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Summary

Viruses have evolved a wide range of sophisticated mechanisms to optimize
the ability to replicate or at least to survive the host defences. Regulation of gene
expression is a key aspect of such processes and control of mRNA translation in
particular represents an important focus for virus-host interactions. In this thesis, by
studying two RNA viruses, Severe acute respiratory syndrome coronavirus
(SARS-CoV) and Hibiscus chlorotic ringspot virus (HCRSV), the mechanisms of
gene expression regulation are studied.

Programmed ribosomal frame-shifting is one of the translational recoding
mechanisms that read the genetic code in alternative ways. This process is generally
programmed by signals at defined locations in a specific mRNA. In the study of
SARS-CoV, we report the identification of hepta- and octo-uridine stretches as sole
signals for programmed +1/-2 and -1/4+2 ribosomal frame-shifting during translation
of SARS-CoV open reading frame (ORF) 3a variants. SARS-CoV ORF 3a encodes a
minor structural protein of 274 amino acids. Over the course of cloning and
expression of the gene, a mixed population of clones with six, seven, eight and nine
uridine stretches located 14 nucleotides downstream of the initiation codon was found.
In vitro and in vivo expression of clones with six, seven and eight Ts, respectively,
showed the detection of the full-length 3a protein. Mutagenesis studies led to
identification of the hepta- and octo-uridine stretches as slippery sequences for
efficient frame-shifting. Interestingly, no stimulatory elements were found in the

sequences upstream or downstream of the slippage site. When the hepta- and

X1iv



octo-uridine stretches were used to replace the original slippery sequence of the
SARS-CoV ORF la and 1b, efficient frame-shifting events were observed. The
efficiencies of frame-shifting mediated by the hepta- and octo-uridine stretches were
not affected by mutations introduced into a downstream stem-loop structure that
totally abolished the frame-shifting event mediated by the original slippery sequence.
Furthermore, the octo-uridine stretch was shown to direct frame-shifting of both -1/+2
and +1/-2. However, no -1/+2 frame-shifting was observed for the hepta-uridine
stretch. Taken together, this study identifies the hepta- and octo-uridine stretches that
function as sole elements for efficient +1/-2 and -1/42 ribosomal frame-shifting
events.

Most RNA viruses have evolved mechanisms to regulate the first step of
translation — translation initiation. According to the conventional scanning model,
only the 5’- proximal gene in the viral RNA is accessible to the ribosomes whereas
other genes are silent. In this study, we use a model plant RNA virus, HCRSV, to
investigate various translation mechanisms involved in the regulation of the
expression of internal genes. The 3’-end 1.2 kb region of HCRSV genomic and
subgenomic RNAs were shown to encode four polypeptides of 38 kDa, 27 kDa, 25
kDa and 22.5 kDa. Mutagenesis studies revealed that a CUG codon (*"°CUG) is the
initiation codon for p27, the longest of the three co-C-terminal products (p27, p25 and
p22.5), and translation of p25 and p22.5 was initiated at **’AUG, and **°AUG,
respectively. Translation initiation of the p27 expression at the **’°CUG codon is

through a leaky scanning mechanism and regulates the expression of p38, the viral

XV



coat protein. Mutational analysis of an upstream ORF demonstrated that initiation of
the p27 expression at this CUG codon (instead of an AUG) may play a role in
maintaining the ratio of p27 and p38. In addition, a previously identified internal
ribosome entry site (IRES) was shown to control the expression of p27 and p38 in the
subgenomic RNA 2. In summary, this study demonstrated that viral gene regulation is

a very intricate event and a single gene can be regulated by multiple mechanisms.
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CHAPTER 1. LITERATURE REVIEW



Viruses are intracellular parasites containing either DNA or RNA genomes
which provide templates and relevant virally encoded proteins for replication and
gene expression in an active biological system. In order for the system to function
well, gene regulation is crucial as it ensures that proteins are produced at the right
time, in the right place and with the right form. Failure of or improper gene regulation
frequently leads to lethality or attenuated virulence (Petty et al., 1990; Slobodskaya et
al., 1996). However, such alteration in gene expression may also lead to enhanced
virulence which will result in more severe disease outbreaks (Brown et al, 2001;
Cazzola and Skoda, 2000; Delépine et al., 2000; Han et al., 2001). Thus viral gene
regulation becomes an attractive topic for study, which will provide more information
on virus life cycles, virus pathogenesis and virus-host interactions. In addition,
research on viral gene regulation helps to understand human diseases for effective
treatments such as drug design and drug delivery.

Generally, viral genes are regulated at four different stages, including
transcription/replication (regulation of RNA synthesis), post-transcription (RNA
modification), translation (regulation of protein synthesis) and post-translation
(protein modification) among which transcription and translation are most important.
For RNA viruses, the translational regulation has been shown to be an essential
contributor for gene regulation. Viruses do not harbor the translation machinery;
therefore, they must rely on their host system for protein synthesis. To express their
genes efficiently, viruses have evolved various mechanisms to compete with host cells

for the translation machinery at different translation stages.



In this study, the translation initiation mechanism of Hibiscus chlorotic
ringspot virus (HCRSV) and the recoding mechanism of the Severe acute respiratory
syndrome coronavirus (SARS-CoV) were examined. In this chapter, a thorough

review on viral translation initiation and programmed frame-shifting is presented.

1.1 TRANSLATION

Translation consists of three stages: initiation, elongation and termination.
Among the three phases, initiation is the first event and it is the rate-limiting step. The
generally accepted model of translation initiation in eukaryotes proposes that
translation starts from the circularization of the mRNA in which the 5’-cap structure
and 3’-poly (A) tail are brought to proximity through bridging proteins such as poly-A
binding protein (PABP) (Blobel, 1973; Gallie, 1991; Sachs and Davis, 1989).

To initiate translation, the first step is to form a 43S complex which contains
the small ribosomal subunit 40S, initiator methionine tRNA (Met-tRNAM), and
various eukaryotic initiation factors (elFs) including eIF2-GTP, elF3, elF1 and elF1A
(Fig 1.1). This 43S complex is subsequently recruited onto 5’-cap via elF4A, elF4E,
elF4G, and elF4B, in which elF4G acts as a scaffold interacting with the cap-binding
protein elF4E, helicase elF4A, elF3 as well as poly-A binding protein (PABP). In this
way, the mRNA molecule forms a closed loop that is believed to confer stability to the
mRNA and efficiency of ribosome recycles. Next, the 43S complex is believed to
scan along the mRNA (Kozak, 1989a) from the 5 end until it reaches a proper

initiation codon-AUG in most cases-which can base pair with an initiator tRNA
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Fig 1.1 Diagram of eukaryotic translation initiation.

A 43S preinitiation complex is formed when a ternary complex of elF2 bound
to GTP and Me‘[-tRNAiMet associates with the small ribosomal 40S subunit, which is
complexed with two other factors, elF3 and elF1A, that stabilize binding of the
ternary complex. The 5° cap (m’Gppp) of the mRNA to be translated is guided to the
preinitiation complex by the multiprotein eIF4F complex (cap-binding complex),
which unwinds any secondary structure at the 5’ end of the mRNA and the initiation
complex is thus formed. Subsequent scanning by the small ribosomal subunit
positions the initiator tRNA at the AUG start codon, releasing elF1A, elF3, and elF4F.
With the initiator tRNA properly positioned at the start codon, another factor, elF5,
assists union of the 40S complex with the 60S subunit. Hydrolysis of GTP in
elF2-GTP provides the energy for this step. Factors elF5 and elF2-GDP are released,
yielding the final 80S initiation complex, with the initiator tRNA at the P-site. The
complex can now accept the second aminoacyl-tRNA. (Adapted from Molecular Cell

Biology, 4™ edition)



carrying a methionine. At the AUG site, a stable 48S complex is formed. Following
the disassociation of the initiation factors, the 60S large ribosomal subunit joins the
complex to form an 80S complex and translation starts. In most cases translation is
initiated from the first AUG codon. Table 1.1 lists the eukaryotic initiation factors and
their functions.

A ribosome contains three sites: a P-site (peptidyl-site), an A-site
(aminoacyl-site) and an E-site (exit-site). As shown in Fig 1.2, during elongation, the
polypeptide is positioned in the P-site and the charged tRNA molecules come into the
A-site via a ternary complex with elongation factor (EF) 1A-GTP. If the anticodon of
the tRNA at the A-site is base paired with the codon on mRNA, a peptide bond is
formed between the P-site and the A-site, triggering GTP hydrolysis and the release of
eEF1A bound to GDP from the ribosome. Hence, the peptide is transferred to the
A-site, leaving an uncharged tRNA at the P-site. Subsequently, this tRNA will be
moved to the E-site (exit site), while the ribosome will translocate the peptidyl-tRNA
to the P-site with the help of EF2 and start the next synthesis cycle (Miller and
Weissbach, 1977).

When ribosomes reach the stop codons, peptide synthesis is ceased. These
codons do not encode for amino acids and cannot be recognized by tRNAs (there are
exceptions, however, when stop codons are recognized by supressor tRNAs, which
will be reviewed in section 1.2.3 of this chapter). Instead, release factors (RFs) will
recognize the codons and induce the ribosome complex to dissociate from the mRNA,

thus releasing the synthesized peptide (Fig 1.3).
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Fig 1.2 The elongation cycle in eukaryotic protein synthesis.

The ribosome contains three sites: a P-site, an A-site and an E-site (which is not
shown in this picture). During elongation, the polypeptide is positioned in the P-site
and the charged tRNA molecules come into the A-site. If the anticodon of the tRNA at
the A-site is unable to base pair with the codon on mRNA, this tRNA will be rejected.
However, if they can base pair with each other, a peptide bond is formed between
P-site and A-site transferring the peptide to the A-site leaving an uncharged tRNA at
the P-site. Subsequently, this tRNA will go to the E-site (exit site), while the ribosome
will move to translocate the peptide to the P-site. (Adapted from Molecular Cell

Biology, 4t edition)



Fig. 1.3



Fig 1.3 Termination of translation.

When a ribosome bearing a nascent protein chain reaches a stop codon (UAA, UGA,
UAGQG), release factors (RFs) enter the ribosomal complex, probably at or near the
A-site. The peptide chain was cleaved from the tRNA and released along with the two

ribosomal subunits. (Adapted from Molecular Cell Biology, 4 edition)



1.2 OVERVIEW ON VIRAL REGULATION AT TRANSLATIONAL LEVEL

Viral genomes do not encode for any components of the translation machinery.
Hence viral protein synthesis is wholly dependent on hosts. It is not so surprising that
some viral RNAs have similar structures to the 5’-cap and 3’-poly (A) tail mimicking
eukaryotic mRNA to compete for translation apparatus. However, most RNA viruses
have been shown to evolve alternative translation initiation mechanisms. In addition
to translation initiation, RNA viruses also express their overlapping open reading
frames (ORFs) by recoding and read-through during the elongation and termination
stages.
1.2.1 Translation initiation

Distinct from eukaryotic mRNAs, viral genomic RNAs (gRNAs) are usually
poly-cistronic. Thus in eukaryotic hosts only the most 5’-proximal ORF is translatable
while the rest are silent. In order to make full use of the RNA, viruses have various
mechanisms to recruit host ribosomes for protein synthesis including leaky scanning,
internal initiation, termination and re-initiation, non-AUG mediated initiation and
ribosome shunting.
1.2.1.1 Leaky Scanning

In 1978, Marilyn Kozak proposed the scanning mechanism for translation
initiation in eukaryotes (Kozak, 1978) stating that the 40S ribosomal subunit binds to
the 5’-end of mRNA, migrates and stops at the first AUG codon in a favorable context

to initiate translation. This “first-AUG rule” is true for most eukaryotic mRNAs.



Distinct from prokaryotes, eukaryotic ribosomes are restricted to initiating near the
5’-end which can be explained by the scanning model. Strong evidence for this
includes the discovery of the 5° ™G cap (Shatkin, 1976) and that the 3’-ORFs in many
viral mRNAs are not translatable in vitro and in vivo (Wong et al., 1987; Good et al.,
1988). This position effect can be seen in many cases where translation shifts from the
normal initiation site to an upstream AUG newly introduced and where removal of the
upstream start codon activates initiation from the next start codon.

However, initiation has been shown to be a context-dependent event.
Extensive analysis of sequences flanking the initiation codon through alignment and
comparison, a consensus sequence was identified as GCCGCCRCCAUGG in higher
eukaryotes (Kozak, 1981, 1984a and b, 1987) (numbering begins with the A of AUG
codon as position +1; nucleotides 5’ to that site are assigned negative numbers and R
is a purine). Site-directed mutagenesis data confirmed that G™ as well as each of the
consensus nucleotides from position -1 to -6 were very important (Kozak, 1986 and
1987). The importance of the purine in position -3 was demonstrated by targeting
mutations to this position in a-globin from CACCAUG to CCCCAUG (Morlé et al.,
1985). This mutation dramatically decreases the level of a-globin and resulted in a
type of thalassemia. It has been established that a purine in position -3 is the most
conserved nucleotide in eukaryotes such as plants (Heidecker and Messing, 1986) and
fungi (Paluh et al., 1988) and a mutation on this purine has more deleterious effect on
translation initiation than a point mutation anywhere else (Kozak, 1986). In the

absence of the purine in position -3, efficient translation is dependent on G™ (Kozak,

10



1986) and other nucleotides in the vicinity (Kozak, 1987a). In summary, an initiation
codon can be considered “strong” or “weak” by only referring to position -3 and +4.
According to the scanning model, when the first AUG resides in a very weak
context, some ribosomes start translation at that point but most continue scanning and
initiate further downstream. This leaky scanning enables the production of two
separate proteins from one mRNA. Leaky scanning is the most common phenomenon
in eukaryotic mRNAs as well as viral mRNAs with overlapping ORFs allowing the
translation from downstream initiation codons (Dinesh-Kumar and Miller, 1993;
Fiitterer et al., 1996 and 1997; Simon-Buela et al., 1997). It is dependent on the
context of the first start codon. When the first initiation codon is weak or in a poor
context or too close to the 5’ end to be recognized efficiently, majority of the
ribosomes initiated translation from a downstream start site. It is very striking that
leaky scanning occurs even when the two initiation codons are far apart. Kozak (1998)
reported that using synthetic transcripts no reduction in initiation from the
downstream start codon was observed when the distance between the two AUGs was
expanded from 11 to 251 nucleotides (nt) stepwise. In some viral mRNAs, the second
functional start site is over 500 nt downstream from the first one (Herzog et al., 1995;
Sivakumaran and Hacker, 1998). In addition, a recent study on Turnip yellow mosaic
virus (TYMV) RNAs (Matsuda and Dreher, 2006) showed that close spacing between
AUGs also contributed to the dicistronic character on a eukaryotic mRNA and
increasing space resulted in a decrease in downstream initiation and increase in

upstream initiation. In contrast to the above “maximally leaky” mRNAs, some
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mRNAs are “minimally leaky” in which only a small fraction of ribosomes bypasses
the first AUG in a strong but not perfect context and initiates translation downstream.
Examples include the nucleocapsid protein and I-protein of bovine coronavirus
(Senanayake and Brian, 1997), the rat histone H4 protein and the osteogenic growth
peptide (OGP) (Bab et al., 1999). For many of the viruses, both proteins produced via
leaky scanning are required for replication. In some viruses, the second protein is a
virulence factor that compromises host defenses (Bridgen et al., 2001; Chen et al.,

2001; Weber et al., 2002).

1.2.1.2 Internal initiation
1.2.1.2.1 Introduction

The majority of eukaryotic translation initiation is known to be cap-dependent.
It is only recently accepted that initiation from internal region of mRNA is possible.
The first work that conclusively showed internal initiation presence is on
picornaviruses (Pelletier and Sonenberg, 1988b; Jang et al., 1988 and 1989). The well
characterized 5°-UTR (untranslated region) of picornaviruses indicates that ribosomes
can directly bind to an internal region of mRNA in a cap-independent manner
(Jackson and Kaminski, 1995b). The site where ribosomes bind to is called internal
ribosome binding site (IRES). Up to date, quite a few IRES elements have been
discovered in both viral and cellular mRNAs such as the oncogene, c-myc and the
hypoxia-induced factor, Vascular endothelial growth factor (VEGF) (Bernstein et al.,

1997; Hellen and Sarnow, 2001; Huez et al., 1998; Lopez-Lastra et al., 1997,
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Martinez-Salas et al., 2001; Merrick, 2004; Nanbru et al., 1997; Vagner et al., 2001)
and the best-characterized IRESs are from picornaviruses and Hepatitis C virus
(HCV), Classical swine fever virus (CSFV), Cricket paralysis virus (CrPV) and
Bovine viral diarrhea virus (BVDV) (Belsham and Sonenberg, 2000; Pestova et al.,
1998b; Tsukiyama-Kohara et al., 1992; Wilson et al., 2000). The ability of IRESs to
promote internal initiation has facilitated the expression of two or more proteins from
a polycistronic transcription unit.
1.2.1.2.2 Functions of IRESs

Viral IRESs have important functions in the viral life cycle, mostly to ensure
efficient viral translation when components of the host translation machinery are
limited due to virus-induced antiviral responses, some through modification of
eukaryotic factors. For instance, a polycistronic transcript found in cells latently
infected by Kaposi’s sarcoma-associated herpesvirus is used to express the
FLICE-inhibitory protein (v-FLIP protein) whose function is to counteract fatty acid
synthase-induced apoptosis (Bieleski and Talbot, 2001; Grundhoff and Ganem, 2001).
The well-studied poliovirus encodes a protease which can cleave elF4G, thus decrease
host cap-dependent translation and uses the IRES to initiate translation bypassing the
requirement for eIF4E (Gradi et al., 1998a and b; Lamphear et al., 1993 and 1995),
whereas the cardioviruses do not induce cleavage of elF4G but is proposed to induce
a change in ion concentration within the cell to bias the translational capacity of the
cell toward the viral RNA (Alonso and Carrasco, 1981). Another advantage of

cap-independent translation is that viruses do not have to devote a gene to encoding
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capping enzymes which are usually found in the nucleus instead of cytoplasm where
viruses replicate. In contrast to the high efficiency of IRES elements in most viruses,
IRESs of cellular mRNAs usually have lower efficiency. It is now known that only
under certain conditions, such as down-regulation of elF4F activity through the
sequestration of ¢IF4E by its binding protein (4E-BP) (Johannes et al., 1999), these
normally inefficient IRES become competitive when cap-dependent translation is
reduced or eliminated.

Although IRES elements are of various sizes and shapes, a common feature
they share is that they mediate translation in a cap-independent manner as
IRES-mediated translation is insensitive to ™GTP inhibition and eIF-4E, a
cap-binding factor, is usually dispensable for IRES activity (Ehrenfeld, 1996; Jackson,
1996; Jackson et al., 1990, 1994, and 1995a; Jang et al., 1990; Kaminski et al., 1994;
Meerovitch et al., 1989; Pelletier et al., 1988a) as well as end-independent as
Encephalomyocarditis virus (EMCV) IRES can direct efficient initiation within a
circular RNA (Chen and Sarnow, 1995). IRES elements of animal viruses are usually
longer and more structured than those in plant viruses. In addition, the requirement for
various initiation factors during IRES-mediated initiation is also different from case to
case. IRES elements in picornaviruses were shown to be capable of directly recruiting
ribosomal 40S subunits with a reduced set of elFs. Further detailed work
demonstrated the interactions between IRES element and various elFs and other
protein factors such as the polypyrimidine tract binding protein (PTB) and IRES

transacting factors (ITAFs) (Hellen et al., 2001).
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1.2.1.2.3 Different groups of IRESs in picornaviruses

Within picornaviruses, several different IRES classes were identified based on
secondary structure and cofactor requirements (Figure 1.4). The first group includes
poliovirus and rhinovirus, and the second group includes EMCV, Theiler’s murine
encephalomyelitis virus (TMEV) and Foot-and-mouth disease virus (FMDV). These
two groups of IRESs contain a pyrimidine-rich region in the 3’ region and PTB is
required for poliovirus IRES activity but is only stimulatory for EMCV IRES
(Kaminski et al., 1995 and 1998), while ITAF,s is strongly required by FMDV IRES
(Pilipenko et al., 2000). In poliovirus, the initiation codon is ~160 nt downstream of
the 3’-end of the IRES, and it is possible that the ribosome reaches it either by
scanning or by shunting after initial attachment to the IRES (Hellen et al., 1994). The
EMCYV and TMEV initiation codons are located at the 3° border of the IRES, and
ribosomes bind directly to them without scanning (Kaminski et al., 1990; Pilipenko et
al., 1994). EMCV IRES was shown in vitro to require ATP hydrolysis, elF 2, 3 and
either elF 4F or 4A and the central third of eIF 4G (Pestova et al., 1996a and b). A
third group contains HCV, CSFV and BVDYV, whose IRES elements are wholly
distinct from both the EMCV-like and poliovirus-like groups of IRESs regarding
length, sequence and structure. These HCV-like IRESs consist of four major structural
domains (I-IV) and a complex pseudoknot between domains II, III, and IV. The
boundaries of these IRESs extend beyond the 3’-end to the initiation codon, and IRES
activity is affected by the coding sequence downstream of the initiation codon. In

Vitro reconstitution experiments showed that the minimum set of factors sufficient for
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Fig 1.4 Diagram of four types of IRES elements.

a. type 1 IRES typical for polioviruses which is located some distance upstream of
the initiation codon.

b. type 2 IRES typical for EMCV and FMDYV which is located close to the initiation
codon.

c. type 3 IRES typical for HCV which extends beyond the initiation codon.

d. type 4 IRES typical for CrPV which involves a non-AUG initiation codon.

(Adapted from
http://www.rci.rutgers.edu/~bhillman/comparative virology/Translation05)
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the binding of 40S subunit onto the initiation codon is GTP-elF2-Met-tRNA; (Pestova
et al., 1998). However, elF3 is likely to be required in vivo as it was reported to be
associated with free 40S subunits in the cytoplasm (Goss and Rounds, 1988; Sizova et
al., 1998). Notably, 48S complex formation on HCV-like IRESs has no requirement
for elF4A, 4B, 4E, or 4G, nor any requirement for ATP hydrolysis. Structural studies
also confirmed the interactions between the 40S subunit and the HCV IRES (Spahn et
al., 2001). However, a recent study suggested that IRES binding to the 40S subunit
involves RNA-RNA base pairing with 18S rRNA (Chappell et al., 2004). A fourth
group of IRESs contains CrPV, which remarkably requires neither initiator tRNA nor
initiation factors (Wilson, et al., 2000). This IRES binds directly to 40S subunits but
in a significantly different way with a pseudoknot in the P site inaccessible to the
ternary complex and the non-AUG codon in the A site (Spahn et al., 2004). Most
recently, Herbreteau et al. reported the identification of an IRES in HIV-2 gRNA
driving the production of the 5’-end gag and its two isoforms. Delineation of the RNA
sequence revealed that the IRES is located entirely downstream of the first AUG
codon and 5’UTR is not involved (Herbreteau et al., 2005).
1.2.1.2.4 Animal virus IRESs and plant virus IRESs

Animal virus IRES elements are usually long (200-500 nt), structured and
located in the 5° UTR. By contrast, those in plants are much smaller, less structured,
and sometimes located in the 3’ UTR (reviewed by Kneller, et al., 2006). So far the
Potyvirus, Tobamovirus, Polerovirus, Tombusvirus, and Luteovirus have been reported

to contain IRES elements (Gallie, 2001; Ivanov et al., 1997; Jaag et al., 2003;
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Monkewich et al., 2005). Potyviruses resemble picornaviruses in that they have a VPg
(viral protein, genome-linked) at the 5’ end and a poly (A) tail but their 5 UTRs are
much shorter and less structured without multiple upstream AUGs as in
picornaviruses. The VPg was proposed to play a role in direct recruiting translation
factors, probably through the binding to eIF4E and elFiso4E as supported by
substantial evidence from protein interaction assays in vitro and in vivo (Grzela et al.,
2006; Léonard et al., 2000, 2004; Wittmann et al., 1997). However, so far no direct
evidence has been able to explain the role of these interactions in translation. In
general, little sequence similarity was found among members in Potyviridae family
(Maiss et al., 1989). Lacking extensive secondary structure and having low GC
content (Simén-Buela et al., 1997), the simple IRESs may function depending on
fewer host factors. Some other viruses such as Tobacco mosaic virus U1 (TMV Ul),
Crucifer-infecting tobamovirus (crTMV), and the Polerovirus or Enamovirus genera
in luteoviruses contain IRES elements within or between ORFs. Although Polerovirus
and Enamovirus contain 5’-VPg, it was reported that a site within ORF 1 can initiate a
small protein Rapl in a different frame from ORF1 in vitro (Jaag et al., 2003).
Previously, HCRSV (Tombusviridae) was reported to contain an IRES element
upstream of the coat protein (CP) gene (Koh et al., 2003) and was shown to enhance
translation in synergy with a hexa-nucleotide, GGGCAG (Koh et al., 2002). The
authors also proposed that both elements function by direct base pairing to the
ribosomal RNA.

1.2.1.3 Alternative initiation codon
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It has been recognized that triplets other than AUG can function as translation
initiation codon in bacteria (reviewed by Kozak, 1983). GUG, UUG, AUU and ACG
have all been shown to be utilized as individual start codons in Escherichia coli and
viruses. For example, protein isoforms can be generated from alternative initiation
codon within a single mRNA from Sendai virus (Curran and Kolakofsky, 1988). The
protein isoforms have distinct function in the viral replication cycle, indicating the
importance of this process on gene expression. Subsequently, this feature is shown not
to be restricted to bacterial and viral genes. In the past decades, quite a few eukaryotic
cellular genes have been discovered to initiate translation at a non-AUG codon.
Examples include a mutant version of the mouse gene dihydrofolate reductase (dhfr)
with an ACG initiation codon (Peabody, 1987 and 1989), an isoform of the human
c-myc gene initiated at a CUG triplet in exon 1 instead of the original initiator AUG in
exon 2 due to methionine deprivation (Hann, 1988 and 1992) and many other
proto-oncogenes (reviewed by Hann, 1994). Among plant viruses, Soil-borne wheat
mosaic virus (SBWYV) (Shirako, 1998), Rice tungro bacilliform virus (RTBV)
(Fiitterer et al., 1996) and Strawberry mild yellow edge virus (SMYEV) (Thompson
and Jelkmann, 2004) have been reported to utilize this strategy. These protein
isoforms may serve different functions or are localized in different subcellular
compartments.

The efficiency of non-AUG initiation on natural transcripts in Vvivo varies
considerably. Initiation from non-AUG codon in c-myc is about 10-15% as efficient

as that from AUG codon in cell cultures (Hann et al., 1988), while the human
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transcription enhancer factor-1 (TEF-1) protein appeared to initiate exclusively from a
non-AUG codon (Xiao et al., 1991). Therefore, specific features of the natural
transcripts seem to influence the efficiency of non-AUG initiation. Indeed, mutants of
the authentic initiation codon of Sendai virus P/C mRNA is able to initiate translation
from non-AUG codon while those of the human erythrocyte membrane protein 4.1
and platelet-derived growth factor beta polypeptide (PDGF-B chain) mRNA are not
(Gupta et al., 1994), suggesting non-AUG initiation is mRNA species dependent.

In 1989, Peabody did experiments showing that almost all single nucleotide
variants of AUG codon could direct translation initiation in vitro. At the same time,
Dasso and Jackson (1989) and Kozak (1989b) also confirmed that other non-AUG
codons could potentiate translation initiation in eukaryotic system. In addition to the
intiator triplets, the flanking sequence also appears to affect efficiency of non-AUG
initiation (Peabody, 1987; Kozak, 1989b), suggesting that interaction with nearby
nucleotides might compensate for a weak codon-anticodon interaction. Initiation at a
GUG codon was more efficient with A™ and initiation at an AUG or CUG was shown
to be favored by A" and U™ (Boeck and Kolakofsky, 1994; Grunert and Jackson,
1994). However, Kozak (1997) refuted the above conclusion by showing that the
augmentation was actually caused by G™ but not A™ or U™. These contradictory
results imply that additional factors may contribute to recognition of non-AUG codon.
It was further suggested that RNA structure or other cis-acting elements within the
vicinity could determine non-AUG initiation sites and increase translation initiation at

these codons (Kozak, 1990; Prats et al., 1992).
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The detailed mechanism, however, still remains unclear. It is probably a very
complicated process involving cis- as well as various trans-factors. According to the
scanning model, when the 43S complex reaches the first AUG codon, GTP hydrolysis
results in the dissociation of the e[F2-GDP complex stimulated by elF5 (Asano et al.,
2000; Das and Maitra, 2002; Hershay and Merrick, 2000) and signifies a
codon-anticodon interaction between Met-‘[RNAiMCt and the start codon (Unbehaun et
al., 2004). Recognition of a non-AUG initiator is possibly mediated by a weaker
interaction between the start codon and initiator tRNA with a lower level of GTP
hydrolysis. However, there are other evidences showing that e[F2-GTP-Met-tRNA;M
is not the unique existing ternary complex. GUC and CAG were shown to be able to
initiate translation in COS 1 cells, respectively, with valine or glutamine (Drabkin and
RajBhandary, 1998). Therefore, it is possible that initiation can occur in the absence
of Met-tRNAM®.

Several eukaryotic initiation factors play critical roles on the selection of
translation initiation codon. Biochemical evidence showed that elF1 and elF1A
promote scanning and formation of 48S complex at the start codon (Asano et al., 2000;
Hershey and Merrick, 2000; Pestova et al., 1998a). In addition, eIF1, eIF2, eIF3 and
elF5 have been implicated in AUG selection, as mutations in these factors increase
initiation at non-AUG codons in yeast (Donahue et al., 1988; Hashimoto et al., 2002;
He et al., 2003; Valasek et al., 2004). Fekete et al. (2005) provided further genetic
evidence that elF1A C-terminus is important in initiation codon selection as the

deletion mutations appeared to increase initiation at non-AUG triplets on HIS4 mRNA
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in vivo.
1.2.1.4 Termination reinitiation

Not all proteins in a cell are expressed in equivalent amounts regarding the
various functions of individual proteins. Some of this phenomenon depends on rate of
transcription of mRNA, which renders different levels of the mRNA. Alternatively,
some mRNAs may be translated inefficiently. An example of this is the yeast GCN4
(general control non-derepressable) mRNA that contains four small ORFs upstream of
the GCN4 start codon (Mueller and Hinnebusch, 1986; Hinnebusch, 1997).
Expression of GCN4 is via a 5’ cap-dependent process termed re-initiation (see review
by Hinnebusch, 1997). Further analysis indicated that the upstream ORFs (uORFs)
were truly expressed (Hinnebusch et al., 1988; Grant et al., 1994; Gaba et al., 2001),
although no evidence showed that the ribosomes which complete the uORF
translation are exactly the same ones which initiate GCN4 expression.

Current understanding of re-initiation may be summarized as follows: when
80S ribosome complex reaches the termination codon of uORF, the 60S subunit is
thought to be released (although no direct evidence has been obtained), while the 40S
subunit remains bound to the mRNA, resumes scanning, and may initiate another
round of translation at a downstream AUG codon.

For the re-initiation to occur, the 40S subunit must reacquire Met-tRNA;
which can be a point of control. Increasing the distance between the ORFs (Abastado
et al.,, 1991a and b; Kozak, 1987b; Hinnebusch, 1997) can promote Met-tRNA;

binding. Experiments in C/EBPJ showed that an AUG codon too close to the uORF
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was skipped possibly because ribosomes have not yet reacquired Met-tRNA;
(Calkhoven et al., 2000). Early experiments suggested that ribosome can move
backwards to re-initiate at an AUG codon upstream of the termination site of uORF
(Peabody et al., 1986a and b). However, results from more recent studies have refuted
this view (Babik et al., 1999; Byrne et al., 1995; Ghilardi et al., 1998; Kos et al., 2002;
Kozak, 2001; Lee et al., 1999) in that the overlapping stop codons of uORFs rendered
the strongest inhibition on downstream ORF translation.

Efficiency of re-initiation is also dependent on the sizes of uORFs in
eukaryotes. In most cases reinitiation occurs with a small uORF. Evidence supporting
this view comes from plant S-adenosylmethionine decarboxylase (AdoMetDC), as
shortening the uORF from 53 codons to 25 codons resulted in a five-fold increase in
translation efficiency (Hanfrey et al., 2002). This result could be explained as an
alternative shorter uORF with its AUG in a weak initiation context caused little
inhibition, which is not contradictory. Another work on the mouse Snurf-Snrpn
transcript also elegantly demonstrated the effect of uORF size on re-initiation (Gray et
al., 1999; Tsai et al., 2002). With 71 codons of the upstream Snurf cistron, a very low
level of re-initiation might account for translation of the downstream Snrpn cistron.
When the start codon ATG of the Snurf was mutated to AGG, translation of Snrpn was
elevated more than 15-fold. Currently the only apparent exception is Cauliflower
mosaic virus (CaMV) (Park et al., 2001; Poogin et al., 2000). The reason why the size
of uORF can restrict re-initiation is not known, but a possible explanation may be that

certain initiation factors dissociate from the ribosome only gradually during the
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course of elongation. If the elongation phase is brief, the factors required for
re-initiation would still be present when the 40S subunit resumes scanning. However,
it is hard to decide a cutoff size of uORF as the permissible size is likely to vary
depending on features such as secondary structure and codon usage that affect the rate
of elongation.

In some other cases, re-initiation can be regulated by cis- or trans-element. For
example, re-initiation of ORF 2 of Calicivirus rabbit hemorrhagic disease virus
(RHDV) is termination-dependent and is greatly influenced by an 84-nt RNA
sequence upstream of the start codon of ORF2 (Meyers, 2003). Mammalian
AdoMetDC mRNA produces a small peptide from uORF which is believed to interact
with ribosomes and thus prevents re-initiation (Mize and Morris, 2001). In CaMV, the
role of TAV (transactivator/viroplasmin protein) has been well characterized.
Re-initiation on the polycistronic 35S RNA and its spliced versions is activated in the
presence of TAV (Bonneville et al., 1989; Fiitterer et al., 1990, 1991, and 1992;
Kiss-Laszlo et al., 1995; Pooggin et al., 2000).

Many lines of evidence have shown the involvement of eukaryotic factors in
re-initiation. Recent in vitro data showed that efficient re-initiation was largely driven
by eIF4F or central eIF4G (Poyry et al., 2004). The GCN4 case also clarified the role
of elF2 in recognition of the second start site for 40S subunit (Hinnebusch, 1997). In
addition, elF3 is also suggested to promote loading of the ternary complex onto the
40S subunit. In the case of CaMV, some host proteins such as subunit g of elF3,

ribosomal protein L24 and L18 were identified to interact with TAV allowing

25



translation of polycistronic mRNAs by re-initiation (Leh et al., 2000; Park et al.,
2001).
1.2.1.5 Ribosome shunting

Ribosome shunting is a nonlinear scanning mechanism. It is cap-dependent
but ribosomes can obviate a large intervening region which may contain substantial
structural elements to directly “land” on to an initiation triplet. It is first described in
CaMV (Fiitterer et al., 1990) and was shown to be dependent on a short upstream
ORF. Shunting in CaMV can also be promoted by the multifunctional TAV. Other
intensively studied cases of shunting include Adenovirus, Sendai virus,
Papillomaviruses, and possibly some cellular genes such as hsp70 and c-fos (Yueh
and Schneider, 2000). The shunting hypothesis was further supported by the fact that
anti-sense oligonucleotides targeting 5’ or 3’ proximal region of leader inhibit
translation but not those targeting the central part of the leader (Schmidt-Puchta et al.,
1997), indicating a non-linear scanning model.

Extensive analysis of the effects of insertions of a strong stem interfering with
scanning ribosomes, as well as start codon insertion, revealed shunt take-off and
landing sites flanking the bypassed region of the leader. Mapping of the shunt landing
site in CaMV or RTBV suggested that formation of the leader hairpin structure
promotes shunting by bringing the shunt landing site upstream of the first main ORF
into close proximity with a shunt take-off site downstream of the uORF (Dominguez
etal., 1998).

Studies on CaMV as well as other pararetroviruses also showed that the
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upstream ORF has critical effect on shunting based on the fact that replacement of the
uORF start codon with UUG almost abolished the translation of the main ORF
(Fitterer et al., 1993). By comparison of uORFs of different lengths revealed an
optimal length of uORF for efficient shunting of 2 - 10 codons and optimal distance
between the stop codon of uORF and the base of the leader hairpin of 5-10
nucleotides (Dominguez et al., 1998; Hemmings-Mieszczak et al., 2000; Pooggin et
al., 1998).

However, it has not been reported from viruses other than Caulimoviridae that
shunting is dependent on uORFs. With Adenovirus, a complementarity between the 5’
UTR and 18S ribosomal RNA was believed to be essential for shunting (Yueh and
Schneider, 2000), indicating a new clue that shunting might be induced by stalling,
mediated by the complementarity region or the stem structure. Similar to CaMV,
Adenovirus also encodes a protein L4-100K which is involved in ribosome shunting

which is coupled with tyrosine phosphorylation (Xi et al., 2004 and 2005).

1.2.2 Programmed Ribosomal Frame-shifting (PRF)
1.2.2.1 Introduction

Translation elongation process is very complicated and potentially there are
many ways this process can go wrong. Generally there are two kinds of errors during
elongation: missense errors in which one amino acid is replaced by another, and
processivity errors which lead to premature termination. Missense errors, 10> — 10™
in frequency, occur during aminoacyl-tRNA selection and most are not harmful as

they do not eliminate protein function. In contrast, processivity errors, 10 — 107 in
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frequency, usually result in truncated and in most cases non-functional proteins
(Donner and Kurland, 1972; Edelmann and Gallant, 1977a and b; Jelenc and Kurland,
1979; Jorgensen et al., 1993; Kurland and Gallant, 1996; Loftfield and Vanderjagt,
1972; Parker et al., 1983). There are two types of processivity errors: premature
termination of translation and translational frame-shifting. Premature termination is
far more common (Kurland et al., 1996) and often occurs by RNA editing (Menninger,
1977). As for frame-shifting, ribosomes change the reading frame either in the 5’
direction (-1/-2 frame-shifting) or in the 3’ direction (+1/42 frame-shifting) on the
mRNA. In this case, two proteins are produced with an identical N terminus up to the
frame-shift point but different beyond that point since they have different read-out of
the genes due to frame-shifting. In the shifted frame, ribosomes may encounter a stop
codon early. The in-frame protein is always more abundant than the shifted protein
because the frame shifting error occurs rarely.

Frame-shifting are of two types: “spontaneous” frame-shifting and
programmed ribosomal frame-shifting (PRF). “Spontaneous” errors are 1,000-10,000
folds less frequent than PRF and efficiency of PRF can reach more than 90%
(Farabaugh, 1996a and b). Unlike spontaneous errors, PRF occurs at specific mRNA
sequence which is termed as the “slippery sequence”. Efficient frame-shifting requires
additional stimulatory elements, such as a secondary structure of RNA downstream,
or a Cis-sequence upstream.

PRF has been well characterized in retrotransposons (Belcourt et al., 1990;

Farabaugh et al., 1993), bacteria (Blinkowa et al., 1990; Craigen et al., 1986; Gurvich
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et al., 2003), animals (Beckenbach et al., 2005; Matsufuji et al., 1995) and animal
viruses (Baranov et al., 2005; Brierley et al., 1989 and 1992; Horsburgh et al., 1996;
Jacks et al., 1988a and 1988b), and is mechanistically diverse. Examples of +1
frame-shifting include GAG3 and POL3 (GAG3-POL3) genes of retrotransposon Ty3
of yeast (Farabaugh et al. 1993), mammalian ornithine decarboxylase (ODC)
antizyme (Matsufuji et al., 1995) and thymidine kinase (TK) gene of Herpes simplex

virus (HSV) (Horsburgh et al., 1996).

1.2.2.2 -1 frame-shifting

A -1 frame-shifting takes place in most cases, for example in many
retroviruses such as the gag-pol gene of Human immunodeficiency virus 1 (HIV-1; U
UUU UUA) (Jacks et al., 1988b), the 1a/1b gene of coronavirus Infectious bronchitis
virus (IBV; U UUA AAC) (Brierley et al., 1989) and SARS-CoV (U UUA AAC)
(Baranov et al., 2005; Dos Ramos et al., 2004). In addition, E. coli chromosomal gene
dnaX, bacterial insertional elements (IS elements), and some other viruses have been
reported to use -1 frame-shifting (Flower and McHenry, 1990; Gramstat et al., 1994;
Mejlhede et al., 2004; Prufer et al., 1992; Rettberg et al., 1999).

A well characterized example of -1 frame-shifting among viruses is the HIV-1,
in which a conserved heptanucleotide motif was proposed as X XXY YYZ where X=A,
G or U, Y=A or U and Z=A, C or U (Jacks et al., 1988b), acting as the signal for
frame-shifting. This sequence is where tRNA disassociates from mRNA and re-pairs
with the out-of-frame codon and it applies to most, if not all, cases of -1

frame-shifting. By mutagenesis study, Brierley et al. showed that monotonous runs of
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uridines gave significant levels of frame-shifting (Brierley et al., 1992) suggesting
that runs of uridines in mRNAs are particularly slippery.

In addition to the features of the frame-shifting signal itself, many other
elements are found to affect frame-shifting. In some cases, a secondary structure or
tertiary interaction, such as a 3’ pseudoknot structure, could significantly increase
frame-shifting efficiency. A mechanical explanation of the RNA structure in
frame-shifting was recently proposed. From cryoelectron microscopic imaging of a
ribosome-mRNA pseudoknot complex, the pseudoknot is able to interact with the
ribosome in a way such that it blocks the mRNA entrance channel, compromising the
translocation process and leading to a spring-like deformation of the P-site tRNA
(Namy et al., 2006). However, Wilson et al. showed the HIV slippery site U UUA
AAC could direct efficient -1 frame-shifting in mammalian and yeast systems
independent of any secondary structure (Wilson et al., 1988). On the contrary, the
structure in Barley yellow dwarf virus (BYDV) with a long bulged step-loop must
base-pair to a sequence 4 kb downstream to promote frame-shifting (Barry and Miller,
2002). In other cases, sequence specific elements, such as the Shine-Dalgarno (SD)
like sequence (Larsen et al., 1994 and 1995) complementary to the 3’ end of 16S
rRNA or sequences partially complementary to yeast 18S rRNA (Li et al., 2001), are
required. Furthermore, space between the slippage site and the stimulatory element
also plays a critical regulatory role in frame-shifting efficiency (Larsen et al., 1994).
Frame-shifting can also be induced by starvation for particular amino acids or special

tRNA structures. Mutagenesis on tRNA showed that certain features of the anticodon
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loop were both necessary and sufficient to induce the shift (Bruce et al., 1986;
Magliery et al., 2001).

In terms of mechanisms, a simultaneous slippage at both ribosomal A- and
P-site accounts for -1 frame-shifting in dnaX (Tsuchihashi and Brown, 1992), 1S911
(Chandler and Fayet, 1993) and the G-T ORF of bacteriophage A (Levin et al., 1993).
Previously mutagenesis studies in HIV gag-pol gene showed that U UUU UUA, the
slippery sequence, induced -1 frame-shifting occurred at both P-site and (Jacks et al.,
1988b). But later on an alternative mode of slippage, post-translocation simultaneous
slippage in the E and P site in an E. coli system, was proposed by Horsfield et al.
(1995). Most recently, a similar -1 frame-shifting was identified in the SARS-CoV
which contains a slippery sequence U UUA AAC and a downstream pseudoknot (Dos
Ramos et al., 2004). However, there are exceptions to this model. In Potato virus M
(PVM) (Gramstat et al., 1994), a single P-site slippage was proposed to be responsible
for the recoding in which peptidyl-tRNA slips one nucleotide backward before the
A-site is occupied by aminoacyl-tRNA. In Bacillus subtilis cytidine deaminase gene
(cdd; CGA AAG), an A-site re-pairing without P-site slippage was suggested to cause
the frame-shifting (Mejlhede et al., 1999). Similarly, a recent report showed that IBV
slippery sequence induced frame-shifting in E. coli system with an unusual
mechanism where a single tRNA slipped in the A-site (Napthine et al., 2003). How
this can happen without P-site tRNA slippage and whether such unusual event is

restricted to prokaryotic ribosomes is still not known.

1.2.2.3 +1 frame-shifting
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Since -1 frame-shifting occurs in most cases, it is studied extensively. In
contrast, +1 frame-shifting is less common and sequences of +1 frame-shifting share
little similarities. The few known examples include the prf B gene in E. coli (Craigen
et al., 1986), the retrotransposon element Tyl and Ty3 in yeast (Belcourt and
Farabaugh, 1990; Farabaugh et al., 1993), the mammalian ODC antizyme (Matsufuji
etal., 1995), the HSV TK frame-shifting signal (Horsburgh et al., 1996).

Although the cis-acting signal for +1 frame-shifting is diverse, some
stimulatory elements are required similar to those in -1 frame-shifting. In E. coli prf B
gene encoding release factor 2 gene (RF2), a combination of a translation termination
codon and an upstream SD-like sequence capable of interacting with 16S rRNA was
shown to enhance +1 frame-shifting (Adamski et al., 1993; Craigen and Caskey, 1986;
Donly et al., 1990a and b). A possibility for this interaction in promoting
frame-shifting is that it may create a pause that expands the window of time for
frame-shifting, or it may play a more direct realigning role in the mechanism. As for
mammalian ODC antizyme, polyamine levels play a key regulatory role in its
frame-shifting (Atkins et al., 1975; Matsufuji et al., 1995; Petros et al., 2005; Rom
and Kahana, 1994). The polyamine sensing is through the 5’ element. The stop codon
included in the shift site was critical for frame-shifting. Similarly, in yeast Ty3
element (GCG AGU U) slow recognition of the rare serine codon AGU in 0 frame (F)
induced a pause of the ribosomes which is important for frame-shifting. Interestingly,
frame-shifting is not increased by a pause induced by non-sense codon (Li et al.,

2001). In addition, this event was augmented by the 3’ sequence of 12 nucleotides.
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Recent study showed that this function depends on strict spacing from the shift site
and complementarity between this region and ribosome Helix 18 implies that the
stimulator may interfere with ribosomal error correction (Li et al., 2001). In HSV TK
gene, no conventional stimulatory element adjacent to slippery site common in -1
frame-shifting was identified (Hwang et al., 1994; Horsburgh et al., 1996). A recent
report also showed that ribosomal pausing had little correlation with the
frame-shifting efficiency (Kontos et al., 2001). The possibility that the presence of
remote interactive element may help increase frame-shifting efficiency cannot be
ruled out. Aside from the features on the mRNAs, changes in ribosomes (Widerak et
al., 2005) as well as the balance of cognate and near-cognate tRNAs can also affect
the recoding efficiency as demonstrated by O’Connor (2002).

Mechanistically, +1 frame-shifting occurs either dependent or independent on
tRNA slippage. For example, in prf B gene of E. coli, a single slippage at the P-site
was shown to take place before the A-site is occupied (Craigen and Caskey, 1986). In
case of the mammalian antizyme (UCC UGA U), +1 shift occurs by occlusion of the
fouth nucleotide, U of the UGA rather than re-pairing of the peptidyl-tRNA®" with
CCU (Matsufuji et al., 1995). Conversely, frame-shifting in yeast Tyl element
happens by re-pairing of the peptidyl-tRNA™" with the mRNA (Belcourt and
Farabaugh, 1990). In yeast Ty3 element (Farabaugh et al., 1993), the tRNA decoding
GCG (P-site) could not base pair with the +1 frame CGA codon. It was reasoned that
no peptidyl-tRNA slippage was involved.

Among all the sequences able to induce frame-shift events, certain sequences
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are highly prone to shifting. For instance, it is widely believed that monotonous runs
of U are very shifty. Indeed, Brierley and co-workers (1992) made mutations on IBV
slippery sequence U UUA AAC (-1 frame-shift event) and found that runs of U could
give a significant level of +1 frame-shifting. It is interesting that the sequence
identified in the HIV gag-pol region (U UUU UUA) inducing efficient -1
frame-shifting is almost identical to that of SARS-CoV 3a variants (UUU UUU UA)
where a +1 frame-shifting occurred. What is more intriguing is that the same sequence
can cause frame-shifting in either directions and it seems that no other stimulatory
elements are necessary for -1 frame-shifting (Wilson et al., 1988). It is not known
whether such stimulatory elements are required for +1 frame-shifting and little
information is available on this shifty sequence. The mechanism of this bidirectional
frame-shifting and the factors which decide the direction of frame-shifting are still in

the dark.

1.2.3 Read-through

Among RNA viruses, an alternative strategy is employed to achieve similar
end results to frame-shifting (reviewed in Dreher and Miller, 2006). Instead of reading
in a different frame, ribosomes read through an in-frame stop codon and produce a
C-terminal extended protein. This phenomenon is frequently encountered among plant
viruses. A well characterized example is TMV. Expression of the C-terminal portion
of the RNA-dependent RNA polymerase (RdRp) p183 requires read-through of the
N-terminal p126 ORF stop codon (Beier et al., 1984; Pelham, 1978). Translation

studies have revealed that the sequence UAGCARY YA (UAG is the stop codon of
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pl126, R is purine and Y is pyrimidine) was sufficient for 5% wild-type level of
read-through (Namy et al., 2001; Skuzeski et al., 1991). A second well-known
example is found in murine leukemia virus (MulLV) gag-pol protein, where the
in-frame UAG codon of the gag gene is suppressed to produce a gag-pol fusion
protein required for reverse transcription (Yoshinaka et al., 1985). There are other
viruses using this strategy including most genera of Tombusviridae and many
rod-shaped fungus-transmitted viruses (Brault et al., 1995 and 2005; Reavy et al.,
1998; Tamada et al., 1996). In addition, many members in the alphavirus genus have a
“leaky” UGA codon seperating the non-structural proteins nsP3 and nsP4 (Li and Rice,
1989).

This event is also known as suppression of termination which has been studied
from two points of view, the cis-elements that favor read-through and the nature of the
suppressor tRNAs. Different from the read-through signal in TMYV, Luteoviruses
employ a cytidine-rich repeat (CCNNNN)g _ 16 as Cis-acting signal for ribosomes to
read through the stop codon. In the monopartite RNA genome of carom-, necro-, and
tombusviruses, a conserved GDD motif in RARp was characterized but its implication
is still in the dark. So far many suppressor tRNAs have been isolated from tobacco,
wheat and lupin (Beier et al., 1984; Urban and Beier, 1995; Zerfass and Beier, 1992a
and b). Interestingly, up to date only UAG and UGA suppressible codons have been
described although experiments in TMV suggest that there may be a tRNA capable of
suppressing the UAA codon (Ishikawa et al., 1986). However, compared to other

translational regulatory events, read-through is poorly understood and it is still not
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known how ribosomes can read through upon the diverse read-through signals.

1.3 SEVERE ACUTE RESPIRATORY SYNDROME CORONAVIRUS
(SARS-COYV)

It was until 2003 a world wide outbreak of severe acute respiratory syndrome
(SARS) did coronaviruses draw great attention from the world. Before that
coronaviruses are thought to cause serious disease in farm animals and pets but
nothing more than the common cold in humans. Finally, the culprit behind SARS was
identified as a new member of the coronavirus genus, SARS-CoV (Enserink, 2003;
Enserink and Vogel, 2003; Fleck, 2003; Krokhin et al., 2003; Navas-Martin and Weiss,
2003; WHO report, 2003).

Coronaviruses are typically associated with respiratory, enteric, hepatic and
central nervous system diseases. In humans, they cause mainly upper-respiratory-tract
infections, and are responsible for a large proportion of all common colds. Apparently,
SARS-CoV spreads in droplets but its efficiency of infection seems to be low. It was
indicated that the virus could have transmitted from palm civets and raccoon dogs
based on the discovery of a virus closely related to SARS-CoV from these animals.

The reverse could also happen.

1.3.1 Classification of SARS-CoV
Coronaviruses are enveloped plus-strand RNA viruses with about 30,000
nucleotides of genome, the largest RNA genomes, and characterized by a corona-like

appearance in the electron microscope (Fig 1.5). They have been grouped into three
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Fig 1.5 Morphology of the SARS coronavirus.

a. Electron micrograph of the virus that was cultivated in Vero cells.

b. Schematic representation of the virus. A lipid bilayer comprising the spike protein,
the membrane glycoprotein and the envelope protein encloses the helical
nucleocapsid, which consists of the nucleocapsid protein associated with the viral

RNA. (Adapted from Stadler et al., 2003)
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categories based on cross-reactivity of antibodies backed up by genetic data.
Phylogenetic analysis of the predicted viral proteins indicates that the SARS-CoV
does not closely resemble any of the three groups of coronaviruses (Marra et al., 2003;
Rota et al., 2003) (Fig 1.6a). However, using rooted phylogenetic trees, analysis of
ORF1b which is the most conserved region in the SARS-CoV genome indicates that
the SARS-CoV represents an early split-off from group 2 (Snijder et al., 2003) (Fig
1.6b). Rappuoli group also reached this conclusion using a different approach
studying less conserved proteins such as the PLpro, S, M and N proteins (Eickmann et
al., 2003; Stadler et al., 2003). The close relationship of SARS-CoV with group 2
coronaviruses is reinforced by the observation that 19 out of 20 cysteine residues in
the S1 domain of SARS-CoV S protein are spatially conserved compared with the
group 2 consensus sequence, but much less conservation with group 1 or 3. Now there
is growing number of evidence showing that SARS-CoV is closely related to group 2

coronavirus.

1.3.2 Genome organization of SARS-CoV

SARS-CoV genomic RNA is around 29.7 kb in length. At the 5’-end lies a
192-nt UTR with a 72-nt leader sequence (Fig 1.7). Two thirds of SARS-CoV genome
following the 5’UTR is two overlapping ORFs la and 1b coding for various
components involved in viral replication. The remaining 3’ part of the genome
encodes four structural proteins: spike protein (S); envelope protein (E); membrane
glycoprotein (M); and nucleocapsid protein (N). Furthermore, eight additional

non-structural proteins known as “accessory genes” are encoded in this region as well.
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Fig. 1.6

40



Fig 1.6 Relationship between SARS-CoV and other coronaviruses using

different phylogenetic strategies.

a.

Unrooted tree obtained by comparing the well-conserved polymerase protein
sequence. According to this approach, SARS-CoV belongs to a new group. The
tree has been constructed using the protein sequences of the RNA-dependent
RNA polymerase of the following coronaviruses: porcine epidemic diarrhea
virus (PEDV), human coronavirus 229E (HCoV-229E), canine coronavirus
(CCV), feline infectious peritonitis virus (FIPV), transmissible gastroenteritis
virus (TGEV), mouse hepatitis virus (MHV), bovine coronavirus (BCoV),
syaloacryoadenitis virus of rats (SDAV), human coronavirus OC43 (OC43),
haemagglutinating encephalomyelitis virus of swine (PHEV), turkey coronavirus
(TCV), avian infectious bronchitis virus (IBV) and SARS-CoV.

Tree obtained using the sequenced of the S1 domain of the spike protein. The
multiple sequence alignment was constructed using consensus sequences
generated from group 1 and group 2 coronaviruses, the sequence of IBV (group 3)
and of SARS-CoV. The neighbour-joining algorithm was used to build the tree.
Numbers represent the result of a bootstrap analysis performed with 100

replicates.

(Adapted from Stadler et al., 2003)
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Fig 1.7 Genome structure of SARS-CoV.

Replicase and structural regions are shown together with the predicted cleavage
products in ORF1la and ORF1b. The position of the leader sequence (L), the 3’ poly
(A) tract and the ribosomal frame-shift site between ORFla and ORFI1b are also
indicated. Each box represents a protein product (Nsp, non-structural protein).
Colours indicate the level of amino-acid identity with the best-matching protein of
other coronaviruses (HCoV-229E, TEGV, PEDV, MHV, BCoV and IBV). The
SARS-CoV accessory genes are white. Filled circles indicate the positions of the nine
transcription-regulatory sequences (TRSs) that are specific for SARS-CoV
(5’ACGAACS3’). (Adapted from Stadler et al., 2003)
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Some of these molecules are group specific genes such as ORF 3a, 3b, 6, 7a, 7b, 8a,
8b and 9b with no homology to other coronaviruses (Marra et al., 2003; Rota et al.,
2003; Ziebuhr, 2004) and they seem to be dispensable for virus viability both in vitro
and in vivo since mutant viruses with these genes deleted are able to replicate (de
Haan et al., 2002; Sarma et al., 2002). Distinct from other members in group 2

coronaviruses, SARS-CoV lacks the hemaglutinin esterase (HE) gene.

1.3.3 Viral replication and subgenomic RNA (sgRNA) synthesis

Figure 1.8 shows that the life cycle of a coronavirus starts when the S protein
interacts with a receptor through its S1 domain. The entry, probably mediated by the
S2 domain, occurs by membrane fusion. The RNA genome is then released into the
cytoplasm where the replication takes place. The host translation machinery translates
the overlapping ORFla and 1b to produce a single polyprotein. After assembly, the
virus particle is released by exocytosis.

Coronaviruses can synthesize a set of nested sgRNAs with common 5’ and 3’
sequences through a unique strategy (Lai, 1990; Lai et al., 1982; Pasternak et al.,
2001; Sawicki and Sawicki, 1998; Siddel, 1995). Although most of them are
polycistronic, only the 5’-most ORF of each sgRNA is translatable (Lai and Cavanagh,
1997). SARS-CoV contains nine species of mRNAs 1 — 9 (Marra et al., 2003; Rota et
al., 2003; Thiel et al., 2003) of which mRNA 1 is the longest with an equivalent size
to the genomic RNA (Fig 1.9). Each of the mRNAs contains at the 5’ end a short
leader sequence derived from the 5’ end of the gRNA (Thiel et al., 2003). The leader

sequence is acquired dependent on a transcription-regulatory sequence (TRS) found at
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Fig 1.8 Life cycle of coronaviruses.

The virus enters the cell by membrane fusion mediated by the spike protein probably
S2 domain. The RNA genome is then released into the cytoplasm where replication
takes place. ORFla/lb is first translated by host translation machinery through
ribosomal frame-shifting mechanism to produce a single polyprotein, which is
cleaved by virally encoded proteases. A discontinuous transcription strategy during
positive-strand synthesis produces a nested set of subgenomic mRNAs, which then act
as templates for the synthesis of viral proteins. Nucleocapsid (N) protein and genomic
RNA assemble in the cytoplasm to form the helical nucleocapsid. This core structure
acquires its envelope by budding through intracellular membranes between the
endoplasmic reticulum (ER) and the Golgi apparatus. The M, E and S proteins are
transported through the ER to the budding compartment. During the transport of the
virus through the Golgi apparatus, sugar moieties are modified and in some
coronaviruses, the S protein is cleaved into S1 and S2 domains. Finally, the virus is
released from the host cell by fusion of virion-containing vesicles with the plasma
membrane. The common leader sequence on the 5’ end of each mRNA is shown in

red (Adapted from Stadler et al., 2003).
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Fig 1.9 SARS-CoV genome organization and expression.

The SARS-CoV ORFs, frameshift (FS) and TRS elements, and genomic and
subgenomic mRNAs are shown. Black boxes represent the 72 nt leader RNA
sequence located at the 5’ end of each viral mRNA. Also indicated are the viral
proteins predicted to be expressed from a given mRNA’s “unique” region. The
non-structural genes are in red, the structural genes are in blue and the accessory

genes are in white. (Adapted from Thiel et al., 2003)
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the 3° end of the leader RNA and preceding each translated ORF (Lai and Holmes,
2001). Currently a discontinuous model for SARS-CoV sgRNA synthesis is
generally accepted that is mediated by the 5’ leader sequence, the 5> UTR and 3’
UTR. In SARS-CoV, a minimal conserved sequence (5° ACGAAC 3’) in front of
nine predicted ORFs in genomic and eight subgenomic RNAs was identified (Thiel
et al., 2003) as TRS that is sufficient to direct SgRNA synthesis. By complementary
base-pairing, this core sequence assists in the transfer of the nascent minus strand to
the leader TRS involving protein-protein interactions that keep the 5 end of the
genome in close proximity to the site of ongoing minus strand synthesis (Zuiiiga et
al., 2004). The number of identical nucleotides in leader TRS and body TRS regions
varies, but there is no clear correlation between the extent of sequence
complementarity and abundance of a given mRNA, suggestive of involvement of
additional factors.

1.3.4 Expression of SARS-CoV proteins and characterization of 3a

Translation of the polyprotein lalb is through a -1 frame-shifting and is
coupled with proteolytic processing by virus-encoded proteinases, namely the two
papain-like cysteine proteases (PL1pro and PL2pro) and the 3C-like cystein protease
(3CLpro) (Thiel et al., 2003). The resulting cleaved proteins form replicase complex
and synthesize negative strand RNA and sgRNAs (Ziebuhr et al., 2000).

Most SARS-CoV proteins are translated by cap-dependent mechanism with
the exceptions of some accessory proteins such as 3b or 7b. For example, protein 3b
is predicted to be generated by IRES whereas protein7b and 9b are predicted to be

generated through leaky scanning (Snijder et al., 2003). However, so far only protein
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3a, 7a, 8a and 9b have been detected in patients’ sera (Guo et al., 2004; Qiu et al.,
2005; Tan et al., 2004a and b).

SARS-CoV ORF 3a is on sgRNA 3 encoding a protein of 274 amino acids.
Recent studies demonstrated that 3a protein is a minor structural protein and is
associated with the spike protein in virions (Ito et al., 2005; Shen et al., 2005; Yuan
et al., 2005; Zeng et al., 2004). Protein 3a is located in the perinuclear region and
Golgi apparatus and it can interact with structural proteins S, M and E (Qiu et al.,
2005; Yuan et al., 2005). In addition, it is transported to the surface of host cells and
undergoes endocytosis (Tan et al., 2004b). Shen et al. (2005) showed that apoptosis
in Vero E6 cells was mediated by 3a and it is also able to induce the expression of
fibrinogen (Tan YJ et al. 2005).

During the course of cloning and expression of ORF 3a, a mixed population
of clones with six, seven, eight and nine U stretches located 14 nucleotides
downstream of the initiation codon was found. The existence of these ORF 3a
variants was recently confirmed by isolation of a heterogeneous population of
sgRNA 3 transcripts with six, seven, eight and nine Us from the sera of SARS

patients (Tan TH et al., 2005). The significance, however, is not known yet.

1.4 HIBISCUS CHLOROTIC RINGSPOT VIRUS (HCRSYV)

HCRSYV is a monopartite positive-stranded RNA virus. It was first described
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in a Hibiscus cultivar imported to US from El Salvador. The virus infects kenaf
(Hibiscus cannabinus L.), a plant of interest to the wood pulp industry in the United
States (Johnson, 2001), and is found world-wide where Hibiscus is cultivated (Jones
and Behncken, 1980; Waterworth, 1976 and 1980) including Singapore (Wong and
Chng, 1992). HCRSV can cause various symptoms on plants ranging from
generalized mottle, chlorotic ringspots and vein-banding patters, to severe stunting
and flower distortion (Waterworth et al., 1976). Based on virion morphology,
genome organization, physico-chemical properties and amino-acid sequence, the

virus is classified in the genus Carmovirus in the family Tombusviridae.

1.4.1 Genome organization of HCRSV

HCRSV virus particle is isometric, measuring 28 nm in diameter which
contains either the genomic RNA of 3,911 nucleotides or one of the two putative
3’-coterminated subgenomic RNAs (sgRNAs, 1.5 kbp and 1.7 kbp; Huang et al.,
2000) whose cDNA clones are denoted as pHCRSV 129 and pHCRSV80. Recently,
the promoter regions of each sgRNA are mapped in detail (Li and Wong, 2006). The
RNA species from the virions are 5’-capped but not polyadenylated at the
3’-terminus. However, both capped and uncapped transcripts of the full-length
genomic cDNA clone were infectious. Potentially, five major ORFs plus two novel
ORFs p23 and p27 are produced from gRNA and two sgRNAs (Huang et al., 2000;

Koh et al., 2006) (Fig 1.10).
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Fig 1.10 Genome organization of HCRSV.

The ORFs are represented by open boxes with the name of each ORF. The first and
last nucleotides of each ORF are indicated. Below are the genomic and two

subgenomic RNAs. The first nucleotides of each mRNA species are indicated.
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Among the five major ORFs that are highly conserved in the carmovirus
group, the most 5’-proximal two ORFs (p28 and p81) downstream the 5’UTR
encode essential proteins involved in virus replication (Koonin et al., 1991). ORF
p23 overlaps with p28 (Huang et al., 2000) and the expression of p23 was shown
essential for viral replication in kenaf protoplasts that can be abolished by mutations
in p23 (Liang et al., 2002a and b).The central region contains two small ORFs p8
and p9 which are predicted to function in systemic and cell-to-cell movement
(Hacker et al., 1992; Huang et al., 2000). At the 3’-end of the genome lies the ORF
p38 coding for the nucleocapsid protein followed by the 3’UTR region which acts as

cis-element in both sgRNA and protein synthesis.

1.4.2 Expression of HCRSYV proteins

Termination suppression of p28 with the Gly-Asp-Asp (GDD) motif near the
amber stop codon of p28 results in the production of a C-terminal extended protein
p81. This extended protein contains motifs common to RdRp (Kamer and Argos,
1984). Mutagenesis studies of Turnip crinkle virus (TCV) RdRp in which the
expression of the 5’-proximal p28 but not p88 was abolished greatly impairs virus
accumulation, suggestive of a putative role of p28 involved in TCV replication
(Hacker et al., 1992). Complementation experiments revealed two non-viable mutant
viruses which expressed only p28 or p88 can be rescued by each other (White et al.,

1995). This further confirmed that p28 plays a very important role in TCV
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replication. However, it is not confirmed yet in HCRSV whether both proteins are
necessary for virus replication. Previous studies on TCV suggested that the two
small ORFs p8 and p9 were conserved among all carmoviruses. They are proposed
to play important roles in cell-to-cell movement (Hacker et al., 1992; Wobbe et al.,
1998) and can complement in trans (Li et al., 1998). However, the translations of
these two proteins were only confirmed in an in vitro system (Huang et al., 2000).

Translation of the 3’-end ORF p38 was proposed by various mechanisms.
They can be generated from both gRNA and sgRNA2. In contrast to the 5’-end
ORFs p28, p23 and p81 which are translated depending on 5°-UTR, the 3’-end ORFs
including p38, p27 and its isoform indicated a 5’-end independence, suggesting a
different strategy used for the translation of these ORFs. Previous study identified an
IRES element of around 100 nucleotides residing in p9 which could regulate the
translation of p38 in synergism with the 3’UTR (Koh et al., 2003).

Deletion studies showed that the first half of the IRES rendered the strongest
initiation efficiency while the second half did not. Detailed mutagenesis studies
within each part of the IRES revealed that specific sequence rather than secondary
structure or a GNRA motif was crucial for the IRES function. However, no other
factors involved in this mechanism have been identified and as for those putative
proteins especially those overlapping with the nucleocapsid protein, the expression

mechanisms are poorly studied.
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1.5 OBJECTIVES AND SIGNIFICANCE

This work focuses on mechanisms of viral gene regulation at translational
level using two RNA viruses — a plant virus, HCRSV, and a human coronavirus,
SARS-CoV. With HCRSV, the regulation of p27 and p38 expression was studied.
For SARS-CoV, frame-shift events occuring during the expression of ORF 3a
variants were investigated. By studying these two examples, we aimed to advance
our understanding of viral gene regulation and its role in the virus life cycles.
Specifically, the objectives are:

1. To characterize the frame-shifting mechanism controlling the expression of

SARS-CoV 3a variants;

2. To propose a biological function of 3a frame-shifting in both virus life cycle
and viral pathogenesis;

3. To characterize the translation initiation mechanism of HCRSV p27 and p38;

4. To understand the relationship between p27 and p38 in translation initiation
and the expression of these two proteins.

The mechanisms studied here could provide useful information for anti-viral
drug design or anti-viral therapy. For example, studies on HCRSV may provide more
details in multiple mechanisms to regulate the expression of viral genes. Work of
SARS-CoV 3a frame-shifting may increase our understanding on frame-shifting

mechanism and further examination of factors involved might provide additional
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information on frame-shifting at molecular level.

For HCRSY, an in vitro translation system and a plant protoplast system were
chosen instead of a plant because the latter is more complicated and more
interference on viral gene expression may be present. For SARS-CoV, due to
limitation to the use of full-length cDNA clone and live virus, only ORF 3a cDNA
clones were used. While viral gene regulation can be studied at both transcriptional
and translational levels, in this thesis I will only address the translational regulation
aspects of those genes studied.

In Chapter 1, the background on translation regulation as well as the latest
findings and developments in the field of translation was covered, while Chapter 2
describes the materials and methods used. Chapter 3 describes the study of
SARS-CoV 3a frame-shifting mechanism. In Chapter 4, the translational control of
HCRSV p27 and p38 by multiple mechanisms is covered. Finally in Chapter 5, the
findings of this project are summarized, general discussion is made and future work

is proposed.
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CHAPTER 2. MATERIALS AND METHODS
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2.1 LIST OF CHEMICALS, ANTIBODIES AND REAGENTS

Trypsin solution

Penicillin-Streptomycin stock solution

Fetal bovine serum (FBS)

bovine serum albumin (BSA)
Luria-Bertani (LB) medium

Antibiotics ampicillin and kanamycin

Invitrogen (USA)
Invitrogen (USA)
Hyclone (USA)
Sigma-Aldrich (USA)
Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-Gal) Bio-rad (USA)

isopropyl-B-D-thiogalactopyranoside (IPTG)

Dithiothreitol (DTT) and lysozyme

Restriction enzymes

1 kb DNA ladder and 100 bp DNA ladder

Pfu DNA polymerase and Tag DNA polymerase

Tri-reagent

Goat-anti-mouse, goat-anti-rabbit, rabbit-anti-goat antibody

6xHis monoclonal antibody/HRP conjugates

Bio-rad (USA)
Sigma-Aldrich (USA)
New England Biolabs
(USA)

New England Biolabs
(USA)

Fermentas

Molecular ~ Research
Center
DakoCytomation
(Denmark)

BD Biosciences (USA)
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anti-EGFP monoclonal antibody
anti-HA tag polyclonal antibody
anti-luciferase monoclonal antibody
anti-FLAG M2 agarose affinity gel

protein A-agarose beads

L-[**S]-methionine

rabbit reticulocyte lysates

RNasin®

Enhanced chemiluminescence (ECL) reagents

BD Biosciences (USA)
BD Biosciences (USA)
Sigma-Aldrich (USA)
Sigma-Aldrich (USA)
Kirkegaard&Perry
Laboratories
Amersham
Biosciences (USA)
Promega (USA)
Promega (USA)
Amersham

Biosciences (USA)

The phosphate-buffered saline (PBS) used in all experiments is composed of 137

mM NacCl, 2.7 mM KCI, 4.3 mM KH,PO4 and 1.4 mM K,HPO4-7H,0, pH 7.3.

2.2 CELL CULTURE

2.2.1 Cell lines

COS7 cells (African green monkey kidney cells) and HeLa cells (human

cervical adenocarcinoma cells) were used for all the expression assays.

2.2.2 Cell culture
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COS7 and HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma) with 4500 mg/L glucose, supplemented with 10% fetal bovine
serum (FBS) (Hyclone), 100 units/ml penicillin and 100 units/ml streptomycin
(Invitrogen). The cells are incubated at 37°C and 90% humidity level with 5% CO,.

For subculturing, cells were washed with ice-cold PBS once. Subsequently, a
buffered salt solution (Invitrogen) containing 0.5% (w/v) trypsin and 0.2% (w/v)
EDTA was used to dissociate adherent cells from tissue culture flasks. Cells were
further detached by DMEM medium and collected by centrifugation at 500 X g for 5
min. After re-suspension in fresh DMEM medium with 10% FBS and 1% PS, cells

were seeded in new culture flasks.

2.2.3 Cell stock preparation

To prepare cell stocks, cells were trypsinized and collected by centrifugation
at 500 X g for 5 min. After re-suspension in cell stock medium (DMEM medium with
10% FBS, 1% PS, and 20% glycerol), cells were transfer to 2 ml cryo-tube (NUNC)

by aliquots and stored in liquid nitrogen.

2.3 MOLECULAR CLONING

2.3.1 Preparation of E. coli competent cells
Escherichia coli strain DH5a or BL21DE3 was streaked onto a LB plate (1%

bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCl and 1.5% agar, pH 7.0) and
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incubated at 37°C overnight. Single colony was picked and grown in 2 ml LB broth
at 37°C overnight with shaking at 220 rpm. An inoculum of the culture was diluted
1:100 into 400 ml LB medium and incubated at 37°C with vigorous shaking until the
absorbance at 660 nm (Ageo) reached 0.6-0.8. The culture was chilled on ice for 30
min and bacterial cells were collected with centrifugation at 4,000 g for 15 min at
4°C. The pellet was re-suspended in 40 ml pre-cooled 0.1 M CaCl, solution and
incubated on ice for 1 hr. After centrifugation at 4,000 g for 15 min at 4°C, the pellet
was re-suspended in 4 ml solution of 0.1 M CaCl, with 20% glycerol. The competent

cells were stored in aliquots at -80°C.

2.3.2 Transformation of competent cells

An aliquot of E. coli competent cells were pre-thawed on ice before
transformation. DNA plasmid (10 ng) or ligation products were added to competent
cells and incubated on ice for 15-20min. The mixture was heat shocked at 42°C for 1
min and immediately chilled on ice for 2 min. One ml 2xLB broth was then added
into the mixture and incubated at 37°C with vigorous shaking for 45-60 min. The
suspension was subsequently spread onto LB plates containing 100 pg/ul ampicillin
or 50 pg/pl kanamycin. The LB plates were incubated at 37°C overnight and single

colonies were picked for mini-scale DNA preparation and further characterization.

2.3.3 Restriction enzyme digestion of DNA
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The restriction endonuclease digestion mixture was prepared as follows: 1-3
pg of DNA, appropriate 1xrestriction digestion buffer and 10 units of each
restriction enzyme. The mixture was topped up with distill H,O to a total volume of
20-50 ul and incubated at 37°C for 2 h. Experimental details are subjected to change
according to the manufacturer’s instruction for different restriction enzymes.

To prevent singly-digested vector from self-ligation, calf intestinal alkaline
phosphatase (CIP) (New England Biolabs) was used to remove the phosphate group
from the 5’ end of the DNA strand. Typically, 1 unit of CIP was added directly to the
restriction reaction mixture in the end of the 2 h digestion and incubated for another

30 min at 37°C.

2.3.4 End-filling of DNA fragment

End-filling of digested DNA fragment with 5’ or 3’ overhangs were carried
out in a total volume of 50 pl reaction containing 2 pg of linearized DNA fragments,
1xbuffer, 33 uM of each ANTP and 5 units of Klenow Fragment and incubate at

25°C for 15 min.

2.3.5 Polymerase chain reaction (PCR)
Primers used in PCR were synthesized by Proligos (Sigma). Briefly, PCR
reaction mixture included 10-20 ng of DNA template, 50 pM of the forward and the

reverse primers, 2.5 units of DNA polymerase, 1XPCR buffer supplemented with
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1.75 mM MgCl,, together with 250 pM each of deoxy-adenine (dATP),
deoxy-cytosine (dCTP), deoxy-guanine (dGTP) and deoxy-thymidine (dTTP)
nucleotides (Promega). The reaction was carried out by 1 cycle of denaturation at
94°C for 2 min, followed by 30-35 cycles of denaturation at 94°C for 30 sec, primer
annealing for 30-60 sec and DNA extension at 72°C. The final cycle of DNA
extension was carried out at 72°C for 7 min. The reagent mixture and thermal cycle

set-up were slightly adjusted to optimize the product yield and specificity.

2.3.6 Site-directed mutagenesis PCR

Site-directed mutagenesis PCR was achieved using the QuikChange
site-directed mutagenesis kit (Strategene). Typically, PCR reaction containing 2.5
units of Pfu Turbo™ DNA polymerase and 1xbuffer, 30 ng of plasmid DNA
template, 125 ng of each mutagenic primers and 250 uM of each deoxynucleotides
(dNTPs) was carried out by 1 cycle of denaturation at 95°C for 30 sec followed by
18 cycles of denaturation at 95°C for 30 sec, annealing at 55°C for 1 min and
extension at 68°C for 5-7 min. The PCR reaction was then digested by 20 units of
Dpnl (New England Biolabs) at 37°C for 1 hr and was ready for transformation into

E. coli cells.

2.3.7 Gel purification of DNA

Gel purification of DNA was performed by using the Qiaquick™ Gel
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Extraction Kit from QIAGEN. Restriction reaction products were separated in 1%
agarose gel. Visualized under long-wavelength UV-transilluminator, the DNA bands
of interest were excised with scalpels and the gel slices were dissolved in appropriate
volume of dissolving buffer QG according to the manufacturer’s instruction.
Complete melting of gel slice was achieved by incubation at 55°C for 10 min with
occasional vortex. The dissolved mixture was applied onto the Qiaquick™ column
for DNA purification. After washing, the DNA fragments of interest were eluted with

nuclease free water to a desired volume.

2.3.8 PCR purification

PCR products were purified by Qiaquick PCR purification Kit (Qiagen).
Briefly, 250 pl of PB buffer were added to a 50 pul PCR reaction. The mixture was
applied onto Qiaquick column. After washing, the DNA fragments of interest were

eluted with nuclease free water to a desired volume.

2.3.9 Agarose gel electrophoresis

DNA samples were separated by electrophoresis in the 1.0-2.0% (w/v)
agarose gels prepared with TAE buffer (40 mM Tris-acetate and 2 mM EDTA),
supplemented with 1 ug/ml ethidium bromide. 6XDNA loading buffer [0.25% (w/v)
of bromophenol blue and 0.25% (w/v) xylene cyanol FF and 40% (w/v) sucrose in

H,0] was added to each DNA sample before loading to the agarose gel. DNA bands
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were visualized under UV illumination.

2.3.10 DNA Ligation

The purified vector and insert DNA fragment were mixed at a molar ratio of
1:3, together with 1 unit of T4 DNA ligase (New England Biolabs) and 1xT4 ligation
buffer in a total volume of 10 ul. Ligation mixture was incubated at 16°C waterbath

overnight.

2.3.11 DNA preparation

The QIAprep® Spin Miniprep Kit was used for small-scale DNA preparation
from E. coli cells. Single colony was inoculated into 5 ml LB medium with proper
antibiotics at 37°C with shaking overnight. Cells were pelleted by centrifugation at
14,000 rpm for 1 min and re-suspended in P1 solution containing 100 mg/ml RNase
A. Cells were subsequently lysed in P2 solution and neutralized by P3 solution prior
to centrifugation at 14,000 rpm for 10 min. The supernatant was applied onto the
QIAprep” spin column. After washing, the DNA was eluted with 50 pl nuclease free
water.

The QIAGEN® Plasmid Midi Kit was used for large-scale DNA preparation.
Single colony was inoculated into 5 ml LB medium with proper antibiotics at 37°C
with shaking for 8 h and the culture was inoculated into large volume of LB medium

with antibiotics with a 100 times dilution shaking at 37°C overnight. Cells were
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pelleted by centrifugation at 4,000 g for 15 min at 4°C and re-suspended in P1
solution containing 100 mg/ml RNase A. Cells were subsequently lysed in P2
solution and neutralized by P3 solution prior to loading onto to the QIAfilter™ Midi
Cartridge. The filtrate was subsequently applied onto the QIAGEN-tips. After
washing with QC buffer, the DNA was eluted with 5 ml QF solution. DNA was then

precipitated with isopropanol and re-suspended in 100-200 pl nuclease free water.

2.3.12 Automated DNA sequencing

Plasmid DNA (300 ng) was added to a mixture of total volume of 10 pl
containing 3.2 pmol of primer, 1 X Big Dye termination (ver 3.1). Sequencing PCR
reaction was carried out by 25 cycles of denaturation at 96°C for 10 sec, annealing at
50°C for 5 sec and extension at 65°C for 4 min. The reaction mixture was purified
by adding 2 volumes of 100% ethanol, 0.1 volume of 3M sodium acetate pH 5.2 and
incubated on ice for 10 min before centrifugation at 14,000 rpm for 20 min. The
pellet was washed twice with 70% ethanol and air-dried. Sequence was determined
on an Applied Biosystems Model 3730XL automatic DNA sequencer and analyzed

by Chromas program.

2.4 IN VITRO TRANSCRIPTION
Five pg plasmid DNAs were linearized and purified by phenol/chloroform

and ethanol precipitated before transcription. The reaction was performed using
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mMESSAGE mMACHINE® RNA transcription kit (Ambion). The mixture contains
1 pg linearized DNA, 1xtranscription buffer, 2.5 mM ribonucleotides (NTPs), 2 pl
Enzyme Mix in a total volume of 20 ul. Transcription was done by incubating the
mixture at 37°C for 1 hr prior to DNase I digestion at 37°C for another 15 min. For
digoxigenin (DIG)-labeled RNA production, the NTPs were replaced by

DIG-labeled NTPs (Roche).

2.5 RNA MANIPULATION

2.5.1 Isolation of total RNA from mammalian cells

Monolayer cells were washed twice with ice-cold PBS prior to the addition
of Tri-Reagent. After incubation at room temperature for 10 min with shaking, cells
were scraped and transferred to microcentrifuge tubes. Chloroform (0.2 volume of
Tri-Reagent) was added to the lysates and vortex vigorously before centrifugation at
14,000 rpm for 20 min at 4°C. The aqueous phase was transferred to a new tube and
was mixed with equal volume of chloroform. After centrifugation at 14,000 rpm for
10 min at room temperature, the aqueous phase was transferred to a new tube and
RNA was precipitated with 100% ethanol at -20°C for at least 30 min. The mixture
was centrifuged at 14,000 rpm for 20 min at 4°C and the pellet was washed with
RNase free 70% ethanol. RNA was re-suspended with proper volume of RNase-free

water. To avoid DNA contamination in subsequent analysis, DNase treatment was
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carried out and further purified using RNeasy® Mini Kit (Qiagen) according to

manufacturer’s instructions.

2.5.2 Reverse transcription

RNA was reverse transcribed using a first-strand cDNA synthesis kit
(Expand™, Roche). One Hg of total RNA was mixed with 20 pmol primer and
denatured at 65°C for 10 min. The mixture was immediately chilled on ice before
the addition of 4 ul of 5 X Expand reverse transcriptase buffer, 2 pl of 100 mM DTT,
20 units of RNase inhibitor, 2 pl of 10 mM dNTPs and 50 units of Expand reverse
transcriptase. The reaction was performed by incubating the mixture at 43° C for 1 h.

An aliquot of the reaction was used for PCR.

2.5.3 RNA secondary structure prediction
Computer program MFOLD (made available from the Bioinformatics Centre,

National University of Singapore) was used to predict RNA secondary structure.

2.6 EXPRESSION AND ANALYSIS OF PROTEINS

2.6.1 Transient expression of plasmid DNA in mammalian cells
COS7 cells of 80-90% confluence in 6-well plates were transfected using a
recombinant vaccinia virus system. Cells were infected with recombinant

vaccinia/T7 virus at M.O.I 1 for 1 h. The supernatant was removed and cells were
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washed once with PBS before transfection with 0.4 pl plasmid DNA using the
Effectene Transfection Reagent (Qiagen) according to the manufacturer’s instruction.

After incubation at 37° C, 5% CO; for 18 h, cells were harvested for further analysis.

2.6.2 Coupled in vitro transcription and translation

Plasmid DNA was translated in rabbit reticulocyte lysates (RRL) using a
transcription coupled-translation (TnT) system (Promega). Briefly, 1 ul circularized
plasmid DNA was incubated with 25 pl RRL together with RNase inhibitor,
minus-methionine amino acids mix in the presence of 50 pCi of [*>S]-methionine

(Amersham Biosciences) at 30°C for 60-90 min. The mixture was stored at -80°C.

2.6.3 Induction of protein in E. coli BL21DES3 cells

Single colony of transformed BL21DE3 cells was inoculated into 5 ml LB
medium with antibiotics and incubated at 37°C with shaking overnight. An inoculum
of the overnight culture was diluted 1:100 into large volume of LB medium with
antibiotics shaking at 37°C until Ay reached 0.6-0.8. Protein was induced by 1 mM
IPTG at 37°C shaking for 3-4 h. Cells were pelleted by centrifugation at 4,000 g for
15 min at 4°C and lysed in 0.05 volume of PBS with 1 mg/ml lysozyme at room
temperature before sonication on ice. After centrifugation at 14,000 rpm for 20 min

at 4°C, supernatant and pellet were both analysed by SDS-PAGE.

2.6.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
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Proteins were prepared by adding 2XLaemmli’s sample buffer [100 mM
Tris-HCI1 pH 6.8, 4% SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol and
10% (v/v) B-mercaptoethanol] and were heated at 95°C for 5 min before loading
onto SDS-PAGE. The resolving gels of various concentrations (10%, 12% or 15%)
and 5% stacking gels were cast between two glass plates. The gels were run in the
Bio-Rad Mini-PROTEAN 1II system in a reservoir of running buffer [25 mM
Tris-HCI pH 8.3, 192 mM glycine and 0.1% SDS] at 20 mA per gel.

After electrophoresis, gels containing [*°S]-methionine were fixed in 50%
methanol and 10% acetic acid for 45 min before the signal was enhanced with
Amplify™ (Amersham Biosciences) for 15 min. Gels were dried under vacuum at
80°C for 1 h and exposed to X-ray film (Amersham Biosciences) for
autoradiography at -80° C overnight.

Gels for western blotting were electroblotted to polyvinylidene difluoride
(PVDF) membrane (Bio-Rad) at 4° C using the Bio-Rad Trans-Blot'™ system. The

transfer buffer contains 24 mM Tris-base, 192 mM glycine and 20% methanol.

2.6.5 Western Blotting

After the membrane was blocked in blocking buffer [PBS with 10% skim
milk powder and 0.1% Tween 20] at room temperature for 1 h, it was incubated for 1
h at room temperature in a dilution of a specific antiserum in blocking buffer. After

washing thrice for 10 min each with PBST [PBS with 0.1% Tween 20], the
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membrane was incubated with proper IgG conjugated with hoseradish peroxidase
(HRP) diluted in blocking buffer for 45 min at room temperature. After three washes
with PBST, the membrane was subjected to chemiluminescence detection with the
ECL kit (Amersham Biosciences). To re-probe the same membrane with another
antibody, the membrane was incubated in stripping buffer [62.5 mM Tris-HCI pH 6.7,
100 mM B-mercaptoethanol and 2% SDS] at 55°C for 30-45 min, followed by

blocking again.

2.6.6 Coomassie Blue staining and silver staining

After gel electrophoresis, the SDS-PAGE was incubated in Coomassie Blue
staining buffer [0.05% (w/v) Coomassie blue R-250 (Sigma), 50% (v/v) methanol
and 10% (v/v) acetic acid] for 1 h and de-stained in 50% (v/v) methanol and 10%
(v/v) acetic acid before drying.

For silver staining, SDS-PAGE was first incubated in 50% (v/v) methanol
and 10% (v/v) acetic acid for at least 3 h followed by incubation in 50% (v/v)
methanol for 15 min shaking. After washing with Milli-Q water five times, the gel
was incubated in 0.02% (w/v) sodium thiosulfate for 1-2 min. After another three
washes with Milli-Q water, the gel was incubated with 0.2% (w/v) silver nitrate at
room temperature for 45 min. After three washes with Milli-Q water, the gel was
developed in developing solution [3% (w/v) sodium carbonate, 0.05% (v/v)

formaldehyde (37%)]. The reaction was stopped by incubation with 1.4% (w/v)
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EDTA for 10 min.

2.6.7 Densitometry
The intensities of the protein bands were measured by a GS-700 imaging
densitometer (Bio-Rad) and analyzed using Quantity One™ program (Bio-Rad) after

normalized to a consistent background band.

2.6.8 Immunoprecipitation

Transfected mammalian cells were washed once with ice-cold PBS, and
lysed with lysis buffer [140 mM NaCl, 10 mM Tris-HCI pH 8.0, 0.5% (v/v) NP-40].
Cell debris was removed by centrifugation at 14,000 rpm for 20 min at 4°C. The
supernatant was incubated with 1 pg of appropriate antiserum for 2 h at room
temperature with shaking before incubation with 50 pul protein A-agarose beads for 2
h at room temperature. After washing with lysis buffer three times, the beads were

incubated with 2 X Laemmli’s sample buffer and boiled for 5 min.

2.6.9 Luciferase assay

HeLa cells were seeded in 6-well dishes and incubated in at 37°C, 5% CO,
for 16-18 h. Four pg of each plasmid DNA containing luciferase genes were
introduced into cells in serum-free DMEM by Lipofectamine 2000 reagent
(Invitrogen) according to manufacturer’s instruction. After 4 h post-transfection, the

medium was replaced with fresh DMEM supplemented with 10% FBS, 1%
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ampicillin and 1% streptomycin, and continue incubation for 16-18 h. Cells were
washed three times with PBS, lysed with 100-300 pl of passive lysis buffer
(Promega). A luciferase reporter assay was performed according to the
manufacturer’s instructions using the TD-20/20 luminometer (Turner Biosystems).

Each transfection and luciferase assay was repeated at least three times.
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CHAPTER 3. CHARACTERIZATION OF
FRAME-SHIFTING MECHANISMS IN SARS-COV 3A
VARIANTS
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3.1 Introduction

It has long been believed that coronaviruses can cause no more than cold in
human beings until a world-wide outbreak of severe acute respiratory syndrome in
2002. The ‘culprit’ was discovered to be a new member of the coronavirus
family-SARS-CoV.

SARS-CoV contains a mono-partite positive sensed RNA of 29.7 kb in
length. The genomic RNA encapcidated by the nucleocapsid protein is enclosed in a
protein shell comprised of the membrane protein (M), the envelope protein (E), and
the spike protein (S). These structural proteins are coded by the 3’ one third of the
genome RNA. The 5’ two-third of the genomic RNA encodes for a poly protein
la/1b which is produced by a -1 frame-shifting. This polyprotein is subjected to
proteolytic process by virally encoded proteases. The resulting individual
non-structural proteins (nsp) are believed to be involved in viral replication and
subgenomic RNAs synthesis. In addition to the above structural and non-structural
proteins, SARS-CoV also produces some small non-essential proteins which are
called accessory proteins.

ORF 3a, located downstream of S and upstream of E, is one of the accessory
genes. The 3a protein is produced from sgRNA3 species and contains 274 amino
acids. It was shown that 3a was associated with the spike protein in virions

indicating its minor structural character (Ito et al., 2005; Shen et al., 2005; Yuan et
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al., 2005; Zeng et al., 2004). Other evidence also showed that it can interact with
structural proteins S, M and E. Subcellular localization studies reveals that the 3a
protein is mainly in the perinuclear region and Golgi apparatus (Qiu et al., 2005;
Yuan et al., 2005) and is transported to the surface of host cells and undergoes
endocytosis (Tan et al., 2004b). The expression of 3a in vivo was supported by the

fact that antibodies against the 3a protein were detected in patients’ sera.

3.2 Identification of initiation site of SARS-CoV 3a ORF

The predicted translation initiation site of ORF 3a on sgRNA3 is at nt 25252.
According to the Kozak consensus sequence, the *>AUG is in a favorable
initiation context with a G at +4 position and a C at -3 position. In addition, 18 nt
downstream of **?AUG is a stretch of six uridines. However, 12 nt downstream of
this »**>AUG, another »***AUG is present in a less favorable context with an A at +4
position and a T at -3 position. To identify the initiation site of ORF 3a, full-length
sgRNA3 containing wild type ORF 3a and overlapping ORF 3b was reverse
transcribed, amplified by PCR and cloned into a vector under the control of T7
promoter, yielding construct pKTO-3a3b (Figure 3.1a). ORF 3a is 825 nt long
coding for a 31 kDa protein of 274 amino acids (initiated from ****AUG) and ORF
3b is 465 nt long encoding a 17 kDa protein of 154 amino acids. The in vitro

translation of pPKTO-3a3b showed a strong band corresponding to a molecular mass

77



L' "Bi4

9

g -

eg -

Zlw/qgeg-o1Md

S

Zw/qgeg-01Md

L4

Jw/qgeg-01md

€

w/qgeg-01Md

Z 1
il 4%
pe— -0¢
-9y
. ey
o 3
© @
w
[
3

LOVLLLLLILIVOVOLLLLIOLLIIVOOLL

LOVALLLLLIIVOVOLLLLIIOLLIVOOLY

TLOVLLLLLILIVOVOLVLILIOLLIVOOLL

LOVLILLLLILIVOVOLVOOVOLLIVO9LY

TLOVLILLILILIIVOVOLVLILIOLLIVOOlzszsV

(ugav)ae

Zlw/qgeg-01Md

cwjqgeg-01xnd

Lw/qgeg-01Md

w/qgeg-01Md

qgeg-01xd

(bugzg) eg

78



Fig 3.1 Expression of SARS-3a3b mutants.

a. Diagram of SARS-CoV 3a3b constructs under the control of T7 promoter.
The first nucleotide of ORF3a is indicated. Also indicated are the lengths of
ORF3a and ORF3b. The six-uridine stretches and the ATG codons are

underlined. All the mutations are shown in italic.

b. Expression of pKTO-3a3b and its mutants in rabbit reticulocyte lysates in
vitro. Equal amount of plasmid DNA was used for each reaction.
Polypeptides were labeled with [*>S]-methionine, seperated on 12%
SDS-PAGE and detected by autoradiography. Bands corresponding to the
full-length 3a and 3a* are indicated on the right. Numbers on the left indicate

molecular masses in kilodaltons.
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of 31 kDa. However, the band corresponding to 17 kDa was missing (Figure 3.1b,
lane 1). Sequence analysis revealed that a point mutation at nt 25748 from C to T
introduced a stop codon within ORF 3b resulting in a truncated version of the
protein.

Based on pKTO-3a3b, several mutants was made to abolish either one or
both of the initiation sites resulting in constructs pKTO-3a3b/ml, m2 and ml2
(Figure 3.1a). In addition, the context of the second ****AUG was changed to a more
favorable one at the positions of -3 to -1 from UUU to ACC, generating constructs
pKTO-3a3b/m (Figure 3.1a). Interestingly, nucleotide sequencing of these constructs
revealed an additional pyrimidine insertion in the six T stretch in all the mutant
constructs (Figure 3.1a). Expressions of all these constructs in vitro showed a weak
band of approximately 31 kDa with similar gel mobility to the band detected in
pKTO-3a3b (Figure 3.1b, lanes 2 and 4), except in construct m12, in which both
initiation sites were abolished. However, the efficiency of the translation of the
31-kDa species was much lower than that of pKTO-3a3b. In mutant pKTO-3a3b/ml

in which the %> ?AUG was mutated to >>>°2

TTC (Figure 3.1a), a protein band
migrating a little more rapidly than the 31-kDa band, and with lesser intensity was
detected (Figure 3.1b, lane 3 compared to lanes 1, 2 and 4). This suggests that the

second AUG could also serve as an initiation site even with a weak context. Thus,

leaky scanning is likely to occur at this position. However, in mutant pKTO-3a3b/m,
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this species was not observed even when the second AUG codon is in a better

context, indicating that ****AUG is not favored for translation initiation with the
25252 PP . 25252

presence of AUG codon. In summary, the initiation site for ORF 3a is AUG

instead of 2?*AUG.

3.3 Expression of ORF 3a variants

Analysis on SARS-CoV sgRNA3 isolated from cultured Vero E6 cells
discovered a heterogeneous population of sgRNA3 with different lengths of uridine
stretch (Tan TH et al., 2005). The additional nucleotide insertion in ORF 3a was
supposed to change the ribosome reading frame and produce a much smaller gene
product instead of full-length protein. The translation of the full-length 3a in vitro
from these mutant 3a forms led us to consider the possibility of frame-shifting. It is
likely that during translation of the mutant 3a transcripts, the ribosomes restore the
original reading frame by frame-shifting.

To confirm the expression of the full-length 3a protein, ORF 3a with six,
seven and eight Ts was cloned under the control of T7 promoter, generating
constructs pSARS-3a/6T, 7T and 8T (Figure 3.2). In vitro expression showed the
full-length 3a expression in pSARS-3a/6T, about 31 kDa in molecular mass (Figure
3.3a, lane 1). Interestingly, this protein expression was also observed in

PSARS-3a/7T and 8T (Figure 3.3a, lanes 2 and 3). The efficiency of full-length 3a
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Fig 3.2 Schematic diagram of SARS-CoV ORF 3a variants with six-, seven-

and eight-T stretches under the control of T7 promoter.

Black boxes represent the His-tag in constructs pET3a-His/6T, pET3a-His/7T and
pET3a-His/8T or Flag-tag in constructs pF-3a/6T, pF-3a/7T and pF-3a/8T. The six-,

seven-, and eight-T stretches are indicated.
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Fig 3.3 Expression of SARS-CoV ORF 3a variants with six-, seven- and eight-T

stretches in in vitro system (a), in bacteria cells (b) and in mammalian cells (c).

a. Expression of pSARS-3a/6T (lane 1), pSARS-3a/7T (lane 2) and pSARS-3a/8T
(lane 3) in rabbit reticulocyte lysates in vitro. Equal amount of each plasmid
DNA was used. Polypeptides were labeled with [*°S]-methionine, separated on
12% SDS-PAGE and detected by autoradiography.

b. Expression of pET3a-His/6T (lane 1), pET3a-His/7T (lane 2) and pET3a-His/8T
(lane 3) in bacterial cells. Plasmid DNA was transformed into E. coli strain BL21,
and the protein expression was induced by 1 mM IPTG. After induction for 2 h,
total cell lysates were prepared. Proteins were resolved on 12% SDS-PAGE, and
analyzed by western blot with anti-His antibody.

c. Expression of pF-3a/6T (lane 2), pF-3a/7T (lane 3) and pF-3a/8T (lane 4) in
Cos-7 cells. Cells were infected with the recombinant vaccinia/T7 virus at M.O.I.
1, and transfected with a control plasmid (lane 1) and the three Flag-tagged 3a
constructs, respectively. At 18 h post transfection, cells were harvested and
lysates prepared. Polypeptides were separated on 12% SDS-PAGE and analyzed
by western blot with anti-FLAG antibody.

Bands corresponding to the full-length 3a and a minor species 3a* representing an

internal initiation product are all indicated on the right of each panel. Numbers on

the left indicate molecular masses in kilodaltons.
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expression in these mutant 3a constructs were 37% and 10%, respectively, compared
to that in pSARS-3a/6T. In addition, a minor band of approximately 27 kDa,
indicated as 3a*, was present in all three constructs. This band was also observed in
the previous 3a mutants (Figure 3.1b). According to previous study, this minor band
could have resulted from internal initiation at a downstream AUG site within the 3a
ORF (Tan et al., 2004b).

To confirm the expression in bacterial cells, a 6 X His-tag was fused to the 3’
end of ORF 3a with six, seven and eight Ts, respectively (Figure 3.2) and cloned into
bacteria expression vector pET24a (Qiagen) vector. E. coli strain BL21 was
transformed with these plasmids and proteins were induced with 1 mM IPTG. Total
proteins were resolved on 12%SDS-PAGE and probed with 6 XHis monoclonal
antibody (Santa Cruz) (Figure 3.3b). The results showed the full-length expression of
3a in all three constructs and similar level of efficiency of pET-3a/7T and 8T to the
in vitro data (35% and 18%, respectively, of that from pET-3a/6T). Subsequently,
expression from COS 7 cells transfected with the FLAG-tagged constructs also
disclosed a consistent profile by Western blot with an anti-FLAG antibody (Figure
3.3¢c). The efficiencies of full-length 3a expression in pFLAG-3a/7T and 8T were
30% and 12%, respectively, of that in pFLAG-3a/6T. All these results confirmed that
full-length 3a are translated from mutant 3a with extra uridine insertions.

The expression of full-length 3a protein in pFLAG-3a/7T was further
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confirmed by immunoprecipitation experiment. Total proteins from COS 7 cells
transfected with either empty vector pFLAG or pFLAG-3a/7T plasmid were
incubated with FLAG M2 agarose affinity gel (Sigma). After extensive wash, the
FLAG beads were incubated with 2 X SDS loading buffer and were boiled. Protein
expression of 3a present in total cell lysate, in the solution after binding to the beads
and in the final eluate were examined on 12% SDA-PAGE and probed by a FLAG
monoclonal antibody. The results in Figure 3.4 showed the detection of full-length
3a protein in fractions of pFLAG-3a/7T (lanes 2, 4, and 6) but not in mock (lanes 1,
3, and 5). All the above data suggest that ribosome frame-shifting may account for
the expression of full-length 3a protein.

However, we cannot rule out the possibility of transcriptional slippage. As a
matter of fact, SARS-CoV generates a mixture of sgRNA3 with different number of
uridines in ORF 3a during replication. It is possible that during transcription of the
plasmid DNA in cells, a heterogeneous population of 3a was also produced. Some
preliminary data also suggested this possibility. However, care must be taken before

a conclusion is drawn.

3.4 Identification of slippery sequences
Since the above mutations were in the uridine stretch, we proposed that this

stretch was the slippery sequence. Mutagenesis study in the seven uridines was first
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Fig 3.4 Immunoprecipitation of 3a proteins from COS7 cells expressing

pF-3a/7T (3a/7T) or empty vector (M) by anti-FLAG M2 agarose gel.

COS7 cells were lysed in lysis buffer 18 h post transfection. After removal of the cell
debris, the lysates were incubated with FLAG beads for 1 h. The unbound proteins
were separated by centrifugation. After extensive washing, the 3a proteins were
eluted with elution buffer. Aliquots from cell lysates, unbound portions and the final
eluates were analysed on 12% SDS-PAGE and detected with anti-FLAG antibody.
The bands corresponding to 3a protein are indicated on the right. Also indicated are
the bands representing heavy chains (Hc) and light chains (Lc) of the antibody.

Numbers on the left indicate the molecular masses in kilodaltons.
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carried out based on the construct pFLAG-3a/7T, in which ORF 3a with seven were
fused to a Flag-tag at the 5’ terminus and cloned under the control of T7 promoter.
Point mutations within the T stretch were made from T to C, resulting in constructs
pF-3a/M1 to M7. To investigate whether the nucleotide A immediately downstream
of the U stretch could affect full-length 3a expression, point mutation on this A to C
was also made as M8 (Figure 3.5a). Figure 3.5b shows the in vitro translation of
these plasmids in TnT system. As control, F-3a/7T showed a band equivalent to
full-length 3a of ~31 kDa. A similar band was also observed in M8. On the contrary,
full-length 3a expression was reduced to an undetectable level in mutant M1 to MS.
In addition, the minor product 3a* was present in all the constructs (Figure 3.5b,
lanes 1 to 9). To confirm the band observed is truly the 3a protein, COS 7 cells were
transfected with these plasmids using a recombinant Vaccinia virus system and total
proteins were separated on 12% SDS-PAGE and probed with either 3a antiserum or
anti-FLAG monoclonal antibody. Cells transfected with a vector DNA pFLAG was
used as negative control. As expected, full-length 3a expression was only seen in
F-3a/7T and M8 (Figure 3.5c, lanes 2 and 10) but not in the mutant M1 to M7 or in
the control (Figure 3.5¢, lane 1 and lanes 3 to 9). These results indicate that the
full-length 3a expression is dependent on the uridine stretch and any mutations
within the stretch can reduce the expression significantly. These experiments

provided evidence that the stretch of seven uridines is probably the slippery
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Fig 3.5 Mutational analysis of the slippery sequence in pF-3a/7T.

a. Diagram of pF-3a/7T and the eight mutants (pF-3a/M1-M8) under the control of
T7 promoter. The black box represents the Flag-tag. The initiator AUG codon for
3a is underlined. Also shown are the point mutations introduced into the seven T
stretch in each mutant constructs.

b. Expression of pF-3a/7T (lane 1) and mutant constructs (lane 2-9) in rabbit
reticulocyte lysates in vitro. Polypeptides were labeled with [*°S]-methionine,
separated on 12% SDS-PAGE and detected by autoradiography.

c. Expression of pF-3a/7T and mutant constructs in COS7 cells. Cells were infected
with the recombinant vaccinia/T7 virus at M.O.l. 1, and transfected with an
empty control plasmid (lane 1), pF-3a/7T (lane 2) and the eight mutant constructs
(lanes 3-10), respectively. At 18 h post transfection, cells were harvested and
lysates prepared. Polypeptides were separated on 12% SDS-PAGE and analyzed
by western blot with either anti-3a antibody (upper panel) or anti-FLAG antibody
(lower panel). Bands corresponding to the full-length 3a and a minor species 3a*
representing an internal initiation product are indicated. Numbers on the left

indicate molecular masses in kilodaltons.
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sequence inducing a +1/-2 frame-shifting.

To rule out the possibility that reversion occurs during transcription, the
sequence of transcripts was analyzed by RT-PCR. Figure 3.6 showed the region of
uridine stretch of each construct. No reversion or transcriptional slippage was

observed, reinforcing the above conclusion.

Similarly, point mutations were also made on the uridines of pF-3a/8T as
well as the nucleotide A immediately downstream of the uridines, yielding
pF-3a/8TM1 to M8 and MA (Figure 3.7a). COS 7 cells were then transfected with
these mutants and total proteins were analyzed with immunoblots. Similar level of
full-length 3a expression in pF-3a/8T, M8 and MA was observed (Figure 3.7b, lanes
2, 10 and 11), while no 3a expression was detected in mutants M1 to M7. B-tubulin
was probed for loading control. This suggests that mutation of the first seven
uridines could significantly affect frame-shifting and only the first seven uridines but
not the last seem to be involved in the recoding. It is interesting that the sequence in
pF-3a/8TM8 was exactly the same as that in pF-3a/7TM8 (UUU UUU UC), except

that the latter lacked one nucleotide compared to pF-3a/8TMS.

3.5 Effect of 5’-extension on the frame-shifting mediated by UUU UUU U
Although the full-length 3a was detected in mutant 3a constructs, the

terminated product of the zero frame (F() was undetectable due to its small size and
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Fig 3.6 RT-PCR results of F-3a/7T and its mutants.

COS7 cells were infected with the recombinant vaccinia/T7 virus at M.O.I. 1, and
transfected with the plasmid DNAs. At 18 h post transfection, cells were lysed by
Trizol reagent. Total RNA was extracted and 1pg RNA was used as template for

RT-PCR. The poly-uridine region of each RT-PCR products is shown.

Fig 3.7 Mutational analysis of the slippery sequence in pF-3a/8T.

a. Diagram of pF-3a/8T and the nine mutants (pF-3a/8§TM1-MA) under the control
of T7 promoter. The black box represents the Flag-tag. The initiation codon AUG
for 3a is underlined. Also shown are the point mutations introduced into the
eight-T stretch in each mutant constructs.

b. Expression of pF-3a/8T and mutant constructs in COS7 cells. Cells were infected
with the recombinant vaccinia/T7 virus at M.O.l. 1, and transfected with a
control plasmid (lane 1), pF-3a/8T (lane 2) and the nine mutant constructs (lanes
3-11), respectively. At 18 h post transfection, cells were harvested and lysates
prepared. Polypeptides were separated on 12% SDS-PAGE and analyzed by
western blot with anti-3a polyclonal (upper panel) and B-tubulin antibody (lower
panel). Bands corresponding to the full-length 3a and B-tubulin are indicated.

Numbers on the left indicate molecular masses in kilodaltons.
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limitation of the SDS-PAGE. In order to detect both products from Fy and +1 frame
(F+1), the 5° end of 3a ORF was extended by fusing it to the 3’ end of EGFP
(enhanced green fluorescence protein) ORF and cloned into pKTO vector under the
control of a T7 promoter (Figure 3.8), yielding pEGFP-3a/7T. The position of the
nucleotide A of the 3a initiation codon AUG was designated +1 and the nucleotide
positions upstream and downstream of the AUG codon are indicated by minus and
plus numbers, respectively. The T stretch is underlined. The stop codon of Fy was
italicized and the stop codon of F.; was indicated. The expected translation product
of Fy is approximately 28 kDa and the frame-shifting product is about 55 kDa.
Indeed, in vitro translation of this construct showed both the termination and
frame-shifting products of expected molecular mass. To study if the 5’-end extension
affects the frame-shifting, constructs with different lengths of 5’-portions to 3a ORF
were made by deleting 20, 40, and 60 amino acids at the C-terminal of the EGFP
(Figure 3.8), resulting in pEGFPAl to A3-3a. Translation in vitro showed both
termination and frame-shifting products in Figure 3.9a. Expression of these deletion
constructs in COS 7 cells showed the frame-shifting product with different levels of
expression, when probed with 3a antiserum (Figure 3.9b). The proteins were not
probed with EGFP antibody since the commercial antibody purchased from Sigma is
against the C-terminus of EGFP and it is unlikely to detect the C-terminal deletion

constructs.
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Fig 3.8 Diagram showing the structures of pEGFP-3a/7T and eight derivative

constructs with deletion at different regions.

Sequence covering the fusion region between EGFP and 3a is shown. The
nucleotides of the 3a ORF are indicated in bold, and nucleotides of EGFP gene are
italic. The position of nucleotide A in AUG of 3a ORF is designated +1 and the
nucleotide positions upstream and downstream of the AUG codon are indicated by
minus and plus numbers, respectively. The seven-T stretch is underlined, the
termination codon UGA for Fj is italic and underlined, and the termination codon
UAA for F.; is underlined and in bold. Also shown are the nucleotides deleted in

each construct.
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Fig 3.9 Expression of deletion constructs of EGFP-3a/7T.

a. Expression of pEGFP-3a/7T (lane 1), pEGFPA1-3a (lane 2), pEGFPA2-3a (lane
3) and pEGFPA3-3a (lane 4) in rabbit reticulocyte lysates in vitro. The
polypeptides were labeled with [*°S]-methionine, separated on 12% SDS-PAGE
and detected by autoradiography.

b. Expression of pEGFP-3a/7T (lane 2), pEGFPA1-3a (lane 3), pPEGFPA2-3a (lane
4) and pEGFPA3-3a (lanes 5) in COS7 cells. COS7 cells were transfected with
plasmid DNAs with deletions (lanes 2 to 5) or a control plasmid (lane 1). At 18 h
post transfection, cell lysates were prepared. Proteins were separated on 12%
SDS-PAGE and analyzed by western blot with anti-3a antibody. Bands
corresponding to about 38 kDa in the right panel are background bands.

c. Expression of pEGFP-3a/7T (lane 6), pEGFP-3aAl (lane 1), pEGFP-3aA2 (lane
2) pEGFP-3aA3 (lane 3), pEGFP-3aA4 (lane 4), pEGFP-3aA5 (lane 5) and
pEGFP-3aA6 (lane 7) in in vitro system. Polypeptides were labeled with
[**S]-Methionine and separated on 12% SDS-PAGE and visualized by
autoradiography.

d. Expression of 3a deletion constructs in COS7 cells. Cells were infected with the
recombinant vaccinia/T7 virus at M.O.I. 1, and transfected with a control
plasmid (lane 1), pEGFP-3a/7T (lane 2) and 3a deletion constructs
pEGFP-3a/7TA1 to A6 (lanes 3 to 8). Total proteins were harvested at 18 h post
transfection and analyzed by western blot with anti-3a antibody (upper panel),
anti-EGFP antibody (mid panel), and anti-B-tubulin antibody (lower panel).
Bands corresponding to EGFP, the frame-shifting products (FS) and p-tubulin are

indicated. Numbers on the left indicate molecular masses in kilodaltons.
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Combining the in vitro and in vivo data, it suggests that 5’-end extension did not

render much effect on frame-shifting.

3.6 Characterization of sequences upstream and downstream of the slippery
sequence UUU UUU U

There are many stimulatory elements residing downstream of the slippery
sequence. For example, a typical pseudoknot found in HIV-1 gag-pol is able to
enhance -1 frame-shifting (Bidou et al., 1997; Dinman et al., 2002; Le et al., 1991,
Namy et al., 2006). To investigate the +1 frame-shift event in 3a/7T, deletion studies
were carried out in search of certain stimulating element(s) based on the fusion
construct EGFP-3a/7T. Five constructs with different length of deletions downstream
of the seven T stretch were made as pEGFP-3aAl to A3, AS and A6 (Figure 3.8).
Deletion 1 has 12 nucleotides deleted (nt 52 to 63), deletion 2 with 21 nucleotides (nt
59 to 79), deletion 3 with 32 nucleotides (nt 71 to 100), deletion 5 with 42
nucleotides (nt 30 to 71) and deletion 6 with 261 nucleotides (nt 29 to 289).
Translation of these constructs in vitro was shown in Figure 3.9c (lanes 1 to 3 and 5
to 7, respectively). The frame-shifting and termination product was indicated on the
right. As seen in the figure, no apparent change in frame-shifting efficiency was
observed. Expressions in COS 7 cells showed similar profile as in Figure 3.9d.

In E. coli, frame-shifting efficiency was elevated by base-pairing between the
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ribosome 16S subunit and a specific sequence upstream of the slippery site. Thus, to
examine the possible cis-element in the 5’-end of the U stretch, another deletion
construct A4 was made with 12 nucleotides deleted (nt 4 to 15) which is between the
initiation codon AUG of 3a and the U stretch (Figure 3.8). However, neither the in
vitro nor the in vivo expression showed significant change in frame-shifting
efficiency (Figure 3.9c, lane 4; Figure 3.9d, lane 6).

In summary, results presented in this section suggest that no stimulatory
element was found in the vicinity of the slippery sequence and it is very likely that
frame-shifting induced by uridine stretches is independent of additional elements.
However, we cannot rule out the possibility that this kind of element may exist far
from the slippery sequence on the transcripts. Thus, to test this possibility, the six
and seven T stretches were transplanted into a Firefly luciferase gene 18 nucleotides
downstream of the initiation codon ATG, resulting in a pLuc-6T and a pLuc-7T
(Figure 3.10a) in the vector pcDNA 3.1. The full-length luciferase gene is 1653 nt
long coding for a protein of ~60 kDa. The stop codons of Fy are underlined and
italicized and the stop codons of Fy; are underlined. COS 7 cells were transfected
with either empty vector plasmid pcDNA 3.1 (negative control) or the above two
plasmids and total proteins were analyzed on 10% SDS-PAGE and probed with
luciferase monoclonal antibody (Sigma). While no signal was detected in the

negative control (Figure 3.10b, lane 1), a strong band corresponding to the size of
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Fig 3.10 Analysis of frame-shifting efficiencies mediated by hepta-uridine

stretch in a heterogeneous ORF.

a. Diagram showing the sequences of luciferase gene with insertions of six- and
seven-uridine stretches (pLuc-6T and pLuc-7T). The vector used is pcDNA3.1.
The slippery sequences (the uridine stretch) are underlined, the UAA termination
codon for Fy is italic and underlined, and the UAA termination codon for F.; is
underlined.

b. Expression of pLuc-6T and pLuc-7T in vivo. COS7 cells were transfected with a
control plasmid (lane 1), pLuc-6T (lane 2) and pLuc-7T (lane 3) using Effectene
reagent (Qiagen). At 18 h post transfection, cells were harvested and lysates
prepared. Polypeptides were separated on 12% SDS-PAGE and analyzed by
western blot with anti-luciferase antibody. Bands corresponding to the full-length
luciferase and B-tubulin are indicated. Numbers on the left indicate molecular
masses in kilodaltons.

c¢. Summary of luciferase activity assay. HeLa cells were tranfected with the empty
vector, pLuc-6T and pLuc-7T. At 18 h post transfection, cells were lysed in
passive lysis buffer (Promega) and luciferase activity was analyzed by
luminometer. Numbers below the bar graph indicate the readings of luciferase

activity in each construct.
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luciferase was present in Luc-6T (Figure 3.10b, lane 2). As expected, a similar signal
was also detected in Luc-7T with about 2.5 fold less intensity than Luc-6T (lane 3).
Interestingly, a lower minor band of ~56 kDa was observed in Luc-7T as well, which
appeared much stronger than that in Luc-6T. One possibility is that this could be a
product of an internal initiation codon as sequence analaysis revealed three AUG
codons downstream, which are at nt 88-90, nt 175-177, and nt 199-201. Luciferase
activity assay was then carried out. HeLa cells were transfected with the empty
vector pcDNA 3.1 as well as the two constructs pLuc-6T and 7T. The total cell
lysates were diluted with passive lysis buffer. As in Figure 3.10c, the activity of
Luc-6T was 10-fold higher than that of Luc-7T. The data suggest it is not likely that
long distance interaction exists in ORF 3a to enhance frame-shifting and the uridine

stretch can induce frame-shifting regardless of any other stimulating elements.

3.7 Involvement of the codon immediately downstream of the hepta-uridine

stretch

Many frame-shifting signals include a stop codon or a hungry codon
downstream of the slippery site. During the slow recognition of these rare codons,
pause of ribosomes at these sites favors the frame-shifting (Atkinson et al., 1997,
Barak et al., 1996). To study the mechanism of the frame-shifting induced by UUU

UUU U, a stop codon was introduced into the Fy of pF-3a/7T by mutation of 2**7*C
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to 2**™*G (Figure 3.11a), giving rise to pF-3a/7TM. The stop codon TAG is expected
to induce a pause of the moving ribosome. If this codon is involved in frame-shifting,
presumably positioned at ribosome A-site, the frame-shifting efficiency will be
affected. Expression of the construct in COS 7 cells, however, showed comparable
level of 3a protein expression in F-3a/7TM to that in the wild type 3a/7T (Figure
3.11b, lanes 2 and 3). Considering the previous result that point mutation of ***”’A
only marginally affected 3a expression (Figure 3.5), these data suggest that this
codon is unlikely to be involved in recoding, suggesting that ribosome pausing on

this codon has little effect on frame-shifting.

3.8 Effects of pseudoknot structure on the frame-shifting mediated by uridine
stretches

Although no stimulatory elements were identified close to the slippery site, it
would be interesting to study the effect of these elements on frame-shifting induced
by uridine stretch. In SARS-CoV 1lalb, a typical signal for -1 frame-shifting has
been identified as U UUA AAC, followed by an atypical pseudoknot served as
stimulatory element. A region containing this slippery sequence from nt 12711 to nt
14100 was fused with a FLAG-tag at the 5’ end and cloned under the control of T7
promoter (Figure 3.12a). This construct pF-Slab was for positive control with the

original slippery sequence U UUA AAC. The seven or eight pyrimidines were
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Fig 3.11 Effect of ribosome pausing on frame-shifting in ORF 3a/7T.

a. Diagram of ORF3a with seven uridines in pFLAG vector under the control of a
T7 promoter. The black box indicates the Flag-tag. The sequences of the first 31
nt of ORF 3a in pF-3a/7T and pF-3a/7TM are showed below. The initiation
codons of ORF 3a are underlined. The codons where the mutation was
introduced are italic and underlined. Numbers indicate nucleotide position.

b. Expression of pF-3a/7T and its mutants in vivo. COS7 cells were infected with
the recombinant vaccinia/T7 virus at M.O.l. 1, and transfected with a control
plasmid (lane 1), pF-3a/7T (lane 2) and pF-3a/7TM (lane 3). Total cell lysates
were prepared at 18 h post transfection. Proteins were analyzed on 12%
SDS-PAGE and detected by western blot using anti-FLAG antibody (upper panel)
and anti-B-tubulin antibody (lower panel). The bands corresponding to 3a
proteins and B-tubulin are indicated. Numbers on the left indicate the molecular

masses in kilodaltons.
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Fig 3.12 Analysis of frame-shifting efficiencies mediated by hepta- and

octo-uridine stretches in SARS-CoV ORF1a/1b.

a.

Diagram showing the structures of constructs pF-Slab, pF-Slab/7T and
pF-S1ab/8T. The Sla/lb region cloned is from nt 12722 to nt 14110. The
slippery sequences are underlined, the UAA termination codon for Fy is italic
and underlined, and the UAA termination codon for F.; or F_; is underlined.

Expression of pF-Slab, pF-S1ab/7T and pF-S1ab/8T in COS7 cells. Cells were
infected with the recombinant vaccinia/T7 virus at M.O.I. 1, and transfected
with a control plasmid (lane 1), pF-Slab (lane 2), pF-S1ab/7T (lane 3) and
pF-S1ab/8T (lane 4). At 18 h post transfection, cells were harvested and lysates
prepared. Polypeptides were separated on 12% SDS-PAGE and analyzed by
western blot with anti-FLAG antibody. Bands corresponding to 1a (or lab) and
the frame-shifting products (FS) are indicated. Numbers on the left indicate

molecular masses in kilodaltons.
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cloned into the same site of Slab to replace the original sequence (Figure 3.12a)
resulting in pF-S1ab/7T and pF-S1ab/8T and the slippery sequences were underlined,
stop codons of Fy underlined and italicized, stop codons of +1 (F4;) or -1 frame (F.)
underlined and indicated. In pF-Slab/7T, two nucleotides AC*** were deleted so
that the gene products of individual frames are of different sizes and can be
differentiated on SDS-PAGE. COS 7 cells were transfected with these three plasmids
as well as empty vector pFLAG. Total proteins were separated on 12% SDS-PAGE
and immunoblotted with anti FLAG antibody. Figure 3.12b shows the results in
which the products from Fy (1a or 1ab) and F4; or F_; (FS) are indicated on the right.
Compared to the wild type slippery sequence, the uridine stretches induced
frame-shifting at an equivalent level (Figure 3.12b).

Previous mutagenesis on the pseudoknot confirmed its stimulatory role in -1
frame-shifting of SARS-CoV lalb (Baranov et al., 2005; Su et al., 2005). This
pseudoknot structure contains 3 stem-loops (SL) and disruption of SL2 stem by
destabilizing the base-pairing (SARSPKS5) reduced the frame-shifting efficiency
almost to a basal level (Baranov et al., 2005). To examine the role of the pseudoknot
in frame-shifting mediated by uridine stretches, we made similar mutations to
destabilize the stem 2 region yielding constructs with suffix M (Figure 3.13a). COS7
cells were transfected with these plasmid DNA or empty vector and the total proteins

were immunoblotted with FLAG antibody. As expected, the mutation in stem 2
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Fig 3.13 Mutational analysis of a downstream stimulator on frame-shifting

efficiencies mediated by the hepta- and octo-uridine stretches.

a. Diagram showing the S1ab sequences covering the slippery sequence and stem 2
regions. The slippery sequence is underlined and the mutated nucleotides are
italic and in red.

b. Diagram showing the pseudoknot structure of wild type (right) and mutant (left)
S1la/1b with the slippery sequence underlined. The stem regions are indicated.
Also indicated are the mutations introduced into stem 2 (in bold). The canonical
base pairing is represented by dot and the weak base pair between U and G is
represented by dash.

c. Expression of pF-Slab (lane 1), pF-SlabM (lane 2), pF-Slab/7T (lane 6),
pF-S1ab/7TM (lane 7), pF-S1ab/8T (lane 3) and pF-S1ab/8T (lane 4) in vivo.
COS7 cells were infected with the recombinant vaccinia/T7 virus at M.O.I. 1,
and transfected with a control plasmid (lane 5) and the six constructs,
respectively. At 18 h post transfection, cells were harvested and lysates prepared.
Polypeptides were separated on 12% SDS-PAGE and analyzed by western blot
with anti-FLAG antibody. Bands corresponding to 1a (or 1ab), the frame-shifting
products (FS) and p-tubulin are indicated. Numbers on the left indicate molecular

masses in kilodaltons.
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resulted in a substantial reduction in frame-shifting efficiency in the Slab construct
(Figure 3.13c, lanes 1 and 2). Surprisingly, this same mutation rendered only
marginal effect on frame-shifting mediated by uridine stretches, indicating a much
lower sensitivity of the frame-shifting to the base pairing disruption (Figure 3.13c,
lands 3 and 4, 6 and 7). In addition, double bands were observed in the 27 kDa
regions of Slab/7T, 8T and their mutants but not in Slab. The above results
demonstrate that typical stimulatory elements like pseudoknot have little effect on

frame-shifting caused by poly-U tracts.

3.9 Downstream pseudoknot has differential effect on frame-shifting by uridine
stretches with point mutations at different positions

Since mutation of any of the hepta-uridines in an ORF3a variant severely
reduced the frame-shifting efficiency mediated by the seven U slippery sequence
(Figure 3.5), we set up to test the effect of a downstream stimulatory element on the
frame-shift event mediated by the uridine stretches with point mutations at different
positions. As shown in Figure 3.14a, mutants containing mutation of the first T to an
A (pF-Slab/7TM1A) or to a C (pF-Slab/7TM1C), mutation of the seventh T to an A
(pF-Slab/7TM7A) or to a C (pF-S1ab/7TM7C), mutation of the first and fourth Ts to
Cs (pF-Slab/7TM14C), the second and sixth Ts to Cs (pF-S1ab/7TM26C) as well as

the third (pF-S1ab/7TM3C) and the sixth (pF-S1ab/7TM6C) T to C were made based
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Fig 3.14 Differential effects of a downstream stimulator on frame-shifting

efficiencies mediated by wild type and mutant hepta-uridine stretch.

a. Diagram showing the structure of constructs pF-Slab/7T, pF-Slab/7TMI1C,
pF-S1ab/7TM1A, pF-S1ab/7TM7C, pF-S1ab/7TM7A, pF-S1ab/7TM14C,
pF-S1ab/7TM26C, pF-S1ab/7TM3C, and pF-S1ab/7TM6C. Numbers indicate
nucleotide positions. The uridine stretch and the UAA termination codon for Fy;
are underlined. The UAA termination codon for Fy is italic and underlined. The
mutations introduced into the uridine region are also shown.

b. Expression of pF-S1ab/7T (lane 2), pF-Slab/7TM1A (lane 3), pF-S1ab/7TMI1C
(lane 4), pF-S1ab/7TM7A (lane 5), pF-S1ab/7TM7C (lane 6), pF-S1ab/7TM14C
(lane 7), and pF-S1ab/7TM26C (lane 8) in COS7 cells. Cells were infected with
the recombinant vaccinia/T7 virus at M.O.I. 1, and transfected with a control
plasmid (lane 1) and the seven constructs, respectively. At 18 h post transfection,
cells were harvested and lysates prepared. Polypeptides were separated on 12%
SDS-PAGE and analyzed by western blot with anti-FLAG antibody (upper panel)
or anti-f-tubulin antibody (lower panel). Bands corresponding to lab, the
frame-shifting products (FS) and B-tubulin are indicated. Numbers on the left
indicate molecular masses in kilodaltons.

c. Expression of pF-Slab/7T (lane 2), pF-Slab/7TM3C (lane 3), and
pF-S1ab/7TM6C (lane 4) in COS7 cells. Cells were infected with the
recombinant vaccinia/T7 virus at M.O.I. 1, and transfected with a control
plasmid (lane 1) and the three constructs, respectively. At 18 h post transfection,
cells were harvested and lysates prepared. Polypeptides were separated on 12%
SDS-PAGE and analyzed by western blot with anti-FLAG antibody. Bands
corresponding to lab and the frame-shifting products (FS) are indicated.

Numbers on the left indicate molecular masses in kilodaltons.
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Fig 3.15 Effects of a downstream stimulator on frame-shifting efficiencies

mediated by wild type and mutant octo-uridine stretch.

a. Diagram showing the structure of constructs pF-S1ab/8T, pF-S1ab/8TM1toMS8.
Numbers indicate nucleotide positions. The uridine stretch and the UAA
termination codon for Fy are underlined. The UAA termination codon for F_ is
italic and underlined. The mutations introduced into the uridine region are also
shown.

b. Expression of pF-S1ab/8T (lane 2), pF-S1ab/8TM1 to M8 (lanes 3-10) in COS7
cells. Cells were infected with the recombinant vaccinia/T7 virus at M.O.1. 1, and
transfected with a control plasmid (lane 1) and the nine constructs, respectively.
At 18 h post transfection, cells were harvested and lysates prepared. Polypeptides
were separated on 12% SDS-PAGE and analyzed by western blot with
anti-FLAG antibody (upper panel) or anti-B-tubulin antibody (lower panel).
Bands corresponding to lab, the frame-shifting products (FS) and p-tubulin are

indicated. Numbers on the left indicate molecular masses in kilodaltons.
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on pF-slab/7T. Expression of pF-Slab/7T showed the frame-shifting efficiency of
approximately 35% (Figure 3.14b, lane 2). Mutation of the first T to either an A or a
C significantly reduced the frame-shifting efficiency to approximately 1% of wild
type (Figure 3.14b, lanes 3 and 4). Mutations of the first and fourth Ts to Cs or both
the second and sixth Ts to Cs totally abolished the frame-shifting (Figure 3.14b, lane
7). However, mutation of the seventh T to C resulted in the detection of about 15%
of frame-shifting product (Figure 3.14b, lanes 6). Mutation of this T to A introduced
an amber stop codon TAG in F. It seemed to render some different effect on the
frame-shifting from M7C. In addition, strong signals were detected in M3 and M6
but with a slightly larger molecular weight as compared to Slab-7T (Figure 3.14c,
lanes 2 to 4). As bands of this size were also present in other mutations such as M7A
or M26C, it is probably not the recoding product but a background noise due to
inefficient washing during the immuno-detection.

Similar point mutations were made based on construct pF-S1ab/8T (Figure
3.15a). The thymidine at each position was mutated to a C resulted in M1 to MS.
Expression of mutants M3 to M7 in COS 7 cells was consistent with those
corresponding mutants in F-3a/8T. Mutant M8 also showed the frame-shifting
product though with a decreased level of frame-shifting (Figure 3.15b, lane 10).
Different from the previous F-3a/8T mutants, M1 and M2 showed comparable levels

of frame-shifting to F-S1ab8T (Figure 3.15b, lanes 2 to 4). In addition, double bands
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corresponding to the termination products were observed in all constructs, except for
the negative control and M3 to M6 which only showed a single band. These results
confirmed that the downstream stimulator has differential effects on the
frame-shifting efficiencies mediated by the uridine stretches with mutations at

different positions.

3.10 Detection of products from all frames in the octa-uridine mediated
frame-shifting but not in the hepta-uridine mediated frame-shifting

As in Figure 3.15b, double bands corresponding to the terminated product
were observed. Sequence analysis revealed that the TAG stop codon for F.; frame is
at nt 13432-13434, which is close to the TAA stop codon for the Fy frame at nt
13395-13397. The F4; and F, produects are both about 30 kDa. Therefore, the double
bands may represent these two gene products. It appeared that UUU UUU UU could
mediate both -1 and +1 frame-shifting. To examine the directionality of the
frame-shifting mediated by UUU UUU UU, mutations were made based on the
construct pEGFP-3a/8T. In pEGFP-3a/8T, products from Fy and F;; were of similar
size of ~28 kDa and protein of F.; was expected to be ~60 kDa. To differentiate the
product of Fy and F.;, the stop codon of F;; was mutated from TGA to CGA,
extending the Fi; product to next stop codon TAA (Figure 3.16a), resulting in

plasmid pEGFP-3a/8TM. Thus, in pEGFP-3a/8TM, product of F.; is expected to be
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33 kDa. When these plasmids were expressed in COS 7 cells, both the -1
frame-shifting product (P.;) and termination product (Py) were observed (Figure
3.16b left, lanes 1 and 3). In addition, a strong band corresponding to F; product
(P+1) was detected in EGFP-3a/8TM (Figure 3.16b left, lane 3). To further clarify
that P,; was truly produced, an HA-tag was inserted into F.; in EGFP-3a/8T,
yielding EGFP-3a/8THA.; (Figure 3.16a). When the proteins were probed with
anti-EGFP antibody, both P_; and Py/P.; were observed (Figure 3.16b left, lane 2).
When the proteins were probed with anti-HA antibody, signals were only detected in
EGFP-3a/8THA,, (Figure 3.16b middle, lane 2) but not in EGFP-3a/8T or 8TM
(Figure 3.16b middle, lanes 1 and 3). These data clearly indicated that both -1 and +1
frame-shifting could have occurred during translation mediated by UUU UUU UU.

Previously in constructs F-3a/7TM8 and F-3a/8TMS, the slippery sequences
of these two mutants are the same (UUU UUU UC) (Figures 3.5a and 3.7a). The
full-length 3a were detected in both constructs (Figures 3.5 and 3.7b). As it is
proposed that 3a is produced from +1 frame-shifting in F-3a/7TM8 and -1
frame-shifting in F-3a/8TMS, this result implied that the hepta-uridine may also
direct different frame-shift events.

To examine whether the hepta-uridines can induce frame-shifting at different
direction, we tested the different frame-shifting products based on the construct

pF-S1ab/7T. Two extra nucleotides AC were inserted immediately downstream the
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Fig 3.16 Detection of products from each frame in pEGFP-3a/8T.

a. Diagram showing the construct of pEGFP-3a/8T and its derivative constructs.
The uridine stretch is underlined. Numbers indicate nucleotide positions. The
termination codons in each frame are underlined. The HA-tag in
pEGFP-3a/8THA, is indicated.

b. Expression of pEGFP-3a/8T (lane 2), pEGFP-3a/8§THA.; (lane 2), and
pEGFP-3a/8TM (lane 3) in COS7 cells. Cells are infected with the recombinant
vaccinia/T7 virus at M.O.L. 1, and transfected the three constructs, respectively.
At 18 h post transfection, cells were harvested and lysates prepared. Polypeptides
were separated on 12% SDS-PAGE and analyzed by western blot with
anti-EGFP antibody (left panel), anti-HA antibody (mid panel), and
anti-p-tubulin antibody (right panel). Proteins from all three frames are indicated.

Numbers in the middle indicate molecular masses in kilodaltons.

125



uridines stretch, giving rise to pF-S1ab/7TA (Figure 3.17a). The stop codons for each
frame was underlined and indicated. In pF-S1ab/7T, products from the F_; and Fy,
frames were expected to be ~28 kDa and the product of Fy was ~48 kDa. In
pF-S1ab/7TA, product of F.; was expected to be ~48 kDa and the products of F; and
Fo were ~28 kDa. COS 7 cells were transfected with these two plasmids as well as
the empty vector pFLAG. Total proteins were resolved on 12% SDS-PAGE and
probed with anti-FLAG antibody. As expected, both the 48 kDa and 28 kDa bands
were observed in F-S1ab/7T but absent in control (Figure 3.17b, lanes 1 and 2).
However, only the band of 28 kDa was present in F-S1ab/7TA, indicating that no -1
frame-shifting occurred (Figure 3.17b, lane 3) in frame-shifting mediated by

hepta-uridine stretch.

3.11 Discussion

Here we presented the work which identified two ribosomal frame-shift
events with hepta- (UUU UUU U) and octa- (UUU UUU UU) uridines as sole
signals for efficient +1/-2 and -1/+2 frame-shifting, respectively, during translation
of SARS-CoV OREF 3a variants. Expression of clones with six, seven and eight Ts in
an in vitro expression system, in bacteria and intact cells showed the detection of the
full-length 3a protein. In vitro and in vivo experiments revealed an average of 30%

and 10% expression efficiency for 3a/7T and 3a/8T, respectively. This efficiency was
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Fig 3.17 Detection of products from each frame in pF-S1ab/7T.

a. Diagram showing the construct of pF-Slab/7T and its mutant. The sequences
covering the slippery site are shown. The termination codons in each frame are
underlined. Numbers indicate nucleotide positions. The two nucleotides inserted
in pF-S1ab/7TA are italic and underlined.

b. Expression of pF-S1ab/7T (lane 2) and pF-S1ab/7TA (lane 3) in COS7 cells.
Cells are infected with the recombinant vaccinia/T7 virus at M.O.I. 1, and
transfected with a control plasmid (lane 1) and the two constructs, respectively.
At 18 h post transfection, cells were harvested and lysates prepared. Polypeptides
were separated on 12% SDS-PAGE and analyzed by western blot with
anti-FLAG antibody (upper panel) or anti-B-tubulin antibody (lower panel).
Bands corresponding to p-tubulin are indicated. Numbers on the left indicate
molecular masses in kilodaltons. The Table on the right shows the gene products

(initial P) from different frames in each construct.
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calculated as the amount of 3a expressed in 3a/7T or 3a/8T over that in 3a/6T. These
data strongly suggeste that ribosomal frame-shifting accounts for the expression of
full-length 3a. However, we couldn’t rule out the possibility that transcriptional
slippage also existed and contributed to the expression of full-length 3a. Some
preliminary data on sequences of transcripts by RT-PCR in cells transfected with
3a/7T and 3a/8T constructs revealed a mixed population of transcripts. However, to
ensure that these experiments are free from contamination, more careful measures
should be taken.

To study the mechanisms of frame-shifting, site-directed mutagenesis was
carried out within the slippery sequence based on the construct with seven Ts (TTT
TTT T) or eight Ts (TTT TTT TT). The mRNA sequences showed no reversion at
transcriptional level since no minor peaks were observed. However, we could not
rule out the possibility that some small portions contained different number of
uridines as a result from transcriptional slippage. The results showed that mutation of
any U in the seven-uridine stretch or the first seven uridines in the eight-uridine
stretch significantly reduced the expression of the full-length 3a protein. However,
mutation of the nucleotide A immediately downstream of the uridine stretch did not
affect the expression of 3a, suggesting that UUU UUU U and UUU UUU UU is the
slippery sequence and the full-length 3a protein is expressed by a +1/-2 and -1/+2

frame-shifting mechanism, respectively.
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In addition to the slippery sequence, the majority of the known frame-shifting
signals also contain a stimulatory element. In some cases, a secondary structure or
tertiary interaction, such as a pseudoknot structure downstream of the slippage site,
could significantly increase the frame-shifting efficiency. In other cases, sequence
specific elements, such as the SD-like sequence (Larsen et al., 1994 and 1995) or
sequences partially complementary with yeast 18S rRNA (Li et al., 2001), are
required. Furthermore, space between the slippage site and the stimulatory element
also plays a critical regulatory role in the frame-shifting efficiency (Larsen et al.,
1994). Attempts were subsequently made to identify upstream and downstream
regulatory elements by deletion analysis. Neither downstream stem-loop structures
and pseudoknots, nor upstream sequences with stimulatory function were identified.
Although it is possible that certain stem-loop structures and potential pseudoknot
interaction downstream of the slippage site in ORF 3a variants may be formed,
deletion of sequence within 260 nucleotides downstream of the uridine stretch
showed that these potential structural elements did not affect the frame-shifting
mediated by seven-U stretch, indicating that either long range RNA interaction may
play a role or stimulatory elements may be dispensable for these frame-shifting
events. However, the fact that frame-shifting was still efficient in other ORF context,
such as the luciferase gene, argues against the first possibility. This conclusion was

reinforced by the observation that mutation of stem 2 in the SARS-CoV 1a/1b region
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rendered no effect on the frame-shifting event mediated either by the seven or eight
uridines. The same mutation, however, totally abolished the frame-shifting efficiency
mediated by the original slippery sequence of ORF la and 1b, consistent with
previous study (Baranov et al., 2005). Previously, a G-rich sequence was reported to
induce net +1 frame-shifting in HSV TK gene (Horsburgh et al., 1996). In this case,
the frame-shifting efficiency was not augmented by downstream structures and
ribosomal pausing. A recent report also showed that ribosomal pausing had little
correlation with the frame-shifting efficiency (Kontos et al., 2001). Our results were
in agreement with these observations. The stop codon introduced did not have much
effect on frame-shifting, suggesting that the codon immediately downstream of the
uridines in Fyis not involved in recoding and that ribosome pausing is not a crucial
factor for the frame-shifting mediated by uridine stretch. Taken together, this study
demonstrated that the hepta- and octo-uridine stretches could function as sole
elements for efficient ribosomal frame-shifting.

Expression of the full-length 3a protein from the construct with seven Ts
(with a single nucleotide insertion) requires a +1/-2 frame-shifting at the slippage
site (UUU UUU U). At present, we do not know exactly whether +1 or -2
frame-shifting occurs. Attempts are being made to purify the frame-shifting products
from various expression systems and to determine the precise sequence across the

slippage site. Generally, +1 frame-shifting is considered the major event taking place
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at the slippage site since the phenylalanine tRNAgaa, the only cognate tRNA for
codon UUU, could form base pairing in F+; with UUU at P-site, but only one base
pairing could form in the -2 frame with GAU. Another interesting question is
whether the putative +1 frame-shifting at the seven-uridine stretch requires
ribosomal slippage at both P and A sites. The dramatic reduction by the mutations
introduced into the slippery sequence in pF-3a/7TM1, M2, M3 and M4 from U to C
provided evidence for a P-site slippage as imperfect base-pairing formed at the P site
in Fy; abolished the expression of F.;. If no A-site slippage occurs, meaning that
A-site is not occupied before the P-site slippage, other tRNAs rather than tRNAgaa
will base pair with the new codon in the A-site and full-length 3a is still expressed
without compromise. However, this was not the case. In fact, mutations in the
second triplet of F4; also greatly affect the expression of 3a. Thus we proposed that a
double slippage mechanism is responsible for frame-shifting mediated by UUU
UUU U. At present, however, we cannot rule out the possibility that a
slippage-independent mechanism occurs. For example, in GAG3-POL3 genes of
yeast Ty3, frame-shifting is dependent on slow decoding of certain codons in Fy and
does not involve peptidyl-tRNA slippage (Farabaugh et al., 1993; Vimaladithan and
Farabaugh, 1994). The frame-shifting in mammalian ODC antizyme does not
involve slippage, as shown by mutagenesis studies (Matsufuji et al., 1995).

Similarly, detection of the full-length 3a protein from the construct with eight
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Ts (with two uridines insertion) would require a -1/+2 frame-shifting event with
double slippage at the slippery sequence (UUU UUU UU). However, since the
mutation in the last uridine (in construct F-3a/8T) did not appear to affect the
expression of 3a greatly, regardless of the coding context, we propose that a +2
frame-shifting with double slippage is responsible for the full-length expression.
Interestingly, considerably less amounts of the full-length product in all three
expression systems were detected from this construct than that from the construct
with seven Ts. However, when the original slippery sequence of SARS-CoV ORF
la/1b was replaced by eight uridines, similar or even higher frame-shifting
efficiency was observed. In addition, mutations that destroyed the downstream
stimulatory structure did not alter/reverse the frame-shifting efficiency of S1ab/7T
and 8T, suggesting that either additional sequences located in the region or long
range RNA interaction may favor -1 frame-shifting. More systematic deletion and
mutagenesis studies would be required to address this possibility further. Another
possibility is that the unexpected different efficiency could have resulted from a
different mechanism. The evidence supporting this is that in point mutant of S1ab/8T,
efficient frame-shifting was observed in M1 (CUU UUU UUC) and M2 (UCU UUU
UUC). In these mutants, a -1 frame-shift event could have occurred with the slippery
sequence becoming U UUU UUC instead of UUU UUU UU and with a strong

stimulatory pseudoknot downstream, mimicking the -1 frame-shifting in the well

133



characterized HIV gag-pol. However, in the original 3a ORF, no stimulatory element
similar to this pseudoknot in SARS-CoV ORF 1a/lb region could elevate this
particular -1 frame-shifting. One experiment that can be done to prove this is to
analyze the S1ab/8TM1 and M2 with the mutation in PKS2.

Another interesting issue here is the directionality of the frame-shifting
mediated by uridine stretches. For the eight-uridine stretch, it is conceivable that the
migrating ribosomes can treat this sequence as either eight-uridines or seven-uridines.
Combined with transcriptional slippage which generates mixed transcripts with
seven or eight uridines, it is possible to detect both F.; and F,,; shifting products.
Indeed, these were confirmed by Western blot using antibody against tags in
different reading frames. However, some conflicting results were generated with the
seven-uridine stretch. Two different mutants, pF-3a/7TM8 and pF-3a/8TM8, share
the same sequence in the slippery region UUU UUU UC, but pF-3a/8TM8 contains
one extra nucleotide. Expression of full-length 3a detected from these two constructs
required different frame-shifting: a +1/-2 frame-shifting in pF-3a/7TM8 and a -1/4+2
frame-shifting in pF-3a/8TMS. It appears that seven-uridine stretch could induce
frame-shifting in both directions. However, when we tried to differentiate products
encoded from different reading frames by insertion of two additional nucleotides
based on the construct pS1ab/7T, we were not able to identify both products from F.,

and F.;. As these experiments were only carried out once, further confirmation is
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needed before a definite conclusion can be made.
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CHAPTER 4. TRANSLATIONAL CONTROL OF HCRSV
P38, P27 AND ITS ISOFORMS
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4.1 Introduction

The full-length genomic RNA sequence of HCRSV was determined and two
co-3’-terminal sgRNAs were identified (Huang et al., 2000). The sgRNA2, starting
from nt 2438 (Li and Wong, 2006), encode four polypeptides including the viral coat
protein p38 and three co-C-terminal proteins, p25 (***ATG), p24 (**°ATG), and
p22.5 (**®°ATG) (Huang et al., 2000). In vitro translation of the cDNA clone of
sgRNA2 — pHCRSV80 — in wheat germ showed a distinct band corresponding to
p38 and three bands with smaller molecular mass which were predicted to be p25,
p24 and p22.5 (the ORFs were named according to the molecular mass of their gene
products) (Figure 4.1). However, subsequent mutagenesis studies revealed a
mis-assignment of each ORF. Mutations were made based on the cDNA clone of
HCRSV sgRNA2 p80 to abolish the translation initiation codons for each ORF
(Figure 4.2a). Initiation codon **ATG of p25 was changed to ***GTT, yielding
pHCRSV80MI; 2639ATG of p24 changed to 230G TT, yielding M2; of p22.5 changed
to 2°GTT, yielding M3. As expected, the smallest-sized band corresponded to p22.5
and the ***ATG codon is the initiation site, since mutation of this codon abolished
the expression of p22.5 (Figure 4.2b, lane 4). Surprisingly, in vitro translation of M1
showed a missing p24 and no missing band in M2 (Figure 4.2, lanes 1 to 3). This
suggests that the protein band missing in M1 initiates from **’ATG and should be

re-assigned as p25. Detailed examinations on the sequence revealed a >’ CUG
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Fig 4.1 Schematic representation of HCRSV genome organization and construct

of pHCRSV80.

ORFs encoding p38, p25, p24 and p22.5 are highlighted. Numbers indicate

nucleotide positions. The AUG codons for p38, p25, p24 and p22.5 are indicated.

Fig 4.2 Re-assignment of ORFs encoding p38, p27, p25, p24, and p22.5.

a.

Schematic representation of the cDNA clones of pHCRSV80. The initiation
codons for p38, p27, p25, p22.5 are indicated. Previous assignment of p27 to
p25 and p25 to p24 is in brackets and indicated by (*). Numbers indicate
nucleotide positions. Below are the mutants pHCRSV80M1, pHCRSV80M2,
pHCRSV80M3, pHCRSV80M4 and pHCRSV80MS. The mutations introduced
into each construct are indicated.

Analysis of in vitro translation products from pHCRSV80 (lane 1),
pHCRSV80M1 (lane 2), pHCRSV80OM2 (lane 3), pHCRSV80M3 (lane 4),
pHCRSV80M4 (lane 5) and pHCRSV80MS (lane 6) in wheat germ extract with
the TnT coupled translation system. Equal amounts of non-linearized templates
were used. [*’S]methionine-labeled translation products were separated on
17.5% SDS-PAGE and visualized by autoradiography. Bands corresponding to
p38, p27, p25, p24 and p22.5 are indicated. Numbers on the left indicate

molecular masses in kilodaltons.
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codon upstream of the p25 ORF (previously p24, indicated as p24*). Mutation of
this CUG to GTT (M4; Figure 4.2a) abolished the translation of previous ORF p25
(indicated as p25*) (Figure 4.2b, lane 5). This ORF was re-assigned as p27, whose
translation is initiated from a non-AUG codon. Further analysis of p24 initiation
codon showed that it resides in a weak context with a C™ and a T. When this
context was changed to a favorable one with a G™ and an A™ (M5; Figure 4.2a),
additional translation product was observed with a size between p25 and p22.5
(Figure 4.2b, lane 6). This confirmed the correct re-assignment and suggests that p24
is usually silent due to its weak initiation context.

In a previous study, p38, p27, p25 and p22.5 were reported to be expressed
from construct pHCRSV223invA5’UTR, which contained a deletion of the 5° UTR
and inversion of the first 1000 nucleotides (Koh et al., 2002). Subsequently deletion
constructs pHCRSV223invA5’UTR/A1 and pHCRSV223invA5’UTR/A2 were made
to investigate if expression of these proteins is truly independent of 5’-UTR and is
under the control of the previously identified IRES element (Figure. 4.3a) (Koh et al.,
2006). Expression of pHCRSV223invA5’UTR showed that translation of p38, p27
and its isoforms are independent of the 5’UTR region. Expression of
pHCRSV223invA5°’UTR/A1, which contains the IRES element, resulted in enhanced
expression of the four proteins (Fig. 4.3b, lanes 1 and 2). However, deletion of the

IRES element in pHCRSV223invA5’UTR/A2 resulted in a significant reduction of
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Fig 4.3 Mapping of the IRES element.

a. Schematic representation of constructs of pHCRSV223invA5’UTR,
pHCRSV223invA5’UTR/A1, pHCRSV223invA5’UTR/A2. Numbers indicate
nucleotide positions. The deleted regions are in dotted line. The IRES element is
in open box.

b. Analysis of in vitro translation products from pHCRSV223invA5’UTR (lane 1),
pHCRSV223invA5’UTR/AL (lane 2), and pHCRSV223invA5’UTR/A2 (lane 3)
in wheat germ extract with the TnT coupled translation system. Equal amounts
of non-linearized templates were used. [3SS]methionine—labeled translation
products were separated on 15% SDS-PAGE and visualized by autoradiography.
Bands corresponding to p38, p27, p25 and p22.5 are indicated on the right.

Numbers on the left indicate the molecular masses in kilodaltons.
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the p38 and p27 expression (Fig. 4.3b, lanes 1 and 3). Interestingly, reduction of p25
and p22.5 expression was less dramatic (Fig. 4.3b, lanes 1 and 3), suggesting that
expression of these four polypeptides by HCRSV genomic and subgenomic RNAs

may be regulated by different mechanisms.

4.2 Translation of p38 is regulated by p27 through a leaky scanning mechanism
Previously in vitro analysis revealed that p27 translation is initiated from a
non-AUG codon, **"°CUG (Koh et al., 2006) which is only 10 nt upstream of p38
initiation codon **’AUG (numbers in superscript are the locations of the first
nucleotides on gRNA). To test if this non-AUG codon has any effect on translation
of p38, the start codon of p27 CUG was mutated to AUG in sgRNA2 ¢cDNA clone
(Figure 4.4), designated as pHCRSV80M (or p8OM). Expression of plasmid p80 in
wheat germ extract through a TnT system (Promega) showed that p38 is the most
abundant protein translated (Figure 4.5a, lane 1). However, an enhanced level of p27
(almost 3-fold increase) was observed in p80M compared to the wild type
pHCRSVS80 (or p80) (Figure 4.5a, lanes 1 and 3). On the contrary, a drastic
reduction was observed in the translation of p38 and a moderate reduction of p22.5,
but the translation of p25 did not appear to be affected significantly. To further
confirm that these bands truly represented p38, p27 and its isoforms, a 6 X His-tag

was inserted into the 3’-terminus of p27 in both wild type p80 and pSOM. The
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Fig 4.4 Schematic representation of HCRSV genome organization and

constructs of pHCRSV80, pHCRSV80-His and the mutants.

ORFs encoding p38, p27, p25 and p22.5 are highlighted. Numbers indicate

nucleotide positions. The 6 X His-tag and the mutation of p27 CUG are indicated.

Fig 4.5 Effect of p27 CUG on the expression of p38 in pHCRSV80.

a. Analysis of in vitro translation products from pHCRSV80 (lane 1),
pHCRSV80His (lane 2), pHCRSV80M (lane 3), and pHCRSV80MHis (lane 4)
in wheat germ extract with the TnT coupled translation system. Equal amounts of
non-linearized templates were used. [*°S]methionine-labeled translation products
were separated on 17.5% SDS-PAGE and visualized by autoradiography. Bands
corresponding to p38, p27, p25, and p22.5 are indicated on the right. Numbers on
the left indicated the molecular masses in kilodaltons.

b. Expression of pHCRSV80 (lane 1) and pHCRSV80M (lane 2) in HeLa cells.
Cells were infected with the recombinant vaccinia/T7 virus at M.O.I. 1, and
transfected with these two plasmid DNAs. At 18 h post transfection, total cell
lysates were resolved on 12% SDS-PAGE and analyzed by western blot using
anti-p38 antibody. Bands corresponding to p38 are indicated on the right.

Numbers on the left indicate the molecular masses in kilodaltons.
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resulting plasmids were carrying a suffix “His” (Figure 4.4). The resulting gene
products migrated slower on SDS-PAGE and the bands were slightly higher than
those of constructs without the His-tag (Figure 4.5a, lanes 2 and 4 compared to lanes
1 and 3). In vitro translation of these constructs further supported the view that
translation of p38 may be regulated by p27 through a leaky scanning mechanism. To
confirm if this effect could be observed in vivo, plasmids p80 and p80M were
transfected into HeLa cells and the p38 was probed with its rabbit antiserum. Similar
to the in vitro system, translation of p38 was greatly impaired when p27 CUG was
mutated to AUG. All the above data suggested that: firstly, CUG codon of p27 is a
relatively weak initiation codon; and secondly, this weak initiation codon may

regulate downstream ORF translation through a leaky scanning mechanism.

4.3 An IRES element plays a role in p38 translation

A previous study reported that p38, p27, p25 and p22.5 could be expressed
independent of the 5’UTR based on the observation that these proteins were all
translated from a construct in which the 5’UTR was deleted and the first 1000
nucleotides were inverted (Koh et al., 2003). Subsequently, deletion study identified
a putative IRES element within ORF p9 of about 100-nucleotide long (Koh et al.,
2003). To study the effect of this IRES element on the translation of downstream

ORFs in HCRSV sgRNA2, a green fluorescence protein (GFP) gene was inserted
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upstream of the IRES element in p80, giving rise to pHCRSV80-GFP (Figure 4.6a).
Expression of this construct in vitro showed the production of GFP as well as p38,
p27, p25 and p22.5 (Figure 4.6b, lane 2). Compared to the expression of p80, the
GFP protein was the most abundant in pHCRSV80-GFP since it is at the most 5’ end
and p38, p27, p25 and p22.5, were all reduced to some extent. As a control, in
another construct pHCRSV80A-GFP, the whole region of IRES was deleted (Figure
4.6a bottom). While the expression of GFP was comparable to that in
pHCRSV80-GFP, a drastic reduction was observed in p38 and p22.5 expression
(Figure 4.6b, lanes 2 and 3), indicating that IRES may regulate the translation of p38
and p22.5 in sgRNA2. Interestingly, not much changes in the translation of p27 and
p25 were observed (Figure 4.6b, lane 3). This suggests that IRES has less effect on
p27 and p25, implying that these two protein expression are of different mechanisms
from that of p38 and p22.5. One explanation could be that p27 translation is from a
termination and re-initiation mechanism since ORF GFP and ORF p27 are relatively
close to each other. Translation of p25 could have resulted from leaky scanning from
p27 for their start codons which are only 33 nucleotides away with a weak initiation
codon for p27. In summary, these data indicate that this IRES element is functional

in sgRNA?2 and plays a role in translation of p38 and p22.5.
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Fig 4.6 Analysis of the IRES element.

a.

Schematic representation of constructs of pHCRSV80, pHCRSV80-GFP and
pHCRSV80A-GFP. GFP gene, p38, and p27 as well as the IRES element are in
open boxes. Numbers indicate nucleotide positions.

Analysis of in vitro translation products from pHCRSV80 (lane 1),
pHCRSV80-GFP (lane 2) and pHCRSV80A-GFP (lane 3) in wheat germ extract.
Equal amount of non-linearized DNA  templates were  used.
[**S]methionine-labeled translation products were separated on 17.5%
SDS-PAGE and visualized by autoradiography. Bands corresponding to p38,
GFP, p27, p25, and p22.5 are indicated on the right. Numbers on the left indicate

the molecular masses in kilodaltons.
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4.4 Effect of upstream small ORF p9 on the translation of downstream ORFs
ORF p9 encodes for a small protein of only about 9 kDa. The 3’ terminus of
p9 is overlapped with the 5’ terminus of p27, with the CUG codon of p27 10 nt
upstream of the TAA codon of p9 (Figure 4.7a). To investigate whether p9 affects the
translation of downstream p27, p38, p25 and p22.5, we made various mutations in
ORF p9 as well as p27 based on the construct pHCRSV223invA5’UTR. To reduce
the effect of 5’UTR on the translation, this construct is the full-length cDNA clone of
HCRSYV with a deletion of the 5’UTR and an inversion of the first 1,000 nucleotides.
Firstly, p9 start codon AUG was mutated to GTG in both constructs with p27
CUG and p27 AUG (pHCRSV223invA5S’UTR/M1, M2 and M3) to analyze whether
translation of p9 is important for the translation of downstream ORFs (Figure 4.7a).
Figure 4.7b is the in vitro translation of these plasmids. The relevant proteins are
indicated by arrows on the left. Translation of p38 was only moderately affected in
both constructs with p27 CUG and p27 AUG (comparing lanes 2 and 1, lanes 4 and
3). In constructs with the wild type p27 initiation codon CUG
(pHCRSV223invA5’UTR and M3), p9 translation did not appear to influence the
downstream ORFs and the ratio of p27/p38 kept relatively constant. Consistent with
previous studies, a strong p27 initiation codon AUG (M1 and M2) induced

significant reduction of p38 and elevation of p27 (Figure 4.7b, lanes 1 and 3), with
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Fig 4.7 Effect of small upstream ORF p9 on the expression of downstream

ORFs.

a. Schematic  representation  of  constructs pHCRSV223invA5’UTR,
pHCRSV223invA5’UTR/M1 to M10. ORFs p9, p38, p27, p25, and p22.5 are
highlighted in open boxes. IRES element is also indicated. Numbers indicate
nucleotide positions. Mutations in each construct are indicated and the mutated
nucleotides are indicated as small caps.

b.  Analysis of in vitro translation products from pHCRSV223invA5S’UTR (lane
1), pHCRSV223invA5’UTR/M1 (lane 3), M2 (lane 4) and M3 (lane 2) in
wheat germ extract. Equal amount of non-linearized templates were used.
[**S]methionine-labeled translation products were separated on 17.5%
SDS-PAGE and visualized by autoradiography. Bands corresponding to p38,
p27, p25, and p22.5 are indicated on the right. Numbers on the left indicate the
molecular masses in kilodaltons. Bands intensities are read by densitometer
and the table below shows the ratios of p27/p38, p27/p25, and p27/p22.5.

c.  Analysis of in vitro translation products from pHCRSV223invA5’UTR (lanes
1, 6, and 9), pHCRSV223invA5S’UTR/M4 (lane 2), M5 (lane 3), M6 (lane 4),
M7 (lane 5), M8 (lane 8), M9 (lane 7), and M10 (lane 10) in wheat germ
extract. Equal amount of non-linearized DNA templates were used.
[**S]methionine-labeled translation products were separated on 17.5%
SDS-PAGE and visualized by autoradiography. Bands corresponding to p38,
p27, p25, p22.5 are indicated on the right of each panel. The truncated version
of p25 and p22.5 are indicated with (*). The fusion product of p27 and p38 is
indicated as p27/38. Numbers on the left of each panel indicate the molecular

masses in kilodaltons.
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the ratio from 0.86 to 3.26. However, translation of p22.5 in M1 was also increased
which was not observed in p80M, suggesting that other component(s) absent in
sgRNA 2 might regulate the translation of p22.5 (Figure 4.7b, lanes 1 and 3). When
p9 expression was abolished (M2, Figure 4.7b, lane 4), p27 translation was
dramatically increased. In contrast, expression levels of p38, p25 and p22.5
decreased. Nevertheless, the ratio of p27/p38 did not change greatly compared to
that of M1 (Figure 4.7b, lane 3). These data suggest that expression of p9 did not
have much impact on the translation of downstream p27, p38 and p25. However,
expression of p22.5 can be greatly affected by p9, if p27 carries a strong initiation
codon.

Next, the effect on p9 stop codon on translation of downstream ORFs was
studied. When the stop codon of p9 ****TAA was changed to amber or ophre codon
(**TAG or ”*TGA) (M4 or M5, respectively, Figure 4.7a), the expression levels of
p27, p38, p25 and p22.5 in rabbit reticulocyte did not alter greatly (Figure 4.7¢c, lanes
1-3). The stop codon of p9 was then abolished by inserting an additional nucleotide
T from ***TAA to Z*TATA (M6, Figure 4.7a), making p27 and p38 in the same
reading frame, resulting in a fusion protein p27/38 as indicated in Figure 4.7c. The
fusion protein is 7 amino acids longer than p38 and indeed a slightly higher band
was observed. However, during the course of cloning, an additional point mutation

was introduced at nucleotide 3116 from G to T, leading to a truncated version of p25
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as well as p22.5. These mutations did not affect p27/38 and were denoted as p25*
and p22.5%. In vitro translation of this construct showed a doublet around the
location equivalent to 38 kDa, the lower one of which is believed to result from
leaky scanning. Considering p38 is translated by leaky scanning from p27, which
means a portion of the ribosomes landing on the transcripts initiate from p38 instead
of p27 or p27/38. The total number of ribosomes therefore should be the sum of
those translating p27 or p27/38 and those of p38. There was a comparable level of
p27/38 and p38 than that of p38 and p27 in control plasmid
(pHCRSV223invA5°’UTR) (Figure 4.7c¢, lanes 1 and 4), indicating that this mutation
obviously did not affect the expression efficiency. Similar levels were also observed
for p25 and p22.5 expression. In plasmid M7, a point mutation at nt 2512 from G to
T introduced a premature termination codon in ORF p9 (Figure 4.7a), which is
located 68 nucleotides upstream of 2**TAA. The expression of this construct showed
similar expression level to construct M6 (Figure 4.7c, lane 5). To confirm these
results, a construct carrying only the *'*’TAA mutation was made, yielding M10
(Figure 4.7a). The in vitro translation of M10 showed that the expression levels of
p38, p27, p25 and p22.5 were comparable to wild type, suggesting no effect of p9
stop codon could be observed on the translation of downstream ORFs (Figure 4.7¢,
lanes 9 and 10). Based on M6 and M7, the start codon of p27 was mutated from

0CUG to #"°AUG (Figure 4.7a), yielding M9 and M8, respectively. However, M9
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did not carry the point mutation at nt 3116, while M8 did. The in vitro translation of
MO revealed that the lower band of the doublet, corresponding to p38 probably from
leaky scanning, was greatly reduced (Figure 4.7c, lane 7). Consistent with M6,
change of p9 stop codon did not affect the efficiency of downstream ORFs
translation even with a strong p27 initiation codon. Translation of M8 showed
similar results to that of M7 (Figure 4.7c, lanes 5 and 8). All the above data suggest
that although there is a small ORF p9 upstream of p27, it does not appear to regulate

the expressions of downstream ORFs p27, p38, p25 and p22.5.

4.5 Discussion

RNA viruses employ various mechanisms to regulate their gene expression at
the translation level. In this study, we identified a CUG codon (*’°CUG) that is
responsible for the initiation of p27. Consistent with the leaky scanning model,
initiation of p38 expression was demonstrated to be regulated by leaky scanning of
ribosomes at the *’°CUG, the initiation codon for p27. Recently, presence of p27 in
vivo was confirmed in the protoplast system (Zhou et al., 2006). We also showed that
additional regulatory mechanisms are involved in the control of the expression of p38,
p27, p25 and p22.5.

Besides SBWV (Shirako, 1998) and RTBV (Futterer et al., 1996), HCRSV is

the first carmovirus shown to utilise a non-AUG initiation codon. Utilization of
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alternative initiation codons could increase gene diversity and control the relative
expression of proteins with different locations and functions encoded by the same
mRNA. For example, multiple isoforms of eIF4GI with different N-termini can be
generated by use of alternate translation initiation codons. These isoforms possess
alternative binding sites for different ancillary translation factors that allow the
regulation of translation (Byrd et al., 2002). The choice of initiation codons can also
determine the subcellular fate and function of proteins, such as the localization of
CUGe-initiated isoforms of human fibroblast growth factor-2 (FGF-2) in nucleus, and
AUG-initiated isoforms in the cytosol (Arnaud et al., 1999). So far, we do not know if
the three isoforms, p27, p25 and p22.5, play distinct roles in HCRSV replication
cycles and pathogenesis. Analysis of the functions of p27 and p25 in kenaf plants
revealed that they might be involved in symptom severity and virus movement,
respectively (Zhou et al., 2006).

The efficiency of translation initiation at non-AUG codons, such as CUG,
GUG, ACG and AUU, is generally lower than that of the AUG codon (Peabody, 1989).
Non-AUG initiation codons, in spite of being surrounded by strong contexts, are
generally considered weak initiation sites and could facilitate leaky scanning of
ribosomes (Portis et al., 1994). The significance of the presence of non-AUG codons
as initiator in an alternative translation initiation can be distinguished by the

abolishment of the expression of a downstream-initiated isoform resulting from
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replacement of CUG with an AUG codon. Over-expression of a 34-kDa
CUGe-initiated isoform of FGF-2 resulted in the maintenance of cell proliferation that
could be harmful to the cells (Arnaud et al., 1999). Therefore, the utilization of weak
initiation codon CUG to initiate the synthesis of the 34-kDa isoform of FGF-2 is
necessary for maintaining the correct ratio of isoforms. In this study, replacement of
the »’°CUG with *"°AUG led to the over-expression of p27 and drastic reduction in
the expression of viral coat protein. Plants inoculated with such mutant transcripts
revealed that systemic spread of the virus was impeded (Zhou et al., 2006), possibly
due to the reduction of viral coat protein synthesis that is essential for viral packaging
and movement.

Leaky scanning is a common mechanism employed by plant viruses to direct
multiple gene expression from one mRNA. Examples include RTBV (Futterer et al.,
1996 and 1997), BYDV (Dinesh-Kumar and Miller, 1993), TYMV (Weiland and
Dreher, 1989) and Plum pox virus (PPV) (Simon-Buela et al., 1997). In this study, we
showed that expression of an important viral structural component, viral coat protein

(p38) is regulated by leaky scanning at the >’

CUG initiation codon of p27. This was
clearly demonstrated when replacement of the weak CUG initiation codon with an
AUG codon resulted in a drastically reduced expression of downstream p38.

In a recent study, close proximity of AUGs was shown to account for the

efficient expression of polypeptides from extensively overlapping ORFs encoded in
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the genomic RNA of TYMV (Matsuda and Dreher, 2006). In addition to a translation
initiation event occurring at an optimal upstream AUG in TYMYV, translation was also
initiated at an AUG codon located 7-nt downstream, indicating the selection of
initiation codons is not strictly sequential (i.e. 5°-3” direction) but competitive. Such
observation was suggested to be inconsistent with the leaky scanning model in which
only the first 5’-proximal initiation codon in an optimal sequence context would be
selected for translation initiation and not other optimal initiation codons downstream.
It was proposed in TYMV, that ribosome movement involves small amplitude of
forward and backward oscillations allowing competition for translation initiation
between optimal AUGs, averaging about 15 nucleotides. In HCRSV, when expression
of p27 was initiated from a strong AUG codon, increased expression of downstream
ORF (p22.5) was also observed. This could also result from a similar ribosome
oscillation. However, the long distance (96 nucleotides) between p27 **"°CUG and
p22.5 *AUG argues against this possibility. Instead, it could be suggestive of
additional regulatory element(s) which is absent in sgRNA?2 since the same mutation
in construct p80 did not result in the same increment of p22.5.

Upstream ORFs (uORFs) have been shown to play a role in regulating
translation reinitiation, especially in the translation of cytokines, transcription factors
and other potent proteins that are required only in small amounts (Kozak, 2002).

Depending on the availability of nutrients, the expression of yeast GCN4 is regulated
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by four uORFs (Gaba et al., 2001). In many cases, mutations targeted to the upstream
AUG codons confirmed their role in restricting downstream ORF translation. In this
study, abolishment of p9 AUG codon led to dramatic enhancement of the initiation
efficiency of p27 which possessed the *"’AUG codon. This suggests that both AUGs
of p9 and p27 may be competing for the same pool of ribosomes. However, only
marginal enhancement was observed when the initiation codon of p27 remained as
»®PCUG. It is likely that these intricate regulatory mechanisms would ensure the
production of p27 and p38 in their correct ratio during HCRSV replication cycles. The
relatively constant ratio between p27 and p38 would possibly render evolutional
advantages to the virus.

A uORF can also affect the expression of downstream ORFs by
termination-reinitiation. Depending on the length of the uORF, reinitiation can be
categorized into two groups. Protein expression of yeast GCN4 and mammalian
AdoMetDC gene are regulated by short uORFs that are less than 30 codons
(Hinnesbusch, 1997; Morris and Geballe, 2000) with the efficiency of translation
reinitiation decreasing with increasing length of the uORF. A long intercistronic
region between the uORF and the main ORF is a characteristic feature of such
regulation. On the contrary, there are also examples of functional proteins regulated
by long uORFs of more than 30 codons such as Influenza B virus RNA segment 7

(Peabody et al., 1986), CaMV 35S RNA (Bonneville et al., 1989; Godwa et al., 1989;
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Horvath et al., 1990), ORF2 of Human respiratory syncytial virus (Ahmadian et al.,
2000) and calicivirus RHDV (Meyers, 2003). These RNAs not only possess long
uORFs but also have short intercistronic region and some even contain overlaps of
the upstream and downstream ORFs. It has been suggested that such RNAs utilize a
set of translation initiation mechanisms different from RNAs with short uORFs and
long intercistronic regions. In addition, the position of the uORF termination codon
is usually crucial for reinitiation as certain features might prevent the resumption of
scanning (Grant and Hinnebusch, 1994; Vilela et al., 1998). Mutagenesis studies
performed in this investigation showed that the mutation of the initiation and
termination codons for p9 affect the expression downstream proteins especially
p22.5 in the presence of the »*’°’AUG codon but not **"’CUG. Therefore, it has yet to
be established if a termination-reinitiation event happens in the expression of

naturally-occurring HCRSV genomic RNA.
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CHAPTER 5. CONCLUDING REMARKS AND
FUTURE WORK
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The main focus of the work presented in this thesis is the investigation of
translational regulation mechanisms of two RNA viruses (SARS-CoV and HCRSV).
In this chapter, results of the research work are summarized, and discussed and

suggestions are made for future directions.

5.1 Frame-shift events in the expression of SARS-CoV 3a ORF variants

SARS-CoV 3a protein is one of the accessory proteins encoded from the
genome. The expression of 3a protein was previously detected during both in vitro
and in vivo infection (Tan YJ et al., 2005). When analyzing the viral transcripts in
the sera of infected patients, researchers found a mixed population of sgRNA3
transcripts (Tan TH et al., 2005). Although the full-length 3a protein is not essential
for virus replication, it is possible that 3a would either contribute to viral
pathogenesis as it was shown to be associated with the spike protein or confer a
fitness gain under selective pressure.

Programmed ribosomal frame-shifting allows viruses to produce a second
protein from a single mRNA. Frame-shifting occurs at a much higher frequency than
natural errors, and is responsive to specific mRNA sequences. The resulting gene
products, in some cases, are essential for virus replication or assembly. The ratios
between the two proteins are kept relatively constant which is a means of viral gene

regulation. The efficiency of most -1 frame-shifting can be enhanced by ancillary
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elements, such as an RNA pseudoknot or a cis-element that can base-pair with
ribosome RNAs. The aim of this work was to characterize the frame-shifting
mechanisms that account for the full-length 3a expression in ORF 3a variants. By
looking into this, we aim to further understand the mechanism for programmed
frame-shifting as well as the decisive factors.

In Chapter 3, hepta- and octo-uridine stretches (UUU UUU U and UUU
UUU UU) were identified to be capable of inducing +1/-2 and -1/42 frame-shifting,
respectively. By deletion studies, no other cis- or trans-element was found to be
required for efficient frame-shifting. These findings are consistent with the
mutagenesis study by Brierley et al. on IBV frame-shifting sequence, supporting the
general view that mono-runs of uridines are very slippery. Based on mutagenesis
studies of the hepta-uridine stretch, all the nucleotides in this slippery sequence
appeared to be involved in frame-shifting. Mutagenesis studies of the octo-uridine
stretch showed that the first seven uridines were essential for frame-shifting. These
studies suggest a double slippage at both ribosomal A and P sites for the
frame-shifting to occur.

The exact mechanisms, however, seemed to vary in different contexts.
Mutagenesis studies on octo-uridine stretch in the Slab context suggest a different
frame-shifting mechanism from that in ORF 3a. Since neither the phenylalanine

tRNAGaa is a hungry codon in mammals nor that a stop codon is present in the
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proximity to the slippage site, it is unlikely that frame-shifting is induced by pausing
at the slippage site. By examining the effect of RNA secondary structure on
frame-shifting, we found that it rendered no effect on frame-shifting mediated by
hepta- and octo-uridine stretches. In contrast, this RNA structure can enhance
conventional -1 frame-shifting of SARS-CoV 1a/1b, indicating that frame-shifting
mechanism caused by the uridine stretches is distinct from that mediated by other -1
frame-shifting signals. Therefore, determination of the amino acid sequence
spanning the frame-shifting site is necessary to tell which event actually takes place
to produce the full-length 3a protein.

Another interesting finding is that octo-uridine stretch can mediate the
production of proteins from multiple reading frames. This could have resulted from
both ribosomal frame-shifting and transcriptional slippage. Future work can focus on
the nature of programmed frame-shifting, such as various factors including the
nature of tRNA and the elongation factors that affect frame-shifting efficiency. Other
protein partners that may interact with the poly-pyrimidine tract are of interest as
well. In addition, it would be more accurate if the effect of ribosomal frame-shifting

could be evaluated separately from transcriptional slippage.

5.2 Translational control of HCRSYV p38, p27 and its isoforms

Translation of mRNAs requires numerous enzymatic components which are
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not encoded within viral genomes, although the complexity of viruses varies
enormously. Consequently, viruses compete with the host cell at the translational
level. To optimize viral mRNA translation, many viruses have evolved remarkably
sophisticated mechanisms, especially at the first step of translation for the
recruitment of the host translation initiation factors. The purpose of this study was to
characterize the mechanisms that regulate the translation initiation of the coat protein
and other polypeptides, by using HCRSV as a model.

In Chapter 4, we showed that a polypeptide p27 overlapping with the coat
protein (p38) was translated through a non-conventional initiation codon CUG. This
initiation codon was able to control p38 expression probably through a leaky
scanning mechanism since mutation from CUG to AUG led to significant decrease
of p38 production. In addition, a previously identified IRES element upstream of p38
was shown to regulate the translation of p38 as well. These data suggest that
production of p38 could be the result of two or possibly more regulatory events.
Since the coat protein is essential in virus particle assembly and replication,
especially the copy number of this protein would directly affect virus morphology,
steady production of the protein by sophisticated regulation is very critical. Another
important finding is that the ratio of p38 and p27 was relatively stable and resistant
to mutations. It is likely that this ratio is also essential in viral replication and

assembly, as the constant ratio of the two proteins may be advantageous for the virus
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to maintain a balance in the genes being expressed.

As shown in Chapter 4, mechanisms that regulate the expression of the
polypeptides p25 and p22.5 were also studied. By mutagenesis analysis, we found
that expression of p22.5 in vitro was greatly affected when translation of p9 was
abolished and with a CUG initiation codon for p27. Interestingly, p25 expression
was not influenced by all these mutations. It suggests that translation regulation of
p22.5 and p25 is of distinct mechanisms. However, further detailed analysis is
required to fully explore the mechanisms for expression of p22.5 and p25.

Future work would be carried out in the following areas: 1) studies of the
host factors involved in these regulations. For example, identification of host factors
interacting with the IRES element will help us to understand the role of host proteins
in translational control of viral proteins. 2) in vivo studies are indispensable. As the
work in this thesis was mostly done in an in vitro system, in vivo results may differ.
In addition, the effects in in vitro studies may be under-estimated due to the more
complicated situation in whole plants. 3) mechanisms that regulate the expression of
p22.5 and p25 can be studied further. Based on the observation that introduction of
p27 AUG did not affect the expression of p25 and p22.5, ribosome shunting could be
one of the mechanisms that regulate the translation of these two proteins. This
possibility can be tested by insertion of a stable stem-loop structure upstream the

AUG for p25, since this structure will affect linear scanning but not ribosome
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shunting.

5.3 Main conclusions

« The investigation of frame-shift events adds to a better understanding of
frame-shifting and viral gene regulation. Frame-shifting is relatively common in
viral gene expression and is one of the strategies used by viruses to expand the
coding capacity in most cases. However, in the ORF 3a variants, frame-shifting
is to maintain certain level of full-length 3a expression. In this sense, it can be a
means of anti-mutation.

o Understanding of translation regulation by multiple mechanisms. The study on
p38 expression in vitro suggests that multiple regulation events could happen in
HCRSV protein production. Similar regulatory mechanisms may also be
applicable to other RNA viruses and even mammalian genes.

« Further understanding of translational regulation at different stages. Viral gene
regulation is an intricate event which may involve mechanisms at multiple
controling points during translation. By examination of the initiation regulation
and frame-shift events, it enables us to understand further how viruses take
advantage of host translational apparatus in favor of their own gene expression.
The studies could also provide useful target for drug design or vaccine

development for the control of viral pathogens.
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