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Co-translational covalent attachment of myristic acid to the amino-

terminal glycine residue of a variety of cellular, viral and oncoproteins is, in 

many instances, required for full expression of their biological activity. Within 

the infected cell, vaccinia virus (VV), the prototype member of the Poxviridae, 

expresses several myristylated proteins. One of these proteins, the gene product 

of the L1R open reading frame, is expressed at late times after the onset of DNA 

replication. 

Experiments were designed to identify the modification signal within the 

L1R protein and assess the relevance of myristylation to protein localization. The 

data indicated that 5 amino acids were sufficient for myristate modification, 

while 12 amino acids were required for wild-type myristylation levels and for 

association with the envelope of intracellular VV particles. The intervening 

amino acids had a modulating role on myristylation and membrane association. 

Additional studies provided support for the biochemical association of the 

L1R protein with the membrane(s) enveloping the intracellular mature virion 
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form of VV. A recombinant conditional-lethal VV was constructed, in which 

expression of the L1R gene could be transcriptionally repressed. In the absence 

of the inducer IPTG, synthesis of the L1R protein was blocked which resulted in a 

null phenotype with total inhibition of plaque formation. Biochemical analysis of 

the recombinant mutant indicated that proteolysis of the major structural 

precursor proteins was severely impaired. A trans-complementation assay was 

employed in an attempt to overcome the mutant phenotype. Of the three 

plasmids that were tested in this assay, only the one which encodes the full 

length L1R gene was able to biologically rescue the recombinant virus. These 

data suggest that myristic acid mediates essential interactions of the L1R protein 

with other virion components which lead to the productive maturation of 

infectious particles. 
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Post-translational Modifications of Vaccinia Virus Proteins: Molecular 

Analysis of the Myristylated L1R Gene Product 

CHAPTER I
 
INTRODUCTION
 

POST-TRANSLATIONAL MODIFICATIONS OF PROTEINS BY LIPIDS 

During, or after, their translation on ribosomes, many eukaryotic and 

viral proteins are modified by the covalent linkage of a variety of prosthetic 

groups which confer upon them new structural features and/or biochemical 

properties, that are essential for determining their mature conformation, 

localization and ultimately their biological activity. Some of these 

modifications are irreversible, such as the proteolytic cleavage that removes 

a portion of the polypeptide chain. Others, such as phosphorylation, occur 

transiently and can affect the protein's oligomeric state or its catalytic 

activity. In some cases, bulky covalent elements can be added such as the 76 

amino acid polypeptide ubiquitin, or oligosaccharide chains with multiple 

sugar residues. In other instances, more subtle changes occur, such as the 

hydroxylation of prolines or the methylation of arginines. 

Certain types of protein modifications, the attachment of lipid 

moieties, may affect and alter a protein's hydrophobic properties, at least 

locally, and allow it to interact with other structures such as lipid 

membranes or other proteins (Folch and Lees, 1951). To date there are four 

major types which have been recognized in biological systems (Fig.I.1). 
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1. Glypiation: 

0 
II 

Protein - C - Ethanolamine - P Glycan Inositol 

PR 

R1, R2 , alkyl/acyl groups; P, phosphate 

2. Isoprenylation: 

protein 

Cys 

OCH3	 Farnesyl 

Geranylgeranyl 

3. Palmitylation: 

protein 0 
Cys- S- C -(CH)1 H3 

protein 

4. Myristylation: 

CH3 (CH2 )12CONH - Goo- (A/SN/G/L) - X - X - (S/T/A)(5y protein 

Fig. I.1. Structure of lipid modifications of eukaryotic and viral proteins 
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Perhaps the most unusual type of lipid-protein structure is a complex 

composed of phosphatidylinositol and glycosyl groups attached via 

ethanolamine to the carboxy-terminus of selected membrane associated 

proteins. This highly structured lipid modification which was first 

described in detail for the variable surface glycoprotein of trypanosomes is 

now referred to as glypiation (Ferguson et al., 1985). Glypiation appears to 

occur very shortly after translation of the polypeptide chain and is preceded 

by a carboxy-terminal proteolytic processing event. The side chains present 

on the phosphatidylinositol-glycan structure at this early stage are not 

necessarily found in the mature molecule, being subjected to further 

alterations. In at least one case, these side chains are myristic acid (Ferguson 

et al., 1985), which are attached by ester bonds to the phosphatidylinositol 

group. It is possible that they could account for an ester-linked 

myristylation event. There is no known consensus sequence for glypiation 

other than a broad requirement for a hydrophobic C-terminal sequence, 

although studies indicate that a defined transmembrane sequence in a 

protein precludes glypiation (Lisanti et al., 1990). While the hydrophobic 

chains are inserted into the membrane, serving as "anchors", the glycan

polypeptide combination extends outward. Therefore, the glypiated protein 

is anchored to, but not in, the membrane, and one hypothesis is that this 

may allow the protein to be functional in cell activation (Stahl et al., 1990). 

The attachment of isoprenyl groups to proteins was first observed as 

a by-product of studies of the role of mevalonic acid, an important 

intermediate in cholesterol biosynthesis and cell proliferation (Magee and 

Henley, 1988; Maltese and Erdman, 1990; Farnsworth et al., 1990). 

Isoprenylation appears to occur immediately after translation, with 

isoprenyl groups being stably attached to carboxy-terminal cysteine 
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residues by thioether bonds. The "C-ali-ali-X box" has now been 

demonstrated as one of the consensus sequences for this type of 

modification (Moores et al., 1991). In this four amino acid sequence, a 

cysteine (C) is followed by two amino acid residues with aliphatic side 

chains (ali) followed by any carboxy-terminal amino acid residue (X). The 

C-ali-ali-X sequence is cleaved after the C, to leave the isoprenylated, and 

subsequently methylated, cysteine as the carboxy-terminal amino acid, 

although the precise requirements for this sequence remain a matter of 

debate. It now appears there there exist at least three isoprenylating 

enzymes: two use C-ali-ali-X sequences to attach 15 carbon farnesyl or 20 

carbon geranylgeranyl groups respectively, while a third enzyme attaches a 

geranylgeranyl group at a carboxy-terminal G-G-C-C (glycine-glycine

cysteine-cysteine) sequence, possibly with the involvement of residues 

elsewhere in the protein. In any case, this lipid modification has now been 

demonstrated for a variety of cellular molecules including the ras

oncoproteins, some GTP-binding proteins, and nuclear lamins (Hancock et 

al., 1989; Kinsella and Maltese, 1991). Studies with these proteins have 

suggested a role for isoprenylation in membrane binding and perhaps even 

signal transduction across the cellular membranes. However, cytoplasmic 

isoprenylated proteins are known (Maltese, 1990) and the precise role of the 

prosthetic group is unclear. Most recently, a prenylation site in a viral 

protein, the large antigen of hepatitis delta virus (Glenn et al., 1992) has been 

identified, and site-directed mutagenesis of the cysteine acceptor residue 

abolished both isoprenylation and particle formation, suggesting a function 

for this group in virion morphogenesis. 

A third type of lipid modification is the addition of palmitic acid, a 

16-carbon saturated fatty acid, to eukaryotic and viral transmembrane 
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glycoproteins as these are transported from the site of synthesis to the cell's 

plasma membrane (Schmidt et al., 1979; Schmidt, 1989; Grand, 1989). 

Despite the large number of palmitylated proteins studied to date, no 

consensus sequence that specifies this modification has been identified. In 

the majority of cases however, palmitic acid is attached to the polypeptide 

chain via a thioester bond to a cysteine residue (Schmidt, 1989; Grand, 1989). 

In many cases, this modification takes place in proteins with a hydrophobic 

transmembrane sequence, with palmitic acid being attached on the 

cytoplasmic tail, close to the membrane. A large number of viruses encode 

palmitylated proteins and the function of these is predominantly to facilitate 

interactions with membranes (Grand, 1989). In fact, preventing the 

palmitylation of a protein often blocks the transport and/or normal 

association with membranes (Schmidt, 1989). Among the side effects that 

have been observed are aberrant assembly and particle formation for 

Sindbis virus (Ivanova and Schlesinger, 1993), and abortive transport for 

vesicular stomatitis virus (Chen, 1991). It has recently become apparent that 

palmitylation is not a static event but rather the protein so modified can 

undergo a cycle of acylation/deacylation (Staufenbeil, 1988; James and 

Olson, 1989). This process appears to be enzymatic and not due to chemical 

instability and it has been suggested to have a regulatory role similar to 

phoshorylation. 

The fourth major type of lipid modification which is most relevant to 

the work described in this thesis is myristylation. Myristylation refers to the 

co-translational attachment of myristic acid, a 14-carbon saturated fatty acid, 

via amide linkage to the a-amino group of the penultimate N-terminal 

glycine residue of the growing polypeptide chain (Wilcox et al., 1987; 

Deichaite et al., 1988). 
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MYRISTYLATION OF EUKARYOTIC AND VIRAL PROTEINS 

Myristylation of proteins was first noted in 1982 as the NH2-terminal 

blocking group of calcineurin B (Aitken et al., 1982), however only in the last 

several years has the ubiquity of this reaction become well-recognized. The 

enzyme that catalyzes myristylation of proteins, myristyl CoA:protein N

myristyltransferase (NMT), has been purified and the gene cloned from the 

yeast Saccharomyces cerevisiae (Tow ler et al., 1987 a). The NMT gene encodes 

a 455-residue monomeric protein, which appears to be exclusively cytosolic 

(Knoll et al., 1992). The observation that NMT is not associated with any 

cellular membranes or organelles is compatible with an earlier finding that 

this eukayotic protein modification can be reconstituted in Escherichia coli (a 

bacterium with no endogenous NMT activity) using a dual plasmid 

expression system (Duronio et al., 1991). Using synthetic peptides as model 

substrates for NMT, the sequence controlling the attachment of myristic acid 

at the amino-terminus has been determined and may be summarized as 

follows: (M -) G (A/S/V/G/L) X X (S/T/A) . A post-translational 

cleavage event by a methionylaminopeptidase removes the initial 

methionine (M) residue of the polypeptide chain, and it appears that the 

residues occupying the second, third and sixth positions (relative to the 

initiator methionine) are essential for interaction between protein and ligand 

(Tow ler et al., 1987). There seems to be an absolute requirement for the first 

position to be occupied by a glycine residue. The sequence constraints on 

the second position are relatively relaxed, but the amino acid residue should 

be uncharged and allow cleavage of the terminal methionine. Therefore, 

bulky hydrophobic or aromatic side chains are not allowed. Alanine 
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appears to be preferred and to a lesser extent serine, valine or glycine are 

recognized, while glutamine, aspartic acid, lysine, arginine, histidine, 

proline, tyrosine, phenylalanine and tryptophan are generally excluded. 

The third and fourth positions can be occupied by any amino acid although 

uncharged residues are preferred at these positions. At the fifth position, 

serine or threonine are the optimal amino acids, although NMT will bind to 

peptides having alanine, glycine, cysteine or asparagine at this site, albeit 

with lower affinity. In the sixth position, any amino acid other than proline 

is allowed and in general, a preference for basic amino acid residues appears 

to be required (Tow ler et al., 1987 b). Although a hexapeptide has been 

demonstrated to represent the core sequence for high affinity binding for 

NMT (Tow ler et a1.,1988), there appears to be some effects from the residues 

further upstream. For example, not all proteins that possess a NH2-terminal 

glycine residues become myristylated (Tsunasawa et al., 1985), thus 

implying the importance of amino acid residues beyond the glycine residue 

in the first position for the recognition between enzyme and substrate. 

Although substantially less work has been done to define the myristylation 

sequence recognized in vivo on authentic acceptor proteins, at least in the 

case of p60v-src the signal for myristylation has been shown to be contained 

within the first 7-10 residues of the nascent polypeptide chain (Peliman et 

a1.,1985). All NMTs appear to be highly specific for myristate, unlike 

palmitate acyltransferases, with the exception perhaps of the rabbit 

reticulocyte transferase NMT, which has been demonstrated to incorporate 

high levels of palmitic acid in cell free systems (Heuckeroth et al., 1988). 

While the specific chemical contribution of the N-linked myristate to 

protein structure is not yet well-understood, what is known is that for many 

acceptor proteins this modification is required for their biological activity 
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(James and Olson, 1990; Gordon et a1.,1991). For example, in the case of the 

protein tyrosine kinase p60v-src, myristic acid is required to anchor the 

oncoprotein to its membrane receptor (Resh and Ling, 1990) in order to elicit 

cellular transformation (Cross et al., 1984; Kamps et al., 1985). Mutagenic 

substitution of the N-terminal glycine residue of p60v-src abolishes 

myristylation, blocks the induction of the transformed phenotype and 

prevents the association of p60v-src with cellular membranes or cytoskeletal 

structures (Hamaguchi and Hanafusa, 1987). Myristic acid has also been 

shown to be involved in the activation of the cellular proto-oncogene 

product p21ras (Buss et a/., 1989). 

It has been suggested that the presence of a N-terminal myristic acid 

moiety may serve as a targeting signal to direct the acceptor proteins to 

specific cellular membranes, such as the plasma membrane, where they 

become oriented in a manner so as to optimize their function. However, in 

contrast to the almost exclusive localization of palmitoylated proteins to the 

plasma membrane, myristylated proteins appear to be distributed 

throughout a number of different subcellular compartments, including the 

cytosol, the nucleus and the endoplasmic reticulum Games and Olson, 1990). 

For example, the catalytic subunit of the cAMP-dependent protein kinase, 

which is myristylated, is found as a soluble protein in the cytoplasm (Nairn 

et al., 1985). Furthermore, myristic acid has been shown to increase the 

affinity of the as and ai subunits to the 13 and y subunits of the guanine 

nucleotide binding proteins (G proteins) (Jones et al., 1990; Mumby et al., 

1990). These observations suggest that the myristate moiety may serve as 

more than a simple hydrophobic membrane anchor. It appears that the 

attachment of myristic acid may also facilitate protein-protein interactions. 
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This latter property of enhanced cooperativity conferred by myristate 

to acceptor proteins is particularly relevant with regard to myristylated viral 

proteins. X-ray crystallographic analyses of poliovirus virion structure 

(Chow et a1.,1987 a and b) demonstrates that the fatty acid serves a 

structural function, being involved in the interaction of the myristylated 

VP4 protein with VP3 within the virus capsid. Likewise, a scaffolding role 

for the myristylated VP2 proteins of simian virus 40 and polyomaviruses in 

the formation of virus particles has also been proposed (Streuli and Griffen, 

1987) and recent experiments with a mutant virus expressing the 

nonmyristylated form of VI __ have demonstrated both a decrease in viral 

infectivity and virus assembly (Sahli et al., 1993). Similarly, it has been 

suggested that the myristylated PreS1 protein of hepatitis B virus may 

influence nucleocapsid assembly and/or infectivity (Persing et al., 1987). 

Myristylation is also an obligatory requirement for the assembly of 

several mammalian type B, C, and D retrovirus particles as the modification 

has been observed to occur on the gag polyprotein precursor Pr55gag of the 

human immunodeficiency virus I, the Pr75gag protein of the Mason-Pfizer 

monkey virus and Pr65gag protein of the Moloney murine leukemia virus 

(Rein et al., 1986; Rhee and Hunter ,1987; Gottlinger et al., 1989; Bryant and 

Ratner, 1990). In these viruses it seems that myristylation is required for 

high-affinity association of gag polyprotein with the cellular membrane 

(Bryant and Ratner, 1990; Rein et al., 1986) and is important for intracellular 

transport of the gag polyprotein (Rhee and Hunter, 1987; Weaver and 

Panganiban, 1990). Deletion of the myristylation site for type C retroviruses 

was observed to block virus particle formation (Wills et al., 1991), whereas 

for Mason-Pfizer monkey virus, the prototype D-type retrovirus, a direct 
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role for intracellular transport of the gag protein haq been demonstrated 

(Rhee and Hunter, 1991). 

VACCINIA VIRUS MORPHOGENESIS 

The cytoplasmic replication of vaccinia virus (VV), the prototype 

member of the Poxviridae, makes the study of a variety of questions 

concerning virus-host cell interactions, DNA replication and regulation of 

gene expression at the transcriptional, translational and post-translational 

levels, readily amenable (Moss, 1990; Creighton, 1983). The genome of the 

virion is 191 kilobase-pairs (Kbp) in size and encodes approximately 196 

different open reading frames whose expression is tightly regulated in a 

temporal fashion during viral replication (Goebel et al., 1990) (Fig. 1.2). Prior 

to DNA replication, early genes are transcribed by enzymes and factors 

present within the infecting virion into 5'-capped/3'-polyadenylated 

mRNAs which encode a large number of enzymatic activities mainly 

associated with nucleotide metabolism and DNA replication. After early 

gene expression, the core particle dissolves, liberating the viral DNA which 

is replicated in distinct cytoplasmic inclusions known as "virosomes ". These 

cytological structures also serve as the sites of assembly for the immature 

virus particles. Upon replication of the DNA molecule, transcription of 

early genes is attenuated and intermediate and late gene expression is 

initiated. Intermediate genes encode late transcription factors, while late 

genes are transcribed and translated into a number of different enzymes and 

structural proteins. Many of these late gene products are processed by post-

translational modification prior to their participation in the complex and 

still poorly understood events which underlie morphogenesis. 
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The first characteristic virus structures visible under the electron 

microscope consist of crescent-shaped membranes on the surface of which 

protrude spicules. Originally it was proposed that these were synthesized 

de novo, within the virosomes by virus encoded enzymes (Dales and Pogo, 

1981). However, using immunoelectron microscopy with antibodies specific 

for cellular marker proteins as well as lipid analysis of purified virions, it 

now appears that the viral crescents are derived from a membrane cisterna 

of the intermediate compartment, located between the endoplasmic 

reticulum and the Golgi apparatus (Sodeik et al., 1993). As a consequence it 

is observed that the crescents contain two tightly opposed membranes. 

Eventually, the crescents develop to form spherical particles, referred to as 

immature virions (IV) which enclose a granular matrix. Subsequently, the 

IV matures to the characteristic brick-shaped intracellular mature virus 

(IMV, previously referred to as the intracellular "naked" virus [INV]) which 

is encircled by two membranes (Sodeik et al., 1993). The IMV form of VV is 

infectious and one of the best-characterized and most commonly used in the 

laboratory. A fraction of the IMV becomes enclosed by an additional 

membrane cisterna derived from the trans Golgi network, thereby acquiring 

two additional membranes in one step (Schmelz et al., 1994), giving rise to 

the four-membraned IEV (intracellular enveloped virus). In the current 

model for virus egress, the outermost membrane of this intracellular 

enveloped virus fuses with the plasma membrane releasing the extracellular 

enveloped virus (EEV) into the medium (Payne and Kristenson, 1979). 

Therefore, EEV possesses three membranes, one more relative to IMV as 

well as several virally encoded glycoproteins. The EEV can remain attached 

to the outside of the plasma membrane, in which case it has been designated 

cell-associated enveloped virus (CEV) (Blasco and Moss, 1992). The CEV 
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and the EEV are responsible for cell-to-cell transmission in tissue culture 

and dissemination, respectively (Appleyard et al., 1971; Boulter and 

Appleyard, 1973; Blasco and Moss, 1992). 

VACCINIA VIRUS ACYLPROTEINS 

The existence of acylated VV proteins has been demonstrated by 

metabolically labeling VV-infected cells with either [3H]- myristic or [3H]

palmitic acid (Hiller and Weber, 1985; Franke et al., 1989; Franke et al., 1990). 

A number of radiolabeled polypeptide species become apparent in cell 

extracts made late in the viral infection cycle. The labeled proteins are 

absent in uninfected cells. The presence of six palmitylated proteins of 

apparent molecular mass of 92, 41, 37, 26, 17 and 14 kDa has been 

demonstrated by Child and Hruby (1992), and the linkage of the palmitic 

acid moiety confirmed by reverse phase HPLC. Previous studies had 

identified the p37 kDa protein, the product of the F13L open reading frame, 

as the major nonglycosylated antigen present in the outer membrane of EEV 

(Hiller and Weber, 1985). Interestingly, this protein also localizes to Golgi-

derived membranes (Dales and Pogo, 1981), and genetic studies have 

demonstrated its essentiality for the envelopment of IMV to EEV (Schmutz 

et al., 1991; Blasco and Moss, 1991). However, the biological relevance of the 

bound palmitate group to this polypeptide remains to be resolved. 

Subcellular fractionation experiments have also confirmed the association of 

the other five VV palmitylated proteins with membrane fractions (Child and 

Hruby, 1992), and disruption of virions into a detergent soluble and an 

insoluble fraction showed their localization within a virion membrane. In 
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addition, the 41 and the 26 kDa protein species appear to be glycosylated 

(Child and Hruby, 1992). 

In addition to palmitylated proteins, at least two other virion proteins 

of approximated molecular mass of 25 and 35 kDa are myristylated (Franke 

et al., 1989), and there is preliminary evidence suggesting isoprenylation of a 

virion encoded polypeptide (Ravanello and Hruby, unpublished 

observation). 

In the following chapters I report the results of experiments 

performed on one of the myristylated proteins encoded by VV, the product 

of the L1R gene. This protein was identified in 1989 by Franke et al., as the 

major myristylated species present in VV-infected cell extracts, and the 

linkage of labeled myristic acid was confirmed by treatment with 

hydroxylamine and reverse phase HPLC. The gene encoding this protein 

has been identified, sequenced, and cloned (Franke et a1.,1989; Goebel et al., 

1991). The amino-terminus of this protein displays the characteristic 

sequence recognition signal found in other N-terminally myristylated 

proteins. The L1R gene is expressed at late times during the infection, it 

appears to be essential for virus replication in tissue culture, and the protein 

is a component of the virion purified from the cytoplasm of the infected cell 

(Franke et al., 1989). Given these facts, it was of interest to investigate and 

determine which amino acids in the recognition sequence and beyond 

specify the attachment of myristic acid for the protein. Secondly, because 

myristylated proteins appear to be able to localize to a variety of different 

compartments within the cell, we asked whether this moiety alone would 

ensure correct targeting of the mature protein within the particle by virtue 

of its hydrophobic nonspecific nature, or whether primary amino acid 

sequence and additional domains within the protein had a function in 
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localization, as well. If the protein was localized to a virion membrane, 

would it be exclusively associated with the IMV, the EEV or both? And 

furthermore, what would be its topology? Finally, it was of interest to 

determine whether the L1R gene product has a biological role in the viral 

life cycle. Is this protein, like many other viral myristylated ones important 

for morphogenesis? Can myristic acid alone provide a function or is the 

whole L1R molecule necessary? 

The first chapter of this thesis is devoted to experiments which 

elucidate the role of the first twelve amino acids at the N-terminus of L1R in 

order for myristylation to take place. In the second chapter a study of the 

localization of L1R in the different morphogenic forms of VV was 

undertaken, while the third chapter describes the construction and 

characterization of an inducible conditional VV recombinant for the L1R 

gene. 
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CHAPTER II
 
AN NH2-TERMINAL PEPTIDE FROM THE VACCINIA VIRUS L1R PROTEIN
 

DIRECTS THE MYRISTYLATION AND VIRION ENVELOPE LOCALIZATION OF A
 
HETEROLOGOUS FUSION PROTEIN.
 

Authors: Monica P. Ravanello, Christine A. Franke and Dennis E. Hruby 



17 

SUMMARY
 

The VV L1R gene product is a late protein and is a component of virus 

particles purified from infected cell lysates. Because this protein is co

translationally modified by the addition of myristic acid to the penultimate 

N-terminal glycine residue, it was of interest to identify the modification 

signal within the L1R protein and to assess the relevance of myristylation to 

protein localization. To this end, a family of chimeric reporter genes 

containing 0 to 13 codons from the N-terminus of the L1R open reading 

frame fused in-frame to the bacterial chloramphenicol acetyltransferase 

(CAT) gene was constructed. The encoded proteins were tested as 

myristylation substrates in cell-free extracts and infected cells. The results 

obtained in vitro and in vivo were similar and suggested that although the N-

terminal 5 amino acids of the L1R protein were the minimum signal 

required to observe modification by myristate, 12 amino acids were required 

to obtain wild type levels of myristylation with a modulating role played by 

the intervening amino acid residues. Furthermore, subcellular fractionation 

of infected cells expressing the fusion proteins indicated that the N-terminus 

of the L1R protein was capable of targeting the fusion proteins to 

membrane-containing fractions only if myristylated. In particular, the 

myristylated fusion protein containing the first 12 amino acids of the L1R 

protein abutted to the CAT protein was found associated with the envelope 

of intracellular vaccinia virus particles. 
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INTRODUCTION
 

Vaccinia virus (VV) is the prototypic member of the Poxviridae. The VV 

life cycle takes place entirely within the cytoplasm of the infected cell and 

the virus has been shown to supply many of the cis and trans-acting factors 

needed for the replication and transcription of its genes (Shuman and Moss, 

1988). The genetic accessibility of the viral genome coupled to the fact the 

viral gene products have evolved to work within the context of a 

mammalian cell makes this an excellent system for the study of the role of 

posttranslational modifications on the structure and function of proteins. In 

particular, the large number of different viral and cellular membranes which 

are involved during the course of a productive vaccinia virus infection 

(Essani et al., 1982) suggests acylation as a potential cellular targeting 

mechanism which the virus may utilize. Previous studies have shown that 

at least one VV protein (L1R, the gene product of the L1R ORF) is modified 

by the covalent addition of myristic acid to the N-terminal glycine residue 

(Franke et al., 1989). The linkage of [3H]myristic acid label to polypeptide 

L1R was resistant to treatment with 1M hydroxylamine, suggesting that the 

fatty acid moiety is linked to the protein via an amide bond (Franke et al., 

1989). The previous studies have demonstrated that the L1R protein is 

expressed late during viral replication and is a component of purified 

intracellular virions. In the experiments reported here, the nature of the 

signals directing the attachment of myristate to the nascent L1R protein and 

the subsequent incorporation of the modified protein into the envelope of 

intracellular vaccinia virus virions has been investigated. To address these 

questions, a chimeric reporter gene consisting of the N-terminal thirteen 
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codons of the VV L1R gene fused to sequences encoding chloramphenicol 

acetyltransferase enzyme (CAT), a soluble protein, was used as a substrate 

for directed genetic manipulations. The results obtained indicate that 

although the amino acids in positions 6-11 affect the relative modification 

efficiency, the N-terminal 12 amino acids are sufficient to ensure wild type 

levels of myristylation of the fusion protein which once modified, is targeted 

to the intracellular viral envelope. 
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MATERIALS AND METHODS 

Cells and Virus. 

Mono layers of BSC-40 (African green monkey kidney) cells were grown 

in MEM Eagle's medium (Sigma cell culture reagents, St. Louis, MO) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Whittaker 

Bioproducts, Inc, Walkersville, MD), 2 mM L-glutamine, and 10 tg of 

gentamycin sulfate per ml at 37°C, 5% CO2, and 95% humidity. A 

recombinant vaccinia virus (vTF7-3) that expresses the bacteriophage T7 

RNA polymerase gene (Fuerst et al., 1986) was used in the transient 

expression experiments. The vTF7-3 virus was grown and purified from 

infected BSC40 cells and titrated by plaque assay as described previously 

(Hruby et al., 1979). 

Plasmid constructions. 

The cloning and characterization of VV genomic sequences encoding the 

VV L1R open reading frame (ORF) were described previously (Franke et al., 

1990). In order to construct the various chimeric genes containing portions 

of the L1R ORF N-terminus abutted to the bacterial chloramphenicol 

acetyltransferase (CAT) gene, oligonucleotide primers of different length 

and composition were synthesized on an Applied Biosystems DNA 

synthesizer and subsequently purified by gel electrophoresis. The primers 

used had the following sequence composition: 

5'ACTGTGGATCCAGAATGGGTGCCGCGGCAAGCATACAGACGACG 

GTGAATACAGAGAAAAAAATCACTGG3', L1R12CAT (the nucleotides 

corresponding to sequences of L1R are in bold); 5'A'1 "1 "1 GGATCC 
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AGAATGGGTGCCGCGGCAAGCATACAGACGACGGTGAATGAGA 

AAAAAAT3', L1R11CAT; 

5'ATTTGGATCCAGAATGGGTGCCGCGGCAAGCATACAGACGACG 

GAGAAAAAAATCA3', L1R9CAT; 

5'ATTTTAAGCTTGGATCCAGAATGGGTGCCGCGGCAAGCATACAG 

GAGAAAAAAATCA3', L1R7CAT; 

5'ATITIAGCTTGGATCCAGAATGGGTGCCGCGGCAAGCATA 

GAGAAAAAAATCA3', L1R6CAT; 

5'ACTGTGGATCCAGAATGGGTGCCGCAGCAGAGAAAAAAATCACT 

G3', L1R5CAT; 

5'ACTGTGGATCCAGAATGGGTGCCGCAGCAAGCGAGAAAAAAATC 

ACTG3', L1R4CAT; 

5'A 1-1"r l'AAGCTTGGATCCAGAATG GCTGCCGCAGC3', L1R12(Al)CAT 

(chimera in which the glycine residue is substituted by an alanine at codon 

2); and 5'A1111GGATCCTTACGCCCCGCCCTG3', the 3' end primer to 

CAT. Gene amplification reactions using the polymerase chain reaction 

(PCR) were carried out as previously described (Ehrlich, 1989). For the 

construction of the L1R12CAT, L1R11CAT, L1R9CAT, L1R7CAT, L1R6CAT, 

L1R5CAT, and L1R4CAT chimeras, 0.1 pmol of a DNA template (pCAT, the 

CAT gene inserted in the BamHI site of plasmid pTZ18U Genescribe-Z, USB) 

and 300 pmol of each oligonucleotide primer in a total volume of 100 ul 

were denatured, annealed and chain extension was carried out in the 

presence of 200 tM of each dNTP, 10 µ110x Taq polymerase buffer and 2.5U 

Taq polymerase (Promega Biotec., Madison WI). The L1R12(Al)CAT chimera 

was generated using 0.1 pmol pL1R12CAT (the L1R12CAT chimera ligated 

in the SstI/HindIn site of plasmid pTZ18R Genescribe-Z, USB) the as 

template. After PCR the products were extracted twice with phenol
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chloroform and concentrated by precipitation in ethanol. The major 

ethidium bromide staining species were then excised from a 1% agarose gel 

(Tris-borate-EDTA), phosphorylated using T4 polynucleotide kinase 

(Boehringer Mannheim) and ligated in the Smal site of pTZ18U vector 

(USB). The L1R12CAT insert was digested with Bam HI, ligated in the BamHI 

site of plasmid pUC119 and subsequently subcloned into the SstI/HindIII 

site of vector pTZ18R. All plasmids were purified by isopycnic banding in 

cesium chloride (Sambrook et al., 1989) and subjected to dideoxy sequence 

analysis (Sanger et al., 1977) to confirm the authenticity of the different 

inserts. 

In vitro transcription and translation. 

Equivalent amounts (20 pg) of plasmid DNA (pCAT, pL1R12CAT, 

pL1R11CAT, pL1R9CAT, pL1R7CAT, pL1R6CAT, pL1R5CAT, pL1R4CAT, 

pL1R12(Al)CAT, and pL1R) were linearized by digestion with 5'-overhang 

generating restriction endonucleases (EcoRI for pL1R and Hind111 or XbaI for 

all other plasmids) and transcribed in vitro with T7 RNA polymerase 

according to the protocols of the manufacturer (Promega). The in vitro 

transcription reaction mixtures contained 500 [tM each of ATP, CTP, UTP 

and GTP. After 1 h incubation at 37°C, the reaction mixture was treated 

with DNase I (Promega) and extracted with phenol-chloroform. The 

transcripts were precipitated with sodium acetate and ethanol and 

resuspended in distilled H2O to a concentration of 0.5 mg/ml. The 

transcripts were translated in wheat germ extracts (Promega) at a final 

concentration of 30 gg/m1 (Franke et a/.,1990) The cell-free translation 

products were labeled with 0.5 p.Ci per pl of EXPRE35S35S protein labeling 

mix (1232.7 Ci/mmol; NEN) in 20 tM amino acids (minus methionine) or 
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with 2 pCi per pl of [9,10-31-1]myristic acid (54 Ci/mmol; Amersham Corp.) 

in the presence of 20 pM amino acids. The myristic acid label was dried 

under nitrogen and resuspended by sonication in water. 

Gel analysis and quantitation of the polypeptide products. 

The radioactively-labeled cell-free translation products were analyzed on 

15% polyacrylamide gels under denaturing conditions (Studier, 1973). 

Following electrophoresis the gels were soaked in 2,5-diphenyloxazole and 

fluorographed at -70°C on Kodak XAR-5 film (Bonner et al., 1974). Two 

methods were employed for quantitation of protein synthesis or 

myristylation efficiency. The dried gel containing the EXPRE35S35S-labeled 

proteins were quantitated by direct measurement of radioactivity using the 

AMBIS Radioanalytic Imaging System with the Radioisotope System 

Software Version 1.73, while the autoradiograph of the [9,10-3H]myristic 

acid labeled polypeptides was analyzed using a laser densitometer and 

integrator program (Zeineh Videophoresis II, Biomed Instrumentation Inc.). 

Transient expression and metabolic labeling. 

A liposome-mediated transfection protocol was used to introduce 

plasmid DNA into monolayers of BSC-40 cells (Rose et al., 1991). Briefly, 35 

x 10 mm dishes, containing 2.5 x 105 cells, were infected with vTF7-3 (the 

recombinant vaccinia virus that encodes T7 RNA polymerase) at a 

multiplicity of 10 infectious particles per cell, by incubation for 45 min at 

30°C in 0.5 ml PBS-A (phosphate buffered saline containing 1 mM MgCl2 

and 0.01% bovine serum albumin). Thirty 1.d of liposomes were added to 1 

ml of MEM followed by the addition of 5 pg of plasmid DNA. This solution 

was mixed gently by inverting the tube several times and then incubated at 
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room temperature for 10 min to allow binding of the liposomes to the DNA. 

The viral inoculum was removed by aspiration, replaced with the liposome-

DNA solution and incubated for 3 h at 37°C in a 5% CO2 incubator. For 

metabolic labeling, [9,10-3H]myristic acid (125 uCi per ml) was dried under 

nitrogen, dissolved by sonication in dimethylsulfoxide and diluted in MEM. 

The final concentration of dimethylsulfoxide was 1%. The liposome-DNA 

solution was removed by aspiration and the label was added to the cells. 

Incubation was continued overnight at 37°C in 5% CO2 . For the subcellular 

fractionation experiment, as well as for the preparation of purified virus, 100 

x 20 mm or 150 x 25 mm dishes were used and the amount of liposomes and 

plasmid DNAs were increased two-fold. 

Immunological reagents. 

A pET16b:L1R expression vector was constructed for the production 

of a his:L1R fusion protein to serve as antigen for production of antiserum to 

the L1R gene product. The L1R ORF was cloned in the NdeI site of plasmid 

vector pET16b (Novagen; Madison, WI), by use of PCR (Erlich, 1989) and 

oligonucleotide primers complementary to the 5' and 3' ends of L1R. The 

resulting plasmid therefore consisted of an N-terminal ten amino acid 

histidine tag fused in-frame to the entire L1R coding region. His:L1R fusion 

protein was generated from IPTG induced extracts of E. coli strain 

BL21(DE3)pLysS as recommended by the manufacturer (Novagen). The 

denatured fusion protein was isolated by Ni-chelate affinity 

chromatography (Qiagen Inc., Chatsworth, CA) on nickel-NTA 

(nitrilotriacetic acid)-resin. Approximately 200 lag of the resulting purified 

his:L1R fusion protein was emulsified in Freund's complete adjuvant and 

injected by a subcutaneous route at multiple sites of female New Zealand 
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White rabbits (approximately 2-kg body weight). The rabbits received two 

additional injections of his:L1R antigen (approximately 200 gg) in Freund's 

incomplete adjuvant at 3 and 8 weeks, subcutaneously and intramuscularly, 

respectively. Fourteen days after the last boost the rabbits were bled by 

cardiac puncture and the serum was prepared for use in immunoassays. 

For immunoblot detection of the chimeric proteins expressing portions of 

the N-terminus of the L1R gene product fused to the bacterial 

chloramphenicol acetyl transferase (CAT) gene a commercially available 

unconjugated rabbit antibody to CAT (5 Prime-3 Prime, Inc., West Chester, 

PA) was employed. For the detection of the 25K polypeptide, a 

monospecific polyclonal antiserum raised in rabbits against a trpE:25K 

fusion protein produced in E. coil was used (Lee and Hruby, 1993). 

Subcellular fractionation and analysis of transient expression products. 

Infected cells were scraped from the plates, resuspended in cold 

phosphate-buffered saline (PBS) and centrifuged at 500 x g for 5 min at 4°C. 

The supernatant fraction was discarded and the resulting cell pellet 

resuspended in hypotonic buffer [20 mM Hepes (pH 7.6), 5 mM KC1, 1 mM 

MgC12] containing 0.2 mM phenylmethylsufonyl fluoride (PMSF). The cell 

suspension was placed on ice for 10 min, then homogenized with 50 strokes 

in a tight-fitting Dounce homogenizer. Nuclei, virosomes and unbroken 

cells were sedimented at 1000 x g for 5 min at 4°C (NP fraction). The 

supernatant was centrifuged at 100,000 x g for 1 h at 4°C in a Beckman 

SW50.1 rotor to collect membranes and virus particles (P100 fraction). The 

supernatant from this fraction was regarded as cytosol and was 

concentrated by acetone precipitation followed by centrifugation at 6500 x g 

for 45 min (S100 fraction). The protein concentration in each fraction was 
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determined using the Bradford assay (Bradford, 1976) and equal amounts of 

proteins were loaded on denaturing polyacrylamide gels (15% SDS-PAGE). 

Immunoblot analysis was performed as described by VanSlyke et al. (1991). 

Analysis of purified virus. 

Cells infected with vTF7-3 were transfected with pCAT or pL1R12CAT 

plasmid DNA. Purified intracellular virus (10 lig) was separated into NP-40 

soluble (envelope) and NP-40 insoluble (core) fractions (Weir et al., 1985; 

Franke et al., 1989). The protein composition of each fraction was analyzed 

by gel electrophoresis followed by immunoblotting using anti-CAT, anti

his:L1R, or anti-trpE:25K sera. For digestion of proteins exposed on the virus 

surface, purified virus (10 pg) was incubated for 10 minutes on ice with 50 

lig/m1proteinase K, with or without 0.1% Triton X-100 (Choi et al., 1992). 

At the completion of the incubation period, the proteinase K was inactivated 

by heating at 67°C for 10 min and the proteins were analysed on SDS

polyacrylamide gels followed by immunoblotting. 
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RESULTS
 

Amino-terminal sequence requirements for substrate recognition and 

efficient myristylation of L1RCAT fusion proteins by NMT. 

In order to determine the minimal recognition sequence required for 

myristylation of the L1R protein, in vitro gene amplification reactions were 

utilized to construct plasmid transcription vectors containing seven 

different gene chimeras encoding successively truncated amino acid 

residues (from 12 to 4 residues) of the N-terminus of the L1R open reading 

frame abutted to the bacterial CAT open reading frame (Fig. 111, Panel A). 

Transcription plasmids containing the unfused parental open reading 

frames of either LIR (Franke et al., 1990) or CAT were used as controls and 

are schematically represented in Fig. ILL Panels B and C, respectively. 

A cell-free translation/myristylation system was employed to 

investigate the N-terminal sequence requirements for substrate recognition 

and efficient myristylation of the L1RCAT fusion proteins in vitro. It has 

been shown previously with the picornavirus capsid protein VP4 (Chow et 

al., 1987), p60v-src, the transforming protein of Rous sarcoma virus (Deichaite 

et al., 1988) and the L1R protein of vaccinia virus (Franke et a1.,1990), that 

the translational capabilities of cell-free systems shown to contain N/vIT 

activity, such as the wheat germ extract used in the present study, can be 

utilized to determine whether a nascent polypeptide can serve as a substrate 

for N-myristylation. Linear plasmid DNA templates of the parental (pL1R, 

pCAT) genes and L1RCAT chimeric genes were used for the in vitro 

synthesis of mRNA with RNA polymerase T7. The mRNAs were translated 
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Figure ILL Designation and schematic representation of parental and 

chimeric expression plasmids. A generic schematic representation of a 

fusion between L1R and CAT open reading frames cloned downstream of a 

bacteriophage T7 promoter is depicted at the top of Panel A. Expanded 

below are the predicted N-terminal amino acid sequences of the translated 

gene chimeras. Standard single-letter amino acid code is used. Circled 

numerals in positions 1 and 5 indicate residues previously demonstrated as 

crucial to modification by N-myristyltransferase. The boxed amino acid 

residues show the contribution of the L1R portion of the fusion, while the 

unboxed residues illustrate a portion of the fused amino acids of the CAT 

protein. The fusion protein plasmid designations consist of pL1R followed 

by a numeral indicating the number of amino acid residues present from the 

amino-terminus of the L1R protein followed by CAT representing the entire 

CAT protein minus the initiator methionine. In this nomenclature, the 

initiator methionine is designated residue 0 since it is removed from the 

mature protein; the glycine residue, which serves as the acceptor for 

myristic acid, is residue 1; all other residues are numbered consecutively 

from glycine 1. Mutation of the glycine 1 residue to alanine is indicated by 

(Al) in the plasmid designation and the residue is printed in bold typeface in 

the protein sequence. Panels B and C illustrate unfused parental expression 

plasmids pL1R and pCAT respectively. 



A.
 

2 3 4 ® 6 7 8 9 10 11 12 Plasmid Designation 

IMGAAASI 
MG AAASI 

Q 

Q 

T 

T 

T V 

TV 
N"...LI 

N E 

E 

K 

K 

K 

K 

I 

I 

T 

T 

G 

G 

Y 

Y 

T 

T 

T 

T 

V 

pL1R12CAT 

pL1R11CAT 

MG AAASI Q TT EKK I TG YT TV DI pL1R9CAT 

MG AAA SI Q EKKIT G Y T T V DI S Q pL1R7CAT 

MG AAASI E K K I TG Y TT V D I S Q W pL1R6CAT 

MG A A A S E K K I T G Y T T V DI S Q W H pL1R5CAT 

MG A A A E K K I T G Y T T V D I S QWHR pL1R4CAT 

MA AAASI QT TV NT E K K I T G Y T T pL1R12(A1)CAT 

B. pL1R 

C. -I PT7 I CAT > pCAT 

Figure II.1. Designation and schematic representation of parental and chimeric expression plasmids. 
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in wheat germ extracts in the presence of either [3H]myristic acid or 

[35S]methionineand equal volumes of the translation products were 

analyzed by SDS-polyacrylamide gel electrophoresis and visualized 

by fluorography or autoradiography, respectively. The products of the 

wheat germ translation reactions are shown in Fig. 11.2. Translation of the 

mRNAs in the presence of [35S]methionine resulted in the synthesis of a 

major labeled polypeptide of the approximate predicted molecular size for 

both parental proteins (CAT and L1R), as well as all L1RCAT fusion 

proteins (Fig. 11.2, Panel A). However, when translations of the same 

mRNAs were performed in the presence of [3H]myristic acid (Fig. 11.2, 

Panel B), only the wild type L1R polypeptide and a specific subset of the 

L1RCAT fusion proteins were able to incorporate label indicative of 

covalent modification by myristic acid (Franke et al., 1990). The L1RCAT 

fusion proteins containing 12, 7, 6, and 5 of the N-terminal amino acids of 

the L1R protein fused to the CAT polypeptide were able to serve as 

substrates for N-myristylation, albeit to different efficiencies. Previous 

studies using synthetic peptides as substrates for NMT in vitro have 

demonstrated that residues 1, 2, and 5 play a critical role in NMT:ligand 

interactions (Tow ler et al., 1987 b). Therefore as anticipated, the wild type 

CAT protein, the L1R4CAT fusion protein, as well as the L1R12(m)CAT 

fusion protein containing the glycine to alanine substitution, were not 

modified by myristic acid. Surprisingly, those containing 11 and 9 of the N-

terminal L1R residues, were not able to serve as substrates for NMT 

suggesting the importance of sequence or structural requirements between 

residues 7 and 12 in enzyme:ligand interactions. 

As noted above, the L1RCAT fusion proteins containing 12, 7, 6, and 

5 of the N-terminal residues of the L1R protein fused to the CAT 
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Figure 11.2. In vitro synthesis and myristylation of wild type L1R protein 

and L1RCAT fusion proteins. Wheat germ extracts were programmed with 

mRNA synthesized in vitro by RNA polymerase T7. Translations were 

performed in the presence of either [35S]methionine (Panel A) or 

[31-1]myristic acid (Panel B), the reaction products were separated by SDS

polyacrylamide gel electrophoresis on 15% polyacrylamide gels, and 

visualized by autoradiography or fluorography, respectively. The mRNAs 

added to each translation reaction were: no RNA (lane 1), CAT (lane 2), 

L1R12CAT (lane 3), L1R11CAT (lane 4), L1R9CAT (lane 5), L1R7CAT (lane 6), 

L1R6CAT (lane 7), L1R5CAT (lane 8), L1R4CAT (lane 9), L1R12(Ai)CAT (lane 

10), and L1R (lane 11). Migration of radioactive molecular mass standards 

(M) is indicated to the left of each panel in kilodaltons (kDa). The markers 

depicted are carbonic anhydrase (30 kDa) and trypsin inhibitor (21.5 kDa). 
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Figure 11.2. In vitro synthesis and myristylation of wild type L1R protein 
and L1RCAT fusion proteins. 
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polypeptide were able to be modified by myristic acid, although reduced 

levels of myristylation relative to the wild type L1R protein were 

consistently observed for chimera containing 7, 6, and 5 residues fused to 

CAT protein. Therefore, the myristylation levels in the fusion proteins 

relative to that observed in the wild type L1R protein were measured. 

Levels of protein synthesis for each translation in the presence of 

[35S]methionine were quantitated by direct measurement of radioactivity in 

each band of the gel resolving these proteins using the AMBIS Radioanalytic 

Imaging System. Laser densitometric measurements were performed on 

fluorograms to quantitate the incorporation of [3H]myristic acid into 

proteins products from sister translations. The results obtained from these 

analyses were used to calculate the relative myristylation efficiency 

(expressed as a percentage of the wild type L1R protein control which was 

assumed to be 100% for these calculations). Table 11.1 summarizes the 

results of these analyses and the values obtained represent the mean of at 

least three individual trials. All mRNAs were translated into 

[35S]methionine-labeled polypeptides with similar efficiencies. However, 

the relative myristylation efficiencies within the group of proteins that were 

modified by myristic acid (L1R12CAT, L1R7CAT, L1R6CAT, L1R5CAT) 

varied considerably. While the L1R12CAT polypeptide exhibited 

myristylation levels not significantly different when compared to the wild 

type L1R protein (using Duncan's multiple range test with a level of 

significance of 0.05), the relative myristylation efficiencies of the L1R7CAT 

and L1R6CAT fusion proteins were decreased to 78% and 66%, respectively, 

when compared to wild type L1R or L1R12CAT polypeptides. Removal of 

one additional amino acid, to create the L1R5CAT fusion protein, further 

reduced the myristylation efficiency to 24% that of the L1R protein. 
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Table II.1. Quantitation of myristylation levels of fusion proteins. 

a Following in vitro translation, equal volumes of extracts were resolved on 

15% SDS-polyacrylamide gels. The radioactivity of the translation products 

synthesized in the presence of [35S]-methionine was measured directly with 

and Ambis (Radioanalytic Imaging System) to obtain relative protein 

synthesis levels. The fluorograph of the translation performed in the 

presence of [31-1]-myristate was analyzed with a laser densitometer. This 

data was used to calculate the relative myristylation efficiency (expressed in 

percentages). Each value represents the mean of three individual trials. The 

relative myristylation means were compared using Duncan's multiple range 

test with a level of significance of 0.05. 

b Ratio of [35S]-methionine cpm of the fusion protein divided by cpm of the 

L1R protein. Each value is the mean ± the standard deviation. 

c Ratio of the [3H]- myristic acid labeling (measured as peak volume by 

densitometry) of the fusion protein divided by of the L1R protein. Each 

value is the mean ± the standard deviation. 

d Relative myristylation/Relative protein synthesis x 100. 



TABLE II.1. 
Quantitation of myristylation levels of fusion proteins a 

Relative Relative 
Fusion protein Protein synthesis b Myristylation Myristylation efficiency(%) d 

CAT 0.900 ± 0.010 0.000 0.0 
L1R12CAT 0.970 ± 0.012 0.870 ± 0.021 89.7 
L1R11CAT 0.820 ± 0.040 0.000 0.0 
L1R9CAT 0.850 ± 0.000 0.000 0.0 
L1R7CAT 0.960 ± 0.060 0.757 ± 0.012 78.0 
L1R6CAT 0.980 ± 0.021 0.650 ± 0.020 66.3 
L1R5CAT 0.630 ± 0.060 0.150 ± 0.010 23.8 
L1R4CAT 0.670 ± 0.050 0.000 0.0 
L1R12(A1)CAT 0.890 ± 0.060 0.000 0.0 
L1R 1.000 1.000 100.0 
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Myristylation was not detected in any of the trials utilizing L1R11CAT, 

L1R9CAT, L1R4CAT, or L1R12(6,1)CAT polypeptides as substrates. To ensure 

that the differences in myristylation efficiency measured were not the result 

of altered stabilities of the fusion proteins, pulse-chase labeling experiments 

were performed to examine the half-life of the translated polypeptides. The 

results indicated that all fusion proteins, as well as the wild type L1R 

protein, exhibited no appreciable differences in stability of the polypeptides 

(data not shown). Therefore, it would appear that the differences observed 

in myristylation efficiency are not the result of altered stabilities of the 

fusion polypeptides. 

In order to determine if the N-terminal sequence requirements required 

for myristylation of the L1RCAT fusion proteins by NMT in the cell-free 

system described above are also important for protein modification in vivo, 

the same set of L1RCAT fusion proteins were tested for their ability to serve 

as substrates for NMT by transient expression in VV-infected mammalian 

cells. BSC-40 cells infected with vTF7-3, a recombinant vaccinia virus that 

expresses T7 RNA polymerase, were transfected with expression plasmid 

DNA and incubated in the presence of [3H]myristic acid. Relative 

expression levels of the wild type CAT and L1RCAT fusion proteins were 

analysed by separation of total transient expression extracts on a SDS

polyacrylamide gel followed by immunoblot with a CAT-specific antiserum. 

The results of such an analysis (Fig. 11.3, Panel A) demonstrate that wild 

type CAT and all L1RCAT fusion proteins were transiently expressed, albeit 

the level of expression of the L1R4CAT fusion protein was reduced relative 

to that of the other proteins. The same extracts were subjected to 

immunoprecipitation, utilizing the CAT-specific antiserum, and the 

radiolabeled polypeptides selected were resolved on a SDS-polyacrylamide 
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Figure 11.3. In vivo synthesis and myristylation of L1RCAT fusion proteins 

via transient expression. BSC-40 cells infected with vTF7-7 were transfected 

with expression plasmid DNA by liposome-mediated transfection and cells 

were incubated with [3H]myristic acid for 24 hours. Total cell extracts were 

prepared and analyzed as follows: Panel A. Immunoblot of transient 

expression extracts. The cell extracts were separated on a 15% 

polyacrylamide gel containing SDS, electrophoretically transferred to 

nitrocellulose membrane. After incubation of the membrane with 3% 

gelatin solution, bound proteins were detected with an affinity-purified 

rabbit anti-CAT polyclonal antibody, goat anti-rabbit IgG antibody 

conjugated to alkaline phosphatase, and the chromogenic substrates NBT 

(para-nitro blue tetrazolium chloride) and BCIP (5-bromo-4-chloro-3-indoyl 

phosphate para-toluidine salt). Panel B. Radioimmunoprecipitation of 

transient expression extracts. The radiolabeled transient expression extracts 

were immunoprecipitated by incubation with affinity-purified rabbit anti-

CAT polyclonal antibody followed by sedimentation of the antigen-

antibody complexes with protein A coupled to sepharose CL4B beads. The 

pelleted antigen-antibody-protein A complexes were separated on a 15% 

polyacrylamide gel containing SDS, and visualized by fluorography. The 

DNA added to each transfection were: pCAT (lane 1), pL1R12CAT (lane 2), 

pL1R11CAT (lane 3), pL1R9CAT (lane 4), pL1R7CAT (lane 5), pL1R6CAT 

(lane 6), pL1R5CAT (lane 7), pL1R4CAT (lane 8), pL1R12(A1)CAT (lane 9), 

pL1R (lane 10), salmon sperm DNA (lane 11), and no DNA (lane 12). 

Migration of radioactive or chromogenic molecular mass standards (M) is 

indicated to the left of each panel in kilodaltons (kDa). 
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gel and visualized by fluorography. As demonstrated in Fig. 11.3, Panel B, 

the same subset of L1RCAT fusion proteins (L1R12CAT, L1R7CAT, 

L1R6CAT, L1R5CAT) that were modified by myristic acid in vitro (wheat 

germ extracts) were also able to serve as substrates for NMT in vivo (VV

infected cells). Likewise, wild type CAT, L1R12(A1)CAT, L1R11CAT, 

L1R9CAT, and L1R4CAT polypeptides were not myristylated in either 

wheat germ extracts or infected cells. Although myristylation efficiency in 

vivo could not be precisely quantitated due to difficulties in controlling for 

variables such as transfection efficiencies, label uptake etc., in multiple 

repetitions of the analyses described above the level of myristylation of 

L1R7CAT, L1R6CAT, L1R5CAT fusion proteins from transient expression 

experiments appeared to be reduced relative to that of the L1R12CAT 

polypeptide consistent with what was observed in vitro. Therefore, based 

upon the results obtained in this study, it appears the plant (wheat germ) 

and primate (BSC-40) enzymes have cognate substrate specificities at a 

qualitative and, possibly, quantitative level. 

Subcellular localization of L1RCAT fusion proteins. 

Previous studies have demonstrated that a myristylated N-terminal 

peptide from p6Osrc can direct plasma membrane localization when fused to 

heterologous proteins (Pellman et al., 1985). Since the nonmyristylated 

parental CAT protein is normally a soluble protein (Sleigh, 1986) whereas 

preliminary evidence showed the parental L1R protein associated with the 

envelope of the intracellular vaccinia virus particle (Franke et al., 1989), it 

was of interest to determine the subcellular localization of the myristylated 

and nonmyristylated L1RCAT fusion proteins characterized in this study. 

Subcellular fractionation by differential centrifugation was used to examine 
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the distribution of the L1RCAT fusion proteins between membrane and 

soluble fractions from lysates of vTF7-3-infected cells transiently expressing 

wild type CAT and L1RCAT fusion proteins. Cells were disrupted by 

homogenization and the lysate was separated into three fractions: NP/VP, 

unlysed cells, nuclei, and virosomes; P100, mitochondria, ribosomes, 

membranes and virus particles; and S100, the soluble cytoplasmic fraction. 

The protein composition of the total unfractionated lysates and the resulting 

fractions (NP/VP, P100, S100) was determined by immunoblot analysis 

utilizing an antibody specific for the CAT polypeptide. Similar levels of the 

parental CAT protein and each L1RCAT fusion protein (with the exception 

of the L1R4CAT fusion protein which was barely detectable in this 

experiment) were seen in the total unfractionated lysates confirming the 

expression of the transiently expressed proteins (data not shown). The 

NP/VP fraction contained variable levels of the CAT-specific proteins in 

each case (data not shown), but due to the variable contribution of unlysed 

cells contained within this fraction any conclusions regarding patterns of 

distribution were difficult to establish. Interestingly, the L1R12CAT fusion 

protein, which was shown to be myristylated to levels similar to wild type 

L1R protein in vitro, was localized primarily to the P100 membrane-

containing fraction (Fig. II.4, P100, lane 2). Also present in the P100 fraction, 

although to a lesser extent relative to the L1R12CAT fusion protein, were the 

myristate-modified L1R7CAT, L1R6CAT, and L1R5CAT fusion proteins (Fig. 

II.4, P100, lanes 5, 6, and 7). The parental CAT protein, as well as the 

L1RCAT fusion proteins which were not modified by myristate (L1R11CAT, 

L1R9CAT, or L1R12(Al)CAT, the fusion protein containing the alanine 

substitution for the acceptor glycine 1 residue) were detected solely in the 

soluble fraction (Fig. III.4, S100, lanes 1, 3, 4, and 9). Although fusion 
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Figure 11.4. Subcellular localization of L1RCAT fusion proteins. BSC-40 

cells infected with vTF7-7 were transfected with expression plasmid DNA 

by liposome-mediated transfection, cells were incubated for 24 hours, and 

lysates were subjected to subcellular fractionation by differential 

centrifugation as described in the text. The supernatant (S100) and pellet 

(P100) fractions of the 100,000 x g centrifugation were subjected to western 

analyses utilizing a rabbit anti-CAT polyclonal serum. The DNA added to 

each transfection were: pCAT (lane 1), pL1R12CAT (lane 2), pL1R11CAT 

(lane 3), pL1R9CAT (lane 4), pL1R7CAT (lane 5), pL1R6CAT (lane 6), 

pL1R5CAT (lane 7), pL1R4CAT (lane 8), pL1R12(Ai)CAT (lane 9), and pL1R 

(lane 10). Migration of molecular mass standards (M) is indicated to the left 

of each panel in kilodaltons (kDa). The markers depicted are bovine serum 

albumin (69 kDa), ovalbumin (46 kDa), carbonic anhydrase (30 kDa), and 

trypsin inhibitor (21.5 kDa). 
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Figure 11.4. Subcellular localization of L1RCAT fusion proteins. 
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protein containing the N-terminal four residues of L1R fused to CAT 

(L1R4CAT) was not detectable in either the P100 or S100 fractions in the 

particular experiment shown in Fig. II.4, other repetitions of similar 

subcellular fractionations found the nonmyristylated L1R4CAT fusion 

protein localized to the S100 fraction as well (data not shown). Parallel 

subcellular fractionations of VV-infected cells radiolabeled with 

[3H]myristic acid revealed myristylated wild type L1R protein to be 

contained exclusively within the P100 fraction (data not shown). Based 

upon the subcellular localization of the L1RCAT fusion proteins, in 

particular the myristylated L1R12CAT fusion protein versus the mutant 

nonmyristylated L1R12(Ai)CAT polypeptide, it would appear that 

modification by myristic acid correlates with at least a transient membrane 

association. However, since a variety of soluble proteins modified by 

myristate have been observed (Aitken et al., 1982; Buss et al., 1984; Olson et 

al., 1985), it can not be excluded that both fatty acid as well as amino acid 

sequence elements contribute to membrane localization. 

Subvirion localization of the L1IZ12CAT fusion protein. 

In view of the identification of a p60V-src receptor in the plasma 

membrane which binds only the myristylated form of the protein (Resh, 

1989), it has been proposed that a specific role for myristylation may be the 

sorting of myristyl proteins within cells (James and Olson, 1990; Resh and 

Ling, 1989). As mentioned previously, the parental myristylated L1R 

protein appears to localize to the envelope of the intracellular vaccinia virus 

particle (Franke et a1.,1989) and since the myristylated L1R12CAT fusion 

protein, like the L1R protein, was determined to reside primarily in the 

membrane-containing (P100) fraction we sought to determine if the fusion 
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protein had become specifically targeted to the intracellular virus particle as 

well. To investigate this possibility, purified intracellular virus was 

prepared from vTF7-3-infected cells transiently expressing the L1R12CAT 

fusion protein. Purified virus was subjected to western immunoblot 

analysis utilizing either L1R- or CAT-specific polyclonal antibodies. The 

immunoblots confirmed the presence of the wild type L1R protein in the 

intracellular virus particle (Fig. 11.5, Panel A, a-L1R, lane 1) and further 

revealed the transiently expressed L1R12CAT fusion protein was localized to 

the virus particle as well (Fig. 115, Panel A, a-CAT, lane 1). In addition, the 

subvirion location of the L1R12CAT protein was investigated by treatment of 

the virus particles with 0.5% NP-40 and 50 mM dithiothreitol followed by 

separation into viral envelope (detergent soluble) and core (detergent 

insoluble) fractions prior to analysis by immunoblot. Antiserum specific for 

VP8, the 25 kDa VV structural protein encoded by the L4R open reading 

frame, was used as a control for a core localized protein (Weir and Moss, 

1985). The results of the subvirion fractionations revealed that both the 

parental L1R protein and the L1R12CAT fusion protein were entirely 

localized within the envelope fraction (Fig. 11.5, Panel A, a-L1R lane 3 and a-

CAT lane 3,) while the 25K protein remained associated with the virus core 

fraction (Fig. 11.5, Panel A, a-25K lane 2). These results suggest that 

myristate plus the first 12 amino acids of the L1R protein contain a sequence 

which may direct proteins to the intracellular virus envelope. 

Although the myristylated N-terminal 12 amino acids of L1R clearly 

play a role in membrane targeting, computer analysis predicts the existence 

of an additional membrane-binding domain (a putative transmembrane 

sequence) near the carboxy-terminus the L1R protein (Goebel et al., 1990). 

Since such a membrane-spanning sequence suggests the possibility that 
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Figure 11.5. Virion localization and disposition in the viral envelope of the 

L1R and L1R12CAT proteins. BSC-40 cells infected with vTF7-7 were 

transfected with pL1R12CAT plasmid DNA by liposome-mediated 

transfection and intracellular virus particles were purified by sucrose 

gradient sedimentation. Panel A. Subvirion localization. Purified vaccinia 

virus was separated into core and envelope fractions by extraction with NP

40 and dithiothreitol followed by centrifugation. After treatment in SDS, the 

samples were separated on a 15% polyacrylamide gel and specific proteins 

were detected by immunoblot analyses with either L1R -, CAT- or 25K

specific sera. Total virus (lane 1); core fraction (lane 2); envelope fraction 

(lane 3). Panel B. Protease digestion of proteins exposed on the virion surface. 

Purified vaccinia virus was treated with proteinase K with or without Triton 

X-100. After treatment the samples were incubated at 65°C for 10 min to 

inactivate the protease, then analyzed on a denaturing polyacrylamide gel 

and specific proteins were detected by immunoblot analyses with either 

L1R-, CAT- or 25K-specific sera. Total virus, untreated (lane 1); treated with 

proteinase K (lane 2); treated with protease K and 0.1% Triton X-100 (lane 3). 

Migration of molecular mass standards (M) is indicated to the left of each 

panel in kilodaltons (kDa). The markers depicted are carbonic anhydrase 

(30 kDa) and trypsin inhibitor (21.5 kDa). 
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Figure 11.5. Virion localization and disposition in the viral envelope of the L1R and L1R12CAT proteins. 
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L1R may be an integral membrane protein with a portion of the protein 

exposed on the exterior of the virus, the disposition of the L1R protein in the 

bilayer relative to the L1R12CAT fusion protein was characterized by 

protease digestion studies on purified intracellular virus particles. Briefly, 

purified virus particles containing both the parental L1R protein and the 

transiently expressed L1R12CAT fusion protein were treated with proteinase 

K, in the absence or presence of Triton X-100, and the digested samples were 

analyzed by immunoblot using L1R-, CAT-, and 25K-specific antisera. In 

each case when Triton X-100 was included to disrupt the permeability 

barrier of the viral membrane, the protein products were rendered 

susceptible to protease digestion (Fig. 11.5, Panel B, lane 3 of each blot). 

However, when the viral membrane was not compromised (minus Triton X

100), the L1R protein was susceptible to protease digestion (Fig. 115, Panel B, 

a-L1R, lane 2), while the L1R12CAT fusion protein and the 25K structural 

protein were protected from digestion (Fig. 115, Panel B, a-CAT, lane 2 and 

a-25K , lane 2). These data suggest that a significant portion of the native 

L1R protein is exposed on the surface of the virus particle whereas the 

virion-associated L1R12CAT fusion protein is either buried within the virion 

membrane or extends inward from the membrane. 
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DISCUSSION
 

In the experiments reported here, the synthesis, modification and 

localization of a series of chimeric fusion proteins, comprised of 4 to 12 

amino acids from the N-terminus of the VV L1R protein fused onto the N-

terminus of the entire bacterial CAT enzyme (L1R442CAT, Fig. II.1), were 

examined both in vitro and in vivo. Measurement of the relative 

myristylation efficiencies of the L1RCAT fusion proteins synthesized in vitro 

revealed that in order to achieve wild type levels of modification by 

myristate, the 12 NH2-terminal amino acid residues of the L1R protein were 

required. However, the fusion protein containing as few as 5 amino acids of 

the L1R protein (L1R5CAT) was able to serve as a substrate for NMT 

(although with a reduced level of efficiency) and the intervening residues 

from positions 6 to 11 appear to play a modulating role in substrate 

specificity of NMT (Table 11.1 and Fig. 11.2). Similar conclusions were 

reached when the synthesis and modification of the L1R412CAT fusion 

proteins were examined in vivo within the context of the infected cell by 

transient expression assays (Fig. 11.3). Within the infected cell, the 

myristylated L1RCAT fusion proteins associated with the membrane-

containing fraction, whereas the nonmyristylated L1RCAT proteins 

remained in the soluble fraction (Fig. 11.4). Membrane targeting required 

myristylation and was not exclusively an intrinsic property of the NH2

terminal sequence of the L1R protein as demonstrated by the L1R12(m)CAT 

fusion protein, in which the substitution of the penultimate glycine residue 

with an alanine residue prevented both myristate modification and 

membrane association (Fig. 11.4). Finally, using the fully-modified 
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L1R12CAT derivative, it was demonstrated that the fusion protein was not 

only membrane-associated, but that it was also incorporated into the 

envelope of assembling vaccinia virus particles. However, based upon its 

susceptibility to digestion by externally added protease, the orientation of 

the L1R12CAT fusion protein within the virion envelope differed from that 

of the authentic L1R protein (Fig. II.5). Taken together, the results obtained 

suggest that the L1R protein myristylation recognition sequence (i.e., the 

NH2-terminal 12 amino acids) is necessary, and sufficient, to direct the 

efficient myristylation and localization of a heterologous protein molecule to 

the envelope of the intracellular vaccinia virus particle. 

Previous work using synthetic peptides as substrates for purified 

NMT from yeast has suggested that the identity of the amino acids residing 

in positions one and five of the acceptor protein are of crucial importance 

(Tow ler et al., 1988). Occupancy of position one, which is the N-terminus of 

the protein, is limited to a glycine residue whose amino group serves as the 

site of covalent linkage via an amide bond to myristic acid. In contrast, 

position five may be occupied by alanine, glycine, cysteine, asparagine, 

serine or threonine residues, although the latter two residues are greatly 

preferred. Furthermore, although residues 1-5 appear to represent the 

minimal consensus recognition sequence for NMT, the identity of the amino 

acids in the proximal COOH-terminal sites can enhance or destabilize NMT

ligand interactions (Duronio et al., 1991;). Our study of the in vitro 

myristylation of the L1RCAT fusion proteins in wheat germ extracts has, in 

general, agreed with these results. The L1R12CAT protein was myristylated 

as efficiently as the wild type L1R protein, suggesting that all of the essential 

determinants for NMT recognition were contained within the N-terminal 

twelve amino acids of the L1R protein. Substitution of an alanine residue 
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for the acceptor glycine residue at position one [L1R12(Ai)CAT], or deletion 

of the serine residue at position five by truncation (L1R4CAT) completely 

inhibited myristylation. In contrast, the chimeric protein containing the N-

terminal five residues of the L1R protein (L1R5CAT) was myristylated at an 

efficiency of 23.8%, relative to the wild type L1R protein, establishing that 

the pentapeptide Gly-Ala-Ala-Ala-Ser serves as the minimum myristylation 

consensus sequence in this context. Inclusion of the wild type L1R residues 

at positions six (isoleucine) and seven (glutamine) increased the 

myristylation efficiency to 66.3% and 78.0%, respectively, suggesting that 

the identity of the amino acids in the proximal positions can enhance NMT 

binding. It is of importance to note that similar results were obtained when 

these same fusion proteins were expressed in vivo , by transient expression, 

in virus-infected cells. This result suggests that: (i) myristylation parameters 

previously established using synthetic peptides and/or cell-free extracts are 

likely to be similar in vivo, and (ii) vaccinia virus infection does not appear 

to perturb NMT activity or specificity. 

The inability of the L1R9CAT and L1R11CAT fusion proteins to serve as 

myristylation substrates was unexpected since both L1R7CAT and 

L1R12CAT proteins were efficiently modified. There are at least two 

possible explanations for this result. First, amino acids present in positions 

8-11 (Thr-Thr-Val-Asn) downregulate NMT activity in the absence of the 

Thr residue in position 12. We consider this possibility unlikely as previous 

sequence comparisons of known myristylproteins has not revealed the 

presence of any highly conserved amino acid residues (e.g., threonine) at 

position 12. The second, and perhaps more likely possibility is that the 

L1R9CAT and L1R11CAT fusion proteins contain sequences or secondary 

structures contributed by the proximal residues of the CAT enzyme which 
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inhibit NMT binding or activity. For example, position 12 of the L1R9CAT 

and L1R11CAT proteins is occupied by a charged residue (lysine and 

glutamic acid, respectively), whereas a threonine residue is found at this site 

of both the L1R7CAT and L1R12CAT proteins. Likewise, residues 7 to 9 of 

the L1R12CAT are predicted to be involved in a beta-sheet structure in 

contrast to L1R9CAT and L1R11CAT proteins where this region is predicted 

to be found in an alpha helix. Obviously this hypothesis will require 

experimental verification. However, the observed failure of the L1R9CAT 

and L1R11CAT proteins to be modified by myristate suggests that residues 

proximal to the core NMT recognition sequence can have profound effects 

on myristylation efficiency and indicates that this region of the L1R protein 

(between residues 7-12) will be an interesting and appropriate target for 

mutagenesis studies to define the sequence and structural requirements for 

efficient interaction of substrate proteins with NMT. 

Although the precise contribution of myristylation to protein structure 

and function remains to be established, at least one of the primary functions 

appears to be in the facilitation of the targeting and association of proteins 

with membranes (Aitken et al., 1982; Buss et al., 1984; Deichaite et al., 1988; 

Henderson et a1.,1983) However, within the intact cell there are a variety of 

different membrane destinations for myristylproteins including the plasma 

membrane, nucleus, Golgi, endoplasmic reticulum and mitochondria. 

Furthermore, in the case of a VV-infected cell, there is an additional 

membrane-bound compal tment, the assembling virion. Given all the 

choices, it is remarkable that a twelve amino acid sequence from the NTV 

protein is able to confer both the myristylation and virion localization 

phenotypes when fused to the normally soluble bacterial CAT enzyme. This 

can be contrasted with the previous work of Pellman et al. (1985) who 
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demonstrated that the N-terminal sequences from the p6Osrc protein had the 

ability to direct fused heterologous proteins specifically to the plasma 

membrane. These observations imply that while the addition of myristic 

acid to a protein may increase its membrane-affinity, it may also ne the 

sequence and/or structure of the appended amino acids which govern the 

selection of its destination to the correct membrane compartment. 

Furthermore, it should be noted that although the myristylated L1R12 

sequence appears to be sufficient for directing an appended foreign protein 

to the envelope of the assembling virus particle, the intrinsic properties of 

the protein govern how it is oriented within the viral envelope. For 

example, in the wild type \IV L1R protein, which contains a hydrophobic 

predicted membrane-spanning region near the carboxyl-terminus as well as 

myristic acid at its amino terminus, a major portion of the L1R protein 

appears to reside on the external surface of the viral envelope as 

demonstrated by its sensitivity to proteinase digestion. In contrast, the 

L1R12CAT protein was resistant to proteinase digestion, implying that 

although membrane-associated, the hydrophilic CAT protein is likely to 

extend from the viral envelope towards the interior of the viral particle. 

The discovery that the NH2-terminal sequences of the \TV L1R protein 

are able direct foreign proteins to the envelope of vaccinia virions may have 

some application to the design of recombinant vaccines. The use of 

recombinant vaccinia viruses to express foreign antigens for the induction of 

protective cellular and humoral immunity in recipient animals is an 

extremely powerful and promising technology. However, concerns over 

potential complications and environmental safety issues arising from the 

use of live recombinant vaccines have slowed progress in this area. One 

alternative approach to circumvent these problems would be to inactivate, 
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or kill, the recombinant vaccinia vaccines prior to administration. To be 

successful, this strategy will require some means of targeting the foreign 

antigen to the surface of the recombinant vaccinia virus virions. The results 

presented here suggest that the NH2-terminus of the VV L1R protein may 

provide such a mechanism. 
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CHAPTER III
 
CHARACTERIZATION OF THE VACCINIA VIRUS L1R MYRISTYLPROTEIN AS A
 

COMPONENT OF THE INTRACELLULAR VIRION ENVELOPE.
 

Authors: Monica P. Ravanello and Dennis E. Hruby 
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SUMMARY 

In many cases, virus-encoded acylproteins appear to localize to 

specific cellular and viral membranes and to be directly involved with the 

processes of virus morphogenesis and/or egress from the infected cell. It 

was therefore of interest to determine whether the major vaccinia virus (VV) 

myristylprotein, L1R, is specifically associated with one or more or the 

membranes enveloping various infectious forms of VV virions. To this end, 

intracellular virions (INV) and extracellular enveloped virions (EEV), which 

are surrounded by at least two distinct membranes, were purified from VV-

infected cell lysates and supernatants. The location of the VV L1R protein 

was examined by using a monospecific anti-L1R serum to detect the L1R 

protein by immunoblot in INV and EEV containing fractions, by examining 

the proteinase K sensitivity of the L1R protein in intact INV and EEV 

particles, and by immunoelectron microscopy. The data obtained clearly 

indicates that although the L1R protein is a constituent of both the INV and 

EEV particle, it is exclusively found in the inner INV-specific membrane. 

These results are discussed with regard to the potential role of the \TV L1R 

protein in the primary intracellular envelopment of infectious VV particles. 
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INTRODUCTION 

Our understanding of the complex events leading to the assembly 

and envelopment of many mammalian viruses is rudimentary, at best. For 

vaccinia virus (VV), the prototypal member of the poxvirus family, most of 

what we know about the maturation and egress of the virus from infected 

cells is based on electron microscopic (EM) studies. Using the transmission 

electron microscope, the first defined viral structures which become visible 

after infection are spicule-coated membranes which enclose a granular 

matrix. Further differentiation leads to the characteristic electron-dense core 

structures which can be found throughout the cytosol. These particles, 

which are infectious are designated as intracellular "naked" virions (INV), a 

misleading term as the INV are enclosed within at least one lipid-containing 

structure. 

A second form of infectious VV virion exists which differs from INV 

in terms of its relative buoyant density in isopycnic gradients and the mode 

by which it exits from the infected cell. These latter particles are thought to 

obtain two additional membranes by becoming enwrapped by a double 

layer of the Golgi trans cisternae. One of these membranes is lost by fusion 

with the plasma membrane in a process which can be thought of as reverse 

phagocytosis, resulting in release of the virus from the interior of the 

infected cell. Consequently, after release, the extracellular VV particles have 

an additional lipoprotein envelope and are called extracellular "enveloped" 

virions (EEV). The process of EEV formation and its release from the cell 

surface requires both an intact cytoskeleton, as evidenced by experiments 

using the drug cytochalasin which inhibits microfilament formation (Payne 
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and Kristensson, 1982 a), and the glycosylation of viral proteins (Payne and 

Kristensson, 1982 b). Furthermore, there appears to be at least ten EEV-

specific proteins, nine of which are glycosylated, which may influence EEV 

egress. In particular, the p37K protein (the product of the F13L ORF), which 

is the most abundant species present in the EEV outer envelope (Hiller and 

Weber, 1985), has been implicated as having a potential role in virion 

envelopment and release from the infected cell (Blasco and Moss, 1991; 

Payne and Kristensson, 1979). 

Given the bifurcated nature of VV development, it becomes of 

interest to determine the molecular signals of differentiation, as well as the 

targeting mechanisms employed to ensure that virus proteins are directed to 

the correct subcellular compai linent for incorporation into INV, EEV or 

both. In recent years, it has become evident that modification of proteins by 

the covalent attachment of various lipid moieties, collectively referred to as 

acylation, can play a central role in determining the localization and 

functional activity of the modified protein (Grand, 1989). Although a 

specific function for many of the proteins modified by the addition of lipids 

remains to be elucidated, it appears that for many viral proteins, the 

attachment of a fatty acid moiety may aid in interactions with other 

molecules and ultimately orchestrate the assembly of progeny virions. This 

has been established most definitively for picornaviruses, for which analysis 

of the crystal structure data confirmed a direct and critical interaction 

between the myristylated VP4 protein and VP3 within the virus capsid 

(Chow et al., 1987 a). Similarly, the myristylated VP2 proteins of both simian 

virus 40 and polyomaviruses appear to have a role in virus particle 

scaffolding as evidenced most recently by a mutant virus expressing a 

nonmyristylated form of VP2 which revealed both a decrease in viral 
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infectivity and virus assembly (Sahli et al., 1993). Other acylated viral 

proteins which may have a function in viral morphogenesis include the 

Sindbis and vesicular stomatitis virus glycoproteins, the influenza virus HA 

protein and the Pre-S1 protein of hepatitis B virus, which is thought to 

influence nucleocapsid assembly and/or infectivity (Persing et al., 1987). 

We and others have previously demonstrated, that VV encodes a 

large number of acylated proteins, including the EEV-specific p37 protein 

which is palmitylated (Child and Hruby, 1992; Franke et a1.,1989; Hiller and 

Weber, 1985). Another VV acylprotein of particular interest is the major 

myristylated protein product of the VV L1R open reading frame (previously 

termed M25 protein) which is expressed at late times during the infectious 

cycle and is co-translationally modified by the addition of myristic acid 

(tetradecanoate, C14:0) to the penultimate NH2-terminal glycine residue in a 

hydroxylamine resistant fashion (Franke et al., 1989; Franke et al., 1990). The 

L1R protein is a component of purified virions and is partitioned in the 

detergent soluble fraction upon treatment of whole virions with Nonidet

P40, thus suggesting an association with a virion membrane (Franke et al., 

1989; Ravanello et al., 1993). In our previous studies we observed, that upon 

treatment of whole purified virions with a protease, such as proteinase K, 

immunoreactivity to the L1R protein was lost using a monospecific 

antiserum raised to this polypeptide (Ravanello et al., 1993). This finding 

raises the possibility, that the L1R molecule may be targeted and localized to 

one or more of the membranes enveloping mature virus particles. In this 

report, we have extended our investigation regarding the virion localization 

of the L1R protein by using immunodetection techniques and proteinase 

sensitivity assays to determine whether the L1R protein is a component of 

both mature INV and EEV particles, or is restricted to one or the other virion 
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form. Furthermore, immunogold electron microscopy techniques were 

employed in order to examine where the L1R protein is localized within the 

vaccinia virion. 
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RESULTS AND DISCUSSION 

Confluent monolayers of RK13 (Rabbit kidney) cells were infected at 

a multiplicity of 5 infectious particles/cell with the IHD-J strain of VV. 

After 24 hours of incubation at 37°C, INV and EEV forms of VV were 

purified as follows. The infected cells were scraped from the plate, 

transferred to a conical tube and centrifuged at 1000 x g for 5 min at 4°C to 

obtain a primary pellet and supernatant fraction. EEV was pelleted from the 

supernatant in a Beckman SW28.1 rotor tube at 35,000 x g for 30 min at 4°C. 

This preparation was further purified on a discontinuous cesium chloride 

gradient (100,000 x g for 17 h at 15°C) which was prepared by prelayering 

1.30 (1.3 ml), 1.25 (1.8 ml) and 1.20 (1.8 ml) g/ml cesium chloride in a 

Beckman SW50.1 ultraclear rotor tube. INV was purified from lysed 

harvested cell pellets (the primary pellet described above) by centrifugation 

on a 36% (w/v) sucrose cushion in a Beckman SW41 rotor tube at 40,000 x g 

for 80 min at 4°C. The resulting virus pellet was further purified on a 

discontinuous cesium chloride gradient to obtain INV. After centrifugation, 

the bands corresponding to the EEV (density 1.22 g /ml) or the INV (density 

1.26 g/ml) forms of VV were removed through the side of the tubes using a 

needle and syringe. The volume of each fraction was adjusted to 1.5 ml with 

distilled H2O and the fractions centrifuged at 6500 x g for 30 min at 4°C. 

The supernatant was removed by aspiration and the pellet resuspended in 

100 ill distilled H2O. 

The INV and the EEV forms of VV were examined for the presence of 

the UR protein by immunoblot analysis using a monospecific antiserum for 

this polypeptide. A small amount (15 rig) of each purified virus preparation 
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was analyzed by discontinuous sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis (PAGE), followed by immunoblotting 

(Fig. III.1). Using a monospecific polyclonal antiserum raised to a histidine 

tagged L1R protein, anti-his:L1R (Ravanello et al., 1993), approximately 

equivalent amounts of the L1R polypeptide was observed in both the NV 

and the EEV forms of VV (Fig. lTI.1A., lanes 1 and 2). As controls to ensure 

purity and identity of the INV and EEV preparations, replicate immunoblots 

were probed with a polyclonal antiserum directed against either p37 or 25K 

(VP8, the product of the L4R gene). The p37 protein should be found only 

in the EEV fraction whereas the 25K core protein should be present in both 

INV and EEV. This analysis easily detected p37 protein in the EEV fraction 

(Fig. III.1B., lane 2). The 25K or VP8 protein, is proteolytically cleaved from 

its precursor form (p25K) and comprises approximately 7% of the total virus 

by dry weight. An antiserum raised to a trpE fusion protein (Lee and 

Hruby, 1993), recognizes both the precursor (p25K) and the product (25K) of 

the cleavage reaction. The levels of protein p25K/25K detected in the INV 

and EEV samples was roughly equivalent (Fig. m.ic., lanes 1 and 2) 

indicating the presence of mature virions and that the lanes were loaded 

with relatively equal numbers of virions. Together these results 

demonstrate that the L1R protein is a bona fide component of mature 

vaccinia virions and that it is found in both INV and EEV. 

The carboxy-terminus of the L1R protein is predicted to possess a 

high degree of hydrophobicity (Goebel et al., 1990), consistent with the 

hypothesis that this portion of the molecule serves to anchor the L1R protein 

into the membrane surrounding VV virions. However, in view of the fact 

that the L1R protein is present in both NV and EEV, it was of interest to 

determine whether the protein was restricted to the INV-specific membrane 
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Figure HU. Examination of purified INV and EEV particles for the 

presence of the vaccinia virus L1R protein by immunoblot analysis. The 

INV or EEV forms of VV were prepared from confluent monolayers of RK13 

cells as described in the text. Fifteen lig of each fraction was subjected to 

denaturing gel electrophoresis (SDS-PAGE) followed by electrophoretic 

transfer to nitrocellulose membranes. After incubation of the membranes in 

a 3% gelatin solution, the presence of individual proteins were probed using 

antisera specific for the L1R protein (A.), or the p37 protein, which is the 

major polypeptide component of outer EEV membranes (B.), or the 

p25K/25K proteins, which localize to the core of virions (C. the arrow 

indicates the mature form of this protein, 25K). The membranes were then 

incubated in goat anti-rabbit IgG antibody conjugated to alkaline 

phosphatase, and the chromogenic substrates NBT (para-nitro blue 

tetrazolium chloride) and BC1P (5-bormo-4-chloro-3-indoyl-phosphate para

toluidine salt) in carbonate buffer. For each of the panels the lanes 

correspond to: lane 1, INV fraction from IHD-J infected RK13 cells; lane 2, 

EEV fraction from IHD-J infected RK13 cells. The migration and sizes (in 

kilodaltons) of molecular mass standards is indicated at the left of each 

panel. 
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Figure III.1. Examination of purified INV and EEV particles for the presence of the vaccinia virus
MR protein by immunoblot analysis. 
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or was also present in the outer EEV membrane. To approach this question, 

protease digestion experiments were undertaken using proteinase K, an 

endo- and exoprotease, which has previously been used for studies to 

characterize membrane protein attachment (Marimoto et al., 1983). 

Equivalent amounts (20 mg) of INV or EEV were incubated in the presence 

of proteinase K (501.tg/m1) for 60 minutes on ice. At the completion of the 

incubation period, the protease inhibitor phenylmethylsulfonide fluoride 

(PMSF) was added to a final concentration of 5 mM. The digested extracts 

were subjected to discontinuous polyacrylamide gel electrophoresis. The 

resolved protein bands were transferred to nitrocellulose membranes which 

were then probed by immunblot using the three antisera described above. 

Immunoreactivity to L1R protein was lost completely in the INV fractions 

treated with proteinase K, (Fig. III. 2, anti-L1R, lane 1), whereas the amount 

of L1R detected in the EEV fraction was unaffected by treatment with the 

proteinase (lane 2). In contrast, the p37 protein appeared to be completely 

removed from the EEV fraction by incubation with proteinase K (anti-p37). 

There was no detectable change in immunoreactivity for the p25K/25K core 

protein in either the INV or EEV samples (anti-p25K/25K, lanes 1 and 2). 

This data strongly suggests that while the L1R protein is a component of 

both the NV and EEV forms of VV, it is only in direct physical and 

biochemical association with the primary membrane enveloping the INV. 

As an alternative means to investigate the location of the L1R protein 

within the VV virion, immunoelectron microscopy was carried out on thin 

sections of purified EEV. The EEV fraction was pelleted by centrifugation in 

a microcentrifuge rotor at 6500 x g for 10 min. Fixing, embedding, and 

slicing of the blocks with a diamond knife was carried out by personnel at 

the OSU Electron Microscopy Laboratory. The slices prepared for 
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Figure 111.2. Proteinase K sensitivity of the L1R protein in purified INV and 

EEV. Twenty pg of INV or EEV were incubated with proteinase K. PMSF 

was added to terminate the digestion. The proteins remaining in each 

sample were analyzed by SDS-PAGE followed by immunoblotting using the 

antisera specific for the L1R, p37 or p25K/25K proteins, as indicated above 

each blot. The lanes correspond to: lane 1, INV IHD-J; lane 2, EEV IHD

J. The position and sizes (in kilodaltons) of molecular mass standards is 

indicated to the left of each blot. 
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Figure 111.2. Proteinase K sensitivity of the Ll R protein in purified INV and EEV, 
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immunocytochemistry were placed on uncoated Pelco nickel grids, 200 

mesh. These grids were then subjected to immunogold labeling (Erickson et 

al., 1987) using a 1:1000 fold dilution of the primary antibody and a 1:20 

dilution of the goat anti-rabbit IgG 10nm gold conjugate. Samples were 

stained with uranyl acetate and lead citrate (Russel & Rohrmann, 1990; 

Venable & Coggeshall, 1965). The gold particles and virions were visualized 

on a Philips EM 300 electron microscope. Using p25K/25K antiserum as the 

primary antibody demonstrated strict localization of the gold particles to the 

virion core (data not shown; VanSlyke and Hruby, 1994). Since the 25K 

protein is a core protein, this result was as expected and confirmed our 

ability to specifically localize viral proteins by this procedure . Treatment of 

the thin sections with the anti-p37 antibody resulted in gold particles being 

deposited in the vicinity of the distal envelope membrane (Fig. III.3A.). This 

is consistent with the p37 protein as being a major surface determinant for 

the extracellular form of VV. In contrast, when the anti-L1R serum was 

used as the primary antibody, gold particles were seen throughout the 

internal regions of the virion with a majority being found between the inner 

and outer membrane (Fig. 111.3B.). Furthermore, gold particles bound to the 

L1R-specific antibody were entirely limited to the mature vaccinia virions, 

whereas some of the gold particles bound to anti-p37 antibody were found 

associated with other membranes (Fig. III.3A. arrow). The identity of these 

structures may correspond to membranes of either viral or Golgi origin that 

had been disrupted during the preparation of the samples. In any case, the 

results of the immunoelectron microscopy confirm and support the 

conclusion that the VV L1R protein is an integral component of the INV 

membrane. 
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Figure 111.3. Localization of viral proteins in EEV particles by 

immunoelectron microscopy. Thin sections of purified EEV particles were 

incubated with antisera specific for either the L1R or p37 proteins. Bound 

antibody was visualized using colloidal gold (10-nm particles) conjugated to 

goat anti-rabbit serum and visualized by transmission electron microscopy. 

A. Anti-p37 serum. B. Anti-L1R serum. Gold labeling of EEV particles was 

not observed when preimmune serum was employed as the primary serum 

(data not shown). The bar represents 100 nm. 



69 

A.
 

B.
 

Figure 111.3. Localization of viral proteins in EEV particles by 
immunoelectron microscopy. 
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The results presented here have demonstrated that the VV L1R 

protein is a constituent of both INV and EEV particles, but that it is 

associated exclusively with the primary membrane surrounding the virion 

core. Given the rather specific localization of the VV L1R protein, it will be 

of interest to elucidate the salient protein targeting mechanisms that are 

being employed to guide it to this site. It is likely that this will involve a 

combinatorial display of primary amino acid sequence, secondary and 

tertiary structure of the protein and the presence of a hydrophobic 

prosthetic group, myristic acid. We have previously demonstrated that a 

fusion protein, in which the first 12 amino acids of the L1R protein were 

abutted to the entire bacterial chloramphenicol acetyltransferase protein, 

was myristylated and targeted to the vaccinia virion purified from the 

cytoplasm of infected cells (Ravanello et al., 1993). However, in contrast to 

the results reported here, the L1R:CAT fusion protein was recalcitrant to 

proteinase K treatment (Ravanello et al., 1993). The proteinase K sensitivity 

of L1R protein in INV particles (Fig. 2), indicates that an additional 

membrane anchoring domain might aid in exposing the majority of the 

mass of L1R protein (ectodomain) to the outside surface of the virion. The 

putative hydrophobic membrane-spanning region found near the carboxyl 

terminus together with the amino terminal myristic prosthetic group of this 

protein could provide such a function. This would be consistent with the 

analysis of other viral membrane proteins (Doms et a1.,1993). 

Since expression of the VV L1R protein is apparently essential for 

replication (Franke et a1.,1989; Franke et al., 1990) and it appears to be 

associated with the nascent virion envelope, it is reasonable to postulate that 

the L1R protein may play a central role during virion morphogenesis. If the 

long held assumption that INV particles acquire their membranes de novo is 
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true (Dales and Mosbach, 1968; Dales and Pogo, 1981), it is conceivable that 

L1R may help recruit lipids to the virosome and thus lead to the 

condensation event that marks the initiation of virion morphogenesis. If this 

were the case, the myristic acid moiety may serve a function in holding the 

lipid components and L1R protein in a stable conformational state until the 

membrane is formed around the previrion. Alternatively, in the event that 

the INV particle acquires its membrane by intracellular budding through the 

intermediate compartment (Sodeik et al., 1993), then it is possible that the 

L1R protein may function to direct the assembling virion to this site, much 

like the matrix protein of MPMV (Rhee & Hunter, 1990). Although the L1R 

protein appears to be restricted to the primary membrane surrounding the 

VV core, this does not preclude it also playing a role in EEV formation. For 

example, it is possible that L1R and p37 proteins might interact with each 

other by virtue of the altered hydrophobicity conferred to them by their 

respective acyl moieties. Essential oligomeric interactions between viral 

membrane proteins have previously been demonstrated in a number of 

cases, including the influenza hemagglutinin (Wilson et al., 1981). Such a 

cooperative interaction between the L1R and p37 proteins may ultimately 

aid in virus egress from the cell. 
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CHAPTER IV
 
CONDITIONAL-LETHAL EXPRESSION OF THE VACCINIA VIRUS L1R
 

MYRISTYLPROTEIN REVEALS A ROLE IN VIRION ASSEMBLY.
 

Authors: Monica P. Ravanello and Dennis E. Hruby 
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SUMMARY 

Within the vaccinia virus infected cell, the product of the L1R open 

reading frame is covalently modified by myristic acid at the penultimate 

NH2-terminal glycine residue. Previously we have shown that while the 

L1R protein is a constituent of both intracellular mature virus particles 

(IMV) and extracellular enveloped virions (EEV) which are released from 

the infected cell, it is associated exclusively with the primary membranes 

surrounding the virion core. Given this rather specific localization, it was of 

interest to study the potential role of this essential gene in virus replication 

and morphogenesis. To this end, a recombinant vaccinia virus has been 

constructed, in which the expression of the L1R gene could be 

transcriptionally repressed. In the absence of the inducer IPTG, synthesis of 

the L1R protein was blocked resulting in a total inhibition of plaque 

formation. Velocity sedimentation of viral particles labeled in the presence 

of [3H]- thymidine, grown in the presence or absence of IPTG, revealed a 

substancial reduction in viral DNA incorporation into virions. Likewise, 

proteolysis of the major core proteins p4a, p4b and p25K, believed to occur 

during the final stages of virion maturation, was severely impaired. In the 

absence of L1R expression, only immature virions could be detected by 

electron microscopy. Transient expression of a plasmid containing the full 

length L1R gene driven by its own promoter was able to complement and 

rescue the defective phenotype. However, a plasmid bearing a mutation in 

the myristyl-acceptor glycine residue was unable to biologically rescue the 

recombinant and the protein was not detected in purified virions. Trans-

complementation using a truncated, myristylated form of the L1R protein 
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partially rescued the defective mutant. Collectively, this data suggests that 

myristic acid mediates essential interactions of the L1R protein both with 

viral membranes and other virion components which lead to the productive 

assembly, maturation and release of particles. 
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INTRODUCTION 

Poxviruses are among the largest and most complex eukaryotic 

viruses, and are distinguished by replicating exclusively in the cytoplasm of 

the infected cell (Hruby et al., 1979). The best characterized member of this 

group, vaccinia virus (VV), regulates its gene expression in a temporal 

fashion during the viral replicative cycle which begins with entry of the 

virion into the host cell and terminates with the assembly of 

macromolecular structures to form an infectious particle. 

This process of virion assembly has recently received notable 

attention. The traditional assumption that the immature spherical particle 

(IV) acquires its primary membrane by a unique de novo biogenesis 

mechanism (Stern and Dales, 1974; Stern and Dales, 1976) has been 

challenged by studies using cryoelectron microscopy and the co-localization 

of virion proteins with cellular markers (Sodeik et al. 1993). The data 

derived from these latter studies suggests, that the immature virion (IV) 

acquires not one, but two closely opposed membranes which are derived by 

budding through the intermediate compartment, lying between the rough 

endoplasmic reticulum (ER) and the Golgi stacks (Schmelz et al., 1994, 

Sodeik et al., 1993). Maturation of the IV, involving molecular events which 

are still largely unknown, yields the characteristic brick-shaped particles 

which have been referred to as intracellular "naked" virion (INV), or 

intracellular mature virus (IMV). In any case, the INV or IMV particle, 

which is enclosed by two distinct membranes, can give rise to two other 

morphogenic forms: the four-membraned intracellular enveloped virion 

(IEV), by becoming enveloped by a cistema derived from the trans-Golgi 
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network (Payne 1978; Schmelz et al., 1994). The IEV outermost membrane 

can then fuse with the host cell plasma membrane by exocytosis, giving rise 

to the three membraned extracellular enveloped virus (EEV). 

While electron microscopy data has provided us with a view of the 

virion at the ultrastructural level, other means must be employed to 

investigate the function of known and unknown proteins at the molecular 

level in the life cycle of the virus. For example, the classical approach to 

study virus genetics involves the isolation and characterization of 

temperature sensitive, deletion, drug-resistant or drug-dependent virus 

mutants (reviewed in Condit and Niles, 1990). Recently a novel method, 

which relies primarily on reverse genetic techniques, has been developed for 

the characterization of virion proteins (Zhang and Moss, 1991). A 

recombinant conditional virus is constructed in which elements of the 

Escherichia coli lac operator-repressor system regulate and determine 

expression of the gene of interest. Using this technology, the virion encoded 

11KDa phosphoprotein, the product of the F18R open reading frame (ORF) 

has been shown to participate in morphogenesis (Zhang and Moss, 1991). 

Similarly, the phenotype of the recombinant for the polypeptide encoded by 

the D13L ORF is observed to be arrested at the formation of immature viral 

envelopes, similar to the effect seen by treatment of infected cells with the 

antibiotic rifampin (Miner and Hruby, 1989; Zhang and Moss, 1992; Sodeik 

et al., 1994). Under the EM, irregularly shaped structures were observed, 

which would appear more compacted under normal conditions. In 

addition, a recent report proposes a scaffolding role for the D13L protein in 

the formation of viral crescents (Sodeik et al., 1994). 

In this report we have extended the investigation of virion proteins 

which may be involved in the molecular events pertaining to 
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morphogenesis, by constructing and characterizing a conditional, inducible 

VV recombinant for the L1R gene. This gene encodes a late protein which is 

covalently modified by the addition of the C14 fatty acid, myristic acid, to 

an amino-terminal glycine residue. The myristylated L1R protein is known 

to be localized to, and an integral component of, the membranes of the 

mature virion (IMV) (Franke et al. 1989; Ravanello et al. 1993; Ravanello and 

Hruby, 1994). The L1R protein is of particular interest because of its 

membrane targeting and association signal which appears to reside both in 

the fatty acid moiety and in the first twelve amino acid residues synthesized 

(Ravanello et al., 1993). Previous work has indicated that this sequence, 

when fused to a normally soluble protein, is sufficient for localization of a 

protein to the primary membranes of the virus particle, although this fusion 

protein does not exhibit the same topology as the wild-type L1R protein 

(Ravanello et a1.,1993). 

Given the fact that within the cell there exist a variety of different 

membrane destinations for myristylated proteins, including the plasma 

membrane, nucleus, ER, Golgi and mitochondria, it is remarkable that the 

L1R protein would specifically localize within the membranes of the 

assembling virion. Therefore, we sought to understand and determine 

whether this protein has a role during the morphogenic events which lead 

to the formation of mature particles. Our results indicate that both the L1R 

protein and myristic acid are involved in these events. 
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MATERIALS AND METHODS 

Cells and Virus. 

Vaccinia virus recombinant vlacI (a generous gift of Dr. B. Moss), was 

propagated on monolayers of BSC-40 (African green monkey kidney) cells 

maintained in modified Eagle's medium (MEM-E; Sigma cell culture 

reagents, St. Louis, Mo.) supplemented with 10% (vol/vol) heat-inactivated 

fetal bovine serum (Whittaker M. A. Bioproducts, Inc., Walkersville, Md.), 

2mM L-glutamine, and 10p.g of gentamycin sulfate per ml at 37°C, 5% CO2 

and 95% humidity. Recombinant virus vlacOUR was replicated in the 

continuous presence of 5mM IPTG. The vlacOL1R recombinant was grown 

and purified from infected BSC-40 cells by two successive cyles of sucrose 

gradient centrifugation and titrated by plaque assay as described previously 

(Hruby et al., 1979). 

Plasmid Vector Construction. 

A 1143-base-pair (bp) DNA fragment containing the VV L1R 

promoter, the L1R open reading frame (ORF) and approximately 300 by 

flanking regions was amplified from VV genomic DNA using the 

polymerase chain reaction (PCR) (Ehrlich, 1989) and oligonucleotide 

primers complementary to the 5'- (primer MR 20, 

5'GATCGAGCTCAGAGTGTTCGAATGCCAATGTT3') and 3'- (primer MR 

21, 5'GTACCCTAGGATCTACAAATTITICATCCGC3') ends of the DNA 

sequence. The PCR product was extracted twice using phenol-chloroform 

and concentrated by precipitation in ethanol. The major ethidium bromide 

staining species was excised from a 1% agarose gel (Tris-borate-EDTA), 



79 

phosphorylated using T4 polynucleotide kinase (Boehringer Mannheim 

Biochemicals, Indianapolis, Ind.) and ligated into the Smal site of plasmid 

vector pUC118, resulting in pL1R. Using site-directed mutagenesis (Kunkel, 

1985), a 22 base pair synthetic/ac operator sequence was inserted into pL1R, 

producing p/acOL1R (Fig. IV.1A). The plasmid p/acOL1R contains the \TV 

L1R gene with the lac operator sequence located immediately upstream of 

the RNA start site. An XbaI Clal DNA fragment containing the bacterial 

gpt gene encoding xanthine-guanine phosphoribosyltransferase (Mulligan 

and Berg, 1981) regulated by the VV P7.5K promoter was excised from 

plasmid pTK7.5KgptFls, treated with the Klenow fragment of Escherichia coli 

DNA polymerase I (Boehringer Mannheim), gel-isolated and ligated in the 

Sail site of vector p/acOL1R (Fig. IV.1A.). The resulting transfer vector 

p/acOL1R:7.5Kgpt contains the L1R gene of VV with the lac operator 

inserted one nucleotide downstream of the transcription start site and with 

the Escherichia coli gpt gene as a selectable marker for recombinant virus 

generation. 

The codon for the N-terminal myristic acid acceptor glycine residue 

of the VV L1R gene was altered to alanine by oligonucleotide site-directed 

mutagenesis. The synthetic oligonucleotide, MR 26, 

(5'CTGTATACTTGCTGCGGCAGCCA FlTAAA3') was used to generate 

plasmid vector pG1A from pL1R. Plasmid pAC86 expresses a truncated 

form of the L1R protein in which the codons for the 86 C-terminal amino 

acids have been deleted. This vector was generated by digestion of plasmid 

pL1R with MunI and BamHI, treatment of the ends with Klenow enzyme 

followed by ligation of the ends. Following ligation of the ends, the Muni 

site is restored and a termination codon introduced. All plasmids were 
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Figure IV.1. Design and construction of the recombinant vlacOL1R. A.) An 

1143 by DNA fragment containing the VV L1R late promoter and ORF was 

amplified using the polymerase chain reaction and ligated into plasmid 

pUC118. The striped box represents the L1R ORF, while the gray boxes 

represent flanking sequences needed for recombination into the virion 

DNA. Oligonucleotide directed site-specific mutagenesis was employed to 

insert a 22 by lac operator sequence and a new translation initiation codon 

immediately downstream of the TAAAT sequence which is utilized as the 

RNA start site. The third nucleotide of the wild-type translation initiation 

codon, G was altered to A (underlined in bold for the WR strain of VV and 

for the insertion sequence), followed by insertion of the lac operator. An 

extra nucleotide was appended to this sequence to create a new Ncol site as 

an alternative means to screen for recombinant viruses. The lac operator 

sequence is schematically illustrated as a circle. The p7.5Kgpt cassette was 

excised from plasmid pTK7.5KgptFls, and ligated into placOL1R, resulting 

in p/acOL1R:7.5K t. B.) Plasmid placOL1R:7.5Kgpt was used for marker 

transfer into the genome of viacl, a recombinant virus which expresses the 

lac repressor protein, in the presence of IPTG. Mycophenolic acid was used 

to select for recombinant viruses which would contain the gpt gene between 

the wild-type copy of L1R and the mutated one as a result of a single cross

over event. Discontinuing selection with MPA would result in a second 

cross-over event yielding genomes containing either the wild-type or the lac 

operator-altered L1R gene. 

http:p/acOL1R:7.5K
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5'-ATGGATACTAATTGTAGCTATTTAAATGGGTGCCGCAGCAGCAAGCATACA-3. WR
 

5-ATGGATACTAATTGTAGCTATTTAAATAGAATTGTGAGCGCTCACAATTCeTGGGTGCCGCAGCAGCAAGCATACA-3.
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Figure IV.1. Design and characterization of the recombinant viacOUR 
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subjected to dideoxynucleotide DNA-sequencing procedures (Sanger et. al., 

1977) to confirm the authenticity of the inserts. 

Isolation of Recombinant Virus. 

To generate the recombinant virus vlacOL1R, BSC-40 cells (1.4 x 106) 

were infected with 0.05 plaque-forming units of vlacI per cell. The infected 

cells were then transfected using a liposome-mediated transfection protocol 

(Rose et. a1.,1991) with 5gg of p/acOL1R:7.5Kgpt and 11.tg VV WR DNA. 

Selection for recombinant viruses containing the bacterial gpt gene as a 

result of a single cross-over event (Fig. IV.1.B) was enriched at 24 h post-

infection by adding 25Rg mycophenolic acid (MPA) per ml (Ausubel et al., 

1991). At 48 h the infected cells were harvested and lysed by sequential 

freeze/thawing. The lysate was serially diluted and used to infect 6-well 

plates of BSC-40 cells containing MEM-E supplemented with 2.5% fetal 

bovine serum and 251.1g/m1MPA. The wells containing approximately 20 

plaques were harvested and the lysate used to inoculate BSC-40 cells which 

were then overlayed with agar containing MPA. The gpt+ virus obtained 

from separate plaques were used to inoculate BSC-40 cells without MPA 

and DNA isolated from individual plaques was analyzed by PCR and 

agarose gel electrophoresis for the inserted sequence. PCR was performed 

using oligonucleotide primers MR 20 which is complementary to DNA 

sequences flanking the L1R gene at the 5'-end and a lac operator primer 

(PlacO, 51GAATTGTGAGCGCTCACAATTC3') (Fig. IV.2.A). The virus 

containing the lac operator sequence was plaque purified four additional 

times and then amplified to produce a viral stock. 
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Single cycle growth curves. 

BSC-40 cells were infected with VV WR or with vlacOUR in the 

presence or absence of IPTG, at a multiplicity of infection of 10 PFU per cell. 

Virus yields from cells harvested at the indicated times post-infection were 

determined by plaque assay on monolayers of BSC-40 cells in the presence 

of 5mM IPTG. 

Velocity sedimentation of viral DNA. 

Confluent BSC-40 cells were infected with 5 PFU of vlacOUR per cell 

in the presence or absence of 5mM IPTG and incubated at 37°C in MEM-E 

with 5% fetal bovine serum. At 1 h post-infection 1 liCi per ml of [3H]

thymidine (New England Nuclear; 80Ci/mmol) was added to the plates of 

infected cells. After a 24 h incubation period at 37°C in 5% CO2 the infected 

cells were loosened from the plates with a rubber policeman, and pelleted 

by centrifugation at 500 x g for 5 min at 4°C. The infected cells were lysed 

by swelling in 10 mM Tris-CI (pH 9.0) followed by Dounce homogenization 

and the nuclei were pelleted by centrifugation. Samples were layered on 

36% (w/v in 10 mM Tris-Cl [pH 9.0]) sucrose cushions and virus particles 

pelleted in a SW 41 rotor at 18,000 rpm for 80 min at 4°C. Virus pellets were 

Duall homogenized, layered on 25-40% (w/v) sucrose gradients, and 

centrifuged at 13,500 rpm for 40 min at 4°C. Fractions (0.5 ml) were 

collected from the top of the gradient using a density gradient fractionator 

(Isco, Model 185). Fifty ill aliquots of each fraction were analyzed for 

radioactivity by liquid scintillation counting. Peak fractions of the labeled 

virus were also analyzed by plaque formation. 
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Analysis of polypeptides by immunoblotting. 

Infected cells were harvested, washed in phosphate-buffered saline 

(PBS) (pH 7.0), and lysed by addition of 10U benzonase (EM Science; 

Gibbstown, New Jersey). Immunoblot analysis was performed as described 

by Van Slyke et al. (1991). Briefly, cell lysates were heated at 100°C for 3 min 

in a sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 

sample buffer (50mM Tris [pH6.8], 1% [wt/vol] SDS, 0.1% [vol/vol] 2

mercaptoethanol, 1% [vol/vol] glycerol). The proteins were separated on 

15% polyacrylamide gels containing SDS and electrotransferred to 

nitrocellulose filters in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 

20% [vol/vol] methanol) (Towbin et al., 1979) for 40 min at 4°C and 25 V. 

The filters were washed once in Tris-buffered saline (TBS) (20 mM Tris and 

500 mM NaC1, pH 7.5) and blocked with 3% (wt/vol) gelatin (Bio-Rad, 

Richmond, CA) in TBS at room temperature for 2 h. The filters were 

washed three times with TTBS (0.05% Tween-20 in TBS) and then subjected 

to binding with anti-his:L1R antibody (Ravanello et al., 1993) (dilution 

1:1,000) in antibody buffer (1 %- gelatin containing 1'11:3S) at room 

temperature overnight. After three washes in TTBS buffer followed by one 

in TBS, the filters were hybridized with an alkaline phosphatase conjugated 

goat anti-mouse antibody (dilution 1:2,000) (Bio-Rad) in antibody buffer for 

2 h and washed with '1"1135 and TBS. The immunoblots were developed in 

p-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate 

p-toluidine salt (Bio-Rad) in carbonate buffer (0.1 M NaHCO3 and 1.0 mM 

MgC12, pH 9.8). 
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Metabolic labeling and immunoprecipitation. 

BSC-40 cells (2.5 x 105) were infected at a multiplicity of infection of 5 

infectious particles per cell with the WR stain of VV or with the recombinant 

virus vlacOUR. At 6.5 h post-infection the infected cells were pulse-labeled 

in 1 ml methionine-free MEM-E containing 150 fiCi of EXPRE35S35S protein 

labeling mix (11.04mCi /ml [1,094.4 Ci /mmol]; Du Pont New England 

Nuclear, Wilmington Del.) for 40 min. After 0 or 6 h of "chase" incubation in 

medium containing 100-fold excess unlabeled methionine, the cells were 

harvested and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 

mM Tris-HC1 [pH 8.0], 150 mM NaCl, 0.5% deoxycholate, 1.0% Nonidet P

40, 0.1% SDS) at 65°C containing 10U of benzonase. The concentration of 

SDS was adjusted to 0.4 % and the cell extract was diluted 10-fold in RIPA 

buffer. Five microliters of a polyclonal cocktail antiserum containing 

antibodies to the VV major structural proteins p4a/4a, p4b/4b and 

p25K/25K (Van Skyke et al., 1991; Lee and Hruby, 1993) was added to the 

RIPA and incubation was carried out overnight at 4°C with continuous 

rocking. One hundred microliters of a 20% (vol/vol) solution of protein A-

Sepharose CL-4B beads (Sigma) were added to the antigen-antibody 

reaction and incubation was resumed for 2 h at 4°C with continuous 

rocking. The immune complexes were precipitated by centrifugation in a 

microfuge and the beads were washed three times with RIPA buffer. The 

pelleted antigen-antibody-protein A complexes were released from the 

beads by heating at 100°C for 5 min in 25 p.1 of SDS-polyacrylamide gel 

electrophoresis sample buffer and resolved on SDS-11% polyacrylamide 

gels. Gels were processed by fluorography using 1 M salicylic acid, dried 

and stored at -70°C while exposed to Kodak XAR-5 X-ray film. 
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For metabolic labeling with [9,10-3H1-myristic acid, the label (250 

liCi/m1) was dried under nitrogen, dissolved by sonication in dimethyl 

sulfoxide, and diluted in MEM. After removal of the viral 

inoculum/liposome-DNA solution, the label was added to the cells and 

incubation was resumed overnight at 37°C in 5% CO2. Fluorography for 

[3H]- labeled proteins was performed using the method of Bonner and 

Laskey (1974). 

Transient expression. 

BSC-40 cells were infected with vlacOL1R at a multiplicity of 

infection of 10 PFU/cell by incubation for 60 min at 30°C in phosphate-

buffered saline (PBS) containing 1mM MgC12 and 0.01% bovine serum 

albumin. The conditions for transfections of plasmid DNA were described 

previously (Ravanello et al., 1993). Briefly, a liposome-mediated transfection 

protocol was employed (Rose et al., 1991) in which thirty Ill of liposomes 

were added to 1 ml of MEM followed by addition of 5 pg plasmid DNA. 

After inversion of the tube and incubation at room temperature for 10 min, 

to allow for binding of the liposomes to the DNA, the viral inoculum was 

aspirated, replaced with the liposome-DNA solution and incubated for 3 h 

at 37°C in a 5% CO2 incubator. 

Electron microscopy. 

VV-infected cells were detached from the culture dish by lightly 

scraping with a rubber policeman. The cell pellet of a 500 x g centrifugation 

was fixed for 8 h in 2.5% glutaraldehyde in 200 mM cacodylate buffer (pH 

7.4) and washed twice in cacodylate buffer. Embedding and sectioning of 

the samples was carried out by personnel at the OSU Electron Microscopy 
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Laboratory. Samples were visualized on a Philips EM 300 electron 

microscope. 
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RESULTS
 

vlacOUR is an inducible conditional-lethal vaccinia recombinant. 

The goal of our study was to gain an understanding of the function of 

the L11Z protein during the replication cycle of VV. We have previously 

shown that this gene product is an integral component of the primary 

membranes enveloping the virion (Ravanello and Hruby, 1994) and is 

essential for virus replication in tissue culture cells (Franke et al., 1989). 

However, no is mutants have been described for this locus. For these 

reasons we constructed a recombinant virus in which synthesis of the L1R 

gene is under control of the lac operator-repressor system. A DNA fragment 

containing the entire L1R ORF with flanking sequences was amplified from 

vaccinia WR DNA and ligated in plasmid vector pUC118. Using insertional 

mutagenesis the lac operator sequence was placed immediately downstream 

of the L1R gene transcription initiation site (Fig. IV.1.A). Recombinant 

viruses were selected by employing a transient dominant XGPT selection 

scheme which takes advantage of the E. colt gpt gene (Mulligan and Berg, 

1981). The gpt gene which is regulated by the vaccinia early/late P7.5K 

promoter was ligated into the plasmid vector containing the L1R DNA 

fragment and the lac operator sequence, resulting in vector placOL1R:7.5kgpt 

(Fig. IV.1.A). This plasmid vector was transfected into cells infected with a 

recombinant virus which expresses the lac repressor protein, vlaci (Zhang 

and Moss, 1991), in the presence of 5mM IPTG. Using MPA as a positive 

selection, recombination events between the plasmid vector and the viral 

genome were selected. These recombination events resulted in the gpt gene 

interposed between the wild-type copy of L1R and the mutated one. Due to 
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the tandem arrangement of two L1R genes and the unstable nature of the 

gpt protein, discontinuing selection with MPA leads to a second 

recombination event in which the gpt gene is lost and either the wild-type 

virus is reformed or a recombinant virus formed (Fig. IV.1.B). After 

selection with MPA, we isolated 17 plaques. Only one of these plaques 

contained the recombinant with the lac operator modified L1R gene. The 

stable recombinant gpt- virus was plaque isolated and its DNA screened 

using the PCR for insertion of the 22 by region between the promoter and 

the L1R ORF. During PCR screening, primers which hybridized to the lac 

operator sequence or to a VV sequence approximately 300 by upstream of 

the transcription start site were used (Fig. IV.2.A). The recombinant virus 

was plaque-purified an additional four times and a virus stock culture 

produced in the presence of 5mM IPTG. 

To demonstrate that L1R gene expression in the recombinant virus 

was now dependent upon IPTG, cells infected with the WR strain of VV or 

with vlacOLAR were grown in the absence or presence of inducer. At 24 h 

post-infection, cells were harvested and the extracts were then subjected to 

western immurtoblot analysis utilizing an antibody specific for the L1R 

protein (Ravanello et al., 1993). Similar levels of L1R protein were present 

for both VV WR and vlacOL1R grown in the presence of IPTG (Fig. IV.2.C; 

lanes 1 and 3). However, the extract prepared from vlac011R infected cells 

grown in the absence of IPTG showed no L1R protein band (Fig. IV.2.C; lane 

2), thus confirming the repression of synthesis of this polypeptide. 

Since the expression of the L1R gene from the recombinant was 

dependent on addition of 5mM IPTG to the culture medium, a plaque 
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Figure IV.2. Characterization of vlacOL1R. A. Analysis of viral DNAs. 

Oligonucleotide primers complementary to the 5'- and 3'-flanking sequences 

of L1R (lanes 1-3) and to the lac operator sequence (lanes 4-6) were used to 

amplify a DNA fragment by PCR. The templates DNA for PCR are : lane 1, 

wild-type VV WR strain DNA; lane 2, vlacOL1R; lane 3, plasmid used for 

vlacOL1R construction, p/acOL1R; lane 4, WR DNA; lane 5, vlacOL1R; lane 

6, p/acOL1R. B. Plaque formation of vlacOLlR in the presence and absence 

of IPTG. Confluent monolayers of BSC-40 cells in a 12-well plate were 

infected with the recombinant vlacOL1R (-- 100PFU/well) in the presence 

(+) or absence (-) of IPTG. At 30 h post-infection cells were stained with 

crystal violet. C. Western immunoblot and radioimmunoprecipitation 

analysis of viral proteins. BSC-40 cells infected with the VV WR strain or 

with vlacOL1R in the presence or absence of [3I-1]-myristic acid, were 

harvested and lysed, and a portion of the extracts subjected to separation on 

15% polyacrylamide gels containing SDS or immunoprecipitated as 

descibed in Materials and Methods. For autoradiography (lanes 4-6), the gel 

was fluorographed and exposed to film. The extracts shown are: lane 1, 

WR; lane 2, vlacOL1R (-) IPTG; lane 3, vlacOL1R (+) IPTG; lane 4, WR; lane 

5, vlacOL1R (-) IPTG; lane 6, vlacOL1R (+) IPTG. Migration of protein 

molecular mass standards is indicated to the left. 
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Figure IV.2. Characterization of vlacOL1R. 
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assay was carried out using cells infected with vlacOL1R in the absence or 

presence of 5mIvI IPTG. As shown in Fig. IV.2.B, no plaques were visible 

when the inducer was omitted from the medium (-IPTG) thus confirming 

the essentiality of this gene product in the life cycle of the virion. In order to 

determine the state of myristylation of the L1R protein, vlacOL1R infected 

cells were grown in the presence or absence of IPTG were labeled with [31-1]

myristate . Protein extracts from these cells were immunoprecipitaed with 

anti:his-L1R antisera and analyzed on 15% SDS-polyacrylamide gels and the 

gels exposed to X-ray film. The autoradiography revealed that in extracts 

from the recombinant virus, a myristylated form of the L1R protein was not 

detected in the absence of IPTG (Fig. IV.2.C; lane 5). A labeled L1R protein 

band was observed in extracts prepared from cells infected with the control 

virus, VV WR (lane 4) or with vlacOLlR grown in the presence of IPTG (lane 

6). 

Virus yield under nonpermissive conditions. 

In order to investigate the effect of the L1R protein on virus yield, a 

single-step growth experiment of the recombinant was carried out and the 

results determined by plaque titration assay (Fig. IV.3.A). Cells infected 

with vlacOL1R when grown in the presence of IPTG produced virus titers 

comparable to the WR strain of VV. However, if vlacOL1R infected cells 

were grown in the absence of IPTG, the virus yield was reduced by three 

logs. Experiments also demonstrated that the effects of IPTG appear to be 

reversible. We observed that when the inducer was removed from an 

infection at 4 h post-infection, the overall yield in virus dropped to levels 

comparable to those when cells were grown in the absence of IPTG. In 
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Figure IV.3. A. Effect of IPTG on vlacOL1R virus replication. BSC-40 cells 

infected with VV WR or with vlacOL1R in the presence or absence of IPTG 

were harvested at 24 h and the virus yield determined by plaque assay of 

harvested virus in the presence of 5 mM IPTG. Symbols are as follows: VV 

WR, II; vlacOL1R plus IPTG, 0; vlacOL1R minus IPTG, o. B. Velocity 

sedimentation of viral particles. BSC-40 cells were infected with vlacOL1R 

in the presence (0) or absence (o) of 5 mM IPTG and viral DNA labeled for 

24 h with [3H]- thymidine. Labeled viral particles were analyzed by velocity 

sedimentation and titers of the peak fractions determined by plaque 

titration. 
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contrast, if IPTG was added at 4 h post-infection, the virus yield would 

reach wild-type levels (data not shown). 

Velocity sedimentation of viral particles. 

Since recombinant virus yield was dramatically reduced in the 

absence of inducer, it was of interest to determine whether viral particles 

were assembled. Cells infected with vlacOL1R and grown in the presence or 

absence of IPTG were incubated in the presence of [3H]- thymidine to label 

viral DNA. Virus particles were then purified and analyzed by velocity 

sedimentation (Fig. IV.3.B). The peak fractions were analyzed for [3H] -DNA 

levels and also by plaque titration. A peak corresponding to labeled virus 

particles was present in the extracts from vlacOUR infected cells grown in 

the presence of inducer. However, few, if any mature virus particles were 

present in the extracts from the infection in which IPTG was omitted from 

the medium. Virus titers in cells grown in the absence of IPTG were at least 

two and a half logs lower than virus titers from cells grown in the presence 

of IPTG. Taken together these results indicate that while VV early proteins, 

and to a limited extent, DNA and late polypeptides are synthesized in the 

absence of inducer (see Fig. IV.7; data not shown), no infectious particles 

were formed. 

vlacOUR can be genetically rescued by trans-complementation. 

A transient expression assay was employed in order to attempt to 

complement the inhibition of L1R protein synthesis in cells infected with 

vlacOLlR in the absence of IPTG. Plasmid vector pL1R which contains the 

authentic late L1R promoter and ORF was transfected in BSC-40 cells which 

were infected with vlacOUR minus inducer. In this context the VV L1R 
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gene was expressed from the plasmid. Biological rescue of the recombinant 

mutant was measured by plaque formation assay of infected cell lysates 

(Fig. IV.4.A). The results of these experiments indicate that the L1R protein 

synthesized from a plasmid can complement and rescue the defective 

phenotype of vlacOUR when grown in the absence of 1PTG. 

Using this same approach, the biological activity of two mutated 

forms of the L1R gene were analyzed. In one mutant construct, the codon 

for the glycine residue, which is covalently linked to the myristic acid 

moiety was altered to an alanine codon by site-directed mutagenesis. The 

resulting plasmid, pG1A, produced a mutated form of the L1R protein 

which was not myristylated (data not shown). In the trans-complementation 

experiments, this mutant protein did not efficiently rescue virus assembly. 

Another plasmid, pAC86 was tested in the trans-complementation assay. 

This plasmid encodes for an L1R protein lacking the 86 carboxy-terminal 

amino acids. This carboxy-terminal portion of the L1R protein is predicted 

to posses a high degree of hydrophobicity and could potentially constitute a 

transmembrane domain. The virus titers recovered from the trans-

complementation assay using this plasmid were approximately one log 

lower than the ones obtained in trans-complementation assays using pL1R 

(Fig. IV.4.A). Three repetitions of this set of transient expression 

experiments yielded consistent results, suggesting the validity of the 

observed differences. 

In view of the fact that the G1A mutant form of the L1R protein was 

not able to rescue the recombinant and lead to productive particle 

formation, we sought to characterize this protein in vivo. Immunoblot 

analysis of protein extracts prepared at 24 h post-infection revealed that the 

plasmid pG1A encoded a protein of the correct size (Fig. IV.4.B; lane 5). 
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Figure IV.4. Transient expression of pL1R, pG1A and pAC86 in vlacOL1R 

infected BSC-40 cells in the absence of IPTG. BSC-40 cells infected with 

vlacOL1R were transfected with plasmid DNA by liposome-mediated 

transfection and after overnight incubation at 37°C, total cell extracts were 

prepared and analyzed as follows. A. Cell extracts were titered by plaque 

formation. B. Immunoblot analysis of extracts with anti-L1R antiserum. 

The lanes shown represent the following infections/transfections: 1, 

infection with VV WR; 2, with vlacOL1R -IPTG; 3, with vlacOL1R +IPTG; 

4, DNA transfection with plasmid pL1R; 5, with pG1A; 6, with pAC86; 7, 

mock infected cells. Position and sizes (in kilodaltons) of molecular mass 

standards is indicated to the left. 
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Figure IV.4. Transient expression of OAR, pG1A and pAC86 in 
vlacOLlR infected BSC-40 cells in the absence of 
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Using the same procedure, we were also able to detect a protein band for the 

truncated AC86 L1R protein (Fig. IV.4.B; lane 6), which was approximately 

9.5 KDa smaller than the wild-type L1R polypeptide (Fig. IV.4.B; lane 4). 

To further examine the role of myristate in particle formation, 

partially purified virus was prepared from v/acOL1R infected cells 

transiently expressing the L1R or the G1A proteins. Approximately ten lig 

of each virion preparation were subjected to electrophoresis on 15% 

polyacrylamide gels containing SDS. The separated proteins were then 

electrotransferred to nitrocellulose and analyzed using standard 

immunoblotting techniques with anti:his-L1R antisera (Ravanello et al., 

1993). The virus purified from the pL1R transfection contained a protein 

product (Fig. IV.5; lane 4) of the size of L1R, suggesting that the plasmid 

encoded protein is present in mature virions. The G1A protein, however, 

was not detected by this analysis (Fig. IV.5; lane 5). As a control, in order to 

confirm the presence of virions in these fractions, a polyclonal antibody 

specific for the virion core protein p25K/25K, was utilized on identical 

samples (Lee and Hruby, 1993). The 25K protein, which comprises 

approximately 7% of the virion mass, is synthesized late in infection as a 

larger molecular-weight precursor (p25K). Proteolysis of p25K and the 

other major structural proteins of VV, such as p4a and p4b, is thought to be 

tightly regulated and coupled with morphogenic events. The antiserum 

used in this analysis recognizes both the precursor and the product of the 

25K protein. This analysis revealed that the majority of p25K virion protein 

exists in its precursor form in the virions formed during transient expression 

from pG1A (Fig. W.5; lane 10). A faint band representing the cleaved 25K 

product, was barely visible in these blots. In contrast, the mature form of 

p25K (25K), was clearly observed in virus formed during transient 
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Figure IV.5. Virion localization of the wild-type and G1A mutant forms of 

the L1R proteins. BSC-40 cells infected with VV WR or with vlacOL1R (-) 

IPTG were transfected with pL1R or pG1A plasmid DNA and intracellular 

virus particles were purified by velocity sedimentation on 36% sucrose 

gradients. Virus particles (approximately 10p.g) was examined on 15% 

polyacrilamide gels containing SDS and electroblotted onto nitrocellulose. 

Specific proteins were detected with either L1R- or 25K-specific sera. Lanes 

1 and 6, VV WR; lanes 2 and 7, vlacOL1R + IPTG; lanes 3 and 8, vlacOL1R 

IPTG; lanes 4 and 9, transfections done with pL1R plasmid; lanes 5 and 10, 

transfection done with pG1A plasmid. Molecular mass standards are 

indicated at left in kilodaltons (kDa). 
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Figure IV.5. Virion localization of the wild-type and G1A mutant forms 

of the 1112 protein. 
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expression of pL1R (lane 9). As controls, wild-type WR virus or vlacOL1R 

purified in the absence of IPTG was examined for presence of L1R and 25K 

proteins (lanes 1,2,3 and 6,7,8). A faint band was visible for L1R protein in 

the preparation probed with L1R antibodies, and only a very faint precursor 

and product band was visible for the p25K/25K polypeptides, indicating 

that although a small amount of L1R protein was synthesized (possibly due 

to low-level leak-through of the repression system employed), virtually no 

mature particles were produced. 

Electron microscopy. 

The effect of the L1R protein on virus assembly was also analyzed by 

electron microscopy. This analysis revealed that virus particles from 

vlacOL1R infected cells grown in the presence of IPTG were virtually 

identical to those from an infection with the wild-type VV WR (Fig. IV.6.A 

and C). In contrast, electron micrographs from vlacOL1R infected cells, 

from which IPTG was omitted from the media, showed most particles 

present to be arrested at the immature stage, (panel B). Interestingly, in the 

micrographs prepared from vlacOL1R virus formed during transient 

expression of pL1R, mature virions were identified (panel D). However, EM 

analysis of vlacOL1R derived virus grown in the presence of the 

nonmyristylated G1A form of L1R did not identify any mature virion 

particles (panel E). The only structures visible for this sample were virions 

in an arrested state of development. 
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Figure IV.6. Electron microscopy analysis of vlacOL1R. VV-infected cells 

harvested and fixed for embedding were prepared for conventional 

transmission electron microscopy. A. VV-WR; B. vlacOL1R grown in the 

absence of IPTG; C. vlacOL1R grown in the presence of IPTG; D. particles 

recovered from pL1R trans-complementation assay; E. particles recovered 

from pG1A trans-complementation assay. Magnification was 45,000 x for A. 

and C.; 35,000 x for B.; 60,000 x for D. and E. 
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Effect of L1R protein on proteolytic processing of viral structural proteins. 

In order to achieve a better understanding of the block in virion 

assembly, a pulse-chase experiment was designed to determine whether the 

vaccinia structural proteins 4a, 4b and 25K remain uncleaved in the absence 

of inducer. 

As a control, an infection with VV WR was pulse labeled at 6.5 h 

post-infection for a 40 min period with [35S]-methionine (Fig. P1.7; lane 1) 

followed by a 6 h chase in excess cold-methionine. Protein extracts were 

then prepared and the presence of the cleaved proteins 4a, 4b, and 25K was 

confirmed by immunoprecipitation of the labeled extracts with a cocktail of 

antibodies specific for these polypeptides (lane 2). The conversion of 

precursors to mature polypeptides was arrested in cells which had been 

infected with vlacOUR in the absence of IPTG (lane 3 Pulse, and lane 4 

Chase). Nevertheless, an identical infection with the recombinant virus 

performed in the presence of the inducer, yielded a result similar to the 

wild -type virus (lanes 5 and 6). The presence of a lighter band for 25K in the 

chase lanes compared to the presursor p25K in the pulse lanes may be due 

to the insoluble nature of this protein (data not shown). 



106 

Figure IV.7. Pulse-chase analysis of major core proteins p4a, p4b and p25K 

in vivo. Mono layers of BSC-40 cells were infected with VV WR or with 

vlacOL1R in the presence or absence of IPTG. At 6.5 h p.i. cells were 

incubated with a 35S-labeled mixture of methionine and cysteine. Lysates 

were prepared either immediately (pulse, P), or after and additional 

incubation of 6 h in the presence of 100-fold excess unlabeled methionine 

and cysteine (chase, C). Core proteins p4a, p4b and p25K and their cleavage 

products 4a, 4b, and 25K were immunoprecipitated with a cocktail of 

monospecific antisera raised against these polypeptides and analyzed by 

polyacrylamide gel electrophoresis and fluorography. Lane 1, WR, P; lane 

2, WR, C; lane 3, vlacOUR -IPTG, P; lane 4, vlacOUR -IPTG, C; lane 5, 

vlacOUR +IPTG, P; lane 6, vlacOLIR +IPTG, C. 
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DISCUSSION 

The assembly of immature VV precursor particles and their transition 

to mature virions form is still poorly understood. An understanding of the 

mechanisms involved in this process could provide information relevant not 

only to virion assembly, but also about determinants which may be 

involved in the release of the particles from the host cell and the ensuing 

infection of neighboring cells. 

In the present study, we provide evidence for the involvement of 

myristylation of the L1R protein in the events leading to the assembly of 

mature VV virions. By utilizing the E. coli lac operator-repressor system 

(Zhang and Moss, 1990) a recombinant virus has been constructed in which 

the L1R gene can exist in a transcriptionally repressed state. Synthesis and 

expression of the L1R protein is entirely dependent on addition of the 

inducer isopropyl-P-thiogalactoside (IPTG) to the cell culture medium. 

Although previous reports have shown that the concentration of inducer 

can be titrated to levels of 8011M without detecting significant reductions in 

virus yield (Zhang and Moss, 1991), for the present study we chose to use 

IPTG at a concentration of 5mM. Physical evidence for the essentiality of 

this gene product in the VV life cycle was confirmed by the fact that no 

plaques were detected in vlacOL1R infected cells grown in the absence of 

IPTG (Fig. IV.2.B). Immunoblot analysis of protein extracts from vlacOUR 

infected cells (using an L1R specific antibody) demostrated that L1R 

accumulation was dependent upon IPTG (Fig. IV.2.C). 

Since the L1R protein is covalently modified by the addition of the 

myristic acid moiety to an NH2-terminal glycine residue (Franke et al., 1989), 
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it was of interest to ascertain whether the vlacOUR recombinant would be 

labeled in the same way as the wild -type virion in the presence of 

radioactive myristic acid. The complete lack of a labeled L1R protein band 

for cells infected with the recombinant in the absence of inducer (Fig. IV.2.C) 

was observed. 

A trans-complementation assay was designed in an attempt to rescue 

the mutant phenotype observed in vlacOUR grown in the absence of IPTG. 

Using a plasmid bearing a copy of the L1R gene driven by its native 

promoter, L1R protein could be produced in trans in v/acOL1R infected cells. 

Under these conditions we were able to observe biological rescue of 

vlacOUR. The trans-expressed L1R protein could also be detected in 

infected cell extracts and in partially purified virions (Fig. IV.4.B and Fig. 

W.5). Samples from L1R trans-complementation assay were also examined 

by EM analysis. These experiments detected assembled VV intracellular 

mature virions (IMV) (Fig. IV.6.D). This result indicated that successful 

assembly and maturation of virus particles was occurring when pL1R was 

transiently expressed from a plasmid. Taken together these results suggest 

that the plasmid encoded L1R protein can functionally replace the genomic 

L1R gene and biologically rescue the mutant phenotype of v1acOL1R. 

To assess the influence of the myristate moiety on the function of 

L1R, the plasmid pG1A was constructed. pG1A encodes for a mutant form 

of L1R protein in which the myristic acid acceptor amino acid, glycine, has 

been mutated to an alanine residue. Trans-complementation with pG1A 

allowed very limited virus assembly, as assayed by virus titer and EM 

analysis (Fig. IV.4.A; Fig. W.6). Under EM examination, the majority of the 

virus particles observed were arrested at the formation of viral crescent 

stage/ immature particles. In addition, the mutant (G1A) protein did not 
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seem to be present in the limited number of virions recovered in this assay 

(Fig. W.5). When these virion preparations were probed with an antiserum 

for a VV structural protein p25K/25K, the unprocessed precursor p25K 

protein was the predominant form detected. A most likely hypothesis for 

the observed absence of the G1A protein from purified virions is that it may 

not be associated with viral membranes due to the lack of the myristic acid 

moiety. This hypothesis is supported by previous studies, in which a non

myristylated L1R-CAT fusion protein was found predominantly in the 

cytoplasmic fraction (Ravanello et al., 1993). These results indicated a 

membrane targeting and localizing function for myristic acid in the L1R 

protein. In addition, the wild-type L1R protein can only be extracted from 

VV virions by treatment under denaturing conditions. This suggests that 

L1R is an integral component of the primary membrane(s) encircling the 

mature intracellular virion particles (Ravanello et al., 1993; Ravanello and 

Hruby, 1994). An alternative hypothesis, that the G1A protein is simply 

very unstable in VV infected cells, seems unlikely, since we could detect 

G1A protein at 24 h post-infection in vlacOL1R infected whole cell lysates 

(Fig. IV.4.B). Therefore, the reduction in virus titer observed in the presenc, 

of non-myristylated L1R protein suggests that myristylated L1R is involved 

in the assembly and maturation of VV. 

Computer analysis of L1R reveals that the carboxy-terminus of this 

protein is hydrophobic (Goebel et a1.,1990). This observation suggests that 

the COOH-terminal region of L1R may also be involved in localizing (or 

anchoring) L1R to the virion membrane. Therefore, it was of interest to 

determine whether this portion of the molecule had any biological relevance 

in the trans-complementation assay. We observed that a truncated form of 

the L1R protein, in which the codons for the C-terminal 86 amino acids have 
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been deleted was able to biologically rescue the recombinant virus, albeit 

not to the same levels observed for pL1R (Fig. IV.4.A). In the trans-

complementation assay using the COOH-terminally truncated L1R protein, 

the virus yield was reduced by at least one log. Since both the full length 

and truncated form of L1R were modified by myristic acid, the difference in 

virus titer in this assay was not attributable to a lack of myristylation of the 

truncated protein (data not shown). 

Direct proof for the involvement of myristic acid in the biological 

activity of eukaryotic viruses has been observed for many groups. In 

retroviruses, site-directed mutagenesis to either create or obliterate a 

penultimate glycine acceptor residue in Mason-Pfizer monkey virus (Rhee 

and Hunter, 1987), Rous sarcoma virus (Wills et al., 1989) or Human 

immunodeficiency virus (Gheysen et al., 1989) has demonstrated that 

successful myristylation appears to be required for viral assembly and 

extracellular transport of virions. In type D retroviruses, capsid assembly 

can occur in the absence of myristylation, but the assembled capsids are not 

transported to the cell surface (Rhee and Hunter, 1987). On the other hand, 

mutations that destroy the myristylation in HIV-1 and C-type retroviruses 

prevent virion assembly at the plasma membrane (Gottlinger et al., 1989). In 

contrast, in duck hepatitis virus, myristylation plays a role in intiation of 

infection, i.e., in virus entry rather than assembly (Macrae et al., 1991). A 

distiction between role of entry and assembly is often difficult to make. For 

example, in the case of poliovirus (Chow et al., 1987; Moscufo et al., 1991) 

and polyoma (Krauzewicz et al., 1990) the characteristics of myristylation 

defective mutants have suggested defects in either one or possibly both 

steps in the viral replicative cycle. Most recently, myristylation of VP2 of 

polyoma virus has been shown to play a role early in infection, prior to the 
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uncoating event and appears to be essential for propagation in mice (Sahli et 

al., 1993). 

The technology of marker transfer has facilitated the study of the 

function of individual genes in VV. The use of the lac operator-repressor 

system to construct recombinant conditional viruses has provided us with 

information on the phenotype of the virion in the absence of a specific gene 

product. To date we have not pinpointed the exact stage at which the L1R 

protein appears to be involved in morphogenesis events. EM observations 

reveal that lack of the L1R protein or of myristic acid does not prevent or 

alter the characteristic formation of crescent shaped structures during virion 

maturation. However, it appears that these do not develop further to form 

mature virion particles. One possibility is that myristic acid mediates 

important protein-protein interactions between the L1R protein and other 

virion polypeptides during morphogenesis. These interactions may help to 

hold virion structural proteins in a conformationally stable form until 

further maturation can unfold. 
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CHAPTER V
 
CONCLUSIONS
 

Genetic manipulation of the VV-encoded L1R protein has allowed us 

to study the myristyl-modification signal within the L1R protein, to assess 

its relevance to protein targeting, and to determine a potential role for this 

polypeptide during morphogenesis of virus particles. 

The myristylation recognition sequence within the L1R protein was 

analyzed by constructing a family of chimeric genes in which 0 to 13 codons 

from the amino-terminus of this protein were abutted to the CAT gene. The 

results obtained from expressing these genes in cell-free extracts, as well as 

in VV-infected cells, suggest that 12 amino acids are required for wild-type 

levels of myristylation, membrane association and targeting to a virion 

envelope. In addition these studies indicated that the intrinsic properties of 

amino acids lying downstream of the classical myristylation consensus 

sequence, can influence the attachment of the myristate moiety to the NH2

terminal glycine residue. Two of the fusion proteins tested containing 11 or 

9 amino acids from the amino-terminus of the L1R protein respectively were 

not modified by myristic acid. 

Because myristylated proteins have been demonstrated to localize to 

different compartments within the cell, it was of interest to assess whether 

the L1R protein was specifically associated with a virion membrane. 

Experiments were undertaken using two different forms of VV virions: the 

intracellular mature form (IMV), which appears to be enclosed by two 
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distinct membranes, and the extracellular enveloped form (EEV), which is 

enclosed by an additional membrane. Immunoelectron microscopy using 

an antibody specific for the L1R protein, in concert with proteinase K 

studies, revealed the L1R protein to be biochemically associated with the 

membranes of the IMV. 

To approach the question of the role of the L1R protein during VV 

morphogenesis, a recombinant conditional-lethal virus was constructed in 

which the transcription from this gene could be repressed in the absence of 

IPTG. Biochemical characterization of this recombinant virus suggested that 

virion maturation was arrested at a stage shortly after expression of the 

major structural precursor proteins p4a, p4b and p25K. Limited proteolytic 

processing of the precursors was detected during pulse-chase analysis of 

cells infected with the recombinant kept in a repressed state. No mature 

virions were observed by electron microscpy. Biological rescue of the 

recombinant mutant virus could be achieved either by IPTG induction, or by 

using a plasmid which encodes the full length L1R protein. A different 

plasmid in which the acceptor residue, glycine, for myristic acid had been 

altered, was unable to complement the defective phenotype. This result 

implies that myristylation of the L1R protein is critical for assembly and 

maturation of infectious VV particles. 

In conclusion, we believe that significant progress was made in 

elucidating the biological significance of myristylation as a post-

translational modification of VV proteins. This information, together with 

the future identification and characterization of other proteins involved in 

VV assembly will eventually lead to a better understanding of the complex 

events underlying virion morphogenesis. 
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