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Abstract

An Investigation Into The Inhibition Of Interferon Action By Fowlpox Virus
Proteins 

By 

Elizabeth Clare Pollitt

This w ork is concerned with the ability of poxviruses to overcome the 
an tiv ira l state induced by interferons. A major part of the antiviral state 
induced by interferons is mediated by PKR, a serine/threonine protein kinase
activa ted  by dsRNA which phosphorylates eIF-2a, thereby inh ib iting  
translation initiation.

Many viruses interfere w ith the PKR response. Vaccinia virus (VV), 
like all poxviruses, replicates in the cytoplasm where it is directly exposed to 
the action of PKR (and 2/-5/A synthetase). In order to replicate it m ust 
overcom e the action ot interferons and PKR (and 2,-5/A synthetase). VV 
encodes proteins which bind interferons and encodes two proteins know n to 
interfere w ith PKR: E3L, encodes a dsRNA-binding protein and K3L, encodes
a hom ologue of eIF-2a.

The investigation has show n that an avian poxvirus, fowlpox virus 
(FPV), is resistan t to more than 8 U /m l chicken IFN. FPV is capable of 
rescuing an IFN-sensitive virus, Semliki Forest virus (SFV) from the effects 
of chicken IFN. FPV is also capable of prom oting the replication of SFV in the 
presence or absence of IFN. These results suggest that FPV does m ake 
antagonists of IFN.

Biochemical assays were used to test IFN-treated avian cell extracts for 
the ability to phosphorylate known substrates of PKR. Major changes occur in 
the phosphorylation profile of CEF treated with IFN. Poly IC-binding proteins 
from IFN-treated CEF are capable of phosphorylation of histone proteins and
phosphory la tion  of m am m alian eIF-2a peptides. These data suggest the 
presence of a protein(s) w ith properties similar to PKR. A ttem pts to clone an 
avian hom ologue of PKR from a commercial chicken cDNA library, proved 
unsuccessful.

A FPV homologue of E3L does not lie between the hom ologues of E2L 
and E4L. Southern blot analysis of FPV DNA suggested that hom ologues of 
E3L and K3L exist in a 5.3 kbp restriction fragment. The appropriate fragm ent 
has been cloned and sequenced. The sequence shows that FPV has potential 
ORFs to encode homologues of VV E10R, E11L, OIL, I1L, I2L, and I3L but no 
ORF for E3L, K3L or 02L could be found.
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1. INTRODUCTION

1.1 A History of Interferon Studies
In 1957 Isaacs and Lindenmann described the release of a new factor, from 

chick chorio-allantoic m em branes incubated w ith heat-inactivated influenza 
virus. They showed that this new factor was able to induce interference with 
complete influenza virus in fresh pieces of m em brane, and called this factor 
interferon.

1.1.1. Cloning of Interferons
Interferons are now known to be a family of regulatory glycoproteins 

which have been characterized and divided into two groups. Type I, interferons 
(pH 2 stable): a  (leukocyte) and p (fibroblast), w hich are induced by virus 
infection and type II (immune or acid-labile), interferon y, which is produced by 
T-lymphocytes and natural killer cells when they are stim ulated by antigen or 
mitogen (for reviews see Samuel, 1988, Samuel, 1991).

H um an fibroblast interferon was cloned in 1979 by Taniguchi et al and 
sequenced in 1980 (Taniguchi et al.,) as was hum an leukocyte interferon (Mantei 
et a l ,  1980). A comparison of hum an fibroblast and leukocyte interferons showed 
that they are structurally similar. A chicken interferon gene has been cloned and 
sequenced (Sekellick et a l ,  1994). The gene has am ino acid identity  w ith 
m am m alian IFNs of: alpha 24%, beta 20%, and gamma 3%. The gene has been 
classified as a type I interferon on the basis of predicted secondary structure 
(Sekellick et al., 1994). The chicken IFN-y gene encodes a protein of 145 amino 
acids with 32 % hom ology to hum an IFN-y and highly conserved motifs that are 
present in all mammalian IFN-y (Digby & Lowenthal, 1995).

1.1.2. Interferons, Cytokines and the Immune Response
T-lymphocytes can be divided into two groups, CD4+ helper cells and 

CD8+ cytotoxic cells. When an antigen is recognized in association w ith MHC-II 
(found only on the surface of im m une system  cells), CD4+ T-cells release 
cytokines and other factors to attract inflammatory cells to the site of infection. 
CD4+ T-cells also aid antibody production by B-cells and recruit CD8+ T-cells. 
CD 8+ T-cells kill cells when they recognize antigen in association w ith MHC-I 
(found on all cells in the body except red blood cells) and also release antiviral 
cytokines.
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IFN-y is predominantly produced by a subset of CD4+ T-cells known as Thl 
cells. Thl cells secrete interleukin-2 (IL-2), interferon-y (IFN-y) and tum our 
necrosis factor p (TNF-p) (M osm ann et al., 1986) w hich stim ula te  cellu lar 
im m unity . Th2 cells secrete IL-4, 11-5 and IL-10 (M osmann et al., 1986) which 
result in antibody production by B cells. The production of Thl cytokines is 
increased by response to in tracellu lar pathogens and is associated w ith 
m acrophage activation and IgG production (Belardelli, 1995). Th2 cytokine 
production  is predom inantly  induced by allergic reactions and helm inth  
infections, and is mainly associated with IgE, eosinophil and mast cell production 
(Belardelli, 1995). The cytokines produced by the subsets of Th cells regulate each 
other’s functions (Seder & Paul, 1994), as shown in Fig. 1.1 (Belardelli, 1995). Th 
cell subsets are derived from a common precursor which secretes high levels of 
IL-2 but little IL-4 or IFN-y, differentiation of which can be affected by many 
factors (Belardelli, 1995).

M onocytes/m acrophages produce TNF-a, IL-1, IL-6, IL-8, IL-10, IL-12 and 
type I IFNs which can affect the differentiation of T cells towards Thl or Th2 cells. 
Macrophages are the first producers of type I IFNs in response to infection (De 
M aeyer & De M aeyer-G uignard, 1988). IFN-P is expressed by resting (or 
unstim ulated) m acrophages (Gessani et al ,  1989) and is thought to play a role in 
m acrophage differentiation (Vogel & Fertsch, 1984) as well as m aintaining an 
antiviral state in macrophages (Vogel & Fertsch, 1987).

IF N -y  p lays a m ajor role in the regulation of im m une responses, 
particularly by affecting the differentiation process of Th cells. IFN-y inhibits the 
proliferation of Th2 cells, pushing  differentiation tow ards a T hl response 
(Gajewski & Fitch, 1988). IFN-y also stimulates macrophage activation (Le et a l ,  
1983, N athan et al., 1984). Many of the effects of IL-12, resulting in the Thl 
response are caused by production of IFN-y by T cells and natural killer cells (NK) 
(Belardelli, 1995).

Type 1 IFNs (a  and p) have a variety of effects. Type I IFNs can affect 
antibody production, although w hether this results in inhibition or increased 
production depends on the dose and time of IFN addition (Siegel & Vilcek, 1986, 
Sonnenfeld, 1984). Type I IFNs enhance NK cell activity (Lindahl et al., 1971), 
enhance macrophage activity (Vogel & Friedman, 1984) and increase MHC class I 
expression (Gresser, 1984).
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IF N -a  m odula tes the im m unoglobulin  iso type selection process, 
specifically inhibiting IgE production (Finkelman et al ,  1991). IFN-a inhibits Ag- 
induced pro liferation  of Th2 cells and cytokine production  of TH2 cells 
(Parronchi et a l ,  1992). IFN-a can increase the proportion of Thl cells expressing 
IFN-y and reduce the suppressive effects of IL-4 on IFN-y production (Brinkmann 
et al., 1993). IFN-a is thought to act as a m odulator of allergic inflammation by 
inhibiting the Ag-induced recruitm ent of eosinophils and Th cells into tissue 
(Nakajima et a l ,  1994).

1.1.3. Other Activities of Interferons
It has become increasingly clear that interferons play a role in m any cell 

processes as well as having antiviral activity. Interferons have been found to 
inhibit cell motility (Brouty-Boye & Zetter, 1980), cell m ultiplication, and have 
pronounced effects on the cytoskeleton (Pfeffer et a l ,  1980). Interferons have also 
been found to have antitumour activity (Gresser & Tovey, 1978). It is believed 
that the variety of responses to interferon are due to the cascade of intracellular 
signals prom pted by interferon binding to the receptor (Lengyel et a l ,  1995, Levy, 
1995). It is know n that more than 30 genes are transcriptionally activated by the 
cascade.

1.1.4. IFN and Double-Stranded RNA
In 1967 w hilst searching for an IFN inducer, Field et al (1967) found that 

synthetic polynucleotide polymers, particularly poly IC, were capable of inducing 
IFN in rabbits in m icrogram  am ounts, and rendering mice and cell cultures 
resistant to viral infection. This and other similar reports lead to the idea that a 
viral nucleic acid may be responsible for IFN induction.

Protein synthesis was found to be inhibited when dsRNA was added to a 
cell free system (Ehrenfield & Hunt, 1971). Protein synthesis was also found to be 
decreased in interferon-treated vaccinia virus (VV)-infected mouse L-cells when 
VV RNA was detectable (Metz & Esteban, 1972). A decrease in EMC RNA 
translation occurred on interferon treatm ent of encephalom yocarditis virus 
(EMC) infected L-cells (Freidman et a l ,  1972). Several groups then dem onstrated 
that the inhibition of protein synthesis did not require the addition of dsRNA in 
cells infected with virus (Kerr et al ,  1974).

These and other reports led to the discoveries of two interferon-induced, 
dsRNA binding proteins, 2'-5'A synthetase and PKR.
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Fig. 1.1. Diagram to Show the Effects of IFNs on the Th Response
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Fig. 1.1. D ia g ra m  to S h o w  the  Effects of IFNs on  the  T h  R esponse  
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1.2. 2'-5'A Synthetase

1.2.1. Action of 2’-5’A Synthetase
2'-5'A synthetase is an IFN induced, dsRNA binding protein  which 

catalyses the 2'-5' linkage of adenosine oligomers (pp{A2'p 5'A}n , where n>2) 
from ATP. The linked oligom ers are know n as 2'-5'A. A latent cellular 
endoribonuclease, RNase L which preferentially cleaves ssRNA, is activated by 
binding 2'-5'A which leads to dimerization of RNase L (Cole et al., 1996). The 
active endonuclease is a hom odim er thought to preferentially cleave mRNA 
bound to dsRNA. The mechanism enabling RNase L to d istinguish  betw een 
viral and cellular mRNA is not fully understood (Nilsen & Baglioni, 1979).

The action of 2-5A is limited by a phosphodiesterase which cleaves 2'-5' 
linked o ligonucleotides, thus decreasing  activa tion  of RN ase L. T h e  
phosphodiesterase also degrades the CCA terminus of tRNA, reducing the ability 
of tRNA to accept amino acids and causing inhibition of mRNA translation 
(Schmidt et al., 1979).

1.2.2. Forms of 2’-5'A Synthetase
2'-5'A synthetase has been detected in many m ammalian tissues (Chebath 

et a l ,  1987, H ovanessian et a l ,  1987a), and in chicken fibroblasts (Ball, 1979). 
Several forms of the enzyme exist in hum an cells: a 40-46 Kd protein, 69/71 Kd 
protein and a 100 Kd protein.

p40 and p46 vary only at the carboxy terminus as both are encoded by the 
same gene but variable splicing between the 5th and 6th exons leads to the size 
difference (Benech et a l ,  1985a, Benech et a l ,  1985b, Saunders et a l ,  1985).

p69 and p71 are identical in amino acids 1 to 683, which contains two 
homologous, adjacent dom ains also found in p40 and p46. p69 and p71 are 
associated with the cell membrane (Hovanessian et a l ,  1987b, Hovanessian et a l ,  
1988, Marie & Hovanessian, 1992). The p69, p71 and plOO forms of the protein are 
thought to derive from a different gene from that encoding the p40 and p46 
forms (Marie & Hovanessian, 1992).

plOO is thought to play a role in RNA splicing (Sperling et a l ,  1991) as it is 
associated with ribosomes. plOO and p69 are not usually expressed at similar 
levels in the same human cell types (Hovanessian et a l ,  1988). plOO tends to form 
lower orders of oligonucleotides where as p69 often forms higher oligom ers 
(Hovanessian et a l ,  1987b).
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1.2. Schematic Diagram to Show Activation of PKR
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1.3. PKR

1.3.1. Introduction to PKR
PKR is the interferon-induced (Laurent et al., 1985) double-stranded RNA- 

activated p ro tein  kinase (Lebleu et a l ,  1976, Roberts et a l ,  1976a). PKR is a 
serine/threonine kinase, w ith the protein kinase dom ains described by Hanks 
(Hanks et a l ,  1988). W hen activated by dsRNA, PKR dim erizes (Langland & 
Jacobs, 1992, Ortega et a l ,  1996, Patel et al., 1995, Wu & Kaufman, 1996), becomes 
phosphorylated and phosphorylates the a  subunit of elongation initiation factor 
2, eIF-2 (Samuel, 1979). An overview of PKR activation is shown in Fig. 1.2.

1.3.2. Effects of eIF-2a Phosphorylation
Phosphorylation of eIF-2a leads to the inhibition of translation initiation. 

Translation initiation can be divided into four steps (Hershey, 1993) :
1) The 80S ribosome dissociates into 60S and 40S subunits (aided by eIF-3 and elF- 
1 which alter the equilibrium of association).

2) The free 40S subunits binds to initiator Met-tRNA,(a complex of Met-tRNA 
with eIF-2 and GTP) in a reaction stabilised by eIF-3 and elF-lA.

Fig. 1.3a. Step 1 of Translation Initiation

80S

eIF-3
eIF-1

C D  40S

Fig. 1.3b. Step 2 of Translation Initiation

+ Met-tRNA.eIF-2.GTP

Met-tRNA.eIF-2.GTP
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3) mRNA binds to the 40S ribosome and the start codon AUG is found by one of 
two mechanisms:

a) Scanning: The mRNA is recognized by the cap-binding initiation factor 
eIF-4F. eIF-4F consists of three subunits: eIF-4E which recognizes the m^G cap, 
eIF-4A which is an RNA-dependent ATPase, and the y subunit. Together they 
have helicase activity and reduce the secondary structure at the 5' end of the 
mRNA. When the 40S ribosomal subunit binds Met-tRNA, it attaches at 5' end 
of the mRNA and scans through the UTR (untranslated region) to the initiation 
codon, AUG. The 40S ribosome subunit becomes stably bound to the mRNA 
when the anticodon of the tRNA interacts with the AUG of the mRNA.

b) Internal binding: This mechanism involves cap-independent binding of 
the 40S ribosome to an internal structural feature in the 5' UTR sequence of the 
mRNA, known as IRES (internal ribosome entry sequence). It is not commonly 
found in cells but is often found at the 5' end of p icornaviral RNAs. The 
ribosome m ay bind near to the AUG or some distance upstream , in which case it 
scans to the start codon (Jackson et al., 1990).

Fig. 1.3c. Step 3 of Translation Initiation (Scanning Mechanism)

Met-tRNA.eIF-2.GTP

o
mRNA

+ ‘AUG

ATP

ADP

eIF-4F
eIF-4A
eIF-4B

Met-tR
t

Met-tRNA.eIF-2.GTP 

‘AUG

ATP

ADP t
Met-tRNA.eIF-2.GTP

o —

A.

9



Chapter 1
Introduction

Fig. 1.3d. Step 4 of Translation Initiation
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Fig. 1.4. Pathway of Translation Initiation
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Diagram to show translation initiation, Fig. 1.4 is taken from Hershey, 1993.
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4) GTP in the 40S complex is hydrolysed to GDP in an eIF-5-dependent reaction, 
allowing the 60S ribosome subunit to join. Further rounds of initiation can only 
occur if the GDP of eIF-2.GDP is exchanged for GTP. The exchange reaction 
requires catalysis by eIF-2B (the guanine exchange factor) as eIF-2 has a higher 
affinity for GDP than  for GTP. If the a  subunit of eIF-2 is phosphorylated, the 
exchange of GDP for GTP is not efficient and a stable complex of eIF-2, GDP and 
eIF-2B is formed. eIF-2B is present at a very low molar concentration in the cell ( 
20% of eIF-2 levels) and so is effectively sequestered to the inactive complex. The 
exchange of GDP for GTP is p reven ted  and further rounds of translation  
initiation cannot occur (Hershey, 1993).

1.3.3. Site of eIF-2a Phosphorylation
The site of eIF-2a phosphorylation by PKR is thought to be Ser51 (Samuel, 

1979). A peptide of eIF-2a (45-56 aa) can be phosphorylated by PKR at Ser51' b u t 
surround ing  sequences are also thought to be im portant (Mellor & Proud, 1991). 
M utations in eIF-2a which affect Ser51 p reven t phosphorylation  by PKR bu t 
m utations of Ser48 have no effect on the phosphorylation of eIF-2a by PKR 
(Pathak et ah, 1988).

1.3.4. Eukaryotes and PKR
PKR hom ologues have been found in cells of several species. H um an 

(M eurs et ah, 1990) and m urine (Feng et ah, 1992) PKR have been cloned and 
sequenced. Amino acid identity between hum an and mouse PKR is 61 % (Feng et 
ah, 1992). Rat PKR has also been cloned (Mellor et ah, 1994) and has 61 % amino 
acid identity w ith hum an PKR, and 72 % amino acid identity w ith m urine PKR. 
The amino acid sequence and domains of hum an PKR are show n in Fig. 1.5 and 
is taken from Feng et ah, 1992.

In Saccharomyces cerevisiae PKR can substitute for GCN2, the yeast eIF-2 
k inase w hich controls the translation of GCN4 (Mellor et ah, 1994). GCN4 
activates the transcription of amino acid biosynthetic genes to overcome amino 
acid starvation. PKR (and the other eIF-2 kinase HRI, hem e-regulated inhibitor of 
translation) can stim ulate the translation of GCN4. H igh expression levels of 
PKR in the yeast lead to a slow -grow th phenotype due to the inhibition of 
pro tein  synthesis. Expression of a point-m utated  form of eIF-2 in the yeast 
eliminates the slow-growth phenotype (Chong et ah, 1992).
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Fig. 1.5. Diagram to Show Domains of Human PKR and Amino Acid 
Sequences Used for Primer Design
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Fig. 1.6. Diagram to Show Promoter Regions in the 5' Region of the
Mouse PKR Gene
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Fig. 1.6 D iag ra m  To Show  P ro m o te r  R egions in th e  5 ' Region of the M o u se  PKR G en e
T h e  d ia g ra m  is taken  from  ta n ak a  a n d  sam uel ,  1994 a n d  s h o w s  the n u c leo t ide  se q u e n c e  5 
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Plant PKR has been identified as a 68 Kd protein which is phosphorylated to a 
greater extent in extracts from viroid-infected tissues, and found to be similar to 
PKR (Hiddinga et al., 1988, Langland et al., 1995).

1.3.5. Genes Encoding PKR
The gene encoding m urine PKR consists of 16 exons across 28 Kbp. The 

first exon is not translated; the translation start site, AUG, is in the second exon 
and the translation term ination site and poly A signal are in the 16th exon. The 
region 5' of the transcription start site is a functional prom oter which can be 
induced by interferon, and also contains sequences with potential as transcription 
factor binding sites, including an IRES. The 5' UTR also contains sequences for 
prom oters which have been associated with growth control, differentiation and 
cell regulation, and an NF-kB-like and NF-IL6 site, which are often found near 
im m une and inflammatory response genes. The 5' flanking region of m urine 
PKR is shown in Fig. 1.6. Southern blot analysis has revealed that m urine PKR is 
a single-copy gene in the mouse haploid genome, thought to encode 515 amino 
acids (Tanaka & Samuel, 1994).

The hum an PKR gene has been m apped to chromosome region 2p21-22. 
A bnorm alities of this region are often associated w ith acute m yelogenous 
leukaemia (Hanash et al., 1993).

1.3.6. Forms of PKR
PKR is commonly found both as 68 Kd and 48 Kd proteins. It is believed 

that the 48 Kd form arises through partial degradation of the 68 Kd form (Galabru 
& Hovanessian, 1987). p48 has been shown to be induced by three forms of 
interferon, in a dose-dependent manner, has a single pi value and is associated 
with the microsomal supernatant. p68 has several p i values possibly due to 
different levels of phosphorylation and is associated with the microsomal pellet 
(Kadereit et al ,  1994).

PKR exists both  in the cytoplasm  and the nucleus, a lthough  the 
cytoplasmic form is almost 5 times as abundant. The presence of PKR in the 
nucleus of cells may indicate a role for PKR in cell-cycle control (Jeffrey et al.,
1995).
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1.3.7. Chemical Inhibitors and Activators of PKR
PKR can be activated by polyanionic substances other than dsRNA. 

Activation of PKR by heparin is reversible. It has been suggested that heparin 
activation of PKR occurs through a different mechanism to activation by dsRNA 
(Patel et ah, 1994). Activation by heparin can be inhibited by antithrom bin III, a 
heparin binding protein. Antithrombin III is able to inhibit activation of PKR but 
not substrate phosphorylation once PKR is autophosphorylated (Hovanessian & 
Galabru, 1987).

Both autophosphorylation of PKR and substrate phosphorylation by PKR 
can be inhibited in vitro and in vivo by the addition of 2-am inopurine. 2- 
am inopurine is an ATP analogue and is thought to bind to the kinase at the ATP 
b ind ing  sites. The binding of ATP and 2-am inopurine are thought to be 
competitive as 2-aminopurine inhibition of PKR can be reversed by addition of 
higher concentrations of ATP (Hu & Conway, 1993).

1.3.8. Domains of PKR
PKR has two distinct kinase activities, autophosphorylation and substrate 

phospho ry la tion . A utophosphory la tion  is though t to occur th rough  an 
interm olecular phosphorylation event, w hen two molecules of PKR bind to 
dsRNA and become associated (Langland & Jacobs, 1992, Ortega et ah, 1996, Patel 
et ah, 1995a). How ever, intramolecular phosphorylation events are difficult to 
rule out. The critical step in activation of PKR is thought to be dsRNA-binding 
(Wu & Kaufman, 1996). Many studies have been carried out on the RNA-binding 
domain of the kinase, to characterize the interactions which occur.

1.3.8.1 RNA-Binding Domain
PKR can be activated by low concentrations of dsRN A b u t high 

concentrations inhibit activation (Galabru et ah, 1989). Amino acids 1-171 contain 
two copies of a dsRNA-binding domain rich in highly basic residues (Green & 
Mathews, 1992), known as Ri (55-75 aa) and R2 (145-166 aa). W hen m urine PKR 
was cloned, sequence alignment was used to identify conserved dom ains in the 
N-terminal region of the protein sequence (Feng et ah, 1992).

The 1-170 aa region is capable of binding dsRNA and deletions of either aa 
1-34, aa 129-170 or aa 55-75 prevent dsRNA binding (Patel & Sen, 1992).
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Although 2'-5'A synthetase is able to bind dsRNA, there is little or no similarity 
in prim ary or predicted secondary structure betw een the two IFN-induced 
proteins.

Site directed m utagenesis indicates that Gly57 and Lys60 of PKR are 
absolutely essential for dsRNA binding and that m utations in Lys64 and Leu75 
reduce dsRNA binding by 90% (Barber et a l ,  1995).

R l (aa 55-75) alone is sufficient for dsRNA binding, but R1 and R2 together 
bind dsRNA more tightly (McCormack et a l ,  1994). R i and R2 may have distinct 
functions in RNA-binding, as although Rl appears to play a more im portant role 
in RNA binding, R2 is thought to have a more flexible structure. Both domains 
have been predicted to contain a C-terminus a  helix, which w hen disrupted by 
m utation does not bind RNA efficiently (Green et al ,  1995).

M utations of either amino acids 38, 39, 58, 60 or 61 are deficient in dsRNA- 
b ind ing  and can act as transdom inant inhibitors of PKR. These m utants are 
thought to act by sequestering dsRNA and so preventing, or reducing the extent, 
of PKR autophosphorylation and activation (Barber et a l ,  1995). The active form 
of PKR is now  thought to be a dimer, and the dom inant negative interference 
exhibited by dsRNA-binding domain m utants might be due to the formation of 
defective heterodim ers (Romano et a l ,  1995).

Double-stranded RNA of less than 30 bp is unable to activate PKR but can 
prevent activation of PKR by longer RNAs when present at high concentrations 
(Manche et a l ,  1992). Small RNAs do not fully occupy the dsRNA-binding site of 
PKR and so the conformational change required to activate PKR does not occur. 
Although dsRNA of more than 30 bp is able to bind and activate PKR, dsRNA of 
85 bp provides the m ost efficient activation of PKR. Even dsRNA of 85 bp 
prevents activation of PKR at high concentrations, possibly by preventing  
molecules of PKR associating. PKR is able to interact with 11 bp of dsRNA but 
activated PKR can protect 80 bp. W hen the PKR RNA-binding site is fully 
occupied a conformational change occurs (Manche et a l ,  1992).

Recently, the NMR struc tu re  of the dsR N A -binding dom ains of 
Drosophila Staufen protein and ribosomal protein S have been elucidated and 
have an a - p - p - p - a  structure (Bycroft et a l ,  1995). It is likely that the RNA- 
binding dom ain of PKR adopts a similar structure.

1.3.8.2. Catalytic Domain
The catalytic dom ain of PKR contains all the conserved motifs (I-XI), 

consistent w ith the protein kinase family (Hanks et a l ,  1988). The dom ains of 
PKR are highlighted in Fig. 1.5.
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PKR expression may be autoregulated by catalytically active PKR (Thomis 
& Samuel, 1992) at the level of mRNA translation (Barber et al., 1993) as PKR can 
be activated by binding its own mRNA (Thomis & Samuel, 1993).

A catalytically inactive m utant of PKR is phosphorylated in the presence of 
w t PKR, indicating that autophosphorylation could be an intermolecular event 
(Thomis & Samuel, 1993). Lys296 is critical to the catalytic function of PKR (Lee et 
al., 1993). Catalytic m utants of PKR exert a dominant negative effect over wt PKR 
(Sharp et al., 1993b). The dominant negative effect may be due to the formation of 
autophosphorylation incompetent heterodimers of m utant and w t PKR. M utants 
of the catalytic domain can reverse the inhibition of protein synthesis and reduce 
e IF -2 a  phosphorylation, as can m utants of the dsR N A -binding dom ain. 
H ow ever higher levels of the catalytic m utants are required for complete shut
dow n of PKR (Sharp et al., 1993b).

The sequence LFIOEFCDK 361-370 aa is thought to be the eIF-2a binding 
dom ain or recognition sequence and so be essential for PKR function (Feng et al.,
1992).

1.3.9. Cellular Inhibitors of PKR
Several cellular inhibitors of PKR exist:

1.3.9.1. La Antigen
The La antigen is a 47 Kd protein found in the nucleus and cytoplasm. 

Antibodies to the La antigen are associated w ith autoim mune diseases, such as 
systemic lupus erythem atosis and Sjogren's syndrome. La antigen is known to 
have DNA and RNA unw inding activity and to interact w ith a variety of RNA 
m olecules. La a n tig en  can inh ib it activa tion  of PKR and  th u s the 
phosphorylation  of eIF-2a (Xiao et al., 1994). Inhibition is reversed by high 
concentrations of dsRNA, and the inhibiting activity only applies to PKR prior to 
activation. As the La antigen is capable of converting dsRNA to ssRNA, it has 
been suggested that La inhibits PKR by binding and unw inding dsRNA (Xiao et 

a l ,  1994).

1.3.9.2. p58
PKR is inhibited in influenza infected cells (Lee et a l ,  1990). Influenza 

infection inhibits autophosphorylation of PKR and phosphorylation of eIF-2a, 
bu t inhibition is not caused by protease or phosphatase activity. The 58 Kd 
protein responsible is a cellular protein and not a viral-encoded protein. The 58
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Kd cellular protein does not act through degradation or sequestration of PKR and 
is present in infected and uninfected cells in equal am ounts (Lee et al., 1992). It 
has been proposed that virus infection releases p58 from an inactive complex 
w ith a repressor, Ip58, enabling p58 to block PKR activation through a direct 
interaction (Polyak et al., 1996) with the ATP-binding region of PKR (Gale et a l ,
1996). In uninfected cells, the dissociation of p58 from Ip58 is thought to be 
controlled by specific cell signals (Lee et al., 1992).

p58 has been cloned, sequenced and expressed (Lee et al., 1994) and is 
predicted to be a 504 aa hydrophilic protein which is highly conserved in many 
m ammalian species (Korth et al., 1996b). p58 has nine repeats of a 34 aa motif, 
referred to as a tetratricopeptide repeat (TPR). TPR motifs are found in a range of 
proteins which mediate protein-protein interactions in mitosis, transcription and 
RNA synthesis (Lamb et al ,  1995). p58 has homology with the E.coli DnaJ family 
of proteins (also tetracopeptides) which function during heat-shock (Lee et a l ,
1994).

p58 m ay have oncogenic potential through the dow n-regulation of PKR. 
NIH 3T3 cells expressing p58 have faster growth rates, higher saturation densities 
and anchorage-independent growth. W hen inoculated into mice these cells 
produced  tum ours (Barber et al., 1994). The p58 gene has been m apped to 
chromosome 13 band q32. Aberrations in chromosome 13 have been identified in 
a variety of hum an cancers, but particularly in acute leukaemia (Korth et al., 
1996a).

1.3.9.3. p l5
Another cellular inhibitor of PKR has been reported in the m ouse cell 

line, 3T3 F442 (Judware & Petryshyn, 1991). Cells cultured in conditions non- 
permissive for differentiation into adipocytes have lower levels of PKR activity 
than cells cultured in conditions permissive for differentiation into adipocytes. 
This is due to an inhibitor of PKR, which is present in reduced am ount in cells 
incubated at conditions suitable for differentiation. It has been suggested that 
PKR may be an important signal in controlling growth arrest 
prior to differentiation into adipocytes. The 15 Kd protein purified from the cells 
does not have protease or phosphatase activity and can reversibly inhibit PKR 
(Judware & Petryshyn, 1992). p l5  is thought to prevent ATP binding to PKR 
through direct interaction with PKR (Judware & Petryshyn, 1992).
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1.3.10. PKR Involvement in Other Cellular Functions
PKR may be involved in a variety of cell processes other than translation 

initiation.

1.3.10.1. PKR and Heat-Shock
Heat-shock causes the cessation of DNA replication, RNA splicing, 

hormonal responses and protein synthesis. The precise mechanisms have not yet 
been elucidated but it is known that many cellular proteins become aggregated 
and inactive under heat-shock conditions (Dubois et a l ,  1991).

It has been reported that PKR is affected by heat-shock in HeLa cells, 
becoming aggregated as a thick ring around the nucleus and co-localizing with 
the 70 Kd heat-shock protein (Dubois et a l ,  1991). During cell recovery, PKR 
resolubilizes and becomes active again. Disruption of the cytoskeleton does not 
affect the insolubility  of PKR during  heat-shock. In therm oto leran t cells 
(previously heat-shocked), PKR does not become insoluble under heat-shock 
conditions (Dubois et a l ,  1991).

1.3.10.2. PKR as a Tumour Suppressor
PKR m ay p lay a role in tum our suppression and cell proliferation. 

Expression of PKR m utants in cells can lead to transform ation of the cells and 
tum ours in mice (Koromilas et al., 1992, Meurs et a l ,  1993).

H um an PKR m aps to chromosome region 2p21-22 (Hanash et a l ,  1993). 
A bnorm alities in 2p21-22 are predom inantly  found in patients w ith  acute 
m yelogenous leukaem ia. H igh levels of PKR expression have also been 
associated with survival in patients with squam ous cell carcinomas of the head 
and neck (Haines et a l ,  1993).

Expression of PKR in HeLa cells induces rapid cell death, a characteristic of 
apoptosis (Lee & Esteban, 1994). Thus, it has been suggested that tum our 
suppression by PKR may function through apoptosis (Lee & Esteban, 1994). 
H ow ever, expression  of m u tan t eIF-2, lacking Ser51 (therefo re  not 
phospho ry la ted  by PKR), can also cause transfo rm ation  of cells. Thus 
transform ation  by m utants of PKR may occur through inhibition of eIF-2 
phosphorylation (Donze et a l ,  1995).

Activation of PKR may be the mechanism of tum our suppression by the 3' 
UTR of tropomyosin RNA (Davis & Watson, 1996). Interferon regulatory factor 1 
(IRF-1) w hich activates type 1 IFN and interferon-inducible genes also has
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tum our suppressor activity which is thought to be mediated by PKR (Beretta et 
al., 1996, Kirchhoff et a l ,  1995).

Despite the in vitro evidence to suggest that PKR may have tum our 
suppressor function, the in vivo evidence, in which PKR-knockout mice do not 
develop tum ours, suggests that tumour suppression may not be a role of PKR in 

vivo or that mechanisms exist to compensate for any depletion of PKR (Yang et 
al ,  1995).

1.3.10.3. PKR in Signal Transduction
NF-kB is a m ultisubunit transcription factor, consisting of p50, p65 and Rel 

proteins. NF-kB is located in the cytoplasm and must translocate to the nucleus 
in order to function as a transcription factor. There is evidence to suggest that a 
constitu tive nuclear pool of NF-kB exists (Dobranzski et al., 1994). NF-kB is 
thought to exist as a latent heterodim er with its inhibitor, I-kB. Phosphorylation 
of IkB is thought to be a means of NF-kB regulation and degradation (Thanos & 
M aniatis, 1995, Williams, 1995). However, there are some data to suggest that I- 
kB phosphory lation  alone is not sufficient to release NF-kB and its activity 
(Alkalay et a l ,  1995). I-kB phosphorylation may mark it for degradation, releasing 
NF-kB which is able to target specific genes for transcription (DiDonato et a l ,
1995).

PKR is able to phosphorylate I-kB, and release NF-kB D N A -binding 
activity (Kumar et a l ,  1994). As IFN-P has an NF-kB binding site in its prom oter 
region, it has been suggested that PKR may regulate IFN-p induction (Kumar et 
al., 1994) as well as its own transcription (Tanaka & Samuel, 1994).

1.3.10.4. Platelet-Derived Growth Factor (PDGF)
PDGF (platelet-derived growth factor) can stimulate DNA synthesis and 

mitosis in some fibroblast cells. PKR may play a role in signal transduction by 
PDGF, as dsRNA and activated PKR can induce the transcription of the same 
genes (c-myc, c-fos, JE ) that are expressed immediately upon induction by PDGF. 
An inhibitor of PKR, 2-aminopurine, blocks the induction of the c-myc, c-fos, and 
JE genes by dsRNA (Mundschau & Faller, 1995).

1.3.10.5. Interleukin 3
Interleukin 3 (IL-3) stimulates cell growth through a receptor signalling 

pathway. The mechanism of growth stimulation is at present unknow n but there 
is some evidence that IL-3 may decrease the level of activated PKR, and thus
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lower levels of eIF-2a phosphorylation (Ito et al ,  1993, Ito et al ,  1994a). Inhibition 
of PKR by IL-3 may involve a 97 Kd phosphotyrosine protein which associates 
with PKR following IL-3 receptor binding (Ito et a l ,  1994b).

1.3.10.6. Immune System
PKR may play a role in induction and splicing of TNF-a mRNA (Jarrous et 

al., 1996). PKR may also regulate IFN-a induction (Der & Lau, 1995) and the 
macrophage tumouricidal response triggered by LPS and type I IFNs (Gusella et 
al ,  1995).

1.4. Viruses and PKR
PKR can be activated by viral dsRNA and limits host infection by shutting- 

d ow n  protein  synthesis, preventing viral proteins from being form ed and 
ensuring  cell death. Many viruses have evolved mechanisms to overcome the 
protein  synthesis inhibition caused by PKR (for reviews see Katze, 1992, Katze, 
1993, Katze, 1995, Mathews, 1993, Samuel, 1991).

1.4.1. Adenovirus VAI RNA
Adenoviruses are common causes of acute respiratory disease. They have 

icosahedral sym m etry and are 60-90 nm in diameter. The genome consists of a 
linear dsDNA m olecule of 30-38 Kbp w ith inverted term inal repeats and a 
covalently bound protein at the 5' end.

Adenoviruses encode two distinct virus-associated (VA) RNAs. The major 
species, VAI RNA is a 160 nucleotide RNA which is synthesized by RNA 
polymerase III and accumulates late in adenovirus infection, at 10$ molecules per 
cell. The minor species VAII is also about 160 nucleotides long and accumulates 
to 107 molecules per cell. Both RNAs have a high degree of secondary structure. 
VAI consists of 2 long imperfectly base-paired duplexes, separated by a short 
central stem-loop.

VAI RNA can inhibit PKR activation, but not eIF-2 phosphorylation by 
activated PKR. Activation of PKR in adenovirus infected cells, in the absence of 
VAI RNA, is due to dsRNA, at least some of which is viral (Maran & Mathews, 
1988). The action of VAI RNA is not due to PKR degradation (Katze et a l ,  1987). 
VAI RNA inhibits PKR activation in a dose-dependent m anner and although 
PKR has a lower affinity for VAI RNA than for poly IC (a synthetic dsRNA), VAI
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RNA can not be displaced by poly IC (Galabru et al., 1989). These data imply that 
the interaction of VAI RNA with PKR is not reversible.

Fig. 1.7. Secondary Structure of VAI RNA

Apical Stem

Central Domain

Terminal Stem

5'
Diagram of VAI secondary structure, Fig. 1.7, is taken from Mathews & Shenk, 
1991.

The partial double-stranded nature of VAI may enable it to bind and block 
activation of PKR by dsRNA (O'Malley et a l ,  1986). Studies with an adenovirus 
m utant in VAI have indicated that VAII RNA may be able to substitute for VAI 
but does not overcome translation inhibition by PKR as effectively as VAI 
(Mathews & Shenk, 1991). It has been suggested that VAI RNA is too small to 
activate PKR but is sufficiently large to bind to the kinase
and prevent dsRNA from binding (Clemens et a l ,  1994). The major interactions 
betw een PKR and VAI RNA are thought to be electrostatic and areas outside of 
the dsRN A-binding dom ains are im portant for the interaction (Clarke et al.,

1994).
M utations in the apical stem, term inal stem and central dom ain of VAI 

RNA have been tested in vitro for their effects on PKR binding ability (Clarke et 
al., 1994). Over half a turn of intact apical stem is required for interaction with
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PKR and there is a relationship between a m utant's ability to bind PKR and its 
ability to function in vitro and in vivo. The structure of the stem loop is critical 
for PKR binding (Ghadge et al., 1994). The lack of activation of PKR by the 
m utants is not due to imperfect base-pairing in the duplexes, as m utant VAI 
RNA w ith perfectly base-paired duplexes fails to activate PKR and blocks 
activation of PKR better than wt VAI RNA (Ghadge et a l ,  1994).

Although VAI RNA binds but does not activate PKR, it is capable of 
binding and activating 2'-5'A synthetase. M utations in VAI which remove the 
m ismatches in the stems enhance 2'-5'A synthetase activation but not PKR 
activation (Desai et al., 1995).

A study of 54 VAI RNA m utants w ith single base substitutions in the 
central domain has shown that many lost the inhibitory activity whilst retaining 
significant secondary structure, indicating that single bases and not just secondary 
structure are important in PKR binding and activation inhibition (Rahman et a l ,
1995).

1.4.2. Retroviruses

I.4.2.I. HIV
HIV is a m em ber of the Retroviridae family. The virion is spherical, 80-120 

nm  in diam eter, and contains 2 molecules of single-stranded positive sense 
RNA, each of about 10 Kbp. Reverse transcriptase, a viral enzyme, synthesizes a 
linear viral DNA, the viral RNA is degraded and a second strand of DNA is 
formed. Sequences in the LTR enable the DNA to integrate into the host genome. 
Transcription is regulated by sequences in the LTR, a polyprotein is produced by 
translation and is then cleaved by a viral protease to provide the proteins 
necessary for viral assembly (Davis et al., 1980, Singleton & Sainsbury, 1987).

HIV TAR RNA (transactivation responsive RNA) is a highly structured 
RNA of about 160 nucleotides which forms a stem-bulge-loop structure due to 
extensive base-pairing. TAR binds the viral trans-acting protein, Tat. TAR is 
present at the 5' UTR of all HIV mRNAs and transcription is regulated by its 
interaction with Tat. TAR RNA also exists as a small RNA (60 nucleotides) in the 
cytoplasm of the infected cell, possibly arising through nuclease degradation of 
HIV transcripts back to a nuclease resistant core (Clemens et al., 1994).

HIV TAR RNA can be bound by the N-terminal dsRNA-binding region of 
PKR (McCormack et a l ,  1992). However, there is some debate as to the effects of
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TAR binding to PKR. Some studies suggest that TAR activates PKR while other 
suggest that TAR inhibits PKR activation.

The diagram of the secondary structure of HIV TAR RNA, Fig. 1.8, is taken from 
Clemens et a l ., 1994.

In some reports it has been proposed that TAR binds to PKR w hich 
becomes activated and translation is inhibited. HIV-1 infection of CEM cells is 
reported to result in a decrease in PKR late in infection. HeLa cells stably 
expressing TAR have reduced levels of PKR compared w ith IFN-treated cells 
(Roy et a l ., 1990). M essenger RNA from TAR-expressing cell lines can activate 
PKR and TAR-containing RNAs are able to complex w ith  purified  PKR, 
although a synthetic dsRNA can compete out TAR.PKR complexes. Both PKR 
binding and activation are reported to be dependent on the stem loop structure of 
the TAR RNA (Roy et a l ., 1991). Chemically synthesized TAR is also capable of 
activating PKR and 2'-5'A synthetase (Maitra et a l ., 1994) and TAR m utants 
w hich have a d isrup ted  secondary structure are unable to activate either 
enzym e.There are reports that the binding of TAR to PKR inhibits PKR 
activation. It has been suggested that the activation of PKR by TAR is due to 
contaminating dsRNAs

Fig. 1.8. Secondary Structure of HIV TAR RNA
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c
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from  in vitro transcription (Benech et ah, 1985a, Benech et ah, 1985b, Saunders et 
al., 1985), a lthough experim ents w ith  chem ically synthesized TAR seem  to 
disprove this hypothesis. Purified TAR is reported to inhibit PKR activation 
w hen present at high concentrations, as does dsRNA (Gunnery et a l ,  1990). It has 
also been reported that TAR blocks PKR inhibition of translation in a cell-free 
system. M utation studies indicate that 14 bp of TAR stem are required to inhibit 
PKR in cell-free translation. As truncation of TAR to 68 nucleotides led to loss of 
PKR inhibition, it has been suggested that cytoplasmic TAR does not inhibit PKR 
in vivo, b u t that TAR at the 5' UTR of mRNAs does still inhibit PKR in cis 

(Gunnery et a l ,  1992).
A synthetic peptide of Tat is reported to be able to inhibit the activation of 

PKR by TAR (Judware et a l ,  1993). This could be by binding to TAR and thus 
sequestering  it from PKR bu t Tat is thought to interact directly  w ith  PKR 
(McMillan et a l ,  1995).

A TAR RNA binding protein (TRBP) has been isolated from HeLa cells 
(Gatignol et al., 1993). TRBP contains a lysine-rich RNA-binding dom ain which 
has hom ology w ith  PKR and other dsRNA-binding proteins. As a peptide the 
lysine rich dom ain (247-267 aa) is able to bind TAR w ith a sim ilar affinity to 
com plete TRBP (Gatignol et ah, 1993). TRBP inhibits PKR autophosphorylation 
and  eIF-2a phosphorylation . It has been proposed that TRBP is a cellular 
regulatory protein w hich binds RNAs w ith a specific secondary structure in order 
to control PKR activation (Park et al., 1994). TRBP dimerizes w ith itself and PKR 
in a yeast two-hybrid assay (Cosentino et ah, 1995).

I.4.2.2. HTLV-1
H um an T-cell leukaem ia virus type 1 Rex-response elem ent (Rex-RE) is a 

highly structured RNA sequence and target for the 27 Kd Rex protein, essential in 
HTLV-1 regulation. Binding of Rex-RE by Rex induces expression of unspliced 
and singly spliced mRNAs encoding structural proteins of HTLV-1. The Rex-RE 
synthesized in vitro is capable of activating 2'-5'A synthetase in a dose-dependent 
m anner. Rex-Re also activates PKR at low concentrations b u t inhibits PKR 
activation w hen present at high concentration. A ddition of poly IC dissociates 
Rex-RE from both PKR and 2 -5 A  synthetase. It has been suggested that binding 
of Rex-RE by Rex may prevent activation of 2 -5 A  synthetase and PKR, and thus 
allow the production of m ature virions (Mordechai et ah, 1995).
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1.4.3. Epstein-Barr Virus (EBV)
E pstein-B arr v iru s (EBV) w hich  causes in fectious m ononucleosis 

(glandular fever) and has been associated w ith several tum ours, such as Burkitt's 
ly m p h o m a  an d  n a so p h a ry n g e a l carc inom a, is a m em b er of the  
G am m ah erpesv ir in ae  . The virus is 120-200 nm  in diam eter, and contains a 
central core of DNA w ound around a protein structure, w ithin an icosahedral 
capsid. The capsid is surrounded by tegum ent proteins and the whole is enclosed 
in a lipoprotein envelope. The 154 Kbp dsDNA linear genome of EBV has a 60% 
G+C content and has terminal and internal term inal repeats. EBV m ainly infects 
B-lymphocytes b u t can also infect the epithelium  of the nasopharynx  even 
though  these cells do not have the receptor for EBV. Infected B-cells are often 
im m ortalised , and the virus can persist in a latent form  in the lym phocytes 
(Davis et ah, 1980, Singleton & Sainsbury, 1987).

EBERs (Epstein-Barr encoded RNAs) are abundant RNAs encoded by EBV, 
w ith sim ilarity to VAI RNAs of adenoviruses. EBERs are of a similar size to VAI, 
both  are transcribed by RNA pol III and have a sim ilar degree of secondary 
structure.

EBERs can partially  substitute for VAI RNA in adenovirus deletion 
m utan ts (Bhat & Thim m appaya, 1983). EBERs are able to b ind  to the RNA- 
binding dom ain of PKR and it is thought that they may function in a similar way 
to VAI as they can complement VAI RNA function in lytic growth of adenovirus 
(Bhat & Thim m appaya, 1985).

Both EBER-1 and EBER-2 are present in the nucleus and the cytoplasm  of 
infected interphase Raji cells (Burkitt lym phom a cells). In the cytoplasm  the 
EBERs are reported to co-localize w ith PKR. In cells undergoing mitosis, the 
EBERs localize around  the chromosomes, bu t PKR is still d istribu ted  in the 
cytoplasm  (Schwemmle et ah, 1992).

H igh concentrations of EBER-1 can block the activation of PKR, and are 
able to form a stable complex with PKR in vitro. (Clarke et ah, 1990). The binding 
of EBER-1 to PKR is dependent on the secondary structure of the RNA (Clemens 
et ah, 1994).

A n eIF-2 phosphory la tion  assay dem onstra ted  tha t EBER-1 inhibits 
activation of purified PKR. EBER-2 also regulates PKR and can com pete w ith 
EBER-1 to bind PKR. It has been proposed that the EBERs m ay be involved in the 
transform ation of B-lymphocytes as PKR is known to have tum our suppressor 
function (Sharp et ah, 1993a).
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Fig. 1.9. Secondary Structure of EBER-1 and EBER-2

5'

EBER-1 EBER-2

The diagram  of the secondary structures of EBER-1 and EBER-2, Fig. 1.9, is 
reproduced from Clemens et al ,  1994 and Glickman et a l ,  1988.

1.4.4. Reoviridae
The Reoviridae (respiratory enteric orphan viruses) are a family of non

enveloped viruses of 60-80 nm in diam eter which infect the respiratory  and 
gastrointestinal tracts of m any animals, usually without causing disease.
The virions of reoviruses contain a segm ented genome of 10 different linear 
dsRNA molecules, of three size classes, a total of 46 Kbp. Reoviruses have been 
divided into types depending on their ability to agglutinate red blood cells (Davis 
et ah, 1980, Singleton & Sainsbury, 1987).
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1.4.4.1. Reovirus
The reovirus g3 protein, encoded by small RNA 4 (S4 or segm ent 10), is 

expressed early in infection, is associated w ith the capsid and is able to bind 
dsRNA. Reovirus type 1 infected cells contain an inh ib ito r of PKR. The 
inhibition of PKR can be overcome by adding 100 times as m uch dsRNA as is 
needed to activate PKR in uninfected cell extracts. It has been suggested that the 
dsRN A -binding activity of g3 is required for PKR inhibition as activation of 
partially purified PKR can be inhibited by purified o3 (Imani & Jacobs, 1988). The 
RNA-binding dom ain of o3 is thought to be an 85 aa region from  234-297 aa, 
containing a repeated basic amino acid motif (Miller & Samuel, 1992). Some of 
the basic residues in this region are vital for dsRNA-binding (Denzler & Jacobs, 
1994, W ang et ah, 1996). Both repeated  am ino acid m otifs are involved in 
dsRN A -binding (Mabrouk et ah, 1995).

Expression of the S4 gene which encodes o3 is able to stim ulate translation, 
a lthough in vivo a3  is thought to be complexed w ith protein p ic , and thus may 
no t be freely available to bind dsRNA and inhibit PKR activation (Giantini & 
Shatkin, 1989). Reovirus SI mRNA (1463 nucleotides) is an activator of PKR 
w hereas S4 mRNA which encodes <j3 (1196 nucleotides) does not activate PKR. It 
has been proposed that inhibition of translation by PKR is selective for mRNAs 
possessing the activator region present in SI (Henry et ah, 1994).

1.4.4.2. Rotavirus
Rotaviruses are a major cause of gastroenteritis in hum ans and animals 

and are classified into groups on the basis of serology. Little is know n about the 
non-structural pro teins of rotaviruses. H ow ever, porcine group C ro tavirus 
NSP3 p ro tein  has hom ology w ith dsR N A -binding proteins. A NSP3 clone 
expressed in vitro and in COS cells, produces proteins of 45, 38 and 8 Kd. The 38 
Kd and 8 Kd proteins are thought to be cleavage products of the 45 Kd protein. 
The dsRNA-binding m otif is present in the 45 Kd and 8 Kd proteins and the 
NSP3 products are capable of inhibiting PKR activation w hen expressed in COS 
cells (Langland et ah, 1994).
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1.4.5. Picomaviridae
The Picomaviridae is a family of small (22-33 nm  in diameter) icosahedral 

viruses, all of which contain a single strand of positive-sense RNA. The RNA 
has a 3' poly A sequence and is covalently bound to a viral protein, VPg, at the 5' 
end w hich is not capped. Translation of the viral RNA occurs at an internal 
ribosome entry site, IRES (Davis et al., 1980, Singleton & Sainsbury, 1987).

It has been know n for some time that poliovirus actively shuts dow n host 
cell protein synthesis through the degradation of the eIF-4F subunit by the viral 
p ro tease  Vp2A. Vp2A is required  for p ro teoly tic  cleavage of p recu rso r 
polyproteins bu t is also thought to cleave the p220 subunit of eIF-4F, the cap- 
b ind ing  initiation factor. It is thought that the cleavage of eIF-4F prevents 
translation occurring through the cap-dependent scanning mechanism , and thus 
confers an  advantage to the viral RNAs w hich are tran sla ted  by a cap- 
independen t mechanism  involving internal binding of the ribosom e to specific 
sequences in the RNA (Ehrenfield, 1982, Etchison et ah, 1982, Sonenberg, 1990, 
Sonenberg, 1987). This m echanism  does not how ever, rem ove the need to 
p reven t eIF-2 phosphorylation  by PKR. PKR is highly phosphory lated  and 
activated during  poliovirus infection, and eIF-2 is phosphorylated in poliovirus 
infected cells. H ow ever, PKR is significantly degraded and levels of the kinase 
low ered in poliovirus infected cells, possibly through the action of a cellular 
protease (Black et al., 1989).

1.4.6. Influenza Virus
Discussed earlier p58, see section 1.3.9.2.
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1.5. The Poxviridae
The Poxviridae is a family of complex DNA viruses, which replicate in the 

cytoplasm of the host cell, and consist of a large virion containing; a genome of a 
single linear dsDNA molecule, covalently closed at the termini, and enzymes 
involved in mRNA synthesis.

The poxvirus, variola virus is the causative agent of smallpox which was 
eradicated in 1977 by a World Health Organisation cam paign of vaccination 
(reviewed Fenner, 1990) using vaccinia virus.

The Poxviridae can be divided into two subfamilies, the Chordopoxviridae 

which infect vertebrates and the Entemopoxviridae  which infect insects. The 
Chordopoxvir idae  have been divided into 8 genera on the basis of antigenic 
relatedness and host range (Moss, 1990).

Genera Prototvpical member

Orthopoxvirus vaccinia

Parapoxvirus orf

A v i p o x v i r u s fowlpox

Capripoxvirus sheepox

Lepr ipoxvirus myxoma
S u ip o x v i ru s swinepox

M o llu sc ip o x v iru s m olluscum  contagiosum
Yatapoxvirus tanapox

The restriction m aps of members w ithin a group are usually  sim ilar 
a lthough  there are som e exceptions (racoon pox and tatera  pox of the 
O rthopoxv iruses ) .

Despite vaccinia virus (VV) being the most extensively studied  of the 
Poxviridae, its precise origins remain unknow n, although several hypotheses 
have been proposed. Here knowledge gained from studies of W  will be used as a 
general model for poxvirus replication.

1.5.1. Structure
Several forms of VV exist. The two infectious forms are IMV, intracellular 

m ature virus, which are thought to remain cell-associated and EEV, extracellular 
enveloped virus, which is released from the cell.
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IMV has been thought of as having an oval or brick shaped biconcave core, 
covered by an outer mem brane of surface tubule elements. Two structures of 
unknow n function inhabit the cavities of the core and are know n as lateral 
bodies. A recent study has suggested that IMV is a dense core surrounded by a 
thick surface dom ain limited by two membranes (Dubochet et al., 1994). EEV is 
thought to differ from IMV by the presence of a third layer of membrane, the 
envelope.

The cores contain the viral genome and many viral encoded proteins, 
some of which are involved in transcription (Moss, 1990). Four major structural 
proteins make up the greater part of the core weight (Goebbel et al., 1990, Johnson 
et a l ,  1993).

1.5.2. Genome
The large linear dsDNA molecules are term inally linked by hairpins 

(Geshelin & Berns, 1974). Hairpins can exist in two isomeric forms, inverted and 
com plem entary to each other (Baroudy et a l ,  1982). Telomere target sequences 
exist next to the hairpins and are thought to play a vital role in the resolution of 
concatomers in DNA replication (Merchlinsky & Moss, 1989). The ends of the 
genome are inverted terminal repeats (ITRs).

The genes of VV are closely packed with little intergenic DNA (Goebbel et 
a l ,  1990, Smith et a l ,  1991a), do not contain introns, are transcribed from both 
strands of DNA and have short promoters.

The central region is most conserved am ongst or thopoxv iru ses  and 
contains essential genes, including those encoding for enzym es involved in 
DNA replication as well as structural proteins. The ends of the genome are much 
more variable and tend to contain genes non-essential for replication (at least in 

vitro), often involved in pock formation, host range and viral virulence.
The vaccinia virus (Copenhagen strain) genome consists of 191,636 bp, 

predicted to encode 263 proteins of 65 amino acids or more (Goebbel et a l ,  1990, 
Johnson et a l ,  1993). The variola virus (Bangladesh 1975 strain) genome consists 
of 186,102 bp, predicted to encode 187 proteins of at least 65 amino acids (Massung 
et a l ,  1994). The molluscum contagiosum virus (subtype 1) genome consists of 
190,289 bp and is predicted to encode 163 proteins (Senkevich et a l ,  1996).

1.5.3. Life Cycle
The life cycle of VV has been reviewed recently (Moss, 1990) and is 

sum m arised here.

32



Chapter 1
Introduction

1.5.3.1. Entry And Uncoating
The mechanisms of attachment and penetration of the Poxviridae remain 

unclear, partially due to the complications arising from the existence of two 
forms of the virus. Most studies of VV have been perform ed with IMV and 
antibodies to several proteins have been shown to be able to neutralize the 
infectivity of IMV but not infection by EEV. It is thought that EEV plays a greater 
role in the extracellular spread of virus in natural infection, while IMV may be 
involved in cell-cell spread of the virus (Appleyard et al., 1971, Boulter, 1969, 
Boulter & Appleyard, 1973, Payne & Kristensson, 1985).

At one time it was thought that the epidermal growth factor receptor acted 
as receptor for VV by binding vaccinia growth factor protein (VGF), but this has 
since been disproved (Hugin & Hauser, 1994). Thus, the m echanism by which 
poxviruses enter a cell remains unknown.

Uncoating occurs in two stages. The first stage, which begins soon after 
penetration, does not require RNA or protein synthesis and results in viral cores 
being released into the cytoplasm. The second stage requires some viral 
transcription and protein synthesis and results in the release of the genome from 
the cores into the cytoplasm, and susceptibility of the genome to DNase.

1.5.3.2. Transcription
Transcription of the viral genome occurs as a regulated cascade. The 

apparatus involved in transcription is mainly virus encoded, but at least one 
cellular protein, a nuclear cell protein, is required (Rosales et a l ,  1994b).

Transcription of early mRNAs occurs in the cores after their release into 
the cytoplasm  and thus is resistant to inhibitors of pro tein  synthesis and 
replication. The early mRNAs are capped, polyadenylated, and have short 5' 
UTRs (Boone & Moss, 1977, Kates & Beeson, 1970, Wei & Moss, 1975) some of 
which are polyA leader sequences (Ahn et a l ,  1990b, Ink & Pickup, 1990). Early 
gene promoters have been characterized (Davison & Moss, 1989, Rohrman et al., 
1986, Schuman & Moss, 1988, Yuen & Moss, 1987). Transcription of early genes 
requires the DNA-dependent polymerase (Ahn et a l ,  1990a, Ahn et al., 1990c, 
Am egadzie et al., 1992, Amegadzie et a l ,  1991, Broyles & Moss, 1986, Broyles & 
Pennington, 1990, Quick & Broyles, 1990), the RNA polym erase-associated 
protein, RAP94 (Ahn et al ,  1994, Ahn et a l ,  1992, Kane & Shuman, 1992) and VV 
early transcription factor VETF (Broyles & Fesler, 1990, Gershon & Moss, 1990).
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In term ediate  genes are transcribed  once DNA rep lica tion  starts. 
Transcription of interm ediate genes requires the capping enzym e, the VV 
interm ediate transcription factor 1, VITF-1, VITF-2 and the RNA polymerase 
(Rosales et al., 1994a, Vos et a l ,  1991a, Vos et al., 1991b). The in term ediate 
mRNAs have poly(A) leader sequences (Baldick & Moss, 1993) and the promoters 
have been characterized (Baldick et al ,  1992).

Late genes encode many structural proteins and enzym es which are 
packaged into the virion. Transcription of late genes requires DNA replication 
and protein synthesis. Late mRNAs are capped and have a 5' poly(A) leader 
sequence of 35 nucleotides which is not virally encoded but is thought to be 
produced by VV poly(A) polymerase (Cooper et al ,  1981, Lu & Bablanian, 1996, 
M ahr & Roberts, 1984, Yuen & Moss, 1987). Late gene transcription requires 3 
transcription factors which are encoded by intermediate genes (Keck et al., 1990)

1.5.3.3. DNA Replication
W ithin the infected cell, DNA replication occurs at sites in the cytoplasm 

which are know n as virus factories and starts after the second uncoating step 
w hen the genome is released into the cytoplasm (Traktman, 1990). Many virus 
encoded enzymes are required, including a DNA polymerase, thymidine kinase, 
thy m idy late kinase, ribonucleotide reductase, dUTPase, serine/threonine protein 
kinase, a topoisom erase and a nicking-joining enzyme (Banham & Smith, 1992, 
Beaud et al.f 1984, Broyles, 1993, Earl et al., 1986, Hruby & Ball, 1982, Hruby et a l ,  
1983, Hughes et al., 1991, Lakritz et a l ,  1985, Lin et al ,  1992, Reddy & Bauer, 1989, 
Shaffer & Traktman, 1987, Shuman et a l ,  1989, Shuman & Moss, 1987, Slabaugh 
et a l ,  1988, Smith et a l ,  1989a, Tengelsen et a l ,  1988, Traktman et a l ,  1984, Weir 
& Moss, 1983).

Although the precise details of DNA replication are not yet known, it is 
thought to occur through a process involving self-priming and the production of 
concatomers which are then resolved into monomers (DeLange & McFadden, 
1986, DeLange & McFadden, 1990, DeLange et al., 1986). A diagram  of poxvirus 
genome replication is shown in Fig. 1.10.
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Fig. 1.10. Diagram to Show Mechanism of Poxvirus Genome Replication
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Fig. 1.10. Diagram to Show Mechanism of Poxv irus Genome Replication
The model for poxvirus replication. Inverted repeats at the termini are labelled 

a b c or the complementary A B C. In mature termini the hairpin regions are not fully 
complementary as one strand has extra bases, shown by the prime ('). Replication starts 
with a single nick near the terminal region which enables strand displacement and 
elongation of the newly formed 3' end. The complementarity of the elongated strand 
enables it to fold back on itself and prime further elongation. Elongation progresses 
through the hairpin terminus, creating a tail to tail genomic dimer. Synthesis of longer 
concatomers has been detected. The inverted repeats in the concatomer junction are 
thought to enable resolution of the concatomers through splitting of the cruciform.
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1.5.3.4. Assembly
Assembly begins in the virus factories. The first stage is the formation of 

crescent-shaped membranes. Until recently it was believed that these membranes 
are formed de novo , it is now known that they are derived from the cisternae of 
the interm ediate compartment, located between the endoplasmic reticulum and 
the Golgi (Sodeik et al., 1993) and are two tightly opposed membranes. The 
crescents become associated with areas of the factories, granular viroplasm , 
which they enclose forming imm ature virions (IV). The IV gain an electron- 
dense core and mature into oval IMV particles, partly through processing of core 
proteins (Moss & Rosenblum, 1973). Several proteins are known to play a role in 
the packaging of core proteins and DNA into the IMV but the precise details of 
the m echanism remain unknown (Baldick & Moss, 1987, Kao & Bauer, 1987, Kao 
et al., 1981, Moss et al., 1969, Sodeik et al., 1994, Wilcock & Smith, 1994).

Some of the IMV gain another two m em branes from the trans-Golgi 
netw ork  to form  the four m em braned intracellular enveloped virus (IEV) 
(Schmelz et al., 1994). IEV are transported to the edges of the cell, a process which 
may involve the cytoskeleton (Cudmore et al., 1995, Hiller et al., 1981, Hiller et 
al., 1979, Stokes, 1976). The IEV outer membrane fuses with the cell membrane 
and the triple m em braned EEV is released.

EEV is though t to be im portant in the d issem ination of the virus 
(A ppleyard et al., 1971, Boulter, 1969, Boulter & A ppleyard, 1973, Payne & 
Kristensson, 1985) and it is the form against which protective antibodies are 
produced.

1.6. Poxviridae and the Antiviral Activity of Interferon
An early study of IFN and viruses (Youngner et al., 1972) showed that 

coinfection of VV and vesicular stomatitis virus (VSV), enables VSV to replicate 
in IFN-treated RK cells. It was suggested that VV contains or produces a product 
which enables the rescue of VSV from the effects of IFN.

It has since become apparent that the Poxviridae have evolved several 
mechanisms to overcome the antiviral effects of interferon. These include the 
production of soluble receptors for IFN, virus-encoded proteins able to down- 
regulate the inhibition of translation by PKR, and enzymes which inhibit the 2'- 
5' polyA synthetase pathway.
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Although the importance of these mechanisms has been dem onstrated in 

vitro,  several studies have shown that despite these m echanism s IFN may 
protect against poxvirus infection in vivo (Jacoby et a l ,  1989, Muller et a l ,  1994, 
Rodriguez et al., 1991).

1.6.1. Virus-Encoded Receptors
Soluble glycoprotein receptors for IFN and other cytokines are produced by 

m any poxviruses (for reviews see McFadden & Graham, 1994, Smith, 1993) and 
are thought to bind to interferons and cytokines, preventing them from binding 
to the cell receptors. The presence of these virus-encoded receptors in many 
poxviruses possibly indicates the importance of interferons and cytokines in 
fighting poxvirus infections.

A VV gene, B18R, encodes a protein which acts as a soluble receptor, has a 
high affinity for hum an IFN-a but also binds to rabbit, bovine, rat and mouse 
type I IFNs, reflecting the broad host range of the virus (Symons et a l ,  1995).

Vaccinia, cowpox and camelpox viruses also produce soluble receptors for 
IFN-y. The virus-encoded receptors are unlike the natural receptors, which are 
highly species specific, in that they are able to bind human, bovine and rat IFN-y. 
In VV the receptor is encoded by open reading frame (ORF) B8R (Alcami & 
Smith, 1995). M yxom a virus also encodes an IFN-y receptor a lthough it 
specifically binds rabbit IFN-y (Upton et al ,  1992).

1.6.2. Antagonists of PKR
Co-infection of VV and VSV in IFN-treated cells has no effect on VSV 

RNA synthesis bu t VSV protein synthesis is increased. This was taken as an 
indication that VV infection is able to inhibit PKR (W hitaker-Dowling & 
Youngner, 1983). Shortly afterwards it was demonstrated that PKR is inhibited in 
VV infected cells, even late in infection when viral dsRNA is present (Rice & 
Kerr, 1984). It has since become apparent the inhibition of PKR by VV is due to 
the products of ORFs E3L and K3L.
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1.6.2.1. E3L
The VV E3L gene product was originally know n as specific kinase 

inhibitory factor (SKIF), present early in infected mouse L cells, able to inhibit 
phosphorylation of eIF-2a, and interact with dsRNA in a stoichiometric manner 
(Whitaker-Dowling & Youngner, 1984). SKIF inhibition of PKR can be reversed 
by addition of dsRNA and does not affect phosphorylation of eIF-2a by HRI 
(Akkaraju et a l ,  1989).

Purification of SKIF revealed a protein of 25 Kd, which is present at 
highest levels 5 h post-infection (pi) and co-purifies w ith  PKR inhibition 
(W atson et al., 1991). Protein sequencing of chym otryptic fragm ents of p25 
revealed that p25 (SKIF) is encoded by E3L and has homology with the dsRNA- 
binding domain of PKR (Chang et a l ,  1992). Amino acids at the C-terminus of the 
protein, in the area with homology with PKR, are required for dsRNA-binding 
and PKR inhibition (Chang & Jacobs, 1993).

Fig. 1.11. Homology Between E3L and PKR
Adapted from Chang et a l ,  1992

32  N SG P PHDRRFTFQV1 1 DGREF PEGEGRS KKEAKNAAAKLAVEIL 7 5 PKR
GP + F V IDGR F ++G+SK++AKN AAKLAV L 

1 3 9  SVGPSNSPTFYACVDIDGRVFDKADGKSKRDAKNNAAKLAVDKL 1 8 2  E3L

As well as existing in the cytoplasm, particularly in virus factories, p25 can 
also be found in the nucleus of infected cells. The nuclear localisation of the 
protein is abolished by treatment of cells with RNase, but has led to the idea that 
p25 may play more than one role in VV infection (Yuwen et a l ,  1993). The ability 
to restore PKR inhibited replication is associated with the ability of E3L to bind 
dsRNA and nuclear localisation of the protein is unim portant in replication 
competence (Chang et a l ,  1995). Any role the nuclear localisation of E3L may play 
remains unknow n at present. Each E3L protein contains only 1 copy of the 
dsRNA-binding motif at the C-terminus. It is thought that E3L forms dimers in 
cells which together can act as a high affinity dsRNA-binding pocket, and that the 
N -term inus may play a role in dimerization of E3L proteins (Ho & Shuman,
1996).
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1.6.2.2. K3L
Complete sequencing of VV (Goebbel et al., 1990) revealed an ORF with 

28% homology to eIF-2a over an 87 amino acid region, including Ser51, the site of 
PKR phosphorylation, although the Ser is not conserved in K3L. K3L deletion 
m utants show increased sensitivity to IFN (Beattie et al., 1991).

The 10.5 Kd product of K3L inhibits eIF-2a phosphorylation, and PKR 
activation, w ithout becoming phosphorylated itself, suggesting that K3L may 
inhibit PKR phosphorylation of eIF-2a by acting as a pseudosubstrate of PKR 
(Davies et al., 1992). K3L binds PKR tightly and is also able to prevent HRI 
phosphorylation of eIF-2a (Carroll et al., 1993). K3L is also able to interact with 
the kinase catalytic domain of GCN2, the yeast eIF-2a kinase (Qian et al., 1996).

Fig. 1.12. Homology Between K3L and eIF-2a
Adapted from Beattie et al., 1991

K3L MLAFCYSLPNAGDVIKGRVYE-KDYALYIYLFDYPHSEA- 3 8
+ +++P+++DV++ +V + + + Y+ L++Y + E+
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I L  + + + + + + +  R ++ + +G+ + V VIRVD +KGYID++ +R ++ ++ +

e I F - 2 a  ILLSELSRRRIRSIN-KLIRIGRNECVWIRVDKEKGYIDLSKRRVSPEEAIKCEDK. . . .
*

S e r  51

E3L inhibits PKR 50-100 times better than K3L. E3L interferes with dsRNA 
binding by PKR, K3L does not and the effect of both on translation is not 
synergistic (Davies et al., 1993).

Both E3L and K3L are detectable 30 minutes post-infection but, whereas 
K3L expression is undetectable by 3 h p.i., E3L can be detected up to 4 h p.i. 
(Beattie et al., 1995b). K3L' mutants of VV are sensitive to IFN by 30 minutes p.i., 
but E3L' m utants do not become sensitive to IFN until 2 h p.i. This information 
implies that K3L is the first mechanism to inhibit the effects of IFN.

2'-5' polyA synthetase is active in both VV E3L" and VV K3L" infected 
cells. It is thought that E3L may be able to decrease the activity of 2-5' polyA 
synthetase by binding RNA and preventing activation of the enzyme but how 
K3L affects 2'-5' polyA synthetase is not known. It has been proposed that K3L
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is required for maximal expression of VV proteins, including those involved in 
the evasion of 2'-5' polyA synthetase (Beattie et al., 1995b). E3L' m utants are 
unable to replicate in Vero and HeLa cells but are replication competent in RK 
cells and primary CEF.

Fig. 1.13. Where E3L and K3L Act in the PKR Pathway
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1.6.3. Inhibition of 2’-5? PolyA Synthetase
An early study of VV and IFN showed that VV is resistant to IFN in 

m ouse L cells and HeLa cells. IFN of 400 U /m l has little effect on protein 
synthesis or virus yield (20,000-200,000 U /m l are required for inhibition of VV 
replication) and high levels (5 mM) of 2'-5'A are found, although HeLa cells 
naturally have high levels of 2'-5'A. Thus it has been proposed that high levels 
of 2'-5'A have little effect on VV replication. Cleavage of RNA by RNase L is 
delayed relative to 2'-5'A accumulation in VV infected cells, although the 2'-5'A 
and induction of RNase L are not defective (Rice et a l ,  1984).

The inhibition of the 2'-5'A synthetase system is thought to be due to 
v irus m ediated ATPase and phosphatase, as the inhibition of the 2'-5'A 
synthetase system is associated with degradation of ATP and dephosphorylation 
of 2'-5'A (Paez & Esteban, 1984).
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1.6.4. Other Factors in VV inhibition of Interferon
The nucleoside triphosphate phosphohydrolase 1 (NPH-1), a DNA- 

dependent ATPase and possible DNA or RNA helicase, may play a role in the 
resistance of VV to IFN through the disruption of the 2'-5'A synthetase system. 
Indeed a decrease in levels of a reporter gene mRNA has been dem onstrated 
w ith  a tem perature-sensitive (ts) m utant of NPH-1 at the non-perm issive 
tem perature late in infection (Diaz-Guerra et al., 1993).

1.7. Poxviridae and Other Areas of the Immune System
The Poxviridae have developed many mechanism s to counteract other 

areas of the immune system.

1.7.1. T-Cells
See 1.1.2. Several studies have suggested that T-cells play a role in the host 

defence against poxvirus infection. Ectromelia virus and VV infections are 
enhanced in mice treated with anti-thymocyte serum (Blanden, 1970, Hirsch et 
a l ., 1968). Also during  the sm allpox eradication program , patien ts w ith 
deficiencies in cellular immune functions often developed a progressive VV 
infection (Fulginiti et al., 1968).

CD8+ T-cells are produced early in infection before antibody production, 
and are im portant in clearing infections, in a process which does not require 
CD4+ T-cells (Buller et al., 1987). CD8+ T-cells are capable of killing virus-infected 
cells in vitro but in vivo they may help draw  TNF-a and IFN-y to the site of 
infection (Ramsay et al., 1993).

Poxviruses are capable of d isrupting MHC-I expression and thus the 
presentation of viral antigens to CD8+ T-cells (reviewed in (McFadden & Kane, 
1994). MHC-I expression is upregulated by TNF-a and IFN-y (Wallach et a l ,  1982). 
One mechanism poxviruses use to lower MHC-I expression is to encode receptors 
for IFN-y and TNF-a which sequester IFN-y and TNF-a.

Both myxoma virus and VV have been shown to be able to reduce the 
expression of MHC-I (Boshkov et al., 1992, Brutkiewicz et al., 1992). VV is also 
capable of inhibiting the presentation of specific peptides to CD8+ T-cells, possibly 
by interfering in the proteolytic processing of viral antigens (Townsend et a l ,  
1988), a process which was thought to involve viral-encoded serine protease 
inhibitors (serpins) (Smith et a l ,  1989b). However, this seems to be specific for 
certain antigens.
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1.7.2. Tumour Necrosis Factors
TNF-a and TNF-p are produced by activated macrophages and B-cells, and 

are able to mediate the immune response in many ways on binding to cellular 
receptors (reviewed Beutler & Cerami, 1989). MHC-I and MHC-II expression is 
increased by TNF-a (Fruend et al., 1990, Johnson & Pober, 1990). TNF-a can also 
kill virus-infected cells and protect against virus infection by inducing the 
antiviral state (Mestan et al., 1986, Wong & Goeddel, 1986).

T N F -a  can protect against poxvirus infection (Sambhi et al., 1991). 
H ow ever Shope fibroma virus (SFV) encodes a secreted pro tein  which has 
amino acid similarity to the cellular TNF receptor (Smith et al., 1991b) and can 
bind TNF-a and TNF-p, preventing interaction with the cellular receptor. CPV, 
myxoma virus and rabbit fibroma virus encode a similar protein (Hu et al., 1994). 
The m yxom a virus protein with hom ology to the TNF receptor has been 
associated w ith virulence (Upton et a l ,  1991).

VV has genes similar to TNF receptors but they are fragmented (Howard et 
al., 1991, Smith et al., 1991b, Upton et al., 1991).

1.7.3. Complement
The com plem ent system consists of around 20 serum  proteins which 

when activated attracts phagocytes to the site of infection, coats invading micro
organisms to enhance phagocytosis, and forms a membrane spanning complex 
which enables lysis of infected cells or micro-organisms.

Com plem ent can be activated by two pathways: the classical pathw ay 
which requires an antibody-antigen interaction, and the alternative pathw ay in 
which no antibody is required.

The alternative pathw ay is known to play a role in protection against 
fowlpox virus (FPV) infection. Cobra venom factor decreases the activation of 
complement by the alternative pathway. Treatment of 1-3 day old chicks w ith 
cobra venom factor leads to an increase in the num bers of viral progeny and a 
decrease in the inflammatory response (Ohta et al ,  1986).

VV IMV neutralization in vitro is enhanced by the classical pathw ay in 
the presence of antibody (Leddy et al ,  1977).

Vaccinia virus encodes two proteins w ith  am ino acid sim ilarity  to 
com plem ent regulatory proteins. One is the EEV envelope glycoprotein gp42, 
which may protect EEV from complem ent proteins by binding com plem ent 
factors or may enable the virus to enter cells through an interaction with
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complement receptors (Engelstad & Smith, 1993). The other is a secreted 35 Kd 
protein which has similarity to C4b-binding protein and can prevent activation 
of the classical pathway by binding C4b, and the alternative pathway by binding 
C3b (Isaacs et al., 1992, Kotwal et al ,  1990, McKenzie et al., 1992).

1.7.4. Interleukin-1
Poxviruses produce receptors for other cytokines, in particular IL-lp is 

targeted. IL-1 is produced by monocytes and macrophages in response to infection 
or tissue damage and is involved in the regulation of the immune response.

Both VV and cowpox produce glycoprotein receptors for IL-lp (Spriggs et 
al., 1992). Deletion of the gene which encodes the receptor has been shown to 
increase illness and mortality in mice, thus it has been suggested that the 
blockage of IL-lp reduces the acute phase response to VV infection (Alcami & 
Smith, 1992).

In order for mature, active Il-lp to be released from a cell, the immature 
protein m ust be cleaved, in a process which requires interleukin-1 converting 
enzym e (ICE) (Mosely et al., 1987). CPV crmA protein, an early intracellular 
protein, inhibits ICE in vitro and prevents processing of IL-lp to its active, 
m ature form (Ray et a l ,  1992). VV encodes a protein w ith hom ology to CPV 
crmA protein (Kotwal & Moss, 1989, Smith et a l ,  1989b).

1.7.5. Apoptosis
Apoptosis is the process of program m ed cell death. Characteristics of 

apoptosis include shrinkage of the cell and nucleus, condensation of chromatin, 
fragm entation of genom ic DNA, and the form ation of m em brane-bound 
apoptotic bodies.

Apoptosis can be triggered by internal metabolic disturbances, such as 
those resulting from viral infection, or by external stimuli such as the removal of 
a growth factor or the binding of specific ligands to cell receptors.

ICE, the interleukin-1 converting enzyme is thought to play a role in 
apoptosis as apoptosis can be induced by overexpression of ICE (Miura et a l ,
1993). Apoptosis can also be induced by TNF binding to the cell (Enari et al., 1995, 
Tewari & Dixit, 1995).

CPV crmA overexpression leads to inhibition of ICE and also apoptosis 
(Enari et a l ,  1995, Miura et al., 1993, Tewari & Dixit, 1995). It is also thought that 
inhibition of PKR by E3L can prevent PKR-induced apoptosis (Lee & Esteban,
1994).
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1.7.6. Steroid Hormones
Steroid horm ones are im portant in regulating the im m une system. 

Im m unosuppression can be achieved by glucocorticoids and prostaglandins can 
m ediate inflammation. Both VV, FPV and MCV encode an enzyme which is 
im portant in steroid hormone synthesis, 3p-hydroxysteroid dehydrogenase and is 
involved in virus virulence (Moore & Smith, 1992, Senkevich et a l ,  1996, 
Skinner et a l ,  1994). The role of this enzyme in virulence is not yet understood 
and it is not yet known how it may affect the immune system.

1.7.7. Areas of the Immune System Effective Against Poxviruses
Several areas of the immune system have been dem onstrated to be effective 
against poxviruses.

1.7.7.1. The Acute Inflammatory Response
The acute inflammatory response is the localised infection caused by 

infection or tissue injury. Chemoattractants are released by infected cells and 
macrophages at the infection site, resulting in increased blood flow to the area, 
allowing inflam m atory cells, neutrophils and m acrophages to perm eate the 
infected or dam aged site. This process results in the phagocytosis or destruction 
of damaged or infected cells.

The acute inflammatory response plays a role in controlling early poxvirus 
infection. A correlation has been shown betw een the strength  of the early 
inflam m atory response and poxvirus replication (Blanden, 1971, Dvorak & 
Hirsch, 1971, Ohta et al., 1‘986).

1.7.7.2. Natural Killer Cells (NK)
NK cells are large granular lymphocytes which lyse virus-infected and 

tum our cells in an antigen non-specific mechanism which occurs prior to the 
cytotoxic lymphocyte response. NK cells are activated by IFN-a and kill cells by 
producing IFN-y.

Several studies have shown that NK cells play a part in the defence against 
poxvirus infection (Jacoby et al ,  1989, Karupiah et al ,  1990, Stitz et a l ,  1985).
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1.7.7.3. Antibodies
Antibodies to viral antigens enhance the uptake of virus by phagocytic 

cells, aid in antigen-dependent cell-mediated cytotoxicity and can activate the 
classical complement pathway.

Immune serum protects rabbits from challenge with a lethal dose of rabbit 
poxvirus (Boulter et al., 1971). Antibodies are capable of neutralizing IMV and 
EEV in vitro, but only antibodies against EEV envelope proteins are capable of 
protecting against VV infection in vivo (Appleyard et a l ,  1971, Boulter et al., 
1971, Payne, 1980, Turner & Squires, 1971).

1.8. Fowlpox Virus (FPV)
FPV is the prototype of the Avipoxviruses. .  FPV is unlike VV in that FPV 

infection does not inhibit host cell protein synthesis. FPV infection stimulates 
the uptake of nucleic acid precursors and allows cellular DNA, RNA and protein 
synthesis to continue for at least 48 h p.i. FPV DNA synthesis is thought to start 
12-24 h p.i. and continues for 72-96 h. FPV transcription is biphasic, w ith early 
genes being transcribed before DNA replication and late transcription occuring 
only after the synthesis of new viral DNA (Webster & Granoff, 1994).

1.8.1. FPV Disease
FPV is a slow-spreading pox disease of chickens, which is characterised by 

cutaneous lesions or diptheritic lesions of the gastro/respiratory tract (Tanizaki et 
al., 1989, Tripathy & Cunningham , 1984). The disease causes decreased egg 
production and weight loss and in some cases (particularly the diptheritic form) 
can lead to 50 % flock mortality. An effective attenuated vaccine is available. FPV 
infection of chick scalps produces epithelial hyperplasia with an increase in cell 
numbers of 250 % or more (Webster & Granoff, 1994).

The structure of FPV particles is very similar to the structure of VV 
particles. Brick-shaped fowlpox virus EEV particles leaving a chick embryo 
fibroblast (CEF) cell are shown in Fig. 1.14. The dense core and lateral bodies of a 
fowlpox virus particle can be seen in Fig. 1.15. M aturing virus particles w ithin 
the CEF cell can also be seen in Fig. 1.15. The brick shaped biconcave core of an 
FPV particle, covered by an outer membrane of surface tubule elements, can be 
seen in Fig. 1.16.
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Fig. 1.14. Electron Micrograph of a FPV Infected Chick Embryo Fibroblast

Fig. 1.14. Electron Micrograph of a FPV Infected Chick Embryo Fibroblast.
CEF cells were infected with FPV. Sections were taken and fixed with glutaraldehyde (2.5 % 
glutaraldehyde in 0.1 M phosphate buffer). Electron microscopy was perform ed with a 
magnification of 68 K. Photographs kindly provided by Dr. D. Boulanger.
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Fig. 1.15. Electron Micrograph of a FPV Infected Chick Embryo Fibroblast

Fig. 1.15. Electron Micrograph of a FPV Infected Chick Embryo Fibroblast.
CEF cells were infected with FPV. Sections were taken and fixed with glutaraldehyde (2.5 % 
glu taraldehyde in 0.1 M phosphate buffer). Electron m icroscopy was perform ed w ith a 
magnification of 109 K. Photographs kindly provided by Dr. D. Boulanger.
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Fig. 1.16. Electron Micrograph of FPV

Fig. 1.16. Electron Micrograph of FPV.
Purified FPV was negatively stained with 2% PTA . Electron microscopy was performed with a 
magnification of 86 K. Photographs kindly provided by Dr. D. Boulanger.
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1.8.2. FPV Vaccines
Much of the recent interest in the poxviruses focuses on their potential as 

vaccine vectors.
Foreign genes can be introduced to VV by homologous recombination and 

expressed (Mackett et al., 1982, Panicali & Paoletti, 1982). However vaccination 
with VV has problems associated with it. Firstly, a significant proportion of the 
w orld population  have already been exposed to VV during  the sm allpox 
erad ica tion  program . Secondly, VV can cause hum an  d isease as was 
dem onstrated during the smallpox eradication program. In individuals with a 
cell-m ediated immune system deficiency, progressive vaccinia often occurred 
and usually resulted in death. Eczema sufferers developed a condition known as 
eczem a vaccinatum  (see Fenner et al., 1989) and in o therw ise healthy 
individuals, a systemic infection of vaccinia, or neurological complications 
sometimes arose which could lead to death or neurological damage.

Avipoxviruses  are able to express recombinant antigens quite efficiently, 
but unlike VV they are only able to replicate productively in avian cells. In some 
m am m alian cells avipoxviruses are able to initiate replication and express early 
and late genes bu t the replication is abortive, possibly due to a block in the 
assem bly/packaging process (Somogyi et a l ,  1993). Avipoxvirus vaccines are able 
to induce protective im m unity against live challenge (Baxby & Paoletti, 1992, 
Taylor et a l ,  1991, Taylor et a l ,  1988) and thus show potential as mammalian 
vaccine vectors.

FPV has been successfully used as a recombinant vaccine vector in the 
protection against several important chicken diseases, such as Newcastle disease 
virus (NDV) (Boursnell et a l ,  1990, Taylor et a l ,  1992), and avian influenza virus 
(ALV) (Beard et a l ,  1991), and has shown some potential as a vaccine vector 
against infectious bursal disease virus, IBDV (Bayliss et a l ,  1991).

Much of the current work involving the av ipoxviruses  is focused on 
vaccine research.

1.8.3. The FPV Genome
FPV is one of the largest viruses known, with particle dimensions of 100 x 

250 x 300 nm and a genome of 300 Kbp. Unlike VV, only a small proportion of 
the genome has been sequenced.
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Different strains of the virus have different genome sizes, FP9 254 Kbp, 
FPV-M (the vaccine strain) 309 Kbp, and FPV-M3 (a derivative of FPV-M) 299 
Kbp (Coupar et al., 1990). The inverted term inal repeats of FP9 are 10 Kbp 
(Tomley et al., 1988). The terminal regions of the FPV genome contains an AT- 
rich region which consists of units of 32 bp or 56 bp repeats, although the 
terminal region is unique (Campbell et al., 1989).

The prom oter elements of some FPV genes, consisting of an AT-rich 
region are sim ilar to those of VV early genes, w ith a 16 bp critical region, 
separated from the 7 bp purine-containing initiation region by an 11 bp T region 
(Tomley et al., 1988). However a bidirectional prom oter of 42 bp has also been 
described which is able to produce both early /la te , and late mRNAs in the 
opposite orientation. The early and late mRNAs from the early /la te  prom oter 
sequence start at the same TAAAT sequence and have no 5’ polyA leader 
sequence. The late mRNA from the TAAAT sequence of the opposite strand has 
a 26 bp leader sequence (Kumar & Boyle, 1990).

The DNA polymerase of FPV has been sequenced and the predicted amino 
acid sequences of it and VV DNA polymerase have high levels of conservation. 
The conservation occurs in certain regions, possibly indicating functional 
domains (Binns et ah, 1987).

The proteins encoded by genes of FPV often have homology to proteins 
encoded by VV genes but the genes are often found in a different arrangement or 
different genomic locations (Mockett et al., 1992).

A region of FPV with homology to VV genes D6-A1, contains homologues 
of D6, D7, D9, DIO, D ll , D12, D13 and A l but not of D8. Instead, a gene with no 
similarity to any known poxvirus gene is in the place of D8 and is transcribed 
from the opposite strand. The D9 homologue contains frame-shifts at the amino 
terminus and so is thought to be non-functional (Binns et al., 1990).

A 3.1 Kbp fragment of FPV which hybridizes to the VV region containing 
the TK gene, contains 6 ORFs but not the FPV TK gene (Drillien et al., 1987). The 
TK gene of FPV is found in a 5.5 Kbp EcoRI fragment and has homology with VV 
TK at the nucleotide level, is predicted to be a 20.380 Kd protein and 6 amino 
acids larger than VV TK (Boyle et al., 1987).

A 10.5 Kbp Hind III fragment of FPV which hybridises to VV Hindlll-D has 
10 ORFs, 5 of which have homology to potential VV ORFs but they are arranged 
differently (Tartaglia et a l , 1990).
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An 11.2 Kbp near-terminal BamHI fragment of FPV contains 20 ORFs, 3 of 
which are predicted to have homology to orthopoxvirus genes; VV 42 Kd early 
protein, VV 32.5 Kd host range protein, and CPV 38 Kd crmA protein (Tomley et 
al., 1988). FPV has acquired a gene related to hum an deoxycytidine kinase, 
although its function in the poxvirus is not yet understood  (Koonin & 
Senkevich, 1993).

1.8.4. Fowlpox Virus and Interferon
A study of FPV and IFN found that FPV was 40 times less sensitive to 

chicken IFN in CEF than VV in a plaque inhibition assay and that FPV was a 
poor inducer of IFN, although small amounts were detected 96 hours p.i. (Asch 
& Gifford, 1970). However there is no information available on the mechanisms 
of FPV resistance to IFN, or on the similarities these mechanisms may have with 
the mechanisms of VV resistance to IFN.

1.9. Aims of Project
Little is known about avian effectors of the interferon response or of viral 

antagonists. The thesis presented here describes experiments to address the 
questions:
1) What is the IFN phenotype of FPV ?
2) Is FPV like VV in ability to rescue IFN-sensitive virus from the effects of IFN ?
3) Do avian cells contain a protein with similar function to PKR ?
4) Can an avian homologue of PKR be cloned and sequenced ?
5) Does FPV possess homologues of VV E3L and K3L ?
6) Does FPV produce secreted cytokine receptors ?
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2. MATERIALS AND METHODS

2.1. Abbreviations, Bacteria, Viruses and Oligonucleotides

2.1.1. List of Abbreviations
AMPS Am m onium  persulphate
CEF Chick embryo fibroblasts
CIP Calf intestinal phosphatase
DMF Dimethyl formamide
DTT D ithiothreitol
EDTA Diaminoethanetatra-acetic acid
FPV Fowlpox virus
HEPES N-[2-hydroxyethyl]piperazine
IFN Interferon
IPTG Isopropyl P-D-thiogalactopyranoside
MOI Multiplicity of infection
MOPS 3-[N-morpholino]propanesulfonic acid
NBT N itroblue tetrazolium
NIBSC National Institute of Biological Standards and Controls
PBS Phosphate buffered saline
PMSF Phenylm ethylsulphonylfluoride
PVP Polyvinyl pyrrolidone
SDS Sodium dodecyl sulphate
SFV Semliki Forest virus
TEMED N ^N '/N '-T e tram ethy le thy le thy lened iam ine
VV Vaccinia Virus
X-gal 5-Bromo-4-chloro-indoyl-P-D galactopyranoside
X-phos 5-Bromo-4-chloro-3-indoyl-phosphate
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2.1.2. Bacterial Strains, Plasmids and Media

Table 2.1. Bacterial Strains

E.coli strain Source Genotype
JM109 Promega rec A l , sup E44, end A l ,  hsd R17 

, gyr A96, rel A l ,  thi, D(lac-proAB),
(r k~' mk+ IE', traD36, proAB, lac 19 

ZDM15]

XLl-Blue Stratagene D(mcrA)183, D(mcrCB-hsdSMR-mrr)  
173, endAl, supE44, thi-1, 
rec A, gyrA96, relAl, lac,
[F' proAB, lacI9ZDM15, TnlO (Tetr)l

Y1090 Clontech F' D(lacU 169), proA+ , D(lon), araD139, 
strA, supF,
hsdR, [trpC22::TnlO(tetr)] ,(pMC9), 
mcrB

Table 2.2. Plasmids

Plasmid M anufactuer Com m ents
pBS KS+ Stratagene D erived from pUC19, FI origin, (3- 

galactosidase  selection, T3 and  T 7 
promoters, ampicillin resistant

pET 16b N ovagen Derived from pBR322, ColEl origin, T7 
promoter, ampicillin resistant

pGem 3ZF Promega FI origin, T7 and SP6 prom oters, (3- 
g a la c to s id a se  se lec tio n , a m p ic illin  
resistant
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Table 2.3. Bacterial Media

Media Contents Per litre
LB broth Bacto-tryptone 10 g

Bacto-yeast extract 5 g
NaCl 10 g

2xTY broth Bacto-tryptone 16 g
Bacto-yeast extract 10 g

NaCl 5 g

All m edia were prepared with distilled water and were sterilized at 15 psi for 
20 min. Antibiotics were added at the appropriate concentration.

To make agar, 15 g bacteriological agar (Oxoid) was added per litre of 
broth. To make NZY top agar, 7 g of agar was added per litre of broth.

2.1.3. Viruses, Eukaryotic Cells and Media
2.1.3.1. Viruses

Fowlpox virus FP9 is a thrice plaque purified isolate, derived from a 
wild strain, HP 1 which has been passaged once in eggs and 444 times in CEF.

Vaccinia virus SB-1 is the WR strain of VV which was obtained from 
G. Smith, Oxford. VV SB-1 is a thymidine kinase, TK' m utant of VV WR 
strain w ith a gene encoding IBV (infectious bronchitis virus) spike protein 
inserted in the TK locus.

Semliki Forest v irus stock was obtained from Dr. Alan M orris, 
Interferon Laboratory, Warwick University. The stock had been grown on 
neonatal mouse brain, infected intracerebrally with SFV.

2.1.3.2. Cells
Primary CEF were provided by F. Puttock and S. Duggan (tissue culture 

lab, I.A.H., Compton), and were produced from Rhode Island Red chickens.
Secondary CEF were produced by treating prim ary CEF monolayers 

with trypsin, washing in growth medium and reseeding.
OU2 cells are a chemically transformed CEF derived cell line.
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2.1.3.3. Media 
CEF Growth Medium:

1 x 199 medium with Earle's Salts (Gibco BRL), 10 % tryptose phosphate 
broth (Difco), 0.22 % (w /v) sodium bicarbonate, 100 U /m l penicillin, 100 
pg /m l streptomycin, 25 U /m l nystatin (Sigma), and 8 % foetal calf serum.

M anipulation Medium, 1 x MEM:
1 x MEM Eagle modified with Earle’s Salts (ICN FLOW), 0.176 % 

sodium  bicarbonate, 2 mM L-glutamine (ICN FLOW), 100 U /m l penicillin, 
100 p g /m l streptomycin, 25 U /m l nystatin (Sigma).

OU2 Growth Medium:
1 x MEM Eagle modified with Earle's Salts (ICN FLOW), 5 % foetal calf 

serum , 10 % tryptose phosphate broth (Difco), 0.22 % (w /v ) sodium  
bicarbonate, 100 U /m l penicillin, 100 p g /m l streptomycin, 25 U /m l nystatin 
(Sigma), and 2 % chick serum.

All media were warmed to 37 °C before use.

2.1.4. Oligonucleotides

Table 2.4. Standard Sequencing Oligonucleotides

Prim er Sequence 5'-3' Synthesized Position
X forward GGTGGCACGACTCCTGGA

GCC
Genosys 34 bp 5' to 

EcoRl site in X

X reverse GACACCAGACCAACTGG
TAATG

Genosys 41 bp 3' to 
EcoRl site in X

40 GTAAAACGACGGCCAG Leic Uni -20 pBS
41 C AGG A A AC AGCT ATG AC Leic Uni +20 pBS
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Table 2.5. Degenerate Oligonucleotides for PCR and Probing of cDNA Library

Prim er Sequence 5-3' Synthesized Position
LP1 TSTTYATYCARATGGART

TYTGYGA
Leic Uni 361-369 aa human 

PKR (LFIQMEFCD)

LP2 TCRCARWAYTCCATYTG
RW KAA

Leic Uni complementary to 
361-369 aa hum an 
PKR (LFIQMEFCD)

LP3 GGYTTSARRTCNCKRTGR
AT

Leic Uni com plem entary to 
409-416 aa hum an 
PKR (LIHRDLKP)

LP4 GTBAAYTAYGARCARTG
YG

Leic Uni 116-122 aa hum an 
PKR (VNYEQCA)

LP5 AACGCCGCCGCCAAGCTS
GCYGTB

Leic Uni 65-72 aa hum an 
PKR (NAAAKLAV)

LP6 CCACTGCTCCAGGGTSCC
YTTRTC

Leic Uni complem entary to 
369-376 aa 
hum an PKR 
(DKGTLEGW)

IUB Group Codes:
R=A+G, Y=C+T, M=A+C, K=G+T, S=G+C, W=A+T, H=A+T+C, B=G+T+C, 
D=G+A+T, V=G+A+C, N=A+C+G+T
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Table 2.6. Oligonucleotides for PCR of FPV DNA and VV DNA and Probing
of Southern Blots

Prim er Sequence Synthesized Position
E2L 5'AGGTTTAAATAAATAT

ATCTTATCAACACAGAA
3'

Leic Uni FPV hom ologue of 
VV E2L, 55-65 aa

E4L 5’ GT ACTT A A AG A A A A A 
TCTACTATAAGATGC 3'

Leic Uni FPV hom ologue of 
VV E4L, 150-160 aa

E3L-1 5TTRATDGCDGCGCARA 
CRATYTCDGCRTC 3’

Leic Uni VV E3L 11-19 aa

E3L-2 5'AARGCNGCNAAYAAY 
AARGCNGA 3’

Genosys com plem entary  to 
VV E3L 169-176 aa

E3L-3 5'ATGGCNGAYGTNATYA 
TYGA 3'

Leic Uni com plem entary  to 
VV E3L 80-86 aa

K3L-1 5'CCNAAYGCNGGNGAY 
GTNATHAARGGN 3’

Genosys VV K3L 7-15 aa

K3L-2 5'TCRATGTANCCYTTDG 
TGTARTCVACVCKRATV 
AC 3’

Leic Uni com plem entary  to 
VV K3L 67-77 aa

K3L-3 5’GTNAARATGCAYATGG 
A 3’

Leic Uni VV K3L 44-49 aa

E3L Init 5'CGGGATCCCGATGTCT 
AAGATCTATATTGACG 3'

K. Mawdit VV 51483- bp, E3L 
in it ia t io n  co d o n  
with 5' RE site

E3L Stop 5'GGAATTCCTCAGAATC 
TAATGATGACG 3’

K. Mawdit VV 50914 bp E3L 
term ination  codon 
with 5' RE site

K3L Init 5'CAAGATGCTTGCATTT 
TGTTATTCG 3*

K.Mawdit VV b p , K3L 
in it ia t io n  c o d o n  
with 5’ RE site

K3L Stop 5'TAAAAATTATTGATGT 
CTACACATCC 3'

K.Mawdit VV b p , K3L 
term ination  codon 
with 5' RE site
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2.2. Biological Assays of FPV Resistance to IFN

2.2.1. Growth of Primary Chick Embryo Fibroblasts (CEF)
Primary CEF were seeded in the appropriate flask or plate at 1 x 106 

cells/m l in 1 x 199 medium with Earle's Salts (Gibco BRL), 10 % tryptose 
phosphate  bro th  (Difco), 0.22 % (w /v) sodium  bicarbonate, 100 U /m l 
penicillin, 100 p g /m l streptomycin, 25 U /m l nystatin  (Sigma), and 8 % 
new born  calf serum. The cells were incubated at 37 °C , 5 % CO2 until 
confluent, usually 20 h.

All plastic used in tissue culture was obtained from Nunclon.

2.2.2. Production of Interferon
The m ethod used was essentially that of Yoshida and Marcus, 1990. 

Primary CEF in 175 cm2 flasks (Nunclon) were grown for 8-11 days at 37 °C, 5 
% CO2, w ithout a medium change or other disturbance. The cell layers were 
then w ashed twice w ith serum free 1 x MEM medium; 1 x MEM Eagle 
modified with Earle's Salts (ICN FLOW), 0.176 % sodium bicarbonate, 2 mM 
L-glutamine (ICN FLOW), 100 U /m l penicillin, 100 p g /m l streptom ycin, 25 
U /m l nystatin (Sigma). The cells were then incubated at 37 °C, 5 % C0 2 for a 
further 12 h in 20 ml of serum free 1 x MEM, containing either 0 n g /m l, 50 
n g /m l, 500 n g /m l polyriboinosinic acid : polyribocytidylic acid, poly IC 
(Sigma) or 2 U /m l chicken interferon standard (NIBSC). The m edium  was 
aspirated and centrifuged for 10 min at 800 g (MSE Mistral 3000), stored at -70 
°C and assayed for interferon activity. Cytoplasmic extracts were prepared 
from the cells.

2.2.3. Growth of Semliki Forest Virus from Stock
The seed stock of SFV was provided by Dr. Alan Morris, Interferon 

Laboratory, Warwick University.
Secondary CEF and OU2 (CEF cell line) were grown to confluency in 80 

cm 2 flasks. The cells were infected with 1.4 x 107 pfu (multiplicity of infection, 
moi 10) of the seed stock SFV in 1 x MEM and incubated at 37 °C, 5 % CO2 for 
1 h with occasional shaking. The inoculum was then removed and replaced
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with 20 ml 1 x MEM, 2 % newborn calf serum and incubation continued at 37 
OC, 5 % C 0 2.

After 2 days of incubation, when the cells were lysing and lifting from 
the m onolayer, the m edium  was removed and the cell debris pelleted by 
centrifugation at 1,500 rpm  for 15 min (MSE Mistral 3000). The supernatant 
was aliquoted and stored at -20 °C.

2.2.4. Preparation of Viral DNA
Small flasks (T25) of CEF were infected w ith virus at a moi of 10 in 1 x 

MEM (1 x MEM Eagle modified w ith Earle's Salts (ICN FLOW), 0.176 % 
sodium  bicarbonate, 2 mM L-glutamine (ICN FLOW), 100 U /m l penicillin, 
100 p g /m l streptomycin, 25 U /m l nystatin (Sigma). The cells were incubated 
at 37 °C, 5 % C 0 2 until the cells could be shaken from the flask. The cells were 
pelleted by low speed centrifugation and resuspended in 600 pi of PBS.

The cells were freeze/thaw ed (-70 °C /3 7  °C) three times and an equal 
volum e of 2 x TEM (1 % Triton X-100, 40 mM EDTA, 70 mM p- 
m ercaptoethanol) w as added. The cell debris was pelleted by low speed 
centrifugation (3000 rpm) for 3 min. The supernatant was transferred to a 
clean tube and the virus cores were pelleted by high speed centrifugation 
(14000rpm) for 15 min. The pellet was resuspended in 100 pi of digestion 
buffer (10 mM Tris, pH  8, 1 mM EDTA, 5 mM p-mercaptoethanol, 150 p g /m l 
proteinase K, 200 mM NaCl, 1 % SDS) and incubated at 50 °C for 30 min. The 
DNA solution was extracted twice with phenol/chloroform /isoam yl alcohol 
(50:48:2) and ethanol precipitated. The DNA was stored either as a dry pellet or 
under ethanol at -20 °C.

2.2.5. Titre of Viruses
Prim ary CEF were seeded at 5 x 108 or 1 x 106 in 60 mm Petri dishes 

(Nunclon) and allowed to grow to confluency. The virus was 10 fold serially 
diluted in phosphate buffered saline, PBS (36 mM NaCl, 0.9 mM KC1, 10.2 mM 
N a2HPC>4, 1.76 mM KH2PC>4, pH  7.2). The growth medium was removed from 
the cells, and 0.5 ml of each of the virus dilutions were applied to duplicate 
dishes. The dishes were incubated at 37 °C for 1 h with occasional shaking.

60



Chapter 2
Materials and Methods

Agarose overlay was prepared by mixing equal volumes of melted 
sterile 2 % LMP agarose and pre-warmed 2 x MEM (2 x MEM Eagle modified 
w ith Earle's Salts (ICN FLOW), 0.1352 % sodium  bicarbonate, 4 mM L- 
glutam ine (ICN FLOW), 200 U /m l penicillin, 200 jig /m l streptom ycin, 50 
U /m l nystatin (Sigma)). The inoculum was removed from the dishes with a 
10 ml pipette and 3 ml of the agarose overlay was applied gently to each plate 
and allowed to set. The plates were incubated at 37 °C, 5 % CO2. SFV infected 
dishes were incubated for 2 days, FPV infected plates were incubated for 4 days 
and VV infected dishes were incubated for 2 days.

After the appropriate incubation time, 3 ml of fix solution (10 % 
form aldehyde in PBS) was applied directly to the agarose overlay. The overlay 
was flicked off with a sterile toothpick and the cells treated again with fix 
solution for 10 min. The cells were stained for 10 min w ith gentian violet 
stain (1 % gentian violet, 20 % ethanol in PBS), washed with water and the 
plaques counted.

2.2.6. Interferon Assays
Interferon assays (Katze & al, 1991) were used to establish the 

concentration of IFN produced by poly IC treatm ent of CEF, by comparison 
w ith the IFN standard  (National Institute of Biological S tandards and 
Controls, NIBSC) and also to establish the relative IFN sensitivity of SFV, 
FPV and VV.

IFN was provided as a desiccated sample which was dissolved in water 
to provide a stock solution of 80 international units (IU)/ml which was stored 
at -20 °C. This stock solution was diluted to 8 IU /m l in 1 x MEM before use in 
the IFN assay.

The IFN solution was serially 2 fold diluted in 125 jil of 1 x MEM. The 
growth medium was aspirated from confluent primary CEF. M edium alone 
was placed in the cell control wells and the virus control wells and 100 pi of 
the diluted IFN solutions were applied to the wells. The plate was incubated 
at 37 °C, 5 % C 0 2 for 16 h.

The IFN solutions were flicked off the cells and replaced w ith either 1 x 
105 p fu /w ell SFV, 1 x 107 p fu/w ell FPV or 2 x 103 pfu /w ell W . The cells were 
incubated at 37 °C , 5 % CO2 for the appropriate time for each virus; SFV
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infected plates were incubated for 2 days, FPV infected plates were incubated 
for 4 days and VV infected plates were incubated for 2 days.

Cells were stained by one of the three following methods:

Gentian Violet:
Fix solution (10 % formaldehyde in PBS) was placed on the cells for 10 

min and rem oved by gently inverting the plate. The stain solution (1 % 
gentian violet, 20 % ethanol in PBS) was gently applied to the cells and left on 
for 10 min. The plates were washed gently with water and dried.

Neutral Red:
Three ml of a stock solution (0.3 % neutral red in water) was added to 

100 ml of medium. The medium was added to the cells and incubated for 4 h 
at 37 °C, 5 % CO2. The cells were then washed with water and allowed to dry.

Amido Black:
The cells were fixed (10 % formaldehyde, 9 % acetic acid, 0.1 M NaOAc) 

for 10 min, stained (0.05 % amido black, 9 % acetic acid, 0.1 M NaOAc) for 10 
min, washed in water and dried.

2.2.7. Rescue of SFV from the Effects of IFN by FPV
The m ethod used was essentially that of W hitaker-Dowling and 

Younger, 1983, how ever the plaque m orphology and the incubation time 
required to see FPV and SFV plaques is so different that an inhibitor of FPV 
late events was not considered necessary.

Primary CEF were seeded in 60 mm petri dishes at 1 x 106 cells/m l and 
allowed to grow to confluency. The grow th m edium  was rem oved and 
replaced with 1 x MEM, 0.5 % NBCS, w ith or without 4 IU /m l of IFN. The 
cells were incubated 37 °C, 5 % CO2 for 16 h.

The appropriate dishes were then infected with FPV (FP9) at 2 x 107 
p fu /d ish  (moi of 10) in serum-free 1 x MEM. The virus was allowed to absorb 
by incubation at 37 °C , 5 % CO2 for 1 h w ith occasional shaking. The 
inoculum was removed and replaced with 3 ml of serum-free 1 x MEM and 
incubation was carried out for a further 3 h.
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The appropriate dishes were then infected with SFV at 2 x 107 p fu /d ish  
(moi of 10) in serum-free 1 x MEM. The virus was allowed to absorb by 
incubation at 37 °C, 5 % CO2 for 1 h with occasional shaking. The inoculum 
was removed and replaced with 3 ml of serum-free 1 x MEM and incubation 
was carried out for 16 h.

The supernatants and cells were removed from the dishes and freeze- 
thawed (-70 °C, 37 °C) three times to release the virus. The virus was titred in 
triplicate, as in 2.2.5.

Dishes Interferon
Treatm ent

FPV
Infection

SFV Infection

1-2 + + -

3-4 + - +

5-6 + + +

7-8 - + -

9-10 - - +

11-12 - + +

2.3. Analysis of Cytoplasmic Extracts for Biochemical Activities Associated
with PKR

2.3.1. Production of Cytoplasmic Extracts
Primary CEF were seeded at 1 x 106 cells/m l in 175 cm2 and grown to 

confluency. The confluent cell m onolayers were then treated  w ith IFN 
solutions, or infected with FPV (moi of 5-10) and incubated at 37 °C, 5 % CO2.

Preparation of cytoplasmic extracts was carried out essentially as in the 
method of Rice and Kerr, 1984.

The cells were washed twice with phosphate buffered saline, PBS (136 
mM NaCl, 0.9 mM KC1, 10.2 mM Na2H P 0 4, 1.76 mM KH2P 0 4/ pH  7.2). The 
cells were harvested with a rubber policeman and 1.5 ml of PBS, and pelleted 
in an eppendorf tube by centrifugation at 13,000 rpm (MSE Microcentaur) for 
30 sec. The cells were lysed by adding 2 volumes of cytoplasmic extract buffer 
(0.15 M NaCl, 10 mM Tris, pH 7.9, 1.5 mM MgCl2, 0.65 % Nonidet P-40) and
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vortexing. Cell debris was pelleted by centrifugation at 13,000 rpm  (MSE 
Microcentaur) for 30 sec, the supernatant was removed and stored at -70 °C.

2.3.2. Production of Human PKR
Hum an PKR was produced by in vitro transcription and translation 

using the T7 Coupled TNT Rabbit Reticulocyte Lysate System (Promega) and 
pGem (Novagen) cloned human PKR.

A 50 pi reaction was set up with 25 pi of TNT Rabbit Reticulocyte 
Lysate, 2 ml TNT Reaction Buffer, 1 pi TNT T7 RNA Polymerase, 1 pi of 1 
mM Amino Acid Mixture, 4 pi 35S methionine (1,000 C i/m m ol, lOm Ci/m l, 
DuPont), 1 pi RNasin ribonuclease inhibitor, and 1 pg pGem.PKR. The 
reaction was incubated at 30 °C for 90 min.

2.3.3. Autophosphorylatmn of Cell Extracts
The method used was essentially that of Rice and Kerr, 1984. Reactions 

consisted of 5 p i of cell extract, 100 pM ATP, 1 pCi 32P (3,000 C i/m m ol, 
DuPont), 10 mM MgOAc, in a final reaction volum e of 10 pi. To some 
reactions 0.01 pg of poly IC (Sigma) was added.

The reactions were incubated at 30 °C for 15 min and then stored at -20 
°C, until analysed by SDS polyacrylamide gel electrophoresis (SDS PAGE).

2.3.4. Partial Purification of Cell Extracts
The m ethod uses poly IC bound agarose to purify dsRNA-binding 

proteins from the cell extracts and is essentially that of Patel and Sen, 1984 .
Twenty five pi of the poly IC agarose beads (Pharmacia) were washed 

three times in 500 pi of binding buffer (20 mM HEPES pH 7.5, 0.3 M NaCl, 5 
mM MgOAc, 1 mM dithiothreitol, 1 mM phenylm ethylsulphonylfluoride 
(PMSF), 0.5 % nonidet P-40, 10 % glycerol). The poly IC agarose beads were 
resuspended in 25 pi of binding buffer, mixed with 25 pi of the cell extract and 
incubated at 30 °C for 30 min with occasional mixing.

The beads were washed twice with wash buffer (20 mM HEPES pH 7.5, 
0.5 M NaCl, 5 mM MgOAc, 1 mM dithiothreitol, 1 mM PMSF, 0.5 % nonidet 
P-40, 10 % glycerol), once with binding buffer and were resuspended in 21 pi of 
binding buffer. Seven pi of the poly IC agarose-bound cell extracts were used 
in the autophosphorylation reaction as in 2.3.3. and analysed by SDS PAGE.
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2.3.5. Phosphorylation of Histone Proteins
Cell extracts were bound to poly IC agarose beads and used in the 

autophosphorylation reaction as in 2.3.3. with 2 pg of calf thymus histones 
(Sigma).

2.3.6. Phosphorylation of eIF-2a Peptides
The eIF-2a peptide (NIEGMILLSELSRRRIRSIN) and the pseudopeptide 

(NIEGMILLSELARRRIRSIN) were provided by M. Clemens.
Five pi of poly IC agarose bound cell extract was mixed with peptide 

buffer (20 mM Tris, pH 7.5, 100 mM KC1, 0.1 mM EDTA, 10 % glycerol, 5 mM 
2-m ercaptoethanol), 3 pCi 32P dATP (5,000 C i/m m ol, DuPont), and 2 mM 
peptide in a final volume of 10 pi, and incubated at 30 °C for 15 min.

The samples were mixed w ith an equal volume of peptide sample 
buffer (1 % sodium dodecyl sulphate (SDS), 8 M urea, 1 % 2-mercaptoethanol, 
0.01 M H 3P O 4 adjusted to pH 6.8 w ith Tris base), boiled and run on an 
oligopeptide gel.

2.3.7. Oligopeptide Gels
The Swank and Munkres, (1971) m ethod was used to analyse the 

peptides.
A crvlam ide-B isacrylam ide: 12.5 g of acrylamide and 1.25 g of bisacrylamide 
were dissolved in 50 ml of water and filtered.
Gel Buffer Stock: 1 % SDS, 1 M H3PO4 adjusted to pH 5 with Tris base. 
Reservoir Buffer Stock: 0.1 % SDS, 0.1 M H 3PO4 adjusted to pH 6.8 w ith Tris 
base.

The resolving gels were prepared with 15 ml acrylamide, 3 ml gel buffer 
stock, 14.4 g of urea, made up to 30 ml with water and 0.3 ml of 6 % AMPS and 
30 pi of TEMED. The resolving gel was poured between 20 x 18 cm plates, with 
the appropriate spacers or in the Mini Protean II (Biorad) system. The gel was 
overlaid with water and allowed to set.

The stacking gels were prepared in the same way but with only 1.875 ml 
of acrylamide. The water was removed from the top of the resolving gel and 
the stacking gel was poured on top. The appropriate comb was placed in the 
stacking gel and the gel was allowed to set.
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The samples were boiled for 5 min in an equal volume of sample 
buffer and loaded onto the gels. The gels were run in reservoir buffer at 80 V 
for 16 h, then the plates were separated and the gel soaked in Coomassie blue 
stain (0.1 % Coomassie Blue G250, 10 % methanol, 10 % acetic acid) for 20 min. 
The gels were destained by soaking in 10 % methanol, 10 % acetic acid for 
several hours, then sealed in bags and exposed to film.

2.3.8. SDS Polyacrylamide Gel Electrophoresis
30 % Acrylamide Mix: 290 g of acrylamide and 10 g of bisacrylamide were 
dissolved in 1 1 of water. The solution was deionised by m ixing with 
m onobed resin, then filtered and stored in a darkened bottle.
10 % Resolving Gel: 10 ml of 30 % acrylamide mix/ 7.5 ml Tris, pH 8.8, 0.3 ml 
10 % SDS, 0.3 ml 10 % AMPS and 12 pi of TEMED were made up to 30 ml with 
water.
12 % Resolving Gel: 12 ml of 30 % acrylamide mix, 7.5 ml Tris, pH  8.8, 0.3 ml 
10 % SDS, 0.3 ml 10 % AMPS and 12 pi of TEMED were made up to 30 ml with 
water.
15 % Resolving Gel: 15 ml of 30 % acrylamide mix, 7.5 ml Tris, pH  8.8, 0.3 ml 
10 % SDS, 0.3 ml 10 % AMPS and 12 pi of TEMED were made up to 30 ml with 
water.
5 % Stacking Gel: 1.7 ml of 30 % acrylamide mix, 1.25 ml Tris, pH  6.8, 0.1 ml 10 
% SDS, 0.1 ml 10 % AMPS and 10 pi of TEMED were made up to 10 ml with 
water.
L oad ing  B uffer: 50 mM Tris pH 6.8, 100 mM DTT, 2 % SDS, 0.1 % 
bromophenol blue, 10 % glycerol.

The resolving gel was poured between 20 x 18 cm plates, w ith the 
appropriate spacers or in the Mini Protean II (Biorad) system. The gel was 
overlaid with water and allowed to set.

The water was removed from the top of the resolving gel and the 
stacking gel was poured on top. The appropriate comb was placed in the 
stacking gel and the gel was allowed to set.

The samples were boiled for 5 min in an equal volume of loading 
buffer and loaded onto the gels. The gels were run in tris-glycine buffer (25 
mM Tris, 250 mM glycine pH 8.3, 0.1 % SDS) at 150 V for 2-5 h, then the plates 
were separated and the gel soaked in Coomassie blue stain (0.1 % Coomassie
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Blue G250, 10 % methanol, 10 % acetic acid) for 20 min. The gels were 
destained by soaking in 10 % methanol, 10 % acetic acid for several hours, 
then dried down onto paper under vacuum, or sealed in bags and exposed to 
film.

2.4. Immunological Methods

2.4.1. Labelling Proteins with 35S Methionine
Prim ary CEF in 25 cm2 flasks were virus infected or interferon treated 

for the appropriate periods. The medium was removed and replaced with 3 
ml of serum-free, methionine-free medium (Sigma), and incubated at 37 °C, 5 
% CO2 for 2 h. The medium was removed and replaced again w ith 3 ml 
serum-free, methionine-free medium, containing 1.85 MBq 35S m ethionine 
(1,000 Ci/m m ol, lOmCi/ml, DuPont) per ml for a further 2 h incubation at 37 
OC, 5 % C 0 2.

The supernatants were filtered through 0.2 pm filters and concentrated 
in Centriprep 10 (Amicon) and Microcon 30 (Amicon) columns.

The cells were removed from the flasks in PBS and lysed in cytoplasmic 
extract buffer as in 2.3.1.

2.4.2. Radio-Immuno Precipitation Assay (RIPA)
Protein A Sepharose CL-4B (Pharmacia) was made to a 10 % slurry in 

0.1 M sodium phosphate (pH 8.1). Fifty pi of the slurry was washed twice in 
sodium  phosphate buffer and 2 pi of the monoclonal was added and 
incubated at 4 °C for 1 h on a rotating mixer. The slurry was washed twice in 
sodium  phosphate buffer and 20 ml of unlabelled control cell extract was 
added and incubated with the sepharose for 16 h at 4 °C. The sepharose was 
pelleted by brief centrifugation and the supernatant removed.

Meanwhile, 50 pi of labelled cell extract was mixed with 50 pi of protein 
A sepharose slurry at 4 °C for 16 h. The sepharose was pelleted and the 
supernatant collected.

The pre-cleared labelled cell extract was mixed w ith the sepharose- 
bound monoclonal at 4 °C for 3h. The sepharose was washed five times with 
RIPA I buffer (0.15 M NaCl, 0.05 M Tris, pH 7.2, 1 % Triton-X-100, 0.1 % SDS, 1
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% sodium deoxycholate) and twice with RIPA II buffer (0.15 M NaCl, 0.05 M 
Tris, pH 7.2, 1 % Triton-X-100). The samples were analysed by SDS PAGE.

2.4.3. Western Blotting

2.4.3.1. Transfer of Proteins to Nitrocellulose
Samples were run on SDS polyacrylamide gels and soaked in western 

blotting buffer (25 mM Tris, 250 mM Glycine, 20 % methanol) for 30 min. The 
gel holder was opened and placed in a tray of western blotting buffer. Four 
pieces of 3MM and 1 piece of Hybond-C nitrocellulose (Amersham) were cut 
to size and soaked in western blotting buffer. Two pieces of wetted 3MM were 
placed on top of the fibrous pad of the gel holder. The gel was placed on top of 
the 3MM, with the nitrocellulose on top of the gel. Air bubbles between the 
gel and nitrocellulose were removed and the other two pieces of 3MM were 
placed on top of the nitrocellulose. The fibrous pad of the holder was placed 
on top of the 3MM paper, air bubbles were removed and the holder was 
closed. The gel holder was placed in the buffer tank, containing western blot 
buffer and orientated so that the nitrocellulose was tow ards the positive 
e lectrode. The p ro te in s were tran sferred  to the n itrocellu lose  by 
electrophoresis at 30 V for 16 h at 4 °C.

2.4.3.2. Antibody Probing
After transfer, the nitrocellulose was rinsed in water and stained with 

Ponceau S (0.2 % Ponceau S in 7 % acetic acid) to enable visualization of 
m arkers.

The nitrocellulose was blocked by incubation in TN buffer (10 mM Tris, 
pH  7.5, 500 mM NaCl), with 3 % milk pow der for at least 30 min. The 
nitrocellulose was then incubated with the appropriate dilution of the first 
antibody in TTN (10 mM Tris, pH 7.5, 500 mM NaCl, 0.05 % Tween) for 2 h.

The nitrocellulose was washed three times in water for 5 min each 
wash, then with TTN for 20 min. This series of washes was repeated 3 times 
and then the nitrocellulose was incubated with the appropriate dilution of the 
second antibody (alkaline phosphatase conjugated) for 2 h. The series of 
washes was repeated and the alkaline phosphatase substrate prepared using 
the Pierce kit by mixing 10 ml of 0.1 M Tris with 1 ml of X-phos (5-bromo-4-
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chloro-3-indolyl-phosphate, 2.5 g/1) and 1 ml of NBT (nitrobluetetrazolium, 5 
g/1). The substrate was placed on the nitrocellulose and gently shaken for 10 
min. W hen the colour had developed sufficiently, the nitrocellulose was 
washed twice with water, allowed to dry and stored in the dark.

2.5. Analysis of FPV Extracellular Proteins

2.5.1. Production and Concentration
The following protocol was used for both labelled and non-labelled 

virus supernatants, and is essentially that of M artinez-Pomares et al, (1995). 
Primary CEF were seeded in 175 cm2 flasks and allowed to grow to confluency. 
The cells were washed twice with serum free 1 x MEM. The cells were infected 
with 5 x 106 p fu /m l FP9 (moi of 5). After 12 h incubation at 37 °C, 5 % CO2, the 
inoculum was removed. The cells were washed twice w ith serum-free 1 x 
MEM and 10 ml of serum-free 1 x MEM was applied to the cells. The cells 
were incubated at 37 °C, 5 % CO2 for a further 12-24 h. The m edium  was 
rem oved from the cells and filtered through a 0.2 pm  filter to remove 
extracellular virus. The medium was concentrated 25-75 fold using Centriprep 
10 and Microcon 30 spin columns (Amicon), before being analysed.

2.5.2. Analysis of Glycosylation State
35S m ethionine labelled FPV supernatants were concentrated 30 fold. 

The supernatants were mixed with an equal volum e of one of the three 
following buffers and heated to 100 °C for 3 min.
Buffer 1: 50 mM EDTA, 0.8 mM PMSF in 50 mM sodium phosphate buffer, pH 
6 . 1 .

Buffer 2: 50 mM EDTA, 0.8 mM PMSF, 0.2 % SDS, 1 % Triton-X-100 in 50 mM 
sodium phosphate buffer, pH 6.1.
Buffer 3: 50 mM EDTA, 0.8 mM PMSF, 0.2 % SDS, 1 % Triton-X-100, 2 % (3- 
mercaptoethanol in 50 mM sodium phosphate buffer, pH 6.1.

Once the samples had cooled, 0 or 0.4 U of endoglycosidase F /N - 
glycosidase F (Boehringer Mannheim Biochemica) were added. The samples 
were incubated at 37 °C for 20 h then analysed by SDS PAGE.
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2.5.3. Inhibition of Glycosylation
FPV infected cells were labelled with 35S methionine as in 2.4.1. The 

m ethionine free m edium  was supplem ented w ith 0.5 or 5 p g /m l of 
tunicam ycin (Sigma) at both the pre-labelling and labelling stages. The 
medium was processed in the usual way and analysed by SDS PAGE.

2.5.4. Lectin Analysis
Concentrated FPV medium was run on SDS polyacrylam ide gels in 

both native and denaturing conditions. The proteins were blotted onto 
nitrocellulose membrane as in 2.4.3.1. The blotted proteins were probed with 
biotinylated lectins (Vector Laboratories) according to the m anufacturer's 
protocol.

The nitrocellulose was incubated in TTBS (0.1 % Tween 20, 100 mM 
Tris, 0.9 % NaCl pH 7.5) for at least 30 min w ith gentle agitation. The 
nitrocellulose was then incubated in TTBS with 20 |ig /m l of the biotinylated 
lectin for 1 h with gentle shaking. The blot was washed three times in water 
for 5 min each wash, then with TTN for 20 min. This series of washes was 
repeated 3 times.

The nitrocellulose blot was then incubated in a 1/400 dilution of 
alkaline phosphatase conjugate for 1 h. The series of washes was repeated and 
the alkaline phosphatase substrate prepared using the Pierce kit by mixing 10 
ml of 0.1 M Tris w ith 1 ml of X-phos (5-bromo-4-chloro-3-indolyl-phosphate, 
2.5 g/1) and 1 ml of NBT (nitrobluetetrazolium, 5 g/1). The substrate was 
placed on the nitrocellulose and gently shaken for 10 min.

2.5.5. Concanavalin A Purification
FPV extracellular proteins were partially  purified by binding  to 

concanavalin A (Con A)-sepharose.
Con A-sepharose (Pharmacia) was washed in 10 volumes of binding 

buffer (20 mM Tris, pH 7.5, 0.5 M NaCl). A column of 0.5-1 ml of washed Con 
A sepharose was set up in a 1 ml syringe as in 2.1.10.3. The column was 
washed three times by applying 0.5 ml of binding buffer to the column and 
allowing it to flow through. The sample was applied to the column which 
was then washed six times with binding buffer. The bound proteins were 
eluted by applying 500 jil washes of 0.3 M m ethyl-a-D glucose. The eluted
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fractions were concentrated using Microcon 30 spin columns and analysed by 
SDS PAGE.

2.6. DNA Methods

2.6.1. Ethanol Precipitation
For each volume of nucleic acid-containing solution, 0.1 volumes of 

3M NaOAc and 2.5 volumes of ethanol were added. The m ixture was 
incubated at -20 °C for 20 minutes and centrifuged at high speed to pellet the 
nucleic acid (13000 rpm, benchtop MSE Microcentaur, 15000 rpm SS34 rotor in 
Beckman Sorval RC-5B). The ethanol was removed and the nucleic acid pellet 
w as carefully washed with 70 % ethanol before being a ir-dried  and 
resuspended in the appropriate buffer.

2.6.2. Analysis of Nucleic Acid Concentration
Spectrometric analysis of nucleic acid concentration was carried out 

using a Pharmacia Ultraspec III and a 50-200 pi quartz cuvette.
For double-stranded DNA, 1 A26O unit = 50 pig/ml
For single-stranded DNA, 1 A26O unit = 40 p g /m l
For oligonucleotides, 1 A26O unit = 30 p g /m l

2.6.3. Restriction Digestion of DNA
DNA digestion was performed with 1-5 units of enzyme per pg of 

DNA. The reactions were set up in volumes of 10-100 pi with the reaction 
buffer recommended by the enzyme m anufacturer (predominantly Gibco BRL 
and New England Biolabs) and were incubated at 37 °C for 2-16 h.

2.6.4. Dephosphorylation of 5' Ends of DNA
0.25 units of calf intestinal phosphatase (CIP) (Promega) were added per 

pg of digested vector DNA. Incubation was carried out at 37 °C for 30 minutes 
in the buffer provided by the manufacturer (lx buffer: 50 mM Tris, pH 9.3, 1 
mM MgCl2, 0.1 mM ZnCl2, 1 mM sperm idine). The enzyme was then 
inactivated by heating at 75 °C for 10 minutes. The protein was extracted with
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phenol (equilibrated w ith 1M Tris pH 7.5): chloroform: isoamyl alcohol 
(50:48:2) and the DNA was ethanol precipitated.

2.6.5. Ligation Reaction
10-100 pg of vector DNA and a three fold molar excess of insert DNA 

were ligated in a final reaction volume of 10 pi, containing 1 mM ATP, 1 unit 
of T4 ligase (Promega) and the manufacture's buffer (lx concentration: 66 mM 
Tris, 5 mM MgCl2, 1 mM DTT, 1 mM ATP, pH 7.5). Incubation was carried out 
at 4 OC or 15 °C for 16 h.

2.6.6. Transformation of E.coli

2.1.6.1. Preparation of Competent Cells for Heat-Shock Transformation 
A single colony ot E.coli (strain JM109, or XLl-blue) was inoculated into 

10 ml of 2xTY medium (1.6 % tryptone, 1 % yeast extract, 85 mM NaCl, pH 7.4) 
and grow n overnight at 37 °C  in a shaking incubator. Five ml of the 
overnight culture was used to inoculate 250 ml of 2xTY in a 21 flask which 
was shaken at 37 °C  for 2-3 h or until an OD600 of 0.7 (mid log phase) was 
reached.

The cells were then chilled on ice for 20 min, transferred to cold 250 ml 
tubes and pelleted by centrifugation at 5,000 rpm for 5 min at 4 °C (Beckman 
Sorval RC-5B Centrifuge, GSA rotor). The supernatant was removed and the 
pellet of cells was gently resuspended in 125 ml of ice-cold 10 mM NaCl. The 
cells were then repelleted as before, resuspended in 62.5 ml of ice-cold 30 mM 
CaCl2 and incubated on ice for 20 min. The cells were pelleted once more and 
resuspended in 10 ml of ice-cold 30 mM CaCl^ containing 15 % glycerol. The 
cell suspension was aliquoted into cold eppendorf tubes, snap frozen in a dry 
ice and alcohol bath and stored at -70 °C.

2.6.6.2. Heat-Shock Transformation
The frozen competent cells were thaw ed slowly on ice, 150 pi of 

competent cells were added to each 10 pi ligation mix and incubated on ice for 
10 min. The cells were then heat-shocked at 42 °C for 2 min, were returned to 
ice for 10 min and 200 ml of 2xTY was added. The mix was then incubated at 
37 °C for 30 min and 150 pi were plated onto 2xTY agar plates containing 100
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p g /m l ampicillin (or other appropriate antibiotic), to select for ampicillin- 
resistant, transformed colonies, and were incubated at 37 °C for 16 h.

If (3-galactosidase expression was used to identify  recom binant 
plasmids, the plates were pre-spread with 100 pi of 100 mM isopropyl p-D- 
thiogalactopyranoside (IPTG) and 50 pi of 2 % 5-bromo-4-chloro-indoyl-p-D 
galactopyranoside (X-gal) in dimethylformamide (DMF).

2.6.6.3. Preparation of Competent Cells for Electroporation
A single colony of E.coli (strain JM109, or XLl-blue) was inoculated into 

10 ml of 2xTY medium (1.6 % tryptone, 1 % yeast extract, 85 mM NaCl, pH 7.4) 
and grow n overnight at 37 °C  in a shaking incubator. Five ml of the 
overnight culture was used to inoculate 250 ml of 2xTY in a 21 flask which 
was shaken at 37 °C for 2-3 h or until an OD600 of 0-7 (mid log phase) was 
reached.

The cells were then chilled on ice for 30 min, transferred to cold 250 ml 
tubes and pelleted by centrifugation at 3,500 rpm for 15 min at 4 °C (Beckman 
Sorval RC-5B Centrifuge, GSA rotor). The supernatant was removed and the 
pellet of cells was slowly and gently resuspended in 250 ml of ice-cold sterile 
water. The cells were then repelleted as before and resuspended in 150 ml of 
ice-cold water. The cell suspension was pelleted once again in a 50 ml tube at 
5,800 rpm (Beckman Sorval RC-5B Centrifuge, SS34 rotor), resuspended in 500 
pi ice-cold 10 % glycerol, aliquoted into cold eppendorf tubes, snap frozen in a 
dry ice and alcohol bath and stored at -70 °C.

2.6.6.4. Transformation by Electroporation
Electroporation w as carried out according to the m anufacturer's 

instructions using an Invitrogen Electroporator II.
Competent cells were thawed on ice whilst the cuvettes (0.1 or 0.2 cm 

gap) and DNA ligation mix were chilled. Forty pi of the competent cells were 
mixed with 2 pg of DNA and placed in the cuvette. The electroporater was set 
at 50 pF capacitance and 150 Ohm resistance. The pow er supply  to the 
electroporater was provided by a power pack (LKB Bromma), which was set at 
1500 V, 25 mA, 25 W. The cuvette was placed in the elecroporater, which was 
allowed to charge before the cuvette was pulsed. Im m ediately following
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pulsing 1 ml of SOC was added to the cuvette, mixed with the cells before 
being transferred to a sterile bijoux and incubated at 37 °C for 1 h.

Plating was carried out as in 2.1.6.2. a lthough the efficiency of 
electroporation is such that dilution of the transform ed cells in SOC was 
sometimes required prior to plating.

2.6.7. Preparation of Plasmid DNA
2.6.7.1. Caesium Chloride Preparation of Plasmid DNA

A 10 ml overnight culture, grown from a single colony, was used to 
inoculate 500 ml of 2xTY or LB, containing the appropriate antibiotic, which 
was incubated for 16 h in a shaking incubator. The cells were pelleted by 
centrifugation at 5,000 rpm for 5 min at 4 °C  (Beckman Sorval RC-5B 
Centrifuge, GSA rotor). The supernatant was poured off and the pellet 
allowed to drain, before being resuspended in 5.5 ml of GTE (50 mM glucose, 
25 mM Tris pH  8.0, 10 mM EDTA). 11 ml of NaOH/SDS solution (0.2M NaOH, 
1 % SDS) was added, mixed by gentle shaking and incubated on ice for 10 min. 
8 ml of KAc/HAc (3M/2M) was added, mixed by gentle shaking and incubated 
on ice for 10 min. The tubes were centrifuged at 15,000 rpm, 4 °C for 30 min 
(SS34 rotor in RC-5B). The supernatant (28 ml) was rem oved, 17 ml of 
isopropanol added and incubated at room tem perature for 15 min. The tubes 
were then centrifuged for 20 min at 10,000 rpm and 4 °C to pellet the DNA.

The pellet was resuspended in 2 ml of TE (10 mM Tris, pH 8, 1 mM 
EDTA) and 2.4 g of CsCl was added. The tubes were spun and the supernatant 
removed to ultracentrifuge tubes (Sorvall). The volume was made up with 
CsCl/TE solution (1.2 g /m l) and 50 |il of EtBr (10 m g/m l). The tubes were 
sealed and spun for 16 h at 50,000 rpm (Beckman Optima TL Ultracentrifuge).

The plasmid band was removed by side puncture with a needle and 
syringe and the EtBr was extracted several times with isopropanol saturated 
w ith NaCl and water. The DNA solution was diluted with 3 volumes of TE 
and 2 final volumes of ethanol were added. The DNA was precipitated by 
centrifugation at 13,000 rpm for 30 min and washed with 70 % ethanol before 
being dried and resuspended.
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2.6.7.2. Preparation of Plasmid DNA by Quiagen Column
The protocol was carried out as described by the manufacturer, using 

Quiagen tip 500s.
A 10 ml overnight culture, grown from a single colony, was used to 

inoculate 250 ml of 2xTY or LB, containing the appropriate antibiotic, which 
was incubated for 16 h in a shaking incubator. The cells were pelleted by 
centrifugation at 5,000 rpm for 5 min at 4 °C  (Beckman Sorval RC-5B 
Centrifuge, GSA rotor). The supernatant was poured off and the pellet 
allowed to drain, before being resuspended in 10 ml of PI buffer (100 p g /m l 
RNase A, 50 mM Tris, 10 mM EDTA, pH 8.0). 10 ml of buffer P2 (200 mM 
NaOH, 1 % SDS) was added, mixed gently and incubated at 25 °C for 5 min. 
Ten ml of buffer P3 (3 M KAc, pH 5.5) was added, mixed and incubated on ice 
for 20 min. The mixture was then centrifuged at 16,000 rpm (SS34 rotor) for 30 
min and the clear supernatant removed.

The Quiagen tip 500 was equilibrated by applying 10 ml of QBT (750 
mM NaCl, 50 mM MOPS, 15 % ethanol, 0.15 % Triton X-100, pH 7.0) and 
allowing it to run through the column. The supernatant was applied to the 
equilibrated column and allowed to run through. The column was washed 
twice with 30 ml of buffer QC (1 M NaCl, 50 mM MOPS, 15 % ethanol, pH 7) 
and the DNA was eluted with 15 ml of buffer QF (1.25 M NaCl, 50 mM Tris, 1 
mM EDTA, pH  8). The DNA was precipitated by adding 0.7 volumes of 
isopropanol and centrifuging at 15,000 rpm 4 °C for 30 min.

2.6.7.3. Small Scale Preparation of Plasmid DNA by Alkaline Lysis
The m ethod described by Sambrook et al, (1989) was used. A single 

colony was inoculated into 10 ml of 2xTY broth and incubated in a shaking 37 
°C  incubator for 16 h. The culture was pelleted in a 1.5 ml eppendorf tube by 
centrifugation at 13,000 rpm for 30 sec. The supernatant was removed and the 
pellet was resuspended in 100 |l l 1 of solution 1 (50 mM glucose, 25 mM Tris pH 
8, 10 mM EDTA pH 8). The cells were lysed by addition of 200 pi of solution 2 
(0.2 M NaOH, 1 % SDS) and incubated at 25 °C  for 5 min. Proteins were 
precipitated by addition of 150 pi of solution 3 (3 M KOAc, 11 % acetic acid) 
and incubated at 25 °C for 5 min. The tube was centrifuged at 13,000 rpm for 5 
min and the supernatant was transferred to a clean tube. Any rem aining 
protein was rem oved by phenol/chloroform  extraction. The DNA was
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ethanol precipitated, washed in 70 % ethanol and resuspended in the 
appropriate buffer.

2.6.8. Agarose Gels

2.6.8.1. Resolution of DNA Fragments
DNA samples were mixed with 0.2 volumes of 5 x DNA loading buffer 

(4 ml glycerol, 1.6 ml 0.5 M EDTA, 0.4 ml 1 M Tris, pH 7.5, 0.4 ml water, 0.002 g 
b rom opheno l blue, 0.002 g xylene cyanol) and then  reso lved  by 
electrophoresis through agarose gels (in the range of 0.3 % to 2 %) prepared 
using 1 x TBE buffer (0.9 M Tris, boric acid, 0.002 M EDTA) and containing a 
final concentration of 0.5 p g /m l ethidium  brom ide. Electrophoresis was 
performed in 1 x TBE buffer in minigel electrophoresis tanks (7.5 cm x 8.5 cm 
gel) for 1-2 h at 70 V or in large electrophoresis tanks (20.5 x 19.5 cm gel) for 16 
h at 35 V. One to two pg of DNA markers ((j)x 174 or X H ind III, Gibco BRL) 
were electrophoresed beside the DNA samples to act as size markers. The 
DNA was visualized using an ultra-violet (UV) transillum inator (Ultraviolet 
Products Inc.) and photographed (Polaroid MP4 Land Camera or Mitsubishi 
Video Copy Processor)

2.6.8.2. Isolation of DNA Fragments
DNA fragments were resolved by electrophoresis through low melting 

point (LMP) agarose (Sigma) TBE gels and the appropriate DNA fragment was 
located by ethidium bromide staining. The DNA was excised from the gel as a 
thin slice using a scalpel blade and then extracted from the agarose using (3- 
agarase I (Biolabs) or GELase (Cambio Ltd). The slice of DNA-containing 
agarose was weighed and placed in an eppendorf tube with 0.1 volumes of the 
manufacturer's buffer (Biolabs: 10 mM BisTris pH 6.5, 1 mM Na2EDTA). The 
agarose was melted by incubation at 65 °C for 10 min and then cooled to 40 
°C. Once cooled 1 unit of the enzyme was added per 200 pi of 1 % agarose and 
incubated at 40 °C for 1-16 h. Following digestion of the agarose, 0.1 volumes 
of 3M NaOAc was added, incubated at 0 °C  for 15 min and centrifuged at 
13,000 rpm  (MSE M icrocentaur) for 15 m in to pellet any undigested  
carbohydrates. The DNA-containing supernatant was placed in a clean 
eppendorf and 2 volumes of isopropanol were added. The m ixture was
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incubated at -20 °C for 30 min and centrifuged at 13,000 rpm for 15 min to 
precipitate the DNA. The pellet was washed with 70 % ethanol and dried 
before being resuspended in the appropriate buffer.

2.6.9. Sequencing of DNA
2.6.9.1. DNA Sequencing with Sequenase

DNA was sequenced using the dideoxy-chain term ination method of 
Sanger et al, (1977) and the Sequenase Version 2.0 sequencing kit according to 
the m anufacturer’s instructions (Amersham/USB).

Double-stranded DNA, 5-10 pg was made up to 50 pi w ith water and 
denatured by addition of an equal volume of denaturation solution (0.4 M 
NaOH, 0.4 mM EDTA) and incubating at 25 °C for 5 min. The DNA was 
ethanol precipitated, dried and resuspended in the appropriate volume of 
water.

The oligonucleotide primer (0.5-1 pmol) was annealed to the denatured 
DNA in 10 pi of 1 x reaction buffer (40 mM Tris, pH 7.5, 20 mM MgCl2, 50 mM 
NaCl) by heating to 65 °C for 2 min and cooling slowly to 25 °C. One pi of 0.1 
M DTT, 2 pi of diluted labelling mix (dGTP, dCTP and dTTP each at 1.5 pM), 
0.5 pi [a35S]-dATP (0.37 MBq/pl) (3000 Ci/m m ol, DuPont or Amersham) and 2 
pi of diluted Sequenase enzyme were added to the annealed template and the 
reaction was incubated for 2-5 min at 25 °C  to allow labelling to occur. 
M eanwhile, 2.5 ml of each of the dideoxyribonucleoside 5 '-triphosphate 
ddATP, ddCTP, ddGTP, and ddTTP termination mixes (50 mM NaCl, 80 pM 
dNTPs and 8 pM of ddATP, ddCTP, ddGTP, and ddTTP) were placed into 
separate wells of a round bottomed 96 well plate and warmed to 37 °C. Three 
and a half pi of the labelling mix were added to each of the terminator wells 
and incubated for 3-5 min at 37 °C  to allow term ination to occur. The 
reactions were stopped by adding 4 pi of stop solution (95 % formamide, 20 
pM EDTA, 0.05 % bromophenol blue, 0.05 % xylene cyanol FF) and stored on 
ice or at -20 °C  before resolution by denatu ring  polyacrylam ide gel 
electrophoresis.

2.6.9.2. Denaturing Polyacrylamide Gel Electrophoresis
Eight percent denaturing polyacrylamide gels (8 % acrylamide, 1 X TBE, 

44 % (w /v) urea, 0.0075 % (v/v) ammonium persulphate (AMPS), 0.003 %
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(v /v ) N ,N ,N ',N '-tetram ethylethylenediam ine, TEMED) were cast betw een 
siliconized glass plates (38 x 20) using 0.5 mm spacers and 2-5 mm combs to 
form the wells. The gels were warmed for 30 min at 2,500 V, 37 W with 1 x 
TBE in the upper buffer tank and 0.5 x TBE in the lower buffer tank. The 
samples were denatured by heating to 80 °C for 2 min and cooling on ice, the 
urea was dispelled from the wells and 2.5 pi of each sample was loaded into a 
well. Electrophoresis was performed at 2,500 V, 37 W for 1-3 h then 0.5 
volum es of 3M NaOAc were added to the low er buffer tank and 
electrophoresis was continued for a further 1 h. The gel was fixed for 20 min 
in 10 % acetic acid, 10 % ethanol and dried at 80 °C under vacuum  for 1 h 
(Savant, Stratech Scientific) and exposed to film.

2.6.9.3. Automated Cycle Sequencing
A utom ated cycle sequencing was carried out using PRISM Ready 

Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer). Nine 
and a half pi of terminator premix was mixed with 1 pg of CsCl prepared DNA 
and 3.2 pmol of oligonucleotide primer, and overlaid with 40 pi of mineral oil 
in a 0.5 ml eppendorf. The mix was heated to 96 °C for 1 min and then cycled 
to 96 °C for 30 sec, 50 °C for 15 sec, 60 °C for 4 min for 25 cycles and cooled to 4 
°C in a PCR machine (Programmable Dri-Block, Techne). The mineral oil was 
dissolved by addition of 100 pi of chloroform, 80 pi of water was added and 100 
pi of phenol:chloroform :water (68:18:14) was added to extract the excess 
term inators. The tubes were centrifuged 13,000 rpm  for 10 m in and the 
aqueous phase removed to a clean tube. The DNA was ethanol precipitated, 
washed in 70 % ethanol and dried.

The samples were processed by the Leicester University sequencing 
service and read using Seqed on a Macintosh computer.

The sequence was initially checked and edited using Seqed, version 
1.0.3. from Applied Biosystems Inc. Assembly of the sequences was carried out 
using the Sequence Assembly Program (SAP), version 4.0, May 1991, written 
by Roger Staden. Sequences were analysed at the N ational Centre for 
Biotechnology Information (NCBI) using the BLAST network service.
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2.6.10. Hybridization

2.6.10.1. Southern Blot (Southern, 1975)
DNA fragm ents were separated by agarose gel electrophoresis, and 

v isualized  to ensure that the DNA was fully d igested . Gels were 
photographed w ith a ruler alongside the size m arkers to ensure that the 
positions of the markers could be identified. Gels were rinsed in water and 
soaked in 0.2 M HC1 for 15-30 min to nick DNA fragments of greater than 15 
Kbp and ensure their efficient transfer. Gels were then rinsed in water and 
soaked in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 30 min. The 
gel was rinsed in water once again and soaked in neutralization solution 
(1.5.M NaCl, 0.5 M Tris, pH 7.2, 0.001 M EDTA) for 30 min. The gels were then 
soaked in 20 x SSC (3M NaCl, 0.3M sodium citrate) for 15 min. DNA was 
transferred to Hybond-N membrane (Amersham) by capillary action using 20 
x SSC.

W hatmann 3MM was soaked in 20 x SSC and placed on an inverted gel 
tray, with the ends forming a wick into a tray of 20 x SSC. The gel was placed 
on the soaked paper and the membrane placed on top, expelling all air 
bubbles. Three pieces of Whatmann 3MM wetted in 20 x SSC were placed on 
top w ith a stack of dry W hatmann 3MM and paper towels on top. A glass 
plate was placed at the top of the stack with a weight on top and was left for 16 
h.

Following transfer the blot was dism antled and the mem brane was 
rinsed in 6 X SSC to remove any pieces of agarose, and air-dried. The DNA 
was covalently bound to the membrane using a UV Stratalinker (120000 
p joules) (Stratagene) and the m em brane was sto red  at 4 °C  un til 
hybridization.

2.6.10.2. Colony Blots and Plaque Lifts
Plates were incubated at 4 °C for lh  before being blotted. Hybond-N 

(Amersham) nylon membrane was placed on the surface of the plate for 2 
min and the orientation was marked. The membrane was lifted off the plate 
and placed DNA-side up on top of 3 sheets of W hatmann 3MM paper soaked 
in denaturation  solution (1.5 M NaCl, 0.5 M NaOH). After 5 m in the 
mem brane was removed and placed on W hatmann 3MM paper which had
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been soaked in neutralization solution (1.5.M NaCl, 0.5 M Tris, pH 7.2, 0.001 
M EDTA). After 3 min the membrane was removed and placed for a further 3 
min on fresh 3MM which had been soaked in neutralization solution. The 
membrane was then air-dried and the DNA was covalently bound to the 
membrane using a UV Stratalinker (120000 pjoules) (Stratagene).

2.6.10.3. Oligonucleotide Probes
M em branes w ere incubated in filtered hyb rid iza tion  so lu tion  

containing 6 x SSC, 2 x Denhartdt's solution (0.02 % bovine serum  albumin 
(BSA) (Fraction V, sigma), 0.02 % Ficoll type 400, Pharm acia, 0.02 % 
polyviny lpyro lidone, PVP), 0.25 % SDS, and 100 m g /m l denatu red  
heterologous DNA, for at least 1 h at 30-55 °C  in a hybridization oven 
(Appligene).

The oligonucleotide probe was p repared  by end-labelling  the 
oligonucleotide. Equal molar amounts of oligonucleotide and [y-32P] dATP 
(3000 C i/m m ol, DuPont or Amersham) were mixed with 1 U /(il of T4 kinase 
(Gibco BRL) or polynucleotide kinase (Promega) in the appropriate reaction 
buffer (lx T4 kinase buffer: 50 mM Tris, 10 mM MgCl2, 0.1 mM EDTA, 5 mM 
DTT, 0.1 mM spermidine, pH 8.2). The reaction mix was incubated at 37 °C for 
30 min.

The probe was purified from unincorporated nucleotides by ethanol 
precipitation, or by spin column chromatography as follows. A small wad of 
glass wool was placed in a 1 ml syringe and pushed to the bottom with the 
plunger to form a tight plug. The syringe was filled w ith a suspension of 
Sephadex G-50 (Pharmacia) pre-swollen in TE buffer (10 mM Tris, 1 mM 
EDTA, pH  8) and centrifuged at 1,500 rpm for 3 min in a (MSE Mistral 3000), 
supported in a 10 ml conical disposable centrifuge tube. Sephadex was added 
until a bed volume of 0.8 ml was obtained. The column was then washed 
twice with 500 |il of TE by centrifugation. A 1.5 ml eppendorf tube was placed 
at the bottom of the column, the labelled probe was added to the top and the 
colum n centrifuged. The eluate was collected in the eppendorf tube and 
stored at -20 °C or added to the hybridization solution and membrane.

Hybridization was carried out at 30-55 °C overnight in a hybridization 
oven (Appligene). After hybridization the filters were washed twice with 2 x 
SSC, 0.1 % SDS, and twice with 1 x SSC, 0.5 % SDS for 30 min at 30-55 °C each
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time. The filters were w rapped in saran wrap or cling film and exposed to 
autoradiography film at -70 °C.

2.6.10.4. Double-Stranded DNA Probes (ECL)
Hybridization was carried out using the ECL direct nucleic acid labelling 

and detection system s (Amersham) according to the m anufacturer's 
instructions. The system enables the direct labelling of DNA with horseradish 
peroxidase, by cross-linking the enzyme to single-stranded DNA with 
glutaraldehyde. The detection system uses the reduction of hydrogen peroxide 
by horseradish peroxidase to oxidise luminol and produce blue light.

The hybridization buffer contained manufacturer's ECL gold buffer, 5 % 
m anufacturer's blocking agent and 0.5 M NaCl which was mixed and 
incubated at 42 °C for 1 h before use. The membrane was incubated in the 
hybridization buffer at 42 °C in a hybridization oven (Appligene) for at least 
30 min before addition of the probe.

The probe was produced using 300 ng of DNA. The DNA was diluted to 
10 n g /p l, denatured by boiling for 5 min and snap cooling on ice for 5 min. 
The denatured  DNA was mixed w ith one volume of the m anufacturer's 
labelling mix and one volume of glutaraldehyde and incubated at 37 °C for 10 
min. The labelled probe was then added to the hybridization solution and 
membrane. Hybridization was carried out at 42 °C for 4-16 h.

After hybridization the membrane was washed twice in 0.4 % SDS, 0.5 x 
SSC at 55 °C for 10 min and twice in 2 x SSC at 25 °C for 5 min. The detection 
reagents were then mixed and placed on the m em brane for 1 min. The 
membrane was blotted with paper towels to remove excess detection fluid, 
w rapped in saran wrap and exposed to film for 1 min-2 h.

2.6.11. Amplification of DNA

2.6.11.1. Oligonucleotide Primers
O ligonucleotide prim ers were synthesised by K. M aw ditt (I.A.H. 

Compton) and PNACL (University of Leicester) as a liquid sample. Primers 
were purified by ethanol precipitation and the concentration determined by 
measuring the OD26O (1 OD260= 30 pg /m l oligonucleotide primer). Additional 
primers were obtained from Genosys.
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2.6.11.2. Polymerase Chain Reaction
Polymerase chain reaction (PCR) was used to amplify sequences of 

DNA and was performed in sterile 0.5 ml eppendorf tubes in a Programmable 
Dri-Block, Techne. Reactions were performed in volumes of 25, 50 or 100 pi 
using 0.05 U /p l Taq DNA polymerase (Promega). Reactions contained 2.5 pM 
each primer, 200 pM each dATP, dCTP, dGTP, dTTP, 0.75-5 mM MgCl2, 1 x 
reaction buffer (50 mM KC1, 10 mM Tris, pH 9.0, 0.1 % Triton-x-100) and 20-100 
ng template DNA. The reaction mix was overlaid with mineral oil and cycled 
in the PCR machine. The DNA was amplified by 25-40 cycles, of denaturation 
at 94 °C  for 0.5 min, annealing of the primers to the DNA at 30-55 °C for 1 
min and elongation at 72 °C , allowing 1 min for every Kb of DNA to be 
amplified. The reactions were held at 72 °C for 10 min at the end of all the 
cycles to ensure complete elongation. If 40 cycles of amplification were carried 
out, a further 0.05 U /p l Taq were added at the 20th cycle.

2.6.11.3. Cloning PCR Products
Taq polym erase adds a single deoxyadenosine to the 3'-end of PCR 

products which can be used to clone the PCR product in to a vector with a 5' 
T-overhang.

Vector DNA was fully digested with a blunt cutting restriction enzyme 
(such as Sma I). The vector DNA was phenol extracted to rem ove the 
restriction enzyme and ethanol precipitated. The blunt cut vector DNA (20 
mg) was then incubated at 70 °C for 2 h with 0.75 mM MgCh, 2 mM dTTP, 1 x 
manufacturer's reaction buffer, 0.04 U /p l Taq DNA polymerase (Promega) in 
a 25 pi reaction, overlaid with mineral oil.

After incubation the vector was stored at -20 °C  before being used 
directly in ligation reactions.

2.6.12. Screening of cDNA Library
A X g t l l  5' stretch library of chicken lung cDNA was purchased from 

Clontech.
Five pi of the cDNA library was diluted in 1 ml of lam bda dilution 

buffer (0.1 M NaCl, 0.01 M MgS04, 0.035 M Tris, pH 7.5, 2 % gelatin). Fifty pi of 
the diluted library was mixed with 1 ml of E.coli Y1090 (OD600 0-7) for 10 min
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at 25 °C. The phage and bacteria were then shaken at 37 °C for 30 min, mixed 
with 15 ml of LB top agar and plated on 14 cm diameter LB plates (100 jig /m l 
ampicillin).

The plates were incubated at 37 °C overnight then blotted and probed. 
Plaques that were positive after hybridization were picked from the plate 
using a sterile Pasteur pipette, placed in 1 ml of lambda dilution buffer and 
stored at 4 °C until the next round of plating and hybridization

2.7. RNA Work

2.7.1. Isolation of Messenger RNA
Messenger RNA was purified from control and interferon treated cells 

using the Micro-Fast Track Kit (Invitrogen).
Cells were washed in PBS and pelleted in an eppendorf. The pellet (5 x 

106 cells) was resuspended in 1 ml of Micro-Fast Track Lysis buffer and the 
suspension passed through a 21 gauge needle. The suspension was incubated 
at 45 °C for 20 m in w ith shaking to digest proteins and RNAs. The eppendorf 
was spun to pellet any insoluble material and the supernatant was removed. 
The NaCl concentration was adjusted to 0.5 M by adding 63 pi of 5 M NaCl 
and the DNA was sheared by passing the solution through a 21 gauge needle 
several times.

An oligo (dT) cellulose tablet was added to each lysate, and allowed to 
swell for 2 min. The eppendorf was gently shaken to disperse the tablet and 
placed on a rocking platform  for 20 min. The oligo (dT) cellulose was then 
pelleted and the supernatant was removed. The oligo (dT) cellulose was 
w ashed several tim es in the m anufacturer's b inding  buffer, until the 
supernatant was clear and then resuspended in 0.3 ml of binding buffer.

The sample was placed in a spin column and centrifuged briefly. The 
column was washed with the m anufacturer's binding buffer three times and 
the non-polyadenylated RNA was removed by mixing the cellulose with the 
m anufacturer's low salt wash buffer and centrifugation. The colum n was 
placed in a sterile RNase-free eppendorf, 100 pi of the m anufacturer's elution 
buffer was mixed with the cellulose and the eppendorf was centrifuged briefly. 
The elution was repeated.
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The RNA was precipitated by adding 10 pi of glycogen at 2 m g/m l, 30 pi 
of 2 M NaOAc and 600 pi of ethanol and incubating at -70 °C until solid. The 
RNA was stored under ethanol at -70 °C . Before use, the RNA was 
centrifuged at high speed, washed in 70 % ethanol and resuspended in RNase- 
free water.

2.7.2. Analysis of RNA
2.7.2.1. Electrophoresis of RNA

A denaturing  form am ide gel (17 cm x 20 cm) was prepared  by 
dissolving 2 g of NA agarose in 124 ml of water and allowing it to cool. In a 
fume hood, 40 ml of 5 x running buffer (0.1 M MOPS pH 7, 40 mM NaOAc, 5 
mM EDTA pH 8), 36 ml of formaldehyde and 8 pi of ethidium  bromide (10 
m g/m l) were added to the agarose, mixed and poured over a 2 % supporting 
base gel. The gel was allowed to set for 1 h.

The RNA sample and the RNA ladder (Gibco BRL) were prepared by 
adding 2 pi of 5 x running buffer, 3.5 pi of formaldehyde and 10 pi of deionised 
formamide. The samples were heated to 56 °C for 15 min and cooled on ice. 
Two pi of ficoll loading dye (0.25 % bromophenol blue, 15 % ficoll in water) 
was added to the samples before they were loaded.

The gel was run  in 1 x running buffer and ethidium  brom ide for 10 
min at 120 V and then at 24 V for 16 h. The buffer was recirculated using a 
pump. Following electrophoresis the gel was examined by UV illumination.

2.7.2.2. Transfer of RNA to Nylon Membrane
After electrophoresis, a piece of nylon m em brane (H ybond-N , 

Amersham) slightly larger than the gel was soaked in running buffer (1.87 g/1 
N aH 2PC>4, 4.08 g/1 Na2HPC>4). Six pieces of 3MM paper were cut to the gel size 
and soaked in running buffer. Four were placed on the positive plate of the 
electroblot apparatus. The membrane was placed on top of the 3MM paper, 
w ith the gel on top of the membrane. The supporting base of the gel was 
removed and the gel covered with the other two pieces of 3MM. The gel 
assembly was clamped shut and placed in a tank of running buffer. The buffer 
was continuously  mixed w ith a m agnetic stirrer and run  at 200 mA 
overnight.

84



Chapter 2
Materials and Methods

After transfer the apparatus was taken apart and the nylon membrane 
removed. The wells were marked and the RNA covalently bound to the 
m em brane using a UV Stratalinker (120,000 pjoules, Stratagene). The size 
ladder was cut from the membrane and soaked in 0.04 % methylene blue in 3 
M NaOAc, pH 5.2 for 15 min then rinsed in water. The membrane was stored 
at 4 °C until it was probed.

2.7.23. Probing RNA Blots with DNA Probe
Hybridization solution was made up with 15 ml deionised formamide, 

6 ml 50 % dextran sulphate, 3 ml water, 1.74 g NaCl and 6 ml of filtered 5 x TP 
(1 % polyvinyl pyrrolidone PVP, 1 % bovine serum albumin BSA, 1 % ficoll, 
0.1 % sodium  pyrophosphate, 5 % SDS, 250 mM Tris, pH  7.5). The 
hybridization solution was preheated at 42 °C until the sodium chloride had 
dissolved. The membrane was placed in a hybridization bottle and 5-10 ml of 
hybridization solution was added. The bottle was placed in a rotating 
hybridization oven at 35 °C for 3 h.

2.7.2.4. Production of a DNA Probe
The R ediprim e DNA labelling system (Amersham) was used to 

produce the probe. This system uses random nonamer primers and klenow to 
label the DNA.

The DNA fragment was diluted to 25 ng in 45 pi of water. The DNA 
was denatured by boiling for 5 min and briefly centrifuged. The denatured 
DNA was added to the m anufacturer's labelling mix and flicked gently to 
reconstitute the labelling mix. The tube was centrifuged, 5 pi of 32P dCTP (3000 
C i/m m ol, DuPont or Amersham) was added and mixed by pipetting. The mix 
was incubated at 37 °C for 10 min then 5 pi of 0.5 M EDTA was added to stop 
the reaction.

2.7.2.5. Purification of a DNA Probe
The probe was purified from unincorporated nucleotides using a G100 

Sephadex (Pharmacia) column. The column was set up as in 2.6.10.4 but using 
a draw n out Pastuer pipette. The probe was applied to the top of the column 
which was then washed through 15-20 times with 200 pi of TE pH 8. The
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washes were allowed to flow through under gravity and the fractions were 
collected in eppendorfs.

To check the efficiency of the labelling reaction, 3 pi of each fraction was 
placed in a scintillation vial with 5 ml of scintillation fluid and counted in a 
scintillation counter (Minamaxi 4000, United Technologies).

2.7.2.6. Hybridization and Washes
The probe was heat denatured at 100 °C for 5 min, and mixed with 166 

pi of 5 x TP and 416 pi of deionized formamide per 5 ml of hybridization 
solution. The probe was added to the membrane in the bottle and incubated at 
35 °C overnight.

The membrane was washed in 2 x SSC, 1 % SDS at 35 °C  for 10 min. 
The washes were carried out three times before the membrane was wrapped 
in saran and exposed to film.
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3. EVIDENCE FOR INHIBITION OF INTERFERON ACTION BY FOWLPOX
VIRUS

Vaccinia virus (VV) is resistant to interferon and is able to rescue 
interferon sensitive viruses such as vesicular stomatis virus (VSV), from the 
effects of interferon. Although it has been reported that FPV is resistant to 
chicken IFN in CEF, it is not known whether FPV has the same mechanisms 
for IFN resistance as VV. Interferon assays were set up to confirm that FPV is 
resistant to IFN. SFV rescue experiments were performed in order to further 
characterise the interferon phenotype of FPV.

3.1. Interferon Assays
3.1.1 Interferon Assays

Interferon assays (Clemens et al., 1985) are based on the ability of 
interferon to inhibit the replication of a virus. Briefly, cells are treated with 
interferon and then infected with a virus. If the virus is sensitive to the 
amount of interferon the cells have been treated with, then no virus CPE will 
be visible. If, however, the virus is resistant to the am ount of interferon the 
cells have been treated with, then CPE will be visible.

Interferon assays were set up in prim ary CEF, using chicken IFN. An 
interferon sensitive virus, Semliki Forest virus (SFV) was used as a positive 
control for interferon sensitivity. VV was used as a negative control for 
interferon sensitivity as it is IFN-resistant in mammalian cells. However, the 
IFN phenotype of VV has not been determined for avian cells and avian IFN. 
It was expected that FPV would be resistant to IFN, as has previously been 
reported (Asch & Gifford, 1970).

Three different stains were used to ensure that the stains did not affect 
the results and to ensure that the results were clear. Gentian violet and amido 
black colour all the cells present, whereas neutral red is only taken up by 
living cells.

The assays shown here were assessed by eye. It is possible to assess IFN 
assays by spectrophotometry at 550 nm using amido black dye extracted from 
the cell monolayers (Clemens et al., 1985). Spectrophotometry was not used 
for the final experiments as trials with this method did not produce repeatable 
results, possibly due to problems with stain extraction.

One unit of interferon is defined as the am ount of interferon which 
results in a 50 % CPE (or a 50 % reduction in plaque num bers) w ith an
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interferon sensitive virus (usually VSV). VSV was not used in these 
experiments as it can infect man, resulting in influenza-like symptoms, and 
the M inistry of A griculture Food and Fisheries (MAFF) have placed 
restriction on its use in this country. SFV, however, is thought to be non- 
pathogenic in m an and its use is not restricted by MAFF (Singleton & 
Sainsbury, 1987).

3.1.2. Results of Interferon Assays
The 50 % CPE for SFV was obtained with chicken IFN at lU /m l, Fig. 

3.1a. The 50 % CPE was expected to occur at 1 U /m l of chicken IFN as one unit 
of interferon is defined as the amount of interferon which results in a 50 % 
CPE with an interferon sensitive virus.

The different stains do not appear to have any effect on the result but 
CPE is shown most clearly by gentian violet staining, Fig. 3.1a.

The 50 % CPE for W  was obtained with chicken IFN at between 4 and 8 
U /m l, Fig. 3.1b. Some CPE was evident at 8 U /m l of IFN. Thus VV is 
relatively resistant to chicken IFN in CEF. The VV infected cell sheets appear 
to stain darker than non-infected cell sheets, Fig. 3.1b, indicating that the 
infected cell sheets may be thicker than non-infected cell sheets. This could be 
due to the effects of the VV epidermal growth factor.

FPV induces CPE with 8 U /m l of chicken IFN (Fig. 3.1c). Thus FPV is 
resistant to more than 8 U /m l of chicken IFN. FPV is more resistant to 
chicken IFN than is VV and much more resistant to chicken IFN than is SFV. 
Higher concentrations of chicken IFN were not tested, because the partially 
purified IFN used in this experiment did not allow this to be done easily.

The results of the IFN assays show that:
• SFV is sensitive to chicken IFN in CEF
• VV is more resistant to chicken IFN in CEF than SFV
• VV is less resistant to chicken IFN in CEF than FPV.
• FPV is resistant to more than 8 U /m l of chicken IFN in CEF.
FPV resistance to the effects of chicken IFN may be due to trans-acting factors 
such as those known to be active in VV.

Some of the FPV infected cell sheets seen in Fig. 3.1c appear to be lifting 
away from the plastic. The uninfected cell sheets appear to be firmly fixed to 
the plastic so the age of the cells and the staining process were not considered 
to be factors in the cell lifting. To check that the cell lifting was due to virus
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Fig. 3.1a. Resistance of Semliki Forest Virus to Chicken Interferon

Neutral Red

Amido Black

Gentian Violet

Control Cells

Fig. 3.1a. Resistance of Semliki Forest Virus to Chicken Interferon
CEF monolayers were treated for 16 h at 37 °C, 5 % CO2 with chicken IFN (standard) 

diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected with 1 x 10^ 
p fu /w ell semliki forest virus (SFV). The plates were incubated at 37 °C, 5 % CO2 . for 2 days. 
The cells were then stained with either neutral red, amido black or gentian violet.

Fig. 3.1b. Resistance of Vaccinia Virus to Chicken Interferon

Chicken Interferon Standard Concentration  
(U /m l)

Control

Neutral Red

Amido Black

Gentian Violet

Control Cells

Fig. 3.1b. Resistance of Vaccinia Virus to Chicken Interferon
CEF monolayers were treated for 16 h at 37 °C, 5 % CO2  with chicken IFN (standard) 

diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected with 2 x 10^ 
p fu/w ell vaccinia virus (VV). The plates were incubated at 37 °C, 5 % CO2  for 2 days. The cells 
were then stained with either neutral red, amido black or gentian violet.

Chicken Interferon Standard Concentration  
____________ (U /m l)_______________________Cell

Control
0.032
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Fig. 3.1c. Resistance of Fowlpox Virus to Chicken Interferon

Neutral Red

Amido Black

Gentian Violet

Control Cells

Fig. 3.1c. Resistance of Fowlpox Virus to Chicken Interferon
CEF monolayers were treated for 16 h at 37 °C, 5 % CO2 with chicken IFN (standard) 

diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected with 1 x 10^ 
pfu/w ell fowlpox virus (FPV). The plates were incubated at 37 °C, 5 % CO2 for 3 days. The cells 
were then stained with either neutral red, amido black or gentian violet.

(U /m l)

0.032

Chicken Interferon Standard Concentration

Control
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CPE (and not any contamination), IFN assays were carried out with FPV and 
VV and incubated for longer periods of time before staining, Figs. 3.2 and 3.3.

An IFN assay using FPV, which was stained 3 days post-infection, is 
shown in Fig. 3.2a. Two of the infected cell sheets have completely lifted away 
from the plastic and one infected cell sheet has partially lifted away. All 
remaining infected cell sheets show CPE.

An IFN assay using FPV, which was stained 4 days post-infection is 
shown in Fig. 3.2b. All the infected cell sheets have completely lifted away 
from the plastic and have been washed away during the staining process, 
although uninfected cell sheets appear intact.

An IFN assay using VV which was stained 2 days post-infection is 
shown in Fig. 3.3a. The cell sheets appear intact when VV infected but CPE is 
evident in all wells, particularly wells treated with less than 4 U /m l of IFN.

An IFN assay using VV which was stained 3 days post-infection is 
shown in Fig. 3.3b. The uninfected cell sheets appear to be intact and firmly 
fixed to the plastic, but some infected cell sheets have almost completely lifted 
from the plastic. Lifting of the cell sheets appears to occur in those wells 
which dem onstrated the greatest CPE w hen stained at earlier times in 
infection, Fig. 3.3a.

The data show n in Figs. 3.2 and 3.3 indicate that the lifting of FPV 
infected cell sheets seen in Fig. 3.1 is a direct result of FPV infection, and 
correlates w ith CPE. Uninfected wells do not exhibit cell-lifting, and cell- 
lifting in infected wells is more pronounced at later times post-infection. Both 
poxviruses have an effect on the cell m onolayers, which results in the 
infected cell sheet losing its ability to adhere to the plastic. This could be due 
to shut-down of host protein synthesis caused by the poxviruses, preventing 
the production of proteins involved in cell adhesion. It has also been 
suggested that VV IEV induce the formation of actin tails, similar to those 
seen w ith bacterial intracellular pathogens (Cudmore et a l ,  1995). The actin 
tails induced by IEV are thought to be the means of cell to cell transfer of this 
form of VV. Thus poxvirus infection may interfere w ith the natural 
distribution of cytoskeletal proteins and so interfere with cell adhesion.

92



Chapter 3
Evidence For Inhibition of Interferon Action by Fowlpox Virus

Fig. 3.2a. Interferon Assay with a Three Day Fowlpox Virus Infection

Chicken Interferon Standard Concentration U /m l
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Fowlpox Virus 

Fowlpox Virus

Cell Control

Fig. 3.2a. Interferon Assay with a Three Day Fowlpox Virus Infection
Triplicate wells of CEF monolayers were treated for 16 h at 37 °C/ 5 % CO2 with chicken 

IFN (standard) diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected 
with 1 x 107 p fu /w ell fowlpox virus (FPV). The plates were incubated at 37 °C, 5 % CO2 for 3 
days. The cells were then stained with gentian violet.

Fig. 3.2b. Interferon Assay with a Four Day Fowlpox Virus Infection

Chicken Interferon Standard Concentration U /m l

Fowlpox Virus

Fowlpox Virus

Fowlpox Virus

Cell Control

Fig. 3.2b. Interferon Assay with a Four Day Fowlpox Virus Infection
Triplicate wells of CEF monolayers were treated for 16h at 37 °C, 5 % CO2 with chicken 

IFN (standard) diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected 
with 1 x 10^ pfu/w ell fowlpox virus (FPV). The plates were incubated at 37 °C, 5 % CO2 for 4 
days. The cells were then stained with gentian violet.

0.063
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Fig. 3.3a. Interferon Assay with a Two Day Vaccinia Virus Infection

Chicken Interferon Standard Concentration U /m l

Vaccinia Virus

Vaccinia Virus 

Vaccinia Virus

Cell Control

Fig. 3.3a. Interferon Assay with a Two Day Vaccinia Virus Infection
CEF monolayers were treated for 16 h at 37 °C, 5 % CO2  with chicken IFN (standard) 

diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected with 2 x 103 
pfu/w ell vaccinia virus (W ). The plates were incubated at 37 °C, 5 % CO2  for 2 days. The cells 
were then stained with gentian violet.

Fig. 3.3b. Interferon Assay with a Three Day Vaccinia Virus Infection

Cell

Chicken Interferon Standard Concentration U /m l

0.5 0.25 0.125 0.063 0.032 0.016
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Fig. 3.3b. Interferon Assay with a Three Day Vaccinia Virus Infection
CEF monolayers were treated for 16 h at 37 °C, 5 % CO2  with chicken IFN (standard) 

diluted in DMEM, 0.5 % FCS. The IFN was removed and cells were infected with 2 x 103 
pfu/w ell vaccinia virus (W ). The plates were incubated at 37 °C, 5 % CO2  for 3 days. The cells 
were then stained with gentian violet.
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3.2. Rescue of Semliki Forest Virus from the Effects of Interferon by Fowlpox 
V irus

3.2.1 Introduction to SFV Rescue Experiments
In 1983, Whitaker-Dowling and Youngner used VV to rescue VSV from 

the effects of IFN in mouse L cells. They found that VSV RNA synthesis was 
not affected by coinfection with VV, but coinfection with VV increased VSV 
protein synthesis in IFN-treated cells and inhibited PKR. In a later experiment 
w ith encephalom yocarditis virus, EMC, (W hitaker-Dowling & Youngner, 
1986) it was found that coinfection with VV increased the yield of EMC 1000 
fold, and increased EMC RNA and protein synthesis. The rescue did not 
involve a block in the 2'-5'A synthetase pathw ay but correlated with VV 
inhibition of PKR.

A similar experiment was set up to determine whether FPV is able to 
rescue SFV from the effects of interferon, and thus show w hether FPV 
contains factors that are able to overcome IFN inhibition of SFV. SFV was 
used as the interferon sensitive virus. It has been shown, in Fig. 3.1a, that SFV 
is sensitive to chicken interferon in CEF.

The experiment was carried out in duplicate, on two different days and 
virus was harvested at 16 hours and 22 hours post SFV infection. Plates with 
under 10 plaques were not considered to be statistically significant. Some of the 
data from day 1 was derived from plates with under 10 plaques and so has not 
been shown here. The data from day 1 matches the trends of the data from day 2, 
which is shown in Figs. 3.4. The change in SFV titre caused by IFN treatment or 
prior infection of the cells with FPV is shown as ratio in Tables 3.1 and 3.2.
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Fig. 3.4a. Graph to Show Rescue of
SFV at 16 Hours Post-Infection

Fig. 3.4b. Graph to Show Rescue of
SFV at 22 Hours Post-Infection
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Figs. 3.4. FPV Rescue of SFV from the Effects of IFN.
The method used was essentially that of Whittaker-Dowling and Younger, 1983 . Dishes of primary CEFs were treated with serum-free 1 x MEM 
with or without 4 lU /m l of IFN. The cells were incubated 37°C, 5% C 0 2 for 16 h. The appropriate dishes were infected with FPV (FP9) at 2 x 
107 p fu /d ish  (moi of 10) in serum-free 1 x MEM. After 1 h the inoculum was removed and replaced with 3 ml of serum-free 1 x MEM and 
incubation was carried out for a further 3 h. The appropriate dishes were then infected with SFV at 2 x 107 pfu /d ish  (moi of 10) in serum-free 1 x 
MEM. After 1 h the inoculum was removed and replaced with 3 ml of serum-free 1 x MEM and incubation was carried out for 16 h. The 
supernatants and cells were removed from the dishes and freeze-thawed (-70 °C, 37°C) three times to release the virus. The virus was titred in 
quadruplicate, the mean calculated and plotted on the graph. The error bars above the mean show log m ean+standard deviation - log mean. 
Where error bars are not shown, the error is too small to be seen on the graph.
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3.2.2. Results of SFV Rescue Experiment

Table 3.1. The Effect of IFN and FPV on SFV Replication after 16 h

Cells Treated Ratio

FPV-IFN/FPV+IFN 0.7

SFV-IFN/SFV+IFN 114

SFV+FPV-IFN/

SFV+FPV+IFN

9.6

SFV+FPV+IFN/

SFV+IFN

62

SFV+FPV-IFN/

SFV-IFN

5.2

SFV-IFN/

SFV+FPV+IFN

1.8

Table 3.2. The Effect of IFN and FPV on SFV Replication after 22 h

Cells Treated Ratio

FPV-IFN/FPV+IFN 1

SFV-IFN/SFV+IFN 150

SFV+FPV-IFN/

SFV+FPV+IFN

18.6

SFV+FPV+IFN/

SFV+IFN

50

SFV+FPV-IFN/

SFV-IFN

6.2

SFV-IFN/

SFV+FPV+IFN

3

There is very little difference in the titres of FPV obtained from IFN- 
treated and non-treated cells (FPV-IFN/FPV+IFN), a result which confirms 
the data from the IFN assay (Fig. 3.1c), demonstrating that FPV is resistant to 
the effects of chicken IFN in CEF. The slight difference between titres of FPV 
from IFN-treated and non-treated cells (Fig. 3.4a and Table 3.1) appears to be 
an anomalous result, as the titre of FPV from non IFN-treated cells is lower 
than that from treated cells. The result may arise from pipetting inaccuracies 
and plaque counting errors.
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The titre of SFV from non IFN-treated cells (SFV-IFN) is more than 100 
fold higher than the titre of SFV from IFN-treated cells (SFV+IFN), as shown 
in Figs. 3.4 and Tables 1 and 2. These data confirm that SFV is sensitive to 
chicken IFN in CEF.

FPV infection  of IFN -treated cells, p rio r to SFV infection, 
(SFV+FPV+IFN) (Figs. 3.4), resulted in an SFV titre:
• Only 10-20 fold lower than the titre of SFV from non IFN-treated FPV- 

infected cells (SFV+FPV-IFN).
• More than 50 fold higher than the SFV titre from SFV infected IFN-treated 

cells (SFV+IFN).
• Only 2-3 fold lower than the titre of SFV from SFV infected non IFN 

treated cells (SFV-IFN).
Prior infection of IFN-treated cells with FPV, partially removed the 

block to SFV replication caused by IFN treatm ent of the cells. FPV has the 
same effect on IFN inhibition of SFV replication as VV has on IFN inhibition 
of EMC and VSV replication. Thus FPV may have mechanisms similar to 
those of VV to overcome the effects of IFN. Experiments were not carried out 
to determine whether FPV rescue of SFV is due to increased RNA synthesis 
or increased protein synthesis or both. However the results from VV rescue of 
EMC and VSV indicate that FPV rescue of SFV may be due to inhibition of 
PKR an d /o r the 2'-5'A pathway.

When cells which had not been IFN-treated were infected w ith FPV 
prior to SFV infection (SFV+FPV-IFN), the resulting SFV titre (Figs. 3.4) was:
• 5-6 fold higher than the SFV titre from non-IFN treated cells which were 

SFV infected (SFV-IFN)
Coinfection w ith FPV appears to enable SFV to grow to higher levels 

than in the absence of FPV. This may be because SFV infection of a cell 
activates PKR as EMC does (Rice et a l ,  1985), and PKR is inhibited by FPV 
infection, or alternatively may be due to a FPV homologue of VV growth 
factor.

When plates were infected with both FPV and SFV, only the SFV titre 
was determ ined and no chemical blocking agents of FPV replication were 
used. This was possible because SFV plaques are easily visible on CEF after 
only a 2 day incubation whereas FPV plaques require at least a 4 day
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Fig. 3.5a. FPV Plaques Four Days Post-Infection

Fig. 3.5a. FPV Plaques Four Days Post-Infection
Confluent primary CEF were infected with 0.5 ml of FPV diluted in MEM without serum, 

and incubated for 1 hour at 37 °C, 5 % CO2 . The inoculum was removed and the cells were 
overlaid with a prewarmed solution of 1 % LGT agarose in 1 x MEM. The cells were incubated at 
37 °C, 5 % CO2  for 4 days before the overlay was removed and the cells fixed and stained with 
gentian violet.

Two Days Post-Infection

Fig. 3.5b. SFV Plaques Two Days Post-Infection

Fig. 3.5b. SFV Plaques
Confluent primary CEF were infected with 0.5 ml of SFV diluted in MEM without serum, 

and incubated for 1 hour at 37 °C, 5 % CO2 . The inoculum was removed and the cells were 
overlaid with a prewarmed solution of 1 % LGT agarose in 1 x MEM. The cells were incubated at 
37 °C, 5 % CO2 f°r 2 days before the overlay was removed and the cells fixed and stained with 
gentian violet.
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incubation to be visible. The plaque morphology of the two viruses are also 
very different and are shown in Figs. 3.5. SFV infection produces large clear, 
irregularly edged plaques as a result of cell lysis, whereas FPV produces 
smaller plaques which look like cell dense areas rather than cell clear areas.

The cell dense FPV plaques may be caused by activation of the cells by a 
protein similar to VVEGF. Even if FPV and SFV did not require different 
incubation times, it would be easy to differentiate between the plaques of each 
virus.

There are areas of cell density in the centre of all the dishes, which could 
be due to aggregation of the cells when they are first seeded. The clear lines at 
the top of the dishes are due to damage to the cell sheet occurring when the 
agarose overlay was removed.

3.3. Rescue of Semliki Forest Virus from the Effects of Interferon by Vaccinia 
Viruses with Deletion Mutations in E3L and K3L

3.3.1 Introduction
VV expresses two proteins, E3L and K3L that are thought to be involved 

in the inhibition of PKR by VV (see 1.6.2.). Vaccinia viruses with deletion 
m utations of E3L and K3L, (vP1080 and vP872), were obtained from Dr. 
Tartaglia of Virogenetics Inc. (Beattie et al., 1995a, Beattie et al., 1995b). SFV 
rescue experiments were carried out in CEF with chicken IFN and the mutant 
vaccinia viruses to determine if one or both of these genes are involved in 
VV rescue of RNA viruses, and also to provide an indication of whether FPV 
homologues of these genes are required for the rescue of SFV by FPV. The 
change in virus titre caused by IFN treatm ent or coinfection with a VV is 
shown as ratio in Tables 3.4, 3.5 and 3.6.

No chemical blocking agent was used to inhibit late expression of the 
vaccinia viruses as the plaque morphology of SFV and the vaccinia viruses is 
clearly different, as can be seen in Fig. 3.6. However passing the samples 
through a 0.2 pm was found to reduce the titre of VV by 100 fold, as the virus 
is 200 x 170 nm, whilst reducing the titre of SFV, which is 50-70 nm in 
diameter by 2 fold, as seen in Table 3.3. Thus filtration would be suitable if the 
viruses had a similar plaque morphology.
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Fig. 3.6. Plaque Morphology of Vaccinia Virus E3L and K3L Mutant 
Viruses and Semliki Forest Virus

C D

Fig. 3.6. Plaque Morphology of Vaccinia Virus E3L and K3L Mutant Viruses and Semliki Forest 
Virus.

Confluent primary CEF were infected with 0.5 ml virus diluted in MEM without serum, and 
incubated for 1 hour at 37 °C, 5 % CO2 . The inoculum was removedand the cells were overlaid with 
a prewarmed solution of 1 % LGT agarose in 1 x MEM. The cells were incubated at 37°C, 5 % CO2 for 
2 days before the overlay was removed and the cells fixed and stained with gentian violet.

A W E 3L -m utant B SFV
C W  K3L- mutant D No virus
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Table 3.3. The Effect of Filtration on Virus Titre
Sample - 0.2 (im Filtration + 0.2 pm Filtration

K3L" + IFN 1.8 xlO6 4.5 x 103
K3L- - IFN 1.0 x 107 1.1 x 104
SFV + IFN 1.9 x 105 4.5 x 103
SFV - IFN 6.6 x 106 4.5 x 106

K3L- +SFV + IFN 3.2 x 106 3.0 x 106
K3L- +SFV - IFN 2.4 x 107 1.5 xlO 7

3.3.2. Ability of Vaccinia Viruses with Deletion Mutations in E3L and K3L 
to Rescue SFV from the Effects of IFN

Table 3.4. The Effect of IFN and VV on SFV Replication

Cells Treated Ratio

VV-IFN/VV+IFN 1.77

SFV-IFN/SFV+IFN 33.6

SFV+VV-IFN/ 29
SFV+VV+IFN

SFV+VV+IFN/ 18
SFV+IFN

SFV+VV-IFN/ 15.8
SFV-IFN

SFV-IFN/ 1.8
SFV+VV+IFN

VV (WR) replication is reduced 1.7 fold in IFN-treated cells, (Fig. 3.7a, 
Table 3.3.4). SFV replication is 33 fold reduced in IFN-treated cells.
Coinfection of wt VV and SFV in IFN-treated cells (SFV+VV+IFN) resulted 
in an SFV titre:
• 29 fold lower than the titre of SFV from non-IFN treated, VV-infected cells 

(SFV+VV-IFN).
• 18 fold higher than the SFV titre from SFV infected, IFN-treated cells 

(SFV+IFN).
• Only 1.8 fold lower than the titre of SFV from SFV infected, non IFN 

treated cells (SFV-IFN).
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The results demonstrate that VV is capable of rescuing SFV replication from 
the effects of IFN in CEF.

When cells which had not been IFN-treated were infected with VV 
prior to SFV infection (SFV+VV-IFN), the resulting SFV titre (Figs. 3.4) was:
• 15 fold higher than the SFV titre from non-IFN treated cells which were

SFV infected (SFV-IFN).
Coinfection with wt VV also appears to enable SFV to grow to higher 

levels than in the absence of VV. This may be because SFV infection of a cell 
activates PKR as EMC does (Rice et al., 1985), which is inhibited by VV 
infection, or may be due to VV growth factor or some other mechanism.

Table 3.5. The Effect of IFN and a VV E3L~ M utant on SFV Replication

Cells Treated Ratio

E3L--IFN/E3L-+IFN 1.9

SFV-IFN/SFV+IFN 33.6

SFV+E3L--IFN/

SFV+E3L-+IFN

7.4

SFV+E3L-+IFN/

SFV+IFN

22

SFV+E3L--IFN/

SFV-IFN

4.8

SFV-IFN/

SFV+E3L-+IFN

1.5

Replication of the E3L- mutant of VV is reduced 1.9 fold in IFN-treated 
cells, Fig. 3.7b, Table 3.5. SFV replication is 33 fold reduced in IFN-treated cells. 
Coinfection of the E3L- m utant of VV and SFV in IFN-treated cells (SFV+E3L" 
+IFN) resulted in an SFV titre:
• 7.4 fold lower than the titre of SFV from non-IFN treated, VV-infected 

cells (SFV+E3L--IFN).
• 22 fold higher than the SFV titre from SFV infected, IFN-treated cells 

(SFV+IFN).
• Only 1.5 fold lower than the titre of SFV from SFV infected, non IFN 

treated cells (SFV-IFN).
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Fig. 3.7a. Graph to Show Rescue of
SFV by Wild Type VV
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Fig. 3.7b. Graph to Show Rescue of
SFV by VV E3L Mutant
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Fig. 3.7c. Graph to Show Rescue of
SFV by W  K3L Mutant
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Figs. 3.7. VV Rescue of SFV
T h e  m e th o d  u se d  w a s  es sen tia l ly  th a t  of VV hittaker-Dowling a n d  Y o unger ,  1983. D ishes  of p r im a ry  CEFs w e re  t r e a te d  w i th  1 x 
MEM , 0.5% FCS w ith  o r  w i th o u t  2.8 I l J /m l  of IFN. T h e  cells w ere  in c u b a te d  37°C, 5% C 0 2 for 24 h. T he  a p p r o p r ia t e  d ish e s  w e re  
infec ted  w ith  VV (WR stra in)  at 2 xlO7 p f u / d i s h  (moi of 5), VV E3L at  3.3 x 107 p f u / d i s h  (moi of 10), o r  VV K3L at 4.2 x 107 
p f u / d ish  (moi of 12) in 1 x M EM , 0.5% FCS. A fter  1 h the inocu lum  w as  re m o v e d  and  rep laced  w ith  SFV at 3.4 x 107 p f u / d i s h  (moi 
of 10), 1 x MEM , 0.5%FCS. A fter  1 h the  in o c u lu m  w as  rem o v e d  a n d  rep laced  w ith  3 ml of 1 x MEM, 0.5% FCS a n d  incuba t ion  w as  
carried  o u t  for 16 h. T h e  s u p e rn a ta n t s  a n d  cells w ere  rem o v e d  from  the  d ish e s  a n d  freeze- thaw ed  (-70°C, 37°C) th ree  tim es  to release 
the  v irus .  T h e  v i ru s  w a s  t i t red  in trip licate ,  the  m e an  ca lcu la ted  a n d  p lo t ted  on the  g rap h .  T he  e r ro r  bars ab o v e  the  m e an  sh o w  log 
m e a n + s ta n d a r d  d ev ia t io n  - log m ean .  W h e re  e r ro r  bars  a re  not show n , the  e r ro r  is too sm all to be seen on  the  g raph .

86



Chapter 3
Evidence For Inhibition of Interferon Action by Fowlpox Virus

The results dem onstrate that the E3L“ m utant of VV is capable of 
rescuing SFV replication from the effects of IFN in CEF. Coinfection of the 
E3L- mutant of VV and SFV in IFN-treated cells resulted in a 22 fold rescue of 
SFV, instead of the 18 fold rescue which was seen with wt VV.

When cells which had not been IFN-treated were infected with the E3L' 
m utant of VV prior to SFV infection (SFV+E3L~-IFN), the resulting SFV titre 
(Figs. 3.4) was:
• 4.8 fold higher than the SFV titre from non-IFN treated cells which were 

SFV infected (SFV-IFN)
Coinfection of the E3L- m utant of VV and SFV in non IFN-treated cells 
resulted in an SFV titre only 5 times higher than that of SFV in non-treated 
cells alone, instead of the 15 fold difference which was seen with w t VV 
coinfection.

The results demonstrate that the VV E3L" m utant is not inhibited by 
chicken IFN in CEF, and appears to be capable of rescuing SFV to similar 
levels as those obtained in the absence of IFN. However, the extra growth of 
SFV conferred by coinfection with FPV and w t VV is not seen with the VV 
E3L" m utant. This result brings into question the ability to separate SFV 
replication stimulated by inhibition of IFN effector pathways from that of any 
other VV trans-acting factor which stim ulates cell grow th a n d /o r  virus 
replication.

Table 3.6. The Effect of IFN and a VV K3L' M utant on SFV Replication

Cells Treated Ratio

K3L--IFN/K3L-+IFN 5.5

SFV-IFN/SFV+IFN 33

SFV+K3L--IFN/

SFV+K3L-+IFN

7.7

SFV+K3L-+IFN/

SFV+IFN

6.8

SFV+K3L--IFN/

SFV-IFN

1.5

SFV-IFN/

SFV+K3L-+IFN

4.9
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Replication of the K3L- m utant of VV is reduced 5.5 fold in IFN-treated cells, 
(Fig. 3.7c, Table 3.6). SFV replication is 33 fold reduced in IFN-treated cells. 
Coinfection of the K3L- m utant of VV and SFV in IFN-treated cells 
(SFV+K3L"+IFN) resulted in an SFV titre:
• 7.7 fold lower than the titre of SFV from non-IFN treated, K3L"-infected 

cells (SFV+K3L--IFN).
• 6.8 fold higher than the SFV titre from SFV infected, IFN-treated cells 

(SFV+IFN).
• 4.9 fold lower than the titre of SFV from SFV infected, non IFN treated 

cells (SFV-IFN).
The results show that the ability of the K3L- m utant of VV to rescue SFV 
replication from the effects of IFN, is significantly lower (at 6.8 fold rescue) 
than the ability of w t VV (at 18 fold rescue) and the E3L" m utant (at 22 fold 
rescue) to rescue SFV replication from the effects of IFN.

W hen cells which had not been IFN-treated were infected with the K3L- 
m utant of VV prior to SFV infection (SFV+K3L"-IFN), the resulting SFV titre 
(Figs. 3.4) was:
• 1.5 fold higher than the SFV titre from non-IFN treated cells which were 

SFV infected (SFV-IFN).
Coinfection of the K3L- mutant of VV and SFV in non IFN-treated cells, 

resulted in an SFV titre only 1.5 times higher than that of SFV in non-treated 
cells alone, instead of 15 times higher as was seen with w t VV and 5 times 
higher which was seen with the E3L” m utant of VV.

The data imply that although VV E3L may play a part in the rescue of 
SFV from the effects of IFN in mammalian cells, K3L appears to play a greater 
part in the VV m ediated rescue of SFV from the effects of IFN in CEF. It has 
been reported that the VV E3L“ m utant is sensitive to mammalian IFN in 
L929 cells and debilitated in its ability to rescue VSV from the effects of IFN in 
L929 cells (Beattie et al., 1995a). As the same m utant virus was used in the 
experiment shown here and those of Beattie et al, the difference in the results 
may be due to differences in the cells and IFN used.

3.4. Assessment of FPV Mutant Phenotype by SFV Rescue
SFV rescue experim ents were perform ed w ith  FPV m utan ts to 

determine w hether the mutations could affect the ability of FPV to rescue 
SFV. The FPV mutants used in these experiments had deletions in genes
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Fig. 3.8a. Rescue of SFV by FPV Fig. 3.8b. Rescue of SFV by FP-ank2 
Mutant

Fig. 3.8c. Rescue of SFV by FP-ank3 
Mutant
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Figs. 3.8. A n k  M u ta n t  Rescue of SFV
T h e  m e th o d  u se d  w a s  essen t ia l ly  tha t  o f  VV hittaker-Dowling a n d  Y ounger ,  1983. D ishes  of p r im a ry  CEFs w e re  t rea ted  w ith  1 x 
M EM , 0.5% FCS w ith  or  w i th o u t  2.5 I U / m l  of IFN. T h e  cells w ere  inc u b a te d  37°C, 5% C 0 2 for 24 h. T h e  a p p r o p r ia te  d ish e s  w ere  
infected  w ith  FPV at 1 xlO7 p f u / d i s h  (m oi of 5), FPV-ank2 at 1 x 107 p f u / d i s h  (moi of  5), o r  FPV-ank3 at 1 x 107 p f u / d i s h  (moi 
of 5) in 1 x MEM, 0.5% FCS. A fte r  1 h the  in o c u lu m  w as  r em o v e d  a n d  rep laced  w ith  SFV at 2 x 107 p f u / d ish  (moi of 10), 1 x MEM, 
0 .5% FCS. After  1 h the  in o c u lu m  w as  r em o v e d  an d  rep laced  w ith  3 ml of 1 x MEM, 0.5% FCS an d  incubation  w as  ca rr ied  o u t  for 16 
h. T h e  s u p e rn a ta n t s  a n d  cells w ere  r e m o v e d  from  the d ish e s  an d  f re e z e - th a w e d  (-70°C, 37°C) th ree  tim es  to release the  v irus. T he  
v iru s  w a s  titred in tr iplicate, the  m e an  ca lcu la ted  an d  p lo tted  on the  g rap h .  T he e r ro r  bars ab o v e  th e  m ean  sh o w  log m e a n + s ta n d a rd  
d e v ia t io n  - log m ean .  W here  e r ro r  bars  a re  not sh o w n ,  the e r ro r  is too sm all to be seen on  the g rap h .
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encoding FP-ank2 and FP-ank3 (kindly provided by Dr. W Thomas and S. 
Laidlaw). These proteins contain several copies of the 33 amino acid ankyrin 
repeat sequence, characterized by the motif TPLH. The FP-ank proteins have 
homology to other known ankyrin repeat proteins. For example, FP-ank2 has 
28 % homology over 263 amino acids with hum an ankyrin brain variant 1 
(Q01484) and also has homology with RNase L (Q 00653) of 28 % identity over 
123 amino acids. FP-ank3 has homology with the B-cell lymphoma 3-encoded 
protein, BCL-3 (P20749) of 25 % identity over 169 amino acids. Functions of 
the FP-ank proteins have not yet been elucidated, although FP-ank2 co- 
im m unoprecipitates a host protein of 50 Kd. It was thought that FP-ank2, 
having homology with RNase L may be involved in inhibition of the effects 
of IFN. The ankyrin repeat domains characterized so far are thought to be 
involved in protein-protein interactions (Blank et al., 1992). All information 
kindly provided by personal communication, Dr. M Skinner.

Rescue of SFV from the effects of chicken IFN by FPV FP-ank mutants is 
shown in Figs. 3.8. Replication of the fowlpox viruses with Ank2 and Ank3 
deleted is not affected by the presence of IFN. The deletion of Ank2 and Ank3 
from FPV does not affect the ability of the virus to rescue SFV. However the 
SFV rescue system remains a useful tool for analysing the phenotype of FPV 
m utants.

3.5. Recombinant Fowlpox Viruses Expressing VV E3L and VV K3L
M am m alian cells are non-perm issive for productive FPV infection. 

H ow ever, FPV replication  is blocked at different points in different 
mammalian cells (Somogyi et ah, 1993). In Vero cells, FPV early and late genes 
are expressed, and im m ature virus particles are formed; the block in 
productive infection is thought to be in morphogenesis of the virus particles 
(Somogyi et al., 1993). However, in HeLa cells, the block in FPV replication is 
thought to occur prior to late gene expression, with little genome replication 
(Somogyi et al., 1993). HeLa cells are thought to contain high levels of 2'-5'A 
synthetase which might cause the block in FPV replication (Rice et al., 1984). 
H owever, it is thought that viral double-stranded RNA is predom inantly 
formed during late gene expression, when genes from opposing strands are 
transcribed as long transcripts.

Although the presence of E3L and K3L would not be expected to rescue 
the morphogenesis of FPV in Vero cells, it was thought that E3L or K3L may 
render HeLa cells permissive for late gene expression. Thus, two FPV
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recombinants, designed to express either VV E3L or VV K3L under their own 
promoters, were created using a vector permitting insertion in the ITR and 
GPT selection. Recom binant viruses were selected, plaque purified and 
grown, although the recombinant viruses were not tested for E3L and K3L 
expression. HeLa cells were infected with the recombinant viruses or wt FPV, 
cells were harvested at several time-points post-infection and the proteins 
were analysed by SDS-PAGE. Expression of FPV late genes could not be 
detected in HeLa cells infected with wt virus or either of the recombinants.

3.6. Discussion
FPV is resistant to more than 8 U /m l of chicken IFN in CEF, VV is 

resistant to 4 U /m l of chicken IFN in CEF and SFV is sensitive to less than 1 
U /m l of chicken IFN in CEF. A previous study of FPV and IFN found that 
FPV was 40 times less sensitive to chicken IFN in CEF than VV in a plaque 
inhibition assay, and that FPV was a poor inducer of IFN, although small 
amounts were detected 96 hours p.i. (Asch & Gifford, 1970). Our results have 
shown that FPV is at least 2 times less sensitive to chicken IFN in CEF than 
VV. However, as high levels of IFN were not used here, the end-point of FPV 
resistance to IFN could not be elucidated. We were also unable to detect IFN 
in the medium taken from CEF infected with FPV at times up to 48 h.

Youngner et al (1972) reported that both VV and VSV were sensitive (71 
% and 78 % inhibited by 1 U IFN, by plaque reduction assay) to chicken IFN in 
CEF. The difference in these results and the data shown here, may reflect the 
different methods used, or the amounts of virus and source of IFN used. It 
was also found that VV was resistant to 1000 U of rabbit IFN in RK13 cells, but 
VSV was sensitive to just 1 U of rabbit IFN in RK13 cells (Youngner et al., 
1972). Their results suggest that a virus may be sensitive to IFN in the cells of 
one species w hilst being resistant to IFN in the cells of another species, 
implying that:
• There are differences between cells of different species in the mechanisms 

or molecules responsible for virus inhibition by IFN
• Virus encoded mechanisms to overcome IFN are cell specific.

The result of the IFN assay using FPV was confirmed by the ability of the 
virus to rescue SFV from the effects of IFN in chicken cells. The rescue of SFV 
by FPV was as effi:ient as the rescue of EMC by VV in m ouse L cells
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(W hitaker-Dowling & Youngner, 1986). W hitaker-Dowling and Youngner 
(1983, 1986) found that rescue of VSV and EMC by VV in L cells was due to 
increased protein synthesis, enabled by a VV inhibitor of PKR, and not due to 
a block in the 2'-5'A synthetase pathway, although VV does have an ATPase 
and a phosphatase which block activation of 2'-5'A synthetase (Paez & 
Esteban, 1984). Thus, it is possible that the rescue of SFV by FPV is due to 
inhibition of PKR by a FPV encoded protein, although as experiments to 
ascertain levels of SFV RNA and protein synthesis were not performed, it is 
not possible to rule out any effects caused by a block in the 2'-5'A synthetase 
pathway.

W hitaker-Dowling and Youngner (1983, 1986) found that coinfection 
with VV dramatically stimulated VSV protein synthesis, whilst only slightly 
increasing VSV mRNA synthesis. However, coinfection of VV and EMC, 
stimulated viral RNA and protein synthesis to similar levels. It was proposed 
that the variation was due to the different mechanisms of replication of the 
positive-stranded EMC and negative-stranded VSV. The positive-stranded 
EMC is completely dependent on protein synthesis, but the negative-stranded 
VSV can produce primary transcripts even when protein synthesis is blocked. 
SFV is a positive-stranded RNA virus and member of the Togaviridae, so it is 
probable that protein synthesis and viral RNA synthesis are stimulated to the 
same extent on coinfection with VV, although this has not been tested 
experimentally.

Inhibition of PKR by VV is mediated through two gene products, E3L 
and K3L (Akkaraju et al., 1989, Carroll et al., 1993, Chang et al., 1992, Davies et 
al., 1993, W hitaker-Dowling & Youngner, 1984). To determine whether the 
rescue of SFV by FPV could be due to homologues of one or both of these 
genes, vaccinia viruses with deletions in each of these genes were obtained 
(Dr. Tartaglia of Virogenetics Inc.) and used in SFV rescue experiments.

It was found that the VV m utant with E3L deleted (vP1080) was as 
capable of rescuing SFV from the effects of IFN as w t VV. The VV m utant 
with K3L deleted (vP1080) was less capable of rescuing SFV from the effects of 
IFN than wt VV or the E3L" mutant. The result implies that K3L may be more 
efficient than E3L in inhibiting avian effectors of the IFN response. By 
analogy, the result also implies that the rescue of SFV by FPV may be due to 
the presence of a homologue of K3L, although other FPV encoded factors may 
be responsible.
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E3L is thought to be a more potent inhibitor of PKR than K3L in a COS 
cell transfection system (Davies et al., 1993). The results shown here may 
indicate that this is not the case in CEF, assuming that an avian homologue of 
PKR is at least partially responsible for the reduction in SFV replication in 
IFN-treated cells.

The 2'-5'A synthetase pathw ay is active in mouse L929 cells infected 
with the VV K3L~ m utant but not in cells infected with the wt VV (Beattie et 
al ,  1995b). The authors hypothesised that K3L is required for optimal protein 
expression of factors that allow VV to evade the 2'-5'A synthetase pathway. 
Thus, the reduced rescue of SFV by the VV K3L" m utant may be due to 
activation of the 2 -5 'A pathw ay which is not inhibited by the ATPase and 
phosphatase (Paez & Esteban, 1984) when K3L is not present, rather than being 
directly due to deficient inhibition of PKR.

The VV E3L" virus did not have a reduced ability to rescue SFV from 
the effects of chicken IFN in CEF, although the same virus was reported to be 
sensitive to IFN and reduced in its ability to rescue VSV from the effects of 
IFN in L929 cells (Beattie et a l ,  1995a). Both RNase L and PKR were found to 
be active in L929 cells infected with the E3L“ m utant (Beattie et a l ,  1995a). The 
contrast in these results may be due to, cell-specific differences in the 
mechanisms of anti-viral activity induced by IFN, or differences in the levels 
of PKR and 2'-5'A synthetase in these cells. This hypothesis is supported by a 
report in which the E3L" virus has a host range phenotype, being able to 
replicate norm ally in CEF, and RK-13 cells but not in Vero or HeLa cells; 
whereas the K3L" m utant is able to replicate normally in Vero cells (Chang et 
al., 1995) . A phenotype for the K3L“ virus in HeLa cells has not been reported. 
IFN-treatm ent of Vero and HeLa cells was found to further reduce the 
replication of the E3L' virus (Chang et a l ,  1995). High levels of 2-5 'A exist in 
non IFN-treated HeLa cells, although VV is capable of replicating normally in 
these cells (Rice et al., 1984). CEF have been shown to have 2'-5'A synthetase 
(Ball, 1979). Treatment of CEF with 125 U /m l of IFN was shown to result in a 
3700 fold increase in 2'-5'A synthetase activity whereas treatm ent of mouse L 
cells with 500 U /m l of IFN resulted in a 180 fold increase in 2'-5'A synthetase 
activity. Both cell types displayed similar 2'-5'A synthetase activity when they 
were not IFN-treated (Ball, 1979). As yet an avian homologue of PKR has not 
been identified or studied.

A study of the 2'-5'A system and PKR in animals, plants and lower 
organisms found that RNase L is readily detectable (by binding assay) in
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extracts from m am m alian cells and reptile tissue, but was present only in 
trace am ounts in am phibian tissues and was not detectable in fish tissue, 
insect cells, plants, slime moulds or bacteria (Cayley et al., 1982). The same 
study found that 2-5 'A synthetase was present in reptilian extracts at a lower 
level than in extracts from mouse L cells and was not detectable in amphibian 
extracts. PKR was not detected in any of the reptilian or amphibian extracts or 
in plant extracts, although a plant homologue of PKR (Langland et al ,  1995, 
Langland et a l ,  1996a, Langland et al ,  1996b) and a homologue of PKR in yeast 
(Dever et a l ,  1993) have since been described. This information supports the 
hypothesis that the differences in the rescue of SFV by the E3L" virus seen 
here and the rescue of VSV by the E3L" m utant in L929 cells (Beattie et a l ,  
1995a), may be due to differences in the relative and absolute levels of PKR 
and 2'-5'A synthetase in the cells.
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4. ANALYSIS OF EXTRACELLULAR PROTEINS PRODUCED BY FOWLPOX 
VIRUS INFECTED CHICK EMBRYO FIBROBLASTS

4.1 Proteins Secreted from FPV Infected Cells
It is known that secreted glycoprotein receptors for interferons and other 

cytokines are encoded by many poxviruses (for reviews see McFadden & 
Graham, 1994, Smith, 1993). The secreted glycoprotein receptors are thought to 
bind to cytokines, including interferons, preventing the cytokines from 
binding to the cell receptors and thus interfering with the host defence 
mechanisms. To determ ine if this mechanism is part of the FPV defence 
against interferons, experiments were undertaken to identify and characterise 
any proteins secreted by FPV-infected cells. A better way to undertake this 
study would be to use chicken cytokine binding as an assay for FPV encoded 
cytokine receptors. However, very little is known about chicken cytokines, 
and the information available suggests that they are significantly different 
from mam m alian cytokines (Digby & Lowenthal, 1995, Sekellick et al., 1994). 
Cloning of chicken IFNs was reported only late into the project and were not 
available at the time these experiments were performed.

Pulse labelling w ith 35$ methionine was used to visualise proteins 
produced at various times after FPV infection, and also to distinguish 
proteins produced during the pulse from proteins produced before the pulse. 
The labelled supernatants from IFN-treated cells were analysed by SDS-PAGE 
to show proteins which are produced on interferon induction or viral 
infection. All protein sizes suggested in the following experiments have been 
estimated by comparison with known markers, within confidence limits of + 
or - 20 Kd.

M any extracellular proteins are synthesised de novo in untreated 
uninfected cells, Fig. 4.1, lane C.

Cells labelled at 6-8 hours after interferon treatm ent produce fewer 
ex tracellu lar p ro te ins than non-trea ted  cells, a lthough  p ro teins of 
approximately 116 Kd, 66 Kd and 36 Kd are clearly visible. The proteins of 116 
Kd and 66 Kd are produced by untreated cells. The diffuse 36 Kd band appears 
to consist of two proteins, both of which are also visible in the supernatants of 
untreated cells.
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Fig. 4.1. Analysis of Pulse-Labelled Proteins Secreted by FPV-Infected Cells

Treatment

C IFN
5U/ml

FPV
moi 5

Time p.i. h

14 8 14 8 14 26 50

Fig. 4.1. Analysis of Pulse-Labelled Proteins Secreted by FPV-Infected Cells.
Primary CEF in 25 cm2 flasks were infected with FPV (moi 5) or interferon treated 

(16U/flask) for the indicated times. Control cells were not FPV-infected or IFN-treated. The 
medium was removed and replaced with 3 ml of serum-free, methionine-free medium (Sigma), 
and incubated at 37 °C, 5 % CO2 for 2 h. The medium was removed and replaced again with 3 ml 
serum-free, methionine-free medium, containing 1.85 MBq 35S methionine (1,000 Ci/m m ol, 10 
m Ci/m l, DuPont) per ml for a further 2 h incubation at 37 °C, 5 % CO2 .

The supernatants were filtered through 0.2 pm filters and concentrated in Centriprep 10 
(Amicon) and Microcon 30 (Amicon) columns. The concentrated samples were analysed on a 12 % 
non-reducing acrylamide gel which was run at 150 V for 1 hour. The gel was Coomassie blue 
stained and dried before being exposed to film for 3 days.
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Labelling carried out at a later time after IFN treatment shows the same 
protein bands, but the 66 Kd protein appears to be produced in greater 
quantities. There is also a faint band at 31 Kd which may be the same as the 
protein produced by control cells and cells labelled at the earlier time after IFN 
treatm ent.

Cells labelled at 6-8 hours after FPV infection appear to produce the 
same proteins as cells labelled 6-8 hours after IFN treatm ent, although a 
diffuse band of well under 31 Kd is also produced. The fuzziness of this band 
may indicate that this protein is glycosylated. The 31 Kd protein is not 
produced by control cells, so is either a protein produced by FPV itself, or a 
cellular protein which is produced on FPV infection. The 66 Kd and 31 Kd 
proteins produced by IFN treated cells are not produced by cells infected with 
FPV, possibly indicating that production of the 66 Kd and 31 Kd proteins are 
induced or up-regulated by IFN.

FPV infected cells labelled at 12-14 hours post-infection only appear to 
produce two extracellular proteins, one is a protein of approximately 80 Kd 
which is not seen in the supernatants of control, IFN treated or early in FPV 
infected cells. The other protein present is the 36 Kd protein(s) which is 
produced early in FPV infected cells and by control and IFN treated cells. By 
24-26 hours post FPV infection, only a strong but diffuse band at 80 Kd is 
visible. The 80 Kd protein is still being produced between 48 and 50 hours post 
FPV infection. The diffuse nature of the band at 80 Kd may indicate that this is 
a glycoprotein.

The small 31 Kd protein produced at 6-8 hours after FPV infection and 
the 80 Kd protein which is produced at 12-50 hours post-infection, are not 
seen in any of the other samples. These proteins are either cellular proteins, 
production of which is induced by FPV infection or are FPV encoded proteins.

4.2. Analysis of the Glycosylation State of the Extracellular 80 Kd Protein 
Produced by FPV Infected Cells

The band indicating a protein of approximately 80 Kd produced 12-50 
hours post FPV infection is diffuse, possibly indicating that it is glycosylated. 
The interferon and cytokine receptors produced by Orthopoxviruses are  
thought to be glycoproteins (McFadden & Graham, 1994, Smith, 1993) thus the 
glycosylation state of the 80 Kd protein was analysed.
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One way to study the glycosylation state of a protein is to use enzymes 
which remove the oligosaccharide from the protein. An alternative is to use 
antibiotics which block the glycosylation process. Both of these approaches 
were used to analyse the glycosylation state of the 80 Kd extracellular protein 
produced by FPV infected cells.

The enzyme used was a commercial mixture of endoglycosidase F and 
N-glycosidase F. Endoglycosidase F removes the oligosaccharide chain from 
the protein, leaving the first glucosamine, thus affecting only N-linked 
glycoproteins. N-glycosidase F removes the first glucosamine from asparagine 
w hich is left as an asparta te  residue, thus affecting only N-linked 
glycoproteins. The results are shown in Fig. 4.2.

In buffers lacking (3-mercaptoethanol, the FPV extracellular protein is 
approxim ately  80 Kd, Fig. 4.2. W hen the protein was incubated with 
endoglycosidase F and N-glycosidase F, in the presence or absence of SDS, the 
size of the protein was reduced to approximately 55 Kd, indicating that the 
protein is glycosylated. The m ultiple bands visible on the film when the 
protein had been incubated with the enzymes, indicate that deglycosylation 
was not complete.

In the presence of (3-mercaptoethanol and SDS, bu t absence of 
endoglycosidase F and N-glycosidase F, the 80 Kd protein was reduced to 
approximately 27 Kd, indicating that the 80 Kd protein consists of multiple 
subunits which are held together by disulphide bonds.

When the 80 Kd protein was reduced to the smaller (27 Kd) form by 
boiling in a buffer containing (3-mercaptoethanol and SDS, and then 
incubated with endoglycosidase F and N-glycosidase F, the protein appeared as 
a band of 18 Kd. Thus, all the 27 Kd subunits of the protein contain N-linked 
oligosaccharides.

These results suggest that the extracellular protein of approximately 80 
Kd, produced by FPV infected cells 12-50 h p.i., is a multimeric glycoprotein 
and that all of the subunits are glycosylated.

In another experiment, the antibiotic tunicamycin was used to block 
core glycosylation. Tunicamycin prevents the transfer of N-acetylglucosamine 
from UDP to the dolichol phosphate carrier, thus inhibiting N-linked 
glycosylation. The results are shown in Fig. 4.3.
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Fig. 4.2. Removal of the Oligosaccharide from the 80 Kd Extracellular Protein 
using Endoglycosidase F and N-Glycosidase F

12 % Acrylamide Gel 15 % Acrylamide Gel

Buffer

-SDS +SDS
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+B-ME
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0 0.4 0 0.4 0 0.4
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Fig. 4.2. Removal of the Oligosaccharide from the 80 Kd Extracellular Protein using 
Endoglycosidase F and N-Glycosidase F

35S m ethionine labelled FPV supernatants (25-27 hours and 48-50 hours) were 
concentrated 30 fold. The supernatants were mixed with an equal volume of one of the three 
following buffers and heated to 100 °C for 3 min.
Buffer 1: 50 mM EDTA, 0.8 mM PMSF in 50 mM NaPC>4 pH 4.1.
Buffer 2: 50 mM EDTA, 0.8 mM PMSF, 0.2 % SDS, 1 % Triton-X-100 in 50 mM NaPC>4 pH 4.1. 
Buffer 3: 50 mM EDTA, 0.8 mM PMSF, 0.2 % SDS, 1 % Triton-X-100, 2 % (3-mercaptoethanol in 50 
mM N aP 04 pH 4.1.

Once the samples had cooled, 0 or 0.4 U of endoglycosidase F/N-glycosidase F mixture 
(Boehringer Mannheim Biochemica) were added. The samples were incubated at 37 °C for 20 h 
then analysed by SDS PAGE a) 12 % b) 15 % and exposed to film.
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Fig. 4.3. Inhibition of Glycosylation of the 80 Kd Extracellular Protein using
Tunicamycin
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Fig. 4.3. Inhibition of Glycosylation of the 80 Kd Extracellular Protein using Tunicamycin
FPV infected cells (moi 5) were labelled with 35S methionine at 22-24 hours post

infection. The methionine free medium was supplemented with 0.5 or 5 m g/m l of tunicamycin 
(Sigma) at both the pre-labelling and labelling stages. The m edium  was filtered and 
concentrated 250 fold before being run on SDS acrylamide gels a) 12 % gel, SDS loading buffer b) 
15 % gel, P-mercaptoethanol loading buffer and exposed to film.
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The dom inant bands which are synthesised de novo in non-treated, 
uninfected cells are the two bands of just under 36 Kd, Fig. 4.3a. The control 
cells also produce other proteins, including two of approximately 80 Kd. The 
FPV infected cells produce a protein of 80 Kd which is seen as a dark diffuse 
band. W hen the FPV infected cells were treated with tunicamycin during 
labelling, the dom inant band was seen at approximately 55 Kd and appears 
sharper, although the tunicamycin did not completely block glycosylation as a 
trace of the 80 Kd band is still visible. Thus Fig. 4.3a supports the conclusions 
based on Fig. 4.2a and indicates that the 80 Kd protein produced from 12 hours 
of FPV infection is a glycoprotein with a 55 Kd protein component. A band of 
approxim ately 33 Kd is also visible in the samples from FPV infected, 
tunicamycin treated cells and in the sample from FPV-infected cells.

In reducing conditions, the 80 Kd protein is seen as a band of 
approxim ately 27 Kd, indicating that the 80 Kd protein consists of multiple 
subunits, Fig. 4.2b. A band of approximately 17 Kd is visible in the samples 
from tunicamycin treated, FPV infected cells. This band is also visible in the 
sample from FPV infected cells, at a much lower intensity than the 27 Kd 
band, possibly indicating that not all of the 17 Kd protein has been 
glycosylated.

These results confirm that the extracellular protein of about 80 Kd 
produced after 12 hours of FPV infection is a multimeric glycoprotein.

4.3. Attempts to Purify the 80 Kd Soluble Protein Produced after 12 Hours of 
FPV Infection

Attempts were made to purify the 80 Kd soluble protein, in order that 
N-terminal sequencing could be carried out to provide information on amino 
acid content of the protein. This would enable oligonucleotide probes to be 
synthezised and used to identify the gene.

Lectins are non-enzym atic proteins w hich can bind to specific 
carbohydrate groups and so can be used to purify glycoproteins. As specific 
lectins bind specific carbohydrate groups, lectin analysis can also provide 
inform ation on the carbohydrate content of a glycoprotein. Biotinylated 
lectins were used to probe a blot of the supernatant from FPV infected cells, in 
which the 80 Kd protein produced by FPV infected cells after 12 hours was in 
its reduced 27 Kd form. The experiment aimed to find a lectin suitable for
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Fig. 4.4. Analysis of the Extracellular Proteins from FPV Infected Cells using
Biotinylated Lectins
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Fig. 4.4. Analysis of the Extracellular Proteins from FPV Infected Cells using Biotinylated 
Lectins.

FPV infected cells (moi 5) were washed three times with medium at 19 hr p.i., the 
medium  was replaced and the cells were incubated 37 °C 5 % CO2 until 25 h p.i. The medium 
was removed, filtered through 0.2 pm filter and concentrated 50 fold in Centriprep 10 (Amicon) 
and Microcon 30 (Amicon) columns. Ten pi were mixed with an equal volume of SDS-Page 
loading buffer, containing P-mercaptoethanol and run on a 15 % SDS Page gel. The proteins were 
b lotted  onto n itrocellu lose m em brane and probed w ith biotinylated lectins (Vector 
Laboratories) according to the manufacturer's protocol.

The nitrocellulose was incubated in TTBS (0.1 % Tween 20, 100 mM Tris, 0.9 % NaCl pH 
7.5) for at least 30 min with gentle agitation. The nitrocellulose was then incubated in TTBS 
with 20 m g /m l of the biotinylated lectin for 1 h with gentle shaking. The blot was washed 
three times in water for 5 min each wash, then with TTN for 20 min. This series of washes was 
repeated 3 times.

The nitrocellulose blot was incubated in a 1/400 dilution of alkaline phosphatase 
conjugate for 1 h. The series of washes was repeated and the alkaline phosphatase substrate 
prepared using a Pierce kit by mixing 10 ml of 0.1 M Tris with 1 ml of X-phos (5-bromo-4-chloro- 
3-indolyl-phosphate, 2.5 g/1) and 1 ml of NBT (nitrobluetetrazolium, 5 g/1). The substrate was 
placed on the nitrocellulose and gently shaken for 10 min.

UE = Ulex Europaus Agglutinin I S= Soybean Agglutinin
WG= Wheat Germ Agglutinin Con A = Concanavalin A
P= Peanut Agglutinin
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purifying the 80 Kd protein of interest from other proteins of a similar size. 
The results are shown in Fig. 4.4.

Bands of approxim ately 27 Kd are seen in all lanes of Fig. 4.4, but are 
m ost clearly visible in the lane probed w ith  Concanavalin A (Con A), 
indicating that Con A may be the lectin most suitable for purification of the 80 
Kd protein or the 27 Kd subunit. However it is possible that the bands seen in 
Fig. 4.4, lane Con A, are not the subunit of the 80 Kd band bu t are other 
proteins of a sim ilar m olecular weight. Con A binds to term inal a -D -  
mannopyranosyl and a-D-glucopyranosyl residues.

It is also clear from using lectins that there are m any glycoproteins 
present in the supernatant of FPV infected cells which were not seen when 
the supernatants from 35g labelled cells were analysed. This indicates that 
w ashing the cells did not remove all the proteins which had already been 
synthesized , and  dem onstrates that probing w ith  lectins is a sensitive 
technique. M any of the proteins bound by the lectins are likely to be encoded 
by the cells as FPV infection does not result in inhibition of host cell protein 
synthesis.

Attem pts were m ade to use a Con A-sepharose column to purify the 80 
Kd protein and the 27 Kd subunits from other proteins in the supernatant of 
FPV infected cells Figs. 4.5a and 4.5b.

The Con A-bound proteins start to be eluted from the column during 
the first w ash w ith  0.3 M m ethyl-a-D  glucose, Fig. 4.5a. The Con A-bound 
proteins are m ainly concentrated in washes 3 and 4 although some protein is 
present in all washes. The major protein bound by the Con A column is a 
protein of approxim ately 31 Kd, possibly a serum  protein, but two proteins of 
60-70 Kd are also bound and a diffuse band can also be seen at about 80 Kd. 
The diffuse 80 Kd band appears equally intense in the non-purified sample. 
Thus, although Con A appears to bind to a protein of 80 Kd, the interaction 
appears to be weak and it is possible that this is not the 80 Kd protein of 
interest.

The 31 Kd protein is not reduced by p-m ercaptoethanol, Fig. 4.5b. A 
band of around 27 Kd, possibly the 80 Kd protein under reducing conditions, 
is visible below the 31 Kd band. It is not possible to be certain that this band is 
a subunit of the 80 Kd protein, but it is apparent that the 31 Kd protein would 
interfere w ith any attem pt to use Con A to purify the reduced form of the 80 
Kd protein.
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Fig. 4.5a. Binding of Proteins from FPV Infected Cell Supernatants to a Con A
Sepharose Column
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Fig. 4.5a. Binding of Proteins from FPV Infected Cell Supernatants to a Con A-Sepharose 
Column

Con A sepharose (Pharmacia) was washed in 10 volumes of binding buffer (20 mM 
Tris/H Cl pH  7.5,0.5 M NaCl). A column of 0.5-1 ml of washed Con A sepharose was set up in a 1 
ml syringe with a glass wool stopper. The column was washed three times by applying 0.5 ml of 
binding buffer to the column and allowing it to flow through. The sample of supernatant from 
FPV infected cells was concentrated 10 fold and applied to the column which was then washed 
six times with binding buffer. The bound proteins were eluted by applying 500 pi washes of 0.3 
M methyl-cx-D glucose. The eluted fractions 1-6 were concentrated using Microcon 30 spin 
columns and analysed alongside a non-purified sample and a sample which had been acetone 
precipitated, by Coomassie blue staining of a 10 % gel run under non-reducing conditions.
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Fig. 4.5b. Binding of Proteins from FPV Infected Cell Supernatants to a Con A-
Sepharose Column
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Fig. 4.5b. Binding of Proteins from FPV Infected Cell Supernatants to a Con A-Sepharose Column 
Con A sepharose (Pharmacia) was washed in 10 volum es of binding buffer (20 mM 

Tris/HCl pH 7.5, 0.5 M NaCl). A column of 0.5-1 ml of washed Con A sepharose was set up in a 1 
ml syringe with a glass wool stopper. The column was washed three times by applying 0.5 ml of 
binding buffer to the column and allowing it to flow through. The sample of supernatant from 
FPV infected cells was concentrated 10 fold and applied to the column which was then washed 
six times with binding buffer. The bound proteins were eluted by applying 500 jj.1 washes of 0.3 
M m ethyl-a-D  glucose. The eluted fractions 1-6 were concentrated using Microcon 30 spin 
columns and analysed alongside a non-purified sample and a sample which had been acetone 
precipitated by Coomassie blue staining of a 15 % reducing gel.
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Fig. 4.6. Two Dimensional Separation of the Proteins in the Supernatant of
FPV Infected Cells

1 dimension, non-reducinging conditions

2 dimension, reducing onditions

Fig. 4.6. Two Dimensional Separation of the Proteins in the Supernatant of FPV Infected Cells
Primary CEF in 25 cm2 flasks were infected with FPV (moi 5) or interferon treated 

(16U /flask) for the appropriate periods. The medium was removed at 22 h p.i. and replaced 
with 3 ml of serum-free, methionine-free medium (Sigma), and incubated at 37 °C, 5 % CO2 for 2 
h. The medium was removed and replaced again with 3 ml serum-free, methionine-free medium, 
containing 1.85 MBq 35S methionine (1,000 Ci/mmol, 10 m Ci/m l, DuPont) per ml for a further 2 h 
incubation at 37 °C, 5 % CO2 .

The supernatant was filtered through a 0.2 Jim filter and concentrated in Centriprep 10 
(Amicon) and Microcon 30 (Amicon) columns. The concentrated sample was analysed on a 10 % 
non-reducing acrylamide gel which was run at 150 V for 1 hour. The appropriate track of the gel 
was cut out, then incubated in fl-mercaptoethanol loading buffer for 45 min at 25 °C and placed at 
the top of a 15 % gel, surrounded by 0.5 % LMP agarose. Following electrophoresis, the gel was 
dried and exposed to film over night.

bottom to

/
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These results show that even if Con A does bind to the 80 Kd protein of 
interest, the interaction is weak. When this experiment was repeated using 
silver staining (data not shown), which can detect smaller amounts of protein 
than Coomassie blue staining, several proteins of around 80 Kd which had 
been bound to Con A were revealed. Thus, Con A is not suitable for 
purification of the 80 Kd protein seen in Fig. 4.1.

As the 80 Kd protein of interest can be reduced into a smaller 27 Kd 
form, a two-dimensional gel approach was used to separate the protein of 
interest from the other proteins in the supernatants. A gel was run under 
non-reducing  conditions, the track was rem oved, incubated  in (3- 
mercaptoethanol loading buffer and then placed at the top of a second gel. 
These results are shown in Fig. 4.6.

Two bands which appear to be derived from the 80 Kd protein can be 
seen on the reducing gel. These 27 Kd and 55 Kd bands are subunits of the 80 
Kd protein. These two bands indicate that the reduction of the 80 Kd protein 
was not complete; previously reduction (Fig. 4.2) resulted in only one band. 
The lower of the two bands, 27 Kd may be the monomer(s) form of the 
protein whilst the upper 55 Kd form could be a dimer of the subunits. Thus, 
the 80 Kd protein may be a trimer of different polypeptide species, or possibly 
a tetram er of one or more polypeptide species. None of the other proteins 
appear to have been reduced by treatment with (3-mercaptoethanol and thus 
m igrate as they did on the first gel. The result shows that this two- 
dimensional approach is suitable for purification of the subunit form of the 80 
Kd protein of interest from other proteins in the sample. Flowever, when 
unlabelled sample was used, the bands were not visible by Coomassie blue 
staining, and attem pts to scale-up the system proved unsuccessful due to 
aggregation of concentrated protein samples under non-reducing conditions. 
Thus N-terminal sequencing and further analysis of the 80 Kd protein was 
not possible.

4.4. Discussion
I have shown, that an 80 Kd soluble protein is secreted by FPV infected 

CEF from 12-50 hours post infection, although w hether this protein is 
encoded by a viral or cellular gene has not been determined. Analysis of the
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glycosylation state of the protein revealed that it consists of a 55 Kd 
polypeptide w ith  the rem ainder of the m olecular mass consisting of 
carbohydrate groups. Reduction of the glycosylated form of the protein using 
p-m ercaptoethanol resulted in a 27 Kd protein. Thus, the 80 Kd soluble 
protein produced by FPV infected cells is a multimeric glycoprotein. The 
available data suggest that the 80 Kd protein is a trim er of subunits of 
approximately 27 Kd, although further experimentation would be required to 
confirm this hypothesis. No data is available to indicate whether the subunits 
are all of one polypeptide species or are different polypeptides. Two subunit 
forms of the protein are visible in Fig. 4.6 under reducing conditions, 
suggesting that if the 80 Kd form is a trimer, it is likely to consist of different 
polypeptide species, as a homotrimer would dissociate into monomers and 
not produce an intermediate form.

Lectin purification of the 80 Kd protein and the 27 Kd subunit proved 
unsuitable as did a two-dimensional gel approach. The function of the 80 Kd 
protein and the location of the gene encoding it remain unknown.

Many soluble proteins have been reported in a variety of poxviruses. 
The first to be identified was the T2 gene of Shope Fibroma virus (SFV) 
(Smith et al., 1991b). The T2 ORF was predicted to encode a 34 Kd protein 
however, w hen the T2 ORF was expressed using a plasmid in COS cells, a 
protein of 58 Kd was produced. The difference in predicted and actual 
molecular w eight was thought to be due to glycosylation as the predicted 
protein contained 4 potential glycosylation sites. The 58 Kd protein was found 
to be able to bind hum an TNF-a and TNF-p, and prevent TNF-a and TNF-p 
from binding to their natural TNF receptors. VV contains an ORF with 
homology to the TNF receptor of SFV but the VV ORF is discontinuous 
(Howard et al., 1991). Myxoma virus and malignant fibroma virus encode T2 
homologues, deletion of the copies of T2 from myxoma virus resulted in the 
loss of a 52-56 Kd band and reduced viral disease in rabbits (Upton et al., 1991). 
Cowpox virus crmB gene produces a 48 Kd product which is able to bind TNF- 
a  and TNF-P (Hu et a l ,  1994). All the genes mentioned above are found in the 
inverted terminal repeats of the DNA of the viruses and thus are present in 
two copies.

Vaccinia and cowpox viruses also encode a secreted IL-1 binding 
protein (Spriggs et a l ,  1992). Supernatants from VV infected CV-1 cells were 
found to contain a 33 Kd protein which was capable of binding murine IL-1 p.
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A VV ORF (B15R) which had 30 % aa identity to the type II IL-1 receptor and 
was able to specifically bind mIL-ip when expressed in CV-1-EBNA cells. A 
similar ORF with similar properties was identified in cowpox virus. The VV 
B15R encoded IL-1 receptor was found to differ from the cellular counterpart 
in that it could bind IL-lp but not IL-la (Alcami & Smith, 1992).

A hom ologue of the IFN -y receptor was originally identified in 
myxoma virus. The M-T7 ORF was found to encode a secreted protein of 37 
Kd which had sequence homology with the hum an and mouse receptor for 
IFN-y and was found to bind specifically to rabbit IFN-y (Upton et al., 1992). 
Soluble receptors for IFN-y are now known to be secreted by vaccinia (B8R 
gene), cowpox, rabbitpox, buffalopox, elephantpox and camelpox viruses and 
have a broad species specificity in contrast to the cellular receptors (Alcami & 
Smith, 1995).

The B18R gene of VV encodes a 60-65 Kd glycoprotein which has a high 
affinity for IFN -a of a broad range of species and is a member of the 
im m unoglobulin superfamily (Symons et al., 1995).

As well as encoding a range of soluble cytokine receptors, W  encodes a 
soluble glycoprotein growth factor, VGF, of 23-25 Kd. VGF is thought to 
stimulate metabolic activity and proliferation of uninfected cells so that the 
virus can replicate efficiently as it spreads to these cells (Smith, 1993). VV also 
secretes a 35 Kd protein which has similarity to C4b-binding protein and can 
prevent activation of the classical pathway by binding C4b, and the alternative 
pathway by binding C3b (Isaacs et al., 1992, Kotwal et al., 1990, McKenzie et al., 
1992).

It is likely that FPV encodes a homologue of an avian cytokine receptor 
or a growth factor, although it has not been determined whether the 80 Kd 
protein secreted by FPV infected CEF 12-50 h p.i. is able to bind any cytokine(s). 
Avian cytokines other than IFNs, have not been cloned or characterized as 
yet, although assays exist for IL-6, IL-8, TGF-p, stem cell factor and a TNF-like 
activity (personal communication, Dr. P. Kaiser). The first chicken interferon 
gene to be cloned, sequenced and analysed, displayed little sequence homology 
to mammalian IFNs and has been classified as a type I IFN on the basis of its 
predicted secondary structure (Sekellick et al., 1994). The chicken IFN-y gene is 
predicted to encode a protein of 145 amino acids. The predicted chicken IFN-y 
pro tein  contains the highly conserved motifs that are present in all 
mam m alian IFN-y proteins and has 32 % aa identity with equine and human
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IFN-y proteins (Digby & Lowenthal, 1995). Thus, it was decided that an 
approach to characterize the binding property of the secreted 80 Kd protein of 
FPV, using mammalian cytokines would be unfeasible.

The cytokine receptors of the Orthopoxviruses  described earlier are 
encoded by genes within the terminal regions of the virus genome, and it is 
possible that any FPV genes encoding cytokine receptors are also contained in 
these regions. An 11.2 Kb BamHI fragment from the near-terminal region of 
the FPV genome has been sequenced and analysed (Tomley et al., 1988). 
Twenty ORFs were predicted including homologues of the VV 42 Kd early 
gene and 32.5 Kd host range gene, and a homologue of the cowpox virus 38 
Kd red pock gene, but the exact physical locations of these genes varied 
between VV and FPV and the level of conservation was lower than between 
genes in the central regions of the genome.
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5. BIOCHEMICAL TESTS FOR PKR ACTIVITY IN AVIAN CELLS
Little is known about the effects of IFN on avian cells, although CEF are 

known to express 2'-5'A synthetase activity (Ball, 1979). The only existing report 
of an avian PKR suggests that two proteins of 67 Kd and 38 Kd are 
phosphorylated by PKR (Ball, 1979). However, the data to support this was not 
published.

It was decided that it was important to try to confirm the existence of a 
PKR-like activity in avian cells. Although I have demonstrated that FPV rescues 
SFV from the inhibitory effects of IFN in CEF, this does not enable one to draw 
any conclusions about the existence of avian PKR. However, I have also 
dem onstrated that a VV m utant with E3L deleted is able to rescue SFV from the 
inhibitory effects of IFN in CEF. This may imply that any avian PKR is not 
inhibited by competition for dsRNA by VV E3L. Alternatives are, that avian PKR 
is not active under the conditions being studied, or that avian PKR does not exist.

VV E3L and K3L are thought to inhibit PKR activity by two distinct 
mechanisms, see 1.6.2 (Davies et al., 1993), thus experiments were also designed 
to provide information on any inhibition of PKR activity by FPV factors, which 
could indicate the presence of FPV homologues of E3L and K3L.

5.1. Biochemical Assays for PKR Activities
H um an PKR binds polyanionic molecules such as RNA and poly IC, an 

RNA analogue (Rice & Kerr, 1984). Binding results in autophosphorylation and 
activation of PKR (Hovanessian & Kerr, 1979, Rice & Kerr, 1984). PKR is then able 
to phosphorylate other protein substrates including histone proteins (Roberts et 
al., 1976b) and eIF-2a (Rice & Kerr, 1984). If a similar biochemical activity were 
detected in avian cells, it would provide circumstantial evidence for the existence 
of avian PKR. If FPV infection were able to reduce this biological activity, it 
w ould provide circum stantial evidence for the existence of viral antagonist 
activities. Such activities could be analogous to the E3L and K3L proteins of VV.

Cell extracts were prepared from CEF cells treated with varying doses of 
IFN for 24 h. Cell extracts were also prepared from CEF infected with FPV for 
periods of 1-24 h. Samples were incubated with y-32P in the presence or absence of 
poly IC. The samples were analysed by SDS polyacrylamide gel electrophoresis 
and either Coomassie blue stained or exposed to film.
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5.2. Assay of Cell Extracts for Kinase Activity
The Coomassie blue stained proteins in the samples are shown in Figs. 5.1a 

and 5.1b. The unlabelled protein profiles of all the samples are similar, indicating 
that there are no large variations in the relative abundance of protein species. 
Thus differences in the phosphorylated protein profiles described below can not 
be explained by differences in sample recovery, proteolysis or other sampling 
artefacts.

All of the cell extracts contain a num ber of phosphoproteins and thus 
kinase activity , Fig 5.2a. There are subtle differences in the profiles of 
phosphoproteins in the samples from untreated and 1 U /m l IFN-treated cells. In 
the un trea ted  cell extracts the major phosphoproteins appear as bands of 
approxim ately 120 Kd, 100 Kd, 60 Kd and 56 Kd. In cell extracts from cells treated 
w ith 1 U /m l of IFN, the major phosphoproteins are approximately 40 Kd and 35 
Kd.

Samples from cells treated w ith 2 U /m l of IFN and 8 U /m l chicken IFN 
have the same profile of phosphoproteins as cells treated with 1 U /m l of chicken 
IFN.

Cells infected w ith FPV for lh  have the same phosphoprotein profile as 
IFN-treated cells. This may indicate that FPV rapidly induces IFN synthesis, or 
the kinase associated w ith IFN induction, or that infectious FPV virus particles 
contain phosphoproteins.

The presence of poly IC does not affect the phosphorylation profile at any 
time point.

The results from cells infected with FPV for 6, 12 and 24 h are shown in 
Fig. 5.2b. CEF infected w ith  FPV for 6 hours contain phosphoproteins of 
approximately 120 Kd, 100 Kd, 80 Kd, 55 Kd and 40 Kd. CEF infected with FPV for 
12 hours have a phosphoproteins of approximately 120 Kd, 100 Kd, 80 Kd and 55 
Kd, a similar phosphoprotein profile to untreated cells. The dom inant bands are 
the 100 Kd and 55 Kd bands as in the untreated cells. This could indicate that FPV 
infection is able to reverse the effect of IFN activation on these kinase activities. 
Such a reversal could be due to the synthesis of viral antagonistic proteins.
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Fig. 5.1a. Coomassie Blue Stain of Cell Extract Proteins

Length of Treatment (h)

24 h l h

Type of Treatment

O 1 U /m l IFN 2 U /m l IFN 8 U /m l IFN FPV 
moi 10

Poly IC (0.001 pg/pl)

200 Kd

116 Kd 
97 Kd

66 Kd

55 Kd

36 Kd

Fig. 5.1a. Coomassie Blue Stain of Cell Extract Proteins. Confluent monolayers of CEF were treated 
with IFN (range of concentrations), or infected with FPV (moi of 5-10) and incubated at 37 °C, 5 % 
CO2 for the times shown. Cell extracts were prepared as in 2.3.1. Extracts (8 pi) were incubated at 30 
°C for 15 minutes in the presence (+) or absence (-) of 1 ng /p l poly IC with 100 pM cold ATP, 0.37 MBq 
32P dATP (6000 Ci/mmol), 10 mM magnesium acetate. The samples were analysed by 10 % SDS- 
PAGE, which was Coomassie blue stained.
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Fig. 5.1b. Coomassie Blue Stain of Cell Extract Proteins

Length of Treatment (h)

6h 12h 24h

Type of Treatment

FPVmoi 10

Poly IC (0.001 jig/pi)

200 Kd

116 Kd 
97 Kd

66 Kd

55 Kd

36 Kd

Fig. 5.1b. Coomassie Blue Stain of Cell Extract Proteins. Confluent monolayers of CEF were infected 
with FPV (moi of 5-10) and incubated at 37 °C, 5 % CO2 for the times shown. Cell extracts were 
prepared as in 2.3.1. Extracts (8 pi) were incubated at 30 °C for 15 minutes in the presence (+) or 
absence (-) of 1 n g /p l poly IC with 100 pM cold ATP, 0.37 MBq 3^P dATP (6000 Ci/mmol), 10 mM 
magnesium acetate. The samples were analysed by 10 % SDS-PAGE, which was Coomassie blue 
stained.
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Fig. 5.2a. Autoradiograph of Kinase Assay of Cell Extracts

200 Kd

116 Kd 
97 Kd

66 Kd

55 Kd

36 Kd

Fig. 5.2a. A utoradiograph of Kinase Assay of Cell Extracts. Confluent monolayers of CEF were 
treated with IFN (range of concentrations), or infected with FPV (moi of 5-10) and incubated at 37 
°C , 5 % CO2 for the times shown. Cell extracts were prepared as in 2.3.1. Extracts (8 pi) were 
incubated at 30 °C for 15 minutes in the presence (+) or absence (-) of 1 n g /p l poly IC with 100 pM 
cold ATP, 0.37 MBq ^2p dATP (6000 Ci/mmol), 10 mM magnesium acetate. The samples were 
analysed by 10 % SDS-PAGE, which was Coomassie blue stained, dried and exposed to film.

Length of Treatment (h)

24 h l h

Type of Treatment

O 1 U /m l IFN 2 U /m l IFN 8 U /m l IFN FPV 
moi 10

Poly IC (0.001 pg/pl)

— + — + — + — + — +
_ _
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Fig. 5.2b. Autoradiograph of Kinase Assay of Cell Extracts

Length of Treatment (h)

6h 12h 24h

Type of Treatment

FPV moi 10

Poly IC (0.001 jag/jul)

+ + +

mmm

200 Kd

116 Kd 
97 Kd

66 Kd

55 Kd

36 Kd

Fig. 5.2b. Autoradiograph of Kinase Assay of Cell Extracts. Confluent monolayers of CEF were 
infected with FPV (moi of 5-10) and incubated at 37 °C, 5 % CO2 for the times shown. Cell extracts 
were prepared as in 2.3.1. Extracts (8 pi) were incubated at 30 °C for 15 minutes in the presence (+) or 
absence (-) of 1 n g /p l poly IC with 100 pM cold ATP, 0.37 MBq 32P dATP (6000 Ci/mm ol), 10 mM 
m agnesium acetate. The samples were analysed by 10 % SDS-PAGE, which was Coomassie blue 
stained, dried and exposed to film.
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CEF infected w ith FPV for 24 hours contain phosphoproteins of 120 Kd, 100 
Kd, 80 Kd, 40 Kd and 35 Kd. The phosphorylation of the 55 Kd band is reduced 
relative to untreated cells and cells infected with FPV for 12 hours.

The experim ent dem onstrates that CEF cells contain a kinase activity 
which is altered by IFN treatm ent and FPV infection.

5.3. Kinase Activity of Poly IC-Binding Proteins in Cell Extracts
Poly IC-binding proteins in the CEF extracts can be phosphorylated. 

Phosphorylation m ay occur through auto or trans phosphorylation. There are 
few visible differences in the profiles of phosphorylated poly IC-binding proteins 
in the extracts from untreated, and IFN-treated cells. A band of approximately 53- 
57 Kd is visible in both of these cell extracts, which could be 2'-5' A synthetase 
(Ball, 1979) which is also activated by dsRNA, or any other poly IC-binding 
protein which can be phosphorylated. No band of 68 Kd or any other size which 
could be an avian PKR, is visible in extracts from IFN-treated cells bu t not 
untreated cells.

There are no visible differences in phosphorylated  poly IC-binding 
proteins in samples prepared from CEF infected with FPV for 8 hours and those 
prepared from IFN -treated or non-treated cells. In particular, there does not 
appear to be a significant decrease in the phosphorylation of any protein band, 
which w ould indicate the presence of FPV proteins which inhibit PKR or another 
kinase.

CEF infected w ith FPV for 26 hours contain several phosphorylated poly 
IC-binding proteins, including proteins of approximately 60 Kd and 66 Kd which 
are not p resent in other samples. These proteins m ay well be part of the 
replication machinery of FPV, such as RNA polymerase.

A poly IC-binding protein of 55 Kd is present in CEF extracts treated with 2 
U /m l IFN and 8 U /m l IFN, Fig 5.3b. This protein could be a phosphorylated form 
of 2'-5'A synthetase which is reported to be of a similar size (Ball, 1979), or could 
represen t avian PKR or another poly IC-binding pro tein  induced by IFN 
treatment. The experiment was carried out in the same way as for Fig. 5.3a but the 
cell extracts were produced on a different day. The discrepancies in the results of 
Figs. 5.3a and 5.3b could be due to differences in the CEF, differences in the 
preparation of the cell extracts or differences in the washing of the poly IC agarose 
beads.
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Fig. 5.3a. Autoradiograph to Show Kinase Activity of Poly IC-Binding Proteins
from Cell Extracts

Type of Treatment

IFN
5U /m l

FPV 
moi 10

Length of Treatment (h)

14 8 14 8 14 50

m PlIH
66 Kd
55 Kd

36 Kd
31 Kd

21 Kd

Fig. 5.3a. Autoradiograph to Show Kinase Activity of Poly IC-Binding Proteins from Cell Extracts
Poly IC agarose beads (25 pi) were washed three times in 500 pi of binding buffer. The poly 

IC agarose beads were resuspended in 25 pi of binding buffer, mixed with 25 pi of the cell extract and 
incubated at 30 °C for 30 min with occasional mixing.

The beads were washed twice with wash buffer, once with binding buffer and were 
resuspended in 21 pi of binding buffer. Poly IC agarose-bound cell extracts (7 pl)were incubated at 30 
°C for 15 minutes with 100 pM cold ATP, 0.37 MBq 32P dATP (6000 Ci/mmol), 10 mM magnesium 
acetate. The samples were analysed by 12 % SDS-PAGE, which was Coomassie blue stained, dried 
and exposed to film.
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Fig. 5.3b. Autoradiograph to Show Kinase Activity of Poly IC-Binding Proteins
from Cell Extracts

IFN U /m l

1 2 8

Fig. 5.3b. Autoradiograph to Show Kinase Activity of Poly IC-Binding Proteins from Cell Extracts
Cells were treated with IFN (range of concentration) for 12 h. Poly IC agarose beads (25 pi) 

were washed three times in 500 pi of binding buffer. The poly IC agarose beads were resuspended in 
25 pi of binding buffer, mixed with 25 |il of the cell extract and incubated at 30 °C for 30 min with 
occasional mixing.

The beads were washed twice with wash buffer, once with binding buffer and were 
resuspended in 21 pi of binding buffer. Poly IC agarose-bound cell extracts (7 pi) were incubated at 30 
°C for 15 minutes with 100 pM cold ATP, 0.37 MBq 32P dATP (6000 Ci/mmol), 10 mM magnesium 
acetate. The samples were analysed by 10 % SDS-PAGE, which was Coomassie blue stained, dried 
and exposed to film.
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Fig. 5.4. Phosphorylation of Histone Proteins by Poly IC-Binding Proteins

1
mm i> *  1

1 2 3 4 5 6

Coomassie Stain of Phosphorylated Histones Autoradiograph of Phosphorylated Histones

Fig. 5.4 . Phosphorylation of Histone Proteins by Poly IC-Binding Proteins
Poly IC agarose beads (25 pi) were washed three times in 500 pi of binding buffer. The poly 

IC agarose beads were resuspended in 25 pi of binding buffer, mixed with 25 pi of the cell extract and 
incubated at 30 °C  for 30 min with occasional mixing. The beads were washed twice with wash 
buffer, once with binding buffer and were resuspended in 21 pi of binding buffer. Poly IC agarose- 
bound cell extracts (7 pi) were incubated at 30 °C for 15 minutes with 0.2 p g /p l calf thymus histone 
proteins, 100 pM cold ATP, 0.37 MBq 32P dATP (6000 Ci/mm ol), 10 mM magnesium acetate. The 
samples were analysed by 12 % SDS-PAGE, which was Coomassie blue stained, dried and exposed 
to film.
Cell extracts from:

Lane 1 
Lane 2 
Lane 3 
Lane 4 
Lane 5 
Lane 6

Control (medium only) 12 h 
1 U /m l IFN 12 h 
8 U /m l IFN 12h 
FPV (moi 10) for 12h 
FPV (moi 10) for 24h 
No cell extract
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5.4. Ability of Poly IC-Binding Kinase(s) to Phosphorylate Histone Proteins
The poly IC-binding proteins in samples from control, IFN-treated and 

FPV infected CEF, were able to phosphorylate calf thymus histones, Fig 5.4. Cells 
treated w ith  8 U /m l of IFN for 12 h appear to have a reduced ability to 
p h ospho ry la te  h istones. There w as no apparen t increase in ability to 
phosphorylate histones by samples from IFN-treated cells. The differences in the 
levels of h istone  phosphory la tion  could be due to slight experim ental 
inconsistencies, such as in the washing of the poly IC agarose, or in the levels of 
the kinase(s) responsible for the phosphorylation. Coomassie blue staining 
indicates that sim ilar concentrations of histone protein  w ere used in each 
sample.

Extracts from FPV infected CEF do not have a reduced capability to 
phosphorylate histone proteins. In fact, cells infected with FPV for 24 h appear to 
have an increased ability to phosphorylate histones com pared to the control. 
Thus, the presence of FPV proteins, such as a hom ologue of E3L which can 
inhibit activation of PKR (Beattie et al.f 1995a, Davies et ah, 1993), may be 
questionable. It is also possible that the phosphorylation seen in Fig. 5.4 is due to 
the presence of kinase(s) other than PKR, which are able to bind poly IC and 
phosphorylate histones. A lthough at present there is no other known dsRNA- 
activated kinase, there is another kinase which uses eIF-2a as substrate, the 
hem e-regulated elF-2 alpha kinase , HRI (Chen & London, 1995, De-Haro et a l ,  
1985).

5.5. Ability of Poly IC-Binding Kinase(s) to Phosphorylate Mammalian eIF-2a 
Peptide

5.5.1. Mammalian eIF-2a Peptides
P eptides of m am m alian eIF-2a were used in this experim ent as the 

chicken eIF-2a has not yet been cloned or sequenced. The peptides used were 
similar to those described by Mellor and Proud (1991), and were obtained from 
Professor M. J. Clemens, Division of Biochemistry, Departm ent of Cellular and 
M olecular Sciences, St. George's Hospital Medical School. Both the substrate 
peptide (NIEGMILLSELSRRRIRSIN) and the pseudo-substrate peptide in which 
Ser51 was replaced w ith Ala (NIEGMILLSELARRRIRSIN), were phosphorylated 
by poly IC-binding proteins from cell extracts (data not shown). Both substrate 
and pseudo-substrate peptides contain serine residues other than Ser51 and so 
may be phosphorylated by any Ser/Thr kinase.
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Fig. 5.5. Phosphorylation of Mammalian eIF-2a Peptide by Poly IC-Binding
Proteins

8

Coomasie Stain of Peptide Gel

?

peptide

Autoradiograph of Peptide Gel

Fig. 5.5. Phosphorylation of Mammalian eIF-2a Peptide by Poly IC-Binding Proteins
Poly IC agarose beads (25 pi) were washed three times in 500 pi of binding buffer. The poly IC 

agarose beads were resuspended in 25 pi of binding buffer, mixed with 25 pi of the cell extract and 
incubated at 30 °C for 30 min with occasional mixing. The beads were washed twice with wash buffer,
once with binding buffer and were resuspended in 21 pi of binding buffer. Poly IC agarose bound cell
extract (5 pi) was mixed with peptide buffer, 3 pCi 32P dATP (5,000 Ci/m m ol, DuPont), and 2 pM of 
substrate peptide in a final volume of 10 pi, and incubated at 30 °C for 15 min as in 2.3.6.

The samples were mixed with an equal volume of peptide sample buffer, boiled and run on a 15 
% oligopeptide gel as in 2.3.7 (Swank & Munkres, 1971). TTie gel was Coomassie blue stained, sealed in 
polythene sheeting and exposed to film.

Lane 1 Extract from untreated cells 16 h 
Lane 2 Extract from cells treated with 2.6 U /m l IFN for 16h 
Lane 3 Extract from cells infected with FPV (moi 10 ) for 16 h 
Lane 4 Extract from cells treated with 1.3 U /m l IFN 16 h 
Lane 5 Extract from cells infected with FPV (moi 10) for 24h
Lane 6 Extract from cells infected with FPV (moi 10) for 53 h
Lane 7 No cell extract
Lane 8 No peptide, extract from cells treated with 2.6 U /m l IFN 16h 
Lane 9 No ATP, extract from cells treated with 2.6 U /m l IFN 16h
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It is possible that avian PKR phosphorylates a different site of the mammalian 
eIF-2a peptides, and not Ser51. The chicken eIF-2a has not yet been cloned and 
sequenced, so it is not know n how closely m am m alian and chicken eIF-2a 
resemble each other. Thus it is possible that avian eIF-2a does not have a serine 
residue equivalent to Ser^l.

As well as the gel m ethod shown in Fig. 5.5, phosphocellulose paper and 
spin columns were used with a scintillation counter in an attem pt to quantify the 
phosphorylation of the eIF-2 peptide. Both these methods were unsatisfactory as 
they did not produce consistent results.

5.5.2. Assay for Phosphorylation of Mammalian eIF-2a Peptides by Poly IC- 
Binding Kinase(s)

The eIF-2a peptide can be clearly seen on the oligopeptide gel (described in 
M aterials and M ethods, 2.3.7.) by Coomassie blue staining. The autoradiograph 
shows bands representing phosphorylated peptide in all lanes (1-6) other than the 
controls (lanes 7, 8, and 9). The intensity of these bands varies, appearing stronger 
in samples from cells infected with FPV for 24 and 53 hours, but the intensity is 
relatively low in all lanes. All the samples contained poly IC-binding proteins 
capable of phosphorylation of the eIF-2 substrate peptide.

In lanes 5, 6, and 8 a band is clearly visible above that of the peptide and 
may be presen t at a lower intensity in other lanes, as is the even higher 
molecular w eight band which can be seen in lane 1-6 and 8. Lane 8 is a control 
w ithout peptide and the band is still present and as intense as in lanes 5 and 6 
(extracts from FPV infected CEF at 24 hours and 53 hours pi). The bands of higher 
molecular weight than the peptide are not present in the absence of cell extract or 
ATP (lanes 7 and 9). It is possible that these band represents 2-5' linked units of 
labelled ATP which have been produced by 2'-5'A synthetase present in the cell 
extracts, although experiments to test this hypothesis were not carried out. It is 
possible that the bands of higher m olecular w eight than the peptide were 
responsible for the inconsistencies in scintillation counting that arose when 
phosphocellulose paper and spin columns were used.
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Fig. 5.6. Autoradiograph of Radio Immuno Precipitation Assay with PKR
Monoclonal

IFN 
treated cells Control

Fig. 5.6. Autoradiograph of Radio Immuno Precipitation Assay with PKR Monoclonal
The pre-cleared labelled cell extracts were mixed with the sepharose-bound 

monoclonal (71/10 PKR, Ribogene) at 4 °C for 3h. The sepharose was washed five times with RIP A I 
buffer and twice with RIPA II buffer. The samples were analysed by 12 % SDS PAGE, alongside 
poly IC agarose bound and non bound proteins from the same cell lysate.

Lane 1 RIPA with human PKR (in vitro translated)

Lanes 2+5 Poly IC agarose bound proteins
Lanes 3+6 Non poly IC agarose bound proteins
Lanes 4+7 RIPA

Lanes 2-4 CEF treated 5.3 U /m l IFN 14 h
Lanes 5-7 Control, CEF treated medium 14 h
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5.6. Binding of Cell Extract Proteins to a Monoclonal Antibody which Recognises 
Human PKR

The m onoclonal antibody used was 71/10 against PKR (Ribogene). The 
antibody was originally produced by Laurent et al (1985).

Fig. 5.6, lane 1 shows that in vitro translated hum an PKR was bound by the 
monoclonal antibody (71/10 PKR, Ribogene). Lanes 2 and 5 show the 35S labelled 
proteins in extracts from CEF treated w ith 5.3 U /m l of IFN and control cells, 
which were able to bind to synthetic dsRNA. Lanes 3 and 6 show 
the labelled proteins w hich rem ained in the sam ple after poly IC-binding 
proteins had been removed. It is apparent that not all poly IC-binding proteins 
were removed using this process. This may have been caused by insufficient poly 
IC, alternatively it could indicate that poly IC binding was not totally specific. 
Lanes 4 and 7 show the proteins which were bound by the monoclonal antibody. 
It is clear from lanes 4 and 7 that despite pre-incubation of the protein A 
sepharose w ith non-labelled control extracts and clearing of the labelled extracts 
w ith  poly A sepharose, m any proteins were bound by the monoclonal and 
sepharose mixture. It is clear from lanes 3, 4, 6, and 7 that any avian PKR present 
which was bound by the monoclonal and synthetic dsRNA is not present in large 
quantities, as bands of the expected size (68 Kd) are very weak in intensity. It is 
possible that avian PKR is not recognised by the monoclonal antibody which 
binds the N -term inus of hum an PKR, although the m onoclonal antibody is 
reported to be able to bind to plant PKR (Langland et al., 1995).

5.7. Discussion
Evidence has been shown here that avian cell extracts contain proteins 

w hich are capable of phosphorylation , and tha t d ifferent p ro teins are 
phosphorylated  by extracts from control and IFN-treated CEF. These kinase 
activities appear to be unaffected by the presence or absence of the synthetic 
dsRNA, poly IC.

Extracts from CEF infected w ith FPV for 1 hour show ed the same 
phosphorylation profile as extracts from IFN-treated cells. Extracts from CEF 
infected w ith FPV for 12 hours had a profile of phosphorylated proteins similar 
to extracts from untreated, non-infected CEF. Thus it appears that FPV induces 
IFN or the effector pathways of IFN within 1 hour of infection. By 12 hours of
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FPV infection the virus either no longer induces these pathw ays or is able to 
overcome the effects of IFN or the pathways induced by IFN.

The poly IC-binding proteins from cell extracts were partially purified by 
b inding  to poly IC agarose. The poly IC-bound proteins were capable of 
phosphorylation, phosphorylation of histone proteins and phosphorylation of 
m am m alian eIF-2a peptides. Although these activities suggest the presence of a 
protein(s) w ith properties similar to PKR, the protein(s) responsible for these 
activities could not be identified. The activities associated with PKR did not seem 
to be reduced in extracts from FPV infected CEF. Thus extracts from FPV infected 
CEF do not appear to contain inhibitors of PKR, such as E3L and K3L. It has been 
reported that the product of VV E3L accumulates to its highest levels at 5h post
infection (W atson et al., 1991), although a more recent study found that E3L 
product w as expressed 0.5-4 hour post infection and K3L was expressed 0.5-3 
hours post infection (Beattie et al., 1995b). Extracts were obtained from FPV CEF at 
later times post-infection to take into account the slower growth rate of FPV. It is 
possible that inhibition of PKR was not seen in extracts from FPV infected CEF 
because the extracts were taken when inhibitor was not produced.

Many proteins bound by poly IC were phosphorylated in all extracts. A poly 
IC-binding protein of 55 Kd was seen in the extracts from IFN-treated avian cells. 
It is possible that this is the 55 Kd avian protein identified by Ball (1979) as co- 
purify ing  w ith  2'-5'A  synthetase activity. Bands w ere also seen on an 
oligopeptide gel (details given in 2.3.7) w hich may have been 2'-5' linked 
oligomers of ATP produced by 2'-5'A synthetase, although this possibility was not 
tested. PKR is know n to be ribosome associated in m am m alian cells (Samuel, 
1979), w hereas 2'-5'A synthetase activity is located in the post-ribosom al 
supernatant fraction of chicken cells (Ball, 1979). Thus it w ould be possible to 
separate the two proteins by fractionation. However, this was not performed on 
the cell extracts used in these experim ents as there was some concern that 
protease activity could affect the results.

Rice and Kerr (1984) performed kinase assays in the presence and absence 
of dsRNA on HeLa cell extracts obtained by the same m ethod as used here. 
Phosphorylation of the 69 Kd hum an PKR was clearly visible in extracts from 
control and IFN-treated cells when dsRNA was present. PKR was also visible 
when recovered from the cell extracts by binding to poly IC cellulose. The results 
shown here, coupled with the information above suggests that if there is an
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avian equivalent of PKR, as is suggested by the phosphorylation results, it is less 
abundant in CEF extracts than is the hum an protein in HeLa cell extracts.

Roberts et al (1976b) used the post m itochondrial supernatant fractions 
from m ouse L-cells to dem onstrate phosphorylation of histones by PKR. The 
phosphorylation of the histones was greatest when incubated w ith dsRNA and 
cell extracts from IFN-treated cells. I have tried to replicate this experiment in 
avian cells and found that there was no visible difference in the phosphorylation 
of histones by extracts from IFN-treated and non-treated cells which could not be 
accounted for by inconsistencies in the loading of the gel.

It has been reported that avian PKR phosphorylates two proteins, of 67 Kd 
and 38 Kd (Ball, 1979). However the data to support this was not published. On an 
evolutionary scale, birds are more closely related to reptiles and amphibian than 
m am m als (Davison et al., 1996). One study of the 2'-5'A system and PKR in 
animals, plants and lower organisms found that PKR was not detectable in any of 
the tested reptilian, am phibian or plant extracts (Cayley et al., 1982). However a 
plant homologue of PKR (Langland et al., 1995, Langland et al., 1996a, Langland et 
al., 1996b) has since been described. Thus it is possible (although unlikely) that 
avian cells do not contain a protein hom ologous to PKR. A more realistic 
scenario is that any avian homologue of PKR differs from the hum an protein at 
the amino acid level as do the chicken IFNs (Digby & Lowenthal, 1995, Sekellick 
et al., 1994). Another, equally valid alternative, is that avian PKR is not involved 
in the IFN response and is therefore regulated differently.

In conclusion, CEF contain a kinase(s) w ith the ability to bind poly IC, 
phosphorylate histones and phosphorylate a peptide of m ammalian eIF-2a. The 
activity of the kinase(s) was not increased by addition of poly IC nor was the 
kinase(s) induced by IFN-treatment of the cells or im m unoprecipitated with a 
PKR m onoclonal. Thus, it was not possible to determ ine w hether or not the 
kinase activities seen in the experiments is an avian PKR. Nor is it therefore 
possible to determ ine whether or not FPV expresses inhibitors of PKR, such as 
homologues of VV E3L and K3L.
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6. PROBING FOR AN AVIAN HOMOLOGUE OF PKR BY HYBRIDIZATION
AND PCR

6.1. PCR of a Chicken Lung cDNA Library
A lambda gtll 5' stretch cDNA library of chicken lung (purchased from 

Clontech, CL1014b), was used in these experiments. The library of chicken 
lung cDNA w as chosen because, of the few libraries available, it was 
considered the most likely to contain significant levels of PKR cDNA.

PCR was perform ed on the cDNA library, using degenerate primers 
designed to amino acid sequences of functional domains conserved between 
hum an and mouse PKR (Feng et al., 1992). These include domains such as the 
RNA binding domain and the eIF-2a binding domain. Conservation between 
hum an and m urine PKR and functional domains are shown in Fig. 6.1. The 
degeneracy of the prim ers was designed to take into account both the 
degeneracy of the genetic code and the preferred codon usage of chickens.

Table 6.1. Oligonucleotide Primers for PCR of the cDNA Library
Primer Sequence 5'-3' Position
LP1 TRTTYATYCARAT

GGARTTYTGYGA
361-368 aa human PKR (LFIQMEFC), eIF-2a 
binding domain

LP2 TCRCARAAYTCCA
TYTGRWKAA

complementary to 362-369 aa human PKR 
(FIQMEFCD), eIF-2a binding domain

LP3 GGYTTSARRTCNC
KRCGRAT

complementary to 410-417 aa human PKR 
(IHRDLKP), kinase domain VI

LP4 GTBAAYTAYGAR
CARTGYG

116-122 aa human PKR (VNYEQCA), RN A  
binding domain II

IUB Group Codes For Degeneracy:
R=A+G, Y=C+T, M=A+C, K=G+T, S=G+C, W=A+T, H=A+T+C, B=G+T+C, 
D=G+A+T, V=G+A+C, N=A+C+G+T

The amino acid sequence and domain structure of hum an PKR are shown in 
Fig. 6.2. The positions of sequences used to design primers are also indicated. 
The primers were used in pairs:
Primer pair A = LP1 + LP3 
Primer pair B = LP2 + LP4 
Primer pair C = LP3 + LP4
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Fig. 6.1. Diagram to Show Domains of Human and Murine PKR

RBD 1
HPKR M A G D L S A G F F M E E L N T Y R Q K Q G W L K Y Q E L P N S G P P H D R R F T F Q V IID G R E ^B jj^^H B B jj^^^B ^E IL N K E K K  
MPKR MASD. T P G F Y M D K L N K Y R Q M H G V A IT Y K E L S T S G P P H D R R F T F Q V L ID E K E q U I^ ^^ U ^ ^^ ^ P /D IL D N E N K

RBD 2
HPKR a v s p l l l t t t n s s e g l s m g n y ig l in r ia q k k r l t v n y e q c a s g v h g p e g f h y k c k m g q k e B H ^ M U ^ ^ H ^ a k l
M PK R  V D C H T SA SE Q G L FV G N Y IG L V N SFA Q K K K L SV N Y E Q C E P N SE L PQ R FIC K C K IG Q T M ^^^^^^H B B ^K E

|AYLQlijHPKR
MPKR

SEETSVKSDYLSSGSFATTCESQSNSLVTSTLASESSSEGDFSADTSEIIYSDSLNSSSLLMNGLRNNQRKAK 
..................................... K SPPK TA G TSSSW TSTFSG FSSSSSM TS............. NGVSQSAPGSFSSENVFTNGLGENK

HPKR RSLAPRFDLPDMKSTKYTVDKRFGMDFKEIIILXGSGGF(| 2VFKAKHRIDGI iTYVIKF
m p k r  r k s g v k v s p d d v q r n k y t l d a r f n s d f e d i h e i g l g g f g Ev f k a k h r i d g i |:r y a i k f

VKYNNE KA£REVKALAKLD
VKYNTI KAE

IV

REVQALAELNiVNI
HVNI

V elF-2(x Binding Domain
HPKR VHYNGCWDGFDYDPETSDDSLEE SDYDP^NSKNSSRSKTlKCLFIQMEFCfDKGTLEQWIEKRRGEKLDKVLALELFEQITK
MPKR VQYHSCWEGVDYDPEHS...............................  .MSDTSRYKTjRCLFIQMEFqDKGTLEQWMRNRNQSKVDKALILDLYEQIVT

VI Ser specficity VII ATP Binding VIII IX
PSNIFLVDTK^VKIGDFGL VTjS LKNDGK . RTftSKGTLRYMSPEQISSQDYGKEVDLYALGLILAEHPKR G^DYIHSKKLIHRDI 

MPKR Gh/EYIHSKGLIHl

HPKR LLHVCDTAFETSKFF TDLRDGIIS

CPGNIFLVDERH IK IG D FG L A m LENDGKSRTRRTGTLQ^MSPEQLFLKHYGKEVDIFALGLILAE
X XI

DIFDKKEI tTLLQKLLSKKP EDRPNTSEILRTLTVWKKSPEKNERHTC Z
MPKR LLH TCFTESEKIKFF SSLRKGDFSIfDIFDNKEKSLLKKLLSEKPKDRPETSEILKTLAEWRNISEKKKRNTC
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Fig. 6.1 D iag ram  to S h o w  D o m ain s  of H u m a n  a n d  M u r in e  PKR
A lig n m e n t  of the  a m in o  acid sequences  of h u m a n  and  m u r in e  PKR is taken 

from  Feng et al, 1992. K inase d o m a in s  s h o w n  a re  d esc r ib ed  by H an k s  et al, 1988 an d  
M eurs  et til 7990. R N A *binding  d o m a in s  are  desc r ibed  bv G reen  a n d  M athew s,  1992.



Fig. 6.2. Diagram to Show Domains of Human PKR and Amino Acid 
Sequences Used for Primer Design
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Under stringent conditions (45-50 °C annealing temperature) all three 
primer pairs produced DNA fragments of the correct/expected sizes (A = 180 
bp, B= 700 bp. C = 900 bp approximately) when used with the human PKR 
plasmid template. Under the same conditions but with the cDNA library as 
template, prim er pairs B and C produced very few DNA fragments which 
were all of small sizes (400-500 bp).

Low stringency conditions (with an annealing temperature of 35 °C, 1 
mM MgCl2, and 40 cycles) produced the greatest size range of products from 
the cDNA library. Under these conditions, bands of the correct sizes (A = 180 
bp, B = 700 bp, C = 900 bp approximately) and smaller bands were produced 
with the hum an PKR DNA template, indicating that mispriming occurred in 
these conditions. Reaction products were run on a 2 % LMP agarose gel with 
DNA size markers, see Fig. 6.3.

Table 6.2. DNA Fragments Produced by Low Stringency PCR
Sizes of DNA Fragments Produced with Templates

Primer Pair Hum an PKR cDNA Library
A 180 bp -

B 720, 600,400,230 bp 1000, 800 bp
C 900, 800,700,500 bp 1400, 600 bp

* Dominant bands shown in bold
The DNA fragments of 1400 bp, 1000 bp, and 800 bp produced from 

reactions w ith the cDNA library were considered the most likely to result 
from an avian PKR cDNA. These DNA fragments were excised from the gel, 
GELase treated, cloned into pBS and sequenced. Examples of m anual 
sequencing are shown in Fig. 6.4. Analysis of the sequences was carried at the 
National Center for Biotechnology Information (NCBI) using the BLAST 
netw ork service. The BLAST program  was chosen as an avian PKR 
hom ologue could only be identified at the amino acid level. The BLAST 
program  translates the query sequence into all six reading frame before 
com paring the results with sequences in the databases. The results of the 
analysis of the 1000 bp, 1400 bp and 800 bp clones are shown in Appendix 6.1.

The analysis revealed that none of the cloned sequences showed any 
similarity to PKR at the amino acid level. The 1000 bp fragment is most likely 
to be derived from lambda (p03772 in the SwissProt database), having 91 %
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Fig. 6.3. The Products of a PCR Reaction using the cDNA Library and Human
PKR DNA as Templates

1353 bp 
1078 bp ►  
872 bp —►

603 bp —►

310 bp —►  
271 bp
234 bp 

194 bp —►

Fig. 6.3. The Products Of A PCR Reaction Using The cDNA Library And pET PKR Control As 

Templates
PCR reactions were performed in volumes of 25 pi using 0.05 U /p l Taq DNA polymerase 

(Promega). Reactions contained 2.5 pM each primer, 200 mM each dATP, dCTP, dGTP, dTTP, 1 
mM MgCl2, 1 x reaction buffer, 2 pi of the cDNA library and 50 ng PKR template DNA. The 
reaction mix was overlaid with mineral oil and cycled in the PCR machine. The DNA was 
amplified by 40 cycles, of denaturation at 92 °C for 1 min, annealing of the primers to the DNA 
at 35 °C for 1 min and elongation at 72 °C for 1 min. Taq polymerase, 0.05 U /p l was added again 
at the end of the 20 th cycle. The reactions were held at 72 °C for 10 min at the end of all the 
cycles to ensure complete elongation.

Ten pi of each reaction was mixed with loading buffer and electrophoresed on a 2 % 
agarose gel. The gel was stained with ethidium bromide and visualised by LJ.V. illumination.

pET PKR Lambda cDNA 
library

Primer pairs LP...

3 2 1 3 3 2 1
4 4 3 4 4 4 3
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Fig. 6.4. Examples of Autoradiographs Showing Manual DNA Sequencing

Fig. 6.4. An Example Of Autoradiographs Showing Manual DNA Sequencing
DNA was sequenced using the dideoxy-chain termination method of Sanger et al, \977  

and the Sequenase Version 2.0 sequencing kit according to the m anufacturer's instructions 
(Amersham/USB). The reactions were denatured by heating to 80 °C for 2 min and run on 8 % 
denaturing polyacrylam ide gels Electrophoresis was performed at 37 W for 1-3 h then 0.5 
volumes of 3 M NaOAc were added to the lower buffer tank and electrophoresis was continued 
for a further 1 h. The gels were fixed for 20 min in 10 % acetic acid, 10 % ethanol and dried at 80 
°C under vacuum for 1 h and exposed to film.
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amino acid identity w ith the lambda serine/threonine protein phosphatase 
over 35 amino acids. The 800 bp fragment appears to be most closely related to 
a bacterial isoleucine tRNA ligase (SYEXI in the PIR database), with a 53 % 
amino acid identity over 30 amino acids. The 1400 bp fragment appears to be 
most closely related to a Homo sapiens furin gene, with 40 % amino acid 
identity over 25 amino acids.

In order to perform  nested PCR two more degenerate primers were 
designed and synthesized.

Table 6.3. Oligonucleotide Primers for Nested PCR of the cDNA Library
Prim er Sequence 5'-3' Position
LP5 AACGCCGCCGCCA

AGCTSGCYGTB
65-72 aa human PKR (NAAAKLAV) RNA 
binding domain I

LP6 CCACTGCTCCAGG
GTSCCYTTRTC

complementary to 369-376 aa human PKR 
(DKGTLEGW) eIF-2a binding domain

IUB Group Codes:
R=A+G, Y=C+T, M=A+C, K=G+T, S=G+C, W=A+T, H=A+T+C, B=G+T+C, 
D=G+A+T, V=G+A+C, N=A+C+G+T
Primer pair D = LP3 + LP5
Primer pair E = LP4 + LP6

Nested PCR was attem pted using primer pair D followed by E, and 
resulted in a band of 750 bp (data not shown) when used with the human 
PKR DNA and w ith  the library. However, the possibility of cross
contamination during the purification of the first round products was high so 
the product was not cloned and sequenced. This was justified by repetitions of 
the experiment which failed to produce bands when the cDNA library was 
used as template.

Products of PCR reactions using primer pair C were run on an agarose 
gel which was blotted onto nylon membrane and probed with radiolabelled 
LP2 (eIF-2 binding domain). A 900 bp product and larger bands from the 
reaction with hum an PKR DNA hybridized to LP2. Two DNA fragments of 
approxim ately 900 bp, derived the reaction with the cDNA library, also 
hybridized to LP2. The larger of the two 900 bp fragments derived from the 
reaction with the library was judged because of its size to result from cross
contamination with hum an PKR. However it was decided that the smaller 
900 bp fragm ent could represent avian PKR. Thus, the two 900 bp DNA
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fragments from the library reaction were separated, cloned, sequenced and 
analysed by FASTA of the Wisconsin GCG package.

The larger of the two DNAs (900+) had a 96 % nucleotide identity with 
hum an PKR over 118 bp and thus was considered to be hum an PKR DNA 
resulting from cross-contamination. A lower level of conservation would be 
expected for an avian PKR due to differences in codon usage in chickens and 
humans. The 4 % of non-matching nucleotides may have arisen during PCR 
with Taq which has a high error rate (1:3000 bases) and no proof-reading 
mechanism, or could be due to poor sequence reading.

The smaller of the two DNAs (900-) had a 67 % nucleotide identity to 
Salmon salar Nhe I repeat element over 118 bp when analysed at the DNA 
level. Analysis at the National Center for Biotechnology Information (NCBI) 
using the BLAST network service revealed that the smaller 900 bp DNA 
fragm ent had a low level of amino acid homology with several kinases, see 
A ppendix 6.2. How ever w hen the DNA was sequenced in the reverse 
direction and analysed at the amino acid level, there was no homology to any 
RNA-binding protein as would be expected if the DNA represented an avian 
PKR hom ologue. The m atch w ith p -galactosidase  (C loning vector 
pBBRlMCS-2), lac Z, is present because the sequencing included the end of the 
cloning vector.

6.2. Screening of a Chicken Lung cDNA Library for PKR
The cDNA library was screened using a succession of probes. These 

probes included radiolabelled degenerate oligonucleotides, LP4 (RNA binding 
domain PKR) and LP2 (eIF-2a binding domain PKR), and also chemically 
labelled (ECL) DNA covering 20-416 aa human PKR and DNA covering of 1- 
227 aa (the RNA binding domains) of human PKR.

The library was initially plated at a high density so that all clones would 
be represented. The high density plating prevented picking of individual 
plaques so initially areas containing many plaques were picked and then 
replated so that individual plaques could be isolated. Initial probing of the 
complete library with LP1 (eIF-2a binding domain) and LP4 (RNA binding 
domain) identified 96 areas containing positive plaques. These plaque areas 
were picked, DNA was produced and dotted onto a membrane which was 
then probed with human PKR (20-416 aa PCR product). This identified 4 areas 
of plaques to be positive. The positive plaque areas were replated and probed
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Fig. 6.5. Autoradiograph of Plaques Probed with ECL Labelled Human PKR
DNA

Ink markers 
to allow 
orientation 
of the film 
and the plate

\

t*

/

*

%

i

Fig. 6.5. Autoradiograph Of Plaques Probed With Chemically Labelled Human PKR DNA
Plaques were blotted on to nylon membrane. The membrane was soaked in denaturation 

solution for 5 min, in neutralization solution twice for 3 min, then air-dried and the DNA was 
covalently bound to the membrane using UV illumination. Hybridization was carried out using 
the ECL direct nucleic acid labelling and detection systems. The hybridization buffer 
contained m anufacturer's ECL gold buffer, 5 % manufacturer's blocking agent and 0.5 M NaCl 
which was mixed and incubated at 42 °C for 1 h before use. The membrane was incubated in the 
hybridization buffer at 42 °C in a hybridization oven (Appligene) for at least 30 min before 
addition of the probe.

The probe was produced using 300 ng of a PCR product of human PKR DNA. The DNA 
was diluted to 10 ng/jil, denatured by boiling for 5 min and snap cooling on ice for 5 min. The 
denatured DNA was mixed with one volume of the manufacturer's labelling mix and one 
volume of glutaraldehyde and incubated at 37 °C for 10 min. The labelled probe was then 
added to the hybridization solution and membrane. Hybridization was carried out at 42 °C for 
4-16 h.

After hybridization the membrane was washed twice in 0.4 % SDS, 0.5 x SSC at 55 °C 
for 10 min and twice in 2 x SSC at 25 °C for 5 min. The detection reagents were mixed and placed 
on the membrane for 1 min. The membrane was blotted with paper towels to remove excess 
detection fluid, wrapped in saran wrap and exposed to film for 1 min-2 h.
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again with hum an PKR, approximately 90 % of the resulting plaques were 
positive.

An example of plaque screening using a chemically labelled probe (ECL) 
of hum an PKR DNA is shown in Fig. 6.5. The ink markers, shown with 
arrows, allow the film to be aligned to the plate so that the plaques can be 
easily identified and picked. The small dark spots represent plaque DNA that 
the probe has bound, therefore 'positive plaques'. The white areas are plaque 
DNA that the probe did not bind, 'negative plaques'. There is a general grey 
background, which may be the result of a long exposure using the chemical 
detection reagents or due to overexposure of the membrane to denaturation 
and neutralization solutions.

The RNA binding domain of hum an PKR was used as a probe to 
reduce the number of plaques involved and reduce the possibility of isolating 
m any kinases. The original 96 and the PKR-positive 4 plaques were probed 
with the RNA binding domain of PKR (1-227 aa PKR). Five positive plaques 
were picked, replated and probed again with the RNA binding domain of 
PKR. Fig. 6.6 shows a flow diagram of the library screening process.

Ten individual positives were picked and sequenced using primers 
surrounding  the EcoRI site that was used in library construction. Initial 
analysis using the Wisconsin GCG package FASTA program  showed that 
many of plaques picked (l-10a, 6-9b, ll-9b  and 15-7b) had homology with 
rRNA of various species, Fig 6.7.

The sequences were also analysed at the amino acid level at the 
National Center for Biotechnology Information (NCBI) using the BLAST 
network service to confirm the results. The most significant hits from BLAST 
analysis are show n in Appendix 6.3. All of the sequences that showed 
hom ology to ribosom al RNAs when analysed at the DNA level, had 
relatively low hom ology w ith any known amino acid sequences in the 
database and thus are likely to be chicken ribosomal RNA genes. Some 
sequences had similarity to known kinases when analysed at the amino acid 
level but in all cases the amino acid conservation was low and there was no 
hom ology to any of the PKR proteins. Few of the sequences analysed had 
hom ology to any known chicken genes. This probably reflects how few 
chicken genes are currently known rather than any problem with the library.
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Fig. 6.6. Flow Diagram of the Library Screening Process

Total Library (chicken lung cDNA)

Probed with oligonucleotides of the 
eIF-2 and RNA binding domains

96 Plaques Picked

Probed with human 
PKR 20-420 aa

4 Positives Picked

Probed with human PKR 
RNA-binding domain

5 Positives Picked

Probed with human PKR 
RNA-binding domain

10 Plaques Picked And Sequenced
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Fig. 6.7. DNA Level Analysis of Plaque Sequences

Plaque Homology With % Homology

I-10a Rev Ribosomal 28S RNA (Gorilla)
6-9b Rev rRNA (T. chloroplast )
II-9b Rev 18S rRNA (Rhinobatos lentiginous )
15-7b For M itochondrial genome rRNA (P. anserina )

92 % /1 89 bp 
60 % /101 bp 
96% /179 bp 
94% /179 bp

Fig. 6.7. DNA Level Analysis Of Plaque Sequences
Plaques picked were grown and the DNA extracted. Manual sequencing was carried out 

and the sequences analysed by the FASTA program  of the Wisconsin package, Genetics 
Computer Group, Inc. Only the highest homology for each sequence is shown here.
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6.3. Northern Blot of Poly A RNA from IFN-Treated CEF and Total RNA 
from U937 Cells Probed with Human PKR DNA

Messenger RNA was isolated from IFN-treated CEF, approximately 5 pg 
was run on a denaturing formamide gel, blotted onto nylon membrane and 
probed with hum an PKR DNA. Total RNA from human U937 cells (20 pg), a 
monocyte-like cell line (kindly provide by J. Russell), was added to the gel as a 
control. A blot of various amounts of human PKR DNA was used as a quality 
and quantity control for the probe. Hum an PKR DNA (10 pg) was easily 
visible after probing and an overnight exposure.

The autoradiographs of a northern blot of poly A RNA from 
IFN-treated CEF and total RNA from U937 cells, probed with human PKR 
DNA after a 3 day exposure and a 7 day exposure are shown in Fig. 6.8. After a 
3 day exposure of the blot to film no bands are visible in lane 1 (poly A RNA 
from IFN-treated CEF). A band of approximately 2.5-3.0 Kb is easily visible in 
lane 2 (total RNA from U937 cells) as are two faint bands of approximately 4.4 
and 9.5 Kb.

The 7 day exposure was carried out to ensure that any weak signals in 
lane 1 could be visualised. After a 7 day exposure of the blot to film, a faint 
band of between 7.5 and 9.5 Kb is visible in lane 1. The band in lane 1 does not 
extend across the whole width of the lane and so is likely to be non-specific 
binding of the probe. Several bands are visible in lane 2 after a 7 day exposure 
and the band of 2.5-3.0 Kb is the most intense. The other bands are of 
approximately 10 Kb, 4.4 Kb, 2.1 Kb and 7 Kb. The 4.4 Kb and 2.1 Kb bands 
probably represent ribosomal RNA which could be seen on ethidium bromide 
staining and UV illumination of the gel prior to blotting. The 10 Kb band 
could represent a splicing intermediate or alternatively non-specific binding 
of the probe, as hybridization was carried out at a low stringency of 35 °C. 
Hum an PKR probes have been reported to bind to two RNA species of 2.5 Kb 
and approxim ately 6 Kb (Thomis et ah, 1992). Thus it is probable that the 
bands of 2.5-3.0 Kb and approximately 7 Kb represent mRNA of human PKR.
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Fig. 6.8. Autoradiograph of a Northern Blot of CEF Poly A RNA and U937 
Total RNA Probed with Human PKR

9.49 Kb
7.46 Kb

4.46 Kb

2.37 Kb

1.35 Kb

3 day exposure 7 day exposure

Fig. 6.8. A utoradiograph Of A Northern Blot Of CEF Poly A RNA And U937 Total RNA 
Probed With Human PKR.

Poly A RNA was purified from interferon treated CEF using the Micro-Fast Track Kit 
(Invitrogen). Five fig of the RNA was run on a denaturing formamide gel alongside 20 fig of 
total RNA from hum an U937 cells. The PKR probe was produced using the Rediprime DNA 
labelling system (Amersham) and heat denatured at 100 °C for 5 min. The probe was added to 
the membrane in the bottle and incubated at 35 °C overnight.

The membrane was washed in 2 x SSC, 1 % SDS at 35 °C for 10 min. The washes were 
carried out three times before the membrane was wrapped in Saran (Dow) and exposed to film.

Lane 1 5 fig poly A RNA from IFN-treated CEF 
Lane 2 20 fig total RNA from human U937 cells
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6.4. Discussion
PCR conditions of high and low stringency were tested using the cDNA 

library and hum an PKR control DNA. It was found that at high temperatures 
only small DNAs were produced from the library with degenerate primer pair 
LP3/LP4, and avian PKR was expected to produce DNA of a larger size (as does 
the hum an PKR control DNA). Under lower stringency conditions many 
DNAs of a greater range of sizes were produced. Sequencing and analysis 
showed that none of the PCR products cloned had any significant similarity 
with PKR.

The major problem with the PCR approach is that it relies on the 
conservation of the domains on which the primers were based. Although 
these domains are highly conserved between mouse and hum an PKR (Feng 
et al., 1992) (shown in Fig. 6.1) and are likely to be conserved in avian PKR, 
there is a possibility that they are not conserved to the degree required for 
PCR. Indeed the yeast hom ologue, a relative of PKR, is a functional 
hom ologue and does not have many of the domains conserved between 
hum an and mouse PKR, only the kinase catalytic subdomains I, II, VI and VII 
and eIF-2a-binding dom ains are m aintained (Ramirez et al., 1992). The 
degeneracy of the primers, particularly at the 3' end may prevent a strong and 
specific interaction betw een the primers and the tem plate, although the 
primers were designed to minimise degeneracy at the 3' ends.

Initially, end-labelled oligonucleotides were used to screen the cDNA 
library for plaques hybridizing to PKR RNA-binding sequences and PKR eIF-2 
binding sequences. Difficulties were caused by background due to non
incorporated nucleotides and false positives. When a PCR product of 20-420 aa 
PKR was used in the ECL system, 90 % of plaques appeared to be positive. This 
may be because this probe picked up all kinase and RNA binding type 
sequences, but temperature constraints imposed by the ECL system prevented 
an increase in stringency. The PKR RNA-binding domain produced by PCR 
was used to reduce the numbers of plaques involved. It was apparent after 
analysis that the screening processes undertaken had not removed all false 
positives. The cDNA library contained rRNA clones, presumably a result of 
incom plete separation of mRNA from the total RNA and prim ing with 
random  primers as well as oligo dT (Clontech). The screening process relied 
heavily on the assum ed/hoped for conservation of sequences between PKR 
and any avian PKR, and as discussed earlier there is a possibility that these 
sequences may not be conserved to the level required for the methods used.
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Analysis of the DNA sequences was used to rule out obvious false 
positives and known clones. Analysis of the protein sequences translated 
from the DNA was considered the best method to search for PKR sequence 
similarities in the cDNA library clones. The highly conserved eIF-2 binding 
domain indicative of PKR is several hundred bases from the ends of the 
hum an PKR gene, and so a lot of sequencing may be required to reach these 
areas and identify a clone as being avian PKR. None of the plaques picked and 
sequenced had any similarity to PKR, although complete sequencing was not 
carried out.

It is possible that any clone expressing functional PKR might be lost 
during the first plating of the library as a functional PKR might inhibit 
protein synthesis and the replication of the clone. However, any functional 
protein produced would have to interact and phosphorylate the E.coli specific 
initiation factor 2 (Singleton & Sainsbury, 1987) to inhibit protein synthesis. 
P roduction  of a functional pro tein  is unlikely as post-translational 
modifications might be required to produce a functional protein. Also the 
library was constructed so that proteins were expressed as part of a (3- 
galactosidase fusion protein (Clontech) which m ight interfere with the 
tertiary structure of the protein and so inhibit function.

The expression library could have been screened using a monoclonal 
recognizing PKR. For this approach to be successful, the epitope of human 
PKR (N-term inus) recognized by the monoclonal m ust be conserved in 
chicken PKR. Although the monoclonal recognises plant PKR (Langland et 
al., 1995) previous experim ents involving the monoclonal antibody and 
proteins from CEF (see section 4.6) indicated that this approach was unlikely 
to work on avian PKR.

IF N -a /p  are thought to be produced by most cell types, except 
embryonal carcinoma cells (Harada et al ,  1990). A cDNA library of chicken 
lung (Clonetech), was used in these experiments as it was thought that the 
lung was likely to be a site of IFN production caused by infection. In 
retrospect, the choice of a chicken lung cDNA library may have been 
inappropriate as infection and stimulation of IFN production in the lung 
tissue used to make the library could not be guaranteed. Chicken IFN has 
since been cloned from a cDNA library made from primary chick embryo cells 
(Sekellick et al., 1994). To overcome this potential problem RNA was extracted 
from IFN-treated CEF and probed with hum an PKR DNA.
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W hen total RNA from hum an U937 cells was probed with human 
PKR DNA, a band of 2.5-3.0 Kb was easily visible after a 3 day exposure. This 
result is consistent w ith a previous report of human PKR mRNA species of 
2.5 Kb and approximately 6 Kb (Thomis et al., 1992). Thus it is likely that the
2.5-3.0 Kb RNA species seen in Fig. 6.8 represents human PKR mRNA. After a 
7 day exposure, bands corresponding to rRNA and other non-specific 
interactions with hum an RNA species were visible on the autoradiograph.

No bands were visible after a 3 day exposure of poly A RNA from IFN- 
treated CEF probed with the human PKR DNA probe, although a faint band of
7.5-9.5 Kb was visible after a 7 day exposure. As the band did not extend the 
full w idth of the gel lane, it is thought that the band represents a non-specific 
interaction of the probe and not an avian PKR RNA species. The size of this 
band is also different from all other reported PKR transcripts. Murine cells are 
reported to contain 3 RNA species of 2.5, 4 and 6 Kb, which were identified 
with hum an PKR cDNA probes (Icely et al ,  1991). Rat PKR mRNA is thought 
to be 4.4 Kb species (Mellor et a l ,  1994) and plant PKR mRNA a 2.5 Kb 
transcript (Langland et al., 1995).

This experim ent relied upon conservation at the nucleotide level 
between hum an PKR DNA and any avian RNA species. A mammalian PKR 
cDNA was successfully used to detect the 2.5 Kb mRNA in plants (Langland et 
al ,  1995). However, it is possible that any homologue of PKR in avian cells is 
a functional homologue, similar to GCN 2 of yeast (Dever et al ,  1993, Ramirez 
et a l ,  1992, Zhu et a l ,  1996), and thus avian PKR RNA might not have much 
similarity to hum an PKR DNA.

No control was included for the quality of the RNA extracted from CEF 
due to the small am ounts of RNA available after polyA selection. Thus, the 
experiment m ight have been better carried out with total RNA from IFN- 
treated CEF, as then the rRNA species could provide information on the 
quality of the RNA present. An alternative would be to reprobe the blot with 
DNA from a known chicken gene.

In conclusion, I have been unable to identify any avian homologue of 
PKR by PCR of a chicken lung cDNA library, screening of the chicken cDNA 
library or by probing poly A RNA from IFN-treated CEF with hum an PKR. It 
seems likely that DNA sequence conservation between hum an and avian 
PKR is too low for an avian PKR to be identified using any of these methods.
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7. CLONING AND SEQUENCING OF A GENOMIC SEGMENT OF FOWLPOX 
VIRUS DNA WHICH HYBRIDIZES TO VACCINIA VIRUS E3L AND K3L

DNA

7.1. PCR of FPV DNA for a FPV Homologue of VV E3L
In VV, E3L exists between the genes E2L and E4L. Random M13 clones 

of FPV had shown amino acid homology to VV E2L and E4L, and hydridized 
to the BamHI-I fragm ent (10 Kbp) of the FPV genom e (personal 
communication, Dr. M. Skinner). It was thought that an FPV homologue of 
E3L may be present on this DNA fragment, in an analogous location to VV 
E3L. Accordingly, the areas of homology, shown in Fig. 7.1 were used to 
design primers to enable PCR of FPV E3L. PCR was carried out on both total 
FPV DNA and a pBR322 clone of FPV BamHI-I fragment, Fig. 7.2.

A DNA fragment of approximately 500 bp was produced by PCR of both 
total FPV DNA and pMB 280 DNA (a clone of FPV BamHI-I) with primers 
designed to FPV homologues of E2L and E4L, Fig. 7.2. From the E2L primer to 
the start of E2L, there are approximately 190 bp, and from the E4L primer to 
the end of E4L there are approximately 320 bp, Fig. 7.1. Thus if the FPV 
homologues of E2L and E4L are the same size as the VV genes, a total of 510 
bp of the PCR product only accounts for the E2L and E4L genes. VV E3L is 570 
bp. Thus it seems likely that any FPV homologue of VV E3L does not exist 
between the FPV homologues of E2L and E4L.

The sizes of E2L and E4L genes of FPV are not known. There are 
approximately 130 bp from the E2L primer to the end of the known region of 
FPV homology with VV E2L and approximately 145 bp from the E4L primer 
to the end of the known region of FPV homology with VV E4L, Fig. 7.1. Thus 
if the FPV hom ologues of E2L and E4L are only the size of the known 
homology, a total of 275 bp would account for the E2L and E4L portions of the 
PCR product, leaving approxim ately 225 bp which could be an FPV 
homologue of E3L. A 225 bp E3L gene only allows for an FPV E3L protein of 75 
amino acids and the VV protein is 190 amino acids (Goebbel et ah, 1990), 43 of 
which have homology to the RNA-binding domain of PKR and so are
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Fig. 7.1. DNA and Amino Acid Sequences of VV E2L, E3L and E4L 
and Areas of FPV M13 Clone Homology

I ] FPV clone hom ology  to E2L an d  F.4L

P r im e r  sites w ith in  h o m o lo g o u s  reg ions

ACA ATA TCA TCT ATA GTT TAG GTT ACC TCG ATG TCA AGA ACC GAA TTT GTC TAT ATC AAA
T I T S I L D L P A V T R 1 P K F Y L Kl
AAG ACC TTG TTT AAG ATG TTG TAA TAA TAT TTC CTG AAA CCC ATC TAT TCA CCC TAC TTT
E P V F 1E V V N N Y L V K P L Y T P H f |
AGG ATA AAA TTA ATT ACG ATA GCG TAA CAG GAG CAC GTT TAT AGG TTT GCG AAA ACA CTA
G I K I L A I A N D E H L Y G F A K T I |
TCA TAC CGT AAG TAA CAG ATC TTT GCG AGA TGC TTA TAG ACA CTG TCT ATA GTA GAA ATC
T H C E N D L F A R R I D T V S I M E2L

TCT TAT ATG ATC AGC GCA ATT ATC ATG ATG TTA AAC ATA AAA AAT TAG ATA GAG TTA TTT

TTT TAA TTA TAC ATA CTA AGT TAC ATA TTG ATT TGA TGA TTG ACA ATA ACT ATT GAT CTT

AGT CTT AGA TTA CTA CTG CAT TGG TTC TTC AAA TAG ATG ACG GTT AAA TCG ACG TAA TAA
* F R I I V Y G L L K D V A L K A A N N

AAA TCG TAG AGC AAA TCT AAA AGG TAG ACG GAA TAG CTT ATG AGA AGG CAG CTA CAG ATG
K A D R K S K G D A K D F V R G D I D V

TGT CCG TAT TTT ACA TCC TCT CAA TGA TCC GGG TTG ACT AAG TTA TGC TTT TCT GGT TAG
C A Y F T P S N S P G V S E I R F S W D

AGA GAA TCA ATA AAC CGT CAT GAG TAA TTA TTA CCA CTG TCC CAA TCG TAG AAA GGT TAG
R K T I Q C Y E N I I T V P N A D K W D

TTA TTA AAA AAA TCG GCC TTA TTG TAG TAG TTT TCT GAA TAC TAG GAG AGA GTA ACT AAA
I I K K A P I V D D F S K H D E R M S K

AAG CGC CCT ATG TAG TAG ATA ATA CTG CAG TCG GTA TCG TAG TCG TAG GCC GAA TAG GCG
E R S V D D I I V D A M A D A D P K D A

GAG GCA ACA GTA TTT GGT TGC TCC TCC TTA TAG CAG CCT CGA CAT GTG GTA TCG TGA TGC
E T T M F W R P P I D D S S Y V M A S R

AAC TTC TAG CAT GTC TCG AAA TAA TTG AAG AGC GAA GAG GTA TAA TTC AAC AGA TCA ATC
Q lit D Y L A K N V E R K E M N L Q R T L

AAC ACG TCG TCA TCG AGG AAG CTA AGG TTA CAA AAA TTA TCG GCG TGT GTG TTA GAG ACG
Q A A T A G E I G I N K I A A C V I E A

CAG TCT TGC GAG CAG TTA TAT CTA GAA TCT GTA AAA ATC TCT CTT GAT TGT GTT GGT CGT
D S R E D I Y I ' K S M  E3L



TAT TTT GAC TTG GAT GAA ATA GTA AAA AAA TAA GTA GTA GGA GAC CAC CAA GCA GCA AAG
E D E P P E D N R

ATA GCT TAC ATC GAG ACT AAT TGG GCA GTA GAT ATC CAC TAC GAC CAA GAC CTC TAA GAC
D F T A R I L G D D I P S A P E P S E P

CTC CTC TAC CTA ATA ATA GAC CTT CTT AGA GAC AAT AAA GGA ACA AAA GTA CAT AGC TAA
P S P N N D P L I E T I E K N E H I S Q

CGC AAC ATT GTA ATT CTA ACG CTT TAC GAG ATT TAA ACC CTC CGA ATT TCA CAA CAA ACG
T T V N L N R F A 1 R F K P P K F H Q K 4

TTA GAG ATG TGC GCA CAG ATT GAT CAC CTC CAA GCA GTC GAC GAG ATC AAA CTT AGT AGT
D R C A H R V L P P E D A A R T Q I M M|

AGC CGC ATC ATA AGG ATG AAA ATG TCA ATC CTG TGC CAC ATA ACA TAA AGA GCA GCT CTT
P T T N R S K C N| P C P T N Y K E D L Vl

GCA ATT TTA TTA GCA ACA TTG AGT GTA GGA AAT AAA ATA GAT ATA ACA TAA GAT GAG GAA
N F Y D N Y S V D K I K D I N Y E V G K

AGA ATT ACG TAA AAT ATG GCT TAT TCT CTA TCG CTT CCT TAA GAA AAA GCC ACG GCG ATC
K I C K I G F L L Y R L F E K E T G S T

ATG GGA ATT AGT ATA GTG TAT CAC AAA ATA TAA GGT TTA AAC ACC GTT ATC TGC CAA ATA
G K I M D C L T K Y E L N T A I S P K N

AAG ATA TGC TAT CAA ACA AAG ACC TTA GGA AAC TCA TAA GAT ATG GTT ATA ATA AGA AAC
R Y S L K N R S D K S Y E I G I N N K S

TAA GCT TAA ATC AAA GAA GCT ATA ATC TAA AAC ATA ATG GAT ATA AGA ACT ACA TCA TGA
E F K T E E I N S K T N G I N K I Y Y K

AAC TAC TAA AAA GGT ACC GGG TAA GAT AAT TCA GAA GGT TCA ACC GTA GTA GGT GTA TAA
S S K E M A w E I L D E L N A D D V Y Q

CAC TAT CAT TAA GAG CCT ATA GTC ATC GCC GAT GGC GGT AAC TAC AAA CAA GTA ACC TAC
S L L E R I D T A A V A M S T Q E N S S

TCA TTG ATG ATT ACA TAT GTA AAA GGT A
Y S S I Y V N E M  E4L
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Fig. 7.2. PCR of FPV DNA w ith Primers Designed to FPV E2L and E4L

Fig. 7.2. PCR of FPV DNA with Primers Designed to FPV E2L and E4L
PCR was carried out using FPV DNA or DNA from a pBR322 clone of FPV BamHI-I and 

primers designed to FPV homologues of W  E2L and E4L. PCR reactions of 25 pi were set up, 
containing 2.5 mM of each primer, 200 mM each dATP, dCTP, dGTP, dTTP, 1-5 mM M gC l2,1 x 
reaction buffer and 20 ng pBR322/BamHI-I DNA or 100 ng FPV DNA. The reaction mix was 
overlaid with mineral oil and cycled in the PCR machine. The DNA was amplified using 25 
cycles of 92 °C for 1 min, 35 °C for 1 min and 72 °C for 1 min. The reaction products were run on a 
1.5 % agarose TBE gel.

Template DNA

FPV - ve BamHI-I

310 b p —►  
281 b p —►  
2 3 4 b p - ^
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thought to be vital for function (Chang & Jacobs, 1993, Chang et al., 1992). The 
variola virus hom ologue of E3L encodes a protein of 192 amino acids 
(Massung et a l ,  1994). Thus, it seems unlikely that the gene order of E2L-E3L- 
E4L is conserved in FPV, although FPV may have a homologue of VV E3L in 
an alternative genomic location. Molluscum contagiosum virus, MCV, is 
predicted to encode hom ologues of both VV E2L and E4L, but not a 
hom ologue of E3L (Senkevich et a l ,  1996), MCV60315. Between the MCV 
genes which encode hom ologues of E2L and E4L exists a gene which is 
predicted to encode a secreted protein, which contains a signal peptide, and an 
im m unoglobulin  dom ain sim ilar to Xenopus class I histocom patibility 
antigen.

7.2. Hybridization of Degenerate Oligonucleotides of E3L and K3L to FPV 
DNA

In order to identify the genomic location of any FPV homologues of 
VV E3L and K3L, degenerate oligonucleotides were designed to amino acid 
sequences in VV E3L and K3L. Some of the oligonucleotides were chosen to 
include highly conserved amino acid sequences such as the RNA-binding 
domain of E3L. Other oligonucleotides were chosen to include amino acid 
sequences w ith  few codon choices to minimise the degeneracy of the 
oligonucleotide. The amino acid sequences of VV E3L and K3L, and the 
amino acid sequences used to design oligonucleotides are shown in Fig. 7.3. 
Although only the C-term inus region of VV E3L is thought to be directly 
involved in RNA-binding (Chang & Jacobs, 1993), amino acid sequences 
outside this region are thought to be involved in the nuclear localization of 
the protein (Yuwen et a l ,  1993) and thus may play a role in other functions of 
E3L. For these reasons oligonucleotides were designed to amino acid 
sequences both within, and outside of the RNA-binding domain of E3L, Fig.
7.3. The VV K3L protein has 28 % homology to eIF-2a, over all 87 amino acids 
(Goebbel et a l ,  1990) and thus oligonucleotides were designed to amino acid 
sequences in several areas of the protein.
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Fig. 7.3. The Amino Acid Sequences of VV E3L and K3L and Amino Acid
Sequences Used for Oligonucleotide Design

E3L

MSKIYIDERSDAEIVCAAIKNIGIEGATAAQLTRQLNMEKREVNK
E3L-1

ALYDLQRSAMVYSSDDIPPRWFMTTEADKPDADAMADVI Jp DVSR
E3L-3

EKSMREDHKSFDDVIPAKKIIDWKDANPVTIINEYCQITKRDWSF

R I E|S VGP SN S PT F Y AC VP IDGRVFPKADGKS KRDAKNNAAKLAVD
^ ------------

E3L-2

KLLGYVIIRF

K3L

K3L-3 K3L-2

1 1 Homology to PKR RNA-Binding Domain 1

t i l l e d  Homology to Human eIF-2a
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The prim ers were used as probes on a Southern blot of digested FPV 
DNA. H ybridization of E3L and K3L oligonucleotides to FPV restriction 
fragments are shown in Fig. 7.4. The restriction map used is that of Mockett et 
al, 1992 (Mockett et a l ,  1992).

Table 7.1. Oligonucleotide Sequences and Sites
Prim er Sequence Position
E3L-1 5'TTRATDGCDGCGCARACR 

ATYTCDGCRTC 3’
Complementary 
to VV E3L 11-20 
aa
(DAEIVCAAIK)

E3L-2 5'AARGCNGCNAAYAAYAA 
RGCNGA 3'

Complementary 
to VV E3L 169- 
176 amino acids 
(DAKNNAAK)

E3L-3 5'ATGGCNGAYGTNATYAT 
YGA 3'

W  E3L 80-86 
amino acids 
(MADVIID)

K3L-1 5'CCNAAYGCNGGNGAYGT 
NATHAARGGN 3'

VV K3L 9-17 
amino acids 
(PNAGDVIKG)

K3L-2 5'TCRATGTANCCYTTDGTG 
TARTCVACVCKRATVAC 3’

complementary 
to W  K3L 67-78 
amino acids 
(VIRVDYTKGYI 
D)

K3L-3 5'GTNAARATGCAYATGGA
3'

VV K3L 44-49 
amino acids 
(VKMHMD)

TUB Group Codes:
R=A+G, Y=C+T, M=A+C, K=G+T, S=G+C, W=A+T, H=A+T+C, B=G+T+C, 
D=G+A+T, V=G+A+C, N=A+C+G+T

The E3L oligonucleotides, shown in Table 7.2, hybridized to two 
different regions of the FPV genome, BamHI fragm ents A and B, PstI 
fragm ents B and F, and Nco I fragments P and Y. The K3L oligonucleotides 
hybridized to two different regions of the FPV genome, BamHI fragments N, 
G and Q, Pst I fragments A and D /E, and Nco I fragments J and K/L. As the
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Fig. 7.4. Hybridization of E3L and K3L Oligonucleotides to FPV Restriction Enzyme
Fragments

K B C D N P 1 J Q|S F 0  M A E S’ 6 T H L

BamHI " P . . . . . . . ■ !  M i l l I I I — —
G B K N 1 D/E H M D/E 0  L C F J P A

Pstl r "  ■ 3  1 i ' m m  m

S -  N P 0  D U / V Z c M X T J 1 U/V 0  G A B Y F W H R K/L K/L « ’ 7S  N r  C2 V  *- L  ^ a I J  | U/ V (j  u  m d  i r v v n

Ncoi L . U  ■  I I ' l l  I 1 1  T M  I I f  I 1 ■ . . . . . . . . . . 1 1 . . . . . . . . 1

0 kb 50
1 . . . .  1

E3L Oligonucleotides

m m m m  K3L Oligonucleotides

Fig. 7.4. H y b rid iza t io n  of E3L and  K3L O ligonuc leo t ides  to FPV Restriction E nzym e F ragm ents .
FPV D N A  w a s  d iges ted  w ith  BamHI, N co  I o r  Pst I, an d  run  on  a 0.5 % aga rose  gel. T he  gel w as  so aked  in 0.2 M 
HCI for 30 m in, d e n a tu r a t io n  so lu t io n  for 30 m in  a n d  n e u tra l iz a t io n  so lu t ion  for 30 m in  before  be ing  cap illary  
b lo tted  on  to ny lon  m e m b ra n e .T h e  o l ig o n u c le o t id e  p ro b e  w a s  p r e p a re d  by e n d - la b e l l in g  the  o l igonuc leo t ide .  
Equal m o la r  a m o u n t s  of o l ig o n u c le o t id e  a n d  |g-32P] d A T P  w ere  m ix e d  w i th  1 U / m l  of T4 k inase  in the 
a p p r o p r ia t e  reaction  buffer. T h e  reaction  m ix  w a s  in cuba ted  a t  37 °C  for 30 min. H y b r id iza t io n  w as  carried  out 
at 24-32 °C o v e rn ig h t  in a h y b r id iz a t io n  o ven  . A fter  h y b r id iz a t io n  the filters w ere  w ash e d  tw ice  w ith  2 x SSC, 
0.1% SDS, a n d  tw ice w ith  1 x  SSC, 0.5 % SDS for 30 m in  at 24-32 °C each time. T h e  m e m b ra n e  w a s  w r a p p e d  in 
sa ra n  w ra p  or  cling film and  ex p o sed  to a u to ra d io g ra p h y  film at -70 °C. T h e  restriction fragm ent(s)  b o u n d  by the 
o l igonuc leo t ide  probe  w ere  ca lcula ted  by size.
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hybridization was carried out at low tem peratures (due to the level of 
degeneracy  of the o ligonucleotides), non-specific b ind ing  of the 
oligonucleotide probes may have occurred. The oligonucleotides did not 
hybridize to any restriction fragments when the stringency of hybridization 
was increased.

Table 7.2. Oligonucleotide Hybridization to Restriction Fragments
Oligonucleo

tide
BamHI

Fragments
Nco I 

Fragments
PstI

Fragments
E3L-1 A or B P and  Y B and F
E3L-2 - - -

E3L-3 A and B - -

K3L-1 G J and K/L A and D/E
K3L-2 G and N - -

K3L-3 Q - -

The oligonucleotides were also used in PCR reactions with FPV DNA 
as the template. The products were run on an agarose gel but no bands were 
visible after ethidium  brom ide staining and U.V. illum ination (data not 
shown). The result suggests that the oligonucleotides bound to FPV DNA 
non-specifically, and thus the hybridization results may be misleading. 
Another possible reason for the lack of any PCR products is that the distance 
between the prim ers was too large for the PCR conditions used, but this is 
unlikely if the FPV genes are of similar size to the VV E3L and K3L genes.

7.3. Screening of a Library of FPV DNA Nco I Fragments
To provide more conclusive results, a library of FPV Nco I fragments 

was produced and screened with VV E3L DNA and VV K3L DNA. Nco I was 
chosen as the restriction enzyme as it produces a large num ber of small 
fragments. FPV DNA was digested with Nco I, producing fragments of 0.9-30 
Kbp (Mockett et al., 1992). The fragments were ligated into the Nco I site of 
pGem 5zf and transformed into XLl-blue cells (colonies were picked into 96 
well plates containing LB broth and ampicillin).
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It was calculated that Nco I fragments of up to 12 Kbp would be 
included in the library, based on the size of insert that can be ligated into 
pGem 5zf. Thus, Nco I fragments A-G, representing approximately 50 % of the 
genome were excluded from the library.

The results of oligonucleotide hybridization to FPV DNA, Fig. 7.4, 
suggested that FPV homologues of E3L and K3L exist in Nco I fragments P, J 
and K/L. All of these fragments are under 12 Kbp and so should have been 
represented in the library.

The library colonies were picked from the 96 well plates, grown, blotted 
onto nylon membrane and probed with VV E3L DNA or VV K3L DNA which 
was produced by PCR. The positive colonies (12 with each probe) were grown 
and the DNA extracted. The DNA was digested with Nco I to release the 
insert, run on a gel, southern blotted and probed again with VV E3L DNA or 
VV K3L DNA. The aim of this approach was to remove the possibility of false 
positives arising from hybridization of the probe to vector DNA. Clones 2G5 
and 1C12, containing a 5.3 Kbp insert (Nco I-T), were found to be positive after 
screening w ith both VV E3L and W  K3L DNA.

To check the results and the insert sizes, the clones and VV E3L DNA 
and VV K3L DNA were used as probes on a Southern blot of restriction 
digested FPV DNA.

Restriction enzym e digested FPV DNA is show n in Fig. 7.5a. 
Restriction enzyme fragments of FPV DNA hybridized with VV K3L DNA are 
shown in Fig. 7.5b. VV K3L DNA hybridizes with FPV BamHI fragments of 
approximately 4.3 and 3.1 Kbp (N and P), a Nco I fragment of approximately
5.3 Kbp (T) and a Pst I fragment of approximately 20 Kbp (D/E). The same 
fragments also hybridized with clones 2G5 and 1C12 and VV E3L DNA, 
confirming that both clones contain a 5.3 Kbp insert, Nco I-T (all data not 
shown).
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Fig. 7.5a. Restriction Enzyme Fragments of FPV DNA

23,000 bp

Bam HI Nco I

9,416 bp

6,551 bp

4,361 bp

2,322 bp 
2,027 bp

1353 bp 

1027 bp 

872 bp

Fig. 7.5a. Restriction Enzyme Fragments of FPV DNA
Restriction enzyme digests of a final volume of 50 |il were set up with 5 (ig of FPV DNA  

and 50 U of restriction enzyme in the appropriate buffer. The reactions were incubated at 37 °C 
for 16 h. The digested DNA was run alongside marker DNA (A. Hind III and <J>x 174 Hae III) on a 
0.6% agarose TBE gel at 35 V for 16 h. The gel was ethidium bromide stained and visualized by 
U.V. illumination.
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Fig. 7.5b. Restriction Enzyme Fragments of FPV DNA Probed with VV K3L
DNA

20 Kbp 

5.3 Kbp

PstI Nco I Bam HI

t •4.3 Kbp 

•3.1 Kbp

Fig. 7.5b. Restriction Enzyme Fragments of FPV DNA Probed with W  K3L DNA
Restriction enzym e fragments of FPV DNA were blotted on to nylon membrane. 

Hybridization was carried out using the ECL direct nucleic acid labelling and detection systems. 
The hybridization buffer contained manufacturer's ECL gold buffer, 5 % manufacturer's blocking 
agent and 0.5 M NaCl which was mixed and incubated at 42 °C for 1 h before use. The membrane 
was incubated in the hybridization buffer at 30 °C  in a hybridization oven for 4 h before 
addition of the probe.

The probe was produced using 300 ng of a PCR product of W  K3L DNA. The DNA was 
diluted to 10 n g /p l, denatured by boiling for 5 min and snap cooling on ice for 5 min. The 
denatured DNA was mixed with one volume of the manufacturer's labelling mix and one volume 
of glutaraldehyde and incubated at 37 °C for 10 min. The labelled probe was then added to the 
hybridization solution and membrane. Hybridization was carried out at 30 °C for 4-16 h.

After hybridization the membrane was washed twice in 0.4% SDS, 0.5 x SSC at 55 °C  
for 10 min and twice in 2 x SSC at 25 °C for 5 min. The detection reagents were mixed and placed 
on the membrane for 1 min. The membrane was blotted with paper towels to remove excess 
detection fluid, wrapped in Saran (Dow) and exposed to film for 1 min-2 h.
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7.4 Sequencing of FPV Clones 2G5 (Nco I-T) and pMB 282 (BamHI-N)
Prelim inary sequencing and BLAST analysis of the E3L and K3L 

positive clone 2G5 revealed that the ends of the insert had highest homology 
with VV OIL gene, and the FPV DNA polymerase (E9), Fig. 7.6. The ORFs and 
relationship betw een Nco I-T fragment and BamHI-N fragments can be seen 
in Fig. 7.9. It has already been shown, in Fig. 7.5b that the Nco I-T fragment 
overlaps BamHI-N and P fragments. The sequence of BamHI-P and BamHI-D 
have previously been determined and analysed (Mockett et al ,  1992), Thus, a 
pBR322 clone of FPV BamHI-N, pMB 282, was sequenced. In this way not only 
would the sequence of FPV Nco I-T be revealed but also two major blocks of 
FPV sequence could be joined.

The sequencing was carried out by 'primer walking' from the ends of 
the insert and used the autom ated cycle sequencing method. The sequence 
was initially checked and edited using Seqed, version 1.0.3. from Applied 
Biosystems Inc. Assembly of the sequences was carried out using the Sequence 
Assembly Program (SAP), version 4.0, May 1991, written by Roger Staden. The 
alignment of the sequences can be seen in Appendix 7.1. Sequencing of both 
strands and m ultiple gel readings were used to ensure the accuracy of the final 
consensus sequence which was used in analysis. The first 30-50 bases of each 
gel reading, and areas with large numbers of unread bases were excluded from 
the gel readings used in the alignment, again to ensure accuracy. In a small 
area, from 3275-3350 bp, only one sequence has been used in the alignment, 
Appendix 7.1. The chromatogram and sequence of this gel reading have been 
very carefully checked against the ends of surrounding gels (not used in the 
alignment) to ensure that the sequence over this region is correct.
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Fig. 7.6. Analysis of Sequences of Clone 2G5 (Nco I-T)

Sequence of clone 2G5 with forward primer
PIRlrDJVZFP
DNA-directed DNA polymerase ( 2.7.7.7) fowlpox virus (strain HP444) 

Length = 988

S c o r e  = 366 ( 1 7 8 . 7  b i t s ) ,  E x p e c t  = 9.  l e - 4 8 ,  P = 9 . l e - 4 8
1 d e n t  i t  i e s  = 7 2 / 8 8  ( 81 56 ) ,  P o s i t i v e s  = 7 9 / 8 8  (8956) ,  F ra me  = - 3

Q u e r y : 3 79 U U N L L 1QTRGQQE1PSL 1 L QSL ET DL 1SEFTPNREFEKVLLSRKHHNNPKSRTHPNFELU 
++ LL + Q ++GQQE 1 L 1L QSL ET D+ 1SEFT NREFEKYLLSRKHHNN KSRTH NFELU

200

S b j  c t : 8 34 LnKLLMQSKGQQE 1TRL 1 LQSLETDI11 SEFTHNREFEKYLLSRKHHNNYKSRTHSNFELU - 2 5 6 4

Q u e r y : 199 KRPNLENTRQ1E 1GERSYY1Y 1 CD 1SLP 116 
KR NLENT + I E I G E R  V Y 1V 1 CD 1SLP

S b j  c t : 8 9 4 KRYNLENTEK1E 1GERYYY1Y 1 CD 1SLP - 2 6 4 8

S c o r e  = 115 ( 5 7 . 5  b i 1 3 ) ,  E x p e c t  = 1 . 2 e - 2 2 ,  P o i 3 3 o n  P ( 2 )  = l , 2 e - 2 2
1 d e n t  i t i e3  = 2 7 / 5 0  ( 54 56 ) ,  P o s i t i v e s  = 3 0 / 5 0  (6056) ,  F r ame  = - 2

Q u e r y : 5 3 3 LXXQPGKKNPRMEYLRTPSRGPKP1RUPGGPSETRRRURLSHKHLTQD1K 384 
L Q KK ++YLR G KPIRU G SETRR URL HKH+ Q K

S b j  c t : 7 82 L 1 L Q SK KKY TT 1KYLRNYKPGDKP1RUNKGTSETRRDURLFHKHM1QRYK - 2 3 7 7

Sequence of clone 2G5 with reverse primer
PIR2:D42510
OIL protein - vaccinia virus (strain Copenhagen)

Length = 666

S c o r e  = 51 ( 2 5 . 3  b i t s ) ,  E x p e c t  = 3 2 , ,  P = 1 , 0
I d e n t i t i e s  = 1 5 / 5 6  ( 26 56 ) ,  P o s i t i v e s  = 2 4 / 5 6  (4256) ,  F ra me  = +3

Q u e r y :  2 7 6  GKLPPKYYNFGKGLDLNNI  Lf lFGRE I IQLNDLKKL I tlR I PLLPDUFTDUI SUKKNT 443
G LP V D+ N+ F EI I + D-> K + + ++ U KN +

S b j c t :  40 GL LPKS LYL ERI NS DI LNURFF PP EI  INUTDIUKRLQNSCRUDEYLKRUSLYHKNS 287

S c o r e  = 46 ( 2 3 . 6  b i t s ) ,  E x p e c t  = 0 . 0 8 9 ,  P o i 3 s o n  P ( 2 )  = 0 . 0 8 5  
I d e n t i t i e s  = 9 / 2 7  ( 33 5 6) ,  P o s i t i v e s  = 1 5 / 2 7  (5555) ,  F r ame  = +1

Q u e r y :  163 LYSKKURKSI RKFI RPGLNFDLLHEKH 243
+ Y + RK++ K I LN + + KH 

S b j c t :  3 f lVPEFRRKRLSKL ISKKLNIEKUSSKH 87

Fig. 7.6. Analysis Of Sequences Of Clone 2G5
Sequences were analysed at the National Centre for Biotechnology Information (NCBI) 

using the BLAST network service which translates the DNA sequence in all 6 frames and then 
searches the databases for similar proteins. The top of the three sequences is the experimental 
(query) sequence. The bottom sequence (subject) is the library sequence. The middle sequence 
shows amino acids which are identical in both the experimental and library sequences and + 
signs represent conservative changes between the two sequences.
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7.5 Analysis of the Sequence of FPV BamHI-N
Analysis of the consensus sequence was carried out using the BLAST 

netw ork service at the N ational Centre for Biotechnology Information 
(NCBI), PILEUP of the Wisconsin GCG package and CAD Gene version 2.0 
from Genetic Technology Corporation. The nucleotide sequence of 4367 bp 
from pMB 282 (FPV BamHI-N) is shown in Fig. 7.7, with translation of major 
open reading frames (ORFs) shown using the single letter amino acid code. 
An ORF map of the sequence, BamHI-N is shown in Fig. 7.8. The sequence 
exhibits typical poxvirus characteristics, with tightly packed genes. The 3' ends 
of ORF 1 and ORF 2 overlap as do the 5' end of ORF 2 and the 3' end of ORF 3, 
another characteristic of poxvirus genes.

7.5.1. Homology of ORFs to Poxvirus Proteins
The predicted translation products were compared against a database of 

all published sequences, and several homologies were noted with poxvirus 
genes, which are shown in Table 7.3.

ORF 4, show n only in Fig. 7.7, is a small open reading frame, predicted 
to encode 34 amino acids, which does not exhibit homology to any known 
poxvirus genes. ORF 4 exists between the FPV homologues of VV O l and II, a 
region which in VV encodes 02 , a protein of 108 amino acids with homology 
glutaredoxin proteins (Ahn & Moss, 1992, Goebbel et al., 1990, Massung et al ,  
1994). No evidence could be found to suggest that ORF 4 is a truncated form of 
0 2  or that ORF 4 had disrupted 02. It thus appears that the FPV BamHI-N 
sequence does not encode a homologue of VV 02. It is unlikely that ORF 4 of 
only 34 amino acids (approximately 4 Kd) encodes a functional protein as 
most poxvirus proteins are larger than this (Goebbel et a l ,  1990) Thus ORF 4 
has not been show n in further diagrams. ORF 4 possesses the late gene 
promoter motif, TAAAT, at the 5' end of the gene, which indicates that ORF 4 
is expressed as a late gene (after DNA replication) if it is expressed at all. It is 
possible that ORF 4 has a homologue in VV which has been overlooked in 
the analysis of the DNA sequence of VV which was only carried out on open
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Table 7.3. Homology of Predicted Open Reading Frames with Poxvirus Genes

FPV Sequence Homology with Amino
Acid

Identity

Amino Acid 
Conservation

ORF 1 (E10) Variola virus (Ind) E10 
Vaccinia virus (Cop) E10 
ORF virus E10 
African Swine Fever 
v irus

53 % 
50 % 
42% 
23 %

72 % /89 aa 
72 % /89 aa 
80 % /22 aa 
42 % /69 aa

ORF 2 (E ll) Variola virus (Ind) E ll 
Vaccinia virus (Cop) E ll

38 % 
37%

63 % /104 aa
64 % /104 aa

ORF 3 (Ol) Vaccinia virus (Cop) Ol 
Variola virus (Ind) Q1 
(Ol homologue) 
Vaccinia virus B19R

28 %
29 %

30 %

52 % /433 aa 
52 % /433 aa

48 % /70 aa
ORF 4 No homology to 

poxviruses
ORF 5 (11) Vaccinia virus (Cop) 11 

Variola virus (Ind) K1L 
(11 homologue) 
Vaccinia virus 36 Kd 
late protein

53 % 
51 %

51 %

73% /307 aa 
73 % /307 aa

73 % /293 aa

ORF 6 (12) Vaccinia virus 12 
Variola virus (Ind) K2L 
(12 homologue)

29 % 
29 %

53 % /64 aa 
53 % /  64 aa

ORF 7 (13) Fowlpox virus (HP444) 
13
Variola virus K3L (I3L 
hom ologue)
Vaccinia virus (Cop) 13

100
% 

38 %

40 %

100 % 111 aa

68 % /80 aa

69 % /75 aa

Table 7.3. Homology of Predicted Open Reading Frames With Poxvirus Genes
The predicted translation products were compared against a database of all published 

sequences using the BLAST netw ork service at the National Centre for Biotechnology 
Information (NCBI). Homology with poxvirus genes are shown. Amino acid identity is the 
number of identical amino acids in the two sequences whereas amino acid conservation is the 
number of identical amino acids and amino acids which differ but are conservative changes.
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Fig. 7.7. Consensus Sequence of FPV BamHI-N and Open Reading Frames

ORF 1 ( E 1 0 )
1 / 1  3 1 / 1 1

M D P R Y W G R S F G I V I F I I I T K
ATG GAT CCT AGA TAC TGG GGA CGC AGC TTT GGG ATA GTT ATA TTT ATT ATA ATT ACC AAG
TAC CTA GGA TCT ATG ACC CCT GCG TCG AAA CCC TAT CAA TAT AAA TAA TAT TAA TGG TTC

6 1 / 2 1  
K H D I E T C K R H

9 1 / 3 1  
L Y N I C K A L P R

AAA CAC GAT ATA GAA ACT TGC AAA CGT CAC TTG TAT AAC ATA TGT AAA GCA TTA CCG CGT
TTT GTG CTA TAT CTT TGA ACG TTT GCA GTG AAC ATA TTG TAT ACA TTT CGT AAT GGC GCA

1 2 1 / 4 1  
A E C K D H A L Q A

1 5 1 / 5 1  

I  Q K N N I M S S N
GCT GAA TGT AAG GAC CAT GCT CTA CAG GCA ATA CAG AAG AAT AAT ATT ATG TCA AGC AAC
CGA CTT ACA TTC CTG GTA CGA GAT GTC CGT TAT GTC TTC TTA TTA TAA TAC AGT TCG TTG

1 8 1 / 6 1  
D I N Y I Y S S F I

2 1 1 / 7 1  
S  L Y N N L V F N P

GAT ATT AAT TAT ATA TAC TCC TCT TTC ATA AGT CTT TAC AAC AAT CTA GTG TTT AAT CCA
CTA TAA TTA ATA TAT ATG AGG AGA AAG TAT TCA GAA ATG TTG TTA GAT CAC AAA TTA GGT

2 4 1 / 8 1  2 7 1 / 9 1
E R C I D I K K V K K L I ★

GAA AGA TGT ATA GAT ATA AAA AAA GTA AAA AAA CTA ATT TAG TAA TAC CTA GAA TTA TCA
CTT TCT ACA TAT CTA TAT TTT TTT CAT TTT TTT GAT TAA ATC ATT ATG GAT CTT AAT AGT

★ Y Y R S N D S

3 0 1 / 1 0 1  3 3 1 / 1 1 1
GAT CTA ACT TTA ACA ATG TAA CCC GTT TTT GGC TTT ACA GAA ATA CTC ATA TCG TCA GTA
CTA GAT TGA AAT TGT TAC ATT GGG CAA AAA CCG AAA TGT CTT TAT GAG TAT AGC AGT CAT

R V K V I Y G T K P K V S I S M D D T I

3 6 1 / 1 2 1  
ATA GTA AAA CAA ATA GAA GTT ATT TCT GAG

3 9 1 / 1 3 1  
GAA GTA TAG TCC GTG CTA GCT AGT TCT TTA

TAT CAT TTT GTT TAT CTT CAA TAA AGA CTC CTT CAT ATC AGG CAC GAT CGA TCA AGA AAT
T F C I S T I E S S T Y D T S A L E K S

4 2 1 / 1 4 1  
CTG AAT GTA TAA TAA GTA TTA TCT ACT GGA

4 5 1 / 1 5 1  
GTT AGT TCT CCT TTA TCG TAT TTA TAT GTA

GAC TTA CAT ATT ATT CAT AAT AGA TGA CCT CAA TCA AGA GGA AAT AGC ATA AAT ATA CAT
F  T Y Y T N D V P T L E G K D Y K Y T F

4 8 1 / 1 6 1  
AAT AAT GTT GTA TCC TTA ACT ACT ACA TAG

5 1 1 / 1 7 1  
AAC GTA GAT TCT TTT AGT TTT ATA TAT TTC

TTA TTA CAA CAT AGG AAT TGA TGA TGT ATC TTG CAT CTA AGA AAA TCA AAA TAT ATA AAG
L T T D K V V V Y F T S E K L K I Y K K

5 4 1 / 1 8 1  
TTT ATA ACC GAT ATG AAA TAT TTA ACC GCT

5 7 1 / 1 9 1  
CTA TCT ACC TCA CAC TTG GTT CTT AAA GAT

AAA TAT TGG CTA TAC TTT ATA AAT TGG CGA GAT AGA TGG AGT GTG AAC CAA GAA TTT CTA
I  V S I F Y K V A R D V E C K T R L S K
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6 0 1 / 2 0 1  6 3 1 / 2 1 1
TTT ITT GGT GGA ATA TCA TAA TAG AGT TTT ACT CTT TCT GAC TCT GAT TCT AAA AGA ATG
AAA AAA CCA CCT TAT AGT ATT ATC TCA AAA TGA GAA AGA CTG AGA CTA AGA TTT TCT TAC

* L L T K S K R V R I R F S H  
K P P I D Y Y L K V R E S E S E L L I N

6 6 1 / 2 2 1  6 9 1 / 2 3 1
TTT ACT AAT TCC ATT TAA GTT ATT AAA AAT GGT TAT TAA TAG TTT CAT TAA TAT TCC GTA
AAA TGA TTA AGG TAA ATT CAA TAA TTT TTA CCA ATA ATT ATC AAA GTA ATT ATA AGG CAT
K S I G N L N N F I T I L L K M L I G Y  
V L E M

ORF 2 ( E l l )

7 2 1 / 2 4 1  7 5 1 / 2 5 1
GGT TTT GAA AGG TAC AAC ATA GTT ATT GAT TAG GTT TTC TAA TTC ACA ACA AAT ATT CAT
CCA AAA CTT TCC ATG TTG TAT CAA TAA CTA ATC CAA AAG ATT AAG TGT TGT TTA TAA GTA
T K F P V V Y N N I L N E L E C C  I N M

7 8 1 / 2 6 1  8 1 1 / 2 7 1
TTC ATT AAC GTA TAC ATT TTT ATA CAG TTT TGG TGA TAT ACC AAA TCC TTT TAA GCA TCT
AAG TAA TTG CAT ATG TAA AAA TAT GTC AAA ACC ACT ATA TGG TTT AGG AAA ATT CGT AGA
E N V Y V N K Y L K P S  I G F G K L C R

8 4 1 / 2 8 1  8 7 1 / 2 9 1
ATA TAA TAA CAT TTC TAA AAA CGA TCT TAA ATT ATA GCT TGT TTT TTG ATA TCT GAT AAT
TAT ATT ATT GTA AAG ATT TTT GCT AGA ATT TAA TAT CGA ACA AAA AAC TAT AGA CTA TTA
Y L L M E L F S R L N Y S T K Q Y R I  I

9 0 1 / 3 0 1  9 3 1 / 3 1 1
TAT CAA AGT AAA AAT ATA TTC GAA AAT AAC ATT AGC TAG TAT TAC TTT TTT AAT GAA GTT
ATA GTT TCA TTT TTA TAT AAG CTT TTA TTG TAA TCG ATC ATA ATG AAA AAA TTA CTT CAA
I L T F  I Y E F I V N A L I V K K I F N

9 6 1 / 3 2 1  9 9 1 / 3 3 1
TAT TCC ATA AAG TTT TAT TCG ACT ATA GTC TAA TAG TTT ATA TAT ATC TAT ATT ATC TAT
ATA AGG TAT TTC AAA ATA AGC TGA TAT CAG ATT ATC AAA TAT ATA TAG ATA TAA TAG ATA
I G Y L K I R S Y D L L K Y I D I N D I

1 0 2 1 / 3 4 1  1 0 5 1 / 3 5 1
ATG TTC AAA ATT ATT ATT AAT ATT TTC GTC CTT GTT TTT GAG ATA ATT TAT GTT ATC GGC
TAC AAG TTT TAA TAA TAA TTA TAA AAG CAG GAA CAA AAA CTC TAT TAA ATA CAA TAG CCG
H E F N N N I N E D K N K L Y N I N D A

1 0 8 1 / 3 6 1  1 1 1 1 / 3 7 1
TTT TAT ATT CTT TGT AGC CAT CAT AAA CCT CGT GAA ATC TAC TTT ACA CGA ATC ATC TAT
AAA ATA TAA GAA ACA TCG GTA GTA TTT GGA GCA CTT TAG ATG AAA TGT GCT TAG TAG ATA
K I N K T A M M F R T F D V K C S D D I

1 1 4 1 / 3 8 1  1 1 7 1 / 3 9 1
AAG ATA CAT CAA AGG ACT CCA TAG CGA GTT AGT ATT CAG AAA ATT GAT ATC TAT AAT ACC 
TTC TAT GTA GTT TCC TGA GGT ATC GCT CAA TCA TAA GTC TTT TAA CTA TAG ATA TTA TGG 
L Y M L P S W L S N T N L F N I D I I G

1 2 0 1 / 4 0 1  1 2 3 1 / 4 1 1
TTT CTT GGC GGT AGA AAA TAA GAA ACT TGC TAG AGT CAA TAA TCC TAT ATC ATT ATT ATC 
AAA GAA CCG CCA TCT TTT ATT CTT TGA ACG ATC TCA GTT ATT AGG ATA TAG TAA TAA TAG 
K K A T  S F L F S A L T L L G I D N N D
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1 2 6 1 / 4 2 1  1 2 9 1 / 4 3 1
GAA AGT ACT ATT TTT AGA CAT ATA ATC TAA CAG TTT ATC GCT A T A CAT TAC ATA ATC TAC
CTT TCA TGA TAA AAA TCT GTA TAT TAG ATT GTC AAA TAG CGA TA T GTA ATG TAT TAG ATG
F T S N K S M Y D L L K D S Y M V Y D V

1 3 2 1 / 4 4 1  
CGG GTG ATA TTG AAA CTT TAT TAA TAC AGA

1 3 5 1 / 4 5 1  
ATA TAA ATT ACC TAG ATC AAA ACA CTT AGC

GCC CAC TAT AAC TTT GAA ATA ATT ATG TCT TAT ATT TAA TGG ATC TAG TTT TGT GAA TCG
P H Y Q F K I L V S Y L N G L D F C K A

1 3 8 1 / 4 6 1  
ATT TTC TAA ACA AAC TAC TTG TTT CTG TAA

1 4 1 1 / 4 7 1  
CAT GTT TAG AGC ATC CAT CTT TAC CTC ATT

TAA AAG ATT TGT TTG ATG AAC AAA GAC ATT GTA CAA ATC TCG TAG GTA GAA ATG GAG TAA
N E L C V V Q K Q L M N L A D M K V E N

1 4 4 1 / 4 8 1  
GGA CGA TGA CGA GTC AAG TAT GTA TTT CCC

1 4 7 1 / 4 9 1  
TAT AGC ATA GTT A T A TTT AAA ATC ATT TAA

CCT GCT ACT GCT CAG TTC ATA CAT AAA GGG ATA TCG TAT CAA TA T AAA TTT TAG TAA ATT
S S S S D Tj I Y K G I  A  Y N Y K F D N L

1 5 0 1 / 5 0 1  
TAG TAC TTT CAT AGT TTG TTT ATT ATC TAA

1 5 3 1 / 5 1 1  
ATA CTT GAA TGA TTC TTT TAC AAC ATA TTT

ATC ATG AAA GTA TCA AAC AAA TAA TAG ATT TAT GAA CTT ACT AAG AAA ATG TTG TAT AAA
L V  K M T Q K N D L Y K F S E K V V Y K

1 5 6 1 / 5 2 1  
TTC TTT AGA ATC TTG TTT ATA AGT AAT AAC

1 5 9 1 / 5 3 1  
GGG AAA TAC TTT TTG AGG ATA CAT ACT ATT

AAG AAA TCT TAG AAC AAA TAT TCA TTA TTG CCC TTT ATG AAA AAC TCC TAT GTA TGA TAA
E K S D Q K Y T I V P F  V K Q P Y M S N

1 6 2 1 / 5 4 1  
ACA ATA ATA TAG ATG CCA TCT AAA CGC ATT

1 6 5 1 / 5 5 1  
TAC AAA CAA CTC TGA CTT TTT TTT GTA TAT

TGT TAT TAT ATC TAC GGT AGA TTT GCG TAA ATG TTT GTT GAG AC T GAA AAA AAA CAT ATA
C Y Y L H W R F A N V  F L E S K K K Y I

1 6 8 1 / 5 6 1  
ATC TAT ATA ACG GCA GAT AAA TTT AGT TTC

1 7 1 1 / 5 7 1  
ATC CTC CGT TAT GTT TAG AAA CAA GTA CTT

TAG ATA TAT TGC CGT CTA TTT AAA TCA AAG TAG GAG GCA ATA CAA ATC TTT GTT CAT GAA
D I  Y R C I F K T E D E T I N L F L Y K

1 7 4 1 / 5 8 1  
ATC TAT GTA TAG AGG TAT ATC TAT CCA TTC

1 7 7 1 / 5 9 1  
AAA CAA CGC ATA A AA GTA TAT ACC AAA TTC

TAG ATA CAT ATC TCC ATA TAG ATA GGT AAG TTT GTT GCG TAT T T T CAT ATA TGG TTT AAG
D I  Y L P I D I W E F L A Y F Y I G F E

1 8 0 1 / 6 0 1  
ATC TCT AAG TTT ATC GGG TGG TAA TTG TGT

1 8 3 1 / 6 1 1  
TGA TAT CCA TTT A T T CAA GCA AGG TGA TAT

TAG AGA TTC AAA TAG CCC ACC ATT AAC ACA ACT ATA GGT AAA TA A GTT CGT TCC ACT ATA
D R L K D P P L Q T S I  W K N L C P S I

1 8 6 1 / 6 2 1  
ATC GGG TAA TCT ATC CTT AAT GAT AGT AAT

1 8 9 1 / 6 3 1  
TAT TGA TTC TAT AAA ATC TTT TTT TGA TTT

TAG CCC ATT AGA TAG GAA TTA CTA TCA TTA ATA ACT AAG ATA T T T TAG AAA AAA ACT AAA
D P L R D K I I T I I  S E I F D K K S K

1 9 2 1 / 6 4 1  
TAC TAT TCC ATT GAC ATA ATC AAT AAT ATC

1 9 5 1 / 6 5 1  
ATC ATC GGG ATA CTT CTT TAT CAA ATA TAT

ATG ATA AGG TAA CTG TAT TAG TTA TTA TAG TAG TAG CCC TAT GAA GAA ATA GTT TAT ATA
V  I  G N V Y D I I D D D P Y K K I L Y I
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1 9 8 1 / 6 6 1
AAT TTT ATC AAC ATC AGT TAC TTG ATA TAG
TTA AAA TAG TTG TAG TCA ATG AAC TAT ATC
I K D V D T V Q Y L

2 0 4 1 / 6 8 1
TTC TTC CAT ATA GAG AAC GCT GTG AAT AGG
AAG AAG GTA TAT CTC TTG CGA CAC TTA TCC
E E M Y L V S H I P

2 1 0 1 / 7 0 1
GTT TTC TGC ACT AGT GTT TTC AAA AAT ATA
CAA AAG ACG TGA TCA CAA AAG TTT TTA TAT
N E A S T N E F I Y

2 1 6 1 / 7 2 1
CGG TAT AAC TAA AGA GCT GTT AAG CAA TGC
GCC ATA TTG ATT TCT CGA CAA TTC GTT ACG
P I V L S S N L L A

2 2 2 1 / 7 4 1
TAT TAT ATT ACG TAT ATC TGA AAG AGA TAC
ATA ATA TAA TGC ATA TAG ACT TTC TCT ATG
I I N R I D S L S V

2 0 1 1 / 6 7 1
GGA TGA ATG AAC CGG TGA TAT AGA AAA TTT
CCT ACT TAC TTG GCC ACT ATA TCT TTT AAA
S S H V P S I S F K

2 0 7 1 / 6 9 1
TGT TTC TAT TCT CTT GTA TAG CTC TTT CAC
ACA AAG ATA AGA GAA CAT ATC GAG AAA GTG
T E I R K Y L E K V

2 1 3 1 / 7 1 1
TTT TAC TTC ATC TAG AGA AAA TGG AGT ACC
AAA ATG AAG TAG ATC TCT TTT ACC TCA TGG
K V E D L S F P T G

2 1 9 1 / 7 3 1
TAT TTC AAC AGG TGT TTT TAT TCT GTT ATC
ATA AAG TTG TCC ACA AAA ATA AGA CAA TAG
I E V P T K I R N D

2 2 5 1 / 7 5 1
CAT ATT AGA GTT AAT AAG TTT ATT CAC AAT
GTA TAA TCT CAA TTA TTC AAA TAA GTG TTA
M N S N I L K N V I

2 2 8 1 / 7 6 1  2 3 1 1 / 7 7 1
AGC AGC ATC CGA TAA TAA GTA TTT TTT ATG ACA CGA TAT TAC ATC GGT AAA ACA GTC TGG 
TCG TCG TAG GCT ATT ATT CAT AAA AAA TAC TGT GCT ATA ATG TAG CCA TTT TGT CAG ACC 
A A D S L L Y K K H C S I V D T F C D P

2 3 4 1 / 7 8 1  2 3 7 1 / 7 9 1
TAA AAG AGG TAG TCT CAT AAT CAG TTT TTT TAA GTC ATT AAG TTG TAT TAT TTC GCT ATC
ATT TTC TCC ATC AGA GTA TTA GTC AAA AAA ATT CAG TAA TTC AAC ATA ATA AAG CGA TAG
L L P L R M I L K K L D N L Q I I E S D

2 4 0 1 / 8 0 1  2 4 3 1 / 8 1 1
AAA CGC TAG TAT ATT GTT TAA ATC CAG ACC TTT AGC AAA GTT ATA ATA TTT TGG GGG TAA
TTT GCG ATC ATA TAA CAA ATT TAG GTC TGG AAA TCG TTT CAA TAT TAT AAA ACC CCC ATT
F A L I N N L D L G K A F N Y Y K P P L

2 4 6 1 / 8 2 1  2 4 9 1 / 8 3 1
TTT AAC GAA TAT ATT GTT AAT TAT TAA TCG GCG TCC GTG TTT CTC ATG TAA TAA GTC GAA
AAA TTG CTT ATA TAA CAA TTA ATA ATT AGC CGC AGG CAC AAA GAG TAC ATT ATT CAG CTT
K V  F  I N N  I  I L R R G H K E H L L D F

2 5 2 1 / 8 4 1  2 5 5 1 / 8 5 1
GTT TAA ACC TGA ACG AAT AAA TTT GCG TAT GGA TTT TCT AAC TTT CTT AGA ATA GAG ATT
CAA ATT TGG ACT TGC TTA TTT AAA CGC ATA CCT AAA AGA TTG AAA GAA TCT TAT CTC TAA
N L G S R I F K R I S K R V K K S Y L N

2 5 8 1 / 8 6 1  2 6 1 1 / 8 7 1
CGC CAT CTC AGA CAA GAT GAC AAG TAG TGA TTA TAT AAT TAT AAA TTT ATA TTT CCA TTT
GCG GTA GAG TCT GTT CTA CTG TTC ATC ACT AAT ATA TTA ATA TTT AAA TAT AAA GGT AAA
A M

ORF 3 ( 0 1 )
2 6 4 1 / 8 8 1  2 6 7 1 / 8 9 1
CGT ATC TAC GTG ACT TCA CGT TCG ACA TAG AAG ATC CAT GGT TTC AAA TAG TGA TAG CTG
GCA TAG ATG CAC TGA AGT GCA AGC TGT ATC TTC TAG GTA CCA AAG TTT ATC ACT ATC GAC

* T V E R E V Y F I W P K L Y H Y S Y
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2 7 0 1 / 9 0 1
TAT AAC GTG CAA ATG AAG AAC ATA ATT AAA 
ATA TTG CAC GTT TAC TTC TTG TAT TAA TTT 

L T C I F F M I L F

2 7 6 1 / 9 2 1
GTA TTT TCT ATT TTC ACA GTA GAT ATA GTT 
CAT AAA AGA TAA AAG TGT CAT CTA TAT CAA 

N E I K V T S I T L

2 8 2 1 / 9 4 1
TTC TCG TTA TCT TTG ATA TAC TCT GAT ATG
AAG AGC AAT AGA AAC TAT ATG AGA CTA TAC

E N D K I Y E S I S

2 8 8 1 / 9 6 1
GAA TAC TTA TCT ATT TGA TTA GAA ATC GAC 
CTT ATG AAT AGA TAA ACT AAT CTT TAG CTG 

Y K D T Q N S I S S

2 9 4 1 / 9 8 1
AAA TGG TCT ATA ACT ATA GTT TCT ATG TTC
TTT ACC AGA TAT TGA TAT CAA AGA TAC AAG

H D I V I T E I N L

3 0 0 1 / 1 0 0 1
ATA ACG TAT ATT TTT GAA TCG TCG GGT TTC 
TAT TGC ATA TAA AAA CTT AGC AGC CCA AAG 

V Y I K S D D P K T

3 0 6 1 / 1 0 2 1
GCA CGT GAT ATA ATA TTA TCT TTA ACT TGA 
CGT GCA CTA TAT TAT AAT AGA AAT TGA ACT 

R S I I N D K V Q P

3 1 2 1 / 1 0 4 1
TCC AGA AGT TCA TCG GAT ATC ATA TAA AAT 
AGG TCT TCA AGT AGC CTA TAG TAT ATT TTA  

L E E D S  I M Y F T

3 1 8 1 / 1 0 6 1
GAT ATA GCT GAA TTC TTA ATA AGC TGA TTG 
CTA TAT CGA CTT AAG AAT TAT TCG ACT AAC 

I A S N K I L Q N I

3 2 4 1 / 1 0 8 1
TAA TAA GTA TGA CCT TTA AAC TCA AAT CTA 
ATT ATT CAT ACT GGA AAT TTG AGT TTA GAT 

Y T H G K F E F R D

3 3 0 1 / 1 1 0 1
ACC TTA ACG TCT AGT ACG TCT ATA TTG AGA 
TGG AAT TGC AGA TCA TGC AGA TAT AAC TCT 

K V D L V D I N L S

2 7 3 1 / 9 1 1
AAA AGT ACT GTT ACT ATC ATT TAT TCT ACA
TTT TCA TGA CAA TGA TAG TAA ATA AGA TGT

L V T V I M * E V T

ORF 4

2 7 9 1 / 9 3 1
AGG TAT TCT ATT ACC TTA GAT AAA TTA ATT
TCC ATA AGA TAA TGG AAT CTA TTT AAT TAA

Y E I V K S L N I K

2 8 5 1 / 9 5 1
GAG CAT AAA AAC TGG TCG TTA AAC TTT TTA
CTC GTA TTT TTG ACC AGC AAT TTG AAA AAT

C L F Q D N F K K S

2 9 1 1 / 9 7 1
GAT ACC AAA AGA CTG TGT TTC GTA TAG ATA
CTA TGG TTT TCT GAC ACA AAG CAT ATC TAT

V L L S H K T Y I F

2 9 7 1 / 9 9 1
AGT ATT TTA GCG ATA TTA TCA TCT TTT AGA
TCA TAA AAT CGC TAT AAT AGT AGA AAA TCT

I K A I N D D K L I

3 0 3 1 / 1 0 1 1
GTA GCT TTA ATA AAA TAT TCG TAC AAT CGA
CAT CGA AAT TAT TTT ATA AGC ATG TTA GCT

A K  I F Y E Y L R A

3 0 9 1 / 1 0 3 1
GGA CAT TTA AAT AGT CTA TTT TTA AAT ACA
CCT GTA AAT TTA TCA GAT AAA AAT TTA TGT

C K F L R N K F V D

3 1 5 1 / 1 0 5 1
GTA TCT TTA ATA GTA TTT TTC ATA TCC ATA
CAT AGA AAT TAT CAT AAA AAG TAT AGG TAT

D K I T N K M D M S

3 2 1 1 / 1 0 7 1
ATA ATA TCC TCT GTT TTA TTT TGT TCT AAG
TAT TAT AGG AGA CAA AAT AAA ACA AGA TTC

I D E T K N Q E L Y

3 2 7 1 / 1 0 9 1
TCG GCA TTT GTT CTC AAT CTA TTT GCT AAA
AGC CGT AAA CAA GAG TTA GAT AAA CGA TTT

A N T R L R N A L V

3 3 3 1 / 1 1 1 1
CTA GAA TTT TCA TCT ATT CTG GCC AAT ATT
GAT CTT AAA AGT AGA TAA GAC CGG TTA TAA

S N E D I R A L I E
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3 3 6 1 / 1 1 2 1  
TCT TTT TCT ATA TCT AGA AGA ACT AGT TCA

3 3 9 1 / 1 1 3 1  
TCG TGT TTA CCC CTT TTA AGT TTG CCA TTT

AGA AAA AGA TAT AGA TCT TCT TGA TCA AGT AGC ACA AAT GGG GAA AAT TCA AAC GGT AAA
K E I D L L V L E D H K G R K L K G N E

3 4 2 1 / 1 1 4 1  
TCA AAG TAA TTA TTT TCT ACT AAA CTA CAT

3 4 5 1 / 1 1 5 1  
ATC AAA CTA TTC AGT ACA CCA TCT TTA TAT

AGT TTC ATT AAT AAA AGA TGA TTT GAT GTA TAG TTT GAT AAG TCA TGT GGT AGA AAT ATA
F  Y N N E V L S C I L S N L V G D K Y G

3 4 8 1 / 1 1 6 1  
CCC TTT AGC CCA AAC TTA GAC ACA AAG TTC

3 5 1 1 / 1 1 7 1  
TTA TTT ATG AGA TCT AGA GGA ATT CTA TTC

GGG AAA TCG GGT TTG AAT CTG TGT TTC AAG AAT AAA TAC TCT AGA TCT CCT TAA GAT AAG
K L G F K S V F N K N I L D L P I R N E

3 5 4 1 / 1 1 8 1  3 5 7 1 / 1 1 9 1
TCG GGT TTT TTA GTT TGT GCC TTC TTT TTA GGA GAA TTC TTT TTA GCG GCT AGT TCA TCT
AGC CCA AAA AAT CAA ACA CGG AAG AAA AAT CCT CTT AAG AAA AAT CGC CGA TCA AGT AGA

P K K T Q A K K K P S N K K A A L E D I

3 6 0 1 / 1 2 0 1 3 6 3 1 / 1 2 1 1
ATA GCT TCA GCT ATT TTC GTA GTC AGA TAT GAC TTT AAA GCT TTA GCG CTA ATA CTA TTA
TAT CGA AGT CGA TAA AAG CAT CAG TCT ATA CTG AAA TTT CGA AAT CGC GAT TAT GAT AAT

A  E A I K T T L Y S K L A K A S I S N L

3 6 6 1 / 1 2 2 1 3 6 9 1 / 1 2 3 1
AGA ACA AGT TGA TCA AAT TGC TCC ATT TAA TCT TAA CAC ATT AAC TTT AAA TAA AGA AAC
TCT TGT TCA ACT AGT TTA ACG AGG TAA ATT AGA ATT GTG TAA TTG AAA TTT ATT TCT TTG

V L Q D F Q E M * C M L K L Y L F T

ORF 5 ( 1 1 )

3 7 2 1 / 1 2 4 1 3 7 5 1 / 1 2 5 1
GTA AAG ACC ACT ATG CAT ACT ACA AAT ATA ATA AAA ATT GTT AGC CAT GAT AAT TGT TTG
CAT TTC TGG TGA TAC GTA TGA TGT TTA TAT TAT TTT TAA CAA TCG GTA CTA TTA ACA AAC

F  V  V I C V V F I I F I T L W S L Q K S

3 7 8 1 / 1 2 6 1 3 8 1 1 / 1 2 7 1
CTT TCT TTT TTA CCA GTT AGC ACT GTC ATT ATT GTA TTG ATA AAA TCC TCA AAA TCA GAA
GAA AGA AAA AAT GGT CAA TCG TGA CAG TAA TAA CAT AAC TAT TTT AGG AGT TTT AGT CTT

E K K G T L V T M I T N I F D E F D S D

3 8 4 1 / 1 2 8 1 3 8 7 1 / 1 2 9 1
TCA TTT GAT TCC AGA AAA ACA CCG TAT GTA CCT GTA AAT AGC TTT TCC ATT TAG TTT ACG
AGT AAA CTA AGG TCT TTT TGT GGC ATA CAT GGA CAT TTA TCG AAA AGG TAA ATC AAA TGC

N S E L F V G Y T G T F  L K E M ★ N V N

ORF 6 ( 1 2 )

3 9 0 1 / 1 3 0 1 3 9 3 1 / 1 3 1 1
TTA AAT AAT GAT CGT TCA TCA TAT TCA TCT GTT TCT TTT ATT TTG TAA CCA CCT CTC CTG
AAT TTA TTA CTA GCA AGT AGT ATA AGT AGA CAA AGA AAA TAA AAC ATT GGT GGA GAG GAC

F L S R E D Y E D T E K I K Y G G R R N

3 9 6 1 / 1 3 2 1 3 9 9 1 / 1 3 3 1
TTA CCA TCA GAT CTT TCT TCT AAA ATT CCA GAT ACA CCG TCT GAT TCA TAT TCA AAC TCT
AAT GGT AGT CTA GAA AGA AGA TTT TAA GGT CTA TGT GGC AGA CTA AGT ATA AGT TTG AGA

G D S R E E L I G S V  G D S E Y E F E G
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4 0 2 1 / 1 3 4 1  
CCC GAT TCA TCC TCT ATA TCA TCG TCT CCG

4 0 5 1 / 1 3 5 1  
GAG GTT ACG ACG CTG ATT ACT TCT CCG TTA

GGG CTA AGT AGG AGA TAT AGT AGC AGA GGC CTC CAA TGC TGC GAC TAA TGA AGA GGC AAT
S E D E I D D D G S T V V S I V E G N T

4 0 8 1 / 1 3 6 1  
GTA TCT ATC AGA GTT TTC CTA CAA ACT TTT

4 1 1 1 / 1 3 7 1  
TCC ATA ATA AGC TTT TTC AAG CTA AAG CTT

CAT AGA TAG TCT CAA AAG GAT GTT TGA AAA AGG TAT TAT TCG AAA AAG TTC GAT TTC GAA
D I  L T K R C V K E M I L K K L S F S I

4 1 4 1 / 1 3 8 1  
ATT TTA CAC ATT ACC GCA TTT TCG AAA AAT

4 1 7 1 / 1 3 9 1  
ATA GAA GCA ACT AGT ACA GCT TTA ACC ATC

TAA AAT GTG TAA TGG CGT AAA AGC TTT TTA TAT CTT CGT TGA TCA TGT CGA AAT TGG TAG
K C M V A N E F F I S A V L V A K V M Q

4 2 0 1 / 1 4 0 1  
TGA GGA TCT TTC TTC GAT AGA TGT TCT ACT

4 2 3 1 / 1 4 1 1  
TCG CTG GAT AGA GTT TTT CTA CCA GCT ACT

ACT CCT AGA AAG AAG CTA TCT ACA AGA TGA AGC GAC CTA TCT CAA AAA GAT GGT CGA TGA
P D K K S L H E V E S S L T K R G A V E

4 2 6 1 / 1 4 2 1  4 2 9 1 / 1 4 3 1
TCC TTG TTG TTT CTC GTA TAT TCT ATT ATA GTA GAT GAC ATT TTA TTT TTA TTA ATG TAT
AGG AAC AAC AAA GAG CAT ATA AGA TAA TAT CAT CTA CTG TAA AAT AAA AAT AAT TAC ATA

K N N R T Y E I I T S S M K N K N I Y I

4 3 2 1 / 1 4 4 1 4 3 5 1 / 1 4 5 1
ATA TAA CCA TCT TTA AAT GTT TTT TCA TCC ATA GTA TTT TCC GGA TC
TAT ATT GGT AGA AAT TTA CAA AAA AGT AGG TAT CAT AAA AGG CCT AG

Y G D K F T K E D M T N E P D

ORF 7 (13 )

Fig. 7.7. Consensus Sequence of FPV BamHI-N and Open Reading Frames
Analysis of the consensus sequence was carried out using the BLAST network service at the 
National Centre for Biotechnology Information (NCBI), Pileup of the Wisconsin GCG package 
and CAD Gene version 2.0 from Genetic Technology Corporation. The nucleotide sequence of 4367 
bp from pMB 282 (FPV BamHI-N) is shown with translation of major open reading frames 
(ORFs) shown using the single letter amino acid code.
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Fig. 7.8. FPV BamFil-N Sequence and ORFs

E10R

E11L O IL IIL I2L

scale: 1 inch = 500 
bases

Fig. 7.8. FPV B am H I-N  S equence  a n d  ORFs
A nalys is  of the co n sen su s  se quence  w as  carried  ou t u s in g  the BLAST n e tw o rk  service at the N ational  C en tre  for B iotechnology 
In fo rm ation  (NCBI), P i leup  of the W isconsin  G CG package  a n d  C A D  G en e  vers ion  2.0 from G enetic  Techno logy  C orpo ra tion .
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reading frames of 65 amino acids or more (Goebbel et al., 1990). A BLAST 
search of ORF 4 against the VV genome failed to identify a homologue of ORF 
4 in VV. The sequence of pMB 282 (FPV BamHI-N) appears to contain 
homologues of VV E10, E ll ,  O l, II, 12, and 13 genes. No FPV homologue of 
VV E3L or K3L could be identified. The MCV genome is predicted to encode 
homologues of VV E10, E ll ,  O l, II, 12 and 13 genes. A homologue of 02L is 
not predicted to be encoded by MCV, but appears to be replaced by a gene 
encoding a protein which contains a large non-globular domain (Senkevich et 
al., 1996)MCV60315, w ith no homology with ORF 4.

Functions and motifs have not been identified for the products of VV 
E10, E ll, or II although II is thought to be essential (Shchelkunov et al., 1991).
E ll  is thought to encode a 15 Kd virion component which may be required at 
a threshold level or be conditionally essential (Wang & Shuman, 1996). VV 
O l is thought to have a leucine zipper motif and a two part nuclear targeting 
sequence (Johnson et al., 1993) while 12 is thought to be an acidic protein with 
a hydrophobic C-term inus (Goebbel et al., 1990, Johnson et al., 1993). VV 13 is a 
DNA-binding phosphoprotein  which interacts with F4, the ribonucleotide 
small subunit (Ahn & Moss, 1992, Davis & Mathews, 1993, Slabaugh et al., 
1988). C om parison of ORFs of FPV BamHI-N, BamHI-P, and the partial 
sequence of BamHI-D with the equivalent region of VV are shown in Fig. 7.9.

7.5.2. Analysis of Homologous Proteins
PILEUPs w ere perform ed on the predicted ORFs and homologous 

poxvirus proteins and can be seen as PRETTYBOX diagrams in Figs. 7.10 a-f. 
The d iagram s, Figs 7.10a-e, provide inform ation on the degree of 
conservation  of the hom ologous proteins. There is some sequence 
conservation betw een FPV protein and the VV and VAR proteins but the 
function of the dom ains in the VV and VAR proteins are not known so no 
positive conclusions are possible.

The dom ains and amino acids which are conserved in FPV and ASFV 
E10 hom ologues are show n in Fig. 7.10a. The sequence of the ASFV 
homologue of E10 is slightly less well conserved than that of FPV.
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Fig. 7.9. Comparison of ORFs of FPV BamFII-P, N, and D with the Equivalent Region of VV

BamHI-P BamHI-N BamHi-D

FPV ORFs

VV ORFS

Nco I-T Nco I-X
Ncol E10R

D N A  Pol El 1L O H

Ncol BamHI Ncol

IIL  I2 L I3 L X  T K I5L  16L

I8R

I7L G IL
BamHI

Ncol Ncol Ncol^OR

E9L

BamHI Ncol BamHI Ncol BamHI I8R

El 1L O I L  0 2 L IIL  I2L I3L I5L 16L

Fig. 7.9. C o m p ar iso n  of ORFs of FPV BamFII-P, N, a n d  D w ith  the  Equ iva len t Region of VV
T he  sequence  of pM B 282 w as joined to the sequences  of the  s u r ro u n d in g  fragm ents ,  B am H I-P  and  

B am H I-D  so that the ORFs of FPV ho m o lo g u e s  of ELI a n d  13 w ere  com plete .  T h e  e q u iv a le n t  region of VV is 
sh o w n  to enab le  com parison .



Fig. 7.10a. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV E10R
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Fig. 7.10a. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV El OR
P1LEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV E10R encoded protein. 
VaccopelOR = the protein encoded by Vaccinia virus (Copenhagen strain) El OR.
VacwrelOr = the protein encoded by Vaccinia virus (WR strain) El OR.
VarelOr = the protein encoded by Variola virus (India strain) E10R.
FpvelOr = the protein encoded by the Fowlpox virus homologue of VV El OR.
AsfelOr = the protein encoded by the African Swine Fever virus homologue of VV El OR.



Fig. 7.10b. PRETTYBOX Diagram of Poxvirus Proteins Encoded by H om ologues  of VV E11L
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Fig. 7.10b. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV El 1L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV El 1L encoded protein. 
VaccopellL = the protein encoded by Vaccinia virus (Copenhagen strain) E11L.
VariellL  = the protein encoded by Variola virus (India strain) E11L.
FpvellL  = the protein encoded by the Fowlpox virus homologue of VV Ell L.



Fig. 7.10c. PRETTYBOX Diagram of Poxvirus Proteins Encoded by H om ologues  of  VV OIL
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Fig. 7.10c. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV Ol L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV Ol L encoded protein. 
Varioll = the protein encoded by Variola virus (India strain) Q1L.
Varmoll = the protein encoded by Variola virus (Major strain) Q1L.
Vaccopoll = the protein encoded by Vaccinia virus (Copenhagen strain) OIL.
Fpvoll = the protein encoded by the Fowlpox virus homologue of VV OIL.
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Fig. 7.10c. PRETTYBOX D iag ra m  of Po x v iru s  P ro te in s  E n c o d e d  by  H o m o lo g u e s  of VV O l  L
PILEUP a n d  PRETTYBOX of the W isconsin  G C G  p a c k a g e  w ere  used  to line u p  p o x v iru s  h o m o lo g u e s  of VV O l  L e n c o d ed  pro te in .  
V a r io l l  = the  p ro te in  e n c o d e d  by  V ario la  v i ru s  ( Ind ia  s t ra in )  Q1L.
V a r m o l l  = the  p ro te in  e n c o d e d  by V ario la  v i ru s  (M ajor  s t ra in )  Q1L.
V a c c o p o l l  = the  p ro te in  e n c o d e d  b y  Vaccinia v i ru s  ( C o p e n h a g e n  s tra in)  O IL .
F p v o l l  = the  p ro te in  e n c o d e d  by  the  F ow lpox  v i ru s  h o m o lo g u e  of VV O IL .
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Fig. 7.10c. PRETTYBOX D iag ra m  of P o x v iru s  P ro te in s  E n co d e d  by  H o m o lo g u e s  of VV O l  L
PILEUP a n d  PRETrYBOX of the  W isconsin  G C G  p a c k a g e  w ere  used  to line u p  p o x v i r u s  h o m o lo g u e s  of  VV O IL  e ncoded  pro te in .  
V a r io l l  = the  p ro te in  e n c o d e d  by  Vario la  v i ru s  ( Ind ia  s t ra in )  Q1L.
V a r m o l l  = th e  p ro te in  e n c o d e d  by  V ario la  v i ru s  (M ajor  s t ra in )  Q1L.
V a c c o p o l l  = the  p ro te in  e n c o d e d  b y  Vaccinia v i ru s  ( C o p e n h a g e n  s tra in)  O IL .
F p v o l l  = the  p ro te in  e n c o d e d  by  the  F o w lp o x  v iru s  h o m o lo g u e  of VV O IL .
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Fig. 7.10J. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV 11L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV 11L encode.! , . ‘ 
Vaccopill = the protein encoded by Vaccinia virus (Copenhagen strain) 11L.
Varivpill = the protein encoded by Variola virus (IVP strain) K1L.
Varmill = the protein encoded by Variola virus (Major strain) K1L.
Variill = the protein encoded by Variola virus (India strain) K1L.
Fpvill = the protein encoded by the Fovvlpox virus homologue of VV 11L.
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Fig. 7.10d. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV 11L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV IIL encoded protein. 
Vaccopill = the protein encoded by Vaccinia virus (Copenhagen strain) IIL.
Varivpill = the protein encoded by Variola virus (IVP strain) K1L.
Varmill = the protein encoded by Variola virus (Major strain) K1L.
Variill = the protein encoded by Variola virus (India strain) K1L.
Fpvill = the protein encoded by the Fovvlpox virus homologue of VV ML.
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Fig. 7.10e. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV I2L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV 12L encoded protein. 
Vacvvri21 = the protein encoded by Vaccinia virus (WR strain) I2L.
Varii21 = the protein encoded by Variola virus (India strain) K2L.
Fpvi21 = the protein encoded by the Fowlpox virus homologue of VV 12L.
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V a c c o p i 3 1 
V a c w r i 3 1  

V a r i i 3 1  
F p v i 3 1 p r o t  

F p v k n o w n i 3 1  
C o n s e n s u s

M S K 
M S K 
M S K

R V E T S P
R V E T S P
R V E T S P

R P T A S S D
R P T A S S D
R P T A S S D

A G V I E S I s K S N A 0 C I E Y B T
A G V I E i S I s K S N A H C I E Y 0 T
A G V I E 0 s I s K S N a O c I E Y 0 T

60
N A H Q  Y
N A0Q Y 
N A0Q Y

M K N N L Y E E K M  N M S 0 K Q V K T Q  S K C N N N A l R F L D A V Q Y A K
Y A K

a l c t k d t B i v  k s | k Q t  p H  

0  I D  B
H H

V a c c o p i 3 1  
V a c w r i 3 1  

V a r i i 3 1 
F p v i 3 l p r o t  

F p v k n o w n i 3 1  
C o n s e n s u s

T D S 
T D S 
T D S

L S S Q M T 
L S S Q M T  
L S S Q M T

E G E 
E G E
E G E

K N K g K  y  
K N k H k Q 
K N K 0 K  Q

mm

&m

V T A A
V T A A
V T A A

E P K Y N E K L  V @  
 m

121
V a c c o p i 3 1 L L @ A  V 0 G N I K H K E R

V a c w r i 3 1 L L W A  v H g N I K H K E R
V a r i i 3 1 L L @ A  V 0 G N I K H K E R

F p v i 3 1 p r o t . . . . D P
F p v k n o w n i 3 1 M M 0 C  I 0 S D L G Y L D P

C o n s e n s u s - 0  0 - - - - - - -

N S 
N S 
N S

L H 
L H 
L H

1L V
1 -  10

V E I T
V E I T
V E I I T
E N M D
E N M D
-  - 0 -  -

G0 I 0  Q T R|
- 0 -  -  - I

D N F S 0E E 

0
R P S V l | SB

SB

E S F .  .

E S F .  ,

E S F ,  ,

G Y Y N K
G Y Y N K
-  - m- B - i s m

1 0  h | 
0  1

N G 
N G 
N G 
S S 
S S

M V 
M V 
M V 
I  I 
I I 0

0 0

V S A G
V S T G
V S T G 
T R N N
T R N N K

Fig. 7.1 Of. PRETTYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV 13L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV I3L encoded protein. 
Vaccopi31 = the protein encoded by Vaccinia virus (Copenhagen strain) I3L.
Vacwri31 = the protein encoded by Vaccinia virus (WR strain) I3L.
Varii31 = the protein encoded by Variola virus (India strain) K3L.
Fpvi31 = the protein encoded by the Fowlpox virus homologue of VV 13L, found in sequencing FPV BamFU-N.
Fpvknowni31 = the protein encoded by the Fowlpox virus homologue of VV I3L, found by Binns et 1, 1992 [ Binns, 1992 #162}.
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Fig. 7.10f. PRETrYBOX Diagram of Poxvirus Proteins Encoded by Homologues of VV I3L
PILEUP and PRETTYBOX of the Wisconsin GCG package were used to line up poxvirus homologues of VV 13L encoded protein. 
Vaccopi31 = the protein encoded by Vaccinia virus (Copenhagen strain) 13L.
Vacwri31 = the protein encoded by Vaccinia virus (WR strain) I3L.
Varii31 = the protein encoded by Variola virus (India strain) K3L.
Fpvi3I = the protein encoded by the Fowlpox virus homologue of VV I3L, found in sequencing FPV Baml U-N.
Fpvknowni31 = the protein encoded by the Fowlpox virus homologue of VV I3L, found by Binns et I, 1992 [ Binns, 1992 //162 ].



Chapter 7
Cloning and Sequencing of a Genomic Fragment of Fowlpox Virus DNA which

Hybridizes to Vaccinia Virus E3L and K3L DNA

All the FPV proteins are less well conserved, relative to VV and VAR 
proteins, than  FPV II. VV II is thought to be essential (Shchelkunov et al., 
1991) so the FPV hom ologue is also likely to be essential. However the 
requirements of the viruses for each genes can only be determined by further 
experim entation.

The FPV 12 protein is smaller than the VV and VAR proteins, lacking 8 
amino acids at positions 36-43. The FPV 13 protein is predicted to be larger 
than the VV and VAR proteins, by 20 amino acids. The FPV protein was 
predicted from the ORF and may actually terminate earlier than predicted and 
thus have a size more consistent w ith the VV and VAR proteins. It must be 
em phasised tha t all the sequences used in the protein comparisons are 
derived from predicted ORFs and transcription and translation may not start 
and end at the positions predicted. For example translation may start at a site 
down stream of the site predicted.

7.5.3. Analysis of FPV Sequence for Transcription Signals
The sequence of FPV pMB 282 (BamHI-N) was searched for 

transcription signals. The sequence TTTTNT is thought to be an early gene 
termination signal in VV (Yuen & Moss, 1987). The early termination signal 
was found:
1) approximately 30 bp down stream of the 3' end of the E ll gene
2) 15 bp dow n stream  of the 3' end of the II gene and once within the II gene
3) twice w ithin the 12 gene
The sequence TAA AT, a common feature of translation initiation sites of 
poxvirus late genes, can be found at the 5' ends of the 12, II and E ll  genes. 
Thus it seems likely that II and 12 are late genes and E ll is an early/late gene 
although RNA analysis is required to verify these findings. The 13 gene is 
thought to be an intermediate gene (Binns et al., 1992), a class of genes which 
are expressed im m ediately after viral DNA replication but which do not 
require con tinued  de novo protein synthesis (Vos & Stunnenberg, 1988). 
Genes E10 and O l did not contain either the early termination signal or the 
late prom oter m otif and thus may be early genes or may be under the control 
of unidentified FPV motifs.
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Hybridizes to Vaccinia Virus E3L and K3L DNA

Vaccinia virus transcription early promoters are thought to consist of a 
16 bp critical region (AAAAgTaGAAAataTA) separated by an 11 bp less critical 
T-rich sequence from a 7 bp region containing a purine at which initiation 
usually occurs (Davison & Moss, 1989). No such FPV consensus sequence has 
yet been derived (personal communication Dr. M Skinner).

7.6. Discussion
PCR of FPV DNA w ith primers designed to FPV homologues of VV 

E2L and E4L resulted in a product of approximately 500 bp. The result suggests 
that any functional FPV homologue of VV E3L does not exist between the 
FPV homologues of E2L and E4L in fragment BamHI-I. It has been reported 
that FPV thym idine kinase (TK) gene has undergone a gene translocation 
relative to VV, appearing to have replaced 14, the ribonucleotide reductase 
large subunit gene (Binns et al., 1992). It is thought that the gene translocation 
may have been facilitated by 15 bp repeats which flank the thymidine kinase 
gene (Binns et al., 1992). It is possible that a transposition event may have 
occurred involving the FPV homologue of VV E3L, which does not exist 
between FPV E2L and E4L as was expected.However, the sequences flanking 
VV E3L do not show any sign of flanking repeats. It is equally likely that VV 
has acquired E3L as FPV sequence represents the ancestral poxvirus sequence.
In fact, the absence of E3L from between E2L & E4L in MCV makes this more 
likely (Senkevich et al., 1996).

In attem pts to identify the genomic location of any FPV homologues of 
VV E3L and K3L, both degenerate oligonucleotides and the VV genes have 
been used as probes on FPV DNA. The E3L oligonucleotides hybridized to 
BamHI-B, Pst I-B, and Nco I-P fragments. Each of the K3L oligonucleotides 
hybridized to two different regions of the FPV genome, BamHI fragments N 
and G, Pst I fragm ents A and D /E , and Nco I fragments J and K/L. When 
either VV E3L or K3L DNA was used to probe a partial library of FPV Nco I 
fragments, clones containing a 5.3 Kbp insert (Nco I-T) were found to be 
positive.

In both  experim ents low stringency conditions (0.5 M NaCl, 50 % 
form am ide, 30°C) were used, which may have resulted in non-specific
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binding of the probe to the DNA and misleading results. Low stringency 
conditions were required because the degree of conservation of nucleotides of 
homologous genes in VV and FPV may be low. It has been reported that the 
DNA sequence of FPV DNA polymerase, expected to be highly conserved is 
60% conserved relative to the sequence of the VV gene. At the amino acid 
level, 48% of the amino acids encoded by the FPV gene are identical to the VV 
protein and a further 32% of the amino acids appear to be conservative 
changes (Binns et al., 1987). However, levels of conservation of nucleotides in 
non-essential genes such as E3L and K3L (Beattie et al., 1995b) may be lower 
than in essential genes such as the DNA polymerase (Binns et a l ,  1990, 
Skinner et al., 1994, Tomley et al ,  1988).

FAST A of the Wisconsin GCG package was used to identify the areas of 
homology between VV E3L and K3L DNA and FPV BamHI-N DNA, and thus 
attempts to show w hy VV E3L and VV K3L DNA hybridized to the FPV Ncol- 
T clone and BamHI-N and P fragments. The analysis revealed that VV E3L 
DNA had 59 % hom ology with FPV BamHI-N over a 64 bp region, and K3L 
DNA had homology of 81 % over a 22 bp region and also 65 % identity over 
another 37 bp region, shown in Appendix 7.1.

Sequencing and analysis of the pMB 282 clone (FPV BamHI-N) 
revealed FPV ORFs with homology to VV E10, E ll, O l, II, 12 and 13 genes. No 
FPV homologues of VV E3L or K3L were identified. In Southern analysis VV 
K3L DNA (270 bp) hybridized to both FPV BamHI-N and FPV BamHI-P, 
which sequencing has shown to be the sites of E10 and the DNA polymerase 
genes. It appears that the probes bound specifically under the conditions used 
but not to FPV DNA encoding homologues of E3L and K3L. Only one Nco I 
fragm ent w as positive after hybridization so an alternative region for 
sequencing was not available. It is possible that any FPV homologues of E3L 
and K3L have little homology to the VV genes at the DNA level. It is also 
possible that the DNA of VV E3L and K3L has greater homology to the FPV 
Bam HI-N/P junction than to any FPV homologues of the genes. FPV may not 
contain hom ologues of VV E3L and K3L at all and may rely on entirely novel 
m echanism s to overcom e the effects of IFN. Indeed, the sequence of 
Canarypox has recently been analysed and no homologue of VV E3L has been
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found (personal communication, Dr. E. Paoletti). The MCV genome has also 
recently been analysed and does not appear to encode homologues of E3L or 
K3L (Senkevich et al., 1996).

In FPV, the 0 2  gene position has been replaced with ORF 4. It is 
possible that the 0 2  gene has undergone translocation and exists elsewhere in 
the FPV genome. It is thought that the replacement of FPV 14 with genes TK 
and X arose through a transposition event, involving 15 bp repeats which 
flank the TK/X insert (Binns et al., 1992). No evidence could be found to 
suggest that ORF 4 is flanked by repeat regions but this may be comparable to 
the position in FPV w here TK is 'missing'. However the possibility remains 
that 0 2  has undergone transposition. The situation may become clearer if 02 
is located and analysed. In MCV the 02  position of VV is occupied by a gene 
which is predicted  to encode a secreted protein which contains a signal 
pep tide  and  an im m unoglobulin  dom ain sim ilar to Xenopus class I 
histocompatibility antigen.

Com parison of the proteins encoded by FPV ORFs with the proteins of 
VV and VAR was undertaken. The predicted protein sequences of FPV ORFs 
were less conserved than the protein sequences of VV and VAR. As more 
poxvirus sequences become available it may be possible to identify motifs 
within hom ologous proteins and so assign functions to the proteins.

Identification of transcription signals in the ORFs was used to estimate 
when the FPV proteins are expressed. However, the transcription signals are 
based on VV research and have not been elucidated for all parts of the cascade 
of gene expression (Vos & Stunnenberg, 1988, Yuen & Moss, 1987). VV early 
terminator sequences appear to be used in FPV. Late gene promoters in FPV 
look similar to those in VV, although a consensus sequence for early gene 
prom oter sequences in FPV has not yet been elucidated and so are hard to 
identify. H ow ever, association of a prom oter or term inator consensus 
sequence w ith a gene only provides an indication of when the gene might be 
expressed. RNA analysis is required to genuinely establish the temporal 
expression of the genes.

In conclusion, FPV homologues of VV E3L and K3L are not located in 
fragments BamHI-N or Nco I-T which were bound by VV E3L and K3L DNA,
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even though this region gave the highest hybridization signal with VV E3L 
and K3L probes. U nfortunately no equivalent method exists for protein 
homology.
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8. CONCLUSIONS

• FPV is resistant to more than 8 U /m l of IFN in CEF.
• VV is resistant to 4 U /m l of IFN in CEF.
• SFV is sensitive to less than lU /m l of IFN in CEF.
FPV is therefore, more resistant to IFN in CEF than is VV.

• FPV is able to rescue SFV from the effects of IFN in chicken cells.
• VV is capable of rescuing SFV from the effects of IFN in CEF
• A VV m utan t w ith  E3L deleted (vP1080) was nevertheless capable of 

rescuing SFV in IFN-treated CEF as efficiently as was the wt virus.
• A VV w ith  K3L deleted (vP872) had a reduced capability to rescue SFV 

from the effects of IFN in CEF.
K3L may be m ore efficient than E3L in inhibiting any avian homologue of
PKR. The rescue of SFV by FPV may be due to the presence of a homologue of
K3L, although other FPV encoded factors may be responsible.

• CEF extracts contain a protein(s) with the ability to phosphorylate proteins 
in the extracts.

• CEF extracts contain a kinase(s) which is able to bind poly IC.
• Proteins from CEF extracts which bind to poly IC are able to phosphorylate 

histone proteins.
• Proteins from CEF extracts which bind to poly IC are able to phosphorylate 

a peptide of mam m alian eIF-2a.
• The activity of the kinase(s) in CEF extracts was not increased by addition 

of poly IC.
• The kinase(s) was not induced by IFN-treatment of the cells.
• No evidence could be found to suggest that FPV proteins reduced the 

activity of the kinase(s).
It is not possible to determine whether or not the kinase activity seen in these
experiments is avian PKR.

• An avian homologue of PKR was not identified by PCR of a chicken lung 
cDNA library using primers designed against highly conserved domains of 
PKR
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• An avian hom ologue of PKR was not identified by screening of the 
chicken cDNA library w ith oligonucleotides designed against highly 
conserved dom ains of PKR and human PKR DNA.

• An avian hom ologue of PKR was not identified by probing polyadenylated 
RNA from IFN-treated CEF with human PKR.

The level of conservation between mammalian and any avian PKR may not 
be high enough to identify an avian PKR by these methods. Avian cells may 
not have a hom ologue of mammalian PKR but this seems unlikely. Avian 
cells may not use the same system of regulation of expression for PKR (i.e. it 
may not be induced by interferon).

• An 80 Kd soluble protein is secreted by FPV infected CEF from 12-50 hours 
post infection.

• The protein  consists of a 55 Kd polypeptide with the remainder of the 
molecular mass consisting of carbohydrate groups.

• In reducing conditions, the glycosylated form of the protein is a 27 Kd 
protein.

• The 80 Kd soluble protein produced by FPV infected cells is a multimeric 
glycoprotein.

• Attem pts to purify the 80 Kd protein and the 27 Kd subunit using lectins 
proved unsuccessful as did a two-dimensional gel approach.

The function of the 80 Kd protein and the location of the gene encoding it 
remain unknow n. The 80 Kd protein may be a soluble glycoprotein receptor 
which binds to IFNs or cytokines and so inhibit the host defence against the 
virus.

• Any functional FPV homologue of VV E3L does not exist between the FPV 
homologues of E2L and E4L in fragment BamHI-I

• Clones containing a 5.3 Kbp insert (Nco I-T) from a partial FPV library 
were hybridized by VV E3L and K3L DNA.

• Sequencing and  analysis of FPV BamHI-N (which overlaps Nco I-T) 
revealed FPV ORFs with homology to VV E10, E ll, O l, II, 12 and 13 genes. 
As in MCV, the homologue of vv 02L was not present.

• No FPV homologues of VV E3L or K3L were identified by sequencing FPV 
BamPII-N.

FPV hom ologues of VV E3L and K3L have not been identified. Like MCV, 
FPV may have novel mechanisms to overcome the effects of IFN.
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Appendix 6.1. BLAST Analysis of PCR Clones

Query= 1000 bp Clone
(151 letters)

S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s :  

s p | P 0 3 7 7 2 I P P _ L A M B D  S E R IN E /T H R E O N IN E  PROTEIN P H O S P H A T . . .  +3

Smallest
Sum

Reading High Probability 
Frame Score P(N) N

1 2 1  1 . 7 e - 1 4

s p  | P03 7 72  | PP_LAMBD SERINE/THREONINE PROTEIN PHOSPHATASE, p i r  | | Q lB P lL  
h y p o t h e t i c a l  p r o t e i n  C -2 2 1  ( n i n  r e g i o n )  -  p h a g e  lam bd a

g i  | 2 1 5 1 6 0
( J 0 2 4 5 9 )  N i n  2 2 1  ( p e p t  u n k n o w n ; 2 2 1 )  [ B a c t e r i o p h a g e  lam bd a]  
L e n g t h  = 2 2 1

P l u s  S t r a n d  H S P s :

S c o r e  = 1 2 1  ( 5 5 . 7  b i t s ) ,  E x p e c t  = 1 . . 7 e - 1 4 ,  Sum P ( 2 )  = 1 . 7 e - 1 4  
I d e n t i t i e s  = 2 1 / 2 2  ( 9 5 %) ,  P o s i t i v e s  = 2 1 / 2 2  ( 95%) ,  Fram e = +3

Q u e r y :  12 PFGEYEFGKPVDHQQVIWNRER 77
PF EYEFGKPVDHQQVIWNRER 

S b j c t :  1 4 3  PFDEYEFGKPVDHQQVIWNRER 1 6 4

S c o r e  = 52 ( 2 3 . 9  b i t s ) ,  E x p e c t  = 1 . 7 e - 1 4 ,  Sum P ( 2 )  = 1 . 7 e - 1 4  
I d e n t i t i e s  = 1 1 / 1 3  ( 8 4 %) ,  P o s i t i v e s  = 1 2 / 1 3  ( 92%) ,  Fram e = +1

Q u e r y :  7 6 ERISNSQNGIGKK 1 1 4
ERISNSQNGI K+

S b j c t :  1 6 3  ERISNSQNGIVKE 1 7 5

Query= 800 bp clone
( 1 2 4  l e t t e r s )

Sequences producing High-scoring Segment Pairs:
Reading High 

Frame Score

S m a l l e s t  
Sum  

P r o b a b i l i t y  
P (N) N

p i r | | S Y E X I
s p | P 2 6 4 9 9 | S Y I _ M E T T H
s p  P 4 6 2 1 4  S Y I _ P Y R F U

isoleucine— tRNA ligase (EC 6 . 1 . 1 . . .  +3  8 0  0 . 0 0 1 5  1
ISOLEUCYL-TRNA SYNTHETASE (ISOLEU... +3 8 0  0 . 0 0 1 5  1
ISOLEUCYL-TRNA SYNTHETASE (ISOLEU... +3 7 1  0 . 0 2 2  1

p i r  | |SYEX I i s o l e u c i n e - - t R N A  l i g a s e  (EC 6 . 1 . 1 . 5 )  -  M e t h a n o b a c t e r i u m
t h e r m o a u t o t r o p h i c u m  g i | 1 4 9 7 2 8  ( M 5 9 2 4 5 )  t r a n s f e r  R N A - I le

s y n t h e t a s e
[ M e t h a n o b a c t e r i u m  t h e r m o a u t o t r o p h i c u m ]

L e n g t h  = 1 0 4 5

P l u s  S t r a n d  H S P s :

258



Appendices

S c o r e  = 80 ( 3 5 . 9  b i t s ) ,  E x p e c t  = 0 . 0 0 1 5 ,  P = 0 . 0 0 1 5  
I d e n t i t i e s  = 1 6 / 3 0  ( 53%) ,  P o s i t i v e s  = 1 8 / 3 0  ( 60%) ,  Frame = +3

Q u e r y :  18  GEDDFNVGKEYGLEVAVTVDEKGYIAISAG 107
G +DF +GKEYGL V VDE G AG

S b j c t :  3 2 3  GPEDFEIGKEYGLPVFCPVDEAGVFTEDAG 352

s p  | P2 6 4 9  9 | SYI_METTH ISOLEUCYL-TRNA SYNTHETASE ( ISOLEUCINE--TRNA LIGASE) 
( I L E R S ) .

L e n g t h  = 1 0 4 6

P l u s  S t r a n d  H S P s :

S c o r e  = 80  ( 3 5 . 9  b i t s ) ,  E x p e c t  = 0 . 0 0 1 5 ,  P = 0 . 0 0 1 5  
I d e n t i t i e s  = 1 6 / 3 0  ( 53%) ,  P o s i t i v e s  = 1 8 / 3 0  ( 60%) ,  Fram e = +3

Q u e r y :  18  GEDDFNVGKEYGLEVAVTVDEKGYIAISAG 107
G +DF +GKEYGL V VDE G AG

S b j c t :  3 2 4  GPEDFEIGKEYGLPVFCPVDEAGVFTEDAG 353

s p  | P 4 6 2 1 4 |S Y I _ P Y R F U  ISOLEUCYL-TRNA SYNTHETASE ( ISOLEUCINE--TRNA LIGASE) 
( I L E R S ) .  g i | 5 9 8 3 6 7  ( L3 7 1 0 5 )  t r a n s f e r  R N A - I l e  s y n t h e t a s e

[ P y r o c o c c u s
f u r i o s u s ]
L e n g t h  = 5 4 6

P l u s  S t r a n d  H S P s :

S c o r e  = 71  ( 3 1 . 9  b i t s ) ,  E x p e c t  = 0 . 0 2 3 ,  P = 0 . 0 2 2  
I d e n t i t i e s  = 1 3 / 2 3  ( 56%) ,  P o s i t i v e s  = 1 8 / 2 3  ( 78%) ,  Fram e = +3

Q u e r y :  18 GEDDFNVGKEYGLEVAVTVDEKG 8 6
GE+DF VG++YGL V VD++G 

S b j c t :  2 54  GEEDFEVGQKYGLPVYSPVDDQG 2 76

g i | 1 5 9 1 6 1 4  ( U 6 7 5 3 8 )  i s o l e u c y l - t R N A  s y n t h e t a s e  [ M e t h a n o c o c c u s  j a n n a s c h i i ]
L e n g t h  = 1 0 3 9

P l u s  S t r a n d  H S P s :

S c o r e  = 67 ( 3 0 . 1  b i t s ) ,  E x p e c t  = 0 . 0 3 7 ,  Sum P ( 2 )  = 0 . 0 3 6
I d e n t i t i e s  = 1 1 / 2 3  ( 47%) ,  P o s i t i v e s  = 1 7 / 2 3  ( 73%) ,  Fram e = +3

Q u e r y :  18 GEDDFNVGKEYGLEVAVTVDEKG 86
GE+DF VGK+Y L  + +D++G

S b j c t :  3 4 1  GEEDFEVGKKYNLPIYSPIDDEG 363

S c o r e  = 25  ( 1 1 . 2  b i t s ) ,  E x p e c t  = 0 . 0 3 7 ,  Sum P ( 2 )  = 0 . 0 3 6
I d e n t i t i e s  = 4 / 7  (57%) , P o s i t i v e s  = 5 / 7  (71%) , Fram e = +2

Q u e r y :  8 6 LHSNKCW 106
L +NK W 

S b j c t :  6 2 8  LSANKVW 6 3 4
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Query= 1400 bp clone
( 1 3 6  l e t t e r s )

T r a n s l a t i n g  b o t h  s t r a n d s  o f  q u e r y  s e q u e n c e  i n  a l l  6 r e a d i n g  f r a m e s

D a t a b a s e :  N o n - r e d u n d a n t  G e n B a n k  CDS
t r a n s l a t i o n s + P D B + S w i s s P r o t + S P u p d a t e - i - P I R  
2 2 9 , 9 2 4  s e q u e n c e s ;  6 4 , 9 2 7 , 9 8 2  t o t a l  l e t t e r s .

S m a l l e s t
Sum

R e a d i n g H i g h P r o b a b i l i t y
S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s :  F r a m e S c o r e P ( N ) N

g n l | P I D | e 4 1 0 0 ( X 0 4 3 2 9 )  f u r i n ;  1 2 3 1  i s  2 n d  b a s e  . . .  + 1 3 2 0 . 0 1 1 2
g i  11 2 6 1 9 9 6 ( Z 7 0 5 3 7 )  v i r a l  p r o t e i n  1 [ E r y t h r o . . .  +2 4 7 0 . 0 1 3 2
g i  j 1 3 5 3 3 2 0 ( U 3 1 1 5 7 )  a m y l a s e  [ D r o s o p h i l a  e u g r . . .  +2 4 2 0 . 0 2 4 2

g n l  | PID | e 4 1 0 0  ( X 0 4 3 2 9 )  f u r i n ;  1 2 3 1  i s  2n d  b a s e  i n  c o d o n ,  1 3 4 8  i s  1 s t  
b a s e  i n  c o d o n  [Homo s a p i e n s ]
L e n g t h  = 3 9

P l u s  S t r a n d  H S P s :

S c o r e  = 32 ( 1 4 . 7  b i t s ) ,  E x p e c t  = 0 . 0 1 1 ,  Sum P ( 2 )  = 0 . 0 1 1  
I d e n t i t i e s  = 5 / 1 5  ( 3 3 %) ,  P o s i t i v e s  = 7 / 1 5  ( 46%) ,  Fram e = +1

Q u e r y :  34  PTCWISTLGKRGQTG 7 8
P W+ G+R G 

S b j c t :  2 PLIWLRAFGRRRHGG 16

S c o r e  = 30  ( 1 3 . 8  b i t s ) ,  E x p e c t  = 0 . 0 1 1 ,  Sum P ( 2 )  = 0 . 0 1 1  
I d e n t i t i e s  = 5 / 1 0  ( 50%) ,  P o s i t i v e s  = 6 / 1 0  ( 60%) ,  Fram e = +3

Q u e r y :  90  PSFRLVHRHP 11 9
P + HRHP 

S b j c t :  2 6 PPAEVHHRHP 3 5

g i | 1 2 6 1 9 9 6  ( Z 7 0 5 3 7 )  v i r a l  p r o t e i n  1 [ E r y t h r o v i r u s  B19]
L e n g t h  = 10 2

P l u s  S t r a n d  H S P s:

S c o r e  = 47  ( 2 1 . 6  b i t s ) ,  E x p e c t  = 0 . 0 1 3 ,  Sum P ( 2 )  = 0 . 0 1 3
I d e n t i t i e s  = 1 1 / 3 1  ( 35%) ,  P o s i t i v e s  = 1 5 / 3 1  ( 48%) ,  Fram e = +2

Q u e r y :  2 6 DHHQPVGYQLSARGGRLVHPTSKLQTGAPTS 118
D H+P + G V P  ++LQ G P S  

S b j c t :  3 2 DLHKPGQVSVQLPGTNYVGPGNELQAGPPQS 62

S c o r e  = 35  ( 1 6 . 1  b i t s ) ,  E x p e c t  = 0 . 0 1 3 ,  Sum P ( 2 )  = 0 . 0 1 3
I d e n t i t i e s  = 5 / 8  ( 62%) ,  P o s i t i v e s  = 7 / 8  ( 87%) ,  Fram e = +2

Q u e r y :  1 1  HGIVTDHH 3 4
HG ++DHH 

S b j c t :  2 HGQLSDHH 9
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g i | 1 3 5 3 3 2 0  ( U 3 1 1 5 7 )  a m y l a s e  [ D r o s o p h i l a  e u g r a c i l i s ]
L e n g t h  = 1 4 5

P l u s  S t r a n d  H S P s:

S c o r e  = 42 ( 1 9 . 3  b i t s ) ,  E x p e c t  = 0 . 0 2 5 ,  Sum P ( 2 )  = 0 . 0 2 4
I d e n t i t i e s  = 6 / 1 5  ( 40%) ,  P o s i t i v e s  = 1 0 / 1 5  ( 66%) ,  Fram e = +2

Q u e r y :  2 6 DHHQPVGYQLSARGG 7 0
+ + QP+ Y+L R G 

S b j c t :  2 0 ERYQPISYKLETRSG 3 4

S c o r e  = 41  ( 1 8 . 9  b i t s ) ,  E x p e c t  = 0 . 0 2 5 ,  Sum P ( 2 )  = 0 . 0 2 4  
I d e n t i t i e s  = 9 / 2 0  ( 45%) ,  P o s i t i v e s  = 1 1 / 2 0  ( 55%) ,  Frame = +2

Q u e r y :  6 5 GGRLVHPTSKLQTGAPTSKL 12 4
GG + P+SK G P S L

S b j c t :  7 1  GGSTANPSSKSFPGVPYSSL 9 0

g i | 1 3 5 3 3 0 8  ( U 3 1 1 2 4 )  a m y l a s e  [ D r o s o p h i l a  v a r i a n s ]
L e n g t h  = 1 4 4

P l u s  S t r a n d  H S P s :

S c o r e  = 4 1  ( 1 8 . 9  b i t s ) ,  E x p e c t  = 0 . 0 4 6 ,  Sum P ( 2 )  = 0 . 0 4 5  
I d e n t i t i e s  = 9 / 2 0  ( 4 5 %) ,  P o s i t i v e s  = 1 0 / 2 0  ( 50%) ,  Fram e = +2

Q u e r y :  65  GGRLVHPTSKLQTGAPTSKL 124
GG P+SK  G P S L 

S b j c t :  7 1  GGTTASPSSKSYPGVPYSSL 90

S c o r e  = 40  ( 1 8 . 4  b i t s ) ,  E x p e c t  = 0 . 0 4 6 ,  Sum P ( 2 )  = 0 . 0 4 5  
I d e n t i t i e s  = 6 / 1 5  ( 40%) ,  P o s i t i v e s  = 1 0 / 1 5  ( 66%) ,  Fram e = +2

Q u e r y :  2 6 DHHQPVGYQLSARGG 7 0
+ +QP + Y+L R G 

S b j c t :  1 9  ERYQPISYKLVTRSG 33

Appendix 6.1. BLAST Analysis of PCR Clones
The clones were manually sequenced and anaysed at at the National Center for Biotechnology 
Information (NCBI) using the BLAST network service which translates the DNA sequence in all 
6 frames and then searches the databases for similar proteins. The top of the three sequences is 
the experimental (query) sequence. The bottom sequence (subject) is the library sequence. The 
m iddle sequence shows amino acids which are identical in both the experimental and library 
sequences and + signs represent conservative changes between the two sequences. Only the most 
significant hits are shown here.

Reference for BLast Analysis: Gish, Warren and David J .  States ( 1 9 9 3 ) .
Identification of
p r o t e i n  c o d i n g  r e g i o n s  b y  d a t a b a s e  s i m i l a r i t y  s e a r c h .  N a t .  G e n e t .  3 : 2 6 6 - 7 2 .
A l t s c h u l ,  S t e p h e n  F . , W a r r e n  G i s h ,  W eb b  M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .
L i p m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l .  B i o l .  2 1 5 : 4 0 3 - 1 0 .
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Appendix 6.2. BLAST Analysis of the Smaller 900 bp PCR Fragment

R e a d i n g H i g h

S m a l l e s t
Sum

P r o b a b i l i t y
S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s : F r a m e S c o r e P (N) N

s p  | P 2 4 8 3 4  | V E 5 _ R H P V 1 PROBABLE E5 PROTEIN. -1 3 7 0 . 0 0 8 4 3
p i r | | W 5 W L R 1 E 5  p r o t e i n  -  r h e s u s  p a p i l l o m a v i r u . . -1 3 7 0 . 0 0 8 4 3
g i | 1 1 3 9 6 6 3 ( U 4 3 4 0 0 )  l a t e  s p l i c e d  g e n e  [Human . . - 2 3 7 0 . 1 4 3
s p | P I 5 7 9 0  j K C 2 1 _ Y E A S T C A S E IN  K IN A S E  I I ,  ALPHA CHAIN (CK . . - 2 3 6 0 . 1 7 3
g i  j 1 0 9 8 9 9 8 ( U 4 1 5 1 0 )  c o d e d  f o r  b y  C .  e l e g a n s . . - 2 4 2 0 . 2 7 2
g i  j 7 7 3 4 1 4 ( U 2 3 7 5 1 )  b e t a  g a l a c t o s i d a s e  [ C i o n . . +3 4 2 0 . 3 4 2
p i r | | S 5 1 4 2 8 h y p o t h e t i c a l  p r o t e i n  L 9 4 7 0 . 2 2  -  y . . - 1 4 0 0 . 4 2 2
g i | 5 3 2 7 9 8 ( U 1 3 3 9 8 )  p r o t e i n  k i n a s e  [ S a c c h a r o . . - 2 4 3 0 . 4 3 2
g i | 1 0 5 5 2 5 6 ( U 3 6 8 9 9 )  p h e r o m o n e  r e c e p t o r  VN2 [ . . - 2 4 3 0 . 4 6 2
s p j P 1 6 7 3 1 | U L 8 8 _ H C M V A HYPOTHETICAL PROTEIN U L 8 8 .  / p i r | | . . - 2 3 1 0 . 4 6 3
g n l | P I D | e l 9 1 4 4 9 ( X 8 9 9 9 9 )  2 B 1  a n t i g e n  g e n e  p r o d u c t . . +2 4 5 0 . 5 5 2
s p | P 3 8 9 9 0 | P A K 1 _ Y E A S T S E R I N E / THREO NINE-PROTEIN KINASE P . . - 2 4 3 0 . 6 3 2
g i | 7 5 7 5 0 7 ( D 3 8 5 6 4 )  r e c e p t o r  p r o t e i n  k i n a s e . . - 2 4 8 0 . 6 3 2
p i r  j | J C 2 4 8 2 S - r e c e p t o r  k i n a s e  (EC 2 . 7 . 1 . - )  12 . . - 2 4 8 0 . 6 3 2

s p I P 2 4 8 3  4IVE5_RHPV1 PROBABLE E5 PROTEIN.
L e n g t h  = 1 5 7

M in u s  S t r a n d  H S P s :

S c o r e  = 37 ( 1 7 . 0  b i t s ) ,  E x p e c t  = 0 . 0 0 8 5 ,  Sum P ( 3 )  = 0 . 0 0 8 4  
I d e n t i t i e s  = 8 / 2 2  ( 3 6 %) ,  P o s i t i v e s  = 1 2 / 2 2  ( 54%) ,  Fram e = - 1

Q u e r y :  7 0 FCSRVFFSNPPRSETGLQEFDI 5
F + V F P + GLQ+ D+

S b j c t :  97  FFNPVAFDTPACPQCGLQQNDV 118

S c o r e  = 31  ( 1 4 . 3  b i t s ) ,  E x p e c t  = 0 . 0 0 8 5 ,  Sum P (3)  = 0 . 0 0 8 4  
I d e n t i t i e s  = 4 / 1 1  ( 36%) ,  P o s i t i v e s  = 6 / 1 1  ( 54%) ,  Fram e -  - 2

Q u e r y :  15 3 WVHSEDIHLFN 1 2 1
W H + +H N 

S b j c t :  9 WSHFKPVHTLN 19

S c o r e  = 30  ( 1 3 . 8  b i t s ) ,  E x p e c t  = 0 . 0 0 8 5 ,  Sum P ( 3)  = 0 . 0 0 8 4  
I d e n t i t i e s  = 4 / 6  ( 66%) ,  P o s i t i v e s  = 5 / 6  ( 83%) ,  Fram e = - 1

Q u e r y :  82 RKPPFC 65
+ PPFC 

S b j c t :  35  KPPPFC 40

p i r | | W5 WL R 1  E5 p r o t e i n  -  r h e s u s  p a p i l l o m a v i r u s  ( t y p e  1)
L e n g t h  = 157

M in u s  S t r a n d  H S P s:

S c o r e  = 37 ( 1 7 . 0  b i t s ) ,  E x p e c t  = 0 . 0 0 8 5 ,  Sum P ( 3 )  = 0 . 0 0 8 4
I d e n t i t i e s  = 8 / 2 2  ( 36%) ,  P o s i t i v e s  = 1 2 / 2 2  ( 54%) ,  Fram e = - 1

Q u e r y :  7 0 FCSRVFFSNPPRSETGLQEFDI 5
F + V F P + GLQ+ D+

S b j c t :  97  FFNPVAFDTPACPQCGLQQNDV 118
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Score = 31 (14.3 bits), Expect = 0.0085, Sum P(3) = 0.0084 
Identities = 4/11 (36%), Positives = 6/11 (54%), Frame = -2

Query: 153 WVHSEDIHLFN 121
W H + +H N 

Sbjct: 9 WSHFKPVHTLN 19

Score = 30 (13.8 bits), Expect = 0.0085, Sum P (3) = 0.0084 
Identities = 4/6 (66%), Positives = 5/6 (83%), Frame = -1

Query: 82 RKPPFC 65
+ PPFC 

Sbjct: 35 KPPPFC 40

g i | 1 1 3 9 6 6 3  ( U 4 3 4 0 0 )  l a t e  s p l i c e d  g e n e  [Human h e r p e s v i r u s  7 ]

L e n g t h  = 66 3

M in u s  S t r a n d  H S P s :

S c o r e  = 37  ( 1 7 . 0  b i t s ) ,  E x p e c t  = 0 . 1 5 ,  Sum P ( 3 )  = 0 . 1 4
I d e n t i t i e s  = 6 / 2 3  ( 2 6 %) ,  P o s i t i v e s  = 1 1 / 2 3  ( 47%) ,  Fram e = - 2

Q u e r y :  1 2 3  NKCFFCSIKSLFISENLRFVRAF 55
N FC + + ++ L F A+

S b j c t :  3 3 NSAIFCQKRF11LTPELGFTHAY 55

S c o r e  = 33  ( 1 5 . 2  b i t s ) ,  E x p e c t  = 0 . 1 5 ,  Sum P ( 3)  = 0 . 1 4
I d e n t i t i e s  = 4 / 1 0  ( 40%) ,  P o s i t i v e s  = 7 / 1 0  ( 70%) ,  Fram e = - 2

Q u e r y :  15 6 IWVHSEDIHL 12 7
IW H +D+ +

S b j c t :  18  IWKHEQDVKI 27

S c o r e  = 31  ( 1 4 . 3  b i t s ) ,  E x p e c t  = 0 . 1 5 ,  Sum P ( 3 )  = 0 . 1 4  
I d e n t i t i e s  = 6 / 1 0  ( 6 0 %) ,  P o s i t i v e s  = 8 / 1 0  ( 80%) ,  Fram e = - 1

Q u e r y :  3 4 SETGLQEFDI 5
+E G L  EFD+

S b j c t :  4 2 3  TEQGLIEFDL 432

sp|P15790|KC21_YEAST CASEIN KINASE II, ALPHA CHAIN (CK II). pir||A31564 
casein kinase II (EC 2.7.1.-) alpha chain - yeast 

(Saccharomyces
cerevisiae) gi|171324 (M22473) casein kinase II alpha subunit 
[Saccharomyces cerevisiae] gi|600013 (Z46861) casein kinase II 
alpha chain [Saccharomyces cerevisiae] gi|763311 (Z47047) Ckalp 
[Saccharomyces cerevisiae]
Length = 372

Minus Strand HSPs:
Score = 36 (16.6 bits), Expect = 0.19, Sum P(3) = 0.17 
Identities = 5/8 (62%), Positives = 8/8 (100%), Frame = -2
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Query: 4 8 VIHRDLKP 2 5
++HRD+KP 

Sbjct: 191 IMHRDVKP 198

Score = 31 (14.3 bits), Expect = 0.19, Sum P (3) = 0.17 
Identities = 7/12 (58%), Positives = 8/12 (66%), Frame = -3

Query: 8 9 LYPKTSVLFARF 54
LYPK + L RF 

Sbjct: 16 3 LYPKLTDLEIRF 17 4

Score = 29 (13.3 bits), Expect = 0.19, Sum P(3) = 0.17 
Identities = 5/9 (55%), Positives = 7/9 (77%), Frame = -2

Query: 147 HSEDIHLFN 121
H+ IHLF +

Sbjct: 13 0 HANIIHLFD 13 8

gi|1098998 (U41510) coded for by C. elegans cDNA yk85d4.5; Similar to 
map kinase kinase; 3beta-hsd. [Caenorhabditis elegans] 
Length = 1218

Minus Strand HSPs:

Score = 42 (19.3 bits), Expect = 0.32, Sum P(2) = 0.27
Identities = 7/16 (43%), Positives = 10/16 (62%), Frame = -2

Query: 141 EDIHLFNKCFFCSIKS 94
ED +++ FFCS S 

Sbjct: 683 EDYEIYHTSFFCSTSS 698
Score = 42 (19.3 bits), Expect = 0.32, Sum P(2) = 0.27
Identities = 7/17 (41%), Positives = 11/17 (64%), Frame = -2

Query: 7 5 LRFVRAFSSVIHRDLKP 2 5
L + + +IHRD+KP

Sbjct: 898 LEHLKTTHHIIHRDIKP 914

gi|773414 (U23751) beta galactosidase [Cloning vector pBBRlMCS-2]
gi|833819 (U25059) LacZ alpha peptide [Cloning vector pBBRlMCS-

3]
gi|833823 (U25060) LacZ alpha peptide [Cloning vector pBBRlMCS-

4]
gi|833827 (U25061) LacZ alpha peptide [Cloning vector pBBRlMCS-

5]
Length = 121

Plus Strand HSPs:
Score = 42 (19.3 bits), Expect = 0.42, Sum P(2) = 0.34 
Identities = 8/8 (100%), Positives = 8/8 (100%), Frame = +3

Query: 3 LISNSCSP 2 6
LISNSCSP 

Sbjct: 33 LISNSCSP 40
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Score = 31 (14.3 bits), Expect = 0.42, Sum P (2) = 0.34 
Identities = 6/11 (54%), Positives = 6/11 (54%), Frame = +2

Query: 41 WITEENARTKR 7 3
W E ART R 

Sbjct: 9 7 WRNSEEARTDR 107

pir||S51428 hypothetical protein L9470.22 - yeast (Saccharomyces 
cerevisiae) gi|577214 (U17246) L9470.22 gene product 

[ Saccharomyces
cerevisiae]
Length = 489

Minus Strand HSPs:

Score = 40 (18.4 bits), Expect = 0.55, Sum P(2) = 0.42 
Identities = 6/11 (54%), Positives = 9/11 (81%), Frame = -1

Query: 157 HMGALRRHSFI 12 5
HMG++R+H I 

Sbjct: 266 HMGSIRKHPLI 276

Score = 3 9 (17.9 bits), Expect = 0.55, Sum P(2) = 0.42 
Identities = 9/24 (37%), Positives = 13/24 (54%), Frame = -1

Query: 103 DKVSLYIRKPPFCSRVFFSNPPRS 32
DK + ++KP RV S P +S 

Sbjct: 3 40 DKNPMTMKKPKLNKRVLPSKPKKS 3 63

g i | 5 3 2 7 9 8  ( U 1 3 3 9 8 )  p r o t e i n  k i n a s e  [ S a c c h a r o m y c e s  c e r e v i s i a e ]  
L e n g t h  = 65 8

M in u s  S t r a n d  H S P s :

S c o r e  = 43 ( 1 9 . 8  b i t s ) ,  E x p e c t  = 0 . 5 6 ,  Sum P ( 2 )  = 0 . 4 3
I d e n t i t i e s  = 6 / 1 1  ( 54%) ,  P o s i t i v e s  = 9 / 1 1  ( 81%) ,  Fram e = - 2

Q u e r y :  57  FSSVIHRDLKP 2 5
+ +IHRD+KP 

S b j c t :  2 69  YQGIIHRDIKP 27 9

S c o r e  = 37  ( 1 7 . 0  b i t s ) ,  E x p e c t  = 0 . 5 6 ,  Sum P (2)  = 0 . 4 3
I d e n t i t i e s  = 1 0 / 1 8  ( 55%) ,  P o s i t i v e s  = 1 1 / 1 8  ( 61%) ,  Fram e = - 2

Q u e r y :  1 1 4  FFCSIKSLFISENLRFVR 61
FF IKS ISEN + R 

S b j c t :  1 7 4  FFTFIKSSKISENDKIKR 191

g i | 1 0 5 5 2 5 6  ( U 3 6 8 9 9 )  p h e r o m o n e  r e c e p t o r  VN2 [ R a t t u s  n o r v e g i c u s ]
L e n g t h  = 3 2 1

M in u s  S t r a n d  H S P s :

S c o r e  = 43 ( 1 9 . 8  b i t s ) ,  E x p e c t  = 0 . 6 1 ,  Sum P ( 2 )  = 0 . 4 6
I d e n t i t i e s  = 9 / 2 5  (36%) , P o s i t i v e s  = 1 3 / 2 5  ( 52%) ,  Fram e = - 2

265



Appendices

Q u e r y :  1 4 7  HSEDIHLFNKCFFCSIKSLFISENL 73
H H+F F S+ +FIS  +L 

S b j c t :  1 3 7  HKPPHHIFCAMLFLSVLYMFISSHL 161

S c o r e  = 34  ( 1 5 . 6  b i t s ) ,  E x p e c t  = 0 . 6 1 ,  Sum P( 2 )  = 0 . 4 6  
I d e n t i t i e s  = 6 / 1 2  ( 50%) ,  P o s i t i v e s  = 7 / 1 2  ( 58%) ,  Frame = - 1

Q u e r y :  6 7 CSRVFFSNPPRS 3 2
CSR + N P S 

S b j c t :  27  0 CSRTMYLNDPTS 2 81

sp | P16731|UL8 8_HCMVA HYPOTHETICAL PROTEIN UL88. pir||S09852
hypothetical protein UL88 - human cytomegalovirus (strain

A D I 6 9 )

gi|833072 (X17403) HCMVUL88 (AA 1-429) [Human cytomegalovirus] 
Length = 42 9

Minus Strand HSPs:

Score = 31 (14.3 bits), Expect = 0.62, Sum P(3) = 0.46 
Identities = 4/5 (80%), Positives = 5/5 (100%), Frame = -2

Query: 117 CFFCS 103
CF+CS

Sbjct: 69 CFYCS 73

Score = 31 (14.3 bits), Expect = 0.62, Sum P(3) = 0.46 
Identities = 6/10 (60%), Positives = 9/10 (90%), Frame = -3

Query: 89 LYPKTSVLFA 60
+ + P TSVL+A 

Sbjct: 163 IWPGTSVLWA 172

Score = 3 1  (14.3 bits), Expect = 0.62, Sum P(3) = 0.46
Identities = 8/16 (50%), Positives = 9/16 (56%), Frame = -1

Query: 61 RVFFSNPPRSETGLQE 14
R+ SN PRS L E 

Sbjct: 2 45 RLRMSNIPRSSARLLE 2 60

g n l | PID | e l 9 1 4 4 9  ( X 8 9 9 9 9 )  2B1 a n t i g e n  g e n e  p r o d u c t  [ R a t t u s  n o r v e g i c u s ]  
L e n g t h  = 512

P l u s  S t r a n d  H S P s :

S c o r e  = 45  ( 2 0 . 7  b i t s ) ,  E x p e c t  = 0 . 7 9 ,  Sum P ( 2 )  = 0 . 5 5  
I d e n t i t i e s  = 1 1 / 3 3  ( 33%) ,  P o s i t i v e s  = 1 7 / 3 3  ( 51%) ,  Fram e = +2

Query: 8 IEFLQPGFRSRWITEENARTKRRFSDIKRDFIE 106
IE +Q + ITE R K +F + + F + E

Sbjct: 1 6 8  IELVQAADPAINITEATVRAKAQFEGAAKEFME 2 0 0

S c o r e  = 33 ( 1 5 . 2  b i t s ) ,  E x p e c t  = 0 . 7 9 ,  Sum P ( 2 )  = 0 . 5 5  
I d e n t i t i e s  = 7 / 1 6  ( 43%) ,  P o s i t i v e s  = 1 0 / 1 6  ( 62%) ,  Fram e = +3
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Q u e r y :  9 3 ETLSNKRSIY*INECL 140
E S+ RSI +N C+ 

S b j c t :  4 4 4  EETSDMRSIQDVNVCM 459

sp | P3 89 90 | PAK1_YEAST SERINE/THREONINE-PROTEIN KINASE PAKl . pir||S50632 
protein kinase PAKl (EC 2.7.1.-) - yeast (Saccharomyces

cerevisiae)
gi|603368 (U18916) Saccharomyces cerevisiae chromosome V

cosmids
9781, 8198, 9115, 9981, and lambda clones 3955 and 6052. 
[Saccharomyces cerevisiae]
Length = 1142

Minus Strand HSPs:

Score = 43 (19.8 bits), Expect = 0.99, Sum P(2) = 0.63
Identities = 6/11 (54%), Positives = 9/11 (81%), Frame = -2

Query: 57 FSSVIHRDLKP 2 5
+ +IHRD+KP 

Sbjct: 27 0 YQGIIHRDIKP 2 80

Score = 37 (17.0 bits), Expect = 0.99, Sum P(2) = 0.63
Identities = 10/18 (55%), Positives = 11/18 (61%), Frame = -2

Query: 114 FFCSIKSLFISENLRFVR 61
FF IKS ISEN + R 

Sbjct: 174 FFTFIKSSKISENDKIKR 191

g i | 7 5 7 5 0 7  ( D 3 8 5 6 4 )  r e c e p t o r  p r o t e i n  k i n a s e  [ B r a s s i c a  c a m p e s t r i s ]  
p r f | | 2 1 0 6 1 5 7 B  S - r e c e p t o r  k i n a s e  [ B r a s s i c a  r a p a ]  
L e n g t h  = 8  56

M in u s  S t r a n d  H S P s :

S c o r e  = 48  ( 2 2 . 1  b i t s ) ,  E x p e c t  = 1 . 0 ,  Sum P ( 2 )  = 0 . 6 3  
I d e n t i t i e s  = 8 / 9  ( 88%) ,  P o s i t i v e s  = 9 / 9  ( 100%) ,  Fram e = - 2

Q u e r y :  4 8 VIHRDLKPG 22
+IHRDLKPG 

S b j c t :  6 4 8  IIHRDLKPG 65 6

S c o r e  = 3 1  ( 1 4 . 3  b i t s ) ,  E x p e c t  = 1 . 0 ,  Sum P ( 2 )  = 0 . 6 3  
I d e n t i t i e s  = 5 / 1 3  ( 38%) ,  P o s i t i v e s  = 8 / 1 3  ( 61%) ,  Fram e = - 2

Q u e r y :  1 5 9  FIWVHSEDIHLFN 1 2 1
++WV + D L N 

S b j c t :  8 5 YVWVANRDSSLSN 97

p i r | | J C 2 4 8 2  S - r e c e p t o r  k i n a s e  (EC 2 . 7 . 1 . - )  12 p r e c u r s o r  -  f i e l d  m u s t a r d  
L e n g t h  = 856

M in u s  S t r a n d  H SPs:
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Score = 48 (22.1 bits), Expect = 1.0, Sum P(2) = 0.63 
Identities = 8/9 (88%), Positives = 9/9 (100%), Frame = -2

Query: 4 8 VIHRDLKPG 22
+IHRDLKPG 

Sbjct: 648 IIHRDLKPG 656

Score = 31 (14.3 bits), Expect = 1.0, Sum P(2) = 0.63 
Identities = 5/13 (38%), Positives = 8/13 (61%), Frame = -2

Query: 159 FIWVHSEDIHLFN 121
++WV + D L N 

Sbjct: 8 5 YVWVANRDSSLSN 97

Appendix 6.2. BLAST Analysis of of the Smaller 900 bp PCR Fragment
Manual sequencing was carried out on all the picked plaques. The sequences were analysed at at 
the N ational Center for Biotechnology Information (NCBI) using the BLAST network service 
which translates the D N A  sequence in all 6 frames and then searches the databases for similar 
proteins. The top of the three sequences is the experimental (query) sequence. The bottom  
sequence (subject) is the library sequence. The middle sequence shows amino acids which are 
identical in both the experimental and library sequences and + signs represent conservative 
changes between the two sequences. The top 12 hits are shown here
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Appendix 6.3. BLAST Analysis of Plaque Sequences

1-lOa Forward
> s p |P 3 5 5 7 4 |G D E _ R A B I T  GLYCOGEN DEBRANCHING ENZYME ( 4 - ALPHA-  
GLUCANOTRANSFERASE

(OLIGO-1 , 4 - 1 , 4 -GLUCANTRANSFERASE) /  AMYLO-1, 6 -GLUCOSIDASE
(DEXTRIN

6-ALPHA-D-GLUCOSIDASE)) (GLYCOGEN DEBRANCHER). > g i | 2 9 4 4 7 8
( L 1 0 6 0 5 )

a m y l o - 1 ,  6 - g l u c o s i d a s e / 4 - a l p h a - g l u c a n c o t r a n s f e r a s e  [ O r y c t o l a g u s  
c u n i c u l u s ]
L e n g t h  = 15 55

M in u s  S t r a n d  H S P s :

S c o r e  = 57  ( 2 6 . 2  b i t s ) ,  E x p e c t  = 1 . 3 ,  P = 0 . 7 3
I d e n t i t i e s  = 9 / 2 0  ( 45%) ,  P o s i t i v e s  = 1 4 / 2 0  ( 70%) ,  Fram e = - 1

Q u e r y :  62  PRRGPAAGEIPLLYRFFTYP 3
P+ GP + PL+ R+FT+P 

S b j c t :  4 3 7  PKLGPVTRKYPLVTRYFTFP 456

l-10a Reverse
>gi|607954 (U12823) hemolysin [Acanthamoeba polyphaga]

Length = 114

Minus Strand HSPs:
Score = 68 (31.3 bits), Expect = 3.1e-08, Sum P(2) = 3.1e-08 
Identities = 12/15 (80%), Positives = 14/15 (93%), Frame = -2

Query: 99 MLFTWNPAPLRPSKL 55
+LFTWN +PLRPSKL 

Sbjct: 1 LLFTWNLSPLRPSKL 15
Score = 53 (24.4 bits), Expect = 3.1e-08, Sum P(2) = 3.1e-08 
Identities = 12/18 (66%), Positives = 13/18 (72%), Frame = -2

Query: 54 SFE*LLLPPRSAPAAAPP 1
SFE LLLPPRSA + P 

Sbjct: 18 SFEYLLLPPRSALGSVRP 3 5

l-9a Forward
>pat|US|5489524|4 Sequence 4 from patent US 5489524 

Length = 2 6

Plus Strand HSPs:
Score = 123 (56.6 bits), Expect = 3.7e-ll, P = 3.7e-ll
Identities = 22/23 (95%), Positives = 22/23 (95%), Frame = +1

Query: 91 IHCTAGPPTVSHSGHGVRLTCLL 15 9
IHCTAGPPTVSHSGHGV LTCLL 

Sbjct: 1 IHCTAGPPTVSHSGHGVPLTCLL 2 3
>gi|58115 (X04125) open reading frame [Cloning vector lambda gtll]

Length = 2 5
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M in u s  S t r a n d  HSPs :

S c o r e  = 1 1 3  ( 5 2 . 0  b i t s ) ,  E x p e c t  = 9 . 4 e - 1 0 ,  P = 9 . 4 e - 1 0
I d e n t i t i e s  = 2 1 / 2 1  ( 1 0 0 %) ,  P o s i t i v e s  = 2 1 / 2 1  ( 100%) ,  Fram e = -3

Q u e r y :  6 5 MACPVI11FDTRPTGNGSDRR 3
MACPVIIIFDTRPTGNGSDRR 

S b j c t :  1 MACPVIIIFDTRPTGNGSDRR 21

l-9a Reverse
>gb|100683 | Sequence 11 from Patent US 4745179 

Length = 42 8

Minus Strand HSPs:

Score = 363 (167.0 bits), Expect = 6.0e-50, Sum P (3) = 6.0e-50
Identities = 64/64 (100%), Positives = 64/64 (100%), Frame = -1

Query: 22 0 PSENGLRCGTRELNYGPHQWRGDFQFNISRYSQQQLMETSHRHLLHAEEGTWLNIDGFHM
PSENGLRCGTRELNYGPHQWRGDFQFNISRYSQQQLMETSHRHLLHAEEGTWLNIDGFHM 

Sbjct: 2 82 PSENGLRCGTRELNYGPHQWRGDFQFNISRYSQQQLMETSHRHLLHAEEGTWLNIDGFHM
Query: 40 GIGG 2 9

GIGG
Sbjct: 342 GIGG 345
Score = 46 (21.2 bits), Expect = 6.0e-50, Sum P (3) = 6.0e-50
Identities = 9/13 (69%), Positives = 10/13 (76%), Frame = -2

Query: 39 GLVAYDSWSPSVS 1
G+ DSWSPSVS 

Sbjct: 3 42 GIGGDDSWSPSVS 3 54
Score = 40 (18.4 bits), Expect = 6.0e-50, Sum P(3) = 6.0e-50
Identities = 7/8 (87%), Positives = 7/8 (87%), Frame = -3

Query: 2 42 MLTPYVFP 219
M TPYVFP 

Sbjct: 27 5 MYTPYVFP 2 82

l-9b Forward
> p a t | U S | 5 4 8 9 5 2 4 | 4 S e q u e n c e  4 f r o m  p a t e n t  US 5 4 8 9 5 2 4  

L e n g t h  = 2 6

P l u s  S t r a n d  H S P s :

S c o r e  = 1 3 6  ( 6 2 . 6  b i t s ) ,  E x p e c t  = 5 . 9 e - 1 3 ,  P = 5 . 9 e - 1 3  
I d e n t i t i e s  = 2 4 / 2 5  ( 96%) ,  P o s i t i v e s  = 2 4 / 2 5  ( 96%) ,  Fram e = +1

Q u e r y :  91  IHCTAGPPTVSHSGHGVRLTCLLIC 165
IHCTAGPPTVSHSGHGV LTCLLIC 

S b j c t :  1 IHCTAGPPTVSHSGHGVPLTCLLIC 2 5

> g i | 5 8 1 1 5  ( X 0 4 1 2 5 )  o p e n  r e a d i n g  f r a m e  [ C l o n i n g  v e c t o r  la m b d a  g t l l ]
L e n g t h  = 2 5

M in u s  S t r a n d  H S P s :
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S c o r e  = 1 1 3  ( 5 2 . 0  b i t s ) ,  E x p e c t  = 9 . 4 e - 1 0 ,  P = 9 . 4 e - 1 0
I d e n t i t i e s  = 2 1 / 2 1  ( 1 0 0 %) ,  P o s i t i v e s  = 2 1 / 2 1  ( 100%) ,  Frame = - 3

Q u e r y :  65 MACPVIIIFDTRPTGNGSDRR 3
MACPVIIIFDTRPTGNGSDRR 

S b j c t :  1 MACPVIIIFDTRPTGNGSDRR 21

l-10b Forward
> s p | P 3  67 3 0 |V E 1_H P V 52  E l  PROTEIN. > p i r |  | S 3 6 5 7 5  e n v e l o p e  p r o t e i n  -  human

p a p i l l o m a v i r u s  t y p e  52 > g i | 3 9 7 0 4 1  ( X7 4 4 8 1 )  e a r l y  p r o t e i n  [Human 
p a p i l l o m a v i r u s  t y p e  52]
L e n g t h  = 64 7

P l u s  S t r a n d  H S P s:

S c o r e  = 52 ( 2 3 . 9  b i t s ) ,  E x p e c t  = 0 . 1 7 ,  Sum P ( 2)  = 0 . 1 5
I d e n t i t i e s  = 1 0 / 2 2  ( 45%) ,  P o s i t i v e s  = 1 7 / 2 2  ( 77%) ,  Fram e = +3

Q u e r y :  4 8 I L L S I * CFFKFGKNRLTMAKIL 113
+ L+ + FK GKNRLT++K++

S b j c t :  2 69 VLILLLIRFKCGKNRLTVSKLM 29 0

S c o r e  = 32 ( 1 4 . 7  b i t s ) ,  E x p e c t  = 0 . 1 7 ,  Sum P ( 2 )  = 0 . 1 5  
I d e n t i t i e s  = 5 / 7  ( 7 1 %) ,  P o s i t i v e s  = 6 / 7  ( 85%) ,  Fram e = +1

Q u e r y :  1 0 9  FSFKNPY 12 9
F FKNP+

S b j c t :  5 8 2  FHFKNPF 58 8

l l -8 a  Forward
sp | P24170|POTE_ECOLI PUTRESCINE-ORNITHINE ANTIPORTER (PUTRESCINE

TRANSPORT PROTEIN). pir||B40839 putrescine transport protein - 
Escherichia coli gi|147332 (M64495) putrescine transport

protein
[Escherichia coli] gi|1651299 (D90708) Putrescine-ornithine 
antiporter (putrescine transport protein) [Escherichia coli] 
Length = 43 9

Plus Strand HSPs:
Score = 237 (109.0 bits), Expect = 1.2e-25, P = 1.2e-25 
Identities = 47/47 (100%), Positives = 47/47 (100%), Frame = +1

Query: 1 TLWAFLGLESACANTDWENPERNVPIAVLGGTLGAAVIYIVSTNVI 141
TLWAFLGLESACANTDWENPERNVPIAVLGGTLGAAVIYIVSTNVI 

Sbjct: 19 9 TLWAFLGLESACANTDWENPERNVPIAVLGGTLGAAVIYIVSTNVI 245

l l-8 a  Reverse
>sp | P32674|PFLD_ECOLI FORMATE ACETYLTRANSFERASE 2 (PYRUVATE FORMATE-LYASE
2 ) .

>gi|396298 (U00006) similar to E. coli pyruvate formate-lyase 
[Escherichia coli]
Length = 7 65

Plus Strand HSPs:
Score = 182 (81.0 bits), Expect = 3.2e-17, P = 3.2e-17

271



Appendices

Identities = 37/37 (100%), Positives = 37/37 ( 100%) ,  Frame = +3

Query: 3 GPTAVLKSVSKLDNTLLSNGTLLNVKFTPATLEGEAG 113
GPTAVLKSVSKLDNTLLSNGTLLNVKFTPATLEGEAG 

Sbjct: 6 57 GPTAVLKSVSKLDNTLLSNGTLLNVKFTPATLEGEAG 693

11-8 b Reverse
gi|532413 (U10214) polyprotein [Hepatitis C virus]

Length = 191
Plus Strand HSPs:

Score = 60 (27.6 bits), Expect = 0.31, P = 0.27
Identities = 10/14 (71%) , Positives = 11/14 (78%) , Frame = +3

Query: 2 7 YPWWFTANDRLGWA 68
YPW F AN+ LGWA 

Sbjct: 81 YPWPFYANEGLGWA 94

l l-9 b  Reverse
sp|P34055|IC11_TRIHA INDCll PROTEIN. pir||S32624 INDCll protein -

fungus (Trichoderma harzianum) gi|288988 (Z22221) INDCll 
[Trichoderma harzianum]
Length = 3 39

Plus Strand HSPs:

Score = 48 (22.1 bits), Expect = 0.00027, Sum P(3) = 0.00027 
Identities = 10/31 (32%), Positives = 14/31 (45%), Frame = +2

Query: 47 LGFPGAARRVMGITPPDREVGIVYGRNYDGI 13 9
LGF +TP +R V + YG N +

Sbjct: 216 LGFESFDESYSILTPKERSVWAYGNNLSNL 246
Score = 35 (16.1 bits), Expect = 0.00027, Sum P(3) = 0.00027
Identities = 6/7 (85%), Positives = 6/7 (85%), Frame = +2

Query: 26 LPPEPKD 46
LPP PKD 

Sbjct: 27 LPPPPKD 33
Score = 34 (15.6 bits), Expect = 0.00027, Sum P(3) = 0.00027
Identities = 6/10 (60%), Positives = 7/10 (70%), Frame = +1

Query: 148 FEPRLSFLIN 177
FEP L L+N 

Sbjct: 2 86 FEPELQLLLN 295

15-7b Forward
g i | 6 9 5 5 4 3  ( Z 4 7 9 9 5 )  FAS s o l u b l e  p r o t e i n  [Homo s a p i e n s ]

L e n g t h  = 8 6

P l u s  S t r a n d  H S P s :

S c o r e  = 38 ( 1 7 . 5  b i t s ) ,  E x p e c t  = 0 . 0 5 4 ,  Sum P ( 2 )  = 0 . 0 5 3  
I d e n t i t i e s  = 5 / 8  ( 62%) ,  P o s i t i v e s  = 6 / 8  ( 75%) ,  Fram e = +1
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Q u e r y :  61 GGLCHQPC 84
G CH+PC 

S b j c t :  5 6 GQFCHKPC 6 3

S c o r e  = 38  ( 1 7 . 5  b i t s ) ,  E x p e c t  = 0 . 0 5 4 ,  Sum P ( 2 )  = 0 . 0 5 3  
I d e n t i t i e s  = 7 / 1 1  ( 63%) ,  P o s i t i v e s  = 9 / 1 1  ( 81%) ,  Fram e = +1

Q u e r y :  7 IW IVQPW LTS 3 9
IW + P+VLTS 

S b j c t :  4 IWTLLPLVLTS 14

15-7 b Reverse
p i r | | P N 0 1 1 6  i n s u l i n - l i k e  g r o w th  f a c t o r  S l l  -  s o y b e a n  ( f r a g m e n t '  

L e n g t h  = 2 0

M in u s  S t r a n d  H S P s :

S c o r e  = 2 6  ( 1 2 . 0  b i t s ) ,  E x p e c t  = 0 . 6 5 ,  Sum P ( 2 )  = 0 . 4 8
I d e n t i t i e s  = 5 / 6  ( 8 3 %) ,  P o s i t i v e s  = 5 / 6  ( 83%) ,  Fram e = - 1

Q u e r y :  62 N*ACSP 45
N ACSP 

S b j c t :  4 NGACSP 9

S c o r e  = 2 5  ( 1 1 . 5  b i t s ) ,  E x p e c t  = 0 . 6 5 ,  Sum P ( 2 )  = 0 . 4 8
I d e n t i t i e s  = 3 / 4  ( 75%) ,  P o s i t i v e s  = 4 / 4  ( 100%) ,  F ram e = -2

Q u e r y :  43  LPPC 32
+ PPC

S b j c t :  12  MPPC 15

s p |P 3 5 4 2 9 |H E S 2 _ R A T  TRANSCRIPTION FACTOR H E S -2 . p i r | | S 3 5 0 3 7
t r a n s c r i p t i o n  f a c t o r  H ES-2 -  r a t  g i | 4 3 6 2 4 5  (D 1 4 0 2 9 )  HES-2

[ R a t t u s
n o r v e g i c u s ]
L e n g t h  = 15 7

M in u s  S t r a n d  H S P s:

S c o r e  = 55  ( 2 5 . 3  b i t s ) ,  E x p e c t  = 1 . 8 ,  P = 0 . 8 4
I d e n t i t i e s  = 1 0 / 1 7  ( 58%) ,  P o s i t i v e s  = 1 1 /1 7  ( 64%) ,  F ram e = - 2

Q u e r y :  7 9 GYTQCLIELAHLLPPCS 29
GY CL LA +LP CS 

S b j c t :  89  GYRACLARLARVLPACS 105

6-10a Forward
p i r | | A 4 6 7 0 9  s m a l l  p r o l i n e - r i c h  p r o t e i n  s p r l  -  hum an  

L e n g th  = 89

M in u s  S t r a n d  H S P s:

S c o r e  = 39 ( 1 7 . 9  b i t s ) ,  E x p e c t  = 0 . 4 5 ,  Sum P ( 2 )  = 0 . 3 6  
I d e n t i t i e s  = 6 / 9  ( 66%) ,  P o s i t i v e s  = 6 /9  ( 66%) ,  F ram e = - 2
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Q u e r y :  7 6 CHPLNAEPC 5 0
CHP EPC 

S b j c t :  4 1  CHPKVPEPC 49

S c o r e  = 35  ( 1 6 . 1  b i t s ) ,  E x p e c t  = 0 . 8 8 ,  Sum P ( 2 )  = 0 . 5 9
I d e n t i t i e s  = 5 / 1 1  ( 45%) ,  P o s i t i v e s  = 8 / 1 1  ( 72%),  Fram e = -3

Q u e r y :  45  CVPRLKKLNHP 13
C+P+ K+ HP

S b j c t :  3 3 CIPKTKEPCHP 43

S c o r e  = 33 ( 1 5 . 2  b i t s ) ,  E x p e c t  = 0 . 8 8 ,  Sum P ( 2 )  = 0 . 5 9
I d e n t i t i e s  = 5 / 1 0  ( 50%) ,  P o s i t i v e s  = 6 / 1 0  ( 60%) ,  Fram e = - 2

Q u e r y :  7 6 CHPLNAEPCL 47
C P EPC+

S b j c t :  2 5  CQPPPQEPCI 34

S c o r e  = 31  ( 1 4 . 3  b i t s ) ,  E x p e c t  = 0 . 4 5 ,  Sum P ( 2 )  = 0 . 3 6  
I d e n t i t i e s  = 5 / 1 4  ( 35%) ,  P o s i t i v e s  = 8 / 1 4  (57%) ,  Fram e = -3

Q u e r y :  5 4 PA*CVPRLKKLNHP 13
P C P++ + HP 

S b j c t :  54  PEPCQPKVPEPKHP 67

S c o r e  = 3 1  ( 1 4 . 3  b i t s ) ,  E x p e c t  = 6 . 5 ,  Sum P (2)  = 1 . 0
I d e n t i t i e s  = 5 / 9  ( 55%) ,  P o s i t i v e s  = 5 / 9  ( 55%) ,  Fram e = -2

Q u e r y :  7 6 CHPLNAEPC 50
C P EPC 

S b j c t :  3 3 CIPKTKEPC 41

6-10a Reverse
p i r | | S 4 0 9 8 9  h y p o t h e t i c a l  p r o t e i n  F 5 5 H 2 . 6  -  C a e n o r h a b d i t i s  e l e g a n s  

g i | 1 0 6 6 9 8 2  ( Z 2 7 0 8 0 )  F 5 5 H 2 . 6  [ C a e n o r h a b d i t i s  e l e g a n s ]  
L e n g t h  = 83 9

P l u s  S t r a n d  H S P s :

S c o r e  = 70  ( 3 2 . 0  b i t s ) ,  E x p e c t  = 0 . 0 2 3 ,  P = 0 . 0 2 3  
I d e n t i t i e s .  = 1 4 / 1 9  ( 73%) ,  P o s i t i v e s  = 1 5 / 1 9  ( 78%) ,  Fram e = +3

Q u e r y :  3 LVFGEDHPEMALLDNNIGL 59
LVFGE HP MA +D NIGL 

S b j c t :  6 5 5  LVFGEKHPVMAQIDANIGL 673

6-10b Forward
s p  | P03701|VLOM _LAM BD OUTER MEMBRANE PROTEIN LOM PRECURSOR (ORF 2 0 6 A ) .

p i r | | M M B P L  m em brane p r o t e i n  lorn -  p h a g e  la m b d a  g i | 2 1 5 1 2  6
( J 0 2 4 5 9 )

lo m  ( o u t e r  h o s t  m em b ra n e; 2 0 6 a )  [ B a c t e r io p h a g e  la m b d a ] g i j 2 8 8 8 5 0  
( X 5 5 7 9 3 )  lo m  g e n e  p r o d u c t  [ B a c t e r io p h a g e  la m b d a ] p r f | | 1 6 1 4 3 3 9 B

b o r
g e n e  [ B a c t e r io p h a g e  lam b d a]
L e n g t h  = 2 06

M in u s  S t r a n d  H S P s:
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S c o r e  = 96  ( 4 4 . 2  b i t s ) ,  E x p e c t  = 3 . 3 e - 0 6 ,  P = 3 . 3 e - 0 6  
I d e n t i t i e s  = 1 7 / 1 9  ( 89%) ,  P o s i t i v e s  = 1 9 / 1 9  ( 1 0 0 %) ,  Fram e = -2

Q u e r y :  12 6 SYAMAGVAHSRWSGSTMDF 7 0
+YAMAGVAHSRWSGSTMD+

S b j c t :  1 2 0  AYAMAGVAHSRWSGSTMDY 138

6-10b Reverse
g i | 1 4 6 0 6 2  ( M3 8 3 2 7 )  b e t a - g a l a c t o s i d a s e  [ E s c h e r i c h i a  c o l i ]

L e n g t h  = 5 8

M in u s  S t r a n d  H S P s :

S c o r e  = 59 ( 2 6 . 5  b i t s ) ,  E x p e c t  = 1 . 0 e - 0 8 ,  Sum P ( 2 )  = 1 . 0 e - 0 8
I d e n t i t i e s  = 1 0 / 1 0  ( 1 0 0 %) ,  P o s i t i v e s  = 1 0 / 1 0  ( 10 0 %) ,  Fram e = - 1

Q u e r y :  32 DGFHMGIGGD 3
DGFHMGIGGD 

S b j c t :  2 2  DGFHMGIGGD 31

S c o r e  = 47  ( 2 1 . 1  b i t s ) ,  E x p e c t  = 1 . 0 e - 0 8 ,  Sum P ( 2 )  = 1 . 0 e - 0 8
I d e n t i t i e s  = 8 / 9  ( 8 8 %) ,  P o s i t i v e s  = 9 / 9  ( 100%) ,  F ram e = - 2

Q u e r y :  61  NAEEGTWLN 3 5
+AEEGTWLN 

S b j c t :  12  HAEEGTWLN 2 0

Appendix 6.3. BLAST Analysis of Plaque Sequences
Manual sequencing was carried out on all the picked plaques. The sequences were analysed at at 
the National Center for Biotechnology Information (NCBI) using the BLAST network service 
which translates the DNA sequence in all 6 frames and then searches the databases for similar 
proteins. The top of the three sequences is the experimental (query) sequence. The bottom  
sequence (subject) is the library sequence. The middle sequence shows amino acids which are 
identical in both the experimental and library sequences and + signs represent conservative 
changes between the two sequences.The most significant hits only are shown here.
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Appendix 6.4. Sequences of PCR Fragments and Plaques

1000 bp PCR Fragment
TTCGCAGTATTCCATTTGGAGAATACGAGTTTGGAAAGCCAGTTGATCATC
AGCAGGTAATCTGGAACCGCGAACGAACGAATCAGCAACTCACAAAACGG
GATCGGAAAGAAATCGGCGCGACACGTTCATCTTGTCATCGCAGCGTGAC

800 bp PCR fragment
TTCGTAGTACTCCATCTGGTGAAGATGACTTTAACGTTGGAAAAGAATATG
GTCTTGAAGTTGCGGTGACAGTTGACGAAAAGGGTTACATAGCAATAAGT
GCTGGTGCAGACTTTGAAGGAAT

1400 bp PCR Fragment
CCAACAGAGGCATGGAATTGTAACTGACCACCACCAACCTGTTGGATATCA
ACTCTCGGCAAGAGGGGGCAGACTGGTGCACCCGACATCCAAGCTTCAGAC
TGGTGCACCGACATCCAAGCTTCATGGAATTCGA

900- PCR Fragment Forward Sequence
GCTTGATATCGAATTCCTGCAGCCCGGTTTCAGATCGCGGTGGATTACTGAA 
G A AAACGCGCG A AC A AAACGG AGGTTTTCGG AT AT A A AG AG AG ACTTT A 
TCGAACAAAAGAAGCATTTATTGAATAAATGAATGTCTTCTGAGTGCACC 
CATATGAAG

900- PCR Fragment Reverse Sequence
GAGCAATGCGGAGTGCAGATTGACCTTGCGTCATCTGTGGATCTGTTGGGG
CGGTATGCGAATTGGAGTGGGTCTAGGTTTTCCGCAATTAT

l-10a Plaque Forward Sequence
ACCGGGTAAGTGAAAAAACGATAGAGTAGTGGTATTTCACCGGCGGCCGG
GCCGCGGCGCGGAGTCGCGCGACC

l-10a Plaque Reverse Sequence
GGGTGGAGCCGCCGCAGGTGCAGATCTTGGTGGTAGTAGCAACTATTCAAA
CGAGAGCTTTGAAGGCCGAAGTGGAGCAGGGTTCCATGTGAACAGCATTG
AACATGGGTCAGTTCGGTCCTAAGCGATAGGCGAGCGCCTTCCGAAGGGAC
GGGCGATGGCCTCCTCCGTTACCCTCAGCCGATCG

l-10b Plaque Forward Sequence
CAAATAATCCTTTCCCAACGGTCATTGTATCATCCGATTTAAATTTGATAT
TACTTTCCATTTAATGCTTTTTCAAATTCGGAAAAAATAGGTTAACCATGG
CTAAAATTCTCCTTTAAAAATCCTTATATGTCACCATCACTTGACACGGTT
GGTTCATTCATCTCATCGGG
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1-1 Ob Plaque Reverse Sequence
GGGGCAGCCGCTATTCTCAGAAAAACGTGATGCAGATCTCCGGAAACGTCT
CGCAAACGGTTTATATCGCCAATTCAACGAAGCAAAGACATTGATGTCTCG
TCAACCTGAGGAAATGTTAGATCGGGTGAAGCAACATCATAAACTTATGG
ATCTGCACATGGACTGGCCTCAAGAGAAATGAGGTGACGCGTCCTGATAAC
AAAAATCCAACAAT

l-9a Pique Forward Sequence
GAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAAAATAATAATA
ACCGGGCAGGCCATGTCTGCCCGTATTTCGCGTAAGGAAATCCATTGTACTG
CCGGACCACCGACTGTGAGCCACTCCGGCCATGGCGTACGACTGACCTGCTT
ACTGA

l-9a Plaque Reverse Sequence
CGATACTGACGGGCTCCAGGAGTCGTACGCCACCAATCCCCATATGGAAAC
CGTCGATATTCAGCCATGTGCCTTCTTCCGCGTGCAGCAGATGGCGATGGCT
GGTTTCCATCAGTTGCTGTTGACTGTAGCGGCTGATGTTGAACTGGAAGTCG
CCGCGCCACTGGTGTGGGCCATAATTCAATTCGCGCGTCCCGCAGCGCAGAC
CGTTTTCGCTCGGGGAAGACGTACGGGGTTAACATGT

I-9b Plaque Forward Sequence
GAGCGCCGGTCGCTACCATTACCAGTTGGTCTGGTGTCAAAAATAATAATA
ACCGGGCAGGCCATGTCTGCCCGTATTTCGCGTAAGGAAATCCATTGTACTG
CCGGACCACCGACTGTGAGCCACTCCGGCCATGGCGTACGACTGACCTGCTT
ACTGATTTGTA

II-8a Plaque Forward Sequence
ACGCTGTGGGCTTTTCTTGGTCTGGAGTCTGCGTGTGCGAATACTGATGTAG
TGGAAAACCCGGAACGTAATGTGCCAATCGCGGTACTCGGCGGTACGTTAG
GTGCGGCGGTGATTTATATCGTCTCCACCAACGTGATT

11-8a Plaque Reverse Sequence
CAGGGCCAACAGCGGTACTGAAGTCAGTCAGTAAGCTCGATAACACGCTGC
TGTCTAACGGTACGTTGCTGAACGTGAAATTCACTCCGGCGACCCTGGAAG
GTGAAGCAGGTTACGCAACTGGCCG

11-8b Plaque Forward Sequence
TATATAACTTCTTAATTGCATGGGATCAAGGCATAAGCCCAACCCACGTTT
TGCATACGTTCGTAGTTCCATGAACCTTGTAAGAACTGTGATCGC

11-8b Plaque Reverse Sequence
AACATTATTGGTTTGGCTGCAGGTATTATCCTTGGTGGTTCACTGCAAATG
ATCGCCTTGGTTGGGCTAACATGG
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11-9 b Plaque Reverse Sequence
TTTAGTTTCAGCCTTTGCATCCATACTCCCCCCGGAACCCAAAGACTTGGGT
TTCCCGGGAGCTGCCCGGCGGGTCATGGGAATAACGCCGCCGGATCGCGAA
GTCGGCATCGTTTATGGTCGGAACTACGACGGTATCTGATCGTCTTCGAACC
TCGACTTTCGTTCTTGATTAATG

15-7b Plaque Forward Sequence
AATTAGATTTGGATTGTACAGCCAGTGGTTCTTACCAGCTCCAGCATGATC
c t t t t a g c a g g t g g a t t a t g t c a t c a g c c t t g c a g

15-7b Plaque Reverse Sequence
ATTTATATATTAAGAATTAAAAATAACGACTACAAGGTGGGAGTAGGTG
AGCAAGCTCAATTAGACATTGGGTGTATCCC

6-10a Plaque Forward Sequence
CAGATTCAGAAAAGGGTGGTTTAACTTTTTTAAGCGAGGTACACATTAAG
CAGGGCTCTGCGTTAAGGGGATGGCAGCAGAAGGCATGCTTCCGTGAGCTT
CTTTCTCCT

6-10a Plaque Reverse Sequence
TATTGGTATTTGGGGAGGATCACCCAGAAATGGCACTCTTGGATAACAAC
ATCGGCTTGTCTCCACGGGGTTATGGAGTATAACCTGTCCCTCCGGTTCCTG
AGAAT

6-10b Plaque Forward Sequence
ACCAGTTGGTCTGGTGTCAAAAATAATAATAACCGGGCAGGCCATGTCTGC 
CCGT A ATTTCGGCGT AAGG AAATCC ATTGT ACTGCCGG ACC ACCGACTGTG 
AGCC ACTCCGGCC ATGGCGT ACGACTGA

6-10b Plaque Reverse Sequence
TCGTCGCCACCAATCCCCATATGGAAACCGTCGAATTCAGCCATGTGCCTTC
TTCCGCGTTGCATGCA

6-9b Plaque Reverse Sequence
TGGGTCTTCCCATGTAGATTCCAGGGGTAGGTGTGTGAGGTCTTTTTGTTAT
GGAAAAAGTCTACCCGGATTCTTCTTCCATCCAACTCCATTCCATTGGCACG
TTCCTTAGCTTCCTTAGCATCCTCACGTTTCAAGTCACAAATGCAAACCC
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Appendix 7.1. Sequence Alignment

•1 2 1 _ 2 . s d n ; 1
CONSENSUS

10 20 30 40 50
AATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGT-TAAG 
AATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGT-TAAG

60 70 80 90 100
- 1  2 1 _ 2  . s  d n ; 1 AAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGG 

C ONS ENSU S AAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGG

■1 2 1 _ 2 . s d n ; 1
CONSENSUS

110  120  130  14 0  150
CCCTTTCGTCTTCAAGAATTCTCATGTTTGACAGCTTATCATCGATAAGC 
CCCTTTCGTCTTCAAGAATTCTCATGTTTGACAGCTTATCATCGATAAGC

■1 2 1 _ 2 . s d n ; 1
CONSENSUS

160  170  18 0  190  20 0
TTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCG 
TTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCG

2 1 0  220  23 0  2 4 0  250
- 1  2 1 _ 2  . s  d n ; 1 AGAAAGAAATAAAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCT 

CONSENSUS AGAAAGAAATAAAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCT

2 6 0  2 7 0  2 8 0  2 9 0  300
- 1  2 1 _ 2 . s  d n ;1  GGATGCTGTAGGCATAGGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGC 

CONSENSUS GGATGCTGTAGGCATAGGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGC

■1 2 1 _ 2 . s d n ; 1
■2 2 1 _ 1 . S DN ; 1

CONSENSUS

3 1 0  32 0  3 3 0  3 4 0  350
GGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGGCGTGCTGCTA

GTGGTGG** * * * * * *TA 
GGGATATCGTC C ATTCCGAC AGC ATCGCC AGTC--------TGG---------------- TA

•1 2 1 _ 2 . s d n ; 1
-2 2 1 _ 1 . S D N ; 1

CONSENSUS

36 0  3 7 0  38 0  3 9 0  400
GCGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACT 
GCGTCATATGTGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCAAT 
GCG--ATATG-GTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCA-T

•1 2 1 _ 2 . s d n ; 1
■2 2 1 _ 1 . S D N ; 1
-4 2 6 _ 2 . SDN; 1  

CONSENSUS

4 1 0  4 2 0  4 3 0  4 4 0  4 5 0
GTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGGAG 
GTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGGAG 

TGGCCGCCGCCCAGTCCTGCTcGCTTCGCTACttGGAG 
GTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGGAG

-1 2 1 _ 2 . s d n ; 1
-2 2 1 _ 1  . SDN; 1
-4 2 6 _ 2 . S DN ; 1
6 8 3 _ 3 . S DN ; 1

CONSENSUS

2 1 _ 2 . s d n ; 1 
2 1 _ 1 . S DN; 1 
2 6 _ 2 . S DN; 1 
8 3 _ 3 . S DN ; 1 
8 3 _ 2 . S DN; 1 
CONSENSUS

46 0  47 0  4 8 0  4 9 0  500
C CAC TATCGAC TAC GCGATCATGGCGACCACAC C CGTC C TGTGGATC C TA 
CCACTATCGACTACGCGaTCATGGcGACCACACCCGTCCTGTGGATCCTA 
CCACTATCGActACGCGATCATGGCGACCACACCCGTCCTGTGGATCCTA

CCTGTGGATCCTA
CCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTGTGGATCCTA

c l o n i n g  s i t e

510  520  5 3 0  5 4 0  550
GATACTGGGGACGCAGCTTTGGGaTAGTtAtAtttattatAATTaccaAg 
GaTAC
GATACTGGGGACGCAGCTTTGGgATAGTTATATTTATTATAATTACCAAG 
GaTACTGGGGACGCAGCTTTGGGATAGTTATATTTATTATAATTACCAaG 

ACGCAGCTttgGGATAGTTATaTTTattATAATTACCAAG 
GATACTGGGGACGCAGCTTTGGGATAGTTATATTTATTATAATTACCAAG
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560  570 580  590  600
- 1 21 _2 . s d n ; 1 t t t a a a c a c g A T a
- 4 2 6._ 2 . S D N ; 1 TTTAaACACGATATAGAAACTTGCAaACGTCACTTGTATAACATATGTAA

6 83._ 3 . SDN; 1 TTTAAACACGATATAGAAACTTGCAAACGTCACTTGTATAACATATGTAA
5 83._ 2 .SDN; 1 TTTAAACACGATATAGAAACTTGcAAACGTCACTTGTATAACATATGTAA

CONSENSUS TTTAAACACGATATAGAAACTTGCAAACGTCACTTGTATAACATATGTAA

610  620  630  640  650
• 4 2 6 _ 2  . SDN; 1 AGCATTACCGcgTGCTGAATGTAAGGACCATGCTCTACAGGCAATACAGA
6 8 3 _ 3  . SDN; 1 AGC ATT AC CGC GTGC TGAATGT AAGGAC C ATGC TC T AC AGGC AAT AC AGA
5 8 3 _ 2 . S D N ; 1 AGCATTACCGCgTGCTGAATGTAAGGACCATGCTCTACAGGCAATACAGA

CONSENSUS AGCATTACCGCGTGCTGAATGTAAGGACCATGCTCTACAGGCAATACAGA

660  670  680  69 0  70 0
-  4 2 6 _ 2  . SDN; 1 AGAATAATATTATGTCAAGCAACGATATTAATTATATATACTccTCTTTC

6 8 3 _ 3  . SDN; 1 AGAATAATATTATGTCAAGCAACGATATTAATTATATATACTCCTCtttC
5 8 3 _ 2  . SDN; 1 AGAATAATATTATGTCAAGCAACGATATTAATTATATATACTCCTCTTTC

CONSENSUS AGAATAATATTATGTCAAGCAACGATATTAATTATATATACTCCTCTTT£

- 4  2 6 _ 2 . S D N ; 1
6 8 3 _ 3 . S D N ; 1
5 8 3 _ 2 . S D N ; 1

- 9  1 9 _ 3 . S D N ; 1
CONSENSUS

7 1 0  72 0  7 3 0  7 4 0  7 5 0
ATAAGTCTTTACAACAATCTAGTGTTTAATCCAGAAAGATGTATAGATAT 
ATAAGTCTTTACAACAATCTAGTGTTTAATCCAGAAAGATGTATAGATAT 
ATAAGTCTTTACAACAATCTAGTGTTTAATCCAGAAAGAT^TATAGATAT 

GTC TTTAC aACAATC TaGTGTTTAATCCAGAAAGATGTATAGATAT 
ATAAGTCTTTACAACAATCTAGTGTTTAATCCAGAAAGATGTATAGATAT 

h o m o lo g y  w i t h  W  E3L DNA

7 6 0  7 7 0  7 8 0  7 9 0  800
- 4  2 6 _ 2  . SDN; 1 AAAAAAAGTAAAAAAACTAATTTAGTAATACCTAGAATTATCAGATCTAA

6 8 3 _ 3  . SDN; 1 AAAAAAAGTAAAAAAACTAATTTAGtAATACCTAGAATtATCAGATCTAA
5 8 3 _ 2  . SDN; 1 AAAAAAAGTAAAAAAACTAATTTAGtAATACCTAGAATTATCAGATCTAA

- 9  1 9 _ 3  . SDN; 1 AAAAAAAGTAAAAAAAC Ta ATTTAGTAAT AC C TAGAATT ATC AGATC TAA
■11 4 1 _ 2 . SDN; 1  CCTAGAATtATCAGATCTAA

CONSENSUS AAAAAAAGTAAAAAAACTAATTTAGTAATACCTAGAATTATCAGATCTAA

810  820  8 3 0  84 0  850
-  4 2 6 _ 2 . SDN; 1  CTTTAACAATGTAACCCGTTTTTGGCTTTACAGAAATACTCATATCGTCA

6 8 3 _ 3 . S DN ; 1 CTttaaCAATGTAACCCGtTtttGGCTTTACAGAAATACTCATATCGtCA
5 8 3 _ 2 . S D N ; 1 CTTtAACAATGTAACCCgtTTTTGGCTTTACAGAAATACTCATATCGTCA

-  9 1 9 _ 3 . SDN; 1  CTTTAACAATGTAACCCGTTTTTGGCTTTACAGAAATACTCATATCGTCA
■11 4 1 _ 2 , SDN; 1  CTTTAACAATGTaACCCGTTTTTGGCTTtACAGAAAtACTCATATCGTCA
-  8 1 9 _ 2 . SDN; 1  ACAGAAATACTCATATCGTCA

CONSENSUS CTTTAACAATGTAACCCGTTTTTGGCTTTACAGAAATACTCATATCGTCA

86 0  870  88 0  89 0  900
-  4 2 6 _ 2 . SDN; 1  GTAATAGTAAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGTGCT

6 8 3 _ 3 . S D N ; 1 GTAATAGtAAAACAAaTAGAAGTTATTtCTGAGGaAGtATaGtCCGtgCT
5 8 3 _ 2 . SDN; 1  GTAATAGTAAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGtGCT

-  9 1 9 _ 3 . SDN; 1  GTAATAGTAAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGTGCT
■11 4 1 _ 2 . SDN; 1  GTaATAGTAAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGTGCT
-  8 1 9 _ 2 . SDN; 1  GTAATAGTaAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGTGCT
- 7  1 9 _ 1 . S D N ; 1 CT

CONSENSUS GTAATAGTAAAACAAATAGAAGTTATTTCTGAGGAAGTATAGTCCGTGCT
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910  920  930  9 4 0  950
- 4 2 6._2 . SDN; 1 AGCTAGTTCTTTACTGAATGTATAATAAGTATTATCTACTGGAGTTAGTT

6 8 3 ._3 . SDN; 1 AGCTAGttCCTtACTGAaTGTaTaaTaAGTATTATCTACTGGAGtTAGtt
5 8 3 ._ 2 . S D N ; 1 AGC TAGTTCTTTACTGAATGTATAATAAGTATTATC TACTGGAGC TAG 11

- 9 1 9 ._ 3 . SDN; 1 AGCTAGTTCTTTACTGAATGTATAATAAGTATTATCTACTGGAGTTAGTT
- 1 1 4 1 ._ 2 . S D N ; 1 AGCTaGTTCTTTACTGAAtGTaTAATAAGTaTTATCTACTGGAGTTAGTT

- 8 19 ._ 2 . S D N ; 1 AGCTAGTTCTTTACTGAATGTATAATAAGTAttaTCTACTGGAGTTAGTT
- 7 19 ._ 1 . SDN; 1 AGCTAGTTcTTTACtGaaTGTATAATAAGTaTTATCTACTGGAGTTAGTT

CONSENSUS AGCTAGTTCTTTACTGAATGTATAATAAGTATTATCTACTGGAGTTAGTT

9 6 0  970  980  99 0  1 0 0 0
- 4 26._ 2 . SDN; 1 CTCCTTTATCGTATTTATATGTAAATAATGTTGTATCCTTAACTACTACA

6 83._ 3 . SDN; 1 C T C C TttatC G
5 83._2 . SDN; 1 CTCCTttATCgtaTTTATaTGTAAATAAtGTTGtATCCTTAACTACTACA

- 9 19._3 . SDN; 1 C TC C TTTATCGTATTTATATGTAAATAATGTTGTATCC11AACTAC TACA
- 1 1 41 _ 2 . S D N ; 1 CTCCTTTATCGTATTTATATGTAAATaATGTTGTaTCCTTAACTAcTACA

- 8 19._ 2 . S D N ; 1 C TC C TTTATCGTATTTATATGTAAATAATGTTGTATC C TTAACTAC TACA
- 7 19._ 1 . S D N ; 1 cTCCTttatCGTATTTATATGTAAATAAtGTTGTATCCTTAACTACTACA
23 3 6._2 . S D N ; 1 TGttGTATCCTTAACtaCTACA

- 1 5 46._ 1 . S D N ; 1 TAAC TAC TACA
CONSENSUS CTCCTTTATCGTATTTATATGTAAATAATGTTGTATCCTTAACTACTACA

1 0 1 0  1 0 2 0  1 0 3 0  1 0 4 0  1 0 5 0
- 4 2 6 _ 2 . SDN; 1 TAGaACGTAGATTCTTTtAGTTTTATATATTTCTTTATAACCGATATGAA

5 8 3 _ 2 . S D N ; 1 TAGAACGTaGaTTC t t t t a g t t t  tATaTATTTCTtTATAaCCga taTGAA
- 9 1 9 _ 3 . S D N ; 1 TAGAACGTAGATTCTTTTAGTTTTATATATTTCTTTATAACCGATATGAA

- 1 1 4 1 _ 2 . S D N ; 1 TaGAACGTAGATTCTTtTAGTTTTATATATTTCTTtATaACCGa
- 8 1 9 _ 2 . S D N ; 1 TAGAACGTAGATTCTTTTagTTTTATATATTTCTTTATAACCGATATGAA
- 7 1 9 _ 1 . S D N ; 1 TAGAACGTAGATTCTTTTAGTTTTATATATTTCTTTATAACCGATATGAA
23 3 6 _ 2 . S D N ; 1 TAGAacgtagATTCTTTTAGTTTTATATATTTCTTTATAACCGATATGAA

- 1 5 4 6 _ 1 . S DN ; 1 TAGAACGTAGaTTCTTTTAGTTTTATATATTTCTTTATAACCGATATGAA
13 3 5 _ 2 . SDN; 1 TaTATATttCTTTATAACCGATATGAA
12 3 5 _ 3 . S D N ; 1 CTTTATAACCGATATGAA
52 6 _ 2 . S D N ; 1 CCGATATGAA
14 3 5 _ 1 . S DN ; 1 ATGAA

CONSENSUS TAGAACGTAGATTCTTTTAGTTTTATATATTTCTTTATAACCGATATGAA 

1 0 6 0  1 0 7 0  1 0 8 0  1 0 9 0  1 1 0 0
- 4 2 6 _ 2  . SDN; 1 ATATTTAACC

5 8 3 _ 2 . S D N ; 1 ATATTTAACCgCTCTATCTACCtCACACTTGGtTCttAAAGATTTTTTTG
- 9 1 9 _ 3 . S DN; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGtTctTaaAgaTTTTTTTG
- 8 1 9 _ 2 . S DN; 1 ATAtTTAAC
- 7 1 9 _ 1 . S DN ; 1 ATATTTAACCGCTCTaTCTACCTCACac 11GG11 c  1 1 a a a g A t
23 3 6 _ 2 . S D N ; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGAT11111TG

- 1 5 4 6 _ 1 . S D N ; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG
13 3 5 _ 2 . S D N ; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG
12 3 5 _ 3 . S D N ; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG
52 6 _ 2 . SDN; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG
14 3 5 _ 1 . S D N ; 1 ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG

- 1 6 4 6 _ 2 . S D N ; 1 TCTACCTCACACTTGGTTCTTAaAGAttTTTTTG
CONSENSUS ATATTTAACCGCTCTATCTACCTCACACTTGGTTCTTAAAGATTTTTTTG
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5 8 3 _ 2 . S DN ; 1
1 1 1 0  1 120  1 1 3 0  1 1 4 0  1 1 5 0  

G t  GGAATATCA tAATAGAG t  T11AC
- 9 1 9 _ 3 . S D N ; 1 GTGGg
23 3 6 _ 2 . S D N ; 1 GtGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCtAAAAGA

- 1 5 4 6 _ 1 . S D N ; 1 GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA
13 3 5 _ 2 . S D N ; 1 GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA
12 3 5 _ 3 . S D N ; 1 GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA
52 6 _ 2 . S D N ; 1 GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA
14 3 5 _ 1 . S D N ; 1 GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA

- 1 6 4 6 _ 2 . S DN ; 1 GTGGAATATCATAATAGAGTTtTACTCTTTCTGACTCTGATTCTaAaAGA
51 6 _ 1 . S D N ; 1 GGAATATCATAATAGAGTTTTAC TC TTTCTGACTC TGATTC tAAAAGA

CONSENSUS GTGGAATATCATAATAGAGTTTTACTCTTTCTGACTCTGATTCTAAAAGA

23 3 6 _ 2 . S D N ; 1
1 1 6 0  1 1 7 0  1 1 8 0  1 1 9 0  1 2 0 0  

ATGTTTACtAATtCCATTTAAGTTATTAaAAATGGTTATTAATAGTTTCA
- 1 5 4 6 _ 1 . S D N ; 1 ATGTtTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA

13 3 5 _ 2 . S D N ; 1 ATGTTTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA
12 3 5 _ 3 . S D N ; 1 ATGTTTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA
52 6 _ 2 . SDN; 1 ATGTTTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA
14 3 5 _ 1 . S D N ; 1 ATGTTTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA

- 1 6 4 6 _ 2 . S D N ; 1 ATGTTTACTAATTCCATTTaAGTTATTaaAAATGGTTATTAATAGTTTCA
51 6 _ 1 . S D N ; 1 ATGTTTACTAATTCCAttTAAGTTATTAAAAATGGTTATTAATAGTTTCA

CONSENSUS ATGTTTACTAATTCCATTTAAGTTATTAAAAATGGTTATTAATAGTTTCA

23 3 6 _ 2 . S D N ; 1
1 2 1 0  1 2 2 0  1 2 3 0  1 2 4 0  1 2 5 0  

TTAAtATTCCGTAGGTT11GAAAGGTACAAC aTAGTtA11GATTAGGTTT
- 1 5 4 6 _ 1 . S D N ; 1 TTAATATTCCGTAGGTTTTGAAAGGTACAACATAGTTATTGATTAGGTTT

13 3 5 _ 2 . S D N ; 1 TTAATAtTCCGTAGGTTTTGAAAGGTACAACATAGTTATTGATTAGGTTT
12 3 5 _ 3 . S D N ; 1 TTAATATTCCGTAGGtTTTGAAAGGTACAACATAGTTATTGATTAGGTTT
52 6 _ 2 . S D N ; 1 TTAATATTCCGTAgGTTTTGAAA
14 3 5 _ 1 . S DN ; 1 TTAATATTCCGTAGGTTTTGAAAGGTACAACATAGTTATTGATTAGGTTT

- 1 6 4 6 _ 2 . S DN; 1 TTAATATTCCGTAGGTTTTGAAAGGTACAACATAGTTATTGATTAGGTTT
51 6 _ 1 . SDN; 1 TTAAtatTCCGTAGGTTTTGAAAGGTACAACATAGTTATtGATTAgGTTT

CONSENSUS TTAATATTCCGTAGGTTTTGAAAGGTACAACATAGTTATTGATTAGGTTT

- 1 5 4 6 _ 1 . S DN; 1
1 2 6 0  1 2 7 0  1 2 8 0  1 2 9 0  1 3 0 0  

TCTAATTCACAACAAATATTCATTTCATTAACGTATACATTTTTATACAG
13 3 5 _ 2 . S DN; 1 TCtAATTCACAACAAATATTCATTTCATTAACGTATACATTTTTATACAG
12 3 5 _ 3  . S D N ; 1 TCTAATTCACAACAAATATTCATTTCATTAACGTATACATTTTTATaCaG
14 3 5 _ 1 . S D N ; 1 tCTAATtCACAACAAATATTCATTTCATTAACGTATACATTTTTATACAG

- 1 6 4 6 _ 2 . S DN ; 1 TCTAATTCACAACAAATATTCATTTCATTAACGTATACATTTTTATACAG
51 6 _ 1 . S D N ; 1 TCtAATTCACAACAAATATTCaTTTCaTTAACGTATACATTTTTATACAG
22 3 6 _ 1 . S DN ; 1 ttc A T T A A C G ta ta ca tT tttA T A c a G

CONSENSUS TCTAATTCACAACAAATATTCATTTCATTAACGTATACATTTTTATACAG

1 3 1 0  1 3 2 0  1 3 3 0  1 3 4 0  1 3 5 0
- 1 5  4 6 _ 1 . SDN; 1 TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA

13 3 5 _ 2 . SDN; 1  TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA
12 3 5 _ 3 . SDN; 1 TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAAC
14 3 5 _ 1 - SDN; 1  TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA

- 1 6  4 6 _ 2 . SDN; 1  TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA
51 6 _ 1 . SDN; 1 TTtTGGTGATATACCAAATCCTTTTAAGCAtCtATATaATAACATTTCtA
2 2 3 6 _ 1 . SDN; 1 TtTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA

CONSENSUS TTTTGGTGATATACCAAATCCTTTTAAGCATCTATATAATAACATTTCTA
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1 3 6 0  1 3 7 0  1 3 8 0  1 3 9 0  1 4 0 0
15 4 6 _ .1 . SDN; 1 AAAACGATC TTAAATTATAGCTTG ttT T T T
13 3 5_ .2 . SDN; 1 AAAACGATCTTAAATTATAGCTTGTtTTTTGAtATCTGATA
14 3 5_ .1 . SDN; 1 AAAACGATCTTAAATTATAGCTTGTtTTTTGATATCTGATAATTAT
16 4 6 _ 2 . SDN; 1 AAAACGATCTTAAATT
51 6 _ 1 . SDN; 1 AAaaCGATCTTAAATTATAGCTtGTTTTT
22 3 6_ 1 . SDN; 1 AAAACGATCTTAAATTATAGCTTGTTTTTTGATATCTGATAATTATCAAA
25 21 _1 . SDN; 1 GATCTTAAATTATAGCTTGTTTTTTGATATCTGATAATTATCAAA
26 21 _3 . S D N ; 1 ATCTTAAATTATAGCTTGTTTTTTGATATCTGATAATTATCAAA

CONSENSUS AAAACGATCTTAAATTATAGCTTGTTTTTTGATATCTGATAATTATCAAA

1 4 1 0  1 4 2 0  1 4 3 0  1 4 4 0  1 4 5 0
22 3 6_ 1 . SDN; 1 GTAAAAATATATTCGAAAATAACATTAGCTAGTATTACTTTTTTAATGAA
25 21 _1 . S D N ; 1 GTAAAAATATATTCGAAAATAACATTAGCTAGTATTACTTTTTTAATGAA
26 21 _.3 . SDN; 1 GTAAAAATATATTCGAAAATAACATTAGCTAGTATTACTTTTTTAATGAA

CONSENSUS GTAAAAATATATTCGAAAATAACATTAGCTAGTATTACTTTTTTAATGAA

1 4 6 0  1 4 7 0  1 4 8 0  1 4 9 0  1 5 0 0
22 3 6_.1.  SDN; 1 GTTTAttCCATAAAGTTTTATTCGACTATAGTCTAATAGTTTATATATAT
25 21 _.1 . SDN; 1 GTTTATTCCATAAAGTTTTATTCGACTATAGTCTAATAGTTTATATATAT
26 21 _.3 . SDN; 1 GTTTATTCCATAAAGTTTTATTCGACTATAGTCTAATAGTTTATATATAT
27 44_ .1 .  SDN; 1 CATAAAGTTTTATTCGACtATAGTCTAATAGTTTATATATAT2° 44_ .3 . SDN; 1 GTTTTATTCGACTATAGTCTAaTAGTTTATATATAT
28 44_ .2 . SDN; 1 TATTCGActaTAGTCTAATAGTTTATATATAT

CONSENSUS GTTTATTCCATAAAGTTTTATTCGACTATAGTCTAATAGTTTATATATAT

1 5 1 0  1 5 2 0  1 5 3 0  1 5 4 0  1 5 5 0
22 3 6_.1 . SDN;  1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTtGTTT
25 21 _.1 .  SDN; 1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT
26 21 _.3 . SDN; 1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT
27 44_ 1.SDN; 1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT
29 44__3 . SDN; 1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT
28 44_ 2 . S DN ; 1 CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT

CONSENSUS CTATATTATCTATATGTTCAAAATTATTATTAATATTTTCGTCCTTGTTT

1 5 6 0  1 5 7 0  1 5 8 0  1 5 9 0  1 6 0 0
2 2 3 6 _ 1 . S DN ; 1 TTGAGATAATTTATGTTATCGGCTTTTATATTCTtTGTAGCCATCATAaA
2 5 2 7 _ 1 . SDN; 1  TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA
2 6. 2 7 _ 3 . SDN; 1  TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA
27 4 4 _ 1 . SDN; 1  TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA
2 9 4 4 _ 3 . SDN; 1  TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA
2 8 4 4 _ 2 . SDN; 1  TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA

CONSENSUS TTGAGATAATTTATGTTATCGGCTTTTATATTCTTTGTAGCCATCATAAA

1 6 1 0  1 6 2 0  1 6 3 0  1 6 4 0  1 6 5 0
22 3 6 _ 1 . SDN; 1  CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
2 5 2 7 _ 1 . SDN; 1  CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
2 6 2 7 _ 3 . SDN; 1  CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
2 7 4 4 _ 1 . S D N ; 1 CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
2 9 4 4 _ 3 . SDN; 1 CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
2 8 4 4 _ 2 . S D N ; 1 CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC

- 3 2  4 5 _ 3 . SDN; 1 ATCAAAGGAC
CONSENSUS CCTCGTGAAATCTACTTTACACGAATCATCTATAAGATACATCAAAGGAC
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1 6 6 0  1 670  1 6 8 0  1 6 9 0  1 700
22 3 6__1 . SDN; 1 TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG
25 2 7 _ 1 . S DN ; 1 TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG
26 2 7 _ 3 . S DN ; 1 TCCAtAGCGAGT
27 4 4 _ 1 . S D N ; 1 TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG
29 4 4 _ 3 . S D N ; 1 TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG
28 4 4 _ 2 . S D N ; 1 TCCATAGCGAGTtAGTATtCAGAAAATTGATATCTATAATACCTTTCTTG

- 3 2 4 5 _ 3 . SDN; 1 TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG
CONSENSUS TCCATAGCGAGTTAGTATTCAGAAAATTGATATCTATAATACCTTTCTTG

h o m o lo g y  w i t h  W  K3L DNA

1 7 1 0  1 7 2 0  1 7 3 0  1 7 4 0  1 7 5 0
22 3 6__1 . SDN; 1 GCGGTAGAAAATAAGAAACTTGCtAGAGTCAATAATCCTATATCATTATT
25 2 7 _ 1 . S D N ; 1 GCGGTAGAAAATAAGAAACTTGCTAGAGTCAATAATCCTATATCATTATT
27 4 4 _ 1 . S DN ; 1 GCGGTAGAAAATAAGAAACTTGCtAGAGTCAATAATCCTATATCATTATT
29 4 4 _ 3 . S D N ; 1 GCGGTAGAAAATAAGAAACTTGCTAGAGTCAATAATCCTATATCATTATT
28 4 4 _ 2 . S D N ; 1 GCGGTAGAAAATAaGAAACTTGCTAGAGTCAATAaTCCTATATCATTATT

- 3 2 4 5 _ 3 . S D N ; 1 GCGGTAGAAAATAAGAAACTTGCTAGAGTCAATAATCCTATATCATTATT
CONSENSUS GCGGTAGAAAATAAGAAACTTGCTAGAGTCAATAATCCTATATCATTATT

1 7 6 0  1 7 7 0  1 7 8 0  1 7 9 0  1 8 0 0
22 3 6 _ 1 . S D N ; 1 ATCGAaAGTACTATTTTTAGACATATAATCT
25 2 7 _ 1 . S D N ; 1 ATCGAAAGTACTATTTTTAGACATATAATCTAACAGTTTATCGCTATACA
27 4 4 _ 1 . S D N ; 1 ATCGAAAGTACTATTTTTAGACATATAATCTAACAGTTTATCGCTATACA
29 4 4 _ 3 . S DN; 1 ATCGAAAGTACTATTTTTAGACATATAATCTAACAGTTTATCGCTATACA
28 4 4 _ 2 . S DN ; 1 ATCGAAAGTACTATT111AGACATATAATCTAACAGTTTATCGCTATACA

- 3 2 4 5 _ 3 . S DN; 1 ATCGAAAGTACTATTTTTAGACATATAATCTAACAGTTTATCGCTATACA
- 3 1 4 5 _ 2 . S DN ; 1 AATCTAACAGTTTATCGCTATACA

CONSENSUS ATCGAAAGTACTATTTTTAGACATATAATCTAACAGTTTATCGCTATACA

1 8 1 0  1 8 2 0  1 8 3 0  1 8 4 0  1 8 5 0
25 2 7 _ 1 . S DN ; 1 T
27 4 4 _ 1 . S DN ; 1 TTACATAATCTACCGGGTGATATTGAAACTTTATTAATACAGAATATAAA
29 4 4 _ 3 . S DN; 1 TTACATAATCTACCGGGTGATATTGAAACTTTATTAATACAGAATATAAA
28 4 4 _ 2 . S DN; 1 TTACATAATCTACCGGGTGATATTGAAACTTTATTAATAcAGAATA

- 3 2 4 5 _ 3 . S DN; 1 TTACATAATCTACCGGGTGATATTGAAACTTTATTAATACAGAATATAAA
- 3 1 4 5 _ 2 . S DN ; 1 TTACATAATCTACCGGGTGATATtGAAACTTTATTAATACAGAATATAAA

CONSENSUS TTACATAATCTACCGGGTGATATTGAAACTTTATTAATACAGAATATAAA

1 8 6 0  1 8 7 0  1 8 8 0  1 8 9 0  1 9 0 0
27 4 4 _ 1 . S DN ; 1 T TAC C tAGATCAAAACAC TTAGCATTTTC TAAACAAAC TAC TTGTTTCTG
29 4 4 _ 3 . S DN; 1 TTACCTAGATCAAAACACTTAGCATTTTCTAAACAAACTACTTGTTTCTG

- 3 2 4 5 _ 3 . S DN; 1 TTACCTAGATCAAAACACTTAGCATTTTCTAAACAAACTACTTGTTTCTG
- 3 1 4 5 _ 2 . S DN; 1 TTACCTAGATCAAAACACTTAGCATTTTCTAAACAAACTACTTGTTTCTG
- 3 0 4 5 _ 1 . S DN ; 1 AAAACACTTAGCATTTTCTaAACAAACTACTtGTTTCtG

CONSENSUS TTACCTAGATCAAAACACTTAGCATTTTCTAAACAAACTACTTGTTTCTG

1 9 1 0  1 9 2 0  1 9 3 0  1 9 4 0  1 9 5 0
27 4 4 _ 1 . S DN ; 1 TAACATGTTTAGAGCATCCATCTTTAC
29 4 4 _ 3 . S DN; 1 TAACATGTTTAGAGCATCCATCtTTACCTCATTG

- 3 2 4 5 _ 3 . S DN ; 1 TAACATGTTTAGAGCATCCATCTTTACCTCATTGGACGATGACGAGTCAA
- 3 1 4 5 _ 2 . S DN; 1 TAACATGTTTAGAGCATCCATCTTTACCTCATTGGACGATGACGAGTCAA
- 3 0 4 5 _ 1 . S DN; 1 TAACATGTTTAGAGCATCCATCTTTACCTCATTGGACGATGACGAGTCAA

CONSENSUS TAACATGTTTAGAGCATC CATC TTTAC C TCATTGGAC GATGAC GAGTCAA

1 9 6 0  1 9 7 0  1 9 8 0  1 9 9 0  2 0 0 0
- 3 2 4 5 _ 3 . S DN ; 1 GTATGTATTTCCCTATAGCATAGTTATATTTAAAATCATTTAATAGTACT
- 3 1 4 5 _ 2 . S DN; 1 GTATGTATTTCCCTATAGCATAGTTATATTTAAAATCATTTAATAGTACT
- 3 0 4 5 _ 1 . S DN ; 1 GTATGTATTTCCCTATAGCATAGTTATATTTAAAATCATTTAATAGTACT

CONSENSUS GTATGTATTTCCCTATAGCATAGTTATATTTAAAATCATTTAATAGTACT
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- 3 2 4 5 _ 3 . S DN ; 1
2 0 1 0  2 0 2 0  2 0 3 0  2 0 4 0  2 0 5 0  

TTCATAGTTTGTTTATTATCTAAATACTTGAATGATTCTTTTACAACATA
- 3 1 4 5 _ 2 . S DN ; 1 TTCATAGTTTGTTTATTATCTAAATACTTGAATGATTCTTTTACAACATA
- 3 0 4 5 _ 1 . S D N ; 1 TTCATAGTTTGTTTATTATcTAAATACTTGAATGATTCTTTTACaACATA

CONSENSUS TTCATAGTTTGTTTATTATCTAAATACTTGAATGATTCTTTTACAACATA

- 3 2 4 5 _ 3 . S DN ; 1
2 0 6 0  2 0 7 0  2 0 8 0  2 0 9 0  2 1 0 0  

TTTTTCTTTAGAATCTTGTTTATAAGTAATAACGGGaaatACTTTTTGAG
- 3 1 4 5 _ 2 . S D N ; 1 TTTTTCTTTAGAATCTTGTTTATAAGTAATAACGG
- 3 0 4 5 _ 1 . S DN ; 1 TTTTTCTTTAGAATCTTGTTTATAAGTAATAACGGGaAATACTT
- 3 5 4 2 _ 3 . S DN ; 1 ACTTTTTGAG
- 3 4 4 2 _ 2 . S DN ; 1 CTTTTTGAG
- 3 3 4 2 _ 1 . S D N ; 1 GAG

CONSENSUS TTTTTCTTTAGAATCTTGTTTATAAGTAATAACGGGAAATACTTTTTGAG

- 3 2 4 5 _ 3 . S DN ; 1
2 1 1 0  2 1 2 0  2 1 3 0  2 1 4 0  2 1 5 0  

GATACATACTA
- 3 5 4 2 _ 3 . S D N ; 1 GATACATACTATTACAATAATATAGATGCCATCTAAACGCATTTACAAAC
- 3 4 4 2 _ 2 . S D N ; 1 GATACATACTATTACAATAATATAGATGCCATCTAAACGCATTTACAaAC
- 3 3 4 2 _ 1 . S D N ; 1 GATACATACTATTACAATAATATAGATGCCATCTAAACGCATTTACAAAC

CONSENSUS GATACATACTATTACAATAATATAGATGCCATCTAAACGCATTTACAAAC

- 3 5 4 2 _ 3 . S D N ; 1
2 1 6 0  2 1 7 0  2 1 8 0  2 1 9 0  2 2 0 0  

AACTCTGACTTTTTTTTGTATATATCTATATAACGGCAGATAAATTTAGT
- 3 4 4 2 _ 2 . S DN ; 1 AACTCTGACTTTTTTTTGTATATATCTATATAACGGCAGATAAATTTAGT
- 3 3 42__1. SDN; 1 AACTCTGACTTTTTTTTGTATATATCTATATAACGGCAGATAAATTTAGT

37 4 7 _ 2 . S D N ; 1 CGGcAGATAAATTTAGT
36 4 7 _ 1 . S DN; 1 AATTTAGt

CONSENSUS AACTCTGACTTTTTTTTGTATATATCTATATAACGGCAGATAAATTTAGT

- 3 5 4 2 _ 3 . S D N ; 1
2 2 1 0  2 2 2 0  2 2 3 0  2 2 4 0  2 2 5 0  

TTCATCCTCCGTTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA
- 3 4 4 2 _ 2 . S DN ; 1 TTCATCCTCCGTTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA
- 3 3 4 2 _ 1 . S DN; 1 TTCATCCTCCGTTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA

37 4 7 _ 2 . S DN; 1 ttCATCCTCCGtTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA
36 4 7 _ 1 . S DN; 1 ttCATCCTCCGtTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA

CONSENSUS TTCATCCTCCGTTATGTTTAGAAACAAGTACTTATCTATGTATAGAGGTA

- 3 5 4 2 _ 3 . S DN; 1
2 2 6 0  2 2 7 0  2 2 8 0  2 2 9 0  2 3 0 0  

TATCTATCCATTCAAACAACGCATAAAAGTATATACCAAATTCATCTCTA
- 3 4 4 2 _ 2 . S DN; 1 TATC TATC CATTCAAACAACGCATAAAAGTATATACCAAATTCATC TC TA
- 3 3 4 2 _ 1 . S DN; 1 TATCTATCCATTCAAACAACGCATAAAAGTATATACCAAATTCATCTCTA

37 4 7 _ 2 . S DN ; 1 TATCTATCCATTCAAACAACGCATAAAAGTATATACCAAATTCATCTCTA
36 4 7 _ 1 . S DN; 1 TATCtATCCATTCAAACAACGCATAAAAGTATATACCAAATTCATCTCTA

CONSENSUS TATCTATCCATTCAAACAACGCATAAAAGTATATACCAAATTCATCTCTA

- 3 5 4 2 _ 3 . S DN; 1
2 3 1 0  2 3 2 0  2 3 3 0  2 3 4 0  2 3 5 0  

AGTTTATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA
- 3 4 4 2 _ 2 . S DN; 1 AGTTTATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA
- 3 3 4 2 _ 1 . S DN; 1 AGTTtATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA

37 4 7 _ 2 . S DN; 1 AGTTTATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA
36 4 7 _ 1 . SDN; 1 AGTTTATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA

CONSENSUS AGTTTATCGGGTGGTAATTGTGTTGATATCCATTTATTCAAGCAAGGTGA

285



Appendices

2 3 6 0  2 3 7 0  2 3 8 0  2 3 9 0  2 4 0 0
- 3 5 4 2 _ 3 . S D N ; 1 TATATCGGGTAATCTATCCTTAATGATAGTAATTATTGATTCTATAAAAT
- 3 4 4 2 _ 2 . S D N ; 1 TATATCGGGTAATCtATCCTTAATGATAGTAATTATTGATTCTATAAAAT
- 3 3 4 2 _ 1 . S D N ; 1 TATATCGGGTAATCTATCCTTAATGATAGTAATTATTGATTCTATAAAAT

37 4 7 _ 2 . S D N ; 1 TATATCGGGTAATCTATCCTTAATGATAGTAATTATTGATTCTATAAAAT
36 4 7 _ 1 . S DN ; 1 TATATC GGGTAATC TATC C TTAATGATAGTAAT TATTGA t  TC TATAAAAT

CONSENSUS TATATCGGGTAATCTATCCTTAATGATAGTAATTATTGATTCTATAAAAT

2 4 1 0  2 4 2 0  2 4 3 0  2 4 4 0  2 4 5 0
- 3 5 4 2 _ 3 . S DN ; 1 CTTTTTTTGATTTTACTATTCCATTGACATAATCAATAATATCATCATCG
- 3 4 4 2 _ 2 . S DN ; 1 CTTTTTTTGATTTTACTATTCCATTGACATAATCAATAATATCATCATCG
- 3 3 4 2 _ 1 . S D N ; 1 CTTTTTTTGATTTTACTATTCCATTGACATAATCAATAATATCATCATCG

37 4 7 _ 2 . S D N ; 1 CTTTTTTTGATTTTACTATTCCATTGACATAATCAATAATATCATCATCG
36 4 7 _ 1 . S D N ; 1 CTTTTTTTGATTTTACtATTCCATTGACATAATCAATAATATCATCATCG

CONSENSUS CTTTTTTTGATTTTACTATTCCATTGACATAATCAATAATATCATCATCG

2 4 6 0  2 4 7 0  2 4 8 0  2 4 9 0  2 5 0 0
- 3 5 4 2 _ 3 . S D N ; 1 GGATACTTCTTTATCAAATATATAATTTTATCAACATCAGTTACTTGATA
- 3 4 4 2 _ 2 . S D N ; 1 GGATACTTCTTTATCAAATATATAATTTTATCAACATCAGTTACTTGATA
- 3 3 4 2 _ 1 . S DN ; 1 GGATACTTCTTTATCAAATATATAATTTTATCAACATCAGTTACTTGATA

37 4 7 _ 2 . S D N ; 1 GGATACtTCTtTATCAAATATATAATTTTATCAACATCAGTTACTTGATA
36 4 7 _ 1 . S DN ; 1 GGATACTTCTTTATCAAATATATAATTTTATCAACATCAGTTACTTGATA

- 3 9 3 7 _ 3 . S DN ; 1 TTTTATCAACATCAGTTACTTGATa
CONSENSUS GGATACTTCTTTATCAAATATATAATTTTATCAACATCAGTTACTTGATA

2 5 1 0  2 5 2 0  2 5 3 0  2 5 4 0  2 5 5 0
- 3 5 4 2 _ 3 . S DN; 1 TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA
- 3 4 4 2 _ 2 . S DN; 1 TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA
- 3 3 4 2 _ 1 . S DN ; 1 TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA

37 4 7 _ 2 . S DN ; 1 TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA
36 4 7 _ 1 . S DN; 1 TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA

- 3 9 3 7 _ 3 . S DN; 1 TAGGGAtGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA
- 3 8 3 7 _ 1 . S DN; 1 TGATATAGaAAATTTTTCTTCCATATAGAGAA

CONSENSUS TAGGGATGAATGAACCGGTGATATAGAAAATTTTTCTTCCATATAGAGAA
h o m o lo g y  t o  W  K3L DNA

2 5 6 0  2 5 7 0  2 5 8 0  2 5 9 0  2 6 0 0
- 3 5 4 2 _ 3 . S DN; 1 CGCTGTGAATAGGTGTTTCTATTCTCTTGTATAGCTCtTtCACGTTTTCT
- 3 4 4 2 _ 2 . S DN; 1 CGCTGTGAATAGGTGTTTCTATTCTCTTGTATAGCTCttTCACGTTTTCT
- 3 3 4 2 _ 1 . S DN; 1 CGCTGTGAATAGGTGTTTCTATTCTCTTGTATAGCTCttTCACGTTTTCT

37 4 7 _ 2 . S DN; 1 CG
36 4 7 _ 1 . S DN; 1 CGCtGTGAATAGGTGTTTCTATtCTCTTGTATAGCTCTTTCACGTTTTCT

- 3 9 3 7 _ 3 . S DN; 1 CGCTGTGAATAGGTGTTTCTATTCTCTTGTATAGCTCTTTCACGTTTTCT
- 3 8 3 7 _ 1 . S DN ; 1 CGCTGTGAATAGGTGttTCTATTCTCTTGTATAGCTCTTTCACGTTTTCT

CONSENSUS CGCTGTGAATAGGTGTTTCTATTCTCTTGTATAGCTCTTTCACGTTTTCT

2 6 1 0  2 6 2 0  2 6 3 0  2 6 4 0  2 6 5 0
- 3 5 4 2 _ 3 . S DN; 1 GCACTAGTG
- 3 3 4 2 _ 1 . S DN; 1 GCACTAG

36 4 7 _ 1 . S DN; 1 GCACTAg
- 3 9 3 7 _ 3 . SDN; 1 GCACTAGtGTTTTCAAAAATATATTTTACTTCATCTAGAGAAAATGGAGT
- 3 8 3 7 _ 1 . S DN; 1 GCACTAGTGTTTTCaAAaATATATTTTACTTCATCTAGAGAAAATGGaGT

CONSENSUS GCACTAGTGTTTTCAAAAATATATTTTACTTCATCTAGAGAAAATGGAGT

2 6 6 0  2 6 7 0  2 6 8 0  2 6 9 0  2 7 0 0
- 3 9 3 7 _ 3 . S D N ; 1 ACCCGGTATAACTAAAGAGCTGTTAAGCAATGCTATTTCAACAGGTGTTT
- 3 8 3 7 _ 1 . SDN; 1 AC C C GGT a  TAAC TAAAGAGC TGTTAAGCAATGC TATTTCAACAGGTGTTT

CONSENSUS AC C CGGTATAACTAAAGAGC TGTTAAGCAATGC TATTTCAACAGGTGTTT
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- 3 9
- 3 8

41
40

- 4 2
- 4 3

- 3 9
- 3 8

41
40

- 4 2
- 4 3

- 3 9
- 3 8

41
40

- 4 2
- 4 3

- 3 9
- 3 8

41
40

- 4 2
- 4 3

41
40

- 4 2
- 4 3

41
40

- 4 2
- 4 3

41
40

- 4 2
- 4 3

2 7 1 0  2 7 2 0  2 7 3 0  2 7 4 0  2 7 5 0
3 7 _ 3 . SDN; 1  TTATTCTGTTATCTATTATATTACGTATATCTGAAAGAGATACCATATTA
3 7 _ 1 . SDN; 1  TTATTCTGtTATCTATTATATTACGTATATCTGAAAGAGATACCATATTA
4 8 _ 3 . SDN; 1  aTTCtgttaTCTATTATATTACGTATATCTGAAAGAGATACCATATTA
4 8 _ 2 . SDN; 1  AtTCTGTtATCTATTATATTACGTATATCTGAAAGAGATACCATATTA
3 4 _ 2 . SDN; 1  ATCTATTATAttACGtaTATCTGaaAGAGATACCatATTA
3 4 _ 3 . SDN; 1  CGTATATCTGAAAGAGAtACCATATTA
CONSENSUS TTATTCTGTTATCTATTATATTACGTATATCTGAAAGAGATACCATATTA

2 7 6 0  2 7 7 0  2 7 8 0  2 7 9 0  2 8 0 0
3 7 _ 3 . SDN; 1  GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT
3 7 _ 1 . SDN; 1  GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT
4 8 _ 3 . SDN; 1  GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT
4 8 _ 2 . SDN; 1  GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT
3 4 _ 2 . SDN; 1  GAGtTaATAAGtTTATTCACAATAGCaGCATCCGATAATAAgTATTTTTT
3 4 _ 3 . SDN; 1  GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT
CONSENSUS GAGTTAATAAGTTTATTCACAATAGCAGCATCCGATAATAAGTATTTTTT

2 8 1 0  2 8 2 0  2 8 3 0  2 8 4 0  2 8 5 0
3 7 _ 3 . SDN; 1  ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAGTCTCA
3 7 _ 1 . SDN; 1  ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAgTc tCA
4 8 _ 3 . SDN; 1  ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAGTCTCA
4 8 _ 2 . SDN; 1  ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAGTCTCA
3 4 _ 2 . SDN; 1  AtGACACGATATTACATCGGtaAAACAGTcTGGTAAAAGAGGtAGTCTCa
3 4 _ 3 . SDN; 1  ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAGTCTCa
CONSENSUS ATGACACGATATTACATCGGTAAAACAGTCTGGTAAAAGAGGTAGTCTCA

2 8 6 0  2 8 7 0  2 8 8 0  2 8 9 0  2 9 0 0
3 7 _ 3 . SDN; 1  TAATCAGTTTTTTTAAGTCATTAAGTTGTATTATTTCGCTATCA 
3 7 _ 1 . S DN; 1 AAATCaG ttTtTTTAAgtc
4 8 _ 3 . SDN; 1  TAATCAGTTTTTTTAAGTCATTAAGTTGTATTATTTCGCTATCAAACGCT 
4 8 _ 2 . SDN; 1  TAATCAGTTTTTTTAAGTCATTAAGTTGTATTATTTCGCTATCAAACGCT 
3 4 _ 2 . S DN ; 1 tA a  tCaG111TTTTAaGTCa 11AAGt tg tA T T a111C G c tATCaAACGCT
3 4 _ 3 . SDN; 1  tAATCAGTTTTTTTAAGTCATTAAGTTGTATTATTTCGCTATCAAACGCT 
CONSENSUS TAATCAGTTTTTTTAAGTCATTAAGTTGTATTATTTOGCTATCAAACGCT

2 9 1 0  2 9 2 0  2 9 3 0  2 9 4 0  2 9 5 0
4 8 _ 3 . SDN; 1  AGTATATTGTTTAAATCCAGACCTTTAGCAAAGTTATAATATTTTGGGGG 
4 8 _ 2 . SDN; 1  AGTATATTGTtTAAATCCAGACCTTTAGCAAAGTTATAATATTTTGGGGG 
3 4 _ 2 . SDN; 1  aGTATATTGTTTAAATCCAGACCTTTAGCAAAGTTATAATATTTTGGGGG
3 4 _ 3 . SDN; 1  AGTATATTGTTTAAATCCAGACCTTTAGCAAAGTTATAATATTTTGGGGG 
CONSENSUS AGTATATTGTTTAAATCCAGACCTTTAGCAAAGTTATAATATTTTGGGGG

2 9 6 0  2 9 7 0  2 9 8 0  2 9 9 0  3 0 0 0
4 8 _ 3 . SDN; 1  TAATTTAACGAATATATTGTTAATTATTAATCGGCGTCCGTGTTTCTCAT 
4 8 _ 2 . SDN; 1  TAATTtAACGAATATATTGTTaATTATTAATCGGCGTCCGTGTTTCTCAT 
3 4 _ 2 . SDN; 1  TAATTTAACGAATATATTGTTAATTATTAATCGGCGTCCGTGTTTCTCAT 
3 4 _ 3 . SDN; 1  TAATTTAACGAATATATTGTTAATTATTAATCGGCGTCCGTGTTTCTCAT 
CONSENSUS TAATTTAACGAATATATTGTTAATTATTAATCGGCGTCCGTGTTTCTCAT

3 0 1 0  3 0 2 0  3 0 3 0  3 0 4 0  3 0 5 0
4 8 _ 3 . SDN; 1  GTAATAAGTCGAAGTTTAAACCTGAACGAATAAATTTGCGTATGGATTTT 
4 8 _ 2 . SDN; 1  GTAATAAGTCGAAGTTTAAACCTGAACGAATAAATTTGCGTATGGATTTT 
3 4 _ 2 . SDN; 1  GTAATAAGTCGAAGTTTAAACCTGAACGAATAAATTTGCGTATGGATTTT 
3 4 _ 3 . SDN; 1  GTAATAAGTCGAAGTTTAAACCTGAACGAATAAATTTGCGTATGGATTTT 
CONSENSUS GTAATAAGTCGAAGTTTAAACCTGAACGAATAAATTTGCGTATGGATTTT
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41
40

- 4 2
- 4 3

41
- 4 2
- 4 3

41
- 4 2
- 4 3

44

- 4 2
- 4 3

44

- 4 2
44

44
- 4 5
- 6 3

44 .
- 4 5
- 6 3

44
- 4 5
- 6 3
- 4 6

44
- 4 5
- 6 3
- 4 6

3 0 6 0  3 070  3 0 8 0  3 0 9 0  3 1 0 0
4 8 _ 3 . SDN; 1  CTAACTTTCTTAGAATAGAGATTCGCCATCTCAGACAAGATGACAAGTAG 
4 8 _ 2 . SDN; 1  CTAACTTTCTTAGAATAGAGATTCGCCATCTCAGACA 
3 4 _ 2 . SDN; 1  CTAACTTTCTTAGAATAGAGATTCGCCATCTCAGACAAGATGACAAGTAG
3 4 _ 3 . SDN; 1  CTAACTTTCTTAGAATAGAGATTCGCCATCTCAGACAAGATGACAAGTAG 
CONSENSUS C TAAC TTTCTTAGAATAGAGATTCGC CATC TCAGACAAGATGACAAGTAG

3 1 1 0  3 1 2 0  3 1 3 0  3 1 4 0  3 150
4 8 _ 3 . SDN; 1 TGATTATATAATTATAAATTTATATTTCCATTTCGTATCTACGTGACTTC 
3 4 _ 2 . SDN; 1  TGATTATATAATTATAAATTTATATTTCCATTTCGTATCTACGTGACTTC
3 4 _ 3 . SDN; 1  TGATTATATAATTATAAATTTATATTTCCATTTCGTATCTACGTGACTTC 
CONSENSUS TGATTATATAATTATAAATTTATATTTCCATTTCGTATCTACGTGACTTC

3 1 6 0  3 1 7 0  3 1 8 0  3 1 9 0  3 2 0 0
4 8 _ 3 . SDN; 1  aCGTTCGACATAGAAGATCCATGGTTTCA
3 4 _ 2 . SDN; 1  ACGTTCGACATAGAAGATCCATGGTTTCAAATAGTGATAGCTGTATAACG
3 4 _ 3 . SDN; 1  ACGTTCGACATAGAAGATCCATGGTTTCAAATAGTGATAGCTGTATAACG
1 _ 1 - SDN; 1  GTGATAGCTGTATAACG
CONSENSUS ACGTTCGACATAGAAGATCCATGGTTTCAAATAGTGATAGCTGTATAACG

3 2 1 0  3 2 2 0  3 2 3 0  3 2 4 0  3 2 5 0
3 4 _ 2 . SDN; 1  TGCAAATGAAGAACATAATTAAAAAAAGTACTGTTACTATCattTATTCT
3 4 _ 3 . SDN; 1  TGCAAATGAAGAACATAATTAAAAAAAGTACTGTTACTATC 
1 _ 1 . SDN; 1  TGCAAATGAAGAACATAATTAAAAAAAGTACTGTTACTATCATTTATTCT
CONSENSUS TGCAAATGAAGAACATAATTAAAAAAAGTACTGTTACTATCATTTATTCT

3 2 6 0  3 2 7 0  3 2 8 0  3 2 9 0  3 3 0 0
3 4 _ 2 . SDN; 1  ACAGTaTTTTCtATtttCACAGTAG
1 _ 1 . SDN; 1  ACAgTATTTTCTATTTTCACAGTAGATATAGTtAGGTATTCTATTACCTT
CONSENSUS ACAGTATTTTCTATTTTCACAGTAGATATAGTTAGGTATTCTATTACCTT

3 3 1 0  3 3 2 0  3 3 3 0  3 3 4 0  3 3 5 0
1 _ 1 . SDN; 1  AGATAAATTAATTTtCTCGTTATCTTTGATATACTCTGATATGGAGCa t a
1 4 _ 1 . S DN; 1 ATA
1 4 _ 2 . SDN; 1  A
CONSENSUS AGATAAATTAATTTTCTCGTTATCTTTGATATACTCTGATATGGAGCATA

3 3 6 0  3 3 7 0  3 3 8 0  3 3 9 0  3 4 0 0
1 _ 1 . S DN; 1 AAAACTGGTCGTTAAACTTTTTAGAATACTTAtCTATtTGATTAGAAATC
1 4 _ 1 . SDN; 1 AAAACtGGTCGTtAAACTTTTTaGAATACTTATCTATTtGATTAGAAATC
1 4 _ 2 . SDN; 1  AAAACTGgTCGTTAAACTTTTTAGAATACTTATCTATTtGATTAGAAATC
CONSENSUS AAAACTGGTCGTTAAACTTTTTAGAATACTTATCTATTTGATTAGAAATC

3 4 1 0  3 4 2 0  3 4 3 0  3 4 4 0  3 4 5 0
1 _ 1 . S DN; 1 GACGATACCAAAAGACTGTGT tTCGTATAGATAAAATGGTCTATAACTAT
1 4 _ 1 . SDN; 1  GACGATACCAAAAGACTGTGTTTCGtATAGATAAAAtGGTC tATAACTAT
1 4 _ 2 . SDN; 1  GACGATACCAAAAGACTGTGTTTCGTATAGATAAAATGGTCTATAACTAT
3 2 _ 3 . SDN; 1  AACTAT
CONSENSUS GACGATACCAAAAGACTGTGTTTCGTATAGATAAAATGGTCTATAACTAT

3 4 6 0  3 4 7 0  3 4 8 0  3 4 9 0  3 5 0 0
1 _ 1 . SDN; 1  AGTT t  CTATGTTCAGTATtTtAGCGATATTAtCATCTTTtAGAATAACGT
1 4 _ 1 . SDN; 1 aGTTTCtATGTTCAGTATTTtaGCGATATTATCATCTTTTaGAATAACGT 
1 4 _ 2 . SDN; 1 AGTTTCTATGTTCAGTATTTTAGCGATATTATCATCTTTTAGAATAACGA 
3 2 _ 3 . SDN; 1 AGTTTCTATGTTCAGTATTTTAGCGATATTaTCATCTTTTAGAATAACGT 
CONSENSUS AGTTTCTATGTTCAGTATTTTAGCGATATTATCATCTTTTAGAATAACGT
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44 1 _ 1 . SDN; 1
3 5 1 0  3520  3 5 3 0  3 5 4 0  3 5 5 0  

ATATTTgTGAATCGtcGGGTTTCGTAGCTTTAATAAAATATTCGaACAAt
- 4 5 1 4 _ 1 . S D N ; 1 AtATTTGtGAATCGTCGGGTTTcGtaGCTTtAATAAAATATTCGAACAAT
- 6 3 1 4 _ 2 . S D N ; 1 ATATTTGtGAATCGTCGGGTTTCGTAGCTTTAATAAAATATTCGaACAAT
- 4 6 3 2 _ 3 . S D N ; 1 ATATTTGTGAATCGTCGGGTTTCGTAGCTTTAATAAAAtAtTCGAACAAT

CONSENSUS ATATTTGTGAATCGTCGGGTTTCGTAGCTTTAATAAAATATTCGAACAAT

44 1 _ 1 . SDN; 1
3 5 6 0  3 5 7 0  3 5 8 0  3 5 9 0  3 600  

C GAGOAC GTGATATAATATtATCT11AAC 11GAGGACATTTAAATAGTCT
- 4 5 1 4 _ 1 . S DN ; 1 CGAGCACGTGATATAATATTATCTTTAACTTGAGGACATTTAAATAGTCT
- 6 3 1 4 _ 2 . S D N ; 1 CGAGCACGTGATATAATATTATCTTTAACTTGAGGACATTTAAATAGTCT
- 4 6 3 2 _ 3 . S D N ; 1 CGAGCACGTGATATAATATTATCTTTAAC11GAGGACATTTAAATAGTCT

CONSENSUS CGAGCACGTGATATAATATTATCTTTAACTTGAGGACATTTAAATAGTCT

44 1 _ 1 . SDN; 1
3 6 1 0  3 6 2 0  3 6 3 0  3 6 4 0  3 6 5 0  

AT t  TTTAAATAC a  t  C CAGAAGT t  CAt C GGATATCATATAA
- 4 5 1 4 _ 1 . S D N ; 1 ATTTTTAAATACATCCAGAAGTTCATCGGATATCATATAAAATGTATCTT
- 6 3 1 4 _ 2 . S D N ; 1 ATTTTTAAATACATCCAGAAGTTCATCGGATATCATATAAAATGTATCTT
- 4 6 3 2 _ 3 . S D N ; 1 ATTTTTAAATACATCCAGAAGTTCATCGGATATCATATAAAATGTATCTT
- 1 9 7 _ 4 . S D N ; 1 C GGATATCATATAAAA t  GTATC T T

CONSENSUS ATTTTTAAATACATCCAGAAGTTCATCGGATATCATATAAAATGTATCTT

- 4 5 1 4 _ 1 . S D N ; 1
3 6 6 0  3 6 7 0  3 6 8 0  3 6 9 0  3 7 0 0  

TAATAGTATTTTTCATATCCATAGATATAGCTGAATTCTTAATAAGCTGA
- 6 3 1 4 _ 2 . S D N ; 1 TAATAGTATTTTTCATATCCATAGATATAGCTGAATTCTTAATAAGCTGA
- 4 6 3 2 _ 3 . S D N ; 1 TAATAGTATTTTTCATATCCATAGATATAGCTGAATTCTTAATAAGCTGA
- 1 9 7 _ 4 . S D N ; 1 TAATAGTATTTTTCATATCCATAGATATAGCTGAATTCTTAATAAGCTGA

48 3 3 _ 2  . S D N ; 1 ATAGCTGAATTCTTAATAAGCTGA
47 3 3 _ 1 . S DN; 1 CtGA

CONSENSUS TAATAGTATTTTTCATATCCATAGATATAGCTGAATTCTTAATAAGCTGA

- 4 5 1 4 _ 1 . S DN; 1
3 7 1 0  3 7 2 0  3 7 3 0  3 7 4 0  3 7 5 0  

TTGATAATATCCTCTGTTTTATTTTGTTCTAAGTAATAAGtaTGACCTTT
- 6 3 1 4 _ 2 . S DN; 1 TTGATAATATC C TC TGTTTTATTTTGTTC TAAGTAATGCGTATGC C CTT
- 4 6 3 2 _ 3 . S DN ; 1 TTGATAATATCCTCTGTTTTATTTTGTTCTAAGTAATAAGTATGACCTTT
- 1 9 7 _ 4 . S DN ; 1 TTGATAATATCCTCTGTTTTATTTTGTTCTAAGTAATAAGTATGACCTTT

48 3 3 _ 2 . S DN ; 1 TTGATAATATCCTCTGTTTTATTTtGTTCTAAGTAATAAGTATGACCTTT
47 3 3 _ 1 . S DN ; 1 TTGATAATATCCTCTGTTTTATTTtGTTCTAAGTAATAAGTATGACCTtT
50 2 3 _ 1 . S DN ; 1 AAGTATGAC C11T

- 1 7  . 7 _ 1 . S DN ; 1 GTATGACCTTT
- 2 0 7 _ 5 . S D N ; 1 TGACCTTT

CONSENSUS TTGATAATATCCTCTGTTTTATTTTGTTCTAAGTAATAAGTATGACCTTT

- 4 5 1 4 _ 1 . S D N ; 1
3 7 6 0  3 7 7 0  3 7 8 0  3 7 9 0  3 8 0 0  

AAACTCAA
- 4 6 3 2 _ 3 . S DN ; 1 AAACTCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCttaA
- 1 9 7 _ 4 . S D N ; 1 AAACTCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCTTAA

48 3 3 _ 2 . S DN; 1 AAACTCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCTTAA
47 3 3 _ 1 . S DN; 1 AAACtCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCTTAA
50 2 3 _ 1 . S DN; 1 AAACTCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCTTAA

- 1 7 7 _ 1 . SDN; 1 AAACTCAAATCTATCGGCATTtGTTCTCAATCTATttGCTAAAACCTTAA
- 2 0 7 _ 5 . S D N ; 1 AAACTCAAATCTATCGGCATTTGTTCTCAATCTATttGCTAAAACCTTaA
- 1 8 7 _ 2 . SDN; 1 ATCTATCGGCATTTGTTCTCAATCTATTTGCTAAaACCTTAA
- 4 9 2 5 _ 1 . S D N ; 1 ACCTTaA

CONSENSUS AAACTCAAATCTATCGGCATTTGTTCTCAATCTATTTGCTAAAACCTTAA
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- 4 6 3 2 _ 3 . S DN ; 1
3 8 1 0  3 8 2 0  3 8 3 0  3 8 4 0  3 8 5 0  

CGTCTaGtaCGTCT
- 1 9 7 _ 4 . S D N ; 1 CGTCTAGTACGTCTATATTGAGACTAGAATTTTCATCTATTCTGGCCAAT

48 3 3 _ 2 . S DN; 1 CGTCTAGTACGTCTATATTGAGACTAGAATTTTCATCTATTCTGGCcAAT
47 3 3 _ 1 . S D N ; 1 CGTCTAGTACGTCTATATTGAGACTAGAATTTTCAtCTATTCTGGC
50 2 3 _ 1 . SDN; 1 CGTCTAGTACGTCTATATTGAGACTAGAATTTTCATCTATTCTGGCCAAT

- 1 7 7 _ 1 . S DN ; 1 CGTcTAGtACGTCTATATtGAGACTaGAATTTTCATCTATTCTGGCCAAt
- 2 0 7 _ 5 . S DN ; 1 CGTCTAGtACGTCTATATTGAGACTAGAATTTTCATCTATTCTGGCCAAT
- 1 8 7 _ 2 . S D N ; 1 C GTCTAGTACGTC TATATTGAGACTAGAATTTTCATC TATTC TGgC CAAT
- 4 9 2 5 _ 1 . S DN; 1 CGTCTAGTACGTC TATATTGAGACTAGAATTTTCATC TATTC TGGC C aAT

CONSENSUS CGTCTAGTACGTCTATATTGAGACTAGAATTTTCATCTATTCTGGCCAAT

- 1 9 7 _ 4 . S DN ; 1
3 8 6 0  3 8 7 0  3 8 8 0  3 8 9 0  3 9 0 0  

ATTTCTTTTTCTATATCTAGAAGAACTAGTTCATCGTGTTTACCCCTTTT
48 3 3 _ 2 . S D N ; 1 AtTTCTTTTTCTATATCTAGAAGAACTAGTTCATCGTGTTTACCCCTTTT
50 2 3 _ 1 . S D N ; 1 ATTTCTTTTTCTATATCTAGAAGAACTAGTTCATCGTGTTTACCCCTTTT

- 1 7 7 _ 1 . S D N ; 1 ATTTCTTTTTCtATATCTAGAAGAACTAGTTCATCGtGTTTACCCCTTTT
- 2 0 7 _ 5 . S D N ; 1 ATTTCTTTTTCTATATCTaGAAGAACTAGTTCATCGTGTTtACCCCTTTT
- 1 8 7 _ 2 . S D N ; 1 ATTTCTTTTTCTATATCTAGAAGaACTAGTTCATCGTGTTTACCCCTTTT
- 4 9 2 5 _ 1 . S DN ; 1 ATTTCTTTTTCTATATCTAGAAGAACTAGTTCATCGTGTTTACCCCTtTT
- 5 5 1 0 _ 3 . S D N ; 1 ACTAGTTCATCGTGTTTACCCC111T
- 2 1 7 _ 6 . S D N ; 1 TCaTCGtGTTTACCCCTTTT

CONSENSUS ATTTCTTTTTCTATATCTAGAAGAACTAGTTCATCGTGTTTACCCCTTTT

3 9 1 0  3 9 2 0  3 9 3 0  3 9 4 0  3 9 5 0
- 1 9 7 _ 4 . S DN ; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC

48 3 3 _ 2 . S DN ; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC
50 2 3 _ 1 . S DN; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC

- 1 7 7 _ 1 . S DN ; 1 AAGTTTGCCATTTTCAAAGTaATTATTTTCTACTAAACTACATATCAAAC
- 2 0 7 _ 5 . S DN ; 1 AAGTTTGC C ATTTTC AAAGTAATTATTTTC TAC TAAAC T AC ATATC AAAC
- 1 8 7 _ 2 . S DN ; 1 aAG t  TTGC CATTTTCAAAGTAATTATTTTC TAC TAAAC TACATATCAAAC
- 4 9 2 5 _ 1 . S DN; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC
- 5 5 1 0 _ 3 . S DN; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC
- 2 1 7 _ 6 . S DN; 1 AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC

CONSENSUS AAGTTTGCCATTTTCAAAGTAATTATTTTCTACTAAACTACATATCAAAC

3 9 6 0  3 9 7 0  3 9 8 0  3 9 9 0  4 0 0 0
- 1 9 7 _ 4 . S DN ; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG

48 3 3 _ 2 . S DN; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG
50. 2 3 _ 1 . S DN ; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG

- 1 7 7 _ 1 . S DN ; 1 TATTCAGTACACCATCTTTATATC C C TTTAGC C CAAAC TTAGACACAAAG
- 2 0 7 _ 5 . S D N ; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG
- 1 8 7 _ 2 . S DN ; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG
- 4 9 2 5 _ 1 . S DN; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG
- 5 5 1 0 _ 3 . S DN; 1 TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG
- 2 1 7 _ 6 . S DN ; 1 TATTCAGTACAC CATC TTTATATC C C TTTAGC C CAAAC TTAGACACAAAG

CONSENSUS TATTCAGTACACCATCTTTATATCCCTTTAGCCCAAACTTAGACACAAAG

4 0 1 0  4 0 2 0  4 0 3 0  4 0 4 0  4 0 5 0
- 1 9 7 _ 4 . S DN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGTTTG

48 3 3 _ 2 . S DN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATtCTCGGGTTTTTTAGTTTG
50 2 3 _ 1 . SDN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGTTTG

- 1 7 7 _ 1 . SDN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTT
- 2 0 7 _ 5 . SDN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGtTTG
- 1 8 7 _ 2 . SDN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGtTTG
- 4 9 2 5 _ 1 . S D N ; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGTTTG
- 5 5 1 0 _ 3 . S D N ; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGTTTG
- 2 1 7 _ 6 . SDN; 1 TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGtttg

CONSENSUS TTCTTATTTATGAGATCTAGAGGAATTCTATTCTCGGGTTTTTTAGTTTG
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-1 9 7 _ 4 . S DN; 1
4 0 6 0  4 0 7 0  4 0 8 0  4 0 9 0  4 1 0 0  

TGCCTTCTTTTTAGGA
48 3 3 _ 2 . S DN; 1 TGCCTTCTTTTTAGgagAaTTCTTTTTAGCGGcTAGTTCATCTATAGCTT
50 2 3 _ 1 . S DN; 1 TGCCTTCTTTTTAGGAGAATTCTTTtTAGCGGCTAGTTCATCTATAGCTT

- 2 0 7 _ 5 . S DN; 1 tGcCTTCTTTTTAG
- 1 8 7 _ 2 . S DN ; 1 TGCCTTCTTTTTAGGAGAATTCTTTTTAGCG
- 4 9 2 5 _ 1 . SDN;1 TGCCTTCTTTTTAGGAGAATTCTTTTTAGCGGCTAGTTCATCTATAGCTT
- 5 5 1 0 _ 3 . SDN; 1 TGcCTTCTTTTTAGGAGAATTCTTTTTAGCGGCTAGTTCATCTATAGCTT
- 2 1 7 _ 6 . SDN; 1 tg cc ttc ttT T T a G G a g a a T T C T T T
- 5 4 1 0 _ 2 . SDN; 1 TGCCTTCTTTtTaGGaGAATTCTTTTTAGCGGCTaGTTCATCTATAGCTT

56 2 4 _ 1 . SDN; 1 CTTTTTAGCGGCtagTTCATCTAtAGCTT
57 2 4 _ 2 . SDN; 1 CTTTTTAGCGGCTAGTTCATCTAtAGCTT

CONSENSUS TGCCTTCTTTTTAGGAGAATTCTTTTTAGCGGCTAGTTCATCTATAGCTT

48 3 3 _ 2 . S DN; 1
4 1 1 0  4 1 2  0 4 1 3 0  4 1 4 0  4 1 5 0  

CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATA
50 2 3 _ 1 . S DN; 1 CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCtAATACTA

- 4 9 2 5 _ 1 . SDN; 1 CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA
- 5 5 1 0 _ 3  . SDN; 1 CAGCTATTTTCGTAGTCAGATAtGACTTTAAAGCTTTAGCGCTAATACTA
- 5 4 1 0 _ 2 . S DN ; 1 CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA

56 2 4 _ 1 . SDN; 1 CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA
57 2 4 _ 2 . S D N ; 1 CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA

- 5 3 1 0 _ 1 . S DN; 1 AGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA
CONSENSUS CAGCTATTTTCGTAGTCAGATATGACTTTAAAGCTTTAGCGCTAATACTA

50 2 3 _ 1 . S DN; 1
4 1 6 0  4 1 7 0  4 1 8 0  4 1 9 0  4 2 0 0  

TTAAGAACAAGTTGATCAAA
- 4 9 2 5 _ 1 . S DN ; 1 TTAAGAACAAGTTGATCAAATTGC TCCATTTAATC TTAACACATTAAC TT
- 5 5 1 0 _ 3 . S DN; 1 TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT
- 5 4 1 0 _ 2 . S DN; 1 TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT

56 2 4 _ 1 . S DN ; 1 TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT
57 2 4 _ 2 . S DN ; 1 TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT

- 5 3 1 0 _ 1 . S DN; 1 TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT
- 5 8 3 _ 1 . S DN; 1 TTTAATCTTAACACATTAACTt

CONSENSUS TTAAGAACAAGTTGATCAAATTGCTCCATTTAATCTTAACACATTAACTT

- 4 9 2 5 _ 1 . S DN; 1
4 2 1 0  4 2 2 0  4 2 3 0  4 2 4 0  4 2 5 0  

TAAATAAAGAAACGTAAAGAC CAC TATGCATACTACAAATATAATAAAAA
- 5 5 1 0 _ 3 . S DN ; 1 TAAATAAAGAAACGTAAAGACCACTATGCATACTACAAATATAATAAAAA
- 5 4  . 1 0 _ 2 . S D N ; 1 TAAATAAAGAAACGTAAAGACCACTATGCATACTACAAATATAATAAAAA

56 2 4 _ 1 . S DN ; 1 TAAATAAAGAAACGTAAAGACCACTATGCATACTACAAATATAATAAAAA
57 24_2 . .  SDN; 1 TAAATAAAGAAACGTAAAGAC CAC TATGCATAC TACAAATATAATAAAAA

- 5 3 1 0 _ 1 . S DN ; 1 TAAAT AAAGAAACGTAAAGAC C AC TATGC ATAC TAC AAATATAATAAAAA
- 5 8 3 _ 1 . S D N ; 1 TAAATAAAGAAACGTAAAGACCACTATgCATACTACAAATATAATAAAAA

CONSENSUS TAAATAAAGAAACGTAAAGACCACTATGCATACTACAAATATAATAAAAA

- 4 9 2 5 _ 1 . S DN; 1
4 2 6 0  4 2 7 0  4 2 8 0  4 2 9 0  4 3 0 0  

TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCaGttAGCACTG
- 5 5 1 0 _ 3 . S DN ; 1 TTGTTAGCCATGATAATTGTTTGCTTTcTTTTTTACCAGTTAGCACTGTC
- 5 4 1 0 _ 2 . S DN; 1 TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCAGT

56 2 4 _ 1 . S DN; 1 TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCAGTTAGCACTGTC
57 2 4 _ 2 . S DN; 1 TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCAGTTAGCACTGTC

- 5 3 1 0 _ 1 . S DN; 1 TTGTTAGCCATGATAATTGTTTGcTTTCTTTTTTACCAGTTAGCACTGtc
- 5 8 3 _ 1 . SDN; 1 TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCAGTTAGCACTGTC
- 5 9 3 _ 2 . S D N ; 1 TGTC

CONSENSUS TTGTTAGCCATGATAATTGTTTGCTTTCTTTTTTACCAGTTAGCACTGTC
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-5 5 1 0 _ 3 . S DN; 1
4 3 1 0  4 3 2 0  4 3 3 0  4 3 4 0  4 3 5 0  

attA T T G T at
56 2 4 _ 1 . SDN; 1 ATTATTGTATTGATAAAATCCtCAAAATCAGAATCATTTGATTCCAGAAA
57 2 4 _ 2 . SDN; 1 ATTATTGTATTGATAAAATCCTCAAAATCAGAATCATTTGATTCCAGAAA

-5 3 1 0 _ 1 . S DN; 1 attA T T
- 5 8 3 _ 1 . S DN ; 1 ATTATTGTATTGATAAAATCCTCAAAATCAGAATCATTTGATTCCAGAAA
- 5 9 3 _ 2 . S DN; 1 ATTATTGTATTGATAAAATCCTCaAAATCAGAATCATTTGATTCCAGAAA
- 6 0 3 _ 3 . S DN; 1 TCaAAATCAGAATCATTtGATTCCAGAAA

CONSENSUS ATTATTGTATTGATAAAATCCTCAAAATCAGAATCATTTGATTCCAGAAA

56 2 4 _ 1 . SDN; 1
4 3 6 0  4 3 7 0  4 3 8 0  4 3 9 0  4 4 0 0  

AACACCGTATGTACCTGTAAATAGCTTTTCCATTTAG111 ACGTTaaaTa
57 2 4 _ 2 . SDN; 1 AACACCGTATGTaCCTGTAAATAGCTTTTCCATtTAGTTTACGTTAAATA

- 5 8 3 _ 1 . SDN; 1 AACaCCGTATGTACCTGTAAATAGCTTTTCCATTTAGTTTACGTTAAATA
- 5 9 3 _ 2 . S D N ; 1 AACACCGTATGTACCTGTAAATAGCTTTTCCATTTAGTTTACGTTAAATA
- 6 0 3 _ 3 . S D N ; 1 AACACCGTATGTACCTGTaaaTaGCTTTTCCATTTAGTTTACGTTAAATA

CONSENSUS AACACCGTATGTACCTGTAAATAGCTTTTCCATTTAGTTTACGTTAAATA

4 4 1 0  4 4 2 0  4 4 3 0  4 4 4 0  4 4 5 0
56 2 4 _ 1 . SDN; 1 aTGATCGTTCAtCATATTCATCTGTTTCTTTTATTTTGTAACCACCTCTC
57 2 4 _ 2 . SDN; 1 ATGATCGTTCATCATATTCATCTGTTTCTTTTAtTTTGTAACCACCTCTC

- 5 8 3 _ 1 . S DN; 1 ATGATCGTTCATCATATTCATCTGTTTCTTTTATTTTGTAACCACCTCTC
- 5 9 3 _ 2 . S DN ; 1 ATGATCGTTCATCATATTCATCTGTTTCTTTTATTTTGTAACCACCTCTC
- 6 0 3 _ 3 . S DN ; 1 ATGATCGTTCATCATATTCATCTGTTTCTTTTATTTtGTAACCACCTcTC

CONSENSUS ATGATCGTTCATCATATTCATCTGTTTCTTTTATTTTGTAACCACCTCTC

4 4 6 0  4 4 7 0  4 4 8 0  4 4 9 0  4 5 0 0
56 2 4 _ 1 . S DN; 1 C TGTTAC CATCAGATC TTTC TTC TAAAAT t  C CAGATACAC CGTC TGATTC
57 2 4 _ 2 . SDN; 1 CTGTTAC CATCAGATC TTTCTTC TAAAATTC C

- 5 8 3 _ 1 . S DN; 1 CTGTTACCATCAGATCTTTCTTCTAAAATTCCAGATACACCGTCTGATTC
- 5 9 3 _ 2 . S D N ; 1 CTGTTACCATCAGATCTTTCTTCTAAAATTCCAGATACACCGTCTGATTC
- 6 0 3 _ 3 . S D N ; 1 CTGTTACCATCAGATCTTTCTTcTAAAATTCCaGATACACCGTcTGATTC

CONSENSUS CTGTTACCATCAGATCTTTCTTCTAAAATTCCAGATACACCGTCTGATTC

4 5 1 0  4 5 2 0  4 5 3 0  4 5 4 0  4 5 5 0
56 2 4 _ 1 . S DN ; 1 ATATTCAAACTCTCCCGATTCATCCTCTATATCATCGTCTCC

- 5 8 3 _ 1 . S D N ; 1 ATATTCAAACTCTCCCGATTCATCCTCTATATCATCGTCTCCGGAGGTTA
- 5 9 3 _ 2 . S DN ; 1 ATATTCAAACTCTCCCGATTCATCCTCTATATCATCGTCTCCGGAGGTTA
- 6 0 3 _ 3 . S DN; 1 ATATTCAAACTCTCCCGATTCATCCTCTATATCATCGTCTCCGGAGGTTA

CONSENSUS ATATTCAAACTCTCCCGATTCATCCTCTATATCATCGTCTCCGGAGGTTA

4 5 6 0  4 5 7 0  4 5 8 0  4 5 9 0  4 6 0 0
- 5 8 3 _ 1 . S DN ; 1 CGACGCTGATTACTTCTCCgtTAgtATCTATCAGAgT
- 5 9 3 _ 2 . S DN ; 1 CGACGCTGATTACTTCTCCGTTAGTATCTATCAG
- 6 0 3 _ 3 . S DN ; 1 CGACGcTGATTACTTCTCCGTTGGTATCTATCAGAGTTTTCcTACAAACT

62 3 1 _ 2 . S DN; 1 CGCTGATTACTTctCCGTTAGTATCTATCAGAGTTTTCCTACAAACT
61 3 1 _ 1 . S DN; 1 GCTGATTACTTCTCCgTTaGTATCTATCAGAGTTTTCCTACAAACT

CONSENSUS CGACGCTGATTACTTCTCCGTTAGTATCTATCAGAGTTTTCCTACAAACT

4 6 1 0  4 6 2 0  4 6 3 0  4 6 4 0  4 6 5 0
- 6 0 3 _ 3 . S DN; 1 TTTTC

62 3 1 _ 2 . SDN; 1 TTTTCCATAATAAGCTTTTTCAAGCTAAAGCTTATTTTACACATTACCGC
61 3 1 _ 1 . S D N ; 1 TTTTCCATAATAAGCTTTTTCAAGCTAAAGCTTATTTTACACATTACCGC

CONSENSUS TTTTCCATAATAAGCTTTTTCAAGCTAAAGCTTATTTTACACATTACCGC

4 6 6 0  4 6 7 0  4 6 8 0  4 6 9 0  4 7 0 0
62 3 1 _ 2 . SDN; 1 ATTTTCGAAAAATATAGAAGCAACTAGTACAGCTTTAACCATCTGAGGAT 
61 3 1 _ 1 . SDN; 1  ATTTTCGAAAAATATAGAAGCAACTAGTACAGCTTTAACCATCTGAGGAT 

CONSENSUS ATTTTCGAAAAATATAGAAGCAACTAGTACAGCTTTAACCATCTGAGGAT
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4 7 1 0  4 7 2 0  4 7 3 0  4 7 4 0  4 7 5 0
62 3 1 _ 2  . SDN; 1 CTTTCTTCGATAGATGTTCTACTTCGCTGGATAGAGTTTTTCTACCAGCT
61 3 1 _ 1  . SDN; 1 CTTTCTTCGATAGATGTTCTACTTCGCTGGATAGAGTTTTTCTACCAGCT 

CONSENSUS CTTTCTTCGATAGATGTTCTACTTCGCTGGATAGAGTTTTTCTACCAGCT

4 7 6 0  4 7 7 0  4 7 8 0  4 7 9 0  4 8 0 0
62 3 1 _ 2  . SDN; 1 ACTTCCTTGTTGTTTCTCGTATATTCTATTATAGTAGATGACATTTTATT
61  3 1 _ 1 . SDN; 1 ACTTCCTTGTTGTtTCTCGTATATTCTATTATAGTAGATGACATTTTATT

CONSENSUS ACTTCCTTGTTGTTTCTCGTATATTCTATTATAGTAGATGACATTTTATT

4 8 1 0  4 8 2 0  4 8 3 0  4 8 4 0  4 8 5 0
62 3 1_2  . SDN; 1 TTTATTAATGTATATATAACCATCTTTAAATGTTTTTTCATCCATAGTAT
61 3 1 _ 1 . SDN; 1 TTTATTAATGTaTATATAACCATCTTTAAATGTTTTTTCATCCATAGTAT

CONSENSUS TTTATTAATGTATATATAACCATCTTTAAATGTTTTTTCATCCATAGTAT

4 8 6 0  4 8 7 0  4 8 8 0  4 8 9 0  4 9 0 0
62 3 1_2  . SDN; 1 TTTCCGGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCA
61 3 1 _ 1 . SDN; 1  TTTCCGGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACC

CONSENSUS TTTCCGGATCCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGCGCCA
C lo n in g  s i t e

4 9 1 0  4 9 2 0  4 9 3 0  4 9 4 0  4 9 5 0
62 3 1 _ 2 . SDN; 1  CAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGAT

CONSENSUS CAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGAT

4 9 6 0  4 9 7 0  4 9 8 0  4 9 9 0  5 0 0 0
62 3 1 _ 2 . SDN; 1  CGGGCTCGCCACTTCGGGCTCATGAACGCTTGTTTCGGCGTGGGTATGGT

CONSENSUS CGGGCTCGCCACTTCGGGCTCATGAACGCTTGTTTCGGCGTGGGTATGGT

5 0 1 0  5 0 2 0
62 3 1 _ 2 . SDN; 1  GGCAGCCCCGTGGCCGGGGGA

CONSENSUS GGCAGCCCCGTGGCCGGGGGA

Appendix 7.1. Sequence Alignment
Autom ated cycle sequencing was carried out using PRISM Ready Reaction DyeDeoxy 

Terminator Cycle Sequencing Kit (Perkin Elmer). Nine and a half pi of terminator premix was 
mixed with 1 pg of CsCl prepared DNA and 3.2 pmol of oligonucleotide primer, and overlaid 
with 40 pi of mineral oil in a 0.5 ml eppendorf. The mix was heated to 96 °C for 1 min and then 
cycled to 96 °C for 30 sec, 50 °C for 15 sec, 60 °C for 4 min for 25 cycles and cooled to 4 °C in a PCR 
machine (Programmable Dri-Block, Techne). The mineral oil was dissolved by addition of 100 
pi of chloroform, 80 pi of water was added and 100 pi of phenol:chloroform:water (68:18:14) was 
added to extract the excess terminators. The tubes were centrifuged 13,000 rpm for 10 min and 
the aqueous phase removed to a clean tube. The DNA was ethanol precipitated, washed in 70% 
ethanol and dried.

Assembly of the sequences was carried out using the Sequence Assembly Program (SAP), 
version 4.0, May 1991, written by Roger Staden. The cloning sites and areas of homology with 
W  E3L and W  K3L DNA are also shown.
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