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Chapters 5 through 10 address gene expression and genome replication in 
viruses that infect animals and plants with an emphasis on viruses that infect 
humans. We start this chapter with the Class IV (+) strand RNA viruses, 
which are the most abundant known viruses that infect animals and plants. 
They may really be the most abundant eukaryotic viruses in nature or they 
just might be easy for us to detect. One of the most well-known Class IV 
viruses is poliovirus, which has been studied intensively from the beginning 
of molecular and cellular virology as a discipline.

The themes introduced in Chapter 4 about bacteriophage gene expres-
sion and genome replication are expanded when we consider the Class IV 
viruses of animals and plants. For example, all the viruses in this chapter 
have genomes in which secondary structure such as stem–loops or clover-
leafs affect translation or RNA synthesis. Class IV viruses that infect plants 
and animals differ from those that infect bacteria in that, generally speaking, 
eukaryotic mRNA is monocistronic. Monocistronic mRNA permits trans-
lation of just one protein per mRNA because eukaryotic mRNA does not 
have Shine–Dalgarno sequences that facilitate ribosome assembly around 
internal start codons. Instead, eukaryotic translation initiation depends on 

The viruses you will meet in this 
chapter and the concepts they 
illustrate

Virus Characteristics
Poliovirus Picornavirus; genome has covalently attached 5′ VPg 

protein and 3′ poly(A) tail; encodes one polyprotein 
processed into individual proteins by viral proteases. Viral 
RdRp uses protein primer.

Hepatitis C virus Flavivirus; genome lacks a 5′ cap, has secondary structure 
at 3′ end, and lacks a poly(A) tail; it encodes one 
polyprotein, most of which must be translated on rough 
ER because of transmembrane segments.

Sindbis virus Togavirus; genome has 5′ cap and 3′ poly(A) tail; 
synthesizes two (+) strand RNAs and encodes multiple 
polyproteins; uses suppression of translation termination 
and ribosome frame-shifting during translation.

SARS-coronavirus Coronavirus; encodes two polyproteins and multiple 
other proteins; synthesizes (−) strands in RF through 
discontinuous method; uses leaky scanning during 
translation; very large genome possible because of 
proofreading associated with ExoN nonstructural protein.
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the 5′  methylated cap and the poly(A) tail, features not found in bacteria 
and that result in translation of whatever protein is encoded closest to the 
5′ end of the mRNA. Therefore, all the animal viruses in this chapter have 
evolved interesting mechanisms to express more than one protein from a sin-
gle infecting (+) strand RNA genome. Some of the Class IV plant viruses 
have solved this problem by being multipartite, that is, having more than one 
genome segment, but that is not the case for the four animal virus families 
described in this chapter.

Nucleic acid synthesis is also an issue for all Class IV viruses because host 
enzymes do not synthesize RNA using an RNA template; instead, a virus- 
encoded RNA-dependent RNA polymerase is required. Because the viral 
genome can be translated after uncoating, Class IV viruses do not package 
RdRp into their virions. We will examine the Class IV poliovirus RdRp in 
the most detail. Keep in mind that the mechanisms of mRNA synthesis and 
genome synthesis must produce the 5′ and 3′ terminal features necessary for 
translation, replication, or both.

The chapter starts with the simpler Class IV animal viruses, namely, 
picornaviruses and flaviviruses. Their gene expression and genome repli-
cation are similar, with the exception that flaviviruses must translate trans-
membrane proteins because, unlike picornaviruses, they are enveloped. 
These two families are so simple that they do not have early and late gene 
expression, and they do not produce a tremendous abundance of structural 
proteins compared to nonstructural proteins. In contrast, the togaviruses 
are more complex in that they have both early and late gene expression 
and produce nonstructural proteins in great abundance during late gene 
expression. They also exhibit common viral mechanisms for encoding 
different proteins with overlapping mRNA sequences. The coronaviruses 
are introduced last. Their genomes are five times larger than picornavi-
ruses and they have the most complex gene expression and genome rep-
lication of all the viruses discussed in this chapter. They have a unique 
mechanism by which they produce new RNA. Coronaviruses exhibit not 
only early and late gene expression and abundant production of nonstruc-
tural proteins, but also something quite unexpected in the RNA world: a 
novel editing mechanism that corrects misincorporations during RNA syn-
thesis. The chapter concludes with a brief consideration of Class IV plant 
viruses, emphasizing aspects of their gene expression and genome replica-
tion that are distinctive compared to the animal virus families described in 
Sections 5.1 through 5.29.

5.1  Class IV virus replication cycles have common gene 
expression and genome replication strategies

The four families of (+) strand RNA animal viruses share a general scheme 
for ensuring the production of RdRp and other nonstructural proteins, the 
production of structural proteins, the synthesis of antigenomes, and the syn-
thesis of new genomes (Figure 5.1). After uncoating, the (+) strand RNA is 
used as mRNA and virus proteins are translated, including the RdRp. The 
RdRp assembles with both virus and host proteins on a specific membrane, 
and together the proteins and viral nucleic acids results in formation of a 
virus replication complex or VRC. Within the VRC, the (+) strand genome 
is used as a template to synthesize a full-length antigenome, which remains 
hydrogen bonded to the (+) strand genome. Cells do not normally contain 
long (>1 kb) cytoplasmic dsRNA; in fact, animal cells have innate immune 
mechanisms for recognizing dsRNA, which trigger an antiviral response 
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(see Chapter 14). The VRCs are probably also important for sequestering 
the replicative form away from cytoplasmic host antiviral detection systems. 
The viral dsRNA intermediate, called the replicative form, is then used as the 
template for synthesis of many more (+) strand RNA molecules, which can 
be used as mRNA or can become new genomes during the assembly stage.

5.2  Terminal features of eukaryotic mRNA are essential 
for translation

All of the viruses in this chapter have genomes that, upon uncoating, are rec-
ognized and translated by the host’s ribosomes. Eukaryotic ribosomes rec-
ognize and bind to specific features of mRNA that are unique to eukaryotes. 
For example, eukaryotic mRNA has a covalent linkage to 7-methylguanylate, 
also known as a cap, at the 5′ end (Figure 5.2). Following this cap, there can 
be hundreds of untranslated nucleotides, called the 5′ untranslated region 
(UTR). As the name suggests, these sequences are not used to determine 
the order of amino acids in a protein. Eukaryotic mRNA typically encodes 
a single protein, so that there is a single start codon, followed by a coding 
sequence and a single stop codon. After the stop codon, there is a 3′ UTR, 
followed finally by a poly(A) tail of 200–300 A′s at the 3′ end. Unlike bacte-
rial mRNA, there is no specific ribosome-binding site sequence surrounding 
a start codon; instead both the 5′ cap and the 3′ poly(A) tail are essential 
for translation initiation. Both the 5′ UTR and the 3′ UTR can play regula-
tory roles that affect gene expression, which some viruses also subvert for 
translation.
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Figure 5.1 Overview of events during gene expression and genome replication in (+) strand RNA viruses that infect 
eukaryotes. After uncoating, the IRES enables the genome to be translated (1), making a polyprotein that is processed into 
individual proteins (2). The proteins go on to form virus replication compartments (3) in which double-stranded replicative forms are 
used to make mRNA and new genomes, (4) that are ultimately used to make new infectious virions (5).

5′ UTR Coding sequence 3′ UTR

AAAAAAAAAAUAAUAGAUG5′ 3′PPP

Figure 5.2 Eukaryotic mRNA. Eukaryotic 
mRNA has a methylated cap at the 5′ end, 
a 5′ UTR, a single coding sequence, a 3′ 
UTR, a polyadenylation sequence (AAUAA), 
and a polyadenylated tail at the 3′ end.
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Features of the mRNA alone are not sufficient for translation initiation; 
instead eukaryotic mRNAs exist as messenger ribonucleoprotein com-
plexes (mRNPs; Figure 5.3). The protein components of mRNPs have dra-
matic effects on translation. A particular collection of eukaryotic translation 
initiation factor proteins is needed for translation initiation to occur. Viral 
(+) strand RNA must mimic this mRNP in order to be translated. Class IV 
(+) strand ssRNA virus genomes must either have the same terminal features 
as eukaryotic mRNA in order to be translated or a mechanism for bypassing 
the use of these terminal features during translation initiation.

5.3  Monopartite Class IV (+) strand RNA viruses express 
multiple proteins from a single genome

Monopartite Class IV (+) strand RNA viruses such as picornaviruses, flavi-
viruses, togaviruses, and coronaviruses have just one genome segment that 
host cells translate immediately after uncoating. Immediate translation is 
critical for viral replication because it results in synthesis of the viral RdRp. 
In turn, the RdRp subsequently synthesizes the replicative forms and viral 
mRNA. Eukaryotic mRNA encodes just one protein, however, whereas (+) 
strand RNA viruses must encode at least two proteins: a capsomer and an 
RdRp. The Class IV viruses have a common solution to this problem: the 
genome encodes a polyprotein that is proteolytically processed to release 
many individual proteins including the capsomers and an RdRp.

5.4  Picornaviruses are models for the simplest (+) strand 
RNA viruses

Picornaviruses are some of the simplest viruses known to infect humans, 
in terms of their genome size and the number of viral proteins they express. 
Despite their simplicity, they can cause serious human infections. For exam-
ple, poliomyelitis, commonly known as polio, is caused by the picornavirus 
poliovirus (order Picornavirales, family Picornaviridae, genus Enterovirus C). 
Polio begins as a gastrointestinal infection, but sometimes the virus moves 
from the gastrointestinal tract into the nervous system and can subsequently 
cause paralysis. If the paralysis affects the respiratory system, the infected 
person will probably die without artificial respiration provided in a hos-
pital. Paralysis in other parts of the body can lead to long-term problems, 
such as difficulty walking or an inability to use a particular limb. The World 
Health Organization is in the midst of a campaign to eliminate poliovirus 
completely. In wealthier countries, polio is viewed as a scourge of the past—
someone might have a grandparent or great aunt who walks with a cane 
because of a childhood polio infection, but likely does not know anyone his 
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Figure 5.3 Eukaryotic mRNA is always 
bound by proteins, forming mRNP. 
Before translation, eukaryotic mRNA 
is bound to translation factors and the 
poly(A)-binding protein.
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or her own age who has had a polio infection. Within living memory, how-
ever, there has been active polio in Southeast Asia, East Africa, West Africa, 
and North Africa. As of the writing of this book, Pakistan and Afghanistan 
are the only countries remaining in which polio continues to spread. If the 
eradication campaign succeeds, poliovirus will be the third virus eliminated 
through vaccination, joining smallpox and rinderpest (a disease of cattle, not 
humans).

A second enterovirus, rhinovirus, will likely be around for many more 
human generations. Fortunately, it is responsible for the common cold 
rather than for a life-threatening infection. Studies of rhinovirus and polio-
virus have provided most of the insights into picornavirus gene expression 
and genome replication. Sections 5.5 through 5.11 in this chapter focus on 
poliovirus as the specific example, but the strategies of this virus for gene 
expression and genome replication can be generalized to other picornavi-
ruses. Our detailed knowledge of the mechanisms for gene expression and 
genome replication arose from investment in basic science related to human 
health that was not focused on clinical application. This detailed molecular 
information is clinically important, however, in many ways. Some examples 
include the design or discovery of antiviral medicines that target virus gene 
expression or genome replication, along with prediction and understanding 
of virus evolution in response to use of those drugs. Although this book is 
not about the clinical manifestations of viral infections, it does provide the 
foundations for understanding infectious diseases on a molecular and cellu-
lar level, which in turn is likely to yield clinical benefits.

The name of the picornaviruses derives from their size (tiny, or pico) and 
the nucleic acid found in the virions (RNA) (Figure 5.4). All picornaviruses 
have simple naked icosahedral virions containing single-stranded linear 
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Figure 5.4 Picornavirus structure. 
(A) Electron micrograph of poliovirus. 
These viruses are approximately 35 nm 
in diameter. (B) Crystal structure of 
poliovirus, a picornavirus. (C) Proteins in 
the virion include structural capsomeres 
VP1, VP2, VP3, and VP4 and one copy of 
the VPg protein covalently attached to 
the 5′ end of the genome. (A, Courtesy 
of Dr Graham Beards published under 
CC BY-SA 4.0. C, Courtesy of Philippe Le 
Mercier, ViralZone, © SIB Swiss Institute of 
Bioinformatics.)
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(+) sense RNA. There are four capsomers in the virion. Picornaviruses have 
small genomes typically between 7 and 8.8 kb. The 5′ end of their genomes 
is not capped with 7-methylguanylate, as might be expected for a (+) strand 
genome that the host cell will translate. Instead, the 5′ end is covalently 
bound to the VPg protein, and the RNA in the 5′ UTR has extensive second-
ary structure (Figure 5.5). The 3′ UTR also contains secondary structure and 
the 3′ end of the genome is polyadenylated.

5.5  Class IV viruses such as poliovirus encode 
one or more polyproteins

Cells infected with a picornavirus typically contain a few viral structural pro-
teins and seven viral nonstructural proteins, which are mostly enzymes. Yet, 
typical animal mRNA encodes just one protein, and poliovirus only has one 
genome segment. How does poliovirus accomplish this feat? We can use a 
computer to examine the sequence of the poliovirus genome and translate 
its genome in silico, using software to identify start codons and stop codons. 
In the case of picornaviruses, the software predicts that the genome does not 
encode 11 proteins. Instead, the entire genome should be translated into a 
single, very large protein with more than 2,200 amino acids (>200,000 Da; 
Figure 5.6). This example illustrates that although software analysis of 
sequences is essential, in the case of viruses especially, software predictions 
often do not tell the whole story.

The contradiction between the software prediction and the existence of 
many viral proteins must be resolved with experimentation. In this case, 
a useful experimental approach is pulse-chase analysis with radioac-
tive 35S-methionine. In this technique, cells infected by a virus are pulsed 
with short exposure to radioactive 35S-methionine, which they import and 
incorporate into any proteins being actively translated during the pulse. 
The pulse selectively labels proteins that are being synthesized during the 
pulse because only ribosomes active during the pulse use the radioactive 
35S-methionine. The thousands of already extant proteins in the cell do not 
become radioactive because amino acids already incorporated into proteins 
do not spontaneously exchange with the radioactive amino acids in the cyto-
plasm. Radioactive 35S-methionine can be detected with X-ray film or with 
an instrument called a phosphorimager, which also allows quantification of 

5′ 3′VP4 VP2 VP3 VP1 2A 3A 3C RdRp AAAAAVPgVPg 2B 2C

Secondary
structures

P1 P2 P3

Figure 5.5 Picornavirus genome. Important elements of the single-stranded (+) sense RNA genome are indicated, such as the 
covalently attached terminal VPg protein, the secondary structures needed for translation, and the polyprotein separated into 
polyproteins P1, P2, and P3. These are subsequently digested into the smaller proteins named in the boxes, such as VP4 or 2A.
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Figure 5.6 A single start codon and 
stop codon are found in the picorna-
virus genome. The picornavirus genome 
has one start codon and one stop codon 
separated by about 2,200 codons that specify 
amino acids.
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the amount of radioactivity over many orders of magnitude. Infected cells 
pulsed with radioactive methionine can be lysed immediately following the 
pulse in order to observe the proteins labeled during the pulse. In the case of 
a picornavirus, the result of such a procedure would reveal many proteins, 
including some very large ones (Figure 5.7). Alternatively, after the pulse, 
the infected cells can be exposed to a large excess of nonradioactive methi-
onine. This procedure, called a chase, prevents proteins synthesized during 
the chase from being labeled because the concentration of radioactive methi-
onine in the cytoplasm plunges by several orders of magnitude. The result is 
that proteins synthesized during the pulse are radioactive, and if they change 
size during the chase, that change can be detected using techniques to detect 
radioactivity.

In the case of picornaviruses, the chase reveals that large proteins get 
shorter during the chase. For example, in Figure 5.7 compare the 15-min 
chase with that of the 240-min chase. Large radioactive proteins are more 
abundant in the 15-min chase, and there are few small radioactive proteins. 
After the 240-min chase, however, the amount of radioactivity in the large 
protein bands has decreased significantly, and several smaller radioactive 
proteins can be observed. These small proteins must have been synthesized 
on ribosomes 240 min ago, because that is the only way that they could have 
incorporated the radioactive label. The chase reveals that the small proteins 
originated from the large proteins. Poliovirus genomes both direct the syn-
thesis of a single, large polyprotein and cause the appearance of many shorter, 
individual proteins in an infected cell.

Pulse-chase analysis remains important in virology, although use of radio-
activity in research has fallen out of favor as unnecessarily hazardous and not 
especially environmentally friendly. One of the most common pulse-chase 
strategies in use today examines viral RNA rather than protein. In this case, 
the cells are pulsed with an altered RNA nucleotide called bromouridine- 
triphosphate (BrdUTP). This nucleotide is incorporated into RNA molecules 
in place of normal UTP, and it can subsequently be detected by antibodies 
that bind to the BrdU epitope (Technique Box 5.1).
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Figure 5.7 Pulse-chase analysis of 
picornavirus gene expression. This 
autoradiograph shows the results of an in 
vitro pulse-chase experiment in which an 
in vitro translation system was mixed with 
purified picornavirus genomes. The left 
segment shows the result of continuous 
35S-methionine labeling that began when 
the genome was added to the in vitro 
translation system and allowed to contin-
ue for the number of minutes indicated 
above each lane before protein synthesis 
was stopped and the proteins were 
collected and separated using SDS-PAGE. 
The right segment indicates the result of 
a pulse-chase experiment in which the 
35S-methionine pulse was carried out for 
30 min and then the radioactive methi-
onine was chased with cold methionine 
for the number of minutes indicated 
above each lane before protein synthe-
sis was stopped and the proteins were 
collected and separated using SDS-PAGE. 
Radioactive proteins were then detected 
by exposing the gel to X-ray film.



CHAPteR 5: gene exPRession And genome RePLiCAtion in tHe PositiVe-stRAnd RnA ViRuses132

TECHNIQUE BOX 5.1

Immunoblotting and Immunostaining

Antibodies are versatile research tools. They are proteins produced 
by vertebrate B cells as part of an adaptive immune response. 
They are typically diagrammed using a Y shape to emphasize their 
constant regions, at the base of the Y, and their epitope-binding 
sites at the end of each arm on the Y (Figure 5.8). An epitope is a 

small part of a foreign molecule that cells of the adaptive immune 
system can recognize. Our focus here is on epitopes that are parts 
of proteins. Conformational epitopes are those that form a 
specific shape bound by the antibody and are composed of amino 
acids that are not necessarily contiguous in the primary sequence 
of the protein antigen. Linear epitopes are those in which the 
antibody binds to amino acids that are contiguous in the primary 
sequence of a protein antigen. An antibody’s epitope-binding sites 
are identical to each other and bind to their epitope with high 
selectivity. For example, an antibody that binds to a 15-amino acid 
linear epitope will interact with a similar epitope in which one of 
the 15 amino acids differs. In this case, the affinity is thousands of 
times lower and might even be below the limit of detection in a 
typical experiment using that antibody.

One use of antibodies to analyze protein samples is 
immunoblotting, also known as western blotting (Figure 5.9). 
Because antibodies are so specific, they can bind to just one 
protein antigen in a complex sample such as proteins collected 
from the cytoplasm of a cell infected by a virus. In western blotting, 
proteins in a complex sample are first separated by SDS-PAGE. 
Then the separated proteins are transferred to a supportive solid 
substrate called a membrane, which is much less fragile than the 
polyacrylamide gel. The membrane can be physically manipulated 
in subsequent steps without tearing or falling apart. The transfer 
process conserves the location of the proteins relative to one 
another and can be visualized as a mirror image of the gel. The 
membrane is subsequently incubated with an antibody known 
to bind to an epitope on a particular protein antigen in order to 
determine whether that protein is present in the sample. There 

5.6  Class IV viruses such as poliovirus use proteolysis 
to release small proteins from viral polyproteins

All Class IV viruses synthesize large polyproteins that are subsequently pro-
cessed into smaller proteins. In the case of poliovirus, the very large poly-
protein was not visible in the pulse-chase experiments because the protein 
is subjected to proteolytic cleavage during synthesis. This phenomenon can 
be demonstrated by adding protease inhibitors to the in vitro translation 
mix, which results in the accumulation of the gigantic polypeptide encoded 
by the genome. In order to understand proteolysis of the polypeptide, it is 
important to know that all proteins begin to fold during translation, when 
the nascent polypeptide is still being synthesized. One of the segments of 
the picornavirus polyprotein folds into protein 2Apro, which is a site-specific 
protease (as indicated by the superscript; Figure 5.10). Site-specific proteases 
recognize a certain amino acid sequence by binding to that sequence in their 
active sites, and they subsequently catalyze hydrolysis of the peptide back-
bone at that sequence, analogous to the sequence specificity of a restriction 
enzyme. The 2Apro protease hydrolyzes the polyprotein at a particular amino 
acid sequence found between the 1D and 2Apro amino acid sequences, releas-
ing the P1 polyprotein from the nascent polyprotein. Similarly, the 3Cpro 

Constant
region

Fluorophore or
enzymatic tag

Epitope
binding
site

Figure 5.8 Structure of an antibody. The simplest antibodies 
consist of four polypeptides held together with disulfide bridges 
(not shown) to make a very large Y-shaped molecule that has 
two identical epitope binding sites. A portion of the antibody is 
called the constant region because, unlike the epitope-binding 
sites, it is the same in all antibodies of the same type, from 
the same species. This is an example of an artificially tagged 
antibody with a fluorophore or enzymatic tag (green star) that 
will make it possible to detect where the antibody has bound to 
a sample.
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are several procedures for detecting where this primary antibody 
binds to the membrane. For example, the primary antibodies 
themselves might be tagged with a fluorescent dye that permits 
detection of where they have bound. Older technologies employ 
secondary antibodies that bind to the constant region of the 
primary antibodies. The secondary antibody is typically tagged 
with a dye or attached to an enzyme that converts a clear substrate 
to a colored product that precipitates out on the membrane. Use 
of secondary antibodies amplifies the signal from the primary 
antibodies bound to the membrane.

An application that combines microscopy with the use 
of antibodies is immunostaining. In immunostaining, fixed, 
permeabilized cells are stained with an antibody already known to 
bind to a protein of interest. The location of the protein can then be 

imaged using fluorescence microscopy (if the antibody is tagged 
with a fluorophore) or electron microscopy (if the antibody is 
conjugated to gold nanoparticles.) Staining of tissue sections using 
antibodies is called immunohistochemistry, which can reveal the 
location of viruses or virus proteins in a complex sample such as a 
biopsy.

Immunohistochemistry remains important for determining the 
localization of proteins in research as well because localization 
patterns based on the analysis of GFP chimeras can be misleading 
if the large size of GFP affects the folding, activity, or localization of 
its partner in the chimera. In practice, we have greater confidence 
in the localization of a certain viral protein when the results 
using GFP chimeras in living cells and those obtained through 
immunostaining of dead, fixed cells are in agreement.

protease folds during translation and subsequently hydrolyzes the nascent 
polyprotein between the 2C and 3A amino acid sequences, releasing the P2 
polyprotein. The P3 polyprotein is then produced as a matter of course.

The polyproteins are then subjected to further proteolysis after they have 
been released from the ribosome; these reactions are called maturation 
cleavages because they occur after the polyproteins have been released from 

SDS-PAGE
(proteins are not
actually visible)

Membrane sheet (”blot”)
(proteins are not
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(proteins are not
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Figure 5.9 Immunoblotting (western blotting). After proteins have been separated by SDS-PAGE, they are transferred to a 
membrane (blot) using an electrical current (1) instead of staining them. The blot preserves the relative positions of the proteins 
that were separated by size during SDS-PAGE. The blot is immersed in a solution of primary antibodies that bind to an epitope 
unique to the protein of interest (2). Excess primary antibodies are washed away and then secondary antibodies that bind to the 
constant region of the primary antibodies are added (3). The secondary antibodies are also tagged, making them easy to detect. 
Common tags include a fluorophore or an enzyme that reacts with a clear substrate to make a colored product that sticks to the 
membrane at the position of the protein of interest (4).
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Figure 5.10 Translation and 
proteolytic digestion of a picornavirus 
polyprotein. The active protein subunits 
are shown. Nascent cleavages catalyzed 
by 2Apro or 3Cpro are marked with a 
star (black = 2Apro; gray = 3Cpro). All 
other proteolytic events are maturation 
cleavages that are typically catalyzed by 
3CDpro or 3Cpro. The 13 active proteins are 
VP4, VP2, VP3, VP1, 2Apro, 2B, 2C, 3AB, 
3CDpro, 3A, VPg, 3Cpro, and the RdRP (3D).
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the ribosome. The most common protein catalyzing the maturation cleav-
ages is 3CDpro. It processes P1 polyprotein into structural proteins VP0, 
VP3, and VP1. Cleavage of VP0 into VP4 and VP2 occurs during maturation 
of the virion and is catalyzed by VP0 itself. The viral 3CDpro also proteoly-
ses P2 polyprotein, releasing nonstructural proteins 2Apro, 2B, and 2C. These 
P2-derived proteins are important for preventing the host cell from stopping 
the replication cycle, for example, by blocking translation of host mRNA. The 
proteolysis of P3 polyprotein can occur in two different ways. The result of 
one pathway is production of 3AB and 3CDpro without further proteolysis. In 
fact, this pathway occurs most of the time. More rarely, 3CDpro processes the 
P3 polypeptide completely, releasing 3A, 3B, 3C, and 3D as separate proteins. 
The six P3 proteins are needed for synthesis and folding of viral RNAs.

As a consequence of encoding a single polyprotein, picornaviruses do 
not have distinct waves of early and late gene expression. Furthermore, most 
individual proteins are produced in equimolar amounts through proteolytic 
digestion of the polyprotein (VP1 = VP2 = VP3 = VP4 = 2Apro = 2B = 2C). 
The only variation is that the amounts of 3AB and 3CDpro are higher than the 
amounts of 3A, 3B, 3C, and 3D. The ratio of structural capsomers to non-
structural proteins is less than one, indicating that the structural proteins are 
actually less abundant than the nonstructural ones. Although it would seem 
logical to have different early and late gene expression and to have an excess 
of structural proteins compared to nonstructural proteins, clearly the picor-
naviruses are evolutionarily successful without employing these strategies. 
Actually, this is an instance of a common theme in virology: for every rule, 
there are exceptions. Exceptions arise because of the tremendous evolution-
ary potential of viruses which reproduce so quickly and often exhibit higher 
mutation rates than their cellular hosts (Chapter 17), resulting in tremen-
dous genetic diversity.

5.7  Translation of Class IV virus genomes occurs despite 
the lack of a 5′ cap

In general, features at the end of a viral genome reflect its mechanism of syn-
thesis; for (+) strand RNA viruses the features are also critical for the mech-
anism of translation initiation. In the case of picornaviruses, the genomes 
have a covalently attached VPg protein at their 5′ ends and a poly(A) tail at 
their 3′ end. Translation of host mRNA depends on the 5′ cap on the mRNA, 
raising the question of how picornavirus genomes are translated without a 
5′ cap (see Figure 5.3). Picornavirus genomes can be translated despite their 
lack of a 5′ cap because of the 5′ UTR of the virus genome, which folds into 
a structure known as an internal ribosome entry site or IRES (Figure 5.11).

The discovery of internal ribosome entry in eukaryotes was unexpected 
because internal ribosome entry (downstream of the 5′ end) was thought to 
be a feature restricted to bacteria and archaea. The viral IRES was discov-
ered in part using an in vitro translation system made from the cytoplasmic 
contents of host cells. The strategy was to incubate different controls and 
test mRNA constructs in the in vitro translation system, then measure the 
amount of reporter proteins translated from each mRNA using SDS-PAGE.

The first step was creation of a series of test mRNAs in which the positive 
control consisted of a capped 5′ UTR of poliovirus upstream of a reporter 
gene that encodes the 25-kDa CAT protein. Translation of several different 
test constructs could then be compared to translation of this control. The test 
constructs consisted of a series of mRNA that either had a normal 5′ cap or 
lacked a cap. An important aspect of these investigations was to use in vitro 
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Sequence
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1

Figure 5.11 Picornavirus IRES. The most 
likely folding of the IRES. A rainbow color 
scale indicates the evolutionary conserva-
tion across the picornaviruses; the least 
conserved sequences are purple and the 
most conserved are red.
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translation systems made from different cells. In some experiments, the 
extracts were from normal cells, whereas in other experiments the extracts 
were from cells in which cap-dependent translation had been blocked 
because of infection with a virus known to block cap-dependent translation. 
In combination, then, the experiments examined translation of mRNA when 
it was capped or uncapped in normal cell extracts, or when it was capped or 
uncapped in abnormal cell extracts in which cap-dependent translation was 
blocked.

The first mRNA examined under all four conditions was the positive con-
trol in which the CAT reporter gene was preceded by the first 730 nucleotides 
of a poliovirus 5′ UTR and the mRNA had a normal 5′ cap (Figure 5.12, con-
struct a). To compare the amount of CAT protein made using the different 
mRNA and extracts, investigators normalized across experiments by dividing 
the amount of protein in any given test by the amount of protein made using 
the positive control mRNA in normal cell extracts. Therefore, the amount 
of protein made by the positive control is by definition 1.0 (see Figure 5.12, 
construct a, column 1). Whether this mRNA was capped or incubated with 
extracts that have blocked cap-dependent translation made no difference 
(see Figure 5.12, construct b, columns 1–4). The first experimental construct 
involved complete deletion of the poliovirus 5′ UTR (see Figure 5.12, con-
struct b). Deletion of the 5′ UTR caused a small decrease (from 1.0 down to 
0.4) in protein production when the mRNA was capped and incubated in 
normal cell extracts. When the mRNA was not capped, there was a dramatic 
loss in protein production (from 1.0 down to 0.07). The effect was even more 
dramatic in cell extracts in which cap-dependent translation was blocked; in 
fact, protein production became undetectable (see Figure 5.12, construct b). 
Because construct b was not translated at all when cap-dependent translation 
was blocked, the first 730 nucleotides of the poliovirus 5′ UTR are necessary 
and sufficient for cap-independent translation.

The next experiments progressively deleted more and more nucleotides in 
the 5′ UTR in order to map the region that is both necessary and sufficient 
for cap-independent translation of the CAT reporter. The second experimen-
tal construct (see Figure 5.12, construct c) behaved similarly to the positive 
control, indicating that the first 140 nucleotides are dispensable for cap-in-
dependent translation of the reporter. In contrast, the last experimental 
construct (see Figure 5.12, construct d) had nearly normal cap-dependent 
translation but was not able to direct cap-independent translation, which can 
be seen in two ways. Comparing column 2 with column 1 indicates that, in 
the absence of a cap, protein production falls from 0.4 to 0.06; comparing 
columns 3 and 4 with column 1 indicates that when cap-dependent transla-
tion is blocked, there is no translation of construct d. These results indicate 
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Figure 5.12 Evidence that a picorna-
virus 5′ UTR can direct translation 
independently of a 5′ cap. Construct a 
is composed of the first 730 nucleotides 
of a polivirus 5′ UTR attached to a CAT 
reporter gene. Construct b is missing 
those 730 nucleotides. Construct c is 
missing nucleotides 1–140, and construct 
d is missing nucleotides 1–465. Protein 
expression values were normalized by set-
ting the amount of CAT protein produced 
by construct a in normal extracts to 1.0.
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that RNA between nucleotides 140 and 461 is required for cap-independent 
translation of poliovirus. Other experiments, including one addressed in 
a data analysis problem at the end of this chapter, demonstrated that these 
nucleotides form an IRES.

Just as cap-dependent translation of normal host mRNA requires a series 
of assembly reactions so that a translation initiation complex can form, so 
does IRES-dependent translation. Through a cascade of RNA–protein and 
protein–protein interactions, a 48S initiation complex forms around the 
IRES (Figure 5.13). Formation of the 48S initiation complex does not require 
eukaryotic initiation factor 4E (eIF4E), which is the protein that normally 
binds to the cap and initiates formation of mRNP that is ready for translation. 
For IRES-dependent translation, all of the other eukaryotic translation initia-
tion factors and the PABP-coated poly(A) tail are still required. The resulting 
circularized initiation 48S complex is similar to that formed by normal host 
mRNA. Meanwhile, poliovirus proteases 2Apro and 3CDpro proteolytically 
degrade two host translation initiation factors needed for cap-dependent 
host mRNA translation, including eIF4E, thus blocking translation of host 
mRNA. Interfering with host translation is beneficial because it makes more 
tRNA and amino acids available for viral protein synthesis, and it also inter-
feres with innate cellular antiviral responses (see Chapters 12 and 14).

5.8  Class IV virus genome replication occurs inside a virus 
replication compartment

VRCs are made by many if not most viruses that infect animals and plants; 
picornaviruses are no exception. VRCs are assembled by nonstructural viral 
proteins, viral genomes, host lipids, and host proteins, all of which vary from 
virus to virus. They typically appear as invaginations of membranes associ-
ated with various organelles, such as mitochondria, ER, the Golgi apparatus, 
lysosomes, peroxisomes, or the plasma membrane. They can appear bulbous, 
with a narrow neck that connects the interior of the VRC to the rest of the 
cytoplasm and presumably serves as the exit point for viral mRNA. For some 
viruses, the VRCs are interconnected by a membranous web, and some VRCs 
are bounded by single membranes early in infection, and double membranes 
later in infection (Figure 5.14).

5′

PABP

Host mRNA
A

AUG

3′

PPP

AAAAAAAAAA

40S4E

PABP

4G

PABP

Picornavirus mRNA
B

AUG

3′ AAAAAAAAAA

40S

4E degraded
by poliovirus

PABP

4G

IRES

ITAF5′

Figure 5.13 Cap-dependent initiation complex compared with picornavirus initiation complex. (A) Normal initiation of 
host mRNA involves the eIF4E protein binding to the 5′ cap and forming a complex with PABP. Other initiation factors are involved 
(shown in different colors). The small subunit of the ribosome (40S) is closest to the AUG start codon. (B) For initiation of the 
translation of the picornavirus genome, the host ITAF protein binds to the IRES and substitutes for eIF4E. The IRES is a complex 
stem–loop structure in the 5′ UTR. The terminal VPg protein was removed from the 5′ end of the genome by a host enzyme. 
Meanwhile, poliovirus proteolytically degrades eIF4E, thus preventing cap-dependent translation of host mRNA.
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In the case of poliovirus, the VRCs are closely associated with the Golgi 
apparatus. The nonstructural viral proteins required for VRC formation and 
organization include 2CATPase and the 3A protein. The set of host proteins 
required for VRC formation includes enzymes that modify lipids, leading to 
the creation of a novel lipid profile in the VRC.

5.9  The picornavirus 3Dpol is an RdRp and synthesizes 
a protein-based primer

Inside the poliovirus VRC, the 3Dpol protein is an RdRp (Figure 5.15). Like 
most enzymes used for genome replication, 3Dpol requires a primer. In this 
case, 3Dpol synthesizes the primer by binding to the VPg protein (3B) and 
uridylylating it, adding two uridylyl groups to the OH side chain of a par-
ticular tyrosine amino acid in the VPg (Figure 5.16). Whether 3Dpol acts as 
a polymerase or as a primer-synthesis enzyme depends on the context of the 
other proteins interacting with it. Uridylylation activity occurs exclusively 
when 3Dpol is part of a complex made up of 3Dpol, 3CD, and certain second-
ary structures in the (+) RNA template. Although cells do not use proteins 
such as VPg (3B) to prime nucleic acid synthesis, many viruses do. Another 
example is that of the adenovirsues (dsDNA; see Chapter 8). It is typical for 
viral proteins to have multiple functions that depend on their interacting 
partners; in this way, a single gene can encode one protein that accomplishes 
several reactions. Multifunctional proteins enable viral genomes to remain 
small, which is necessary for packaging into icosahedral capsids and for the 
most rapid genome replication possible.

5.10  Structural features of the viral genome are essential 
for replication of Class IV viral genomes

As is the case for all (+) strand ssRNA viruses, many structural elements 
in the picornavirus genome are required for synthesis of the antigenome. 
For example, a cloverleaf structure near the 5′ end is required, as is a 

Figure 5.14 Virus Replication Com-
partments (VRCs). Electron tomography 
was used to create this three-dimensional 
model for a (+) RNA virus replication 
complex. These particular VRCs have both 
an outer membrane (gold) and an inner 
membrane (silver). The outer  membrane 
is connected to the endoplasmic  reticulum 
(bronze). Arrows I, II, and III indicate 
sites where the outer membranes are 
connected to those of other VRCs or to 
the endoplasmic reticulum. The inset 
EM views show the tomographic slices 
that revealed the connections indicated 
by arrows I, II, and III. (From Knoops K 
et al. 2008. PLoS Biol 6:e226. doi: 10.1371/
journal.pbio.0060226. Published under CC 
BY 4.0.)
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Figure 5.15 The enzymatic activities 
of the picornavirus 3D protein. (A) 3Dpol 
catalyzes RNA synthesis; the black arrow 
indicates the movement of the polymerase. 
(B) 3Dpol can also catalyze uridylylation of 
VPg (also known as 3B). It does so when it 
is part of a complex with a structure in the 
(+) RNA (stem–loop) and with 3CDpro. A 
pair of adenines in the stem–loop structure 
serves as the template for uridylation. The 
3AB substrate for uridylation is associated 
with the membrane of a VRC through the 
3A protein.
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stem–loop structure within the coding sequence, called the cis-responsive 
RNA element or CRE. The word cis indicates that a sequence in DNA, 
RNA, or protein acts only on other sequences within the same molecule, 
so the CRE is needed for copying of the very RNA molecule that contains 
it. Two more cis-active RNA elements in the genome needed for replica-
tion are stem–loop structures in the 3′ UTR and the poly(A) tail (Figure 
5.17). Tertiary interactions between one of the RNA loops near the 5′ 
end and one of the loops in the 3′ structure are also required for genome 
replication; this hydrogen bonding between loops is sometimes described 
as kissing.

5.11  Picornavirus genome replication occurs  
in four phases

Genome replication in (+) strand ssRNA viruses uses a double-stranded 
replicative form as the template and ultimately produces many full-length 
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Figure 5.16 Uridylylation of VPg by the 
picornavirus 3Dpol protein. (A) Uridine 
monophosphate. (B) VPg tyrosine side 
chain prior to uridylylation. (C) VPg 
tyrosine side chain after uridylylation.

Figure 5.17 Cis-acting RNA sequences and structures important 
for replication of picornavirus RNA. The cloverleaf near the 5′ end, 
the CRE within the coding sequence, stem–loop structures in the 3′ 
UTR, and the poly(A) tail are all critical for replication of picornavirus 
RNA. The coding sequence between the double slashes and indicated 
by the bracket has been severely truncated in order to highlight 
instead the cis-acting RNA structures. Tertiary interactions among the 
RNA loops have also been omitted for clarity.
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genomes with the same terminal features as the infecting uncoated 
genome (Figure 5.18). Any hypothesis to explain viral genome replica-
tion must take the terminal features of the genome into account. In the 
case of polioviruses, the terminal features include a terminal covalently 
attached protein (VPg) and a poly(A) tail. Genomic RNA is used as a 
template to synthesize (−) RNA, which remains associated with the (+) 
strand, resulting in a double-stranded replicative form with VPg proteins 
covalently attached to the 5′ ends of both strands. The replicative form is 
used to synthesize many (+) strands that have the same features as the 
infecting genome.

Poliovirus genome replication is understood in some detail. In the 
first phase of genome replication, various protein complexes have assem-
bled onto the CRE and 5′ cloverleaf, forming a viral ribonucleoprotein 
 complex or vRNP (Figure 5.19). These proteins include a complex of 3AB, 
3CDpro, 3Dpol, and the host protein PCBP. As a component of this complex, 
3Dpol synthesizes a primer by uridylylating the VPg (3B) protein (Figure 
5.20). Phase two is synthesis of the negative strand. When it is not in the 
primer-synthesizing complex, the 3Dpol protein uses VPg-pU-pU as a 
primer and subsequently synthesizes an antigenome, which remains base 
paired to the genome over its whole length. The basepaired molecule is the 
replicative form.
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Figure 5.18 Overview of replication 
in picornaviruses with a focus on the 
nucleic acids. The infecting genome is 
a single strand of (+) RNA that contains 
secondary structures important for 
translation (the IRES) and for genome 
replication (the cloverleaf, the CRE, and 
the structures in the 3′ UTR). This RNA is 
used as a template to synthesize (−) RNA, 
resulting in a double-stranded replicative 
form. The replicative form is used to 
synthesize many (+) strands.

Figure 5.19 Picornavirus vRNP during initiation of RNA 
replication. Inside a VRC, the CRE portion of the genome 
assembles with many proteins such as 3AB, 3CDpro, 3Dpol, VPg/3B, 
and the host protein PCBP. The cloverleaf in the 5′ UTR of the 
RNA is also part of the complex.
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Phases one and two of picornavirus replication overlap temporally so that 
VPg uridylylation is ongoing during antigenome synthesis (Figure 5.21). In 
the third phase of picornavirus genome replication, uridylylation of VPg 
stops because the synthesis of the antigenome destroys the structure of the 
CRE. The 3Dpol protein reaches the end of its template and dissociates. The 
VRC is now full of double-stranded replicative forms and uridylylated VPg-
pU-pU primers so that phase four can begin. In phase four, the 3Dpol protein 
uses the VPg-pU-pU primers for (+) strand synthesis. Many 3Dpol proteins 
use the same template multiple times and the offspring single-stranded (+) 
orientation genomes are released into the cytoplasm. The use of VPg-pU-pU 
as a primer explains why the 5′ ends of the genomes and antigenomes always 
have the VPg protein covalently attached. The existence of the poly(A) 
tail in the infecting genome ensures the presence of a poly(U) tract in the 
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Figure 5.20 Summary of four phases 
in the replication of picornavirus 
genomes. During phase one, 3Dpol uses two 
adjacent As in the CRE and the 3B protein to 
produce uridylylated VPg proteins. During 
phase two, 3Dpol uses the uridylated VPg 
primer and the genome as a template to 
synthesize negative strands. During phase 
three, synthesis of new uridylated VPg 
primers ceases because the CRE structure 
is no longer present in the VRC, which 
contains instead double-stranded replicative 
forms. During phase four, 3Dpol synthesizes 
new (+) offspring genomes.

Figure 5.21 The interior of a VRC with 
RNA and protein elements indicated 
during the four phases of genome 
replication. (A) Phase one, synthesis of 
uridylated VPg primers. (B) Phase two, 
synthesis of the complementary (−) strand 
(light green). (C) Phase three, synthesis of 
uridylated VPg primers now ceases because 
the CRE is no longer present. (D) Phase 
four, synthesis of new (+) genomes.
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antigenome. This poly(U) tract is copied to create the poly(A) tail found 
in the genome—normal host mRNA obtains its poly(A) tail in the nucleus 
instead through an entirely different mechanism.

Sections 5.12 and 5.13 describe another medically important family of 
slightly larger Class IV viruses, the flaviviruses.

5.12  Flaviviruses are models for simple enveloped (+) 
strand RNA viruses

Viruses in the family Flaviviridae have enveloped, spherical virions with 
prominent envelope proteins projecting from their surfaces arranged as an 
icosahedron (Figure 5.22). A single capsomere, called the core, forms the ico-
sahedral center and two different transmembrane envelope proteins, E1 and 
E2, form the spikes. Flaviviruses have linear (+) strand RNA genomes that 
are 10–12 kb in length, somewhat longer than the genome of picornaviruses. 
They are named for the Latin word flavus (yellow) because the model species, 
yellow fever virus (YFV), causes jaundice, including yellowing of the eyes. 
Other flaviviruses are hepatitis C virus, West Nile virus, and dengue fever 
virus. Sections 5.13 and 5.14 focus on hepatitis C virus (HCV) because as 
many as 3% of people globally are infected with it, and it can cause debili-
tating and even fatal interference with the function of the liver. The World 
Health Organization estimates that four million new HCV infections occur 
every year, primarily through IV drug use and contaminated blood prod-
ucts. Flaviviruses share the same overall genome expression and replication 
strategies as the other Class IV animal viruses covered in this chapter (see 
Figure 5.1), and thorough understanding of the molecular biology of HCV 
gene expression and genome replication has led to the development of anti-
HCV medicines, discussed in Chapter 16.

5.13  The linear (+) strand RNA flavivirus genomes have 
unusual termini

Flavivirus genomes are similar but not necessarily identical to those of the 
picornaviruses. Whereas some flavivirus genomes have a terminal cova-
lently linked VPg protein at the 5′ end, others have a 5′ cap similar to host 
mRNA. HCV has neither a cap nor a VPg protein at the 5′ end of its genome; 
instead it has a 5′ nucleotide with a triphosphate group. Flavivirus genomes 
also lack the poly(A) tail found on normal eukaryotic mRNA and in picor-
navirus genomes. Instead, the viral 3′ UTR folds into a tertiary structure 
consisting of several stem–loop structures (Figure 5.23). The HCV genome 
encodes one large polyprotein, similar to the genome of picornaviruses. 
Viral and cellular proteins cleave the polyprotein into smaller functional 
proteins, and the cleavage products closer to the N-terminus are structural 
proteins. The cleavage products closer to the C-terminus are the nonstruc-
tural proteins.

50 nm

Figure 5.22 Hepatitis C virion. Electron 
micrograph of a hepatitis C virus (HCV), 
a spherical enveloped flavivirus. (From 
Lindenbach BD & Rice CM 2005. Nature 
436:933–938. With permission from 
Macmillan Publishers Ltd.)
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Figure 5.23 Hepatitis C virus genome. 
The genome has significant secondary 
structure at both the 5′ and 3′ ends, and 
it encodes a single polyprotein that is 
processed into structural proteins and 
seven nonstructural proteins.
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5.14  Enveloped HCV encodes 10 proteins including several 
with transmembrane segments

HCV has three structural proteins: C or core (capsid), E1, and E2 (two 
different envelope proteins; Figure 5.24). The other proteins are nonstruc-
tural and include two proteases (NS2 and NS3) that cleave the viral poly-
peptide and an enzyme with RdRp activity (NS5B). The translation and 
cleavage of the HCV polyprotein is similar to that of picornaviruses but is 
more complex because seven proteins with transmembrane segments must 
be synthesized.

In eukaryotes, ribosomes bound to the rough endoplasmic reticulum 
(ER) translate transmembrane proteins such as HCV E1, E2, p7, NS2, NS4A, 
NS4B, and the HCV RdRp (also known as NS5B) (Figure 5.25). Ribosomal 
docking with the ER occurs through the signal recognition particle 
(SRP) system. This system relies upon translation of an N-terminal signal 
sequence. When this sequence of amino acids emerges from the ribosome 
on the nascent polypeptide, it binds to the SRP, causing translation elon-
gation to stop temporarily. The SRP then docks with a protein-conduct-
ing channel in the ER, known as the translocon. The translation arrest is 
relieved by these interactions, so that protein synthesis then continues. The 
nascent protein folds in the membrane of the ER if it has transmembrane 

E1-E2 dimer

Capsomere

Genomic RNA

Figure 5.24 The HCV virion. The virion 
has three structural proteins: the enve-
lope proteins E1 and E2 and the internal 
capsomere, called core in HCV. (Courtesy of 
Philippe Le Mercier, ViralZone, © SIB Swiss 
Institute of Bioinformatics.)
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Figure 5.25 The SRP system for 
translation of viral transmembrane 
proteins. As soon as the signal sequence, 
also known as a start-transfer sequence, 
emerges from the active ribosome (1), 
the SRP binds to it, causing a translational 
pause (2). The SRP and ribosome then dock 
with the protein translocator or translocon 
in the ER membrane (3), relieving the 
translation pause (4). Furthermore, the SRP 
component is released to be used again. 
The protein is then synthesized directly 
into the lumen of the ER. When a stop-
transfer sequence is reached (5), extrusion 
into the ER stops. The signal peptidase 
cleaves the signal peptide from the protein 
(6) and the protein is released from the 
translocon. In the mature protein, the 
stop-transfer sequence is a transmembrane 
segment (7). Combinations of start-transfer 
and stop-transfer sequences result in 
multipass transmembrane proteins such 
as HCV p7. (From Alberts B et al. 2014. 
Molecular Biology of the Cell, 6th ed. 
Garland Science. With permission from 
W.W. Norton.)
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segments. Soluble portions of transmembrane proteins often fold assisted by 
 chaperones, proteins that consume ATP to catalyze rapid protein folding. An 
ER protein known as the signal peptidase processes the proteins, removing 
their signal sequences so that signal sequences are not found in the mature 
folded proteins.

In the case of HCV, the cytoplasmic core protein is translated first, 
when the ribosome is still free in the cytoplasm. After translation of the 
core protein, a signal peptide is translated, triggering the SRP system. The 
rest of the viral proteins are then translated by ribosomes docked to the 
rough ER. The cellular signal peptidase enzyme in the ER makes several 
of the proteolytic cleavages, releasing E1, E2, and p7 from the polypro-
tein. The NS2 protease releases NS2 by cleaving between NS2 and NS3, 
and the NS3 protease along with its co-factor NS4A makes the proteolytic 
cuts that release NS3, NS4A, NS4B, NS5A, and NS5B from the polyprotein 
(Figure 5.26).

5.15  Togaviruses are small enveloped viruses with 
replication cycles more complex than those 
of the flaviviruses

Viruses in the family Togaviridae have enveloped, icosahedral virions 
with prominent spikes protruding from their surfaces (Figure 5.27). 
Medically important togaviruses include rubella virus and chikungunya 
virus. Although nearly universal vaccination has eradicated rubella from 
the Western hemisphere, chikungunya is an emerging infectious disease 
that is expected to continue its explosive spread around the globe. Its 
symptoms include severe pain. In fact, the word chikungunya means to 
bend up (derived from a Tanzanian language, Kimakonde) to describe 
how people with a serious form of the disease are doubled over in pain. 
Rubella virus is spread through the respiratory route, whereas chikun-
gunya virus is spread by mosquitos. Chikungunya virus emerged in west 
and central sub-Saharan African but is now spreading through Asia, 
Australia, Europe, South America, Central America, and the southern 
parts of North America.

Togavirus molecular and cellular biology has been studied closely for 
much longer than that of the flaviviruses, historically through focus on 
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Figure 5.26 Synthesis and processing 
of HCV polyprotein into 10 proteins, 
some of which have transmembrane 
segments. Black arrowheads indicate sites 
of proteolytic processing catalyzed by host 
enzymes and blue arrowheads indicate 
processing catalyzed by viral proteases. 
(From Lindenbach BD & Rice CM 2005. 
Nature 436:933–938. With permission from 
Macmillan Publishers Ltd.)
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Figure 5.27 Sindbis virus. (A) Electron micrograph of a Sindbis 
virus (SINV) showing its spherical shape. (B) Structure solved 
by cryo-EM. The virions are approximately 65 nm in diameter. 
(A, Courtesy of Indiana University Research Technologies High 
Performance Applications Group. B, Courtesy of Jean-Yves Sgro.)
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Sindbis virus. Sindbis viruses have a single capsomer protein in the icosa-
hedral core, and three envelope proteins. The spikes are dimers of E1 and 
E2; E3 stabilizes the spikes. The proteins TF and 6K can also be found in the 
virus envelope in small amounts. The genomes have features of eukaryotic 
mRNA, such as a normal 5′ cap and a poly(A) tail (Figure 5.28).

The 9- to 12-kb togavirus genomes are similar in length to flavivi-
rus genomes. Despite this similarity in genome size, the togaviruses have 
far more complex gene expression and genome replication strategies. For 
example, togaviruses synthesize three viral nucleic acids rather than two 
and synthesize four unprocessed polyproteins rather than one. Togaviruses 
also have distinct early and late phases of gene expression and nucleic acid 
synthesis and express structural proteins much more abundantly than flavi-
viruses do.

Cells infected with togavirus contain three different viral RNA molecules: 
genomic-length (+) strands, full-length (−) antigenomes, and a  subgenomic 
(sg) (+) RNA equivalent to the 3′ one third of the genome (Figure 5.29). 
Both the full-length (+) and sgRNA have a 5′ cap and a poly(A) tail; the 
antigenome is not capped. The antigenome is found as part of the dsRNA 
replicative form inside VRCs. Synthesis of antigenomes occurs exclusively 
during early gene expression, whereas synthesis of the two (+) orientation 
RNAs occurs throughout infection.

The three different viral nucleic acids serve different purposes. The 
genome-length (+) strand RNAs can be used in three ways. First, they can 
be translated to produce the two nonstructural polyproteins (Figure 5.30). 
Second, they can serve as templates for synthesis of antigenomes and thereby 
formation of replicative forms. Third, toward the end of the virus replication 
cycle they can be packaged to serve as genomes for offspring virions. The 
purpose of the replicative form is to be transcribed into the two different (+) 
strand RNAs. The purpose of the sgRNA is to be translated into two slightly 
different structural polyproteins. Nonstructural proteins are translated exclu-
sively from the long (+) strand, whereas structural proteins are translated 
exclusively from the sgRNA.
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(+) genome-length RNA

Structural polyproteinsNonstructural polyproteins
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PPP5′ 3′AAAAAA

3′ 5′UUUUUU

(–) genome-length RNA in replicative form
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PPP5′ 3′AAAAAA

Subgenomic (+) RNA (sgRNA)

Structural polyproteins
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Figure 5.28 Sindbis virus genome. The 
Sindbis virus genome has a 5′ methylated 
cap, nonstructural and structural polypro-
teins, and polyadenylation at the 3′ end.

Figure 5.29 Togavirus RNA. Togaviruses 
such as Sindbis virus direct synthesis of 
three RNAs. (A) Full-length (+) strands 
that have a 5′ methylated cap and poly(A) 
tail. (B) Full-length (−) antigenomes 
(light green) that are part of the double-
stranded replicative form. (C) Subgenomic 
(+) RNA with a 5′ methylated cap and 
a poly(A) tail, encoding the structural 
polyproteins.
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5.16  Four different togavirus polyproteins are found 
inside infected cells

As mentioned earlier, another aspect of togaviruses that makes them more 
complex than flaviviruses is that togaviruses produce not one but four differ-
ent polyproteins. There are two structural polyproteins that differ near their 
C-termini (Figure 5.31). The longer one is produced about 85% of the time. 
The N-terminal regions of both are processed into the capsid protein, the 
E3 envelope protein, and the E2 envelope protein. The C-terminal region of 
the longer structural polyprotein is processed into the 6K and E1 envelope 
proteins, and the C-terminal region of the shorter structural polyprotein is 
processed to release the envelope transframe (TF) protein. Although derived 
from the structural polyprotein, 6K and E3 are not necessarily found in all 
togavirus virions and may be important for assembly or release.

Similarly, there are two nonstructural (ns) polyproteins that differ in their 
C-terminal regions (Figure 5.32). The shorter one is produced about 90% of 
the time and early during infection it is processed into nsP1, the P23 polypro-
tein, nsP2, and nsP3. Later it is processed into the polyprotein P12 and nsP3. 
The longer one is processed into the polyprotein P123, nsP4, the P23 poly-
protein, nsP2, and nsP3. Later it is processed into the polyproteins P12 and 
P34. A protease active site can be found within the sequence corresponding 
to nsP2, so that any polyproteins containing that sequence also have a pro-
tease active site. The nsP4 protein has the active site for RNA synthesis. The 
nsP4 protein is part of two different complexes that determine its activity. 
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Figure 5.31 Togavirus structural 
polyproteins. The longer polyprotein 
is processed into the coat protein, three 
envelope proteins (E1–E3), and 6K. It is 
produced from translating the sgRNA 
about 85% of the time. The shorter 
polyprotein is processed into the coat 
protein, two envelope proteins and the TF 
protein. The shorter polyprotein requires 
a programmed ribosomal frameshift in 
order to be synthesized and is produced 
from translating the sgRNA about 15% of 
the time.
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Figure 5.30 Purposes for the viral 
nucleic acids made during togavirus 
infections. (A) Full-length (+) RNA 
is used as mRNA to translate the two 
nonstructural polypeptides, as a template 
for synthesis of replicative forms, and late 
during infection as genomes packaged 
into offspring virions. (B) Replicative forms 
are used to synthesize full-length and 
subgenomic (+) RNA. (C) Subgenomic (+) 
RNA is used as mRNA to translate the two 
structural polypeptides.

Figure 5.32 Togavirus nonstructural polyproteins. The shorter 
polyprotein is processed into nsP1, nsP2, and nsP3. It is produced 
from translating the genome-length RNA about 90% of the time. The 
longer polyprotein is processed into nsP1, nsP2, nsP3, and RdRp. The 
longer polyprotein requires a programmed suppression of translation 
termination in order to be synthesized and is produced from translating 
the genome-length RNA about 10% of the time.
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Complex 1 is the RdRp that synthesizes antigenomes, whereas complex 2 is 
the RdRp that synthesizes (+) strand genomes and subgenomic RNA. Only 
complex 2 has capping and polyadenylation activity; consequently only (+) 
sense togavirus RNA has a 5′ cap and poly(A) tail. Complex 1 is active early 
during infection, whereas complex 2 dominates at later time points.

5.17  Different molecular events predominate early 
and late during togavirus infection

Early during a togavirus infection, translation of the infecting genome results 
in production of nonstructural proteins that cause VRC formation; the VRCs 
then fill with replicative forms (Figure 5.33). Throughout infection, both 
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Figure 5.33 Timing of events during togavirus replication. (A) Early during infection, translation of the genome (1) results 
in production of nonstructural proteins, used for VRC formation and the creation of double-stranded RFs (2). The RFs are used as 
templates for synthesis of both genome-length and subgenomic (+) RNA (3). Translation of genome-length RNA results in formation 
of more VRCs and RFs (4), whereas translation of sgRNA results in the production of structural proteins (5) that will be used later for 
virion formation during maturation. (B) Late during infection, genome-length RNA is no longer translated because cap-dependent 
translation has been blocked by the viral nonstructural proteins; it is instead targeted for packaging into new virions (1). The sgRNA 
continues to be translated because of a cap-independent mechanism that depends upon RNA secondary structure, resulting in the 
accumulation of many structural proteins (2) that are used to create new virions (3).
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species of (+) strand RNA are synthesized using the replicative forms as a 
template. Early during infection, the long (+) strand RNA is translated to 
produce the two nonstructural polyproteins and the sgRNA is translated to 
produce the structural polyproteins. Late during infection, creation of new 
VRCs and replicative forms stops. Although the long (+) strand RNA is still 
produced, it is no longer translated. Instead it is targeted for assembly. The 
short sgRNA continues to be translated, resulting in ongoing production of 
all the nonstructural proteins. Because the sgRNA is translated throughout 
infection, the structural proteins become much more abundant than the 
nonstructural proteins.

5.18  Translation of togavirus sgRNA requires use of the 
downstream hairpin loop

Regulation of translation is critically important for causing the switch to 
late gene expression. Both the sgRNA and the long (+) strand RNA have a 
5′ cap and poly(A) tail just as normal host mRNA does. During late virus 
gene expression, however, cap-dependent translation initiation is blocked 
as part of an antiviral cellular defense that depletes the cytoplasm of func-
tional eukaryotic translation initiation factor 2 (see also Chapter 14). This 
situation raises the question of how the togavirus sgRNA can be trans-
lated. The solution involves an extensive stem–loop structure called the 
downstream hairpin loop or DLP (Figure 5.34). The DLP is unique to 
sgRNA and forms adjacent to and downstream of the start codon for the 
structural polyprotein. The DLP is needed to allow translation when cap- 
dependent translation is suppressed. The DLP replaces eukaryotic transla-
tion initiation factor 2 in the initiation complexes so that the sgRNA can be 
translated.

The use of the DLP is an example of a virus over-coming a host antiviral 
defense (see Chapter 14). In this case, late during infection a host antiviral 
defense shuts down cap-dependent translation, ultimately causing cell death; 
the idea is that the host sacrifices the infected cell in order to try to protect 
the whole animal from the infection. The 5′ cap on the sgRNA is used for 
translation early during infection, before the host antiviral response occurs. 
The DLP is used after the host has ramped up its antiviral defenses – ironi-
cally, the virus subverts the antiviral defenses in order to complete its repli-
cation cycle.
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Figure 5.34 The downstream hairpin loop of togavirus sgRNA. (A) Initiation factors including eIF2 assembled on normal host 
mRNA for cap-dependent translation initiation. (B) The viral DLP compensates for the loss of eIF2, making translation initiation of 
sgRNA possible.
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5.19  Suppression of translation termination is necessary 
for production of the nonstructural p1234 Sindbis 
virus polyprotein

Unusual translation events often enable viruses to encode multiple pro-
teins using overlapping mRNA sequences. Sindbis virus uses two such 
strategies, one of which is called suppression of translation termination 
(Figure 5.35). Suppression of translation termination is used to produce 
the less abundant nonstructural polyprotein P1234 from sequences that 
overlap with the ones encoding the more abundant P123 polyprotein. In 
both cases, translation begins at a typical start codon approximately 60 
nucleotides from the 5′ end of the RNA. When the ribosome encoun-
ters a UGA stop codon at the end of the sequence encoding nsP3, 90% of 
the time translation termination occurs, releasing the P123 polyprotein. 
Translation termination is mediated by the usual host translation release 
factor binding to the UGA stop codon. But, 10% of the time, a tRNA with 
an anticodon that can hydrogen bond with UGA allows translation to 
continue, so that the result is the P1234 polyprotein. This suppression of 
translation termination process depends not only on the stop codon but 
also on the C nucleotide immediately adjacent to and downstream of the 
stop codon in the RNA.

Many viruses employ suppression of translation termination to encode 
more than one protein with the same genetic information. Doing so is an 
example of how viruses with small genomes use their coding capacity more 
efficiently than cells do, a concept that was introduced using the bacterio-
phages φχ174 and MS2 as examples (Chapter 4). In the case of togaviruses, 
the nsP4 protein is needed in smaller amounts than the rest of the nonstruc-
tural proteins; the virus uses suppression of translation termination to keep 
levels of nsP4 synthesis relatively low, which has the benefit of making more 
amino acids and ribosomes available for translating proteins that are needed 
in greater abundance.
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P123 polypeptide
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Figure 5.35 Suppression of translation 
termination in Sindbis virus. Translation 
termination depends on the UGA and 
CUA sequences in the mRNA. These critical 
sequences are in boldface text, highlighted 
yellow. When the ribosome reaches the 
stop codon (UGA) for the P123 polypro-
tein, 90% of the time a release factor (RF) 
catalyzes translation termination and the 
polyprotein is released, ultimately produc-
ing nsP1, nsP2, and nsP3. But 10% of the 
time, a tRNA with the anticodon ACC binds 
to the stop codon and translation contin-
ues, ultimately producing nsP1, nsP2, nsP3, 
and the nsP4 protein.
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5.20  Sindbis virus uses an unusual mechanism 
to encode the TF protein

Translation of sgRNA is also regulated so that the shorter polyprotein 
(C/E3/E2/TF) is produced less frequently; the shorter one allows produc-
tion of the rarer TF protein, whereas the longer one allows production of the 
more abundant 6K and E1 proteins. The sequence of the sgRNA indicates 
that it includes a single open reading frame that encodes the longer poly-
protein that can be processed into individual proteins C, E3, E2, 6K, and E1. 
C is produced and released from the polypeptide through a cis proteolytic 
cleavage mediated by C itself. Following autoproteolysis, a signal sequence is 
exposed, targeting the ribosome to the rough ER so that the rest of the pro-
teins can be inserted co-translationally into the membrane. The rest of the 
cleavages are catalyzed by host proteases.

But cells infected with togavirus produce another transmembrane pro-
tein, called TF, from sgRNA, again as part of a polyprotein. This polyprotein 
includes the sequences for C, E3, E2, and TF but terminates after TF and 
therefore lacks the 6K and E1 sequences. Oddly, the TF primary sequence is 
not found when a computer translates the sgRNA. This situation raises the 
question of how TF protein is translated at all.

A clue as to the way that TF is translated is that the N-terminal amino 
acids of TF are identical to those of 6K, but the C-terminal amino acids of TF 
are unique (Figure 5.36). Examination of the genome reveals that the codons 
representing the C-terminal amino acids of TF are present in the genome 
and are found in the same sequence as that used to translate the 6K pro-
tein, except that the reading frame for TF is shifted one nucleotide in the −1 
direction. Bioinformatic comparisons of many togavirus genomes revealed a 
conserved UUUUUUA slippery sequence within the site of the frameshift; 
further analysis indicated that this motif is part of a pseudoknot stem–loop 
structure and occurs at the base of the stem (Figure 5.37).

A

6K ETFTETMSYLWSNSQPFFWVQLCIPLAAFIVLMRCCSCCLPFLVVAGAYLAKVDA
TF ETFTETMSYLWSNSQPFFWVQLCIPLAAFIVLMRCCSCCLPFLSGCRRLPGEGRRLRTCDHCSKCATDTV

*******************************************

B

6K  P   F   L   V   V
CCU UUU UUA GUG GUU

TF  P   F   L   S   G   C  
CCU UUU UUA AGU GGU UGC

Figure 5.36 Alignment of 6K and TF sequences. (A) The amino acid sequences of 6K and TF have been aligned with asterisks to 
indicate positions of identity. The N-terminal and central regions are identical, whereas the C-termini differ from each other. (B) The 
codons and one-letter amino acid codes at the boundary between the identical and different sequences in proteins 6K and TF. The 
red UUA codon specifies the last identical amino acid, leucine. The A in this codon is used twice when translating the TF sequence, in 
a process called a programmed −1 ribosome frameshift.
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Figure 5.37 Slippery sequence and pseudoknot. Sindbis virus 
RNA has a slippery sequence at the bottom of an RNA pseudoknot 
in the (+) sgRNA that encodes the structural polyproteins. The lines 
show base pairing between different elements of the pseudoknot. The 
slippery sequence and pseudoknot cause a programmed −1 frameshift 
that results in translation of the TF protein 15% of the time.
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5.21  A programmed −1 ribosome frameshift is needed 
to produce the togavirus TF protein

The mechanism that enables translation of TF is called a programmed −1 
ribosomal frameshift (Figure 5.38) because it occurs with regular frequency 
(and so is programmed) and enables the ribosome to shift the reading frame 
by one nucleotide in the upstream direction. Programmed ribosomal frame-
shifts are common in viruses. In this case, approximately 15% of the time 
the pseudoknot causes the ribosome to pause during translation elongation. 
Within the paused ribosome, the first U in the slippery sequence is the last 
nucleotide in the E site of the ribosome, and tRNAs are bound to the adjacent 
codons UUU and UUA occupying the P and A sites, respectively. The ribo-
some pauses 85% of the time but then continues as normal, so that the frame 
for translation is xxU-UUU-UUA within the slippery sequence, where x 
represents the two nucleotides upstream of the slippery sequence. The UUU 
codon specifies phenylalanine and the UUA codon specifies leucine, carried 
by tRNAs with 3′AAG and 3′AAU anticodons, respectively. These are the 
only two possible tRNAs that can translate these particular codons. The pro-
grammed −1 frameshift takes advantage of the wobble property of tRNAs, 
in which the third position in the codon does not have to hydrogen bond 
to the anticodon. In the paused ribosome on the togavirus sgRNA, there 
is hydrogen bonding between five of the six bases in the codon– anticodon 
pairs. The UUUUUUA sequence is described as slippery because the UA and 
AU base pairs between the tRNA anticodons and their codons have only two 
hydrogen bonds each. As a result of the slippery sequence and its particular 
base pairing with cognate tRNAs, about 15% of the time the paused ribo-
some shifts backward one nucleotide (−1) before continuing translation (see 
Figure 5.38). The pseudoknot is also essential for causing the frameshift.
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Figure 5.38 Programmed −1 ribosome frameshift. There are sites for three codon–anticodon interactions within the ribosome. 
During a programmed −1 frameshift, a slippery sequence such as UUUUUUA has an A that is used twice, once as the last nucleotide 
of a codon (UUA in red in this example) and a second time as the first nucleotide of the next codon (AGU in Sindbis virus). The 
pseudoknot is essential for the frameshift to occur, at a frequency of about 15%, making the polyprotein encoding TF instead of the 
polyprotein encoding 6K.
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After the −1 frameshift the frame for translation has shifted so that the 
frame in the slippery sequence has changed from xxU-UUU-UUA to UUU-
UUU-Axx. The codons in the P and A sites are now UUU and UUU, respec-
tively. Despite this shifting, the tRNAs that had already been occupying the 
P and A sites remain base paired to the codons in the P and A sites. This base 
pairing is possible because of the wobble allowed at the third position of each 
codon. The ribosome then catalyzes peptide bond formation between the 
phenylalanine and leucine. When the ribosome next moves forward during 
a normal elongation reaction, the A at the end of the slippery sequence now 
serves as the first nucleotide in the codon AGU. Thus, the amino acids phe-
nylalanine and leucine get incorporated into the polypeptide but the next 
amino acid is not phenylalanine but serine (AGU). The ribosome then con-
tinues, disrupting the secondary structure that caused the pause and frame-
shift in the first place. The TF sequence ends with a stop codon so that the E1 
sequence is not part of the polyprotein. Because the N-terminal sequences 
of TF are the same as those for 6K, the same host protease that normally 
releases 6K from the polypeptide similarly acts on the E3E2^TF bond.

5.22  The picornaviruses, flaviviruses, and togaviruses 
illustrate many common properties among (+) 
strand RNA viruses

Because picornaviruses, flaviviruses, and togaviruses all have short (+) 
strand RNA genomes and use a polyprotein strategy for making multi-
ple proteins from only one or two template mRNAs, it is useful to com-
pare them. All of them carry out replication within a VRC that is created 
through the actions of nonstructural proteins that manipulate host proteins 
and membranes. Because all three viruses have RNA genomes that can 
be translated immediately following uncoating, they encode an RdRp but 
do not have to carry a copy of that RdRp into the cell. Instead the RdRp 
is always one of the first proteins translated in its mature form in order to 
begin synthesizing the first antigenome. Antigenomes remain bound to 
their templates, so that the VRCs contain dsRNA, known as the replicative 
form, which is the template for synthesis of new (+) strands. The picornavi-
ruses are the simplest because they encode only soluble proteins that do not 
require synthesis on ribosomes docked with the ER and because proteolysis 
of the viral polypeptide is carried out exclusively by viral proteases. The fla-
viviruses are somewhat more complex because part of the genome is trans-
lated on cytosolic ribosomes, but following a proteolysis event that reveals a 
signal peptide, the rest of the proteins are synthesized on ribosomes docked 
to the ER. Moreover, proteolytic digestion of flavivirus polyproteins requires 
both viral and host proteases. The togaviruses are the most complex of the 
three because they synthesize two types of (+) strand RNA molecules that 
can each be translated into two different polyproteins. Two different poly-
proteins arise either through suppression of translation termination mech-
anism or through a programmed (−1) ribosome frameshift. Additionally, 
unlike the other two viruses, togaviruses have distinctive early and late gene 
expression stages, which are dominated by the production of nonstructural 
proteins and structural proteins, respectively. The genomes are also orga-
nized differently; the picornaviruses and flaviviruses encode their non-
structural proteins nearer the 3′ end of the genome, whereas the togaviruses 
encode their nonstructural proteins near the 5′ end of the genome. Finally, 
all three use secondary structure in the (+) strand RNA for translation, 
genome replication, or both.
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5.23  Coronaviruses have long (+) strand RNA genomes 
and novel mechanisms of gene expression and 
genome replication

Picornaviruses, flaviviruses, and togaviruses share many characteristics, 
from their small genome length to their use of polyproteins. The last group of 
Class IV viruses considered in this chapter, the coronaviruses, is a bit differ-
ent. Coronaviruses encodes two polyproteins and many individual proteins. 
Coronavirus genomes are three to five times the length of the picornavirus, 
flavivirus, and togavirus genomes. Although both togaviruses and coronavi-
ruses produce sgRNAs, the coronavirus mechanism for doing so differs com-
pletely from that of the togaviruses. Because of their odd gene expression 
and genome replication mechanisms along with their lack of association with 
deadly human diseases, coronaviruses were once considered a bit obscure. In 
2002–2003, however, the severe acute respiratory syndrome, or SARS, out-
break that occurred was caused by a coronavirus, now known as SARS-CoV. 
The outbreak affected more than 8,000 people, of which 9% died even with 
excellent medical care. Many of those affected early in the outbreak were 
healthcare providers who got infected merely by examining patients in order 
to make a diagnosis. Because of that SARS epidemic, interest in the molec-
ular biology of coronaviruses surged. A new coronavirus disease, Middle 
East respiratory syndrome (MERS-CoV), emerged in 2012; 50% of patients 
infected with MERS-CoV have died. To this day, we lack effective anti-SARS 
and anti-MERS medications and there is no preventative vaccine for either 
disease. Additional studies of the molecular biology of coronaviruses are 
urgently needed in order to fully understand viral proteins that could be 
good targets for new antiviral drugs or used in vaccines (Chapter 16).

5.24  Coronaviruses have enveloped spherical virions 
and encode conserved and species-specific 
accessory proteins

Coronaviruses (family Coronaviridae, order Nidovirales) have enveloped 
spherical virions with striking spikes akin to a crown (corona) projecting 
from their surfaces (Figure 5.39). We will focus on the medically important 
SARS coronavirus. Coronavirus virions are spherical overall, but the RNA 
genome inside is arranged in a flexible helical structure, closely bound to 
a nucleocapsid protein, N. Coronavirus genomes are the largest of any (+) 
strand RNA viruses at 27–32 kb in length, which is between four and five 
times longer than those of the picornaviruses. Coronavirus genomes have 
the same terminal features as eukaryotic mRNA: a 5′ cap and a poly(A) tail 
(Figure 5.40). Both the 5′ and 3′ ends of the genome contain sequences and 
secondary structures that are important for synthesizing RNA using the 
genome as a template. The genome encodes two large polyproteins and many 

Figure 5.39 Severe acute respiratory 
syndrome coronavirus (SARS-CoV) 
virion. Electron micrograph of a SARS-
CoV showing its spherical morphology 
crowned with prominent spikes. Virions are 
approximately 120 nm in diameter. (CDC/
Dr. Fred Murphy.)
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Figure 5.40 SARS-CoV genome. Diagram of the virus genome showing the 
5′ methylated cap, secondary structure in the 5′ UTR, the RNA encoding two 
nonstructural polyproteins, the RNA encoding the structural (blue) and accessory 
proteins (orange), secondary structure in the 3′ UTR and the poly(A) tail at the 3′ end.
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other individual proteins. The polyproteins are encoded at the 5′ end of the 
genome, and there is a shorter polyprotein (pp1a) and a longer polyprotein 
(pp1ab) produced using the same nucleotides for most of their length. The 
structural proteins are translated one at a time and do not arise by proteoly-
sis; they are encoded near the 5′ end of subgenomic viral mRNAs that have a 
5′ cap and poly(A) tail.

The coronavirus nonstructural proteins called ORF1a and ORF1b, are 
encoded by two open reading frames (ORFs) in the third of the genome at 
the 5′ end. ORF1a encodes a shorter polyprotein, pp1a, which is processed 
into nonstructural proteins 1–11. ORF1b is not translated on its own but 
is expressed following a ribosomal −1 frameshift at the boundary between 
ORF1a and ORF1b, so that the cells produce an even longer polyprotein, 
pp1ab, encoding nonstructural proteins 1–16 (Figure 5.41). Viral prote-
ases process the polyproteins to release individual nonstructural proteins. 
Functions for the nonstructural proteins include not only RNA synthesis but 
also formation of a membranous VRC.

The two-thirds of the genome at the 3′ end encode the four structural 
proteins S, E, M, and N (Figure 5.42). S is the spike protein and E and M 
are transmembrane proteins found in the virion envelope. The M protein is 
more abundant in the virion than the E protein; both are important for the 
assembly and release stages of the virus replication cycle. The N or nucle-
ocapsid protein forms a helical complex with the (+) strand RNA genome 
and is important for multiple stages of the virus life cycle, including not 
only assembly and release but also gene expression and genome replication. 
N is the most abundant structural protein. In addition to the four structural 
proteins, coronaviruses encode accessory proteins. Accessory proteins are 
encoded surrounding the S, E, M, and N genes in the last 2/3 of the genome. 
They are are often dispensable for replication in tissue culture, but they are 
essential for infecting an animal, which suggests that they interact with the 
animal’s immune system. SARS-CoV encodes eight accessory proteins, called 
3a, 3b, 6, 7a, 7b, 8a, 8b, and 9b.

5.25  Coronaviruses express a nested set of sgRNAs with 
leader and TRS sequences

Cells infected by a coronavirus produce at least 10 different RNAs of viral 
origin, not counting those encoding accessory proteins (Figure 5.43). Cells 
infected with coronaviruses contain full-length (+) strand genomes, used 
to translate polyproteins 1a or 1ab, ultimately processed into nonstructural 
proteins. They also contain a minimum of four more different (+) sense sgR-
NAs, which are used to translate the S, E, M, and N proteins. Infected cells 
also contain five double-stranded replicative forms corresponding to these 
five (+) sense RNAs. Cells infected by coronaviruses that also encode acces-
sory proteins contain more viral RNAs because each of the accessory pro-
teins is also encoded by its own (+) sense sgRNAs, which in turn arise from 

1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 5.41 Coronavirus nonstructural polyproteins. The first polyprotein, 
translated from ORF1a, encodes nonstructural proteins 1–11. The second 
polyprotein, translated from ORF1a and ORF1b, encodes nonstructural proteins 
12–16 after a −1 ribosomal frameshift at the boundary of ORF1a and ORF1b.
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Figure 5.42 Coronavirus structural 
proteins. The enveloped virus has 
spikes composed of the S protein, two 
transmembrane proteins E and M, 
and the N nucleocapsid protein that is 
bound to the genome forming a helical 
conformation inside the envelope. (From 
Perlman S & Netland J 2009. Nat Rev 
Microbiol 439–450. With permission from 
Macmillan Publishers Ltd.)



CHAPteR 5: gene exPRession And genome RePLiCAtion in tHe PositiVe-stRAnd RnA ViRuses154

replicative forms containing one (−) sgRNA and one (+) sense sgRNA. All 
of the (+) sense RNAs are capped and polyadenylated, but the (−) strands 
are not. Because the replication of the virus occurs in the cytoplasm, not 
the nucleus, capping and tailing must be catalyzed by viral nonstructural 
proteins.

The (+) strand sgRNA molecules have two curious properties that reflect 
the mechanism by which they are synthesized. First, the (+) sense sgRNAs 
form a nested set, in which the sequence of the smallest (+) strand sgRNA is 
found in the next largest (see Figure 5.43). The sequences in this next largest 
(+) sense sgRNA are found in the one larger than it, and so on, like nested 
Russian matryoshka dolls. Second, they all contain identical sequences at 
their 5′ ends, consisting of a leader sequence and a transcription regulating 
sequence (TRS) (Figure 5.44). Even though it appears in all of the  sgRNAs, 
the leader sequence is found only once in the genome, whereas the  TRS 
is found in many places, adjacent to and downstream of the leader in the 
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Figure 5.43 Ten coronavirus RNAs 
found in infected cells. Cells infected 
with a coronavirus contain a minimum of 
10 viral RNAs. Five of them are a nested 
set of single-stranded (+) RNA. The longest 
of these corresponds to the full-length 
genome. The smallest encodes just one 
protein (N). They are referred to as a 
nested set because the sequence of the 
smallest one is found in the next longest 
one, and so on. Infected cells also contain 
five double-stranded RFs that serve as 
the templates to produce the (+) RNAs. If 
the coronavirus has any accessory genes, 
infected cells will contain more (+) and RFs 
corresponding to those genes (not shown).

Figure 5.44 Leader and TRS sequences 
in the genome and sgRNA. Sequences 
that are critical for RNA synthesis have 
been exaggerated compared with the 
coding sequences. The genome begins 
with a unique leader sequence in the 5′ 
UTR followed by the leader TRS (TRS-L). 
Every structural gene (and accessory 
gene) is preceded by its own body TRS 
(TRS-B). Each (+) sgRNA has a 5′ sequence 
identical to the genome leader and their 
corresponding TRS-B.
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5′ end of the genome and also at the boundary between most of the coding 
sequences in the 3′ end of the genome. The TRS near the leader is called 
TRS-L and those closer to the coding sequences are called TRS-B (for TRS-
body). Although there is a consensus sequence for all of the TRS sequences, 
some of them have a few variant nucleotides that do not match the consensus 
perfectly. The TRS sequences are found as components of secondary struc-
tures such as stem–loops.

5.26  Coronaviruses use a discontinuous mechanism 
for synthesis of replicative forms

Production of (−) sgRNA in coronaviruses occurs through a  discontinuous 
mechanism, often drawn as a jump (Figure 5.45). In a discontinuous 
mechanism, the polymerase skips over some bases in the template mol-
ecule. Reverse transcription is another example of discontinuous viral 
nucleic acid synthesis. In this case, the coronavirus genome is used by 
the RdRp replicase complex as a template to synthesize a (−) orientation 
strand. When the replicase reaches the sequence of a TRS-B, sometimes the 
nascent (−) RNA stops base pairing with the TRS-B and hydrogen bonds 
instead with TRS-L near the 5′ end of the genome (template). The replicase 
then finishes copying the 5′ end genome, continuing on from the TRS-L. 
In this way, every (−) sgRNA molecule has the same 3′ ends, creating a 
nested set of (−) RNA templates. The (−) strands are soon converted into 
 double-stranded replicative forms, which are subsequently used to syn-
thesize a large number of (+) strand sgRNA molecules. These molecules 
form a nested set because they are exactly complementary to the (−) sense 
sgRNA templates.
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Figure 5.45 Discontinuous synthesis 
of coronavirus (−) sgRNA. The genome 
is used as a template by the RdRp replicase 
complex. Upon reaching a TRS-B template 
sequence, sometimes the RdRp jumps and 
transfers to the TRS-L sequence, which it 
then uses as a template to finish synthe-
sizing (−) RNA. The (−) RNA therefore has 
sequences complementary to the TRS and 
also, at the 3′ end, a sequence complemen-
tary to the leader. The result is a (−) strand 
that will subsequently be used to synthe-
size one of the replicative forms. This fig-
ure shows the process of synthesizing the 
shortest (−) strand, which will ultimately 
be part of the shortest replicative form.
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5.27  Most coronavirus sgRNA is translated into 
a single protein

Translation of genome-length (+) strand RNA in coronaviruses was dis-
cussed in Section 5.24 to explain the origin of the nonstructural polyproteins 
1a and 1ab. There are nine SARS-CoV sgRNAs used to encode the other pro-
teins. The structural proteins S, E, M, and N and accessory protein 6 are each 
translated from just one of the (+) strand sgRNAs. Ribosomes translate the 
first open reading frame in any given sgRNA and then dissociate from the 
sgRNA. For example, although the sgRNA with the S coding sequence also 
has the sequences for all downstream proteins such as E, M, and N, the only 
protein synthesized using that RNA as a template is the S protein. There are 
no internal ribosome entry sites that would allow for translation of down-
stream genes.

5.28  Coronaviruses use a leaky scanning mechanism 
to synthesize proteins from overlapping sequences

The other four sgRNAs translate two proteins each, employing a com-
bination of strategies that exhibit economy in the use of sequences to 
encode more than one protein, a theme that often arises in virology. The 
ORFs for 3a and 3b overlap with each other on the same sgRNA, as do 
the sequences for 8a and 8b. The coding sequence for accessory protein 9b 
completely overlaps the coding sequence for the N protein (Figure 5.46). 
The mechanism for translating the 9b protein has been investigated in 
some detail, and probably accounts for translation of the second ORF in 
the other  sgRNAs used to synthesize two proteins. In the case of the N 
and 9b  proteins, there are seven bases separating the AUG start codon 
for the N protein and the start codon for the 9b protein. The sequence 
surrounding the start codon has a strong influence on the efficiency of 
translation, and the optimal sequence for translation is called the Kozak 
sequence. The Kozak sequence surrounding the N start codon is subopti-
mal, whereas the Kozak sequence surrounding the start codon for the 9b 
protein is closer to the ideal. In this circumstance, the 48S preinitiation 
complex containing the small subunit of the ribosome sometimes scans 
past the first AUG to initiate translation at the downstream ORF instead. 
This mechanism is found in many viruses and is called leaky scanning, to 
indicate that the first Kozak sequence and AUG are leaky, so that the 48S 
preinitiation complex sometimes leaks past it without initiation transla-
tion at the first AUG (Figure 5.47).

Translation of N
(blue start codon)

AAAUAAAUGUCUGAUAAUGGACCCC
UAC

Translation of 9b
(orange start codon)

Initiation complex
scans past first AUG

AAAUAAAUGUCUGAUAAUGGACCCC
UAC

M

M

5′ 3′AAAAAA
N

9b

Figure 5.46 The N and 9b coding 
sequences overlap on a single sgRNA. 
The smallest sgRNA has a 5′ cap and 3′ 
poly(A) tail, and encodes both the N and 
9b proteins. The 9b coding sequence 
completely overlaps with that of the 
N protein and is in a different frame.

Figure 5.47 A leaky scanning 
mechanism allows translation of 
9b from the same sgRNA as that 
encoding N. Sometimes the translation 
initiation complex, which formed at the 
5′ cap, stabilizes around the first AUG, 
resulting in translation of the N protein. 
At other times, the initiation complex 
physically scans past the first AUG and 
instead stabilizes around the downstream 
AUG, resulting in translation of the 9b 
protein.
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5.29  Coronaviruses may proofread RNA during synthesis
Most groups of (+) strand RNA Class IV viruses have small genomes, around 
10,000 bases in length. This limit on genome length may arise from the proper-
ties of viral RdRps, which, unlike the host DNA polymerase used for replication, 
have no proofreading function (Figure 5.48; see also Chapter 17). In molecu-
lar biology, proofreading means removing a base that has just been covalently 
added to a growing chain of nucleic acid because the base does not hydrogen 
bond properly with the template. For example, if the template has a G and 
the polymerase enzyme adds an A instead of a C, that is a  misincorporation. 
Proofreading removes nucleotides in a 3′–5′ direction, the opposite of polymer-
ization. The proofreading enzyme is said to have  exonuclease activity because 
exonucleases degrade nucleic acids starting at one end.

Viral RdRp enzymes misincorporate the wrong base approximately 1 in 
10,000 times, with a range of 1 in 1,000 to 1 in 100,000, depending on the 
RdRp. These values contrast with 1 in 10,000,000 misincorporations for 
host DNA polymerase with proofreading functions. The lack of proofread-
ing by RdRp in combination with its typical misincorporation rate means 
that most of the thousands of offspring virions in an infection will have 
at least one mutation. This high rate of mutagenesis may limit the length 
of Class IV virus genomes because longer genomes would have even more 
mutations per offspring virion, an increasing proportion of which would 
result in a genome that could no longer direct a complete virus replica-
tion cycle. For example, the picornavirus RdRp misincorporates the wrong 
base approximately once for every 2,000 RNA template bases copied. At 
this rate, on average, the 7.2- to 8.5-kb genomes of offspring picornavi-
ruses have three or four mutations relative to the template from which they 
were synthesized. A similarly high misincorporation rate in coronaviruses 
would result in fifteen mutations in each offspring virion, and that high 
amount would probably result in at least one mutation that would be det-
rimental to viral replication in the next generation. This situation led to a 
desire to understand how coronaviruses can faithfully reproduce such large 
genomes, with the surprising finding that coronaviruses have at least one 
mechanism for removing and replacing misincorporated bases. This find-
ing alters our understanding of the capabilities of RdRp complexes, which 
were always thought to lack proofreading.

Although interest in proofreading arose to study the length of the coro-
navirus genome, the predicted protein domains and motifs in the nonstruc-
tural proteins led to a focus on a particular nonstructural protein, nsp14 
(ExoN) as a protein that might be responsible for proofreading. Because of a 
DE-D-D amino acid sequence motif, ExoN was predicted to have 3′–5′ exo-
nuclease activity, which is a hallmark of proofreading enzymes known to be 
active during DNA replication.

There are several findings in favor of ExoN participating in proofreading 
during synthesis of coronavirus RNA. First, purified ExoN does have exo-
nuclease activity. Further, the ExoN DE-D-D motif is essential for catalysis. 
Replacing the aspartic acids (D) or glutamic acid (E) with an alanine resulted 
in reduced or abolished exonuclease activity in biochemical tests and higher 
rates of misincorporation among offspring virions (Figure 5.49). Further 
biochemical testing has shown that the ExoN protein removes mismatched 
bases from the 3′ end of base paired RNA and that this activity is stimulated 
by the coronavirus nsp10 protein.

Taken together with the predicted functional domains and motifs of the 
other nonstructural proteins, a model for the coronavirus RNA replication 
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Figure 5.48 Polymerases with proof-
reading activity. If an incorrect nucle-
otide is added to a growing strand, the 
polymerase cleaves it from the strand and 
replaces it with the correct nucleotide 
before continuing.
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machine has emerged (Figure 5.50). According to the model, a ring formed 
by nsp7 and nsp8 serves as a sliding clamp to keep the nsp12/14/10 complex 
attached to the RNA template. The nsp8 protein is also a primase that synthe-
sizes a short sequence of RNA that provides a primer for the main RdRp to 
extend. The catalytic RdRp active site resides in the nsp12 protein. When the 
RdRp misincorporates a nucleotide, ExoN removes the mismatch and the 
RdRp has a second chance to incorporate the correct nucleotide. The nsp10 
protein stimulates the exonuclease activity of ExoN and the nsp9 protein 
may function as a single-stranded RNA binding protein. The nsp9 protein 
prevents secondary structure in the template so that the complex containing 
RdRp can move rapidly down the template without dissociating.

The model raises additional questions. Three proteins, nsp13, nsp14, and 
nsp16, are probably needed for synthesizing and attaching the 5′ cap to (+) 
sense RNAs, but it is not known how coronavirus exclusively caps (+) strands 
without modifying (−) strands. Nsp13 is predicted to have helicase activity, 
but it is not known if this activity is used during capping or during other 
steps of RNA synthesis. Nsp15 has endonuclease activity that degrades RNA 
and is essential for normal genome replication, but its function is not under-
stood beyond these observations. Finally, the model does not explain how 
the machine switches from (−) to (+) strand synthesis, or selects or bypasses 
various TRS-B sequences during (−) synthesis. Nevertheless, the model pro-
vides a starting place to design experiments that will further understanding 
of coronavirus RNA synthesis.
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Figure 5.49 Amino acid substitutions in the DE-D-D motif of ExoN cause an increase in mutations per genome. 
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Figure 5.50 Model for the coronavirus 
replication machinery. A model of how 
nsp7, nsp8, nsp9, nsp10, nsp12, and nsp14 
(ExoN) could assemble on viral dsRNA and 
interact with the putative multisubunit 
CoV polymerase complex. The nsp14 
(ExoN) subunit has proofreading activity. 
(From Smith EC & Denison MR 2013. PLoS 
Pathog 9:e1003760. doi: 10.1371/journal.
ppat.1003760. Published under CC BY 3.0.)



5.30 PLAnts CAn ALso be inFeCted by CLAss iV RnA ViRuses 159

5.30  Plants can also be infected by Class IV 
RNA viruses

Animals are not the only multicellular eukaryotes infected by Class IV (+) 
strand RNA viruses. There are many Class IV (+) strand RNA viruses that 
infect plants. Based on the features of their genomes, most use gene expres-
sion and genome replication strategies similar to those in the picornaviruses, 
flaviviruses, and togaviruses that infect animals. For example, there are picor-
naviruses that infect plants (families Secoviridae and Marnaviridae). Other 
Class IV plant viruses, such as those of the potyvirus (family Potyviridae, 
order Tymovirales) and tobacco mosaic virus (TMV; family Virgaviridae, 
order Tymovirales) have naked, helical virions (Figure 5.51). Potyvirus 
genomes have terminal features similar to those of picornaviruses while the 
TMV genome has a 5′ cap and a 3′ UTR with unusual secondary structure 
(Figure 5.52).

The TMV genome differs from those we discussed earlier in the chapter; 
although it has a 5′ methylated cap instead of a Vpg, its 3′ UTR is folded 
into a structure resembling a tRNA, so that the 3′ UTR is called a tRNA-like 
sequence (TLS; Figure 5.53). TLSs are so far known only in plant viruses. The 
molecular mimicry is so good that cellular enzymes bind to the TLS and 
aminoacylate it, covalently attaching a histidine as though the TLS were an 
actual tRNA. Other viruses have somewhat different TLSs to which cellular 
enzymes attach valine or tyrosine amino acids. Aminoacylation of the TLS 
has been shown to be important for translation of one virus, and for syn-
thesis of RNA in another. The role of aminoacylation of the TMV TLS has 
not been investigated experimentally. It is also possible that the TLS has a 
function in gene expression or genome replication that is independent of its 
ability to be aminoacylated.

Another variation on Class IV genome structure found mainly in plant 
viruses is that some are multipartite, meaning that instead of having 
just one genomic molecule, their genomes consist of two or more differ-
ent RNA molecules (Figure 5.54). Furthermore, each genome segment is 
encapsidated separately into its own virion, so that a cell must be simulta-
neously co-infected with all of the different particles in order to carry out a 
full virus replication cycle. An extreme example with five different genome 
segments, each capped and tailed like eukaryotic mRNA and enclosed 
in its own separate virion, is the beet necrotic yellow vein virus (genus 
Benyvirus). The genome segments are named RNA-1 through RNA-5 from 
longest to shortest. All five have a 5′ cap and poly(A) tail. RNA-1 encodes 
the RdRp, which is part of a polyprotein similar to that in picornaviruses. 
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Figure 5.51 Plus strand RNA viruses 
of plants. (A) Electron micrograph of 
a potyvirus showing its flexible helical 
morphology. (B) Crystal structure of TMV. 
The helical virions are about 300 nm 
long and 18 nm in diameter. (C) Electron 
micrograph of cowpea mosaic viruses, 
which are about 28 nm in diameter.
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Figure 5.52 Plus-strand RNA genomes in plant viruses. (A) Potyvirus genome 
with 5′ terminal VPg protein and 3′ poly(A) tail. (B) TMV genome with 5′ cap and 3′ 
untranslated region resembling tRNA.
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RNA-2 resembles the 3′ end of a coronavirus, in that it encodes two dif-
ferent proteins at its 5′ end through a ribosomal frameshift and it causes 
production of a nested set of sgRNAs in which only the most 5′ ORF is 
translated. One of these sgRNAs can be translated into either of two pro-
teins using a leaky scanning mechanism. RNA-3 encodes two proteins, 
which are translated either from the full-length genome or from a sgRNA. 
RNA-4 and RNA-5 each encode just one protein. The similarities with 
picornaviruses and coronaviruses suggest hypotheses for the mechanisms 
of gene expression and genome replication in these viruses, but so far very 
little is known about the mechanisms.

5.31  Comparing Class IV viruses reveals common 
themes with variations

Class IV viruses have genomes that are translated following uncoating, 
resulting in production of an RdRp enzyme that synthesizes viral RNAs. 
In all cases, the single RdRp enzyme is part of a multiprotein machine 
that actually carries out RNA synthesis. Viral RNA occurs in membranous 
VRCs, where the early production of double-stranded replicative forms 
leads to synthesis of many (+) orientation molecules. The regulatory mech-
anism that leads to selective synthesis of (−) or (+) strands is not clear in 
every case, but because of the picornavirus and togavirus examples, it likely 
involves the ordered proteolysis of a polyprotein that contains the RdRp. 
Before the accumulation of structural proteins, the full-length (+) sense 
molecules are used as mRNA, but after the accumulation of structural pro-
teins, they are packaged as new genomes. All Class IV viruses have distinc-
tive genome features that are necessary for their particular mechanisms of 
gene expression and genome replication. Examples include the picornavi-
rus IRES needed for translation, the togavirus slippery sequence, pseudo-
knot, and DLP, and the coronavirus TRS-L and TRS-B sequences. Some of 
these viruses use a single mRNA to encode more than one protein; exam-
ples include the major versus minor proteolysis pathways in picornavi-
ruses, suppression of translation termination in togaviruses, programmed 
−1 ribosome frameshifting in the togaviruses and coronaviruses, and leaky 
scanning, also in the coronaviruses. Coronaviruses are unusual because 
their genomes are many times longer than those of other Class IV groups, 
which is likely possible because of the unique existence of proofreading 
during RNA synthesis.
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Figure 5.53 The tRNA-like sequence 
at the 3′ end of the TMV genome. 
(A) Structure of tRNA. (B) Structure of the 
TLS. (From Alberts B et al. 2013. Essential 
Cell Biology. Garland Science. With 
permission from W.W. Norton.)
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Figure 5.54 Multipartite plant picornaviruses. Benyviruses have five genome 
segments, each with a 5′ cap and a 3′ poly(A) tail and each encapsidated into its 
own virion.
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 Essential concepts
• Class IV viruses replicate in membranous virus replication complexes, 

or VRCs, made up of virus proteins, host proteins, and host membranes. 
VRCs sequester double-stranded replicative forms of RNA viruses so that 
cytoplasmic surveillance by innate immune mechanisms does not detect 
the virus.

• All viruses with RNA genomes must encode an RNA-dependent RNA 
polymerase, or RdRp, because no cellular enzymes use an RNA template 
to synthesize complementary RNA. Class IV virus genomes are translated 
immediately upon uncoating and one of the first proteins translated is 
always the RdRp.

• Picornaviruses are the smallest Class IV viruses that infect animals and 
encode a polyprotein that is processed into smaller component parts, 
which include both nonstructural and structural proteins.

• In general, the features at the end of a virus genome, such as a 5′ cap, 
a covalently linked Vpg protein, or poly(A) tail, provide clues as to the 
mechanisms of gene expression and genome replication.

• Picornaviruses rely upon the IRES in their 5′ UTR for efficient translation 
of their polyprotein.

• Picornavirus RNA synthesis occurs in four phases that depend on par-
ticular secondary structures in the template RNAs and on the catalytic 
activities of several different virus proteins.

• Flaviviruses such as hepatitis C virus encode a longer polyprotein than 
that of picornaviruses. The polyprotein includes transmembrane seg-
ments because the viruses are enveloped.

• Togaviruses, although similar to flaviviruses in genome length, are more 
complex because they encode four different polyproteins and have dis-
tinct phases of early and late gene expression and produce structural pro-
teins much more abundantly than nonstructural proteins.

• Class IV viruses use strategies such as suppression of translation termi-
nation, programmed ribosome frameshifts, and leaky scanning to encode 
multiple proteins with some overlapping sequences.

• Coronavirus genomes are four to five times longer than those of picor-
naviruses and encode two nonstructural polyproteins and multiple struc-
tural proteins.

• Coronaviruses produce many (+) sense sgRNAs that form a nested set in 
which the sequence of longer sgRNAs includes the sequences of the next 
smaller sgRNA, and so on.

• Coronaviruses synthesize (−) strand templates by a discontinuous mech-
anism that relies upon the TRS sequences and secondary structure in the 
template (+) strand RNA.

• Unexpectedly for an RNA virus, coronaviruses can detect, remove, and 
replace misincorporated bases during genome replication, which is likely 
essential for maintaining such a long genome.

• Class IV viruses of plants are generally similar to those that infect ani-
mals. Unique features of certain Class IV plant viruses include tRNA-like 
sequences in tobacco mosaic virus and multipartite, individually encapsi-
dated genomes in other viruses.

Questions
 1. Why is the RdRp always one of the first proteins translated in any infec-

tion by a (+) strand RNA (Class IV) virus?
 2. What is an IRES and what is its purpose?
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 3. Write the nucleic acid sequence for two viral proteins in which the sec-
ond one is synthesized using a −1 frameshift.

 4. What are the shared features of picornaviruses, flaviviruses, and 
togaviruses?

 5. Hypothesize as to the role of the secondary structure in the 3′ UTR of 
hepatitis C virus. Justify your hypothesis.

 6. Compare and contrast picornaviruses with coronaviruses.
 7. Provide three examples of unusual structural features in the genomic 

or subgenomic (+) sense RNAs of Class IV viruses and where possible 
explain their functions.

 8. How does leaky scanning differ from suppression of translation 
termination?

 9. Good antiviral drugs block the activity of a viral enzyme that is needed 
for the replication cycle and that is unique to the virus, so that the drug 
selectively binds to viral protein without affecting any human ones. List 
at least five viral proteins from this chapter that could serve as good anti-
viral drug targets and justify your choices.

 10. Why must enveloped viruses use the SRP system?
 11. In general, in any pulse-chase analysis, what is the major experimental 

goal (enabled by the chase)?
 12. What is the purpose of the secondary antibody in a western blot?
 13. What are the advantages to separating proteins by SDS-PAGE prior 

to western blotting rather than spotting all of the proteins in a sample 
directly onto a blot without doing SDS-PAGE first?
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