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435, 1405 Buenos Aires, Argentina
‡Protein Physiology Laboratory, Departamento de Química Bioloǵica, Facultad de Ciencias Exactas y Naturales and
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ABSTRACT: The nonstructural NS1 protein is an essential virulence factor of the human respiratory syncytial virus, with a
predominant role in the inhibition of the host antiviral innate immune response. This inhibition is mediated by multiple protein−
protein interactions and involves the formation of large oligomeric complexes. There is neither a structure nor sequence or
functional homologues of this protein, which points to a distinctive mechanism for blocking the interferon response among
viruses. The NS1 native monomer follows a simple unfolding kinetics via a nativelike transition state ensemble, with a half-life of
45 min, in agreement with a highly stable core structure at equilibrium. Refolding is a complex process that involves several
slowly interconverting species compatible with proline isomerization. However, an ultrafast folding event with a half-life of 0.2 ms
is indicative of a highly folding compatible species within the unfolded state ensemble. On the other hand, the oligomeric
assembly route from the native monomer, which does not involve unfolding, shows a monodisperse and irreversible end-point
species triggered by a mild temperature change, with half-lives of 160 and 26 min at 37 and 47 °C, respectively, and at a low
protein concentration (10 μM). A large secondary structure change into β-sheet structure and the formation of a dimeric nucleus
precede polymerization by the sequential addition of monomers at the surprisingly low rate of one monomer every 34 s. The
polymerization phase is followed by the binding to thioflavin-T indicative of amyloid-like, albeit soluble, repetitive β-sheet
quaternary structure. The overall process is reversible only up until ∼8 min, a time window in which most of the secondary
structure change takes place. NS1’s multiple binding activities must be accommodated in a few binding interfaces at most,
something to be considered remarkable given its small size (15 kDa). Thus, conformational heterogeneity, and in particular
oligomer formation, may provide a means of expand its binding repertoire. These equilibria will be determined by variables such
as macromolecular crowding, protein−protein interactions, expression levels, turnover, or specific subcellular localization. The
irreversible and quasi-spontaneous nature of the oligomer assembly, together with the fact that NS1 is the most abundant viral
protein in infected cells, makes its accumulation highly conceivable under conditions compatible with the cellular milieu. The
implications of NS1 oligomers in the viral life cycle and the inhibition of host innate immune response remain to be determined.

Paramyxoviruses make up a diverse family of enveloped
nonsegmented negative-strand RNA viruses that belong to

the order of Mononegavirales. Some of them are the most
ubiquitous disease-causing viruses of humans and animals,
including human parainfluenza viruses type 1−4, mumps,
measles, and other lethal zoonotic virues such as Nipah and

Hendra from the Paramyxovirinae subfamily. Human respira-
tory sincytial virus (hRSV), a member of the Pneumovirinae
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subfamily,1 is the leading cause of lower respiratory tract disease
among young children and immunocompromised individuals.
hRSV infection is one of the most frequent reasons for
hospitalization in developing countries, where 99% of hRSV-
related deaths take place.2 In addition, hRSV infection is
believed to be associated with long-term complications, such as
recurrent wheezing and asthma.3 Despite the fact that during
the last decades there has been significant progress in the
understanding of hRSV pathogenesis, there is no antiviral
treatment or effective vaccine available at present.4,5

Paramyxoviruses induce a wide variety of host responses
upon infection. The first line of host defense against infection is
the activation of the interferon (IFN) pathways. The IFN
induction pathway is initiated by the activation of the RIG-I
cytoplasmic RNA sensor, which recognizes viral RNA
products.6 Through its CARD domain, RIG-I activates the
signaling adaptor MAVS,7 located in the outer membrane of
mitochondria. MAVS activation by RIG-I leads to polymer-
ization of inactive MAVS monomers into functional amyloid-
like oligomers docked on the surface of the mitochondrial
membrane,8 which amplifies signaling of the IFN induction
pathway and activates transcription of IFN-regulated genes.
Produced IFN is secreted and is able to interact with IFN
receptors, thus triggering the IFN response pathway. This
signaling pathway promotes the phosphorylation and activation
of signal transducer and activation of transcription proteins
(STAT 1 and 2), which translocate to the nucleus and lead to
transcriptional activation of responsive genes encoding proteins
with antiviral effects.9,10

To evade these antiviral defense mechanisms, Paramyxovi-
ruses evolved different strategies, which result in a decreased
level of IFN production or disruption of the IFN signaling
pathways, leading to enhanced disease. Inhibition of IFN
synthesis by Paramyxoviruses includes mechanisms such as the
inhibition of cellular RNA sensors, control of aberrant viral
RNA synthesis, signaling kinases, and suppression of the IFN
promoter. The mechanisms related to inhibition of IFN
signaling include sequestration of signaling factors, upregulation
of cellular inhibitory molecules, and targeted degradation of
signaling products.11 This inhibition of IFN signaling is
mediated by RSV nonstructural (NS) proteins NS1 and NS2,
which are unique to RSV and show no sequence homology to
other known viral or cellular proteins, even within the
Paramyxoviruses.12 The NS proteins have been shown to
target different members of the interferon (IFN) induction and
response pathways, decreasing levels of IFN α and β.13−22 NS2
was shown to interact with RIG-I, inhibiting RIG-I−MAVS
binding and downstream signal transduction.23 Furthermore, in
another report, the interaction between MAVS and NS1 was
investigated, and it was found that this binding interferes with
the RIG-I−MAVS interaction, and that recombinant viruses
lacking NS1 do not seem to affect this interaction.15,19,24 It was
shown that NS proteins, predominantly NS2, decrease levels of
STAT2, promoting its proteasomal degradation.12,16,25 In
addition, NS1 and NS2 may play a role in RNA replication,
with a stronger inhibitory effect reported for NS1 than for
NS2.26

Given the relevance of NS1 and its uniqueness to RSV
among all Paramyxoviruses, the lack of information about the
structure and biochemical activity that underlies its biological
function is noticeable. Previously, we and others showed that
the 15.5 kDa NS1 protein is a stable monomer in solution.27,28

Chemical denaturation experiments showed that the NS1

monomer unfolds following a highly cooperative two-state and
fully reversible reaction.28 However, under mild conditions
compatible with the intracellular environment, conformational
changes are induced, leading to the formation of large (∼150
monomer units) soluble spherical oligomers (NS1SOs) as
determined by atomic force microscopy and dynamic light
scattering assays.28 These oligomers are highly stable and
homogeneous species with similar size and shape in solution
and present repetitive β-sheet structures that bind Congo red
and thioflavin T dyes. Recent functional data suggest that NS1
oligomerization may be relevant in vivo. Namely, NS1
transfected in lung epithelial cells was shown to form homo-
oligomers and to interact with NS2.20 Moreover, a large
heterogeneous protein complex called the “degradosome” has
been described, which has a molecular mass in the range of
300−750 kDa and contains both NS1 and NS2 proteins as well
as proteasome subunits. The degradosome presents degradative
activity for many NS1 and NS2 cellular targets, such as RIG-I,
TRAF3, and STAT2, and was found to be important in innate
immunity suppression in infected cells.29 These findings could
indicate that the NS1SOs formed quasi-spontaneously in vitro
could be correlated to the “degradosome” complex and may
represent a functionally relevant species in vivo.
In this work, with the goal of understanding the binding

promiscuity of this unique protein, we set out to investigate the
folding mechanism of the monomer and the assembly
mechanism of the NS1 oligomer. Using different spectroscopic
techniques, we found folding kinetics to be a complex process,
in contrast to the simple two-state behavior shown at
equilibrium and in unfolding kinetics. We dissected the
oligomerization mechanism and propose a model of NS1 self-
assembly. After an initial step involving a reversible nucleation
intermediate, the reaction proceeds irreversibly, leading to the
formation of spherical particles. We discuss the results in
connection with its known and hypothesized activities related
to its capacity to inhibit the interferon response.

■ EXPERIMENTAL PROCEDURES

Expression and Purification of the hRSV NS1 Protein.
The human RSV strain A NS1 protein was recombinantly
expressed and purified as previously described.28 Briefly,
C41(DE3) cells harboring plasmid pMal 2C, with the NS1
sequence cloned as a thrombin cleavage fusion protein to the
maltose binding protein (MBP), were grown in LB medium at
an OD of 0.6, and protein expression was induced with 0.3 mM
isopropyl β-D-1-thiogalactopyranoside, after which cells were
incubated at 20 °C for 16 h. The soluble protein was
precipitated with 50% ammonium sulfate, resuspended, and
purified with an affinity amylose resin (New England Biolabs,
Hitchin, U.K.), followed by a thrombin treatment and size
exclusion chromatography to cleave and separate NS1 from the
fusion protein MBP. Pure NS1 was dialyzed against 10 mM
Tris-HCl buffer (pH 8.0), 0.2 M NaCl, and 1 mM DTT. The
protein concentration was determined spectrophotometrically
using a molar extinction coefficient (ε280) of 9970 M−1 cm−1.

Circular Dichroism and Fluorescence Spectroscopy.
Far-UV circular dichroism (CD) measurements were per-
formed on a Jasco J-810 spectropolarimeter using a Peltier
temperature-controlled sample holder at 20 °C. Spectra were
recorded between 200 and 260 nm at a scan rate of 100 nm/
min, with a response time of 4 s and a bandwidth of 2 nm. All
spectra were an average of at least four to six scans. Raw data
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were converted to molar ellipticity using the following
equation:

θ =
× # × ×L

[ ]
deg

[c] bonds 10000 (1)

where deg is the raw signal in millidegrees, [c] is protein
concentration in molar units, #bonds is the number of peptide
bonds, and L is the path length in centimeters.
Folding Kinetics. Fluorescence experiments were per-

formed in a Jasco FP-6500 spectrofluorometer. In all cases,
an excitation bandwidth of 1 nm and an emission bandwidth of
20 nm were used to minimize bleaching and to maximize the
signal-to-noise ratio. The temperature was controlled by a
Peltier device coupled to the measurement cell.
Unfolding Kinetics. Native protein from a concentrated

stock solution was diluted 10-fold by manual mixing into 10
mM Tris-HCl (pH 8.0), 200 mM NaCl, and 1 mM DTT buffer
with the indicated amount of Gdm.Cl, to a final protein
concentration of 8 μM. CD kinetics were monitored at 216 nm,
with a bandwidth of 10 nm and a response time of 4 s. A
decrease in the magnitude of the ellipticity signal was measured
until a steady state was reached. Fluorescence kinetics were
monitored by measuring NS1 fluorescence, originated by its
single tryptophan (Trp) residue, with an excitation wavelength
of 295 nm and an emission wavelength of 325 nm. The
fluorescence change (decrease) was measured until a steady
state was reached. In all experiments, the temperature was kept
constant at 20 °C.
Refolding Kinetics. Unfolded NS1 from a concentrated

stock solution, equilibrated for at least 3 h in 5 M Gdm.Cl, was
diluted 10-fold by being manually mixed into 10 mM Tris-HCl
(pH 8.0), 200 mM NaCl, and 1 mM DTT buffer with the
indicated amount of Gdm.Cl, to a final protein concentration of
8 μM. Fluorescence kinetics were monitored with the same
parameters described for unfolding with a resultant increase in
Trp fluorescence.
Stoppped-Flow Kinetics. Refolding kinetics were meas-

ured in a SX18MV stopped-flow apparatus (Applied Photo-
physics, Leatherhead, U.K.) by diluting equilibrated fully
unfolded protein from a concentrated (60 μM) stock solution
in 5 M Gdm.Cl, 10 mM Tris-HCl buffer (pH 8.0), 200 mM
NaCl, and 1 mM DTT 10-fold, into the same buffer with the
indicated amount of Gdm.Cl. The final protein concentration
throughout the experiments was 6 μM. The excitation
wavelength was 280 nm, and a 320 nm emission high-pass
filter was used.
Folding Data Analysis. The observed rate constants for

each folding or unfolding reaction were obtained by fitting the
kinetic traces, as required, to an equation containing up to three
exponential functions:

∑= − + ∞F t A k t F( ) exp( )n n (2)

where F(t) and F∞ are the observed signal at time t and at
infinite time, respectively, and An and kn are the signal
amplitude and rate constants, respectively, for each process.
Fitting was performed using the ProFit sofware (Quantumsoft,
Zurich, Switzerland). The criteria followed to choose the
minimal number of exponentials providing the best fit for each
trace were (1) a random dispersion of residuals, (2) low
standard deviation values (at most 1/5 of the parameter value
for rate constants), and (3) significant improvement in the fit χ2

values (in relation to an equation with simpler parameters).

When refolding data were being treated, three phases were
observed for all refolding reactions, in both slower time-scale
manual mixing and faster time-scale stopped-flow experiments.
As the slowest phase from stopped-flow experiments and the
fastest phase from manual mixing refolding experiments shared
similar rate constants, we performed a global fit of manual
mixing and stopped-flow refolding traces for most Gdm.Cl
concentrations tested. All traces were normalized prior to
fitting.
Following trace fitting, the natural logarithm of the observed

rate constants as a function of Gdm.Cl concentration was
plotted to obtain a chevron plot for NS1 folding. Assuming a
two-state model for NS1 folding, the following relationships
between equilibrium and kinetic constants can be obtained:30

⇄U N
k

k

u

f

(3)

=K k k/eq f u (4)

where U and N are the unfolded and native states, respectively,
Keq is the folding equilibrium constant, and kf and ku are the
microscopic rate constants for folding and unfolding,
respectively.30 Keq for NS1 was previously reported, producing
a value of 6.48 × 10−8.28 The ku was obtained from the chevron
plot, by extrapolating the value of ln kobs at 0 M Gdm.Cl from a
linear fit of the unfolding limb, which showed a linear
dependence on Gdm.Cl concentration.30 Using the two-state
model described in eqs 3 and 4, we calculated kf from Keq and
ku. The meq value is a measure of the dependence of the free
energy of refolding on denaturant concentration30 and was
previously reported for NS1, producing a value of 2.5 kcal
mol−1 M−1.28 The meq values were shown empirically to be
proportional to changes in accessible surface area (ΔASA) of
the native state of a protein upon unfolding.31 Similarly, kinetic
m values describe the dependence of the activation free energy
for folding and unfolding reactions on denaturant concen-
tration. The kinetic mu

⧧ value is considered to reflect changes in
ΔASA between the native state and the transition state
ensemble,30 while the mf

⧧ value reflects changes in ΔASA
from the unfolded state to the transition state ensemble. The
mu

⧧ value was obtained from the chevron plot, as the slope of
the linear fit of the unfolding limb multiplied by RT, where R is
the gas constant (1.9872 × 10−3 kcal mol−1) and T is the
temperature of the experiment in kelvin. Following the two-
state model, meq is related to mf

⧧ and mu
⧧ as follows30

= −⧧ ⧧m m meq u f (5)

therefore, we calculated mf
⧧ using eq 5 and the obtained values

of meq and mu
⧧. To gain information about the burial of

accessible surface area in the transition state, we calculated an α
value, as follows:32

α = −
⧧m

m
1 u

eq (6)

Oligomerization Kinetics. Oligomerization was followed
by monitoring changes in the far-UV CD signal at 220 nm or in
thioflavin T fluorescence following transfer of monomeric NS1
from a concentrated stock solution held at 4 °C to a cuvette
containing 10 mM Tris-HCl buffer (pH 8.0) and 1 mM DTT,
maintained at the indicated temperature in each experiment.
The concentration dependence of the reaction was measured
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by varying the NS1 concentration from 2.5 to 10 μM at 47 °C.
The oligomerization reaction was additionally measured by
following the increase in ThT fluorescence with time after
concentrated NS1 was transferred to a cuvette containing buffer
equilibrated with a final ThT final concentration of 20 μM. We
previously showed that monomeric NS1 does not bind ThT
while NS1 oligomers do bind ThT.28 Therefore, the ThT
fluorescence increase was used as a proxy of NS1 oligomeriza-
tion. The excitation wavelength in these experiments was 446
nm, and signal changes were monitored at 490 nm, using an
excitation bandwidth of 1 nm and an emission bandwidth of 20
nm.
Dynamic Light Scattering. The particle size distribution

for NS1 samples was obtained using a Zetasizer Nano S DLS
device from Malvern Instruments (Malvern). NS1 protein was
filtered with Ultrafree-MC microcentrifuge 0.22 μm filters
(Millipore) before measurements were taken. NS1 protein at
17 μM in buffer containing 10 mM Tris-HCl with 1 mM DTT
was incubated at 40 °C (controlled by a Peltier control system),
and time-dependent changes in particle size diameter were
followed. Each measurement was an average from 10 scans of
10 s each.
Temperature-Jump Experiments. NS1 from a stock

solution held at 4 °C was transferred to 10 mM Tris-HCl buffer
(pH 8.0) and 1 mM DTT at 47 °C with a final protein
concentration of 12 μM. After a delay time ranging from 50 to
2000 s, samples were transferred to a sample cell holder kept at
20 °C and the far-UV CD signal at 220 nm was monitored.
After a steady state had been reached, far-UV CD spectra were
measured, and samples were run in a gel filtration S-75 column.
Size Exclusion Chromatography. Size exclusion chroma-

tography experiments were conducted on a Superdex 75 HR
10/30 column (24 mL) at a flow rate of 0.5 mL/min. The
column was calibrated with ovalbumin (44.2 kDa), chymo-
trypsinogen A (25 kDa), and ribonuclease A (13.7 kDa). The
void volume (V0) and total volume (Vt) were determined by
loading blue dextran and acetone, respectively. The buffer
consisted of 10 mM Tris-HCl (pH 8.0) and 1 mM DTT with a
protein concentration of 12 μM at 20 °C.
Oligomerization Data Analysis. Traces from concen-

tration dependence experiments were normalized and used for
model analysis. For the determination of nucleus size, we used a
kinetically limited model, developed by Zlotnick et al.:33

= + ×k nlog[NS1SOs] log log[NS1 ]monomer (7)

where k is a proportionality constant and n is the size of the
nucleus. The ThT fluorescence was used as a proxy of NS1SOs
assembly. [NS1SOs] and [NS1monomer] represent the concen-
tration of NS1 oligomers and monomers, respectively, and were
calculated at five different time points during the exponential
phase (ranging 200 to 600 s). At each time point and
concentration, we defined [NSISOs] = [NS1 total
concentration](normalized ThT fluorescence signal) and
[NS1 monomer] = [NS1 total concentration](1 − normalized
ThT fluorescence signal). These parameters were used to
create a log−log plot. The size of the nucleus was then
estimated from averaging the slope of the log−log plot of
[NS1SOs] versus [NS1 monomer] for all curves. The obtained
value was an average of the values obtained from the different
time-point data sets analyzed. The elongation rate constant for
each trace was determined from the slope of the traces centered
at 25% signal saturation. The order of the assembly reaction

was determined from the slope of a log−log plot of the rate
constants versus total NS1 concentration, as follows:

= × +l Clog(elongation rate) log[NS1 ]total (8)

where [NS1total] is the NS1 total concentration, l is the order of
the reaction, and C is a constant.34

■ RESULTS
NS1 Shows a Simple Unfolding Kinetics. We previously

showed that NS1 unfolds in a highly cooperative manner at

equilibrium, following a two-state and fully reversible reaction
characterized by a concomitant loss of secondary and tertiary
structure, with ΔGH2O

N−U and meq values of 9.6 ± 0.9 kcal
mol−1 and 2.5 kcal mol−1 M−1, respectively.28 As part of the
dissection of the folding mechanism, we tackled a kinetic
investigation. We started by studying NS1 unfolding kinetics by
following changes in exposure of its single solvent-protected
tryptophan residue (indicative of global tertiary structure
unfolding), and also by monitoring changes in NS1 secondary
structure upon Gdm.Cl denaturation through far-UV circular
dichroism (CD) measurements. As unfolding was a slow
process, we performed manual mixing experiments in which
native NS1 from a concentrated stock solution was diluted 10-
fold into buffer solutions containing Gdm.Cl at a final
concentration ranging between 3.75 and 7.0 M (pH 8.0), and
followed the resulting kinetic signals over time (see
Experimental Procedures).
Unfolding proved to be a rather simple process at all Gdm.Cl

concentrations tested, and data analysis showed that at low and
moderate Gdm.Cl concentrations (from 3.75 to 7.0 M)
unfolding traces could be fitted to a single-exponential function
(Figure 1 and Figures 1 and 2 of the Supporting Information).
At 5.0 M Gdm.Cl, the observed rate constant was (1.80 ± 0.02)
× 10−3 s−1, indicating a half-life of ∼6 min for the unfolding
reaction. The presence of a single observed rate constant in this

Figure 1. NS1 unfolding kinetics. Unfolding kinetics of native NS1
protein diluted 10-fold to a final concentration of 8 μM, following
changes in far-UV CD and fluorescence signals at 5.0 M Gdm.Cl. The
far-UV CD signal was followed at 216 nm, and the fluorescence signal
was followed at 325 nm. Traces were fit to a monoexponential
function (solid line) with residuals from the fit shown below the graph.
The observed rate constants obtained from fitting were (1.80 ± 0.2) ×
10−3 s−1 from fluorescence experiments and (1.6 ± 0.2) × 10−3 s−1

from CD experiments.
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Gdm.Cl concentration range indicated that only two species
were populated in the unfolding reaction, the native state and

Figure 2. Amplitude analysis for NS1 unfolding. Initial [t = 0 (△)]
and final [t = ∞ (●)] signals from kinetic unfolding experiments
followed by (A) fluorescence or (B) the CD signal at 216 nm. In both
graphs, final signals were calculated as the end point of exponential fits
while initial values were calculated as the difference between the end-
point values and the total amplitudes from all phases obtained in data
fitting. The data from equilibrium unfolding experiments reported in
ref 28 followed by the Trp fluorescence center of spectral mass (CSM)
and by the far-UV CD signal at 216 nm are shown superimposed on
amplitude data in panels A and B, respectively (○).

Figure 3. Chevron plot for NS1 folding. Gdm.Cl dependence of the
rate constants from unfolding and refolding experiments (chevron
plot) shown in Figures 1 and 2 and Figures 1−5 of the Supporting
Information. The rate constants corresponding to the unfolding phase
from fluorescence measurements are represented as black circles for
fluorescence measurements and as gray circles for CD measurements.
The five observed refolding phases obtained by global data fitting are
shown in the refolding side of the plot from 0 to 3.5 M Gdm.Cl (▽,
▼, △, ▲, and □). The solid line represents a linear fit of the unfolding
phase from 5.0 to 7.0 M GdmCl. ku was obtained from extrapolation of
the value of ln ku at 0 M Gdm.Cl, producing a value of (2.5 ± 0.5) ×
10−4 s−1, and mu

⧧ was obtained from the slope of the graph multiplied
by RT (0.582 kcal mol−1), producing a value of 0.24 ± 0.02 kcal mol−1

M−1. The dashed line represents the predicted linear fit for the major
refolding phase, obtained by assuming a two-state folding model (see
eqs 4 and 5 of Experimental Procedures), which yielded a value of
3860 ± 850 s−1 for kf and a value of −2.26 ± 0.20 kcal mol−1 M−1 for
mf

⧧.

Figure 4. NS1 refolding kinetics. Unfolded NS1 was rapidly mixed in
buffer to a final Gdm.Cl concentration of 1 M, and the Trp
fluorescence intensity change was monitored. (A) NS1 refolding
kinetics followed by a stopped-flow method. The final protein
concentration was 6 μM. (B) Refolding kinetics followed by manual
mixing. The final protein concentration was 8 μM. The mixing dead
time of the experiment was 15 s. For both experiments, traces were
fitted to single-, double-, and triple-exponential functions (dashed
line), with residuals for each fit shown below each trace. The observed
rate constants for panel A were as follows: k1 = 1.5 ± 0.1 s−1, k2 = 0.32
± 0.01 s−1, and k3 = (7.0 ± 0.3) × 10−2 s−1. For panel B, the observed
rate constants were as follows: k4 = (3.8 ± 0.2) × 10−2 s−1, k5 = (8.5 ±
0.5) × 10−3 s−1, and k6 = (1.9 ± 0.1) × 10−3 s−1.

Table 1. Observed Rate Constants Obtained from Refolding
Experiments at 1.0 M Gdm.Cl

constant (s−1) error (s−1)

k1 0.7451 3.33 × 10−2

k2 0.1604 7.07 × 10−3

k3 0.0434 2.34 × 10−3

k4 0.0093 3.68 × 10−4

k5 0.0019 2.70 × 10−5
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the unfolded state. For all Gdm.Cl concentrations tested,
changes in secondary and tertiary structure were super-
imposable processes and yielded similar rate constants (Figure
1). As an example, at 6.0 M Gdm.Cl, data fitting yielded the
following rate constants for unfolding: (2.89 ± 0.02) × 10−3

and (2.97 ± 0.02) × 10−3 s−1 for fluorescence and CD
experiments, respectively.
The amplitudes and end points of the observed rate

constants, from data fitting for fluorescence and CD unfolding
experiments, were used to create a plot of initial and final values
of the signals (Figure 2A,B). This analysis showed an excellent
superposition between equilibrium and kinetic unfolding data
and also indicated that the observed amplitudes could account
for the full change in each signal. These results indicate the
absence of rapid processes (burst phase) during the
experimental mixing dead time. The observed rate constants
from fluorescence experiments as a function of Gdm.Cl
concentration were plotted to create a chevron plot. For
unfolding, we observed a linear dependence of the logarithm of
the observed rate constant on guanidinium concentrations for
most of the concentrations tested (Figure 3). We calculated the
unfolding rate constant (ku) at 0 M Gdm.Cl by extrapolation of
a linear regression of the observed rate constants (from 5.0 to
7.0 M Gdm.Cl), producing a value of (2.5 ± 0.5) × 10−4 s−1,
and a value of 0.24 ± 0.02 kcal mol−1 M−1 for mu

⧧ (Figure 3;
see Experimental Procedures).
NS1 unfolding can thus be described as a slow single-

exponential decay that accounts for the full change in
fluorescence and CD signal between the native and unfolded
states. Kinetics recorded by CD and fluorescence are
superimposable at all GdmCl concentrations tested, and the
GdmCl dependence of the logarithm of the observed rate
constant is linear. From this evidence, we can describe NS1
unfolding as a two-state process without populated inter-
mediates.
Complex Multiphasic Refolding Kinetics. Refolding was

initially investigated by manual mixing and stopped-flow
techniques as it proved to be a multiphasic process with both
several slow phases (minute time scale) and rapid phases
(second time scale) that could not be measured by manual
mixing (15 s). For both sets of experiments, concentrated and
unfolded protein was diluted 10-fold in the appropriate buffer

to reach final Gdm.Cl concentrations ranging from 0.5 to 3.5
M. In both cases, the refolding process was followed by
measuring changes in Trp fluorescence (see Experimental
Procedures).
Traces from stopped-flow experiments performed at 1 M

Gdm.Cl were best fitted to three exponential functions (Figure
4A), as was the case for most of the Gdm.Cl concentrations
tested (see Figure 3 of the Supporting Information). Fitting of
kinetic data from manual mixing experiments at 1 M Gdm.Cl
also showed the presence of three phases (Figure 4B), as did
most of the Gdm.Cl concentrations tested (see Figure 4 of the
Supporting Information). As a result, data yielded six observed
rate constants. At all Gdm.Cl concentrations tested, the slowest
phase measured by stopped-flow techniques had a rate constant
similar to that of the fastest phase measured by manual mixing
experiments. For example, at 1.0 M Gdm.Cl, these phases
yielded the following rate constants: k3 = (7.0 ± 0.3) × 10−2 s−1

for stopped-flow experiments, and k1 = (3.8 ± 0.2) × 10−2 s−1

for manual mixing experiments, which indicated that this phase
corresponded to the same event. We performed a global fit of
the stopped-flow and manual mixing refolding data (see
Experimental Procedures and Figure 5 of the Supporting
Information), and on the basis of this analysis, five phases could
be well discriminated, with observed rates ranging from 0.75 ±
0.03 s−1 for the fastest phase to (1.90 ± 0.27) × 10−3 s−1 for the
slowest phase at 1.0 M Gdm.Cl (Table 1). The presence of five
phases indicated the population of at least four intermediate
species in the refolding process.30,35

The amplitude analysis from refolding experiments was not
performed because of the instability of the stopped-flow
fluorescence signal to obtain a baseline of the native and
unfolded states. Therefore, the absence of a burst phase in the
folding reaction could not be established. The resulting chevron
plot from refolding experiments revealed that most phases
presented a very weak dependence on Gdm.Cl concentration
(Figure 3), suggesting that they do not appear to represent
major folding events. Remarkably, despite the fact that NS1 was
previously found to undergo oligomerization under mild
changes in solvent conditions,28 we found no dependence on
protein concentration for either of the refolding rates [assessed
in the range of 1−15 μM for manual mixing and in the range of

Figure 5. Kinetics of NS1SOs formation by temperature jump. (A) Oligomerization kinetics were measured after transferring concentrated native
NS1 from 4 °C to buffer equilibrated at 47 °C, and following changes in the far-UV CD signal at 216 nm (black dots) and in ThT fluorescence
(dashed line) in two independent experiments. The final NS1 concentration in both experiments was 10 μM. The inset shows the far-UV CD spectra
of native NS1 (solid) and NS1SOs at the end point of the experiment (dashed line). (B) Native NS1 held at 4 °C was transferred to a cell holder
maintained at 40 °C at a final concentration of 17 μM, and the resulting kinetics were measured by following changes in the particle size diameter by
DLS (○) and by following the increase in ThT fluorescence (black line) in two independent experiments. The inset shows the particle size
distribution, measured by DLS, of initial and final species.
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1−10 μM for stopped-flow experiments (not shown)],
indicating that they did not reflect oligomerization events.
Taken together, these experiments allow us to conclude that,

unlike unfolding, refolding is a complex reaction limited by
slow unimolecular processes whose rates display a weak
dependence on guanidinium concentration. The values of the
rate constants, together with their weak Gdm.Cl dependence,
are compatible with the rates associated with prolyl isomer-
ization in the unfolded state, which are within the range of
0.001−0.1 s−1.36 This suggests that the observed rate-limiting

steps in NS1 refolding could be due to Xaa-prolyl isomerization
of one or more of its four proline residues,37−39 although
further experiments are needed to confirm this hypothesis.

Kinetic Dissection of NS1 Oligomerization. We have
previously shown that NS1 readily forms soluble and well-
defined oligomers (NS1SOs) upon mild modifications in the
milieu.28 NS1SOs formation is accompanied by a substantial
change in NS1 secondary structure, with an increase in β-sheet
content (Figure 5A, inset).28 Moreover, NS1SOs were found to
share features with amyloid-like or repetitive β-sheet structures,
such as thioflavin T and Congo red binding.28 To investigate
the mechanism of this quasi-spontaneous NS1 oligomerization
pathway, we performed a kinetic study using ThT fluorescence,
dynamic light scattering (DLS), and CD.
NS1 was stable at 20 °C, whereas transfer to temperatures of

>40 °C led to NS1SOs formation (Figure 5). The formation of
NS1SOs was triggered by a temperature jump. In a first
experiment, the assembly process was monitored by the
increase in ThT fluorescence with time, after native NS1 held
at 4 °C was transferred to a buffer solution equilibrated at 40
°C. A slow increase in the level of ThT binding was observed,
indicative of the formation of quaternary structure containing
repetitive β-strands (Figure 5A). In a parallel experiment, we
used DLS to monitor the particle size diameter of native NS1
held at 4 °C after transfer to a cell holder maintained at 40 °C
[Figure 5B (○)]. The initial species showed an average particle
size diameter of 4.2 nm, and at the end point of the kinetics, the
particle size diameter was 24.4 nm, in excellent agreement with
the previously described monomeric and oligomeric species28

(Figure 5B, inset). The process showed multiple phases, with a
noticeable lag phase that preceded the increase in ThT
fluorescence within the first 100 s. This lag phase was also
evident when monitoring the particle size increase by DLS as
the reaction proceeded, indicating the presence of intermediate
species prior to oligomer formation (Figure 5B). Interestingly,
far-UV CD showed that changes in NS1 secondary structure
took place before oligomer formation (Figure 5A), further
supporting the presence of intermediate protein concentration-
independent species in the oligomerization process.

Defining Nucleation and Elongation Steps in NS1SOs
Assembly. Next, to further dissect the mechanism of NS1
oligomerization, we analyzed time-dependent changes in ThT
fluorescence at varying protein concentrations, where native
NS1 held at 4 °C was transferred to buffer equilibrated at 47
°C, and the resulting kinetics was measured by the increase in
ThT fluorescence. The temperature was chosen to optimize the
time window for data analysis, with protein concentrations
ranging from 2.5 to 10 μM (Figure 6A). Normalization of the
data showed protein concentration-dependent kinetics, as
expected for a polymerization reaction (Figure 6A). To
characterize the process, we used an oligomerization model
developed by Zlotnick et al.33 used to describe sigmoidal
assembly kinetics in which there are three well-defined phases,
namely, a lag phase, an elongation phase, and a final stationary
phase. In this model, the lag phase can be correlated to nucleus
formation, where the nucleus is defined as the minimal
assembly unit.40 The ThT fluorescence kinetic data were
normalized and used as an estimate of NS1SOs concentration
(Figure 6A). At different time points during the exponential
phase (Figure 6A, gray zone), the NS1SOs concentration and
NS1 monomer concentration for all concentrations tested were
calculated (Figure 6B). The log−log plot of NS1SOs
concentration as a function of NS1 monomer concentration

Figure 6. Kinetics and concentration dependence of NS1 self-
assembly. (A) Normalized ThT fluorescence signals at NS1 protein
concentrations ranging from 2.5 to 10 μM (from bottom to top,
respectively). The gray area indicates the range of time points used for
nucleus size analysis. (B) Log−log plot of NS1SOs concentration as a
function of monomeric NS1 concentration. Each data set of values was
calculated using data from all protein concentration at different time
points within the gray zone demarked in panel B: 200 (●), 300 (◇),
400 (■), 500 (△), and 600 s (▼). The nucleus size (2.3 ± 0.3) was
calculated as an average of the slopes obtained for each data set
according to eq 7 (see Experimental Procedures). (C) The reaction
order for NS1SOs formation was calculated from the slope of the
power dependence of the elongation rate as a function of NS1 total
concentration according to eq 8 (see Experimental Procedures),
producing a value of 1.10 ± 0.06.
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allows for nucleus size determination (Figure 6B; see
Experimental Procedures), where we calculated a nucleus size
of 2.3 ± 0.3 NS1 molecules as an average value from the slope
of five different time-point data sets. These results indicated
that the nucleus for NS1 oligomerization is a dimeric species. In
addition, the order of the elongation reaction was determined
from the slope of the log−log plot of the rate of NS1SOs
formation as a function of NS1 total concentration (Figure 6C;
see Experimental Procedures). A value of 1.10 ± 0.06 NS1
molecules was obtained, clearly indicative of a first-order
reaction, where oligomerization proceeds, through addition of
monomers to the dimeric nucleus.
Partial Reversibility of Intermediate Stages in NS1SOs

Assembly. As we previously described, the overall oligome-
rization reaction is an irreversible process.28 However, an
important goal is to determine when this irreversibility takes
place, and which intermediate events in NS1SOs assembly
remain reversible. We tackled this issue by performing a
double-temperature-jump experiment in which native NS1 was
transferred to 47 °C and at different time intervals the
oligomerization reaction was stopped by transfer to 20 °C while
far-UV CD ellipticity was monitored at 220 nm (Figure 7A).
The oligomerization process was characterized by an increment
in negative ellipticity at 220 nm, from −5500 to −8500 deg cm2

dmol−1 (Figure 7B). Interestingly, we found that at short time
delays cooling back led to recovery of the initial ellipticity
signal, yielding steady state values equal to those of the NS1
monomer. The final species obtained at the end point after the
temperature jump at 50 s had a far-UV CD spectrum identical
to that of native NS1 (Figure 8A), indicating that at early stages
the oligomerization process was reversible. At longer time
delays, this reversibility was slowly lost, as indicated by a lack of
full recovery of the CD signal, which takes place between 320
and 480 s (Figure 7B). To verify these results, we performed a
similar experiment in which the oligomerization state of the
final species formed was monitored using size exclusion
chromatography, performed at the end of each experiment
after transfer back to 20 °C (Figures 7A and 8B). At 50 and 100
s delays, we did not detect significant oligomer formation,
confirming the full reversibility of the process as observed by
CD, and monomeric native NS1 was recovered. In agreement
with the CD kinetics experiment, there was a gradual
accumulation of oligomeric species that eluted in the void
volume of the column after transfer back to 20 °C at longer

time delays, and this accumulation proved to be highly
superimposable with the oligomerization reaction followed by
ThT fluorescence (Figure 8C).

■ DISCUSSION

The NS1 protein from human respiratory syncytial virus is
considered one of the main RSV virulence factors, having a
central role in innate immunity inhibition. Despite its relevance,
little is known about the molecular mechanisms involved in this
immune evasion process. In addition, the absence of an
effective vaccine or antiviral treatment shows the need for
detailed mechanistic information because biophysical informa-
tion is scarce and the structure and biophysical properties of
this protein have not been elucidated to date. Previously, we
showed that NS1 can populate several conformational states at
equilibrium, including the native and unfolded monomers, and
spherical oligomeric species.28 To characterize the dynamics of
interconversion among these species, we performed kinetic
measurements of folding and temperature-induced oligomeriza-
tion.
Figure 9 shows a summary of NS1 diverse stable species in

solution, and the transitions between them. Kinetic unfolding
of native state N is a two-state process with a half-time of 46
min, which indicates a high kinetic stability of the native
monomer. In addition, the denaturant dependence of the
unfolding kinetics and equilibrium allow us to characterize the
transition state for the unfolding reaction. We used the
corresponding m values to calculate an α value [α = 1 − mu/meq
(see Experimental Procedures)].31,32 The α value can be
interpreted as the relative amount of accessible surface area in
the transition state ensemble. In the simplest case, this
parameter takes values between 0 and 1, where 1 indicates a
nativelike accessible surface area in the transition state and 0
indicates an unfolded-like accessible surface area in the
transition state. We obtained an α value of 0.90 ± 0.02,
indicative of a transition state ensemble for unfolding with
nativelike solvent accessibility.
On the basis of our refolding experiments, we propose a

minimal model for NS1 folding (Figure 9, left-hand side).
According to this model, formation of a folding-competent
species (UFast), which has all its Xaa-proline residues in their yet
unknown native conformation, is limited by slow equilibria with
unfolded NS1 monomers containing one or more non-native
prolyl isomers (USlow species). Assuming that the four NS1

Figure 7. Double-temperature-jump experiments. (A) Native NS1 held at 4 °C was transferred to buffer equilibrated at 47 °C at a final concentration
of 12 μM. At different times points from 50 to 2000 s, the samples were transferred to a cell holder equilibrated at 20 °C and the ensuing kinetics
were measured following changes in the far-UV CD ellipticity. In a similar experiment, NS1 oligomer formation was detected by size exclusion
chromatography (Figure 8). (B) Oligomerization kinetics measured by far-UV CD ellipticity at 220 nm (white dots). The solid lines at 50, 320, 480,
and 1120 s represent the changes in the far-UV CD signal kinetics upon cooling from 47 to 20 °C.
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prolines populate the trans isomer in the native state,
statistically at least 35% of unfolded molecules would present
a non-native peptide bond at equilibrium.36 If one of the
prolines populates the cis isomer in the native state, this
percentage would increase to 92%.36 The question of whether
NS1 molecules with non-native peptide bonds can fold or
function to a significant degree remains intriguing. We may also
consider the folding rate of the folding-competent UFast species.
We estimated the value of the main refolding rate constant by
combining data measured from unfolding kinetics with
previously reported equilibrium data.28 This yielded a kf value
of 3860 ± 850 s−1 and an mf

⧧ value of −2.26 ± 0.20 kcal mol−1

M−1 (Figure 3 dashed line; see Experimental Procedures),
indicating that the highly competent UFast folding species has a

very short half-life (0.2 ms) and rapidly yields the native state
N.
The right-hand side of Figure 9 shows a model for NS1SOs

assembly. Oligomerization kinetics follow a sequential process,
in which the main events are represented by a lag phase, an
elongation phase, and a stationary phase (Figure 5), features
that are typical of nucleation-limited polymerization reactions.
During the lag phase, no oligomers are formed (Figure 5B), but
substantial secondary structure changes in the native NS1
monomer N take place on a time scale of minutes (Figure 5A)
to form a non-native monomer M* (Figure 9). Data fitting
from CD experiments at 10 μM using a single-exponential
decay allowed us to estimate the time constant of this step,
yielding a half-time of 3.8 min (Figure 9). During the lag phase,
conformational changes are reversible, and the native monomer
N can be recovered upon cooling (Figures 7 and 8). After the
dimeric nucleus M2* is formed during the lag phase, most if
not all of the secondary structure change has taken place
(Figures 5A and 6B). This event is followed by the sequential
addition of monomers (Figures 6C and 8), which becomes
irreversible between 320 and 480 s at a protein concentration of
10 μM (Figure 7B). Under these conditions at 47 °C, NS1SOs
assembly is complete within 83 min (Figure 6A). Using the
estimated number of monomers in NS1SOs of 149,28 we
estimate that during polymerization one NS1 monomer will be
added on average to the oligomer every 34 s (Figure 9).
Previous work has described the presence of NS1 oligomers

in transfected and infected cells as well as large functional
complexes with other proteins.20,29 For example, the RSV NS
degradosome was shown to be heterogeneous in size (300−750
kDa) and proposed to include the viral NS1 and NS2 proteins
as well as host proteasome subunits. The size of the
degradosome is compatible with the presence of NS1 oligomers
within it. Suppression of the innate immune response in HRSV-
infected cells is mediated by interactions between the NS
degradosome and a large oligomeric assembly of MAVS
proteins on the mitochondrial membrane, which enhances
viral degradative activity.29 The mitochondrial signaling protein
(MAVS) oligomerizes following viral infection, forming active
amyloid type polymers that amplify IFN signaling.8 Moreover,
electron microscopy studies showed that NS1 and MAVS
colocalize, suggesting that both proteins may mediate the
interaction between the NS degradosome and the MAVS
assembly.24 If this is the case, NS1 oligomerization may act as a
scaffold for degradosome assembly as well as for interaction
with MAVS, making NS1 oligomerization a plausible drug
target for suppressing viral shutdown of the host innate
immune response.
In summary, here we describe diverse but discrete states of

RSV NS1 in solution that may help us understand its multiple
reported binding activities,20−22 especially so in the absence of
structural information, homologues, or functionally related
proteins within paramyxoviruses. These multiple binding
activities must be accommodated in a few binding interfaces
at most, something unlikely to be specific given its small size
(15 kDa). This strongly suggests that conformational
heterogeneity, and in particular oligomer formation, may
provide a necessary means of expanding the NS1 binding
repertoire.
The different species described herein interconvert on a time

scale of minutes to hours, implying that even if they are present
at low concentrations, variables such as macromolecular
crowding, protein−protein interactions, or specific subcellular

Figure 8. Reversible stage in oligomer formation determined by
double-temperature-jump experiments. (A) Far-UV CD spectra for
samples from Figure 7: native NS1 (solid line) and samples measured
at the end point of the kinetics after they had been cooled at 20 °C for
50 s (dashed line), 480 s (dashed and dotted line), and 1120 s (dotted
line). (B) Size exclusion chromatography (SEC) of samples heated at
47 °C and cooled at different time points (between 50 and 2000 s) of
the oligomerization process, as shown in Figure 7. SEC oligomeriza-
tion experiments were performed after the samples had been cooled at
20 °C. The void volume of the column was 8.0 mL, and the expected
elution volume for a 15.5 kDa protein according to a calibration with
protein standards is 13.0 mL. (C) Maximal observed absorbance values
at 220 nm of particles eluted in the void volume (○) superimposed on
the ThT fluorescence increase ().
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localization may alter the equilibria and dynamics of these
processes leading to their accumulation. The irreversible and
quasi-spontaneous nature of NS1SOs assembly under mild
temperature conditions, together with the fact that it is the
most abundant viral protein in RSV-infected cells, makes its
accumulation highly conceivable. This work should be extended
to the investigation of oligomers in infected cells and their
functional implications for the viral life cycle and for the
inhibition of the host innate immune response.
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