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PREFACE 

!
Viruses are tiny infectious organisms that are occasionally pathogenic to the hosts they 

depend on to reproduce (Fig. 1). Once viruses enter host cells, the viral genome is 

generally transcribed into mRNAs, which are translated into viral proteins by using host 

metabolic and transcription/translation machinery. At the same time, the viral genome is 

replicated by using both host cellular machinery as well as viral proteins such as the 

viral polymerases. Then, the newly synthesized viral genome and proteins are finally 

assembled into progeny virions. These virions take various forms such as regular 

icosahedral, spherical, elliptical, and filamentous shapes with or without lipid envelopes 

derived from host cell membranes. The specific morphologies of these viruses appear to 

be optimized to protect and maintain their genome. Therefore, viral morphological 

features have long been extensively investigated not only to further our understanding 

of viral pathogenesis, but also to assist in the diagnosis of viral diseases by transmission 

electron microscopy. 
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Figure 1. A Schematic diagram of influenza viral replication cycle. Influenza virus 

attaches to the cellular membranes via host sialic acid receptors and is internalized by 

endocytosis. The viral envelope fuses with endosome membranes in a pH-dependent 

manner. Then the genome is uncoated and released into the cytoplasm. The genome is 

replicated in nucleus and viral proteins are synthesized. Finally, viral proteins are 

assembled, and the viral genome is packaged into the progeny virion.



 Influenza A virus, a member of the Orthomyxoviridae, is an enveloped virus 

with an eight-segmented, negative-sense, single-stranded RNA genome (Fig. 2). When 

influenza virions are observed by using negative-staining electron microscopy, they 

often appear as spherical, elliptical, filamentous, or sometimes irregular shapes, which 

is referred to as pleomorphism. Inside the virion, each viral genomic RNA segment 

forms a ribonucleoprotein complex (RNP) together with viral nucleoproteins and the 

heterotrimeric RNA-dependent RNA polymerase complex. Recent electron microscopic 

studies have shown that eight RNPs are arranged in a specific array, with seven RNPs 

surrounding a central one, and are selectively packaged into the virion, underneath its 

budding tip. Extensive research on the polymorphic outer features of the virions and on 

the RNP architecture inside the virions has been conducted; however, the 

morphogenesis of influenza virions is not yet fully understood. 

 By using various electron microscopic techniques, I have studied the interior and 

exterior morphologies of influenza virions. In Chapter I, to clarify the native 

morphology of the influenza virion, I attempted to determine whether the irregular-
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Figure 2. A Schematic diagram of virion structure. The virion possesses many membrane-

spanning glycoproteins, haemagglutinin (HA) and neuraminidase (NA), and small amounts of 

an ion channel protein (M2) on their surface. The membrane protein (M1), which binds to the 

lipid envelope, is thought to maintain virion structure. The eight-segmented genomic RNA 

(vRNA) is associated with multiple copies of nucleoproteins (NPs) and the heterotrimeric 

RNA-dependent RNA polymerase complexes that comprise PA, PB1, and PB2, which 

together form the ribonucleoprotein complex (RNP).



shaped influenza virion is native and which viral component is important for virion 

integrity. In Chapter II, I analyzed the orientation of the viral RNPs inside the virion to 

elucidate the morphogenesis and genome packaging mechanisms of influenza virus.  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The Native Morphology of Influenza Virions 

!
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I.1 ABSTRACT 

!
It is widely accepted that typical influenza A virions are pleomorphic; they are 

spherical, elliptical, or filamentous, about 100 nm in diameter, and can sometimes 

appear irregularly shaped after negative staining. However, these irregular virions have 

not been observed with ultrathin-section transmission or scanning electron microscopy. 

In this study, I aimed to determine whether ultracentrifugation, which is routinely used 

in virus purification before the negative-staining process, affects virion morphology by 

using chemical fixatives. The morphologies of unfixed, osmium tetroxide (OsO4)-fixed, 

or glutaraldehyde (GLA)-fixed virions of A/Puerto Rico/8/34 (PR8; H1N1) strain, 

whose structures are typically spherical or elliptical, were compared quantitatively 

before and after ultracentrifugation. The unfixed virions of A/Udorn/307/72 (Udorn; 

H3N2) strain, which have a filamentous morphology, were also observed by using 

negative staining before and after ultracentrifugation. When PR8 virions were observed 

by using ultrathin-section transmission and scanning electron microscopy, they appeared 

uniformly elliptical or spherical. When observed by negative staining, most PR8 virions 
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before ultracentrifugation were also spherical or elliptical. However, the morphology of 

the unfixed PR8 virions was appreciably altered from elliptical to irregular upon 

ultracentrifugation. By contrast, GLA-fixed PR8 virions remained uniformly elliptical 

even after ultracentrifugation. The filamentous virions of Udorn strain were similarly 

greatly deformed after ultracentrifugation. When a virus with an 11-amino acid deletion 

at the C terminus of its M2 cytoplasmic tail was ultracentrifuged, its morphology was 

appreciably deformed compared with that of the wild-type virus. These results 

demonstrate that, in nature, influenza A virions are regularly spherical, elliptical, or 

filamentous, but ultracentrifugation disrupts this native morphology, and that the 

cytoplasmic tail of M2 is important for structural integrity of the virion.  

!10



I.2 INTRODUCTION 

!
Influenza A virus is an enveloped virus with a segmented, single-strand, negative-

sense RNA genome [1]. Its virions are generally spherical or elliptical and about 

100 nm in diameter; occasionally, they are filamentous reaching over 20 µm in 

length, and sometimes they are irregular in shape. They possess many membrane-

spanning glycoproteins, hemagglutinin (HA) and neuraminidase (NA), and small 

amounts of an ion channel protein (M2) on their surface. The matrix protein (M1), 

which binds to the lipid envelope, is thought to maintain virion structure [1]. 

Previous studies have shown that single amino acid substitutions in M1 alter the 

virion morphology from filamentous to spherical, and vice versa [2-4]. Deletion of 

the cytoplasmic tail of M2, HA, or NA also alters virion morphology from 

spherical/elliptical to irregular [5, 6]. Thus, the interactions among M1, M2, HA, 

and NA are important for the formation and preservation of the characteristic 

virion shapes. 

 The virion structures of influenza A viruses have been extensively 

investigated by using various electron microscopies. When observed by ultrathin-

section transmission electron microscopy (ultrathin-section TEM) or scanning 
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electron microscopy (SEM), influenza virions appear spherical or elliptical [7-12]. 

On the other hand, negatively stained influenza virions often show varied 

morphologies from virion to virion, including irregularly shaped virions [13-17]. 

This discrepancy could be due to artifacts caused during sample preparation for 

negative staining, as artifacts can be introduced to fragile biological samples on air 

drying [18, 19]. However, I cannot exclude other possibilities. In this study, the 

effects of ultracentrifugation on influenza virion morphology were evaluated as a 

potential cause of changes in virion morphology, since sample preparation for 

negative staining often involves ultracentrifugation in order to purify the virions.  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I.3 MATERIALS AND METHODS 

!
Viruses 

A stock of A/Puerto Rico/8/34 (PR8; H1N1) strain was prepared by growing the virus in 

the allantoic cavity of 10-day-old chicken embryos at 37 ºC for 2 days. 

 293T cells were propagated in Dulbecco’s modified Eagle’s medium containing 

10% fetal bovine serum. Madin-Darby canine kidney (MDCK) cells were cultured in 

minimum essential medium containing 5% newborn calf serum. All cell cultures were 

supplemented with penicillin-streptomycin solution (x100; Wako Pure Chemical 

Industries) and maintained at 37°C in an atmosphere of 5% CO2. A/WSN/33 (WSN; 

H1N1) wild-type virus and its mutant virus, which had an 11-amino acid deletion from 

the C-terminus of its M2 cytoplasmic tail (M2Δ11), were generated in 293T cells by 

using reverse genetics as described previously [5, 20]. 

 Stocks of WSN wild-type, M2Δ11, and A/Udorn/307/72 (Udorn; H3N2) virus 

were prepared by growing the virus in the MDCK cells at 37 ºC for 2 days. 

!
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Fixation and ultracentrifugation 

Allantoic fluid or culture supernatant of MDCK cells was centrifuged at 780 x g for 5 

min to remove debris. Then aliquots of PR8 virions were fixed with glutaraldehyde 

(GLA) or osmium tetroxide (OsO4) at a final concentration of 2.5% or 0.5%, 

respectively, for 1 h at 4 ºC. Udorn and WSN virions were kept unfixed. The fixed or 

unfixed samples were ultracentrifuged through a 20% (w/w) sucrose cushion at 90,000 

x g for 1.5 h at 4 ºC. The pelleted virions were then suspended in phosphate-buffered 

saline (PBS). 

Negative staining 

Virions were adsorbed to formvar-coated copper mesh grids, negatively stained with 2% 

phosphotungstic acid solution and air-dried. Digital images of virions were taken with a 

TECNAI F20 electron microscope (FEI Company) at 80 or 200 kV. 

Ultrathin-section transmission electron microscopy (Ultrathin-section TEM) 

At 24 hours after inoculation with PR8 virus, the chorio-allantoic membranes of 

embryonated chicken eggs were harvested and wash with PBS. MDCK cells were 
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inoculated with WSN wild-type or M2Δ11 virus and incubated at 37 ºC for 24 h. These 

samples were pre-fixed with 2.5% GLA in 0.1 M cacodylate buffer (pH＝7.4) for 1 h at 

4°C. They were then washed with the same buffer and post-fixed with 2% OsO4 in the 

same buffer for 1 h at 4°C. After being dehydrated with a series of ethanol gradients 

followed by propylene oxide, the samples were embedded in Epon 812 Resin mixture 

(TAAB) and polymerized at 70°C for 2 days. Ultrathin sections, 50-nm thick, were 

stained with 2% uranyl acetate (UA) in 70% ethanol and Reynolds’ lead solution, and 

examined with a TECNAI F20 electron microscope (FEI Company) at 80 or 200 kV. 

Scanning electron microscopy (SEM) 

Allantoic membranes were fixed as described for ultrathin-section TEM. The fixed 

membranes were dehydrated with a series of ethanol gradients, followed by t-butanol, 

and dried in an ES-2030 freeze dryer (Hitachi High-Technologies Corp.). The 

specimens were then coated with OsO4 by using an HPC-1S osmium coater (Vacuum 

Device Inc.) and examined with an S-4200 microscope (Hitachi High-Technologies 

Corp.). 
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Western blotting 

Virions, purified by ultracentrifugation through a 20% (w/w) sucrose cushion, were 

suspended in 2× Tris-Glycine SDS sample buffer (Invitrogen) with or without 

dithiothreitol at a final concentration of 100 mM and incubated for 5 min at 95°C. The 

samples were subjected to SDS-PAGE on Tris-Glycine gels (mini-protean TGX gel any 

kD; Bio-Rad Laboratories), and then transferred to Immobilon-P transfer membranes 

(Millipore Corporation). The membranes were treated with a commercial blocking 

buffer (Blocking One; Nacalai Tesque) and incubated with primary antibodies, an anti-

influenza virus rabbit polyclonal antibody (R309) or an anti-M2 (14C2) monoclonal 

antibody, at 4°C overnight. The antibody-antigen complexes were detected by using an 

immunodetection kit (ABC kit; Vector Laboratories) and Immunostain HRP-1000 

(Konica Minolta Medical and Graphic). 

Quantification of virion shapes 

 Around 200 virions, whose lengths were less than 300 nm, were randomly 

picked for quantification. Their perimeters were traced and their boundary lengths and 
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areas measured by using ImageJ software (http://rsbweb.nih.gov/ij/). The values for 

shape complexity, which are defined as the ratio of (perimeter)2/4π(area), were 

calculated as described elsewhere [21]. The complexity value theoretically takes 1.0 for 

round virions and becomes larger for elongated or distorted virions.  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I.4 RESULTS 

!
Budding virions observed by ultrathin-section TEM  

When influenza A virions budding from infected cells are observed by ultrathin-section 

TEM, they are uniformly elliptical or spherical [7, 8, 11, 22, 23]. To confirm whether 

ultrathin-sectioned virions of PR8 strain are also uniformly elliptical, virions budding 

from allantoic membrane cells were subjected to ultrathin-section TEM. The virions 

budding from the apical plasma membranes were elliptical and almost uniform in shape, 

although they have slightly different lengths (Fig. 3A). 

 Next, to quantify the shapes of the virions visualized by ultrathin-section TEM, I 

randomly picked longitudinally sectioned virions containing rod-like ribonucleoprotein 

(RNP) complexes (Fig. 3B), whose long axes were thought to be entirely present within 

the ultrathin sections (50-nm thick), likely representing the size and shape of the whole 

virion. Virions that did not contain any RNPs were excluded, because they were likely 

sectioned at the edge and would, therefore, not have intact shapes. For descriptive 

purposes, the shape complexity values, which numerically classify the pleomorphicity 
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Figure 3. Budding PR8 virions observed by using ultrathin-section TEM. (A) A 

representative electron micrograph of PR8 virions budding from the cells of allantoic 

membranes. Uniformly oval virions can be seen budding from the apical plasma 

membrane. (B) Representative electron micrographs of ultrathin-sectioned virions. 

Respective shape complexity values are given above the photos. (C) Proportion of shape 

complexity values of ultrathin-sectioned virions. In total, 216 virions were assessed. 

Scale bars, 500 nm (A); 100 nm (B).



of virions, were calculated as described in the Materials and Methods and divided into 

three groups: 1.0 to 1.4, 1.4 to 1.8, and >1.8. In general, the 1.0–1.4 group contained 

spherical or elliptical particles, the 1.4–1.8 group had elongated or irregular-shaped 

virions, and the >1.8 group had extremely irregular virions (Fig. 3). Of the ultrathin-

sectioned PR8 virions, 94.9% were spherical or elliptical and fell into the 1.0–1.4 group, 

whereas 5.1% were elongated and classified in the 1.4–1.8 group (Fig. 3B and C). No 

virion was irregular in shape. My observations indicate that most virions observed by 

using ultrathin-section TEM are uniform in shape. 

Released virions observed by using SEM  

Next, I examined virions that were budding and released from the cells of allantoic 

membranes by using SEM. The virions that budded from these cells were homogenous 

in shape (Fig. 4A), similar to those observed by using ultrathin-section TEM (Fig. 3A). 

Released virions bound to chicken erythrocytes were also observed by using SEM (Fig. 

4B) and 197 virions, selected at random, were subjected to the morphological 

measurements. As was the case with ultrathin-section TEM, most of the virions were 
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Figure 4. PR8 virions observed by using SEM. (A) A representative electron 

micrograph of PR8 virions budding from the cells of allantoic membranes. (B) A 

representative electron micrograph of virions adsorbed onto a chicken erythrocyte, 

which was found with allantoic membrane cells under a scanning electron microscopic 

field. Elliptical and spherical virions can be seen. (C) A higher magnification of the 

representative electron micrographs of released virions on chicken erythrocytes. 

Respective shape complexity values are given above the photos. (D) Proportion of 

shape complexity values of virions visualized by using SEM. In total, 197 virions were 

examined. Scale bars, 500 nm (A and B); 100 nm (C).



round or oval and their complexity values fell into the 1.0–1.4 group (Fig. 4C and D). 

About 7% of the virions had an elongated shape and were categorized in the 1.4–1.8 

group, and no virion was irregular in shape (Fig. 4C and D). These results suggest that 

most virions observed by using SEM are round or elliptical in shape and are 

morphologically homogenous. 

Negatively stained virions 

In earlier reports, negatively stained virions were often heterogeneous and sometimes 

showed irregular shapes [13-17], which were generally thought to be artifacts 

introduced during the air-drying step of negative staining [18, 19]. To identify steps 

other than air-drying that may cause changes in virion morphology, I focused on 

ultracentrifugation, because it is often performed to purify or concentrate virions before 

negative staining. To evaluate the effect of ultracentrifugation on virion shape, I 

prepared virions that were unfixed or fixed with GLA or OsO4. Subsets of specimens 

were directly observed by use of negative staining with 2% phosphotungstic acid 

solution, and the rest were subjected to ultracentrifugation at 90,000 x g for 1.5 h at 4 
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ºC. In all samples, with or without ultracentrifugation, spike proteins composed of HA 

and NA were clearly observable on the virion surfaces (Fig. 5A–F). Most of the virions 

without ultracentrifugation had oval shapes but a small number of morphologically 

irregular virions were also observed (Fig. 5A and 6A–C). Without ultracentrifugation, 

about 90% of the virions were classified in the 1.0–1.4 group, while 6%–10% were 

elongated and classified in the 1.4–1.8 group (Fig. 5A–C and G–I). Some deformed 

virions that were classified in the >1.8 group were found in the unfixed sample without 

ultracentrifugation (Fig. 5A, G and 4A–C); similar virions were not observed in the 

GLA- or OsO4-fixed samples (Fig. 5B–C and H–I). 

 Upon ultracentrifugation, unfixed virions showed various irregular amoeba-like 

shapes (Fig. 5D and 6D-G). A total of 21.3% of them fell into the 1.4–1.8 group and 

9.1% were in the >1.8 group (Fig. 5J). Some virions were not only irregular shaped but 

also enlarged, suggesting that they were fused together. (Fig. 6G) However, virions 

fixed with GLA prior to ultracentrifugation did not show significant changes in 

morphology and most had an elongated shape (Fig. 5F and L). Although OsO4-fixed 
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Figure 5. Negatively stained PR8 virions. Representative electron micrographs of (A) 

unfixed virions (Unfixed), (B) OsO4-fixed virions (OsO4), (C) GLA-fixed virions 

(GLA), (D) unfixed and ultracentrifuged virions (Unfixed+UC), (E) OsO4-fixed and 

ultracentrifuged virions (OsO4+UC), and (F) GLA-fixed and ultracentrifuged virions 

(GLA+UC). Proportion of shape complexity values for the (G) Unfixed sample, (H) 

OsO4 sample, (I) GLA sample, (J) Unfixed+UC sample, (K) OsO4+UC and (L) GLA

+UC sample is shown. Respective shape complexity values are given above the photos. 

The total number of analyzed virions is shown beneath the circles. Scale bar, 100 nm.
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Figure 6. Irregular-shaped PR8 virions with complexity values >1.8. Examples of 

extremely irregular virions categorized into the complexity value >1.8 group. (A–C) 

unfixed and non-ultracentrifuged virions. (D–G) unfixed and ultracentrifuged virions. 

Respective shape complexity values are given above the photos. Scale bar; 100 nm.



virions were slightly altered into a round shape after ultracentrifugation, most were 

homogenous and morphologically irregular virions were not observed (Fig. 5E and K). 

These results indicate that ultracentrifugation affects virion morphology and that the 

proportion of morphologically irregular virions increases after ultracentrifugation unless 

virions are first chemically fixed. Similarly, whereas non-ultracentrifuged Udorn virions 

commonly showed regularly tight cord-like structures, ultracentrifuged Udorn virions 

were irregularly crooked filamentous structures (Fig. 7) 

Statistical analysis of the morphological changes caused by ultracentrifugation 

To examine the morphological changes caused by ultracentrifugation quantitatively, the 

mean complexity values of each specimen were calculated by using the perimeters and 

areas of each virion, as described in the Methods (Table 1). There were no significant 

differences in the mean complexity values among unfixed, GLA-fixed, and OsO4-fixed 

virions without ultracentrifugation (P>0.01) (Table 2), suggesting that negative staining 

itself does not cause significant morphological changes. Upon ultracentrifugation, the 

mean complexity value of unfixed virions significantly increased compared to that of 
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Figure 7. Negatively stained Udorn virions. Representative electron micrographs of (A) 

unfixed virions (Unfixed) and (B) unfixed and ultracentrifuged virions (Unfixed+UC). 

Scale bars, 1 µm.
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Table 1. Mean complexity values

Sample Mean complexity value*

Unfixed 1.233±0.162 (n＝218)
OsO4 1.248±0.099 (n＝209)
GLA 1.229±0.112 (n＝215)
Unfixed＋UC 1.380±0.305 (n＝197)
OsO4 1.196±0.104 (n＝205)
GLA＋UC 1.251±0.067 (n＝200)
Ultrathin-section TEM 1.268±0.071 (n＝216)
SEM 1.262±0.086 (n＝197)

*Mean complexity values (±SD) and the total number of PR8 virions analysed for each 
sample are shown.

Table 2. Comparison of mean complexity values

　 P value*

Unfixed vs OsO 0.266
Unfixed vs GLA 0.739
GLA vs OsO 0.062
Unfixed vs Unfixed＋UC 4.779E-09
OsO4 2.233E-08
GLA vs GLA＋UC 0.022

*Comparison of the mean complexity values between the samples indicated. Statistical 
analyses were carried out using a non-parametric t-test. Statistically significant results 
(P<0.01) are shown in bold.
!



unfixed virions without ultracentrifugation (P<0.01) (Tables 1 and 2), indicating that the 

morphology of unfixed virions was significantly affected by ultracentrifugation. The 

mean complexity value of the OsO4-fixed virions decreased significantly upon 

ultracentrifugation, indicating that these virions were more spherical compared to those 

without ultracentrifugation (P<0.01) (Fig. 5B, E and Tables 1 and 2). However, the 

mean complexity value of ultracentrifuged GLA-fixed virions was not statistically 

different from that of GLA-fixed virions without ultracentrifugation (P>0.01) (Table 2), 

suggesting that GLA fixation preserves virion morphology regardless of 

ultracentrifugation.  

Morphology of an M2 tail deletion mutant as observed by using TEM 

Previously, the role of the M2 cytoplasmic tail in viral morphology were examined, by 

demonstrating that an 11-amino acid deletion from the C-terminus of the M2 

cytoplasmic tail does not affect virus growth, packaging efficiency of nucleoprotein 

(NP), or virion structure [5]. Here, to determine whether the M2 cytoplasmic tail is 

important for maintaining virion integrity, WSN wild-type and M2Δ11 viruses were 
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generated by using reverse genetics [5, 20]. The viruses were propagated once in 

MDCK cells and purified by ultracentrifugation. Western blotting showed that the ratio 

of the viral structural proteins, HA, NP, M1 and M2, was comparable between the wild-

type and the M2Δ11 viruses (Fig. 8A and B). Ultrathin-section TEM also demonstrated 

that there was no morphological difference between the two viruses and rod-like RNPs 

were observed in longitudinally sectioned virions as reported previously (Fig. 8C and D, 

left panels); the eight RNP segments were arranged in a specific pattern in cross-

sectioned virions (Fig. 8C and D, right panels) [12]. 

Comparison of morphological changes in WSN wild-type and M2 tail deletion 

virions upon ultracentrifugation 

To test the effect of the 11-amino acid deletion from the C-terminus of the M2 

cytoplasmic tail on virion integrity, wild-type and M2Δ11 virions were examined by 

means of negative staining. The WSN virions were rounder than the PR8 virions as 

reported previously [11]. Without ultracentrifugation, both wild-type and M2Δ11 virions 

were uniformly spherical or elliptical, although a few irregular-shaped virions were 

!31



!32

Figure 8. Comparison of WSN wild-type and M2Δ11 virions. (A and B) Western blot 

analysis of the structural proteins of the two viruses. (A) Viral proteins, HA, NP, and 

M1, were separated by using SDS-PAGE under nonreducing conditions and detected 

with an anti-influenza virus rabbit polyclonal antibody (R309) (B) Under reducing 

conditions, monomeric M2 proteins were detected with an anti-M2 (14C2) monoclonal 

antibody. (C and D) WSN wild-type and M2Δ11 virions observed by use of ultrathin-

section TEM. Rod-like RNPs can be seen in all of the virions. Scale bars, 100 nm.



observed (Fig. 9A and B). Proportion of shape complexity values were similar between 

wild-type and M2Δ11 viruses without ultracentrifugation, and 1.0% or 0.5% of the 

wild-type and M2Δ11 virions, respectively, fell into the 1.4–1.8 group (Fig. 9E and F). 

Mean complexity values of the wild-type and M2Δ11 virions were similar and there was 

no significant difference between the two viruses (P>0.01) (Tables 3 and 4). As was the 

case with PR8 virions, both the unfixed WSN wild-type and the M2Δ11 virions changed 

their morphology after ultracentrifugation (Fig. 9C and D). Importantly, the structures of 

the M2Δ11 virions were substantially deformed after ultracentrifugation and most 

virions had irregular shapes (Fig. 9D). A total of 31.4% of them fell into the 1.4–1.8 

group and 1.7% were in the >1.8 group, whereas 8.0% of the wild-type virions were in 

1.4–1.8 group (Fig. 9G and H). Upon ultracentrifugation, the mean complexity values of 

both the wild-type and the M2Δ11 virions were significantly increased (Table 4). 

Moreover, the mean complexity value of the ultracentrifuged M2Δ11 virions was 

significantly greater than that of the wild-type virions (Table 4), indicating that the 

morphological changes in the M2Δ11 virions upon ultracentrifugation were much 
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Figure 9. Negatively stained WSN virions. Representative electron micrographs of (A) 

WSN wild-type virions, (B) M2Δ11 virions, (C) ultracentrifuged wild-type virions 

(Wild-type+UC), and (D) ultracentrifuged M2Δ11 virions (M2Δ11+UC). Proportion of 

shape complexity values for the (E) Wild-type sample, (F) M2Δ11 sample, (G) Wild-

type+UC sample, and (H) M2Δ11+UC sample are shown. Respective shape complexity 

values are given above the panes. The total number of analyzed virions is shown 

beneath the circles. Scale bar, 100 nm. 
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Table 3. Mean complexity values

Sample Mean complexity value*

Wild-type 1.167±0.076 (n＝197)
M2Δ11 1.159±0.060 (n＝201)
Wild-type＋UC 1.217±0.106 (n＝201)
M2Δ11＋UC 1.353±0.165 (n＝242)

*Mean complexity values (±SD) and the total number of the virions analysed for each 
sample are shown.

Table 4. Comparison of mean complexity values

　 P value*

Wild-type vs M2Δ11 0.199
Wild-type vs Wild-type＋UC 8.2E-08
M2Δ11 vs M2Δ11＋UC 2.77E-46
Wild-type＋UC vs M2Δ11＋UC 8.887E-23

*Comparison of the mean complexity values between the samples indicated. Statistical 
analyses were carried out using a non-parametric t-test. Statistically significant results 
(P<0.01) are shown in bold.
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greater than those in wild-type virions.  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I.5 DISCUSSION 

!
It is widely accepted that typical influenza A virions are spherical, elliptical, or 

filamentous, but that sometimes irregular-shaped virions are observed following 

negative staining. Such morphological features reflect the pleomorphism of influenza 

virions [15, 24]. Here, I found that virion morphology is significantly affected by 

ultracentrifugation, which is often involved in the negative staining process, resulting in 

the generation of morphologically irregular virions. However, the morphology of 

virions fixed with GLA was relatively conserved even after ultracentrifugation.  

 When virions fixed with GLA, a reagent that cross-links adjacent proteins [25], 

were ultracentrifuged, they maintained their uniformly spherical or oval shapes. In these 

virions, membrane-bound M1 molecules, which form a layer underneath the lipid 

envelope [26, 27], were tightly cross-linked to each other by GLA, presumably ensuring 

that the virion shape was conserved (Fig. 5F and L). On the other hand, when virions 

fixed with OsO4 were ultracentrifuged, the virions tended to change to round rather than 

irregular structures (Fig. 5E and K). This morphological change likely reflects the fact 
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that OsO4 fixes mainly lipid membranes rather than proteins [25], which is insufficient 

to maintain the protein-protein interactions of the transmembrane proteins and M1 when 

faced with the physical impact of ultracentrifugation, although the lipid fixation protects 

the viral envelope from complete deformation into an irregular shape. For ultrathin-

section TEM and SEM of budding virions, sample processing begins with GLA and 

OsO4 chemical fixation, and does not involve ultracentrifugation. Therefore, the virion 

structures are relatively conserved during sample processing, and irregular virions were 

not found on ultrathin-section TEM and SEM analyses (Fig. 3 and 4). Taken together, I 

suggest that ultracentrifugation is a major cause of morphological artifacts with unfixed 

influenza virions and that the native structure of influenza virions is uniformly 

spherical, elliptical, or filamentous. 

 A recent study showed that the M2 cytoplasmic tail directly interacts with M1 

through residues 71–76 in M2 and plays an essential role in viral assembly [28]. 

Because the mutant virus tested in this study still possessed the ability to bind to M1, 

the deletion did not affect virion morphology or the incorporation of M1 or the other 
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viral proteins into virions (Fig. 8). Nevertheless, the integrity of the mutant virions upon 

ultracentrifugation was considerably decreased (Fig. 9 and Table 4), suggesting that the 

C-terminal 11 amino acids of M2 are involved in interactions with viral components 

(e.g., M1). The fragility of the M2 tail mutant may explain its suboptimal growth 

compared to that of wild-type virus [5]. 

 Concentration and purification of specimens by ultracentrifugation facilitate 

structural analyses when using cryoelectron microscopy (cryoEM) or negative-staining 

electron microscopy. However, their artifactual effects, especially on fragile and fusion-

capable lipid-vesicle samples such as enveloped virions, must be considered. Although 

cryoEM, which is used to observe native structures of unfixed, unstained, and frozen 

hydrated specimens, has been used to document morphologically irregular influenza 

virions in purified samples [11, 29-31], such virions are unlikely to reflect the native 

structure of those virions due to sample processing involving ultracentrifugation. The 

artifactual effects caused by using ultracentrifugation should be fully considered when 
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undertaking detailed morphological analyses of enveloped viruses, including influenza 

viruses.  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!

!

Chapter II 

!

Orientations of the Influenza Viral Ribonucleoprotein 

Complexes  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II.1 ABSTRACT 

!
The influenza A virus possesses an eight-segmented, negative-sense, single-stranded 

RNA genome (vRNA). Each vRNA segment binds to multiple copies of viral 

nucleoproteins and a small number of heterotrimeric polymerase complexes to form a 

rod-like RNP, which is essential for the transcription and replication of the vRNAs. 

However, how the RNPs are organized within the progeny virion is not fully 

understood. Here, by focusing on polymerase complexes, I analyzed the fine structure 

of purified RNPs and their orientations within virions by using various EM. I confirmed 

that the individual RNPs possess a single polymerase complex at one end of the rod-like 

structure and that, by using immune electron microscopy, some RNPs are incorporated 

into budding virions with their polymerase-binding ends at the budding tip, whereas 

others align with their polymerase-binding ends at the bottom of the virion. These data 

further our understanding of influenza virion morphogenesis.  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II.2 INTRODUCTION 

!
Influenza A virus is a member of the family Orthomyxoviridae, with an eight-segmented 

and single-stranded genomic RNA (vRNA) of negative polarity. The vRNA is 

associated with multiple copies of nucleoproteins (NPs) and a small number of 

heterotrimeric RNA-dependent RNA polymerase complexes that comprise PA, PB1, 

and PB2, which together form the RNP. The RNP functions as a minimal unit 

responsible for the transcription and replication of the vRNA. 

 RNPs have twisted rod-like structures of approximately 13 nm in diameter; a 

string of NP beads folds back on itself, forming a loop structure at one end [32]. These 

rod-like structures range in length from 30 to 110 nm, which is consistent with the 

lengths of the respective vRNA segments [33]. The conserved and partially 

complementary sequences of the 5´ and 3´ ends of the vRNA form a promoter region, 

with which the viral polymerase complex is thought to associate [34-38]. Immuno-

electron microscopy (Immuno-EM) of purified RNPs suggested that only one or a few 

polymerase complexes are located at the end of the rod-like RNP [39, 40], and that, 
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therefore, the polymerase complexes are located at the opposite end to the RNP loop. In 

addition, recent single particle analyses revealed the three-dimensional (3D) structure of 

native RNPs, in which the polymerase complex was located at the end [41, 42]. 

However, the polymerase complex has still not been directly visualized without 

averaging techniques, because the 3D structure generated by single particle analysis is 

the average image from many different RNPs; it cannot provide information about the 

structure of individual RNPs. 

 Recent studies have shown that the eight unique vRNA segments that form 

RNPs are selectively packaged into each virion through segment-specific packaging 

signals that are present at the 5´ and 3´ ends of the vRNA segments [12, 43-46]. It has 

also been demonstrated by EM that the eight RNPs within the virions are arranged in a 

characteristic pattern – seven RNPs surround a central RNP – and that this set of eight 

RNPs associate vertically with an inner viral envelope at the tip of the budding virion 

[12, 44]. On the basis of these recent findings, the eight RNPs are thought to be 
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coordinately arranged and incorporated into progeny virions. However, the orientations 

of the eight RNPs within budding virions are still not fully understood. 

 Here, I sought to determine the orientations of RNPs within the budding virion 

in more detail to better understand virion morphogenesis. To this end, I first conducted 

scanning transmission electron microscopy (STEM) tomography to clarify the number 

and exact location of the polymerase complexes in individual RNPs without using 

averaging techniques. Then, based on the information obtained from the STEM 

tomography, I analyzed the orientations of the RNPs within the budding virion by using 

immuno-EM.  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II.3 MATERIALS AND METHODS 

!
Antibodies 

Mouse anti-NP (2S347/3), anti-PA (65/4), anti-PB1 (8/9), anti-PB2 (18/1), and anti-

DYKDDDDK tag (anti-FLAG; Wako Pure Chemical Industries) monoclonal antibodies 

were used for immuno-EM. Goat anti-mouse IgG antibody conjugated to 10-nm gold 

particles was purchased from BBInternational. 

Virus preparation 

A stock of PR8 strain was prepared in chicken embryos as described in Materials and 

Methods in Chapter I. The virions were ultracentrifuged through a sucrose gradient and 

purified. 

RNP purification 

Purified PR8 virions were lysed in a solution containing 50 mM Tris-HCl (pH＝8.0), 

100 mM KCl, 5 mM MgCl2, 1 mM DTT, 2% lysolecithin, 2% Triton X-100, 5% 

glycerol, and 1U/µl RNase inhibitor (Promega) for 1 h at 30 ºC. The sample was then 
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directly ultracentrifuged through a 30%–70% glycerol gradient at 245,000 x g for 3 h at 

4 ºC. 

Gel electrophoresis and staining 

After ultracentrifugation through 30%–70% glycerol gradients, the fractions were 

mixed with 2× Tris/glycine SDS sample buffer (Invitrogen) and subjected to SDS-

PAGE, followed by Coomassie brilliant blue staining (CBB Stain One; Nacalai Tesque). 

Negative-staining immuno-EM 

Purified RNPs were adsorbed to formvar-coated nickel grids and pre-fixed with 1% 

glutaraldehyde (GLA). The grids were washed, treated with blocking solution (Blocking 

One; Nacalai Tesque), and then incubated with an anti-NP, anti-PA, anti-PB1, anti-PB2 

antibody, or anti-FLAG antibody conjugated with 5-nm gold particles 

(BBInternational). After being washed, the samples were fixed with 1% GLA and 

negatively stained with 1% UA. The images were recorded with a Tecnai F20 TEM 

(FEI Company) operated at 200 kV. 

!
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STEM tomography and image analysis 

Purified RNPs were adsorbed onto carbon-coated copper grids, negatively stained with 

1% UA, and then air dried. The single- or dual-axis tomographic images of the 

negatively stained RNPs were obtained on a high-angle annular dark-field detector 

(Fischione) with a field emission STEM operated at 200 kV (Tecnai F20; FEI 

Company). The x- and y-axis tilted series of the RNP images were collected by 2cosθ° 

each up to ± 60° (75 images) at 0.18 to 0.26 nm per pixel. The raw images were 

reconstructed into a 3D volume by using Inspect3D software (FEI Company). For dual-

axis STEM tomography, two volumes obtained from the x- and y-axis tilted series were 

combined by using Inspect3D software. Digital slices (0.18- to 0.26-nm thick) were 

visualized with the Avizo 6.2 image processing package (Visualization Science Group). 

Ultrathin-section immuno-EM 

The chemically fixed sample of PR8-infected allantoic membranes was prepared as 

described in Materials and Methods in Chapter I. Sections of the sample (80-nm thick) 

were etched on nickel grids with saturated sodium periodate solution, washed with 0.2 
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M glycine in PBS, and treated with the blocking solution. The grids were then incubated 

with an anti-NP, anti-PB2, anti-PB1, anti-PA, or anti-FLAG monoclonal antibody. After 

being washed with PBS, they were incubated with a goat anti-mouse immunoglobulin 

conjugated to 10-nm gold particles. The samples were washed, fixed with 1% GLA, and 

stained with 2% UA and Reynolds’ lead. The digital images were recorded with TEM 

operated at 200 kV. 

Distribution analysis of the NP and polymerases within the virions 

Longitudinally sectioned virions containing rod-like RNPs were randomly selected in 

the images from the ultrathin-section immuno-EM. The distribution of gold signals in 

the virions was examined by measuring the distances from the budding tip of the virions 

to the gold signal by using ImageJ software. 

Theoretical models for molecular distribution patterns on RNPs 

I constructed four theoretical distribution models in which the molecules are evenly 

distributed on the eight RNPs (NP Model), located at the ends of the RNPs only at the 

budding tip (Polymerase Model 1), located at the bottom end (Polymerase Model 2), or 
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located at both ends (Polymerase Model 3). The lengths of the RNPs were assumed to 

be proportional to the number of nucleotides in the respective vRNA segments (100, 

100, 95, 76, 67, 60, 44, and 38 nm for segment #1 to #8, respectively). For the NP 

Model, each molecule was considered to be located at intervals of 2.0 nm on the RNPs, 

on the basis of previous reports showing that each NP molecule binds to 24 nucleotides 

of viral RNA [41]. The gold signals that reacted to each molecule were considered to be 

normally distributed. The data analysis and graph creation were done by using R 

packaging version 2.15.1 [47].  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II.4 RESULTS 

!
STEM tomography of purified RNPs 

The polymerase complex is located at the end of the RNP, whose 3D structure was 

recently visualized by use of single particle analysis [41, 42]. This analysis, however, 

provides structural information by averaging many different molecules. Therefore, the 

polymerase complex has still not been directly visualized without averaging techniques. 

To determine the exact location and the number of polymerase complexes on individual 

RNPs, I extracted RNPs from purified virions. Gel electrophoresis and negative-staining 

EM of the purified RNPs showed that the specimen was highly purified with few 

disrupted RNPs or debris from the other viral components (Fig. 10). I then conducted 

negative-staining immuno-EM with monoclonal antibodies against the respective RNP 

components. I found that the polymerase subunits were exclusively detected at one end 

of the rod-like RNP, whereas NP molecules were detected along the entire length of the 

rod-like structure of the RNP (Fig. 11). These results are in good agreement with a 

previous study [39, 40]. Next, I attempted to visualize the polymerase complex binding 
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Figure 10. Isolation and purification of RNPs. (A) Gel electrophoresis of the proteins 

of each fraction after ultracentrifugation through 30%–70% glycerol gradients. 

Fractions 8 and 9, containing NP and polymerase proteins, were used for the RNP 

observations. (B) A representative electron micrograph of the RNPs at a low 

magnification. M; Molecular marker. Scale bar, 200 nm.
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Figure 11. Negative-staining immuno-EM of purified RNPs with an (A) anti-NP, (B) 

anti-PA, (C) anti-PB1, (D) anti-PB2 antibody, or (E) anti-FLAG antibody conjugated 

with 5-nm gold particles. I analyzed 21 RNPs labeled with an anti-PA antibody, 16 

RNPs with an anti-PB1 antibody, 23 RNPs with an anti-PB2 antibody, and 35 RNPs 

with an anti-NP antibody. All of the RNPs labeled with anti-polymerase antibodies had 

only a single gold bead, whereas those labeled with the anti-NP antibody had one to 

four gold beads which were distributed throughout the RNP. Scale bar, 50 nm.



to the end of the RNP by using STEM tomography. Electron tomography is a technique 

used to construct detailed 3D structures of macromolecules; STEM tomography 

provides a better contrast and signal-to-noise ratio than does conventional electron 

tomography, producing high resolution images [48, 49]. Upon reconstruction of images 

by using STEM tomography, I was able to visualize the constituent molecules of the 

RNP (Fig. 12A). At one end of the RNP, a loop structure was formed by several 

molecules that were uniform in shape and about 4 by 6 nm (Fig. 12, arrowheads); this is 

consistent with a previous report of NP molecules of 3.5 by 6.2 nm forming a small rod-

like structure [50]. In 50 out of the 323 RNPs (15.5%), I observed a single molecule of 

about 10 nm in diameter only at the blunt end opposite the loop structure. The 

morphology of this molecule, which sometimes showed a holey or grooved structure 

(Fig. 12A, arrows in the left panels), is consistent with the polymerase complex 

visualized by single particle analyses [41, 42, 51, 52]. Serial slices of the RNPs showed 

that the molecule has a different electron density from NP molecules (Fig. 12A, arrows 

in the right small panels), suggesting that the molecule observed at the end of the RNP 
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Figure 12. Reconstructed 0.18- to 0.26-nm-thick digital slice views of purified RNPs by 

STEM tomography. Large panels on the left show representative contrast-turned slice 

views of the RNPs; small panels on the right show serial sections of RNPs at 0.18- to 

0.26-nm intervals. (A) At one end of the RNP, NP molecules form a loop structure 

(arrowheads). A molecule with a holey or grooved structure (arrow on the left panels) of 

about 10 nm in diameter, which is morphologically different from NP molecules, is 

visible at the opposite end of the loop structure. (B) An RNP containing a molecule that 

is not clearly distinguishable from NP (arrow on the left panel). (C) An RNP that 

probably does not contain a polymerase. Scale bars, 50 nm. 



is most likely a single polymerase complex. I never observed two or more polymerase 

complexes on the RNPs. Taken together, my observations strongly suggest that only a 

single polymerase complex is present at the opposite end of the loop structure of a rod-

like RNP. 

Immuno-EM of thin-sectioned virions 

Within a budding virion, eight RNPs are associated vertically with the envelope at the 

tip [12, 44]. However, it remains unclear whether the polymerase-binding ends of the 

eight RNPs are present at the tip or at the middle or bottom portions of the budding 

virion. To clarify this point and determine the orientations of the eight RNPs within the 

budding virion in more detail, I analyzed the location of the polymerase subunits, which 

bind to the blunt end of the rod-like RNP (Fig. 12), within budding virions by using 

immuno-EM. After immuno-gold labeling with the respective monoclonal antibodies, I 

randomly chose longitudinally sectioned budding virions, in which the whole rod-like 

RNP complexes were visible (Fig. 13A–G). I saw no significant signal when immuno-

EM was conducted with an anti-FLAG antibody or without a primary antibody (Fig. 
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13E and F). Then, the distances between the immuno-gold signal and the budding tip of 

the virions were measured (Fig. 13H). I found that the NP signals were distributed along 

the length of the rod-like RNPs in the virions with a broad peak at 30 to 90 nm from the 

virion budding tip (Fig. 13I, left); there were also a few signals with anti-FLAG. The 

reduction in NP signals at around 100 to 150 nm from the tip of the virion is consistent 

with reports that the eight RNPs within the virion are associated with the tip of the 

budding virion and are different in length [12, 44]. On the other hand, the signals of the 

various polymerase subunits were distributed with a peak of around 10 to 40 nm from 

the virion budding tip; however, a considerable number of the signals were also found at 

around 60 to 120 nm from the virion budding tip (Fig. 13I, the three graphs on the 

right). These results indicate that most of the polymerases are present underneath the 

budding tip of the virion, but some are also present in the middle and at the bottom 

portion of the virions. Importantly, in some virions, the polymerase signals were found 

at both the top and the middle or the top and the bottom portions of the budding virion 

(Fig. 13G) Thus, my results indicate that the some RNPs are incorporated with their 

!59



!60

Figure 13. Immuno-staining of thin-sectioned virions. The sections were sequentially 

incubated with an (A) anti-NP, (B) anti-PA, (C) anti-PB1,(D) anti-PB2, or (E) anti-

FLAG monoclonal antibody, or (F) without a primary antibody, and with a secondary 

antibody conjugated to 10-nm gold particles. The number of virions examined was: 211 

for NP, 198 for PA, 178 for PB1, and 218 for PB2. (G) In some virions, the gold signals 

were simultaneously found both at the top and bottom of the same budding virion. (H) 

Distances between the budding tip of the virion and the gold-particle signals were 

measured. (I) Histograms indicating the distribution of NP, PA, PB1, and PB2 within the 

virions. Scale bars, 100 nm. 
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polymerase-binding ends toward the budding tip, whereas others are incorporated with 

their polymerase-binding ends toward the bottom of a virion (see Fig. 15B). 

Distribution modeling of the NP and polymerase 

To confirm my observations that polymerases are located at both the upper and lower 

portions of the virion, I constructed models for various distribution patterns on RNPs 

within the virion. The NP distribution Model showed a single peak at around the middle 

part of the virion, which agreed with the distribution of the anti-NP signals (Fig. 13I and 

12C, left). Polymerase Model 1 showed a sharp peak at the budding tip of the virion. 

Because RNPs differ in length, the distribution of Polymerase Model 2 showed a broad 

peak(s) at the bottom part of the virion. The data obtained by immuno-EM of anti-

polymerase antibodies was fitted to Polymerase Model 3, in which the molecules are 

located at the both tip and the bottom of the virion (Fig. 13I and 14C, right). This 

distribution model is characterized by a major sharp peak at the budding tip and a minor 

broad peak(s) at the middle/bottom of the virion. I analyzed the theoretical distributions 

by using three different standard deviations (10, 15 and 20 nm) of the normal 
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Figure 14. Molecular distribution models on RNPs. (A) Schematic diagrams of models 

showing even distribution on the RNPs (NP Model), localization only at the budding tip 

(Polymerase Model 1; top only), localization only at the bottom (Polymerase Model 2; 

bottom only), or localization at both positions (Polymerase Model 3; half-and-half). The 

blue and orange circles represent the NP and polymerase proteins, respectively. (B) 

Probability distribution curves for each vRNA segment for NP and Polymerase Models 

1 to 3. The x-axis represents the number of signals; the y-axis represents the distance 

between the virion-budding tip and the gold signals. (C) Combined distribution curves 

for each model. For the respective models, three curves were constructed by using 

different standard deviations of 20 (red), 15 (green) or 10 nm (blue). 



distributions for the distribution of each molecule, because the size of the primary and 

secondary antibody complex ranges from 10 to 20 nm (Fig. 14C). I found that the 

distribution pattern for Polymerase Model 3 was similar to the histograms obtained 

from immuno-EM by using anti-PA, PB1, or PB2 antibodies (Fig. 13I and 14C). 

Therefore, the slight differences in the distribution patterns of the PA, PB1, and PB2 

signals likely stem from differences among the respective normal distributions of the 

conjugated antibodies.  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II.5 DISCUSSION 

!
It have not been fully understood how the eight RNPs within the influenza virus virion 

are arranged, even though such information is important to our understanding of virion 

morphogenesis. Here, by combining STEM tomography and immuno-EM, I have 

confirmed that a single polymerase complex is associated with a rod-like RNP at the 

blunt end of the budding virion and shown that the orientation of the polymerase-

binding ends of the eight RNPs is not uniform within the budding virion. 

 A previous report estimated that there are more than nine polymerase complexes 

within an influenza virion [53]. However, the accuracy of this estimation remains 

unclear because my study as described in Chapter I showed that influenza virions could 

be fused during virion purification that involves ultracentrifugation [54]. In fact, 

immuno-EM and biochemical analyses indicate that a single polymerase complex is 

associated with one end of each of the eight RNP [35-42]. 

In this study, by using STEM tomography, I visualized the polymerase complex on a 

native RNP purified from virions (Fig. 12) without using averaging techniques such as 
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single particle analysis [41, 42, 51, 52]. I confirmed that each RNP likely possesses only 

a polymerase complex at one end of the RNP, although polymerase complexes could not 

be clearly observed in some RNPs (Fig. 12B and C). This was likely because some 

polymerase complexes may have been too close to neighboring NPs to be distinguished 

by STEM tomography, or because they were inadvertently removed during the 

experimental manipulation. Since polymerase complexes can be dissociated during RNP 

purification that involves ultracentrifugation [35, 39, 40, 55], it remains unclear whether 

some RNPs lack the polymerase complex to begin with. 

 For decades, two conflicting genome packaging models have been considered: 

selective packaging and random packaging. Recent studies finally concluded that a set 

of eight vRNA segments (i.e., the eight RNPs) are selectively incorporated into every 

progeny virion [12, 43, 44, 46, 56]. Reverse genetics studies further demonstrated that 

all eight vRNA segments possess segment-specific packaging signal sequences at both 

the 5´ and 3´ ends of the vRNAs [57, 58]. It was also shown that mutations in the 

packaging signal of a vRNA segment affect the packaging efficiency of the other vRNA 
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segments into virions [46, 59-61]. These findings imply that the eight RNPs within the 

virion interact with each other possibly via the packaging signals [45, 46], which are 

close to the polymerase-binding promoter region (Fig. 15A). If all eight of the RNPs 

have their polymerase-binding ends at the tip or the bottom of the budding virion, then 

interactions among the eight RNPs may be restricted at the tip or at the middle and 

bottom portions of that virion, respectively (Fig. 15C and D) [45, 46]. In the present 

study, however, the eight RNPs are differently oriented within virions (Fig. 15B). 

Therefore, interactions among RNPs do not appear to be restricted at a single side 

within the budding virion, which is consistent with the previous report that string-like 

intermediates exist between the RNPs throughout the virion [44]. On the other hand, 

there may be as-yet unidentified regions in the middle of the vRNA segments that are 

involved in efficient genome packaging. It remains unclear whether the orientation of 

the respective RNPs is the same within all budding virions. Further studies are needed 

to fully understand the selective packaging mechanism. 

!67



!68

Figure 15. Schematic diagrams of RNPs within a virion. (A) The diagram showing a 

polymerase complex binding to the promoter region, which composed of the 

complementary sequences of the 5´ and 3´ ends of the vRNA [34, 35, 38, 55]. (B) A 

possible model, based on the results of this study, in which differently oriented RNPs 

are vertically packaged in a virion. (C and D) These models depict all eight RNPs as 

being aligned in the same direction within the virion, with the polymerase complex 

being at the bottom (C) or at the budding tip (D).



 In conclusion, here I suggest that the eight RNPs are differently oriented within 

a virion. My study provides a novel model of the influenza virion structure and 

important insights for elucidating the mechanism of influenza virus genome packaging.  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CONCLUDING REMARKS 

!
Although the morphology of influenza A virus budding and purified virions has long 

been extensively studied by using various electron microscopies, we remain in the dark 

about the precise virion structure because of viral pleomorphism and genome 

segmentation, which complicate morphological and structural analyses and perplex 

researchers to the point where it becomes difficult to make a definite conclusion about 

virion morphogenesis. Here, I focused on several aspects of the morphogenesis of 

influenza A virus: its native morphology, structural integrity, and the interior structures 

of the virion. 

 Since the influenza virion was first visualized by using transmission electron 

microscopy in the early 1940s, it has been commonly believed that the irregular-shaped 

influenza virions are natural in shape [15, 24, 62, 63]. However, in Chapter I, I showed 

that these irregular-shaped virions were, in fact, artifacts caused mainly by 

ultracentrifugation during the virus purification process, and that the native morphology 

of the influenza virion is actually spherical, elliptical, or filamentous. I also showed in 
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Chapter I that the cytoplasmic tail of M2 is essential for virion integrity. This study 

showed not only the structural features of the influenza virion, but also the importance 

of sample preparation; experimental manipulations like ultracentrifugation, freeze-

thawing, and air drying could easily cause artifacts when flexible and fusion-capable 

enveloped viruses are examined. 

 For decades, two contrary genome packaging models have been proposed: 

selective packaging and random packaging. Recent studies have concluded that a single 

set of eight-segmented RNAs representing the virus genome is selectively incorporated 

into the virion, and that the eight RNPs have a specific configuration, in which seven 

RNPs surround a central RNP within the virion [12, 43, 44]. However, the detailed 

configurations of the RNPs remain unclear. In Chapter II, I analyzed the orientations of 

the influenza viral RNPs within the virion by detecting the polymerase that is located 

only at the blunt end of each RNP. I found that the polymerase-binding ends of the 

RNPs are located both at the budding tip and at the bottom of the virion; the RNPs are 
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differently oriented inside the virion, suggesting the presence of a complicated genome 

packaging mechanism. 

 In closing, my study on the interior and exterior architecture of the influenza 

virion have provided important clues to the mechanisms responsible for the formation 

of this infectious genome-carrying organism. Such findings may lead to the discovery of 

novel methods to inhibit virion formation and to the development of antiviral therapy to 

control influenza.  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