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FIG. 5. Suppression mutation in transcription and cap-binding ac-
tivities for the FluB PB2-363D mutant. (A and B) The levels of accu-
mulation of viral mRNA (A) and cRNA (B) were measured by gPCR.
(C) Cap-binding activities of mutants. Coprecipitated capped RNAs
with 100 ng of recombinant RNA polymerase complexes (wild type
[wt], lanes 1, 4, 7, and 10; 363D mutant, lanes 2, 5,8, and 11; 325R-
363D double mutant, lanes 3, 6, 9, and 12) were recapped before (lanes
1to 3 and 7 to 9) and after (lanes 4 to 6 and 10 to 12) decapping by
B-elimination. Recapped RNAs were treated without (lanes 1 to 6) or
with (lanes 7 to 12) tobacco acid pyrophosphatase (TAP) and analyzed
by TLC (PEI-CEL, 0.65 M LiCl), and radioactive nucleotides were
determined by autoradiography. (D) The radioactivity of [**P]m’Gp of
TAP-treated products which were recapped after decapping was
counted with a liquid scintillation counter. The cap-binding activity is
represented as a ratio to the amount of [**Plm’Gp derived from the
wild type. These results are averages and SD from three independent
experiments, and the level of significance was determined by Student’s
¢ test (unpaired) (*, P < 0.0025; **, P < 0.0005).

the methylated guanine. These amino acids provide high spec-
ificity for the recognition of m’GTP and exhibit low affinity for
nonmethylated cap analogues (>100-fold difference in affinity
compared with N7-methylated ones) (15, 18, 26). Compared
with these well-known cap-binding proteins, the cap-binding
pocket of FluB PB2 contains only one aromatic amino acid,
Trp359. This feature may cause the low affinity of FluB PB2 for
the capl structure (Fig. 1B) and the recognition of nonmethyl-
ated capped RNA (GpppG-RNA) (Fig. 2) compared with
FluA PB2.

In the case of FluA PB2, the stacking interaction of Phe323
with the ribose of m’GTP is also essential for cap recognition.
However, GIn325 of FluB PB2 seems to make a hydrogen bond
with the ribose of m’GTP instead of a stacking interaction. To
examine our speculation that FluB PB2 recognizes the cap
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structure in the flexible pocket, we made substitution muta-
tions at position 325 in the presence of an Asp363 mutation
(Gln — Asp), which should extend too much into the pocket
where GIn325 is present. Interestingly, the transcription activ-
ity and the cap-binding activity of the Asp363 mutant were
restored to the wild-type levels by the Arg325 mutation (Fig.
4E and 5) without changing the replication activity. The tran-
scription activity of the Asp363 single mutant was decreased,
possibly because the longer distance between Asp363 and the
guanine residue may make hydrogen bonds weak (see Fig. S4B
in the supplemental material). These results suggest that the
hydrogen bond made by Arg325 with the ribose of the guano-
sine could support the recognition of the cap structure (Fig.
4E, 5A, 5C, and 5D; see Fig. S4C in the supplemental mate-
rial). Crystal structure analyses of wild-type FluB PB2 and the
mutant containing Arg325 and Asp363 are needed to support
our hypothesis.

In summary, our results indicate that the substrate specificity
and the residues essential in the cap recognition are different
between FluA and FluB polymerases. In the case of the FluA
polymerase, m’G-capped RNA is cleaved specifically, and the
stacking interactions of His357 and Phe404 with the methyl-
ated guanine base and of Phe323 with the ribose of m’GTP
and the hydrogen bonds made by Glu361 and Lys376 on the
methylated guanine are essential for cap recognition as ob-
served in other cap-binding proteins. In contrast, in the case of
the FluB polymerase, unmethylated capped RNA is cleaved as
well as m’G-capped RNA, and the stacking interaction which
is made only by Trp359 with the guanine base and the hydro-
gen bonds which are made by Glu363 on the guanine base and
by GIn325 with the ribose of m’GTP are enough for cap rec-
ognition.
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Abstract

Influenza A virus RNA genome exists as eight-segmented ribonucleoprotein complexes containing viral RNA polymerase
and nucleoprotein (VRNPs). Packaging of vRNPs and virus budding take place at the apical plasma membrane (APM).
However, little is known about the molecular mechanisms of apical transport of newly synthesized vRNP. Transfection of
fluorescent-labeled antibody and subsequent live cell imaging revealed that punctate VRNP signals moved along
microtubules rapidly but intermittently in both directions, suggestive of vesicle trafficking. Using a series of Rab family
protein, we demonstrated that progeny VvRNP localized to recycling endosome (RE) in an active/GTP-bound Rab11-
dependent manner. The VRNP interacted with Rab11 through viral RNA polymerase. The localization of vRNP to RE and
subsequent accumulation to the APM were impaired by overexpression of Rab binding domains (RBD) of Rab11 family
interacting proteins (Rab11-FIPs). Similarly, no APM accumulation was observed by overexpression of class Il Rab11-FIP
mutants lacking RBD. These results suggest that the progeny VRNP makes use of Rab11-dependent RE machinery for APM
trafficking.

Citation: Momose F, Sekimoto T, Ohkura T, Jo S, Kawaguchi A, et al. (2011) Apical Transport of Influenza A Virus Ribonucleoprotein Requires Rab11-positive
Recycling Endosome. PLoS ONE 6(6): €21123. doi:10.1371/journal.pone.0021123

Editor: Jean-Luc E.P.H. Darlix, Institut National de la Santé et de la Recherche Médicale, France
Received March 19, 2011; Accepted May 19, 2011; Published June 22, 2011

Copyright: © 2011 Momose et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by a grant-in-aid from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (FM KN YM),
Research Fellowship of the Japanese Society for the Promotion of Science (JSPS) (AK), and by a Kitasato University Research Grant for Young Researchers (FM). The

* E-mail: fmomose®@lisci.kitasato-u.ac.jp

funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The viral genomes do not exist alone but form nucleoprotein
complexes in which DNA/RNA genome is complexed with viral
basic proteins, e.g., nucleocapsid protein for retrovirus [1] and
core protein VII for adenovirus [2,3]. In the case of influenza A
virus, a member of Orthomyxoviridae, a virion contains eight distinct
segments of viral/virion ribonucleoprotein complexes (VRNPs) and
each VRNP segment consists of a single-stranded negative-sense
virion RNA (vRNA), viral RNA-dependent RINA polymerase
(heterotrimer of PB2, PB1, and PA subunits), and nucleoprotein
(NP) [4]. Both 5" and 3’ termini of vVRNA segment form a partially
complementary double-stranded structure called ‘“‘panhandle”
[5,6] and function as promoter and replication origin for viral
RNA synthesis. The viral RNA polymerase primarily binds to the
panhandle region, whereas NP binds to the single-stranded region
[7,8,9,10]. During viral genome replication, complementary RINA
(cRNA) segments are synthesized from vRNA segments and
progeny vRINAs are further amplified from the cRINA segments.
Although both ¢cRNA and progeny vRNA form viral RNP
complexes, it has been shown that cRNP only localizes in the
nucleus [11,12].

Trafficking of viral genome-nucleoprotein complex from the cell
surface to sites of viral genome replication ivolves cellular
trafficking machineries [13,14]. Some viruses, e.g., HIV-1 and
herpes simplex virus (HSV), fuse with the plasma membrane and
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their nucleoprotein complexes ride on “tracks” such as actin
filaments and microtubules [15,16]. Other viruses, e.g., Semliki
Forest virus, adenovirus, and influenza virus, taken up by
endocytosis [17,18,19,20], might be transported on the cytoskel-
etal tracks in the cytoplasm. In the case of influenza virus,
trafficking of endocytosed virions to the perinuclear region has
been visualized by live cell imaging [21]. It is well known that
endocytosed influenza virus is uncoated at low pH endosomes and
vRINP segments are relocated into the nucleus where replication of
influenza virus genome occurs [22].

Newly synthesized nucleoprotein forms a complexes with viral
genome and the complex is transported to sites of genome
packaging/virion budding: the apical plasma membrane (APM) of
polarized epithelial cells for influenza virus and respiratory
syncytial virus (RSV) [23,24]; the basolateral plasma membrane
for vesicular stomatitis virus [23,25]; intracellular membranes for
herpes viruses [26]. Like viral entry, these viral egress pathways
depend on cytoskeletons, transport vesicles, and/or motor proteins
[27]. To identify such transport pathways utilized for incoming
and outgoing viruses, a number of organelle marker proteins, e.g.,
EEAL, mannose 6-phosphate receptors, LAMPI1, and small
GTPase Rab family proteins are used [28,29]. Progeny viruses
were finally released from cells by cell lysis or membrane budding
followed by pinching-off. The endosomal sorting complex
required for transport (ESCRT) machinery, especially ESCRT-
Il and VPS4 were often used for release of some viruses such as
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retroviruses [30,31]. However, other viruses require additional
release machinery (e.g., prototype foamy virus and parainfluenza
virus 5) [32,33,34] or do not require the ESCRT machinery (e.g.,
RSV and influenza virus) [35,36,37]. It has been reported that
release of RSV is independent of ESCRT machinery but
controlled by Rabl! family interacting protein 2 (Rabl1-FIP2),
an effector protein of Rabll [35]. Similarly, influenza virus
particle budding and filamentous viral formation are controlled by
the Rab11 system including a related factor(s) such as Rab11-FIP3
[38].

To elucidate these traflicking pathways for outgoing viruses, live
cell imaging has been employed and revealed that microtubules
are tracks for egress of vaccinia virus [39,40,41]. Single-stranded
RNA virus genomes (e.g., poliovirus and RSV) have also been
visualized with fluorescent antisense nucleotide probes called
molecular beacon in living cells [42,43]. However, such viral
genomes are complexed with viral nucleoproteins, which are the
essence of viral infectivity, but nevertheless is poorly delineated
because of a lack of specific detection system. We obtained anti-NP
monoclonal antibody (mAb61A5) that preferentially bound to
influenza viral RNP complexes rather than free NP and found that
progeny viral RNP complexes distributed as punctate signals and
concentrated at the microtubule organizing center (MTOC) in
fixed cells [44]. Fluorescence in sifu hybridization (FISH) assays
confirmed that the punctate RNP signals contained negative-sense
viral RNA [45]. Here, we report that progeny vRINPs of influenza
virus primarily target to the small GTPase Rabll-positive
recycling endosome (RE), also known as endocytic recycling
compartment (ERC), through interaction between an active/
GTP-bound Rabll molecule(s) and a heterotrimeric viral RNA-
dependent RNA polymerase of vVRNP. Our data also indicate that
the targeting to RE is required for the cytoplasmic trafficking of
vRNP to the APM along microtubules and subsequent virion
production. Based on our data and others, we propose a model for
a higher-order assembly of vRNP segments toward virion
packaging.

Results

Live cell imaging of progeny vRNP in the cytoplasm

Our previous studies with paraformaldehyde-fixed cells found
the potential of anti-NP mAb61A5 for detection of the vRINPs in
the cytoplasm of influenza virus infected cells [44,45]. Anti-NP
mAb61A5 preferentially bound to influenza viral RNP complexes
and immunostaining using this antibody showed punctate NP
antigens in the cytoplasm after 4 hours postinfection (hpi). Further
FISH analysis revealed that the punctate NP antigen contains viral
genome RNAs. These punctate signals of vVRNPs were localized
along the microtubules and later accumulated at the APM.
Depolymerization of microtubules by nocodazole dispersed the
punctate VRNP signals in the cytoplasm, suggesting microtubule-
dependent transport of progeny vRINPs.

To understand dynamic events of progeny vRINP, here we
carried out live cell imaging of vRNP signals (Figure 1A). To this
end, fluorescent-labeled mAb61A5 was introduced into infected
cells with protein transfection reagents. Dual-color imaging of
mAb61A5 (Figure 1A, red) and non-specific control antibody
(Figure 1A, green) eliminated pseudo-positive signals, likely
corresponding to aggregates of antibodies and non-specifically
endocytosed antibodies upon liposome-mediated transfection
(Figure 1A, arrowheads, yellow in merged image) and allowed us
to detect true outgoing vRINP signals (red alone in merged image).
Live cell imaging revealed that the vRINP signals moved rapidly
but intermittently in both forward and backward directions
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(Figure 1A and Video S1). We defined one motile event as a
single unidirectional movement (see Materials and Methods).
Tracking of vRNP signals showed that 72% of mean velocities
(Vinean) of individual motile events were ranged from 0.75 to
2.00 um/s and the mean overall Ve, was 1.45 pm/s (Figure 1B
and Table S7). This mean velocity is likely to correspond to a
microtubule- and motor protein-dependent vesicular transport,
since it has been reported that KIF1A particles moved in axons
anterogradely at 1.00#+0.61 pm/s and sometimes retrogradely at
0.72%+0.27 pm/s [46], (see the discussion). Some of the maximum
velocities (Vinay) Observed in individual events reached over
5.00 pm/s (Figure 1C). Mean of migration lengths of individual
events was 2.68 pm and the maximum length reached 7.48 um
(Video S1 and Table 87, trajectory No. 5, during 14.00 to
18.25 s). Mock-infected MDCK cells with heat-inactivated virus
did not show any vRNP-specific signals but only pseudo-positive
signals (Video S2, left half).

To analyze whether vRINP signals move along microtubules, we
established an AcGFP-o-tubulin expressing MDCK cell line
(MDCK:-Tub) and carried out dual-color imaging (Figure 2).
Progeny vRINP signals localized to (Figure 2, panels A and B) and
moved along microtubules (Figure 2C and Video S3). A vRNP
signal (Figure 2D, arrowheads) often moved intermittently: (i)
pausing (0.0 to 33.6 s), (i) moving (event 1, 33.6 to 36.6 s, duration
of 3.0 s), (iii) pausing again (36.6 to 38.4 s), and (iv) moving again
(event 2, 38.4 to 41.4 s, duration of 3.0 s). These observations
indicated that progeny vRINPs are transported through the
microtubule-dependent trafficking machinery.

Progeny vRNPs are colocalized with Rab11-positive
compartments in the cytoplasm

We have previously reported that the vRINP signals were
colocalized with microtubules and concentrated at the MTOC
[44]. Given the fact that cytoplasmic vesicles are often accumu-
lated at the MTOC and are transported on microtubules [14], our
data suggest that the vVRNPs were able to be transported on
vesicles. Indeed, the behavior of vRNP signals we observed by live
cell imaging (Figures 1 and 2, Videos S1 and S3) resembled that of
Rab10, small GTPase protein involved in vesicle trafficking [47].
Based on these hypotheses, we carried out identification of
cytoplasmic compartments involved in vRNP trafficking by
immunofluorescence microscopy. We constructed 20 distinct
classes of Rab proteins as markers for transport vesicles, all of
which were tagged with AcGFP (Table S1, except for Rab11B).
Each of Rab family proteins is implicated in distinct vesicle
trafficking [28,29]. We assessed the colocalization with vRNPs by
confocal microscopy: AcGFP-Rab11A was almost completely, and
AcGFP-Rab25 and -Rabl7 were partially colocalized with vRINP
signals (Figure 3, panels A, B, and C, respectively). The others we
tested did not show significant colocalizations with vRINP signals
(data not shown). Since Rabl1A [48,49,50], Rab25 [51,52], and
Rab17 [53,54] are known as marker proteins of RE, our results
suggested that the progeny vRINP segments were transported via
RE.

Although these three Rab proteins participate in RE trafficking
[28,29], their precise distributions may differ from each other. We
coexpressed either FLAG-Rab25 or FLAG-Rabl17 with AcGFP-
RabllA in MDCK cells and observed their localizations
(Figure 3D). The majority of FLAG-Rab25 was colocalized with
AcGFP-Rabl1A (Figure 3D, upper images), whereas FLAG-
Rab17 was rarely colocalized with AcGFP-Rabl1A except for the
perinuclear region, which may correspond to the pericentriolar
ERC/RE (Figure 3D, lower images). From these results, we
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Figure 1. Live cell imaging of cytoplasmic vRNPs in infected MDCK cells. (A) For live cell imaging, AF568-conjugated anti-NP mAb61A5 (red,
mAb61A5) and AF488-conjugated non-specific mouse immunoglobulin (green, control Ab) were cotransfected to infected MDCK cells. Sequential
images were acquired by the dual-color protocol and subsequently by the single-color protocol for kinetic analysis. Images were processed and
analyzed by using Image) software and MTrackJ plugin (Video S1). A representative frame of the movie was shown (left 3 images). Pseudo-positive
signals appeared in yellow in merged image (most left image, arrowheads). An example of signal tracking was shown as trajectories (most right
image, mAb61A5 single channel). (B and C) Velocity distribution of vVRNP signals. Mean and maximum velocities (Viean and Vimay, respectively) of
individual motile events were calculated and shown as histograms (Table S7, total 123 motile events derived from 75 trajectories). (D) Distribution of
migration lengths. The migration lengths of individual motile events were shown as a histogram.

doi:10.1371/journal.pone.0021123.g001
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Figure 2. Live cell imaging of cytoplasmic vRNPs along microtubules. (A) Live cell imaging was carried out using MDCK cells expressing
AcGFP-a-tubulin. Pseudo-positive signals (yellow), the microtubule networks (green), and vRNPs (red) were indicated as arrows. (B) Cropped and each
color-split image of the indicated area (white box in panel A). Sequential images were shown in Video S3. (C and D) Time-split images of the merged
images and the mAb61A5 channel images in the cropped area, respectively. Elapsed time from the first acquisition was indicated on each image. A
VRNP signal (arrowheads in D) moved (event 1, 33.6 to 36.0 s), paused (36.0 to 38.4 s), and moved again (event 2, 38.4 to 40.8 s). Scale bars =5 um.

doi:10.1371/journal.pone.0021123.g002

reasoned that progeny vRINPs might target and accumulate to the
Rab]1-positive RE in the cytoplasm.

We verified the colocalization of cytoplasmic vRINP with
endogenous Rabll. Confocal imaging revealed that vRINPs
colocalized with endogenous Rabll at the cell periphery of
MDCK cells at 7 h postinfection (hpi) (Figure 3E). The fluorescent
image of xz plane reconstituted from the image stack showed that,
at this time point, the majority of progeny vRNPs were colocalized
with Rabl1 and both were accumulated at the upper cell surface
(Figure 3F), although a fraction of endogenous Rab11 remained at
the perinuclear region.

Active/GTP-bound Rab11 is required for localization of
progeny VRNP to RE

The small GTPase Rab family protein is activated upon GTP
binding and is inactivated by GTP hydrolysis [55,56]. The single-
point mutations around the GTPase active site, 1.e., substitutions
of the serine residue at amino acid position 25 to an asparagine
residue (S25N) or the glutamine residue at amino acid position 70
to a leucine residue (QQ70L), have been shown to stabilize the
RabllA protein in GDP- or GTP-bound states [49]. To test
whether expression of GDP/GTP-locked Rabll affects the

@ PLoS ONE | www.plosone.org

localization of VRNP to RE, we constructed dominant negative
(designated DN, S25N substitution) and constitutively active
(designated CA, Q70L substitution) mutants of FLAG-Rabl1A
and expressed in MDCK cells. Transient expression of CA
Rabl1A did not alter the localization of progeny vRNP signals to
RE (Figure 4A, right images) but, in contrast, expression of the DN
Rab11A markedly impaired the localization to RE, showing that
vRNP was diffusely distributed throughout the cytoplasm
(Figure 4A, center images). Essentially similar results were
observed when RabllB and its mutants were used (data not
shown). These results indicate that progeny vRINP targeting and/
or localization to RE require active/ GTP-bound Rabl1.

Next, we examined their impacts on viral replication (Figure 4B).
Influenza virus was infected to MDCK cell lines in which wild type
(WT), DN mutant, and CA mutant of FLAG-RabllA were
constitutively expressed (MDCK-F11A-WT, -DN, and -CA,
respectively), and infectious progeny viruses were titrated by
plaque assays. No significant differences in the kinetics of infectious
virus production were observed between MDCK-F11A-CA and -
WT cells and even with MDCK cells containing the empty vector
(MDCK-Neo). However, viral production in MDCK-F11A-DN
cell line was severely impaired with a 99.0-99.9% reduction at 24
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Figure 3. Colocalization of punctate vRNP signals with Rab11. (A-C) Localizations of cytoplasmic VRNPs and transiently expressed human
Rab proteins. Influenza A virus was infected to MDCK cells transiently expressing AcGFP-tagged human Rab11A, Rab25, and Rab17 (panels A-C,
respectively). At 7 hpi, vVRNPs were immunostained with mAb61A5 (center image in each set) and visualized by confocal microscopy with AcGFP-Rab
proteins (right images). Enlarged images of indicated areas (white boxed) were also shown (lower images). Scale bars are 10 and 5 pm (upper and
lower images, respectively). (D) Localizations of transiently expressed human Rab11A, Rab25, and Rab17. FLAG-Rab25 (upper) and FLAG-Rab17
(lower) (center images) were coexpressed with AcGFP-Rab11A (right images) in MDCK cells. Nuclei were stained with DAPI (blue, left images). Scale
bar is 5 um. (E and F) Colocalization of VRNP with endogenous Rab11. Progeny vRNPs were similarly stained with mAb61A5. Endogenous canine
Rab11 (right images) was visualized with rabbit anti-Rab11 polyclonal antibody. (E) XY presentation. Scale bars are 40 and 5 pm (upper and lower
images, respectively). (F) XZ presentation. Z-stacks of confocal images were acquired at 0.5 um z-axis interval. Z-projection of maximum intensities
(top image) and reconstitution of a xz plane (lower 3 images) were processed by using ImageJ software. Dotted line indicates the position of the
reconstituted xz plane. Scale bar is 10 pm.

doi:10.1371/journal.pone.0021123.g003
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Figure 4. Localization of progeny vRNPs to RE in active/GTP-bound Rab11 dependent manner. (A) Alteration of VRNP localization by
transient expression of dominant negative Rab11 mutant. Influenza A virus was infected to MDCK cells transiently expressing the wild type (WT, left
images), dominant negative (DN, center images), and constitutively active (CA, right images) forms of FLAG-tagged human Rab11A. At 7 hpi, vRNPs
(middle images) and FLAG-Rab proteins (bottom images) were immunostained using mAb61A5 and rabbit anti-FLAG polyclonal antibody (pAb) and
observed by confocal microscopy. Scale bar is 10 pm. (B) Production of infectious progeny viruses from infected MDCK cells constitutively expressing
human Rab11A and its mutants. Culture supernatants of MDCK cells infected with PR8 strain at moi=1 to 3 were temporally harvested and titers of
infectious viruses were measured and indicated as plaque forming unit (pfu)/ml. Single-round infection experiments were carried out using different
lots of viral inoculum in independent experiments.

doi:10.1371/journal.pone.0021123.g004
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hpi. Together, these results indicate that the targeting of progeny
vRINP to RE is necessary for trafficking of vRNP segments and
subsequent efficient infectious virus production.

VRNPs are coimmunoprecipitated with active/GTP-bound
Rab11

The interaction of vVRNP with active/ GTP-bound Rabll was
examined by immunoprecipitation (Figure 5A). MDCK-Neo,
MDCK-FI11A-WT, -DN, and -CA cells were infected with
influenza virus and post-nuclear supernatants (PNS) were
incubated with anti-FLAG mAb, and immunoprecipitated
(Figure 5A, lanes 5-8). Western blotting analyses revealed that
all protein components of vVRNP (PB2, PB1, PA, and NP) were
coimmunoprecipitated with the WT and CA mutant FLAG-
Rabl11A proteins (Figure 5A, lanes 6 and 8, respectively) but not

Rab11-Dependent Transport of Influenza Virus vRNP

with the DN mutant (Figure 5A, lane 7). Reversely, FLAG-Rabl1
CA mutant was coprecipitated, when viral RNP complexes were
immunoprecipitated by mAb61A5 (Figure 5B, lane 8). Other viral
proteins, such as HA and M1, were not coimmunoprecipitated
with FLAG-Rabl1A proteins (Figure 5A). These results were in
good agreement with our immunofluorescence observations that
cytoplasmic HA signals did not colocalize with progeny vRNP
signals, when detected by in siu hybridization [45] or by
mAb61A5 (Figure S2). These results indicate that the transport
vesicles for progeny vRINP segments are distinct from those for
viral membrane/matrix proteins.

Next, we focused on classes of viral RNAs in the immunopre-
cipitate, namely vVRINA segments with negative polarity and cRNA
segments or mRINA with positive polarity (c/mRINA), and classes
of RNA segments. We carried out polarity-specific reverse
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Figure 5. Coimmunoprecipitation of progeny vRNP segments with active/GTP-bound Rab11A. (A) Coimmunoprecipitation of viral
proteins with FLAG-Rab11A and its mutants. MDCK-Neo (lanes 1 and 5), MDCK-F11A-WT (lanes 2 and 6), -DN (lanes 3 and 7), and -CA (lanes 4 and 8)
cells were infected with PR8 strain and harvested at 7 hpi. PNS were subjected to immunoprecipitation assays using anti-FLAG mAb, and 10% input
(lanes 1-4) and precipitates (lanes 5-6) were analyzed by Western blotting with mouse anti-HA antiserum and anti-FLAG mAb, rabbit anti-PB2, PB1,
PA, NP, and M1 antisera. (B) Coimmunoprecipitation of FLAG-Rab11 CA mutant with viral RNP complexes. Immunoprecipitation assay was carried out
using anti-NP mAb61A5. Precipitates were treated with RNase A and eluates were subjected to Western blotting analysis. (C) Coimmunoprecipitation
efficiencies of viral RNAs. The amounts of viral RNAs in the immunoprecipitates with anti-FLAG mAb were quantified by polarity-specific reverse
transcription followed by segment-specific semiquantitative real-time PCR. Coimmunoprecipitation efficiencies were calculated as percentage of RNA
amounts in precipitates relative to those in the input (Figure S3). Segment numbers were indicated at the bottom. Columns indicated the
coimmunoprecipitation efficiencies of vVRNAs (gray and black columns) and ¢/mRNAs (hatched and white columns) from MDCK-F11A-DN and -CA. (D)
Coimmunoprecipitation of VRNP components in the presence of RNase A. Immunoprecipitation assays using infected MDCK-F11A-CA cells were
carried out in the absence (lane 1) or the presence of 1, 10, and 100 ng/ul RNase A (lanes 2-4, respectively). Coprecipitated VRNP components (PB2,
PB1, PA, and NP) and direct precipitates (FLAG-Rab11A CA) were detected by Western blotting.

doi:10.1371/journal.pone.0021123.g005
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transcription followed by segment-specific semiquantitative real-
time PCR (Figure 5C). All vVRNA segments were coimmunopre-
cipitated with Rabl11A CA mutant at relatively equal efficiency
(2.0-3.6% of input VRNA, Figure S3). These precipitates were not
observed with the DN mutant (less than 0.1% of input). The data
suggest, although do not prove, that vRINA was coimmunopreci-
pitated as a component of vVRNP and that the coimmunopreci-
pitation depended on a common characteristic of all VRNA
segments, such as terminal panhandle structures rather than
segment-specific base sequences or segment lengths. Some of ¢/
mRNAs were also coimmunoprecipitated in an active/GTP-
bound Rabll-dependent manner. The coimmunoprecipitation
efficiencies of ¢/mRNAs likely depended on their base lengths to
some extent.

Viral heterotrimeric RNA polymerase is the primary
component required for Rab11-vRNP interaction

To ascertain the primary component of vVRINP required for the
interaction with active/GTP-bound Rabll, we carried out
immunoprecipitation assays in the absence or the presence of
ribonuclease A (RNase A) using the PNS of infected MDCK-
F11A-CA cells (Figure 5D). If viral RNA polymerase (PB2, PB1,
and PA) bound to the panhandle region of vVRINA was the primary
component, it should be coimmunoprecipitated with Rabl1A
even after RNase A treatment, but NP would be dissociated from
the complex. Conversely, if NP was the primary target, NP but not
viral RNA polymerase would be precipitated. If vRNA of vRNP
itself was the primary component, both polymerase and NP would
be sensitive to RNase A treatment. Our data show that
coimmunoprecipitations of PB2, PBl, and PA with the CA
mutant of FLAG-Rabl1A were resistance to RNase A treatment
and that of NP was apparently sensitive (Figure 5D, compare lane
1 and the others), suggesting that Rabll interacts with vRNP
through viral RNA polymerase, although viral/host factor(s)-
mediated interaction cannot be ruled out,

Overexpression of the Rab binding domains of Rab11
family interacting proteins inhibits localization of VRNP to
RE

The Rab family protein is involved in a variety of cellular
processes through interaction with specific effector proteins. In the
case of Rabl1l, Rabl1 family interacting proteins (Rab11-FIP1 to
5) have been identified as effector proteins (Figure 6A)
[57,58,59,60]. The Rab binding domains (RBDs), located at the
carboxyl termini of Rab11-FIPs, are relatively conserved among
Rab11-FIPs and interact with the switch regions of active form of
Rabll [61,62,63]. The other regions are involved in the effector
functions of individual Rabl11-FIPs [64,65]. We examined if
Rab11-FIP played an important role in the targeting of progeny
vRNP to RE. We constructed RBD deletion (ARBD) mutants and
RBD fragments of Rabl1-FIPs and added a FLAG tag to the
carboxyl termini of the ARBD mutants and monomeric red
fluorescent protein, mStrawberry, to the amino termini of the
RBD fragments (Figure 6A, FIPnARBD-FLAG and mSB-
FIPnRBD, n=1 to 5). Since Rab11-FIP ARBD mutants cannot
bind with Rabl1, overexpression of ARBD mutants might inhibit
the effector functions of the corresponding endogenous Rabl1-
FIPs. However, none of Rabl1-FIP ARBD mutants altered the
localization of VRNP to RE (Figure 6B, FIPnARBD-FLAG). In
contrast, all Rabl1-FIP RBD fragments we tested impaired the
localization of vVRNP to RE (Figure 6B, mSB-FIPnRBD), implying
that excess level of RBD expression might disrupt the Rabll-
vRINP interaction.

@ PLoS ONE | www.plosone.org
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Apical transport of progeny vRNP depends on the
endosomal recycling pathways

It is well known that influenza virus buds at the APM in
polarized epithelial cells [23]. Our previous study indicated that
vRNP signals were accumulated at the APM in polarized MDCK
cells after 6 hpi [45]. Thus, we carefully observed the xz section
images of infected MDCK cells. Consistent with the xy images
(Figure 6B), marked accumulation of vRINP signals at the APM
was not observed when Rabll-FIP RBD fragments were
overexpressed (Figure 6C, mSB-FIPnRBD), suggesting that the
APM accumulation of cytoplasmic vRINPs is not due to diffusion
even though the apical side of nuclear membrane is close to the
APM. When observed with Rabl1-FIP ARBD mutants, we
confirmed that class I Rab11-FIP ARBD mutants did not impair
the APM accumulation of vRNPs (Figure 6C, Rabl1-FIP1B/2/
5ARBD). Interestingly, overexpression of class II Rabll-FIP
ARBD mutants did not exhibit the APM accumulation of vRNPs
(Figure 6C, Rab11-FIP3/4ARBD), although these mutants did not
inhibit the targeting of vRINPs to RE (Figure 6B). It is plausible
that overexpression of nonfunctional Rabll-FIP3/4 mutants
disturbed the apical trafficking by disrupting the structural
integrity of pericentriolar ERC/RE, as reported previously
[66,67]. Altogether, our data suggest that not only targeting of
vRNP to RE but also functional apical recycling machinery are
both required for membrane trafficking of progeny vRINPs and
subsequent particle release.

Discussion

In this study, we showed that (i) progeny vRNP of influenza A
virus was localized at RE and transported along microtubules; (i)
The localization required the interaction between active/GTP-
bound Rabl1l and a heterotrimeric form of viral RNA-dependent
RNA polymerase; and (iii) The Rabl1-dependent interaction was
required for the targeting of progeny vRINPs to the APM, where
virion packaging and budding take place. Very recently, Amorim
MJ et al. independently reported that cytoplasmic transport of
mfluenza virus RNA genome required Rabl1- and microtubule-
dependent mechanisms [68]. Their conclusion is in good
agreement with our result that genetically unmodified vRNPs
moved along the microtubules in living cells. These independent
studies confirm the usage of RE for influenza virus vRNP
trafficking.

Live cell imaging using fluorescent-labeled antibody
transfection technique, and microtubule-dependent viral

transport

For live cell imaging of vRINPs, we have transfected fluorescent-
labeled mAb61A5 which preferentially recognized RNP complex-
es of influenza virus and have demonstrated that vRINP signals
move along AcGFP-labeled microtubules rapidly but intermittent-
ly in both plus and minus directions (Figures 1 and 2, Videos S1
and S3). Thus, live cell imaging using fluorescent-labeled antibody
may have advantages over a conventional technique of tagging
with fluorescent protein (i) when the tagging impairs protein
functions or trafficking and (ii) when the antibody specifically
detects a certain population of protein of interest. This technique
does not require special skills and equipments when compared
with microinjection. The disadvantages of fluorescent-antibody
transfection include the appearance of pseudo-positive signals, as
shown in Figures 1 and 2. They are probably antibodies that were
endocytosed non-specifically, or aggregated on the plasma
membrane or with liposomes. Thus, cotransfection of non-specific
control antibody and/or mock infection of inactivated virus are
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Figure 6. Effects of Rab11-FIP deletion mutants on the localization and trafficking of progeny vRNP segments. (A) Schematic
representation of the functional domains of human Rab11-FIPs (FIPn). Numerals at both ends indicate amino acid residues. The Rab binding domains
(RBD) of individual Rab11-FIPs were indicated as gray boxes. Typical Rab11-FIP1 gene products (FIP1A, -B, and -C/RCP) [96] were shown. The RBD
fragment tagged with mStrawberry at the amino terminus (mSB-FIPnRBD) and the RBD deletion mutant containing a FLAG epitope tag at the
carboxyl terminus (FIPNARBD-FLAG) were also illustrated. C2, C2-domain; EF, EF-hand domain. (B) Localization of progeny vRNPs in infected MDCK
cells transiently expressing Rab11-FIP deletion mutants. Rab11-FIPs with deletion of RBD (upper two rows) and RBD fragments (lower two rows) were
visualized using anti-FLAG mAb and mSB (red), respectively. Progeny vRNPs were also visualized using anti-NP mAb61A5 (green). Confocal merged
images (odd rows) and vRNP-channel images (even rows) are shown. All images are shown at the same magnification. Scale bar =10 um. (C)
Polarized localization of progeny vRNP. XZ sections of polarized MDCK cells. Nuclei were stained with DAPI (blue) and shown in merged images (left

images).
doi:10.1371/journal.pone.0021123.g006

required to distinguish true signals from pseudo-positives. Another
disadvantage would be a possible reduction in velocity because of
large complex formation of antigen and antibody.

Previous studies indicated that HSV moved in axon of cultured
nerve cell at 2-3 mm/h [69] and that organelles containing HSV
capsids moved on i vitro-reconstituted microtubules at a mean
velocity of 0.58 um/s [70]. Sendai virus vRNP was visualized by
tagging with fluorescent protein to L protein and velocity of the
RE-dependent vRNP movement was calculated at subsecond
temporal resolution (0.41-1.04 um/s) [71]. These velocities were
ostensibly comparable to the mean velocity of influenza virus
progeny vRNPs observed in our study (Figure 1B, approximately
1.45 um/s). Since cargos which are transported along microtu-
bules by membrane vesicles moves rapidly but intermittently in
both directions, subsecond temporal resolution must be required
for accurate instantaneous velocity of their transport. A very recent
report demonstrated that a fraction of reconstituted influenza virus
vRNP showed saltatory movement at an average of 0.81 um/s
[68]. This mean velocity is slightly slower than but still comparable
with our mean velocity of genetically unmodified vRNP in infected
cells. Relatively lower temporal resolution (approximately every
4s), tagging with GFP, and/or the elapsed time from the
transfection (24 hours posttransfection) may cause the velocity
reduction observed in their study.

Localization of progeny vRNP to RE via interaction

between viral RNA polymerase and Rab11

Previous studies on transient coexpression of three subunits of
viral RNA polymerase (PB2, PB1, and PA) have indicated that
hetero-trimerization of the subunits takes place in the nucleus but
not in the cytoplasm, showing a limited localization of heterotri-
meric viral RNA polymerase in the nucleus [72,73,74]. In the
infected cell, the heterotrimeric viral RNA polymerase is
incorporated into progeny vRINP and then exported to the
cytoplasm by CRMI-dependent nuclear export system [75],
whereas cRNP which serves a template for vRNA synthesis
remains in the nucleus [12]. These studies suggest that most of the
heterotrimeric viral RINA polymerase in the cytoplasm exists as a
constituent of progeny vRNP. In this study, our immunoprecip-
itation analysis with RNase A treatment revealed that active/
GTP-bound Rabl1 interacted with vRNP through the viral RNA
polymerase but not NP or vRNA (Figure 5D), although it remains
to be elucidated whether the interaction is direct or not. If a
certain subunit or heterodimer could solely interact with Rab11, it
would also be transported to the APM. However, it has been well
known that not only singly expressed subunits but also coexpressed
three subunits did not accumulate at the plasma membrane
[73,74]. Thus, we reasoned that the heterotrimeric viral RNA
polymerase in vRINP might serve as a marker for RE-dependent
apical transport of progeny vRINP, since Rabl1, a resident of RE,
binds to viral RNA polymerase. It has been suggested that
enzymatic/structural state of viral RNA polymerase is probably
altered by classes of associated RINAs, e.g., single-stranded RINA,

@ PLOS ONE | www.plosone.org

10

panhandle region of VRNA, or that of cRNA [12,76,77]. The state
of viral RNA polymerase may similarly serve as a marker for
targeting of VRNP to RE and excluding of viral mRNP containing
single-stranded viral mRNA, if present in the cytoplasm. We are
currently investigating whether active/GTP-bound Rab!11 directly
interacts with a certain class of viral RNA polymerase, or another
viral/host factor(s) is involved. Amorim M] et al. have suggested
that the Rab11-vRINP interaction is due to Rab11-PB2 subunit
interaction [68]. In their study, coexpression of GFP-tagged CA
Rabll with PB2, PBI, PA, or NP and subsequent affinity
precipitation of GFP-Rab11 resulted in the coprecipitation of PB2
but not the other viral components. Although it remains to be
elucidated why PB2 subunit could solely interact with active/
GTP-bound Rab11 in the cytoplasm, it is possible that PB2 in the
heterotrimeric viral RNA polymerase complex in a certain
enzymatic/structural state participates in the Rabll-vRNP
interaction.

A model for a higher-order assembly of progeny vRNP
segments on a Rab11-positive membrane

Recent studies have suggested that viral membrane/matrix
proteins of some viruses traffic via endosomal pathways [13,14].
However, the intracellular trafficking of viral inner components
has long been less understood. In this study, we identified RE as a
target compartment of influenza virus progeny vRNP. A possible
explanation for the utilization of RE is that the surface of RE is a
place for a higher-order assembly of vVRINP segments (for review,
see [78]). From studies with defective-interfering viral RNAs
[79,80,81], it has been widely accepted that eight distinct segments
of progeny vRNP are selectively packaged into a virion. Recent
reports have shown that the approximately 150 to 200 base
sequences at both termini of vRNA segments are responsible for
their selective packaging into virions [82,83], although it has not
been demonstrated whether the putative inter-vRNP base pairing
through the terminal regions is the molecular basis of the selective
assembly and/or packaging. If it was the case, intracellular
localization, local concentration, and spatial orientation of the
terminal regions would be of great importance.

We propose the models for a higher-order assembly of vRINP
segments (Figure 7). The most likely scenario (Figure 7B) would be
that (i) the progeny vRNP segments bind to RE membrane
(Figure 3, panels A and E) through interaction of active/GTP-
bound Rabll and heterotrimeric viral RNA polymerase
(Figure 5D), followed by trafficking to the APM along microtu-
bules (Figure 2). (ii) Because viral RNA polymerase is associated
with the panhandle region of VRNA where is close to the
sequences necessary for genome packaging (gray box), these
terminal regions are concentrated and aligned in the same
orientation on the RE membrane and later at the APM. (ii) By
lateral diffusion, each VRINP segment slides on the membrane
surface relatively freely to seek the others. This mild spatial
restriction may allow a higher-order assembly of vRNP segments
in a “try and select” manner, leading to packaging of eight vVRNP
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segments into a virion, as observed by electron microscopy
[84,85].

If vRNP segments were freely diffusible in the cytosol
(Figure 7A), the frequency of putative inter-vRINP interaction in
a correct orientation would be very low. In fact, coexpressed with
the DN mutant of Rabll and Rabll-FIP RBD fragments
(Figure 4A and 6B, respectively), VRINPs remained diffuse and
were not seen as puncta, suggestive of a failure of a higher-order
assembly of VRNP segments. Consistently, the production of
infectious virions from the cells expressing the DN mutant was
markedly decreased (Figure 4B), although perturbation of Rabl1-
dependent budding events cannot be ruled out [38]. An alternative
model would be assembly of vRINP segments on MI-precoated
vesicle/membrane (Figure 7C) as suggested previously (for review,
see [86]). If NP and/or vRINA in a vRNP interacted directly with
M1 [87,88,89], vRNP segments would be immobilized on the M1-
coated membrane and fail to assemble each other. Recent electron
microscopic analysis has suggested no such a tight association of
vRNP with the electron-dense M1 layer in virions [84,85]. Neither
progeny VRNP signals detected by mAb61A5 nor by FISH
analysis colocalized with HA/MI1 antigens in the cytoplasm
(Figure S2 and |45]). These results suggest that progeny vRNP and
HA/MLI are transported independently through distinct apical
transport pathways [90].

Rab11, a key player in trafficking of non-membrane-
bound cytoplasmic viral/cellular factors

In the past three decades, endosomal recycling has been
extensively investigated. The majority of cargos analyzed are
membrane-bound proteins/complexes and membrane lipids, e.g.,
transferrin-transferrin receptor complexes and endocytic transport
to the cleavage furrow during cytokinesis. The well-known non-
membrane-bound cytoplasmic cargos of RE are Rabll effectors
and motor proteins. Recent virological studies suggest indepen-
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dently the utilization of RE for viral trafficking and egress:
cytoplasmic transport of hantavirus [91], apical budding of RSV
[35,92], cytoplasmic envelopment of human cytomegalovirus [93],
and budding of influenza A virus |38]. It has been reported that
the RE machinery is also used for vRNP trafficking of Sendai virus
[71] and most recently for the trafficking of the influenza virus
RNA genome [68], independently of our study. In this study, we
reported that Rabll recognized a non-membrane-bound mole-
cule, ie., progeny vRNP, and transported from the perinuclear
region to the APM via RE. Collectively, these data strongly suggest
that the utilization of Rabl1-driven endosomal recycling system is
a common transport mechanism of viral and possibly cellular non-
membrane-bound cytoplasmic cargos. Budding of influenza A
virus has been shown to occur independently of the ESCRT
machinery [36,37] but to require the Rabl1-mediated machinery
[38], suggesting that influenza virus may require a Rab11-related
molecule(s) for virion release. It is tempting to speculate that vVRINP
segments and a factor(s) necessary for virion budding/pinching-off
meet on a Rabl1-positive RE and are transported together to the
APM. Viral M2 protein is a candidate of such a factor since it has
been reported that M2 protein mediates ESCRT-independent
membrane scission and knock-down of Rabll leads to a
statistically significant reduction in the levels of M2 from the cell
surface [94].

Our present study provides an outline of intracellular trafficking of
influenza viral replication complex, vVRINP, from the nucleus, a site of
viral genome replication, to the APM, a site of genome packaging and
virion budding. However, many elementary steps of the trafficking
remain to be elucidated. For examples, an intracellular site where
progeny vRNPs initially ride on Rabll-positive RE and motor
proteins involved in the apical trafficking of vRINPs need to be
identified. Investigation of these elementary steps will reveal precise
molecular mechanisms of apical trafficking and a higher-order
assembly of progeny vRNP segments for genome packaging. Our
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study may also provide a clue to the transport mechanisms of host
cellular non-membrane-bound cytoplasmic cargos such as mRINP
trafficking followed by local protein translation.

Materials and Methods

Materials and Methods for antibodies, DNA construction,
establishment of cell lines, and immunofluorescent microscopy
were described in Materials and Methods S1. Oligonucleotide
sequences used for DNA construction were described in Tables
S2, S3, S4 and S5.

Live cell imaging

MDCK cells were cultured in Dulbecco’s modified Eagle
medium (DMEM, Cat. No. D5796, Sigma-Aldrich, USA)
containing 10% fetal bovine serum (FBS) on ¢35 mm glass-
bottom dishes and infected with influenza virus A/Puerto Rico/8/
34 (PR8) strain at moi of 3 for 1 h. Residual viral inoculum was
digested with 80 pg/ml of acetyl-trypsin in serum-free medium
(Opti-MEM 1, Life Technologies, USA) for 2 h and followed by
masking with 0.2 mg/ml of unlabeled mAb61A5 for 30 min. At
3.5 hpi, 400 ng of Alexa Fluor 568 (AF568)-labeled mAb61AS5 was
transfected together with 400 ng of AF488-labeled non-specific
mouse immunoglobulin (control antibody), using protein transfec-
tion reagent (Ab-DeliverIN, OZ Biosciences, I'rance) according to
the manufacturer’s instruction. At 7 hpi, the medium was
exchanged to DMEM for live cell imaging (Cat. No. 21063-029,
Life Technologies) containing 10% FBS.

Live cell imaging was performed using a fluorescence
microscope (IX71, Olympus Optical, Japan) equipped with an
oil immersion objective lens (Plan Apo N, 60x, 1.42NA,
Olympus), a stage top incubation chamber (Tokai HIT, Japan),
a microlens-enhanced Nipkow-disk confocal scanner unit (CSU-
X1, Yokogawa Electric, Japan), an optical filter wheel controller,
and an electron multiplying CCD camera (Luca, Andor
Technology, UK). For pseudo-positive signals, both fluorescent
images with mAb61A5 and control antibody were acquired
alternately (0.25 to 0.50 s exposure/image) with Ar laser
excitation (488 or 568 nm) and were merged (Figure 1A, merge;
Video S1, the first color part). Immediately after the dual-color
acquisition, single channel acquisition of mAb61A5 images was
carried out at 0.25 s exposure/image (Video S1, the second gray
scale part). Sequential images were processed by using Image]
software [95] as follows: (i) bleach correction, (i) subtraction of a
time projection image of mean intensity from fluorescence images
at each time point, (i) contrast correction (Video S1, the third
part), and (iv) tracking of punctate fluorescent signals by using
MTrack] plugin created by Eric Meijering (http://www.im-
agescience.org/meijering/software/mtrackj/) (Video 81, the
fourth part with trajectories).

Kinetic analysis of fluorescent signals

Coordinates of vRNP signals at each time point were obtained
from trajectories. An instantaneous velocity (v, n means a frame
number) and a vector (V) of a signal at each time point were
calculated from coordinates n (Xy, Yn), 041 (X1, Ynr1), and a frame
interval (0.25 s). One motile event was defined as a single
unidirectional movement of a signal, when the movement from
a start point (frame number s) to an end point (frame number e)
fulfills the following conditions: (i) v,, >0.13 um/s (n is s to e-1), (i)
a relative angle between vectors ¥, and ¥,y <+60° (niss to e-2),
and (iii) at least four sequential time points, i.e., a duration is no
fewer than 0.75 s when frame interval is 0.25 s. The threshold
velocity (0.13 pm/s) was determined by the mean of instantaneous
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velocities of vRNP signals in pausing conditions. The angle
threshold (*60°) was estimated from the maximum curvature of
microtubules observed by immunofluorescence microscopy and
the maximum velocity 10 pm/s we tentatively assigned. Mean and
maximum of instantaneous velocities (Vipean and Vi, respec-
tively) and migration length of one motile event were calculated
(Table S7) and plotted as histograms.

Immunoprecipitation

MDCK-Neo, MDCK-F11A-WT, -DN, and -CA cells were
seeded into $10 cm dishes (3x10° cells/dish). After incubation for
12 h, cells were infected with influenza virus PR8 strain at moi of 1
for 1 h. At 7 hpi, cells were harvested with 1 ml of cold PBS
containing 0.1% Tween-20 (PBS-T), 1 mM DTT, 0.1 mM
GTPyS (JENA Bioscience, Germany), 100 ng/ul of BSA,
0.5 U/pul of RNase inhibitor (Toyobo, Japan), and protease
inhibitor cocktail (Cat. No. 25955-11, Nacalai Tesque, Japan).
Cells were passed through 26G needle 20 strokes and the PNS was
isolated by centrifugation at 4°C, at 1,000x g for 10 min. One
milliliter of PNS was mixed with 20 pg of anti-FLAG mAb and
incubated on ice for 1 h. The PNS was subsequently mixed with
pre-blocked 20 pl packed-volume (p.v.) of Protein G Mag
Sepharose (GE Healthcare, UK) and rotated at 4°C for 2 h. After
being washed twice with PBS-T, immunoprecipitates were eluted
twice with 50 ul of PBS-T containing 150 ng/pl of 3xFLAG
peptide (Sigma-Aldrich) for 30 min (total 60 min and 100 ul of
eluate). The eluate and PNS were analyzed by Western blotting.
Similarly, immunoprecipitation of viral RNP complexes were
carried out with 20 pg of anti-NP mADb61A5 and eluted twice with
25 pl of PBS-T containing 100 ng/pl RNase A at 25°C for 30 min
(total 60 min and 50 pl of eluate).

For RNase sensitivity assay, PNS of infected MDCK-F11A-
CA cells were similarly prepared except for RNase inhibitor.
Following addition of anti-FLAG mAb to the PNS, 250 pl of
aliquots were incubated with 0 to 100 ng/pl of RNase A at 25°C
for 1 h and precipitated by using 5 pl p.v./assay of Protein G
Mag Sepharose at 25°C for 2 h. Elution was carried out twice
with 25 pl of elution buffer at 25°C for 30 min (total 60 min and
50 pl of eluate).

Reverse transcription and semiquantitative real-time PCR

RNA was isolated from immunoprecipitation eluate (Fig. 5C)
and PNS (Figure S3) by using RNeasy mini kit (Qiagen,
Germany). Equal volume of each RINA sample was used for
reverse transcription (ReverTra Ace qPCR RT Kit, Toyobo) in
the presence of a primer mixture containing 2 pmol each of eight
segment-specific primers, which is either for negative- (vVRINA) or
positive-sense  (c/mRNA) influenza virus RNAs (Table S6).
Semiquantitative real-time PCR (gPCR) was carried out (SYBR
Premix Ex Taq II and Real Time PCR System TP800, Takara
Bio, Japan) in the presence of each segment-specific gPCR primer
pair (reverse transcription product x8 qPCR reactions). Threshold
cycles (Ct) were obtained by second derivative maximum method.

For the standard DNA of segment-specific ¢PCR, short cDNA
fragments to individual viral RNA segments were amplified using
gPCR primer pairs, concatenated, and cloned into pBluescript-
SK(+) (Agilent Technologies, USA) (see Materials and Methods S1
and Figure S1B). The resultant plasmid (pBSPR8qPCRSTD) has
one copy each of eight gPCR target sequences. Standard curves
for Ct values of individual targets vs. cDNA concentrations were
obtained using ten-fold dilutions of this standard DNA (0.0001 to
0.1 fmol/reaction) and were used for relative quantification of
reverse-transcribed cDNA segments.
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Supporting Information

Figure S1 DNA construction of expression vectors and
the standard DNA plasmid for gPCR. (A) DNA sequences
of pCANeoHA and pCANeoAcGFP-MCS. The DNA sequences
corresponding to the region between two EwR I sites of original
pCAGGS were shown. The positions of cloning sites, HA
epitope tag, and AcGIP tag were indicated. Amino acid
sequences were also shown. (B) Construction scheme of the
qPCR standard plasmid (pBSPR8qPCRSTD) containing one
copy each of eight distinct target sequences. Numerals, seg-
ment numbers of the influenza virus genome; white circles,
5'-phosphorylated. Details were described in Materials and
Methods S1.

(TIF)

Figure 82 Localizations of progeny vRNP and hemag-
glutinin in the cytoplasm. MDCK cells were infected with
PR3 strain for 1 h and 20 pM of brefeldin A (BFA), a vesicular
transport inhibitor, was added at 4 h postinfection (hpi). Following
fixation at 7 hpi, immunofluorescence staining was carried out as
follows: (i) staining with anti-HA mAb and Alexa Fluor 488 dye
(AF488)-conjugated anti-mouse lg, (i) post-fixation with 4%
paraformaldehyde and blocking with non-specific mouse Ig, and
(iii) staining with AI568-conjugated mAbB61A5. Cells were
observed with a confocal laser scanning microscope. Areas in
white boxes were enlarged. In the presence of brefeldin A,
membrane transport of HA was partially inhibited and a fraction
of HA accumulated at the perinuclear region. An arrowhead
shows a filamentous vRINP signal observed in the presence of BFA.
Bars are 20 pm and 5 pm, respectively.

(I1F)

Figure 83 Molar ratios of viral negative/positive-sense
RNA segments in PNSs of infected MDCK-F11A-DN/CA
cells. Total RNAs were purified from infected cells and polarity-
specific reverse transcription followed by segment-specific semi-
quantitative real-time PCR was carried out. Amounts of the
cDNAs reverse-transcribed from viral RNAs were quantified using
standard plasmid DNA containing single copy of each target
sequence (pPBSPR8qPCRSTD). Segment numbers were indicated
at the bottom. Columns indicated the molar ratio of vRINAs (gray
and black columns) and ¢/mRNAs (hatched and white columns)
from MDCK-F11A-DN and -CA, when the segment 1 vRNA
from MDCK-F11A-DN was set at 1.0.

(TIF)
Table 81 List of Analyzed Rab Family Proteins and

Their Cloning Information.
(DOC)

Table $2 Oligonucleotide Sequences. Used for the
Cloning of Rab Family Proteins.
(DOC)

Table 83 Oligonucleotide Sequences Used for the
Construction of Dominant Negative and Constitutively
Active Mutants of Human Rabl1A.

DOC)

Table $4 Oligonucleotide Sequences Used for AcGFP-
or FLAG-tagged Rab Family Protein Expression Vectors.
(DOC)

Table 85 Oligonucleotide Sequences Used for the
Construction of Rab11-FIPs Deletion Mutant Expression
Vectors.

(DOC)
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Table S6 Oligonucleotide Sequences Used for Polarity-
specific Reverse Transcription and Segment-specific
Semiquantitative PCR.

DOC)

Table 87 Mean and Maximum Velocities and Migration
Lengths of Individual Motile Events.
(DOC)

Video 81 A representative live cell imaging and tracking
of cytoplasmic progeny vRNP signals. Live cell imaging of
infected MDCK cells (Figure 1A) was carried out as described in
the Materials and Methods section. Acquired images were
processed, analyzed, and encoded to a movie containing
concatenated four parts. The first color part contains 25 of
merged images (red, mAb61A5 channel; green, control antibody
channel). Each of single channel images was acquired alternately
at 250 ms exposure. The second gray-scale part contains 100
images acquired at 250 ms exposure for 25 seconds at single
mAb61AS5 channel, immediately after the dual-color acquisition.
The third part of the movie is post-processing images of the second
part. The image processing procedure was described in the
Materials and Methods section. The last part is the signal tracking
by using Image] software and MTrack] plugin (created by Eric
Meijering,  http://www.imagescience.org/meijering/software/
mtrackj/). Individual signals were tracked manually (90 tracks).
Track numbers, trajectories, and current position of vRINP signals
were indicated on the post-processing images with numerals,
colored lines, and blank circles, respectively. Elapsed times were
also indicated.

(MPG)

Video $2 Live cell imaging of mock-infected MDCK cells.
MDCK cells were infected with influenza A virus PR8 strain (right
half) or mock-infected with heat-inactivated virus (left half). For
live cell imaging, each of single channel images (red, mAb61A5
channel; green, control antibody channel) was acquired alternately
at 500 ms exposure/image for 24 seconds and then merged.
Bleach correction and contrast correction were carried out.

(MPG)

Video 83 Live cell imaging of infected MDCK cells
expressing AcGFP-0-tubulin. MDCK-Tub cells, constitutively
expressing AcGFP-o-tubulin, were infected with influenza A virus
PR8 strain (Figure 2). For live cell imaging, each of single channel
images (red, mAb61A5 channel; green, control antibody and
AcGFP channel) was acquired alternately at 300 ms exposure/
image for 60 seconds and then merged. Bleach correction and
contrast correction were carried out. Cropped area (shown in
Figure 2B) was encoded as a movie containing concatenated
merged images, mAb61A5 channel images, and control antibody/
AcGFP channel images. Elapsed times were indicated.

(MPG)

Materials and Methods S1 Details of the antibodies utilized in
this study and methods for DNA construction, establishment of
cell lines, and immunofluorescent microscopy were described.

(DOC)

Acknowledgments

We thank to Drs. Paul Digard, Emily A. Bruce, and Maria Joao Amorim
(University of Cambridge, Cambridge, United Kingdom) for the
meaningful discussion, and Drs. Ken Watanabe (Nagasaki University,
Nagasaki, Japan) and Takayuki Nagai (Kitasato University, Tokyo, Japan)
for the generous gifts of rabbit anti-M1 (to KW) and mouse anti-HA
polyclonal antisera (to TN).

June 2011 | Volume 6 | Issue 6 | e21123



Author Contributions

Conceived and designed the experiments: FM KN YM. Performed the
experiments: FM TS SJ AK. Analyzed the data: FM TS §] AK.

References

1.

2.

o

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

Thomas JA, Gorelick RJ (2008) Nucleocapsid protein function in early infection
processes. Virus Res 134: 39-63.

Brown DT, Westphal M, Burlingham BT, Winterhoff U, Doerfler W (1975)
Structure and composition of the adenovirus type 2 core. J Virol 16: 366-387.

. Black BC, Center MS (1979) DNA-binding properties of the major core protein

of adenovirus 2. Nucleic Acids Res 6: 2339-2353.

. Portela A, Digard P (2002) The influenza virus nucleoprotein: a multifunctional

RNA-binding protein pivotal to virus replication. J] Gen Virol 83: 723-734.

. Desselberger U, Racaniello VR, Zazra [J, Palese P (1980) The 3" and 5'-

terminal sequences of influenza A, B and C virus RNA segments are highly
conserved and show partial inverted complementarity. Gene 8: 315-328.

. Hsu MT, Parvin JD, Gupta S, Krystal M, Palese P (1987) Genomic RNAs of

influenza viruses are held in a circular conformation in virions and in infected
cells by a terminal panhandle. Proc Natl Acad Sci U S A 84: 8140-8144.

. Compans RW, Content J, Duesberg PH (1972) Structure of the ribonucleopro-

tein of influenza virus. J Virol 10: 795-800.

. Murti KG, Webster RG, Jones IM (1988) Localization of RNA polymerases on

influenza viral ribonucleoproteins by immunogold labeling. Virology 164:
562-566.

. Klumpp K, Ruigrok RW, Baudin F (1997) Roles of the influenza virus

polymerase and nucleoprotein in forming a functional RNP structure. EMBO J
16: 1248-1257.

. Coloma R, Valpuesta JM, Arranz R, Carrascosa JL, Ortin J, et al. (2009) The

structure of a biologically active influenza virus ribonucleoprotein complex.
PLoS Pathog 5: ¢1000491.

. Shapiro GI, Gurney T, Jr., Krug RM (1987) Influenza virus gene expression:

control mechanisms at early and late times of infection and nuclear-cytoplasmic
transport of virus-specific RNAs. J Virol 61: 764-773.

. Tchatalbachev S, Flick R, Hobom G (2001) The packaging signal of influenza

viral RNA molecules. RNA 7: 979-989.

. Sodeik B (2000) Mechanisms of viral transport in the cytoplasm. Trends

Microbiol 8: 465-472.

. Radtke K, Dohner K, Sodeik B (2006) Viral interactions with the cytoskeleton: a

hitchhiker’s guide to the cell. Cell Microbiol 8: 387-400.

. Sodeik B, Ebersold MW, Helenius A (1997) Microtubule-mediated transport of

incoming herpes simplex virus 1 capsids to the nucleus. J Cell Biol 136:
1007-1021.

. Bukrinskaya A, Brichacek B, Mann A, Stevenson M (1998) Establishment of a

functional human immunodeficiency virus type 1 (HIV-1) reverse transcription
complex involves the cytoskeleton. J Exp Med 188: 2113-2125.

. Marsh M, Bron R (1997) SFV infection in CHO cells: cell-type specific

restrictions to productive virus entry at the cell surface. J Cell Sci 110(Pt 1):
95-103.

. Wang K, Huang S, Kapoor-Munshi A, Nemerow G (1998) Adenovirus

internalization and infection require dynamin. J Virol 72: 34553458,

. Li E, Swpack D, Bokoch GM, Nemerow GR (1998) Adenovirus endocytosis

requires actin cytoskeleton reorganization mediated by Rho family GTPases.
J Virol 72: 8806-8812.

Matlin KS, Reggio H, Helenius A, Simons K (1981) Infectious entry pathway of
influenza virus in a canine kidney cell line. J Cell Biol 91: 601-613.
Lakadamyali M, Rust MJ, Babcock HP, Zhuang X (2003) Visualizing infection
of individual influenza viruses. Proc Natl Acad Sci U S A 100: 9280-9285.
O’Neill RE, Jaskunas R, Blobel G, Palese P, Moroianu J (1995) Nuclear import
of influenza virus RNA can be mediated by viral nucleoprotein and transport
factors required for protein import. J Biol Chem 270: 22701-22704.

. Rodriguez Boulan E, Sabatini DD (1978) Asymmetric budding of viruses in

epithelial monlayers: a model system for study of epithelial polarity. Proc Natl
Acad Sci U S A 75: 5071-5075.

Roberts SR, Compans RW, Wertz GW (1995) Respiratory syncytial virus
matures at the apical surfaces of polarized epithelial cells. J Virol 69: 2667-2673.
Fuller S, von Bonsdorff CH, Simons K (1984) Vesicular stomatitis virus infects
and matures only through the basolateral surface of the polarized epithelial cell
line, MDCK. Cell 38: 65-77.

Mettenleiter TC, Klupp BG, Granzow H (2009) Herpesvirus assembly: an
update. Virus Res 143: 222-234.

Greber UF, Way M (2006) A superhighway to virus infection. Cell 124:
741-754.

Schwartz SL, Cao C, Pylypenko O, Rak A, Wandinger-Ness A (2007) Rab
GTPases at a glance. J Cell Sci 120: 3905-3910.

Stenmark H (2009) Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol
Cell Biol 10: 518-525.

Garrus JE, von Schwedler UK, Pornillos OW, Morham SG, Zavitz KH, et al.
(2001) Tsgl01 and the vacuolar protein sorting pathway are essential for HIV-1
budding. Cell 107: 55-65.

. Chen BJ, Lamb RA (2008) Mechanisms for enveloped virus budding: can some

viruses do without an ESCRT? Virology 372: 221-232.

@ PLoS ONE | www.plosone.org

14

Rab11-Dependent Transport of Influenza Virus vRNP

Contributed reagents/materials/analysis tools: TO KN YM. Wrote the
paper: FM YM.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Patton GS, Morris SA, Chung W, Bieniasz PD, McClure MO (2005)
Identification of domains in gag important for prototypic foamy virus egress.
J Virol 79: 6392-6399.

Stange A, Mannigel I, Peters K, Heinkelein M, Stanke N, et al. (2005)
Characterization of prototype foamy virus gag late assembly domain motifs and
their role in particle egress and infectivity. J Virol 79: 5466-5476.

Schmitt AP, Leser GP, Morita E, Sundquist WI, Lamb RA (2005) Evidence for a
new viral late-domain core sequence, FPIV, necessary for budding of a
paramyxovirus, J Virol 79: 2988-2997.

Utley TJ, Ducharme NA, Varthakavi V, Shepherd BE, Santangelo PJ, et al.
(2008) Respiratory syncytial virus uses a Vps4-independent budding mechanism
controlled by Rab11-FIP2. Proc Natl Acad Sci U S A 105: 10209-10214.
Chen BJ, Leser GP, Morita E, Lamb RA (2007) Influenza virus hemagglutinin
and neuraminidase, but not the matrix protein, are required for assembly and
budding of plasmid-derived virus-like particles. J Virol 81: 7111-7123.

Bruce EA, Medcalf L, Crump CM, Noton SL, Stuart AD, et al. (2009) Budding
of filamentous and non-filamentous influenza A virus occurs via a VPS4 and
VPS28-independent pathway. Virology 890: 268-278.

Bruce EA, Digard P, Start AD (2010) The Rabl1 pathway is required for
influenza A virus budding and filament formation. J Virol 84: 5848-5859.

. Hollinshead M, Rodger G, Van Eijl H, Law M, Hollinshead R, et al. (2001)

Vaccinia virus utilizes microtubules for movement to the cell surface. J Cell Biol
154: 389-402.

Rietdorf J, Ploubidou A, Reckmann I, Holmstrom A, Frischknecht F, et al.
(2001) Kinesin-dependent movement on microtubules precedes actin-based
motility of vaccinia virus. Nat Cell Biol 3: 992-1000.

Ward BM, Moss B (2001) Vaccinia virus intracellular movement is associated
with microtubules and independent of actin tails. J Virol 75: 11651-11663.
Cui ZQ, Zhang ZP, Zhang XE, Wen JK, Zhou YF, et al. (2005) Visualizing the
dynamic behavior of poliovirus plus-strand RNA in living host cells. Nucleic
Acids Res 33: 3245-3252.

Santangelo PJ, Bao G (2007) Dynamics of filamentous viral RNPs prior to
egress. Nucleic Acids Res 35: 3602-3611.

Momose F, Kikuchi Y, Komase K, Morikawa Y (2007) Visualization of
microtubule-mediated transport of influenza viral progeny ribonucleoprotein.
Microbes Infect 9: 1422-1433.

Jo S, Kawaguchi A, Takizawa N, Morikawa Y, Momose F, et al. (2010)
Involvement of vesicular trafficking system in membrane targeting of the
progeny influenza virus genome. Microbes Infect 12: 1079-1084.

Lee JR, Shin H, Ko J, Choi J, Lee H, et al. (2003) Characterization of the
movement of the kinesin motor KIF1A in living cultured neurons. J Biol Chem
278: 2624-2629.

Babbey CM, Ahktar N, Wang E, Chen CC, Grant BD, et al. (2006) Rab10
regulates membrane transport through early endosomes of polarized Madin-
Darby canine kidney cells. Mol Biol Cell 17: 3156-3175.

Ullrich O, Reinsch S, Urbe S, Zerial M, Parton RG (1996) Rabll regulates
recycling through the pericentriolar recycling endosome. J Cell Biol 135:
913-924.

Ren M, Xu G, Zeng J, De Lemos-Chiarandini C, Adesnik M, et al. (1998)
Hydrolysis of GTP on rab11 is required for the direct delivery of transferrin from
the pericentriolar recycling compartment to the cell surface but not from sorting
endosomes. Proc Natl Acad Sci U S A 95: 6187-6192.

Wilcke M, Johannes L, Galli T, Mayau V, Goud B, et al. (2000) Rab11 regulates
the compartmentalization of carly endosomes required for efficient transport
from early endosomes to the trans-golgi network. J Cell Biol 151: 1207~1220.
Casanova JE, Wang X, Kumar R, Bhartur SG, Navarre J, et al. (1999)
Association of Rab25 and Rablla with the apical recycling system of polarized
Madin-Darby canine kidney cells. Mol Biol Cell 10: 47-61.

Wang X, Kumar R, Navarre J, Casanova JE, Goldenring JR (2000) Regulation
of vesicle trafficking in madin-darby canine kidney cells by Rablla and Rab25.
J Biol Chem 275: 29138-29146.

Zacchi P, Stenmark H, Parton RG, Orioli D, Lim F, et al. (1998) Rab17
regulates membrane trafficking through apical recycling endosomes in polarized
epithelial cells. J Cell Biol 140: 1039-1053.

Hunziker W, Peters PJ (1998) Rabl7 localizes to recycling endosomes and
regulates receptor-mediated transcytosis in epithelial cells. J Biol Chem 273:
15734-15741.

Drivas GT, Shih A, Coutavas EE, D’Eustachio P, Rush MG (1991)
Identification and characterization of a human homolog of the Schizosacchar-
omyces pombe ras-like gene YPT-3. Oncogene 6: 3-9.

Gromov PS, Celis JE, Hansen C, Tommerup N, Gromova I, et al. (1998)
Human rablla: transcription, chromosome mapping and effect on the
expression levels of host GTP-binding proteins. FEBS Lett 429: 359-364.
Prekeris R, Klumperman J, Scheller RH (2000) A Rabl1/Ripll protein
complex regulates apical membrane trafficking via recycling endosomes. Mol
Cell 6: 1437-1448.

June 2011 | Volume 6 | Issue 6 | 21123



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7L

72.

73.

74.

75.

76.

Hales CM, Griner R, Hobdy-Henderson KC, Dorn MC, Hardy D, et al. (2001}
Identification and characterization of a family of Rabll-interacting proteins.
J Biol Chem 276: 39067--39075.

Lindsay AJ, Hendrick AG, Cantalupo G, Senic-Matuglia F, Goud B, et al.
(2002) Rab coupling protein (RCP), a novel Rab4 and Rabl11 effector protein.
J Biol Chem 277: 12190-12199.

Wallace DM, Lindsay AJ, Hendrick AG, McCaffrey MW (2002) Rab11-FIP4
interacts with Rabll in a GTP-dependent manner and its overexpression
condenses the Rab11 positive compartment in HeLa cells. Biochem Biophys Res
Commun 299: 770-779.

Jagoe WN, Lindsay AJ, Read RJ, McCoy AJ, McCaffrey MW, et al. (2006)
Crystal structure of rabl1 in complex with rabll family interacting protein 2.
Structure 14: 1273-1283.

Eathiraj S, Mishra A, Prekeris R, Lambright DG (2006) Structural basis for
Rab11-mediated recruitment of FIP3 to recycling endosomes. ] Mol Biol 364:
121-135.

Shiba T, Koga H, Shin HW, Kawasaki M, Kato R, ct al. (2006) Structural basis
for Rab11-dependent membrane recruitment of a family of Rabl l-interacting
protein 3 (FIP3)/ Arfophilin-1. Proc Natl Acad Sci U § A 103: 15416-15421.
Horgan CP, McCaffrey MW (2009) The dynamic Rabl1-FIPs. Biochem Soc
Trans 37: 1032-1036.

Jing J, Prekeris R (2009) Polarized endocytic transport: the roles of Rabl1 and
Rab11-FIPs in regulating cell polarity. Histol Histopathol 24: 1171-1180.
Horgan CP, Oleksy A, Zhdanov AV, Lall PY, White IJ, et al. (2007) Rabl1-
FIP3 is critical for the structural integrity of the endosomal recycling
compartment. Traffic 8: 414-430.

Inoue H, Ha VL, Prekeris R, Randazzo PA (2008) Arf GTPase-activating
protein ASAP1 interacts with Rabl1 effector FIPS and regulates pericentroso-
mal localization of transferrin receptor-positive recycling endosome. Mol Biol
Cell 19: 42244237,

Amorim M]J, Bruce EA, Read EK, Foeglein A, Mahen R, et al. (2011) A Rabl1-
and microtubule-dependent mechanism for cytoplasmic transport of influenza A
virus viral RNA. J Virol 85: 4143-4156.

Penfold ME, Armati P, Cunningham AL (1994) Axonal transport of herpes
simplex virions to epidermal cells: evidence for a specialized mode of virus
transport and assembly. Proc Natl Acad Sci U 8 A 91: 6529-6533.

Lee GE, Murray JW, Wolkoff AW, Wilson DW (2006) Reconstitution of herpes
simplex virus microtubule-dependent trafficking in vitro. | Virol 80: 4264-4275.
Chambers R, Takimoto T (2010) Trafficking of Sendai virus nucleocapsids is
mediated by intracellular vesicles. PLoS One 5: €10994.

Deng T, Engelhardt OG, Thomas B, Akoulitchev AV, Brownlee GG, et al.
(2006) Role of ran binding protein 5 in nuclear import and assembly of the
influenza virus RNA polymerase complex. J Virol 80: 11911-11919.

Naito T, Momose F, Kawaguchi A, Nagata K (2007) Involvement of Hsp90 in
assembly and nuclear import of influenza virus RNA polymerase subunits. J Virol
81: 1339-1349.

Huet S, Avilov SV, Ferbitz L, Daigle N, Cusack S, et al. (2010) Nuclear import
and assembly of influenza A virus RNA polymerase studied in live cells by
fluorescence cross-correlation spectroscopy. J Virol 84: 1254--1264.

Elton D, Simpson-Holley M, Archer K, Medcalf L, Hallam R, et al. (2001)
Interaction of the influenza virus nucleoprotein with the cellular CRMI-
mediated nuclear export pathway. J Virol 75: 408-419.

Torreira E, Schoehn G, Fernandez Y, Jorba N, Ruigrok RW, et al. (2007)
Three-dimensional model for the isolated recombinant influenza virus
polymerase heterotrimer. Nucleic Acids Res 35: 3774-3783.

@ PLoS ONE | www.plosone.org

717.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l

92,

93.

94.

95.

96.

Rab11-Dependent Transport of Influenza Virus vRNP

Resa-Infante P, Recuero-Checa MA, Zamarreno N, Llorca O, Ortin J (2010)
Structural and functional characterisation of an influenza virus RNA
polymerase-genomic RNA complex. J Virol. pp 11.

Hutchinson EC, von Kirchbach JC, Gog JR, Digard P (2009) Genome
packaging in influenza A virus. J Gen Virol 91: 313-328.

Nakajima K, Ueda M, Sugiura A (1979) Origin of small RNA in von Magnus
particles of influenza virus. J Virol 29: 1142-1148.

Duhaut 8D, McCauley JW (1996) Defective RNAs inhibit the assembly of
influenza virus genome segments in a segment-specific manner. Virology 216:
326-337.

Odagiri T, Tashiro M (1997) Segmentspecific noncoding sequences of the
influenza virus genome RNA are involved in the specific competition between
defective interfering RNA and its progenitor RNA segment at the virion
assembly step. J Virol 71: 2138-2145,

Duhaut SD, Dimmock NJ (2002) Defective segment 1 RNAs that interfere with
production of infectious influenza A virus require at least 150 nucleotides of 5’
sequence: evidence from a plasmid-driven system. J Gen Virol 83; 403—411.
Tujii Y, Goto H, Watanabe T, Yoshida T, Kawaoka Y (2003) Selective
incorporation of influenza virus RNA segments into virions. Proc Natl Acad
Sci U S A 100: 2002-2007.

Noda T, Sagara H, Yen A, Takada A, Kida H, et al. (2006) Architecture of
ribonucleoprotein complexes in influenza A virus particles. Nature 439:
490-492.

Harris A, Cardone G, Winkler DC, Heymann JB, Brecher M, et al. (2006)
Influenza virus pleiomorphy characterized by cryoelectron tomography. Proc
Natl Acad Sci U S A 103: 19123-19127.

Nayak DP, Hui EK-W, Barman $ (2004) Assembly and budding of influenza
virus, Virus Research 106: 147-165.

Watanabe K, Handa H, Mizumoto K, Nagata K (1996) Mechanism for
inhibition of influenza virus RNA polymerase activity by matrix protein. J Virol
70: 241-247.

Elster G, Larsen K, Gagnon J, Ruigrok RW, Baudin F (1997) Influenza virus M 1
protein binds to RNA through its nuclear localization signal. ] Gen Virol 78(Pt
7): 1589-1596.

Ye Z, Liu T, Offringa DP, McInnis J, Levandowski RA (1999) Association of
influenza virus matrix protein with ribonucleoproteins. J Virol 73: 7467--7473.
Cresawn KO, Potter BA, Oztan A, Guerriero CJ, Ihrke G, et al. (2007)
Differential involvement of endocytic compartments in the biosynthetic traffic of
apical proteins. EMBO J 26: 3737-3748.

Rowe RK, Suszko JW, Pekosz A (2008) Roles for the recycling endosome, Rab8,
and Rabl1 in hantavirus release from epithelial cells. Virology 382: 239-249.
Brock SC, Goldenring JR, Crowe JE, Jr. (2003) Apical recycling systems regulate
directional budding of respiratory syncytial virus from polarized epithelial cells.
Proc Natl Acad Sci U S A 100: 15143-15148.

Krzyzaniak MA, Mach M, Britt WJ (2009) HCMV-encoded glycoprotein M
(UL100) interacts with Rab11 effector protein FIP4. Traffic 10: 1439-1457.
Rossman JS, Jing X, Leser GP, Lamb RA (2010) Influenza virus M2 protein
mediates ESCRT-independent membrane scission. Cell 142: 902-913.
Abramoff MD, Magelhaes PJ, Ram 8] (2004) Image Processing with Image].
Biophotonics International 11: 36-42.

Jin M, Goldenring JR (2006) The Rab11-FIP1/RCP gene codes for multiple
protein transcripts related to the plasma membrane recycling system. Biochim
Biophys Acta 1759: 281-295.

June 2011 | Volume 6 | Issue 6 | €21123



D
(&)
(e=
Q0
(@]
n
©
(@)
Y—
(@]
©
=
=
=
(@}
S

3254 Research Article

Role of Template Activating Factor-l as a chaperone in
linker histone dynamics

Kohsuke Kato', Mitsuru Okuwaki'**® and Kyosuke Nagata'*

"Department of Infection Biology, Graduate School of Comprehensive Human Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8575,
Japan

2|nitiative for the Promotion of Young Scientists’ Independent Research, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8575, Japan
SPRESTO, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

*Author for correspondence (knagata@ md.tsukuba.ac.jp)

Accepted 6 June 2011

Journal of Cell Science 124, 32543265

© 2011. Published by The Company of Biologists Ltd
doi: 10.1242/jcs.083139

Summary

Linker histone HI is a fundamental chromosomal protein involved in the maintenance of higher-ordered chromatin organization. The
exchange dynamics of histone H1 correlates well with chromatin plasticity. A variety of core histone chaperones involved in core
histone dynamics has been identified, but the identity of the linker histone chaperone in the somatic cell nucleus has been a long-
standing unanswered question. Here we show that Template Activating Factor-I (TAF-I, also known as protein SET) is involved in
histone H1 dynamics as a linker histone chaperone. Among previously identified core histone chaperones and linker histone chaperone
candidates, only TAF-I was found to be associated specifically with histone H1 in mammalian somatic cell nuclei. TAF-I showed linker
histone chaperone activity in vitro. Fluorescence recovery after photobleaching analyses revealed that TAF-I is involved in the
regulation of histone H1 dynamics in the nucleus. Therefore, we propose that TAF-I is a key molecule that regulates linker histone-

mediated chromatin assembly and disassembly.

Key words: Chromatin, FRAP, Histone chaperone, Linker histone H1, Nuclear dynamics, TAF-I

Introduction

Eukaryotic genomic DNA is associated with chromatin proteins
including histones and non-histone proteins, which form the
chromatin structure. The repeating unit of chromatin is a
nucleosome core particle (NCP) that consists of 147 base pair
(bp)-long DNA wrapped around a histone octamer consisting of
two copies each of core histone H2A, H2B, H3 and H4 (Luger et
al., 1997). NCPs are flanked by linker DNA, and NCP repeats are
folded into the 10 nm chromatin fiber. Linker histone H1 seals
the entry and exit of nucleosomal DNA and is involved in folding
and stabilization of the 30 nm chromatin fiber (Tremethick,
2007).

Chromatin remodeling is a crucial step associated with the
expression of genomic functions such as transcription, replication,
repair and recombination. In addition, deposition and replacement
of histones are also important to maintain and alter the overall
chromatin structure. ATP-dependent chromatin-remodeling factors
and histone modification enzymes such as histone acetyltransferases
and methyltransferases have important roles in the dynamic
regulation of the chromatin structure and the gene activity.
Furthermore, the histone chaperone family is also involved in
regulation of chromatin structure and histone metabolism (De
Koning et al., 2007). A variety of histone chaperones for core
histones have been identified. Core histone chaperones bind to core
histones and facilitate assembly and disassembly of the nucleosome
structure in an ATP-independent manner. During cell-cycle-,
development- and differentiation-specific exchange and assembly
of histones, core histone chaperones and/or assembly factors have
central roles (De Koning et al., 2007). For instance, histone H3.3 is

suggested to be incorporated into transcription-active chromatin by
the HIRA-Asfl histone chaperone complex in a replication-
independent manner (Ahmad and Henikoff, 2002; Tagami et al.,
2004), whereas the canonical histone H3.1 is suggested to be
incorporated into chromatin by the chromatin assembly factor 1 p55
subunit (CAF1)-Asf1 histone chaperone complex in a replication-
dependent manner (Tagami et al., 2004). In the case of histone
H2A-H2B, in vitro studies revealed that Nucleosome Assembly
Protein-1 (NAP-1) is involved in the exchange of histone H2A
variants such as H2A.Z and H2A-Bbd (Okuwaki et al., 2005; Park
et al., 2005).

In addition to the dynamics of core histones, the linker histone
dynamics should be considered in the context of global regulation
of the genomic chromatin, as well as chromatin remodeling.
Mammalian cells have at least 11 histone H1 variants, which are
classified into three sub-groups: germ cell type, somatic cell type
and replacement type (Happel and Doenecke, 2009). The
composition of histone H1 variants on chromatin is altered
dramatically during early embryogenesis and throughout cell
differentiation (Godde and Ura, 2009). A knockout (KO) mouse
with three somatic histone H1 variants (Hlc, Hld and Hle)
disrupted shows embryonic lethality, indicating that histone H1 is
essential for mammalian development (Fan et al, 2003).
Fluorescence recovery after photobleaching (FRAP) analyses
have revealed that linker histone H1 is rapidly exchanged within
a few minutes, whereas core histone species are more stably bound
to chromatin (Kimura and Cook, 2001; Lever et al., 2000; Misteli
et al., 2000; Th’ng et al., 2005). The kinetics of histone HI
exchange is altered in association with cell differentiation and
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nuclear reprogramming (Jullien et al., 2010; Meshorer et al., 2006;
Yellajoshyula and Brown, 2006). The ectopic expression of less-
mobile Hl mutants inhibits differentiation of lineage-committed
cell lines and mouse embryonic stem cells (Meshorer et al., 2006;
Yellajoshyula and Brown, 2006). In such histone H1 dynamics,
covalent modifications such as phosphorylation, acetylation and
methylation of both N- and C-terminal tails of histone H1 are
crucial as epigenetic molecular signatures (Trojer et al., 2009;
Vaquero et al., 2004; Wisniewski et al., 2007).

In addition to the phosphorylation by cyclin-dependent kinases
(CDKs), it is suggested that high mobility group (HMG) proteins
are involved in the regulation of histone H1 dynamics by their
competitive binding to the linker DNA for histone H1 (Catez et
al., 2004). However, the detailed mechanism and involvement of
other trans-acting factors in histone H1 dynamics is not clear.
More importantly, the identity of a histone chaperone(s) specific
for histone H1 is not known. It has been reported that NAP-1
functions as a linker histone H1 chaperone in Xenopus egg
extracts (Shintomi et al., 2005). In mammalian cells, nuclear
autoantigenic sperm protein (NASP) has been reported as a linker
histone chaperone candidate (Alekseev et al., 2003). NASP
associates with histone H1 and promotes its nuclear import in
vitro (Alekseev et al., 2005). In addition, prothymosin-o (ProTot)
was shown to have the modulatory activity of histone H1 binding
to chromatin (Karetsou et al., 1998 George and Brown, 2010).

To reveal the regulatory mechanism of histone H1 dynamics,
we aimed to identify a linker histone chaperone(s) in mammalian
somatic cells. Here, we have identified Template Activating
Factor-1 (TAF-I, also known as protein SET), a histone H3—H4
chaperone (Kawase et al., 1996), as a linker histone binding
protein. Results presented here propose that TAF-I, rather than
NAP-1 and NASP, is involved in regulation of the plasticity of
chromatin in higher eukaryotes through its linker histone
chaperone activity.

Results

TAF-I binds to histone H1 in the mammalian somatic

cell nucleus

To identify a mammalian linker histone chaperone, we first
examined the in vivo interaction between histone H1 and putative
linker histone chaperone candidates, NAP-1 and NASP (Shintomi
et al., 2005; Alekseev et al., 2005). We also examined the binding
activity to linker histones of well-characterized histone
chaperones for histone H2A and histone H3. To this end, we
established HeLa cell lines stably expressing C-terminally
FLAG-tagged histones (supplementary material Fig. S1A,B)
(Okuwaki et al., 2010) and performed immunoprecipitation and
western blotting analyses (Fig. 1A,B). We found the pronounced
co-precipitation of H1.0-FLAG with TAF-I, one of histone H3—
H4 chaperones, in the nuclear soluble fraction (Fig. 1A). TAF-I
has the core histone chaperone activity in vitro (Kawase et al.,
1996), although the amount of TAF-I co-precipitated with H3.2—
FLAG was less compared with that with H1.0-FLAG. Given that
primary structure and the cell-cycle-dependent expression pattern
of histone H1.0 (replacement subtype) differ from those of other
five somatic H1 variants (Happel and Doenecke, 2009), we next
examined the interaction between TAF-I and somatic type linker
histone H1.1. TAF-I was also co-precipitated with H1.1-FLAG
in the nuclear soluble fraction (Fig. 1B). TAF-I associated with
H1.0-FLAG strongly compared with TAF-Io (Fig. 1A, lane 16).
Similarly, H1.1-FLAG was preferentially associated with TAF-

IB but not with TAF-Ia (Fig. 1B, lane 8). TAF-Io. and TAF-If
differ by a short N-terminal segment (Miyaji-Yamaguchi et al.,
1999). Thus, the N-terminal region of TAF-I might be involved
in regulating histone H1 binding (discussed later). By contrast,
the p150 subunit of chromatin assembly factor-I (CAF-I) and
anti-silencing function 1b (Asflb) co-precipitated with histone
H3.2 (Tagami et al., 2004), but not with histone H1.0. NAP-1 and
Spt16, a subunit of the FACT complex, were co-precipitated with
histone H2A (Okuwaki et al., 2010). Note that neither NAP-1 nor
NASP were co-precipitated with histone H1.0 in either
cytoplasmic or nuclear fractions. Rather, NASP was efficiently
co-precipitated with histone H3.2, as previously reported
(Tagami et al., 2004).

Because it is possible that an artificial interaction between
TAF-I and excess FLAG-tagged histone H1 occurs, we next
examined by liquid chromatography and mass spectrometry (LC-
MS/MS) whether TAF-I interacts with endogenous histone HI.
Fig. 1C shows that TAF-lo and TAF-If were -efficiently
precipitated with anti-TAF-IB antibody, and proteins with
molecular masses of 32 kDa were also co-precipitated. Trypsin
digestion and LC-MS/MS analysis of these proteins revealed
common peptides to the cell-cycle-dependent histone H1 variants
(H1.1-H1.5), and specific peptides to H1.2, H1.4, H1.5 and H1.X
(supplementary material Tables S1 and S2). Western blotting
analyses verified the interaction between histone H1X and TAF-I
(Fig. 1D). These results support our conclusion that TAF-I is
associated with histone H1 in the nuclear soluble fraction. It is
possible that the interaction between histone H1.0 and TAF-I
cannot be detected because of the low expression level of histone
H1.0 in HeLa cells (Wisniewski et al., 2007).

TAF-I has linker histone chaperone activity

The association of TAF-I with histone H1 in the nuclear soluble
fraction suggests that TAF-I functions as a linker histone
chaperone to regulate histone H1 binding to linker DNA in
chromatin. We examined whether TAF-I can facilitate
chromatosome (nucleosome core particle-histone H1 complex)
assembly, using purified recombinant His-tagged histone H1.1
and GST-tagged TAF-If (Fig. 2A), and nucleosome core
particles (NCPs) (Okuwaki et al., 2005). NCPs resolved by
polyacrylamide gel electrophoresis were detected by anti-histone
H3 antibody (Fig. 2B, compare lanes 1 and 6, and Fig. 2C, lane
6). When His—H1.1 alone was added to naked DNA or NCPs, the
high molecular weight aggregates were formed by non-specific
association between histone H1.1 and DNA (Fig. 2B, lanes 2 and
7). However, when GST-TAF-IB was incubated with His—H1.1
before addition of DNA, TAF-Ip suppressed aggregate formation
(Fig. 2B, compare lanes 2 and 3 with 4 and 5). A novel complex
(H1.1-NCPs) was formed when GST-TAF-If was incubated
with His—H1.1 before the addition of NCPs (Fig. 2B, lanes 8-10).
To determine whether this novel complex contains His—H1.1, we
carried out super-shift assays by incubating H1.1-NCPs with
anti-His antibody (Fig. 2D). A band generated by the incubation
of NCPs with His—H1.1 and GST-TAF-IP ceased to exist upon
addition of anti-His antibody, whereas a novel super-shifted band
appeared (Fig. 2D, compare lanes 3 and 4). Western blotting
analyses revealed that this super-shifted band contains histone
H3, similarly to NCPs and H1.1-NCPs (Fig. 2D, right panel,
compare lanes 3 and 4). We therefore concluded that this novel
complex consists of NCPs and His—H1.1 and TAF-If facilitates
the formation of H1.1-NCP complexes (Fig. 2B, lanes 9 and 10).
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Fig. 1. Association of TAF-1 with histone H1 in nuclear soluble extracts of HeLa cells. (A,B) Histone chaperones co-immunoprecipitated with FLAG-tagged
histones from cell extracts were detected by western blotting analyses. Cytoplasmic extracts (CE) and nuclear extracts (NE) prepared from HeLa cell lines
expressing FLAG-tagged histones (indicated above panels) were used. Con (Control) indicates HeLa cells without expression of any tagged protein. Input extracts

(In, 1% of total extract volume) and immunoprecipitated proteins (IP, 20% of
blotting with antibodies against FLAG tag, Spt16, CAF-Ip150, NASP, NAP-1,

total elution volume) were resolved by 12.5% SDS-PAGE followed by western
Asflb and TAF-I. Positions of proteins are indicated by arrowheads.

(C) Endogenous histone H1 associates with TAF-I in HeLa cells. Co-immunoprecipitated proteins without (lane 1) or with anti-TAF-If antibody (lane 2) from

nuclear extracts were resolved by 10% SDS-PAGE followed by silver staining.

Proteins identified by LC-MS/MS analyses are indicated by arrows. Bullets are

heavy and light chains of anti-TAF-I antibody. Lane M indicates molecular size markers. (D) Association of histone H1X with TAF-I in nuclear extract was
confirmed by western blotting. Input extracts (0.2 and 0.05% of total extract volume) and immunoprecipitated proteins (10% of total elution volume) were
resolved by 10% SDS-PAGE followed by western blotting with antibodies against TAF-1 and histone H1X.

To wverify that the HI1.1-NCP complex forms proper
chromatosome structures, micrococcal nuclease (MNase)
digestion assays were performed essentially as described
(Shintomi et al., 2005). The MNase digestion of nucleosomes
assembled on plasmid DNA generates DNA fragments with a
repeat length of about 147 bp. If proper chromatosome is formed,
the linker DNA portion is additionally protected from MNase
digestion and about 165 bp-long DNA is generated. When
reconstituted chromatin with only core histones was subjected to
MNase digestion, the typical nucleosomal DNA ladder pattern
was observed in a MNase dose-dependent manner (Fig. 2E, lanes
1-3). However, in the presence of His—H1.1, the efficiency of
MNase digestion was reduced (Fig. 2E, lanes 4-9), and the
length of DNA protected from MNase digestion was slightly
longer. TAF-IP facilitated the efficiency of MNase digestion in
the presence of His—H1.1, and the protected DNA length was
slightly extended compared with that in the absence of TAF-If3
(Fig. 2E,F, compare lanes 4-6 with lanes 7-9). These results
indicate that the observed H1.1-NCP complex corresponds to the
proper chromatosome structure and that TAF-IB can facilitate

stable chromatosome structure with NCPs compared with histone
H1 alone. We conclude that TAF-I has the linker histone
chaperone activity.

Chromatosome assembly by TAF-1 and disassembly

by NAPs

Xenopus NAP-1 was identified as a B4 (oocyte-specific histone
H1) binding protein in Xenopus egg extracts and shown to
function in chromatosome assembly in vitro (Shintomi et al.,
2005). Furthermore, it was also reported that Xenopus NAP-1
facilitates both assembly and disassembly of chromatosome
structure when somatic type linker histone was used (Saeki et al.,
2005). Because TAF-I and NAP-1 adopt similar three-
dimensional structures (Muto et al,, 2007; Park and Luger,
2006), we hypothesized that TAF-I also facilitates chromatosome
disassembly. To test this, recombinant His-tagged TAF-I, NAP-1
(NAPIL1) and NAP-2 (NAP1L4) proteins were prepared
(Fig. 3A). To examine whether TAF-I facilitates chromatosome
disassembly similarly to NAP-1, the chromatosome was pre-
assembled by incubation of NCPs with histone H1.1, followed by



