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ABSTRACT Influenza A virus (IAV) contains a segmented RNA genome that is transcribed
and replicated by the viral RNA polymerase in the cell nucleus. Replicated RNA segments
are assembled with viral polymerase and oligomeric nucleoprotein into viral ribonucleopro-
tein (VRNP) complexes which are exported from the nucleus and transported across the
cytoplasm to be packaged into progeny virions. Host GTPase Rab11a associated with recy-
cling endosomes is believed to contribute to this process by mediating the cytoplasmic
transport of VRNPs. However, how vRNPs interact with Rab11a remains poorly understood.
In this study, we utilized a combination of biochemical, proteomic, and biophysical
approaches to characterize the interaction between the viral polymerase and Rab11a. Using
pulldown assays, we showed that vRNPs but not complementary RNPs (cRNPs) from
infected cell lysates bind to Rab11a. We also showed that the viral polymerase directly inter-
acts with Rab11a and that the C-terminal two-thirds of the PB2 polymerase subunit (PB2-C)
comprising the cap-binding, mid-link, 627, and nuclear localization signal (NLS) domains
mediate this interaction. Small-angle X-ray scattering (SAXS) experiments confirmed that
PB2-C associates with Rab11a in solution forming a compact folded complex with a 1:1 stoi-
chiometry. Furthermore, we demonstrate that the switch | region of Rab11a, which has
been shown to be important for binding Rab11 family-interacting proteins (Rab11-FIPs), is
also important for PB2-C binding, suggesting that IAV polymerase and Rab11-FIPs compete
for the same binding site. Our findings expand our understanding of the interaction
between the IAV polymerase and Rab11a in the cytoplasmic transport of VRNPs.

IMPORTANCE The influenza virus RNA genome segments are replicated in the cell nucleus
and are assembled into viral ribonucleoprotein (VRNP) complexes with viral RNA polymerase
and nucleoprotein (NP). Replicated VRNPs need to be exported from the nucleus and traf-
ficked across the cytoplasm to the cell membrane, where virion assembly takes place. The
host GTPase Rab11a plays a role in VRNP trafficking. In this study, we showed that the viral
polymerase directly interacts with Rab11a mediating the interaction between vRNPs and
Rab11a. We mapped this interaction to the C-terminal domains of the PB2 polymerase sub-
unit and the switch | region of Rab11a. Identifying the exact site of Rab11a binding on the
viral polymerase could uncover a novel target site for the development of an influenza anti-
viral drug.

KEYWORDS influenza virus, RNA polymerase, PB2 polymerase subunit, Rab11a,
cytoplasmic trafficking

nfluenza A virus (IAV) is a serious threat to human health, causing contagious respira-
tory disease, usually in the form of seasonal outbreaks. IAV also manifests in pandem-
ics that result in substantial morbidity and mortality (1). The genome of IAV consists of
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eight negative-sense viral RNA (VRNA) segments, each of which is assembled in a sepa-
rate ribonucleoprotein (VRNP) complex. In each VRNP complex, the partially comple-
mentary 5" and 3’ vVRNA termini are bound to the viral RNA-dependent RNA polymer-
ase, while the rest of VRNA associates with oligomeric nucleoprotein (NP) (2). The IAV
polymerase is a heterotrimeric complex composed of polymerase acidic (PA), polymer-
ase basic 1 (PB1), and PB2 subunits. It consists of a core polymerase domain and sev-
eral peripheral domains, which are connected to the core domain through flexible link-
ers (3, 4). The PB1 subunit contributes most to the core domain and contains the
polymerase active site with the catalytic residues for RNA synthesis. The PA subunit is
composed of the N-terminal endonuclease domain (PA-N) and a large PA C-terminal
domain (PA-C), which are connected by a linker wrapping around PB1. In contrast to
PA-N, PA-C is rather tightly integrated into the polymerase core. The N-terminal third
of PB2 (PB2-N) is also part of the polymerase core, while the C-terminal two-thirds
(PB2-C) is highly dynamic and composed of discrete domains. These domains include
the mid-domain, cap-binding domain, cap-627 linker domain, 627 domain, and the C-
terminal nuclear localization signal (NLS) domain. Overall, the polymerase can be
viewed as a complex that is made up of a catalytic core (PB1, PA-C, and PB2-N) and
flexible and dynamic peripheral appendices (PA-N and PB2-C), which can adopt differ-
ent positions relative to the polymerase catalytic core. Different conformations,
depending on association with viral and cellular factors, underpin the multifunctional
nature of the IAV polymerase that acts as both transcriptase and replicase (3-5).

In the course of IAV infection, upon viral entry and fusion of the viral membrane
with the endosomal membrane, the eight VRNPs are trafficked into the nucleus of the
host cell, where the viral polymerase both transcribes and replicates the vRNA. During
transcription the PB2 cap-binding and PA endonuclease domains of the polymerase
cleave short capped RNA from cellular capped RNAs which are used to prime viral tran-
scription in a process called cap snatching. Transcription results in capped and polya-
denylated viral mRNAs. During replication, the polymerase first synthesizes a cRNA
that is assembled with polymerase and NP into complementary RNPs (cRNPs) which
then serve as templates for the synthesis of new vRNPs (3, 4). Newly synthesized vVRNPs
are then exported from the nucleus and trafficked to the plasma membrane for pack-
aging into budding virions (6).

For IAV to be fully infectious, each of the eight vRNPs must be packed in virions. It
has been demonstrated that vRNPs establish intersegment interactions to form a
supramolecular genomic complex with a 7 + 1 arrangement inside virions (7, 8). While
several studies have indicated that specific VRNA-VRNA interactions are likely to con-
tribute to the packaging of the eight VRNPs (9-11), the underlying mechanisms remain
to be established. Currently accepted models postulate that genome assembly is inti-
mately linked to VRNP transport across the cytoplasm, a process that involves the cellu-
lar protein Rab11a (6, 12, 13). Rab11a belongs to a family of small GTPases involved in
apical trafficking of recycling endosomes which sort and transport cargo destined for
release from the apical cell membrane (14). Rab11a recruits molecular motor proteins
to the recycling endosome through interactions with its effectors, the Rab11 family-
interacting proteins (Rab11-FIPs) (15). Rab11-FIPs can associate with both actin and
microtubule-associated motor proteins, indicating that Rab11a-associated recycling
endosomes can use multiple cytoskeletal networks for transport. In cells infected with
IAV, Rab11a was shown to colocalize with VRNPs and knockdown of Rab11a or overex-
pression of a dominant negative Rab11a mutant decreased viral replication, leading to
the suggestion that VRNPs are transported to the plasma membrane along cytoskeletal
filaments via an interaction with Rab11a in recycling endosomes (16-21). More
recently, an alternative model has been proposed in which Rab11a and vRNPs are
recruited to membranes of remodeled endoplasmic reticulum (ER), leading to the bio-
genesis of irregularly coated vesicles (ICVs), which ensure transport of VRNPs from the
ER to the plasma membrane (22). Rab11a has also been implicated in the formation of
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liquid organelles promoting genome assembly and mediating cell-cell spread and reas-
sortment of IAV genomes via tunneling nanotubes (23-25).

In spite of Rab11a playing a key role in vVRNP trafficking and potentially also in facili-
tating genome assembly and reassortment of IAV genomes, little is known about the
specific interactions mediating VRNP-Rab11a associations. IAV VRNPs were shown to
associate with Rab11a in pulldown assays using infected cell lysates, while pulldown
assays using lysates from cells expressing individual vVRNP components suggested that
the PB2 polymerase subunit but no other protein component of vRNP alone interacted
with Rab11a (18). This result highlighted the viral polymerase, and the PB2 subunit in
particular, as a mediator of the interaction between VRNP and Rab11a. This idea
received further support from studies using fluorescence resonance energy transfer mi-
croscopy, which indicated a distance of <10 nm between PB2 and Rab11 in IAV-
infected cells, suggesting that they might directly interact (26).

In this study, we utilized a combination of biochemical, proteomic, and structural
approaches to characterize the interaction between the IAV polymerase and Rab11a.
We show that Rab11a specifically interacts with VRNPs but not cRNPs from infected cell
lysates. We also show that the interaction between the viral polymerase and Rab11a is
direct and that the 627 domain of PB2 is required for this interaction. While the iso-
lated 627-NLS domain fails to bind to Rab11a, PB2-C binds directly to Rab11a. Our
observations provide novel insights into the interaction of influenza virus VRNPs with
cellular GTPase Rab11a and expand our current view of the role of PB2 in this
interaction.

RESULTS

Recombinant Rab11a interacts with vRNPs. To analyze the interaction of vVRNP
with Rab11a, we first addressed whether we could recapitulate the interaction using
purified recombinant Rab11a in vitro. We expressed human Rab11a as a fusion protein
with a glutathione S-transferase (GST) affinity tag at its N terminus separated by a
human rhinovirus (HRV) 3C protease (3C) cleavage site. Since the interaction between
VRNPs and Rab11a has been reported to require an active, GTP-bound conformation of
Rab11a (18, 20, 21), we used Rab11a with a Q70L substitution to favor the GTP-bound
form (27). GST-Rab11a was purified as a fusion protein by affinity and size exclusion
chromatography (SEC), and the purified protein was analyzed by SDS-PAGE (Fig. 1A).
We then used a GST pulldown assay in which GST-Rab11a was immobilized on gluta-
thione Sepharose beads to test its interaction with VRNPs. HEK-293T cells were mock
infected or infected with influenza A/WSN/1933 (H1N1) virus (here referred to as WSN)
and lysed at 12 h postinfection (hpi), and the lysates were subjected to a GST pulldown
assay. First, we asked whether vRNA was bound to Rab11a by analyzing neuraminidase
(NA)-specific RNAs by primer extension (Fig. 1B). The 5S rRNA was monitored as a con-
trol. NA mRNA, cRNA, and vRNA were detected in the infected cell lysates but not in
the uninfected lysate (Fig. 1B). We detected vRNA in the GST-Rab11a-bound fraction of
WSN-infected lysates; however, only background levels of cRNA, mRNA, and 5S rRNA
were detected (Fig. 1B). On average, about 5% of total VRNA from cell lysates was
recovered in the GST pulldown assay, while less than 0.3% of cRNA, mRNA, and 5S
rRNA were present (Fig. 1C). We further used a mass spectrometry-based shotgun pro-
teomic approach to identify proteins bound to recombinant purified GST-Rab11a after
incubation with WSN-infected cell lysates. We found that all four protein components
of VRNPs, i.e.,, PB1, PB2, PA, and NP, were enriched in samples bound to GST-Rab11a
compared to the GST control (Fig. 1D). Interestingly, viral nonstructural protein 1 (NS1)
and nuclear export protein (NEP) (also known as nonstructural protein 2 [NS2]) were
also enriched. While other viral proteins such as hemagglutinin (HA), NA, and matrix
protein 1 (M1) were also detected, these proteins were not enriched in the GST-Rab11a
sample compared to the GST tag alone, suggesting that their interaction is nonspecific.
Taken together, these data show that Rab11a specifically interacts with influenza virus
VRNPs.
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FIG 1 Recombinant Rab11a binds VRNPs from infected cell lysates. (A) Recombinant GST-Rab11a was analyzed by SDS-PAGE and proteins were visualized
by staining with Coomassie brilliant blue. (B) HEK 293T cells were infected with influenza A/WSN/1933 (H1N1) (WSN) virus at a multiplicity of infection
(MOI) of 5 or were mock infected, and whole-cell lysates were isolated at 12 h postinfection. Lysates were incubated with immobilized GST-Rab11a or GST.
Viral RNAs isolated from cell lysates (input) and material bound to GST-Rab11a (bound) were analyzed by primer extension. 55 rRNA was used as a control.
Note that 10-fold less cell lysate was used to prepare the input sample than for bound samples. (C) Quantitative analysis of viral RNAs bound to GST-
Rab11a or GST. Data are means * standard deviations (n = 3 independent experiments). (D) Mass spectrometry-based proteomic analysis and label-free
relative quantification of viral proteins bound to Rab11a or GST. A two-tailed t test was used to calculate P values (n = 2 independent experiments).

Influenza A virus polymerase binds directly to Rab11a. Having found that vRNPs
specifically associate with recombinant Rab11a, we next used the same pulldown assay
to address whether the viral polymerase mediates the interaction between Rab11a and
VRNP. We coexpressed the three subunits of the influenza A/Northern Territory/60/
1968 (H3N2) virus polymerase (here referred to as NT60 polymerase) in insect cells
using a recombinant baculovirus and purified the NT60 polymerase as described previ-
ously (28, 29) (Fig. 2A). The interaction between GST-Rab11a and NT60 polymerase was
then tested in a GST pulldown assay. SDS-PAGE analysis of pulldown fractions showed
that NT60 polymerase bound to immobilized GST-Rab11a and was released from the
beads together with Rab11a upon cleavage with 3C protease (Fig. 2B). As a control, we
incubated purified NT60 polymerase with immobilized GST tag, which showed no poly-
merase binding (Fig. 2C).

To further assess the association between polymerase and Rab11a, we purified
recombinant heterotrimeric polymerase from different IAV subtypes, i.e., the pandemic
influenza A/Brevig Mission/1/1918 (H1N1) virus (here referred to as the BM18 polymer-
ase) (Fig. 2D) and an avian influenza A/duck/Fujian/01/2002 (H5N1) virus (here referred
to as Fj02 polymerase) (Fig. 2G). Both the BM18 and Fj02 polymerases bound to immo-
bilized GST-Rab11a (Fig. 2E and H). There was no binding of the BM18 and Fj02 poly-
merase to the immobilized GST tag (Fig. 2F and ).
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FIG 2 The RNA polymerase of IAV directly interacts with Rab11a. Purified recombinant polymerase from A/Northern Territory/60/1968 (H3N2) (NT60) (A), A/
Brevig Mission/1/1918 (H1N1) (BM18) (D), and A/duck/Fujian/01/2002 (H5N1) (Fj02) (G). GST-Rab11a (B, E, and H), and GST tag (C, F, and 1) were
immobilized on glutathione Sepharose beads before being incubated with a purified NT60 (B and C), BM18 (E and F) or Fj02 (H and I) polymerase. Proteins
were released using GST-tagged 3C protease (GST-3C) to cleave off Rab11a from the GST tag. Purified polymerase (purified), unbound flowthrough
polymerase (FT), proteins bound to GST-Rab11a or GST tag (bound), proteins released upon cleavage with GST-tagged 3C protease (GST-3C) (cleaved), and
proteins remaining associated with the beads after cleavage (beads) were analyzed by SDS-PAGE, and proteins were visualized by staining with Coomassie
brilliant blue.

Together, these data show that IAV polymerase and Rab11a can form a complex in
vitro, which is consistent with previous reports showing that vRNPs interact with
Rab11a through the polymerase and suggestions that this interaction is direct (18, 21,
26). Moreover, these data also establish that the IAV polymerase-Rab11a interaction is
direct and independent of IAV subtype.

The C-terminal domains of PB2 (PB2-C) mediate the interaction of the influenza
A virus polymerase with Rab11a. Having shown that the IAV polymerase directly
interacts with Rab11a, we then addressed whether this interaction occurs through the
PB2 subunit of the polymerase as has been proposed (18, 26). Previously, a
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recombinant influenza A virus polymerase lacking the PB2 627 domain, which has no
detectable activity in a cell-based minireplicon assay, was shown to form a heterotri-
meric complex and exhibit polymerase activity in vitro (30). Therefore, we designed a
baculovirus expressing NT60 polymerase lacking the PB2 627 domain (PB2,s55_¢s) (Fig.
3A). The NT60 PB2,s55s ¢, polymerase was expressed in insect cells and purified as
described previously (28, 29) (Fig. 3B). Interestingly, the polymerase lacking the PB2
627 domain failed to form a complex with Rab11a (Fig. 3C). No NT60 PB2 ;5 ¢, poly-
merase bound to immobilized GST tag either (Fig. 3D). These results demonstrate that
the PB2 627 domain is required for the interaction between the influenza virus poly-
merase and Rab11a.

To address whether the PB2 627 domain is sufficient for mediating polymerase
interaction with Rab11, we generated a PB2 construct from the influenza virus NT60
polymerase expressing amino acid residues 537 to 736, which correspond to the PB2
627 and NLS domains (here referred to as the NT60 627-NLS) but lack the flexible NLS
peptide (residues 737 to 759) (Fig. 3A). NT60 627-NLS was expressed in Escherichia coli
as a fusion protein with an N-terminal GST tag separated by a 3C cleavage site. Purified
NT60 627-NLS was analyzed by SDS-PAGE (Fig. 3E). SDS-PAGE analysis of pulldown
fractions showed that the NT60 627-NLS domain does not form a complex with immo-
bilized GST-Rab11a (Fig. 3F). There was also no binding between NT60 627-NLS and im-
mobilized GST tag (Fig. 3G). Together, these results show that while the PB2 627 do-
main is required for the interaction between the IAV polymerase and Rab11a, the
isolated 627-NLS domain alone is not sufficient for the interaction with Rab11a. Based
on these findings, we hypothesized that other PB2 domains are required to form a
complex with Rab11a.

To test this hypothesis, we generated a PB2 construct from the influenza virus NT60
polymerase expressing amino acid residues 247 to 736, which correspond to the C-ter-
minal two-thirds of PB2 (PB2-C) but lack the flexible C-terminal NLS peptide (residues
737 to 759) (Fig. 3A). NT60 PB2-C was expressed and purified like 627-NLS. Purified
NT60 PB2-C was analyzed by SDS-PAGE (Fig. 3H). SDS-PAGE analysis of pulldown frac-
tions showed that NT60 PB2-C bound to immobilized GST-Rab11a and was released to-
gether with Rab11a upon 3C cleavage from the beads (Fig. 3I). There was no binding
between NT60 PB2-C and immobilized GST tag (Fig. 3J).

Overall, these results show that PB2-C binds directly to Rab11a, suggesting that
PB2-C is the major determinant of the interaction between the IAV polymerase and
Rab11a. These results are consistent with previous proposals that the interaction
between the IAV polymerase and Rab11a occurs through the PB2 subunit (18, 26).

The switch | region of Rab11a is important for PB2 binding. The crystal structure
of Rab11-FIP2 in complex with Rab11a shows that the binding interface involves the
switch | and switch Il regions of Rab11a (31) (Fig. 4A). To test whether PB2-C interacts
with the same region of Rab11a as Rab11-FIP2, we mutated amino acid residues 44 to
46 to alanines (IGV to AAA) in the switch | region. The Rab11a switch | mutant (here
referred to as Rab11a,,,_46) Was expressed and purified as a fusion protein with an N-
terminal GST tag. In a pulldown assay with immobilized GST-Rab11a,4,_4 Only trace
amounts of PB2-C were found to bind (Fig. 4B, top). In contrast, PB2-C bound to immo-
bilized wild-type GST-Rab11a as expected (Fig. 4B, bottom). Hence, mutations in the
switch | of Rab11a reduce the interaction of Rab11a with PB2-C. These data suggest
that PB2 binds to Rab11a at a site at which Rab11-FIP2 also binds. Moreover, these
data are consistent with findings that influenza virus infection modulates host recy-
cling by competing with Rab11-FIPs for interaction with Rab11a (32).

PB2-C forms a compact folded protein complex with Rab11a in solution. To vali-
date our pulldown assay results, we used small-angle X-ray scattering (SAXS). Since the
C-terminal 43 amino acid residues of Rab11a are disordered, we generated a truncated
Rab11a lacking the C-terminal 43 residues (Rab11a,_,,;), the lack of which has been
shown previously to have no impact on protein folding (31, 33). To confirm that trunca-
tion of the C-terminal 43 amino acid residues of Rab11a does not disturb the interac-
tion with the IAV virus polymerase, we incubated GST-Rab11a,_;,; with purified NT60
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FIG 3 A complete C-terminal region of the PB2 polymerase subunit is required for Rab11a binding. (A) Schematics of full-length PB2, PB2 lacking
the 627 domain (PB2,,;s ), and PB2 fragments 627-NLS and PB2-C. (B to D) The 627 domain of PB2 is required for interaction between the
influenza virus polymerase and Rab11a. (E to G) The PB2 627-NLS domain alone does not bind Rab11a. (H to J) The C-terminal domains of PB2 (PB2-
C) mediate interaction with Rab11a. (B, E, and H) Purified recombinant polymerase from A/Northern Territory/60/1968 (H3N2) (NT60) lacking the 627
domain (PB2,;s ¢,) (B) and purified recombinant 627-NLS (E) and PB2-C (H) fragments of NT60 PB2. GST-Rab11a (C, F, and 1) or GST tag (D, G, and
J) were immobilized onto glutathione Sepharose beads before being incubated with a purified PB2,.,5_, (C and D), 627-NLS (F and G), or PB2-C (I
and J). Proteins were released by using GST-tagged 3C protease (GST-3C) to cleave off Rab11a from the GST tag. Purified polymerase or polymerase
fragments (purified), unbound flowthrough polymerase or fragments (FT), proteins bound to GST-Rab11a or GST tag (bound), proteins released upon
cleavage with GST-tagged 3C protease (GST-3C) (cleaved), and proteins remaining associated with the beads after cleavage (beads) were analyzed
by SDS-PAGE, and proteins were visualized by staining with Coomassie brilliant blue.
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FIG 4 The switch | region of Rab11a is important for PB2 binding. (A) Crystal structure of Rab11a in complex with Rab11 family-
interacting protein 2 (Rab11-FIP2) showing the involvement of the switch | region in the interaction. The three amino acids in the
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incubated with PB2-C derived from the polymerase of influenza A/Northern Territory/60/1968 (H3N2) (NT60) virus. Proteins were
released by using GST-tagged 3C protease (GST-3C) to cleave off Rab11a from the GST tag. Unbound flowthrough PB2-C (FT),
proteins bound to GST-Rab11a,,,.4, or Rab11a (bound), proteins released upon cleavage with GST-tagged 3C protease (GST-3C)
(cleaved), and proteins remaining associated with the beads after cleavage (beads) were analyzed by SDS-PAGE, and proteins
were visualized by staining with Coomassie brilliant blue.

polymerase. As expected, truncated Rab11a,_;,; formed a complex with the NT60 poly-
merase (Fig. 5A), demonstrating that the C-terminal 43 amino acid residues of Rab11a
are not required for the interaction between the IAV polymerase and Rab11a.

Next we examined the interaction between truncated Rab11a,_,,; and PB2-C from
influenza A/Vietnam/1203/2004 (H5N1) virus polymerase (Vn04 PB2-C) by SEC coupled
to SAXS (SEC-SAXS). To determine the point of saturation of PB2-C with Rab11a, SEC-
SAXS data of PB2-C-Rab11a complex were collected across a range of molar ratios of
Rab11a to PB2-C (0.5:1, 1:1, and 2:1 [Fig. 5B]). There was a shift in the position of the
PB2-C peak with a 0.5-fold molar excess of Rab11a,_;,5, and no peak was observed at
the expected position of Rab11a,_;,; alone, confirming that all Rab11a,_,,; was eluted
as a complex with PB2-C. When an equimolar amount of Rab11a,,; was added to
PB2-C, there was a further shift in peak position, suggesting a concentration depend-
ence in elution position. At a 2-fold molar excess of Rab11a,_,,5, PB2-C was saturated,
as no further shift in the position of the PB2-C-Rab11a,.,,; peak was observed, and a
peak corresponding to Rab11a,_,,; appeared. These results suggest the formation of a
PB2-C-Rab11a,.,,; complex at a 1:1 molar ratio.

The SEC-SAXS data at the peak area were buffer subtracted and analyzed in
ScAtter (http://www.bioisis.net). Analysis of the individual Rab11a, ,,; and PB2-C
scattering data showed that the estimated molecular weight is in agreement with
each protein being monomeric, and a Kratky plot shows that each protein is com-
pactly folded in solution (Table 1 and Fig. 5C and D). Estimation of the molecular
weight for the complex peak gives a molecular weight of 84.6 kDa, in good agree-
ment with the predicted molecular weight of a 1:1 complex of 78.6 kDa (Table 1).
Analysis of the scattering data using a Kratky plot suggested that the complex is
well folded in solution and even appears more compact than the PB2-C alone
(Fig. 5D). From the radius of gyration (Ry), maximum dimension of particle (D,,,,),
and the paired-distance distribution plot, it appears that Rab11a,.,; binds near
the center of PB2-C, as the increase to the Dmax and Rg is much less than would be
expected if it was binding to an end and dramatically increasing the length of the
PB2-C (Table 1 and Fig. 5E). Though the high-resolution structures of the two
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FIG 5 PB2-C and Rab11a,_,,; form a 1:1 stoichiometric complex in solution. (A) The C-terminal disordered tail of Rab11a is not required for IAV polymerase
binding. Recombinant truncated GST- Rab11a,,,, lacking the C-terminal 43 amino acid residues was immobilized on glutathione Sepharose beads and
incubated with polymerase of influenza A/Northern Territory/60/1968 (H3N2) (NT60) virus. Proteins were released by using GST-tagged 3C protease (GST-
3C) to cleave off Rab11a from the GST tag. Unbound flowthrough polymerase (FT), proteins bound to GST-Rab11a,,,; (bound), proteins released upon
cleavage with GST-tagged 3C protease (GST-3C) (cleaved), and proteins remaining associated with the beads after cleavage (beads) were analyzed by SDS-
PAGE, and proteins were visualized by staining with Coomassie brilliant blue. (B to E) SEC-SAXS analysis of Rab11a, PB2-C, and PB2-C-Rab11a,_,,; complex.
Chromatograms from the differential refractive index detector are shown for PB2-C, Rab11a, and the PB2-C-Rab11a,_,,; complex at 1:0.5, 1:1, and 1:2 molar
ratios. Blue and red vertical lines indicate PB2-C and Rab11a,,,; elution peaks, respectively (B). Scattering profiles, Kratky plots, and pair distance
distribution function of Rab11a,,,;, PB2-C, and the PB2-C-Rab11a,_,,; complex are normalized and shown in panels C to E, respectively.
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TABLE 1 SAXS analysis of Rab11a,_,,5, PB2-C, and PB2-C-Rab11a,_,,5 complex

Sample R, (A) D,.... (R) MW¢ (kDa) MW, theoretical? (kDa)
Rab11a, . 2238 66.0 24.4 19.4
PB2-C 329 97.5 58.2 59.2
Complex 36.9 113.0 84.6 78.6

“R,, radius of gyration estimated from Guinier analysis.

D, ... maximum dimension of particle estimated from paired-distance distribution [P(r)] function.
MW, molecular weight, estimated from Porod volume determination.

9Theoretical MW for each component or the complex in a 1:1 manner.

components are known, the relative orientations of these could not be unambigu-
ously modeled from the SAXS data.

DISCUSSION

In this study, we investigated the interaction between the IAV RNA polymerase and
cellular GTPase Rab11a. We show that vVRNPs associate with Rab11a and provide bio-
chemical evidence that the IAV polymerase mediates this association by directly inter-
acting with Rab11a. Using recombinant trimeric IAV polymerases from various IAV sub-
types, we demonstrated that Rab11 binding is a general property of IAV polymerases.
A polymerase lacking the PB2 627 domain failed to bind to Rab11a, indicating that the
PB2 627 domain is required for the interaction. However, an isolated 627-NLS domain
was not sufficient for the interaction. In contrast, PB2-C, corresponding to the C-termi-
nal two-thirds of PB2, encompassing the cap-binding, mid-link, 627, and NLS domains,
bound Rab11a. Small-angle X-ray scattering data confirmed that PB2-C forms a stable
heterodimeric complex with Rab11a in solution, with a compact well-folded structure.
Thus, our study links Rab11a binding and, consequently, genome trafficking and as-
sembly to a particular region of the IAV polymerase, the flexible C-terminal region of
PB2. The 627 domain of PB2-C has recently been shown to be directly involved in
mediating interactions with a central part of the host protein ANP32A (34), a factor
that plays a key role in the replication of the IAV genome in the host cell nucleus.
Therefore, PB2-C appears to play a major role in mediating polymerase interactions
with different host factors during different stages of the virus life cycle in different cel-
lular compartments. Our data demonstrating a direct interaction between the C-termi-
nal region of PB2 and Rab11a are in full agreement with previous studies suggesting
that the interaction between the polymerase and Rab11a likely occurs via the PB2 sub-
unit (18, 26).

In an attempt to delineate the region of Rab11a involved in IAV polymerase bind-
ing, we investigated the role of the switch | region, previously shown to be involved in
binding Rab11-FIP2 and Rab11-FIP3 (31, 33). Interestingly, we found that the same
region that was shown to be important for binding Rab11-FIPs, amino acids 44 to 46 in
the switch | region, are also important for IAV polymerase binding. Given that Rab11-
FIP2 and Rab11-FIP3 bind to the same amino acid residues of Rab11a as PB2-C, our
results provide further support for the idea that binding of IAV VRNP segments poten-
tially outcompetes Rab11-FIPs for binding to Rab11a, leading to altered transport of
Rab11a in IAV-infected cells. Altered Rab11a transport, in turn, could lead to clustering
of single- and double-membrane vesicles and generation of hot spots for vRNP interac-
tions and genome assembly as proposed previously (32, 35).

In line with previous observations that VRNA colocalizes and immunoprecipitates
with Rab11a (18), we found that vRNPs bind to Rab11a. However, intriguingly, cRNPs
were not bound even though they were present in the lysates. The question arises
how this specificity is achieved considering that vVRNPs and cRNPs are composed of
identical viral proteins. It is unlikely that Rab11a would directly bind vVRNA but not
cRNA. Rather, we speculate that this differential binding could be the result of the
sequence differences in the VRNA and cRNA termini that are bound by the polymerase
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in VRNPs and cRNPs. In fact, it has been shown that vVRNA and cRNA can occupy differ-
ent binding sites on the surface of the polymerase; while the 3’ terminus of vVRNA can
bind at two different sites, the 3’ terminus of cRNA appears to be able to bind only
one of these (29, 36-38). Differences in RNA binding might, in turn, promote polymer-
ase association with different sets of viral and host factors. This could also explain why
only VRNPs and not cRNPs appear to be exported from the nucleus; binding of viral
NEP and M1, which mediate interaction of VRNPs with the cellular export factor Crml,
might not be compatible with cRNA-bound polymerase (6, 39). We observed NEP asso-
ciating with Rab11a, suggesting that NEP might remain associated with vVRNPs after nu-
clear export, throughout cytoplasmic trafficking. Intriguingly, the viral NS1 protein was
also observed to specifically bind Rab11a, suggesting that it might also be present in
VRNP complexes destined for packaging into virus particles. In line with this, NS1 was
reported to bind to NP in vVRNPs and enhance genome packaging (40, 41). The associa-
tion of NEP and NS1 with vRNPs during cytoplasmic trafficking could also offer an ex-
planation for the incorporation of these viral proteins, formerly considered nonstruc-
tural, into virions (41, 42).

Taken together, the results of this study show that the IAV RNA polymerase inter-
acts directly with the cellular GTPase Rab11a and that the highly mobile C-terminal
domains of the PB2 polymerase subunit mediate the interaction. Additionally, our data
also show that vVRNPs but not cRNPs interact with Rab11a and that the viral NEP and
NS1 proteins might be present in vVRNP-Rab11a complexes. These findings expand our
understanding of the cytoplasmic transport of the influenza virus vRNPs as well as
identify the molecular details of Rab11a binding on the viral polymerase, which sug-
gest a novel target site for the development of an influenza antiviral drug.

MATERIALS AND METHODS

Cells. Human embryonic kidney 293T (HEK-293T), Madin-Darby canine kidney (MDCK), and
Spodoptera frugiperda 9 (5f9) insect cells were sourced from the Cell Bank of the Sir William Dunn School
of Pathology, University of Oxford, and the Division of Structural Biology, University of Oxford. Cell cul-
ture media were purchased from Sigma-Aldrich unless otherwise specified. HEK-293T and MDCK cells
were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (vol/vol) fetal calf
serum (FCS). Cells were maintained at 37°C and 5% CO,. Sf9 cells were grown in $f-900 Il serum free me-
dium (Gibco) supplemented with penicillin-streptomycin (Gibco). Cell density was maintained between
0.5 million and 2 million cells mL™". Cells were maintained at 27°C, with shaking at 110 rpm. Cell lines
have not been authenticated but tested negative for mycoplasma contamination.

Viruses. Recombinant influenza A/WSN/33 (H1N1) (WSN) virus was generated using the eight-plas-
mid system (43). Approximately 10° HEK-293T cells were transfected with 1 ug each of pHW2000-PB2,
pHW2000-PB1, pHW2000-PA, pHW2000-HA, pHW2000-NP, pHW2000-NA, pHW2000-M, and pHW2000-
NS using Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific) and Opti-MEM according to
the manufacturer’s instructions. At 24 h posttransfection, DMEM containing 10% (vol/vol) FCS was
replaced with DMEM containing 0.5% (vol/vol) FCS. Cell culture medium containing virus was harvested
48 h after changing of the medium. The virus titer was determined by plaque assay in MDCK cells.

Protein expression and purification. Subunits of the influenza A/Northern Territory/60/1968
(H3N2) (NT60), A/Brevig Mission/1/1918 (HIN1) (BM18), and A/duck/Fujian/01/2002 (H5N1) (Fj02) virus
polymerases were expressed in Sf9 cells from codon-optimized genes (GeneArt or Synbio) using the
MultiBac system (44). Expression and purification of protein complexes were performed as described
previously (28, 29, 45). The construct to express the polymerase of the NT60 virus with a deleted PB2
627 domain (amino acid residues 535 to 667) was generated by PCR site-directed mutagenesis. The
Rab11a gene (UniProtKB: P62491) was codon optimized for expression in Spodoptera frugiperda insect
cells (GeneArt) and cloned into the pGEX-6P-1 expression vector with an N-terminal GST tag separated
by an HRV 3C protease cleavage site. Constructs to express constitutively active Rab11a with a Q70L
mutation (Rab11CA), a switch | mutant (144A, G45A, and V46A) (Rab11a,,, ,), and C-terminally truncated
Rab11a including amino acids 1 to 173 (Rab11a,_,,;) were generated by PCR mutagenesis. Constructs to
express NT60 PB2 fragments 627-NLS (amino acids 537 to 736) and PB2-C (amino acids 247 to 736) lack-
ing the flexible NLS peptide (amino acids 737 to 759) were generated by PCR and cloned into the pGEX-
6P-1 expression vector with an N-terminal GST tag and 3C cleavage site. GST-Rab11a, GST-Rab11a,,, 46
and GST-Rab11a,_,,; proteins were expressed in E. coli BL21(DE3) cells in lysogeny broth (LB) medium.
Cells were cultured at 37°C to an optical density at 600 nm (ODg,,) of 0.6 and induced with isopropyl
B-p-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM at 37°C for 6 h. 627-NLS and PB2-C
proteins were expressed in E. coli Rosetta (DE3) cells in 2x yeast extract tryptone (YT) medium. Cells
were cultured at 37°C to an ODy,, of 0.6 and induced with IPTG to a final concentration of 0.5 mM at
18°C for 16 h. Cells were harvested by centrifugation at 4,000 x g for 20 min and lysed by sonication in
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lysis buffer (50 mM HEPES-NaOH [pH 7.5], 500 mM NaCl, 10% [vol/vol] glycerol, 0.05% [wt/vol] octyl B-b-
1-thioglucopyranoside [OTG], 1 mM dithiothreitol [DTT], 1 mg mL~" lysozyme). Cell debris was removed
by centrifugation at 35,000 x g for 45 min at 4°C. GST-tagged proteins were purified using glutathione
Sepharose 4B beads (GE Healthcare). GST-Rab11a and GST-Rab11a,,, ,; proteins were eluted overnight
at 4°C in elution buffer (50 mM HEPES-NaOH [pH 7.5], 500 mM Nacl, 10% [vol/vol] glycerol, 0.05% [wt/
vol] OTG, 25 mM reduced glutathione). Rab11a,_,,,;, 627-NLS, and PB2-C proteins were released from the
beads overnight at 4°C in wash buffer (50 mM HEPES-NaOH [pH 7.5], 500 mM NaCl, 10% [vol/vol] glyc-
erol, 0.05% [wt/vol] OTG) supplemented with T mM DTT and 0.5 mg 3C protease. The supernatants con-
taining proteins were collected and concentrated using an Amicon Ultra centrifugal filter unit (Merck
Millipore; nominal molecular weight limit [NMWL] of 30 kDa). The concentrated proteins were applied
onto a Superdex 200 Increase 10/300 GL column (GE Healthcare) connected to an Akta chromatography
system (GE Healthcare) at 4°C equilibrated with a buffer consisting of 25 mM HEPES-NaOH (pH 7.5),
500 mM NaCl, and 5% (vol/vol) glycerol. The fractions containing proteins were pooled and concen-
trated as done previously. The molecular weight and the purity of the proteins were determined by
SDS-PAGE with Coomassie blue staining. The proteins were flash-frozen using liquid nitrogen and stored
at —80°C. To express PB2-C (amino acids 247 to 736) from influenza A/Vietnam/1203/2004 (H5N1)
(Vn04) virus (GenBank accession number AY818126.1), the coding region was codon optimized for
expression in E. coli cells (GeneArt) and cloned into pET151/d-TOPO bacterial vector. Vn04 PB2-C was
expressed in E. coli Rosetta (DE3) cells in 2x YT medium. Cells were harvested by centrifugation at
4,000 x g for 20 min and lysed by sonication in lysis buffer (50 mM Tris-HCI [pH 8.0], 200 mM NaCl, 5%
[vol/vol] glycerol, T mM B-mercaptoethanol, 100 g mL™~" RNase A, 1x protease inhibitors [Roche,
complete mini, EDTA free], and 1 mg mL™" lysozyme [Sigma-Aldrich]). Cell debris was removed by cen-
trifugation at 35,000 x g for 45 min at 4°C. His-tagged Vn04 PB2-C protein was purified using nickel-
nitrilotriacetic acid (Ni-NTA) agarose matrix (Qiagen) and eluted overnight at 4°C in elution buffer
(50 mM Tris-HCI [pH 8.0], 200 mM Nacl, 5% [vol/vol] glycerol, 1 mM B-mercaptoethanol, 100 ug mL~’
RNase A, 1x protease inhibitors [Roche, complete mini, EDTA free], 1 mg mL™' lysozyme [Sigma-
Aldrich], 500 mM imidazole). The supernatants containing proteins were collected and concentrated
using an Amicon Ultra centrifugal filter unit (Merck Millipore; NMWL of 30 kDa). The concentrated pro-
teins were applied onto a Superdex 200 Increase 10/300 GL column (GE Healthcare) connected to an
Akta chromatography system (GE Healthcare) at 4°C equilibrated with a buffer consisting of 50 mM
Tris-HCI (pH 8.0), 200 mM NaCl, 5% (vol/vol) glycerol, and 1 mM B-mercaptoethanol. The fractions con-
taining proteins were pooled and concentrated as done previously. The molecular weight and the pu-
rity of the proteins were assessed by SDS-PAGE with Coomassie brilliant blue staining. The proteins
were flash-frozen using liquid nitrogen and stored at —80°C.

Viral infections. Approximately 8 x 10° HEK-293T cells were infected with influenza A/WSN/33
(HTN1) virus at a multiplicity of infection of 5 or were mock infected. After 12 h, cells were harvested by
centrifugation at 180 x g for 5 min at 4°C and lysed at 4°C for 1 h in lysis buffer (50 mM HEPES-NaOH
[pH 7.5], 200 mM NaCl, 0.5% [vol/vol] IGEPAL CA-630 [Sigma-Aldrich], T mM B-mercaptoethanol, 1x
phenylmethylsulfonyl fluoride [PMSF], 1x protease inhibitor [Roche, complete mini, EDTA free]). Lysates
were collected by centrifugation at 17,000 x g for 5 min at 4°C and used in a GST pulldown assay.

GST pulldown assay. Approximately 0.2 mg purified GST-tagged Rab11a or GST tag was incubated
with preequilibrated glutathione Sepharose 4B beads (GE Healthcare) (100 uL slurry per 1 mL sample
volume) at 4°C for 3 h in binding buffer (50 mM HEPES-NaOH [pH 7.5], 300 mM NaCl, 10% [vol/vol] glyc-
erol, 8 mM MgCl,, 10 uM GTP9S [Abcam]). After binding, the glutathione Sepharose beads were washed
in binding buffer. Resuspended beads were then incubated in binding buffer with either 0.06 mg puri-
fied heterotrimeric polymerase, 0.08 mg purified 627-NLS or PB2-C protein, or WSN-infected or mock-
infected whole-cell lysates for 1 h at 4°C. After binding, the beads were washed five times in binding
buffer and resuspended in the same buffer supplemented with T mM DTT and 0.1 mg 3C protease. After
1 h of incubation at 4°C, targeted protein complexes were cleared from the beads by centrifugation at
1,000 x g for 5 min at 4°C. GST pulldown protein fractions were analyzed by 12% SDS-PAGE with
Coomassie blue staining and/or used for viral RNA and protein analyses.

RNA extraction and primer extension analysis. Total cellular RNA was extracted using TRI reagent
(Sigma-Aldrich) according to manufacturer’s instructions. Viral RNA levels were analyzed using primer
extension as previously described (46). In brief, RNA was reverse transcribed using *?P-labeled primers
specific to positive- and negative-sense viral RNAs, with a primer specific to cellular 55 rRNA as a loading
control. Transcripts were separated by 6% denaturing PAGE and visualized by phosphorimaging on an
FLA-5000 scanner (Fuji). Analysis was carried out using ImageJ (47).

Sample preparation for proteomics analysis. Protein samples from GST pulldown assays were
denatured in 4 M urea dissolved in 0.1 M ammonium bicarbonate at pH 8.5. Cysteines were reduced in
10 mM Tris(2-carboxyethyl)phosphine (TCEP; pH 7.0) for 30 min at room temperature and alkylated
with 50 mM 2-chloroacetamide for 30 min at room temperature in the dark. Samples were then predi-
gested using endoproteinase Lys-C at a ratio of 1T ug enzyme per 100 ng protein sample for 2 h shak-
ing at 37°C. Urea was further diluted to 2 M in 0.1 M ammonium bicarbonate at pH 8.5, and CaCl, was
added at a final concentration of 2 mM. Finally, samples were digested with trypsin at a ratio of 1 ug
enzyme per 40 ug protein sample overnight with shaking at 37°C. The trypsin reaction was quenched
with 5% (vol/vol) formic acid, and samples were centrifuged for 30 min at 17,000 x g and 4°C to
remove aggregates and undigested material. The digested peptides contained in the supernatant
were desalted on handmade C,4 stage tips before liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis.
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LC-MS/MS. Peptides were separated by nanoliquid chromatography (Thermo Fisher Scientific;
UltiMate RSLC 3000) coupled in line to a Q Exactive mass spectrometer equipped with an Easy-Spray
source (Thermo Fisher Scientific). Peptides were trapped onto a C,; PepMac100 precolumn (300 um
linside diameter] by 5 mm, 100 A; Thermo Fisher Scientific) using solvent A (0.1% [vol/vol] formic acid,
high-performance liquid chromatography [HPLC]-grade water). The peptides were further separated on
an Easy-Spray RSLC C,; column (75-um inside diameter, 50-cm length; Thermo Fisher Scientific) using a
60-min linear gradient of 15% to 35% solvent B (0.1% [vol/vol] formic acid in acetonitrile) at a flow rate
of 200 nL min~". The raw data were acquired on the mass spectrometer in a data-dependent acquisition
(DDA) mode. Full-scan MS spectra were acquired in the Orbitrap (scan range, 350 to 1,500 m/z; resolu-
tion, 70,000; AGC target, 3e% maximum injection time, 50 ms). The 10 most intense peaks were selected
for higher-energy collision dissociation (HCD) fragmentation at 30% of normalized collision energy. HCD
spectra were acquired in the Orbitrap at a resolution of 17,500, automatic gain control (AGC) target of
5e* and maximum injection time of 60 ms, with fixed mass at 180 m/z. Charge exclusion was selected
for unassigned and 1% ions. The dynamic exclusion was set to 40 s.

Database searching. Tandem mass spectra were searched using SEQUEST HT within Proteome
Discoverer PD1.4 (Thermo Fisher Scientific; version 1.4.0.288) against a database containing 20,418
protein entries combining protein sequences from Homo sapiens in which the endogenous Rab11a
protein sequence had been replaced by GST-tagged Rab11a, IAV A/WSN/1933 (H1N1), and common
contaminants. During database searches, cysteines (C) were considered to be fully carbamidomethy-
lated (+57,0215, statically added), methionines (M) to be fully oxidized (+15,9949, dynamically
added), and all N-terminal residues and lysines (K) to be acetylated (+42,0106, dynamically added).
Two missed cleavages were permitted. Peptide mass tolerance was set at 50 ppm and 0.02 Da on the
precursor and fragment ions, respectively. Protein identification was filtered at a false-discovery rate
(FDR) below 1%.

Quantitative proteomics and statistical analyses. GST-Rab11a-interacting protein partners were
identified by quantitative proteomic and statistical analyses, after sorting out proteins significantly
enriched in the GST-Rab11a protein data set versus GST (negative control) under control and infected
conditions. The quantitative analysis was based on a label-free quantitation method using normalized
spectral abundance factor (NSAF), as a measure of relative protein abundance within the protein mix-
ture. Spectral abundance factor (SAF) and NSAF values were calculated as previously described (48) as
the number of spectral counts (PSM) that identify a protein divided by the protein length (L); the PSM/L
value represents the SAF, which is then divided by the sum of PSM/L values for all proteins in the experi-
ment. NSAF values were calculated after removal of contaminants such as keratins, endoproteinase Lys-
C, trypsin, and immunoglobulins. For better visualization of the data, NSAF values were multiplied by
100. The statistical analysis was performed on NSAF values from two biological replicates, using a two-
tailed t test.

SEC-SAXS. For size exclusion chromatography coupled with small-angle X-ray scattering (SEC-SAXS),
Rab11a,_,,; and Vn04 PB2-C were buffer exchanged to SEC-SAXS running buffer (50 mM Tris-HCl [pH
8.0], 150 mM NaCl, 1% [vol/vol] glycerol, T mM B-mercaptoethanol, 8 mM MgCl,, 10 uM GTP5) and
concentrated to 6 mg mL~" and 10 mg mL™", respectively. The SEC-SAXS experiments were performed
at beamline B21, Diamond Light Source (Didcot, UK) (49). Samples were applied to a Shodex KW403-
4F column (4.6-mm inside diameter by 300-mm length) which was connected into an Agilent 1200
HPLC system (Waters) at a flow rate of 0.16 mL min~". The SEC-separated sample was exposed to X
rays in a 1.6-mm diameter, 10-um-thick quartz capillary flow cell, followed by data collection every 3 s
with an EIGER 4M (Dectris) detector. The X-ray beam sizes were 1 mm (horizontal) by 0.5 mm (vertical)
at the sample position and 0.08 mm (horizontal) by 0.07 mm (vertical) at the focal point (the detector
surface). The wavelength of X ray was 0.95 A, and the sample detector distance was 3.7 m. The mea-
surement temperature was 20°C. Raw SAXS two-dimensional (2D) images were processed with the
DAWN (https://dawnsci.org/) processing pipeline to produce normalized, integrated 1D unsubtracted
SAXS curves. Analysis of SEC was carried out using Prism 9 (GraphPad). The background subtraction,
averaging of the data, and all other subsequent SAXS analyses were performed in ScAtter (http://www
.bioisis.net).

Data availability. The mass spectrometry proteomics data have been deposited to the Proteome
Xchange Consortium via the PRIDE (50) partner repository with the data set identifier PXD030058.
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