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LIR, a myristylated late gene product of vaccinia virus, is essential for formation

of infectious intracellular mature virions (IMV). In its absence, only viral

particles arrested at an immature stage are detected and no infectious progeny

virus are produced. Previous studies have shown that the LIR protein is

exclusively associated with the IMV membrane and that myristylation is required

for correct targeting. Furthermore, the L1R protein contains six cysteine amino

acid residues that have all been shown to participate in intramolecular disulphide

bonds. However, it was not clear what role, if any, the disulfide bonds play in the

membrane topology of the L1R protein. To address this question, a

comprehensive library of LI R mutants in which the cysteine residues had been
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mutated to serine (either individually or in combination) were tested for their

ability to marker rescue a LI R conditional lethal mutant under non-permissive

conditions. Much to our surprise, we determined that C57 was not essential for

production of infectious IMV. These results suggest that protein disulphide

isomerases may be involved in reorganization of disulfide bonds within L1R.
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CHAPTER 1

INTRODUCTION

Vaccinia virus is the model organism for the investigation of the

Orthopoxviridae family. It is the most widely studied and best understood. Our

understanding of this family is limited due to the size and complexity of these DNA

viruses which maintain a broad host range having members that infect insects

(entomopoxviruses) and a large number of vertebrates (chordopoxviruses). Two

poxviruses known to cause disease in human hosts are Variola, the causative agent

of smallpox and molluscum contagiosum, which causes small tumors on the skin and

is an opportunistic pathogen in AIDS patients. Poxvirus is the largest DNA viruses

with a genome that encodes more than 200 gene products. One reason for the sheer

number of genes is the viruses' unique ability to replicate its genome, form complex

macromolecular structures and assemble infectious viral particles solely within the

cytoplasmic compartment of infected cells.

Smallpox is a disease that causes severe flu-like symptoms and lesions on the

mucous membranes and skin which lead to permanent scarring. The pathogen was

eradicated in 1980 through a worldwide vaccination campaign lead by the World

Health Organization. Vaccinia virus was used as a live vaccine for protection against

smallpox infections. There is continued interest in studying poxviruses for a variety



of reasons: (I) poxviruses with animal hosts, such as monkeypox, can cause human

disease, (2) the mechanisms of spread within the body can represent a model for the

systemic spread of other viruses, (3) and vaccinia vims has shown promise as a

vector for recombinant vaccine development.

It has already been shown that the vaccinia protein Li R is essential for the

formation of intracellular mature virions (IMV) and plays a role in virion

morphogenesis. It is the target of neutralizing antibodies to IMV, therefore making it

a potential target for the development of antivirals. The actual function of Li R

remains unknown. LIR contains six conserved cysteine residues that have been

shown to be oxidized to form three intramolecular disulphide bonds (Senkevich et

al., 2002). These are believed to be essential for correct protein folding and proper

function. In addition, these disulphide bonded cysteines may serve as a membrane

attachment factor, playing a role in trafficking of LI R to the endoplasmic reticulum-

golgi intermediate compartment (ERGIC). The following set of experiments utilizes

conditional-lethal expression of LIR under non-permissive conditions and

complementation of infections with a library of cysteine-to-serine LIR mutants, to

investigate their importance to protein function.



CHAPTER 2

REVIEW OF THE LITERATURE

Vaccinia virus is the model organism for the investigation of the

Orthopoxviridae family and as a result is the most widely studied and best

understood. Poxviruses exhibit a broad host range, having members that infect hosts

from insects to numerous mammals. The most well known poxvirus is variola

(smallpox). Replication within the cytoplasm and lack of dependence upon host

proteins allow for poxviruses to maintain such a broad host range. To better

understand how vaccinia accomplishes cytoplasmic replication, one needs to look at

the life cycle of this virus from cell entry to egress.

Vaccinia Virus Life Cycle

There are two major forms of infectious vaccinia virions; intracellular mature

virions (IMV) which are important for host-to-host transmission, and enveloped

extracellular virions (EEV) which mediate cell-to cell dissemination of virus within

the host. EEVs acquire two additional trans-golgi or endosomal cisternae derived

membranes compared to IMVs (Schmelz et al., 1994; 1-lilIer and Weber, 1985), one

of which is lost upon fusion with the plasma membrane prior to release. The outer

membranes of each type of virion contain very different protein profiles suggesting

different methods of viral entry into the cell. Studies utilizing neutralizing



monoclonal antibodies have shown that different sets of proteins are essential for

viral entry for these two forms of virions. IMV membrane proteins A27L, D8L, and

H3L appear to be important for cell attachment by binding glycocaminoglycans on

the host cell plasma membranes (Lin etal. 2000; Chung etal., 1998; Hsiao etal.,

1998; Rodriguez and Esteban, 1987.) Neutralizing antibody studies also implicate

L1R as an important factor in viral entry (Ichihashi and Oie, 1996; Wolffe etal.,

1995). The absence of A27L, as described by inducer-dependent expression studies,

blocks membrane fusion and viral entry for both IMV and EEV suggesting a shared

mechanism of viral entry and/or importance in acquisition of outer membrane of

EEV (Senkevich et al., 2004). For the most part however, proteins essential for viral

entry of the I MV are not implicated for entry of the EEV (Vanderplasschen and

Smith, 1997). Inhibition of EEV infection by lysosomotropic agents suggests entry

by means of endocytosis. Once internalized into the membrane bound vesicle, pH-

dependent disruption of the EEV outer membrane could release the IMV allowing

the outer membrane of the IMV to fuse with the vesicle membrane and release the

viral core into the cytoplasm (Vanderplasschen and Smith, 1999; Ichihashi Y.,

1996). The subject of viral entry still remains an area of active investigation and

controversy, however the final result appears to be the delivery of viral cores

containing the VV genome and viral enzymes to the cytoplasm of the infected cell.

Once viral cores enter the cytoplasm, enzymes that are packaged in the core

of the infecting virus mediate transcription of early genes peaking shortly after one

hour post infection (Baldick and Moss, 1993). Newly transcribed mRNA is then



subsequently transported out of the viral cores in an ATP-dependent manner (Kates

and Beeson, 1970). The early mRNAs resulting from transcription of nearly half the

viral genome (Kaverin N etal., 1975) are then transported via microtubules where

they accumulate in large granular structures that are the sites for active protein

synthesis (Mallardo M etal., 2001). It is believed that one of the translated early

gene products mediate the disintegration of the viral core, releasing the VV genome,

and allowing for replication of the viral genome. Inhibition of protein synthesis

inhibits release of viral DNA from the core and subsequent replication (Joklik W,

1964).

Following replication of the viral genome and mediated by gene products of

early transcription, transcription of intermediate genes begins and peaks at two hours

post infection (Baldicak and Moss, 1993). A small group of intermediate genes is

transcribed from newly synthesized viral DNA. Three of these genes (Al L, A2L,

and G8R) encode transactivators of late gene expression and constitute the minimal

set of intermediate gene products required for late gene promoter activity (Keck et

al., 1990). Other factors, both early gene products and cellular proteins, have been

shown to be essential for initiation of late gene transcription (Wright etal., 1998;

Kovacs & Moss, 1996; Kovacs etal., 1994).

Late gene transcription begins as intermediate rnRNAs are being translated

and can be detected at approximately 2.5 hours post infection. Late gene expression

continues for the duration of the viral life cycle (10-12 hours) (Baldick and Moss,

1993). Transcription of late genes requires newly synthesized virally encoded RNA



polymerase (Hooda-Dhingra et al.,1989) either because the core polymerases are not

present in sufficient quantities to handle the load of late gene transcription or they

are inactivated upon release from the core. The importance of newly synthesized

RNA polymerase for intermediate gene transcription has not been described, as the

intermediate genes were discovered after this study was performed.

Replication of VV DNA occurs in cytoplasmic sites called virus factories

(Harford etal., 1966; Dales and Siminovitch, 1961) that are also the site where

visible virus particles begin to form as crescents of lipids and virally encoded

proteins. These crescent forms continue to grow until non-infectious ovals called

immature virions (IV) are formed. Electron microscopy has shown that packaging of

the viral genome occurs right before the IV envelope is completely formed (Morgan,

1976). Proteolytic cleavage of core proteins is followed by condensation of the virus

core to form the infectious IMV (Moss & Rosenblum, 1973). One area of debate that

still continues today is the nature and number of lipid membranes that surround the

IMV. Originally, it was believed that this lipid bilayer was synthesized de novo and

could be differentiated between other cellular membranes (1-lollinshead etal., 1999;

Dales and Mosbach, 1968; Dales, 1963). However, it was also proposed that a

tightly apposed double membrane acquired from the ERGIC surrounds the IMV.

(Sodiek ci' al., 1993). Other studies suggest more than two membranes (Griffiths ci'

al., 2001) demonstrating that more research is needed to elucidate the true nature of

IMV wrapping. IMV are the most abundant of the infectious viral progeny and

remain in the cell until their release by cell lysis.



IMV can leave the viral factories, transported on microtubules. These

become wrapped by a double membrane derived from the early endosomes or trans-

Golgi network (TGN) to form the intracellular enveloped virion (1EV). IEVs then

continue their journey via microtubules to the periphery of the cell where the outer

membrane of the virion and plasma membrane fuse. The virion at this point is

exposed to the exterior of the cell where it becomes the cell-associated extracellular

virion (CEV). Actin rockets can form at the plamsa membrane and the virion

interface and propel the virions away from the cell surface. These become

extracellular enveloped virions (EEV).

LIR

The gene product of the LIR open reading frame is an amino-terminally

myristoylated protein that is found on the outer membrane of the IMV. Acylation of

LIR, combined with undetermined membrane attachment factors (MAFs), localizes

the protein to the ERGIC which comprise the outer membrane of the IMV

(Rodriguez et al., 1997; Soleik et al., 1993). LJR is essential for maturation of the

IMV. In its absence, maturation is arrested at a stage prior to core condensation and

no infectious progeny are formed (Ravenello and Hruby, 1994).

Little is known about the structure of LI R or the mechanisms by which it

achieves these functions. LIR contains six cysteine residues that have been shown to

participate in three intramolecular disulphide bonds. A transmembrane domain



contained within LIR orients the C-terminus of the protein within the lumen of the

intermediate compartment and the six cysteines are then exposed to the reducing

environment of the cytosol. A recently discovered pathway of three virally encoded

proteins (E1OR, G4L, and A2.5L) combine to form a redox pathway which form

thiol-disulphide exchange reactions and form these three disulphide bonds

(Senkevich et al., 2002). It is unknown whether these bonds are essential to the

function of Li R and the virus' ability to produce infectious progeny.

Recently, the structure of the LIR cytoplasmic domain has been determined

by x-ray crystallography from a bacterially expressed truncate with the C-terminal

membrane spanning domain removed. A bundle of cx-helices and a pair of two-

stranded f3-sheets comprise two sides of a hydrophobic fold stabilized by three

disulphide bonds. This fold contains a cavity which opens near the N-terminus of the

protein and is large enough to contain the N-terminal myristoyl group, although the

bacterially expressed protein does not contain this modification. Additionally, this

structure shows disulphide bond formation between Cys-34 and Cys-57, Cys-49 and

Cys-l36, and Cys-1 16 and Cys-158 (Su, I-I. P. eta!, 2005).



N-Terminal Myristoylation of Proteins

N-terminal myristoylation is an irreversible co-translational protein

modification in which a 14-carbon saturated fatty acid is covalently attached via an

amide bond to a penultimate N-terminal glycine residue. This modification allows

for reversible protein-protein and protein-membrane interactions. Mediated by the

ubiquitous eukaroyotic enzyme N-myristoyl transferase (Nmt), myristoylation has

been implicated in protein trafficking to various cellular membranes and can also

serve as a switching mechanism for activation of protein function in signal

transduction cascades. In some cases N-myristoylation can occur post-

translationally. This is the case for the pro-apoptotic protein BID which undergoes

proteolytic processing to reveal a myristoylation signal sequence. This modification

activates protein function and targets it to the mitochondrial membrane (Zha et al.,

2000).

With the exception of two entomopoxviruses, which encode their own

NMTs, eukaryotic host enzymes are required for acylation of viral and bacterial

myristoyl proteins (Mauer-Stroh and Eisenhaber, 2004). Cellular

methionylaminopeptidases remove the initiator methionine to expose the glycine

residue at position two (Towler etal., 1987; Wolven etal., 1997). Myristoyl-

00A:protein NMT then mediates attachment of myristic acid to the N-terminal

glycine. Originally it was thought that the amino acid signal sequence required for

recruitment of NMT activity was M-G-X-X-X(S/T/A), however it became apparent
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that proteins fitting this amino acid sequence were not being modified. In addition,

myristoylation has been shown to occur in proteins not fitting this profile. Intense

scrutiny of the signal sequence has revealed sequence similarity observed to amino

acid 17 (Maurer-Stroh et al., 2002). Essential to myristoylation is the glycine residue

at position I to which the myristic acid is attached after removal of the N-terminal

methionine. Positions 2 and 3 prefer small hydrophilic side chains due to the

narrowness of the binding pocket. Large hydrophobic side chains are often found at

position 4. Position 5 tends to be small and polar with a preference for serine or

threonine. Lysine or threonine is most often found at position 6. Positions 7-1 1 show

affinity for basic residues that can interact with hydrophilic mambrane surfaces and

11-17 tend to be mostly polar residues (Maurer-Stroh etal., 2002; Ravanello etal.,

1993).

In many cases, myristoylation of proteins is important for trafficking proteins

to specific cellular membranes. This acyl group itself only forms weak transient

hydrophobic interactions with lipid membranes with little known specificity.

Additional membrane attachment factors (MAFs) are required for increased

membrane affinity and proper targeting to specific membranes. MAFs can include

such modifications as subsequent palmitylation of nearby cysteine residues which

direct proteins to lipid rafts (Zacharias et al., 2002). Combinations of various MAFs,

including transmembrane domains, intra- and intermolecular disuiphide bonds,

phospholipid-binding domains, clusters of positive charges, and protein-protein

interactions can direct viral proteins to diverse membranes and membrane
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subcompartments (Resh, 2004; Kalinina and Fricker, 2003). Our understanding is

limited in that predictability of protein localization to their membrane destinations is

not consistent.

Disuphide Bonding

Disulphide bonds are stable covalent linkages between two cysteine residues

that are essential for stability and function of many polypeptides and proteins that

are secreted or localize to cellular organelles. The lumen of the endoplasmic

reticulum (ER) provides an oxidizing atmosphere, which favors the formation of

these bonds. Additionally, a group of redox proteins and protein disulphide

isomerases (PDIs) are found in the lumen of the ER which catalyze these reactions

and reshuffle bonds of incorrectly matched cysteine pairings. In yeast, a protein

associated with the ER membrane called Eroip (ER oxidation) contains a C-x-x-C

motif that forms a disuiphide bridge on the lumenal side. Erolp has been shown to

transfer this bond to protein disulphide isomerase Pdilp (protein disuiphide

isomerase) and its homologs to oxidize two free thiol groups within the protein

(Frand and Kaiser, 1999). Pdil is then able to directly oxidize free thiol groups on

cellular proteins trafficking though the ER and ensure proper folding prior to

secretion into the cytosol. This process is essential for disulphide formation, as the

reducing conditions present in the cytosol do not favor these reactions. As briefly

mentioned above, the vaccinia virus protein LIR and related protein F9L are the
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downstream receptors of a virally encoded redox pathway that allows for these

reactions to occur within the cytoplasm of the infected cell.

Conditional Lethal Expression in Vaccinia Virus

Conditional-lethal gene expression was performed in vaccinia virus using an

inducible tetracycline repressor system. Control of gene expression was achieved by

utilizing the sequence for the tetracycline-operator (Traktman et al., 2000) and

expression of the tetracycline-repressor protein from stable extrachromosomal DNA

carried in the T-Rex 293 cell line (Olcott and Hruby, 2004). By placing the TET

operator between the transcription and translational start sites, gene expression can

be controlled by the absence or addition of tetracycline to the cell culture medium.

TET repressor protein, constitutively expressed in the cell line, binds the TET

operator and inhibits expression of that gene. Tetracycline diffuses into the

cytoplasm of the cells and binds the TET repressor protein. This induces a

conformational change, which decreases its affinity to bind the operator sequence

and allows transcription of the gene. This system has been used successfully to

control the expression of many late genes.

Conditional-lethal vaccinia gene expression allows for the evaluation of

transiently expressed mutants in cell culture. Utilizing this system, we evaluated the

ability of cysteine-to-serine mutants of L1R to rescue vaccinia virus infections under
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non-permissive conditions. In addition, confocal microscopy was used to determine

what effects these mutations have on protein localization during infection.



CHAPTER 3

MATERIALS AND METHODS

Cells and Virus.

14

The recombinant vvTetO-L1 R and VV (strain WR; Western Reserve) were

propagated on confluent monolayers of BSC40 (African green monkey kidney) cells

maintained in Minimal Essential medium (MEM; Invitrogen Corporation, Carlsbad,

CA), supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS,

Invitrogen), 2 mM L-glutamine (LG), and 10 pg of gentamicin sulfate (GS) per ml at

3 7°C, 5% CU2, and 95% humidity. Infections were performed on 70% confluent

monolayers of TRex- 293 cells (Invitrogen) in Dulbecco's Minimal Essential Media

(Invitrogen) supplemented with 5% (vol/vol) Tet-System approved FBS (BD

Bioscience Clontech, Palo Alto, CA), 2 mM L-glutamine, and 10 .tg of gentamicin

sulfate per ml at 37°C, 5% CU2, and 95% humidity. For infections with VV-

TetO:LIR under permissive conditions 0.1 tg/ml tetracycline was added to the

tissue culture media. TRex-293 cells carry plasmid DNA expressing the tetracycline

repressor protein (TetR). This allows L1R expression during a vvTetO:LIR infection

only in the presence of tetracycline.
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Construction of Conditional Lethal Virus

The recombinant virus vvTetO:LIR was derived from vaccinia virus WR by

placing the tetracycline operator sequence in front of the LI R open reading frame.

Overlap PCR was used to introduce the operator from the TET operon (5'

tccctatcagtgatagaga 3'). The C-terminal 97 amino acids of G9R, from vaccinia virus

WR genomic DNA, was amplified by PCR with the tetracycline operator (l9bp)

attached to the C-terminus using primers CB92 (5' -cgggatccagagtgttcgaatgccaatg-3')

and CB93 (5'-tctatcactgatagggatcatttaaatagctac-3'). The entire LIR open reading

frame including the N-terminus of L2R, with the tetracycline operator attached to the

N-terminus of LI R was amplified using primers CB94

(5' -cctatcagtgatagagaatgggtgccgcag-3') and CB95

(5' -cccaagcttttatagtataaagtaataaaaaatag-3'). The products of these reactions were

used as template for overlap PCR using primers CB92 and CB95. The PCR product

was ligated into p7.5:Neo at HindUl and BamHl restriction sites. This plasmid

encodes the neomycin resistance gene (NEO) under the control of the constitutive

viral p7.5 promoter.

BSC40 cells were infected with vvGFP (Traktman et a!, 2000) at an MO! of

0.05 and transfected with 1.5 jig of plasmid using DMRIC-C reagent (Invitrogen).

The cells were incubated at 37°C. At 20 hours post infection (hpi), geneticin (G418

sulfate) was added for a final concentration of I mg per ml to select for virus that

incorporated the plasmid into the genome. Cells were harvested at 48 hpi, pelleted at
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700 x g for 10 mm, the pellet resuspended in 100 t1 phosphate buffered saline

containing 0.5 mM MgC12, and freeze-thawed three times to release the virus. After

three rounds of plaque purification in the presence of geneticin, viral isolates were

screened for the presence of the tetracycline operator and the neomycin gene using

primers CB27 (5'-gggtccctatcagtgatagaga-3') and CB98

(S '-cacagcatgcaactgagcatccccc-3'), and TB 380 (5'- ctaattccaaacccacccgc-3') and

TB3 81 (5' -tcagaagaactcgtcaagaag-3') respectively. These viruses have incorporated

the entire plasmid into the LI R locus and therefore have repeats of the surrounding

sequence flanking the Neo' gene. Drug selection was then removed and several

more rounds of plaque purification were performed to allow for a second

recombination event to occur resulting in either the production of wild-type virus or

recombinant virus with the tetracycline operator in front of Li R.

PCR and construction of recombinant plasmids

The Li R open reading frame (ORF) was amplified using the polymerase

chain reaction (PCR) using the following oligonucleotides: LIR5'

(catatgggtgccgcagc), and Li R3' (ggatcccttttgcatatccg) which incorporate a NdeI site

and BamH I respectively. The amplified gene was cloned into pSHI.0 which

contains a multiple cloning site upstream of the VV synthetic early late promoter

(VVsyn E/L), using the Ndel and BamH I restriction endonucleases found on the

plasmid and the amplified gene product to make pSH I .0:L1 R. The syn E/L:LIR
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construct was then subcloned into a pUCl9 background using flanking H/ndllI and

BamHI restriction sites to create pLIR. This was used for expression of wildtype

(pLIR) and mutant (pLIR:C34S, pL1R:C49S, etc.) sequences of the LJR ORF in

infected cell culture.

Construction of LIR cysteine to serine mutants

Mutagenesis of LIR was achieved using QuikchangeTM Site-directed

mutagenesis kit (Stratagene, La Jolla, CA). Primer extension was performed in 50 tl

reactions using an annealing temperature of 52°C for one minute followed by

extension at 68°C for six minutes for 16 cycles. Mutagenesis was achieved using two

primers that annealed to both plasmid DNA strands at the site of the desired

sequence change and incorporated those changes (Table I). Reactions were then held

at 37°C for 1 hour and digested with 10 units ofDpnl restriction enzyme. One jil of

this reaction mixture was then used to transform XLI -Blue cells (Stratagene,

LaJolla, CA) which were plated on Luria Broth (LB) agar plates containing 50

mg/mi carbeniciHin (CB) and incubated at 37°C overnight. Plasmids contained in the

resulting colonies were then sequenced and screened for the desired mutations.
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Confocal Microscopy

To prepare infections for viewing using confocal microscopy, TRex-293 cells

were grown on circular coverslips (Fisher #12-545-82 12CIR-ID) to 70%

confluency in 24 well plates. Cells were infected at an MOl of 0.1 and transfected

with 2 p.g of plasmid DNA as described above. At 24 hpi, coverslips were fixed by

the addition of 0.5 ml of methanol per well and incubated at room temperature for 10

minutes and washed with PBS three times. Infected cells were then incubated in 0.5

ml of blocking buffer (PBS containing 2% bovine serum albumen) for 20 minutes.

Primary antibodies were then added to the cells (1:1000 concentration of a-LIR

antisera in 300 .tl blocking buffer) and incubated for 40 minutes at room temperature

and washed three times in PBS. The coverslips were then incubated in 300 .tl of

secondary antibody solution (1:1000 in blocking buffer) for 40 minutes and

susequently washed three times with PBS. Coverlips were then mounted on

microscope slides (VWR #48 311-600) in a 500:1 Vecta shield/DAPI (Vecta shield-

Vector labs, Burlingame, CA and DAPI-Sigma #D-9545) mixture and sealed with

nail polish. Slides were viewed on a Zeiss LSM-5 10 confocal microscope.
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Primer Name Primer Sequence

Li R-C34S- 1 a 5'GCTCAAACAAAAAGTGATATAGAAATCGGAAA1!-ITIATATCCG-3'

LI R-C34S- lb 5'-CGGATATAAAAAlTFCCGAlTFCTATATCAC FIIITG1TFGAGC-3'

LI R-C49S-2a 5 '-CCGACAAAACCATGGAAGTAACCTCACTGTTAAAAATATGTGC-3'

Li R-C49S-2b 5'-GCACATAiUT tAACAGTGAGQTFACTFCCATGGITFTGTCGG-3'

LiR-057S-3a 5'-CCTCACTGTFAAAAATATGAGCTCTGCGGACGCGGATGCTC-3'

Li R-057S-3b 5'-GAGCATCCGCGTCCGCAGAGCTCATArITrIAACAGTGAGG-3'

LI R-C ii 6S-4a 5'-GAGAATITFGAAAATFATGTAAAACAAACTAGTAATFCTAGCGCGGTCGTCG-3

Li R-C ii 6S-4b s'-CGACGACCGCGCTAGAA'rFACTAG1TFGTrrTACATAA1TrrCAAAATCTc-3'

Li R-C 1 36S-5a 5 '-CGTAATCATAGATGAAAGTFACGGAGCCCCAGGATCTCC-3'

Li R-C 1 36S-5b 5'-GGAGATCCTGGGGCTCCGTAAC1TrCATCTATGA'rFACG-3'

Li R-C 1 58S-6a 5 '-CAGGATCTAGCAAAGGAAATAGTGCCA1TAAGGCGTfGATGC-3'

Li R-C I 58S-6b 5'-GCATCAACGCCTFAATGGCACTA1TFCC1TFGCTAGATCCTG-3'

SEQ-Li R-F 5'-TAATACGACTCACTATAGGG-3'

SEQ-Li R-R '-GCTAGUATFGCTCAGCGG-3'

Table I: List of primers used to create Li R mutants. Bases representing the coding
sequence for serine (where it was substituted for the native cysteines) are highlighted
in red. Primers that were used for sequencing the mutants are listed at the bottom
which anneal to areas outside the LIR ORF.
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CHAPTER 4

RESULTS

Characterization of conditional lethal mutant led to optimized parameters for
rescue of conditional lethal mutants.

It was first necessary to determine the optimum multiplicity of infection

(MOl) that would yield the greatest difference between infections with VV-TetO-

LIR under permissive and non-permissive conditions. TRex-293 cells were infected

at MOls of 0.05, 0.1, 0.5 and 1. Under permissive conditions, with tetracycline (0.1

pg/mI), there was little difference from MOl 0.1 to MOL I in the viral titers yielded

from the infections. However under non-permissive conditions, an MOL of 0.1

yielded the lowest titer of the four and the greatest difference between permissive

and non-permissive conditions (Figure 1). This resulted in a greater than a 10,000-

fold difference in viral titer and the best conditions under which the effects of rescue

with transfected mutants could be studied.

Next, it was necessary to determine a concentration of transfected, non-

mutant LIR plasmid that would yield the greatest rescue of VV-TetO:LIR under

non-permissive conditions. Infections using various DNA concentrations were

compared to VV-WR infections receiving the same amount of DNA. This allowed

for simultaneous analysis of optimum DNA concentrations for rescue of the VV-

TetO:LIR infections and the ability to assay the negative effects of DNA
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concentrations that are too high and begin to have adverse effects on an otherwise

healthy infection. Transfection of 2 .tg ofpLlR yielded the best rescue of phenotype

at an MOl of 0.1, with lower yields resulting from lower or higher concentrations

(Figure 2). In addition, this concentration led to a greater than 100-fold increase in

infectious progeny virus over the control with no transfected DNA. Deleterious

effects in VV-WR infects were only seen at pLIR concentrations above 4 jig/mI.

Transient expression of/Jr is capable of phenotypic rescue in vvTetO:LIR
infected cells.

The goal of these experiments is to study the nature of disulphide bonding in

LIR and determine which bonds are essential to protein function and virus

maturation. A conditional-lethal mutant vaccinia strain was created with control of

LIR promoter governed by the TET operator. In order to test the efficacy ofthis

system, a time course experiment was performed to observe the replication of the

virus over 48 hours and compare it to a wild-type VV-Western Reserve infection.

VV-TetO:LIR was grown under permissive and non-permissive conditions and time

points were taken from Time 0 to 48 hours post infection (hpi) starting with an

MOI of 0.1. At 0 hpi all three infections produced close to 1.5 x i05 and dropped to

an average of 1.0 x I 0 by 7 hpi. Under non-permissive conditions the viral titer

over the ensuing 48 hours did not increase significantly. Both the wild-type VV-WR

infection and VV-TetO:LIR increased with time to a titer greater than 1.0 x 108 and

showed parallel growth curves through 48 hpi (Figure 3).
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Figure 1: Effects of MOl on virus titer of VV-TetO:L1R under permissive and non-
permissive conditions. Infections with VV-TetO:L1R were performed at various
MOIs both in the presence and absence of 1 pg/mI tetracycline in the cell culture
media. Infections were performed in TRex-293 cells (70% confluent), harvested at
24 hpi and titered on BSC40 cells.
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Figure 2: Effects of pL 1 R concentration on the ability of transiently expressed LI R
to rescue VV-TetO:Ll R under non-permissive conditions. Transfections were
performed using:12 j.tl DMRIE-C and a series of pL1R concentrations. VV-WR and
VV-TetO:LIR was used to infect TRex-293 cells (70% confluent) at an MOl of 0.1
pfu. Infections were harvested at 24 hpi and titered on BSC40 cells.
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Next, we determined whether transient expression from plasmid containing

the LIR ORF driven from the Syn E/L promoter was capable of rescuing infections

under non-permissive conditions. This set of experiments and all subsequent

infections were performed at an MOl of 0.1 and harvested at 24 hpi. 2 p.g of plasmid

DNA was transfected into cells at time of infection for each rescue experiment. Six

different types of infections were performed in triplicate and titered. VV-WR

infections were compared to VV-TetO:Ll R under permissive and non-permissive

conditions, as well as rescue attempts using pUCI9 plasmid DNA, pLIR driven

from the Syn E/L promoter and pL1R driven from the wild-type promoter(wtp). VV-

WR and VV-TetO:L1R under permissive conditions showed similar titers above

pfu. VV-TetO:LIR in the absence of tetracycline, either without transfected DNA or

transfected pUCI9 DNA showed similar results with titers just above l0 pfu.

Rescue attempts with both pLIR containing the E/Lp and wtp showed better than

50% rescue both resulting in a titer just above l0 pfu (Figure 4).
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Figure 3: Growth-curve kinetics comparing VV:Western Reserve to VV:TetO:L1R
under permissive and non-permissive conditions. Each infection was performed at an
MO! of 0.1 pfu and harvested at various times from 0 to 48 hpi and the resulting cell
lysates were titered using BSC40 cells.
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Figure 4: Transiently expressed LIR is capable of phenotypic rescue of conditional-
lethal viral infection under non-permissive conditions. Infections were performed at
Oi MO! with either VV-WR (WR) or VV-TetO:LIR (TetO) in the absence of
tetracycline unless noted. Transfections of plasmid DNA were performed using 2 j.g
ofpUCl9, p(E/Lp)LIR or p(wtp)LIR. All infections were harvested at 24 hpi and
titered on BSC40 cells.
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Transient Expression of LIR cysteine-to-serine single mutants

LIR contains six cysteine amino acids that dimerize through disulphide

bridges to form three stable intramolecular bonds in the active form of the protein. In

order to determine if all three bonds are essential to protein function and elucidate

possible partnering models, plasmid DNA containing the LI R ORF expressed from

the Syn E/L promoter and coding sequence for individual cysteine to serine mutants

of all six cysteine amino acids were expressed during infections with VV-TetO:LIR

under non-permissive conditions. Five of the six mutants (C34S, C49S, CI 16S,

C136S, and C158S) were incapable of rescuing the infections. Interestingly, C57S

was capable of 52% rescue, thus this cysteine appears to be non-essential for protein

function (Figure 5).

Transient Expression of LIR cysteine to serine double mutants

The same experiments that are described above using the single cysteine-to-

serine mutants were also performed using double mutants of LI R containing every

possible variation of two cysteine-to-serine tandem mutants. These experiments

showed that none of the double mutants were capable of significant rescue (Figure

6).
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Figure 5: Transient expression of LIR cysteine-to-serine single mutants. Infections
were performed by transfection of 2 jig of pL1R each containing a single cysteine-
to-serine mutation in the coding sequence at time of infection with VV-TetO: LI R at
an MO! of 0.1 under non-permissive conditions. Infections were harvested at 24 hpi
and titered on BSC40 cells.
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Figure 6: Transient expression of LIR cysteine-to-serine tandem mutants. Infections
were performed by transfection of 2 tg of pLIR containing double cysteine-to-serine
mutations in the coding sequence at time of infection with VV-TetO:LIR at an MOL
of 0.1 under non-permissive conditions. Infections were harvested at 24 hpi and
titered on BSC40 cells.
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Comparison of viral infections and Li R localization using confocal microscopy.

Confocal microscopy was used to detect the presence of Li R expressed from

transfected plasmid DNA and to observe protein localization of the various single

mutants. In all cases, L1R was detected in these experiments through fluorescent

antibody hybridization. Infections with VV-WR and VV-TetO:L1R rescued with

wild-type LI R both resulted in localization of LIR to a distinct virosome which

could be viewed by DAPI fluorescence as the site of DNA replication adjacent to the

nucleus of infected cells (Figures 7 and 8). Rescue experiments using pL1R-C34S

shows localization to a virosome, however its shape is somewhat distorted and not

directly adjacent to the nucleus (Figure 9). When the second cysteine of LI R was

mutated to serine, its inability to rescue was accompanied by a fragmented virosome

and L1R localizing to those fragments as well as the nucleus of the cell (Figure 10).

The third cysteine, which when mutated to serine allowed for 52% rescue, showed a

normal virosome with localization of LIR to that virosome, although the nucleus of

the cells appears to be slightly disrupted (Figure 11). The absence of the fourth

cysteine, Cys- 116, showed the most dramatic effect on both LI R localization and

disruption of the nucleus. In all cases, L1R co-localized to area of DAPI staining

with pLIR-CI 16S being the exception. This mutant was seen in areas devoid of

DAPI staining within the cytoplasm and showed association of the two (Figure 12).
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Figure 7: VV-WR. Confocal microscopy of VV-WR infected cells stained with
DAPI (blue) to illuminate DNA and a-Li R antisera (red) to view localization of
L1R.



Figure 8: VV-TetO:LIR + pLIR. Confocal microscopy of VV-TetO:LIR infected
cells with transfected pL1R. Cells were stained with DAPI (blue) to illuminate DNA
and a-L1R antisera (red) to view localization of L1R.



Figure 9: VV-TetO:L1R + pL1R:C34S. Confocal microscopy of VV-TetO:L1R
infected cells with transfected pL1R-C34S. Cells were stained with DAPI (blue) to
illuminate DNA and a-LIR antisera (red) to view localization of LIR.
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Figure 10: VV-TetO:L1R + pLIR:C49S. Confocal microscopy of VV-TetO:L1R
infected cells with transfected pL1R-C49S. Cells were stained with DAPI (blue) to
illuminate DNA and a-LI R antisera (red) to view localization of LI R.



Figure 11: VV-TetO:Ll R + pL1R:C57S. Confocal microscopy of VV-TetO:LIR
infected cells with transfected pLi R-057S. Cells were stained with DAPI (blue) to
illuminate DNA and a-LIR antisera (red) to view localization of LIR.



Figure 12: VV-TetO:L1R + pLIR:C1 16S. Confocal microscopy of VV-TetO:L1R
infected cells with transfected pL1R-C116S. Cells were stained with DAPI (blue) to
illuminate DNA and a-L1R antisera (red) to view localization of LIR.
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Infections of VV-TetO:LIR and transfected pLIR-C136S resulted in localization of

LIR to a misshapen disrupted virosome adjacent to the nucleus (Figure 13). LIR-

C158S localized to a normal shaped virosome and appeared comparable to VV-WR

under confocal microscopy. However, this mutant was not able to rescue infections.

In summary, loss of the first (Cys-34), third (Cys-57), and sixth (Cys-158) appeared

to have normal localization of LI R to a compact virosome adjacent to the nucleus.

Mutations at the other three cysteines (Cys-49, Cys-116, and Cys-136) resulted in

fragmented nuclei, disrupted virosomes or both.



Figure 13: VV-TetO:L1R + pL1R:C136S. Confocal microscopy of VV-TetO:L1R
infected cells with transfected pLi R-C 1 36S. Cells were stained with DAPI (blue) to
illuminate DNA and a-L1R antisera (red) to view localization of L1R.
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Figure 14: VV-TetO:LIR + pLIR:C158S. Confocal microscopy of VV-TetO:L1R
infected cells with transfected pL1R-C158S. Cells were stained with DAPI (blue) to
illuminate DNA and a-LIR antisera (red) to view localization of LIR.



40

CHAPTER 5

DISCUSSION

Previous studies using conditional-lethal expression of L1R have shown that

in its absence, only immature virion particles are formed and proteolytic cleavage of

core proteins does not occur. This prevents core condensation and arrests virion

morphogenesis at a non-infectious stage. By transfecting plasmid DNA containing

the L1R ORF with a funtional promoter, rescue of infectious virions can be attained.

Utilizing a system in which expression of LIR is dependent upon the addition of

tetracycline to the cell culture media during infection, we set out to determine the

importance of disulphide bond formation and the presence of contributing cysteine

amino acid residues that form these bonds.

Growth of VV-TetO:LIR under permissive and non-permissive conditions

illustrated and verified earlier findings that LIR is indeed essential for VV

replication in cell culture. Analysis of the effects of pLIR concentration and

multiplicity of infection yielded optimum conditions under which to perform the

rescue experiments. Transfection of 2 jig of pLIR and infecting at an MOl of 0.1

allow for the best condition in which to evaluate the ability of pL1R containing

mutation to rescue infections with VV-TetO:LIR.

Growth curves comparing VV-WR and VV-TetO:LIR viral titers showed

that infections under permissive conditions mirrored one another. The absence of
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tetracycline or transiently expressed LIR resulted in a better than 1000-fold

reduction in infectious progeny virus. This reduction can be rescued by transient

expression of LI R driven by either its wild-type promoter or when linked to the

synthetic early/late promoter. L1R expression from the synE/L promoter, while

resulting in a slightly higher yield of infectious progeny virus, did not significantly

increase its ability to rescue the infectious over the wt-promoter. There was concern

that LI R being expressed constitutively at all times during infection as opposed to

only at late times might negatively impact viral yield or in some way interrupt or

slow the viral life cycle. This did not occur, most likely because three proteins,

essential for disulphide bond formation in LIR, are expressed as late proteins.

Without G4L, A2.5L, and EIOR present early in the infection, LIR was not in its

active conformation. Its presence in non-disulphide bonded form does not appear to

hinder virion morphogenesis or viral assembly.

This system has been shown to be a suitable method to study the effects of

mutations introduced into LI R and transiently expressed during infections under

non-permissive conditions. Utilizing this system it was shown that five of the six

cysteine amino acids present in wild-type LIR are essential for proper L1R function

and active conformation. The single cysteine at position 57 was shown to be non-

essential in this role. This presents a puzzle based upon previous research suggesting

that all six cysteines are involved in three disulphide bonds.

Confocal microscopy comparing wild-type infections and infections with

transiently expressed mutant L1R verified that the protein was being made from all
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six constructs. Although, it appeared that trafficking of LIR to the proper membrane

may be dependent upon proper disuiphide bonding as localization was altered in

C49S and CII6S mutants. These findings suggest the possibilty that a cellular or

virally encoded protein disulphide isomerase (PDI) is required for proper disulphide

pairing in active LIR. It is conceivable that Cys-57 forms an incorrect disulphide

pairing as an intermediate. PDI is then necessary to resolve this mispairing and the

disulphide bond that is formed by Cys-57 and its unknown partner is not necessary

for funtional LIR. This is further evidenced by the crystal strucure of LIR. The

terminal protein in the disuiphide forming redox pathway is G4L, a viral protein

found in the cytoplasm. If disulphide bonding of LIR were to occur in this fashion in

the cytoplasm, the trafficking effects of the N-terminal myristoyl group, which

would be hidden within LIR, could be lost. This could be circumvented if G4L

established an intermediate disuiphide bond configuration that exposes the myristoyl

group and allows trafficking of LIR to the ERGIC. Then, once incorporated into the

membrane of the ERGIC, the bonds are isomerized, converting LIR to its active

confirmation (Figure 15). The ERGIC associated A2.5L/EIOR heterodimer contains

one C-XX-C and a second C-XXX-C motif. This is similar to the periplasmic

isomerase, DsbC-DsbC homodimer, in E. co/i which contains two C-XX-C motifs

that are essential for isomerase activity. The C57S mutant was capable of better than

50% rescue of infection under non-permissive conditions when compared to rescue

with wild-type LIR. This decrease could be attributed to lack of the third bond,

however its absence does not abolish function.
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A series of tandem mutant utilizing every combination of two cysteine-to-

serine mutations was also tested in the same manner. None of the mutants were

capable of significant rescue under non-permissive conditions. This is not surprising

based upon observation of the single mutants except in one respect, it suggests that if

there is a second incorrect pairing that a PDI is needed to correct, that this is an

essential intermediate and without it the correct bond alignment cannot be achieved.

The virally encoded redox pathway described by Senkevich et a!, contains

disulphide linked EJOR and A2.5L which they compared toE. co/i DsbB and yeast

EROIp and ERV2p which contain two pairs of active cysteines. G4L is likened to

the downstream thioredoxin-like proteins DsbA in E. co/i, and PDI and its

homologues in the ER of yeast. It is possible that isomerase activity during vaccinia

infection is achieved by one of the known viral redox proteins or by another, yet

unknown viral protein. This activity, if shown to exist is not likely to be attributed to

a cellular protein as disulphide bond formation and isomerase activity is believed to

occur solely in the lumen of the ER.
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Figure 15: Model of disulphide bond formation and subsequent disuiphide
isomerization of L1R. The free cysteine amino acid residues of L1R-SH are oxidized
by the reduction of G4L S-S to G4L-SH. This forms L1R SxS, the intermediate
oxidized form of Li R containing an exposed amino-terminal myristoyl group. Li R
localizes to the membrane of the ERGIC, mediated by myristic acid and membrane
attachment factors. After incorporation of LIR into the outer membrane of the
ERGIC, the disuiphide bonds are isomerized by the E1ORJA2.5L complex or an
unidentified protein disulphide isomerase. This forms LIR S-S, the active form of
LI R. In this conformation, the myristoyl group is sequestered within a hydrophobic
fold within the protein.



45

CHAPTER 6

CONCLUSIONS

This study has shown that only two of the three intramolecular disulphide

bonds are essential for LI R to perform its function in formation of infectious IMV

particles. Cysteines at postitions 34, 49, 116, 136 and 158 are essential for protein

function and viral propogation. The cysteine at position 57 is non-essential and its

partnering capabilities are not necessary for proper function of Li R. Mutation of

Cys-49 and Cys-l16 disrupts localization of LIR as evidenced by confocal

microscopy. The results also suggest the presence of isomerase activity in LIR bond

reshuffling and that it may be a required factor in promoting proper protein

conformation and function. Here, we propose that an incorrectly disulphide bonded

intermediate mediates trafficking of LIR to the membrane of the ERGIC, where

isomerization of these bonds results in an active conformation with the myristoyl

group hidden with the hydrophobic fold of the active protein.
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