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                Fundamental Virology
   Diane Griffin
   September 27, 2013 Plus-strand RNA Virus Replication
   Reading: Principles of Virology, Ed 3 – Vol I chapter 6 and selected
   parts of appendix
   Goals for this lecture:
     1. 
       Understand the basic steps necessary for the replication of
       plus-strand RNA viruses and the cellular modifications they induce
     2. 
       Know why there is a high mutation rate and rapid evolution of RNA
       viruses
     3. 
       Know mechanisms by which these viruses increase the coding
       capacity of their genomes.
     4. 
       Know the 3 basic approaches that plus-strand RNA viruses use to
       produce mRNAs for structural proteins.
   Introductory concepts
   The plus-strand RNA viruses (excluding the retroviruses) are the
   largest and most diverse subdivision of viruses and contain many
   medically and economically important animal and plant viruses. Viruses
   can be enveloped or non-enveloped.
   All viruses must have strategies for both producing mRNAs for
   translation into viral proteins and replicating the genome. The
   plus-strand RNA viruses are simplest because all have genomic
   single-strand RNA that is message-sense and therefore the genome is
   mRNA. Replication requires synthesis of full-length negative strand
   RNA from which will be copied genomic RNA and mRNA for viral protein
   synthesis. The genomic RNA is infectious because it can be directly
   translated by host cell ribosomes to produce viral nonstructural
   proteins and initiate the infectious process. This also means that
   these viruses can be easily manipulated by production of a DNA copy of
   the genome off which infectious RNA can be transcribed and then
   transfected into cells to produce a variety of engineered versions of
   the viruses.
   Most plus-strand RNA viruses have small genomes (8000-13,000
   nucleotides; exception = coronaviruses with 30,000 nt) and use a
   number of strategies for increasing coding capacity. These include:
     1. 
       Production of polyproteins that need to be cleaved by viral or
       cellular proteases into individual proteins. The polyproteins
       often have different functions than the fully cleaved individual
       proteins and may undergo conformational changes as they are
       processed.
     2. 
       Stop codons that may or may not be used (suppression of
       termination).
     3. 
       Ribosomal frame shifting to produce proteins with 2 different
       C-terminal regions.
     4. 
       Translation-enhancing sequences (e.g. internal ribosomal entry
       sequence [IRES]) that allow translation of viral proteins even
       when host protein synthesis has been shut down.
     5. 
       Nested mRNAs that use the same leader and 3’ UTR sequences, but
       each is used for translation of a different protein.
   Site of RNA synthesis - Replication occurs entirely in the cytoplasm.
   Nonstructural viral proteins produced early in infection induce
   dramatic remodeling of membranous structures (can be ER, Golgi,
   endosomal, mitochondrial or nuclear membranes) in the cytoplasm. RNA
   synthesis occurs on these membranes or within membranous vesicles that
   organize the multiple proteins within the replication complexes. RNA
   has extensive secondary structure and folding is monitored and
   assisted by viral or host RNA chaperones. These chaperone proteins are
   nonspecific RNA binding proteins with extensive disordered regions.
   Functions of proteins necessary for viral replication – There are
   several functions necessary for successful RNA synthesis:
   (1) RNA-dependent RNA polymerase (RdRp) to synthesize the RNA
   (2) Helicase to unwind dsRNA
   (3) Protein to direct the RdRp to the correct intracellular site
   (4) Protein to target RdRp to the RNA template
   Some viruses also encode proteins that increase RdRp activity. Viruses
   with capped RNA need to encode a protein with methyl transferase
   activity. Most (probably all) viruses also require host cell proteins
   for RNA replication.
   Homologies among the viral proteins used for RNA synthesis have
   provided insights into the modular evolution of plus-strand RNA
   viruses. There are 3 distinct supergroups based on RdRp sequence.
   These viruses have often acquired helicases and methyl transferases
   from different families for a “mix and match” approach to genome
   structure.
   RNA-dependent RNA polymerase (RdRp)
   ===================================
   All plus-stand RNA viruses must encode an RdRp as a nonstructural
   protein, because host cells do not have such an enzyme (DNA viruses
   can have mRNAs transcribed by cellular polymerase II). RdRps share a
   number of conserved motifs with other polymerases and 5 specific
   motifs (A, B, C, D, E) are shared by the RdRps. The RdRp structure
   resembles a right hand with palm, fingers and thumb. The active site
   is located in the palm. A conserved motif (C) for all plus-strand
   virus RdRps is Gly-Asp-Asp (GDD) important for polymerase activity.
   Unlike other polymerases, RdRps can initiate RNA synthesis from either
   end of the RNA template or from an internal promoter. Recognition of
   an RNA promoter by a viral RdRp is analogous to the recognition of DNA
   promoters by DNA-dependent RNA polymerases that contact specific
   nucleotides within a 17-nt consensus promoter prior to the start site.
   Almost all RdRps lack proof reading and correcting functions and this
   contributes to the higher mutation rate in RNA viruses compared to DNA
   viruses (Exception: nonstructural proteins of large coronaviruses have
   been recently discovered to have some editing functions). High rates
   of mutation result in populations of genomes with different mutations
   around a consensus sequence – “quasispecies”. This provides the virus
   with the ability to adapt to different cells/tissues/hosts/species and
   is probably the reason that most emerging viruses are RNA viruses.
   However, viruses with small genomes encoding multifunctional proteins
   are also prone to “error catastrophy” if they accumulate too many
   mutations.
   There are several plus-strand RNA virus families. For each, the basic
   replication strategy requires making a full-length minus-strand copy
   of the RNA from which genomic RNA is synthesized. Genomic RNA is
   always used to translate the nonstructural proteins (these proteins
   are needed first after initiation of virus infection). The 3 basic
   strategies for producing mRNAs for the viral structural proteins are:
     1. 
       genome is mRNA for structural and nonstructural proteins which are
       synthesized as a single polyprotein – picornaviruses, flaviviruses
   (2) genome is mRNA for the nonstructural polyprotein and a subgenomic
   RNA encodes the structural polyprotein – toga/alphaviruses,
   caliciviruses
   (3) genome is mRNA for the nonstructural polyproteins and a nested set
   of mRNAs is produced for individual structural proteins – nidoviruses
   (corona and arteriviruses)
   Genome is mRNA for all viral proteins:Picornaviridae, Flaviviridae
   ==================================================================
   Picornavirus and flavivirus genomes are 9-12 kb in length and encode a
   single long polyprotein that is subsequently processed by a
   combination of viral and host proteases into the individual proteins
   needed for replication and assembly of new virus particles. These
   genomes are organized with structural proteins at the 5’ end and
   nonstructural proteins at the 3’end.
   Picornaviruses
   --------------
   Poliovirus is the best-studied example within the picornaviruses.
   Replication has several special features. The genomic RNA has a unique
   covalently linked 22 amino acid polypeptide, VPg. RNA-protein linkage
   is through a uridylated tyrosine. VPg is cleaved from genomic RNA by a
   host cell enzyme shortly after delivery into the cytoplasm. The
   genomic RNA is then translated as a single polypeptide. Viral protease
   2A is responsible for initial processing of the polypeptide into 3
   proteins: P1 (all the structural proteins), P2 and P3. The
   nonstructural proteins in P2 and P3 are progressively cleaved and have
   individual functions that are often different for the partially
   cleaved polyproteins than for the fully cleaved individual proteins (N.B.
   you do not need to memorize the names and functions of these
   proteins):
   2Apro - Initial processing occurs through the action of 2 viral
   proteases 2Apro and 3Cpro. 2Apro performs the initial processing of
   the polyprotein into P1, P2 and P3 and can also cleave host cell
   proteins such as the cap-binding protein eIF4G to shut down
   cap-dependent translation (handy, because picornaviruses have an IRES
   to initiate translation of their viral proteins).
   2BC – This polyprotein targets to the ER and induces membrane
   rearrangements that produce the double-membrane vesicles on which RNA
   synthesis occurs.
   2C – A hydrophobic protein that anchors viral RNA to the membrane
   during replication.
   3A – When coexpressed with 2BC, 3A is quantitatively incorporated into
   the ER-derived vesicles and is responsible for shutting down the
   cellular secretory pathway. This makes cellular membrane available for
   modification to support RNA replication.
   3AB – Has a hydrophobic domain and brings the RdRp (3Dpol) to the
   membrane vesicles, stimulates RdRp activity and serves as an RNA
   chaperone.
   3B (VPg) – Is uridylated by 3Dpol and primes minus strand synthesis on
   the poly A tail of the plus strand.
   3CD – Precursor of 3Cpro and 3Dpol that binds to the cloverleaf
   structure formed by the first 108 nt of plus-strand RNA. This step is
   necessary for synthesis of both plus and minus strand RNA indicating
   that these 2 ends of the RNA are juxtaposed at least when minus strand
   synthesis is initiated. This polyprotein has protease, but not
   polymerase activity
   3Cpro – Protease that does most of the processing of the viral
   polyproteins after production of P1, P2 and P3 by 2Apro.
   3Dpol – Released by the proteolytic function of 3Cpro. Is a
   primer-dependent RdRp, unlike many other RdRps. 3D is the first RdRp
   to have a solved structure. When the crystals were analyzed it was
   apparent that the 3Dpol molecules interact within the crystal lattice
   via two extensive polymerase-polymerase interfaces. Current data show
   that 3Dpol function is highly cooperative and support the hypothesis
   that 3Dpol is also oligomerized on membrane vesicles through
   interaction with membrane-bound 3AB and that this organization
   facilitates efficient RNA synthesis.
   Secondary structures important for RNA replication – Single-strand
   RNAs have substantial secondary structure (do not look like the linear
   molecules that are usually depicted). The poliovirus genome has 3
   structural elements necessary for RNA replication (in addition to the
   IRES necessary for translation of viral proteins): a cloverleaf in the
   5’ untranslated region (UTR), a cis-acting replication element (cre)
   in the coding region, and a “pseudoknot” plus polyA tail in the 3’
   UTR.
   Cellular proteins – Poly C Binding Protein 2 (PCBP-2) also binds to
   the cloverleaf and is required for RNA synthesis. PolyA binding
   protein (PABP) binds the 3’ polyA tail and participates in
   circularization of the RNA necessary for replication.
   Replication – A multistep process that is initiated after the genomic
   RNA has been translated and initial processing of the polypeptide has
   occurred. Each negative strand serves as a template for 40-70
   plus-strand RNAs.
   Steps for minus-strand synthesis include:
     1. 
       PCBP and 3CD bind to the 5’ cloverleaf and interact with PABP
       bound to 3’ poly A tail to circularize the RNA.
     2. 
       3Dpol (a cleavage product of 3CD), 3CD and Vpg bind to the cre and
       add uridines (uridylylation) to Vpg.
     3. 
       Uridylylated Vpg binds to the 3’ poly A end and primes RNA
       synthesis that is carried out by 3Dpol.
   Steps for plus-strand synthesis include:
     1. 
       Unwinding by 2C of the dsRNA replicative form (RF) produced after
       synthesis of the minus-strand copy.
     2. 
       Uridylylation of Vpg by 3Dpol and then binding to the 3’ end of
       the minus strand RNA
     3. 
       Synthesis of plus-strand RNA by 3Dpol bound to membranes by 3AB.
       More than one plus-strand is synthesized at a time
   Switch from protein synthesis to genome packaging and virion
   production - Initially the plus-strand RNA that is produced is used
   almost exclusively as mRNA to translate more viral proteins needed for
   replication and to make minus-strand copies of the genome. As capsid
   structural proteins begin to accumulate in the cytoplasm, plus-strand
   RNA that is produced begins to become encapsidated into virions that
   are released as infectious virus rather than being translated.
   Flaviviruses
   ------------
   Flaviviridae include three genera of enveloped viruses, the
   flaviviruses (dengue, yellow fever, Japanese encephalitis, West Nile
   viruses, etc), pestiviruses (Border disease in sheep and bovine virus
   diarrhea, but no known human viruses) and hepaciviruses (hepatitis C
   virus). These viruses share genomic features with the picornaviruses
   in that they code for a single polyprotein that is subsequently
   processed into multiple proteins and that the structural genes are
   followed by nonstructural genes. However, the flavivirus RNA is capped
   and does not have a covalently linked protein. Structural studies show
   that the RdRp has a “priming loop” that the picornavirus RdRp does not
   have (or need).
   There are several flavivirus nonstructural proteins. NS1 is unusual in
   that it is glycosylated and secreted and may have a chaperone function
   for the structural proteins. The 4 smallest proteins are very
   hydrophobic and probably play a role in anchoring the replication
   complexes to the membrane. NS2B-NS3 is the viral protease. Infection
   induces a proliferation of ER membranes and this can be mimicked by
   expression of NS3 that complexes with nuclear receptor binding protein
   in the cell. Sites of virus replication in the cytoplasm are composed
   of a complicated network (web) of modified RER (convoluted)
   membranes/vesicle packets where RNA is synthesized and protected. NS3
   also has helicase activity. NS5 is the RdRp as well as the methyl
   transferase and is bound to the circularized flavivirus genome.
   Flavivirus RNA includes several conserved structural features
   –circularization sequences (CSs) at both the 5’ and 3’ ends, stem loop
   at the 5’ end and a pseudoknot at the 3’ end - that are necessary for
   replication.
   Subgenomic RNA is produced:Togaviridae and Caliciviridae
   Alphaviruses (N=29) belong to the Togaviridae family (rubella virus is
   the only other known togavirus) and are members of a superfamily of
   plus-strand RNA viruses that includes many plant viruses with similar
   replication strategies. It is assumed that all have been derived from
   an unknown prototype virus and have each evolved to fill different
   ecological niches as infectious agents of plants, animals or insects
   with relative conservation of the replicase proteins and with the
   biggest evolutionary changes occurring in the coat proteins.
   Viruses in the alphavirus superfamily have capped and polyadenylated
   RNAs that serve as mRNA for the nonstructural proteins located at the
   5’ end of the genome. Only the nonstructural proteins are translated
   from the genomic RNA. These proteins are translated as a polyprotein
   and function for RNA transcription both before and after processing by
   a viral protease. There are 4 nonstructural proteins (nsPs) that
   function in RNA synthesis. Host cell proteins are also important for
   replication, but have not been clearly identified.
   The structural proteins are translated from a subgenomic RNA that is
   produced in much larger quantities than the genomic RNA. This provides
   the virus a flexible mechanism for making different quantities of
   structural and nonstructural proteins that the picornaviruses and
   flaviviruses do not have.
   nsP1 – Methyl transferase/guanyl transferase (capping)
   nsP2 - A papain protease responsible for processing the nonstructural
   polyprotein and acts both in cis and in trans. It is a multifunctional
   protein that also has helicase, NTPase and RNA triphosphatase
   activities.
   nsP3 – Phosphoprotein involved in membrane reorganization
   nsP4 - RdRp
   The replicase for minus-strand synthesis consists of the polyprotein
   P123 and nsP4, the RNA-dependent RNA polymerase (RdRp). NsP4 is needed
   in the smallest amounts. Many alphaviruses have a leaky stop (opal)
   codon between nsP3 and nsP4 so that much more of the polyprotein P123
   is made than P1234. RNA synthesis occurs on membranous cytopathic
   vacuoles that can be induced by expression of nsP3 and are derived
   from endosomal membranes.
   The minus strand replicase is formed first and consists of P123 and
   nsP4. nsP4 is cleaved from P1234 in cis by nsP2. After synthesis of
   minus strand RNA, P123 is cleaved to the individual proteins nsP1 and
   P23, which together with nsP4, synthesize full length plus strand RNA.
   The fully cleaved nsP1 + nsP2 + nsP3 + nsP4 efficiently synthesize the
   subgenomic RNA. Thus, these proteins have different template
   specificities as polyproteins and as individual proteins.
   Because of the different template usages by the unprocessed and
   processed forms of the P123 portion of the replicase complex,
   minus-strand synthesis is shut off a few hours after infection. This
   is due to accumulation of the nsP2 protease that cleaves the
   polyprotein in trans. The minus-strands already formed continue to
   serve as templates for plus-strand synthesis – full length and
   sub-genomic. Plus-strand synthesis continues throughout infection.
   Structural proteins are also synthesized as a polyprotein. The capsid
   protein is a protease and is cleaved from the nascent chain leaving
   the E1 and E2 glycoproteins associated with the ER. The use of a
   sub-genomic RNA for translation of structural proteins allows the
   production of more structural proteins than nonstructural proteins.
   Caliciviruses
   -------------
   These viruses cause diarrhea and will be covered in the lecture on
   gastroenteritis. Calicivirus replication shares features with the
   picornaviruses and the togaviruses. Like the picornaviruses the
   genomic RNA has a covalently attached Vpg at the 5’ end. The protease
   and RdRp are related to picornavirus 3Cpro and 3Dpol. Nonstructural
   proteins are translated from genomic RNA, but a sub-genomic RNA is
   produced for translation of the structural proteins VP1 and VP2 (like
   togaviruses). Only the animal caliciviruses can be grown in culture,
   so there is still limited knowledge of the replication of the human
   caliciviruses (Noroviruses and Sapporoviruses).
   Nested set of mRNAs is produced:Nidovirales/Coronaviridae
   =========================================================
   The coronaviruses, arteriviruses and toroviruses are grouped into the
   nido (nest) virus superfamily. Upon cell entry, the genome is
   translated to produce 2 polyproteins that are processed to produce the
   nonstructural proteins. These proteins, 1a and 1ab are produced from
   the same RNA by ribosomal frame shifting. This process changes the
   ribosomal reading frame to -1 at a “slippery site” a certain
   percentage of the time. The slippery site consists of 2 homopolymeric
   sequences (XXXYYYZ). In coronaviruses this is U-UUA-AAC upstream from
   a stop codon. Ribosomal frame shifting is facilitated by a downstream
   pseudoknot structure in the RNA that causes the ribosomes to pause at
   the slippery site. This increases the likelihood of slippage. With the
   reading frame change, there is subsequent read through of the stop
   codon and synthesis of a unique C terminus for the protein.
   For synthesis of the structural proteins, nidoviruses all produce sets
   of 3’ coterminal mRNAs with the same 5’ leader and differential
   splicing to downstream genes. These mRNAs are copied from multiple
   minus-strand RNAs that are formed through the base pairing of
   transcription-regulating sequences (TRSs) in the body of the RNA and
   in the leader. For each nested mRNA only the first gene is translated.
   Like the picornaviruses, RNA synthesis occurs on double membrane
   cytoplasmic vesicles derived from ER membranes. These are induced by
   nsP2 and nsP3.
   7
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