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About 90% of congenital central hypoventilation syndrome (CCHS)
patients show polyalanine triplet expansions in the coding region of tran-
scription factor PHOX2B, which renders this protein an intriguing target
to understand the insurgence of this syndrome and for the design of a
novel therapeutical approach. Consistently with the role of PHOX2B as a
transcriptional regulator, it is reasonable that a general transcriptional dys-
regulation caused by the polyalanine expansion might represent an impor-
tant mechanism underlying CCHS pathogenesis. Therefore, this study
focused on the biochemical characterization of different PHOX2B variants,
such as a variant containing the correct C-terminal (20 alanines) stretch,
one of the most frequent polyalanine expansions (+7 alanines), and a vari-
ant lacking the complete alanine stretch (0 alanines). Comparison of the
different variants by a multidisciplinary approach based on different
methodologies (including circular dichroism, spectrofluorimetry, light scat-
tering, and Atomic Force Microscopy studies) highlighted the propensity
to aggregate for the PHOX2B variant containing the polyalanine expansion
(+7-alanines), especially in the presence of DNA, while the 0-alanines vari-
ant resembled the protein with the correct polyalanine length. Moreover,
and unexpectedly, the formation of fibrils was revealed only for the patho-
logical variant, suggesting a plausible role of such fibrils in the insurgence
of CCHS.

Introduction

Almost 500 human proteins contain polyalanine (poly-
Ala) stretches [1]. Alanine tracts are coded by imper-
fect trinucleotide repeats (GCN), and GCN
trinucleotide expansion mutations that lead to polyAla
expansions above a certain threshold cause at least
nine different diseases including developmental defects

Abbreviations

and neurological disorders [2—4]. Eight out of nine
known polyAla-associated diseases are caused by
mutations in genes encoding for developmental tran-
scription factors and are congenital syndromes. The
ninth, oculopharyngeal muscular dystrophy, is a late-
onset progressive disease caused by polyAla
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Polyalanine expansion favours aggregation in PHOX2B

expansions in the poly(A)-binding protein nuclear 1
(PABPN1) involved in mRNA polyadenylation. The
exact molecular functions of the polyAla tracts remain
largely unknown, and they are supposed to act as flexi-
ble spacer elements between functional protein
domains, thus playing a role in protein conformation
and protein—protein interactions. Given their role, sev-
eral lines of evidence support that the expansions of
polyAla tracts can lead to protein misfolding, cellular
mislocalization, aggregation, and aberrant protein—
protein interactions [5].

PHOX2B is a transcription factor that plays an
essential role in the development of the autonomic ner-
vous system and the neural structures involved in
breathing control [6-8]. PHOX2B consists of 314
amino acids and it is composed by a 97-residue N-
terminal domain, a central domain with a conserved
60-residue homeodomain (DNA-binding motif) and
two polyAla stretches of 9 and 20 residues, respec-
tively, within the C-terminal domain (Fig. 1).
Heterozygous in-frame triplet duplications within the
sequence stretch coding for the 20-alanine amino acids
and the consequent polyAla expansions account for
more than 90% of patients that suffer congenital cen-
tral hypoventilation syndrome (CCHS, MIM#
209880). CCHS is a rare life-threatening autosomal
dominant disease that is characterized by impaired
autonomic respiratory control leading to hypoventila-
tion due to abnormal ventilatory responses to hypoxia
and hypercapnia [9].

The polyAla expansions described so far in CCHS
patients range from a minimum of 4 additional resi-
dues to a maximum of 13 alanines, extending the wild-
type 20 alanine tract to 33 alanines, and the most fre-
quent mutations are those leading to the addition of 5,
6, and 7 alanines [10].

Several molecular mechanisms by which the polyAla
expansions can cause CCHS have been proposed
and include loss-of-function mechanisms, dominant-
negative effects, and/or toxic gain of function of the
mutant proteins [11-16]. In particular, polyAla expan-
sions decrease PHOX2B DNA binding and transcrip-
tional activity (in a gene-specific manner) [11,12], alter
homodimer formation in vitro [15], and modify inter-
actions with other proteins such as transcriptional
coactivators or corepressors [16]. Alanine expansions
can induce the formation of oligomers in vitro and in
cell overexpression assays [12,14,17], that suggest pro-
tein misfolding, although cytoplasmic aggregation and
PHOX?2B wild-type trapping are only seen in the case
of longer alanine expansions (more than +9 alanines)
[11,18]. Of note, PHOX2B protein aggregates colocal-
ize with ubiquitin and molecular chaperones (such as
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HSP70) [14,18]. The cytoplasmic aggregation observed
in overexpression studies increased over time and
decreased when the longest polyAla expanded protein
(+13 alanines) was transfected using a lower amount
of DNA [11,17]. The intranuclear aggregation of the
+13 alanines variant was also time dependent, but
inversely correlated with the amount of transfected
DNA [11]. These observations, together with the
apparent absence of visible aggregation of variant pro-
teins with short expansions, suggest slower kinetics in
aggregation for these variants.

In vivo, immunohistochemical analysis of the
Phox2b-expressing regions of the mouse model of
CCHS, obtained using a knock-in approach to intro-
duce a +7 alanine expansion (27A), did not show any
existence of aggregates, and their contribution to the
disease pathogenesis is still controversial [19]. The dis-
crepancy between the aggregation seen in overexpres-
sion analyses and the little direct evidence of this
phenomenon in vivo is a common feature with the
other disease-associated polyAla proteins, with the
exception of PABPNI that forms amyloid fibrils
in vitro and nuclear inclusion in vivo, and HOXDI13
that accumulates in the cytoplasm both in vitro and
in vivo [20].

The mechanism of polyAla aggregation has been
extensively studied in vitro and some studies have sug-
gested that the polyAla sequence can form amyloid
fibrils [21], whereas others showed that the resulting
aggregates are o-helical structures [22,23]. Previous
studies [15] on the role of polyAla expansions on the
aggregation behavior of PHOX2B need to be further
deepened in order to learn more about the molecular
steps leading to the disease.

To this aim, we carried out biochemical compar-
isons of PHOX2B variants containing the correct C-
terminal (20 alanines) stretch, one of the most frequent
polyAla expansion (+7 alanines) or a PHOX2B variant
lacking the complete C-terminal Ala stretch (0 alani-
nes).

Results

Cloning, expression, and purification of PHOX2B
(20A) and its variants

PHOX2B contains a homeodomain (HD, residues 98-
157) and a peculiar C-terminal region (residues 158-
314) characterized by the presence of two stretches of
alanines: one made of nine (residues 159—167) and the
second of 20-alanine residues (residues 241-260; poly-
Ala motif) (Fig. 1A). Prediction of the secondary
structure on the full-length protein (PHOX2B FL) by
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Fig. 1. (A) Schematic representation of the PHOX2B variants produced in this work. (B) Sequence comparison of produced PHOX2B
variants; residues are numbered as in PHOX2B wild-type. Gray boxes: additional amino acids (MHHHHHHAS) present at the N-terminal end

in the recombinant proteins.

different software unveils that the only structured
region corresponds to the conserved homeodomain
(residues 98-135, Fig. 2). This folded core domain is
arranged in three helical regions, which canonically
constitute the homeodomain, flanked by long, largely
unstructured tails at both the N- and C termini.

The PHOX2B FL was achieved under denaturing con-
ditions only: refolding by 0.1% (w/v) N-lauroylsarcosine
(NLS) yielded a preparation unable to bind DNA. For
this reason the experiments were performed on a
deleted PHOX2B form (PHOX2B(20A), residues 98—
314), lacking the N-terminal hypothetical unstructured
97 residues which could confer instability to the
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recombinant protein (Fig. 1A). Indeed, we focused on
the characterization of fragments corresponding to the
two putative domains (HD and C-terminal domain,
corresponding to the sequences 98-157 and 158-314,
respectively) and of two variants, namely PHOX2B
(27A) corresponding to the addition of seven Ala at
position 260, and PHOX2B(0A) lacking the second
polyAla stretch (residues 241-260) (Fig. 1A,B). The
insertion variant (named 27A) is strictly linked to the
development of the congenital central hypoventilation
syndrome (CCHS) [24] and the deletion variant (named
0A) was designed to clarify the role of the polyAla
sequence.
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Fig. 2. (A) Primary structure of PHOX2B and prediction of secondary structure elements. Conf, confidence of prediction; C, coil; E, strand;
H, helix. (B) Sequence analyzed by mosips software: http://mobidb.bio.unipd.it/Q99453/predictions: unstructured regions (orange); structured
regions (light blue). (C) Sequence elaborated by SMART program: HOX=HD domain: region 98-160; low complexity region: sequence 209-
279 (purple).
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The SDS/PAGE analysis of purified PHOX2B vari-
ants differing in the polyAla stretch (which theoretical
mass is in the 20.9-22.8 kDa range) showed a single
band of ~ 30 kDa (Fig. 3). This aberrant migration is
a hallmark of intrinsically disordered proteins and is
often due to their high content of acidic and negatively
charged residues [25]. In the case of PHOX2B, the
higher apparent molecular mass might originate from
the largely unstructured C-terminal domain.

Insight into structural features of PHOX2B(20A)
and its variants

The protein conformation of PHOX2B(20A), of the
portions corresponding to its two main domains, and
of the two variants related to the polyAla expansion
was investigated by far-UV CD spectroscopy (Fig. 4).
For all the proteins examined, the spectrum resembled
the one typical of a a-helical-rich protein with two
minima at 208 and 222 nm and a positive maximum
at < 195 nm (Fig. 4A,B) in agreement with secondary
structure predictions (Fig. 2). The spectrum corre-
sponding to the C-terminal domain (Fig. 4A, dotted
line) shows a decrease in the positive CD signal at
around 195 nm, probably due to the consistent contri-
bution of disordered regions. The similarity of the CD
spectrum of PHOX2B(20A) with that of PHOX2B(0A)
points to a similar secondary structure content while
an alteration is apparent for the PHOX2B(27A)
(Fig. 4B).

PHOX2B (20A) PHOX2B (27A)  PHOX2B (0A)
—

] ~—
800 =
\
\
| \
- |
o0 37kDa S (| 37 kDa 37 kDa | ==
1 25kDa ~ | 25 kDa, 25 kDa == !
600 - o |
=

500
400

300

Absorbance (mAU)

200

100

20 30

Elution volume (mL)

Fig. 3. Overlapping of elution profiles from a gel-permeation
chromatography of 45 um PHOX2B(20A) and its two variants;
PHOX2B(20A) (black line), PHOX2B(0A) (light gray line) and
PHOX2B(27A) (dashed line). In the inserts, the SDS/PAGE analysis
of the three recombinant proteins present in the main peak is
shown.
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The stability of PHOX2B(20A) and its variants

The thermal stability of PHOX2B(20A) and its vari-
ants was also investigated by far-UV CD spectroscopy.
The T, values derived from temperature ramp denatu-
ration curves following the CD signal at 220 nm are
reported in Table 1. It is apparent that a strong stabi-
lizing role of the HD region on the whole protein
(18 °C decrease in T, for the PHOX2B-Cter [HD
deleted] variant), as well as a destabilization following
the increase in the polyAla stretch in PHOX2B(27A).

The denaturation of PHOX2B variants differing in
the polyAla stretch length was studied in the presence
of chaotropic agents, such as guanidine hydrochloride
(GdnHCI) and urea, to further investigate the role of
this region on the whole protein. The PHOX2B vari-
ants 0A, 20A, and 27A displayed high resistance to
both agents, as reported in Table 1.

The oligomeric state of PHOX2B(20A) and its
variants

The size-exclusion chromatographic profile for the three
PHOX2B variants differing in polyAla sequence points
to an aggregation propensity for PHOX2B(27A)
because of the presence of species eluting in the column
void volume (~ 43-45 mL) and the low intensity of the
peak corresponding to the monomeric protein
(~ 55 mL), see Fig. 3. The difference in absorbance
intensity between the elution profile of PHOX2B(27A)
and the other two variants could be related to its strong
tendency to aggregate and precipitate.

The oligomeric state of the PHOX2B variants was
assessed using light scattering measurements. This anal-
ysis performed at 45 and 90 um protein concentration
demonstrated that all variants are monomeric in solu-
tion, with the only exception for PHOX2B(27A) which
tends to oligomerize at increasing protein concentration
(Fig. 5A-E and Table 2). The effect observed at higher
protein concentration with the 27A variant was not
apparent for other PHOX2B variants (data not shown).

Considering the role of PHOX2B as transcription fac-
tor, further analyses were carried out in the presence of
its DNA target. Proteins and ATTA?2 oligonucleotide
(MW =15 650 Da) were mixed in a 1 : 1 molar ratio
and subjected to light scattering experiments (Fig. 6). A
peak was observed for PHOX2B(20A) (Fig. 6A) and
PHOX2B(0A) (data not shown) with a mass of
~ 50 kDa corresponding to a dimer in complex with its
DNA target. On the contrary, the behavior of PHOX2B
(27A) was different, forming a high molecular mass
complex of ~ 200 kDa in the presence of DNA
(Fig. 6B).
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Fig. 4. Far-UV CD spectra (recorded at 10 °C) of: (A) PHOX2B(20A) (black line), HD domain (dashed line) and C-terminal domain (dotted
line); (B) PHOX2B(20A) (black line), PHOX2B(0A) (light gray line), and PHOX2B(27A) (dashed line).

Table 1. Thermal and chemical denaturation of PHOX2B variants.
n.d., not determined.

c/2 (m)
Melting

Protein temperature (°C) Urea GdnHCI
PHOX2B (20A) 48 +1 3.5+ 0.1 3.0+ 0.2
PHOX2B (0A) 47 £ 2 3.5+ 0.1 3.5+ 0.1
PHOX2B (27A) 40 £ 1 40+0.2 32 +02
PHOX2B-HD 43 £ 2 n.d. n.d.
PHOX2B-Cter 30 £2 n.d. n.d.

Our results revealed that the polyAla expansion
induces the formation of oligomers especially in the
presence of DNA. On the contrary, DNA binding to
the PHOX?2B variant containing the correct number of
alanine favors a conformational change leading to the
formation of homodimers.

Conformational changes upon DNA binding

To get insight into PHOX2B(20A) structural changes
in the presence of DNA, circular dichroism, chemical
cross-linking, and limited proteolysis experiments were
carried out. The specific binding of 10 ym PHOX2B
(20A) to ATTA2 was studied by means of CD spec-
troscopy and the ratio of the ellipticity at 220 and
208 nm ([0]220/208) was reported as a function of the
amount of DNA added up to a stoichiometrically
quantity of protein and DNA (Fig. 7A). The figure
shows an increase in the ratio until it reached the char-
acteristic value of ~ 1.0 after adding 5 pm DNA, as an
effect of the reorganization of the helical structures.

This result suggests the formation of a dimer involving
a coiled-coil interaction [26,27].

Dissociation constant (K4) for protein-DNA com-
plex was determined by titrating PHOX2B(20A) with
increasing amounts of ATTA2 oligonucleotide and by
monitoring the binding following the quenching of
intrinsic Trp fluorescence (Fig. 8). PHOX2B has two
tryptophan residues at positions 145 (in the home-
odomain) and 273 (in the C-terminal domain, down-
stream the 20-alanine stretch). In the absence of DNA,
PHOX2B(20A) has an emission spectrum with a peak
at ~ 349 nm. Upon binding of PHOX2B(20A) to
DNA, a red-shift occurs in the emission spectra, shift-
ing the maximum to ~ 353 nm (Fig. 8A). The change
in the steady-state emission intensity at 350 nm as a
function of DNA concentration is shown in Fig. 8B
and a single Ky of 2.1 4+ 0.3 nm was determined.

The propensity to oligomerize was apparent in
chemical cross-linking experiments performed with the
homobifunctional amino-reactive reagent BS3. When
PHOX2B(20A) was incubated with BS3 and the reac-
tion products were separated on a denaturing poly-
acrylamide gel, multiple protein forms at increasing
mass were observed (especially at the top of the gel,
Fig. 7B, lanes 2-4). Notably, when the same experi-
ment was performed in the presence of DNA (Fig. 7B,
lanes 5-7), two predominant bands with an apparent
molecular mass of > 25 kDa (monomer) and ~ 50 kDa
(dimer) were produced. The intensity of the band at
~ 50 kDa increased in the presence of ATTA2
oligonucleotide and the oligomeric forms observed in
the absence of DNA disappeared (Fig. 7B), suggesting
a preferential formation of a homodimeric species in
the presence of DNA.
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Fig. 5. Light scattering measurements of PHOX2B variants. The plots report the molecular mass (o) and absorbance at 280 nm (O) versus
the elution volume for: (A) PHOX2B(20A); (B) HD domain; (C) C-terminal domain; (D) PHOX2B(0A); (E) PHOX2B(27A), at 45 um (black line)

and 90 pm (dashed line).

The interaction of PHOX2B(20A) with the ATTA2
oligonucleotide was then investigated by limited prote-
olysis incubating the protein in the presence of trypsin
(at an enzyme:protein ratio of 1:1000). Comparing the
time course of protein degradation in the absence
(Fig. 6A, lanes 2-4) and in the presence of DNA
(Fig. 9A, lanes 5-7), PHOX2B(20A) showed a differ-
ent degradation pattern pointing to a conformational

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies

change altering the accessibility of the protein to tryp-
sin digestion.

When the same experiment was carried out on
PHOX2B(0A) and PHOX2B(27A) proteins different
results were apparent (Fig. 9B,C). Concerning the
effect of DNA binding, PHOX2B(0A) and PHOX2B
(20A) were not affected by the presence of ATTA2
oligonucleotide. Indeed, under the conditions tested, a
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Table 2. Light scattering (LS) analysis of PHOX2B (20A) and its
variants.

Molecular mass

Ratio
Theoretical® Experimental  Exp/

Protein (Da) (Da) Theor
PHOX2B (20A) 45 pm, 90 um - 22 297.60 22 590 + 450 1
PHOX2B (0A) 45 um, 90 pm - 20 876.03 20 450 + 110 1
PHOX2B (27A) 45 pm 22 795.16 21 460 + 800 1
90 um 22 795.16 42 600 £ 850 2
PHOX2B-HD 45 pm, 90 pm 8395.5 8813 + 176 1
PHOX2B-Cter 45 pm, 90 pm 14 903.1 14 000 + 100 1

2 Calculated by proTPARAM tool (http://web.expasy.org/protparamy).

lower amount of degradation products accumulated
for the PHOX2B(0A) variant, suggesting a different
fate for the digested fragments (Fig. 9B). On the other
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hand, the PHOX2B(27A) variant generated aggregates
(visualized as bands at high molecular mass; Fig. 9C,
compare lanes 2—-7 vs lane 1) and was resistant to pro-
teolytic digestion as indicated by the quantification of
the 25 kDa band (Fig. 9C, bottom panel).

Degradation rates of PHOX2B(20A) and its
variants

To examine the influence of polyAla expansion on the
stability of PHOX2B at the cellular level, HeLa cells,
which do not express endogenous PHOX2B, were tran-
siently transfected with vectors expressing either
PHOX2B(20A), PHOX2B(27A), or PHOX2B(0A) pro-
teins tagged with HA. The protein turnover was ana-
lyzed by treating the cells with 1 ugmL™' of the
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2 Rt Fig. 6. Light scattering measurements of
% 80 g PHOX2B variants in the presence of DNA.
E % The plots report the molecular mass (o) and
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(green), the DNA (ATTAZ2 oligonucleotide,
20 red) and the protein—-DNA complex at a
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inhibitor of protein synthesis cycloheximide (CHX).
Western blot analysis of total lysates collected at differ-
ent time points showed that PHOX2B(20A) has an half-
life longer than 6 h (Fig. 10A,B) and the expansion of
the polyAla tract increased the half-life of the protein
(Fig. 10C,D). No difference in the degradation rate of
PHOX2B(20A) and (0A) was observed (Fig. 10E,F),
indicating that the deletion of the polyAla stretch does
not modify the stability of the protein in the cell. The
results indicate that the expansion of the polyAla tract
significantly increases the cellular half-life of the protein.

Fibrils formation
Information about the potential formation of fibrils is

gained through a fluorimetric assay that uses thioflavin

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies

T, exploiting its propensity to interpose in the regions
rich in B sheets. PHOX2B(20A) and PHOX2B(27A)
variants were incubated in the presence of thioflavin T
at 37 °C and the change in fluorescence emission
intensity at 485 nm was monitored over time. The
variant PHOX2B(0A) showed a behavior comparable
to that of PHOX2B(20A) (data not shown). In the
case of the 27A-variant protein, after 4 days (96 h) the
fluorescence intensity increases exponentially and
reaches a stable value after 5 days (120 h) suggesting
fibril formation (Fig. 11A). In the case of wild-type
PHOX2B(20A), a less significant fluorescence increase
is observed which is stable over time, putatively associ-
ated with the formation of protein aggregates.

In addition, the wild-type and variant PHOX2B
samples diluted at 0.2 pum, were incubated at 37 °C at
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Bottom: intensity of the band at ~ 25 kDa (% vs time zero) plotted versus time of digestion.

a concentration of 10 um in 20 mm sodium phosphate,
0.2 M NaCl, 2 mm dithiothreitol (DTT), pH 7.4, to
acquire AFM images (Fig. 11 panels B-E). The mor-
phology was observed at different stages of maturation
and after 22 days (528 h). AFM images for PHOX2B
(27A) show the presence of isolated fibrils (width
~ 20 nm, length ~ 1.5 pm) surrounded by amorphous
aggregates of 20-40 nm in diameter (Fig. 11B). The
analysis was repeated after 32 days (768 h) and the
morphology was mainly characterized by the presence
of mature fibrils which appear longer (> 2 pm) than
those observed after 22 days and entangled, with a
width ranging from 15 to 25 nm (Fig. 11C). On the
other hand, the PHOX2B(20A) protein during the
same observation period showed the presence of amor-
phous aggregates, with a diameter of 20-50 nm
(Fig. 11 panels D, E).

Finally, our results indicate that the expansion of
the polyAla tract in Phox2B induces the slow forma-
tion of fibrils in vitro.

Discussion

Congenital central hypoventilation syndrome is a rare
neonatal disease, with a dominant autosomic genetic
aetiology based on missense, nonsense, or frameshift
mutations (10%) and polyAla triplet expansions (90%)
of the paired-like homeobox gene PHOX2B. CCHS is
defined by a failure of the autonomic control of
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breathing, associated with a broad variety of symp-
toms of autonomic nervous system dysfunction. The
longer the stretch of alanine, the more severe is the
respiratory phenotype. Therefore, this study focused
on the biochemical characterization of the protein with
the proper expansion in comparison with the mutated
variant (PHOX2B(27A) involved in the insurgence of
the pathology and with a variant lacking this polyAla
region (PHOX2B(0A). The full-length, wild-type
PHOX2B cannot be produced in a recombinant
form as a folded protein able to bind DNA. Accord-
ingly, and for the first time, five variants lacking the
N-terminal part, predicted as an unstructured region,
were expressed in Escherichia coli cells and purified to
homogeneity. Three of them differed in the length of
the second polyAla stretch and two were designed to
express the homeodomain alone or the C-terminal
region only (Fig. 1). In vitro studies on the purified
proteins were used to clarify the mechanism by which
pathogenic mutations affect the structure and correct
folding of PHOX2B.

Among the PHOX2B variants generated in this
work, the strongest decrease in stability was apparent
for the C-terminal variant lacking both the N-terminal
and the HD regions (Table 1): the HD domain seems
to play a major role in protein stabilization and solu-
bilization as also reported by [15]. Biochemical data
highlight a higher sensitivity to thermal unfolding of
the PHOX2B variant with the longest alanine stretch

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies
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(27A) compared to wild-type (20A), that is, a 8 °C
lower melting temperature, linked to a tendency to
aggregate and precipitate. This is in agreement with lit-
erature data indicating that long polyAla stretches
(> 23A) and homopolymeric tracts in general can
easily form aggregates [28].

Among the recombinant proteins investigated here,
the CD spectra show a slight alteration in secondary
structure content for the PHOX2B(27A). Indeed, it is
also the only variant prone to dimerization, a process
dependent on the protein concentration. The increase
in polyAla stretch strongly affects the interaction with
DNA and our data clarify this feature from a
structural point of view with the formation of non-
functional aggregates. Gel permeation and LS mea-
surements displayed that PHOX2B(20A) in complex
with its DNA target forms a homodimer while the
PHOX2B(27A) generated a high molecular mass com-
plex. The propensity to aggregation of PHOX2B(27A)
was evident also by chemical cross-linking and limited
proteolysis experiments: because of the higher propen-
sity to aggregate, the latter PHOX2B variant is more
resistant to trypsin degradation. These results not only
partially confirm previous investigations but also high-
light significant differences, for example, previous
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studies reported that the length of the polyAla stretch
affects the DNA binding only for expansions longer
than 13 residues [14,15], and that the PHOX2B FL
showed the propensity to generate oligomers (in details
trimeric forms) [14]. These discrepancies probably arise
from the different PHOX2B variants generated and
the experimental conditions used. The self-interaction
of expanded polyAla tracts favors an abnormal folding
and, altering the interaction network, affects the nor-
mal function of a protein.

The in vitro-investigated folding, stability, and inter-
action properties of PHOX2B variants correlate with
the cellular behavior. Previous papers showed that
PHOX2B polyAla expansion induces the formation of
protein aggregates that sequester ubiquitin and molec-
ular chaperones (such as heat shock proteins) [14,18].
The observed increased stability in HeLa cells of the
PHOX2B(27A) protein points to an alteration of
the conventional degradation process, that can lead to
the accumulation of the variant proteins that, by toxic
gain of function and/or dominant-negative mecha-
nisms, cause a general transcriptional dysregulation of
those genes responsible for the correct development of
the neural structure driving breathing control [11,24].
We speculate that CCHS is the result of the abnormal

1
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expression of PHOX2B target genes [24]. Moreover,
increased accumulation of variant proteins, along with
impairment of quality control system, can eventually
lead to fibrils formation. Indeed, for the first time we
demonstrated that the aggregates of PHOX2B(27A)
are able to evolve in fibrils as demonstrated by fluori-
metric assays in the presence of thioflavin T and AFM
imaging.

Fibrils formation is not common to all proteins con-
taining polyAla expansions [22], with the exception of
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Fig. 11. (A) Aggregation behavior of 10 pm
PHOX2B(27A) (dotted line) and PHOX2B
(20A) (continuous line) at 37 °C assessed as
thioflavin T fluorescence. AFM height
images of PHOX2B(27A) (B, C) and
PHOX2B(20A) (D, E) acquired after 22 days
(528 h) (B, D) or 32 days (768 h) (C, E) of
incubation at 37 °C. White arrows indicate
location of fibril, at which the transverse
width was measured. The scan size of each
picture is 2 um x 2 um.
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PABPNI that, conversely to the other polyAla contain-
ing proteins, cause a late-onset neurodegenerative dis-
ease. In this perspective, PHOX2B is the first polyAla
containing protein associated with a congenital syn-
drome that shows fibrils formation, at least in vitro. As
there is no evidence of visible aggregate formation in
mice expressing PHOX2B +7Ala [19], the link between
fibrils and the insurgence of CCHS needs to be further
investigated. It is worth noting that the role of PHOX2B
in adulthood has not been investigated, although in

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies
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mice Phox2b expression persists in most brainstem
structures after birth [29]. Together with the findings
that brain imaging and functional magnetic resonance
imaging (fMRI) studies of CCHS patients suggest that
other damages occur progressively, in addition to the
developmental defects induced by PHOX2B mutations
[30], we cannot exclude a role for fibrils in CCHS ‘pro-
gression’. This evidence could pave the way for an inno-
vative rational design of therapeutic drugs.

In conclusion, the longer polyAla stretch of the
pathological PHOX2B variant could act as a nucleus
for fibrils formation. If this process, in addition to
decreasing the amount of soluble and active PHOX2B,
triggers further events that concur to CCHS pathology
is a point that merits further investigation.

Materials and methods

Cloning of PHOX2B wild-type and its variants

For the bacterial constructs, the synthetic cDNA encoding full-
length human paired-like homeobox 2b (PHOX2B-FL) was
designed by in silico back translation of the amino acid
sequence reported in the database (NCBI Reference Sequence:
NP_003915.2). Sequence corresponding to Ndel restriction site
(CATATG), followed by six histidine codons and Nhel restric-
tion site (GCTAGC) was added to the 5-end of cDNA; a
BamHI (GGATCC) restriction site was inserted at the 3'-term-
inal. cDNA was synthesized by GeneArt (Life Technologies,
Carlsbad, CA, USA), after codon optimization for the expres-
sion in E. coli (GeneBank accession number MK 133750).

The gene was subcloned into the Ndel and BamHI restric-
tion sites of the pET11a vector (Merck, Darmstadt, Germany),
generating the pET11a-PHOX2B-FL plasmid. The recombi-
nant PHOX2B-FL protein contains nine additional amino
acids (MHHHHHHAS) at the N-terminal end, including the
Hisg-tag sequence, followed by alanine and serine residues
coded by the recognition sequence of Nhel restriction enzyme
(Fig. 1A,B). The His-tag facilitated the purification procedure.

The PHOX2B variants were obtained by PCR using the pri-
mer design method reported by Liu and Naismith [31], Phusion
High-Fidelity DNA Polymerase (Thermo Fisher Scientific™,
Waltham, MA, USA), and buffer for GC-rich templates. All of
the oligonucleotides used to generate the constructs are listed in
Table S1. PHOX2B(20A) variant, in which the entire N-term-
inal domain of PHOX2B was deleted, was obtained inserting
by PCR an additional Nhel restriction site at the 5'-end of the
homeodomain (HD) in the pET11a-PHOX2B-FL plasmid,
digesting with Nhel, and self-ligating the largest resulting DNA
fragment. In a similar way, PHOX2B-Cter variant was gener-
ated inserting by PCR an additional N#kel restriction site at the
5'-end of the C-terminal domain of PHOX2B in the pET1la-
PHOX2B(20A) plasmid. The PHOX2B(27A) variant was
obtained inserting a sequence coding for four additional
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residues of alanine to the pET11a- PHOX2B(20A) plasmid and
using the resulting pET11a-PHOX2B(24A) plasmid as a tem-
plate in a second mutagenesis reaction to insert a sequence cod-
ing for three additional residues of alanine (Table S1). The
deletion of the polyAla stretch coding for 20 residues of alanine
to produce PHOX2B(0A) variant was obtained using two-step
of site-directed plasmid mutagenesis, producing, respectively,
pET11a-PHOX2B(13A) and (0A), as reported in Table S1. The
PHOX2B-HD variant was produced by replacing E157 with a
stop codon (Table S1).

The generation of the mammalian expression plasmid HA-
tagged PHOX2B(20A) has been described elsewhere [15]. The
(27A) construct was obtained by digesting plasmid encoding
the corresponding wild-type PHOX2B containing the normal
alanine tract with the PpuM1 restriction enzyme. The resulting
270-bp region, which encompasses the alanine tract, was
replaced by the 291-bp region obtained using the same enzyme
to digest the MYC-tagged PHOX2B +7Ala plasmid previously
reported [11]. The HA-PHOX2B(0A) construct was generated
using overlap extension PCR [32] with the HA-PHOX2B(20A)
plasmid as the template. Briefly, two chimeric primers were
used which consisted of an annealing fragment derived from
one flanking region of the deletion and an anchor fragment
derived from the flanking region on the other side of the dele-
tion. The sequences of the primers for the upstream region are:
forward external primer 5-CAC AAG CTT GCT GCG GAA
TTG TAC C-3' and reverse 5-AGG CCT CCG CCG CCC
TTG CCG -3'; primers for the downstream region: forward 5'-
AAG GGC GGC GGA GGC CTG GCT G -3’ and reverse
external primer 5-CTG ATA TCA TCG ATG AAT TCG
GCT TCC-3'. The first PCR was performed using 40 ng of
supercoiled plasmid containing PHOX2B(20A) cDNA to
amplify two partially overlapping DNA fragments carrying
the deletion. The two purified fragments were then annealed
and used as the template (50 ng per each) for a second PCR
step (using the external primers to obtain a single product).
The PCR product was cloned after double enzymatic diges-
tion with Hindlll/EcoRV in the pcDNA3 vector (Invitrogen,
Carlsbad, CA, USA). The PCR amplifications were per-
formed using the GC-rich PCR system (Roche Applied
Science, Penzberg, Germany), and all of the obtained DNA
fragments were sequenced on both strands. All of the
enzymes used for cloning were purchased from New England
Biolabs (Ipswich, MA, USA).

Expression, and purification of PHOX2B and its
variants

PHOX2B-FL

Full-length recombinant PHOX2B (PHOX2B-FL) was
obtained using BL21(DE3)pLysS E. coli cells grown in TB
medium at 37 °C, by inducing the protein expression with
1 mm isopropyl-B-p-thiogalactoside (IPTG) at ODggg nm ~ 0.8
and collecting the cells after 1 h of growth. The cell pellets
were resuspended in 20 mm sodium phosphate, pH 7.4, | mm
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pepstatin, 1 mm  phenylmethylsulphonylfluoride (PMSF),
10 pgmL~' DNAse. PHOX2B-FL, containing a N-terminal
His-tag, was purified by two chromatographic steps using
denaturing conditions, because of the low recovery (2%) and
purity obtained under native conditions. Crude extract was
loaded on metal ion affinity chromatography (HiTrap
TALON crude column equilibrated in 20 mm TrisHCl, pH
8.0, 0.3 m NaCl, 6 M GdnHCl, 10% (v/v) glycerol, 10 mm 2-
mercaptoethanol, 1 mm pepstatin, 1 mm PMSF). Elution of
bound protein was performed in 20 mm TrisHCI, pH 8.0,
0.3 M NaCl, 100 mm imidazole, 8 M urea, 10% (v/v) glycerol,
10 mm 2-mercaptoethanol, 1 mm pepstatin, 1 mm PMSF.
Protein-containing fractions were loaded on size-exclusion
chromatography (Superdex200 HiLoad 16/60 column equili-
brated in 50 mm sodium phosphate, pH 6.8, 0.15 m NaCl,
4 M urea, 10% acetonitrile). The purification yield was 2 mg
of protein per liter of culture. The purification of the
PHOX2B-FL protein was achieved under denaturing condi-
tions only. The protein was refolded by dilution in buffer with
0.1% (w/v) NLS: refolded PHOX2B did not bind DNA. Sev-
eral attempts to remove NLS in order to recover a functional
protein were unsuccessful. After dilution or dialysis to remove
NLS the affinity of the protein for DNA is still too low for
physiological activity (i.e., in the micromolar range) and the
protein was unstable: protein precipitation was apparent dur-
ing dialysis, ultrafiltration, or size-exclusion chromatography.

N-terminal deleted PHOX2B forms

Escherichia coli BL21(DE3) Gold strain (Invitrogen) was trans-
formed with the recombinant vectors, grown at 37 °C, and pro-
tein expression was induced adding 0.5 mm IPTG (or 1 mm for
PHOX2B(27A)) at an ODgpp nm ~ 0.8 and growing for 3 h at
22 °C. The cell pellets were resuspended in 20 mm sodium
phosphate, 1 M NaCl, 5% glycerol, 2 mm DTT, pH 7.4, con-
taining a complete protease inhibitor cocktail (Roche). The
extract was applied to a HisTrap HP column (GE Healthcare,
Chicago, IL, USA) equilibrated with 20 mm sodium phosphate,
300 mm NaCl, 5% (vol/vol) glycerol, 2 mm DTT, 10 mMm imi-
dazole, pH 7.4. The column was washed with the same buffer
plus 30 mm imidazole, and the bound proteins were eluted with
the same buffer supplemented with 300 mm imidazole. Protein-
containing fractions were pooled and loaded onto a Superdex
75 16/60 column (GE Healthcare) equilibrated in 20 mm
sodium phosphate buffer (pH 7.4) containing 200 mm NaCl,
5% glycerol, 2 mm DTT.

The purification yield was approximately 5 mg per liter
of culture for PHOX2B(20A) and PHOX2B(0A) and
2 mg-L~! for PHOX2B(27A).

ATTA2 double-stranded oligonucleotide

DNA binding experiments were carried out using a double-
stranded oligonucleotide corresponding to ATTA2 site of
the PHOX2B promoter (25 bp, 5-TAGTGTGATTGAAT
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TAAAGGGC AGG-3) that has been shown to bind
PHOX?2B with high affinity [11,33].

Circular dichroism analyses

The CD spectra were recorded at 10 °C using a Jasco J-810
spectropolarimeter equipped with a Peltier thermostatic cell
holder. Far-UV measurements (195-260 nm) were carried
out using a 0.1-cm path length cell in 10 mm sodium phos-
phate, 100 mm NaCl, 2 mm DTT, pH 7.4, at a protein con-
centration of 10 pm [34]. Thermal denaturation was
performed from 10 to 90 °C with an increment of tempera-
ture of 1 °C-min~'. Chemical denaturation was induced by
GdnHCI or urea in the 0-6.0 m or 0-8.0 M range, respec-
tively, incubating the samples for 1 h at room temperature.
The unfolding process was monitored recording the CD
signal at 220 nm. CD spectra were averaged over at least
three independent scans and the baseline corrected by sub-
tracting the buffer contribution [35].

For the titration with the DNA, far-UV spectra of 10 um
PHOX2B(20A) or its variants were recorded as stated above,
in the presence of increasing concentrations (0—10 pum) of the
double-stranded oligonucleotide (ATTA2). The baseline was
corrected by subtracting the buffer and DNA contribution.

Light scattering (LS) analyses

For molecular mass measurements, static light scattering
experiments were performed using a MiniDAWN Treos
spectrometer (Wyatt Instrument Technology Corp., Santa
Barbara, CA, USA) equipped with a laser operating at
658 nm and connected online to a size-exclusion chromato-
graphic apparatus.

A 500-pL sample of purified 45 and 90 ym PHOX2B
(20A) or its variants were loaded on a Superdex 75 10/30
column, equilibrated in 20 mm sodium phosphate, 200 mm
NaCl, 5% glycerol, and 2 mm DTT, pH 7.4, and analyzed
as described elsewhere [36]. A flow rate of 0.5 mL-min !
was applied. Elution profiles were detected by a Shodex
interferometric refractometer and data were analyzed by
using ASTRA 5.3.4.14 software (Wyatt Technology, Santa
Barbara, CA, USA).

For DNA interaction studies, 45 um protein samples in
500 u. and 45 pm  of double-stranded oligonucleotide
(ATTA?2) were loaded alone or in a 1 : 1 molar ratio in the
same experimental conditions described above.

Spectrofluorimetry

Protein fluorescence measurements were performed in a
Jasco FP-750 instrument. Protein emission spectra were
taken from 300 to 400 nm (excitation at 280) and the fluo-
rescence measurements were corrected for buffer contribu-
tions. were performed at
0.03 mgmL™" protein concentration (corresponding to

Fluorescence measurements
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~ 1 pum) in 20 mm sodium phosphate, pH 7.4, 200 mm
NaCl, 5% (v/v) glycerol, 2 mm DTT, and at 15 °C. The
protein—-DNA dissociation constant (K4) was estimated by
titrating 1 pMm protein with increasing amounts of DNA
(from 200 pm to 20 nm DNA) and following the protein
fluorescence quenching at 346 nm.

Cross-linking experiments

A total of 45 pm PHOX2B(20A) was incubated with or
without 22.5 um double-stranded oligonucleotides ATTA2
in the presence of 900 um of bis(sulfosuccinimidyl) suberate
(BS3) (1 :20) in 20 mm sodium phosphate, 200 mm NaCl,
5% (vol/vol) glycerol, 2 mm DTT, pH 7.4, for 0.5, 1, or
2 h at room temperature (reaction volume of 20 puL). The
samples were electrophoretically separated on a 18% (w/w)
sodium dodecyl sulfate polyacrylamide gel (SDS/PAGE)
[37].

Limited proteolysis studies

About 45 pymv PHOX2B was incubated with or without
22.5 um double-stranded oligonucleotide (ATTA2) with
trypsin in a 1 : 1000 molar ratio. The proteolytic digestion
was carried out for 10, 20, or 30 min at room temperature
(reaction volume of 20 pL). The reaction was stopped by
adding SDS loading buffer and boiling at 100 °C for
S min, then the samples were separated on a 18% (w/w)
SDS/PAGE.

The digital gel image of Coomassie-stained gel was
acquired with ChemiDoc XRS System (Bio-Rad Laborato-
ries, Milan, Italy) and the intensity of the bands was ana-
lyzed with the QUANTITYONE (Bio-Rad
Laboratories, Milan, Italy).

software

Cell cultures and transient transfections

The HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (Lonza, Basel, Switzerland) supplemented with
10% FBS (Euroclone, Milan, Italy), 100 units-mL~" peni-
cillin (Lonza), 100 pg-mL~! streptomycin (Lonza), and
2 mMm L-glutamine (Lonza) at 37 °C with 5% CO,. The
transfection experiments were performed by means of lipo-
fection (FUGENE HD, Promega, Madison, WI, USA)
using 1 x 10° HeLa cells (plated in 35 mm diameter wells)
and 1 pg of each expression vector.

Assessment of the half-life of HA-tagged PHOX2B
proteins

Forty-eight hours after transfection, protein stability was
measured by means of treatment with 1 pg-mL~' cyclohex-
imide (CHX, Sigma-Aldrich, Saint Louis, MO, USA) for
different times (0-360 min). The cells were collected by cen-
trifugation, and lysed in concentrated 3X SDS-lysis buffer
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(6% SDS, 1% NP-40, 60 mm TrisHCI, pH 8.5, 10% (vol/
vol) 2-mercaptoethanol, 25% (vol/vol) glycerol, 0.3% (w/
vol) bromophenol blue) by incubation at 37 °C for 30 min
with constant agitation. All samples were diluted to 1X
SDS-lysis buffer and boiled 5 min at 100 °C. Viscosity was
reduced by passing the sample through a syringe’s (22
gauge) needle. Equal aliquots were then analyzed by west-
ern blot. The HA-tagged PHOX2B proteins were detected
by means of primary rabbit anti-HA antibody (1:500;
Sigma, catalog no. H6908), and B-tubulin by mouse anti-f3-
tubulin antibody (1:1000, Cell Signaling Technology, Dan-
vers, MA, USA, D3UIW). Primary antibodies were
revealed by infrared-conjugated rabbit IgG IRDye 800CW
or mouse IgG IRDye 680CW (LI-COR Biosciences, Lin-
coln, NE, USA). Blots were scanned with the Odyssey CLx
infrared imaging system (LI-COR Biosciences), and band
intensities were determined with IMAGE sTtupio software (Li-
Cor Biosciences). Data are expressed as the mean densito-
metry intensity values & SD (error bars) of each lane nor-
malized to that of p-tubulin, and shown as relative
quantification of PHOX2B protein levels at each time point
in comparison with time zero (= 100), that is, before adding
CHX. Nonlinear regression analysis was used to fit the
experimental data to a one-phase exponential decay. Data
were analyzed by means of Student’s ¢-test and the
accepted level of significance was P < 0.05 (GRAPHPAD PRISM
5.0, San Diego, CA, USA).

Thioflavin T (ThT) assay fluorescence
spectroscopy

The PHOX2B(20A) or PHOX2B(27A) were analyzed at a
concentration of 10 pm in a solution containing 100 um of
thioflavin T in a final volume of 300 pL. The Varian Cary
Eclipse spectrophotometer (Agilent, Santa Clara, CA,
USA) and a 0.1-cm-diameter quartz cuvette were used to
detect fibril formation. The samples were excited at a wave-
length of 440 nm and the fluorescence emission spectrum
was recorded between 450 and 600 nm. The samples were
incubated at 37 °C and the fluorescence intensity change
was monitored at 485 nm over time [38].

AFM studies

Both PHOX2B(20A) or PHOX2B(27A) were incubated at
37 °C at a concentration of 10 pm in 20 mm sodium phos-
phate, 0.2 m NaCl, 2 mm DTT, pH 7.4, and analyzed over
time. The AFM images were obtained at room temperature
in ‘tapping’ mode with a Bruker Multimode 8 microscope,
using a tip with a radius of 8 nm, a resonance frequency
of about 300 KHz, and an elastic constant of 50 N-m~'.
Samples for the AFM study were prepared by depositing
5 pL of an aqueous protein suspension (at 0.2 pM concen-
tration to obtain a good visualization) on a mica substrate,
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allowing the water to evaporate completely at room tem-
perature.
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