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Structural characterization of PHOX2B and its DNA
interaction shed light on the molecular basis of the
+7Ala variant pathogenicity in CCHS+
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An expansion of poly-alanine up to +13 residues in the C-terminus of the transcription factor PHOX2B
underlies the onset of congenital central (CCHS).
demonstrated that the alanine tract expansion influences PHOX2B folding and activity. Therefore,

hypoventilation syndrome Recent studies
structural information on PHOX2B is an important target for obtaining clues to elucidate the
insurgence of the alanine expansion-related syndrome and also for defining a viable therapy. Here we
report by NMR spectroscopy the structural characterization of the homeodomain (HD) of PHOX2B
and HD + C-terminus PHOX2B protein, free and in the presence of the target DNA. The obtained
structural data are then exploited to obtain a structural model of the PHOX2B-DNA interaction. In
addition, the variant +7Ala, responsible for one of the most frequent forms of the syndrome, was
analysed, showing different conformational proprieties in solution and a strong propensity to
aggregation. Our data suggest that the elongated poly-alanine tract would be related to disease onset
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of therapeutic drugs, suggesting as a possible therapeutic route the use of specific anti-aggregating
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rsc.li/chemical-science of PHOX2B.

Introduction

Nearly 500 human proteins contain polyAla tracts. In particular,
alanine tracts are encoded by imperfect trinucleotide repeats
(GCNs), and polyAla expansions are reported to cause at least
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molecules capable of preventing variant aggregation and possibly restoring the DNA-binding activity

nine different diseases including developmental defects and
neurological disorders.*?

In general, little is known about the effect of polyAla
expansions on disease-associated proteins that natively contain
polyAla sequences. Until now, there have been no detailed
structural studies of protein structures in the field of polyA, and
furthermore, experimental structures have been reported for
only two related proteins, HOXA13 (ref. 3) and PABPN1.*
Because of the apparent similarities in mutation patterns with
polyGln expansion diseases, polyAla, too, might promote mis-
folding and aggregation as observed in the study carried out by
Hernandez and Facelli in 2020 by structural prediction anal-
yses; indeed, this mechanism has been proposed suggesting the
formation of amyloid fibrils.® Differently, other studies indi-
cated that polyAla aggregates into a-helical structures of an
amorphous nature.®

PHOX2B is a transcription factor that plays a key role in the
development of the autonomic nervous system and neural
structures involved in the control of respiration.”” It is a protein
of 314 amino acids that can be subdivided into an N-terminal
domain of 97 residues, a central domain (the DNA binding
motif) containing a conserved homeodomain of 60 residues,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and, within the C-terminal domain, two poly-alanine (polyAla)
tracts of 9 and 20 residues, respectively (Fig. 1 A and B). About
90% of congenital central hypoventilation syndrome (CCHS)
patients, characterized by defective autonomic control of
breathing, show polyalanine triplet expansions, ranging from
+5 to +13 alanine residues, of the 20 alanine stretch region of
transcription factor PHOX2B,'"" rendering this protein an
intriguing target to understand the insurgence of this syndrome
and for the design of a novel therapeutic approach.'” Indeed,
CCHS is considered a life-long disease and nowadays there is no
pharmacological intervention, so there is a compelling need for
ventilatory support such as tracheostomy or a nasal mask. A
correlation between expanded alanine tract length and severity
of the phenotype has been reported."* Moreover, functional
studies have correlated expansions of polyAla with a decreased
activation of dopamine-beta-hydroxylase (DBH) and PHOX2A
promoters by PHOX2B, due to polyAla length-dependent
formation of cytoplasmic aggregates that prevent the protein
from performing its activities as a transcription factor such as
entering the nucleus, binding DNA and activating
transcription.**™*

In such a context, our previous studies, which focused on the
biochemical characterization of different PHOX2B variants,
highlighted the propensity of the pathogenic PHOX2B variant
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containing the polyalanine expansion (+7 alanines) to aggre-
gate, especially in the presence of DNA and, unexpectedly, the
formation of fibrils which possibly play a role in the insurgence
of CCHS.*® The entire wild-type PHOX2B could not be produced
in a recombinant form as a folded protein able to bind DNA if
not under denaturing conditions. Therefore, our study was
focused on the full-length protein lacking the 97 unstructured
N-terminal amino acids (PHOX2B-20A).

Absolute limitations to the comprehension of the patho-
genesis of CCHS, and the development of new and effective
treatments for this disease are particularly correlated with the
substantial lack of information on the structure-function rela-
tionships on wild-type and variant PHOX2B proteins.

Therefore, the aim of this study is to elucidate the patho-
genesis of CCHS by a structural biology approach carrying out
a characterization by NMR spectroscopy of PHOX2B-204, its
homeodomain and the pathological variant (+7 alanines).
Within this frame, we here report the structural characteriza-
tion by solution NMR spectroscopy of the wild-type PHOX2B-
20A and its homeodomain and of their interaction with the
DNA target, providing novel insights for the elucidation of the
molecular mechanisms involved in the insurgence of the
pathology.
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Fig. 1 Schematic representation of the domain organization of PHOX2B variants. (A) The full-length protein (PHOX2B (FL)) is 314 amino acids
long and it presents an N-terminal domain (1-97 aa residues), a central DNA binding domain containing a conserved homeodomain (98-157 aa
residues) and a C-terminal domain enclosing two poly-alanine (polyAla) tracts of 9 and 20 residues. The 20 alanine stretch region of PHOX2B (FL)
responsible for congenital central hypoventilation syndrome (CCHS) is shown as a purple box. (B) PHOX2B (FL) primary sequence in which the

three domains and the 20 polyAla region are highlighted.
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Experimental section
NMR spectroscopy

All NMR experiments were carried out at 25 °C using a Bruker
Avance III HD 600 MHz spectrometer, equipped with a triple
resonance Prodigy N2 cryoprobe with a z-axis pulse field gradient,
at the NMR laboratory of the Department of Environmental,
Biological and Pharmaceutical Sciences and Technologies of the
University of Campania “Luigi Vanvitelli” (Caserta, Italy).

Recombinant *N/**C- and **N-labeled samples, were prepared
through a procedure similar to that previously described,'® but
cells were grown in M9 medium with the addition of "*C-labeled
glucose and "’N-labeled ammonium chloride.

NMR structural studies were conducted on samples by dis-
solving proteins in 20 mM sodium phosphate pH 7.4, 200 mM
NaCl, 0.02% sodium azide and 10% >H,O to a final concentra-
tion of ~100 uM for PHOX2B-HD and ~80 uM for PHOX2B-20A
and PHOX2B-27A.

NMR chemical shift assignment

Backbone resonances Ca, CB, C’, N, HN and Hoa of PHOX2B-HD
were assigned by analysing the standard triple resonance
experiments as 3D HNCA, 3D CBCANH, 3D CBCA(CO)NH, 3D
HNCO and 3D HNHa."” In the case of PHOX2B-20A, considering
the lack of chemical shift dispersion and severe signal-overlap
for the C-terminal domain resonances, we analysed the
conventional triple resonance spectra together with advanced
NMR experiments suitable for intrinsically disordered proteins
(IDPs) such as 3D HNN' and 'H,'’N T,-filter HSQC based
experiments.” These latter were conducted by using a relaxa-
tion-compensated  Carr-Purcell-Meiboom-Gill ~ sequence
period of 100 ms.

All NMR data were processed with the software NMRpipe.*®
2D and 3D NMR spectra were analysed using CARA*' and
SPARKY software.*

NMR structure and dynamics of PHOX2B-HD

Secondary structural elements of both PHOX2B-HD were
initially identified by evaluation of the deviation of the observed
Ca and Ha chemical shifts from the random coil values calcu-
lated as proposed by Kjaergaard et al**** Dihedral angle
restraints were calculated from Hy, Co, Hoo and N chemical
shifts with the software TALOS+.”® The structure calculation was
performed with the program CS-Rosetta®® using as structural
restraints the torsion angles ¢/{s derived from TALOS+ database
and the HN, Ca, Ha, CB, C' and N chemical shifts of those
residues indicated by TALOS+ to be rigid in the pico-second
timescale with an order parameter S> > 0.7. A set of 200 frag-
ment candidates matching the experimental chemical shifts
was used to calculate 3000 conformers. After this, the energy of
the calculated Rosetta conformers was rescored against the
observed chemical shifts and the 20 structures with the lowest
energy were selected to define the final structural ensemble.
NMR structures were visualized and evaluated by using the
program MOLMOL,” CHIMERA?”® and PROCHECK-NMR.*
Backbone dynamics of PHOX2B-HD were investigated by
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analyzing the model-free order parameters ($*) and R, relaxa-
tion rates. The per-residue S> values for the backbone amide
groups were predicted from the backbone and CfB chemical
shifts using the random coil index approach.?® The relaxation
rates R, were estimated by analysing in the 'H,'’N-HSQC
spectrum the 15N linewidth (1) that is related to R,, and this
shows the dynamic features of molecules in solution. Moreover,
hydrodynamic proprieties and NMR relaxation parameters of
PHOX2B-HD were predicted from the representative NMR
ensemble by HYDRONMR using an AER value of 3.3 A which is
the average atomic element radius for most proteins which
ranges between 2.8 and 3.8 A.*!

NMR analysis of the PHOX2B-DNA interaction

Secondary structure elements of the free PHOX2B-20A were
identified by analysing the Ca secondary chemical shifts (Ad)
which are the difference between the observed chemical shift
(6obs) and the residue-specific random coil shift (6..i1) predicted
as reported above. Chemical shift perturbation (CSP) studies of
PHOX2B-HD with its 25-bp DNA target sequence named ATTA2
(5'-TAGTGTGATTGAATTAAAGGGCAGG-3')*> (purchased from
Sigma-Aldrich, St. Louis, Missouri, USA) were carried out using
®N-labeled PHOX2B dissolved in 300 pL at 100 pM concentra-
tion in 20 mM sodium phosphate pH 7.4, 200 mM Nacl, 0.02%
sodium azide and 10% *H,0. The DNA fragment was first dis-
solved at 300 pM concentration in 20 mM sodium phosphate
pH 7.4 buffer, 50 mM NaCl, and then carefully mixed with
PHOX2B-HD at a final concentration of 10 and 50 uM, as re-
ported in Omichinsky et al® 2D 'H,"’N-HSQC spectra were
acquired in the absence and presence of DNA. Starting from the
amide resonances for PHOX2B-HD free, average combined
chemical shift changes for PHOX2B-HD bound were deter-
mined using the following equation: AGHNav = [((A6H)>*+(AJN/
5)%)/2]"/?, where A6H and AN are the chemical shift variations
of the amide proton and nitrogen resonances,**** respectively.
Moreover, intensity reduction of the amide cross-peaks over one
standard deviation was also taken into account to define the
DNA-binding site. The same procedure was employed for CSP
studies of PHOX2B-20A with DNA.

Homology modelling and dynamics studies of the PHOX2B-
20A homodimer

The 3D structure of the homeodomain within PHOX2B-20A was
built based on the primary sequence by the Alphafold meth-
odology using as a template, for the region GIn®® to Glu™’, the
representative NMR structure obtained as reported above. In
particular, the HD domain of PHOX2B-structural prediction was
obtained using Alphafold v2.1 with default parameters.*® Thus,
the calculation was launched with one homo-oligomer,
MMseqs2 option for multiple sequence alignment (MSA)
searching, unpaired mode for generating separate MSA for each
protein and no filter options for pair_cov (minimum coverage
with query (%)) and pair_qid (minimum sequence identity with
query (%)). The structural models were generated using the
following setting parameters: number of models = 5; max
recycles = 3. The calculated conformers were very similar and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the one with the highest rank based on pLDDT was selected as
areference structure and was used for the molecular docking as
reported in the next paragraph. The HD domain of PHOX2B-20A
was visualized and analysed using PyMOL 2.1 (https://
pymol.org/2/) and CHIMERA.* In all cases the identification
of the secondary structure elements was performed using the
DSSP software.®”

Building of the PHOX2B-20A homodimer/DNA complex by
molecular docking

The DNA three-dimensional structure for the docking investi-
gation was built using the software package 3DNA*® from the 25
bp double-stranded oligonucleotide corresponding to the
ATTA?2 site of the PHOX2B promoter® used to explore the DNA
binding abilities of PHOX2B-20A in a previous publication.* To
reproduce the DNA binding mechanism of the PHOX2B-20A
dimer, according to the correlation plots of the NMR chemical
shifts, we treated the two homeodomains as independent units
excluding the contribution of the C-terminal tail.

The software HADDOCK?®® was used to dock the PHOX2B-20A
homodimer to DNA using the ambiguous interaction restraints
(AIRs) identified by evaluating the chemical shift variations
observed for PHOX2B-HD upon addition of DNA, by DISPLAR
analysis*® and by considering the solvent-accessible surface area
(ASA) of PHOX2B-20A residues defined using the ProtSA
approach.” In particular, nine residues (Arg'®’, Tyr'**, Asp™**,
Arg'') Asn™® Arg™° Ala™', Arg™* and Arg™®) of each
PHOX2B-20A chain, showing significant chemical shift pertur-
bations (CSP > CSPgyerage) Upon binding to DNA, with >50%
solvent accessibility were defined as “active” residues. In addi-
tion, a further ten residues (GIn'*?, val***, Trp"**, GIn'*’, Arg'*’,
Lys"?, Phe™? Lys'® GIn'®®, and Glu'®’) were considered
“active” as revealed by DISPLAR and ASA analysis. In the case of
the DNA, we considered as “active” the nucleotides encom-
passing the 5-ATTA-3' recognition site and the incomplete ATT
sequence located 5 to the ATTA motif. In both cases, the
“passive” amino acids and nucleotides were automatically
defined by the HADDOCK software. The structural model of the
PHOX2B-20A homodimer/DNA complex was obtained following
the HADDOCK 2.4 protocol using optimal settings for protein/
DNA docking. In particular, during rigid-body energy minimi-
zation, 2000 docking conformers were calculated. The best 200
structures in terms of intermolecular energies were then used
for the semi-flexible simulating annealing, followed by explicit
water refinement. Then, the obtained structures were clustered
using FCC (fraction of common contacts) method with a cut-off
of 0.60. The representative structure from the lowest energy
cluster having the lowest HADDOCK-score and Z-score values
was accepted as the reference structural model of the complex.

Results
Structure and dynamics of the PHOX2B homeodomain

To elucidate the structural and dynamical features of the DNA
recognition mechanism by PHOX2B-20A, we first investigated

by NMR spectroscopy the PHOX2B-HD?*® fragment

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(hereinafter called PHOX2B-HD), obtained from the wild-type
protein upon deletion of the N- and C-terminal domains, that
includes the homeodomain encompassing the region from
GIn®® to Glu™’ (Fig. 1A and B). Its "H,"’N-HSQC spectrum shows
good cross-peak dispersion in both nitrogen and proton
dimensions, revealing a well-defined native structure in
aqueous solution for PHOX2B-HD (Fig. 2A and B), obtaining
good quality triple resonance spectra that allowed a nearly
complete backbone assignment (*Hy, 'Ha, *°N, **Ca, *CB and
13CO) (ESI Table S17). After this, secondary structure elements
of PHOX2B-HD were identified by analysing the backbone
chemical shifts that are sensitive reporters of the secondary
structure content.*>** As illustrated in Fig. 2A, the observed Ha
and Co chemical shifts (dops) significantly deviate from the
random coil value (d..1) predicted as reported in the Materials
and methods section. Specifically, the positive deviations of Ca
and the negative Ho secondary chemical shifts (dobs — Ocoil)
strongly suggest that PHOX2B-HD presents, as reported for
other homeodomains,***¢ three a-helical regions with residues
Ser'’-Glu'*?, 1le"**-1le"** and Ala"*’~-Phe'** forming a1, a2 and
a3 helices, respectively. Then, to provide a rigorous high-
resolution description of the conformational properties of the
homeodomain, we determined the 3D structure of PHOX2B-HD
using as structural constraints the assigned backbone chemical
shifts and torsion angles ¢/y derived from the TALOS+ database
of those residues reported by TALOS+ to be rigid in the pico-
second timescale with an order parameter §*> > 0.7 (for details
see the Materials and methods section).

A high-quality structure (Table S1f) was obtained for
PHOX2B-HD (Fig. 2C and D) consisting of a very well-defined
globular domain in the region encompassing residues from
Ser'%” to Lys'®® (Table S11), as indicated by the root-mean-
square deviation (rmsd) of the backbone of 0.527 A. The NMR
structure reveals that PHOX2B-HD presents the typical topology
of the homeodomain with three a-helices and an N-terminal
arm (residues GIn®*~Thr'*®) lacking any preferential confor-
mation. In detail, helices a1 (Ser'*’-Glu''®) and a2 (1le***-1le"*%)
are antiparallel, while helix a3 (Ala'*’-GIn'*®), also called the
recognition helix, perpendicularly faces them (Fig. 2C and D).
ol and o2 are connected by a loop of five residues (Thr'*°,
His'*!, Tyr'??, Pro'**, and Asp'**) (Fig. 2C and D) which are in
extended conformation with alternating residues either exposed
or buried in the core domain. Helices a2 and o3 are connected
by a turn constituting a so-called helix-turn-helix (HTH) motif.*’
The conserved residues Phe'®®, Leu''?, Phe''”, Leu'®!, 1le™®,
Leu™’, val'*®, Trp'® and Phe'*® play the primary role in
defining a hydrophobic core in which the aliphatic arms of the
charged and polar residues Arg'?®, Glu"*° and Arg'*® are buried
and contribute to the core (Fig. 2D). This fold is further stabi-
lized by several long-range hydrogen bonds seen in the
ensemble of structures, including bonds between the GIn'*®
side chain and Ile™** backbone carbonyl, Glu''* and Lys**, and
Glu"™ and Arg'*® side chains. Analysis of the electrostatic
surface of PHOX2B-HD indicates that o3 and the N-terminal
arm are rich in positively charged residues while 21 and a2
helices are negatively charged. Overall, the domain shows few
small hydrophobic pockets (Fig. 2E and F).

Chem. Sci., 2024, 15, 8858-8872 | 8861
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Fig.2 NMR investigation of the PHOX2B homeodomain. (A) Secondary chemical shifts Ad (6ops — dcoil) Of Ca (Upper) and He (lower) of PHOX2B-
HD%8-1%8 The residues are numbered according to the used construct indicating the first residue as 1. Notably, the two additional residues (Ala
and Ser) at the N-terminal end of the recombinant protein are also considered and reported in the plot. (B) *H,*>N-HSQC spectrum of the 15N—
13C PHOX2B-HD acquired at 298 K on a 600 MHz NMR spectrometer. (C) Sausage representation of the superimposed ten lowest energy NMR
structures of PHOX2B-HD. The disordered N-term and C-term tails are not illustrated; a-helices and loop regions are depicted in red and gray,
respectively. (D) Ribbon drawing of the representative conformer of the PHOX2B-HD NMR structure in which the side chains of the residues

forming the hydrophobic core are shown as light green sticks. The side chains of the buried polar residues

R128, E139 R149

and that contribute to

stabilizing the core are also illustrated (orange). (E and F) PHOX2B-HD electrostatic surface potential is shown from electropositive (blue; +10

kcal mol™ to electronegative (red; —10 kcal mol™3).

Then, we investigated protein motions of PHOX2B-HD in the
nanosecond-to-picosecond and millisecond-microsecond time-
scales by analysing the model-free order parameters (S*) esti-
mated for the backbone amide group from the assigned
chemical shifts (for details see the Materials and methods
section, please). We also compared the '°N transverse relaxation
rates (R,) obtained from '°N linewidths with the relaxation

8862 | Chem. Sci., 2024, 15, 8858-8872

parameters predicted from the representative PHOX2B-HD
NMR ensemble (Fig. S1A and Bf) using HYDRONMR
software.®*° 5> is a measure of the partial restriction in the ns-
ps timescale of the H-N bond in a molecule-fixed frame that
assumes values from 0 (a large amount of motion) to 1 (no
motion). As reported in Fig. S1A, PHOX2B-HD presents S°
values in the range of 0.725-0.926 indicating that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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homeodomain is characterized by a reduced internal mobility
in the ns—ps timescale. Moreover, the comparison of the >N R,
rates estimated from the '°N linewidths (R, average value of 8.13
+ 0.5 s7') with the values back-calculated from the NMR
structure (R, average value 8.09 + 0.24 s~") (Fig. S1Bt) demon-
strated that PHOX2B-HD adopts a compact globular fold with
a remarkable conformational rigidity in the ms—-us timescale.

PHOX2B homeodomain-DNA interaction

The PHOX2B-HD/DNA interaction was investigated by evalu-
ating the chemical shift perturbation (CSP) and intensity ratio
of the homeodomain resonances upon DNA binding (Fig. 3). In
particular, the 'H,"’N-HSQC spectrum of “N-C labeled
PHOX2B-HD in the presence of its DNA target sequence (named
ATTA?2) that has been shown to be bound by PHOX2B with high
affinity,"**> was acquired (molar ratio PHOX2B-HD/DNA 1:1).
Notably, a subset of PHOX2B-HD resonances in the '"H,"’N-
HSQC spectrum showed significant variations upon DNA
addition, indicating that several residues of the homeodomain
were involved in the DNA binding mechanism. The 'H and "°N
chemical shift changes were evaluated by applying for each

>

HD domain:DNA (1:1)

g
3]
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residue a combined weighted chemical shift perturbation (see
the Materials and methods section). Significant perturbations
were observed for Arg'% (N-terminal arm); His'*' and Tyr'*”
(loop between helices a1 and «2); Ala**, GIn'*3, val'**, GIn'*’,
Asn™*® Arg'®° Ala™*" and Arg"* (helix «3) (Fig. 3A-C). Moreover,
small significant differences were observed for Arg®®, Arg'®* and
Thr'®® (N-terminal arm); Ala''® and Glu'*® (edge of helix a1);
Thr'?® and Asp™* (turn between helices a1 and 2); Ile'??,
Leu™, and Ala"** (helix o:2); Leu®” (turn between helices a2
and a3); Glu™?, Trp'*® and Phe'*® (helix a3) (Fig. 3A and C). In
addition, the comparison of the HN/N cross-peak intensities of
PHOX2B-HD in the absence and presence of DNA showed
a significant reduction (>average value) mainly for the residues
located in the: (i) N-terminal arm (Z.e. GIn®®, Arg®®, Arg"%°, Arg"*?
and Thr'); (ii) loop connecting the helices a1 to a2 (i.e. Tyr'*®,
Arg?® Glu'™®, GIu™° and Leu™); (iii) a3-helix (ie. Ala'*,
Arg“l, GII’IMS, Trp145, Phe146’ G1n147, Asn“g, Arg15°, Ala®! and
GIn'*®) (Fig. 3B). Taken together, CSP data and intensity profile
analysis (Fig. 3A-C) demonstrate that the DNA recognition
mechanism by PHOX2B-HD is principally driven by the a.3-helix
of the HTH motif that, as observed for other members of the

B
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Fig. 3 NMR analysis of PHOX2B-HD binding to DNA. (A) *H/**N chemical shift perturbations (CSPs) of PHOX2B-HD observed upon the addition
of DNA (protein:DNA molar ratio is 1: 1). *H/**N CSPs are plotted against the protein sequence. The additional residues at the N-terminal end of
the recombinant protein are included in the plot. The purple dashed line indicates the average CSP (CSP,.g); whereas the fuchsia dashed line
reports the CSP,,4 + SD (standard deviation) value. (B) Ratios between NMR signal intensity observed for PHOX2B-HD in the presence (lpound) and
absence (/iee) Oof DNA. The data are normalized to PhelO and are reported as percentage values. (C) Mapping of the residues showing CSP =
CSP,.g (purple) and =CSP,,4 + SD (fuchsia) on the representative PHOX2B-HD NMR structure in two positions orientated at 180° with respect to
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purple. Sequence of the short poly-Ala stretch present in the PHOX2B-20A C-terminal domain in which the assigned alanine residues are
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a well-formed a-helical structure. (C) Identification of the PHOX2B-20A disordered regions. The IUPred score is reported as a function of the
protein sequence. The three identified IDRs are highlighted by light green boxes. (D) Structural and dynamics peculiarities of PHOX2B-20A as
reported by computational techniques. (left) Schematic diagram of the PHOX2B-20A primary sequence in which the secondary structure
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homeodomain family, has a crucial role in the DNA binding
process by interacting with the DNA major groove. Moreover,
NMR structural data indicate that the PHOX2B-HD/DNA
complex is further stabilized by the positively charged region
of the N-terminal arm preceding the first helix. This latter
observation is in agreement with previously published data
indicating that the N-terminal region of the homeodomain
participates in DNA binding by making specific interactions
with the DNA minor groove.**

PHOX2B-20A structural and dynamical characterization

The 'H,"’N-HSQC spectrum of PHOX2B-20A shows a well-
defined set of signals, well distributed and dispersed, indi-
cating how PHOX2B-20A contains a well-structured domain,
and strong HN/N cross-peak signals condensed at 8 ppm due to
a poorly structured part of the protein (Fig. S27). For this reason,
the backbone chemical shift assignment for this protein,
especially for this second set of resonances, resulted in
extremely challenging® with several highly overlapped signals
arising from the homorepeat regions (Fig. S2 and S3%). To
overcome the problem of signal overlap, we conducted a series
of multi-dimensional experiments suitable for IDPs including
"H,"°N T,filter HSQC-based NMR techniques (Fig. S41). By
using an ad hoc assignment strategy, we assigned 96 and 69% of
the HN, N, Ca, and Cp chemical shifts for HD and PHOX2B-20A
respectively. Particularly, the HD of PHOX2B-20A region reso-
nances was assigned based on PHOX2B-HD assignments
(Fig. S21). In agreement with the previously described light
scattering data,’® which indicate a monomeric nature of
PHOX2B-20A in solution, the °N R, rates of the homeodomain
portion, estimated by analysing the *°N linewidth in the "H,"’N-
HSQC spectrum, give an average value of 9.11 4 2.04 s~ *, similar
to the values back-calculated for PHOX2B-HD from the NMR
structure, showing that the PHOX2B-20A protein exists as
a monomer. Interestingly, R, values higher than the average
have been found for residues at the N-terminal region of the
globular domain, likely due to chemical exchange processes.

The obtained assignment allowed us to explore the
secondary structure organization of PHOX2B-20A (Fig. 4A, B, S5
and S6t1). PHOX2B-20A consists of a well-defined N-terminal
domain, the HD, followed by a mostly disordered C-terminus
(Fig. 4C and S67). Accordingly, most of the signals in the C-
terminal region of PHOX2B-20A show chemical shifts typically
found in residues in largely unfolded proteins that are exposed
to the solvent and therefore experience a non-unique local
chemical environment (Fig. S5 and S6t).

Ca and AdCa. — AJCP secondary chemical shifts (Fig. 4B, S5A
and Bt) clearly indicate that PHOX2B-20A presents in addition
to the three helices, forming the HD domain, a fourth a-helix
(24) encompassing the poly-Ala region from Ala**' to Ala>®°

View Article Online
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(Fig. 4B). Note that, while the residues Ala®>*°-Ala**® at the C-
terminus of @4 show a helical propensity, Ca chemical shifts
of most of the residues flanking this polyAla region only slightly
deviate from the random coil value confirming that the a4 helix
is located in the middle of a largely unfolded C-terminal domain
(Fig. 4B and S5BY).

In detail, according to the IUPred2A score, Ca secondary
chemical shifts analysis indicates that the C-terminal domain of
PHOX2B-20A presents three intrinsically disordered regions
(Fig. 4C, D and S6t). Particularly, the highly dynamic C-terminal
domain presents a first intrinsically disordered region (IDR1)
from Gly'’° to Gly**° that is connected, through the stable poly-
Ala o-helical segment, to a second IDR (IDR2) encompassing the
region from Ala®*® to Pro®®°. IDR2 is linked by a short turn
region (residues Phe*”', Ala*?, Ser®®®, val*®*, Leu®®, Ser**® and
Ser®”) to IDR3 comprising the portion from Leu®*® to Phe*'*
(Fig. 4C and D).

Moreover, the comparison of the length and distribution of
the secondary structure within PHOX2B-20A with the PHOX2B-
HD NMR structure suggests that in the PHOX2B-20A the third o-
helix («3) of the homeodomain is three turns longer including
residues (Fig. S5AT).

The C-terminal part of &3 connects the homeodomain to the
disordered C-terminal tail. Interestingly, by comparing the
"H,"N-HSQC spectrum measured for PHOX2B-20A with that
acquired for the PHOX2B-HD (Fig. S27), significant chemical
shift perturbations were observed for most of the residues
forming the homeodomain, also within the N-terminus. In
particular, chemical shift variations greater than the standard
deviation were observed for Arg'*!, val***, Arg'*°, Arg™>°, Ala'*",
Lys'?, Arg"* Lys'*® and Glu"’ belonging to the a3 helix
(Fig. 4E, F and S77).Yet, significant chemical shift perturbations
(CSPs > CSP,,,) were observed for Arg'®® and Thr'* (N-terminal
tail); Glu""? located inside the first o-helix (a:1); Thr'*° within the
loop connecting o1 to «2; Ile'*®, Asp™®®, Thr'?*®, and Glu™°
located in the region linking the a2 to a3; Ala'*’, Arg"*® and
Phe'* within 3.

As chemical shifts are extremely sensitive to changes in the
local chemical environment of a residue, this indicates that the
regions of the two proteins with these super-imposable reso-
nances adopt a highly similar structure.’> However, some
signals experience a shift in their position in the spectrum of
PHOX2B-20A with respect to their equivalent position in the HD
spectrum. These chemical shift variations reflect a perturbation
in the local environment of the corresponding residues caused
by changes in the conformation of either these residues them-
selves or spatially proximal residues. Although it is quite plau-
sible that the addition of the C-terminal region to PHOX2B-HD
perturbs the chemical environment of contiguous portions of
the HD domain, the overall chemical shifts perturbations

are also reported in gray scale (IDR1 light; IDR2 dark; IDR3 dim). (E and F) Plot and mapping onto the representative NMR HD structure of
chemical shift perturbations (CSPs) (ppm) observed for the HD domain upon deletion of the PHOX2B-20A C-terminal portion encompassing the
region from Ala*>® to Phe®*. The magenta dashed line indicates the average CSP (CSP,,); whereas the purple dashed line reports the CSP,,q +
SD (standard deviation) value. In panel F, the residues showing shift variations > CSP,,q and =CSP,,4 + SD are depicted in magenta and purple,

respectively.
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Fig. 5 Binding of PHOX2B-20A to the DNA probe by NMR. (A) IH-15N HSQC spectrum of PHOX2B-20A acquired at 298 K after the addition of 1
equivalent of DNA (cyan). (B) Superposition of portions of *H,’>N-HSQC spectra of three >’N-3C PHOX2B-20A representative residues without
(blue) and with 1 equivalent of DNA (cyan). (C) HN/N chemical shift perturbations (CSPs) observed upon the addition of 1 equivalent of DNA to
PHOX2B-20A. The light blue dashed line indicates the average CSP (CSP,,4); whereas the light magenta dashed line reports the CSP,,4 + SD
(standard deviation) value. (D) Mapping of the observed CSPs (CSPs = CSP,4 (light cyan); CSPs = CSP,,4 + SD (light magenta)) onto the
representative conformer of the HD domain NMR ensemble in two positions orientated at 180° with respect to the z-axis. Asterisks indicate the
HD residues for which HN/N cross-peaks disappeared from the *H,*>N-HSQC spectrum upon the addition of DNA.
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Fig. 6 Three-dimensional structural model of the PHOX2B-20A homodimer/DNA complex. (A) Ribbon drawing representation of the PHOX2B-
20A homodimer in a complex with the DNA sequence in two orientations rotated 180° around the z-axis. The two monomers are shown as light
blue (chain A) and dark violet (chain B), respectively; whereas the DNA surface representation is in grey. (B) The side chains of PHOX2B-20A
homodimer residues having a crucial role in the DNA recognition mechanism are illustrated as gold and pink sticks for the chains A and B,
respectively. (C) A schematic drawing of PHOX2B-20A homodimer/DNA interactions. Only direct contacts between the dimer and the nucleic
acid are shown. Hydrogen bond and hydrophobic interactions (determined by interaction distances <3.9 A) are reported.

observed (Fig. 4E) require an additional molecular interpreta-
tion. The chemical shift perturbations observed for a large
number of residues located in regions far from the HD-domain
C-term (Fig. 4E) suggest that in PHOX2B-20A the homeodomain
cross-talks with the unstructured C-terminal domain that bears
the three IDRs.

While IDRs are generally characterized by a high primary
sequence variability, charge distribution confers specific

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

properties to the IDRs of the transcription factors.**** There-
fore, we analysed the charge characteristics of PHOX2B-20A
IDRs in order to understand their functional roles. IDR1 pres-
ents a positively charged stretch interrupted by acidic and
hydrophobic residues; IDR2 is rich in hydrophobic residues: Ala
16.1%, Gly 32.3% and Pro 19.4%; IDR3 contains Ala (17.6%),
Leu (11.8%) and three positively charged residues (17.7%).
Overall, our analysis indicates that the IDRs of PHOX2B-20A,
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considering the great number of hydrophobic amino-acids
rather than charged residues, have a marginal role in the DNA
recognition process but they may play an important role in
mediating protein-protein and dimerization mechanisms.

Structural insights into the PHOX2B-27A variant

The conformational characterization of the PHOX2B variant
containing an elongated 27 alanine stretch, named PHOX2B-
27A, was also carried out by means of NMR methodologies.
Interestingly, the comparison of the '°N,"H-HSQC spectrum of
PHOX2B-27A (Fig. S8f) with that acquired for PHOX2B-20A
indicates that the two proteins present different conforma-
tional properties in solution. Indeed, PHOX2B-27A HSQC shows
a general line broadening of the resonances and the disap-
pearance of most HSQC signals. This behavior is again in
agreement with our previously reported study'® which shows
how the insertion of the seven alanine residues at position 260
leads to a strong aggregation propensity for PHOX2B-27A.

PHOX2B-20A interaction with DNA

The identification of the key residues involved in the molecular
mechanism by which PHOX2B-20A recognizes its cognate DNA
was assessed by means of backbone "H/*>N CSP mapping. We
analyzed ">N,"H-HSQC spectra of PHOX2B-20A acquired before
and upon the addition of 1 equivalent of the ATTA2 DNA
sequence (Fig. 5A and B). This choice was made on the basis of
previous studies that have documented the formation of
a homodimer upon PHOX2B-20A interaction with DNA.'®
Chemical cross-linking experiments have shown the formation
of mixed oligomeric species that disappear when the protein:
DNA ratio is 1: 1.’ Upon addition of an equimolar DNA aliquot,
the "H/"N correlation spectrum of PHOX2B-20A exhibits
substantial chemical shift variations for a large number of
residues along with signal loss and broadening for the C-
terminal residues of the homeodomain (Arg'*’, Lys'®?, Lys'®®,
GIn™® and Arg"®®) (Fig. 5B and C). Larger CSPs were observed
for Phe'® (N-term arm); Asp'** (loop between ol and o2);
Glu'*®, Phe'*®, Asn'*®) Ala'®', Phe'**, Arg"** and GIu"’ (a3
helix). Small chemical shift perturbations were detected for
Thr'®® (N-term arm); Glu™"* and Arg"*® (a1 helix); Tyr'>* (loop
between o1 and 2); Glu™° (a2 helix); Val'**, Trp**®, Asn'*” and
Arg"* (a3 helix) (Fig. 5C and D). Moreover, most of the residues
of the C-terminal domain show chemical shift variations (CSPs
< CSP,y), that although smaller than those shown by the HD
(Fig. 5C) demonstrate that, as previously reported,” the C-
terminal domain is essential for PHOX2B-20A/DNA recogni-
tion. Overall, CSP data allowed the identification of the DNA
binding surface of PHOX2B-20A (Fig. 5D). Interestingly, this
surface largely matches the surface that we have identified as
responsible for the DNA binding activity of PHOX2B-HD. In
accordance with the literature data on the homeodomain-con-
taining proteins,*” also in the interaction of PHOX2B-20A with
its target DNA, helix o3 and the N-terminal portion of the HD
are confirmed as the key structural elements. In addition,
significant perturbations were found also for the signals arising
from residues included in the helix 1 in which, in particular,

8868 | Chem. Sci, 2024, 15, 8858-8872
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Leu''®, Glu''?, Ala'*® and Glu'"® give rise to two signals each. As
helix a1 remains essentially unperturbed upon the DNA inter-
action of PHOX2B-HD, these data strongly indicate a1 to be
a mediator for the formation of the homo-dimeric structure that
binds the DNA. Indeed, the presence of a double set of helix 1
chemical shifts suggests a slight asymmetry of the homodimer,
where the two a1 helices experience different chemical envi-
ronments; the two sets of signals of this secondary structure are
likely due to its involvement in the interaction with the C-
terminal residues to form the dimer in a head to tail fashion
(Fig. S117). In addition, the good correlation of the HN and N
chemical shifts observed for PHOX2B-20A with the values ob-
tained for PHOX2B-HD indicates that the PHOX2B-20A DNA
binding occurs by a recognition mechanism in which the
homeodomain acts as a (partial) independent unit (Fig. S9A and
Bt).

Structure of the PHOX2B-20A/DNA complex

To further describe the molecular machinery governing the
DNA recognition mechanism by PHOX2B-20A, we calculated
a structural model of the PHOX2B-20A homodimer/DNA
complex using an ad hoc strategy (for details see the Materials
and methods section and Fig. S121) based on the data-driven
docking program HADDOCK. The structural model of the
PHOX2B-20A homodimer/DNA complex clearly indicates that
the DNA-binding surface of each PHOX2B-20A monomer is
mainly composed of the HTH recognition motif of the homeo-
domain, with helix a3 responsible for the majority of DNA
contacts (Fig. 6A and B).

The two HD domains (HD-A and HD-B) of the PHOX2B-20A
homodimer wrap the DNA regions surrounding the single 5'-
ATTA-3' recognition site. A second incomplete ATT sequence is
present 5 to the ATTA motif (Fig. 6C). Of note there are no
experimental data supporting the binding of PHOX2B to this
motif. Helix a3 (HD-A) and the counterpart a3’ (HD-B) mainly
recognize the major groove by making contacts with bases and
the phosphate backbone of the DNA. In particular, a3 helix
residues (i.e. Val'**, Glu'’, Asp'*®, Ala'®, Lys'*?, Arg"**, and
Lys'>®) display multiple non-bonded contacts with T14' and
T13' nucleotides of the DNA strand D and with T10 and G11 of
the DNA strand C. Moreover, the interaction between the HD-A
and DNA is further stabilized by the N-term arm preceding the
o1 helix. In detail, Arg'%° and Arg'®*> show multiple non-bonded
contacts with the T13’ nucleotide of the DNA strand D. In
addition, Tyr"** forms contacts with the phosphate backbone of
G7 and A8 (DNA strand C) nucleotides, whereas Arg158 interacts
with the phosphate backbone of T10. For HD-B, the side chain
of GIn** in the a3’ helix is hydrogen bonding with the phos-
phate backbone of G4’; Arg'>" displays non-bonded contacts
with T8' nucleotide (DNA strand D); GIn'*”" and Arg™” forms
non-bonded contacts with T8’ and C6’; Asn148 forms non-
bonded contact with A16; Lys152’ shows multiple interactions
with the phosphate backbone of T14 and T15; Lys155’ interacts
with the T10’ nucleotide of the DNA strand D and with T14 and
T15 nucleotides located inside the ATTA recognition site. To
note, different to HD-A, DNA binding is mediated in HD-B

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through non-bonded contacts made by Pro123’ located within
the loop a1’- a2’ and Arg128’ of the a2’ helix belonging to the
HTH recognition motif. In addition, as observed for the
monomer A, the N-term arm of chain B contributes to stabi-
lizing the PHOX2B-20A dimer/DNA complex. In particular,
Arg'®” makes contact with the phosphate backbone of A17
(DNA strand C) whereas Arg®” and Arg'°* show multiple non-
bonded interactions with the A16 nucleotide.

Discussion

PHOX2B is a key target to understand the insurgence of the
CCHS and for the design of therapy capable of tackling such
a syndrome. This prompted us to realize the present study
whose rationale has been the research of molecular details
capable of explaining why the expansion of the poly-alanine
tract prevents the protein from performing its activities and
leads to the development of the disease. For this reason, we
have performed a comparative study of PHOX2B-20A, PHOX2B-
HD, and PHOX2B-27A, which are respectively the wild-type
protein (20-Ala) lacking the N-terminal hypothetical unstruc-
tured 97 residues, its isolated homeodomain and the most
common pathological variant (+7 alanines). The 60 amino acids
long PHOX2B-HD shows, as expected, the classical structure of
an HTH motif typical of the homeobox domains.” The
homeobox domain or ‘homeodomain’ is a highly conserved
eukaryotic DNA-binding domain that can both bind DNA and
mediate protein—protein interactions, well known for its role in
transcription regulation during vertebrate development. We
show that PHOX2B-HD binds DNA, as already reported for the
other HDs, exploiting the recognition code* ¢ contained in its
helix 3. The insertion of this helix in the DNA major groove is
then stabilized by the interaction of the unstructured N-
terminal tail with the minor groove.

PHOX2B-20A contains a compact globular HD domain and
a highly dynamic C-terminal domain that bears a polyAla
sequence forming a helical structure. The PHOX2B-20A struc-
tural and dynamical behaviour described here indicates that the
two domains very likely cross-talk through transient interac-
tions:*® the C-terminal tail transiently interacts with the HD
without altering its tertiary organization.

This finding is of utmost importance also in consideration of
the fact that the HD domain plays a major role in protein
stabilization and solubilisation.”” Indeed, the deletion of the
HD leads to a highly unstable and little soluble protein as
observed in previous CD studies.'® Moreover, the expansions of
the 20 alanine tract, a feature that is in clear relation with the
insurgence of the CCHS, leads to a destabilization of the
protein, decreases its DNA binding capability and its tran-
scriptional activity, and influences interactions with other
partner proteins.”” Alanine expansions, as seen also here in the
case of PHOX2B-27A, have been also shown to induce protein
oligomerization and destabilization in vitro and in cell over-
expression assays.”” Interestingly, while this paper was under
revision a new study has been published,*® describing in detail
the behavior of the PHOX2B C-terminal domain, using mostly
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NMR spectroscopy, and its main results well complement our
findings.

Thus, in light of this evidence, the interaction documented
by our data allows the protein to populate transiently a more
compact structure that protects the entire protein from the
aggregation propensity of the polyAla sequences.” The proper
polyAla tract, generally proposed as a flexible spacer element
between protein domains,® likely allows the appropriate HD/C-
term interaction. Any modification of this spacer could in
principle interfere with this interaction and with the formation
of the transient compact structure, allowing the lengthened
polyAla tract to form aggregates that impair the protein
function.

This hypothesis is further supported by our study of
PHOX2B-20A-DNA interaction. We show, by means of an inte-
grated approach that combines CSPs with in silico data, that the
same recognition mode of the isolated HD is used by the full-
length protein, PHOX2B-20A, to contact its cognate DNA: the
interaction with the ATTA2 sequence is essentially mediated by
the third helix of the HD and the N-terminal tail. Indeed, the
CSP analysis indicates that upon DNA addition the perturbed
surface of the HD contained in the PHOX2B-20A protein is not
exactly the same as the isolated HD. Interestingly, our data
outline perturbations for residues belonging to the first helix
that, in contrast, remain unperturbed in the PHOX2B-HD
protein. In particular, the ">N-'H cross peaks of these resi-
dues are doubled in the presence of DNA indicating that the a1
possibly experiences two different chemical environments, due
to the involvement of this secondary structural element in the
interaction with the C-terminal residues to form the dimer in
a head to tail fashion, in a slight asymmetry. The C-terminal tail
likely recruits a second protein first helix to form a dimeric
structure that binds the sequence of the ATTA2 oligonucleotide
well. The two molecules insert their helix 3 in the DNA major
grove while the N-terminal portion comes into contact with the
minor groove and further stabilizes the entire complex. These
data agree with previously reported studies,'>'® which show that
PHOX2B-20A binding to the DNA is severely affected upon
deletion of the C-terminal domain or by expansion of the pol-
yalanine tract, indicating the C-terminal tail to be a key struc-
tural element to form the functional complex.

The same studies have also shown how a protein variant,
namely PHOX2B-0Ala, in which the polyAla tract is missing,
which shares with PHOX2B-20A the same stability and the same
capability to bind the cognate DNA. Our findings can be inter-
preted in light of these literature data'® and indicate that the
polyAla tract within the long C-terminal domain does not play
a fundamental role in the DNA binding activity of PHOX2B. On
the other hand, our data can lead to the speculation that the
polyAla tract, as already documented for other proteins,* is
a fundamental spacer that allows the C-terminal domain of
PHOX2B-20A to interact with other proteins such as transcrip-
tional coactivators or corepressors.'® Expansions of amino acid
repeats occur in IDRs of transcription factors leading to
diseases associated with protein aggregation.®*** In particular,
alanine repeats have been recently shown® to alter, both in vitro
and in vivo, the phase separation capacity in the HOXD13
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transcription factor impairing its ability to co-condense with
transcriptional co-activators leading to the alteration of the
transcriptional program in a cell-specific manner. As the
contribution of aggregates to “repeat expansion pathologies”
has been controversial, the distinct behavior of the liquid-
liquid phase separation observed suggests that the separation
of transcriptional condensates may be at the basis of the
observed pathologies.

In PHOX2B, the polyAla expansions decrease its DNA
binding and transcriptional activity, likely impairing the
formation of the stabilizing transient interaction between the
HD and the C-terminal tail, leading to the formation of non-
functional oligomers, not necessarily toxic, mediated by the
elongated poly-alanine tract and to the possible insurgence of
the disease through a loss-of-function mechanism.

Overall, our study contributes to shed light on the molecular
mechanism underlying the CCHS syndrome and suggests as
a possible therapeutic route the use of specific anti-aggregating
molecules capable of preventing variant aggregation and
possibly restoring the PHOX2B DNA binding activity.
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