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Abstract
Influenza A viruses (IAVs) are a common infectious agent that seasonally circulates within the human population that
causes mild to severe acute respiratory infections. The severity of the infection is often related to how the virus has evolved
with respect to the pre-existing immunity in the population. For IAVs, the most common mechanisms to avoid the immune
response are to vary the surface antigens, hemagglutinin (HA) and neuraminidase (NA), by processes known as antigenic
drift and shift.

Antigenic drift refers to point mutations that accumulate in HA and NA as a result of the antibody-mediated selection
pressure that exists in the population. The majority of the changes attributed to antigenic drift localize to HA and NA surface
exposed regions, however this does not exclude that drift can also result in the selection of residues that are not exposed. One
region where non-exposed residues have potentially been selected for is the NA transmembrane domain (TMD) of human
H1N1 IAVs, where a temporal bias exists for the accumulation of polar residues. By examining these sequence changes
in the NA TMD, we found that the polar residues contribute to the amphipathic characteristic of the NA TMD, which
mediates the oligomerization of the N-terminus. As more polar residues became incorporated, the strength of the TMD-
TMD interaction increased, presumably to benefit the NA head domain assembly into a functional tetramer. We determined
that the amphiphilic drift in the NA TMD is able to bypass the strict hydrophobicity required for membrane insertion at
the endoplasmic reticulum because it can utilize the co-translational translocation process to facilitate the insertion and
inversion of its non-ideal TMD. The contribution of the TMD to proper NA assembly was traced to the formation of the
Ca2+ binding pocket that is located at the center of the tetrameric assembly, as this pocket lies above the stalk linker regions
and must be occupied for NA to function.

In addition to antigenic drift, NA and HA can also undergo antigenic shift. Antigenic shift occurs when either of the gene
segments encoding NA or HA are exchanged with ones from another IAV encoding another subtype of NA or HA. Different
from antigenic drift, antigenic shift can only occur when a cell is co-infected and most investigations on the process of
reassortment have been made at the protein level due to the methodological issues for labeling the RNA genome in situ. To
overcome these technical limitations, we developed an in situ RNA labeling approach that provides highly specific spatial
resolution of the IAV genome throughout the infection process. By applying this approach to temporally analyze the co-
infection process, we found that the entry of a second IAV is stalled in the cytoplasm if another IAV has begun to replicate.
Together, these results provide insight into the low frequency of antigenic shift in nature and provide evidence that non-
exposed residues may make an underappreciated contribution to NA antigenic drift in human H1N1 viruses.
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Abstract 

Influenza A viruses (IAVs) are a common infectious agent that seasonally 
circulates within the human population that causes mild to severe acute res-
piratory infections. The severity of the infection is often related to how the 
virus has evolved with respect to the pre-existing immunity in the population. 
For IAVs, the most common mechanisms to avoid the immune response are 
to vary the surface antigens, hemagglutinin (HA) and neuraminidase (NA), by 
processes known as antigenic drift and shift.  

 
Antigenic drift refers to point mutations that accumulate in HA and NA as 

a result of the antibody-mediated selection pressure that exists in the popula-
tion. The majority of the changes attributed to antigenic drift localize to HA 
and NA surface exposed regions, however this does not exclude that drift can 
also result in the selection of residues that are not exposed. One region where 
non-exposed residues have potentially been selected for is the NA transmem-
brane domain (TMD) of human H1N1 IAVs, where a temporal bias exists for 
the accumulation of polar residues. By examining these sequence changes in 
the NA TMD, we found that the polar residues contribute to the amphipathic 
characteristic of the NA TMD, which mediates the oligomerization of the N-
terminus. As more polar residues became incorporated, the strength of the 
TMD-TMD interaction increased, presumably to benefit the NA head domain 
assembly into a functional tetramer. We determined that the amphiphilic drift 
in the NA TMD is able to bypass the strict hydrophobicity required for mem-
brane insertion at the endoplasmic reticulum because it can utilize the co-
translational translocation process to facilitate the insertion and inversion of 
its non-ideal TMD. The contribution of the TMD to proper NA assembly was 
traced to the formation of the Ca2+ binding pocket that is located at the center 
of the tetrameric assembly, as this pocket lies above the stalk linker regions 
and must be occupied for NA to function.  

 
In addition to antigenic drift, NA and HA can also undergo antigenic shift. 

Antigenic shift occurs when either of the gene segments encoding NA or HA 
are exchanged with ones from another IAV encoding another subtype of NA 



 

 

or HA. Different from antigenic drift, antigenic shift can only occur when a 
cell is co-infected and most investigations on the process of reassortment have 
been made at the protein level due to the methodological issues for labeling 
the RNA genome in situ. To overcome these technical limitations, we devel-
oped an in situ RNA labeling approach that provides highly specific spatial 
resolution of the IAV genome throughout the infection process. By applying 
this approach to temporally analyze the co-infection process, we found that 
the entry of a second IAV is stalled in the cytoplasm if another IAV has begun 
to replicate. Together, these results provide insight into the low frequency of 
antigenic shift in nature and provide evidence that non-exposed residues may 
make an underappreciated contribution to NA antigenic drift in human H1N1 
viruses. 
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Overview of Influenza A virus 

Influenza A viruses (IAVs) are one of the most common contagious path-
ogens that circulate in the human population yearly. Globally, there are two 
forms of influenza that circulate: seasonal epidemic influenza and sporadic 
pandemic influenza [1]. Depending on the viral strain, pre-existing immunity 
and the immune response of the host, influenza viruses can cause mild asymp-
tomatic illnesses to severe acute respiratory infections. In humans, IAVs 
mainly infect the respiratory epithelial cells, but to do so the virus first needs 
to penetrate the mucosal barrier to reach the surface of the epithelium where 
it can initiate the infection process by attaching to cell receptors that trigger 
its internalization. Once inside the cell, the replication and assembly of prog-
eny IAVs is a complicated process that requires coordination between the rep-
lication of the viral genome and the synthesis of the viral proteins. This coor-
dination is especially complex for IAVs because the replication of the genome 
in the host cell nucleus is coupled to the synthesis of the viral proteins in the 
cytosol and at the endoplasmic reticulum [2]. To date, many of the mecha-
nisms that assist in the coordination of the IAV replication process have been 
identified. However, the properties that define the negative selection pressure 
on NA and HA remain to be established due to the limited knowledge of the 
maturation and trafficking requirements for the different subtypes of these im-
portant surface antigens.  

The composition of IAV  
 
IAVs have a complex organization that includes a lipid envelope surround-

ing eight RNA gene segments, which encode for one or more viral proteins 
[3]. [Fig. 1A] The viral envelope is a host-derived lipid bilayer in which the 
viral membrane proteins hemagglutinin (HA), neuraminidase (NA) and matrix 
protein 2 (M2) are embedded [4, 5]. HA and NA are glycoproteins with HA 
being more abundant. The ratio between HA and NA on the viral surface can 
vary from 5:1 to 2:1 [6], and M2 is the least abundant of the three. Underneath 
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the viral envelope, the matrix protein 1 (M1) forms a protein layer that con-
nects the viral gene segments to the envelope. Each of the negative-sense sin-
gle-stranded viral RNA (vRNA) gene segments are packed into separate viral 
ribonucleoprotein (vRNP) complexes where the vRNA is bound by multiple 
copies of the viral nucleoprotein (NP) and a single copy of the viral polymer-
ase that consists of PB1, PB2 and PA [7, 8]. NP associates with 12 nucleotide 
stretches in the vRNA with a partial G bias, whereas the polymerase binds to 
the helical hairpin “panhandle” structure that is formed by the partial anneal-
ing of the complementary 5’ and 3’ ends of the vRNA [9, 10] [Fig. 1B]. 

 

 
Figure 1. Schematic of an influenza A virus (IAV). (A) Diagram of an IAV particle 
and its viral RNA (vRNA) gene segments. The viral membrane proteins HA, NA and 
M2 are shown on the viral surface. The M1 protein is depicted on the luminal side of 
the virion together with the eight viral ribonucleoprotein complexes (vRNPs). (B) Di-
agram of a vRNP. A single-stranded viral RNA (vRNA) is wrapped around multiple 
copies of NP. The terminal 5’ and 3’ regions are partially base paired and bound by 
the heterotrimeric vRNA-dependent RNA polymerase (PB2, PB1, PA) via PB1.  

IAV subtypes 
 
IAVs are classified by the genetic and antigenic properties of the two sur-

face antigens HA and NA into subtypes. Sixteen influenza HA subtypes (H1 
to H16) and nine NA subtypes (N1 to N9) have been identified in aquatic 
birds, the natural reservoir of IAV [11]. Of these, only three IAV subtypes 
have caused pandemics and subsequent seasonal epidemics in the human pop-
ulation, which are H1N1 (1918 Spanish influenza and 2009 swine influenza), 
H2N2 (1957 Asian influenza), and H3N2 (1968 Hong Kong influenza) [12]. 
Similar to many other viruses, the IAV surface antigens evolve constantly to 
escape the host immune response. This evolution is assisted by the error prone 
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viral RNA polymerase, which lacks a proof-reading function resulting in error 
rates that have been estimated to be about 10^-5 to as high as 10^-4 [13-17]. 
These errors can lead to amino acid changes and alterations to the protein 
structure. When the virus is subject to pressure from the immune system, sub-
stitutions in HA and NA that promote immune system escape are often se-
lected for over time, which is known as antigenic drift [18]. 

 
Due to the segmentation of the genome, IAVs can also exchange segments 
between different viruses through a process called reassortment. In contrast to 
substitutions, reassortment requires that a cell is co-infected by the different 
IAVs so the gene segments can mix during the assembly process and produce 
progeny with different arrays of the parental IAV gene segments. When the 
exchange occurs between either HA or NA, a new IAV subtype can appear. 
This process is known as antigenic shift. In the past, three major human IAV 
pandemics have occurred due to antigenic shift. The 1957 H2N2 and 1968 
H3N2 pandemics both were caused by a novel HA entering into the human 
population by reassortment, whereas the 2009 H1N1 pandemic of swine origin 
resulted from the incorporation of a novel subtype 1 NA [12, 19, 20]. 
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Influenza life cycle 

Viruses rely on host cells for replication and the synthesis of progeny vi-
ruses. The main challenge for viruses is to deliver the genetic material to the 
correct place in the cell to gain access to the necessary cellular machinery for 
their replication. As IAV is an enveloped virus that replicates in the nucleus, 
IAV proteins and gene segments need to cross several membrane barriers 
during the viral life cycle. To accomplish this feat, IAVs depend heavily on 
the host machinery and pathways due to the small genome size and the limited 
number of viral gene products it encodes. 

Binding and Fusion of IAVs 
 
The initial steps of an IAV infection involves binding, endocytosis and fu-

sion, which are primarily mediated by surface glycoprotein HA. During repli-
cation HA is expressed as a pro-protein that is proteolytically processed into 
the subunits HA1 and HA2 [21]. HA1 contains a receptor binding pocket that 
can bind to host cell surface glyco- conjugates via terminal sialic acid residues 
[5, 22], whereas HA2 contains the fusion peptide that exposes upon pH 
changes. Upon reaching the cell surface, the HA1 receptor binding domain 
associates with the surface receptors. The binding triggers endocytosis of the 
virus either through a clathrin-dependent [23, 24], or a macropinocytosis path-
way [25] [Fig. 2(i)], both of which enable the virus to enter the host cell. Once 
inside the cell, the pH of the virus containing vesicle decreases through the 
vacuolar-type proton ATPase, facilitating the vesicle to mature to a late endo-
some [26]. As a consequence of the low pH inside the endosome, the viral M2 
ion channel opens, allowing an influx of protons that acidifies the inside of the 
virion and causes the dissociation of M1 from the vRNPs [27, 28]. The low 
pH also triggers a conformational change of HA, which exposes the fusion 
peptide in the HA2 subunit [Fig. 2(ii)]. Upon exposure, the N-terminal domain 
of the fusion peptide can insert into the endosomal membrane, while the C-
terminal domain of HA2 is anchored in the viral envelope [Fig. 2(iii)] [29]. 
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Once in this pre-hairpin conformation, the HA2 trimer then folds back on itself 
positioning the endosomal membrane close to the viral envelope. When the 
two membranes become close enough, the lipids reorganize, begin to mix, and 
ultimately form a fusion pore [Fig. 2(iv)] [30], which enables the release of 
the vRNPs into the cytoplasm [Fig. 2(v)].  

 

Figure 2. Cell entry of IAVs. (i) IAVs initiate cell entry by attaching to the cell surface 
via HA binding to a sialylated receptor that facilitates the endocytosis of the virus. (ii) 
The endocytic vesicle matures to an endosome via a decrease in pH. This low pH 
triggers a conformational change in HA that exposes the fusion peptide for insertion 
into the endosomal membrane and it also causes the M2 ion channel to open. (iii) 
Opening of the M2 channel acidifies the interior of the virus causing the vRNPs to 
release from M1. (iv) Following the formation of the pre-hairpin conformation), the 
HA helical bundle collapses into a trimer of hairpins resulting in the formation of the 
fusion pore between the viral and endosomal membranes. (v) vRNPs are released 
through the fusion pore into the cytosol. The illustration is modified from Dou et al., 
2018.  

Nuclear import of vRNPs 
 
The nucleus is a dual-membrane enclosed organelle that uses the nuclear 

pore complex (NPC) to regulate the transport of molecules across the mem-
brane. Small molecules can passively diffuse through the NPC, whereas mol-
ecules above ~40 kDa have to be transported via an energy-dependent path-
way [31, 32]. To replicate the viral genome, IAVs need to deliver each vRNP 
to the nucleus. Since the vRNPs are large complexes composed of the vRNA, 
a single copy of the viral polymerase and numerous copies of NP, IAVs are 
reliant on the energy-dependent nuclear transport pathway require to facilitate 
the import of the vRNPs into the nucleus [33, 34]. 
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The classical nuclear import machinery contains two adaptor proteins in-

cluding importin-a and importin-b, RanGTPase and the cellular apoptosis sus-
ceptibility protein (CAS). This machinery recognizes cargo that contains a nu-
clear localization sequence (NLS) and is responsible for directing it to the nu-
cleus. A typical NLS is a sequence rich in arginine and lysine residues, which 
can be located anywhere in the amino acid sequence of a protein [35]. The NP 
protein, the major component of a vRNP, has an exposed N-terminal NLS that 
enables importin-a to recognize a vRNP as a cargo protein [36-38]. Binding 
of importin-a to the NLS initiates the nuclear import process as it results in 
the recruitment of importin-b. Importin-b associates with importin-a, forming 
the importin-a/importin-b-cargo complex [Fig. 3(i)] that is necessary for 
translocation of the cargo into the nucleus [Fig. 3(ii)]. Once the complex 
reaches the nucleus, the cargo protein is released sequentially. Importin-b dis-
sociates first by interacting with RanGTPase [Fig. 3(iii)] after which importin-
a dissociates via the cellular CAS protein [Fig. 3(iv)]. Importin-a and im-
portin-b are then individually recycled back to the cytoplasm, while the cargo 
remains in the nucleus [Fig. 3(v)] [32]. 

 
Figure 3. Nuclear import of a vRNP. (i) Importin-a recognizes the nuclear localiza-
tion sequence (NLS) on NP and recruits importin-b. (ii) The vRNP-importin-a-im-
portin-b complex is then transported through the nuclear pore complex (NPC). (iii) 
Importin-b dissociates from the complex by interacting with RanGTP. (iv) The vRNP 
is released from importin-a  which associates with the nuclear export factor CAS 
RanGTP. (v) Importin-a and importin-b are exported to the cytoplasm and the hy-
drolysis by RanGTP to RanGDP facilitates the release of importin a and importin 
b for another import cycle.  
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Viral mRNA transcription  
 

Eukaryotic mRNA is transcribed from DNA by a RNA polymerase and is 
then subject to processing by several different enzymes in the nucleus to pro-
duce a mature mRNA. The mature mRNAs generally possess a 5' 7-methyl-
guanosine cap (5’ m7G cap) and a 3’ polyadenyl moiety. As IAVs are depend-
ent on the host translational machinery for viral protein synthesis, the viral 
mRNAs, although transcribed by viral RNA-dependent RNA polymerase, 
need to mimic the structure of a cellular mRNA.  

 
The viral mRNA transcription process begins once the vRNPs arrive in the 

nucleus [Fig 4. (i)]. The viral mRNA obtains its 5’ m7G cap from host mRNAs 
through a mechanism called ‘cap snatching’ [39]. This process is initiated by 
the cap-binding domain of the PB2 subunit [40]. Association with the 5’ host 
mRNA cap allows the endonuclease domain of the PA subunit to cleave off 
the cap 10-13 nucleotides downstream [41]. This capped mRNA stretch is re-
positioned to the PB1 catalytic center, where the 3’ end base-pairs with the 3’ 
end of vRNA. Then PB1 uses the capped mRNA as a primer for synthesizing 
viral mRNA using vRNA as a template [42]. After transcription has been ini-
tiated, the 5’-cap dissociates from the PB2 cap-binding domain and likely 
binds the host nuclear cap-binding complex, allowing for nuclear export of the 
final product [43, 44]. The 3’ polyadenylated tail is acquired by a reiterative 
stuttering process, where the polymerase repeatedly transcribes the short 
polyU sequence located at the vRNA 5’ end [45].  

 
As for cellular mRNAs, viral mRNAs are exported to the cytoplasm 

through the NPC [Fig. 4(ii)]. Once in the cytoplasm, the ribosome recognizes 
newly synthesized mRNA and protein synthesis is initiated. All of the soluble 
viral proteins (PB2, PB1, PA, NP, NS1, NS2, and M1) are translated by cyto-
solic ribosomes, whereas the membrane proteins (HA, NA and M2) are syn-
thesized on the ER membrane. The newly synthesized viral proteins (PB2, 
PB1, PA and NP) are imported to the nucleus for vRNP replication and as-
sembly [Fig. 4(iii)]. PB2, PA, and NP each contain a NLS that can use the 
cellular importin-a/importin-b pathway for nuclear import, whereas PB1 is 
transported through its association with PA in the cytoplasm [37, 46]. HA, NA 
and M2 synthesis will be discussed in the ‘Membrane protein synthesis and 
maturation’ section. 
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Replication and assembly of vRNPs 
 
Replication of the viral genome can be separated into two major steps. First, 

the negative-sense vRNAs are transcribed to a complimentary positive-sense 
RNA (cRNA). Second, cRNAs serve as a template for additional progeny 
vRNA synthesis.  

 

 
Figure 4. Viral mRNA transcription, replication and assembly of progeny vRNPs. 
(i) Viral mRNAs are transcribed in the nucleus from incoming vRNPs by the attached 
RNA-dependent RNA polymerase. (ii) The mRNAs are exported to the cytoplasm for 
protein synthesis. (iii) Newly synthesized NP, PA, PB1 and PB2 are targeted to the 
nuceus by the importin a-importin b pathway. (iv) cRNAs are transcribed from vRNAs 
and (v) assemble to cRNPs together with newly synthesized viral proteins. (vi) cRNPs 
can further be used to synthesize progeny vRNA and (vii) assemble to progeny vRNPs 
with de novo viral proteins. The progeny vRNP can continue to transcribe more viral 
mRNA (vii), replicate cRNA (ix), or export from the nucleus together with other viral 
proteins (x). The illustration is modified from Dou et al., 2018. 

 
The transcription of cRNA is a primer-independent process that uses the 

viral polymerase from the incoming vRNP template[47]. Newly synthesized 
cRNA associates with newly synthesized NP once it exits from the polymerase 
exit tunnel [Fig. 4(iv and v)][48, 49]. Each NP monomer binds to G-rich 
stretches with poor U-bias, about 12 nucleotides long. As for vRNPs, multiple 
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copies of NP, together with the cRNA, assemble into a cRNP complex [50, 
51]. The final cRNP is formed when newly synthesized viral polymerases as-
sociate at the 5’-3’ panhandle structure of the cRNA. This resident polymerase 
is then able to use the cRNA to produce new vRNAs [Fig. 4(vi)]. Following 
vRNA transcription, newly synthesized viral proteins assemble in a similar 
way as during cRNP assembly [Fig. 4(vii)] [52]. Newly formed vRNPs can 
then be used for further transcription [Fig. 4(viii)], replication [Fig. 4(ix) or 
can be transported from the nucleus to the plasma membrane for incorporation 
into progeny viruses [Fig. 4(x)]. 

vRNP export and plasma membrane targeting 
 
The cellular chromosomal maintenance 1 (CRM1, also known as exportin 

1)-dependent nuclear export pathway is used to actively transfer proteins with 
a leucine-rich nuclear export sequence (NES) from the nucleus to the cyto-
plasm. CRM1 binds to the cargo protein via its NES, and associates with 
RanGTPase, which transports the cargo across the NPC. At the cytoplasmic 
side RanGTP is hydrolyzed, which facilitates the cargo protein release. Ran-
GDP can then cycle back to the nucleus, undergo nucleotide exchange and be 
used in the next round of nuclear export [32]. 
 

IAVs have been shown to use this pathway, as the inhibition of the CRM1-
dependent pathway, by the inhibitor leptomycin B (LMB), causes a major por-
tion of vRNPs to remain in the nucleus [53, 54]. However, as none of the 
proteins forming the vRNP contain a NES, an addition viral protein is needed 
to facilitate the export of the genome. This protein is NS2, also known as NEP 
(nuclear export protein). Soluble NS2, as well as M1, are imported into the 
nucleus during replication to facilitate vRNP export [Fig. 5(i)]. M1 is thought 
to function as an adaptor protein that links NS2 to the vRNP. Through the NS2 
NES, CRM1 is able to associate with the vRNP-M1-NS2 complex and export 
it to the cytoplasm [Fig. 5(ii)]. In the cytoplasm, NS2 disassociates from the 
vRNP, while M1 stays attached, possibly to prevent re-targeting of the vRNP 
back to the nucleus by blocking the NLSs on the associated NP molecules.  

 
After nuclear export, the vRNPs continue to traffic towards the plasma 

membrane by interacting with Rab-11 [Fig. 5(iii)]. Rab-11 is a small GTPase 
involved in trafficking vesicles between the trans-Golgi network, recycling 
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endosomes, and the plasma membrane [55]. vRNPs associate with Rab-11 via 
the polymerase subunit PB2 [56]. This could be a mechanism used to make 
sure that the newly assembled vRNPs carry a polymerase complex. There are 
two models attempting to describe how vRNPs are trafficked in the cytoplasm. 
The traditional view is that Rab-11 acts as an adaptor that connects vRNPs to 
the recycling endosome, and these endosomes then use microtubules to traffic 
towards the cell surface [Fig. 5(iiia)] [56-58]. A recently proposed model sug-
gests that IAV infections cause tubulation of the ER membrane network [Fig. 
5(iiib)]. The vRNPs would then associate on the ER via Rab-11 and be trans-
ported through this tubular ER network towards the plasma membrane [59]. 
Once the vRNPs reach the plasma membrane, all eight of the different vRNPs 
incorporate into the virion together with the other viral membrane proteins. 
However, how vRNPs are transferred from the vesicles, or the ER network, to 
the plasma membrane remains unclear.   

 

 
Figure 5. vRNP export from the nucleus and trafficking towards the plasma mem-
brane. (i) Newly synthesized M1 decorates vRNPs via interaction with NP. NS2 plays 
a role as an adaptor protein between M1 and the CRM-1 protein. (ii) The CRM-1-
vRNP complex is exported from the nucleus by Ran-GDP/GTP. (iii) The vRNPs then 
associate with vesicles via Rab-11 and are trafficked towards the plasma membrane 
through either microtubules (iiia) or a modified ER system (iiib). The illustration is 
modified from Dou et al., 2018. 
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Membrane protein synthesis and maturation 

Not only vRNPs, but also membrane proteins, need to reach the plasma 
membrane for the assembly of progeny viral particles. To achieve this locali-
zation, the three IAV membrane proteins, HA, NA and M2, utilize the cellular 
secretory pathway.  

Protein targeting to the ER 
 

For ER-targeting, proteins generally possess a signal sequence (SS), which 
is a stretch of 13 to 36 amino acids located at the N-terminus of the protein. 
Typically, a SS contains a stretch of 10 to 15 hydrophobic amino acid with 
one or more positively charged residues at the upstream and a signal peptidase 
cleavage site at the downstream site [60]. Whereas HA contains a typical SS 
at its N-terminus [Fig 6A.], NA and M2 use their N-terminal transmembrane 
domain (TMD) for targeting to the ER [Fig. 6B, C]. During protein translation, 
the SS is the first part of the protein to emerge from the ribosome exit tunnel 
[Fig. 6(i)]. The signal recognition particle (SRP), which constantly scans 
newly synthesized polypeptides for the presence of a SS, recognizes the SS, 
associates with it in a GTP-bound state and pauses the ribosome translation 
[Fig. 6(ii)]. The SRP directs the ribosome-nascent chain complex to the GTP-
bound SRP receptor that is located next to the Sec61 translocon. GTP-bound 
SRP and GTP-bound SRP receptor form a heterodimer complex and the two 
GTPases reciprocally activate the GTP hydrolysis activities in each other. Hy-
drolysis of GTP in SRP and in the SRP receptor leads to the transfer of the 
ribosome-nascent chain complex to the Sec61 translocon and the elongation 
of the polypeptide chain resumes [Fig 6. (iii)][61-64]. The SS is then cleaved 
off by the signal peptidase, which is a membrane-bound protease located on 
the ER lumen side [Fig 6A.]. While this typical pathway applies to HA, the 
TMDs of NA and M2 are not removed and are integrated into the ER mem-
brane through the Sec61 translocon [Fig. 6B, C] [65]. 

 



 

12 

Figure 6. HA, NA and, M2 synthesis, maturation and viral assembly. (i) A newly 
synthesized N-terminal signal sequence (SS) is recognized and bound by SRP to form 
the SRP-ribosome-nascent chain complex. (ii) SRP guides the complex to the trans-
locon located on the ER membrane and associates with the SRP receptor (SR). (iii) 
SRP is released from the ribosome and translation resumes. The protein maturation 
process is different for the three influenza surface proteins. (Box A) The SS of HA is 
cleaved off by signal peptidase (SPase) after translocation into the ER, and a C-ter-
minal transmembrane domain integrates HA into the membrane. (Box B) The N-ter-
minal transmembrane domain translocates NA into the ER membrane and inverts dur-
ing protein synthesis, which positions the NA C-terminal in the ER lumen. (Box C) M2 
also utilizes its N-terminal transmembrane domain for ER-targeting, but does not in-
vert during protein synthesis. (iv) After folding and oligomerization, HA, NA and M2 
are trafficked to the plasma membrane through the Golgi and are assembled into 
progeny viruses together with the vRNPs. 

Transmembrane insertion into the ER membrane 
 

The Sec61 translocon is a protein-conducting channel that allows nascent 
polypeptide chains to cross or insert into the membrane depending on the hy-
drophobicity of the polypeptide region in the channel [66]. During the co-
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translational translocation process the hydrophilic polypeptide stretches trav-
erse the translocon and enter the ER lumen, whereas the hydrophobic poly-
peptide stretches are sensed by the lateral gate of the translocon, which then 
opens to enable these regions to partition into the lipid bilayer [67]. Whether 
or not the region of the polypeptide is capable of opening the lateral gate can 
be predicted using the ‘biological’ hydrophobicity scale, DGapp, which calcu-
lates the apparent free energy of membrane insertion for linear sequences of 
amino acids ranging from 19 - 25 [68]. If the prediction for DGapp is < 0 
kcal/mol, the linear stretch of amino acids is considered to be hydrophobic and 
therefore predicted to behave as a TMD and favor integration. 

 
About 25% of known TMDs have DGapp > 0 kcal/mol, which are consid-

ered as un-favorable for membrane insertion [69, 70]. These TMDs are mainly 
part of multi-spanning membrane proteins, which rely largely on the interac-
tions between TMDs for proper insertion [71]. As single-spanning membrane 
proteins cannot utilize such TMD interactions, very few bitopic proteins have 
a DGapp > 0 kcal/mol for their single TMD. The predicted DGapp of the TMDs 
for HA and M2 from the numerous IAV sequences is < 0 kcal/mol, which 
deems them favored for lateral gate partitioning. However, many subtypes of 
NA have a marginally hydrophobic TMD with DGapp > 0 kcal/mol, which are 
not predicted to favor membrane integration. Insertion of these non-ideal sin-
gle TMDs can depend on both length [72] and the sequence composition of 
their C-terminal domain [73]. Kida et al. has found that the marginally hydro-
phobic TMD can be retained at the translocon and gradually move towards the 
membrane in a hydrophobicity-dependent manner [74]. The stalling of mar-
ginally hydrophobic TMD and the gradual movement as well as the inversion 
process benefits from the co-translational insertion as the polypeptide remains 
attached to the ribosome and newly translated polypeptide likely applies a 
pushing force to facilitate inversion [72].  
 

The orientation of the TMD dictates where the N-terminal and C-terminal 
domains will be located. The N-terminus of a protein always enters the trans-
locon first and whether the TMD inverts or not can be influenced by positively 
charged residues that are located next to the TMD. As positive charges are 
favored to be at the cytoplasmic side of the lipid, TMDs generally invert in 
the translocon when positive charged residues are located at the N-terminal 
side [75]. Based on the TMD orientation, the IAV membrane proteins can be 
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separated into three groups. HA, which utilizes its N-terminal SS for ER tar-
geting is classified as a type I membrane protein since its C-terminal TMD has 
a Nout-Cin topology [Fig. 6A]. NA, which utilizes its N-terminal TMD for ER 
targeting is classified as a type II membrane protein since its TMD inverts and 
resulting a Nin-Cout topology [Fig. 6B]. M2, which also utilizes its N-terminal 
TMD is classified as a type III membrane protein as it has a Nout-Cin topology 
[Fig. 6C]. 

Protein maturation within the ER lumen 
 

Polypeptide chains fold co-translationally once they leave the ribosomal 
exit tunnel. In an aqueous environment, proteins generally reach their native 
state through hydrophobicity collapse. However, the aqueous environment of 
the cell is a dense milieu with high protein concentration and many of these 
proteins do not fold sequentially, which creates challenges for folding medi-
ated by hydrophobic collapse. To overcome these problems, cells also possess 
different types of molecular chaperones, which can slow down the protein 
folding process by associating with specific regions to prevent aggregation 
before the distal folding partner is available.  

 
The classical chaperones, which consist of many family members of the 

heat shock proteins such as Hsp70 and Hsp90, can be found in almost all cel-
lular locations, including the ER. These chaperones bind directly to exposed 
hydrophobic regions of the polypeptide chain to prevent deleterious side reac-
tions during the vulnerable portion of the folding reaction. The lectin chaper-
ones are specific to the ER lumen and these bind to the N-linked glycan mod-
ifications that are co-translationally added to secretory proteins by the OST 
during translocation into the ER lumen [76]. The glycan, which is attached to 
the Asn residue in the sequence Asn-X-Ser/Thr (where X can be any amino 
acid except proline), only becomes a substrate for the lectin chaperones once 
it has been trimmed by glucosidases I and II into a monoglucosylated state 
[77-79]. In mammalian cells, there are two types of lectin chaperones: cal-
nexin and calreticulin. Calnexin is a membrane protein that mainly binds to 
glycans found in membrane proximal domains, whereas calreticulin is a solu-
ble protein that associates with glycans that are located deeper into the ER 
lumen.  
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Lectin chaperones not only aid in protein folding but are also involved in 
quality control. When the protein reaches its native conformation, the last glu-
cose on the monoglucosylated side chain is removed by glucosidase II. The 
protein then dissociates from the lectin chaperones and is exported from the 
ER for further maturation. If the protein looses its last glucose without reach-
ing its native form, the enzyme glycoprotein glucosyltransferase recognizes it 
and transfers a glucose on it using UDP-glucose as source. Reglucosylation 
results in rebinding to calnexin and calreticulin and proceed protein folding 
[76].  

 
In addition to the lectin chaperones, the ER lumen also contains oxidore-

ductases that can accelerate the secretory protein folding rate by catalyzing the 
proper formation of disulfide bonds. The most abundant oxidoreductase is 
protein disulfide isomerase (PDI) [80]. One family member of PDI, ERp57, 
binds to calnexin and calreticulin, which creates a bimolecular pair with chap-
erone foldase function [76]. This organization accounts for the inability of 
ERp57 to discern native from nonnative disulfide bonds by relying on the 
folding recognition by the lectin chaperones. 

 
HA and NA receive several N-linked glycans from the OST during trans-

lation, thus it is not surprising that nascent chains for both of these viral pro-
teins have been shown to interact with the lectin chaperones [81, 82]. During 
synthesis, HA and NA first associate with the membrane bound lectin chaper-
one calnexin followed by calreticulin, which associates with the regions of the 
polypeptide that extend into the ER lumen. In HA, each of the Cys residues is 
located close to an N-linked glycan, suggesting calnexin or calreticulin asso-
ciated with ERp57 to guide the proper formation of disulfide bound. This or-
ganization is especially important for the formation of the large disulfide loop 
that links a region in HA1 with a distal region in HA2 [83]. For NA, the gly-
cans on the head domain have been shown to be essential for folding, whereas 
the ones on the stalk region are dispensable, which indicates that the formation 
of the intramolecular disulfide bonds in the head domain likely requires the 
lectin mediated delivery of ERp57. In addition, NA has also been shown to 
transiently associate with the classical Hsp70 chaperone BiP, but the require-
ment for this interaction remains unclear [84].  

 
 For both NA and HA, oligomerization is the last step in their maturation 

process, however the process by which this occurs is very different between 
these two proteins. After the individual HA monomers are synthesized and 
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folded, HA starts to form homo-trimers in the ER [85, 86]. In contrast, the 
oligmerization of NA occurs in a two-step process, where NA dimerizes co-
translationally and the dimers assemble into tetramers post-translationally. For 
the co-translational dimerization of NA it was shown that the Cys residues in 
the stalk region form intermolecular disulfide bonds even before the complete 
synthesis of the second monomer [82]. This finding supports previous data by 
Saito et al. where epitope specific NA monoclonal antibodies were used to 
show that NA dimerization happens long before tetramer formation [87]. In 
line with the earlier work by Wang et al, da Silva and Nordholm showed that 
oligomerization of the NA TMD is necessary for the optimal assembly of the 
tetrameric head domain [88]. They further demonstrated that the NA TMD is 
an amphipathic helix and that the polar residues are the main driving force of 
its oligomerization [89]. Although it has not been shown directly, it is possible 
that the polar regions of the TMD dimer pairs undergo a slight shift during the 
tetramerization process that supports that assembly of the head domain.  
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Structure and function of NA 

Structure of NA 
 
NA is a tetrameric protein and each monomer is composed of four domains: 

a short cytosolic N-terminal domain, a TMD, a stalk region and a globular 
enzymatic head domain. The globular enzymatic head domain possesses a 6-
bladed propeller shape, and each of the blades is formed by four antiparallel 
b-sheets that are connected by loops and stabilized by intermolecular disulfide 
bonds and connected by loops. At the center of each globular head domain is 
a deep cavity that functions as the enzymatic pocket. The enzymatic pocket of 
NA is composed of functional amino acids, which bind the sialic acid back-
bone, and the catalytic residue Tyr 402 [Fig 7. upper right monomer]. By bind-
ing to the sialic acid backbone, the functional residues trigger conformational 
change in sialic acid that makes it more susceptible to nucleophilic attack from 
Tyr 402. Depending on the strain and subtype, one to two Ca2+ ions have been 
resolved close to the catalytic site in each head domain monomer, and some 
structures have also resolved a central Ca2+ ion that interacts with all four 
monomers [90] [Fig 7.]. Even though NA contains an enzymatic pocket in 
each of the monomers, it requires its quartenary tetrameric structure to be en-
zymatically active. Currently, it is unclear why IAV NA has evolved to func-
tion as a tetramer, but it it has been suggested that the active state requires 
inter-subunit interactions, such as interaction with the central Ca2+ [91], the 
formation of salt bridges [92]. 
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Figure 7. Crystal structure of a subtype 1 influenza NA head domain. Four identical 
monomers compose the NA head, each carrying an enzymatic pocket. The NA inhi-
bitor Zanamivir (red) is shown bound within the enzymatic pocket. In the upper right 
monomer (yellow), the enzymatic pocket is highlighted in sticks (blue). (Functional 
amino acid: blue; active site Tyr 402: green) Also shown are the Ca2+ ions (cyan), 
two in each monomer and one in the center that interacts with all four monomers. 
(PDB: 3TI5) [93] 

Function of NA 
 

Once NA has properly assembled into a tetramer it is able to function as a 
sialidase, an enzyme which cleaves terminal sialic acid residues from oligo-
saccharide chains. When NA encounters a sialylated glycoconjugate, the ter-
minal sialic acid residue binds deep in the catalytic pocket of NA and the first 
few following oligosaccharides make small, but important interactions with 
residues that form the cavity. The strong ionic interactions between several 
conserved changed amino acids (Arg118, Asp151, Arg152, Arg225, Glu277, 
Arg293, Arg368 and Tyr402) and the sialic acid activate the C2 atom, trigger-
ing a conformational change from chair to boat (the transition state). The con-
formation change makes the C2 atom more susceptible for nucleophilic at-
tacking by the deprotonated hydroxyl group of Tyr 402 presumably due to 
reposition the ring structure. Following the attack, Tyr 402 remains covalently 
linked to the sialic acid C2 atom and the underlying oligosaccharide (HOR) is 
released. The hydrolysis reaction is completed by a water molecule, which is 
deprotonated by general base catalysis, generating a nucleophilic hydroxide 
ion. The hydroxide ion attacks and breaks the ester bond between C2 atom of 
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sialic acid and the Tyr, recharging the Tyr with a proton to recreate its natural 
hydroxylated side chain [Fig 8.] [94]. 

 
 

 
Figure 8. Mechanism of sialic acid cleavage by NA. Upon binding to the NA enzy-
matic pocket, the sialic acid C2 atom is activated by a conformational change (from 
chair to boat) of the 6-atom ring structure. The deprotonated hydroxyl group of Tyr 
402 then performs a nucleophilic attack on the activated C2 atom, creating the en-
zyme-substrate intermediate and releasing the oligosaccharide side chains. Deproto-
nated water molecule nucleophilic attack the ester bond between Tyr 402 and the C2 
atom, releasing the sialic acid and recharge Tyr 402 with a proton. This illustration 
is modified from Shtyrya, 2009 
 

During an IAV infection cycle, the enzymatic function of NA plays many 
important roles in several different viral processes. The upper respiratory epi-
thelium is protected by a layer of mucus, which contains a large portion of 
heavily glycosylated proteins such as mucins. In order to infect epithelial cells, 
IAVs first need to pass through the mucus layer. The IAV surface protein HA, 
however, can bind to mucins, which prevents the virus from penetrating the 
mucus layer [95]. By cleaving off sialic acid residues on proteins such as mu-
cins, NA helps the virus to penetrate the mucus layer and reach the epithelial 
cells where it can initiate a viral infection [96, 97] [Fig. 9(i)]. After IAVs bud 
off from the host cell, HA-mediated receptor binding can keep the virus at-
tached to the cell surface. NA facilitates the release of these newly formed 
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viral particles by removing sialic acid residues from the infected host cell sur-
face [98, 99][Fig. 9(ii)]. Viruses can also associate with themselves due to HA 
associations with the glycoconjugates on HA and NA from neighboring vi-
ruses. NA can separate these agglutinated viruses by cleaving off the sialic 
acids on the N-linked glycans present on the HA and NA molecules that are 
located on the viral surface [100] [Fig. 9(iii)]. This function may explain the 
relationship between NA activity and IAV transmissibility [101, 102], as sin-
gle viruses are more likely to be transmitted in small aerosol droplets. 

 

 
Figure 9. NA sialidase activity contributes to viral entry and release. (i) In the res-
piratory tract, IAVs have to penetrate the protective mucus layer, rich in the sialylated 
mucin glycoproteins, to allow for infection. NA cleaves off the sialic acid (SA) from 
mucin and facilitates movement through the mucus layer. (ii) Following viral budding, 
the virus can remain attached to the cell surface via HA-sialylated receptor binding. 
NA promotes viral release by removing sialic acid from the receptors. (iii) Both NA 
and HA are glycoproteins, which lead to HA-mediated virus aggregation. NA cleaves 
off sialic acid and separates the viral particles.  

 
Due to the essential role of NA activity in a viral infection process and its 

rigid and conserved catalytic site, it has been a main target for anti-influenza 
drugs. The currently FDA-approved drugs include TamifluTM (oseltamivir), 
and RelenzaTM (zanamivir) [Fig 10.], and peramivir (Rapivab) [103, 104]. 
These drugs are designed to mimic the structure of the sialic acid transition 
state, thereby competing with the natural substrate to inhibit the enzymatic 
activity of NA. However, the treatment with these inhibitors is less than ideal 
as the treatment window is 48 h after the onset of symptoms and viruses have 
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been shown to rapidly develop mutations that decrease the binding affinity of 
the inhibitors [1].  

 
 

 
 
Figure 10. Structures of sialic acid, Zanamivir and Oseltamivir. Zanamivir and Osel-
tamivir are current FDA-approved synthetic molecules that mimic the transition state 
of sialic acid binding to the NA enzymatic pocket. The blue portions highlight the parts 
oft he inhibitors that are identical to sialic acid. 

Antibodies against NA 
 
When IAVs initiate an infection, the host immune system aims to defend 

against it and limit the spread of the virus. In humans, the response involves 
both the innate and adaptive immune system. The innate immune system is 
the first to sense the invasion of the foreign pathogen and it assists in the acti-
vation of the adaptive immune system, which ultimately results in the produc-
tion of antibodies against the IAV antigens.   

 
During a natural IAV infection, humans have been shown to generate anti-

bodies against several different viral proteins. The majority of these antibodies 
target the surface glycoproteins HA and NA, which are some of the more 
abundant viral proteins that are expressed. Chen et al. have examined the 
plasma blasts from 16 IAV infected patients and found that 1/3 of these cells 
produce antibodies that react with HA, 1/4 produce antibodies against NA, 
and the remaining fraction produced antibodies that reacted with other viral 
proteins [105].  
 

NA antibodies have been shown to protect against IAV infection in humans 
back in the 1970’s [106, 107]. More recent clinical trials have reexamined 
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these findings and demonstrated that influenza virus protection correlates to 
both anti-NA and anti-HA serum antibody titers [108, 109]. Experiments per-
formed in animal models have additionally shown that a strong induction of 
NA-specific antibodies provides protection against a lethal virus challenge 
[105, 110].  
 

Antibodies generally have an effector function in recruiting immune cells 
to eliminate infections. One of the mechanisms is known as antibody-depend-
ent cell-mediated cytotoxicity (ADCC), where NK cells recognize and bind to 
the Fc portion of the antibody that is associated with an antigen on the infected 
cell surface and lyse it. An additional clearance process is known as antibody-
dependent phagocytosis (ADP), where macrophages are recruited to phagocy-
tose antibody-coated viral particles or apoptosis cells. Even though recent 
studies have indicated anti-NA antibodies have ADCC effect in vitro, the pri-
mary effector function of NA antibodies in humans is still unclear [111]. 
 

Similar to HA antibodies that can neutralize viral particles by inhibiting its 
binding function, NA antibodies can also have a neutralizing effect on its en-
zymatic function. Although NA antibodies have not been studied in great de-
tail, they can be separated into the following three categories based on their 
ability to neutralize NA activity: -i- NA activity inhibiting (NAI) antibody, 
which generally bind the enzymatic pocket and block the accessibility of the 
sialylated glycoconjugate; -ii- Partial NA activity inhibiting (semi-NAI), 
which bind near the enzymatic pocket and interfere with sialylated glycocon-
jugate binding by steric hinderance [112]; and -iii- Non NA activity inhibiting 
(non-NAI), which bind to NA but do not affect its enzymatic function [113].  

 
Currently it is considered that the neutralization effect directly correlates to 

the NAI activity of these antibodies, making them similar to NA inhibitors. 
Supporting this correlation, in vitro studies have shown that both NAI and 
semi-NAI antibodies can reduce viral propagation in tissue culture [112] and 
in an ex vivo upper respiratory epithelial cell systems containing a mucus layer 
[96]. However, it is not clear if the effectiveness between these two systems 
is equal.  

 
Generally, antibodies produced by plasma cells have exactly the same an-

tigen recognition as the membrane-bound Ig receptor on its precursor B lym-
phocytes. Recent work has shown that NA antibodies can cross-react within 
the same subtype for both N1 and N2 [105, 114] raising the question whether 
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NA-specific antibodies can provide a broad protection effect against virus 
across different NAs within the same subtype. Ferret and mouse model exper-
iments have shown that immunization with NA antigen not only can protect 
from virus with matched IAV strain but also protect from IAV carrying NA 
from a different strain but the same subtype [115, 116]. The cross protection 
is likely due to the contribution of conserved epitopes that gives cross-reactiv-
ity between the different NAs [113]. 
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Results summary 

Paper I. Polar Residues and Their Positional Context Dictate the Trans-mem-
brane Domain Interactions of Influenza A Neuraminidases. 
  

NA is a tetrameric membrane protein that is comprised of a head domain, 
a stalk linker region and a TMD. In the cell, the assembly of subtype 1 NA is 
a cooperative proceess that involves oligomerization of both the enzymatic 
head domain and the TMD. Here, we show that the TMDs from all NA sub-
types except for N2 are amphipathic a-helices that contain a polar face, which 
mediate their homo-oligomerization. Across the different subtypes, the 
strength of the TMD interactions inversely correlates with the TMD hydro-
phobicity, indicating that polar residues are responsible for the interaction. A 
temporal analysis of the NA TMD from human H1N1 strains indicates that 
hydrophilic drift is occurring in the TMD that leads to a stronger interaction 
in TMD overtime, suggesting this non exposed region of NA may be under 
selection pressure.  
 
 
Paper II. Type II Transmembrane Domain Hydrophobicity Dictates the Co-
translational Dependence for Inversion.  
 

Single-pass membrane proteins have one chance to insert into the ER mem-
brane during synthesis. Therefore, the TMDs from this class of proteins are 
generally of sufficient hydrophobicity to mediate their insertion into the mem-
brane. However, in human H1N1 viruses the NA TMD shows evidence of 
amphiphilic drift with the more recent NAs encoding for a marginally hydro-
phobic TMD. By analyzing a series of increasing length NAs, we found that 
the correct membrane insertion of these marginally hydrophobic TMDs is re-
lated to the arrangement of NA’s domains. During protein translation, these 
N-terminal TMDs are hydrophobic enough to guide the ribosome-nascent 
chain complex to the translocon. However, the translation of the long NA C-
terminus is necessary for the marginally hydrophobic TMDs to invert and ori-
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entate in the proper topology for insertion into the lipid membrane. Quantifi-
cation of our results showed that the efficiency of NA insertion and inversion 
reaches 50% when the polypeptide length following the TMD is approxi-
mately 100 amino acids. This length is consistent with that of the domains 
which follow all of the predicted type II human membrane proteins that pos-
sess a marginally hydrophobic TMD. Together, this study shows how the co-
translational translocation process contributes to the lipid bilayer integration 
of single-pass membrane protein with a marginally hydrophobic TMD.  
 
 
Paper III. Structural Restrictions for Influenza Neuraminidase Activity Pro-
mote Adaptation and Diversification. 
 

Although all IAVs contain NA, significant variation exists in the NAs that 
circulate in nature. Even within the same subtype, NAs show variation in their 
properties, such as substrate binding affinity, enzyme activity, and protein 
thermo- and pH- stability. In this study, we investigated what is responsible 
for the property variation of subtype 1 NAs (N1) in human IAVs. We first 
determined that the central calcium ion, which associates with all four mono-
mers, is a major stability factor for NA. By selectively substituting the amino 
acids that alter the structure of the central calcium binding pocket, the affinity 
of NA for this calcium ion changes, and subsequently stability of NA changes. 
The flexibility in the structure that enables these changes at the interface were 
also found to allow different NA monomers to assemble together into a tetrat-
mer, providing a mechanism to further increase the diversity of NA. These 
results indicate that the structural requirements for NA function provides the 
enzyme with the advantages of increased mutational tolerance and access to 
more diversity in its properties.   
 
 
Paper IV. Analysis of IAV Replication and Co-infection Dynamics by a Ver-
satile RNA Viral Genome Labeling Method. 
 
Delivering genetic material to the proper cellular compartment for replication 
is the ultimate goal for all viruses. The segmented nature of the IAV genome 
complicates this process, but it also allows IAVs to reassort genome segments 
from different viruses during a co-infection. In this paper, we developed an in 
situ RNA labeling approach to visualize the IAV gene segments in cells during 
an infection. The high specificity of the labeling allowed us to track IAV gene 
segment trafficking from cell entry through nuclear export. The results 



 

26 

showed that the half time for a single viral particle enter the cell is ~5 min and 
that the nuclear import of the gene segments is an efficient process. We used 
the quantitative and spatial information to define the IAV infection stage in 
single cells and to investigate the temporal requirements for IAV reassort-
ment. By taking advantage of the single nucleotide specificity, it was possible 
to track the gene segments of two isogenic virus during co-infection experi-
ments. Our results show that the ability of a second virus to replicate in the 
same cell is limited once the first virus has reached its replication stage [Fig 
11.]. This temporal restriction combined with the spatial requirement for a cell 
co-infection are likely contributing factors to the low prevalence of reassort-
ment events in nature.  

 

 
Figure 11. Model of Cell susceptibility to secondary infection. Over one course of 
infection, five infection stages were defined based on the spatial and quantity infor-
mation acquried through gene segment labeling. The proportions of cell population 
from each stage were plot against the corresponding infection time from a single in-
fection. The time window that whether the cells are susceptible to co-infection are 
shown above the graph. Data from Paper IV. 
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Conclusions and future perspective 

IAVs commonly circulate in the human population and are a major contrib-
uting factor to the yearly influenza epidemics and are responsible for the oc-
casional influenza pandemic outbreaks. The severity of this disease is associ-
ated with the ability of IAVs to quickly evolve, which results in the mismatch 
between pre-existing immunity of each individual and current circulating IAV 
strains. IAVs evolve through two primary mechanisms: antigenic drift and an-
tigenic shift. In this thesis work, I have focused on studying how the NA sur-
face antigen from H1N1 IAVs has evolved with respect to the limitations im-
posed by the host cellular machinery and its functional requirements.    

 
Much of the work presented here focused on analyzing non-exposed amino 

acids of NA that reside in the viral envelope, which is quite different from the 
common approach of analyzing amino acids on the NA ectodomain that con-
tains the enzymatic region. The rationale behind this comes from previous 
work from our lab that has shown that the TMD of NA is not only a membrane 
anchor but also aids in its tetramerization [88]. Oligomerization of TMDs is 
driven by polar-polar interaction as each TMD is an amphipathic a-helix. 
Over time, the NA TMD in human H1N1 viruses has become less and less 
hydrophobic, which provides a stronger interaction in TMD among monomers 
(Paper I). However, the hydrophilic drift goes against the cellular hydropho-
bicity requirement of ER insertion of single TMD protein. This raises the ques-
tion of how the hydrophilic drift is possible to occur, as the IAV protein syn-
thesis process is fully dependent on the cellular machinery. In paper II, we 
found that the key reason why NA can tolerate having a marginally hydropho-
bic TMD is due to the location of its TMD on the N-terminus followed by a 
long C-terminal domain. This enables the co-translational synthesis process to 
aid in the positioning and inversion of these TMDs for proper insertion into 
the membrane.  

 
Paper II provided a comprehensive analysis on the relationship between 

TMD hydrophobicity and how NA as well as cellular proteins with this char-
acteristic are able to integrate into the ER membrane. Specifically, we showed 
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that proteins with marginally TMDs require the co-translational translocation 
process to facilitate their membrane integration. Potentially this requirement 
is related to the need for the amphipathic helix to adjust its orientation so that 
the hydrophobic side faces the lateral gate of the Sec translocon. In this man-
ner, the co-translational process would provide the additional time by keeping 
the nascent chain attached to the ribosome. When we considered that the ribo-
some exit tunnel holds ~40 aa and the Sec translocon holds ~20 aa, our results 
showing that the C-terminal length needs to be at least 70 aa to initiate inver-
sion would support such a conclusion as the extra 10 aa would provide slack 
in the polypeptide chain and about 2 seconds of additional time for the inver-
sion and positioning to occur. We demonstrated this more directly by showing 
that another TMD could be inverted by elongating the C-terminal domain (Pa-
per II). However, it is still not certain how the additional polypeptide length 
and time contribute to inversion process as it is possible that this requirement 
is related to the binding of chaperones from within the ER lumen. In the future, 
it will be interesting to investigate whether hydrophobic and marginally hy-
drophobic TMDs use the same translocation machinery.  

 
Although the results in previous work and paper I show that the TMD con-

tributes to the tetrameric assembly of the NA head domain, we still do not 
know why. One interesting observation we made was that the TMD of NA is 
connected to the stalk, which feeds into the base of each head domain around 
the axis of symmetry. More recent NA structures have shown that directly 
above this region lies a calcium binding pocket, which must be occupied for 
NA to function. This pocket has a low affinity for calcium and has previously 
been suggested to aid in NA stability. The reason that NA has evolved to re-
quire calcium binding in such a low affinity pocket is probably due to calcium 
being a unique factor that differs in concentration among different environ-
ments. Therefore, changes in calcium ion concentration can alter NA enzy-
matic properties, which could be a simple mechanism for regulating NA func-
tion (Paper III). 

 
Besides changing NA gradually, IAVs can also evolve through antigenic 

shift where NAs from multiple viruses exchange during the co-infection pro-
cess, resulting in a new virus strain. The approach I developed during my the-
sis work for detecting the cellular localization of the RNA genomic segments 
should make it possible to examine numerous details of the IAV genome in 
cells that were not previously possible. The method provides the ability to la-
bel all eight short IAV RNA gene segments with high specificity, enabling us 
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to visualize the delivery of the IAV genome to the nucleus for the first time 
(Paper IV). In contrast to protein labeling, this method can easily differentiate 
between very similar viruses. By combining IAV gene segment localization 
profile with semi-quantitative information of each genome at a single-cell 
level, the infection stage of each individual cell can be identified among a 
large population. This provides a new way of identifying the infection stages 
across a population of cells. We took advantage of the single-nucleotide spec-
ificity to study the temporal requirement of productive co-infection in a non-
biased setting. The results from this analysis showed that the replication of a 
second IAV genome is limited when the first IAV genome is towards the end 
of the replication cycle, likely explaining the sporadic event of antigenic shift. 
However, the mechanism that limits the nuclear import of the second viral 
genome remains unknown. Two possibilities for this observation are poten-
tially an active blockage process of IAV or the lack of certain components of 
the cellular machinery.  

 
Taken together, the studies that I have been involved with have provided 

new information for how NA has evolved as a protein and fulfilled the require-
ments imposed by the cellular machinery that are necessary for its synthesis, 
assembly and trafficking. These findings offer potential insight into which di-
rection NA can or cannot evolve that may provide some guidance with respect 
to predicting NA evolution and future vaccine strains. The labeling methodol-
ogy I helped to develop opens up the ability to examine aspects of the infection 
process that were not previously possible, such as how the cellular machinery 
facilitates or restricts the viral genome from entering the cell, trafficking be-
tween organelles and importing into the nucleus. In the future, it will be inter-
esting to investigate the genome trafficking process in a variety of cell types 
including airway epithelial cells and immune cells both in vitro and in vivo. 
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Sammanfattning på svenska 

När influensavirus infekterar människor kan det orsaka mild till akut luftvägs-
infektion. Förutom individens existerande immunitet och hälsostatus, är vari-
ation i viruset också en viktig faktor för utfallets allvarlighet. Hos viruset är 
det ofta relaterat till dess evolutionsförmåga att undvika individens existe-
rande immunitet. Mekanismen för detta är att variera proteinerna på virusets 
yta, hemagglutinin (HA) och neuraminidas (NA). Detta sker på två sätt, med 
hjälp av antigeniskt drift (ackumulering av mutationer i dessa proteiner), eller 
antigeniskt skift (utbyte av HA eller NA mellan två olika influensavirus som 
infekterar samma cell).  
 
I mitt arbete har jag använt NA för att förstå evolutionen hos influensaviruset 
under påtryckning av immunförsvaret, hur den samtidigt kan bevara nödvän-
diga proteinfunktioner, samt hur den samtidigt kan anpassa sig för att utnyttja 
den infekterade cellen för att göra fler viruskopior. 
  
NA är ett svampformat membranprotein, vars ”huvud” (kallad huvuddomän) 
är lokaliserad utanför cellen, och vars ”fot” (kallad transmembran domän) är 
inuti cellmembranet. Vanligtvis sker antigeniskt drift på ytan av proteiner, ef-
tersom det är där antikroppar har möjlighet att binda. Överraskande har vi i 
mitt arbete hittat två gömda proteinregioner som också genomgår antigeniskt 
drift. Den ena är i membranbundna transmembrana domänen, och den andra 
är i centrala fickan på huvuddomänen som calciumjoner vanligtvis binder till. 
Denna upptäckt indikerar att NA, som en helhet istället för som separata do-
mäner, evolverar för att förhindra antikroppsigenkänning.  
  
För att studera antigeniskt skift har jag utvecklat en väldigt känslig och speci-
fik metod för RNA-detektion för att visualisera influensagenomet under in-
fektionsprocessen, som gör det möjligt att i detalj studera vart genomet befin-
ner sig i varje stadie. Och eftersom metoden är så specifik går det att studera 
utbyte av gensegment mellan olika virus utan att behöva titta på proteiner.  
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