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ABSTRACT

The interferon response suppression by the respiratory syncytial virus relies on two

unique non-structural proteins, NS1 and NS2, that interact with cellular partners through high

order complexes. We hypothesized that two conserved proline residues, P81 and P67,

participate in the conformational change leading to oligomerization. We found that molecular

dynamics of NS1 show a highly mobile C-terminal helix, which become rigid upon in silico

replacement of P81. A soluble oligomerization pathway into regular spherical structures at low

ionic strength competes with an aggregation pathway at high ionic strength upon temperature

increase. P81A requires higher temperatures to oligomerize and has a small positive effect

on aggregation, while P67A is largely prone to aggregation. Chemical denaturation shows a

first transition, involving a large fluorescence and ellipticity change corresponding to both a

conformational change and substantial effects on the environment of its single tryptophan,

that is strongly destabilized in P67A but stabilized by P81A. The subsequent global

cooperative unfolding corresponding to the main R-sheet core is not affected by the proline

mutations. Thus, a clear link exists between the effect of P81 and P67 on the stability of the

first transition and oligomerization/aggregation. Interestingly, both P67 and P81 are located
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far away in space and sequence from the C-terminal helix, indicating a marked global

structural dynamics. This provide a mechanism for modulating the oligomerization of NS1 by

unfolding of a weak helix that exposes hydrophobic surfaces, linked to the participation of

NS1 in multiprotein complexes.

ACS Paragon Plus Environment



Page 5 of 49 Biochemistry

oNOYTULT D WN =

INTRODUCTION

RNA viruses require the innate immune response to be suppressed in order to attain a

productive life cycle. Negative-sense single-stranded RNA viruses (Mononegavirales) use

several different strategies mediated by different proteins 1. Paramyxoviruses and

Pneumoviruses suppress the IFN response by limiting the synthesis of IFN-inducing viral

RNAs, inhibiting RNA sensors, using decoy substrates for cellular kinases, and by direct

repressing the IFN promoter 2. The IFN shut-down in these families of related viruses operate

via targeted proteolysis and sequestering of signaling and cellular factors, and upregulation of

cellular inhibitors related to IFN induction and IFN effector functions 2:34.

The respiratory syncytial virus (RSV), formerly member of the Paramyxoviridae family

and recently reclassified within the new Pneumoviridae family ° is responsible for the majority

of bronchiolitis and pneumonia cases in infants, elderly and immunocompromised 7. Its 15

kb RNA genome encoding 11 proteins bears two unique 3’ proximal genes encoding for two

non-structural proteins, NS1 and NS2, that partake in suppressing the innate immune

response 3. These proteins have no sequence homologues among Mononegavirales and are

responsible for the interferon (IFN) suppression activity of RSV, a function that is otherwise
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mediated by co-translational editing of the phosphoprotein P in paramyxoviruses and other

pneumoviruses 7. NS1 and NS2 are regarded as multifunctional, they are expressed

abundantly immediately after cell entry 8 and were proposed to form heterodimers 24. In

addition, it was shown that NS1 has a strong inhibitory effect on RSV genomic and

antigenomic RNA synthesis 0. NS1 was reported to interact directly or indirectly with 221

targets in a quantitative proteomic analysis " and its multiple functions were recently

summarized in Chatterjee et al '2. The first protein described to co-localize with NS1 was the

mitochondrial signaling protein (MAVS), a critical molecule in the type | IFN pathway 3. NS1

can also bind directly to IRF- 3 and the CREB binding protein (CBP), both transcriptional

activators of the type | IFN system 4.

Recombinant NS1 was shown to be a monomer in solution which unfolds following a

highly cooperative two-state transition 1516, The native NS1 monomer follows a simple

unfolding kinetics with a half-life of 45 min, in agreement with a highly stable core structure at

equilibrium 7. Refolding is a complex process that involves several slowly interconverting

species compatible with proline isomerization. However, upon mild temperature variation,

conformational changes are induced leading to the formation of regular ca 30 nm spherical
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oligomers (NS1SOs) which are highly stable and homogeneous 6. A substantial secondary

structure change into increased B-sheet content and the formation of a dimeric nucleus

precede polymerization by the sequential addition of monomers at a surprisingly low rate 7.

NS1 transfected in lung epithelial cells was shown to form homo-oligomers and to

interact with NS2 18 suggesting that NS1 oligomerization is a likely event in the cell. In

addition, a degradosome consisting of a large heterogeneous protein complex with a

molecular mass in the range of 300-750 kDa, containing both NS1 and NS2 proteins as well

as proteasome subunits, was described 9. This degradosome also presents degradative

activity for 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 9. Overall, these findings

strongly suggest that the NS1SOs formed quasi-spontaneously in vitro could be linked to the

degradosome complex.

The recently determined crystal structure of NS1 showed that the overall fold

corresponds to a B-sandwich composed of seven B-strands and is completed by three a-

helices: a1, located between 2 and 33, the short a2 found right before 85, and the C-terminal

a3 that lies against the B-sheet core of the protein 2 ( Figure S1). The multiple binding
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activities of NS1 can take place at a few binding interfaces at most, something to be

considered remarkable given its small size (15 kDa). Therefore, conformational heterogeneity

and in particular, oligomer formation, may explain such a promiscuous binding activity. Given

that oligomerization requires a conformational rearrangement, we hypothesize that

oligomerization capacity may be linked to the stability or lack of thereof. We observe two

conserved proline residues (P67 and P81) located at secondary structure boundaries (Figure

1 and Figure S1) which, together with the presence of proline type isomerizations in the

refolding reaction 7, made us consider analyzing the role of these residues in conformational

stability and oligomerization. In addition, a recent report highlighted the role of prolines as

conformational switches in amyloid oligomerization 20. The fact that NS1 also undergoes a

repetitive RR-sheet type oligomerization, reinforced our hypothesis of conserved prolines as

modulators of this process.

In this work, we analyze the role of the two conserved proline residues in conformational

dynamics and stability, and their participation in oligomerization and aggregation processes

using biophysical techniques. We find that the proline mutations display mimimum effect on

the global unfolding but affect a first transition correlating chemical stability to oligomerization.
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A novel insoluble aggregation route is uncovered, different and competing with the soluble

oligomerization route. Both require a conformational change or local unfolding events that

oNOYTULT D WN =

renders aggregation/oligomerization compatible species depending on the ionic strength. We

13 argue that this event involves the separation of the C-terminal a3 helix from the B-sheet core

with a dynamic fast exchanging equilibrium in native conditions. The distant location of the

20 prolines from this a3-helix suggest global dynamics behind the modulation of oligomerization.

We discuss the results in the light of reports on the impact on oligomerization on its IFN

27 suppression activity.
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Materials and methods

Protein Expression and Purification.

NS1 WT and proline mutants P67A, P81A and P67/81A were expressed and purified as

previously described for the human RSV strain A NS1 WT protein 6. Briefly, C41 cells were

transformed with a pMal 2C plasmid, containing NS1 fused with the -maltose binding protein

(MBP) with a thrombin cleavage site between the two proteins. Cells were grown in LB

medium until an OD of 0.6 was reached and protein expression was induced adding 0.3 mM

isopropyl B-D-1-thiogalactopyranoside and incubating the cells at 37 °C for 16 h. Cell pellets

were resuspended in lysis buffer containing 20 mM Tris.HCI (pH 8.0), 200 mM NaCl, 2 mM 2-

mercaptoethanol and 1 mM EDTA and lysed by sonication. Supernatants were precipitated

with 50% ammonium sulphate and the pellet was resuspended and dialyzed against a buffer

containing 10 mM Tris.HCI (pH 8.0), 200 mM NaCl, and 1 mM DTT. The fusion protein was

purified by an affinity amylose resin (New England Biolabs, Hitchin, U.K.), followed by a

thrombin cleavage and size exclusion chromatography to separate NS1 from MBP. Highly

purified NS1 was dialyzed in 10 mM Tris.HCI (pH 8.0), 100 mM NaCl and 1 mM DTT. The
10
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protein concentration was determined spectrophotometrically using a molar extinction

coefficient (€280) of 9970 M~' cm™".

oNOYTULT D WN =

15 Far-UV circular dichroism spectroscopy (CD).

Far-UV CD measurements were carried out on a Jasco J-810 spectropolarimeter using a
23 Peltier temperature-controlled sample holder at 25 °C in a 0.1 cm path length cell. Spectra
were recorded between 200 and 260 nm. All the spectra were obtained through an average of
30 six scans. Mean residue molar ellipticity or [&#]vwrw Can be calculated applying the following

33 formula to the raw data:

deg
39 0 (degem*/dmoly— 108
[ ]MRW( cgem iamo 1OXLM <N

45 Where L is the path length (measured in cm), [M] is the concentration (measured in molar

48 units), and N is the number of peptide bonds (measured as: number of amino acids -1).

53 Thermal denaturation experiments by Far-UV CD spectroscopy. Ellipticity was recorded at

225 nm with a temperature increase of 4°C/min. Acquisition parameters were the following: 4

11
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nm bandwidth, 4 s response time, and 0.2 °C data pitch. The protein concentration was 10

MM. To calculate thermal transition midpoints, the thermal scans were fit to an irreversible

denaturation model as was previously described 2122,

Fluorescence Spectroscopy.

Fluorescence experiments were performed in a FluoroMax-4 (Horiba Scientific)

spectrofluorometer. Fluorescence emission spectra were recorded at 25 °C between 310 and

450 nm with excitation wavelength of 295 nm using excitation and emission bandwidths of 5

nm. Fluorescence emission data were analyzed by first subtracting the buffer background.

The protein concentration was 10 pM.

Oligomerization Kinetics.

Oligomerization was analyzed monitoring the changes occurring in the far-UV CD signal at

225 nm. NS1 was added at 10 uM to a cuvette containing 10 mM Tris.HCI (pH 8.0) and 2 mM

2-mercaptoethanol, equilibrated at 47°C. The oligomerization reaction was additionally

12
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measured following the increase in ThT fluorescence in a Jasco FP-6500 spectrofluorometer.

It has been previously shown that NS1 Oligomers tightly bind ThT, while the monomeric form

shows negligible binding. The ThT fluorescence was measured exciting at 446 nm a solution

containing 20 uM ThT and recording the emission intensity at 483 nm in a temperature-

jumping experiment. The data were fitted to a single exponential process as the best

aproximation to the complex kinetics.

Unfolding Kinetics.

Native NS1 from a concentrated stock solution was diluted 10-fold by manual mixing in 10

mM Tris.HCI (pH 8.0), 100 mM NaCl, 1mM DTT and 5.0 M Gdm.HCI, to a final protein

concentration of 10 pM. Unfolding kinetics was followed by changes in the CD signal at 220

nm. Unfolding kinetics was also measured monitoring NS1 fluorescence, originated by its

single tryptophan residue, with an excitation wavelength of 295 nm and an emission

wavelength of 330 nm. The temperature was kept constant at 25 °C.

13
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NMR measurements.

NMR measurements were performed at 25 °C on a Bruker Avance lll spectrometer (Bruker

Instruments, Inc., Bellerica, MA, USA) operating at a proton frequency of 600.2 MHz. The 1-1

Jump-and-return water suppression pulse sequence was used for 1H 1D NMR experiments?3.

The following experimental parameters were used in all measurements: 256 scans, 1.85 s

relaxation delay, 1.51 s acquisition time, 18 ppm spectral width, 131 uys delay for binomial

water suppression and 32 K acquisition points. The NMR data were zero-filled, Fourier

transformed, phase corrected and converted to a Matlab-compatible format for further

processing and analysis with NMRPipe?*. All spectra were submitted to baseline correction

and normalization.

Molecular dynamics (MD) simulations.

System set-up. Initial NS1 WT structure was obtained from the PDB database, i.e. PDB 5VJ2

2. For simulation of monomeric NS1, molecule A of the asymmetric unit from the PDB was

used. The P67A and P81A mutants where generated using FoldX 25, Molecular dynamics

(MD) simulations were performed using AMBER16 26 and the ff14SB force field was

14
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employed for all protein variants 27. The Visual Molecular Dynamics (VMD) software was

employed for visualization and image rendering 2.

Explicit water simulations and periodic boundary conditions. The production simulations for

each system were performed immersing each NS1 structure in a TIP3P water box with 20A

separation between the protein structure and the box edge. In every case, after preliminary

rounds of minimization, an initial constant volume MD simulation was performed in order to

heat the system to 27 °C. Subsequently, a constant pressure simulation was carried out to

equilibrate the system density. The production MDs consisted of 100 ns simulations for each

analyzed variant. Temperature and pressure were kept constant using the Berendsen

thermostat and barostat respectively 2°. For the PBC simulations, Ewald summations were

used to compute the electrostatic energy terms using the default parameters in the Sander

module of the AMBER package 25.

Trajectory analysis. Trajectory analysis was performed using CCPTRAJ from the

AMBERTOOLS package 3° or the homemade scripts developed in Tcl running in VMD 28

Calculations of RMSF per residue were performed against the average structure of the

production runs in explicit solvent. SASA values for W90 were calculated for the entire

15
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production runs using a 1.4A probe. The W90-Y88 reported distances were calculated as the

distances between the centers of mass of the sidechains for both residues. For the SASA

calculations, a spherical probe of 1.4A radius/diameter was used. The SASA of the folded

state was calculated from the average of the production run of the MD simulation of wild-type

NS1 using VMD software 28, For the calculation of the SASA in the unfolded state, an

ensemble of 2000 configurations of the NS1 sequence encompassing residues 5 to 139

(corresponding to those present in the crystal structure 2 was obtained using a flexible

meccano’s Monte Carlo algorithm 3" using the ProtSA server 28. Thus, the SASA for the

unfolded state was calculated from the weighted average of the unfolded ensemble. The

difference in solvent accessible surface area (ASASA) between the folded and unfolded

states was calculated using the average SASA values of both states 32.

Unfolding Data Analysis.

Unfolding Kinetics. The observed rate constants for unfolding reaction were obtained by fitting

the kinetic traces to a bi-exponential function:

16
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F(t)=) A4, exp(~k,t)+F,

where (t) and F» are the observed signal at time t and at infinite time, respectively, and An

oNOYTULT D WN =

and kn are the signal amplitude and rate constants, respectively (for each process). The

14 criteria followed to choose the minimal number of exponentials that provide the best fit for

each trace were (1) a random dispersion of residuals, (2) low standard deviation values, and

21 (3) significant improvement in the fit x2 values.

Equilibrium denaturation experiments. The Gdm.HCI induced denaturation data were fitted to

28 a two-state denaturation model that include linear slopes for the baselines, described in full in

reference 22,

17
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RESULTS

Structural dynamics of wild-type NS1 and single proline mutants

The crystal structure revealed a particular fold that does not appear as highly compact,

as revealed by the position of the C-terminal a3. To investigate the structural dynamics of

NS1, we performed molecular dynamics (MD) simulations. We calculated the root mean

squared fluctuation (RMSF) per residue and found that the most flexible regions correspond

to the short loops (11-19, 52-54, 60-68, 82-83, and 98-110) that flank the B strands, and on

a3 (Figure 1). The fluctuations of a3 arise from the concerted movement of the entire helix,

which is displaced along its longitudinal axis in a back-and-forth movement along the surface

of the core (not shown).

18
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Figure 1. Structure and flexibility of NS1 WT and proline mutants. Left: The RMSF of WT and
proline NS1 mutants was assessed analyzing the MD simulations obtained for WT NS1
(black), P67A (red) and P81A (green). The regions of higher motility correspond to loop and
coil elements in the secondary structure (inset) and the a3 helix. Proline positions are
indicated with arrows. Right: Crystal structure of WT NS1 obtained from PDB 5VJ2. The
highly flexible regions are displayed in red, and the proline residues are shown in a VdW

representation, with the conserved prolines P67 and P81 displayed as blue spheres.

Inspection of the secondary structure elements and RMSF show that the proline

residues (P67, P81, P101 and P139) are located in regions of maximum mobility at the

boundaries of secondary structural elements. However, P67 and P81 exhibit sequence

conservation between human and bovine NS1 while P101 and P139 do not, where the latter

is one residue away from the C-terminus. The role of the conserved prolines on the structure

and dynamics of NS1 was addressed by generating the mutants P67A and P81A in silico.

19
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MD simulations reveal that these mutations do not impact on the protein fold substantially, but

affect the dynamics both locally and non-locally. Both P67A and P81A exhibit an increased

mobility of a3. The P67A variant exhibits increased a mobility in the 11-19 and 60-68 loops.

On the other hand, P81A exhibits a different behavior, where aside from the a3 helix, the rest

of the protein displays a decreased RMSF, even in the flexible loops. Thus, although there is

some local increase in flexibility in certain regions for this variant, the compact elements

constituting the main B-sheet fold of the core 12 are more rigid.

Effect of conserved prolines on the conformation and oligomerization of NS1

Although the overall fold appears to be unmodified, as the 1D NMR spectra indicates

(Figure S2) there are some small changes on the CD spectra that can be pointed out.

Mutation of P67 to alanine does not affect the secondary structure, as judged by an identical

CD spectrum to wild type NS1 (Figure 2A). However, the single P81A mutant shows a

significant secondary structure change, clearly evidenced in the difference spectrum (Figure

2A inset). This change cannot be ascribed to a particular structural element, but only

describe a change at around 225 nm.

20
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P67A shows no difference from wild-type in terms of the tendency to form NS1SOs

after temperature perturbation, as the oligomerization Ty, app (Thermal transition midpoint)

oNOYTULT D WN =

indicates, while P81A and the double mutant are more resistant to oligomerization with a 10

13 °C increase in the Tn app (Figure 2B, 2C and Table 1). Consistent with previous results 1617,

the far UV CD spectra of the NS1SOs formed at the endpoint of the heating process shows

20 an increase in 3-sheet content, and this is particularly noticeable for the P81A mutant (Figure

23 2C and Figure S3).

21

60 ACS Paragon Plus Environment



oNOYTULT D WN =

25

N

Normalized [0]

[0] (10'3deg cm@ dmol‘1)

Biochemistry

e

200 220 240 |
L 1 " 4

1 1 " 1 " 1 1
210 220 230 240 250

Wavelength (nm)

WT |
P67A |

P81A |
P67A:P81A

Temperature (°C)

1t
-2+
-3t
4+
5t
—6
7t

200

210 220 230 240 250
Wavelength (nm)

type and mutants at 80°C taken at the end of the thermal scan (C).

ACS Paragon Plus Environment

Page 22 of 49

Figure 2. Secondary structure and heat-induced changes of WT NS1 and proline variants.
(A) Far-UV CD spectra of WT NS1 (black), P67A (red), P81A (green) and P67A;P81A (blue)
mutants at 25°C; inset, difference spectra between wild-type and mutants (B). Normalized
thermal scans of protein samples followed at 225 nm by far-UV CD. (C) CD spectra of wild-
All the experiments were
carried out in 10 mM Tris.HCI (pH 8.0), 100 mM NaCl and 1 mM DTT at 10 uM protein

concentration. The same color code for the mutants is used in all figures.
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Table 1. Oligomerization and aggregation parameters 2.

Tm, agg Tma olig kapp X 103 (3-1)

oNOYTULT D WN =

(°C) (°C) Fluo. ThT Far UV-CD

12 Wild-type 65.2 46.9 1.2+£0.003 8.8 + 0.31

15 P67A 60.3 49.9 0.8 + 0.004 10.4 + 0.39

19 P81A 67.6 56.7 0.5£0.001 3+0.23

. P67A:P81A 64.6 54.7 0.8 +0.003 6.7 +0.22

26 aData obtained from figures 3 and 4. Thermal scans were fit to an irreversible denaturation model 21-22,

33 We have previously shown that the actual NS1SOs oligomerization process can be

monitored by ThT binding which reports the formation of anti-parallel R-sheet. This process is

40 preceded by a marked secondary structure change evidenced by a decrease of ellipticity

signal at 225 nm indicative of an increase in the 3-sheet content of the NS1 monomer 6. We

47 analyzed the oligomerization kinetics of the proline mutants by temperature jump (see

materials and methods) and compared to the wild-type NS1 (Figure 3 and Figure S4). We

54 found that P81A is significantly slower than wild-type, while P67A and the double mutant

23
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show similar kinetics, suggesting that P67 counterbalances the effect of P81. The nucleation

lag is observed for all variants, but it is more pronounced in P81A. In any case, as we

previously described, the oligomerization process is complex and multiple events may coexist

within the Azpp, Which we now use to compare the global process.
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Figure 3. Kinetics of NS1SOs formation. Oligomerization kinetics were measured after
transferring WT or NS1 mutants to a pre-equilibrated buffer at 47 °C (Temperature jump) in
four independent experiments. The final protein concentration was 10 pM. Oligomerization
kinetics was assessed following changes in ThT fluorescence (A) and in the far-UV CD signal
at 225 nm (B). Traces were fitted to a single exponential function. The rate constants are

shown in table 1.

24
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As in the case of WT, the kinetics of the secondary structure change of the mutants by

CD precedes the oligomerization reaction as measured by ThT fluorescence, indicating an

overall similar mechanism (Figure S4). Because the first-order nature of the conformational

change, a single exponential fit yields a true constant A,p,. P81A is substantially slower than

WT while P67A shows a faster change. The double mutant shows an intermediate rate (Table

1).

Competing soluble oligomerization and insoluble aggregation routes

Partial protein losses during the purification process, possibly due to aggregation,

prompted us to test the effect of ionic strength on the NS1 monomer. Increasing the

concentration of NaCl does not affect the secondary structure at 25 °C (not shown), but leads

to aggregation upon increasing the temperature, as indicated by the complete loss of CD

signal, increase in absorbance light scattering (not shown), and visual inspection after

heating. We carried out thermal scanning experiments followed by CD and observed a drastic

change in the scans from low to high salt (Figure 4A), where the salt effect on aggregation

saturates at 0.2 M NaCl (Figure 4A, inset). The aspect of the scans clearly shows a shift from

25
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soluble oligomerization (NS1SOs species) at low salt characterized by a decrease in ellipticity

due to the increase in R-sheet (Figure 2B and Figure 4A), to the extreme insoluble

aggregation, which we refer to as NS1Agg (Figure 4A). At intermediate salt concentrations,

the opposed signal changes cancel out to different extents, indicating the presence of

competing routes. Since there is no effect of the ionic strength on the CD of the NS1

monomer at 25 °C, we propose that the effect is after the formation of the oligomerization

monomeric nucleus, i.e., during the oligomerization or aggregation processes.

A [
£ NS1Agg
—2r £ (400 mM)
ol
[ N
4+ 2 1
I 0 200 400
[NaCl] (mM)
—6F
-8 NS1S0s
I (No Salty |

20 30 40 50 60 70 80 90 100

w

[0]pp5nm(10-3.deg.cm?.dmol1)

P67A;P81A
_8_|||.1.|.1.|.|

40 45 50 55 60 65 70 75 80
Temperature (°C)

Figure 4. Effect of ionic strength in oligomerization and aggregation routes for WT NST1 and
proline mutants. (A) Thermal scans, from 25°C to 80°C followed at 225 nm by far-UV CD, at
26
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different concentrations of NaCl for NS1 WT ([NaCl]: 0, 25, 50, 100, 200 and 400 mM of
NaCl). Inset: dependence of the CD signal as function of the NaCl concentration at 80°C (B)
Thermal scans of NS1 WT and mutants at 250 mM of NaCl concentration followed by far-UV
CD at 225 nm. Inset: difference between the Tm obtained for mutants relative to WT NS1
protein. All experiments were performed at 10 uM final protein concentration.

In order to test the effect of the proline mutants on the aggregation process, we carried
out thermal scans followed by CD. The P81A mutant is slightly but significantly more resistant

to thermal aggregation when compared to wild-type, but PG67A is substantially more

aggregation prone, as a 5 °C decrease in Tn, 5p indicates (Figure 4B and Table 1).

Folding of proline variants

We have previously shown that NS1 unfolds reversibly and its chemical unfolding

transition can be followed by its single buried tryptophan residue, an excellent reporter for

global unfolding '6. Upon progression of the unfolding process the exposure to the solvent,

the maximum emission wavelength (Anax) of the single Trp90 shifts from 332 to 356 nm

(Figure S5). The process is also accompanied by a large change in fluorescence intensity

(Fint), likely because of quenching of its unique trp residue, since we use an excitation

wavelength of 295 nm to eliminate possible contributions from tyrosine residues.
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The transition can also be also followed by far-UV circular dichroism which shows the

disappearance of the signal corresponding to folded secondary structure, with maximum

ellipticity change between 215 and 225 nm (Figure S5). Performing both measurements in

the same experiment with a protein concentration that yields an optimal signal provides

maximum accuracy for dissecting a complex transition. Based on both fluorescence and

ellipticity transitions, we monitored the F;,; at 325 nm and the molar elipticity [08] at 225 nm.

The ellipticity change upon unfolding of wild-type and mutants show a large pre-transition

slope from zero to ca 2.5 M denaturant, indicative of a substantial change of secondary

structure, an anomalous signal of an aromatic residue, or both (Figure 5A). This linear

transition is followed subsequently by a cooperative transition similar to what was previously

observed '8, whit a apparent similar behavior for the mutants. However, two salient features

can be observed of this first transition: in P81A it takes place at higher denaturant than the

other species and the P67A/P81A double mutant shows the largest change in secondary

structure (Figure 5A).

When both F;i; and [B] are represented for each species an evident uncoupling

between the two signals is observed (Figure 5B), strongly suggesting a non two-state
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transition, with the largest uncoupling corresponding to P67A (Figure 5B, Figure S5). The

partial overlapping of the two transitions, the absence of a significative F;; change in the

second transition, and the fact that the first secondary structure transition is large an opposed

to the second more stable and cooperative one, makes fitting the data to a three-state model

very difficult and therefore not quantitatively reliable. As an approximation, since the first

ellipticity transition is linear, we fit it as a slope preceding the main cooperative/second

transition treated as two-state in all four proteins and the data are presented in Table 2.

Using the P67A as an example of the uncoupling between both signals (Figure 5B), we fitted

the F;; to a two-state model in a range where the second transition has either not started or

can be approximated as linear within the transition midpoint range. The resulting data are

presented in Table 2.

Table 2. Thermodynamic parameters obtained by fitting the fluorescence or far-UV CD data to

a two-state model.

First fluorescence transition Second Ellipticity transition
AG m D50% AG m D50%
(kcal.mol')  (kcal.mol-'.M") (kcal.mol')  (kcal.mol-'.M")

Wild-type 3.21 £ 0.51 1.32 + 0.25 2.4 3.50 + 0.3¢ 1.02 + 0.12 3.4

P67A 198 + 048 1.29 + 0.19 1.5 2.36 + 0.4. 0.69 + 0.15 3.4
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P81A 503 £ 0.76 1.70 + 0.25 2.9 5.88 + 0.7+ 1.60 = 0.21 3.6

P67:81A2 nd nd 2.5° nd nd 3.3b

@ This mutant showed partial reversibility (Figure S7) and therefore its stability is expressed as the apparent Dsgy, b,

The fact that the m values are different suggest that there are differences in the

exposure of solvent accessible surface area (AASA) across this first transition to an

intermediate state, and renders the AG values not comparable (Table 2). Under these

circumstances we use the denaturation midpoint [D]sqy, calculated from the AG and m of

each protein, as the best estimation for stability of this first transition. The P81A mutant is

more stable than wild type, whereas P67A is less stable and the double mutant appears to

compensate both single mutants, based on its apparent [D]sqy, of 2.5 M(Table 2). These

results are also visually confirmed when F;.; is represented in a normalized plot (Figure 5C).

Similarly, we approach the first secondary structure transition as a linear process and

treat the second part of the curve as a two-state process. Once again, difference in m values

hampers the use of the AG for comparing the different proteins (Table 2). This allow us to

conclude that the wild-type, P67A and P81A show similar stability in this cooperative

transition, indicated by [D]sq¢, between 3.4 and 3.6 M, which we ascribe to the folded R-sheet

core described in the X-ray structure 2. The complexity of the double mutant is revealed by
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reversibility for the single mutants and the wild-type protein (Figure S7). The partial

oNOYTULT D WN =

reversibility preclude the extraction of accurate thermodynamic parameters. Irrespective of

13 the degree of reversibility and its structural basis, we use the apparent [D]sq (3.3 M, Table 2

and Figure S6) for an approximation to stability.
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Figure 5. Gdm.HC/ equilibrium denaturation of wild-type and proline mutants. (A)
Denaturation followed by changes in molar ellipticity. (B) Denaturation followed by ellipticity
at 225 nm and F;,; at 325 nm changes for the P67A mutant, shown as an example (see Figure
S6). The fits to a two-state denaturation model are represented. (C) Comparison of Fj, of all
proteins. All the measurements were carried out at 10 um protein concentration, and

fluorescence and ellipticity data collected from the same experiments.

Given the impact of having very different m values on overall stability, we tackled a

kinetic analysis of the unfolding rates in order to obtain another assessment of stability. We

have previously shown that unfolding shows a monoexponential decay with a minimal effect
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of the denaturant on the rate. We analyzed the unfolding rates (4,,s) of the mutants at 5.0 M

Gdm.HCI well after the completion of the unfolding transition, and compared them to the wild-

type protein (Figure 5C, Figure S5 and Table S1). All proteins showed a single phase, but a

faster fluorescence change cannot be determined because of the experimental dead time of

manual mixing. P81A unfolds slightly slower than wild type but P67A unfolds 10-fold faster

(Figure 6A). The double mutant also unfolds 10-fold faster, which indicates that the unfolding

rate is governed by P67, different from the effect at the equilibrium. These results suggest an

effect at the level of the transition state ensemble that requires further investigation. In the

second transition detected in the three mutants, secondary and tertiary structure unfold

together similar to wild-type (Figure 6B and Table 2), where only a single phase can be

detected because of CD noise and also the experimental deadtime of manual mixing.
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Figure 6. Gdm.HC/ unfolding of wild-type and mutant NS17s. Each protein was added to a

cuvette containing 5.0 M Gdm.HCI in buffer and either fluorescence (A) or ellipticity (B) was

followed in similar conditions to equilibrium unfolding experiments (Figure 5).

Fluorescence changes reveal local dynamics at the C-term helix/R-sheet core interface.

We have shown that the fluorescence intensity at the Apnax (360 nm) shows a marked

change prior to the global unfolding transition reported by changes in A« with a differential

effect depending on the mutant, reflecting a highly sensitive reporter for local events (Figure

5B, Figure S5). In order to understand the basis for this phenomenon, we carried out MD

simulation analysis of the single tryptophan 90. Although the calculations of the SASA on the
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crystal structure of NS1 yields this Trp side chain as buried, trajectory analysis reveal that the

exposure of the residue oscillates, from 0 to ca 26 A2 in WT NS1. This large fluctuation

shows Trp90 as partly exposed, and the level of exposure correlates with the position of a-

helix 3 along the trajectory, as in some arrangements it completely occludes the Trp side

chain. P67A follows a similar pattern to that of WT NS1, although with a slightly higher mean

and a broader distribution (Figure 7B). P81A clearly shows both a lower mean accessibility

and less variability, correlating with an overall lower flexibility of the protein as assessed by

RMSF calculations (Figure 1).
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Figure 7. Solvent accessibility for WT and NS1 proline mutants by MD dynamics. (A) Solvent
accessibility of W90 in NS1 variants. Frequency of the solvent accessible surface area
(SASA) distribution was obtained calculating the SASA of W90, along the 100ns trajectories,
for WT NS1 (black), P67A (red) and P81A (green). Inset: Box-and-whiskers plot, showing the

mean, median, interquartile range (IQR) Q3-Q1 that represents the data range between 25%
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and 75% of the data, and data range within 1.5 IQR calculated as Q1-1.51QR to Q3+1.5I1QR.
(B) Distance distribution between W90 and Y88 in NS1 variants. The distances along the
trajectories were calculated between the center of mass of the sidechains of residues W90
and Y88 (inset). The frequency of the distances distribution is plotted using the calculations
performed along the 100ns trajectories for WT NS1 (black), P67A (green) and P81A (red)

Another factor that can affect fluorescence is quenching, whether collisional or due to

Forster Resonance energy transfer (FRET). Visual inspection of NS1 structure shows that

tyrosine 88 side chain lies on top of Trp90, rendering it a suitable candidate as the

fluorescence quencher (Figure 7B). We analyzed the distance between both residues,

calculating the distance between the respective centers of mass of the side chains along the

dynamics for WT NS1 and both mutants. The displacement of a-helix along the trajectories for

WT NS1 modulates the Trp90-Tyr88 distance distribution, showing a bimodal distribution with

the maxima centered around 7A and 4.5A, respectively, where the latter distribution being

much less populated. Both mutants display the same trend, evidenced in the RMSF and

SASA calculations. They also display Trp90-Tyr88 distance distribution centered around 7A,

with P67A exhibiting a broader distribution, favoring closer distances while P81A presents a

narrower distribution skewed towards larger distances.
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DISCUSSION

In previous work we showed that NS1 from human RSV, although a stable monomer in

solution, shows a marked tendency to form soluble, stable and regular spherical oligomers at

physiological temperatures, which we termed NS1SOs '6. This process involves a slow

conformational change corresponding to an increased [R-sheet content prior to

oligomerization. We hypothesized that such change may originate in conformational

isomerizations from two highly conserved proline residues and at the same time gain more

insight into the mechanism. The recently determined crystallographic structure provides

structural grounds for interpretation of our current and previous results.

The experimental results and MD simulations show that the overall structure is not

affected by the proline to alanine substitutions. However, the calculations expose some

important details of the protein dynamics and the role of the conserved prolines. These

mutations elicit both local and non-local effects on the protein dynamics, that in turn affect

overall protein stability and more importantly soluble and insoluble aggregation routes. MD

simulations show several flexible 3-strand flanking loops which become rigid upon mutation of

proline 81 to alanine, particularly in the 60-68 loop. Interestingly, a digitization observed for
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most regions strongly suggests a global structural impact of this proline residue. MD also

reveals a fluctuation of its C-terminal a3 helix which displaces along the main R-strand barrel-

type core 12.

In experimental terms, the P81A mutant shows a significant increase in ellipticity at 225

nm, although the 1D, although no large differences are observed in 1D-NMR. This mutant

also leads to a decrease in oligomerization propensity as indicated by an increased T app.

Both the CD of the monomer and decreased tendency to oligomerization by temperature are

identical for P81A and the double mutant P67A;P81A, strongly suggesting that the effect at

the equilibrium is governed by P81. The oligomerization rate of P81A is also slower than the

WT and the other variants for both temperature induced conformational change and the

subsequent oligomerization reaction. We propose that the slower conformational change

responds to the rigidization and stabilization caused by P81 on the overall structure resulting

in a higher energy barrier. The protein is a monomer at low concentrations in solution, but the

oligomerization mechanism and the crystallographic structure support the existence of a

dimeric species which we believe is the immediate product of the conformational change

required for oligomerization to take place '>'7. An interesting observation is that P67A reverts
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the effect of P81 on the oligomerization kinetics but not on the equilibrium temperature

transition suggesting a differential role in ground and transition states.

In this work, we uncover insoluble aggregation pathway (NS1Agg) that takes place at

increasing salt concentration which competes with the NS1SOs soluble oligomerization route

peaking at 0.2 M NaCl. This process is marginally affected by P81, but strongly increased by

P67, suggesting that both soluble oligomerization and insoluble aggregation routes respond

to different intermediate conformers, supported by the lack of correlation of the effect of

mutation on both processes (Figure 4B, inset). It also suggests that depending on its

concentration levels in the host cell and its ligands, it may be a preferred pathway for

unbound NS1, a possible scenario of high levels of the protein 8. In any case, the fact that the

ionic strength favors the aggregation route (NS1Agg), suggests a very sensitive electrostatic

component on the soluble oligomerization NS1SOs route screened by the addition of 0.2 M

salt. This explains the apparent contradiction observed in the lack of effect of residues F17,

F56, Y125 in which structure clearly links them to the stabilization of the C-terminal helix,

since the thermal denaturation reported therein is in fact insoluble aggregation 2.
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Chemical denaturation experiments show a first weaker transition with a large change

in fluorescence intensity, but an otherwise small change in A..., and a second transition where

the A... change is that expected from a fully unfolded tryptophan. Circular dichroism also

shows two marked transitions, strongly suggesting that the first transition is of significant

structural magnitude. However, we believe that anomalous contribution of aromatics to the

ellipticity signal in that wavelength range plays an important role. P81A shows the most

stabilizing effect on this transition, P67A is destabilizing compared to wild-type, and the

double mutant appears to compensate the individual single mutations. Neither of the

mutants appear to significantly affect the second stronger and more cooperative transition.

We propose that this first weak transition corresponds to unfolding of the alpha-helix-3 12,

which leaves an intermediate species corresponding to the main folding R-sheet core. In the

absence of denaturant this species is not soluble as a monomer and oligomerizes as the

temperature jump experiments indicate. Both P81 and P67 residue plays opposing but

otherwise similar roles in chemical partial unfolding and temperature stabilization.

We have previously shown that, as opposed to the single phase unfolding reaction, the

refolding kinetics is a complex multiphasic reaction based on oligomerization of its proline
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residues prior to the global refolding 7. This implies that elements of structure in the unfolded

state must isomerize for the refolding to take place, and this isomerization would modulate the

formation or disruption of a folding nucleus. P67 exists as the #rans isomer in the folded state,

and its replacement by alanine appears to favor the formation of local structure. The local

residual structure is probed by a strong quenching of Trp90, supporting the hypothesis. On

the other hand, P81 populates the cis isomer in the native folded state, and its mutation

favors rigidization and opposes to oligomerization. The absence of the WT P81 would

preclude an isomerization dependent conformational change, but further interpretation

requires NMR analysis.

The overall picture shows a weak and highly mobile C-terminal a-helix that is readily

affected by mild temperature perturbation that leads to either oligomerization or aggregation

routes depending on the ionic strength. This helix weakens upon chemical unfolding, as

reported by its single and highly sensitive Trp90, preceding the global unfolding transition

corresponding to the main B-sheet core '2. Although there is no specific protein target defined

in therms of binding affinity or structure, this mobile C-terminal helix might have important

implications in structure 33. The conserved proline residues, in particular P81, maintain the
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global structure dynamic in order for the oligomerization to be modulated. Thus, they appear

to tune the exposure of SASA in order to either bind to the many interaction partners reported

so far, or partake in those interactions involving oligomerization. Further functional analysis

with the infection model aiming at the role of the oligomerization routes and interaction

partners should be addressed by probing the C-terminal helix with biophysical and structural

methods. The final goal is understanding the molecular basis of its interferon inhibiting activity

in concerted action with NS2, both unique to RSV, particularly through the numerous

interaction partners identified by proteomic studies, where oligomerization appears as a

prominent feature for the biological activity this protein.
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27 Supporting Information Available: Supplementary figures and table. This material is

31 available free of charge via the Internet at http://pubs.acs.org.
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