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Abstract

Human RSV is the leading cause of infantile bronchiolitis in the world and one of the major causes of
childhood deaths in resource-poor settings. It is a major unmet target for vaccines and anti-viral drugs.
Respiratory syncytial virus has evolved a unique strategy to evade host immune response by coding
for two non-structural proteins NS1 and NS2. Recently it was shown that in infected cells, nuclear NS1
could be involved in transcription regulation of host genes linked to innate immune response, via
interactions with chromatin and the Mediator complex. Here we identified the MED25 Mediator subunit
as an NS1 interactor in a yeast two-hybrid screen. We demonstrate that NS1 directly interacts with
MED25 in vitro and in cellula, and that this interaction involves the MED25 transactivator binding ACID
domain on the one hand, and the C-terminal a3 helix of NS1, with an additional contribution of the globular
domain of NS1, on the other hand. By NMR we show that the NS1 a3 sequence primarily binds to the
MED25 ACID H2 face, similarly to the a-helical transactivation domains (TADs) of transcription regulators
such as Herpex simplex VP16 and ATF6a, a master regulator of ER stress response activated upon viral
infection. Moreover, we found out that the NS1 could compete with ATF6a TAD for binding to MED25.
These findings point to a mechanism of NS1 interfering with innate immune response by impairing
recruitment by cellular TADs of the Mediator via MED25 and hence transcription of specific genes by
RNA polymerase II.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Human RSV (hRSV) is the most frequent cause
of infantile bronchiolitis and pneumonia
worldwide.1 In 2015 RSV was estimated to have
caused 33.1 million episodes of acute lower
or(s). Published by Elsevier Ltd.This is an op
respiratory infections (ALRI) in young children,
resulting in 3.2 million hospital admissions and
59,600–118,200 in-hospital deaths of children
younger than 5 years, worldwide.2 Other sources
estimated the number of RSV-caused ALRI epi-
sodes to be �25 million and the death toll for
en access article under the CC BY license (http://creativecommons.org/
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children younger than 5 years to be 41,000 in
2016.3 The importance of RSV-associated pul-
monary disease and mortality in elderly persons
has also been recognized.4 Similarly, bovine RSV
(bRSV) affects cattle farms and leads to economic
loss due to high morbidity and mortality among
calves.5,6 Importantly, there is still no licensed vac-
cine for human RSV despite over six decades of
attempts,7 emphasizing the need for a better under-
standing of RSV pathogenesis, and more particu-
larly of the mechanisms that were developed by
the virus to evade host innate immune responses.
The pathology associated with RSV infection

results from both viral replication and the host
immune response mediated first by the production
of type I interferons (IFN-I), which induces the
transcription of IFN-stimulating genes (ISG) and
the production of proinflammatory mediators.8,9

However, upon infection by RSV, IFN levels remain
surprisingly low. This poor induction of IFN is attrib-
uted at least in part to the two RSV non-structural
proteins, NS1 and NS2. NS1 and NS2 are unique
to the Orthopneumovirus genus of the Pneumoviri-
dae family, Mononegavirales order. They diverge
among the different viruses of this genus and
appear to contribute to host-range restrictions.6,10,11

Both NS1 and NS2 also act as IFN antagonists, and
many of their cytosolic targets have been identi-
fied.12–14 As an example, NS1 inhibits RIG-I activity
by interacting with MAVS as well as with TRIM25,
the E3 ubiquitin ligase of RIG-I.15,16 NS1 and NS2
were reported to localize to the mitochondria,17

where they form a viral degradosome, leading to
degradation of multiple target proteins, notably
involved in type I IFN pathway.12 NS1 was found
in the cytosol as well as in the nucleus, where it is
expected to interfere with host gene expres-
sion.17,18 In a very recent publication, NS1 was
shown to associate with chromatin in promotor
and enhancer regions of genes related to innate
immune response to viral infection.18 By targeting
these DNA regulatory regions, NS1 was suggested
to suppress transcription of these genes, thus
antagonizing the immune response.18 However,
the exact molecular mechanism of this suppression
is not well defined yet. Further study of NS1 interac-
tion with nuclear host factors will enable a better
understanding of how RSV modulates host
transcription.
Based on comparison of X-ray crystallographic

structures, hRSV NS1 was proposed to be a
structural paralog of the hRSV matrix (M)
protein.19–21 NS1 displays striking structural similar-
ity with the N-terminal domain of the M protein, as
both contain a 7-stranded b-sandwich clamped by
an a-helix (a,b-core in Figure 1(A)). In contrast to
M, NS1 lacks a second similar C-terminal domain
but contains an additional C-terminal a-helix, a3
(Figure 1(A)). NS1 a3 helix was specifically shown
to be involved in the modulation of host
responses.20 Mutations in the NS1 a3 helix
2

negatively affected the transcriptional regulation of
genes involved in key signalling pathways such as
IFN induction and oxidative stress, resulting in 2-
fold reduction of RSV replication.20

Two different interactome studies of RSV NS1
pointed to an interaction of NS1 with the Mediator
complex.18,22 The Mediator complex is a nuclear
multi-subunit complex that is part of the preinitiation
complex required for RNA polymerase II transcrip-
tion, and is a known regulator of many innate
immune response genes.23–25 Several Mediator
subunits were identified as potential interactors of
NS1, among which MED25,18,22 but no direct inter-
action was shown so far. MED25 was shown to be
targeted by viral activator proteins, such as Herpes
simplex virus transactivator protein VP16, which
activates viral immediate-early genes during infec-
tion.26,27 MED25 contains two folded domains: the
N-terminal von Willebrand domain (residues 15–
216, VWD) and the central Activator Interacting
Domain (residues 392–543, ACID) (Figure 1(B)).
The interdomain and C-terminal regions are pre-
dicted to be highly disordered. A cryo-EM structure
of the entire mammalian Mediator complex con-
firmed the location of MED25 in the tail module, with
VWD well integrated in the tail28 and ACID extend-
ing outside of the complex. The ACID structure was
first solved by NMR and shown to be the target of
the two transactivation domains (TADs) of
VP16.26,29,30 MED25 ACID has two opposite faces,
termed H2 and H1, which are both binding sites for
TADs. The H1 face is targeted by the TAD of the
ETS family transcription factor ERM.30,31 The H2
face is the binding site for the second TAD of
VP16, called H2 or TAD2, as well as for TADs of
several other transcription regulators including
p53.29,30,32–34 VP16 TAD2 can also bind to the H1
face, although with low affinity.32

The putative interaction between NS1 and
Mediator complex suggested by interactome
studies has not been investigated in detail so far.
After identifying MED25 as an NS1 interactor in a
yeast two-hybrid screen, we demonstrate here
that NS1 directly interacts with the MED25 ACID
domain in cells. We found that the a3 helix is
essential for binding to MED25 ACID, but that the
NS1 a,b-core domain also presents affinity for
MED25 ACID. It is noteworthy that NS1 a3
residues critical for this interaction were reported
to be critical for innate immune response gene
regulation.18 By investigating more specifically the
interaction between NS1 a3 and MED25 we found
out that NS1 a3 preferentially targets the MED25
ACID H2 face. Moreover, we revealed that NS1
could compete with the TAD of ATF6a, involved in
the innate immune response to viral infections. In
contrast to transcription regulators like VP16, the
small NS1 protein does not appear to have a distinct
DNA-binding domain, and no specific DNA-binding
region has been identified yet. Altogether, our
results thus strongly suggest that NS1 could



Figure 1. Representation of hRSV NS1 and MED25 structural organisation. (A) Structural organization of
hRSV NS1 protein, which displays an a,b-core domain and a C-terminal a3 helix. Sequence alignment of
Orthopneumovirus NS1 proteins: hRSV NS1 construct used in the present study, human RSV A (Uniprot P0DOE9), B
(O42083) and Long (Q86306) strains, bovine RSV (Q65694) and ovine RSV (Q65703). Alignment was generated on
the ClustalW server. The secondary structure elements observed in the crystallographic structure of hRSV NS1 (20)
are indicated above the sequence. (B) Domain architecture of the Mediator subunit MED25 that contains two folded
domains: the N-terminal von Willebrand domain (VWD) and the central activator interaction domain (ACID).26,27 The
boundaries of the constructs used in this study are indicated.
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interfere with the host innate immune response by
binding to MED25 and hindering the recruitment of
transcription regulators to theMediator, thus impair-
ing transcription of specific host genes byRNA poly-
merase II.
Results

Identification of MED25 as a potential
interaction partner of RSV NS1 by a yeast two-
hybrid screen

To identify human proteins interacting with RSV
NS1, we performed a yeast two-hybrid (Y2H)
screen. The RSV NS1 protein fused with the
GAL4 DNA binding domain (GAL4-BD) was
expressed in yeast and used as a bait to screen
two different libraries of human prey proteins
fused to the GAL4 activation domain (GAL4-AD).
A total of 156 positive yeast colonies were
retrieved from the screen and analyzed by
sequencing to identify the captured cellular preys.
Following recommendations from previous reports
to increase the accuracy of Y2H screens,35,36 only
interactions supported by at least three yeast
3

colonies were considered for further analysis. This
represented fifteen potential interactors of RSV
NS1 and included two subunits of the human Medi-
ator complex: MED25 and MED15 (Table 1). We
chose to focus on the MED25 subunit since it was
one of the most abundant interactors in our screen
and was also identified in previous proteomics stud-
ies of host targets interacting with RSV NS1.18,22 In
total, 10 over 156 positive yeast colonies expressed
MED25. Although six of the cDNA clones
expressed full-length MED25, two started at posi-
tion 261 and two others at position 308. As the four
cDNA clones coding for a truncated MED25 version
contained the ACID domain (Figure 1(B)), this
strongly suggested a role of this domain in the inter-
action of MED25 with RSV NS1.
The MED25 ACID domain and the C-terminal a3
helix of NS1 interact in cells

In order to confirm the NS1-MED25 interaction
found by Y2H screening, we studied whether NS1
could interact with MED25 in cells. For that
purpose, we used a split-luciferase
complementation assay based on the NanoLuc



Table 1 Cellular interactors of RSV NS1 protein
identified by Y2H: number of positive yeast colonies
obtained by screening two human protein libraries, a
commercial spleen cDNA library and a full-length ORF
library (hORFeome v3.1). Interactions supported by at
least three yeast colonies were considered as hits.

Gene

name

spleen cDNA

library

hORFeome

library

Total

PDE9A 2 35 37

KLC4 21 21

GOLGA2 16 16

MED25 10 10

MED15 8 8

SIPA1L1 8 8

HMG20A 7 7

IKBKG 6 6

CEP290 5 5

TXNDC11 5 5

RBSN 5 5

ZFYVE20 4 4

CCHCR1 3 3

NME3 3 3

RAI14 3 3
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enzyme.37 In this system, the 114 or the 11S
NanoLuc fragments are fused to the C or N-
terminus of each protein partner. The constructs
used for this assay are shown in Figure 2(A). We
used the RSV phosphoprotein (P), which is known
to form tetramers,38–43 as a positive control. Analy-
sis of lysates of transfected 293T cells by Western
blotting using anti-FLAG (for NS1 and MED25 pro-
teins) or anti-P antibodies confirmed protein expres-
sion with the fused NanoLuc fragments (Figure 2
(B)). All NS1-114 constructs were expressed at
comparable amounts in cells (Figure 2(B), upper
panel). 11S-MED25 and 11S-MED25 ACID were
expressed, however, at different levels. In contrast,
11S-MED25 VWD expression appeared to be
weak. P-114 and P-11S were expressed at compa-
rable levels (Figure 2(B), lower panel). To investi-
gate the NS1-MED25 interaction, combinations of
two constructs were transfected into 293T cells.
Cells were lysed 24 h post transfection, luciferase
substrate was added, and the luminescence, which
directly depends on the interaction, was measured.
As shown in Figure 2(C), co-transfection of P-114

and P-11S resulted in a high luminescence signal,
indicating a strong P/P interaction, as expected.
We then used the NS1/NS1 interaction as an
additional control. Although the predominant form
of NS1 was reported to be monomeric,20 NS1 is
also known to form dimers and higher order
oligomers.17,44 We therefore tested the NS1-114/
NS1-11S pair and obtained a strong luminescence
signal, revealing the capacity of NS1 to self-
associate (Figure 2(C)). We then tested the interac-
tion between RSV NS1 and full-length MED25 (Fig-
ure 2(C)). When NS1-114 was co-expressed with
11S-MED25, the luminescence signal was high,
4

confirming the interaction in cells. We then
separately tested MED25 VWD and ACID domains
to identify the domain involved in NS1 interaction.
Transfecting NS1-114 with 11S-MED25 ACID
resulted in comparable signal to that with 11S-
MED25, while transfecting NS1-114 with 11S-
MED25 VWD produced only background lumines-
cence, suggesting that MED25 ACID mediates
NS1 binding. However, the contribution of MED25
VWD could not be unambiguously assessed due
to weak expression (Figure 2(B)).
We next asked whether the NS1 C-terminal a3

helix could be critical for the interaction with
MED25 ACID. Previously, mutations in the a3
helix were shown to negatively affect transcription
of key innate immune genes.20 We thus generated
the same mutants as those in 20: three NS1
mutants with substitutions inside the a3 helix, i.e.
Y125A, L132A, and L132A/L133A, and a deletion
mutant Da3, where the a3 helix was removed. Of
note, the mutants Y125A and L132A/L133A were
previously shown to preserve the structural integrity
of NS1.20 Luminescence was measured in cells
transfected with WT or mutant NS1-114 together
with 11S-MED25 ACID (Figure 2(D)). NS1 L132A/
MED25 ACID co-transfection resulted in lumines-
cence signal comparable to NS1/MED25 ACID. In
contrast, co-transfection of NS1 Y125A, L132A/
L133A or Da3 with MED25 ACID significantly
reduced luminescence, indicating loss of interac-
tion. Our results with the split-NanoLuc assay thus
confirmed the NS1-MED25 interaction, and allowed
to identify the MED25 ACID domain and the NS1 a3
helix as interaction domains.
Last, as MED25 has been reported to localize to

the nucleus,26 and since NS1 was suggested to
be actively transported to the nucleus by binding
another cellular or viral protein,18 we investigated
the cellular localization of NS1. BEAS-2B cells were
transfected to express FLAG-NS1 WT or mutant
constructs, and the localization of NS1 protein
was determined by immunofluorescence imaging
after staining with anti-FLAG primary antibody (Fig-
ure 2(E)). Untagged NS1 was used as negative
staining control. FLAG-NS1 localized to the nucleus
and to the cytoplasm, as previously reported.17,18

All four tested NS1 mutants localized likewise to
the nucleus and to the cytoplasm, indicating that
these mutations do not impair NS1 nuclear localiza-
tion and are accessible to MED25.

NS1 interacts directly with MED25 ACID

Next, we investigated the interaction between
human NS1 and MED25 ACID in vitro. We first
made GST-pulldowns using recombinant proteins.
GST, GST-NS1, GST-NS1 Da3 and GST-NS1 a3
(residues 115–139) were co-expressed with
MED25 ACID in E. coli. Bacterial lysates were
incubated with glutathione beads, washed
extensively and the bound complexes were
analysed by SDS-PAGE and Coomassie blue



Figure 2. NS1 interacts with MED25 in cells. (A) Scheme of the protein constructs fused with NanoLUC 114 or
11S subunit used. (B) 293T cells were transfected with plasmids encoding NS1 or FLAG NS1 constructs fused to 114
NanoLUC, MED25 FLAG constructs fused to 11S NanoLUC, or P constructs fused to NanoLUC subunits, and cell
lysates were then subjected to Western analysis using anti-FLAG or anti-P antibody. Size markers are shown on the
left side of the gel. (C, D) MED25 and NS1 interactions were measured using the NanoLuc assay using MED25
domain deletions or using MED25 ACID and FLAG NS1 WT and a3 helix mutants. 293T cells were transfected with
pairs of constructs, combined as shown in the graph. P/P and NS1/NS1 were used as positive controls. The NLR is
the ratio between actual read and negative controls (each protein with the empty NanoLUC vector). The graph is
representative of four independent experiments, each done in three technical repeats. Data represents the means
and error bars represent standard deviation across 4 independent biological replicates. *p < 0.05, **p < 0.01,
***p < 0.001 (unpaired two-tailed t-test). (E) BEAS-2B cells were transfected with plasmids encoding NS1, FLAG NS1
or FLAG NS1 mutants fused to 114 NanoLUC subunit. Cells were fixed, and immunostained with anti-FLAG (green)
antibody followed by Alexa Fluor secondary antibody, and were analysed by microscopy. The scale bar represents
10 mm.
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staining. As shown in Figure 3(A), MED25 ACID
was pulled down by GST-NS1. MED25 ACID was
also pulled down by GST-NS1 a3, confirming the
interaction between the NS1 a3 helix and MED25
ACID. However, the affinity seems to be weaker
than with GST-NS1. Unexpectedly, GST-NS1 Da3
also pulled down MED25 ACID, but to a lesser
extent than GST-NS1, suggesting that an
additional weak interaction could take place
between the a,b-core domain of NS1 and MED25
ACID.
In a second step, we measured thermodynamic

binding parameters of NS1 to MED25 ACID by
isothermal titration calorimetry (ITC). NS1 and
A.
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MED25 ACID were produced as recombinant
proteins and the GST-tag was removed from NS1.
Due to the propensity of NS1 to form dimers or
higher order oligomers at high concentration, we
chose to titrate MED25 ACID into NS1. We used
buffer and temperature conditions in which NS1
was reported to be stable.45 The absence of oligo-
mers was verified by dynamic light scattering
(DLS) (data not shown). The ITC data show that
MED25 ACID tightly binds to NS1 with a �1:1 stoi-
chiometry and a dissociation constant Kd of�20 nM
(Figure 3(B)). Furthermore, the interaction appears
to be mainly enthalpy driven (DH = �11.1 kcal.mol
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�1), with a small entropy penalty (�TDS = 0.
5 kcal�mol�1).
To probe the contribution of the NS1 a3 helix, we

made ITC measurements with the short NS1a3
peptide (Figure 3(C)). The data were fitted with a
�1:1 stoichiometry, and the Kd was found to be
10 mM. The affinity of the NS1a3 is nearly 3 orders
of magnitude lower than that of full-length NS1.
This is intriguing in light of the results from split-
luciferase assays in cells that show that the NS1
a3 region is critical for NS1-MED25 ACID complex
formation, but corroborates the difference
observed in the GST-pulldown experiments
between the GST-NS1 and GST-NS1a3
constructs. A possible explanation is that the
peptide corresponding to the a3 helix in the full-
length NS1 does not adopt a-helical conformation,
but remains unstructured. The complex formation
enthalpy DH of �3.1 kcal�mol�1 is also
significantly lower than with full-length NS1,
suggesting that peptide solvation may contribute
to the energy balance.
We thus investigated the structure of free NS1a3

peptide in solution by NMR. We recorded 1D 1H,
2D DIPSI, 2D ROESY and 2D NOESY spectra.
1Ha chemical shifts were close to random coil
values, reporting on an unstructured peptide
(Supplementary Figure 1(A)). This was
corroborated by 3JHN-Ha scalar couplings in the 6–
8 Hz range, by strong sequential Ha-HN Nuclear
Overhauser Effects (NOEs) in NOESY and
ROESY spectra, and by NOEs between amide and
water protons (Supplementary Figure 1(B–D)). On
the NOESY spectrum, even with a high mixing
time, we did not observe any significant sequential
HN-HN NOEs, which would be indicative of
a-helical conformation (Supplementary Figure 1
(E)). Only the C terminus, which is unstructured in
the X-ray structure of NS1, and the region around
Tyr125, which otherwise appeared to be
unstructured, displayed weak HN-HN cross-peaks
and hinted at some a-helical propensity. Overall
these data show that the NS1a3 peptide remains
unstructured. The weak affinity of the complex
between MED25 ACID and NS1a3 as well as the
lower capacity of GST-NS1a3 to pull down MED25
ACID, as compared to full-length NS1, may thus
arise from an absence of helical conformation in
the NS1a3 peptide.
Taken together, our results show that the NS1/

MED25 ACID interaction is direct and of high
affinity. It is mediated by the C-terminal a3 helix of
NS1 in a cellular context. We evidenced a direct
interaction between MED25 ACID and the NS1 a3
region in vitro, but the NS1 a,b-core domain also
displays weak affinity.

Mapping of NS1 interaction regions on MED25
ACID by NMR

The NS1 a3 helix of NS1 reminds of the a-helical
TADs that bind to MED25 ACID. We wondered
7

whether a3 might exhibit similar binding
properties. We thus performed NMR interaction
experiments to map the NS1 a3 interaction site on
MED25 ACID, by titrating the NS1a3 peptide into
15N-labelled MED25 ACID. At each titration point
we acquired a 2D 1H-15N HSQC spectrum
(Figure 4(A)). The backbone chemical shifts of
MED25 ACID were assigned de novo by
measuring 3D triple resonance experiments on
15N13C -labelled MED25 ACID. During the
titration, perturbations of individual MED25 ACID
amide signals were observed, showing that the
NS1a3 peptide binds to MED25 ACID (Figure 4(A)).
For most of these residues, saturation was

reached at a molar peptide:protein ratio r between
1.7 and 2.3, indicating a titration endpoint. Due to
the small size of the peptide, no significant line
broadening was observed for the NMR signals of
the complex as compared to free protein, which
facilitated data analysis. Many of the perturbed
signals exhibited a linear variation of chemical
shifts up to saturation, indicative of a fast
exchange regime on a chemical shift scale. Some
residues, like Gly524, additionally exhibited line
broadening during titration, indicative of a fast-to-
intermediate exchange regime between free and
bound forms (inset in Figure 4(A)). A few residues,
like Thr460, were nearly completely broadened
out at intermediate titration points. The signals of
the two latter categories were recovered at r �1.7
and 2.3, suggesting that these perturbations
report on the same binding event as those in fast
exchange. Moreover, they displayed large 1H and/
or 15N chemical shift differences between free and
bound forms, which is compatible with a transition
from fast to intermediate exchange regime.
Combined 1H and 15N chemical shifts

perturbations (DdHN CSPs) as a function of the
protein sequence were plotted in Figure 4(B) for
two different molar peptide:protein ratios r = 1.1
and r = 2.3. Residues with large CSPs in a fast or
fast-to-intermediate exchange regime were
mapped onto the 3D structure of MED25 ACID
(with 2 cut-offs in green and yellow, Figure 4(C)).
These perturbations are predominantly located on
the H2 face of MED25 ACID, corresponding to the
binding surface of the second transactivation
domain (TAD2) of VP16.29,30,32 Residues in an
intermediate exchange were also mapped onto
the MED25 ACID structure (in orange, Figure 4
(C)). They also belong to the H2 face, confirming
that they report on the same binding event. The
area perturbed by NS1a3 extends to the junction
between the H1 and H2 faces, suggesting that
NS1a3 binding may be accompanied by conforma-
tional rearrangement of MED25 ACID, for example
by repositioning of the C-terminal a3 helix with
respect to the b-barrel (Figure 4(C)).
The affinity between the NS1a3 peptide and

MED25 ACID was evaluated by determining
dissociation constants (Kd) for residues with
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significant CSPs. CSPs for residues with linear
trajectories and a titration endpoint at r = 1.7–2.3,
exemplified by Leu452, Met470 and Met512
(Figure 5(A)), were well fitted with a single binding
site model (Figure 5(B)). An average value of
17 ± 8 mM was calculated from 48 1H and 15N
titration curves with chemical shift differences
between free and bound forms satisfying DdH > 0.
08 ppm or DdN > 0.8 ppm. The NMR-derived
affinity is in line with the value obtained by ITC.
The affinity of the NS1a3 peptide for MED25 ACID
is slightly lower, but still of the same order of
magnitude, than those reported for other single
domain TADs, when using peptides in interaction
experiments: 0.5 mM for ATF6a, 8 mM for
p53TAD2, mM range for VP16-TAD2.29,33,34

The resonance frequency difference between
free and NS1a3-bound MED25 ACID forms in the
intermediate exchange can be used to estimate
an exchange rate between free and bound
MED25 ACID: we determined a kex of �500 s�1.
kex is a combination of association (kon) and
dissociation (koff) rates: kex = koff + kon � [MED25
ACID]. Under similar concentration conditions
(225 mM MED25 ACID), kex for VP16 tandem
TAD, ERM and ATF6a single domain TADs would
be 2–3 orders of magnitudes higher, based on
values reported in 33: kon (300–1100 mM�1s�1)
and koff (102–380 s�1). This difference is mainly
due to fast association kinetics.33 KD values for
these 3 TADs were reported to be rather low in
the 60–590 nM range.33 At this point we cannot sep-
arate the contributions of dissociation and associa-
tion in kex, but taken together, our results suggest
that the relatively high KD value for the NS1a3-
MED25 ACID complex is correlated to slow kinetics.
Folding of the NS1a3 peptide, which is unstructured
in its free form as shown above, upon binding would
explain a slower association process.
On closer inspection, it appears that saturation

was not achieved at r = 2.3 for all residues, as
exemplified by Leu448 in Figure 5(A). In contrast
to residues for which saturation is reached at
Figure 4. Interaction of the NS1a3 peptide with MED
HSQC spectra acquired during a titration of 225 mM 15N-la
peptide. The reference spectrum without peptide is shown in
ratio r = 2.3 is in medium blue. Intermediate titration points a
coded from dark orange to dark blue. Arrows show the titr
shows a close-up of the titration curve for the Gly524 res
perturbations (CSPs) DdHN are represented as bar diagrams
construct at titration points r = 1.1 (black bars) and r = 2.3
Thr460 and Leu513 (DdHN > 0.3 ppm). Broken lines indicat
deviations (SD) for r = 1.1. (C) Chemical shift perturbation
regime at r = 1.1 were mapped onto the structure of MED2
yellow spheres for residues with combined 1H and 15N CS
residues with DdHN � mean + SD. Amide nitrogen atoms of
as orange spheres. The two views correspond to the H2 an
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r = 2.3 and which bind to the H2 face of MED25
ACID (red spheres in Figure 5(C)), these residues
cluster on the H1 face (blue spheres in Figure 5
(C)). The H1 face is the binding site for the TAD1
domain of VP16 (29, 30). A third set of residues,
like Ile453 and Ile541, displayed nonlinear CSP
trajectories with a change at r � 1.7, indicating
sequential binding events (Figure 5(A)). These
residues are mainly located in the junction
between the H1 and H2 faces or on the H1 face
(purple spheres in Figure 5(C)). As the direction
change of CSP trajectories occurs at a molar ratio
of 1.7, at which saturation is nearly complete for
the H2 binding site, the second binding site H1
must be of lower affinity. Apparent Kd values were
extracted from the binding curves of residues on
the H1 face and on the H1-H2 interface. These
values were in the 200 mM–1 mM range, and
higher by 2–3 orders of magnitude than the H2
site Kds (Figure 5(B)), pointing to a second binding
site of lower affinity on the H1 face. The overall
behaviour of NS1a3 is reminiscent of VP16 TAD2
that binds to the H2 face in vitro, but is also able
to bind to H1 with lower affinity.32

In order to validate the binding site of highest
affinity, i.e. the H2 site, we generated three
MED25 ACID single amino acid and one double
mutant constructs, all located on the H2 binding
face. Specifically, MED25 ACID S468A, M470A,
M523E and M470A/M523E mutants were
analysed for interaction with NS1. The location of
these mutants is shown in Figure 5(D), right panel.
We co-expressed recombinant GST-NS1 with WT
or mutant MED25 ACID protein in E. coli and used
GST-pulldown assay (Figure 5(D), left panel).
Bacteria lysates were incubated with glutathione
beads, washed extensively and the bound
complexes were analysed by SDS-PAGE and
Coomassie blue staining. All MED25 ACID mutant
proteins were expressed to similar levels to WT
(data not shown). As shown in Figure 5(D),
MED25 ACID was pulled down by GST-NS1 in
agreement with the results shown in Figure 3(A).
25 ACID followed by NMR. (A) Overlay of 2D 1H-15N
beled MED25 ACID with increasing amounts of NS1a3
red. The last titration point with a peptide:protein molar
t r = 0.1, 0.2, 0.4, 0.6, 0.85, 1.1, 1.4, and 1.7 are colour
ation direction for several noticeable signals. The inset
idue. (B) Combined 1H and 15N amide chemical shift
as a function of the residue number in the MED25 ACID
(empty bars). The bars at r = 2.3 were cut for residues
e the mean value and mean plus one and two standard
s of residues in a fast or fast-to-intermediate exchange
5 ACID (pdb 2xnf). Amide nitrogen atoms are drawn as
Ps DdHN � mean + 2 � SD and as green spheres for
residues in an intermediate exchange regime are drawn
d H1 faces of MED25 ACID, and are rotated by �180�.
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MED25 ACID S468A and M470A showed similar
binding to NS1. In contrast, binding of MED25
ACID M523E to NS1 was strongly reduced. The
MED25 ACID M470A/M523E double mutant also
showed reduced affinity (Figure 5(D)), confirming
the role of the M523 residue in NS1 binding.
In conclusion, we showed by NMR that the

NS1a3 peptide preferentially binds to the MED25
ACID H2 face with an affinity in the 10–20 mM
range, corroborating our ITC measurements. This
low affinity may be explained by the lack of a-
helical structure in the NS1a3 peptide as
compared to NS1 protein. Mutational analysis of
MED25 ACID confirmed that NS1 targets the H2
face of MED25 ACID.
NS1 competes with ATF6a for binding to
MED25 ACID

MED25 is a target of several transcriptional
activators, from cellular and viral origin,29–32,34,46

which bind either to the H1 or H2 faces of MED25
ACID through their TAD domains.33 Previous stud-
ies have shown that the endoplasmic reticulum
stress-responsive transcription factor a (ATF6a),
that functions as a master regulator of ER stress
response, also targets MED25,47,48 and that the
TAD of ATF6a (residues 40–66, Figure 6(A)) binds
to the H2 site.33 Since our NMR results indicated
that NS1 a3 helix binds to H2, we wondered
whether NS1 could compete with a TAD domain,
by using ATF6a. A GST-ATF6a construct contain-
ing the TAD domain (GST-ATF6a TAD, residues
1–150), bound to glutathione beads, was incubated
with recombinant MED25 ACID (30 mM) without or
with 15 and 30 mM of NS1 protein. The bound frac-
tions were then analysed by SDS-PAGE and Coo-
massie blue staining. GST alone was used as a
negative control. Purified proteins are shown in
Figure 5. The NS1a3 peptide binds to MED25 ACID H
Five chemical shift perturbation trajectories corresponding
extracted from 1H-15N HSQC spectra measured during titrati
show the titration direction. The colour is varied from red to
with titration points at r = 0.1, 0.2, 0.3, 0.4, 0.6, 0.85, 1.1, 1
scale (given on the right side) and exemplify different beha
titration trajectory. (B) 15N and 1H chemical CSPs extracted
binding site model, assuming fast chemical exchange. Expe
the fitted curve in broken lines. The apparent dissociation
below the curve. (C) Residues with large 1H and/or 15N CS
bound forms of DdH > 0.08 ppm and/or DdN > 0.8 ppm, and f
were mapped onto the structure of MED25 ACID (pdb 2xnf)
Residues with linear CSPs, for which saturation was n
DdH > 0.04 ppm and/or DdN > 0.4 ppm at r = 2.3, are shown
are represented in magenta. The three views are rotated
MED25 ACID WT or mutant protein in E. coli BL21(DE3) b
protein complexes were purified on glutathione-Sepharose
ACID to GST-NS1 was analysed by SDS-PAGE and Coom
indicated by cyan spheres on the structure of MED25 ACID
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Figure 6(B). MED25 ACID was pulled down by
GST-ATF6a TAD, but not by GST (Figure 6(C)),
as previously published.47,48 Adding NS1 inhibited
MED25 ACID binding to GST-ATF6a TAD (Figure 6
(C)). These data suggest that NS1 is able to com-
pete for MED25 ACID binding with an H2-binding
TAD domain such as ATF6aTAD.
Discussion

NS1 interacts with MED25

A previous proteomics study aiming to identify
host partners of RSV NS1 identified several
proteins involved in transcription regulation,
among them Mediator complex proteins.22 Recent
NS1 co-immunoprecipitation and mass spectrome-
try analysis also identified subunits of the complex,
among them MED25.18 By using a Y2H screen, we
identified MED25 as an interacting partner of NS1.
Our NanoLuc interaction assay confirmed the
NS1-MED25 interaction in cells and identified
MED25 ACID and the NS1 C-terminal a3 helix of
NS1 as interaction domains (Figure 2). Our GST
pull-down experiment (Figure 3(A)) and ITC results
(Figure 3(B)) showed that the NS1/MED25 ACID
interaction is direct and of high affinity (20 nM).
We were able to confirm direct binding of the NS1
a3 helix to MED25 ACID in vitro, but our GST pull-
down experiments suggest that the NS1 a,b-core
domain can also contribute to MED25 ACID
binding.
The NS1 a3 helix was previously shown to

contribute to the modulation of host response to
RSV infection.18,20 Mutation of residues Y125, and
L132/L133 in the NS1 a3 helix or truncation of the
entire a3 helix impacted the ability of NS1 to inhibit
type I IFN. Moreover, recombinant RSV viruses car-
rying these mutations showed attenuated
1 and H2 faces with different apparent affinities. (A)
to fast or fast-to-intermediate exchange regimes were
on of of 15N-MED25 ACID by the NS1a3 peptide. Arrows
medium blue for molar peptide:protein ratios r = 0 to 2.3,
.4, and 1.7. They are shown at the same chemical shift
viors with different titration endpoints or a change in the
from the trajectories shown in A were fitted with a single
rimental points are represented with solid symbols and
constant Kd and the fitting error are indicated above or
Ps, i.e. with chemical shift differences between free and
or which Kd values were measured in the 7–40 mM range,
: their amide nitrogens are represented as red spheres.
ot achieved at r = 2.3, displaying CSP amplitudes
in blue. Residues that display a change in CSP trajectory
by 90�. (D) GST-NS1 was co-expressed together with
acteria. Bacteria lysates were clarified and the soluble
beads. After extensive washing the binding of MED25
assie blue staining. The position of mutated residues is
on the right side.



B. C.

A.

GST ATF6α TAD

NS1 μM              -       -      15      30

GST ATF6α
TAD

MED25 ACID

55 kDa

35 kDa

25 kDa

15 kDa

GST 

GST         
MED25 ACID 

G
S

T 
AT

F6
α

 T
A

D

M
E

D
25

 A
C

ID

N
S

1

55 kDa

35 kDa
25 kDa

15 kDa

10 kDa

Figure 6. NS1 competes with ATF6a for binding to MED25. (A) Sequence alignment of NS1 a3 with
transactivator domains of transcription factors VP16, p53 and ATF6a that bind to the H2 face of MED25
ACID.20,29,34,48 The letter U indicates hydrophobic or aromatic amino acids. Bold letters indicate residues that were
reported to fold into an a-helix: for VP16 TAD2 bound to MED25 ACID,29 and for NS1 a3 in the context of the unbound
full-length protein.20 Underlined red letters indicate residues that are critical for the interaction of NS1 a3, p53TAD2
and ATF6a with MED25 ACID or critical for transcription in yeast for VP16TAD2. (B) SDS-PAGE and Coomassie blue
staining of purified recombinant GST-ATF6a TAD, NS1 and MED25 ACID protein. (C) GST or GST-ATF6a TAD were
expressed in E. coli BL21(DE3), purified on glutathione-Sepharose beads, and incubated in the presence of 30 lM
MED25 ACID without or with 15 and 30 lM NS1, as indicated. After extensive washing the binding of MED25 ACID to
GST and GST-ATF6aTAD was determined by SDS-PAGE and Coomassie blue staining.

J. Dong, V. Basse, M. Bierre, et al. Journal of Molecular Biology 434 (2022) 167763
replication in IFN-competent cells and differential
gene expression in the IFN pathways as compared
to WT RSV.20 We show here that two of these
amino acids (Y125 and L133) are also critical for
MED25 ACID interaction. Importantly these NS1
a3 helix point mutants can still properly localize to
the nucleus (Figure 2(E)), indicating that these
mutations do not impair NS1 nuclear localization
and are accessible to MED25. Strikingly, in the
dimeric crystal structure of NS1, L132 and Y125
make intra-protomer and inter-protomer contacts,
suggesting that they are buried in the structure
and not available for interactions. L133 makes only
inter-protomer contacts. If NS1 is monomeric, Y125
and L132 become accessible, whereas L133
anchors the a3 helix to the a,b-core of NS1. Since
L133 appears to be critical for targetingMED25, this
raises the question whether the a3 helix may disso-
ciate from the a,b-core for MED25 binding.
We further confirmed by NMR that the NS1a3

peptide (Figures 4 and 5) directly interacts with
MED25 ACID and preferentially binds to the H2
face of MED25 ACID, like several TADs of
transcriptional regulators.29,32–34 Binding of NS1 to
the H2 face was validated by GST-pulldown
12
assays, where the MED25 ACID M523E mutation
impaired binding to GST-NS1 (Figure 5(D)). The
Kd of 10 mM obtained by ITC and the mean Kd of
17 mM obtained by NMR for NS1a3 peptide binding
to the H2 face indicate rather weak affinity and may
question the relevance of NS1 a3 binding to MED25
ACID. We showed that the NS1a3 peptide, used to
perform interaction experiments, lacked a-helical
conformation in its free form, contrary to the NS1
a3 helix that is preformed in the NS1 protein. The
low affinity may therefore be linked to the additional
folding process. However, since we observed that
the a,b-core domain of NS1 can also bind MED25
ACID, this domain may complement NS1 a3
binding.
Our 1H-15N HSQC NMR titration experiment

display similar features to those reported for
canonical TADs, i.e. a fast chemical exchange
regime for many perturbed signals, line
broadening for residues with large chemical shift
amplitudes and similar concentrations to reach
saturation, suggesting similar binding modes and
affinities.29,33,34 The affinity of MED25 ACID for
the VP16 tandem TAD was estimated to be low
mM to high nM by NMR,29 and later a Kd of 60 nM
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was measured by fluorescence anisotropy.33

Higher affinities were also measured for ATF6a
TAD (0.5 mM) by fluorescence anisotropy33 and
for the p53 tandem TAD (0.8 mM) by ITC.34 In
contrast, for VP16 TAD2, which binds to the H2
face, an 8-fold molar excess of peptide was needed
to reach saturation in an NMR titration experiment,
which is indicative of mM affinity,29 and p53TAD2
was shown to bind with 8 mM affinity.34 This sug-
gests that the results obtained with NS1a3 are com-
parable to those obtained with other TADs under
similar experimental conditions.
Comparing the sequences of the three H2-

binding TADs (VP16, p53 and ATF6a) with that of
NS1 a3 did not reveal any striking sequence
similarity (Figure 6(A)). Even residues that are
critical for binding to MED25 ACID or important for
MED25 function do not display any common
pattern, apart from the requirement for
hydrophobic residues (Figure 6(A)). This is rather
intriguing, but might underline that binding occurs
through a multi-step process, with specificities for
each TAD, as already pointed out by Henderson
et al.33 The low exchange rate measured by NMR
for NS1a3 binding would be specific of NS1.

NS1 competes with cellular TADs for targeting
MED25

Transcription activator ATF6a functions as a
master regulator of ER stress response. In
response to ER stress, ATF6a translocates to the
Golgi, where it is processed, followed by transport
to the nucleus, where it activates the unfolded
protein response (UPR) genes.49,50 ATF6a was
shown to recruit the Mediator complex by binding
directly to the MED25 subunit,48 via the H2 site on
MED25 ACID.33 Our NMR analysis showed binding
of NS1 to the MED25 ACID H2 site (Figures 4 and
5), suggesting that NS1 might be able to compete
for MED25 with ATF6a. Moreover, the same
MED25 ACID mutant M523E results in significant
loss of binding for both NS1 and ATF6a, with a 9-
fold increase of the dissociation constant reported
for ATF6a.33 Our competition studies showed an
absence of MED25 ACID binding to ATF6a in the
presence of NS1 (Figure 6(C)), favouring this
hypothesis.
Very recently it was shown that the cellular UPR

response is central to adaptation of glycoprotein
metabolism in RSV.51 RSV infection activates the
UPR, partly by inducing a spliced form of X-box
binding protein 1 (XBP1) and partly by processing
and activating ATF6a, both proteins being central
arms of the UPR response. This was suggested to
enhance virus production and to have a positive
effect on virus-induced structural airway remod-
elling.51 While our study suggests that RSV could
de-activate ATF6a through competition by NS1 for
MED25 binding, it is possible that activating and
de-activating ATF6a needs to be carefully balanced
during RSV infection. Even as viruses utilize the
13
host UPR to enhance virus production and host cell
survival, the invokedUPR in turn has the potential to
sense viral infection and trigger anti-viral
responses.52

Furthermore, NS1 was shown to associate with
chromatin, and gene regulatory elements such as
enhancers of genes differentially expressed during
RSV infection were singled out, suggesting a new
role for NS1 in regulating host gene
transcription.18 Importantly, 43% of NS1 peaks
identified by Chip-seq analysis coincided with Medi-
ator peaks.18 Our results show a direct interaction
between NS1 and MED25 via the H2 face of
MED25 ACID, which rationalizes NS1 association
with Mediator peaks.18 Moreover, the Chip-seq
analysis showed that the NS1 a3 helix mutant
Y125A did not impact NS1 binding to chromatin,
but modulated gene expression, which suggested
that the a3 helix may be important for interaction
with a cellular partner, such as MED25, regulating
host transcription.18

MED25 has recently emerged as one of the most
significant targets for functional interactions with a
range of transcriptional activators, including
Herpes simplex virus transactivation protein
VP16,30,32 ATF6a,48 ERM transcription factor,31

and p53.34 Cellular and viral transcriptional activa-
tors that target MED25 are multi-domain proteins,
which contain at least one transactivation domain
(TAD) that binds the transactivator Mediator subunit
MED25 and a DNA-binding domain that recognizes
specific promoters/signals on target genes, which
are then transcribed by RNA Pol II. Our results sug-
gest that NS1 possesses a TADdomain. No specific
DNA-binding region has been identified for NS1 yet.
We therefore hypothesize that this TAD contributes
to displace those of other regulation factors from
theMediator complex, thereby reducing related acti-
vation. Moreover, RSV NS1 and NS2 are the most
abundantly transcribed RSV genes.17 On this basis
we propose that NS1 could act as a transcription
suppressor. This would present a new mechanism
to control the host response upon RSV infection by
interfering with activation of innate immune
response genes by cellular transcriptional
activators.

Materials and Methods

Plasmid constructs

Custom synthesized pciNanoLuc 114 and 11S
vectors (GeneCust) were used to clone the codon-
optimized hRSV NS1 and MED25 constructs using
standard PCR, digestion and ligation techniques.
pcineo NS1 single site mutants in the full-length
construct as well as insertion of the FLAG tag into
NS1 and MED25 constructs were generated by
using the Q5 site-directed mutagenesis kit (New
England BioLabs), following the manufacturer
recommendations. pGEX4T3 was used to clone
NS1 using standard PCR, digestion and ligation
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techniques. pGEX NS1 a3, and pGEX NS1 Da3
constructs were re-cloned from pcineo NS1 vector
using standard PCR, digestion and ligation
techniques. MED25 (Addgene) deletion mutants
were obtained by introducing start and stop codons
at the appropriate site in the coding sequence
(MED25 VWD aa 1–231 and MED25 ACID aa
389–543). MED25 ACID was cloned into pET28-
derived plasmid using standard PCR, digestion
and ligation techniques. MED25 ACID mutants
were generated by quick change mutagenesis.
pet41s GST ATF6aTAD (aa 1–150) (Addgene)
contained the TAD domain.
Y2H screen

The Y2H screen was performed as previously
described.35 The DNA sequence encoding RSV
NS1 was cloned by in vitro recombination (Gateway
technology; Invitrogen) from pDONR207 into the
Y2H vector pPC97-GW to be expressed as a fusion
protein with the GAL4 DNA-binding domain (GAL4-
BD). AH109 yeast cells (Clontech; Takara, Moun-
tain View, CA, USA) were transformedwith this con-
struct using a standard lithium-acetate protocol.
Screens were performed on a synthetic medium
lacking histidine (-His) and supplemented with 3-
amino-1,2,4-triazole (3-AT). A mating strategy was
used to screen a commercial human spleen cDNA
library (Invitrogen) and a human full-length ORF
library (hORFeome)53 established in the pPC86
vector to express cellular proteins in fusion down-
stream of the GAL4 transactivation domain
(GAL4-AD). After 6 days of culture, colonies were
picked and replica plated over three weeks to main-
tain selection and eliminate potential contaminants.
cDNA inserts were amplified from positive yeast
colonies using primers that hybridize within the
backbone of the pPC86 vector. After sequencing
of the PCR products, cellular interactors were iden-
tified by multi-parallel BLAST analysis.
Bacteria expression and purification of
recombinant proteins

MED25 ACID (residues Leu389-Asn543) was
produced with an N-terminal 6xHis-tag followed by
a T7 tag from a pET28-derived plasmid. E. coli
BL21(DE3) bacteria transformed with the pET28
MED25 ACID plasmid were grown from fresh
starter culture in Luria-Bertani (LB) broth at 37 �C
to an optical density of 0.6 at 600 nm, followed by
induction with 0.2 mM isopropyl-b-D-thiogalacto
side (IPTG) for 18 h at 20 �C. Cells were lysed by
sonication (4 times for 20 s each time) and
lysozyme (1 mg/ml; Sigma-Aldrich) in 50 mM Na
phosphate, 300 mM NaCl, 10 mM imidazole pH 8,
plus protease inhibitors (Roche). Lysates were
clarified by centrifugation (23,425g, 30 min, 4 �C),
and the soluble MED25 ACID protein was purified
on 1 ml beads loaded with Ni-NTA (GE
14
Healthcare). The bound protein was washed
extensively with loading buffer containing 50 mM
Na phosphate, 300 mM NaCl and 25 mM
imidazole and eluted with 50 mM Na phosphate,
300 mM NaCl and 250 mM imidazole pH 8.

15N- and 15N13C-labelled MED25 ACID samples
were produced in minimal M9 medium
supplemented with 2 mM MgSO4, 100 mM CaCl2,
0.5X MEM vitamin solution (Gibco), 30 mg�mL�1

kanamycin, 1 g�L�1 15NH4Cl (Eurisotop, France)
and 4 g�L�1 glucose or 3 g�L�1 13C-glucose
(Eurisotop, France). Expression was induced with
0.1 mM IPTG. Lysis, clarification and purification,
using 2 mL Ni-NTA resin (ThermoFisher, France)
per liter of culture, were carried out as described
for unlabelled MED25 ACID. The eluted His-
tagged protein was then dialyzed into 20 mM Na
phosphate pH 6.5, 100 mM NaCl buffer
supplemented with 0.5 mM dithiothreitol (DTT)
using a 10 kDa cut-off membrane (Spectrapor).
The protein samples were further purified by gel
filtration on a Superdex S75 HR 10/30 column
(GE Healthcare). Samples were then
concentrated to �500 mM using 10 kDa cut-off
centrifugal filter units (Amicon Ultra, Millipore), and
the DTT concentration was raised to 5 mM. The
MED25 ACID concentration was determined by
measuring the absorption at 280 nm and applying
a molar extinction coefficient of 22,460 mol�1�cm�1.
For NS1 expression, E. coli BL21(DE3) bacteria

transformed with the pGEX-NS1 plasmid were
grown from fresh starter culture in LB broth at 37 �
C to an optical density of 0.8 at 600 nm, followed
by induction with 0.5 mM IPTG for 18 h at 20 �C.
Cells were lysed by sonication (4 times for 20 s
each time) and lysozyme (1 mg/ml; Sigma) in
20 mM Tris–HCl, 300 mM NaCl, 5% glycerol, pH
8, plus protease inhibitors (Roche). Lysates were
clarified by centrifugation (23,425g, 30 min, 4 �C),
and the soluble GST-NS1 was purified on 1 ml
Glutathione Sepharose beads (cytiva). The bound
protein was washed with 20 mM Tris–HCl, 1 M
NaCl, 5% glycerol, pH 8, followed by wash with
20 mM Tris–HCl, 300 mM NaCl, 5% glycerol,
5 mM 2-mercaptoethanol, pH 8. GST-NS1 beads
were then washed with 20 mM Tris–HCl, 150 mM
NaCl, 2.5 mM CaCl2, 5 mM 2-mercaptoethanol,
pH 8 and incubated with Biotinylated-thrombin
protease (Novagen) over night at 4C. The
supernatant NS1 fraction was collected and
incubated with Streptavidin agarose (Millipore) for
1 h at 4 �C in order to eliminate Thrombin. Purified
NS1 was then concentrated using Vivaspin
columns (SartoriusStedimBiotec).
For GST and GST-ATF6aTAD expression, E. coli

BL21(DE3) bacteria transformed with the pGEX or
pet41s-ATF6a plasmid were grown from fresh
starter culture in LB broth at 37 �C to an optical
density of 0.5 at 600 nm, followed by induction
with 1 mM IPTG for 18 h at 16 �C. Cells were
lysed by sonication (4 times for 20 s each time)
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and lysozyme (1 mg/ml; Sigma) in 50 mM Tris–HCl,
300 mM NaCl, pH 8, plus protease inhibitors
(Roche). Lysates were clarified by centrifugation
(23,425g, 30 min, 4 �C), and the soluble GST-
ATF6aTAD protein was purified on 1 ml
glutathione Sepharose beads (cytiva). The bound
protein was washed extensively with 50 mM Tris–
HCl and 150 mM NaCl, pH 8. GST-ATG6a was
eluted by incubating the glutathione beads with
50 mM reduced glutathione for 1 h at RT. The
eluted protein was then dialysed for 18 h into
50 mM Tris–HCl and 150 mM NaCl, pH 8, to
eliminate free Glutathione. GST-ATF6a was
concentrated to 2 ml using Vivaspin4 column
(SartoriusStedimBiotec) and purified on a HiLoad
10/600 Superdex S200 column (GE Healthcare).
Clean GST-ATF6a fraction was used directly to
rebind to glutathione beads for competition
experiments.
Peptide preparation

N-acetylated NS1a3 peptide Ac-
SDSTMTNYMNQLSELLGFDLNP (RSV NS1
residues Ser118-Pro139) was synthesized by
GeneCust (Luxemburg) with >95% purity, as
assessed by HPLC and subsequently by NMR.
Aliquots of 2 mg were suspended in 1 mL MQ
water and dispersed by sonication. The pH was
neutralized by addition of 1 M NaOH, leading to
complete dissolution. The concentration was
determined by measuring the absorption at
280 nm and applying a molar extinction coefficient
of 1490 mol�1�cm�1. The quality of the peptide
solution was assessed by NMR. The
concentration was verified by 1D 1H NMR under
quantitative conditions by comparing peptide
signal intensities with those of sodium
trimethylsilylpropanesulfonate (DSS) added as an
internal standard with known concentration.
Aliquots were lyophilized for the titration
experiment with 15N-MED25 ACID.
Pull-down experiments

MED25 ACID WT or mutant construct was co-
expressed together with GST, GST-NS1, GST-
NS1 Da3 or GST-NS1 a3 helix. E. coli BL21(DE3)
bacteria were transformed with the pet28 MED25
ACID plasmids together with empty pGEX, pGEX
NS1, GST-NS1 Da3, or pGEX NS1 a3 helix.
Protein induction was as for MED25 ACID alone
(see above). Cells were lysed by sonication (4
times for 20 s each time) and lysozyme (1 mg/ml;
Sigma) in 50 mM Na Phosphate, 300 mM NaCl,
pH 8, plus protease inhibitors (Roche). Lysates
were clarified by centrifugation (23,425g, 30 min,
4 �C), and the soluble proteins complexes were
purified on 1 ml Glutathione Sepharose beads
(cytiva). Beads were washed with 50 mM Tris–HCl
and 150 mM NaCl, pH 8, and the bound proteins
were analysed by SDS-PAGE and Coomassie
15
staining. For pull-down experiment between GST-
NS1 and WT and mutant MED25 ACID constructs
in Figure 5(D), beads were washed with 50 mM
Tris–HCl and 300 mM NaCl, pH 8.

Cell culture

293T cells were maintained in Dulbecco modified
Eagle medium (eurobio) supplemented with 10%
fetal calf serum (FCS; eurobio), 1% L-glutamine,
and 1% penicillin streptomycin. The transformed
human bronchial epithelial cell line (BEAS-2B)
(ATCC CRL-9609) was maintained in RPMI 1640
medium (eurobio) supplemented with 10% fetal
calf serum (FCS; eurobio), 1% L-glutamine, and
1% penicillin–streptomycin. The cells were grown
at 37 �C in 5% CO2.

NS1-ATF6aTAD competition assay

GST and GST-ATF6aTAD were expressed in
BL21 E. coli and purified on Glutathione beads as
described above. 40 ml GST or GST-ATF6a TAD
beads were incubated with 30 mM purified MED25
ACID without or with 15 and 30 lM of NS1 protein
for 2 h at 4 �C. After incubation, the supernatants
were collected for analysis. Beads were washed
with 50 mM Tris–HCl and 150 mM NaCl, pH 8,
and the samples corresponding to proteins bound
to beads or recovered in the supernatant were
analysed by SDS-PAGE and Coomassie blue
staining.

NanoLuc interaction assay

Constructs expressing the NanoLuc subunits
114S and 11S were used.37 293T cells were
seeded at a concentration of 3 � 104 cells per well
in 48-well plate. After 24 h, cells were co-
transfected in triplicate with 0.4 mg of total DNA
(0.2 mg of each plasmid) using Lipofectamine
2000 (Invitrogen). 24 h post transfection cells were
washed with PBS, and lysed for 1 h in room temper-
ature using 50 ml NanoLuc lysis buffer (Promega).
NanoLuc enzymatic activity was measured using
the NanoLuc substrate (Promega). For each pair
of plasmids, three normalized luminescence ratios
(NLRs) were calculated as follows: the lumines-
cence activity measured in cells transfected with
the two plasmids (each viral protein fused to a differ-
ent NanoLuc subunit) was divided by the sum of the
luminescence activities measured in both control
samples (each NanoLuc fused viral protein trans-
fected with an plasmid expressing only the
NanoLucsubunit). Data represent the mean ± SD
of 4 independent experiments, each done in tripli-
cate. Luminescence was measured using Infinite
200 Pro (Tecan, Männedorf, Switzerland).

Immunostaining and imaging

Overnight cultures of BEAS-2B cells seeded at 4
105 cells/well in 6-well plates (on a 16-mm micro-



J. Dong, V. Basse, M. Bierre, et al. Journal of Molecular Biology 434 (2022) 167763
cover glass for immunostaining) were transfected
with pcineo plasmids (0.4 mg) carrying the RSV
codon-optimised NS1 or FLAG-NS1 WT or mutant
constructs using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s
recommendations. At 24 h post transfection cells
were fixed with 4% paraformaldehyde in PBS for
10 min, blocked with 3% BSA in 0.2% Triton X-
100–PBS for 10 min, and immunostained with
monoclonal anti-FLAG (1:2000; Sigma)
antibodies, followed by species-specific secondary
antibody conjugated to Alexa Fluor 488 (1: 1,000;
Invitrogen). Images were obtained using Nikon
TE200 inverted microscope equipped with a
Photometrics CoolSNAP ES2 camera. Images
were processed using MetaVue software
(Molecular Devices).
SDS-PAGE and Western analysis

Protein samples were separated by
electrophoresis on 12% or 15% polyacrylamide
gels in Tris-glycine buffer. All samples were boiled
for 3 min prior to electrophoresis. Proteins were
then transferred to a nitrocellulose (for NS1 and P
proteins) (Roche) or PVDF (for MED25 proteins)
(Roche) membrane. The blots were blocked with
5% non-fat milk in Tris-buffered saline (pH 7.4),
followed by incubation with monoclonal anti-FLAG
(1:2,000, Sigma), or rabbit anti-P antiserum
(1:5,000),38 and horseradish peroxidase (HRP)-
conjugated donkey anti-mouse (1:10,000) or don-
key anti-rabbit (1:10,000) antibodies (P.A.R.I.S.).
Western blots were developed using freshly pre-
pared chemiluminescent substrate (100 mM
TrisHCl, pH 8.8, 1.25 mM luminol, 0.2 mM p-
coumaric acid, 0.05% H2O2) and exposed using
BIO-RAD ChemiDocTM Touch Imaging System.
Dynamic light scattering

Dynamic light scattering (DLS) measurements
were performed on a Zetasizer Nano S instrument
(Malvern) with a 173� angle using a volume of
40 mL in disposable 70 lL cuvettes (Brand).
Measurements were carried out at 25 �C.
Isothermal titration calorimetry

ITC measurements were carried out on a VP-ITC
calorimeter (MicroCal) at a temperature of 298 K.
For titration of NS1 by MED25 ACID, both protein
samples were dialyzed against the same batch of
20 mM Tris pH 8.0, 200 mM NaCl, 1 mM TCEP
buffer. NS1 (20 mM) was placed into the
calorimeter cell (V = 1435 mL) and MED25 ACID
(300 mM) was injected in 8 mL volumes. For
titration of NS1a peptide by MED25 ACID, MED25
ACID was dialyzed against 20 mM Tris pH 8.0,
200 mM NaCl, 1 mM TCEP buffer. Lyophilized
NS1a peptide, for which the pH had been adjusted
to 8 before, was solubilized in the same batch of
16
buffer. NS1a3 (20 mM) was placed into the
calorimeter cell, and MED25 ACID (420 mM) was
injected in 8 mL volumes. Data were processed
and analyzed with MicroCal Origin software.
Baselines and integration were manually adjusted.
Nuclear Magnetic Resonance (NMR)
measurements

NMR measurements on NS1a peptide were
carried out on a Bruker Neo 700 MHz NMR
spectrometer equipped with a cryogenic TXO
probe at a temperature of 298 K. The peptide
concentration was 790 mM and the sample
contained 7.5% 2H2O to lock the spectrometer
frequency. 1D 1H NMR spectra and 2D 1H–1H
DIPSI2 (mixing time 40 ms), 1H–1H ROESY
(mixing time 200 ms) and 1H–1H NOESY (mixing
time 300 ms) were acquired. All spectra were
acquired with water suppression using excitation
sculpting with gradients.
NMR measurements with MED25 ACID were

performed on a Bruker Avance III 800 MHz NMR
spectrometer equipped with a cryogenic TCI
probe. All samples were prepared in 20 mM Na
phosphate pH 6.5, 100 mM NaCl, 5 mM DTT
buffer supplemented with 7.5% 2H2O. The
temperature was set to 293 K. BEST-TROSY
versions of triple resonance 3D experiments54 were
acquired on 13C15N-labeled MED25 ACID (460 mM
final concentration) for backbone assignment, with
a 0.2 ms recycling delay: HNCO, HNCA, HN(CO)
CA, CB-optimized HNCACB and HN(CO)CACB. A
standard 3D 15N NOESY-HSQC experiment was
recorded at 700 MHz on 300 mM 15N-labeled
MED25 ACID to confirm chemical shift assign-
ments. 1H chemical shifts were referenced to
DSS. NMR data were processed within TopSpin
4.0 (Bruker Biospin, Wissembourg) and analysed
with Ccp Nmr Analysis 2.4 software.55 The titration
experiment of 15N-MED25 ACID (225 mM) by
NS1a3 peptide was carried out by recording 2D
1H-15N HSQC spectra, using a BEST-TROSY
sequence. At each titration point, a lyophilized pep-
tide aliquot was added to keep the protein concen-
tration constant at 225 mM, starting at 0.1 and
ending at 2.3 molar equivalents. Combined amide
1H and 15N chemical shift perturbations DdHN were
calculated with a scaling factor of 1/10 for 15N, cor-
responding to the ratio of gyromagnetic ratios
between 15N and 1H (Eq. (1)):

DdHN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððd1H � d1Href Þ2 þ ðd15N � d15Nref Þ2=100Þ

q
ð1Þ

Dissociation constant Kd values were extracted
by fitting MED25 ACID 1H and/or 15N chemical
shift perturbations as a function of the ligand ratio,
i.e. the peptide:protein molar ratio (r), with a single
site binding model and assuming a fast chemical
exchange regime (Eq. (2)), using Ccp Nmr
Analysis software.
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ðd� dref Þ ¼ 1

2
ðdsat � dref Þ � ð Kd

½MED25�tot
þ 1þ r

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð Kd

½MED25�tot
þ 1þ rÞ

2

� 4r

s
Þ ð2Þ

The exchange rate between free and bound
states, kex, was estimated from the resonance
frequency difference Dm for residues in the
intermediate exchange according to kex = p * Dm.

Illustrations

Structural representations were prepared with
Pymol (Schrodinger, LLC, The PyMOL Molecular
Graphics System 1.3). Graphic rendering of
sequence alignment was made with Espript3.0.56
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