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Molecular & Medical

The ,,ins and outs” of a virus

Todays lecture

Entry

Trafficking to replication site

Gene expression, genome replication

Trafficking of viral proteins and RNA to assembly sites
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Exit/Egress

Maturation

Damage done
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Virology

mv E Structure of viral particle determines how and where it is formed E
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m% Requirements for directed trafficking of
o viral proteins and nucleid acids

Where in the cell do viruses assemble and get released?

Table 12.1 Intracellular trafficking requirements for virus assembly

cell membrane
mitochondrion Assembly site(s) Viruses

cytoplasm

nucleus Within the nucleus Adenovirus, polyomavirus

DNA Within the cytoplasm Picornavirus

endoplasmatic
reticulum

At the plasma membrane Alphavirus, retrovirus, rhabdovirus
lysosome
ribosome
At an internal cellular membrane Bunyavirus, coronavirus, poxvirus
Golgi
apparatus
Within the nucleus and at a Herpesvirus, orthomyxovirus

cellular membrane
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mw et s Directional movement

* Short range: Crossing a membrane, release from a capsid: channels

* Long range: Movement on cytoskeletal tracks
e Actin: Myosin motor proteins
* Microtubles: dynein and kinesin motor proteins

H RO P~ Energy- Angstroms Membrane A
Short < dependent- 5 to Ll (plasma, I
protein channels nanometers nuclear, Y
ER, Golgi)
2
/

Moving in heavy traffic
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MMV s Viral proteins have ,addresses”

« Membrane targeting: Signal sequences, fatty acid modifications
 Membrane retention signals
* Nuclear localization sequences (NLS): direct proteins in nucleus

* Nuclear export signals: proteins shuttle into and out of nucleus

(A) LOCALIZATION OF T-ANTIGEN CONTAINING (B) LOCALIZATION OF T-ANTIGEN CONTAINING

ITS NORMAL NUCLEAR IMPORT SIGNAL A MUTATED NUCLEAR IMPORT SIGNAL
A\
Pro—Pro — Lys — Lys — Lys —Arg— Lys — Val — Pro —Pro — Lys — Thr — Lys —Arg — Lys — Val —
TN

https.//nerd.wwnorton.com/ebooks/epub/mboc7/EPUB/content/4.3.5-chapter12.xhtml

20 um
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Localization of viral proteins to nucleus

Golgi apparatus Ribosome Rough endoplasmic reticulum
Plasma \ |

membrane
\

Py(VP1)s + VP2/3 Ad hexon +
100 kDa

Nuclear envelope:

— I

” QOuter nuclear membrane
Transport | 7 Inner nudlear membrane
vesicles

Mitochondrion
\
U ——
Cytoskeleton:
/lti Intermediate filament

Coated pit Microtubule

Actin filament bundle

Endosome Lysosome Extracellular matrix
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mw Localization of viral proteins to the plasma membrane

> Virology

Other viral Viral RNA Nascent viral protein
proteins \ |

Cell surface —
viral protein

Transport
vesicle

Extracellular matrix Retrovirus
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mv} Assembly at the plasma membrane:

" Virol ° °
e transport of viral glycoproteins
Receptor engagement Membrane fusion
i - HA, - .
; ' HA, i Has |
Signal
peptidase . 5 Trans
?E;’;ln“ Se5 : Fusion membrane
AR i BEE 328 N“L i1 o Bl
O T ) G T I
Oligosaccharides Ac
Extracellular Cytoplasmic
Signal peptide Glycans Disulfide bonds  Cleavage sites Membrane anchor
ER import Folding Folding Activation Complete
Immune protection Membrane fusion

MERS S LASV GPC H3N2Vici1 HIV-1 Env SIV Env
HA
Low glycan High glycan
shield density "~ shield density
https.//www.dovepress.com/glycan-nanostructures-of-human-coronaviruses-peer-reviewed-fulltext-article-l/N Hamilton et al., 2012, Viruses
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M

Biogenesis of viral glycoproteins in the secretory pathway

ER import

Glycosylation, folding, disulfide bonds, oligomerization

Transport into Golgi apparatus

Trimming of glycans

Cleavage

Transport to the plasma membrane

e.g. Influenza virus HA protein

Oligomerization

QO o O

— — —>
) by]

a3

Endoplasmic
reticulum

cis Golgi
network

=
==
¢
=1

« @B _,'

cisterna

Golgi | Medial (C I

stack | cisterna

trans
cisterna

trans Golgi
network

Plasma membrane
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Oligomerization

Oligosaccharide trimming

Addition of galactose
Addition of sialic acid

Cleavage of HAO

J
]
}Addition of GlcNAc
)
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D)
= =1)

S-S
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Targeting of a nascent protein to the ER membrane

ER import

Glycosylation, folding, disulfide bonds, oligomerization

Transport into Golgi apparatus

Trimming of glycans

Cleavage

Transport to the plasma membrane

SRP = signal recognition particle

3' mRNA .
5 Signal sequence
/ °

MRNA encoding a protein with for ER
SRP binds to signal peptide and ribosome (GTP)
Complex binds to SRP receptor in ER membrane

Hydrolysis of GTP, association of ribosome with ER and

protein translocator: ,translocon”
\
3 O) *  Growing polypeptide chain is transferred through membrane,
2 =il continues translation
GD
Nascent protein *  Removal of signal peptide by signal peptidase
@
SRP ®
receptor 5’ 3 5 3 5' 3 5' 3
Translocation GTP » » »
channel / @ ® @
o
A |
B
Signal
peptidase
ER lumen
[ | O RSTETS [
i DRI A it
X0 00000000
12
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MM ) s s Structure of N-linked oligosaccharides

Cytoplasm
5' 3 5 3 5' 3 5 3
ER import Dolichol
Mo W j i
. . . e . o et Ll oIty
Glycosylation, folding, disulfide bonds, oligomerization PPOCO O P P O P
Asn (P B P P
Transport into Golgi apparatus
. . —_— e — _
Trimming of glycans
Cleavage
Endoplasmic reticulum lumen
O Galactose @ N-Acetylglucosamine
Transport to the plasma membrane ® el @ taecse
ER Plasma membrane *  Mannose-rich oligosaccharide added via N-glycosidic bond to asparagine residue

*  Sugar precursor is transferred to N-linked glycosylation sites as protein translocates into the ER

I iy
%W 0 i [ )oN %‘%L N%H *  Three glucose residues and one mannose trimmed and additional sugars are added when
Rl - - protein travels through golgi

13
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mw wesise Ayian Influenza viruses: HA cleavage determines pathogenicity

> Virology
ER import Low Pathogenic Avian Influenza Highly Pathogenic Avian Influenza
(LPAI) (HPAI)
Glycosylation, folding, disulfide bonds, oligomerization /,é‘ %
Transport into Golgi apparatus i Q |
Influenza \ 4 o~ Q {)

Trimming of glycans - Yaus (‘\ ) i ‘ Dl
LA™ “-;/.'. =~

(Hemagglutinin) .' o
& das '
Cleavage *o

g
NA

/ /
(Neuraminidase) ¢ o =
Transport to the plasma membrane

HS LP Cleavage Site HS5 HP Cleavage Site

HA1 EX: PQRETR EX: PLRERRRKR

— —
HAD p
o] > -, — T
HA2
cellular proteases Risalvato et al., 2026; https://doi.org/10.3390/bios16020118
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mw ot e Compartments in the secretory pathway &

ER import

—

Endosome

Glycosylation, folding, disulfide bonds, oligomerization

Transport into Golgi apparatus

s

[
3 WAL,
o4 ~ -
- -
-
- -
B '~

L=t
Secretory
granules

Trimming of glycans Regulated release

Cleavage Cell surface

Endoplasmic reticulum

|

Cytoplasm x
, = N\t q

Transport to the plasma membrane

Golgi

15
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m Molecular & Medical

Protein transport from the ER to the Golgi

ER import

Glycosylation, folding, disulfide bonds, oligomerization

Transport into Golgi apparatus

Trimming of glycans

Cleavage

Transport to the plasma membrane

HA + NA

Influenza virus

Sato et al., 2019

Secreted
protein

Central
endoplasmic
reticulum

Peripheral vesicular

vesi
'0

dle R J _-:— [

tu bl.;l:'ll‘ld'-ls':er

COPI sitee 52
coated :©: -+ =

§ A s
vesicle ‘st

COPII

Central vesicular
coated

tubular cluster

v

o,
D
=
# s
=0

-
-
-

Peripheral
endoplasmic

Lecture: Assembly and Egre

v-Snare

reticulum t-Snare B

iR\ vesicle

#
Golgi compartment

ss of Viruses

Vesicle Membrane
Closed Open docking fusion Disassembly
[]
t-Snare B L
° ¢ 2 Ca s
trans-SNARE cis-SNARE
complex complex
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Other means of directed transport of viral proteins

Lipid-Plus-Protein-Signals (SP-independent)

: addition of 14-carbon, saturated fatty acid
myristate to N-terminal glycine

* Essential for membrane association of HIV Gag and LASV Z
and therefore viral budding

* Mpyristoylation of VP4 is essential for poliovirus assembly

Protein-Signals (SP-independent)

* Matrix protein of negative strand RNA viruses: Essential for
genome packaging

* No lipid modification, membrane association intrinsic property of
the protein

* Membrane binding maybe enhanced by interaction with viral
membrane proteins

cH,  Myrisate
{CH,
o & &g HIV Gag
i
| T
HM — CH, — C— XEX(STIAMNC) — (Pratein)
1 ,’rls--_'l:-l_-;‘-}-l-- MA ‘-‘-"'_\J}q 1 R NC b _lx-l_""“- ~70
c ¥ | [ <A oA
@ Box I Box I
L 1
Specific RINA, binding in vitro
L L | Specific packaging in vive
Membrane binding
Assembly

A Influenza virus M1

Hydrophobic 101 Zn finger motif
I regions RKLKR 148 162 ~252
N I I I I ] C
| | | | | |
Lipid binding MLS Binding to RNA
Binding to RNP

Inhibition of replication

LASV

Strecker et al., 2006

Lecture: Assembly and Egress of Viruses
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wensvscd Site Of budding depends on localization of envelope proteins

Vaccinia virus
B5R and F13L
proteins

~ Endoplasmic
reticulum

Extracellular matrix

Budding at ER, ERGIC or Golgi apparatus indicates viral particles are exported by cellular exocytosis

Lecture: Assembly and Egress of Viruses
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WV} wewsna Site of budding correlates with site of genome replication &

Spherules:

Ar iridae, Coronaviridae,
| "%l _E;.ﬂ' Fhvmndue e,

Correlation between site of budding and site of

I‘h':-
| (& (@ :&
Ja 4%"' n}fﬁ»ﬁ e o) replication
A" AV Ve ZaaC .
f 7’ B | { Jile * Enveloped (+) RNA viruses and dsRNA

- ;" f
| , - (!: viruses: bud on ER or in the ERGIC
l (replication in close proximity)
%' = Q:i Herpesviridae, . . . .
! | “Budding ;;_ Poxviridae a,¢ —_ * Bunyaviruses: bud at Golgi (replicate in
ﬂ LL|; +\ iridae, il {b} f Golgi membrane invaginations)
+ Rotavirus Gnlgltut?@ ff
Bunyaviridae fi‘
£
Endoplasmic- ER-Golgi intermediate :
Reticulum (R} compartment [ERGIC) G191 apparatus
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MM ) s s Hypothetical pathway of virion assembly and release

Formation of individual structural
units of the protein shell from one or
several viral proteins

v

Assembly of the protein shell by
appropriate, and sometimes variable,
interactions among structural units

!

Selective packaging of the nucleic acid
genome and other essential virion
components

Acquisition of an envelope

!

Release from host cell

¢ Yellow: common to all viruses

Virion maturation Blue: common to many viruses

Lecture: Assembly and Egress of Viruses
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mw Methods of studying virus assembly and egress

> Virology

Structural studies of virus particles

Biochemical and genetic analysis of assembly intermediates

Monomers Capsid assembly

Y anti capsid . capsid

Recombinant DNA technology
(e.g. in vitro translation system)

¢

—_— —_—
O
Living cell ’\/-'
o

.

ATP, GTP, amino acids,
radiolabeled cDNA,
cytoplam. extracts

Membrane vesicles
Lecture: Assembly and Egress of Viruses

SDS-PAGE
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Challenges of virus assembly

Coordination of subunit expression, assembly into structural units and transport
to the site of capsid assembly

Coordination of capsid assembly and nucleic acid incorporation

Capsids: high stability versus efficient disassembly (virus entry)

Transport of capsids to membranes harboring envelope proteins

Release from the infected cell (budding, lysis) or direct transfer to new host cells

Lecture: Assembly and Egress of Viruses
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m Molecular & Medical

Virus assembly

Assemby of subunits and intermediates

Assembly of protein shells

Packaging of the viral genome

Release

Maturation

Lecture: Assembly and Egress of Viruses
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m Molecular & Medical Virus assembly E

Three strategies for making sub-assemblies:

Assemby of subunits and intermediates

v

Assembly from individual protein molecules

Assembly of protein shells

Assembly from polyprotein precursor

Packaging of the viral genome

Chaperone-assisted assembly

Release

Maturation

Lecture: Assembly and Egress of Viruses 25
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mw Assembly from individual protein molecules

> Virology

e Subunits interlock, all information contained within primary structure, no
chaperons and no conformational changes necessary

* Individual subunits must encounter each other: high expression level required

A Assembly from individual protein molecules SV40 pentamer

Simian
virus 40 M
> VPI
e ——
g ‘
Rosmalen et al., 2020
VP2/VP3
Adenovirus
type 2 Fiber
| -
—_— e —————
Protein IV —

| -
ﬁ ‘ ‘ -------------- °
Protein III

Penton base

Ad2 penton https://www.antibodiesinc.com

Lecture: Assembly and Egress of Viruses 26



Assembly from polyprotein precursor: picornaviruses ﬁ

B Assembly from a polyprotein precursor
Folded Pl 5S structural unit

= ¢

[
W%
VP4

Poliovirus

* Four proteins form heteromeric structural unit

* P1 immature structural unit: VPO, VP3 and VP1

* Viral Protease 3CDr™ allows formation of 5S structural subunit

* VP4 remains covalently linked to VP2 in VPO until assembly is completed

Lecture: Assembly and Egress of Viruses 27
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Assembly from polyprotein: retroviruses

[

I e

200

300

400
Radius (A)

7
T B, T T
500 6*)]7

Retroviral Gag proteins:

* Polyproteins, cleaved by viral protease in
budding virions: Maturation

* Maturation is blocked by protease inhibitors

Lecture: Assembly and Egress of Viruses
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MM ) s s Cellular and viral chaperon-assisted assembly

* Cellular chaperons required for folding of viral structural proteins

* Hsp70 proteins: HIV Gag, Adeno protein IV, HBV L protein

* Hsp68 proteins: HIV Gag

* Chaperonin TriC: Mason-Pfizer monkey virus Gag

* Viral chaperons

* Adeno 2 L4 100-kDa protein: Hexon protein

e HSV1VP22a: VP5

Adenavirus
type 2

C Chaperone-assisted assembly

Protein 11 Ad2 hexon trimer

| UD—I-: Da
8 pmm.n

Lecture: Assembly and Egress of Viruses

29



MM ) s s Virus assembly and release E

Assemby of subunits and intermediates

Assembly of protein shells

Packaging of the viral genome Challenges enveloped vs. non-enveloped viruses
nol R Enveloped viruses: contain envelope derived
elease from the host cell membrane
Maturation Non-enveloped virus: plasma membrane as a barrier?

Lecture: Assembly and Egress of Viruses 30



Release of enveloped viruses M

after assembly of internal structures (most enveloped viruses) acquire an envelope

I Il 111

/

Nucleocapsid Matrix
Envelope/ Internal matrix Envelope proteins Matrixproteins
Glycoproteins, Or drive budding, but
Capsid Capsid proteins additional components
(glycoproteins, RNP)
essential for drive budding drive budding needed for efficiency or
budding accuracy

Lecture: Assembly and Egress of Viruses 31



& Virology

: otsior s e Non-segmented enveloped virus: e.g. retroviruses

RNA genome

Cytoplasm (
Nucleus

Y A )

p2 pl pé
[[ne [ c

Il 1
363 376 432 448 500

Lecture: Assembly and Egress of Viruses

1. Gag polyprotein of all retroviruses contains
MA, CA and NC proteins

2. Association of Gag molecules at PM with one
another and with the RNA genome initiated
budding

3. Incorporation of further Gag molecules, release
of immature non-infectious particle

4. Cleavage of Gag and Gag-Pol by viral protease to
produce mature infectious particles

32



MMV ) e Retroviral Gag proteins contain late domains

MA CA sp1 NC  spp
HIV-1 Membrane fission
Pl and viral releVN
PTAP
P ESCRT recruitment

ElAV Membrane constriction

YPXnL

5p
RSV \
Ko
pPay' L -

Welker et al., 2021

Late domains interact with vacuolar protein
sorting proteins / ESCRT machinery involved in

) 3 b, i :."{ G -
/: : \ -'. : “ﬁ
i ki AMOT  NEDDAL \ /
vesicular trafficking \ e CHMPS-——«%

=

“= == ESCRT-III
~ ° (CHMPs)

v Gag
Gag-Pol  PrS55
Pr160

PTAP: TSG101 B

YxxL: Alix (apoptosis linked gene 2 interacting protein) Welker et al., 2021
PPPY: Nedd4 ubiquitin ligases

VPS4

Lecture: Assembly and Egress of Viruses 33
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M

Packaging of viral genome: Retroviruses

Problem: Viral genomes must be distinguished from cellular DNA/RNA where assembly takes place = packaging signals

Retrovirus
ssRNA genome (as dimer)

RNA-dimerization

ACu
G
U :
cC\ h Ge
~ v v G
5 cucgSGlilcACACACGUG G CGAG Y
212l A ¢ X |1
¥ gace, § GUGCACA - oG \ .
GgA C\A\‘\G\UUCCGCUC 5
GuC
" A
Kissing loop
complex

Genomic RNAs are packaged as dimers, non-
covalently joined through their 5’ends

Gag binding to | (packaging signal) = distinguish
between spliced viral RNA and genomic RNA

G [~ G
us - ACACAGT L cGCuC . . “
ﬂ,('_?_cc\uku.é.jb;ucn s ,Loop-loop kissing complex
Y cAccGGE GG
T Intermolecular bonding due to self complementary sequences
SLI
u®Ca
G c
2% —G CA SL4
(=N &
A "j _Uf’ iLj % —am
&% 55 %8
% 55. s <A N i a i ee : .
- D ot wet ue B DIS: Dimerization initiation site (palindromic sequence)
gccAcccAccl;AC CGGecS CAAAAAULUUGAS GAAGGAGAG??.U:\_A_GC
U5 Ty " I DLS: Dimer linkage sequence
i gl
[ ees [ o | DLs E
* AUG

5' splice site

Lecture: Assembly and Egress of Viruses

34



MM ) s s Segmented enveloped virus: e.g. influenza virus ﬁ

Genomic RNA is synthesized in the nucleus

Packaging by the NP-RNA-binding proteins (nucleocapsids)

Binding to M1 protein prevents further transcription or
replication and allows binding of NEP (nuclear export protein)

Export of nucleocapsid to the cytoplasma

M1 also binds to plasma membrane which carries HA, NA and
M2 proteins

M1 is the driving force of budding

Lecture: Assembly and Egress of Viruses 35



m [ fmeeasvaet Genome packaging of segmented genomes: e.g. influenza virus M

Influenza virus

Influenza virus: 8 different RNA segments

How is the correct number of RNA segments inserted into newly
synthesized virus particles?

Two different mechanisms: random and selective packaging

*  Random mechanism would yield 1 infectious particle per
400 assembled - within known particle:pfu ratio (8!/82)

* Evidence for specific packaging sequence on each RNA segment

Harris et al., 2006

. 36
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mv F ot i Release of non-enveloped viruses &

Non-lytic release of non-enveloped viruses

A

+RNA
Early
Viral genome
— replication and
assembly
2BC and
3A proteins L::ﬁcted"k
vesicles
Maturatnon

Fusion
\
Vuus particle

e Cell lysis: apoptosis, necroptosis

e Viral proteins that induce rupture of cell membranes

O .
o Viroporins form pores in cell membranes (polyomavirus) @ @ -
Virus particles )

Multivesicular body

e Loss of membrane integrity with inhibition of protein synthesis

Lecture: Assembly and Egress of Viruses 87



m Poliovirus assembly and release

Virion

F

Virion Translation

(infectious) m"‘le

1505 /\
D N

Conformational
transition

Uncoating

Virion exit

Viral (+) strand mRNA  s'aaAAAnAnng 3

L 1

Membrane

Pl P2 P3 \ —/
Pl cleavage Replication
P Ny
VPO dl 03 vy Y ves
cleavage 55 ™ ovpy 3 o5 Uuu
to VP4 + VP2 structural L 3 i > 5 UUU
unit \ /
J . .
) \l
\ ,
(N (1D > S LA A
id QNN 3 AAA
i 5 ANAANTVVY 3 A
14S capsid "OIWV\I\\\/VV\ 3'AAA
pentamers 5 ANANAANAAA 3 AAA

\ -®

Provirion
(noninfectious)

Poliovirus assembles from polyprotein precursor

Formation of immature structure 5S subunit (VPO, VP1, VP3)

755
capsid

75S empty capsids storage forms of 14S pentamers

: . . . . RNA
Formation of capsid shell from 14S pentamers is coordinated with '\ _
genome encapsidation and requires replication (150S non-infectious)

1505 Provirion

VPo

VPO cleavage to VP4 and VP2 infectious virion released \jfu;
1505 Virion
Cell lysis (host cell death) triggered by i’f‘jﬁ g,n %
poliovirus accumulation or vesicular release e*‘i'

(packets of virus in vesicles) -

38

Lecture: Assembly and Egress of Viruses



weinsvescd — From molecular structure to self-assembling plastic model M

Poliovirus pentameric assembly intermediates

Geometry used to make autofabricated pentameric tile

Sequence showing self-assembly by shaking of the 12
tiles into a complete capsid

Olson A J et al. PNAS 2007;104:20731-20736
For movie: http://www.pnas.org/content/suppl/2007/12/05/0709489104.DC1

Lecture: Assembly and Egress of Viruses 39
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M

Adenovirus assembly and release

Cytoplasm Nucleus
IOO kDa
protein

Protein Il@ j‘; @

Hexon trimer
° ° *
° o
° e
L ® o
Other virion proteins
o 00
° o, ® oo °
o °® °
[ ]
OO
Protein ‘
11T
Protein
v Penton

P

N
L4 33-kDa
o)

protein

New viral DNA

virion

Adenovirus assembles from individuel protein molecules

Synthesis and assembly of hexons and pentons, transport into
nucleus

L4 protein required for formation of hexons

A 3. Structural units and proteins assemble into empty capsids

IVa2 binds to packaging signal of genome: assembly intermediate

Mature particles are produced upon cleavage of the precursor proteins

B 3. Based on the failure of any capsid-like structures to
assemble (mutations)

Capsid assembly and encapsidation of the genome are concerted
reactions

40
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Molecular & Medical

Virology

Overview of the Hepatitis C Virus (HCV) life cycle as an example

Receptor binding

and endocytosis : S0
; Transport and release

Fusion and
uncoating <

Virion assembly
- —

l, \|
S |

Translét_ion and polyprotein
processing

You tube: http://hcvlifecycle.univ-lyonl.fr

Lecture: Assembly and Egress of Viruses
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m Molecular & Medical S u m m a ry

e Assembly: multiple reactions coordinated, irreversible

e Assembly: attractive as antiviral target

e Diversity in size, composition and structural sophistication

e All viruses must complete a common set of de novo assembly -
reactions to ensure reproductive success

e Viral structures suited for protection of the nucleic acid genome;
built in a way that allows their ready dissassembly during entry

e Very stable association among virion components during assembly and
transmission, but reversal of these interactions when appropriate signals are
encountered upon infection of a new host cell

42
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