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Abstract

Virus evolution is subject to several restrictions, which include the rather small size of
the viral genome and the necessity to replicate in a host cell. The latter implies,
constantly trying to evade the host immune system. Hence, viruses must evolve very
fast in order to adapt to changing environmental conditions within the hosts. Analysis of
virus evolution is complicated by the frequent occurrence of overlapping reading
frames. This phenomenon is observed in a number of RNA viruses of different genome
sizes - from as small as that of HIV, to large ones such as those of coronaviruses. To
understand the evolution of viral proteins created by overlapping reading frames, a
systematic analysis of overlapping genes was carried out for SARS-coronavirus and for
murine norovirus. The study involved codon-usage analysis, predicting disorder
content in the overlapping proteins, complemented by structural studies wherever
possible, prediction of the RNA secondary structure elements at the translational
initiation sites of the alternative reading frames, and mutational analysis of the
overlapping genes. Based on these analyses, it could be concluded that (1) usage of
overlapping reading frames is one of the mechanisms employed by viruses for acquiring
new protein domains, (2) overlapping protein regions have a tendency to be inherently
disordered, (3) there is no consensus RNA secondary structure present at the
translation initiation site of the alternative reading frame, which could assist in the non-
canonical translation - instead, the RNA secondary structure appears to be case-specific
for each overprinting protein -, and (4) viruses with overlapping reading frames might
use a mechanism called “independent evolution” to escape any deleterious effect of

mutations occuring in the overlapping gene set.



Abstract

Im Rahmen der Evolution unterliegen Viren einer Reihe von einschriankenden
Rahmenbedingungen. In erster Linie spielt dabei die geringe Grof3e ihres Genoms eine
Rolle, wodurch die Anzahl der verfiigharen Gene beschrankt ist. Dariiber hinaus besteht
fiir Viren die Notwendigkeit, Strategien zu entwickeln, um nicht nur in einer Wirtszelle
erfolgreich replizieren, sondern auch das Immunsystems umgehen zu kénnen. Aus den
genannten Griinden miissen Viren eine sehr schnelle Entwicklung durchlaufen, um sich
den sich dndernden Bedingungen im Wirtsorganismus erfolgreich anzupassen. Die
Erforschung der Evolution von Viren ist somit von grofdem Interesse, stellt jedoch durch
das haufige Auftreten von iiberlappenden Leserastern eine grofie Herausforderung dar.
Dieses Phianomen kann bei einer ganzen Reihe von RNA-Viren unterschiedlicher
Genomgrofe, angefangen vom kleinen Genom des HI-Virus bis hin zu den grofderen der
Coronaviren, beobachtet werden. Um die Evolution viraler Proteine besser verstehen zu
konnen, wurde eine systematische Untersuchung der Gene vorgenommen, die durch
iberlappende Leseraster codiert werden. Der Fokus lag beim SARS-Cornavirus sowie
beim murinen Norovirus. Die Untersuchung beinhaltete die Nutzung der moglichen
Codons sowie Vorhersagen iiber den Grad der Fehlordnung der iiberlappenden
Proteine. Diese Vorhersagen wurden durch Strukturuntersuchungen und
Mutationsstudien der liberlappenden Bereiche vervollstandigt. Dariiber hinaus wurde
die RNA auf das Vorhandensein von Sekundarstrukturelementen an den Stellen der
Translationsinitiation alternativer Leseraster untersucht. Anhand der gewonnenen
Ergebnisse konnten folgende Schliisse gezogen werden: (1) Uberlappende Leseraster

stellen einen Mechanismus zum Erwerb neuer Proteindomanen durch Viren dar. (2)



Proteine, die durch iiberlappende Leseraster codiert werden, besitzen eine hdéhere
Tendenz, fehlgeordnete Bereiche aufzuweisen. (3) An Stellen der Translationsinitiation
alternativer Leseraster existiert kein Konsensus-RNA-Sekundarstrukturelement zur
Unterstiitzung nicht-kanonischer Translation. Vielmehr scheint die vorliegende RNA-
Sekundarstruktur spezfisch fiir die jeweiligen iberlappenden Proteine zu sein. (4) Zur
Vermeidung von schadlichen Mutationen in lberlappenden Leserastern haben diese
Viren vermutlich einen altenativen Mechanismus entwickelt, der auch als “unabhangige

Evolution” bezeichnet wird.
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1. Introduction

1.1 Overlapping reading frames

A codon is composed of three nucleotides and therefore, three reading frames
are, in principle, possible within the same gene. The correct reading frame is
determined by the start codon, usually ATG or, in RNA genomes, AUG,
coding for methionine. If the same stretch of genome codes for two or more
proteins in different reading frames, the open reading frames (ORFs) are
called overlapping open reading frames or just overlapping reading frames.
Proteins encoded by overlapping genes are often called "overlapping
proteins" or "transframe proteins" (Plant, 2012), because during their
translation, there occurs either a +1 or -1 shift in the reading frame (Fig. 1);

(Belshaw et al., 2007).

Codon Position

FIGURE 1 Types of frameshift with respect to the shift in codon position during

translation of overlapping genes.

Overlapping genes were first described in the single-stranded DNA

bacteriophage $X174 (Barell et al., 1976, Sanger et al., 1977). They are most



commonly found in viral genomes, where they are thought to be a result of
evolutionary pressure so as to maximize its informational content while
maintaining its small size (Miyata and Yasunaga, 1978; Krakauer, 2000).
Overlapping genes are also found in eukaryotic genomes and are speculated
to be involved in regulation of gene expression (Keese and Gibbs, 1992;

Krakauer and Plotkin 2002).

Overlapping reading frames are translated into protein products that have
been designated as “overprinted” (or “ancestral’) and “overprinting” (or
“‘novel”), respectively (Rancurrel et al., 2009). Translation of overlapping
reading frames in RNA viruses occurs via leaky ribosomal scanning (Kozak,
1989; 1999; 2002; Zou and Brown, 1996; Ryabova et al., 2006; Matsuda and
Dreher, 2006), internal ribosomal entry site (IRES) (Jackson et al., 1990; Thiel
and Siddell, 1994) programmed ribosomal frameshifting (Jacks et al., 1988;
Brierley et al., 1989; Brierley and Dos Ramos, 2006; Dinman, 2012), or stop-

codon readthrough (Beier, 1984; Honigman, 1991; Orlova, 2003).

1.1.1 Types of overlap

- Internal or Complete Overlap

_ Terminal or Partial Overlap

FIGURE 2 Types of overlap.



Depending on the extent of overlap, two types of the phenomenon can occur
in overlapping genes. If the sequence of one gene overlaps completely with
the sequence of another gene, the overlap is called “internal” or “complete”,
and if only a part of the sequence of one gene overlaps with the sequence of
another gene, then the overlap is called “terminal” or “partial” (Belshaw et al.,

2007).

1.2 Direction and phase of overlapping reading frames

1.2.1 Direction of overlap

Genes can overlap either on the same strand, or, in case of a double-
stranded genome, on the reverse complementary (antiparallel) strand. Hence,
in principle, in an overlapping gene set, three directions of the overlap mode
can occur: unidirectional (=), convergent (<€), and divergent (€-=)
(Normark et al., 1983; Fukuda et al., 1999; 2003; Rogozin et al. 2002). In
bacterial genomes, the majority (~84%) of the overlap occurs in the same
direction of the reading frame (unidirectional) and not in the reverse direction
(Johnson and Chrisholm, 2004). A systematic study on bacterial overlapping
genes revealed that unidirectional overlap is the most common mode of
overlap. Convergent overlaps are found to be not so common, whereas
divergent overlaps are the rarest (Fukuda et al., 1999; 2003; Lillo and
Krakauer, 2007). For example, there are 260 conserved overlapping genes in
Mycoplasma pneumoniae and Mycoplasma genitalium, out of which 230
occur in the unidirectional mode, 28 occur in the convergent mode, and 2

occur in the divergent mode (Fukuda et al., 1999; 2003). There is also a



relationship between the direction of overlap and intergenic distances
between the two overlapping genes. It has been shown that the average
intergenic distance between the overlapping genes is least in the most
common form of unidirectional overlaps, being 97 bp, whereas this distance is
144 bp in convergent, and 236 bp in divergent overlaps. It is presumed that
the intergenic distance affects the frequency of the overlapping genes

(Fukuda et al., 2003).

1.2.2 Phase of overlap in overlapping reading frames

In an overlapping gene set, the position of the codon in two reading frames
with respect to each other is called the phase of the overlap (Krakauer 2000;

Rogozin et al. 2002; Lillo and Krakauer, 2007; Johnson and Chrisholm 2008).

ye— 5

3 2 1 3 2 1| 3 2 1 antiparallel -2 frameshift

antiparallel -1 frameshift

3 2 1 3 2 1 3 2 1 antiparallel frame

1 2 3 1 2 3 1 2 "3 0 phase frame

1(2 |3 1|2 |3 1 2 | 3 | +1 frameshift

1 2 3 1 2 |3 1 2 3 | *2 frameshift

FIGURE 3 Direction and phase of overlapping genes (adapted and modified
from Krakauer, 2000).

A unidirectional overlapping gene set can feature either a +1 frameshift or a

+2 frameshift (Fig. 3). The +2 frameshift is also termed -1 frameshift (Belshaw



et al., 2007), because it produces the same effect on codon positioning in the
dual-coding region. In terms of evolution, overlapping genes are considered
a mechanism for creating novel proteins (Krakauer, 2000; Rancurrel et al.,
2009). Any point mutation occurring in an overlapping gene region affects two
(or more) protein products at the same time. Hence, the co-occurrence of a
codon position in different reading frames, in other words the phase of the

overlap, determines the effect of mutations in each reading frame.

1.3 Selection pressure on overlapping reading frames

1.3.1 Degeneracy of the genetic code

The standard genetic code (Fig. 4) is almost universal (Koonin and

Novozhilov, 2009).

FIGURE 4 Standard genetic code (figure obtained from wikipedia page:
http://de.wikipedia.org/wiki/Code-Sonne)



Since the last universal common anscestor (LUCA), the code has not
changed much, apart from a few reassignments (Crick, 1968). However, in
present days, there is enough evidence that the standard code is not literally
universal, but there are 25 additional alternative genetic codes available in the
NCBI taxonomy database depicting genetic codes (http://www.ncbi.nim.nih.
gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=tgencodes#SG1, last
updated on April 30™ 2013, last accessed on 20" February 2015).
Nevertheless, it has to be emphasized that the modifications do not alter the
basic standard organization (Koonin and Novozhilov, 2009).

Most of the 20 amino acids (except for methionine and tryptophan) are coded
by more than one codon. The codons which code for the same amino acid are
called synonymous codons. Upon a point mutation in a coding region of a
genome, the position at which nucleotide substitution occurs within a codon
reflects whether the substitution would be synonymous or not. When there is
a nucleotide substitution at the first codon position, it causes an amino-acid
change in 60 out of 64 cases. The four exceptions, two each in codons for
leucine (UUA-CUA, UUG-CUG) and arginine (AGA-CGA, AGG-CGG), occur
because of the partial degeneracy of codons (Fig. 4). When there is a
nucleotide substitution at the second codon position, it results in an amino-
acid change in 63 out of 64 cases. At this codon site, the only substitution that
is synonymous occurs in stop codons (UAA-UGA). Lastly, a nucleotide
substitution occurring at the third codon position causes a change in amino
acid in only 16 out of 64 cases because of codon degeneracy at the third
nucleotide position (Fig. 4) (Pavesi et al., 1997; 2006; Matsuda and Dreher,

2006).



1.3.2 Synonymous and non-synonymous substitutions

Synonymous substitutions result in silent mutations and non-synonymous
substitutions result in non-silent mutations. The ratio w of non-synonymous
(Ka) to synonymous (Ks) nucleotide substitution rates is an indicator of
selective pressure on genes. A ratio significantly greater than 1 indicates
positive selective pressure. A ratio around 1 indicates either neutral evolution
at the protein level or an averaging of sites under positive and negative
selective pressure. A ratio less than 1 indicates pressure to conserve protein

sequence, i.e. “purifying selection” (Hurst, 2002).

1.3.3 Different kinds of evolutionary strategy adopted by overlapping

genes

a) Evolution by directional (positive) selection in one reading frame while
purifying (negative) selection in the other: This is the most common
mechanism seen in overlapping gene sets (Miyata and Yasunaga, 1978;
Pavesi, 2000; 2006; Jordan et al., 2000; Fuijii et al. 2001).

b) Evolution where both the reading frames are undergoing directional
selection (Rogozin et al., 2002):

c) Evolution where both reading frames evolve neutrally or favoring just
synonymous substitutions so that the physico-chemical properties of the
translated protein products are not changed: This mechanism is also called
“Constrained Evolution” (Mizokami et al., 1997).

d) Evolution where one reading frame evolves neutrally or almost neutrally,
while there is a positive or negative selection in the other reading frame: this

mechanism is also called “Independent Evolution” (Zaaijer et al., 2007).



1.4 Viruses with overlapping reading frames

Although overlapping reading frames have been discovered in many
organisms, they are most commonly found in viruses because of their
comparatively small-sized genomes (Keese and Gibbs, 1992; Belshaw et al.,
2007; Chirico et al., 2010). An evolutionary study on multiple overlapping
genes within the genomes of the families Rhabdoviridae and Paramyxoviridae
revealed negative selection in one protein product and concomitant rapid
evolution of the other (Jordan et al., 2000). This kind of differential selection in
overlapping genes, i.e. adaptive evolution in one reading frame and negative
selection in the other, is quite common (Miyata and Yasunaga, 1978; Pavesi,
2000; 2006; Jordan et al., 2000; Fuijii et al. 2001). Hepatitis B Virus (HBV) has
two-thirds of its genome coding for more than one protein. A comparison of
the evolutionary rates in overlapping and non-overlapping gene regions of
HBV provided evidence of “constrained evolution”, i.e. the non-overlapping
gene regions evolve faster than the overlapping gene regions (Mizokami et
al.,, 1997). However, more recently, another study on the overlapping
polymerase (P) and surface protein (S) genes of HBV was performed and
“‘independent evolution” of both overlapping genes has been reported (Zaaijer

et al., 2007).

1.5 Objective of this study

Many of the overlapping proteins in viruses are accessory or group-specific
proteins. Some of them are known to contribute greatly to enhancing the

pathogenicity of the virus. In the genome of Severe Acute Respiratory



Syndrome Coronavirus (SARS-CoV), several of the accessory genes overlap
with other open reading frames (Rota et al., 2003; Marra et al., 2003;
Narayanan et al., 2008; McBride and Fielding, 2012; Liu et al., 2014). The
most interesting example among these is the accessory protein encoded by
open reading frame (orf) 9b, which is an internal overlap with the N-terminal
domain of the nucleocapsid protein (Marra et al., 2003; Rota et al., 2003).
This is one of the rare cases in which crystal structures are available for both
of the overlapping proteins. Also, a large body of sequence information is
available for SARS-CoV isolates and SARS-like coronaviruses from bats and
civets, allowing a study into the evolution of the overlapping N and 9b genes
and characterization of the sequence properties of this gene set (Shukla and
Hilgenfeld, 2015). Similarly, proteins encoded by orf3a and orf3b of SARS-
CoV are another set of overlapping proteins which has a partial overlap of
sufficient length to make meaningful sequence analysis (Marra et al., 2003;
Rota et al., 2003). Also included in this study is the recently discovered
overlapping accessory gene in Murine Norovirus, i.e. the Virulence factor 1
gene (Vf1) (McFadden et al., 2011). For comparison, the overlapping set of
the genes coding for Hepatitis B virus polymerase and surface protein is

included.

In this theoretical analysis, | have tried to answer the following questions:

(1) Is one of the gene products more ancient than the other, suggesting that

overlapping orfs may be a mechanism for the virus to acquire new proteins?

(2) Do the overlapping sets of proteins tend to be inherently disordered? Are

the three-dimensional structures (if available) of the overlapping proteins



optimized in terms of packing and stability, or is one of them (or both) making

compromises?

(3) Is there a consensus RNA secondary structure element that is responsible

for creation of overprinting proteins in viral genomes?

(4) How do mutations in one reading frame affect the protein encoded by the

other reading frame, and vice versa?

(5) Do overlapping reading frames impose restrictions on mutations in the

overlapping protein set, or are they evolving independently of each other?

10



2. Biological background

Accessory genes are group-specific genes usually seen to be associated with
viral pathogenecity (Liu et al., 2014). To characterize sequence properties of
newly acquired genes formed by overlapping reading frames, overlapping
accessory genes and their respective protein products in Severe Acute
Respiratory Syndrome (SARS) coronavirus and Murine norovirus (MNV) were
studied. The obtained results were also compared with the most studied case

in this field, Hepatitis B virus (HBV).

2.1 Accessory proteins of coronaviruses

Coronaviruses are positive-stranded RNA viruses which belong to the
subfamily Coronavirinae in the family Coronaviridae, within the order
Nidovirales (Fauquet et al., 2005). Coronaviruses are divided into three
genera: Alpha-, Beta-, and Gammacoronaviruses. The Betacoronaviruses
are further classified into lineages a, b, ¢, and d. A fourth genus,
Deltacoronavirus, has been proposed in order to include new coronavirus
species (de Groot and Gorbalenya, 2010). This fourth genus comprises a
number of recently identified avian and a few mammalian coronaviruses (Woo

etal., 2010; 2014).

According to the species demarcation criterion for the viral family
Coronaviridae, viruses that share more than 90% amino-acid sequence
identity in the conserved replicase domains are considered to belong to the

same species (9th report of the International Committee on the Taxonomy of

11



Viruses , de Groot et al., 2011). If this new classification system is going to be
accepted, bat coronaviruses will dominate the Alpha- and Betacoronavirus
genera and avian coronaviruses the Gamma- and Deltacoronavirus genera

(Woo et al., 2010; 2014; de Groot et al., 2011).

Many small open reading frames (ORFs) occurring in inconsistent numbers
are present in coronaviruses downstream to ORF 1. These ORFs encode
proteins which have not been previously characterized and hence, for most of
them the functions are unknown. Deletion studies are commonly carried out
with these proteins to identify if they are dispensable or indispensable for the
viral life cycle. Coronaviruses are responsible for causing common cold in
humans and are usually not life-threatening, with the exception of SARS
coronavirus (SARS-CoV) and the newly identified Middle East Respiratory
Syndrome (MERS) coronavirus (MERS-CoV). Apart from humans,
coronaviruses infect many mammals such as bats, cattle, cats, pigs, horses,

whales, and birds such as munia, thrush, bulbul etc.

A phylogenetic tree is shown below, for the members of all four coronavirus
genera (Fig.5). In Appendix I, they are also listed along with the respective
hosts, genome length as well as number and length of accessory proteins

which they encode.

12



FIGURE 5 Phylogenetic analysis of the four genera of coronaviruses based on
pplab using Kalign multiple sequence alignment and Phyfi tree viewer
(Lassmann and Sonnhammer, 2005; Fredslund, 2006). Next to the branch, virus
names along with the lineages are indicated. The tree highlights four main
clusters corresponding to the genera Alpha-, Beta-, and Gamma-CoVs and the
recently proposed new genus Delta-CoV. The four distinct betacoronavirus

lineages a, b, ¢, and d can also be seen.

2.1.1 Alphacoronaviruses

Some of the most studied accessory genes among the members of

alphacoronavirus are described in what follows:

13
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FIGURE 6 Genome organization of members of the genus Alphacoronavirus
highlighting the accessory genes downstream of the orfla/lb gene. Spike (S),
envelope (E), membrane (M), and nucleocapsid (N) are the structural genes and
interspersed between them are the genes coding for putative accessory proteins.
1. Feline infectious perotonitis virus (NC_002306), 2. Porcine respiratory
coronavirus (DQ811787), 3. Transmissible gastroenteritis virus (DQ811788), 4.
Bat coronavirus CDPHE 15/USA/2006 (NC 022103), 5. Rousettus bat
coronavirus HKU10 (NC 018871), 6. Miniopterus bat coronavirus 1B
(NC _010436), 7. Miniopterus bat coronavirus 1A (NC_010437), 8. Miniopterus
bat coronavirus HKU8 (NC_010438), 9. Rhinolophus bat coronavirus HKU?2
(NC_009988), 10. Scotophilus bat coronavirus 512 (NC_009657) 11. Human
coronavirus NL63 (NC_005831), 12. Human coronavirus 229E (NC_002645), 13.
Porcine epidemic diarrhea virus (NC_003436).

Feline infectious peritonitis virus (FIPV) is known to possess two genes

downstream of the N gene (Fig. 6) . It has been demonstrated that these

14



ORFs are essential for efficient replication in vitro and for virulence in vivo
(Haijema et al. 2004, Dedeurwaerder et al., 2013). Recent studies on the
orf3a,b,c and orf7a,b accessory proteins of FIPV showed that the orf7
proteins are crucial for FIPV replication in monocytes/macrophages, giving an
explanation for their importance in vivo. The orf3 proteins were found to have
only supportive roles during the FIPV infection of the target cell
(Dedeurwaerder et al., 2013). Investigations on the role of orf7 proteins in the
evasion of the interferon (IFN)-mediated immune response indicated that the
FIPV orf7a protein is a type-l IFN antagonist and protects the virus from the
antiviral state induced by IFN, however, that it needs the presence of orf3
proteins to exert its antagonistic function (Dedeurwaerder et al., 2014). The
orf3 proteins of Porcine Respiratory coronaviruses (PRCV) and Transmissible
Gastroenteritis Virus (TGEV) are known to play potential roles in determining
virulence (Tung et al., 1992; Paul et al., 1997). Another notable accessory
protein of an alphacoronavirus is the protein encoded by orf4 in human
coronavirus 229E. It has been previously known that the genome of human
coronavirus 229E encodes two accessory proteins, namely orf4a and orf4b.
However, recent complete genome sequencing of clinical isolates shows the
presence of a full-length orf4 protein, whereas laboratory strains show the
presence of a truncated orf4 (Farsani et al., 2012). It is suggested that
extensive culturing of HCoV 229E might have resulted in this truncation. The
highly conserved amino-acid sequence of the orf4 protein among clinical
isolates suggests that the protein plays an important role in vivo (Dijkman et

al., 2006).
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2.1.2 Betacoronaviruses
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FIGURE 7 Genome organization of members of Betacoronavirus lineages a, b, c,
and d, highlighting the accessory genes downstream of the orfla/1b gene. Spike
(S), envelope (E), membrane (M), and nucleocapsid (N) are the structural genes
and interspersed between them are the genes coding for putative accessory
proteins. 1. Bovine Coronavirus (NC_003045), 2. Mouse Hepatitis Virus
(AC_000192), 3. Human Coronavirus HKU1 (NC_006577), 4. Human
Coronavirus OC43 (NC_005147), 5. Severe Acute Respiratory Syndrome virus
(NC_004718), 6. Tylonycteris bat coronavirus HKU4 (NC_009019),7. Pipistrellus
bat coronavirus HKUS (NC_009020), 8. MERS-CoV/Human Coronavirus 2c
EMC/2012 (NC_019843), 9. Rousettus bat coronavirus HKU9 (NC _009021).

In betacoronaviruses lineage a, for example in Bovine Coronavirus (BCoV),
Mouse Hepatitis Virus (MHV), Human Coronavirus HKU1, Human
Coronavirus OC43 etc., there occurs a haemaglutinin esterase (HE) gene
between orf1ab and the S gene encoding a glycoprotein with neuraminate O-
acetyl esterase activity (Fig. 7). This gene is exclusively present in

betacoronaviruses of lineage a, suggesting its acquisition after diverging from



the anscestors of other betacoronavirus lineages. It has presumably been
acquired via horizontal gene transfer from influenza C virus (Luytjes et al.,
1988; Zhang et al., 1992; Zeng et al., 2008; Langereis et al., 2012). In addition
to the HE accessory gene, studies have been performed on the internal ORF
within the nucleocapsid gene of MHV. This ORF encodes a structural protein
of 136 amino-acid residues that, however, is found to be non-essential for

viral replication in either cell culture or in its natural host (Fischer et al., 1997).

Betacoronaviruses lineage b, for example SARS-CoV, is discussed later in

this chapter (section 2.1.5).

In betacoronaviruses lineage c, for example in the bat coronaviruses HKU4,
HKUS, and the recently characterized MERS-CoV, there are four ORFs
between the S and the E gene which encode the putative orf3a (also known
as orf3), orf3b (also known as orf4a), orf3c (also known as orf4b) and orf3d
(also known as orf5) proteins. MERS-CoV also contains an internal ORF
within the nucleocapsid gene, which has not yet been characterized (van
Bohemeen et al., 2012). This ORF was not previously described for BtCoV-
HKU4 and BtCoV-HKUS but is conserved in the genome sequences of both
viruses. Transmembrane prediction revealed that the orf3 and orf4b proteins
each contain one transmembrane helix, whereas the orf5 protein contains
three such helices. It was recently suggested that the orf3 and orf5 proteins
localize to the endoplasmic reticulum-golgi intermediate compartment

(Niemeyer et al., 2013). In another study, the orf4b protein was found to be
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localized to the nucleus (Matthews et al., 2014). Several studies have recently
demonstrated that the orf4a, orf4b and orf5 proteins act as interferon
antagonists with the orf4a protein being the most potent to counteract the
antiviral effects of IFN via the inhibition of both interferon production and ISRE
promoter element signaling pathways (Yang et al., 2013; Niemeyer et al.
2013). Moreover, the orf4a protein has recently been described as a double-
stranded (ds) RNA-binding protein, which supresses the innate immune
response by targetting the cellular dsRNA-binding protein PACT. It prevents
the dsRNA intermediate products of viral RNA replication from binding to
PACT, resulting in failure of activation of the cellular dsRNA sensors RIG-I

and MDADS (Siu et al., 2014).

In Betacoronavirus lineage d, for example in bat coronavirus HKU9, two
accessory proteins, orf7a and orf7b, are found downstream of the N gene
(Fig. 7) (Woo et al., 2007; Lau et al., 2010). These are encoded by two ORFs,
both of which are connected with a transcription regulatory sequence (TRS).
A TRS is a highly conserved AU-rich core sequence located at the 5" end of
coronavirus genes, which is essential for mediating a 100- to 1,000-fold
increase in MRNA synthesis when located in the appropriate context (Alonso
et al., 2002; Sawicki et al., 2007). Thus, the identification of TRSs preceding a
predicted ORF helps identify new genes. This is the first time in a

betacoronavirus that ORFs downstream of the N gene have been observed.

18



2.1.3 Gammacoronaviruses
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FIGURE 8 Genome organization of members of the genus Gammacoronavirus
highlighting the accessory genes downstream of the orfla/lb gene. Spike (S),
envelope (E), membrane (M), and nucleocapsid (N) are the structural genes, and
interspersed between them are the genes coding for putative accessory proteins.
1. Infectious Bronchitis Virus (NC_001451), 2. Turkey coronavirus (NC_010800),
3. Beluga whale coronavirus SW1 (NC_010646).

The most studied gammacoronavirus to date is Infectious Bronchitis Virus
(IBV). The genomic organization of the classic gammacoronaviruses is as

follows:
5'-Pol-S-3a-3b-E-M-5a-5b-N-(UTR)-3'

It contains four accessory genes coding for four accessory proteins, namely
orf3a, orf3b, orf5a, and orf5b (Fig. 8). Reverse genetics studies have shown
that these are dispensable for viral replication (Casais et al., 2005; Hodgson

et al., 2006).

2.1.4 Deltacoronaviruses

Recent complete genome sequencing and comparative analysis showed that
both the avian and mammalian coronaviruses belong to the genus
Deltacoronavirus, with similar genome characteristics and structures (Woo et

al., 2009; 2012).
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FIGURE 9 Genome organization of members of the genus Deltacoronavirus
highlighting the accessory genes downstream of the orfla/lb gene. Spike (S),
envelope (E), membrane (M), and nucleocapsid (N) are the structural genes and
interspersed between them are the genes coding for putative accessory proteins.
1. Bulbul coronavirus HKU11 (FJ376620), 2. Thrush coronavirus HKU12
(NC _011549), 3. Munia coronavirus HKU13 (NC_011550), 4. Porcine
coronavirus HKU1S (JQ065042), 5. White eye coronavirus HKU 16 (JQ065044),
6. Sparrow coronavirus HKU17 (JQ065045), 7. Magpie robin coronavirus
HKU18 (JQ065046), 8. Night heron coronavirus HKU19 (JQ065047), 9. Wigeon
coronavirus HKU20 (JQ065048), 10. Common moorhen coronavirus HKU21
(JQ065049).

Their genome size is the smallest amongst all coronaviruses, ranging from
25.4 to 26.6 kb. Currently, all the 10 complete genome sequences possess an
orfé accessory gene located between the M and N genes, and a variable
number (one to four) of accessory genes downstream of the N gene (Woo et
al.,, 2009; 2012) (Fig. 9). These group-specific genes are yet to be

characterized.



2.1.5 SARS-coronavirus: A member of betacoronavirus lineage b;

genome organization and its overlapping proteins

SARS is an acute respiratory illness characterized by pulmonary inflammation
with a fatality rate of about 10% (Hilgenfeld and Peiris, 2013; Cheng et al.,
2013). SARS-CoV first emerged in 2002 in Guangdong province, China, and
by the spring of 2003 developed into a widespread epidemic (Cheng et al.,
2013). The origin of this virus is believed to be a bat reservoir (Li et al., 2005;
Drexler et al., 2014; Ge et al.; 2013). Although the epidemic ended in July
2003, it is not unlikely for SARS-CoV or a similar virus to re-surface again.
This view is supported by the recent emergence of MERS-CoV, a new human
betacoronavirus of lineage c (Zaki et al., 2012; de Groot et al. 2013; van
Bohemeen et al. 2012; Cotten et al. 2013). The primary reservoir of MERS-
CoV has been shown to be dromedary camels (Reusken et al., 2013; Meyer
et al., 2014, Haagmans et al., 2014), however, the possibility of an origin from
bats cannot be ruled out (Annan et al., 2013; Ithete et al., 2013; Yang et al.,
2014). As of April 9", 2015, 1102 laboratory-confirmed human MERS cases
have been reported since September 2012, including 416 deaths

(http://www.who.int/csr/don/9-april-2015-mers-saudi-arabia/en/).

The emergence of yet another life-threatening coronavirus emphasizes the

importance of understanding the pathogenesis of these viruses.

The genome of SARS-CoV codes for at least 28 proteins. Two-thirds of the
30-kb single-stranded RNA genome of positive polarity comprise ORF 1ab,
which encodes the viral polyproteins pp1a and pp1ab. The 3'-proximal third

comprises orfs encoding the structural proteins, i.e. spike (S), envelope (E),
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membrane (M), and nucleocapsid (N) (Marra et al., 2003; Rota et al., 2003).
In addition, several small ORFs coding for the accessory proteins are
distributed among the gene segments coding for the structural proteins; these
include orf3a/b, orf6, orf7a/b, orf8a/b, orfOb and possibly orf9c (Narayanan et
al. 2008; Mc Bride and Fielding, 2012; Liu et al., 2014). SARS-CoV accessory
proteins are thought to play important roles in viral pathogenicity (Tan et al.,
2006; Narayanan et al. 2008; Mc Bride and Fielding, 2012; Liu et al., 2014).
The present work focuses on the internal overlap of the orfOb gene within the
nucleocaspsid gene and on the partial overlap in the orf3a and orf3b

accessory genes (Fig. 10).

Replicase 1a | | Spike -| |ID I
| Replicase 1b | L Il

9c

FIGURE 10 Schematic organization of the SARS-coronavirus genome,
highlighting structural and accessory genes. The overprinting accessory genes

are indicated below their overprinted mates.
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Internal overlap of the orf9b gene :

N
Start of N gene at nucleotide N gene End of N gene at nucleotide
position 28120 position 29388

9b

Start of orf9b gene at nucleotide
position 28130 \ U,

\/ End of orf9b gene at nucleotide
position 28426

FIGURE 11 Overlapping N and orf9b genes of SARS-CoV with their start-stop

co-ordinates in its genome (""end" coordinates include the stop codon).

The orf9b gene completely overlaps with the nucleocapsid gene. During the
translation of the subgenomic mRNA coding for the nucleocapsid protein, a
+1 frameshift may occur at the 10th nucleotide, leading to the translation of
orf9b (Fig. 11). Recently, it has been proposed that leaky ribosomal scanning
is responsible for the production of the orf9b protein (Xu et al., 2009). Orf9b
codes for a small protein of 98 amino-acid residues, which is present in
SARS-CoV-infected cells (Chan et al., 2005). Antibodies against this protein
have been detected in the sera of SARS patients, demonstrating that the
protein is produced during infection (Qiu et al., 2005). Its three-dimensional
structure has been determined by X-ray crystallography, revealing a
previously unknown fold (Meier et al., 2006). The orf9b protein is thought to
be a virion-associated protein (Xu et al., 2009). It has also been postulated
that it possesses a nuclear export signal (NES) and is localized to the extra-
nuclear region (Moshynskyy et al., 2007). Recently, it has been found that the
orf9b protein diffuses into the nucleus, undergoes active Crm1-mediated
nucleocytoplasmic export and, when retained in the nucleus, triggers

apoptosis (Sharma et al., 2011). However, the exact function of the orf9b

23



protein during SARS-CoV infection is not well understood. Also, there is no
sequence similarity between the orf9b protein and any other known protein
(Marra et al., 2003, Rota et al., 2003). Among other lineages of
Betacoronaviruses, internal ORFs within the nucleocapsid gene have been
reported, but these so-called “internal genes” have little in common with the
orf9b gene of SARS-CoV (Liu et al., 2014). For the purpose of comparison,

they were also included in this work (Fig. 12).
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FIGURE 12 Internal overlapping proteins within the nucleocapsid protein in
members of the genus Betacoronavirus. Protein lengths (number of amino-acid

residues) are indicated next to each overlapping protein set.

In case of SARS-CoV, there has also been a report of another overlapping
gene, orfc (nucleotides 28,583 to 28,795) within the nucleocapsid gene (see

Fig. 10). It encodes a predicted protein of 70 amino-acid residues. BLAST
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analysis failed to identify similar sequences. A single trans-membrane helix
was predicted using the TMpred (Trans Membrane prediction) algorithm
(Marra et al., 2003). Until now, no evidence of orf9c expression has been

found and since it is not yet annotated, it is not included in this study.

Partial overlap of the orf3a and orf3b genes:

The orf3a gene of SARS-CoV codes for a protein comprising 274 amino-acid
residues and the orf3b gene codes for a protein of 154 amino-acid residues.
There is a partial overlap of 134 amino-acid residues (Fig. 13). Both the orf 3a
and orf3b protein are not homologous to any other known proteins (Marra et

al., 2003).

(A}

End of the orf3a gene at

Start of the orf3a gene at leotid ition 26092
nucleotide position 25268 orf3a nucieotice posttion
End of the orf3b gene at nucleotide
Start of the orf3b gene at IR position 26153

nucleotide position 25689 U

FIGURE 13 Co-ordinates of the orf3a and orf3b genes in SARS-CoV ("end"

coordinates include the stop codon).

The orf 3a protein was previously also known as X1 or the U274 protein (Rota
et al., 2003; Tan et al.,, 2004). Expression of the orf3a gene was detected,
both in vitro in SARS-CoV infected cells, and in vivo in the lungs of a SARS
patient (Yu et al., 2004; Guo et al., 2004; Zeng et al., 2004). This protein was
found to localize to the perinuclear region as well as to the plasma membrane

(Tan et al., 2004; Ito et al., 2005). Ito et al. (2005) found that the orf3a
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protein is virion-associated and hence, might be a structural protein. This was
also confirmed by Shen et al. (2005), although it was shown that its function is
dispensible. The orf3a protein is thought to modulate virus release through its
potassium-sensitive channel function (Lu et al. 2006; Chan et al. 2009).
Moreover, it is also known to regulate host cellular responses, e.g. by
inducing apoptosis (Law et al., 2005; Zhong et al., 2006; Chan et al. 2009;
Freundt et al., 2010). It has been shown that frameshift mutations in the orf3a
gene are responsible for the formation of multiple orf3a variant proteins, each
having a different length (Tan et al., 2005; Wang et al., 2006). In some
patients, only the truncated orf3a protein forms were found, and so it is
speculated that each variant may have a different stability or different function
and might contribute differently to the viral pathogenesis in vivo (Tan et al.,

2005).

The orf 3b protein was previously also known as X2 protein or U154 (Rota et
al., 2003; Tan et al., 2004). Expression of the orf3b gene was detected, both
in vitro and in vivo (Guo et al., 2004; Chan et al., 2005). It was shown that the
orf3b protein localizes to the nucleolus of infected Vero E6 cells (Yuan et al.,
2005). Later, it was also seen to localize to mitochondrial cells due to the
presence of a nuclear export sequence (Yuan et al., 2006; Freundt et al.,
2009). The orf3b protein is reported to induce apoptosis and necrosis in the
infected cells (Khan et al., 2006) and is thought to function as an interferon

antagonist through inhibition of IRF3 (Kopecky-Bromberg et al., 2007).

Till date, there are no crystal structures available for either the orf3a or orf3b

proteins (Hilgenfeld and Peiris, 2013).
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2.2 Overlapping protein in Murine Norovirus

Murine norovirus (MNV) is a species of norovirus affecting mice. It was first
identified in 2003 in immunocompromised mice (Karst et al., 2003). Like other
members of the Caliciviridae family, MNV has a positive-sense, single-

stranded RNA genome.

ORF 1 = 1687

NS1/2 | NS3 ORF2=541  ORF3=208

ORF4 =113

FIGURE 14 Schematic organization of the MNV genome.The overprinting
accessory gene V{1 is indicated below its overprinted mate, VP1.

However, unlike the other members of the Caliciviridae, which comprise three
orfs, it has been recently detected that MNV encodes a potential alternative
open reading frame coding for an accessory protein annotated as Virulence
factor 1 (Vf1) protein (Fig. 14). This Vf1 protein is formed by a +1 shift at the
13" nucleotide position of the ORF coding for the VP1 protein. The VP1
protein comprises 541 amino-acid residues and there is a complete overlap

with Vf1, which comprises 213 amino-acid residues.

2.3 Overlapping proteins in Hepatitis B Virus (HBV)

In studies of overlapping reading frames, the genome of HBV is extensively

used. Twp thirds of the HBV polymerase (P) gene contain different alternating
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reading frames. HBV has a circular genome comprising 3215 nucleotides and

coding for 7 proteins (Fig. 15).

preS2 (55 aa)

preC (29 aa)

e

X (154 aa)

FIGURE 15 Schematic organization of the partially double-stranded HBV
genome showing two-thirds of the genes overlapping each other (Figure adapted

from Jayalakshmi et al. 2013).

Comprising 226 amino-acid residues, the surface (S) protein of HBV overlaps
completely with the P protein, which comprises 843 amino-acid residues. The
remaining 5 proteins partially overlap with each other (Fig. 15). A number of
studies have been carried out on evolutionary aspects of these alternative

reading frames (Mizokami et al., 1997; Zaaijer et al., 2007; Chen et al., 2013).
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3. Special sequence properties of overlapping genes

Various studies have analyzed the information content in overlapping gene
regions (Pavesi et al. 1997; 2013). To characterize the special sequence
properties of genes involved in overlapping reading frames, comparisons of
the patterns of codon usage in overlapping and non-overlapping genes are

carried out.
3.1 Codon usage bias

Due to the degeneracy of the genetic code, 18 out of 20 different amino acids
are encoded by more than one codon, the exceptions being methionine and
tryptophan (for details, see Chapter 1). The frequencies of occurrence of
alternative synonymous codons are not equal in a gene, therefore leading to a
“codon usage bias” in that gene. The phenomenon has been studied since the
beginning of nucleic acid sequence determination and sequence database
creation (Grantham et al., 1980; 1981). These studies resulted in the
generation of genome hypotheses which state that genomes within a species
or related species have a similar pattern of codon usage. In other words, each
genome within a species shows uniformity in using some synonymous codons
preferentially over others (Grantham et al., 1980; 1981; Ikemura, 1985; Sharp
and Li, 1987, Sharp et al., 2010). It was also shown that adding up the codon
usage pattern of all the genes in an organism to get the total codon usage of
the organism may conceal the underlying heterogeneity and hence, it is better
to specify the codon usage trends among the genes in a species and between

closely related species (Aota and lkemura, 1986).

Several studies have investigated the relation of codon usage bias with other
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biological phenomena such as the abundance of tRNAs (lkemura, 1985),
gene expression levels (Sharp and Li, 1987), as well as gene length and GC
composition (Belshaw et al., 2007). Many theories have come up to explain
the reasoning behind codon usage bias, including translational selection
(Grantham et al., 1981), replicational-transcriptional selection (Mclnerney,
1998) and mutational bias (Levin and Whittome, 2000). However, the results
are so varying that it is difficult to comprehend if these biological phenomena
result in codon bias or are a result of codon bias; quite similar to the chicken-

and-egg problem (Forsdyke, 2012)!

However, quantification of codon usage bias within the genome of a viral
species can give insights into the evolution of genes encoded by overlapping
reading frames. Several analyses have been performed to demonstrate that
novel genes amongst the set of overlapping viral genes have significantly
different codon usage patterns (Pavesi, 2000; 2006; Pavesi et al. 2013).
Various open-source programs to calculate the codon usage are now
available such as Codon W (Peden, 1999) and Sequence Manipulation Suite

(Stothard, 2000).

3.2 Methods

3.2.1 Relative Synonymous Codon Usage (RSCU)

Relative Synonymous Codon Usage (RSCU) values are calculated using the
frequencies of each codon type in a nucleotide sequence. The RSCU value

for a codon i is defined as:
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RSCU, = observed(i)/(expected(i),

where "observed(i)’ is the observed frequency of codon i in a gene and
"expected(i)” is the frequency expected assuming equal usage of synonymous

codons for an amino acid in a gene.

The RSCU index is a measure to assess whether a sequence shows a

preference for particular synonymous codons.

3.2.2 Correlation analysis and codon usage

The comparison of the RSCU values obtained from an overlapping gene with
that of a non-overlapping gene of the same viral genome was calculated by
means of Pearson’s correlation coefficient “r" (Sharp and Li, 1987). This

correlation coefficient ranges from -1 to +1.

* Concordant Correlation: A value of +1 indicates an identical or
concordant relationship,

* Discordant Correlation: A value of -1 indicates a highly dissimilar or
discordant relationship.

Studies indicate that newly acquired genes have a tendency towards

discordant codon usage, when compared to the rest of the genome. (Pavesi,

2000; 2006; Pavesi et al., 2013)

3.2.3 Datasets

GenBank

GenBank is a comprehensive, open-access genetic sequence database,

maintained by the National Center for Biotechnology Information (NCBI) at the
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National Institute of Health (NIH) (Benson et al., 2013). It is a part of the
International Nucleotide Sequence Database Collaboration (INSDC), the
combined effort by GenBank itself, DNA Databank of Japan (DDBJ), and
European Molecular Biology Laboratory (EMBL), which ensures uniform and
comprehensive collection of sequence information worldwide. They primarily
receive nucleotide sequences from the scientific community and data
exchange occurs on a daily basis. GenBank can be accessed through the

NCBI Entrez retrieval system at ncbi.nih.gov/genbank.

Poorly annotated accessory genes in the GenBank database

SARS-CoV is a relatively new virus and was characterized after its initial
discovery in 2003. The sequences deposited in the GenBank (Benson et al.,
2013) for its accessory genes/proteins are not fully annotated and there is
ambiguity in the name of the gene or protein in several cases. For example,
an “orf 9b” (which is the locus tag of the orf9b gene as seen in the SARS-CoV
reference sequence NC_004718) search returns just a few results from the
SARS-CoV gene/protein database. Some entries of this protein appear under
the name “orf 13” as identified by Marra et al. (2003). Even though this protein
has been recombinantly produced, its 3D-structure is available, and several
functional annotation studies already performed, the protein continues to be
named “hypothetical protein sars9b” with inference of “non-experimental
evidence, no additional details recorded” in the GenBank database. The same
is true for orf3a and orf3b nucleotide sequences. The use of search engines
and download parameters fails for these viral sequences. In order to extract

all the available orfb, orf3a, and orf3b nucleotide sequences for this study,
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SARS-CoV full-length genomic sequences were collected from GenBank.
Similarly, full-length genomic sequences of MNV were collected to extract the

overlapping accessory Vf1 gene.

Creation of a local database

1051 full-length nucleotide sequences of SARS-CoV in the GenBank were
retrieved. Out of these, only the complete genome sequences (156 in total)
were collected and saved in a local database. Similarly, for Murine Norovirus,
28 full-length genome sequences were collected. All the accession numbers
are listed in Appendix Il. In this study, a HBV reference sequence

(NC_003977) was also used for comparison purposes.

3.2.4 Comparison of codon usage of overlapping and non-overlapping

gene sets

Codon usage analysis was done using the “sequence analysis program”
within the Sequence Manipulation Suite (Stothard, 2000). This program
accepts one or more nucleotide sequences and returns the number and
frequency of each codon type. RSCU values for each codon were then

calculated using these frequencies as explained above.

The comparison was done at the level of codon usage between overlapping
and non-overlapping coding regions. The RSCU values obtained from an
overlapping gene were then compared with those of the non-overlapping
regions of the same viral genome by means of the Pearson correlation

coefficient “r”.
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The first step in this analysis was to establish a relationship between the
codon usage in overlapping and non-overlapping genes of SARS-CoV. The
non-overlapping regions of the genome (Fig. 9) were combined into a single
unit including the orf1a, orf1b, spike, envelope, membrane, and orf6é genes.
On the other hand, the overlapping genes under study here, full-length
nucleocapsid, orf9b gene, orf3a and orf3b genes were considered distinct
sets of data. The remaining accessory genes (orf7 and orf8) were not
included in this comparison, because they contain partial overlaps of very few

nucleotides.

Similarly, a relationship between the codon usage in overlapping and non-
overlapping genes in the MNV genome were established. The non-
overlapping genes of MNV (Fig. 13) were combined into a single unit including
orf1 and orf3, and orf2 (VP1) and orf4 (Vf1) genes were considered distinct
sets of data. In case of HBV, the non-overlapping third portion of its genome
was combined into a single unit, and the overlapping portion of the P gene

and the full-length S gene were considered distinct datasets.

3.3 Results

Correlation analysis shows that the overprinting orfOb gene of SARS-CoV has
a significant degree of discordance when compared to the rest of the genome
(Table 1, next page). It can therefore be concluded that this internal
overlapping gene exhibits a choice of synonymous codons, highly different
from that occurring in the non-overlapping gene set of SARS-CoV, with an r-

value of -0.01.
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Virus Protein Full-length Length | Length of non- | Correlation
(amino-acid | of overlapping coefficient
residues) overlap | region (r)
SARS- | N 422 98 324 0.62
CoV
Orf9b 98 98 complete overlap | -0.01
SARS- | Orf3a 274 134 140 0.59
CoV
Orf3b 154 134 20 0.24
MNV VP1 541 213 328 0.60
V{1 213 213 complete overlap | -0.08
HBV P 843 400* 443 0.83
S 226 226 complete overlap | 0.55

TABLE 1 Correlation between the codon-usage patterns of the N and orf9b
genes as well as the orf3a and orf3b genes of SARS-CoV, the VP1 and V{1 genes
of MNV, and the overlapping P and S genes of HBV. Also shown is the length of
these overlapping proteins along with the length of overlapping and non-

overlapping regions in each protein. *It has to be noted that the P gene in HBV is

also overlapping with four other HBV genes.

For example, out of the eight proline residues in the orf9b protein, five (63%)
are coded by CCC (see Appendix Ill), whereas in the non-overlapping gene
set, less than 9% of proline residues use this codon (Shukla and Hilgenfeld,

2015). On the other hand, concordant relationship is seen between the
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overprinted N gene and the non-overlapping gene set of SARS-CoV (r-value
of 0.62). In MNV, the overprinting gene Vf1 has also a significantly higher
degree of discordance (r-value of -0.08) when compared to its non-
overlapping counterparts (r-value of 0.60). However, in the partially
overlapping orf3a and orf3b genes of SARS-CoV and in the P and S gene of

HBV, the r value is positive for both genes, one being higher than the other.

For the purpose of comparison, codon-usage analysis for other
betacoronaviruses containing a hypothetical overlapping “internal” gene within

their nucleocapsid gene was also carried out.

Betacorona- Protein Length Length of | Correlation
virus (amino-acid | overlap coefficient
residues) (r)

BCoV Nucleocapsid 448 207 0.67
internal protein 207 207 -0.11

MHV Nucleocapsid 455 136 0.66
internal protein 136 136 0.00

MERS-CoV Nucleocapsid 411 112 0.58
hypothetical 112 112 -0.13
internal protein

TABLE 2 Correlation between the codon-usage patterns of the overprinted N
and its overprinting internal genes of other members of the genus
Betacoronavirus i.e. BCoV, MHV and MERS, each with the non-overlapping

coding regions in their genome, respectively.
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The nucleocapsid genes of Bovine Coronavirus (BCoV), NCBI accession
number NC_003045; Mouse Hepatitis Virus (MHV), NCBI accession number
AC_000192; and the newly discovered Middle East Respiratory Syndrome
Coronavirus (MERS-CoV), NCBI accession number NC_019843, display a
similar positive codon usage correlation when compared to the rest of the
genome, with r-values of 0.67, 0.66, and 0.57, respectively, whereas their
corresponding “internal” genes have r-values of -0.11, 0.00, and -0.13,

respectively (Table 2).

3.4 Discussion

Previous work has suggested codon usage as a measure to determine the
relative age of a gene (Rancurrel et al., 2009). A discordant relationship in the
codon usage of a particular gene, when compared with the rest of the genes,
suggests a relatively more recent acquisition of the gene (Pavesi, 1997;
Pavesi et al., 2013). The overprinting orf9b gene of SARS-CoV and the Vf1
gene of MNV display discordant codon usage from the rest of their genomes.
Hence, it can be concluded that the orfO9b gene of SARS-CoV and the Vf1
gene of MNV are novel genes. Both the partially overlapping orf3a and orf3b
genes of SARS-CoV display positive correlation with the rest of the genome.
However, the degree of concordance is higher in the orf3a gene suggesting
that the orf3a gene evolved earlier when compared to the orf3b gene. In HBV
too, both the P and S genes display a high degree of positive correlation.
Here, it has to be noted that the majority of the genome in HBV is overlapping
and the positive correlation of the S gene might be due to the fact that HBV is

an old virus and over the course of evolution, both the overlapping genes
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have evolved and adapted to accommodate the codon usage of the rest of the
genome. These results also affirm the earlier proposal by Belshaw et al.
(2007) that in case of internal overlaps, the longer of the two overlapping
genes, denoted as “internal primary”, is anscestral relative to the shorter

overlapping gene, denoted as “internal secondary” (Belshaw et al., 2007) .
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4. Effects of overlaps on the protein products

It has been suggested previously that the overlapping protein products of viral
genomes have a tendency to be disordered (Karlin et al., 2003; Rancurrel et

al., 2009).

4.1 Intrinsically disordered proteins

“Intrinsically disordered proteins”, “flexible proteins”, “unstructured proteins”
or “natively unfolded proteins” are disorder-related terms which are often
interchangeably used for those proteins which lack a well-defined three-
dimesnional (3D) structure (Dunker et al., 2001; 2008; Dyson et al., 2005; Gu
and Hilser, 2009) . There are different degrees of disorder which can exist,
ranging from fully unstructured proteins, random coils, molten globules to
large multidomain proteins connected by flexible linkers (Dunker et al., 2001;
Dyson et al., 2005; Gu and Hilser, 2009). Most researchers in this field of
study use and define the disorder-related terms based on the degree of
disorder, localization of disorder (global or region-specific), and several other
factors governing their research foci; therefore currently, there is a lack of
uniform definition to distinguish between these terms (Gu and Hilser, 2009).
An intrinsically disordered protein (IDP) can rapidly and reversibly convert into
various structural forms under different thermodynamic conditions. They are
also known to adopt ordered structure under certain physiological conditions,
such as binding to another macromolecule. This dynamic property of rapidly
interconverting between various structural forms allows them to perform
intricate functional roles in biological systems (Dunker et al., 2001; 2008;

Dyson et al., 2005; Xie et al., 2007).
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4.2 Disorder Predictors

A variety of prediction tools have been developed to predict intrinsically
disordered protein regions (Romero et al., 1997; Jones and Ward; 2003;
Linding et al., 2003a;b; Yang et al., 2005; Gu et al., 2006; Sickmeier et al.,
2007). Each algorithm identifies protein disorder within its pre-defined set of
parameters. Most sequence-based predictors use the fractional composition
and hydropathy of the 20 amino-acid residues. When using a disorder
prediction program, one must know what kind of disorder it identifies and

which training data set was used for that predictor.

Romero et al. (2001) provided a ranking of the amino-acid residues beginning
from disorder-promoting to order-promoting as follows: K, E, D, P, N, S, Q, G,
R, T,A,M,H, L, V,Y, I, F, C, W. Such ranking suggests that the amount of
flexibility or disorder depends on which residues are used and in what order.
In another study, amino acids were clustered into three groups identified from
their relative abundance in ordered, disordered, or ambivalent regions (Zhang
et al., 2007). The first group, which was mostly associated with disordered
regions, contained small and hydrophilic amino acids (K, E, S, G, A). The
second group, which was mostly associated with the ordered regions, were
hydrophobic residues (M, H, Y, I, F, C, W) . Lastly, the third group, which was
found in almost equal frequencies in both ordered and disordered regions,
consisted of mainly hydrophilic amino acids (D, T, Q, N, P, R). Apart from few
differences, this finding is in reasonable agreement with the ranking provided
by Romero et al. (2001). There were other, similar analyses performed by

various research groups in the last few years but there was always one or the
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other difference in these studies and hence, no general concensus was
reached (Wootton and Federhen, 1993; 1996; Gu et al., 2006; Gu and Hilser,

2009).

4.3 Methods

In an overlapping viral gene set, both the “overprinted” or “anscestral” gene
and the overprinting or “de novo” gene try to alleviate evolutionary constraints
imposed on their coding sequence and so higher disorder content at
overlapping regions can be seen. It has also been shown that de-novo genes
have highly unsual sequence composition and greater disorder content when
compared with their overprinted counterparts (Rancurrel et al., 2009). Based
on these findings, the relative age of the overlapping gene sets can be

compared by inspecting the disorder content in the overlapping proteins.

4.3.1 Comparison of disorder content of overlapping protein sets

Disorder predictions were carried out on each set of overlapping proteins,
namely the SARS-CoV N and orf9b as well as orf3a and orf3b proteins; the
MNV VP1 and Vf1 proteins; and the HBV P and S proteins, to predict their
evolutionary age relative to each other. The overlapping protein sequences
were retrieved from the previous collection of complete genome sequences of
SARS-CoV and MNV (Chapter 3). Accession numbers are provided in
Appendix Il. The overlapping sequence of the P and S proteins of the HBV
reference sequence (NC_003977) were also used for comparison purposes

(Table 1, Chapter 3).
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To predict the disorder content in overlapping proteins, the DisProt VSL2
intrinsic-disorder prediction program was used. This predictor is a neural
network trained on ordered and disordered protein sets and uses attributes
such as frequency, flexibility, and hydropathy of each amino-acid residue
(Obradovic et al., 2003). Each amino-acid residue in the protein sequence is
assigned a value between 0 and 1, which measures the intrinsic disorder; 0
being highly ordered, hence, contributing to a well-defined, ordered 3D
structure, and 1 being highly disordered. The results are then plotted in a

graph for each set of overlapping proteins under study.

4.4 Results
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FIGURE 16 Graphical illustration of the disorder content in the overlapping
protein set of (a) SARS-CoV N (blue) and orf9b (red), (b) SARS-CoV orf3a
(blue) and orf3b (red), (¢c) MNV VP1 (blue) and Vf1 (red), and (d) HBV P (blue)
and S (red). The X-axis represents the amino-acid residues and the Y-axis

represents the degree of disorder as calculated by Disprot VSL2.
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Figure 16 shows a graphical representation of the disorder content in the

overlapping protein set of SARS-CoV N and orf9b, SARS-CoV orf3a and

orf3b, MNV VP1 and Vf1, and HBV P and S. The disorder content for each

amino-acid residue lies between the range 0 and 1, O being highly ordered

and 1 being highly disordered. The threshold between order-disorder is 0.5. It

can be inferred from the graphs above that the protein regions containing

overlaps are predicted to have higher disorder content when compared to the

non-overlapping regions. The percentage disorder content in the overlapping

and non-overlapping regions for the same set overlapping proteins are

depicted in the table below (Table 3).

Virus Proteins % disorder | % disorder % disorder
(overall) (overlapping (non- overlapping
region) region)

SARS-CoV | N 72.7% 90.8% 67.2%

Orf9b 32.6% 32.6% complete overlap
SARS-CoV | Orf3a 19.3% 29.3% 8.9%

Orf3b 28.5% 22.4% 70%
MNV VP1 7.4% 16.4% 1.5%

V{1 65.7% 65.7% complete overlap
HBV P 27.3% 44 .5% 11.7%

S 52.5% 52.5% complete overlap

TABLE 3 Disorder content in the overlapping proteins N and 9b, orf3a and
orf3b of SARS-CoV, VP1 and V{1 of MNV, and P and S of HBV calculated by

using the DisProt VSL2 program.
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If the overlapping proteins set consists of an anscestral protein and a
relatively novel protein, the de novo protein tends to have a higher degree of
disorder (Rancurrel et al., 2009). In Murine norovirus, this result is quite
clearly illustrated. The newly acquired Vf1 accessory protein, (McFadden et
al., 2011) has a much higher percentage of predicted disorder content
(65.7%) than the VP1 structural protein (7.4% overall). Moreover, the VP1
structural protein has an even smaller predicted disorder content in its non-

overlapping part (1.5%).

In the overlapping polymerase and surface protein of HBV, the predicted
disorder content in the entire polymerase protein is 27.3%, less than the

disorder content in its overlapping region (52.5%).

In case of SARS-CoV, a similar trend can be observed in the orf3a protein
(Fig. 16, Table 3). But the non-overlapping C-terminal region of 20 amino-
acid residues in the orf3b protein (full-length: 154 amino-acid residues) is
predicted to be highly disordered. It is also interesting to observe the
structural protein N of SARS-CoV, which is predicted to have a high disorder
content (72.7%), in contrast to the orf9b protein predicted (predicted disorder

content 32.6%). This result is quite opposite to the expected!

Fortunately, X-ray crystallographic structures are available for this
overlapping protein set (Fig. 17), (Meier et al., 2006; Yu et al. 2006;
Saikatendu et al., 2007). There are two crystal structures of the SARS-CoV
nucleocapsid protein, one for the N-terminal domain (NTD) [PDB id: 20FZ]

(Saikatendu et al., 2007), and the other for the C-terminal domain (CTD)
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[PDB id: 2GIB] (Yu et al. 2006); and one crystal structure for the orf9b protein

[PDB id: 2CME] (Meier et al., 2006).

FIGURE 17 Structure of SARS-CoV proteins, colored according to the B-
factor: (a) NTD of nucleocapsid protein with average B factor 11.2 A? [20FZ]
(Saikatendu et al., 2007), (b) CTD of nucleocapsid protein with average B factor
17.9 A?[2GIB] (Yu et al. 2006), and (c) dimer of the orf9b protein with average
B factor 100.8 A” [2CME] (Meier et al., 20006).

In order to explain the unexpected overall disorder prediction result for the
SARS-CoV nucleocapsid and the orf9b proteins, these available crystal
structures were compared according to their average atomic temperature

factor (B-factor).

A number of factors contribute to the value of the B-factor, namely the degree
of disorder of the crystal, rigid-body movements of the molecules,
experimental errors, etc., but in principle, it can be said that the lower the B-

factor, the better ordered is that protein domain.

45



PDB ID Protein Average B Factor

20FZ SARS-CoV NTD 11.2 A
2GIB SARS-CoV CTD 7.9 A?
2CME SARS-CoV orfob 100.8 A?

Table 4 B-factors for the crystal structures of SARS-CoV Nucleocapsid NTD
and CTD; and for the SARS-CoV orf9b lipid-binding protein.

After inspecting the 3D structures, it is beyond doubt that the crystallized NTD
(residues 47-175) and CTD (residues 270-370) of the nucleocapsid protein
have a well-defined 3D structure, with very low average B factors (Table 4).
In contrast, the orfOb protein is rather flexible with a much higher average B-
factor (Meier et al., 2006). However, it has to be noted that almost 50% of
the overlapping part of the nucleocapsid protein (residues 1-46) was
excluded from the crystallized NTD fragment, as they are believed to be
diordered on the basis of secondary structure prediction, limited proteolysis
experiments, and sequence conservation. In the following section, the
discrepancy between the result obtained by inspecting the crystal structures
and disorder prediction (in case of the overlapping part of the SARS-CoV N

and orf9b proteins) will be discussed.

4.5 Discussion

Disorder prediction results suggest that since there is less overall disorder

observed in the overprinted proteins, VP1 of MNV and P of HBV evolved prior
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to their overprinting counterparts. The disorder content in both the proteins
(VP1 of MNV and P of HBV) is predicted to be higher in the overlapping
region and substantially lower in the non-overlapping regions. This result
supports the hypotheses developed by Rancurrel et al. (2009) on overlapping
proteins of various virus families. This trend is also demonstrated by their
respective overprinting counterparts, i.e. the Vf1 protein of MNV and the large
S protein of HBV. The set of partially overlapping accessory proteins of
SARS-CoV, namely orf3a and orf3b, also follows the same trend but in this
case, the differences between the overall disorder content between these
proteins are very small (overall disorder content: 28.5% for the orf3b protein,
and 19.3% for the orf3a protein). Based on this data, it is difficult to predict

the relative ancestry of this protein set.

Interestingly, the result of disorder prediction for the SARS-CoV N protein and
its overprinting counterpart orfOb gave an altogether different perspective.
When comparing just the overlapping part of the SARS-CoV nucleocapsid
NTD and the orf9b protein, it is observed that the first 46 N-terminal residues
of the NTD were excluded from the fragment that was crystallized. The well-
defined NTD (residues 47-175) comprises an antiparallel p-sheet core and
protruding from it is a p-hairpin (Fig. 17a). The average B-factor for the
crystallized fragment of NTD is 11.2 A2, thereby revealing reduced flexibility
(Saikatendu et al., 2007). The orf9b protein forms a two-fold symmetric dimer
comprising two adjacent f-sheets (Fig. 17c). Electron density for a lipid
molecule was detected in the central hydrohobic cavity between the two

monomers (Meier et al., 2006).
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The orf9b protein appears to be much more flexible than the NTD, with an
average B-factor of 100.8 A? (Meier et al., 2006). This huge difference in the
B values between the two overlapping protein regions shows that the orf9b
polypeptide chain is very flexible. Also, two segments between residues 1 - 8
and 26 - 37 in the orf9b protein were not visible in the electron-density maps.
In contrast, in the NTD crystal structure of the N protein, all residues are well-

defined by electron density (Saikatendu et al., 2007).

The full-length SARS-CoV N protein comprises two well-defined domains
(NTD and CTD), and three inherently disordered regions (IDR’s), between
residues 1-46, 176-269, and 371-422. These IDR’s are required for proper
biological functioning of the SARS-CoV N protein (Chang et al., 2014), but in
turn contribute to the high overall disorder content. Comparison of the X-ray
crystallographic structure of both the proteins showed that the N protein is
divided into two well-defined domains unlike the more flexible orf9b protein
(Meier et al., 2006; Yu et al. 2006; Saikatendu et al., 2007). Thus, only by
inspecting the crystal structures of these two overlapping protein segments, it
can be concluded that the orf9b protein has evolved recently. However, the
disorder prediction results on this protein set would have failed to support the

sSame.
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5. Prediction of RNA structure at the sites of initiation of

alternative reading frames

5.1 Molecular mechanisms for the initiation of the alternative reading

frame in overlapping genes

In RNA viruses, overlapping proteins can be produced via a number of non-
canonical translation mechanisms. These mechanisms can be classified into
two broad categories: a) non-canonical translation initiation, and b) non-
canonical translation elongation and termination (Firth and Brierely, 2012).
While the former requires the presence of a secondary initiator codon on its
messengerRNA (mRNA), the latter does not necessarily require another AUG.
Generally speaking, there are two common mechanisms used in the
translational initiation of downstream open reading frames of multicistronic
mMRNA: Leaky scanning of ribosomes (Kozak, 1986, 1989), and internal
ribosomal entry (Thiel and Siddell, 1994). Moreover, there are two common
mechanisms used in non-canonical translation initiation: programmed
ribosomal frameshifting (Jacks et al., 1988; Brierley et al., 1989; Brierley and
Dos Ramos, 2006; Dinman, 2012), and stop-codon readthrough (Beier, 1984;

Honigman, 1991; Orlova, 2003).

The dual-coding, subgenomic (sg) mMRNAs of the SARS-CoV coding for the N
and the orf9b proteins, and for the orf3a and orf3b proteins, both contain a
secondary start codon (AUG). The same is the case in the dual-coding sg-
mRNA of MNV coding for the VP1 and Vf1 proteins, and in the polycistronic
sg-mRNA coding for the HBV S protein. Hence, these viruses should make

use of the non-canonical translation initiation mechanism (described in details
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below) for the creation of their overprinting proteins: SARS-CoV orf9b, SARS-

CoV orf3b, Vi1 of MNV, and S of HBV.

5.1.1 Leaky Scanning

As a general rule, translation initiation occurs exclusively at the first AUG
codon at the 5 end of the mRNA (Kozak 1983, 1999, 2002). However, it has
been demonstrated in dual-coding mRNAs that if a second AUG codon lies in
close vicinity, the small ribosomal subunit might flutter back and forth between
these two AUGs, sometimes bypassing its attachment to the first AUG, so that

the translation of the downstream ORF begins (Kozak, 1986) .

Primary Secondary

Small subunit at 5’ cap begins
G ACUAAAAUGUUAAAAUGCCGGGGCCC | AAAAAAA | scanning

Complex encounters start codon:
Met-tRNA pairs with start
codon

AN AN N ///\ - ribosome stalls
| Met Leu Lys Cys |
\) Normally:
- elF2 hydrolyzes GTP
Large subunit binds,

Primary Secondary translation begins

G ACUAAAAUGUUAAAAUGCCGGGGCCC | AAAAAAA [N et

- surrounding sequences make
ribosome pause only shortly

- elF2 unable to hydrolyze GTP

- ribosome continues scanning

W W W to next start codon

FIGURE 18 Mechanism of leaky ribosomal scanning (adapted from Watkiss,

2010).



This fluttering of the small ribosomal subunit is called leaky scanning, which
has been shown to depend on a short consensus nucleotide sequence
around the AUG initiator codon known as Kozak sequence (Kozak, 1986).
Mutagenesis experiments have identified this consensus sequence around

the AUG initiator codon as GCCRCCAUGG (Kozak, 1986).

The numbering of the mRNA sequence begins with the initiator codon AUG,
with base A numbered as position 1 and the preceding base numbered as -1
(Kozak, 1986). It has been shown that positions -3 and +4 are most important
in determining the efficiency of translation initiation at that AUG codon. The -3
position could be any purine; however, adenine is preferred over guanine. In
an optimal Kozak sequence, guanine should be present at the +4 position

(Kozak, 1997).

A 10-fold increase in the translational efficiency has been demonstrated in the
presence of an optimal Kozak sequence as opposed to a weak Kozak
sequence (Kozak, 1986). If the first AUG codon in a dual-coding mRNA is
related to a weak or sub-optimal Kozak sequence, then the ribosome could
bypass the first AUG and start translation at the second AUG, irrespective of
the context (strong or weak) of the Kozak sequence of the second

downstream AUG (Kozak, 2002).

If the second AUG is in a different reading frame than the first AUG, an
entirely different protein is translated; and, if the second AUG is in the same
reading frame as the first AUG, an N-terminally truncated version of the same
protein is created. The leaky scanning mechanism fails if the second initiation

codon lies far away from the 5 end of the overprinted ORF. It has been
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speculated that the large ribosomal subunit can mask the downstream AUG

(Kozak, 1995).

Many viruses, especially +ssRNA plant viruses, use the leaky scanning
mechanism to produce different functional proteins from the same gene
(Dreher and Miller, 2006; Ryabova et al., 2006; Castano et al., 2009; Watkiss,
2010). In case of the orf9b gene of SARS-CoV and of the Vf1 gene of MNV,
the translation initiation site lies less than 15 nucleotides away from the 5’ end
of the respective overprinted ORF. Both these proteins have been shown to
be a product of leaky ribosomal scanning (Xu et al., 2009; Mc Fadden et al.,

2011).

5.1.2 Internal ribosomal entry

Unlike leaky scanning, the use of an internal ribosomal entry site is
independent of the first start codon in an open reading frame (Jackson and
Kaminsky, 1995). An internal ribosome entry site (IRES) is a conserved
nucleotide sequence that allows for the initiation of translation at a start codon
present in the middle of a messenger RNA (mRNA). Various secondary and
tertiary structure elements contribute to the effectiveness of an IRES. They
are thought to bind directly or indirectly to the components of the translational
machinery (Kieft, 2008). Many viruses employ this mechanism for the
translation of its multicistronic mMRNA (Jackson et al., 1990; Brown et al. 1992;
Liu and Inglis, 1992; Thiel and Siddell, 1994; Rota et al., 2003). However, no
consensus sequence or secondary structure elements are reported till date

and the structural elements vary from virus to virus.
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It is hence seen that the sequence flanking the initiation codon of an open
reading frame and base pair interactions within this sequence are important in
determining the expression of that gene. The presence of secondary or
tertiary structure elements in the mRNA influences its translational efficiency
(Kozak, 2005; Marzi et al., 2007; Kieft, 2008). In this work, | investigate the
presence of consensus secondary and tertiary RNA structure elements at the
site of frameshift, which might assist in one of the two molecular mechanism
explained above for the initiation of the alternative reading frame in
overlapping genes. The secondary as well as tertiary structure of RNA have
been predicted and analyzed at the site of frameshift, to throw some light onto

this question.

5.2 Methods

Prediction of RNA secondary and tertiary structural elements at the site of
frameshift in the overlapping orf3a/orf3b genes as well as the N/orfOb genes
of SARS-CoV, orf2/orf4 of MNV, and the P/S genes of HBV was carried out
using the RNAfold web server within the Vienna RNA package 2.0.0 (Lorenz
et al., 2011). Three-dimensional RNA structure prediction was also carried out

using RNAComposer (Popenda et al., 2012).

5.2.1 Vienna RNA package

The ViennaRNA Package 2.0.0 (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi,
last accessed on 16.09.13) contains several stand-alone programs for the
prediction and comparison of RNA secondary structures. For the present
analysis, the RNAfold web server within this package was used. RNAfold

predicts secondary structures of single-stranded RNA or DNA sequences
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based on minimum Free Energy calculations. The current RNA size limit is

10,000 nucleotides (Lorenz et al., 2011).

5.2.2 RNAComposer

RNAComposer is a recently developed automated tool for 3D RNA structure
prediction. The input to RNAComposer is a user-defined secondary structure,
in the present study obtained from the RNAfold server. This method is based
on the RNA FRABASE database and converts the RNA secondary structure
input to its corresponding tertiary structure elements. The RNA FRABASE
database is derived from 2270 RNA structures deposited in the PDB
(Popenda et al., 2012). Below is an example of a typical dot bracket input to

RNAComposer:

SARS coronavirus, complete genome

NCBI Reference Sequence: NC_004718.3

Showing 41bp region from base 28110 to 28150 (28130)
GenBank Graphics

>gi|30271926:28110-28150 SARS coronavirus, complete
genome

ACAAATTAAAATGTCTGATAATGGACCCCAATCAAACCAAC

ACAAAUUAAAAUGUCUGAUAAUGGACCCCAAUCAAACCAAC

............ (Co (e (((ava)))))))e))eonns

5.2.3 Computer prediction of RNA secondary and tertiary structural

elements

RNA secondary and tertiary structure predictions were carried out for
surrounding nucleotides flanking the initiation site of the alternative reading

frame in the overlapping gene sets in order to probe the molecular
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mechanism behind the frameshift. Sequences were collected at the site of
initiation of the alternative reading frame for the SARS-CoV orf9b and orf3b
genes, the MNV Vf1 gene, and the HBV S gene. The start co-ordinates are
indicated in Figures 11, 13, 14, and 15, respectively. Five window frames
(described below) were selected for each overlapping gene to make sure that

the obtained secondary structure element is conserved and not just arbitrary.

20-nt window: 10 nt....begin of overlap...... 10 nt = 21-nt RNA sequence

40-nt window: 20 nt....begin of overlap...... 20 nt = 41-nt RNA sequence

60-nt window: 30 nt....begin of overlap...... 30 nt = 61-nt RNA sequence

80-nt window: 40 nt....begin of overlap...... 40 nt = 81-nt RNA sequence

100-nt window: 50 nt....begin of overlap.....50 nt = 101-nt RNA sequence

For each overlapping gene, 5 sets of sequences were saved in FASTA
format. Multiple sequence alignment was performed to obtain a consensus
sequence using ClustalX version 2.1 (Larkin et al., 2007). These 5 sequences
were then used as an input to the RNAfold webserver to predict the
secondary structure. Since the secondary structures obtained were the same
amongst the 5 window sets, the 40-nt window output was selected for further
analysis. The output for all the 4 overlapping genes was also saved in dot

bracket format. This output served as an input to RNAComposer.
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RNAComposer predicted the 3D structure of RNA based on the secondary

structure predictions of RNAfold and the RNA FRABASE database.

5.3 Results

The predicted RNA secondary structures at the site of the translational
initiation in the overprinting genes orf9b of SARS-CoV, Vf1 of MNV and S of
HBV are shown below. No nonsensus RNA-secondary structure elements can
be seen at the translation initiation site of these overprinting proteins under

study.
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FIGURE 19 Predicted RNA secondary structures of the 40 nucleotides flanking
the site of translational initiation in the overlapping (a) orf9b gene of SARS-
CoV, (b) orf3b gene of SARS-CoV, (c) VIl gene of MN\NV, and (d) S gene of HBV,
using the RNAfold web server within the Vienna RNA package 2.0.0 (Lorenz et

al., 2011) . The arrow shows the intiation site of alternative reading frames.
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The predicted RNA tertiary structures at the site of the translational initiation in
the overprinting genes orf9b of SARS-CoV, Vf1 of MNV and S of HBV are

also shown in the following page.

Start of orf3b gene

b

FIGURE 20 Predicted RNA 3D structure of the 40 nucleotides flanking the site
of translational initiation in the overlapping (a) orf9b gene of SARS-CoV, (b)
orf3b gene of SARS-CoV, (c¢) Vfl gene of MNV, and (d) S gene of HBV, using

the RNAComposer web server.

5.4 Discussion

As seen from the results, it can be concluded that there is no concensus RNA
secondary or tertiary structure element present downstream or upstream in
the overprinting genes of SARS-CoV, MNV, and HBV. However, when looking

at the results individually, it can be hypothesized that for the translation of the
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orf9b sub-genomic mRNA via leaky scanning (Xu et al., 2009), the presence
of an A-bulged loop one nucleotide upstream from the frameshift site may be
of assistance (Figs. 19a, 20a). Point mutations at this site might provide
concrete insight into this +1 frameshift. The orf3b gene of SARS-CoV is
speculated to use an IRES for its translation initiation as its initiator codon is
at the 13" position in the sub-genomic mMRNA3 (Snijder et al., 2003). On the
other hand, in MNV, due to the presence of a weak Kozak context for the
AUG of the VP1 gene (U at -3 and A and +4) , Vf1 is believed to be translated
via leaky scanning (McFadden et al., 2011). Figures 19 (b,c) and 20 (b,c)
show the presence of the intiator AUG of the alternate reading frame for orf3b
of SARS-CoV and Vf1 of of MNV within a stem loop structure. Secondary and
tertiary structure elements, including stem loops, are known to slow down the
ribosome, favoring ribosomal slippage or allowing enough time for the
ribosome to attach to the initiator codon (Jacks et al., 1988; Kozak, 2005) .
These elements could also function as internal ribosomal entry sites (Jackson,
2000). It should also be noted that the region upstream of the orf3b initiation
codon shows the presence of a consencus UUACUUU sequence in all the
orf3b genes, which is responsible for this stem loop formation. The molecular
mechanism behind the translation of the S gene in HBV is not fully
understood, though a leaky scanning mechanism has been proposed
(Zajakina et al., 2004). Figure 19(d) and 20(d), shows the presence of the S
gene (HBV) initiation codon within a loop-stem-loop structure which could

assist in the translatory mechanism.
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6. Mutational model for the evolution of SARS-CoV

overlapping accessory protein 9b

6.1 Introduction

In terms of evolution, overlapping genes are considered a mechanism for
creating novel proteins (Krakauer, 2000; Rancurrel et al., 2009). However,
any point mutation occurring in an overlapping gene region affects two (or
more) protein products at the same time. Studies revealing differential
selective pressure during the evolution of overlapping viral genes (Miyata and
Yasunaga, 1978; Mizokami et al., 1997; Pavesi, 2000; 2006; Jordan et al.,
2000; Fujii et al. 2001; Zaaijer et al., 2007) led me to probe the selection
pressure acting on the overlapping N and orf9b genes. In this chapter, | will
present the analysis of the evolution of orfOb in concert with orf9a (i.e., the N

gene) using sequence data of betacoronavirus lineage b.

6.2 Methods
6.2.1 Dataset

70 full-length genomic sequences including one reference sequence of
SARS-CoV were retrieved from the locally created databse (Chapter 3).
Among these, 37 isolates were from human SARS-CoV, 15 from civet SARS-
CoV, and 18 (including the newly discovered SL-CoV-WIV1 (Ge et al., 2013))
from bat betacoronaviruses of clade b. Accession numbers are given in

Appendix II. These full-length genomic sequences were parsed and
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corresponding gene and amino-acid sequences were collected in a local

database for further analysis.

6.2.2 Mutation rate analysis

Mutation rate analysis was performed by first aligning both the nucleotide and
protein sequences using ClustalX version 2.1 (Larkin et al., 2007). Redundant
sequences (from multiple human patients) were manually removed. DnaSP
5.10 (Librado and Rozas, 2009) was used to calculate the number of
synonymous and non-synonymous substitutions in the overlapping gene

regions of the N gene and the orf9b gene.

6.2.3 Entropy-plotting

Entropy

Entropy is defined as a measure of uncertainty at each position in a set of
aligned nucleotide or protein sequences (Hall, 1999). The cumulative entropy
is the sum of all the entropy values calculated at each position in a sequence.
For calculating the entropy, sequences are treated as a matrix of characters
and the maximum number of different characters found in a column (column
of aligned sets of nucleotide or amino-acid sequences) defines the maximum

total uncertainty or the “entropy” (Hall, 1999).

The entropy H is calculated by: H(l) = -3 f(b,l)In(f(b,])),

where H(l) is the uncertainty, also called entropy, at position |, b represents a
residue type (out of the allowed choices for the sequence under investigation),

and f(b,l) is the frequency at which residue b is found at position I.
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The frequency of substitutions at each codon site in the overlapping region of
the nucleocapsid/orf9b gene was calculated to determine the evolutionary
strategy followed by this set of overlapping genes in SARS-CoV. There are 98
codons in the overlapping region, and therefore, the variation of nucleotides in
294 codon positions and their corresponding amino acids in the overlapping
nucleocapsid and orf9b gene region of 70 SARS-CoV genomes was

measured.

Entropy-plotting of alignments

Entropy-plotting of alignments was carried to determine the variations
occurring in the overprinted nucleocapsid (N) protein and the overprinting
orf9b protein. In this overlapping region of the SARS-CoV genome, the first
nucleotide position of an N codon corresponds to the third nucleotide position
of an orf9b codon (N1/9b3), the second position in an N codon corresponds to
the first nucleotide position in an orf9b codon (N2/9b1), and the third position
in an N codon corresponds to the second nucleotide position in an orf9b
codon (N3/9b2) (Fig. 21, Table 5). Hence, variation in the three sets of
nucleotide sites, comprising 98 sites each of positions N1/9b3, N2/9b1, and
N3/9b2, and the variation in the corresponding 98 amino-acid residues in the
overlapping proteins, were studied by plotting the entropy (variability) of the
aligned overlapping nucleotide and protein sequences, as implemented in the

BioEdit software v7.0.0. (Hall, 1999).
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Start of N gene 28130 Start of orf9b gene 28140

I

Nucleocapsid gene AUG/UCU/GAU/AAU/ JICCCICAA. ., 29388

FIGURE 21 The 5' ends of the SARS-CoV N and orf9b genes. At the 10™

nucleotide position in the N gene, a +1 frameshift leads to the translation of the

overlapping orf9b gene.
N 1 2 3 1 2 3 1 2
9b 3 1 2 3 1 2 3 1

Codon N1/9b3 | N2/9b1 | N3/9b2 | N1/9b3 | N2/9b1 | N3/9b2 | N1/9b3 | N2/9b1
sites

TABLE 5 Codon-site substitutions in the two genes. Three types of substitution
have to be distinguished: N2/9b1, N3/9b2, N1/9b3.

6.3 Results

6.3.1 The effect of the overlap on the mutation rate in the N and orf9b

genes

The ratio w of nonsynonymous (Ki) to synonymous (Ks) nucleotide-
substitution rates is an indicator of selective pressures on genes. A ratio
significantly greater than 1 indicates positive selective pressure. A ratio
around 1 indicates either neutral evolution at the protein level or an averaging
of sites under positive and negative selective pressure. A ratio less than 1
indicates pressure to conserve protein sequence, i.e. “purifying selection”

(Hurst, 2002).
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Gene regions of: Ka Ks Ki/Ks = w

Nucleocapsid (overlapping | 0.41 0.73 0.56
part)
Nucleocapsid (non-overlapping | 0.37 0.59 0.63
part)
Orf9b 0.53 0.43 1.23

TABLE 6 Synonymous and non-synonymous substitutions in overlapping and
non-overlapping regions of the SARS-CoV nucleocapsid gene and in the orf9b

gene.

The overlapping gene regions of nucleocapsid and orf9b show differences in
the evolutionary rates. The orf9b gene has a Ka./Ks ratio greater than 1 (Table
6), indicating that it is subject to positive selection pressure and is evolving at
a faster rate. On the other hand, the overprinted region of the nucleocapsid
gene has a Ki/Ks ratio of 0.56, which means that this protein is rather
conserved (the K4/Ks ratio is 0.63 for the non-overlapping part of the N gene).
Remarkably, due to the frameshift, the same stretch of genome has thus a
different evolutionary rate when coding for each of the two different proteins.
This observation prompted further analysis of the nucleotide variations at

each of the three nucleotide positions of the codons.

6.3.2 Evolutionary strategy adopted by the N and orf9b overlapping gene

set

Upon a point mutation, the position at which nucleotide substitution occurs
within a codon reflects whether the substitution would be synonymous or not.
Due to the partial degeneracy of codons (for detailed explanation, see
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Chapter 1), the nucleotide substitution in the first position of a nucleocapsid
codon (N1/9b3) is likely to cause an amino-acid change in N but not in orf9b,
whereas substitutions in the third position of an N codon (N3/9b2) are

probably non-synonymous in orf9b, but synonymous in N.

The nucleotide variation at the 98 N1/9b3, N2/9b1, and N3/9b2 positions (Fig.
21, Table 5) of the overlapping N/orf9b gene region for all 70 sequences is
shown in Fig. 22. The value of cumulative mutational frequency (3 (H)); see
Methods) of the overlapping region of the nucleocapsid protein is 4.7 and that
of the orf9b protein is 15.3. This difference in the frequency of mutation was
somewhat expected, based on the different w values for the two genes (Table
6). Moving on to the nucleotide level, cumulative entropy values of 3.16, 3.49,
and 5.44 for the N1/9b3, N2/9b1, and N3/9b2 codon positions, respectively
were obtained. The graphs were calibrated in the range of 0 - 1 for accurate
comparison of the results of protein sequences with nucleotide sequences

(Fig. 22, next page).
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Nucleotide variation
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Amino-acid variation
N protein

Nucleotide variation
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FIGURE 22 Variation of three sets of nucleotides (in magenta): N1/9b3, N2/9b1,
and N3/9b2, in relation to the amino-acid variations (in blue) in the genes coding
for the overlapping nucleocapsid and orf9b proteins. The x-axis represents the
codon sites in case of graphs 1, 3, and 5, i.e. nucleotide variations, whereas in
case of graphs 2 and 4, the x-axis represents the amino-acid residue number.
Note that the N protein overlaps with orf9b between its residues 4 and 101;

however, in graph 2, which represents the amino-acid variations in the N

protein, the x-axis

with orf9b. The y-axis represents entropy. The green dot indicates the one case of
synonymous N1/9b3 substitution that does not lead to an amino-acid exchange in
the N protein because of the partial degeneration of the first nucleotide position

in a codon (AGA and CGA both code for Arg). The red dot indicates a case of a

is calibrated from 1 to 98 in order to facilitate the comparison
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two-nucleotide difference as a result of an N1/9b3 and an N2/9b1 substitution
that leads to an amino-acid exchange in the N protein. All bat betacoronaviruses
of clade b (with the exception of SL-CoV WIV1 (Ge et al., 2013)) have Lys at this
position, whereas all civet and human SARS-CoV isolates as well as bat SL-CoV

WIV1 have Pro.

The higher rate of amino-acid variation in the orf9b protein is largely
determined by nucleotide substitutions at the N3/9b2 sites. All the N3/9b2
nucleotide variations translated to amino-acid changes in the orf9b protein but
were silent in the nucleocapsid protein. Amino-acid variations in the
nucleocapsid protein were determined by substitutions at the N1/9b3
nucleotides. In one instance, an N1/9b3 nucleotide variation resulted in a
synonymous mutation in the nucleocapsid protein (Fig. 22, green dot). The
amino acid at this position (nucleotide position 28172) is arginine and this
phenomenon occurs due to partial degeneracy of the first nucleotide position

(as explained in Chapter 1).

There were a few N2/9b1 mutations that imposed amino-acid variations in
both the proteins. An interesting variation, corresponding to a concomitant
N1/9b3 and N2/9b1 exchange results in an amino-acid difference at position
81 of the nucleocapsid protein, within its well-ordered and overprinted part. All
known genomic sequences of bat betacoronaviruses of clade b feature the
AAA triplet (coding for Lys) here, whereas all isolates of civet and human
SARS-CoV have CCA (coding for Pro). The exception among the bat beta-
CoVs of clade b is the newly discovered SL-CoV WIV1, which is proposed to
be the likely originator of SARS-CoV (Ge et al., 2013); the N gene of this virus
also has CCA coding for Pro at this position. Thus, there is a two-nucleotide

difference between the codons in the bat CoVs (except SL-CoV WIV1) on the
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one hand and human or civet SARS-CoV on the other (see red dot in Fig. 22).
In the orfOb protein, the corresponding codon (shifted by +1 in frame) is AAG
(coding for Lys) in the bat betacoronaviruses of clade b, and CAG (coding for
GIn) in the civet and human SARS-CoV sequences as well as in SL-CoV
WIV1 (Ge et al., 2013). Thus, only the N2/9b1 variation resulted in an amino-
acid change in the orf9b protein and the N1/9b3 nucleotide variation was

silent.

6.3.3 Effect of mutations on the three-dimensional structures of the

overlapping proteins

Multiple sequence alignment results were parsed to identify amino-acid
variations in the overlapping nucleocapsid and orf9b protein sequences. It
was found that the majority of mutations occurred in the disordered regions of
the N protein. In the overprinted part N-terminal domain (NTD) of the N-
protein, mutations were mostly observed in the disordered segment between
the amino-acid residues 1 and 46 (Ch 4, section 4.6). Other than that, one
prominent mutation, identified at position 81 in the overprinted part of the NTD
was observed. In the three-dimensional structure of the SARS-CoV
nucleocapsid protein, this Pro residue occupies position 2 of a surface-
exposed type-lll B turn of the sequence Gly-Pro-Asp-Asp (Saikatendu et al.,
2007). All mutations in the SARS-CoV orf9b protein structure fall into the
disordered regions (Fig. 23) and hence, these proteins follow the general
principle that mutations are more commonly localized in regions of no regular

secondary structure.
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FIGURE 23 Structure of the SARS-CoV orf9b protein dimer, colored according
to the secondary structure [2CME] (Meier et al., 2006). a-helices are colored in
aqua-blue, B-strands are colored in magenta and the defined non-o, non-§
structure are colored in yellow, disoredered loops are colored in red. Blue dots

depict the location of the mutations in a monomer.

6.4 Discussion

Extra evolutionary constraints are imposed on overlapping, frame-shifted
genes. In a number of overlapping viral genes, a slower rate of evolution has
been demonstrated (Miyata and Yasunaga, 1978; Pavesi, 2000; 2006; Jordan
et al., 2000; Fujii et al. 2001). This extra evolutionary constraint exists due to
the fact that a favorable or even neutral substitution in one reading frame
could prove harmful for the other reading frame. Therefore, even a
synonymous, favorable, or neutral nucleotide substitution in one reading

frame might be discarded, as it could be deleterious in the other reading
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frame. As a result, positive selection of overlapping genes in general is
severely restricted (Miyata and Yasunaga, 1978; Mizokami et al., 1997;
Pavesi, 2000; 2006; Jordan et al., 2000; Fujii et al. 2001). However, a recent
study on HBV has proposed a new mechanism of evolution of overlapping
genes termed “independent adaptive selection” (Zaaijer et al., 2007). In
SARS-CoV, the orf9b gene overlaps completely with the nucleocapsid (N)
gene (Fig. 10). Here, it was demonstrated that the overlapping region of the N
gene is rather evolutionary conserved as compared to the orfO9b gene. Orf9b
features a higher evolutionary rate that is attained mainly via N3/9b2
substitutions (Shukla and Hilgenfeld, 2015). This mechanism of independent
evolution is similar to the evolution described for the HBV surface protein
gene, which completely overlaps with the polymerase gene (Zaaijer et al.,

2007).
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7 Conclusions

Viruses are extremely diverse organisms which evolve over a long period of
time along and within their hosts. They make use of every imaginable genome
type and replication strategy to survive (Watkiss, 2010). The pressure to
adapt to new environmental conditions (hosts) and to replicate quickly and
efficiently is very high in case of RNA viruses (Belshaw et al. 2007). The high
mutation rate resulting from viral RNA polymerases gives RNA viruses the
advantage to quickly adapt to environmental changes, but this also limits their
genome size. This size limit results in a condensed genome with maximum
information content. Hence, RNA viruses employ various strategies to
maximize their coding potential. One of the mechanisms is the use of a
secondary start codon in an alternating reading frame which results in the
translation of different protein products. The findings of the study presented
here contribute to characterizing sequence properties of newly acquired
genes formed by overlapping reading frames. This will eventually lead to a

better understanding of evolution.

Characterizing viral accessory proteins became even more of a challenge
because of poor annotation; for example, in case of the SARS-CoV orf9b
gene (Chapter 3). Due to the limitations of gene-finding algorithms, these
overlapping coding regions are sometimes overlooked in the genome (Pavesi
et al., 2013). However, new techniques are being developed based on codon
usage, inherent disorder prediction, identification of conserved secondary and
tertiary structural elements in the predicted genes (Rancurrel et al., 2009;

Pavesi et al., 2013).

70



In this thesis, individual cases of overlapping viral genes were analysed using
the techniques mentioned above. The codon usage pattern in one of the two
overlapping viral proteins was found to be different from that of the rest of the
genome. It was observed that a concurrent codon usage (with respect to the
rest of the genome) occurred in the overprinted protein, that is the ancestral
protein. So in conclusion, overprinting proteins with a discordant codon usage

pattern have been more recently acquired in the course of viral evolution.

Inherent disorder prediction and structure comparison of the overlapping
protein set showed that overlapping proteins tend to be disordered. In the
region of overlap, the predicted disorder content is found to be higher when
compared to the non-overlapping region. Inherently disordered proteins are
believed to escape the evolutionary constraint imposed on their sequence by

the overlap (Rancurrel et al., 2009).

To understand the molecular mechanism of translation of overlapping
proteins, the RNA secondary structure around the initiation site of the
alternative reading frame was probed. However, neither a consensus
sequence, nor consensus secondary- or tertiary-RNA structural elements
were identified among the overlapping genes. Therefore, it can be concluded
that the RNA secondary structure surrounding the translation initiation site of

the alternative reading frames are case-specific for an overlapping gene set.

It has been proposed that the choice of phase depends on the mutational load
on the overlapping protein set (Normark et al., 1983; Johnson and Chrisholm,
2004). A recent study on overlapping gene sets of prokaryotes established a

relationship between the frequency of mutation and the choice of optimal
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phase (Lillo and Krakauer, 2007). A sufficient number of sequences was
available in the overlapping gene set of SARS-CoV N and orf9b to make
meaningful analyses and to find out the mutational model adopted by this
protein set. A +1 frameshift at the 10" nucleotide position of the N gene
results in the translation of the orf9b protein. This leads to an interconnection
between its second non-degenerate codon positions with the third,
degenerate codon positions of the N protein. It was found that the recently
acquired orf9b evolves independently of the overprinted nucleocapsid protein
and that the relatively high mutability is indeed achieved by point mutations at

the N3/9b2 codon positions (Chapter 6).
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NCBI G No. of Name of accessory
: enome .
Name Host Accession ) accesssory |[gene and length of its
ength : )
Number genes corresponding protein
ORF3A 71
Feline ORF3B 71
infectious Cats NC_002306 |29.4kb 5 ORF3C 345
perotinitis
virus ORF7A 101
ORF7B 206
Porcine , ORF3B 205
respiratory Pigs DQS811787 |27.5kb 2
coronavirus ORF7 78
Transmissible ORF3A 71
gastroenteritis | Pigs DQS811788 |[28.6 kb 3 ORF3B 244
VITus ORF7 78
Bat
coronavirus
CDPHE Bats NC 022103 |28.0 kb 1 ORF3 225
15/USA/2006
ORF3 218
Rousettus bat ORF7A 31
coronavirus Bats NC 018871 [28.5kb 4
HKU10 ORF7B 153
ORF7C 76
Miniopterus
bat Bats NC 010436 |28.5kb 1 ORF3 219
coronavirus1B
Miniopterus
bat Bats NC 010437 |28.3 kb 1 ORF3 219
coronavirus1A
Miniopterus
bat ORF3 222
. Bats NC 010438 |28.8 kb 2
coronavirus -
HKUS8 ORF7 248
Rhinolophus
bat ORF3 229
. Bats NC 009988 |[27.2 kb 2
coronavirus -
HKU2 ORF7A 99
Scotophilus
bat Bats NC_009657 |28.2 kb 1 |ORF3 224
coronavirus
512

95




Human

coronavirus Humans NC 005831 [27.6 kb ORF3 225
NL63

Human ORF4A 133
coronavirus Humans NC 002645 [27.3 kb

229E ORF4B 88
Porcine

epidemic Pigs NC 003436 [28.0 kb ORF3 224

diarrhea virus

Appendix I, Table 1 enlisting the members of Alphacoronavirus with their respective
hosts, the length of their genome and number and length of accessory proteins

encoded by them.
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NCBI

No. of

Name of accessory

Name Host Accession girglzrln © accessory |gene and lepgth of it.s
Number genes corresponding protein
NS 278
HE 424
gg:;?lzvims Bovine  |NC 003045 |31.0 kb 6 zii 82 ;3
Vegp07 109
Vegpl0 207
p30 265
Mouse HE 439
Hepatitis Mouse NC 006852 (31.5kb 5 ORF4 139
Virus ORF5a 107
Internal 136
Human HE 386
Coronavirus | Humans NC 006577(29.9 kb 3 ORF4 109
HKUI N2 441
protein
ORF2a 278
Human HE 424
Coronavirus | Humans NC 005147]30.74 kb 5 NS2 109
0C43 NS3 84
N2 115
ORF3a 274
ORF3b 154
ORF6 63
SARS | Humans | NC_004718|20.7 kb 8 gg;i lii
ORF8a 39
ORF8b 84
ORF9b 98
Tylonycteris ORF3a o
]éf)tronavims Bats NC_009019]30.3 kb 4 8;12: ;;z
HKU4 ORF3d 227
ORF3a 121
Pipistrellus ORF3b 119
]é?)tronavirus Bats NC 009020 |30.5 kb 4 ORF3c 256
HKUS ORF3d 223
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ORF3a 103

ORF3b 109
MERS Humans  |NC 019843 |30.1 kb ORF3c 246
Coronavirus -

ORF3d 224

I Protein 112
Rousettus Bat NS3 220
Coronavirus | Bats NC 009021 |29.1 kb ORF7a 185
HKU9

ORF7b 149

Appendix I, Table 2 enlisting the members of Betacoronavirus with their respective
hosts, the length of their genome and number and length of accessory proteins

encoded by them.
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NCBI

No. of

Name of accessory

Name Host Accession lGenome accessory |[gene and length of its
ength . )
Number genes corresponding protein
3A 57
Infectious 3B 64
Bronchitis Chickens [NC 001451 [27.6kb 4
Virus SA 65
5B 82
3A 57
3B 64
Turkey Turkeys  |NC 010800 |27.6 kb 5 |xaB 94
coronavirus
5A 65
5B 82
5A 138
5B 172
5C 175
Beluga whale 6 278
coronavirus | Do uga NC 010646 |31.7 kb 8
whales - 7 161
SW1
8 59
9 152
10 210

Appendix I, Table 3 enlisting the members of Gammacoronavirus with their
respective hosts, the length of their genome and number and length of accessory

proteins encoded by them.
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NCBI

No. of

Name of accessory

Name Host Accession lGenome accessory |[gene and length of its
ength . )
Number genes corresponding protein
NS6 95
Bulbul .
coronavirus | SIS | E1376620 | 26.5kb 4 NS7A 123
HKU11 Bulbul NS7B 84
NS7C 94
NS6 91
Thrush Grey-
A 12
coronavirus backed NC 011549(26.4 kb 4 NS7 3
HKU12 thrush NS7B 83
NS7C 77
NS6 108
Munia White-
coronavirus rumped NC 011550(26.5kb 4 NS7A 123
HKUI13 munia NS7B 85
NS7C 93
Porcine
coronavirus Pig JQ065042 [25.4 kb 2 NS6 4
HKU15 NS7 200
White eye NS6 93
coronavirus White eye JQ065044 [26.0 kb 3 NS7A 222
HKU 16 NS7B 43
Sparrow NS6 95
coronavirus Sparrow JQ065045 |[26.1kb 3 NS7A 144
HKU17 NS7B 70
NS6 96
Magpie robin . NS7A 57
coronavirus ygﬁf“e Q065046 | 26.7kb 4
HKUI18 Y NS7B 123
NS7C 84
Night heron NS6 92
coronavirus Night heron [JQ065047 |26.1kb 3 NS7A 98
HKU19 NS7B 97
NS6 90
Wigeon NS7A 77
coronavirus Wigeon JQ065048 |[26.2kb 5 NS7B 82
HKU20 NS7C 88
NS7D 66
Common NS6 81
NS7A 90
moorhen Common 1 ;4505049 |26.2kb 4
coronavirus moorhen NS7B 61
HKU21 NS7C 138

Appendix I, Table 4 enlisting the members of Deltacoronavirus with their respective
hosts, the length of their genome and number and length of accessory proteins.
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NC 004718 | AY282752 | DQ412043 | DQ412042 | AY595412 | AY463060
AY485278 | AY463059 | AY485277 | GQ153547 | GQI53545 | GQ153543
GQ153541 | GQI153539 | GQ153548 | GQ153546 | GQI153544 | GQ153542
GQ153540 | AY310120 | AY348314 | AY291315 | FJ588686 | AY313906
AY283797 | AY283795 | AY283798 | AY283796 | AY283794 | GU553364
GUS553365 | GUS53363 | FI959407 | AY279354 | AY278487 | AY 686864
AY278490 | AY278489 | AY278488 | DQ497008 | DQ898174 | DQO71615
AY304486 | AY304488 | DQG648856 | DQ084200 | DQ648857 | DQ022305
DQO084199 | AYS64805 | AY686863 | AY714217 | AY572038 | AY572034
AY654624 | AY572035 | AY390556 | AY508724 | AY502931 | AY502929
AY502927 | AY502925 | AY502923 | AY357075 | AY427439 | AY502932
AY502930 | AY502928 | AY502926 | AY502924 | AY286320 | AY357076
AY350750 | AY345988 | AY345986 | AY338174 | AY345987 | AY338175
AY274119 | AY278741 | AY278554 | DQI82595 | AY323977 | AY291451
FI882963 | AY772062 | EU371563 | EU371561 | EU371559 | EU371564
EU371562 | EU371560 | DQ640652 | AP006560 | AP006558 | AP006561
AP006559 | AP006557 | AY545918 | AY545916 | AYS545914 | AY545919
AY545917 | AY545915 | AY613950 | AY613948 | AY613949 | AY613947
AY568539 | AYS15512 | AY559097 | AY559095 | AY559093 | AY559091
AY559089 | AY559087 | AY559085 | AY559083 | AYS559081 | AY559096
AY559094 | AY559092 | AY559090 | AY559088 | AY559086 | AY559084
AY559082 | AY395002 | AY395000 | AY394998 | AY394996 | AY394994
AY394992 | AY394990 | AY394986 | AY394978 | AY395003 | AY395001
AY394999 | AY394997 | AY394995 | AY394993 | AY394991 | AY394989
AY394987 | AY394985 | AY394983 | AY394979 | AY461660 | AY304495
AY278491 | AY362698 | AY362699 | AY351680 | AY321118 | AY297028

Appendix II, Table 1: GenBank accession number of the 156 complete
SARS-CoV genomic sequences used in this study.

DQ223042 | AB435514 | EU004682 | DQ911368 | EU004663 | EU004671
EU854589 | EU004660 | EU004674 | EU004683 | EU004664 | EU004676
EU004665 | EU004672 | EF531291 | EU004670 | DQ223041 | EU004677
FJ446720 EU004679 | EU004673 | EU004668 | DQ223043 | EU004678
FJ446719 EU004681 | EF531290 | EU004680

Appendix II, Table 2: GenBank accession numbers of the 28 complete MNV genomic
sequences used in this study.
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NC 004718 | DQ412043 | DQ412042 | AY595412 | AY463060 | AY463059
GQ153547 | GQ153545 | GQI153543 | GQ153541 | GQ153539 | GQ153548
GQ153546 | GQ153544 | GQ153542 | GQ153540 | AY310120 | AY291315
FI588686 | GUS553364 | GUS553365 | GU553363 | AY686864 | AY278489
AY278488 | DQ497008 | DQ898174 | DQO71615 | DQO84200 | DQ022305
DQO084199 | AY686863 | AY572038 | AY572034 | AY654624 | AY572035
AY390556 | AY508724 | AY502931 | AY502929 | AY502927 | AY502925
AY502923 | AY427439 | AY502932 | AY502930 | AY502928 | AY502926
AY502924 | AY345988 | AY345986 | AY345987 | AY274119 | AY278554
DQI182595 | AY323977 | AY291451 | FI882963 | EU371563 | EU371561
EU371559 | EU371564 | EU371562 | EU371560 | AP006560 | AP006558
AP006561 | AP006559 | AP006557 | KC881007*

Appendix II, Table 3: GenBank accession numbers of the 70 full-length SARS-CoV
genomic sequences used in the mutational model study for the evolution of SARS-
CoV overlapping accessory protein 9b study (Chapter 6). * indicates that this
sequence was directly obtained from the authors of Ge et al. (2013). Among these, 37
isolates were from human SARS-CoV, 15 from civet SARS-CoV, and 18 (including
the newly discovered SL-CoV-WIV1 (Ge et al., 2013)) from bat betacoronaviruses of

clade b.
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Amino-acid | Codon Number Fraction
Ala GCG 1 0.13
Ala GCA 4 0.50
Ala GCT 1 0.13
Ala GCC 2 0.25
Cys TGT 0 0.00
Cys TGC 0 0.00
Asp GAT 1 0.17
Asp GAC 5 0.83
Glu GAG 4 0.80
Glu GAA 1 0.20
Phe TTT 0 0.00
Phe TTC 2 1
Gly GGG 1 0.33
Gly GGA 0 0.00
Gly GGT 1 0.33
Gly GGC 1 0.33
His CAT 1 1
His CAC 0 0.00
Ile ATA 4 0.80
Ile ATT 1 0.20
Ile ATC 0 0.00
Lys AAG 1 0.33
Lys AAA 2 0.67
Leu TTG 2 0.18
Leu TTA 2 0.18
Leu CTG 2 0.18
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Leu CTA 0.09
Leu CTT 0.09
Leu CTC 0.27
Met ATG 1.00
Asn AAT 0.25
Asn AAC 0.75
Pro CCG 0.00
Pro CCA 0.38
Pro CCT 0.00
Pro CCC 0.63
Gln CAG 0.38
Gln CAA 0.63
Arg AGG 0.60
Arg AGA 0.20
Arg CGG 0.00
Arg CGA 0.00
Arg CGT 0.20
Arg CGC 0.00
Ser AGT 0.00
Ser AGC 0.33
Ser TCG 0.00
Ser TCA 0.50
Ser TCT 0.00
Ser TCC 0.17
Thr ACG 0.13
Thr ACA 0.25
Thr ACT 0.13
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Thr ACC 4 0.50
Val GTG 6 0.67
Val GTA 1 0.11
Val GTT 1 0.11
Val GTC 1 0.11
Trp TGG 0 0.00
Tyr TAT 0 0.00
Tyr TAC 1 1.00

Appendix III, Table 1: Codon usage values of the 61 amino-acid coding

codons in overprinting orf9b gene of SARS-CoV.

105



Amino-acid Codon Number Fraction
Ala GCG 25 0.04
Ala GCA 148 0.29
Ala GCT 267 0.53
Ala GCC 71 0.14
Cys TGT 153 0.65
Cys TGC 80 0.35
Asp GAT 255 0.62
Asp GAC 141 0.38
Glu GAG 161 0.48
Glu GAA 186 0.52
Phe TTT 204 0.60
Phe TTC 128 0.40
Gly GGG 14 0.04
Gly GGA 89 0.18
Gly GGT 221 0.57
Gly GGC 95 0.20
His CAT 106 0.64
His CAC 54 0.36
Ile ATA 74 0.17
Ile ATT 186 0.58
Ile ATC 83 0.25
Lys AAG 202 0.50
Lys AAA 214 0.50
Leu TTG 124 0.19
Leu TTA 124 0.16
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Leu CTG 68 0.11
Leu CTA 67 0.09
Leu CTT 200 0.30
Leu CTC 90 0.14
Met ATG 177 1.00
Asn AAT 231 0.61
Asn AAC 134 0.39
Pro CCG 8 0.03
Pro CCA 123 0.42
Pro CCT 118 0.46
Pro CCC 25 0.09
Gln CAG 105 0.47
Gln CAA 129 0.53
Arg AGG 36 0.13
Arg AGA 96 0.34
Arg CGG 3 0.01
Arg CGA 11 0.05
Arg CGT 80 0.36
Arg CGC 33 0.10
Ser AGT 98 0.21
Ser AGC 36 0.08
Ser TCG 13 0.03
Ser TCA 134 0.26
Ser TCT 147 0.34
Ser TCC 30 0.08
Thr ACG 20 0.03
Thr ACA 202 0.40
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Thr ACT 207 0.40
Thr ACC 66 0.17
Val GTG 113 0.19
Val GTA 131 0.20
Val GTT 238 0.46
Val GTC 98 0.15
Trp TGG 77 1.00
Tyr TAT 184 0.56
Tyr TAC 140 0.44

Appendix III, Table 2 Codon usage values of the 61 amino-acid coding

codons in non-overlapping genes of SARS-CoV.

108



Personal Details
Name
Date of Birth

Place of Birth

Education

2015

2009

2007

Scholarship

Curriculum Vitae

Aditi Shukla

19.03.1987

Ranchi, India

PhD

Graduate School for Computing in Medicine & Life Sciences,
Institute of Biochemistry

University of Liibeck, Germany

Dissertation on “Analysis of overlapping reading frames in viral
genomes”

Master of Science

Birla Institute of Technology, Mesra, India

Bioinformatics,

Masters thesis titled “Computer-aided drug discovery for H3N2
influenza virus”

Bachelor of Science
Ranchi University, India
Biotechnology Honors

Ph.D. Scholarship, German Research Foundation (DFG), 2009-2013

109



110



