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SARS-CoV-2 
 
Genome and Structure: 
 
The SARS-CoV-2 genome consists of about 30 kb of linear positive-sense ssRNA. There is a 
m7G-cap (specifically m7GpppA1) at the 5’ end of the genome and a 30-60 nucleotide poly-A tail 
at the 3’ end of the genome. These protective structures minimize exonuclease degradation.1 The 
genome also has a 5’ UTR and a 3’ UTR which contain sequences that aid in transcriptional 
regulation and in packaging. The SARS-CoV-2 genome directly translates two partially 
overlapping polyproteins, ORF1a and ORF1b. There is a –1 ribosomal frameshift in ORF1b 
relative to ORF1a. Within the polyproteins, two self-activating proteases (Papain-like protease 
PLpro and 3-chymotrypsin-like protease 3CLpro) perform cleavage events that lead to the 
generation of the virus’s 16 non-structural proteins (nsps). It should be noted that the 3CLpro is 
also known as the main protease or Mpro. The coronavirus also produces 4 structural proteins, but 
these are not translated until after the synthesis of corresponding subgenomic RNAs via the viral 
replication complex. To create these subgenomic RNAs, negative-sense RNA must first be made 
and then undergo conversion back to positive-sense 
RNA for translation. Genes encoding the structural 
proteins are located downstream of the ORF1b section. 
 
SARS-CoV-2’s four structural proteins include the N, E, 
M, and S proteins. Many copies of the N (nucleocapsid) 
protein bind the RNA genome and organize it into a 
helical ribonucelocapsid complex. The complex 
undergoes packaging into the viral envelope during 
coronavirus budding. Interactions between the N protein 
and the other structural proteins may facilitate this 
packaging process. The N protein also inhibits host 
immune responses by antagonizing viral suppressor 
RNAi and by blocking the signaling of interferon 
production pathways.2  
 
The transmembrane E (envelope) protein forms pentamers and plays a key but poorly understood 
role in the budding of viral envelopes into the endoplasmic reticulum Golgi intermediate 
compartment (ERGIC).3–5 Despite its importance in budding, mature viral particles do not 
incorporate very many E proteins into their envelopes. One of the posttranslational modifications 
of the E protein is palmitoylation. This aids subcellular trafficking and interactions with 
membranes. E protein pentamers also act as ion channels that alter membrane potential.6,7 This 
may lead to inflammasome activation, a contributing factor to cytokine storm induction.  
 
The M (membrane) protein is the most abundant protein in the virion and drives global curvature 
in the ERGIC membrane to facilitate budding.5,8 It forms transmembrane dimers that likely 
oligomerize to induce this curvature.9 The M protein also has a cytosolic (and later intravirion) 
globular domain that likely interacts with the other structural proteins. M protein dimers also induce 
local curvature through preferential interactions with phosphatidylserine and phosphatidylinositol 
lipids.4,5 M proteins help sequester S proteins into the envelopes of budding viruses.10 



 
The S (spike) protein of SARS-CoV-2 has been heavily studied due to its central roles in the 
infectivity and immunogenicity of the coronavirus. It forms a homotrimer that protrudes from the 
viral envelope and is heavily glycosylated. It binds the host’s ACE2 receptor (angiotensin-
converting enzyme 2 receptor) and undergoes conformational changes to promote viral fusion.11 
The S protein undergoes cleavage into S1 and S2 subunits by the host’s furin protease during 
viral maturation.12,13 This enhances SARS-CoV-2 entry into lung cells and may partially explain 
the virus’s high degree of transmissibility. The S1 fragment contains the receptor binding domain 
(RBD) and associated machinery while the S2 fragment facilitates fusion. Prior to cellular 
infection, most S proteins exist in a closed prefusion conformation where the RBDs of each 
monomer are hidden most of the time.14 After the S protein binds ACE2 during transient exposure 
of one of its RBDs, the other two RBDs quickly bind as well. This binding triggers a conformational 
change in the S protein that loosens the structure, unleashing the S2 fusion component and 
exposing another proteolytic cleavage site called S2’. Host transmembrane proteases such as 
TMPRSS2 cut at S2’, causing the full activation of the S2 fusion subunit and the dramatic 
elongation of the S protein into the postfusion conformation. This results in the viral envelope 
fusing with the host membrane and uptake of the coronavirus’s RNA into the cell. 
 
The 16 nsps of SARS-CoV-2 play a variety of roles. For instance, nsp1 shuts down host cell 
translation by plugging the mRNA entry channel of the ribosome, inhibiting the host cell’s immune 
responses and maximizing viral production.15,16 Viral proteins still undergo translation because a 
conserved sequence in the coronavirus RNA helps circumvent the blockage through a poorly 
understood mechanism. The nsp5 protein is the protease 3CLpro.17 The nsp3 protein contains 
several subcomponents, including the protease PLpro. The nsp12, nsp7, and nsp8 proteins come 
together to form the RNA-dependent RNA polymerase (RdRp) that replicates the viral 
genome.17,18 The nsp2 protein is likely a topoisomerase which functions in RNA replication. The 
nsp4 and nsp6 proteins as well as certain subcomponents of nsp3 restructure intracellular host 
membranes into double-membrane vesicles (DMVs) which compartmentalize viral replication.19 
 
Beyond the 4 structural proteins and 16 nsps of SARS-CoV-2, the coronaviral genome also 
encodes some poorly understood accessory proteins including ORF3a, ORF3b, ORF6, ORF7a, 
ORF7b, ORF8 and ORF9b.20 These accessory proteins are non-essential for replication in vitro, 
but they are thought to be required for the virus’s full degree of virulence in vivo. 
 
Life cycle: 
 
As mentioned, SARS-CoV-2 infects cells by first binding a S protein RBD to the ACE2 receptor. 
This triggers a conformational change that elongates the S protein’s structure and reveals the S2 
fusion fragment, facilitating fusion of the virion envelope with the host cell membrane.14 Cleavage 
of the S’ site by proteases like TMPRSS2 aid this change from the prefusion to postfusion 
configurations. Alternatively, SARS-CoV-2 can enter the cell by binding to ACE2, undergoing 
endocytosis, and fusing with the endosome to release its genome (as induced by endosomal 
cathepsin proteases).20 After release of the SARS-CoV-2 genome into the cytosol, the N protein 
disassociates and allows translation of ORF1a and ORF1b, producing polyproteins which are 
cleaved into mature proteins by the PLpro and 3CLpro proteases as discussed earlier.   
 
The RdRp complex synthesizes negative-sense full genomic RNAs as well as negative-sense 
subgenomic RNAs. In the latter case, discontinuous transcription is employed, a process by which 
the RdRp jumps over certain sections of the RNA and initiates transcription separately from the 
rest of the genome.21 The negative-sense RNAs are subsequently converted back into positive-



sense full genomic RNAs and positive-sense subgenomic RNAs. The subgenomic RNAs are 
translated to make structural proteins and some accessory proteins.20 
 
As described earlier, the nsp4, nsp6, and parts 
of nsp3 proteins remodel host endoplasmic 
reticulum (ER) to create DMVs.20 These DMVs 
are the site of the coronaviral genomic 
replication and serve to shield the viral RNA 
and RdRp complex from cellular innate 
immune factors. DMVs cluster together and are 
continuous with the ER mostly through small 
tubular connections. After replication, the 
newly synthesized coronavirus RNAs undergo 
export into the cytosol through molecular pore 
complexes that span both membranes of the 
DMVs.22 These molecular pore complexes are 
composed of nsp3 domains and possibly other 
viral and/or host proteins. 
 
Newly replicated SARS-CoV-2 genomic RNAs complex with N proteins to form helical 
nucleocapsids. To enable packaging, the nucleocapsids interact with M protein cytosolic domains 
which protrude at the ERGIC.23 M proteins, E proteins, and S proteins are all localized to the 
ERGIC membrane. The highly abundant M proteins induce curvature of the membrane to facilitate 
budding. As mentioned, E proteins also play essential roles in budding, but the mechanisms are 
poorly understood. Once the virions have budded into the ERGIC, they are shuttled through the 
Golgi via a series of vesicles and eventually secreted out of the cell. 

 
Adeno-associated virus (AAV) 
 
Genome and Structure: 
 
AAV genomes are about 4.7 kb in length and are composed of ssDNA. Inverted 
terminal repeats (ITRs) form hairpin structures at ends of the genome. These ITR 
structures are important for AAV genomic packaging and replication. Rep genes 
(encoded via overlapping reading frames) include Rep78, Rep68, Rep52, Rep40.24 
These proteins facilitate replication of the viral genome. As a Dependoparvovirus, 
additional helper functions from adenovirus (or certain other viruses) are needed 
for AAVs to replicate. 
 
AAV capsids are about 25 nm in diameter. Cap genes 
include VP1, VP2, VP3 and are transcribed from 
overlapping reading frames.25 The VP3 protein is the 
smallest capsid protein. The VP2 protein is the same as 
VP3 except that it includes an N-terminal extension with a nuclear localization sequence. The 
VP1 protein is the same as VP2 except that it includes a further N-terminal extension encoding a 
phospholipase A2 (PLA2) that facilitates endosomal escape during infection. In the AAV capsid, 
VP1, VP2, and VP3 are present at a ratio of roughly 1:1:10. It should be noted that this ratio is 
actually the average of a distribution, not a fixed number. 
 



Frame-shifted start codons in the Cap gene region transcribe AAP (assembly activating protein) 
and MAAP (membrane associated accessory protein). These proteins help facilitate packaging 
and other aspects of the AAV life cycle. 
 
Life cycle: 
 
There are a variety of different AAV serotypes (AAV2, AAV6, AAV9, etc.) that selectively infect 
certain tissue types. AAVs bind to host cell receptors and are internalized by endocytosis. The 
particular receptors involved can vary depending on the AAV serotype, though some receptors 
are consistent across many serotypes. Internalization occurs most often via clathrin-coated pits, 
but some AAVs are internalized by other routes such as macropinocytosis or the CLIC/GEEC 
tubulovesicular pathway.26 
 
After endocytosis, conformational changes in the AAV capsid lead to exposure of the PLA2 VP1 
domain, which facilitates endosomal escape. The AAV is then transported to the nucleus mainly 
by motor proteins on cytoskeletal highways. It enters via nuclear pores and finishes uncoating its 
genome. 
 
AAV genomes initiate replication using the ends of their ITR hairpins as primers. This leads to a 
series of complex steps involving strand displacement and nicking.24 In the end, new copies of 
the AAV genome are synthesized. The Rep proteins are key players in this process. It is important 
to realize that AAVs can only replicate in cells which have also been infected by adenovirus or 
similar helper viruses (this is why they are called “adeno-associated viruses”). Adenoviruses 
provide helper genes encoding proteins (e.g. E4, E2a, VA) that are vital for the successful 
completion of the AAV life cycle. After new AAV capsids have assembled from VP1, VP2, and 
VP3 and once AAV genomes have been replicated, the ssDNA genomes are threaded into the 
capsids via pores at their five-fold vertices. 
 
AAVs are nonpathogenic, though a large fraction of people possess antibodies against at least 
some serotypes, so exposure to them is fairly common. 
 

Adenovirus 
 
Genome and Structure: 
 
Adenovirus genomes are about 36 kb in size and are composed of linear dsDNA. They possess 
inverted terminal repeats (ITRs) which help facilitate replication and other functions. These 
genomes contain a variety of transcriptional units which are expressed at different times during 
the virus’s life cycle.27 E1A, E1B, E2A, E2B, E3, and E4 transcriptional units are expressed early 
during cellular infection. Their proteins are involved in DNA replication, transcriptional regulation, 
and suppression of host immune responses. The L1, L2, L3, L4, and L5 transcriptional units are 
expressed later in the life cycle. Their products include most of the capsid proteins as well as 
other proteins involved in packaging and assembly. Each transcriptional unit can produce multiple 
mRNAs through the host’s alternative splicing machinery. 
 
The capsid of the adenovirus is about 90 nm in diameter and consists of three major proteins 
(hexon, penton, and fiber proteins) as well as a variety of minor proteins and core proteins. Hexon 
trimer is the most abundant protein in the capsid, the pentameric pentons occur at the vertices, 
and trimeric fibers are positioned on top of the pentons.28 The fibers point outwards from the 
capsid and end in knob domains which bind to cellular receptors. In Ad5, a commonly studied 
type of adenovirus, the fiber knob primarily binds to the coxsackievirus and adenovirus receptor 



(CAR). That said, it should be noted that Ad5’s fiber knob 
can also bind to alternative receptors such as vascular cell 
adhesion molecule 1 and heparan sulfate proteoglycans.  
 
Minor capsid proteins include pIX, pIIIa, pVI, and pVIII. 
The pIX protein interlaces between hexons and helps 
stabilize the capsid. Though pIX is positioned in the 
crevices between the hexons, it is still exposed to the 
outside environment. By contrast, the pIIIa, pVI, and pVIII 
proteins bind to the inside of the capsid and contribute 
further structural stabilization. When the adenovirus is 
inside of the acidic endosome during infection, 
conformational changes in the capsid release the pVI 
protein, which facilitates endosomal escape through 
membrane lytic activity. 
 
Adenovirus core proteins include pV, pVII, protein μ (also known as pX), adenovirus proteinase 
(AVP), pIVa2, and terminal protein (TP).29 The pVII protein has many positively-charged arginine 
residues and so functions to condense the viral DNA. The pV protein bridges the core with the 
capsid through interactions with pVII and with pVI. AVP cleaves various adenoviral proteins (pIIIa, 
TP, pVI, pVII, pVIII, pX) to convert them to their mature forms.30 The pIVa2 and pX proteins 
interact with the viral DNA and may play roles in packaging or replication. TP binds to the ends of 
the genome and is essential for localizing the viral DNA in the nucleus and for viral replication. 
 
Life Cycle: 
 
Adenovirus infects cells by binding its fiber 
knob to cellular receptors such as CAR (in 
the case of Ad5). The penton then binds 
certain αv integrins, positioning the viral 
capsid for endocytosis.31 When the 
endosome acidifies, the adenovirus 
capsid partially disassembles, fibers and 
pentons fall away, and pVI is released.32 
The pVI protein’s membrane lytic activity 
facilitates endosomal escape. Partially 
disassembled capsids then undergo 
dynein-mediated transport along 
microtubules and dock at the entrance to 
nuclear pores. The capsids further 
disassemble and releases DNA through 
the nuclear pore. This DNA remains 
complexed with pVII after it enters the 
nucleus. 
 
Adenoviral transcription is initiated by the 
E1A protein, inducing expression of early 
genes.33 This subsequently leads to expression of the E2, E3, and E4 transcriptional units, which 
help the virus escape immune responses. This cascade leads to expression of the L1, L2, L3, L4, 
and L5 transcriptional units, which mainly synthesize viral structural proteins and facilitate capsid 
assembly. 



 
In the nucleus, adenovirus genomes replicate within dense complexes of protein that can be seen 
as spots via fluorescence microscopy. Replication begins at the ITRs and is primed by TP.34 
Several more viral proteins and host proteins also aid the initiation of replication. Nontemplate 
strands are displaced during replication but may reanneal and act as template strands later. 
Adenovirus DNA binding protein and adenovirus DNA polymerase play important roles in 
replication. Once the genome has been replicated, TP undergoes cleavage into its mature form, 
signaling for packaging of new genomes. 
 
The adenoviral capsid assembly and maturation process occurs in the nucleus.33 Once enough 
assembled adenoviruses have accumulated, they rupture the nuclear membrane using adenoviral 
death protein and subsequently lyse the cell, releasing adenoviral particles.  
 

Herpes Simplex Virus 1 (HSV-1) 
 
Genome and Structure: 
 
HSV-1 genomes are about 150 kb in size and are composed of linear dsDNA. These genomes 
include a unique long (UL) region and a unique short (US) region.35 The UL and US regions are 
both flanked by their own inverted repeats. The terminal inverted repeats are called TRL and TRS 
while the internal inverted repeats are called IRL and IRS. HSV-1 contains approximately 80 
genes, though the complexity of its genomic organization makes an exact number of genes 
difficult to obtain. As with many other viruses, HSV-1 genomes encode early, middle, and late 
genes. The early genes activate and regulate transcription of the middle and late genes. Middle 
genes facilitate genome replication and late genes mostly encode structural proteins. 
 
The diameter of HSV-1 ranges around 155 nm to 240 nm.36 Its virions include an inner icosahedral 
capsid (with a 125 nm diameter) surrounded by tegument proteins which are in turn enveloped 
by a lipid membrane containing glycoproteins.  
 
HSV-1’s icosahedral capsid consists of a variety of proteins. Some of the most important capsid 
proteins are encoded by the UL19, UL18, UL38, UL6, UL17, and UL25 genes.37 The UL19 gene 
encodes the major capsid protein VP5, which forms pentamers and hexamers for the capsid. 
These VP5 pentamers and hexamers are glued together by triplexes consisting of two copies of 
VP23 (encoded by UL18) and one copy of VP19C (encoded by UL38).38 The UL6 gene encodes 
the protein that makes up the portal complex, a structure used by HSV-1 to release its DNA during 
infection. Each HSV-1 capsid has a single portal (composed of 12 copies of the portal protein) 
located at one of the vertices. UL17 and UL25 encode additional structural proteins that stabilize 
the capsid by binding on top of the other vertices. These two proteins also serve as a bridge 
between the capsid core and the tegument proteins. 
 



The tegument of HSV-1 contains dozens of distinct proteins. Some examples include pUL36, 
pUL37, pUL7, and pUL51 proteins. The major tegument proteins are pUL36 and pUL37. The 
pUL36 protein binds on top of the UL17-UL25 complexes at the capsid’s vertices.39 The pUL37 
protein subsequently associates with pUL36. The pUL51 protein associates with cytoplasmic 
membranes in infected cells and recruits the pUL7 protein.40 This pUL51-pUL7 interaction is 
important for HSV-1 assembly. HSV-1 
has many more tegument proteins 
which play various functional roles. 
 
HSV-1’s envelope contains up to 16 
unique glycoproteins. Four of these 
glycoproteins (gB, gD, gH, and gL) are 
essential for viral entry into cells.41 The 
gD glycoprotein first binds to one of its 
cellular receptors (nectin-1, herpesvirus 
entry mediator or HVEM, or 3-O-
sulfated heparan sulfate). This binding 
event triggers a conformational change 
in gD that allows it to activate the gH/gL 
heterodimer. Next, gH/gL activate gB 
which induces fusion of HSV-1’s 
envelope with the cell membrane. 
Though the remaining 12 envelope 
glycoproteins are poorly understood, it 
is thought that they also play roles that 
influence cellular tropism and entry. 
 
Life cycle: 
 
After binding to cellular receptors via its glycoproteins, HSV-1 induces fusion of its envelope with 
the host cell membrane.42 The capsid is trafficked to nuclear pores via microtubules. Since the 
capsid is too large to pass through a nuclear pore directly, the virus instead ejects its DNA through 
the pore via the portal complex.43 
 
HSV-1 replicates its genome and assembles its capsids in the nucleus. But the assembled 
capsids are again too large to exist the nucleus through nuclear pores. To overcome this issue, 
HSV-1 first buds via the inner nuclear membrane into the perinuclear cleft (the space between 
nuclear membranes), acquiring a primary envelope.42 This process is driven by a pair of proteins 
(pUL34 and pUL31) which together form the nuclear egress complex. Next, the primary envelope 
fuses with the outer nuclear membrane, releasing the assembled capsids into the cytosol. 
 
To acquire its final envelope, the HSV-1 capsid likely buds into the trans-Golgi network or into 
certain tubular vesicular organelles.44 These membrane sources contain the envelope proteins of 
the virus as produced by transcription and various secretory pathways. One player is the pUL51 
tegument protein that starts associated with the membrane into which the virus buds. The 
interaction between pUL51 and pUL7 helps facilitate recruitment of the capsid to the membrane. 
(Capsid envelopment is also coupled in many other ways to formation of the outer tegument). The 
enveloped virion eventually undergoes trafficking through the secretory system and eventually is 
packaged into exosomes that fuse with the cell membrane and release completed virions into the 
extracellular environment. 
 



In humans, HSV-1 infects the epithelial cells first and produces viral particles.45 It subsequently 
enters the termini of sensory neurons, undergoes retrograde transport into the brain, and remains 
in the central nervous system in a dormant state. During periods of stress in the host, the virus is 
reactivated and undergoes anterograde transport to infect epithelial cells once again.  
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