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The Nipah and Hendra viruses are severe human pathogens. In addition to
the P protein, their P gene also encodes the V and W proteins that share
with P their N-terminal intrinsically disordered domain (NTD) and possess
distinct C-terminal domains (CTDs). The W protein is a key player in the
evasion of the host innate immune response. We previously showed that
the W proteins are intrinsically disordered and can form amyloid-like
fibrils. However, structural information on W CTD (CTDy) and its poten-
tial contribution to the fibrillation process is lacking. In this study, we
demonstrate that CTDwg are disordered and able to form dimers mediated
by disulfide bridges. We also show that the NTD and the CTDyy interact
with each other and that this interaction triggers both a gain of secondary
structure and a chain compaction within the NTD. Finally, despite the lack
of intrinsic fibrillogenic properties, we show that the CTDy favors the for-
mation of fibrils by the NTD both in cis and in trans. Altogether, the
results herein presented shed light on the molecular mechanisms underlying
Henipavirus pathogenesis and may thus contribute to the development of
targeted therapies.

Introduction

Nipah (NiV) and Hendra (HeV) viruses are zoonotic
biosafety level 4 (BL4) pathogens within the Henipa-
virus genus (Paramyxoviridae family, Mononegavirales
order) that cause severe acute respiratory illness and
fatal encephalitis in humans [1]. Despite the threat
they pose to human health, neither antiviral therapies
nor vaccines are available. The asymptomatic natural

Abbreviations

reservoir of these viruses is bats of the Pteropus genus
(also called flying foxes).

HeV was isolated in 1994 in Brisbane, Australia,
where it caused a fatal respiratory and neurological
disease in horses. Human exposure to body fluids, tis-
sues, or feces of infected animals resulted in the trans-
mission of the disease, with a human case fatality rate

BL4, biosafety level 4; CD, circular dichroism; CTDyy, C-terminal domain of W protein; DTT, dithiothreitol, HeV, Hendra Virus; IDR/P,
intrinsically disordered region/protein; IFN, interferon; IMAC, immobilized metal affinity chromatography; MS, mass spectrometry; NF-xB,
nuclear factor kappa-light-chain-enhancer of activated B cells; NiV, Nipah Virus; NTD, N-terminal domain; pl, isoelectric point; PMG,
premolten globule; RC, random coil; RdRp, RNA-dependent RNA polymerase; RNA, ribonucleic acid; SAXS, small-angle X-ray scattering;
SDS/PAGE, sodium dodecy! sulfate polyacrylamide gel electrophoresis; SEC, size exclusion chromatography; STAT, signal transducer and
activator of transcription; TEM, transmission electron microscopy; TFE, trifluoroethanol; ThT, thioflavin T; TLR3, toll-like receptor 3; TRX,

thioredoxin; ZnFD, zinc-finger domain.
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of 57%. NiV first outbreak occurred in Malaysia in
1998, causing a respiratory and neurological disease in
pigs and encephalitis in humas. Since this first event,
NiV outbreaks were observed in subsequent years in
Bangladesh, India, and Philippines, with a case fatality
rate comprised between 40% and 75%. An additional
threat posed by NiV is its ability to spread from
human-to-human, contributing to the spillover in
densely populated regions. NiV is therefore on the
WHO priority list of pathogens with pandemic poten-
tial requiring urgent research.

Henipaviruses are enveloped viruses whose genome
consists in a single-stranded, non-segmented RNA mole-
cule with negative polarity encoding six structural pro-
teins (Fig. 1A,B). The genome of Henipaviruses is
encapsidated by the nucleoprotein (N) into a helical
nucleocapsid that is the substrate of the RNA-
dependent-RNA polymerase (RdRp). The RdRp,
responsible for transcription and replication, consists of
the L protein in complex with the phosphoprotein (P)
that enables recruitment of L on the nucleocapsid tem-
plate. Henipaviruses N and P proteins display long intrin-
sically disordered regions (IDRs) [2-4], that is, regions
devoid of stable secondary and tertiary structures [5].

The Henipavirus P protein consists of a long
N-terminal intrinsically disordered domain (NTD) and a
C-terminal region that contains both structured and dis-
ordered regions (Fig. 1B) [6]. In NiV and HeV, the P gene
also encodes for the V and W proteins. The latter result
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from the addition of either one (V protein) or two (W pro-
tein) non-templated guanosines at the editing site of the P
messenger. As shown in Fig. 1B, the editing site is located
at the end of the P gene region encoding the long, intrinsi-
cally disordered NTD. Therefore, P, V, and W share the
same NTD and possess unique C-terminal domains
(herein referred to as CTDp, CTDy, and CTDy).

The V and the W proteins play a key role in the eva-
sion of the host antiviral innate immune response [7-9].
Beyond inhibiting type I interferon (IFN) induction [10],
V and W antagonize IFN-mediated antiviral response
through binding to STAT proteins. P, V, and W pro-
teins all block the cellular response to IFN by binding to
STATI through their disordered NTD and preventing
tyrosine phosphorylation of STATI, a post-translation
modification that is necessary for STAT1 activation [11-
13]. In addition, the W protein localizes into the nucleus
and retains therein unphosphorylated STATI1 [12].
Beyond STATI1 and STAT2, NiV P, V, and W proteins
also bind to STAT4 through their NTD [14]. Further-
more, Henipavirus V and W proteins inhibit chemokine
production in vitro and modulate the inflammatory
response in vivo [15]. NiV W inhibits TLR3 signaling
and activation of the NF-xB pathway [10,16,17].
Finally, Henipavirus W proteins bind to 14-3-3 proteins
via their CTD, and this interaction modulates
several cellular processes, including apoptosis [18] and
inhibition of the NF-xB-induced proinflammatory
response [19].
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Fig. 1. Henipavirus virion structure and genome organization. (A) Schematic representation of a Henipavirus particle (top) and of the
transcription and replication complex formed by the viral RNA genome encapsidated by the nucleoprotein (N) and by the RNA-dependent-
RNA-polymerase (RdRp), composed of the large (L) protein and the phosphoprotein (P) (bottom). (B) Schematic representation of the
Henipavirus genome, consisting of a single-stranded negative-sense RNA molecule containing six genes encoding for the nucleoprotein (N),
the phosphoprotein (P), the matrix protein (M), the attachment glycoprotein (G), the fusion protein (F), and the large protein (L). The Nipah
virus (NiV) and Hendra virus (HeV) P gene encodes also three additional non-structural proteins, V, W, and C. V and W result from P mRNA
editing. The structures of the NiV P multimerization domain (PMD) (PDB code 4N5B) and of the NiV P X domain (XD) (as extracted from

PDB code 7PNO) are also shown.
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We previously characterized V and W proteins of
NiV and HeV and showed that they are prevalently dis-
ordered [20,21]. Contrary to the CTDy, which folds
into a zinc-finger conformation (ZnFD) [20], no direct
structural information is available on the isolated
CTDw. Our previous preliminary bioinformatic analy-
sis suggested a disordered nature of the CTDy [21], and
the extended conformation it adopts upon binding to
importin ol or a3 [22] or to 14-3-3 isoform o [18] sup-
ports the hypothesis that it may be disordered in isola-
tion. However, the disordered nature of the isolated
CTDw has never been demonstrated experimentally.

We previously reported that the full-length W pro-
teins form amyloid-like fibrils that we hypothesized
might have a role in impairing the host innate immune
and inflammatory response [21]. The ability of the W
proteins to form fibrils is very likely conferred by the
PNT3 region (aa 200-310) that we previously identi-
fied to be amyloidogenic [23,24]. In addition, we
showed that the formation of fibrils by the W proteins
critically depends on the redox state of cysteine resi-
dues [25]. This latter finding, and the presence of a
conserved cysteine in both CTDws (at position 421
and 419 in the NiV and HeV W sequences), suggests a
potential involvement of the CTDyw in W fibrillation,
prompting a direct experimental characterization and
assessment of its possible dimerization ability in order
to unravel the precise redox mechanisms of W
fibrillation.

In light of the molecular partnership established by
the CTDw and of its involvement in counteracting the
host antiviral response, investigating the conforma-
tional properties of this domain and its contribution to
the fibrillation process of the W protein is a prerequi-
site toward rational antiviral approaches. We herein
have combined various biochemical and biophysical
approaches to shed light on the structural properties
of the HeV and NiV CTDy and on its contribution to
the overall conformational properties and fibrillation
abilities of the W proteins. Our results revealed that
the Henipavirus CTDws are intrinsically disordered
and non-fibrillogenic per se and that the NTD and the
CTDw interact with each other. For both viruses, this
interaction not only affects the secondary structure
content and compactness of the W protein but also
influences its fibrillation abilities.

Results and Discussion

Disorder predictions of the HeV and NiV CTD,y

Our previous preliminary in silico analysis hinted at a
disordered nature of the HeV and NiV CTDy [21].

Impact of CTDy in W conformation and fibrillation

Here, we performed a more in-depth bioinformatic
analysis using MeDor, a metaserver for disorder pre-
diction that combines the prediction of multiple disor-
der predictors [26]. As shown in Fig. 2, the various
disorder predictors yielded conflicting results, resulting
in an overall ambiguous prediction. Indeed, the pres-
ence of hydrophobic clusters in the HCA plot suggests
an at least partly folded conformation, while
ESpritz-D and DisEMBL HOTLOOPS predict the
two CTDws as disordered. In addition, the predicted
disorder content is not the same for the two CTDyys,
with NiV CTDyw being predicted to be more disor-
dered than its HeV counterpart (cf. Consensus 1 in the
two panels of Fig. 2). The ambiguity in disorder pre-
dictions, together with the differences in predicted dis-
order in the two CTDws, calls for a direct
experimental assessment of their conformational prop-
erties. To this end, we undertook their expression and
purification in Escherichia coli.

Expression and purification of the CTD,y from
both HeV and NiV

Since the expression and purification of the HeV and
NiV W hexahistidine-tagged proteins driven by a
pDEST17 construct was successful [21], we first
attempted at producing the two CTDws using the
same strategy; however, they were not expressed under
these conditions and could not be recovered. To cir-
cumvent this technical difficulty, we used a cleavable
thioredoxin (TRX) solubility tag and generated a con-
struct expressing a TRX-CTDw fusion protein carry-
ing a Tobacco Etch virus (TEV) protease cleavage site
between the two and with a C-terminal 6His-Tag, the
latter being necessary for interaction studies (Fig. 3A).
Using this system, both CTDws could be expressed
and purified in high amount via a three-step purifica-
tion process. The first step was an immobilized metal
affinity chromatography (IMAC), followed by an over-
night TEV protease cleavage to remove the TRX tag.
Ton exchange chromatography (IEC) was used to sepa-
rate the TEV protease and the TRX solubility tag
from the cleaved CTDw (Fig. 3B). The purified
CTDws of both NiV and HeV show an apparent
molecular mass of ~ 11 kDa (Fig. 3B), in contrast with
the expected molecular mass of ~ 6 kDa, as calculated
from the amino acid sequence. However, for both
CTDws, mass spectrometry (MS) analysis of peptides
resulting from tryptic digestion confirmed the identity
of the purified proteins (Fig. 4A,B). Anomalous migra-
tion had previously been reported for Henipavirus
NTD [2], V [20], and W proteins [21] and is a charac-
teristic feature of IDPs or IDRs.

The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 3

Federation of European Biochemical Societies.

5UB017] SUOLUILLIOD SA1IEBID 3|ea1 e aU Ag PoLIBAOB e DI YO 88N JO S9N 10} ARl 1 SUIIUO AB]IM UO (SUONIPUOD-PUR-SULBYWIOD™ A3 1 ARRIq 1BU 1 |UO//SAL) SUOIPUOD PUe SWis 1 3195 [1202/80/92] U0 AIQIT8U1IUO ABIM 90UR I URIUR0D AQ 6EZ.T STRYTTTT OT/10p/LI0D /3|1 AIRIqIRUIUO'SCRY//SANY WOJ) PRPROjUMOQ ‘0 ‘859vZY.T



Impact of CTDy in W conformation and fibrillation

mp == [ ]

GAOTRNIHLLGRKTCLGRRYYOPGMFEDHPPTKKARYSMRRMSN

Secondar,
NIV CTDy,

HCA

JUPRED2A Long
| 1UPRED2A Short |
GlobPlot
Espritz-N

Espritz-D

RONN
DisEMBL REM465
DiSEMBL HOTLOOPS]
Foldindex
FoldUnfold
seg
Phobius
Consensus MobiD8

Consensusl _—

Consensus2

Espritz-X |
|}

G. Pesce et al.

Secondary u ] M
HeV CTD,,

GAOTRSLNMLGRKT CLGRRVYQPGMFADYPPTKKARYLLRRMSN

l [
1 10 2C 30 40
| | | | |

HCA

JUPRED2A Long
| JUPRED2A Short |
[ GlobPlot |

Espritz-N

Espritz-D
Espritz-X ] -_—
RONN
DisEMBL REM465 | W & - _—
|DiseMBL HOTLOOPS]
Foldindex
FoldUnfold
zcg
Phobius
Consensus MobiDB
Consensusl L___}} -

Consensus2

Fig. 2. Analysis of disorder content of Nipah virus (NiV) and Hendra virus (HeV) W protein C-terminal domain (CTDyy) as provided by MeDor.
The amino acid sequence is represented as a single, continuous horizontal line below the predicted secondary structure elements. Below
the sequence is shown the hydrophobic cluster analysis (HCA) plot and the predicted regions of disorder that are represented by
bi-directional arrows. In the HCA plot, prolines are shown as red stars, glycines as black diamonds, threonines as squares, and serines as
dotted squares. Hydrophobic residues are shown in green. Basic and acidic residues are shown in blue and red, respectively. The
consensus disorder prediction generated by MobiCD-Lite is shown (ConsensusMobiDB), as are the two consensuses generated by MeDor.
Consensus 1 corresponds to regions predicted as disordered by more than half of the predictors, while Consensus 2 corresponds to regions

predicted as disordered by all predictors.

MS analysis revealed that NiV and HeV CTDw
have average molecular masses of 6054.6 and
5998.8 Da, respectively (Fig. 3C,D), a value that
exceeds by ~42Da the expected mass value (6017.94
and 5961.96 Da, respectively). This shift in the molecu-
lar mass is consistent with protein carbamylation, a
modification that can occur when proteins are purified
in the presence of urea [27]. MS analysis of the pep-
tides resulting from tryptic digestion of the CTDyy
confirmed carbamylation of residues Lys34 and, pref-
erentially, of Lys33.

For both CTDws, MS analysis revealed the presence
of an additional, intense peak (Fig. 3C,D), with a mass
close to that expected for a dimeric form.

Oligomerization state of the CTD,y from size
exclusion chromatography (SEC)

To obtain information on the oligomerization state of
the CTDy, we used analytical SEC. The SEC profile

of both proteins features a major peak at ~ 16 mL and
an additional peak (of very low intensity in the case of
HeV) at ~ 14 mL (Fig. 5A).

We suspected these peaks to correspond to a dimeric
(~14mL) and monomeric (~ 16 mL) form of the pro-
tein. The co-existence of a monomeric and dimeric
form was confirmed by SDS/PAGE in both reducing
and non-reducing conditions (Fig. 5B). In the absence
of DTT, two bands are visible for both NiV and HeV
CTDw, at ~11kDa and ~ 16kDa, with the higher
one disappearing upon addition of DTT (Fig. 5B).
These findings are consistent with MS data that
revealed the presence of both monomeric and dimeric
species. As expected, the addition of DTT causes the
peak at ~ 14mL to disappear in the SEC elution pro-
file (Fig. 5A). Results thus indicate that both CTDwg
undergo disulfide-driven dimerization via their unique
cysteine residue (C421 and C419 in the NiV and HeV
W sequences) (UniProtKB POCIC7, POCI1C6). The
apparently higher dimerization propensity of NiV
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Fig. 3. Purification of the W protein C-terminal domains (CTDw). (A) Schematic representation of the recombinant CTDyy consisting, from N
to C terminus, of a solubility tag (Thioredoxin, TRX), a Tobacco Etch Virus (TEV) protease cleavage site, the CTDyy, and a 6His tag. (B) SDS/
PAGE analysis of the purification of the CTDy. M, molecular Markers; IMAC, eluent from Immobilized Metal Affinity Chromatography
(IMAC); after cleavage: sample after overnight incubation with TEV protease, showing the presence of three main bands corresponding to
uncleaved recombinant TRX-CTDyy, TRX tag, and CTDw; FT IEC: Flow-through (i.e., unretained fraction) from lon Exchange Chromatography
(IEC); Elution: eluent from IEC. Data are representative of at least five independent analyses. The dashed line marks where the gel was cut
to remove an irrelevant lane. (C, D) MALDI-TOF MS result for Nipah virus (NiV) (C) and Hendra virus (HeV) (D) CTDw. An additional peak
corresponding to the mass expected for a dimer is also detectable. Data are the result of a single experiment.
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Fig. 4. Results of peptide mass fingerprint (PMF) of the Nipah virus (NiV) (A, C) and Hendra virus (HeV) (B, D) W C-terminal domain (CTDw)
(A, B) and untagged N-terminal domain (NTD) (C, D). The peaks obtained have been compared to the theoretical digestion peak list of the
expected protein. Expected peptides found in the spectrum are represented in green. The sequence coverage (%) is indicated. Data are the
result of a single experiment.
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Fig. 5. Influence of the RedOx state of the W protein C-terminal domains (CTDys) on their conformational properties. (A) Size exclusion
chromatography (SEC) profile of a CTDy sample devoid of (black dotted curves) or containing DTT (blue and orange curves). Data are
representative of three independent experiments. (B) SDS/PAGE analysis of the CTDy in the presence or absence of DTT. Data are
representative of three independent analyses. (C) CD spectra of CTDy, samples previously incubated either in the presence (red) or absence
(non-red) of DTT. Spectra are representative of three independent experiments.

CTDy compared to HeV CTDyy is noteworthy in light
of the high (82%) sequence identity between the two
domains.

Far UV circular dichroism (CD) studies of the
CTDw

In order to obtain insights into the secondary structure
content of the CTDy, far-UV CD spectra were
recorded on samples incubated in reducing or
non-reducing conditions (Fig. 5C). All spectra show a
prominent negative peak at ~ 200 nm, low ellipticity at
190 nm, and no strong negative peak above 205nm
(typical of a-helix and p-sheet) [28]. These features are
consistent with a predominantly disordered conforma-
tion for both CTDws, in agreement with the results
provided by SDS/PAGE that revealed an anomalous
migration typical of disordered proteins. In addition,
the redox state was found to affect the disorder con-
tent to some extent, as judged from the reduced ampli-
tude of the peak at 200 and increased ellipticity at
190nm in the non-reduced samples at comparable
absorption values (Fig. 5C). These results, that mirror
those obtained on the full-length W proteins [21], thus
reflect an at least partial disorder-to-order transition
upon cysteine oxidation, consistent with a role of

disulfide bridge formation in secondary structure
stabilization.

Far-UV CD spectroscopy also allows distinguishing
between IDPs adopting a random coil (RC)-like state
and those adopting a premolten globule (PMG)-like
state (i.e., a disordered state endowed with some resid-
ual fluctuating secondary and tertiary structure) based
on the ratio of the ellipticity values at 200/222 nm [29].
According to this ratio, both CTDwsg fall within the
random coil-like region (Coil) of the plot (Fig. 6A).

To investigate possible structural transitions that the
CTDw might undergo, NiV and HeV CTDw spectra
were also recorded on non-reduced samples containing
increasing concentration of the secondary structure sta-
bilizer trifluoroethanol (TFE) (Fig. 4B,C). The titration
with TFE clearly triggers a progressive increase of the
signal at 208 and 222 nm and a shift of the minimum
from 198 to 205 nm for NiV (Fig. 6B) and from 200 to
208 nm for HeV (Fig. 6C) CTDy. These data, together
with the characteristic increase at 190 nm, indicate a
gain of a-helicity in the presence of increasing concen-
trations of TFE (Fig. 6B-G). Quantitative analysis of
the data, as obtained by spectral deconvolution,
revealed a decrease in the disorder content from ~ 80%
to ~25% for NiV (Fig. 6D) and from ~ 70% to ~20%
for HeV (Fig. 6E) CTDw upon increasing the TFE
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Fig. 6. Secondary structure content of the W protein C-terminal domains (CTDws) from far-UV circular dichroism (CD) studies. (A) Plot of the
molar residue ellipticity (MRE) at 222nm and at 200nm of a set of well-characterized unfolded, random coil-like (Coil, full circles) or
premolten globule-like (PMG, empty circles) proteins (with data replotted from [29] with permission, Copyright © 2002 The Protein Society).
The position of Nipah virus (NiV) (in blue) and Hendra virus (HeV) CTDy (in orange) is shown. (B, C) Far-UV CD spectra of NiV (B) and HeV
(C) CTDw in the presence of increasing concentration of Trifluoroethanol (TFE). Data are representative of three individual experiments. The
vertical line indicates the isodichroic point. (D, E) Secondary structure content at increasing concentration of TFE (% v/v) for NiV (D) and
HeV (E) CTDw. (F, G) Transition diagrams of NiV (F) and HeV (G) CTDw. The a-helical content of the two domains, as derived from the CD
spectra, was plotted as a function of the TFE concentration (%vV/v), and data were fitted to a sigmoidal curve (corresponding to a two-state
transition). The midpoint of transition, the m-value, and the quality of the fitting (R?) are shown.

concentration from 0% to 40%. This observation, along
with the higher a-helical propensity of HeV CTDy at
each point of the TFE titration (Fig. 6D-G), supports a
higher folding propensity of HeV CTDyw compared to
its NiV counterpart. For both CTDy, the spectra dis-
play an isodichroic point at ~ 203 nm, indicative of a
two-state transition [30] (Fig. 6B,C). By plotting the
percentage of a-helix as a function of TFE concentra-
tion and by fitting the data to a sigmoidal curve (corre-
sponding to a two-state transition), it is possible to
extrapolate the midpoint of transition and the m-value
(Fig. 6F,G). The m-value is a measure of the
osmolyte-dependent cooperativity of disorder-to-order
(or order-to-disorder) transitions and measures the effi-
cacy of an osmolyte to either forcing folding or unfold-
ing. Since TFE induces a disorder-to-order transition,
driving the equilibrium to a folded state, it acts as a pro-
tective osmolyte, characterized by a positive m-value. In
agreement, m-values of 0.0969 +0.009 kcal-mol™'-m ™!
and of 0.1032 + 0.009 kcal-mol~'-m~" were obtained for
NiV and HeV CTDyy, respectively (Fig. 6F,G). While
the m-value is very close between the two CTDws, the
midpoint differs significantly, being at 21.64 + 0.64% of
TFE for NiV and 15.97 +0.56% for HeV (Fig. 6F,G).

Small-angle X-ray scattering (SAXS) studies of
CTDw

To achieve further structural insights on both CTDys,
we performed small-angle X-ray scattering (SAXS) stud-
ies coupled to SEC (SEC-SAXS). In order to obtain a
monodisperse solution and to analyze the monomeric
form, experiments were carried out in reducing condi-
tions. The resulting SEC profiles show a single and sym-
metrical peak for both samples (Fig. 7A,B). The
deconvoluted scattering curves (Fig. 7C,D) revealed line-
arity in the Guinier region (i.e., for gR, < 1) (Fig. 7E,F),
with no indication of protein aggregation. The R, value
derived from Guinier analysis is 20.1 +0.18 A for HeV
and 21.540.12 A for NiV CTDw,. These values are close
to those derived from the P(r) (22.1 £0.08 for NiV
CTDyw and 21.7 £ 0.1 A for HeV CTDy) (Table 1). The
pairwise distance distribution functions, P(r), have an
elongated and non-symmetrical shape, typical of disor-
dered proteins (Fig. 7G) with a maximum intramolecular
distance (Dpax) of 78 A for NiV CTDyw and 74 A for
HeV CTDyw (Table 1). The theoretical R, values
for natively folded, or IDPs, or unfolded proteins of the
same length were calculated using Flory’s power law (see
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Fig. 7. Conformational properties of the W protein C-terminal domains (CTDws) from size exclusion chromatography coupled to small-angle
X-ray scattering (SEC-SAXS) studies. In blue and orange are shown results pertaining Nipah virus (NiV) CTD\y and Hendra virus (HeV) CTDyy,
respectively. Elution peak and Ry distribution for NiV (A) and HeV (B) CTDyw. (C, D). Scattering curves of NiV and HeV CTDyy with solid line
corresponding to the curve back-calculated from the Ensemble Optimization Method (EOM) ensemble, full circles to experimental data and
gray line to experimental errors. (E, F) Guinier plots (top) showing linearity in the Guinier region and plot of residuals (bottom). The %? of the
fit is shown in the top panel. (G) Pairwise distance distribution function for HeV and NiV CTDyw. (H) Normalized Kratky plots showing no
clear maximum, consistent with a disordered nature of the sample. (I) Left panel: Ry distribution of the initial ensemble (in gray) and of the
selected ensembles of NiV and HeV CTDy as obtained using EOM. Right panel: conformational ensembles (20 conformers) of NiV and HeV
CTDw as generated by EOM. Data are representative of a single experiment.

Eqn 8 in Materials and methods), and they correspond to
11.5A for the natively folded state (Rq NEY 19.8 A for an
IDP (R, PPy "and 23.4 A for a denatured form (R, Y). The
experimentally determined R, values are close to, and
even slightly larger than those expected for IDPs
possessing the same number of residues, confirming a
highly disordered nature. The R,-based CI (see Eqn 9 in
Materials and methods) of NiV CTDyy is 0.162, slightly
lower than that of HeV CTDyw (0.196) (see Table 1), a
finding in agreement with the higher content in predicted

disorder of the former (Fig. 2). The overall SAXS param-
eters inferred for both CTDyy are shown in Table 1. The
shape of the normalized Kratky plots (Fig. 7H), and in
particular the lack of a clear maximum, confirms the dis-
ordered nature of both CTDyy.

Finally, to achieve a realistic, ensemble description
of the CTDw, we used the program EOM 3.0. For
both proteins, the scattering curve back-calculated
from the selected ensemble (Fig. 7C,D solid lines) fits
well the experimental SAXS data as judged from both
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Table 1. Size exclusion chromatography coupled to small-angle X-
ray scattering (SEC-SAXS) parameters. /(0): Intensity at zero angle
as determined from Guinier approximation; Ry Guinier: Radius of
gyration (Ry) as obtained from Guinier approximation; Ry P(n: Ry as
obtained from pairwise distance distribution; Ry AveEOM: average
value in the final Ensemble Optimization Method (EOM ensemble);
Dinax: maximal intramolecular distance from P(r); Rqexpool: flexibility
index in the initial pool; Rjexens: flexibility index in the final
ensemble; x: quality of the fit between experimental and back-
calculated data from the EOM ensemble; P-value: quality of the fit
between experimental and back-calculated data from the EOM
ensemble, as provided by cCormAP. H’gNF: Ry expected for a natively
folded protein based on Flory's equation (see Eqn 8). R,°": R,
expected for an Intrinsically Disordered Protein (IDP) based on
Flory's Egn (8); RgU: Ry expected for a chemically denatured
protein based on Flory’s equation (see Egn 8). Cl, compaction
index. SEC-SAXS data can be retrieved from the SASBDB [46]
under codes SASDUQ3 and SASDURS3 for the set of data of
Hendra virus (HeV) CTDyw and of Nipah virus (NiV) CTDy,
respectively.

CTDw NV CTDw HeV
110) 0.012+22x107° 0.0093+£3.3x107°
R, Guinier (A) 215+0.12 20.14+0.18
Ry P (A) 22.1+0.08 21.7£0.1
Ry AvetoM (4) 216 21.4
Diax (A) 78 74
Riiexpool (%) 86.41 85.52
Riexens (%) 86.20 85.03
¥? 0.980 1.005
P-value cormapP 0.408 0.986
R (A) 115 115
R,P" (A) 19.8 19.8
RY (A) 23.4 234
cl 0.162 0.196

x* and cormaP (¥*=0.98, P=0.408 for NiV and
x> =1.002, P=0.986 for HeV CTDy) (Table 1). For
both CTDys, the resulting final R, distributions
(Fig. 7I) are unimodal and close to that of the initial
pool, confirming that the conformational ensembles
consist of randomly distributed and non-compact flexi-
ble conformations. To quantify the flexibility of the
system, we used the Rp., parameter, which is equal to
100% for fully flexible systems. The Rp., was esti-
mated to be 86.20% for NiV and 85.03% for HeV
CTDw, to be compared to 86.41% and 85.52% for
their respective initial pools. These data, together with
previous evidence from SDS/PAGE and CD analyses,
unambiguously confirm the disordered nature of the
NiV and HeV CTDyy.

Fibrillation abilities of the CTDy

We previously documented the ability of the Henipa-
virus W proteins [21] and, more specifically, of their

Impact of CTDy in W conformation and fibrillation

PNT3 region (aa 200-310 of P/V/W) to fibrillate
[23,24]. Here, we investigated whether the isolated
CTDw could also fibrillate per se and/or could contrib-
ute to the process. To this end, we carried out binding
assays with Thioflavin T (ThT), a well-known amyloid-
specific dye whose fluorescence increases upon binding
to amyloids [31]; we compared the ThT binding abilities
of the CTDyy to those of the NiV and HeV W proteins
and of their NTD. To this end, we purified the W pro-
teins as previously described [21], and the NiV and HeV
NTD via a two-step protocol (Fig. 8A). The NiV and
HeV NTD were purified in large amounts from both
the soluble and insoluble fraction of E.coli through
IMAC and IEC (Fig. 8A, right panel). As previously
observed for pDESTI14-encoded forms [2], in
SDS/PAGE they show an apparent molecular mass of
~ 60 kDa, in contrast with the expected molecular mass
of ~45kDa (Fig. 8A) and consistent with their disor-
dered nature, as already documented [2].

No ThT fluorescence increase was observed in the
presence of the CTDyy, consistent with lack of intrinsic
fibrillogenic properties (Fig. 8B), while increasing fluo-
rescence was observed for both W proteins and their
NTD, in line with the already shown fibrillation ability
of the two [25]. Negative-staining transmission electron
microscopy (TEM) studies unambiguously showed that
the CTDws, even after a prolonged incubation (72 h)
at 37°C at a concentration as high as 100 pm, are
unable to fibrillate (Fig. 8C). Note that binding assays
to Congo Red, another dye currently used to detect
amyloids, yielded false-positive results, that is, a signif-
icant shift in the Congo Red absorption spectrum
(data not shown), reflecting Congo Red aspecific bind-
ing to non-fibrillar cationic species [32,33].

Interaction between the NTD and the CTD and
mutual impact on their conformational
properties

We next investigated what role the CTDyw might play
in the context of the full-length W protein and whether
it could affect the conformational properties of
the NTD.

We first probed the interaction between the two
domains. To this end, we used a pull-down assay in
which a His-tagged form of the CTDy was immobi-
lized onto an IMAC resin (preloaded with Nickel ions)
and an untagged form of the NTD was added. The
latter form was obtained by TEV protease digestion of
the product obtained from IMAC, resulting in removal
of the vector-encoded stretch encompassing the histi-
dine tag, followed by an IEC step (Fig. 8A, left panel).
MS analysis of the peptides resulting from tryptic
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Fig.8. W protein N-terminal domain (NTD) purification pipeline and fibrillation abilities of the two W C-terminal domains (CTDws). (A)
Purification of untagged and tagged NTDs. Schematic representation of the two purification processes used for Nipah virus (NiV) and
Hendra virus (HeV) NTD and SDS/PAGE analysis of the untagged (bottom left) and tagged (bottom right) NTDs. Data are representative of
two independent analyses. (B) Fluorescence emission at 535 nm of Thioflavin T (ThT) in the presence of full-length W, NTD, and CTDy from
both NiV and HeV. The error bar corresponds to the standard deviation, with n=3 for protein samples in both panels and n=5 for the
buffer. (C) Negative-staining transmission electron microscopy (TEM) micrographs of NiV and HeV CTDyy (at 100 pm) after 72 h of incubation
at 37 °C. Scale bar =0.2 pm.
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Fig. 9. Interaction between the W protein N-terminal domain (NTD) and the C-terminal domain (CTDy) from pull-down assays. Data are
representative of three independent experiments. (A) SDS/PAGE analysis of the pull-down assay between untagged NTD and tagged CTDw
for both Nipah virus (NiV) and Hendra virus (HeV). Red stars correspond to lanes loaded with the unretained fraction (Flow-Through) and
black crosses to beads. M, molecular markers; Ctrl, control without CTDyy, at NaCl=50mwm, [NaCl]=samples with decreasing salt
concentration from left to right, that is, 1M, 500, 200, and 50 mm. (B) SDS/PAGE analysis of the pull-down assay of untagged NTD and

tagged CTDyy in the presence of 1 m NaCl for both NiV and HeV.

digestion confirmed the identity of the purified
untagged NTD proteins (Fig. 4C,D). The resulting
product (Fig. 8A, left panel) was used in all the experi-
ments described in this section. In this assay, any inter-
action between the two domains would result in the
NTD being retained on the beads, while in the absence
of interaction, the NTD would only be found in the
unretained fraction. Moreover, given that the NTD
and the CTDyw have different isoelectric points (~ 4.6
and ~ 11.6, respectively), we tested whether this inter-
action was affected by salt, and used four different
NaCl concentrations (50 mm, 200mm, 500 mm, and

1 M). As a control, the NTD was incubated with the
resin in the absence of the CTDy at the lowest salt
concentration (50 mm). The results of the assay are
shown in Fig. 9A.

For both HeV and NiV, some non-specific interac-
tion between the NTD and the resin (control of both
experiments) can be observed (see faint NTD band in
lanes loaded with beads in Fig. 9A). However, as soon
as the CTDw is added to the system, the NTD is fully
retained on the resin at the two lowest salt concentra-
tions (50 and 200 mm). At higher salt concentrations,
the interaction is partly impaired, as judged from the
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Fig. 10. Contribution of the W C-terminal domain (CTDyw) to the secondary structure content of the W proteins. Far-UV circular dichroism
(CD) spectra of the full-length W proteins and of their isolated domains, along with the spectra of equimolar mixtures of their CTD and N-
terminal domain (NTD) either calculated (Theoretical) or experimentally obtained for Nipah virus (NiV) (on the left) and Hendra virus (HeV) (on
the right). All the spectra present maximum intensity at ~ 200 nm. Data are representative of three independent experiments.

reappearance of the NTD band in the Flow-Through
at 500 mMm and 1 M NaCl. However, not all the NTD is
washed out from the resin, indicating that, even if
weaker, there is still an interaction taking place
(Fig. 9A). An additional control with the NTD alone
in the presence of 1M salt enabled ruling out that the
interaction observed at higher salt concentrations does
not arise from non-specific interactions with the resin
(Fig. 9B). The salt dependence of the interaction
between the NTD and the CTDyy suggests that the
interaction is of electrostatic nature.

After having demonstrated an interaction between
the NTD and the CTDyw, our next objective was to
assess how this interaction might affect the secondary
structure content of these two domains. Specifically,
we were interested in assessing possible effects both in
trans (i.e., when mixing the NTD and the CTDyw) and
in cis (i.e., in the context of the full-length W protein).
To this end, we used far-UV CD spectroscopy. For
both NiV and HeV, the CD spectra of the W proteins
and of their isolated constituent domains (NTD and
CTDyw) were compared to the CD spectrum of a mix-
ture containing equimolar amounts of CTDyw and
NTD (20 um each). Additionally, a theoretical average
spectrum, corresponding to the spectrum of the mix-
ture expected in case no rearrangement of the second-
ary structure takes place, was calculated (see Materials
and methods, Eqn 6).

For both NiV and HeV, all the spectra exhibit a pro-
nounced peak at ~ 200 nm and a very low ellipticity at
190 nm, indicating a prevalently disordered nature
(Fig. 10). In spite of this common feature, there is a
noticeable difference among the spectra of the NTD, of
the CTDw and of the W proteins. In particular, the CD

spectra of the two NTD (in blue in Fig. 10) display the
highest intensity at ~ 200 nm, while the spectra with
the lowest intensity peak are those of the two CTDws
(in red in Fig. 10). The spectra of the W proteins (in
black in Fig. 10) are situated between the spectra of the
NTDs and of the two CTDywsg, indicating that the W
proteins are less disordered than their isolated NTDs.
This observation is consistent with an ordering effect
brought by the CTDyy in the context of the W protein
(i.e., when the NTD and the CTDyy are in cis).

For both NiV and HeV, the theoretical spectrum of
the mixture, as expected in the absence of any secondary
structure rearrangement (dashed gray line in Fig. 10), is
very close to the spectrum of the NTD. However, the
spectra obtained for equimolar NTD + CTDw mixtures
(in purple in Fig. 10) deviate from the corresponding
theoretical spectra (dashed line in Fig. 10) and are very
close to the spectra of the full-length W proteins, indi-
cating that the CTDyw exerts an impact on the NTD
also when the two domains are in trans.

These findings indicate that the interactions estab-
lished by the NTD and the CTDyy lead to a rearrange-
ment in the secondary structure content of the
individual domains and that the resulting overall gain
of structure observed in cis and in trans is comparable.

Next, we investigated the impact of the NTD-CTDy,
interaction on the hydrodynamic properties of the W
proteins. To this end, for both NiV and HeV, we ana-
lyzed the SEC profile of the W proteins and of their
NTDs. Since we wanted to infer information on possi-
ble compaction effects brought by the CTDw in the
context of the W protein, we focused our analysis on
the peak corresponding to the monomeric species and
disregarded any additional higher molecular mass
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Fig. 11. Contribution of the W protein C-terminal domain (CTDy) to compaction properties of the W proteins. Size exclusion
chromatography (SEC) profiles of the Nipah virus (NiV) (left panel) and Hendra virus (HeV) (right panel) W proteins (dashed black line) and of
their constituent N-terminal domains (NTDs) (continuous blue line). For the sake of clarity, only the portion of the chromatogram
corresponding to the peak of the monomeric species is shown. The vertical gray and black dashed lines highlight the elution volume of the
W and NTD peaks, respectively. The shoulder visible for both W proteins corresponds to a more compact intramolecularly disulfide-bridged
species, as described in detail in Ref. [25]. For both W proteins and for their NTD, the relative inferred Stokes radii (Rs) and Compaction
Index (Cl) values are shown. Data are representative of three independent experiments.

peaks. In the case of NiV, the W protein and the
NTD display a very similar elution profile with a peak
at ~ 11.65mL (Fig. 11), thereby leading to very close
inferred Rg values (52.3 +07A for W and
52.5+0.4A for NTD) (Fig. 11). In the case of HeV,
the profile of the W protein is slightly different with
respect to that of its NTD, with derived Rg values of
49.140.7A and of 52.3+£0.7 A, respectively. Analysis
of the CI revealed that the W proteins are compara-
tively more compact than their constituent NTDs.
Based on the above-described pull-down assay and
CD results, it can be hypothesized that the interaction
between the NTD and the CTDyy causes the latter to
fold back on the NTD, leading to W protein
compaction.

Since the CI of the NTD from both viruses is the
same, the higher compactness of the HeV W protein is
ascribable either to the higher CI of the HeV CTDyw
or to a higher compaction effect brought by the HeV
CTDw compared to that of NiV, or to a combination
of both.

Impact of CTDy on W fibrillation

Having established the interaction between the two
domains and having shown that the CTDw does not
fibrillate per se, we next addressed the question as to
whether the CTDw plays a regulatory role in W
fibrillation.

To this end, we used TEM and ThT assay to moni-
tor fibril formation at time 0 (T0) and after 72h (T72)
of incubation at 37 °C. To enable a consistent TO anal-
ysis, samples stored at —80 °C were thawed and then
incubated for 30 min in the presence of Smm DTT
prior to being buffer exchanged in HBS, thus prevent-
ing the formation of oxidation-induced aggregates. We
analyzed the isolated CTDyw and NTD, along with the
W proteins and compared results to those obtained
with equimolar NTD + CTDyy mixtures.

Results obtained at TO are shown in Fig. 12. As pre-
viously shown (Fig. 8C), no fibrils were observed in
micrographs of NiV and HeV CTDyw samples
(Fig. 12A,B). In the case of NiV, no fibrils could be
detected for the NTD either (Fig. 12A). By contrast,
some fibrillar structures were found to be already pre-
sent for both the NiV W protein and the NiV
NTD + CTDw mixtures (Fig. 12A). In ThT binding
assays of NiV samples, the highest fluorescence signal
was observed for the W protein, while the signal
obtained with the NTD is close to that of the control
(buffer), as is the one of the NTD + CTDy mixture
(Fig. 12C). As already observed (Fig. 8B), the signal
obtained with the NiV CTDy sample is even lower
than that of the buffer (Fig. 12C).

In contrast with NiV, TEM analysis of HeV NTD
at TO revealed the presence of several very short fibrils
or fibril precursors (Fig. 12B), supporting a higher
fibrillogenic potential of HeV NTD compared to NiV
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Fig. 12. Fibrillation abilities of Nipah virus (NiV) (A, C) and Hendra virus (HeV) (B, D) W proteins, of their constituent N-terminal and
C-terminal domains (NTD and CTDw), and of equimolar NTD + CTDy mixtures at TO. Data are representative of three independent
experiments. (A, B) Transmission Electron Microscopy (TEM) micrograph of W, NTD, CTDyy, and of an equimolar NTD + CTDy mixture.
Small fibrils are indicated by blue (NiV) and orange (HeV) arrowheads. (C, D) Thioflavin T binding assay. Scale bar=0.2 um. The error bar
corresponds to the standard deviation. The asterisks indicate statistically significant difference obtained with one-way ANOVA test. ns, not

significant (P> 0.05). ***#P < 0.0001; **0.01 > P< 0.001.

NTD. In line with this trend, fibrils of HeV W were
found to be longer than those formed by NiV W
(cf. Fig. 12A,B). Whether this finding is related to the
higher compactness of HeV W deserves further investi-
gations. For the HeV NTD + CTDy mixture, small
fibrils with dimensions similar to those observed for
HeV NTD are detectable (Fig. 12B). In ThT binding
assays of HeV samples, the highest signal is observed
for the NTD. As in the case of NiV, the
NTD + CTDyw mixture yields a signal close to that of
the NTD (Fig. 12D).

Results obtained for NiV samples after 72 h of incu-
bation are shown in Fig. 13. Fibrillar structures can be
observed in the micrographs of W, NTD, and of the
NTD + CTDw mixture (Fig. 13A). These results are
mirrored in the ThT binding assay, where all these
conditions correspond to a strong signal (Fig. 13C).
Long fibrils are prominent in the W and NTD +
CTDw samples, while NTD samples show shorter,
more numerous fibrils (Fig. 13A).

The same pattern is observed in HeV samples after
72h, with W and NTD + CTDyw samples displaying
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long fibrils and NTD samples showing shorter ones
(Fig. 13B). In agreement with these results, a strong
signal is observed in ThT binding assays for W, NTD,
and the NTD + CTDyw mixture (Fig. 13D), with the
NTD yielding a signal higher than that of W and mix-
ture, as already observed at TO.

At TO, NiV fibrils are found only in micrographs of
W and NTD + CTDw mixtures, but not in those of the
NTD alone (Fig. 13A), supporting a role for the CTDyy,
both in cis and in trans, in fibril formation. For HeV, at
TO the micrographs revealed not only that the NTD
forms fibrils already at TO, suggesting a higher fibrillo-
genic potential compared to NiV, but also that the
NTD + CTDyw mixture has an intermediate phenotype
with respect to W and NTD (Fig. 12B). In fact, while at
TO for the W protein short fibrillar structures can be
observed, in the NTD + CTDy mixture the observed
fibrils are even shorter (Fig. 12B) and less abundant,
supporting a negative impact on nucleation when the
CTDw is provided in trans. The ThT binding assay
results (Fig. 12D) appear to support these observations,
with the fluorescence of the NTD + CTDyw mixture
being slightly lower than that of the NTD alone.

At longer incubation times (T72) for both NiV and
HeV, the fibrils observed in the NTD + CTDw mixtures
(Fig. 13A,B,E) show a morphology and dimensions
similar to those of the W protein, rather than those of
the NTD alone. This supports a role of the CTDw,
both in cis and in trans, in fibril elongation for both
NiV and HeV. Interestingly, the micrographs of the
NTD + CTDyw mixtures show fibrils longer than those
observed for the W protein (Fig. 13A,B,E). The results
suggest that the kinetics of fibril formation are acceler-
ated when the CTDy is provided in trans compared to
when it is provided in cis, albeit to varying degrees. Fur-
thermore, and again in support of a negative effect on
nucleation when the CTDyy is provided in trans, the
HeV fibrils observed for the NTD + CTDw mixture are
less numerous than those observed for W and NTD.
This observation is also reflected in the ThT results at
both TO and T72 (Figs 12D and 13D), where, although
W, NTD, and NTD + CTDyy all produce high signals,
the highest fluorescence is recorded for the NTD alone.
Finally, while at TO, the ThT binding assays of NiV
samples show a lower signal for both NTD and
NTD + CTDw mixture compared to W (Fig. 12C), after
72 h of incubation they all yield a strong signal, coher-
ent with the formation of fibrils as observed in the
respective micrographs (Fig. 12A,C).

Altogether, the results described above support the
conclusion that the CTDy, although devoid of intrin-
sic fibrillogenic properties, favors fibril formation in
both NiV and HeV.

Impact of CTDy in W conformation and fibrillation

Conclusions

This study provides insights into the conformational
properties of the C-terminal domain of the Henipavirus
W proteins (CTDws). By conducting a detailed bio-
physical characterization, we demonstrate the disor-
dered nature of both NiV and HeV CTDw.
Specifically, using CD and SEC-SAXS (Figs 5C, 6,
and 7), we showed that the CTDyw of both viruses is
intrinsically disordered, with the HeV CTDy being
slightly more compact than that of NiV (Table 1).
Further investigation into the redox state of the
CTDyw from both viruses also revealed that it dimer-
izes via the formation of a disulfide bridge (Figs 3C,D
and 5A,B), with the dimerization being accompanied
by a gain of structure (Fig. 5C).

The CTDw was found to be both unable to bind to
ThT (Fig. 8B) and to fibrillate (Fig. 8C). Pull-down
experiments unveiled that the NTD and the CTDyy inter-
act with each other (Fig. 9), with such interaction being
salt-dependent and thus of electrostatic nature. CD stud-
ies revealed a gain of secondary structure by the NTD
brought by the CTDyy, both when the latter is provided
in cis (i.e., in the context of the W protein) and in trans
(i.e., when added in equimolar amounts to the NTD)
(Fig. 10). Additionally, SEC analysis showed that the W
proteins are more compact than their isolated NTD
(Fig. 11), consistent with a compaction effect on the
NTD brought by the CTDy,. These studies also unveiled
that the HeV W is more compact than its NiV counter-
part (Fig. 11), likely reflecting a higher compactness of
the HeV CTDy combined with a higher compaction
effect brought by the CTDyw of HeV compared to NiV.

ThT binding assays, coupled to TEM studies,
highlighted the impact of the CTDy on the fibrillation
abilities of the NTD. Results show that the CTDy has
a significant effect on the fibrillation properties of the
NTD (Figs 12 and 13). Specifically, following a pro-
longed incubation under native conditions, the CTDyy
was found to favor NTD fibrillation. Furthermore, in
the case of HeV, the addition of CTDy, both in cis
and in trans, was found to exert a negative effect on
nucleation (Figs 12 and 13).

Overall, this study enhances our comprehension of
the structural properties of the Henipavirus W proteins
and highlights the intricate interplay between their
NTD and CTDy. In light of the speculated role of W
fibrils in counteracting the antiviral response
[21,23,24,34], unraveling the impact of the CTDyw on
NTD fibril formation has direct relevance to the eluci-
dation of the molecular mechanisms underlying Heni-
pavirus pathogenesis and may thus contribute to the
development of targeted therapies. It also constitutes
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an asset for future studies aimed at specifically investi- and/or infected cells and paves the way toward new
gating the impact of the CTDw and of its dimerization appealing research avenues focused on the inhibition
on W fibril formation in the context of transfected of W fibrillation.
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Impact of CTDy in W conformation and fibrillation

Fig. 13. Fibrillation abilities of Nipah virus (NiV) (A, C) and Hendra virus (HeV) (B, D) W proteins, of their constituent N-terminal and
C-terminal domains (NTD and CTDy), and of equimolar NTD + CTDyy mixtures at T72. Data are representative of three independent
experiments. (A, B) Transmission Electron Microscopy (TEM) micrograph of W, NTD, CTDy, and of an equimolar NTD + CTDy, mixture
(C, D) Thioflavin T binding assays. Scale bar=0.2 pm. The error bar corresponds to the standard deviation. The asterisks indicate statistically
significant difference obtained with one-way ANOVA test. ns, not significant (P> 0.05). ***:P<(0.0001; **0.01 > P<0.001. (E) Fibril
contour length distributions at T72 for W, NTD, and NTD + CTDy, from both HeV and NiV. Asterisks indicate a statistically significant
difference with P-value < 0.0001 (Student's t-test). The micrograph of HeV CTDy shown in panel B is the same control experiment as that

shown in panel C of Fig. 8.

Materials and methods

Disorder predictions

Disorder predictions were obtained using a modified in-
house version of the MEtaserver of DisORder MeDor [26].
MeDor allows fast, simultaneous analysis of a query
sequence by multiple predictors. It provides a graphical
interface with a unified view of the output of multiple dis-
order predictors. MeDor includes a prediction of trans-
membrane  regions  (Phobius, https://phobius.sbc.su.
se/instructions.html) and of secondary structure prediction
(SSP), based on the StrBioLib library of the Pred2ary pro-
gram, Hydrophobic Cluster Analysis (HCA), DorA (an
unpublished predictor developed in the AFMB lab that
uses size and abundance of hydrophobic clusters in the
HCA plot to predict disorder), MoreRONN, FoldUnfold,
FoldIndex, and MobiDB-lite. MobiDB-lite is a metapredic-
tor that uses eight different disorder predictor (GlobPlot,
three versions of ESpritz, two versions of IUPred, and two
versions of DiSEMBL) to derive a consensus that is refined
to remove short disordered regions and keep only those
that consist of at least 20 consecutive residues predicted as
disordered. Beyond displaying the consensus prediction of
MobiDB-lite (Consensus MobiDB), MeDor also generates
two consensus disorder predictions, one corresponding to
regions predicted as disordered by the majority of predic-
tors (Consensus 1) and one corresponding to regions pre-
dicted as disordered by all the predictors (Consensus 2).

Generation of the W CTD and NTD expression
constructs

The various constructs were obtained by PCR followed by
Gateway®™ cloning (Invitrogen, Carlsbad, CA, USA). What-
ever the construct, the amplicons were digested with Dpnl
(New England Biolabs, Ipswich, MA, USA) to remove
the methylated DNA template and then transferred into
the pDONR vector (Invitrogen) through a Gateway® BP
clonase-mediated recombination reaction (Invitrogen).
From the resulting entry vector, the sequence of interest
was then transferred into either the pDEST170I or the
pDESTI14 vector using Gateway® LR clonase (Invitrogen).
Unless differently specified, the constructs encoding the
NTD and the CTD of the NiV and HeV W proteins were

PCR-amplified using the pDEST170I/NiV W and pDES-
T170I/HeV W plasmids as templates [21]. These plasmids
enable the expression, under the control of the T7 pro-
moter, of the HeV W (UniProt code O55777) and NiV W
(UniProt code Q997F2) proteins with an N-terminal,
vector-encoded MSYYHHHHHHLESTSLYKKAGS
amino acid stretch followed by a TEV protease cleavage
site (ENLYFQG) [21].

The strategy used to generate the HeV NTD construct is
described in Fig. 14A. For the generation of the NiV NTD
construct, we used the overlap PCR extension technique as
shown in Fig. 14B, as the protocol used for the generation
of the HeV NTD construct failed to yield the desired con-
struct after repeated attempts. The pDEST14/NiV NTD
construct, which codes for the NiV NTD with a C-terminal
His-tag, has already been described [2]. The resulting NTD
constructs (named pDEST1701/HeV NTD and pDES-
T170I/NiV NTD) allow the production of a recombinant
protein in which the NTD is preceded by the same stretch
of 22 vector-encoded residues of the W constructs and by a
TEV protease cleavage site. The 22 vector-encoded residues
can be cleaved off by TEV protease digestion to yield the
NTD bearing only a non-native N-terminal glycine residue.

For the CTDw constructs, we first generated constructs
in pDEST170I by PCR, using the pDEST170I/NiV W
and pDEST170I/HeV W constructs as templates. Primers
were designed to amplify the CTD-encoding region, with
forward primer starting with an attB1 sequence and reverse
primer starting with an attB2 sequence. Subsequently, we
generated CTDw constructs encoding a fusion protein con-
sisting of TRX, of a TEV protease cleavage site, and of the
CTDw followed by a non-native tyr residue (to enable
detection of the protein at 280nm) and by a C-terminal
His-tag. To this end, we used the overlap PCR extension
technique as detailed in Fig. 14C. The resulting constructs
(named pDEST14/TRX-HeV CTDw and
pDEST14/TRX-NiV CTDyw) encode TRX-TEV-CTDw-Y-
His6 fusion proteins in which the TRX tag can be
cleaved off by TEV protease digestion thus leading to a
recombinant protein consisting of the CTDyy with no addi-
tional non-native N-terminal residues and with a C-
terminal YHHHHHH tag.

The sequence of all the primers used to generate the vari-
ous constructs is provided in Table 2. The sequence of all
the constructs was checked by sequencing (Genewiz,
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Fig. 14. Schematic representation of the strategy used to generate the various constructs. Procedure used to generate the Hendra virus
(HeV) (A) and Nipah virus (NiV) (B) N-terminal domain (NTD) constructs and the Thioredoxin (TRX)-C-terminal domain-(CTD) constructs from
both viruses (C). Overlapping regions between amplicons A and B are shown in color. The red asterisk corresponds to two TAA stop
codons, while the yellow and the purple asterisks correspond to a tyrosine-encoding codon and to a hexahistidine tag-encoding region,
respectively. The vertical purple and red bars correspond to the hexahistidine tag and to the two stop codons, respectively.

Azenta Life Sciences, Leipzig, Germany) and found to con-
form to expectations.

Expression and purification of the recombinant
proteins

The expression of all recombinant proteins was carried
out in the E.coli strain T7pRos. All cultures were grown
overnight to saturation in LB medium containing
100 pg-mL ™" ampicillin (Amp) and 34 pg-mL~" chloram-
phenicol (Cam). An aliquot of the overnight culture was
diluted 1/10 into 2L of TB medium supplemented with
Amp and Cam and grown at 37°C. When the optical
density at 600 nm (OD600) reached 0.6-0.8, isopropyl B-p-
thiogalactopyranoside was added to a final concentration
of 0.5mwm, and the cultures were grown 5h at 37°C. The
induced cells were harvested, washed, and collected by
centrifugation (4000x g, 10 min).

Bacterial pellets were resuspended in 50 mL of buffer Al
(50 mMm Hepes, 300mm NaCl, 20 mm Imidazole, pH 7.2),
supplemented with 6 M urea in the case of bacteria expres-
sing the NTDs, and frozen at —20 °C. Upon thawing, the
cells were disrupted by sonication with four cycles of 5 min
each with intervals of 1.5min at an amplitude 40%. The
lysate was then centrifuged at 14 000 g for 40 min to discard
all insoluble material. The supernatant was purified by
IMAC using IMAC Sepharose 6 Fast Flow resin (Cytiva,
Marlborough, MA, USA). The purification was performed
in batch using 20mL of resin for each protein. The resin
was equilibrated in buffer Al. After a one-hour incubation,
the resin was washed five times with one volume of buffer
Al and the elution was carried out in buffer A2 (50 mm
Hepes, 150 mm NaCl, 300 mm Imidazole, pH 7.2) supple-
mented with 6 M urea in the case of the NTDs to prevent
sample precipitation. The eluents from IMAC were ana-
lyzed by SDS/PAGE, and the fractions containing the pro-
tein of interest were pooled. In the case of the NTDs, the
sample was desalted using a HiPrep 26/10 desalting column
(Cytiva) in buffer HBS (20 mm Hepes, 150 mm NaCl, pH
7.2). DTT 5mm, EDTA 1 mm, and TEV protease (at a final
concentration of 0.01 mg-mL~") were then added to either
the desalted NTD samples or to the CTDyw samples
obtained after IMAC (final volume of ~25mL). TEV pro-
tease cleavage was performed overnight at room tempera-
ture with stirring at 60 r.p.m. At the end of the cleavage,
urea was added to the digested samples to a final concen-
tration of 6 M. IEC was then used to remove the cleaved

tag and the TEV protease. Prior to IEC, all samples were
diluted in water so as to reduce the NaCl concentration to
~50mm. Because all samples were diluted by approxi-
mately one third, the resulting final concentration of Hepes
was ~ 17mM. The CTDs were then loaded onto a HiPrep
SP HP 16/10 (Cytiva), while the NTDs were loaded on a
HiPrep DEAE FF 16/10 column (Cytiva), both previously
equilibrated in buffer Bl (20 mm Hepes, 50 mm NaCl, 6 m
Urea, pH 7.2). The proteins were eluted using a linear gra-
dient of buffer B2 (20 mm Hepes, 1 M NaCl, 6 m Urea, pH
7.2). Purification of a tagged form of the NTDs was carried
out as described omitting the TEV protease digestion step.
For all proteins, the fractions from IEC containing the pro-
tein of interest were concentrated at ~ 10mgmL~! and
stored at —80 °C. Both IMAC and IEC were performed at
room temperature (RT).

Prior to all ensuing analyses, and unless differently
stated, urea was removed from the protein samples and the
buffer exchanged to HBS (20 mm Hepes, 150 mm NaCl, pH
7.2) using a Sephadex G-25 medium column (Cytiva).
Unless differently indicated, tagged forms of the NTDs
were used.

The HeV and NiV W proteins were expressed and puri-
fied as tagged forms as already described [21]. We did not
attempt at removing the vector-encoded tag as previous
attempts at cleaving it off failed.

Protein concentrations were calculated using the theoreti-
cal absorption coefficients at 280 nm as obtained using the
program ProtParam at the EXPASY server (http://web.
expasy.org/protparam/).

Mass spectrometry—intact protein mass analysis

Protein masses were determined on purified solution sam-
ples. One microliter of protein at ~5mg-mL™~! was mixed
with 4 pL of sinapinic acid matrix solution at 20 mg-mL™"
in 0.3% trifluoroacetic acid/acetonitrile (50 : 50 v/v), follow-
ing the procedure described in Ref. [21], using a maximum
accelerating potential of 25kV and a 4000-20 000 m/z range
(LP_12kDa method).

Mass spectrometry—peptide mass fingerprinting

As previously described in Ref. [23], protein bands were
excised from SDS/PAGE and digested overnight at 37 °C
with high-sequencing-grade trypsin (Promega, Madison,
WI, USA) after cysteine reduction in the presence of 10 mm
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DTT and alkylation with 50 mm iodoacetamide. Peptide
extracts were pooled and dried in a centrifugal vacuum sys-
tem. Samples were reconstituted with 0.1% trifluoroacetic
acid in 4% acetonitrile and analyzed by LC-MS/MS using
an Orbitrap QExactive Plus Mass Spectrometer (Thermo
Electron, Bremen, Germany) online with an Ultimate
3000RSLCnano chromatography system (Thermo Fisher
Scientific, Sunnyvale, CA, USA). Peptides were separated
on a Dionex Acclaim PepMap RSLC C18 column. First,
peptides were concentrated and purified on a pre-column in
solvent A (0.1% formic acid (FA) in 2% acetonitrile).
In the second step, peptides were separated on a reverse-
phase LC EASY-Spray C18 column from Dionex (PepMap
RSLC C18, 50cm x 75 pm 1.D, 100 A of pore size, 2 pm of
particle size) at 300 nL-min~! flow rate. After column equil-
ibration using 2.5% of solvent B (20% water-80%
acetonitrile-0.1% FA), peptides were eluted by a two-step
linear gradient (2.5-25% acetonitrile/H,O; 0.1% FA for
40min and 25-50%  acetonitrile/H,O; 0.1% FA
for 10 min). For peptide ionization in the EASY-Spray
nanosource, spray voltage was set at 1.9kV and the capil-
lary temperature at 250 °C. All samples were measured in a
data-dependent acquisition mode. Each run was preceded
by a blank MS run in order to monitor system back-
ground. The peptide masses were measured in a survey full
scan (scan range 375-1500m/z, with 70K FWHM
resolution at m/z =400, target AGC value of 3.00 x 106
and maximum injection time of 100ms). Following the
high-resolution full scan in the Orbitrap, the more abun-
dant precursor ions were selected, fragmented in HCD cell,
and measured in Orbitrap (normalized collision energy of
25%, activation time of 10ms, target AGC value of
1.00 x 103, intensity threshold 1.00 x 104 maximum injec-
tion time 100ms, isolation window 2m/z, 17.5K FWHM
resolution, scan range 200-2000 m1/z). Charge state screen-
ing was enabled to exclude precursors with 0 and 1 charge
states. Dynamic exclusion was implemented with a repeat
count of 1 and exclusion duration of 10s.

The acquired raw data were processed using PROTEOME
DISCOVERER (version 1.4.1.14; Thermo Fisher Scientific).
Spectra were searched using SEQUEST (Thermo Fisher Scien-
tific) against a homemade database comprising 20 150
human and 4306 E.coli sequences implemented with the
expected HeV and NiV NTD and CTDy sequences (Swiss-
Prot—human—reviewed—170315_20150_UP_co-
li_171120_4306_Patrick230801_ID_Bandes.fasta). Search
parameters were (a) trypsin; two miscleavages allowed; (b)
mass tolerance of 6 p.p.m. for monoisotopic precursor ions
and 0.8 p.p.m. for fragment ions from MS/MS; (c) Cys car-
bamidomethylation (+57.02146 Da) as a fixed modification
and Met oxidation (+15.99491 Da) as variable modifica-
tion; and (d) minimum peptide length of four residues.
Only high-score peptides were selected. Proteins were iden-
tified with a false discovery rate (FDR) of 1%.

Impact of CTDy in W conformation and fibrillation

Analytical SEC

The W proteins and their constituent NTDs and CTDs
were analyzed by analytical size exclusion chromatography
(SEC) using either a Superdex 75 Increase 10/300 GL (GE
Healthcare, Uppsala, Sweden) (CTDws) or a Superdex 200
increase 10/300 GL (GE Healthcare) (W and NTD) and
HBS as elution buffer.

For experiments using the CTDws, 100 uL of purified
protein at ~6mgmL~" was injected. For analysis of the
reduced samples, samples stored at —80°C were thawed
and supplemented with 5mwm DTT; after ~ 15 min of incu-
bation at RT, the sample was loaded onto a G-25 column
(Cytiva), eluted in HBS, and injected immediately. For the
non-reduced sample, the eluent from the G-25 was col-
lected and allowed to oxidize for ~ 24 h at RT before being
injected.

In the case of the NTD and W proteins, 100 uL at
~1.5mgmL~" was injected. Before being loaded, all the
samples were desalted using a G-25 column (Cytiva), eluted
in HBS, and incubated 1h at RT before analysis. The
hydrodynamic radii (Stokes radii, Rg) of the W and NTD
proteins eluted from the SEC column were extrapolated
from a calibration curve obtained using globular proteins
of known Rg (Ferritin: 61 Ao, Aldolase: 48.1A°, Conalbu-
min: 36.4 Ae, Carbonic anhydrase: 23 Ae, RNAse A: 16.4 A
and Aprotinin: 13.5 A).

The Rs (in A) of a natively folded (Rs\T) and fully
unfolded state in urea (RsV) for a protein with known
molecular mass (MM) (in Daltons) were calculated accord-
ing to Ref. [35]:

log (RsNF) =0.357 x (log MM)—0.204, 1)

log (RsY) =0.521 x (log MM)—0.649, )

The compaction index (CI) was calculated according to
Ref. [36]:

Cl= (RSU_RSObS)/(RSU—RSNF), (3)

This parameter, which allows comparison between pro-
teins of different lengths, varies between 0 and 1, with 0
meaning minimal compaction and 1 maximal compaction.

Far-UV CD

Far-UV CD spectra were measured using a Jasco J-810
dichrograph (Hachioji, Japan), flushed with N, and at
room temperature. One-mm thick quartz cuvettes were
used. Protein concentrations were ~ 0.1 mg-mL~'. Spectra
were measured between 260 and 190 nm with a scanning
speed of 100nm-min~' and a data pitch of 0.5nm.
Response time was set to 4s and the bandwidth to 2 nm.
CD spectra were recorded in 10 mM sodium phosphate pH
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7.2 at 25°C. Each spectrum is the average of 10
acquisitions.

For analysis of the reduced CTDy samples, a sample
conserved at —80°C was thawed and supplemented with
SmMm DTT. After 30 min of incubation at RT, the reduced
sample was desalted using a G-25 column (Cytiva) and
immediately analyzed by CD. The non-reduced sample was
directly desalted from the —80°C protein stock solution
without adding DTT and directly analyzed by CD.

Far-UV CD spectra were also recorded for the NiV and
HeV W proteins, on their NTDs, as well as on equimolar
NTD + CTDw mixtures. For the latter, a sample contain-
ing the NTD (untagged form) and the CTDy in equimolar
amounts (20 pM : 20 pm) was prepared and desalted using a
G-25 column (Cytiva). The mixture was then diluted to
obtain a final concentration of ~ 0.1 mg-mL~".

Far-UV CD spectra of CTDy samples were also
recorded in the presence of increasing concentrations of
TFE (from 10 to 40% v/v). To this end, CTDy samples
were buffer exchanged in sodium phosphate 10 mm at pH
7.2 at a final concentration of ~ 1mgmL~'. The sample
was then diluted in either TFE-free buffer or buffer supple-
mented with TFE to obtain the desired TFE concentra-
tion (0%, 10%, 20%, 30%, or 40% v/v) and a final protein
concentration of ~0.1 mgmL™'.

In all cases, the spectrum of the buffer was subtracted
from the protein spectrum. Spectra were smoothed using
PRISM.

Mean molar ellipticity values per residue (MRE) of sin-
gle proteins were calculated as:

(0] =3300mAA/len, “4)

where m is the mass of the protein in Daltons, / the path
length (0.1 cm), ¢ the concentration of the sample in
mg-mL’l, and n the number of residues. Molecular mass
values and number of residues of the HeV and NiV NTD,
CTDw and of the W proteins are indicated in Table 3.
DICHROWEB  (http://dichroweb.cryst.bbk.ac.uk/html/
home.shtml) [37] was used to analyze the experimental data
in the 190-260 nm range using unsmoothed, subtracted

Table 3. Molecular mass and number of residues of the proteins
used in circular dichroism (CD) studies. Note that in the case of
the W proteins, we used the molecular mass and n values
corresponding to a form in which the initial methionine has been
cleaved off, as experimentally shown in Ref. [21].

G. Pesce et al.

spectra. The content in the various types of secondary
structure was estimated using the CDSSTR deconvolution
algorithm with the reference protein set 7.

Mean molar ellipticity values per residue for mixtures
containing two proteins, that is, NTD (protein 1) and CTD
(protein 2), were calculated as:

[6] =3300AA4/{[((C1 m1)/m1) + (Cama/m)] I}, (5)

where n; and n, are the number of residues of protein 1
and protein 2, m; and m, are the molecular masses in Dal-
tons, and C; and C, are the protein concentrations,
expressed in mg-mL~!, of each of the two proteins in the
mixture.

The theoretical mean molar ellipticity values per residue
of mixtures, expected if neither any disorder-to-order tran-
sition nor any secondary structure rearrangement occur,
were calculated as:

[0]Ave = [([6], n1) + ([6], n2R)]/(n1 + n2R), (6)

where [0]; and [0], correspond to the measured mean ellip-
ticity values per residue of the two proteins in the mixture,
n; and n, are the number of residues of each of the two
proteins, and R is the excess molar ratio of protein 2.

Small-angle X-ray scattering (SAXS)

SEC-SAXS data of both CTDws were collected at SOLEIL
(Gif-sur-Yvette, France) on the SWING beamline. Data
collection was carried out as described in Ref. [21]. The cal-
ibration was made with water. Samples were at 9 mg-mL ™"
in HBS supplemented with 1M urea. Prior to analysis,
SmMm of DTT was added and samples were incubated
30min at room temperature. Subsequently, for both sam-
ples, 70 uL was injected onto a BioSec 3-100 SEC column
(Agilent, Santa Clara, CA, USA). The eclution buffer was
HBS. The flow rate was 0.2 mL-min~', and the temperature
was 20°C. The exposure was in continuous mode, with
1 frame-s™' (990 ms exposure and 10ms dead time). Data
reduction and frames subtraction were done manually with
the beamline software FOXTROT. Buffer blank frames
were taken in the dead volume of the column. Deconvo-
luted data corresponding to the CTDy were compared
with the corRMAP test and averaged.

The final scattering intensities were analyzed using the
ATSAS program package [38] and the BIOXTAS RAW
program. Linearity in the Guinier region showed no sign of
sample aggregation. The radius of gyration (R,) was esti-

Protein MW (Daltons) Number of residues

mated at low angles (¢ < 1.12/R, for HeV and ¢ < 1.15/R,
NTD HeV 44319 404 for NiV) according to the Guinier approximation [39,40]:
NTD NiV 44 434 406
CTDw HeV 5962 51 I _ ( 2 2)

nl(q)=Inly—(q¢°R;)/3. 7

CTDw NIV 6018 51 (@) =Info—(a"R, )/ M
w H,ev 52705 476 The pair-distance distribution function, P(r), from which
W NiV 52875 478 .

the Dyax and the R, were estimated, was then computed
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using GNOM and manually adjusted until a good CorMap
P-value (a>0.01) was obtained [41].

The theoretical R, value (in A) expected for various con-
formational states was calculated using Flory’s equation:

Ry=Ry N, ®)

where N is the number of amino acid residues, R, a constant,
and v a scaling factor. For IDPs, Ry=2.54+0.01 and
v=0.522+0.01 [42], for chemically denatured (U) proteins
Ry=2.23£0.58 and v=0.598 + 0.028 [42], and for natively
folded (NF) proteins Ry= \/(3/5) x4.75 and v=0.29 [43].
The R,-based CI can be calculated as follows [36]:

Cl= (RgU_RgObS)/(RgU_RgNF)’ )

where RgObs is the experimentally observed value and RgU
and RgNF are the reference values calculated for a fully
unfolded (U) and natively folded (NF) form. As in the case
of the Rs-based CI, this index increases with increasing com-
paction (where 1 corresponds to the most compact form).
The flexibility of the proteins was assessed with the dimen-
sionless Kratky plot ((ng)2 Kg)/1o vs qRy).

Models of the two CTDwg as conformational ensembles
were obtained with Ensemble Optimization Method (EOM)
2.1 [44] using the default parameters and random coil con-
formers. For both the CTDys, the amino acid sequence pro-
vided as input to EOM was that of the recombinant CTDw
proteins as resulting from TEV protease cleavage and includ-
ing the YHHHHHH C-terminal stretch. Using EOM 2.1,
systematic quantification of the flexibility was made using
the Rpex [44]. Experimental error-independent goodness-of-
fit was also confirmed using the software CORMAP [45].

SEC-SAXS data have been deposited in the Small Angle
Scattering Biological Data Bank (SASBDB) [46] under
codes SASDUQ3 and SASDUR3 for the set of data of
HeV CTDw and of NiV CTDyy, respectively. The SEC-
SAXS-derived HeV and NiV CTDy ensembles have been
deposited within the Protein Ensemble Database (PED-DB,
https://proteinensemble.org/) [47] under accession numbers
PEDO00507 and PED00508, respectively.

Pull-down assay

One milliliter of IMAC Sepharose 6 Fast Flow resin (25%
slurry) (Cytiva), previously equilibrated five volumes of
either buffer C1 (20mm Hepes, 20 mm imidazole, 50 mm
NaCl pH 7.2) or C2 (buffer Cl containing 200 mm NaCl)
or C3 (buffer C1 containing 500 mm NaCl) or C4 (buffer
C1 containing 1M NaCl), was incubated with 1 mL of
CTDy at 0.5mg-mL " in the corresponding and appropri-
ate buffer for 1 h at room temperature with gentle shaking
(20 r.p.m.).

To remove the excess of CTDy, the resin was washed
three times with 1 mL using the buffer used for equilibration

Impact of CTDy in W conformation and fibrillation

and binding. One milliliter of untagged NTD at 1 mg-mL™'
was subsequently added to the mixture and incubated at
20 r.p.m. for 1 h at room temperature. After incubation, the
supernatant (Flow-Through) was removed, and the resin
was washed four times with 1 mL of the appropriate buffer.
To evaluate possible non-specific NTD binding to the resin,
two controls were done using NTD in buffer C1 or C4 with-
out CTDy. Ten microliter of the unretained fraction (Flow-
Through) and of the washed resin (beads) were analyzed by
15% SDS/PAGE.

Th-T binding assays

ThT (Sigma-Aldrich, Saint Louis, MO, USA) was used to
monitor fibril formation. A stock solution of ThT at 1 mm
in HBS was used. The experiments were performed in HBS
in the presence of either the isolated CTDy, NTD, and W
proteins at 20 pm or in the presence of both NTD and
CTDw in equimolar amounts (i.e., 20 pm—20 pm). For the
analysis at TO and T72, all samples were prepared as
described above. The proteins were incubated in the pres-
ence of 50 pm ThT for 5Smin (equilibration time) before fol-
lowing the aggregation process by fluorimetry.
Fluorescence measurements were carried out on a Tecan
microplate reader GENios Plus using a black 96-well plate
with transparent flat bottom (655096; Greiner Bio-One, Les
Ulis, France). ThT was excited at 440 nm (slitwidth: 5 nm),
and fluorescence emission was recorded at 535nm (slit-
width: 10 nm). As a control, the fluorescence of a sample
containing solely ThT was monitored. All statistical ana-
lyses were performed with Prism One-way ANOVA test.

Negative-staining TEM

Negative-staining TEM studies were performed on protein
samples in HBS containing either the isolated CTDyy,
NTD, and W proteins at 20 pm or both NTD and CTDw
in equimolar amounts (i.e., 20 pmM—20 pm). All the samples
were diluted prior to analysis in HBS to a final concentra-
tion of 0.05mg-mL~". Grid preparation and data collection
were carried out as described in Ref. [21]. For the statistical
analysis of the fibril contour length, MAGEs (https://image;.
net/Welcome) was used. Fibril length measures were taken
for 100 fibrils for each condition.
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