Downloaded at Texas A & M University Libraries on March 26, 2020

Check for
updates

Molecular recognition of a host protein by NS1 of
pandemic and seasonal influenza A viruses

Jae-Hyun Cho®'®, Baoyu Zhao?, Jie Shi®, Nowlan Savage?, Qingliang Shen?, James Byrnes®, Lin Yang“®,

b,d,e.f

Wonmuk Hwang , and Pingwei Li®

2Department of Biochemistry and Biophysics, Texas A&M University, College Station, TX 77843; ®PDepartment of Biomedical Engineering, Texas A&M
University, College Station, TX 77843; “National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11973; YDepartment of Materials
Science and Engineering, Texas A&M University, College Station, TX 77843; *Department of Physics and Astronomy, Texas A&M University, College Station,

TX 77843; and

School of Computational Sciences, Korea Institute for Advanced Study, 02455 Seoul, Korea

Edited by Lewis E. Kay, University of Toronto, Toronto, Canada, and accepted by Editorial Board Member Michael F. Summers February 13, 2020 (received for

review November 21, 2019)

The 1918 influenza A virus (IAV) caused the most severe flu pandemicin
recorded human history. Nonstructural protein 1 (NS1) is an impor-
tant virulence factor of the 1918 IAV. NS1 antagonizes host defense
mechanisms through interactions with multiple host factors. One
pathway by which NS1 increases virulence is through the activation
of phosphoinositide 3-kinase (PI3K) by binding to its p85p subunit.
Here we present the mechanism underlying the molecular recogni-
tion of the p85f subunit by 1918 NS1. Using X-ray crystallography,
we determine the structure of 1918 NS1 complexed with p85f of
human PI3K. We find that the 1918 NS1 effector domain (1918 NS1tP)
undergoes a conformational change to bind p85f. Using NMR
relaxation dispersion and molecular dynamics simulation, we iden-
tify that free 1918 NS1%° exists in a dynamic equilibrium between
p85p-binding—competent and -incompetent conformations in the sub-
millisecond timescale. Moreover, we discover that NS1E° proteins of
1918 (HIN1) and Udorn (H3N2) strains exhibit drastically different
conformational dynamics and binding kinetics to p858. These results
provide evidence of strain-dependent conformational dynamics of
NS1. Using kinetic modeling based on the experimental data, we
demonstrate that 1918 NS1EP can result in the faster hijacking
of p85p compared to Ud NS1%°, although the former has a lower
affinity to p85p than the latter. Our results suggest that the dif-
ference in binding kinetics may impact the competition with cel-
lular antiviral responses for the activation of PI3K. We anticipate
that our findings will increase the understanding of the strain-
dependent behaviors of influenza NS1 proteins.
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Influenza A virus (IAV) is responsible for the majority of sea-
sonal flu cases resulting in more than 30,000 deaths every year
in the United States alone (1). Moreover, occasional emergence of
pandemic IAV incapacitates vaccines and infects millions of people
worldwide. Four major flu pandemics have occurred in the past 100y,
most recently in 2009 (2). The deadliest one, which is termed
“Spanish flu,” occurred in 1918 and resulted in more than 50 million
deaths worldwide (3). Although there has been considerable progress
in understanding the origin and pathogenicity of the 1918 IAV (4),
molecular bases of its high virulence remain unclear. It is therefore of
particular interest to elucidate mechanisms underlying molecular
recognition of host factors by viral proteins of 1918 IAV.
Nonstructural protein 1 (NS1) of IAV has attracted considerable
attention because of its role as a multifunctional virulence factor
during the viral infection cycle (5-8). Thus, it is generally considered
a potential drug target for the treatment of IAV infections (9-11).
The primary functions of NS1 are to antagonize host innate im-
mune responses (12), such as the expression of type I interferon
(IFN) (13-15), and to increase viral replication (7, 16, 17). NS1
consists of an RNA binding domain (RBD) and an effector domain
(ED), followed by an intrinsically disordered C-terminal tail (CTT)
(Fig. 14 and refs. 18 and 19). The RBD binds viral double-stranded
RNA and inhibits IFN-induced oligonucleotide A synthetase (20, 21).
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ED and CTT play key roles in interfering with host antiviral immune
processes by binding to a number of host proteins (8, 15, 22-26).

One important function of NS1 during the infection cycle is to
activate the phosphoinositide 3-kinase (PI3K) signaling pathway
(8, 16, 22, 23, 27, 28). Class IA PI3K is a heterodimeric enzyme
composed of a regulatory p85p subunit and a catalytic p110 sub-
unit (29). The binding of NS1" to the iSH2 domain in the p85p
(p85p™1?) activates the pl110 catalytic subunit (23, 27). NSI-
mediated activation of the PI3K pathway results in increased IAV
virulence by delaying cellular apoptosis (16) and/or by changing the
cellular distribution of PI3K (30-32).

The multifunctional activity of NS1 depends on interactions
with a variety of host proteins. Thus, elucidating the binding
mechanism between NS1 and host proteins provides important in-
sights into influenza virulence at the molecular level. So far, how-
ever, only a few structures of NS1 complexed with host factors have
been determined (15, 23, 24). Moreover, the structure of 1918 NS1
in complex with host proteins remained unknown. As a result,
molecular recognition mechanisms of host proteins by 1918 NS1
remain poorly understood.

Here, to gain mechanistic insights into the molecular recog-
nition between 1918 NS1 and human p85p™™'2, we determine the
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Interaction between 1918 NS1 and p85p. (A) Domain organizations of p85p and NS1. Interacting domains between the proteins are highlighted with

colors. (B) Small-angle X-ray scattering data of free 1918 NS1EP: experimental (closed circles), monomeric NMR structure—dlerived (red line), and dimeric crystal
structure-derived (blue line) data. BLI-derived binding isotherms of 1918 NS1%° (C) W187R and (D) wild type with p858*"2. (Insets) Representative binding

sensorgrams. See also S/ Appendix, Fig. S1.

crystal structure of the complex. Using NMR spectroscopy and
molecular dynamics (MD) simulation, we reveal that the free 1918
NS15P undergoes a dynamic conformational transition between p85p-
binding-incompetent and —competent states in the sub-millisecond
(sub-ms) timescale. Moreover, we find that NS1 proteins of differ-
ent influenza strains undergo varying degrees of conformational
dynamics in the p85-binding region. Strain-dependent differ-
ences in the function of NS1 have been reported (31-35), al-
though their underlying mechanisms remain elusive. Thus, for a
detailed analysis, we compare the structure and conformational
dynamics of 1918 NS1¥P with those of NS1¥P from a seasonal
influenza strain (A/Udorn [Ud]/72 H3N2). Intriguingly, we find
that the two proteins exhibit drastic differences not only in their
major conformations and the sub-ms dynamics but also in binding
affinities and kinetics to p85p. Our results indicate that 1918
NS15P can occupy p85p faster than Ud NS1¥P, These findings
suggest that the faster binding kinetics of 1918 NS1° may play an
important role in the competition with host innate immune re-
sponses during the infection cycle.

Results and Discussion

Binding of 1918 NS1° and p85p'*#2. Isolated NS1EP tends to form a
homodimer (36-38), while interactions with some host proteins,
including p85p, are mediated by its monomeric form (23, 39). To
investigate the molecular basis of p85p recognition by the 1918
NS1 monomer, we incorporated an W187R substitution, which
was shown to prevent NS1¥P homodimerization and precipitation
(37). However, a recent crystal structure of free 1918 NS15° W187A
indicated a dimeric form (10), although both W187A and W187R
mutations were shown to form a monomer for NS1 of different in-
fluenza viruses (37).

To ascertain the monomeric state of free 1918 NS1EP W187R,
we performed small-angle X-ray scattering (SAXS). The exper-
imental SAXS profile matched well with the one calculated
based on the monomeric NMR structure (Fig. 1B), with exper-
imental and structure-derived R, values of 15 A and 14 A,
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respectively. We also confirmed that the W187R substitution does
not affect the binding to pSSESH2 by comparing the in vitro binding
affinities (Kp) of 1918 NS15P wild type and W187R mutant (Fig. 1
C and D and SI Appendix, Fig. S1). This result is consistent with the
solution NMR structure of 1918 NS1®” W187R (40), indicating
that the protein exists as a monomer.

Structure of the Complex Between 1918 NS1 and p85p. We de-
termined crystal structures of 1918 NS15P W187A and W187R
in complex with p85pH2 at 2.95-A and 2.75-A resolution, re-
spectively (Fig. 24 and SI Appendix, Table S1). The two structures
are virtually identical to each other except for the mutated residue
(residue 187) (Fig. 24 and SI Appendix, Fig. S2), demonstrating
that the mutation does not affect the interaction with p85p. Both
structures showed two complex molecules in an asymmetric unit (S7
Appendix, Fig. S2), which was attributed to a crystallographic dimer
of the complex: Previous studies identified that NS1EP forms a 1:1
complex with p85p (23, 39). Overall, our structures are similar to
that of the complex between the NS1"" of influenza strain Puerto
Rico (PR8)/8/34 (HIN1) and bovine p85p™™* (23) (see SI Appen-
dix, Fig. S3 for the detailed structural comparison).

The complex interface is largely hydrophobic, with glgdro-
phobic and hydrophilic occluded surface areas of ~1,120 A” and
530 A2, respectively (see SI Appendix, Fig. S2 for all interface
residues). This composition of the interface is manifested in the
thermodynamic origins of the binding free energy. The iso-
thermal titration calorimetry (ITC) result indicated a favorable
enthalpy, reflecting specific interactions at the interface, and
even more favorable entropy, consistent with the burial of the
large apolar surface area upon formation of the complex (41, 42)
(Fig. 2B).

The structures also indicated that Y89 in 1918 NS1*" forms a
hydrogen bond to D575 of p85p"H? (Fig. 2C). Y89 is highly
conserved in human IAVs (SI Appendix, Fig. S4), and previous
studies showed that the hydrogen bond is important for the ac-
tivation of PI3K by NS1 from some influenza strains (23, 27, 28).
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Fig. 2. Binding mode between 1918 NS1E° and p85p'>"2. (A) Crystal structures of the complex between 1918 NS1E° and p85p™H2: (Left) 1918 NS1E° W187A,
(Middle) W187R, and (Right) superimposed. (B) ITC traces and binding isotherm of the titration of 1918 NS15° W187R into p85p™"2. Solid line represents the fit
to the binding isotherm with a 1:1 binding model. Fit values are the average of two repeats. (C) Hydrogen bond between Y89 and D575. (D) BLI binding
sensorgram of NS15° Y89F and p85p'"2. (Inset) Expanded view of the sensorgram. The BLI data for the NS1%° wild type is shown in Fig. 1D. (E) Surface
representation of 1918 NS1EP with binding interfaces for p85p (red), TRIM 25 (red), CPSF 30 (blue), and NXF1-NXT1 (green). Overlapped regions were not

depicted separately for clarity.

Using biolayer interferometry (BLI), we found that the Y89F
mutation in 1918 NS1 abolishes the binding to p85p (Fig. 2D).
Our structure indicates that the large effect on the binding en-
ergetics might be due to the burial of the hydrogen bond in the
hydrophobic binding interface (43).

NS1 Makes the Most of Its Surface Area for Interactions with Diverse
Host Proteins. Structural studies conducted by our laboratory and
by other research groups have so far determined four complex
structures of NS1 and host proteins (15, 23, 24, 44). All of the
interactions were mediated exclusively by NS1EP, highlighting the
importance of understanding the molecular recognition mechanism
of NS1EP. Notably, these structures demonstrate that the majority
of the NS1EP surface is exploited to interact with a wide range of
host factors (Fig. 2E). While many studies have shown that viral
proteins use intrinsically disordered regions to interact with multiple
host ]g)roteins (45), it is remarkable that a well-ordered domain like
NS1™ makes the most of its surface area for disparate binding
interfaces.

The overlap of binding surfaces suggests that mutational ef-
fects of NS1 might be difficult to unravel at the cellular level
solely based on a specific protein—protein interaction. Another
implication is a competitive binding of NS1 with multiple host
factors. For example, the binding sites for NXF1-NTF2 (nuclear
RNA export factor 1-nuclear transport factor 2) and CPSF30
(cleavage and polyadenylation specificity factor) partially overlap
(Fig. 2E), implying their mutually exclusive binding to NS1. In-
deed, it was indicated that the interaction of NS1 with NXF1-
NTF2 is likely to occur earlier than interaction with CPSF30
during infection (44). Thus, we expect that more structures of
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NS1 complexed with host factors will help understand the dif-
ferential function of NS1 during infection.

Free 1918 NS1%° Undergoes Conformational Transition to Bind p854's"2.
Recently, structures of free 1918 NS1FP W187A and W187R
mutants were reported ‘glo, 40). This allowed us to compare the
structures of 1918 NS15P between the free and p85p-bound states.
Intriguingly, we found that 1918 NS1FP adopts substantially dis-
tinct conformations between the two states (Fig. 3.4 and B). Both
WI187A and W187R mutants showed highly similar conforma-
tional difference between the free and bound forms, indicating
that the difference is not associated with a specific mutation (S/
Appendix, Fig. S5).

The rmsd of 1918 NS15P between the free and p85p-bound states
showed that several regions undergo a considerable (rmsd >1 A)
conformational change upon binding to p85f (Fig. 3B). Notably,
B1-p4-B5 strands as a whole are twisted away from the p85p-binding
interface to avoid steric clash (Fig. 34). We found that the con-
formational change is accompanied by a large-scale rearrangement
of hydrophobic residues. In the free form, a set of hydrophobic
residues (F134, V136, and L141) forms a hydrophobic cluster with
L198 and F201 in the C-terminal o-helix (Fig. 3C). In the bound
form, however, these residues have drastically different conforma-
tions, resulting in the overall shift of the p1-$4-85 strands. These
residues are highly conserved across IAV strains (SI Appendix, Fig.
S5). Moreover, this conformational change is essential for the hy-
drogen bond between Y8O™! and D575°%. The side chain of
Y89™! in the free form points in the opposite direction to that in
the bound form, and if there is no conformational change
Y89NS! sterically clashes with p85p (Fig. 3C). Hereinafter, we
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Fig. 3. Free 1918 NS1%° has a p85p-BI conformation. (A) Conformational change of 1918 NS1E° upon binding p85. Crystal structures of free (gray) and p85-
bound (magenta) NS1EP W187A, respectively. (B) rmsd plot between the free and p858-bound NS1EP (black line) and average rmsd (red line) during 100-ns MD
simulation. Shaded regions correspond to the p85p-binding interface. (C) Hydrophobic residues in free (gray) and p85p-bound (cyan) states of NS15° W187A.

refer to the structures of the free and p85p-bound 1918 NS15P as
“binding-incompetent” (BI) and “binding-competent” (BC) forms,
respectively.

Dynamic Conformational Sampling bﬁFree 1918 NS1¥°. Our previous
study indicated that free 1918 NS1P contains structurally plastic
regions (40). Intriguingly, we found that the same regions un-
dergo conformational change upon binding to p85[3's (SI Ap-
pendix, Fig. S6), suggesting that the transition between the BI
and BC conformations occurs in the free state. To test the hy-
pothesis, we performed 100-ns MD simulation using the NMR
structure (Protein Data Bank [PDB] ID code 6NUO) as an initial
model. Indeed, the rmsd profile of the simulation was highly
similar to that between the free (i.e., BI) and pSSE-bound (i.e.,
BC) forms (Fig. 3B), indicating that free 1918 NS1"P undergoes
dynamic conformational sampling between the BI and BC forms.
We verified the simulation result by examining NMR relaxation
parameters. Conformational exchange in the microsecond-to-
millisecond timescale increases the product of NMR R; and
R, rate constants, R;*R; (46). We found that all of the residues
with significantly elevated R;*R; values (>mean + SEM) are
located in regions where a large conformational change occurs

100 120 140 160 180 200
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T197

QSM

0 200 400 600 800 1000
Vepmg (HZ)

upon binding to p85p (Fig. 44). These results are also consis-
tent with the finding that four resonance peaks (residues 139,
141, 143, and 144) in p4-pS5S loop region were missing in the
"H-'>N  heteronuclear single-quantum coherence (HSQC)
spectrum because of the dynamic motion in the intermediate
NMR timescale gFig. 44).

Using NMR °N R, Carr-Purcell-Meiboom-Gill relaxation
dispersion (CPMG-RD) (47-49), we further characterized the
conformational dynamics of free 1918 NS15P W187R. A total of
17 >N resonances exhibited exchange contribution (R.,) in the
experiment. All of the residues are located in regions that un-
dergo conformational change upon binding to p85'S"* (Fig. 4B).
Eight of them exhibited R, larger than 2.5 s™" (Fig. 4C), which is
adequate for quantitative data fitting. Thus, we limited our
CPMG-RD analysis to these residues (group A). The remaining
nine resonances (group B) were used for confirmatory purposes
only; the RD data were fitted with variables precalculated using
group-A resonances.

To calculate the exchange rate constant k. (= k¢ + k) between
two conformational states of free 1918 NS1FP (Fig. 4D), the
NMR CPMG-RD data were fitted using the Carver and Richards

I -
S-—=6
i
kf
Major Minor
Binding Binding
lcompetent Competent

Fig. 4. Conformational dynamics of free 1918 NS15P. (A) NMR R;*R; (closed circles) of 1918 NS15° W187R and rmsd (red line) between the free and p85-
bound forms. Green asterisks correspond to the missing residues in a HSQC spectrum. (B) Residues that exhibited detectable R., are shown as spheres (Left).
Residues in group A are shown as red spheres. (Right) The dynamic residues are located at the p85°°"? (lemon)-binding site. (C) A representative >N CPMG-RD
profile (T197) of free NS1-ED recorded at 800 MHz (red open circles) and 600 MHz (black closed circles). Solid lines correspond to the global fit of the data. (D)

Schematic showing a conformational exchange of free 1918 NS1EP
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between the Bl and BC conformations.
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equation (ref. 50 and Fig. 4C). The fitting results of all analyzed
residues are shown in SI Appendix, Fig. S7. Global fitting including
all group-A resonances yielded ke, = 2,459 + 205 s™L. The pop-
ulation of the minor species gpminor) was estimated to be ~8% of
the entire population: The y~ surface along the pminor Showed a
broad basin in the range between 5 and 10% (SI Appendix, Fig.
S8). Based on the kex and pminor Values, we estimated that the
forward and reverse rate constants (k¢ and k;) between the major
and minor species are 99 to 246 s~ and 2,188 to 2,360 s\, re-
spectively. This result showed that major species transiently sam-
ples the minor conformation with a lifetime less than 500 ps. To
test whether the residues (group B) excluded from quantitative
analysis undergo the same conformational exchange, we fitted the
dispersion data of the residues in group B using the precalculated
exchange parameters (kex and pminor) as fixed variables. The fitting
curves showed reasonable agreement with data (SI Appendix, Fig.
S7B), albeit qualitative, indicating a concerted conformational
exchange process.

Both NMR and crystal structures of free 1918 NS1EP are in
the BI conformation (10, 40), indicating that the major species in
the dynamic equilibrium corresponds to the BI form. In contrast,
direct structural characterization of the minor species is not
feasible because of its low population and short lifetime. Instead,
multiple lines of data indicated that the minor species has the BC
conformation. First, our MD simulation showed that the con-
formational fluctuation of the free protein is highly similar to
that between the free (BI) and p85p-bound (BC) conformations
(Fig. 3B). Second, all of the residues that showed sub-ms dy-
namics are located in the regions that undergo conformational
change upon binding to p85p'S™? (Fig. 4 A4 and B). Third,
CPMG-RD provided conformational information of the minor
species. If the minor species corresponds to the BC conforma-
tion, its conformation must be similar to the p85f8-bound form.
In this case, the chemical shift difference obtained by fitting to
the CPMG-RD profile (A(‘)CPMG = Omajor,BI — (‘)minor,BC) corre-
lates with the measured chemical shift difference between the
free and bound states (A8 = Sfee — Opound). We indirectly esti-
mated Spoung USing a computer program SHIFTX2 (51) and
crystal structure of 1918 NS1EP bound to p85p'SH2. This is be-
cause direct measurement of Spoung Was not possible due to the
extremely low solubility of the 1918 NS1EP:p85pSH2 complex. A
qualitative comparison of Awcpmg Of the group-A residues with
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Adshrrrx showed a reasonable agreement (SI Appendix, Fig.
S9). Taken together, these results indicate that free 1918
NS1FP undergoes conformational sampling between the BI and
BC conformations in the sub-ms timescale.

Conformational Dynamics of NS1 Proteins from Different Influenza
Viruses. Our structural analysis indicated that the BI-BC dy-
namics of 1918 NS1FP is essential for binding to p85p. To as-
certain whether NS1 proteins of different influenza strains also
undergo similar conformational dynamics, we compared the
backbone rmsd of seven free NS15P structures from five influenza
strains with that of the PRS strain (PDB ID code 2GX9). Surpris-
ingly, these structures exhibited a high conformational variability in
the p85p-binding region; however, their overall rmsd patterns were
similar to the conformational change of 1918 NS15P upon binding
to p835pH2 (red line in Fig. 54). These diverse structures captured
under different crystallization conditions collectively showed in-
trinsic conformational plasticity of free NS15P proteins. The com-
parison suggests that NS1 proteins of different influenza viruses
undergo varying degrees of conformational dynamics in the p85p-
binding interface.

To further test the hypothesis in detail, we compared structures
and conformational dynamics of 1918 NS1¥P (HIN1) to those of Ud
NS15P (H3N2). Intriguingly, the structure of free Ud NS1FP was
similar to the BC conformation of 1918 NS1 (Fig. 5B). To avoid any
bias in the comparison, we compared all crystal structures of free Ud
NS15P available in the PDB (Fig. 5C). We found that all of the
conformations of free Ud NS1®P were consistently close to the BC
conformation and dissimilar to the BI conformation (red line in Fig.
5C), regardless of their crystallization conditions, ED dimeric state,
and mutations at residue 187. Moreover, the side-chain position of
Y89 in free Ud NSI was similar to that in the BC state of 1918
NS15P (Fig. 5D). These results indicate that Ud NS15P, as opposed
to 1918 NS1, populates BC-like conformation in its free state and
may not need a large conformational change to bind p85p.

To further examine the intrinsic conformational dynamics of
free Ud NS1FP, we conducted >N CPMG-RD analysis. Indeed,
free Ud NS1EP did not exhibit Ry, except for only two residues,
H169 and T170 (Fig. 64). This is in stark contrast to the 1918
NS15P in which 17 residues undergo sub-ms dynamics (Fig. 6B).
A global fitting of the CPMG-RD data of the two residues
yielded kex = 2,200 + 170 s7! and Pminor = 1% (Fig. 6C). For

B 1918 (Bound)
Ud (Free)

1918 (Bound)

TR

>

D

1918 (Bound)

Fig. 5. Strain-dependent conformational diversity of NS1 proteins. (A) rmsd plots of NS1 proteins from diverse influenza viruses with respect to the structure
of PR8 (H1IN1, PDB ID code 2GX9). p85p-binding regions are shaded with magenta. X represents individual PDB coordinates. (B) Superimposed structure of
p85p-bound 1918 NS1%° and (Left) free Ud NS1EP and (Right) free 1918 NS1EP. (C) rmsd plots of free Ud NS15° proteins with respect to p85p-bound 1918
NS1EP. Red line: rmsd between free and bound 1918 NS15°. Blue arrow: residues 164 to 171. (D) Conformations of Y89 in p85p-bound (brown), free (green)

1918 NS1EP, and free Ud NS1EP (cyan).
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Fig. 6. Strain-dependent structure and dynamics of NS1EP. Structures of (A) free Ud and (B) free 1918 NS15° proteins. Residues that exhibited R, are shown
in red spheres. (C) The >N CPMG-RD profiles of two dynamic residues in Ud NS1P: 800 MHz (red open circles) and 600 MHz (black closed circles). Solid lines

correspond to the global fit of the data.

comparison, we provided the CPMG-RD profiles of the corre-
sponding 17 residues in Ud NS1EP (SI Appendix, Fig. S10). No-
tably, there was no overlap between the dynamic residues of the
two proteins. For example, Y89, a key interface residue, did not
exhibit Re, in Ud NS1EP| which is consistent with the crystal
structures (Fig. 5D). Nevertheless, it remains to be further de-
termined whether the conformational change is required for Ud
NS1EP to bind p85p™"™2. The two dynamic residues in Ud
NS1EP are not in the direct binding interface; however, they are
located nearby the p85p-binding interface. The two residues are in
the f6—a2 loop (residues 164 to 171), in which residues 161 to 165
form direct contacts with p85p. In this light, it is worth mentioning
that residues 164 to 171 showed an elevated rmsd in all Ud NS1
structures (blue arrow in Fig. 5C). Although the p85p-bound
structure of Ud NS1 will be required to assess the role of the
subtle conformational change in binding, our results suggest that the
degree of the conformational change and spatial distribution of
dynamic residues are remarkably different between the two strains.
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To ascertain the effect of the structural and dynamic differ-
ences on the interaction with p85f, we compared binding affin-
ities and kinetics of 1918 and Ud NS1s for p85p. The Kp, value of
Ud NS1EP and p85p was 50 nM (ST Appendix, Fig. S11), which is
six times lower than that of 1918 NS15P. More surprisingly, the
two NS1s exhibited noticeably different binding kinetics to p85p
(Fig. 7 A and B). Especially, Ud NS15P dissociates from p85p
~32 times more slowly than 1918 NS1P. Although the structure
of Ud NS15P complexed with p85p is not available, residues at
the p85p-binding interface are well-conserved between the two
strains: Only 2 out of 20 interface residues have conservative
substitutions between the two proteins (L951 and M9SL) and the
rest are identical. To test whether the two mutations affected
binding, we grafted the residues of Ud NS15P to the 1918 pro-
tein, that is, L9SI/M98L, in the 1918 background. As expected,
the grafting did not noticeably change the binding affinity
and kinetics (SI Appendix, Fig. S12). Thus, the sequence differ-
ence outside the p85p-binding surface between the two proteins
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Fig. 7. Binding kinetics of 1918 and Ud NS1s to p85p. BLI-derived ks values for binding of A 1918 and (B) Ud NS1EP to p85p™H2. The solid line corresponds to
the linear fit to the data. Error bars reflect the SD of three replicate measurements. The slope and y intercept of the linear regression curve correspond to kon,
and ko, respectively. Numerical simulations of increase in p85p-bound fraction of C 1918 and (D) Ud NS1EP proteins as functions of time and p85p con-
centration. Simulated time-dependent changes in p85-bound fractions for 1918 (blue) and Ud (red) NS1EP proteins at two different concentrations of p85p:

(E) 1 uM and (F) 10 nM.
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induced the remarkable difference in the conformational dy-
namics and consequently the binding properties.

To further understand how the conformational dynamics of
NS1EP affected the observed binding kinetics, we analyzed the
binding kinetics in combination with NMR-derived dynamics
data (SI Appendix, Fig. S13 and Supplementary Discussion). The
result of the integrated analysis further supported our hypothesis
in which the minor state of free 1918 NS1®P has a conforma-
tion competent for binding to p85p. Moreover, the result dem-
onstrated that the conformational dynamics step significantly
modulated the observed binding rate constant. It is worth noting
the difference in the kg values between 1918 and Ud NSl1s
(Fig. 7 A and B), which might be due to the differences in the
structure and/or dynamics of their p85p-bound state. However,
both NS1 proteins had extremely low solubility when bound to
P85, limiting the study of conformational dynamics in complex
states.

What is the functional implication of our results? PI3K is a
signaling hub implicated not only in proviral responses but also
in antiviral responses. For example, [AVs and other viruses, such
as HIV, activate PI3K to induce proviral responses (22, 52, 53),
whereas RIG-I (retinoic acid-inducible gene I) also activates
PI3K upon recognizing viral RNA, resulting in the onset of
antiviral responses (54, 55). Thus, we speculate that the rapid
hijacking of p85p (i.e., PI3K) might be an important advan-
tage for IAVs in competing with the host antiviral innate
immune system.

We examined whether the NS1 from two different IAV
strains, 1918 and Ud, demonstrate different rates of increase in
p85p-bound fraction. For this, we conducted a simple numerical
simulation of saturation kinetics (=1 —exp(—kps*t)) based on
the measured ko, and kg values and simple pseudo-first-order
approximation ([NS15P] < [p85p]): This might mimic the early
phase of NS1 expression during the infection cycle. Because the
cellular concentration of p85p is unknown, we simulated the
saturation kinetics between 1 nM and 1,000 nM of p85p (Fig. 7 C
and D). Intriguingly, despite the higher affinity of Ud NS1, its
small ko, and ko values increased the time required to saturate
p85P, compared to 1918 NS1. In contrast, larger k., and ko
values of 1918 NS1 enables the protein to reach to the saturation
more rapidly. Fig. 7 E and F show the saturation kinetics at two
concentrations of p85f, 10 nM and 1,000 nM. Despite the high
similarity in their overall structures, NS1 proteins of diverse
influenza strains showed strain-dependent functional differ-
ences (23, 31, 32, 56, 57). However, its underlying mechanism
remains elusive. Our results suggest that the conformational
dynamics and binding kinetics of NS1 proteins need to be ex-
plored to fully understand the strain-dependent behavior
of IAVs.

Materials and Methods

Protein Sample Preparation. Genes encoding 1918 and Ud NS1 and
p85p'5H2 proteins were prepared by gene-synthesis service from Gen-
script. All NS1 proteins (wild type, W187A, W187R, and Y89F mutants)
were expressed in BL21 (DE3) Escherichia coli cells with a Hisg and
SUMO tags and purified by Ni?* NTA column and gel-filtration chro-
matography. The p85p'sH2 (residues 435 to 599) domain was expressed
in BL21 (DE3) E. coli and purified in the same as NS1 proteins. Purity of
protein samples was confirmed using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; all samples were >95% pure.

BLI Experiments. The binding of p85p™"*? to surface-immobilized NS1 con-
structs was measured at 25 °C using an Octet RED biolayer interferometer
(Pall ForteBio). Hisg-tagged NS1 proteins were immobilized on Ni-NTA
biosensor tips. The buffer was 20 mM sodium phosphate (pH 7.0),
100 mM NaCl, 1% bovine serum albumin, and 0.4 M trehalose. Association
and dissociation phases were measured for 300 s and 100 s, respectively. All
measurements were performed at least three times (S/ Appendix, Fig. S1).
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The steady-state K, values were determined by averaging five final signals in
the association phase and fitting them using a 1:1 binding model as follows:

A= ah ([PtJ+[Ld+Kdr¢ s [LtJ+Kd>2—4[PfMLJ>’ "

where AR and ARn.x are the change and the maximum signal change, re-
spectively. P; is the total protein concentration and L; is the total analyte
concentration at each titration point.

Overall Binding Kinetics. To measure binding kinetics of 1918 NS1t° and
p85p'H2, the association phase was fitted with a double-exponential func-
tion. The fast-phase rate constants correspond to kqps While the slow-phase
corresponds to nonspecific binding of p85p'*"2 to BLI sensor tips. To measure
binding kinetics of Ud NS1E° and p85p™"2, the association phase was fitted
with a single-exponential function. The ks value changed linearly with the
concentration of p85p°°"2. ko, and ko values were obtained by linear fitting
to the plot of kops Vvs. [p85p™H2]. Numerical simulations of saturation kinetics
were conducted by calculating 1 —exp(—kops*t), Where kops Was calculated
using measured ko, and ko values and the relationship kops = kon*[p85p"H?] +
kot- The two-dimensional density plot of saturation kinetics as a function of
[p85p'72] was obtained by Mathematica (Wolfram Research Inc.).

NMR "N Relaxation Measurements. The >N CPMG-RD experiments were
recorded at two static magnetic fields (600 and 800 MHz) with CPMG fre-
quencies (Vepmg), ranging from 50 to 1,000 Hz, as pseudo-three-dimensional
experiments with a constant-time CPMG evolution period of 30 ms and
40 ms for 1918 and Ud NS1%°, respectively. The uncertainty of Ryer was
estimated by comparing the peak intensities of duplicated experiments. The
CPMG-RD profile was fitted using the Carver—Richards equation (50). To slow
down protein precipitation during NMR RD measurement, we added 0.4 M
trehalose in the sample. We confirmed that the observed R; ¢ is not in-
duced by trehalose, by comparing the AR, ¢ (the difference of Ry et col-
lected at two CPMG frequencies, 50 Hz and 1,000 Hz) to the R;*R; values
acquired without trehalose (S/ Appendix, Fig. S14). Moreover, chemical shifts
of backbone amide resonances were not affected by trehalose (S/ Appendix,
Fig. S14). We confirmed that the observed dynamics is not induced by di-
merization of NS15° by comparing peak intensities of the dynamic residues
as a function of protein concentration (S/ Appendix, Fig. $15). Measurements
for >N R, and R, rate constants were performed as described elsewhere (41).
All NMR data were collected at 298 K on Bruker Avance Ill 600-MHz and 800-
MHz spectrometers equipped with a cryogenic probe at the Biomolecular
NMR facility (Texas A&M University). Backbone resonance assignments for
1918 and Ud NS1EP proteins were obtained from the Biological Magnetic
Resonance Bank (BMRB; http:/www.bmrb.wisc.edu/); BMRB accession num-
bers for 1918 and Ud NS1E° are 12032 and 16376, respectively.

Chemical Shifts Prediction Using SHIFTX2. Prediction of chemical shifts from
structural models was performed using the SHIFTX2 (51). The chemical shift
for the BC form was predicted using the NS1 structure in the complex with
p85p°2 (PDB ID code 60X7) after removing p85p°"2. The chemical shifts for
free state was derived from "H-">N HSQC spectrum of free 1918 NS1P.

Crystallography. The 1918 NS1 W187A (residues 86 to 230):p85p°H2 complex
was crystallized at 277 K by hanging-drop vapor diffusion in 20 mM Tris
(pH 7.1), 80 mM NaCl, and 0.7 M trehalose. A 100 uM of NS1-ED was mixed
with a 100 uM p85p-iSH2 to prepare the complex. The 1918 NS1 W187R
(residues 86 to 230):p85p>H? complex was crystallized at 277 K by hanging-
drop vapor diffusion in 20 mM sodium phosphate (pH 7.0) and 80 mM Nacl.
The crystals were flash-frozen in liquid nitrogen in the reservoir solution
containing 25% (vol/vol) glycerol. X-ray diffraction datasets were collected
at 120 K using an R-AXIS IV** image plate detector mounted on a Rigaku
MicroMax 007HF X-ray generator. The data were processed using iMosflm in
the CCP4 package (58). The structure was determined using previously
reported structure of PR8 NS1-ED complexed with bovine iSH2 (PDB ID code
3L4Q) as a search model using the Phenix package (59). The structures were
remodeled and refined with Coot (60) and the Phenix package. Crystal
structures of 1918 NS1-ED W187A and W187R in complex with p858-iSH2 are
deposited in the PDB (ID codes 6U28 and 60X7).

SAXS. The X-ray scattering measurement was conducted at the Life Science
X-ray Scattering (LiX) beamline (61) of the National Synchrotron Light Source
I, Brookhaven National Laboratory. Online size-exclusion chromatography
SAXS was used to eliminate aggregation in the sample and ensure the
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quality of the scattering data. Data were collected at room temperature,
using a Shimadzu high-performance liquid chromatography (HPLC) system
and a flow cell developed in house for X-ray scattering measurements. One
hundred fifty microliters of a protein sample at 100 uM was injected into a
Superdex Increase 200 10/300 GL column (GE Healthcare) at a flow rate of
0.45 mL/min. The eluent from the column was split 3:1 into the X-ray flow
cell and the ultraviolet absorbance and refractive index detectors on the
HPLC system. Scattering images were collected continuously at 1-s exposure
per frame. Python scripts developed at the beamline were used for data
processing as previously described (62), including merging of scattering data
from multiple detectors for each X-ray exposure and buffer scattering sub-
traction on the selected sample frames. The program Scatter was used for
Guinier analysis and estimation of Rgy. The theoretical SAXS profile and R, for
NS1-ED structure was calculated using MultiFoXS (63).

MD Simulation. For simulation, we used CHARMM (64) version c42a1 with
param 36 all-atom force field (65). The NMR structure of free 1918 NS1%° in
the BI form (PDB ID code 6NUO) was used as an initial structure. The system
was solvated with TIP3P water molecules in a cubic box with a side length of
66 A. The system was then electrically neutralized with CI~ and Na* ions at
~50 mM. The system was subjected to a four-stage energy minimization. At
each stage, it underwent 100 steps of the steepest descent method followed
by 300 steps of the adapted basis Newton-Raphson method. During energy
minimization, a gradually decreasing harmonic constraint was applied to the
backbone heavy atoms in the protein. Spring constants of the harmonic
constraints were 5 kcal/mol-A? (stage 1), 1 kcal/mol-A? (stage 2), 0.1 kcal/mol-A2
(stage 3), and 0 (no constraint at stage 4). The system was then heated from
0 K to 300 K for 100 ps and equilibrated for 200 ps under 1-atm pressure,
with harmonic constraints applied to backbone heavy atoms in the pro-
tein. Spring constants of the harmonic constraint were 1 kcal/mol-A?
(heating) and 0.5 kcal/mol-A? (equilibration). The system then underwent
a preparatory run for 1 ns. During the preparatory run, only the Cax atoms
were harmonically restrained with a spring constant of 0.25 kcal/mol-A2.
The production run was carried out under constant volume and at 300 K
(NVT) without any constraint applied to the protein. The SHAKE algorithm
was used to fix the length of covalent bonds involving hydrogen atoms. The
integration step size was 2 fs. The cutoff distance for taking account of
nonbonded interaction was 12 A. The particle-mesh Ewald summation
method was used to account for long-range electrostatic interactions. The
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Domain Decomposition (DOMDEC) module of CHARMM was used for effi-
cient parallelization (66). The system contains a total of 27,268 atoms. Co-
ordinates were saved every 5 ps. To calculate rmsd, all of the trajectories
were first superimposed relative to the reference structure using backbone
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at current trajectory and the atoms at the reference structure.
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(pH 7.0) and 80 mM NaCl overnight. Data were acquired in duplicate at 25 °C
using a Microcal VP-ITC instrument; 100 uM NS1E° was in the syringe and
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Supporting Table 1

Table S1. X-ray diffraction and refinement statistics of the complexes of 1918 NSEP

and p85p'SH2,

1918 NS1-ED W187A

1918 NS1-ED W187R

PDB ID: 6U28 PDB ID: 60X7

Data collection*
Space group P2, P2,
Cell dimensions

a, b, c(A) 61.19, 92.39, 66.94 60.98, 94.03, 67.22

o, B,y (°) 90.00, 105.17, 90.00 90.00, 105.31, 90.00
Resolution (A) 2.95 (3.13 to 2.95)** 2.75 (2.90 to 2.75)**
Rmerge 0.179 (0.938) 0.163 (0.623)
Rpim 0.111 (0.587) 0.099 (0.379)
1/ ol 6.1 (1.3) 6.7 (2.1)
Completeness (%) 100 (100) 100 (100)
Redundancy 3.5(3.5) 3.7(3.7)
Refinement
Resolution (A) 2.95 2.75
No. Reflections 15214 19103
Ruwork/Riree 0.223/0.240 0.228/0.263
No. atoms

Protein 4219 4231

Water 0 34
B-factors (A?)

Overall 74.0 60.8
R.m.s. deviations

Bond lengths (A) 0.002 0.002

Bond angles (°) 0.489 0.449

* The numbers in parentheses refer to the highest resolution shell.

** A single crystal was sued to collect each of the dataset.
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Figure S1. BLI sensorgrams and binding isotherms (A) between surface-immobilized 1918
NS1EP W187R and free p85p'S*? in wells and (B) between surface-immobilized 1918 NS1EP wild
type and free p85p'S™? in wells. The binding isotherms were globally fit to obtain binding affinities
(Ko).
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Figure S2. Crystal structures of the complexes between (A) 1918 NS15° W187A (orange) and
p85B'SH2 (blue) (PDB ID: 6U28) and (B) 1918 NS15° W187R (green) and p85pSH? (deep teal)
(PDB ID: 60X7). (C) Superimposed structures of NS1-ED in the two complexes. Side chains of
A187 and R187 are shown in orange and green stick models, respectively. RMSD plots of (D)
1918 NS1FP and (E) p85B between the two complex structures. Electron densities
corresponding to residues 500 — 520 are missing (gray) in both crystal structures. (F) Residues
in the complex interface between 1918 NS15° and p85p/SH2,
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Figure S3. Structure comparison between 1918 NS15P and PR8 NS1P in complex with p85p.
Crystal structure of the complex between (A) 1918 NS1EP and human p85p'SH? (PDB ID: 6U28)
and (B) PR8 NS1EP and bovine p85B'SH? (PDB ID: 3L4Q). (C) Superposed structures of the two
complexes. For clarity, only one complex molecule from each complex is superimposed. The
color schemes are same as in (A) and (B). Both p85B'S"? proteins form a kinked coiled-coil
conformation. Therefore, p85pSH2 can be distinguished by two regions: region-a (residues 433 —
453 and 563 — 597), which includes the NS1-binding region (residues 565 — 597) and region-b
which includes the rest of the domains (residues 454 — 562). (D) The kinked conformation is due
to that an intramolecular backbone hydrogen bond is missing at S562 in human protein (S556 in
bovine protein sequence). Dotted lines (magenta) correspond to backbone hydrogen bonds.
Due the missing hydrogen bond, the region-b has high conformational mobility, resulting in large
RMSD between the two complexes.
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Figure S4. Sequence logo illustrating the conservation of (A) Y89 and (B) hydrophobic residues
in all known human IAVs (see Materials and Methods).
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Figure S5. RMSD plots of 1918 NS1EP W187A (blue line) and W187R (red line) between the
free and p85B-bound forms. Following structures were used to calculate RMSD values; free
1918 NS15P W187A (PDB ID: 6DGK), free 1918 NS15° W187R (PDB ID: 6NUO0), p85B-bound
W187A (PDB ID: 6U28), and p85p-bound W187R (PDB ID: 60X7).
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Figure S6. Structurally plastic regions in free 1918 NS1EP overlap with the regions undergoing
conformational change upon binding p858. RMSD plot of 1918 NS1EP between the free and
p85pB-bound forms and average RMSD of the 20 lowest energy structures in the NMR ensemble
are shown in red and black lines, respectively.
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Figure STA. NMR CPMG-RD data of residues in group-A. Data at both field strengths were
globally fit (solid lines) using the Carver-Richards equation with an assumption of a simple two-
state exchange model. The global fitting yielded kex = 2459 + 205 s™.
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Figure S7B. NMR N CPMG-RD data of the residues excluded from guantitative analysis
(group B). Data at both field strengths were globally fit (solid lines) using the Carver-Richards
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Figure S8. The 2 surface along a minor-species population (pminor). The Zy? corresponds to the
sum of all 2 values of all residues in group A.

11



Supporting Figure 9

1800

ot 1600 -
L)
< 1400 *
|_
L 1200
I
oom 1000 T
Q _ -
o 800 - I
U]
= 600 - 'Y
o
®
@9 400 . d
4
200 - 4
0 T T -I_ T T T T T
89 o4 134 137 1865 172 194 197
Residues

Figure S9. Comparison of Aocemc (bars) of the group-A residues with Ad (closed circles)
computed using SHIFTX2. The error bars correspond to RMS error of SHIFTX2-derived °N
chemical shifts (1.1 ppm or 426 s at 14.1 T). Although there exists a reasonable agreement
between Awcpmc and Adswirtx, relatively large RMSE of SHIFTX2-computed *°N chemical shift

and a small number of residues included in this comparison prevented a quantitative structural
characterization of the minor species.
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Figure S10. NMR ®*N CPMG-RD data of the residues in free Ud NS1EP. These residues
showed measurable Rex in free 1918 NS1EP (see Figure S7 for comparison).

14



Supporting Figure 11

A B,,.
=08 =
£ £
£ £
° [p85] (uM) o -
)] =F 02 0
£ £ 01 5
a g 0.05 aQ
2 i g Kp=0.05+0.01 pM
1 ©  Time(se) % o
0.0 0.0 T T T T 1
0.0 0

0.25 .0
[p85P] (UM) [p85B] (UM)

Figure S11. (A) A representative BLI-derived binding isotherm between surface-immobilized Ud
NS1EP W187A and free p85p'S"? in wells. (B) Six replicated binding isotherms between surface-
immobilized Ud NS1EP W187A and free p85p'S™*? in wells. The binding isotherms were globally
fit to obtain binding affinities (Kp).
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Figure S12. BLI-derived binding affinity (A) and kinetics (B) between 1918 NS1FP-L.95I1/M98L
and p85B'S"2, The results shown in the figures are average and standard deviation of three
repeated measurements.
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Figure S13. A schematic diagram showing the proposed two-step binding mechanism of 1918
NS1EP and p85B. An analytical equation for the corresponding observed binding rate constant
(Kobs) is shown below. (A) The observed rate constant Kqps plotted as a function of concentration
of p85pSH; this is the same data as Figure 7A. The solid line corresponds to the non-linear fit
using equation S1 (1, 2) with k; and k; measured by NMR CPMG-RD. (B) The result of the non-
linear fit. (C) Direct measurement of the dissociation rate constant ko between 1918 NS1FP and
p85p'SH2 by BLI. Surface-immobilized NS1E° was incubated with four different concentrations (2

UM, 1uM, 0.5 uM, and 0.2 puM) of p85BSH2 before dissociation was initiated. Solid lines correspond
to the global fit of all four traces. The fit yielded ko = 0.13 + 0.03 s,
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Figure S14. Trehalose does not affect the observed conformational dynamics of 1918 NS1P.
(A) NMR N ARz eif (R2,eff.vepmg = 0 Hz — R2.eff, vepmg=1000 Hz) Values of free 1918 NS1EP in the presence
of 0.4 M trehalose (black circles). NMR R:*R; values of free 1918 NS1FP in the absence of
trehalose (red circles). (B) Overlay of *H-1>N HSQC spectra of 1918 NS1P in the absence (blue
peaks) and presence of trehalose (red peaks).
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Figure S15. Concentration dependent NMR peak intensities of dynamic residues in 1918
NS1EP, Peak intensities were normalized relative to that of non-dynamic residue (residue 99).
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Supplementary Discussion

Based on our results, the simplest binding mechanism between NS1EP and p85p'S™2 is a two-step
binding through conformational selection (Scheme 1 in Fig. S13) (1-3), in which the binding
competent (BC) state is responsible for the productive binding. Following the model, the reported
kon Value is apparent Kon (Kon,app), Which is in fact a combination of the microscopic rate constants,
including ks, ki, and kon. Direct association and dissociation rate constants, kon and Kot (Scheme 1
in Fig. S13), can be estimated by nonlinear fitting of the kops vS. [p85] data using equation S1 (1)
and NMR-defined kr and k; values. Fitting the kinetic data for 1918 NS1 yielded kon and kos values
of 5.2+ 0.2 uMst and 0.12 + 0.02 s, respectively (Fig. S13A and S13B). Moreover, the fit Ko
value was close to the directly measured value using BLI (Fig. S13C), which is a characteristic
signature of a conformational selection mechanism (1). This integrated analysis of BLI-derived
kinetics and NMR-derived dynamics provided a rigorous test of the binding model and supported
our hypothesis in which the minor state has a conformation competent for binding. Moreover, the
result demonstrated that the conformational dynamics step significantly modulated the observed
binding rate constant.

Assuming that Ud NS15P undergoes a subtle, but necessary, conformational exchange to bind
p85p and that the NMR-detected dynamics of the two residues (H169 and T170) correspond to
the motion, fitting the kinetic data of Ud NS1 using eq. S1 and NMR-determined k: and k; yielded
Kon = 14.5 pMst and kot = 0.004 s*. However, it should be noted that the presence and role of
the conformational change in Ud NS1 upon binding to p85fSH2 are uncertain due to the lack of a
complex structure. Therefore, the result of the analysis remains to be validated in a future study.
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