 543, 447-451.

R. B. Berlow, H. J. Dyson and P. E. Wright, Multivalency
enables unidirectional switch-like competition between
intrinsically disordered proteins, Proc. Natl. Acad. Sci.,
2022, 119, €2117338119.

F. D. Appling, R. B. Berlow, R. L. Stanfield, H. J. Dyson and
P. E. Wright, The molecular basis of allostery in a facilitated
dissociation process, Structure, 2021, 29, 1-12.

F. Hobor, Z. Hegeddis, A. A. Ibarra, V. Petrovicz, G. Bartlett,
R. B. Sessions, A. Wilson and T. A. Edwards, Understanding
p300-transcription factor interactions using sequence varia-
tion and hybridization, RSC Chem. Biol., 2022, 3, 546-550.
W. T. Chu, X. Chu and ]J. Wang, Investigations of the
underlying mechanisms of HIF-1a. and CITED2 binding to
TAZ1, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 5595-5603.
L. Ruiz-Ortiz and D. De Sancho, Competitive binding of HIF-
1o and CITED?2 to the TAZ1 domain of CBP from molecular
simulations, Phys. Chem. Chem. Phys., 2020, 22, 8118-8127.
Y. Wang and C. L. Brooks III, Electrostatic Forces Control
the Negative Allosteric Regulation in a Disordered Protein
Switch, J. Phys. Chem. Lett., 2020, 11, 868.

B. Wen, W. Zhang, Y. Zhang, H. Lei, Y. Cao, W. Li and
W. Wang, Self-Effected Allosteric Coupling and Cooperativ-
ity in Hypoxic Response Regulation with Disordered Pro-
teins, J. Phys. Chem. Lett., 2022, 2022, 9201-9209.

S. A. Dames, M. Martinez-Yamout, R. N. De Guzman,
H. Jane Dyson and P. E. Wright, Structural basis for Hif-
10/CBP recognition in the cellular hypoxic response, Proc.
Natl. Acad. Sci. U. S. A., 2002, 99, 5271-5276.

S. J. Freedman, Z. Y. ]J. Sun, F. Poy, A. L. Kung,
D. M. Livingston, G. Wagner and M. J. Eck, Structural basis
for recruitment of CBP/p300 by hypoxia-inducible factor-1a,
Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 5367-5372.

I. Lindstrom, E. Andersson and J. Dogan, The transition
state structure for binding between TAZ1 of CBP and the
disordered Hif-1a0 CAD, Sci. Rep., 2018, 8, 7872.

R. B. Berlow, M. A. Martinez-Yamout, H. J. Dyson and
P. E. Wright, Role of Backbone Dynamics in Modulating
the Interactions of Disordered Ligands with the TAZ1
Domain of the CREB-Binding Protein, Biochemistry, 2019,
58, 1354-1362.

RSC Chem. Biol., 2024, 5, 711-720 | 719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00066h

Open Access Article. Published on 30 May 2024. Downloaded on 12/4/2025 9:03:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

34

35

36

37

38

39

40

41

42

43

44

45

46

A. Usui-Ouchi, E. Aguilar, S. Murinello, M. Prins, M. L.
Gantner, P. E. Wright, R. B. Berlow and M. Friedlander,
An allosteric peptide inhibitor of HIF-1a regulates hypoxia-
induced retinal neovascularization, Proc. Natl. Acad. Sci.,
2020, 117, 28297-28306.

M. Gao, J. Yang, S. Liu, Z. Su and Y. Huang, Intrinsically
Disordered Transactivation Domains Bind to TAZ1 Domain of
CBP via Diverse Mechanisms, Biophys. J., 2019, 117, 1301-1310.
B. W. Sigurskjold, Exact Analysis of Competition Ligand
Binding by Displacement Isothermal Titration Calorimetry,
Anal. Biochem., 2000, 277, 260-266.

J. C. D. Houtman, P. H. Brown, B. Bowden, H. Yamaguchi,
E. Appella, L. E. Samelson and P. Schuck, Studying multisite
binary and ternary protein interactions by global analysis of
isothermal titration calorimetry data in SEDPHAT: Applica-
tion to adaptor protein complexes in cell signaling, Protein
Sci., 2007, 16, 30.

C. A. Brautigam, H. Zhao, C. Vargas, S. Keller and P. Schuck,
Integration and global analysis of isothermal titration
calorimetry data for studying macromolecular interactions,
Nat. Protoc., 2016, 11, 882-894.

Z. E. Reinert and W. S. Horne, Protein backbone engineer-
ing as a strategy to advance foldamers toward the frontier of
protein-like tertiary structure, Org. Biomol. Chem., 2014, 12,
8796-8802.

H. S. Haase, K. J. Peterson-Kaufman, S. K. Lan Levengood,
J. W. Checco, W. L. Murphy and S. H. Gellman, Extending
foldamer design beyond o-helix mimicry: o/f-peptide inhi-
bitors of vascular endothelial growth factor signaling, J. Am.
Chem. Soc., 2012, 134, 7652-7655.

D. E. Mortenson, D. F. Kreitler, N. C. Thomas, I. A. Guzei,
S. H. Gellman and K. T. Forest, Evaluation of -Amino Acid
Replacements in Protein Loops: Effects on Conformational
Stability and Structure, ChemBioChem, 2018, 19, 604-612.
C. Cabrele, T. Martinek, O. Reiser and L. Berlicki, Peptides
containing f-amino acid patterns: Challenges and successes
in medicinal chemistry, J. Med. Chem., 2014, 57, 9718-9739.
J. W. Checco and S. H. Gellman, Targeting recognition
surfaces on natural proteins with peptidic foldamers, Curr.
Opin. Struct. Biol., 2016, 39, 96-105.

A. A. Tharra, G. J. Bartlett, Z. Hegediis, S. Dutt, F. Hobor, K. A.
Horner, K. Hetherington, K. Spence, A. Nelson, T. A. Edwards,
D. N. Woolfson, R. B. Sessions and A. J. Wilson, Predicting and
Experimentally Validating Hot-Spot Residues at Protein-Protein
Interfaces, ACS Chem. Biol., 2019, 14, 2252-2263.

C. W. Wood, A. A. Ibarra, G. J. Bartlett, A. J. Wilson, D. N.
Woolfson and R. B. Sessions, BAlaS: fast, interactive and
accessible computational alanine-scanning using BudeAlaS-
can, Bioinformatics, 2020, 36, 2917-2919.

Z. E. Reinert and W. S. Horne, Folding thermodynamics of
protein-like oligomers with heterogeneous backbones,
Chem. Sci., 2014, 5, 3325-3330.

720 | RSC Chem. Biol., 2024, 5, 711-720

47

48

49

50

51

52

53

54

55

56

57

58

59

View Article Online

RSC Chemical Biology

B. Z. Zsid6 and C. Hetényi, The role of water in ligand
binding, Curr. Opin. Struct. Biol., 2021, 67, 1-8.

J. W. Checco, E. F. Lee, M. Evangelista, N. J. Sleebs, K.
Rogers, A. Pettikiriarachchi, N. J. Kershaw, G. A. Eddinger,
D. G. Belair, J. L. Wilson, C. H. Eller, R. T. Raines, W. L.
Murphy, B. J. Smith, S. H. Gellman and W. D. Fairlie, o/p-
Peptide Foldamers Targeting Intracellular Protein-Protein
Interactions with Activity in Living Cells, J. Am. Chem. Soc.,
2015, 137, 11365-11375.

W. S. Horne, L. M. Johnson, T. J. Ketas, P. J. Klasse, M. Lu,
J. P. Moore and S. H. Gellman, Structural and biological
mimicry of protein surface recognition by o/B-peptide
foldamers, Proc. Natl Acad. Sci. U. S. A., 2009, 106,
14751-14756.

J. A. Kritzer, M. E. Hodsdon and A. Schepartz, Solution
Structure of a f-Peptide Ligand for hDM2, J. Am. Chem. Soc.,
2005, 127, 4118-4119.

L. Dong, S. You, Q. Zhang, S. Osuka, N. S. Devi, S. Kaluz, J. H.
Ferguson, H. Yang, G. Chen, B. Wang, H. E. Grossniklaus and
E. G. Van Meir, Arylsulfonamide 64B inhibits hypoxia/HIF-
induced expression of c-Met and CXCR4 and reduces primary
tumor growth and metastasis of uveal melanoma, Clin. Cancer
Res., 2019, 25, 2206-2218.

B. B. Lao, I. Grishagin, H. Mesallati, T. F. Brewer, B. Z.
Olenyuk and P. S. Arora, In vivo modulation of hypoxia-
inducible signaling by topographical helix mimetics, Proc.
Natl. Acad. Sci. U. S. A., 2014, 111, 7531-7536.

W. Jiang, S. Abdulkadir, X. Zhao, P. Sang, A. Tomatsidou,
X. Zhang, Y. Chen, L. Calcul, X. Sun, F. Cheng, Y. Hu and
J. Cai, Inhibition of Hypoxia-Inducible Transcription Factor
(HIF-1a) Signaling with Sulfonyl-y-AApeptide Helices, J. Am.
Chem. Soc., 2023, 145, 20009-20020.

X. Qin, H. Chen, L. Tu, Y. Ma, N. Liu, H. Zhang, D. Li,
B. Riedl, D. Bierer, F. Yin and Z. Li, Potent Inhibition
of HIF1la and p300 Interaction by a Constrained Pep-
tide Derived from CITED2, J. Med. Chem., 2021, 64,
13693-13703.

H. J. Dyson and P. E. Wright, Coupling of folding and
binding for unstructured proteins, Curr. Opin. Struct. Biol.,
2002, 12, 54-60.

R. B. Berlow, H. J. Dyson and P. E. Wright, Expanding the
Paradigm: Intrinsically Disordered Proteins and Allosteric
Regulation HHS Public Access, J. Mol Biol., 2018, 430,
2309-2320.

P. Tompa, Multisteric regulation by structural disorder in
modular signaling proteins: An extension of the concept of
allostery, Chem. Rev., 2014, 114, 6715-6732.

A. C. M. Ferreon, J. C. Ferreon, P. E. Wright and A. A. Deniz,
Modulation of allostery by protein intrinsic disorder, Nat-
ure, 2013, 498, 390-394.

H. N. Motlagh, J. O. Wrabl, J. Li and V. J. Hilser, The
ensemble nature of allostery, Nature, 2014, 508, 331-339.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00066h



