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The F13L protein is the major envelope antigen of vaccinia virus, the prototypic 

member of the Orthopoxvirus genus.  F13L is 372 residues in length and is essential for 

the formation of wrapped forms of virus.  F13L contains a number of potential functional 

domains including a palmitylation site, a phospholipase domain and several tyrosine-

based sorting signals (YxxΦ) including three YxxI motifs and a canonical YxxL late (L) 

domain-like motif.  L domains have been identified in several other viruses, including 

HIV and EIAV, and function in the assembly and release of viral particles from infected 

cells.  Since F13L is required for the formation of wrapped viral particles, it was 

hypothesized that one or more of these tyrosine-based motifs may possess L domain 

activity.   

Sequence analysis revealed that the YxxL motif is very highly conserved 

throughout the Chordopoxvirus subfamily suggesting that this sequence may convey 

some biological advantage to the virus.  In contrast, the YxxI domains were much less 

conserved.   



A trans complementation assay was developed to analyze which residues within 

the candidate tyrosine-based motifs were required for functional F13L.  Based upon 

targeted mutagenesis of residues within the YxxΦ domains, F13L function was shown to 

require the tyrosine residue and Φ residue within the YxxL motif and within one of the 

YxxI motifs.  This is consistent with what has been published regarding L domains in 

other viral systems.  The degree of complementation associated with each mutation was 

measured by both the size and number of plaques produced as well as by an enrichment 

of a viral population deficient in F13L expression. 

Co-immunoprecipitation experiments demonstrated a physical interaction 

between F13L and a cellular trafficking component, Alix.  Recombinant viruses 

containing mutations within the YxxL motif displayed an accumulation phenotype that 

inversely related binding affinity to the rescue ability demonstrated by each mutation in 

the trans complementation assay.  Furthermore, gradient fractionation of cells infected 

with the recombinant mutants revealed the presence of wrapped forms of virus.  This 

indicated that the block in the release of enveloped virions associated with the tyrosine 

and leucine mutants occurred subsequent to the formation of intracellular enveloped 

virus.   
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IDENTIFICATION OF INTRACELLULAR TRAFFICKING 

SIGNALS CONTAINED WITHIN THE VACCINIA VIRUS F13L 
PROTEIN 

 
 
 

CHAPTER 1 
 
 
 
 

INTRODUCTION 
 

 

Significance 

Variola virus, the most notable member of the Poxviridae family, is the causative 

agent of smallpox and has been a part of human history for thousands of years.  While the 

origins of the virus remain unknown, it has been credited with the demise of untold 

millions of human beings.  Appearing around the time of the first agricultural settlements 

in northeastern Africa, circa 10,000 BC (Hopkins, 1983), the virus most likely made its 

way from Africa to India by way of Egyptian merchants (Fenner et al., 1988).  As the 

centuries passed and the human population expanded both in size and territory, variola 

spread its devastation throughout Europe and inevitably made its way to the Americas.  It 

made no class or race distinction and killed with 20 to 60% efficiency (Mercer A, 1990).  

Early attempts at protection included the practice of variolation in which 

immunologically naïve individuals were administered the pustular fluid or dried scabs of 

infected individuals.  The disease that followed was much less severe with a case fatality 

rate of 0.5-2% (Fenner et al., 1988).  In the late 18th century variolation gave way to 
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vaccination, originally referred to as variolae vaccinae, which was simply the 

administration of cowpox virus to naïve individuals.  The word vaccinae was derived 

from the Latin word vaca, meaning "cow."  By the 20th century vaccination against 

smallpox was practiced throughout the industrialized world although the virus remained 

endemic in virtually every country until the 1950s.  In 1967, the World Health 

Organization (WHO) enacted the Intensified Smallpox Eradication Programme that 

encompassed a dual approach to eliminating variola virus around the globe.  The 

Programme relied not only upon mass vaccination but also upon surveillance in order to 

identify and contain emerging outbreaks.  On December 9, 1979, the WHO declared that 

smallpox eradication in the natural environment had been achieved worldwide and that 

there was no indication that smallpox would return as an endemic disease (Fenner et al., 

1988).  Although gone from the natural environment, stocks of variola were maintained 

in various laboratories within the United States and the Soviet Union.  In 1978, imprudent 

handling of variola virus in the Medical School of the University of Birmingham resulted 

in the death of a medical photographer, and the subsequent suicide of the head of the 

Department of Medical Microbiology (Fenner et al., 1988).  This incident accentuated the 

need for closer supervision of these deadly virus stocks in laboratories.  Consequently, the 

stocks were relocated to high-security facilities at the Centers for Disease Control and 

Prevention (CDC) in Atlanta, Georgia, and to the Institute for Viral Preparations 

(VECTOR) in Moscow (Fenner et al., 1988).  Unfortunately, over the past two decades 

turbulent political environments have led to a reemergence of the threat of smallpox.  The 

break-up of the U.S.S.R. resulted in a breakdown in security at VECTOR and led to the 

potential disappearance of variola stocks.  The events of September 11, 2001 and the 
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subsequent release of Anthrax spores in several U.S. office buildings effectively 

reminded the world that no one is completely safe from those that have destructive 

agendas and that the threat of biological warfare is very real. Regrettably, variola virus 

makes an ideal biological weapon in that it is highly infectious in today’s 

immunologically naïve population, environmentally stable and its maintenance requires 

no cold chain.   

In addition to concerns about variola, related zoonotic viruses such as monkeypox 

are also appearing in human populations.  In 2003, 72 cases of monkeypox were reported 

in the Midwestern United States (Chen et al., 2005b).  Fortunately, no fatalities were 

reported as the source of monkeypox behind the outbreak was the less virulent West 

African strain of virus (Chen et al., 2005b).  Infections in humans caused by 

parapoxviruses and tanapoxviruses are also a potential source of disease (Fenner et al., 

1988) and there is growing apprehension that, as the number of people whose immunity 

is suppressed by HIV infection grows, so does the risk that orthopoxviruses such as 

camelpox, the most genetically identical virus to variola, will jump species and adapt to 

humans (Gubser and Smith, 2002).  It is these reasons coupled with the relative ease in 

which virulence-enhancing genetic manipulations can be made to orthopoxviruses that 

continued investigation into poxvirus propagation and pathology is of interest. 

 

Vaccinia virus  

Vaccinia virus (VV), the laboratory poxvirus strain, is a distinct species of 

orthopoxvirus, the origins of which are unknown. Some evidence suggests that it is a 

hybrid of cowpox virus and variola virus or perhaps the result of extensive serial passage 



 4

of a particular orthopoxvirus under culture conditions (Fenner et al., 1988).  Regardless, 

VV is now accepted as the prototypic member of the Orthopoxvirus genus.  It is an 

enveloped DNA virus and possesses a linear, double-stranded genome containing greater 

than 200 mostly non-overlapping open reading frames.  Throughout its life cycle, VV 

replicates exclusively in the cytoplasm of infected cells, although the presence of a 

nucleus is required in order for the virus to mature properly (Hruby et al., 1979a,b).   

 

Vaccinia virus replication cycle 

Like many other viruses, the replication cycle of VV is stringently regulated by a 

sequence of events beginning with the attachment and fusion of viral particles to the host 

cell plasma membrane followed by penetration of the particle core (Moss, 2006; Law et 

al. 2006).  The virus partially uncoats and gene expression begins.  Like many viruses, 

gene expression is controlled at the transcriptional level and is characterized by three 

distinct stages.  Early gene expression produces components required for DNA 

replication, intermediate gene expression and immune-evasion.  Factors necessary for late 

gene expression are produced as intermediate gene products and the expression of early 

genes depends upon late gene factors that are packaged into mature virus particles 

(Broyles, 2003).  As early gene expression transitions into intermediate, the virus 

completely uncoats and DNA synthesis begins.  This process occurs in perinuclear 

structures referred to as virus factories or viroplasm (Buller and Palumbo, 1991), which 

appear as electron dense regions when viewed by transmission electron microscopy.  The 

commencement of DNA synthesis occurs two to five hours post infection and results in 

the production of approximately 10,000 nascent genomes per infectious particle (Buller 



 5

and Palumbo, 1991).  The virus factories also serve as the site of virion assembly.  Viral 

crescents, the earliest membrane structures, emerge first followed by the gradual 

appearance of cup-shaped spheres.  These early membranes are thought to be derived 

from the endoplasmic reticulum (Griffiths et al., 2001a,b).  These non-infectious, 

spherical particles are referred to as immature virus (IV).  IV particles then undergo a 

morphogenesis process that involves viral core condensation and the proteolytic 

processing of several viral structural proteins by the late gene product, I7L (Byrd et al., 

2002; Byrd et al., 2003; Ansarah-Sobrhino and Moss, 2004; Byrd et al., 2005).  During 

the final stages of morphogenesis, the assembling particles are transported out of the 

viroplasm (Buller and Palumbo, 1991).  The outcome of this process is the fully 

infectious intracellular mature virus or IMV.   

VV is remarkable in that it produces four forms of infectious viral particles:  i) the 

previously described IMV, ii) intracellular enveloped virus (IEV), iii) cell associated 

enveloped virus (CEV) and iiii) extracellular enveloped virus (EEV) (Moss, 2001).  IMV 

particles make up the majority of infectious virus and remain within the intracellular 

environment until cell lysis.  These progeny then go on to infect neighboring cells.  IMV 

are environmentally stable and are responsible for the transmission of infection between 

host organisms (Smith et al., 2002).  IEV virions are IMV that have become enwrapped 

in two additional membranes, the origin of which remain to be elucidated.  Viral 

components located within the IEV membranes function to transport the nascent virion 

along microtubules to the cell periphery and, once released, to shield the particles from 

antibody and complement (Smith et al., 2002).  Upon reaching the cell surface, the outer 

membrane fuses with the plasma membrane revealing the CEV particle.  CEV contain a 
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virally encoded factor that has been shown to induce the polymerization of actin beneath 

the particle resulting in the formation of a pedestal-like structure reminiscent of structures 

associated with enteropathogenic and enterohaemorrhagic Escherichia coli (Smith et al., 

2002; Lommel et al., 2004).  The actin tails function to project CEV particles into 

neighboring cells and are required for efficient viral spread since CEV particles escape 

the intracellular environment much earlier than IMV particles, which must achieve a 

critical mass in order to induce cell lysis (Smith et al., 2002; Smith and Law, 2004).  A 

very small percentage of CEV particles are liberated from the cell as EEV.  EEV forms of 

VV are responsible for the long range dissemination of virus and systemic disease (Smith 

et al., 2002).    A schematic representation of each stage of the VV replication cycle is 

shown in Figure 1.1.    

 

Viral L Domains 

The mechanism by which wrapped forms of IMV are produced and released has 

been the subject of intense debate.  To allow for assembly and release, many enveloped 

viruses possess late assembly domains (L domains) to commandeer host trafficking 

machinery.  These motifs are so named because they function late during the viral 

replication cycle and consist of linear tetrapeptide motifs that specifically interact with 

the host endosomal sorting machinery (Freed, 2002).  L domains were first identified in 

retroviruses following the observation that C-terminal truncation of the HIV-1 Gag 

protein resulted in an inhibition of virus production (Göttlinger et al., 1991).  Virus-like 

structures assembled at the plasma membrane but remained connected to the cell surface 

by  a  thin tether or stalk instead of being released into the extracellular space.   Extensive  
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Figure 1.1.  Vaccinia virus replication cycle.  IV, immature virus; IMV, intracellular 
mature virus; IEV, intracellular enveloped virus; CEV, cell-associated enveloped virus; 
EEV, extracellular enveloped virus. 
 
 
 
 
 
 
Adapted from Hruby Laboratory, unpublished data. 
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mutational analysis of the Gag protein C-terminal region revealed the presence of a Pro-

Thr/Ser-Ala-Pro (PT/SAP) motif that mediated particle release (Freed, 2002).  Since then, 

two additional retroviral L domains have been discovered:  Pro-Pro-X-Tyr (PPxY) and 

Tyr-X-X- Leu (YxxL) (Freed, 2002).  It is now accepted that L domains are likely 

important for viruses outside the Lentivirus genus (Ciancanelli et al., 2006, Craven et al., 

1999; Perez et al., 2003; Strecker et al., 2003).   

Through the use of GST-pull-downs and yeast two-hybrid analyses, the host 

factors that interact with each of these motifs have been identified suggesting that the 

assembly of virus particles utilizes established host pathways for egress (Demirov and 

Freed, 2004; Morita and Sundquist, 2004).  PT/SAP motifs are bound by Tumor 

Suppressor Gene 101 (TSG101) and PPxY L domains interact with Nedd 4 ubiquitin 

ligase (Blot et al., 2004).  The primary cellular binding partner of the viral YxxL domain 

is Alix (Demirov and Freed, 2004; Strack et al., 2003).  Alix is a multifunctional cellular 

protein involved in both late endosome formation and endocytic membrane trafficking 

(Odorizzi, 2006).  These sorting pathways involve a multitude of cellular proteins 

including endosomal sorting complex required for transport I, II, and III (ESCRT-I, -II, -

III).  The ESCRT-I complex is recruited through a direct interaction with TSG101 at 

clathrin-rich regions within the early endosomal membrane (Hurley and Emr, 2006).  

Subsequently, the ESCRT-II and ESCRT-III complexes are engaged and assemble into a 

functional sorting complex with Alix acting as the link between ESCRT-I and ESCRT –

III (von Schwedler et al., 2003; Morita and Sundquist, 2004).  Alix has also been 

implicated in the assembly and release of the retrovirus, equine infectious anemia virus 

(EIAV) (Matsuo et al., 2004; Strack et al., 2003).  Alix is divided into three regions, the 
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Bro1 domain, the V domain and the proline-rich region (PRR) (Figure 1.2).  Previous 

studies have established that it is the Bro1 domain that acts as the docking site for 

CHMP4, a member of the ESCRT-III complex (Odorizzi, 2006).  However, the site 

specific for interaction with tyrosine-based L domains was not known.  In a recent study 

conducted by Fisher et al., (2007), the crystal structure of the Alix Bro1-V domain was 

solved by the expression of Alix constructs lacking the PRR in E. coli.  Biosensor 

binding experiments then indicated a highly conserved hydrophobic groove located 

within the V region that was the likely YxxL L domain-binding site.  An analysis of the 

binding affinities of HIV p6 Gag and EIAV p9 Gag within this region confirmed this 

prediction.  The absence of the Bro1 region did not alter the binding data indicating that 

the V region is the sole contributor to the Alix-L domain interaction.    

Additional studies have suggested that Alix is involved in intracellular membrane 

metabolism through interactions with endophilins (Chatellard-Causse et al., 2002) and 

with 2,2’-dioleoyllysobisphosphatidic acid (LBPA) (Kobayashi et al., 2002; Matsuo et 

al., 2004).  In their study, Matsuo et al. (2004) demonstrated the ability of LBPA to drive 

the formation of membrane invaginations within acidic liposomes and that this process is 

controlled by Alix.  As a result of this relationship, the recruitment of Alix by viral L 

domains may be necessary to facilitate either the membrane acquisition process or the 

release of mature, enveloped particles.  Further, a derivative of LBPA, 3, 3’-

semilysobisphosphatidic acid, has been found in significant amounts within the VV 

envelope (Cluett and Machamer, 1996).  
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Figure 1.2.  Schematic representation of the three regions of Alix.  Pink, Bro1 domain; 
Blue, Bro1-V linker; Yellow, V domain - arm1; Orange, V domain - arm2; Red, V 
domain loop; Magenta, proline rich region (PRR).   
 
 
 
 
 
 
 

Adapted from Fisher et al., 2007 
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VV F13L 

The major antigen located on the surface of the IEV, CEV and EEV envelope is 

the F13L protein (Blasco and Moss, 1991; Hiller et al., 1981; Hirt et al., 1986).  While 

F13L is not an essential component of the VV replication cycle, its expression is 

absolutely required in the formation of wrapped forms of virus.  Studies involving F13L 

deletion mutants demonstrated a small plaque phenotype in which the appearance of 

plaques was delayed 5 to 7 days post infection (Blasco, R., and B. Moss, 1991) and 

confirmed by the author of this communication (Fig. 1.3).  The F13L deletion mutant 

virus is an extremely valuable tool in the study of the mechanism by which VV IMV 

particles gain additional membranes.  The ‘Δ’ mutant employed in the studies described 

within this dissertation was constructed by inserting the GFP open reading frame (ORF) 

into the F13L ORF following nucleotide 18.  This resulted in an in-frame fusion between 

the initial six residues of F13L and the GFP protein.  Following the GFP stop codon, a 

frame-shift mutation was introduced into the remaining portion of the F13L ORF 

preventing the expression of any downstream portion of F13L.  In addition, the initiating 

methionine within the GFP ORF was removed in order to avoid internal initiation of GFP 

expression in the absence of F13L.   

Several functional domain sequences have been identified with the F13L protein 

including two sites for palmitylation (residues 185-186) and a variant form of a 16-

residue HKD motif commonly found in phospholipases and phopholipase synthases 

(Roper and Moss, 1999; Husain and Moss, 2002).  Palmitylation regulates both the 

intracellular localization of F13L as well as the formation of extracellular virus particles 

(Grosenbach et al., 1997).    Palmitylation  also functions to tether F13L to  the  cytosolic  
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       Fluorescent    Bright Field 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3.  The expression of F13L is essential for VV plaque formation.  (A) BSC40 
cells infected with wild type recombinant VV expressing F13L with a C-terminal fusion 
to GFP.  (B) BSC40 cells infected with an F13L deletion mutant in which GFP has been 
inserted into the F13L open reading frame.  Images were viewed using 100X 
magnification, photographed at 48 hours post infection and recorded at 300 dots per inch.  
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face of membranes (Schmutz et al., 1995).  Mutations within the palmitylation domain 

destroy this capability and render the virus unable to form plaques (Grosenbach and 

Hruby, 1998a).  Interestingly, F13L also contains a centrally located YPPL L domain-like 

motif (residues 153-156).  Previous studies have shown that L domains require a certain 

spatial arrangement relative to the transmembrane region to allow for adaptor protein 

interactions (Ohno et al., 1996; Rohrer et al., 1996).  Since the palmitylation site in F13L 

is located within 30 amino acids of the YPPL motif, the organization of the F13L protein 

is consistent with this requirement.  A schematic representation of VV F13L is shown in 

Figure 1.4A. 

Presently, it is not known if the F13L YPPL motif is able to recruit host factors 

involved in particle assembly and budding.  F13L has been shown to co-localize with 

markers of the trans-Golgi network (TGN), endosomal compartments and the plasma 

membrane (Husain and Moss, 2003) suggesting that F13L may interact with the host 

sorting machinery. The putative L-domain is not only 100% conserved in 

orthopoxviruses but it is also highly conserved in F13L homologs throughout the entire 

Poxviridae family.  Given that F13L is required for extracellular virus formation and that 

the putative L domain is highly conserved, it is of interest to determine whether VV 

recruits Alix to the point of IMV wrapping to form IEV or recruits Alix directly to the 

plasma membrane to facilitate the release of CEV and EEV. 

In addition to the canonical L domain motif, F13L also possesses three additional 

tyrosine-based sorting signal motifs in the form of YxxI.  These motifs are distributed 

throughout the protein with one located near the N-terminus (residues 49-49), one 

approximately two thirds of the way through the protein (residues 258-261) and one  near 
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Figure 1.4.  Schematic representation of VV F13L protein.  (A) The palmitylation site 
(residues 185 and 186), the YPPL motif (residues 153 through 156) and the putative 
phospholipase domain (residues 312 through 327) are shown.  (B) Same as A with the 
addition of the three YxxI motifs (residues 46-49, 258-261 and 322-325, respectively).  
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the C-terminus (residues 322-325) (Fig. 1.4B).  Studies involving lamp1, a type 1 

transmembrane glycoprotein, revealed that the YxxI sorting signal located in its 

cytoplasmic tail is recognized at several sorting sites including the trans-Golgi network, 

the plasma membrane and early endosomes (Rohrer et al., 1996).  Since F13L is thought 

to be recycled from the plasma membrane via an association with clathrin complexes 

leading to the formation of early endosomes and since the retrieval of F13L from the 

plasma membrane has been shown to be necessary for the formation of EEV (Husain and 

Moss, 2003; Husain and Moss, 2005), one or a combination of these motifs may play a 

role in the production or release of enveloped VV. 

 

Conclusion 

 The VV F13L protein possesses a multitude of potential sorting motifs that may 

play a role in the formation of IEV virus particles or in the production of extracellular 

forms of enveloped virus.  The purpose of this research is to establish a more concrete 

understanding of the mechanisms by which F13L participates in the viral life cycle 

including interactions with host factors and pathways.  The ultimate goal is to discover a 

mechanism common to the assembly of other types of enveloped viruses that could be the 

target for the production of a broad-spectrum antiviral compound.  
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SUMMARY 

 

The YxxL motif of the vaccinia virus F13L protein was examined for (L)ate 

domain activity.  The ability of an F13L deletion virus to form plaques was restored by 

PCR products containing single alanine substitutions within the motif and a YAAL 

construct but not by an AxxA mutation, YxxL deletion mutation or YxxL substitution.  

Recombinant viruses containing alanine substitutions in place of tyrosine or leucine 

residues in the YxxL motif demonstrated small, asymmetrical plaques.  RNAi-dependent 

depletion of Alix and TSG101 (host proteins involved in L domain-dependent protein 

trafficking) diminished extracellular enveloped virion production to varying degrees, 

suggesting that the YxxL motif is a genuine L domain. 
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INTRODUCTION 

 

Viral late assembly domains (L domains) are tetrapeptide motifs thought to 

mediate the assembly and egress of viral particles. The Pro-Thr-Ala-Pro (PTAP) motif 

was first identified in the p6 Gag protein of HIV-1 as a requirement for viral budding 

(Göttlinger et al., 1991; Huang et al., 2002).  Since then, two additional retroviral L 

domain motifs, Pro-Pro-X-Tyr (PPxY) and Tyr-X-X-Leu (YxxL), have been discovered 

(Freed, 2002).  Mutation of these motifs reduces secretion of HIV particles in certain cell 

types by arresting virus budding through the plasma membrane. Electron microscopy 

shows virus particles tethered to the plasma membrane on “stalk-like” structures 

consistent with a defect in the assembly/budding process. Additional studies have 

revealed several cellular components involved in protein trafficking that interact with L 

domains suggesting that assembly of virus particles utilizes established host pathways for 

egress (Demirov and Freed, 2004; Morita and Sundquist, 2004).  Further, it is now 

accepted that L domains are likely important for viruses outside the Lentiviridae family 

as well (Ciancanelli and Basler, 2006; Craven et al., 1999; Perez et al., 2003;  Sakaguchi 

et al., 2005; Strecker et al., 2003). 

Vaccinia virus (VV), a member of the orthopoxvirus genus, is among the largest 

of the DNA viruses.  During replication, VV undergoes three distinct stages of gene 

expression, the products of which are referred to as early, intermediate and late proteins.  

It is mainly the late proteins that provide the virion structural elements, the trafficking 

and assembly of which are regulated by modifications such as acylation, myristylation 

and palmitylation as well as processing by host cell and virally encoded proteases 
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(Ansarah-Sobrinho and Moss, 2004; Byrd et al., 2005; Chen  et al., 2004; Grosenbach 

and Hruby, 1998;  Grosenbach et al., 2000; Hansen et al., 1999; Honeychurch et al., 

2006; Martin et al., 1999; Yoder et al., 2004).   

Mature VV assumes four infectious forms:  intracellular mature virus (IMV), 

intracellular enveloped virus (IEV), cell-associated enveloped virus (CEV) and 

extracellular enveloped virus (EEV).  Both CEV and EEV originate from IEV which are 

IMV particles swathed in membranes derived from trans-Golgi or endosomal cisternae 

(Smith et al., 2002; Sodeik et al., 2002).  The major antigen located on the surface of IEV 

is F13L, the product of the F13L open reading frame (ORF) (Blasco and Moss, 1991; 

Hiller et al., 1981; Hirt et al., 1986).  F13L is a 372 amino acid palmitoylprotein 

(Grosenbach et al., 1997) that contains a centrally located YxxL L domain-like motif 

(residues 153-156).  F13L has been shown to be involved in viral envelopment and egress 

(Grosenbach et al., 1997).   The YPPL sequence is 100% conserved in the F13L protein 

of all strains of VV as well as F13L homologs within the orthopoxvirus genus. It is also 

highly conserved in F13L homologs throughout the entire Poxviridae family (Table 2.1) 

suggesting this domain may convey an essential biological advantage to the virus.   

 

RESULTS AND DISCUSSION 

  

In the present study, we sought to test if the tetrapeptide motif located within the 

VV strain WR F13L protein functions in an L domain-like capacity.  VV lacking a 

functional F13L ORF do not produce EEV and therefore form very small plaques over an 

extended incubation period (Smith et al., 2002).  Thus, the introduction of a PCR product  
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Table 2.1.   The YxxL motif is conserved 
_________________________________________________________________ 
Orthopoxviruses        Position       Conserved Motif 
 Vaccinia virus   (153-156)  …VYSDYPPLATDL… 
 Variola virus    (153-156)  …VYSDYPPLATDL… 
 Camelpox virus   (153-156)  …VYSDYPPLATDL… 
 Monkeypox virus   (153-156)  …VYSDYPPLATDL… 
 Cowpox virus    (153-156)  …VYSDYPPLATDL… 
 Taterapox virus   (153-156)  …VYSDYPPLATDL… 
 
Other Poxviruses 
 SQPVa    (153-156)  …LYSEYAPLARDL… 
 Myxoma virus   (153-156)  …VYSTYAPLAADL… 
 LSDVb    (154-157)  …IYSTYAPLALDL… 
 Sheeppox virus    (154-157)  …IYSTYAPLALDL… 
 Swinepox virus    (154-157)  …IYSTYKPLATDL… 
 YLDVc    (153-156)  …IYSDYPPLASDL… 
 Fowlpox virus      (162-166)  …MDLYFRSLDYKI… 
 Canarypox virus    (186-189)  …LATQYHLLKSHN… 
 BPSVd                (215-218)  …FLGFYRTLDEDL… 
 Orf virus         (215-218)  …FLGFYRTLDEDL… 
 CRVe              (162-165)  …RFGDYLALARRG… 
 Deerpox virus     (157-160)  …IYSTFPPLAIDL… 
                  (218-221)  …ILGFYRTLDADV… 
_________________________________________________________________________________________________ 

aSquirrelpox virus; bLumpy skin disease virus; cYaba-like disease virus; dBovine  
papular stomatitis virus; eCrocodilepox virus 
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containing a functional and expressible F13L ORF into BSC40 cells infected with an 

F13L deletion mutant virus (vvΔF13LGFP) should restore the ability to form plaques.   In 

order to determine the requirement of the YxxL motif, we designed a trans 

complementation assay in which BSC40 cells were infected with 150 pfu/well of 

vvΔF13LGFP (the F13L ORF was inactivated by the insertion of GFP at nucleotide 19) 

for one hour at 37°C.  Subsequently, the viral inoculum was replaced with fresh medium 

and cells underwent liposome-mediated transfection overnight with a PCR product 

encoding an F13L-GFP fusion protein containing a wild type or mutant YxxL motif (Fig. 

2.1A). The medium was then removed and replaced with fresh growth medium 

containing 1% methylcellulose.  At three days post infection cells were fixed with 5% 

glutaraldehyde and stained with 0.1% crystal violet.  All constructs included a 1 kbp 

region of flanking DNA on either side of the fusion to allow for transient expression of 

the fusion protein and to facilitate recombination between the F13L deletion viral genome 

and the PCR product (the total size of the PCR product is approximately 3.5 

kilobasepairs).  Results from this trans complementation assay demonstrated that the 

capability of the deletion mutant to form plaques was restored by the wild type PCR 

product as well as PCR products containing Y153A, P154A, P155A and, to a lesser 

degree, L156A mutations (Fig. 2.1B).  A double proline mutant also demonstrated wild 

type levels of rescue.  In contrast, no appreciable rescue was observed for constructs 

lacking both the Y and L residues as well as for constructs containing the deletion of the 

YxxL motif.  The replacement of the YxxL motif with PTAP also failed to rescue.    
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Figure 2.1.  Trans complementation of an F13L deletion mutant virus.  (A) F13L mutant 
PCR product library.  PCR products were sequenced to verify the presence of mutation.  
* indicates the approximate location of the YxxL motif within F13L.  (B) 6-well plates 
containing BSC40 cells seeded at a density of 2x105 were infected with an F13L deletion 
mutant virus for 1 hour and then transfected with a PCR product containing one of 
several F13L YxxL mutations.  24 hours post infection, the transfection inoculum was 
replaced with medium containing 1% methylcellulose and incubated for an additional 48 
hours.  The cells were fixed and plaques visualized by staining with 0.1% crystal violet.   
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Previous studies of other YxxL L domains have demonstrated that residues Y and 

L are critical for viral budding (Ciancanelli et al., 2006; Puffer et al., 1997).  To 

determine if the F13L motif behaved similarly, recombinant viruses were isolated and 

plaque purified (hereafter referred to as vvY153AGFP, vvP154AGFP, vvP155AGFP and 

vvL156AGFP).  The plaque phenotype associated with each mutant relative to both the 

wild type F13L-GFP recombinant virus (vvF13LGFP) as well as the WR parental strain 

was then examined.  The fusion of GFP to the C-terminus of F13L has been shown to be  

functional (Geada et al., 2001) although virus particles encoding the GFP fusion 

construct produce smaller plaques.  This phenomenon may be the due to a less efficient 

interaction of F13L with other viral factors as a result of the GFP tag or perhaps the 

presence of a C-terminal GFP fusion interferes with the viral mechanism of release.  In 

this experiment, BSC40 cells were infected with 50 pfu/well of either a mutant virus or 

one of the controls for one hour at 37°C.  The viral inoculum was removed and replaced 

with fresh growth medium containing 1% methylcellulose.  At three days post infection 

cells were fixed with 5% glutaraldehyde and stained with 0.1% crystal violet.  Each 

mutant virus exhibited a distinct plaque phenotype with vvP154AGFP and vvP155AGFP 

producing large plaques reminiscent of what is observed for vvWR (Fig. 2.2).  The fact 

that these mutants produce plaques that are larger than the parental vvF13LGFP strain of 

virus was an unexpected result and is currently under investigation.  In contrast, both the 

Y and L mutants produced extremely small plaques suggesting a reduction in 

extracellular virus production.  Further, plaque development for each virus was 

photographed under UV light on a daily basis.  Both vvY153AGFP and vvL156AGFP 

displayed  an   asymmetric  pattern  of spread  while  the  proline  mutants   maintained   a  
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Figure 2.2.  Plaque phenotype of recombinant F13L YxxL mutant viruses.   6-well plates 
containing BSC40 cells seeded at a density of 3x105 were infected with virus for 1 hour, 
overlaid with growth medium containing 1% methylcellulose and incubated for 3 days.   
Cells were fixed and plaques visualized by staining with 0.1% crystal violet. 
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circular symmetry characteristic of wild type virus (Fig.2.3).  To test whether these 

observations could be related to decreased stability of the fusion protein as a result of the 

mutations within the YxxL motif, we conducted an immunoblot analysis of F13L-GFP 

expression levels for each mutant recombinant virus and compared them to vvF13LGFP.    

Differences in steady-state expression levels were observed with the various mutants (a 

5-fold reduction for vvY153AGFP, a 2-fold reduction for vvP154AGFP, a 6-fold 

reduction for vvP155AGFP, and no reduction for vvL156AGFP) (data not shown), 

however, this does not appear to correlate with the plaque phenotypes.  vvL156AGFP, 

which demonstrated a slight increase in F13L-GFP expression relative to the wild type 

recombinant virus, rescued the least efficiently and exhibited a small plaque phenotype. 

Thus, it is unlikely that these amino acid changes lead to destabilization of protein 

structure causing the observed plaque phenotypes.  The plaque phenotypes coupled with 

the rescue data suggest the YxxL motif located within F13L may possess L domain 

activity.  Phenotypic differences in plaques created by the recombinant mutants and 

plaques produced by way of the rescue assay may be due to the transient nature of F13L 

expression associated with the rescue assay.  It is likely that the mutant PCR products 

were successful in the rescue of viral release but that the particles formed were defective 

in that they contained the more abundant F13L-deleted genome.      

 To further examine the apparent function of the F13L YxxL motif in EEV release, 

the roles of several endogenous trafficking components were examined.  AIP1/Alix 

(hereafter referred to as Alix) was first identified as a novel mouse protein that undergoes 

calcium-dependent interaction with the apoptosis-linked-gene 2 protein (ALG-2) 

(Missotten et al., 1999).   Alix has also been shown to play a role in the formation of late 
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Figure 2.3.  The progression of plaque formation associated with each recombinant virus.  
Photographs were taken at 24, 48 and 72 hours post-infection (hpi).  Images were viewed 
using 40X magnification and recorded at 300 dots per inch.  
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endosomes and in endocytic membrane trafficking (Odorizzi, 2006).  Studies involving 

equine infectious anemia virus (EIAV), which contains the most extensively 

characterized viral YxxL-type L domain, have demonstrated that a lack of Alix 

expression results in a dramatic decrease in the production of EIAV virions (Martin-

Serrano et al., 2003, Strack et al., 2003).  The YxxL-Alix relationship has also been 

established in HIV-1 and murine leukemia virus although to a lesser extent due to the 

presence of a second L domain motif, PTAP and PPxY, respectively (Martin-Serrano et 

al., 2003; Segura-Morales et al., 2005).  Further, Alix has been recognized as a binding 

partner of the EIAV p9 protein (Strack et al., 2003).  Thus, if the F13L YxxL motif 

functions as an L domain, Alix may also play a role in the formation of VV EEV.  We 

also sought to determine whether or not TSG101, a known binding partner of viral PTAP 

L domains (Garrus et al., 2001; VerPlank et al., 2003), had any effect on EEV release.  

While it is true that VV does not contain the PTAP motif in any of its known envelope 

proteins, the C-terminal proline-rich domain of Alix does contain a PSAP motif and has 

been shown to bind to TSG101 (Martin-Serrano et al., 2003; Strack et al., 2003; von 

Schwedler et al., 2001).  Finally, it has been proposed that F13L is recycled from the 

plasma membrane via an association with clathrin complexes which lead to the formation 

of early endosomes (Husain and Moss, 2003).  Blocking the F13L endocytic retrieval 

pathway using a dominant-negative form of the accessory protein Eps15 (Benmerah et 

al., 1999) demonstrated a decreased quantity of EEV released from cells (Husain and 

Moss, 2003; Husain and Moss, 2005).  To compare the effects of each of these trafficking 

factors on VV EEV release, an analysis of VV comet formation following the depletion 

of Alix, TSG101 or Eps15 via RNAi transfection was performed.  Additionally, the 
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amount of EEV released into the medium was quantified by plaque assay.  Commercially 

available sets of RNAi oligonucleotides targeting Alix, TSG101 and Eps15 as well as a 

scrambled control were purchased from Invitrogen (Carlsbad, CA).  Prior to this study, 

the knockdown efficiency of each oligo set was qualitatively evaluated by way of 

immunoblot and Alix expression was further analyzed by densitometry (Fig. 2.4A and 

B).  The best set was chosen for each target with the exception of Alix in which case two 

sets of varying efficiency were chosen in an attempt to demonstrate a correlation between 

Alix expression and EEV release.  BSC40 cells underwent liposome-mediated 

transfection with 200 pmol of each oligo set.  Fresh growth medium was added at 24 

hours post transfection.  At 48 hours post transfection, the growth medium was replaced 

with medium containing 50 pfu/well of VV strain IHDJ for one hour at 37°C.  IHDJ was 

chosen for this assay since it possesses a mutation in the A34R protein that allows it to 

release up to 40 times more EEV than other strains of VV resulting in the formation of 

comet-like plaques (Blasco et al., 1993). The viral inoculum was then replaced with 

growth medium and incubated at 37°C for an additional 30 hours at which time the 

supernatant was collected and subjected to IMV depletion via a one hour incubation with 

anti-A27L antiserum and then titered on BSC40 cells.  The most dramatic effect on EEV 

release was associated with the depletion of Alix (Fig. 2.4C).  The monolayers were fixed 

and stained and revealed an inhibition of comet formation that correlated with the results 

obtained for the EEV quantification (Fig. 2.4D) suggesting that VV may interact with 

Alix in a way similar to that which has been described for EIAV.  The effect Eps15 

depletion had on the production of EEV was not as dramatic as what had been published 

previously (Husain and Moss, 2003;  Husain and Moss, 2005).   This is most likely due to  
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Figure 2.4.  Depletion of host trafficking factors by RNAi.  6-well plates containing 
BSC40 cells seeded at a density of 1.5x105  were transfected with RNAi oligonucleotides 
overnight and then incubated an additional 24 hours in growth medium.  At 48 hours post 
transfection, cells were harvested, lysed, and subjected to immunoblot analysis using 
commercially available monoclonal antibodies purchased from BD Biosciences 
Pharmingen, Philadelphia, PA.  (A) Determination of Alix inhibition.  The amount of 
protein loaded into each well was normalized to the actin loading control by way of 
densitometry analysis.  The * indicates the oligo sets selected for use in subsequent 
assays.  (B) Determination of TSG101 and Eps15 inhibition.  The * indicates the oligo set 
selected for use in subsequent assays.  S, scrambled control; M, mock transfected control   
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Figure 2.4, continued.  (C) EEV quantification.  6-well plates containing BSC40 cells 
seeded at a density of 1.5x105  were transfected with RNAi oligonucleotides overnight 
and then incubated an additional 24 hours in growth medium.  At 48 hours post 
transfection, cells were infected with VV strain IHDJ for 1 hour at which time the viral 
inoculum was replaced with fresh growth medium.  Cells were then incubated for an 
additional 29 hours.  At 30 hours post infection, the supernatant was collected and treated 
with anti-A27L antiserum for 1 hour and then titered via plaque assay on BSC40 cells.  
Bars and vertical lines represent the mean PFU and standard deviation for each RNAi 
treatment.  (D) Comet inhibition.  Cells were fixed and comets visualized by staining 
with 0.1% crystal violet. 
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the fact that the assay employed in this study relies on both the transfection efficiency of 

the RNAi oligo as well as its ability to bind to the target mRNA, which appears to be 

somewhat leaky (Fig. 2.4B - lower panel).   IMV formation does not appear to be 

affected by the depletion of any of the three host factors or the scrambled control as all 

four wells treated with RNAi demonstrate primary plaques of similar size and quantity 

relative to the untreated control.   

The identification and characterization of viral L domains has provided a more 

solid understanding of the way in which enveloped virions are produced and released into 

the extracellular environment.  By encoding sequence domains that mimic those of the 

host cell, nascent viral particles are able to usurp established pathways for their own 

dissemination and VV with its highly conserved L domain-like motif is likely no 

exception (Table 2.1).  In this manuscript we report on the analysis of the YxxL domain 

identified within the VV F13L envelope protein.  A panel of F13L-GFP fusion constructs 

containing mutations to the YxxL motif was generated (Fig. 2.1A) and used in 

conjunction with a recombinant F13L-deleted VV in a trans complementation assay.  The 

results obtained indicate that the ability of the deletion virus to form plaques may be 

restored by the introduction of a functional F13L ORF (Fig. 2.1B).  However, in order for 

rescue to proceed, certain minimum requirements within the YxxL motif were 

established: i) single alanine substitutions at each residue restored plaque-forming ability 

albeit to varying degrees but constructs lacking both the Y and the L residues were not 

functional indicating these residues work in tandem to direct EEV release; ii) the YxxL 

motif is absolutely required for plaque-formation and cannot be deleted or substituted by 

other known L domains as was demonstrated by a lack of complementation for the 
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AAAA construct, the YxxL deletion construct and the PTAP substitution construct 

suggesting that VV EEV utilize a very specific process to achieve budding.  Recombinant 

YxxL motif mutant viruses supported these observations in that isolates containing 

alanine substitutions for either the Y or the L demonstrated an extremely small, 

asymmetrical plaque phenotype while alanine substitutions to either of the P residues 

produced much larger, circular plaques similar to those observed for the parental virus 

strains (Fig. 2.2 and 2.3).  At no time were isolates containing an AxxA or AAAA 

mutation, a YxxL deletion or a YxxL substitution obtained implying the result of this 

type of recombination may be detrimental to the formation of mature virus.  RNAi 

experiments involving the depletion of the host protein trafficking component, Alix, also 

demonstrated measurable effects on EEV release (Fig. 2.4C and D).  A reduction in the 

expression of Alix, an established binding partner of the YxxL L domain of EIAV 

(Strack et al., 2003), resulted in a 3.5 to 4.5-fold reduction in EEV release.  Since VV 

lacks a PTAP domain, TSG101 is not thought to participate in the direct binding of VV 

proteins, but may instead act as a trafficking regulator through its association with Alix.  

These data also support previous assertions that EEV release is somewhat dependent 

upon the recycling of F13L from the plasma membrane (Husain and Moss, 2003; Husain 

and Moss, 2005).  However, from these experiments it appears as though endocytosis is 

not as crucial for EEV release as is Alix and possibly TSG101.   

 The role of the VV F13L YxxL motif and potential host binding factors in the 

production and release of EEV particles is of great interest.  The highly conserved nature 

of the motif coupled with its sensitivity to mutation suggests that the YxxL motif located 

within the F13L protein may conduct late domain function in order to subvert host 
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protein sorting machinery and facilitate EEV release making it the subject of future 

research.  One possible role for the YxxL motif may be in the wrapping of IMV particles 

to form IEV or perhaps the motif is responsible for the recruitment of cellular factors to 

the site of IEV particle release.  Recent studies indicate that Alix is involved in 

intracellular membrane metabolism through interactions with endophilins (Chatellard-

Causse et al., 2002) and with 2,2’-dioleoyllysobisphosphatidic acid (LBPA) (Kobayashi 

et al., 2002; Matsuo et al., 2004).  As a result of this relationship, the recruitment of Alix 

by viral L domains may be necessary to facilitate the release of enveloped VV particles 

from the plasma membrane.  Experiments to decipher how the YxxL motif functions in 

extracellular enveloped particle production are currently underway.  If the YxxL motif is 

recognized as a bona-fide L domain, it will be of interest to identify potential antiviral 

targets common to both enveloped DNA and enveloped RNA viruses with the intention 

of preventing a systemic viral infection.  

 

This work was supported by NIH grant 5R44AI056409-06. 

The authors would like to thank Sean Amberg for his role in the conception of the project 

and Chelsea Byrd for her critical analysis of the manuscript. 

 

 

 

 

 

 



 34

 

CHAPTER 3 

 

 

THE YPPL MOTIF WITHIN THE VACCINIA VIRUS F13L 
PROTEIN MEDIATES A PHYSICAL INTERACTION WITH ALIX, 

BUT IS NOT RESPONSIBLE FOR THE PRODUCTION OF 
INTRACELLULAR ENVELOPED VIRUS   

 
 

 

 

 

 

Authors:  Kady M. Honeychurch and Dennis E. Hruby 

 

 

 

 

 

 

Unpublished Data 

Manuscript in Preparation 

 

  



 35

 

SUMMARY 

 

Vaccinia virus possesses a YPPL late domain (L domain)-like motif within the 

F13L envelope protein.  This type of viral L domain sequence has been shown to mediate 

the envelopment and release of nascent wrapped viral particles through an interaction 

with Alix, a multi-faceted host trafficking protein.  This study utilizes YPPL mutant 

recombinant viruses isolated from a trans complementation assay to show that there is 

physical interaction between F13L and Alix and that the strength of this interaction is 

inversely correlated with the ability of each mutant to produce extracellular enveloped 

virus.  Further, mutations within the YPPL motif do not affect the formation of 

intracellular enveloped virus particles (IEV) indicating that the block in EEV production 

occurs subsequent to the formation of IEV.  In addition, PCR products containing 

functional mutations within the YPPL motif demonstrate a positive correlation between 

rescue efficiency and enrichment of the F13L deletion virus population.     
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INTRODUCTION 

 

Vaccinia virus (VV) is a large DNA virus that replicates exclusively within the 

cytoplasm of infected cells.  The virus is unique in that it produces four forms of 

infectious progeny including intracellular mature virus (IMV), intracellular enveloped 

virus (IEV), cell associated enveloped virus (CEV) and extracellular enveloped virus 

(EEV) (Moss, 2001).  IEV are comprised of a small percentage of IMV particles that 

become wrapped in membranes thought to be derived from trans Golgi or endosomal 

cisternae (Schmelz et al., 1994; Tooze et al., 1993) in a process mediated by the VV 

F13L protein (Blasco and Moss, 1991).  IEV are then released from the cell to become 

CEV or EEV.  In the previous chapter, the YPPL motif located within the vaccinia virus 

F13L palmitylprotein was examined for L domain functional characteristics.  The 

development of a trans complementation assay involving the rescue of a recombinant VV 

that lacked a functional F13L ORF allowed for each residue within the YPPL motif to be 

examined singly and in combination for its contribution to the production of EEV.  

Moreover, this assay provided the opportunity to obtain recombinant YPPL mutant VVs.  

In addition, Alix, the host binding partner of YxxL-type L domains (Strack et al., 2003), 

was implicated in the formation of EEV.  However, several questions remain to be 

answered; i) What is the cause of the phenotypic difference in plaque morphology 

observed between the trans complementation assay and the plaques produced by the 

recombinant mutants, ii) Does the block in EEV release stem from an inhibition in the 

production of IEV and iii) Is there an actual physical interaction between F13L and Alix?   
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The trans complementation assay takes advantage of the transient expression of a 

panel of mutant F13L PCR products.  Each of these constructs was transfected into cells 

infected with an F13L deletion virus that expressed GFP in place of F13L.  The 

intracellular presence of a functional F13L protein supplied by the PCR product should 

provide complementation to the knockout virus and allow for the formation and release 

of IEV particles, even those that contain the F13L knockout genome.  While high-

frequency genetic recombination readily occurs in orthopoxviruses (Yao and Evans, 

2003), in this assay there is a much larger proportion of F13L-defective genomes within 

infected cells relative to genomes that have recombined with a PCR product encoding a 

functional F13L ORF.  Thus, it is hypothesized that the majority of released viral 

particles do not express F13L but are efficiently complemented allowing them to spread 

to neighboring cells much more rapidly than they otherwise could.  This premature 

infection of surrounding cells results in the formation of non-uniform plaques.  Therefore, 

an increase in GFP expression relative to mock transfected controls should correlate with 

those constructs known to convey proficient rescue.  

The trans complementation assay developed by Honeychurch et al., (2007), also 

afforded the opportunity to isolate and purify four YPPL recombinant mutant viruses 

from those PCR products that demonstrated rescue (vvY153AGFP, vvP154AGFP, 

vv155AGFP and vv156AGFP).   Since the tyrosine and leucine mutants were shown to 

produce small, asymmetric plaques, it was of interest to determine whether or not VV 

IEV particles are efficiently produced in cells infected with these mutants.  If IEV 

particles are not produced in quantities similar to wild type, then conceivably the block in 

EEV release could occur at the point of IMV wrapping.  Because both of these mutants 
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possess alterations in the putative Alix binding motif, perhaps Alix functions in concert 

with F13L at the site of envelope acquisition.   

The evidence that the YPPL motif within F13L functions as a bona fide L domain 

is compelling; however, the fact remains that a physical interaction between Alix and 

F13L has yet to be demonstrated.   Without this data, the YPPL motif cannot be classified 

as a viral L domain.  Thus, it is of importance to investigate the potential relationship 

between Alix and F13L using as stringent conditions as possible.  The following 

experiments address each of these questions.    

 

MATERIALS AND METHODS 

 

Cells and viruses.  BSC40 cells (Raczynski and Condit, 1983) were maintained in Eagle’s 

minimal essential medium (MEM) (Invitrogen) containing 10% fetal bovine serum (FBS) 

(Invitrogen), 2mM L-glutamine (Invitrogen) and 15 μg/ml gentamicin sulfate 

(Invitrogen) in a 37°C incubator supplemented with 5% CO2.  All infections were carried 

out in MEM contiaining 5% FBS, 2mM L-glutamine and 15 μg/ml gentamicin sulfate.  

VV, strain WR, stocks were prepared as described in Hruby et al., 1979a.   

 

Co-immunoprecipitation and Western blotting.  BSC40 cells were seeded in either a 100 

mm (large scale) or 6-well (standard) tissue culture plate.  Upon reaching near 

confluency, the monolayer was infected with VV at a multiplicity of infection (MOI) of 

two for 1 hr in 1 ml of infection medium. Subsequently, the viral inoculum was removed 

and replaced with 1.5 ml of fresh infection medium.  15 hr later, pellets from infected 
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monolayers were resuspended in 0.5 ml lysis buffer (150 mM NaCl, 20 mM Tris, pH 7.4, 

0.5% NP-40, Complete Protease Inhibitor Cocktail (Roche) in DPBS w/o Ca2+ Mg2+), 

passed 10 times through a 23 gauge needle and shaken gently at room temperature for 15 

min.  Lysates were cleared of cell debris by high speed centrifugation for 10 min at 4°C 

and then supernatants were pre-cleared by the addition of 20 µl of Protein A Sepharose 

Fast Flow Beads (Amersham) for 2 hr at 4°C.  The reactions were then spun down for 30 

s at 12,000 x g and the supernatants transferred to a clean tube containing anti-Alix 

monoclonal antibody (Santa Cruz Biotechnologies) at a concentration of 2 μg/ml.  

Samples were rotated at 4°C for 6 hr followed by the addition of 40 μl of Protein A 

Sepharose Fast Flow Beads.  Samples were left on the rotator overnight after which they 

were spun down at 12,000 x g and washed twice with 500 μl of lysis buffer and once with 

PBS.  Regardless of scale, precipitates were eluted in 30 μl of 4X protein sample buffer 

containing β-mercaptoethanol (β-ME), heated at 95°C for 5 min and then 25 μl was 

loaded onto a 10% SDS-PAGE Bis-Tris gel.    

SDS-PAGE samples were transferred to Hybond C nitrocellulose membranes 

(Amersham), blocked for 2 hr at 25°C in antibody buffer (1X tris buffered saline 

containing 0.05% Tween20 (Sigma) (1XTTBS) and 5% powdered milk).  Blots were 

probed with antibody buffer containing anti-GFP monoclonal antibody (BD Biosciences) 

at a 1:500 dilution at 25°C overnight.  They were washed twice in 1XTTBS and treated 

with goat anti-mouse IgG-HRP secondary antibody (Bio-Rad) at a 1:10,000 dilution in 

antibody buffer for 90 min at 25°C.  Prior to development, membranes were washed 

twice in 1XTTBS and once in 1XTBS.  Bands were visualized using SuperSignal West 

Pico Chemiluminescent Substrate (Pierce) and Kodak BioMax MR Film.  Anti-Alix 
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monoclonal antibody was used at a 1:100 dilution, anti-P25K polyclonal antiserum was 

used at a 1:500 dilution, anti-B5R polyclonal antiserum was used at a 1:1,000 dilution 

and goat anti-rabbit IgG-HRP secondary antibody (Bio-Rad) was used at a 1:10,000 

dilution where appropriate.  

 

CsCl gradient fractionation.  150 mm tissue culture plates were infected with wild type 

and mutant VV at an MOI of 10 for 1 hr in 15 ml of infection medium. Subsequently, the 

viral inoculum was removed and replaced with 15 ml of fresh infection medium.  At 24 

hr post infection (hpi), the cells were washed twice with 10 ml of 1XPBS.  The 

monolayer was harvested by scraping into 12 ml of 1XPBS, spun down at 300 x g at 4°C, 

resuspended in 2 ml dH2O and allowed to swell on ice for 10 min.  Disruption of the cell 

membranes was achieved by homogenization (20 strokes with a Dounce homogenizer) 

followed by centrifugation at 300 x g for 10 min to remove unlysed cells and heavy cell 

debris.  The pellet was discarded and the supernatant was spun once more at 1000 x g to 

further remove cellular debris and then layered over a pre-poured CsCl gradient 

consisting of 4 ml of density 1.20 g/ml, 4 ml of density 1.25 g/ml and 2 ml of density 

1.30 g/ml.  The gradient was spun at 100,000 x g for 3 hr at 15°C in a Beckman SW41Ti 

rotor.  0.5 ml fractions were collected dropwise from the bottom of the tube.  Densities 

were determined in g/ml according to the following:  empty tubes were weighed using a 

digital scale, 400 µl of each fraction was added and the tubes were weighed again.  The 

empty tube weight was subtracted from the full tube weight and then multiplied by 2.5.  

To analyze the contents of each fraction via Western blot, 1 ml of 1XPBS was added to 

each fraction to dilute the CsCl and then spun at 20,000 x g for 20 min at 4°C to pellet the 
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viral particles.  The supernatant was removed and the resulting viral pellet was 

resuspended in 100 µl 1XPBS.  10 µl of each sample was added to 4X protein sample 

buffer containing β-ME, boiled at 95°C for 5 min and then loaded onto a 10% SDS-

PAGE Bis-Tris gel.  

 

RESULTS 

 

GFP expression from the F13L deletion virus.  Western blot analysis of the trans 

complementation assay described in Honeychurch et al., (2007) was carried out to 

determine if there was an increase in the quantity of F13L deletion viral particles present 

in wells receiving PCR products known to convey efficient complementation.  At 3 days 

post infection/transfection, the cell monolayer was harvested and analyzed by Western 

blot.  The results obtained show a clear enhancement of the GFP signal associated with 

those PCR products that demonstrated efficient rescue including wild type F13L, and the 

following F13L mutants: P154A, P155A, YAAL (Fig. 3.1). The Y153A PCR product 

rescued somewhat less efficiently but produced a GFP enhancement roughly equal to the 

wild type PCR product.  While the rescue achieved by the L156A construct was marginal 

at best (Honeychurch et al., 2007), any increase in GFP signal associated with this 

construct was not sufficient to detect in this manner.  Constructs that were unable to 

complement the deletion mutant including APPA, ΔYPPL, and PTAP demonstrated no 

appreciable increase in GFP expression relative to the mock transfected control.  The 

ΔF13L construct was used in this experiment as an additional negative control.  
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Figure 3.1.  Enhancement of GFP expression correlates with rescue.  BSC40 cells 
infected with the F13L deletion mutant and complemented with each of the PCR products 
shown above were harvested 3 days post infection/transfection and subjected to 10% 
SDS-PAGE and Western blot analysis.   The arrow indicates the GFP protein.  The 
molecular weight ladder on the left is measured in kDa.   
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CsCl gradient fractionation of mature VV intracellular virion particles.  

Fractionation of intracellular VV particles (IMV and IEV) was carried out to determine 

whether or not IEV forms of virus are produced during an infection mediated by the 

tyrosine or leucine mutant recombinant viruses.  Cells were infected with vvF13LGFP, 

vvY153AGFP or vvL156AGFP at an MOI of 10 for 24 hours.  Following harvest, the 

cells were mechanically disrupted and subjected to a series of low speed spins to remove 

the cell debris.  The clarified supernatant was then layered over a CsCl gradient and spun 

at 100000 x g.  0.5 ml fractions were collected and, following density determination, 

were resolved by SDS-PAGE and analyzed by Western blot using anti-L4R antiserum to 

detect viral cores and anti-B5R antiserum to detect IEV particles (Fig. 3.2).  The top 

panel shows the densities associated with fractions collected from the wild type F13L 

recombinant virus.  The middle panel corresponds to the tyrosine mutant fractions and the 

lower panel represents fractions obtained from the leucine mutant.  IMV particles and 

IEV particles have a density of 1.27 g/ml (Boulter and Appleyard, 1973) and 1.15 g/ml 

(Meiser et al., 2003) respectively.  The fact that all three infections produced signals that 

corresponded to densities associated with IEV particles indicates that both the tyrosine 

and leucine mutants produce IEV with roughly the same efficiency as the wild type 

recombinant virus.  Thus, the block in EEV production occurs subsequent to the 

formation of wrapped virus particles. 

 

Co-immunoprecipitation of F13L with Alix.  At present, evidence supporting the F13L 

YPPL motif as a genuine viral L domain is indirect.  However, the discovery of a 

physical   interaction   between   F13L   and   Alix   would  significantly   strengthen   this  



 44

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.  YPPL mutant viruses form IEV.  BSC40 cells were infected with either the 
wild type recombinant virus (vvF131LGFP) or the tyrosine or leucine mutant 
recombinant virus (vvY153AGFP, vvL156AGFP, respectively) as indicated.  At 12 hpi, 
the monolayer was harvested, lysed, cleared of cell debris and subjected to fractionation 
on a CsCl gradient.  0.5 ml fractions were collected and their densities determined.  The 
fractions were then subjected to SDS-PAGE and Western blot analysis.  The numbers 
above each box represent each individual fraction and the molecular weight ladder on the 
left of each box is measured in kDa.  †, B5R protein; ‡, L4R protein.    
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hypothesis.  In order to probe for this type of interaction, co-immunoprecipitation assays 

were conducted.  Initially, this endeavor was carried out on a large scale in which BSC40 

cells seeded in 100 mm plates were mock-infected or infected with the wild type F13L-

GFP recombinant virus.  Lysates were subjected to immunoprecipitation using anti-Alix 

monoclonal antibody and eluted in 30 μl of 4X protein sample buffer to concentrate the 

signal.  Eluents were resolved by SDS-PAGE, transferred to a nitrocellulose membrane 

and probed with an anti-GFP monoclonal antibody.  The results are shown in Figure 

3.3A.  A band corresponding to the size of the F13L-GFP fusion protein appeared in the 

lane containing vvF13LGFP-infected cells that was not present in the lane containing the 

mock-infected control.  This indicated that there was in fact a physical relationship 

between F13L and Alix.  The opposite pull-down in which F13L was used to co-

immunoprecipitate Alix was also attempted but was unsuccessful (data not shown).  The 

failure of F13L to effectively pull-down Alix is most likely due to the overwhelming 

abundance of F13L relative to endogenous Alix.   

 In light of these data, it was apparent that F13L and Alix were binding partners 

and, based upon previous studies involving equine infectious anemia virus, alanine 

substitutions within the YxxL motif, specifically to the tyrosine or leucine residues, 

should abrogate this relationship (Strack et al., 2003; Chen et al., 2005).  In order to 

determine if the lack of EEV production observed in leucine mutant infections was the 

result of Alix being unable to efficiently interact with the altered YPPA motif, an 

additional co-immunoprecipitation experiment was conducted.  6-well plates containing 

confluent monolayers of BSC40 cells were mock-infected or infected with either the wild 

type F13L recombinant virus or the leucine mutant followed by Alix-mediated co-
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immunoprecipitation and Western blot (Fig. 3.3B).  The right panel contains 1% of the 

cellular lysate used for the binding experiment and demonstrates that both the mutant and 

the wild type recombinant virus stably express the F13L-GFP fusion protein in roughly 

the same quantity.  The left panel shows the results of the co-immunoprecipitation.  

Interestingly, the mutant virus appears to pull-down Alix much more efficiently than the 

wild type virus.  To confirm these results, this experiment was repeated and the same 

results were obtained suggesting there may be an inverse relationship between the affinity 

of mutant F13L for Alix and the ability of that particular mutant virus to produce EEV.  

In order to investigate this possibility, standard co-immunoprecipitation experiments that 

included all four of the mutant recombinant viruses were carried out as described 

previously.  Co-immunoprecipitation results are shown in Figure 3.3C.  The leucine 

mutant demonstrated the strongest signal, followed by the tyrosine mutant, wild type 

recombinant virus and finally the proline mutants, which was the opposite phenotype 

obtained from the trans complementation assay involving each of these mutant PCR 

products (Honeychurch et al., 2007).  Thus, this result supports the hypothesis that as the 

affinity of F13L for Alix increases, F13L functionality decreases.  Figures 3.3D and 3.3E 

are input controls designed to display the levels of endogenous Alix and F13L-GFP 

associated with each mutant infection, respectively.  
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Figure 3.3.  F13L-GFP fusion protein co-immunoprecipitates with Alix.  (A) Large-scale 
set up for co-immunoprecipitation analysis.  BSC40 cells seeded in 100 mm tissue culture 
plates were mock-infected or infected with the indicated virus for 12 hrs.  The cells were 
collected, lysed and subjected to co-immunoprecipitation using an anti-Alix monoclonal 
antibody followed by Western blot as described in Material and Methods.  (B) Standard 
set up for co-immunoprecipitation analysis.  6-well tissue culture plates were infected and 
analyzed as in A.  The left panel corresponds to co-immunoprecipitation results and the 
right panel is 1% input prior to the addition of the anti-Alix antibody.  (C) Standard set up 
for co-immunoprecipitation analysis.  6-well tissue culture plates were infected and 
analyzed as in A.  (D) and (E) 4.5% and 0.5% input controls for (C).  The arrow indicates 
the F13L-GFP fusion protein.  An * indicates Alix.  The molecular weight ladder is 
measured in kDa.  IP, immunoprecipitated with Alix monoclonal antibody; Input, input 
controls taken from cell lysates                
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DISCUSSION 
 

It has become increasingly apparent that viruses have adapted their replication 

cycle to include trafficking components and pathways intrinsic to the host cell.  By 

encoding sequence motifs common to cellular factors, viruses are able to carry out 

adaptive mimicry that ultimately concludes in the substitution of host factors with viral 

components within trafficking complexes.  By utilizing established mechanisms, viruses 

are able to produce large numbers of progeny particles in the most efficient way possible.  

Viral L domains fall into this category of mimicry.  Increased interest in these motifs over 

the past decade hasled to the identification of multiple L domain sequences in a number 

of virus types and has established which host factors link each domain to the necessary 

trafficking pathway (Demirov and Freed, 2004; Freed, 2002). 

 In the current set of experiments, three important questions regarding the VV 

F13L YPPL L domain-like motif were addressed, the first being the reason behind the 

difference in plaque morphology associated with the recombinant mutant viruses isolated 

from the trans complementation assay relative to the plaques produced in the trans 

complementation assay itself.  In a previous study, it was shown that PCR products 

containing alanine substitutions to either proline residue or both prolines in tandem 

within the YPPL motif were able to rescue the plaque-forming ability of an F13L deletion 

virus better than a PCR product encoding wild type F13L (Honeychurch et al., 2007).  A 

tyrosine mutant demonstrated slightly less efficient rescue and a leucine mutant exhibited 

the least efficient rescue of all constructs that successfully complemented the F13L 

deletion mutant.  The replacement of both the tyrosine and leucine residues, the deletion 

of the entire motif or the complete substitution of the motif resulted in a total inhibition of 
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complementation.  The present study reveals a positive correlation between an 

enhancement of the GFP signal associated with the F13L deletion virus and those F13L 

constructs that were able to demonstrate rescue (Fig. 3.1).  This suggests that not only 

was recombination occurring between the PCR products and the F13L-defective VV 

genomes, but that the transient nature of the assay allowed for an enrichment in the F13L 

deletion mutant population.  The fact that more virus particles were being released from 

infected cells, regardless of their F13L functionality, enabled the surrounding cells to 

become infected sooner, which ultimately resulted in the formation of plaques with non-

uniform morphology.  Since each individual mutant recombinant virus particle is 

replicating under conditions that do not  allow for complementation, it stands to reason 

that the plaque phenotype associated with these mutants would be more uniform and, in 

the case of the tyrosine and leucine mutants, smaller. 

 The next question addressed was whether or not the block in EEV particle 

production occurred prior to the wrapping of IMV particles to form IEV.  Beyond a 

requirement for the F13L protein and a few other viral proteins, the process by which 

IMV particles acquire their envelope is not well understood.  The small, asymmetric 

plaque phenotype associated with the tyrosine and leucine mutant viruses suggested that 

these VVs are deficient in the production of EEV (Honeychurch et al., 2007).  In that 

same study a role for Alix in the formation of EEV was also demonstrated, however it 

remained unclear as to whether IEV were present.  Because Alix has been shown to be 

involved in multivesicular body formation, endocytosis and the release of several types of 

enveloped viruses (Matsuo et al., 2004; Odorizzi, 2006; Strack et al., 2003), a situation in 

which Alix, through an association with F13L, participates in the VV wrapping process is 
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conceivable.  However, density gradient analysis of mature intracellular VV particles 

revealed that this was likely not the case.  Evidence of the presence of IEV particles was 

observed for each of the four mutant recombinant viruses in the form of a protein (B5R) 

found only on wrapped forms of virus (Fig. 3.2 and data not shown).  Thus, the block in 

EEV release observed for the tyrosine and leucine mutants occurs subsequent to IEV 

formation.  Given that Alix has been shown to associate with clathrin complexes through 

an interaction with type A endophilins via a PXRPPPP consensus sequence in the proline 

rich region (PRR) of Alix (Sadoul, 2006) and that in order for efficient HIV release to 

occur the PRR was absolutely required (Fisher et al., 2007), it may be that Alix asserts its 

activity at the plasma membrane perhaps through the retrieval and recycling of F13L 

within clathrin-coated pits.  The retrieval process was shown to be necessary for the 

formation of EEV (Husain and Moss, 2005).  Further, the possibility that Alix functions 

at multiple stages in the VV replication cycle has not been eliminated. 

 Finally, and arguably most importantly, an actual physical interaction between 

F13L and Alix had yet to be established.  The very definition of a viral L domain requires 

that it have a host binding partner.  In this study, the F13L-GFP fusion protein was found 

to co-immunoprecipitate with Alix demonstrating the presence of a physical interaction 

between these two proteins (Fig. 3.3A).  It was then anticipated that a mutation within the 

YPPL motif that interfered with EEV production would weaken if not destroy this 

relationship.  Thus, the assay was repeated using the most inhibited mutant virus, 

vvL156AGFP.  The results obtained were atypical in that instead of abolishing the 

interaction of F13L with Alix, the affinity of F13L for Alix appeared to increase relative 

to the wild type recombinant virus (Fig. 3.3B).  Additional co-immunoprecipitation 
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studies were done on the other three YPPL mutants and an inverse relationship of binding 

affinity to rescue ability emerged with the strongest signals associated with the tyrosine 

and leucine mutants followed by the wild type recombinant virus and finally the proline 

mutants (Fig.3.3C-E).  The observed accumulation phenotype is likely due to a lack of 

redundancy with respect to F13L.  The interaction between Alix and F13L may be 

extremely dynamic and mutations to the key tyrosine and leucine residues slow the 

interaction to a point where it becomes detrimental to the release of wrapped viral 

particles.  In contrast, alterations to the proline residues appear to optimize this 

potentially short-lived interaction making it all the more fleeting.  The discrepancy 

between the results obtained in these studies and what is presented in the literature may 

be due in part to the nature of the system used to test for interactions.  For example, since 

retroviral particles are not easily manipulated the vast majority of co-

immunoprecipitation studies involving retroviral elements have relied upon GST pull-

downs of bacterially expressed proteins.  Systems such as these lack a continuous source 

of authentic protein, making an accumulation effect difficult to observe.  Further, these 

proteins lack the post-translational modifications they would normally receive, 

modifications that may have the potential to alter the binding relationship with other 

factors.  The system used in this study was as natural as possible in that it involved no 

overexpression of endogenous Alix or F13L and the source of F13L came directly from 

an intact virus actively replicating in a permissive mammalian cell line.  The fact 

remains, however, that analysis of protein-protein interactions by Western blot does not 

necessarily demonstrate direct physical interactions.  It is entirely possible that F13L and 

Alix are members of the same protein complex held in contact through the interaction of 
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other binding partners.  In order to further characterize the relationship between F13L and 

Alix, yeast two-hybrid analysis will be conducted on wild type F13L as well as F13L 

obtained from each of the mutant viruses.  

 The results obtained from this study further the evidence that the YPPL motif 

centrally located in the VV F13L protein functions as a bona fide L domain, the first of 

its kind to be identified in poxviruses.  However, in addition to the YPPL motif, F13L 

contains three additional YxxI sequences that resemble sorting signals found in other host 

cell trafficking components.  Thus, it will be of interest to determine if these motifs affect 

the functionality of the VV F13L protein.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 53

 

CHAPTER 4 

 

 

 

ANALYSIS OF THE YxxI MOTIFS IN THE VACCINIA VIRUS 
MAJOR ENVELOPE ANTIGEN, F13L 

 
 
 

 

 

 

 

Authors:  Kady M. Honeychurch and Dennis E. Hruby 

 

 

 

 

 

Unpublished Data 

Manuscript in Preparation 

 

 



 54

 

SUMMARY 

 

Tyrosine-based sorting signals are a common feature utilized by cells to identify 

and transport various proteins around the intracellular environment.  These sequences 

generally conform to a YxxΦ consensus motif where Φ is a residue containing a bulky 

hydrophobic side chain.  Some viruses have incorporated this type of signal sequence into 

their replication cycle.  Tyrosine-based sequences are part of a larger group of viral 

sorting domains, referred to as late (L) domains, which assist with envelopment and 

release of mature virions.  The VV major envelope antigen, F13L, contains a well-

characterized canonical L domain-like motif (YPPL).  In addition, F13L also contains 3 

additional YxxΦ sequences in the form of YxxI.  This study utilizes a trans 

complementation assay to investigate what role, if any, one or more of these YxxI motifs 

play in the VV replication cycle.  The N-terminal-most YxxI motif (residues 46 through 

49) is sensitive to mutation and may be intricately involved in maintaining the secondary 

structure of F13L.  The C-terminal-most YxxI motif (residues 322 through 325) 

demonstrates consistent rescue efficiency regardless of the number or location of alanine 

substitutions and therefore probably does not function in sorting activities.  The middle 

YxxI sequence, (residues 258 through 261) exhibits a complementation phenotype 

strikingly similar to that previously shown for the YPPL motif and, for that reason, may 

possess L domain activity. 
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INTRODUCTION 

 

Vaccinia virus (VV) produces several forms of infectious particles including the 

highly abundant intracellular mature virus (IMV) and three distinct types of wrapped 

virus.  The term “wrapped” refers to IMV particles enveloped in additional membranes to 

form intracellular enveloped virus (IEV).  IEV is the precursor particle to cell associated 

enveloped virus (CEV) and extracellular enveloped virus (EEV) (Moss, 2001).  The 

source of IEV membranes is unknown, however membranes originating from the trans 

Golgi or endosomal cisternae are strong candidates based upon evidence obtained from 

electron microscopy and confocal laser scanning microscopy experiments (Tooze et al., 

1993, Schmelz et al., 1994; Husain and Moss, 2003; Chen et al., 2007).  Regardless of 

the origin of these membranes, early studies investigating the release of VV from infected 

cells revealed that the wrapping of IMV particles was hindered by the drug N1-

isonicotinoyl-N2-3-methyl-4-chlorobenzoylhydrazine (IMCBH), which was shown to 

target the VV envelope protein, F13L, by preventing its localization to the wrapping 

membranes (Hiller et al., 1981; Hirt et al., 1986).  Moreover, studies conducted by 

Blasco and Moss (1991) showed that in the absence of F13L expression, the production 

of extracellular forms of virus did not occur.  Subsequent studies indicated that not only 

was F13L required for the formation of extracellular virus, but that in the absence of 

functional F13L, the viral replication cycle arrested once IMV were formed resulting in a 

total lack of IEV as well (Grosenbach and Hruby, 1998). 

The F13L protein is 372 residues in length and appears to be somewhat 

multifaceted in that it contains several recognized and putative functional motifs. These 
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motifs include a palmitylation site and a putative phospholipase D region (Fig. 4.1).  

Targeted mutagenesis within either of these sequences was shown to inhibit IEV 

formation (Grosenbach et al., 1997; Grosenbach and Hruby, 1998a; Husain and Moss, 

2002; Husain and Moss, 2003; Roper and Moss, 1999).   In addition, F13L also contains 

a canonical YPPL late (L) domain motif (residues 153-156) (Demirov and Freed, 2004; 

Freed, 2002).  This type of L domain resembles tyrosine-based sorting signals found in a 

number of cellular proteins including LAMP1, LAMP2, PAR1 and the epidermal growth 

factor receptor, to name a few (Bonifacino and Traub, 2003; Owen and Evans, 1998; 

Paing et al., 2004; Rohrer et al., 1996).  A trans complementation assay involving 

extensive mutagenesis of the F13L YPPL sequence revealed that the leucine residue and 

to a lesser degree the tyrosine residue were required to restore the plaque-forming ability 

of an F13L deficient recombinant VV (Honeychurch et al., 2007).  Recombinant mutant 

viruses that contained an alanine substitution of either the leucine residue or the tyrosine 

residue produced small, asymmetric plaques suggesting a block in EEV production 

(Honeychurch et al., 2007).  The YxxL host binding partner, Alix (Strack et al., 2003), 

was also implicated in the production of EEV during a VV infection (Honeychurch et al., 

2007) and subsequent experiments demonstrated a physical interaction between VV F13L 

and Alix (Honeychurch, unpublished data).  Taken together, the YPPL motif within F13L 

appears to have L domain activity.  However, the YPPL motif previously examined is not 

the only tyrosine-based sorting sequence present within the F13L protein. 

 In addition to YPPL, F13L also contains three YxxI motifs located throughout the 

protein.  These motifs are located from residues 46 to 49, 258 to 261 and 322 to 325 (Fig. 

4.1).   Sequence analysis of F13L homologs throughout the Chordopoxvirinae  subfamily  
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Figure 4.1.  Schematic representation of VV F13L protein including the palmitylation 
site (residues 185 and 186), the YPPL motif (residues 153 through 156), the putative 
phospholipase domain (residues 312 through 327) and the three YxxI motifs. 
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revealed that none of the YxxI motifs are as highly conserved as the YPPL domain 

(Table 4.1).  However, both the F13L YxxL and YxxI motifs conform to the YxxΦ 

tyrosine-based sorting signal consensus motif where Φ is a residue with a bulky 

hydrophobic side chain.  In some cases, the residue at the Φ position specifies the 

properties of the signal (Ohno et al., 1996; Bonifacino and Traub, 2003).  Residues 

comprising the X positions are extremely variable (Bonifacino and Traub, 2003).  More 

important than the actual amino acid sequence is the position of the motif within the 

protein’s cytosolic domain.  YxxΦ signal motifs that are exclusively endocytic are 

frequently positioned 10 to 40 residues from the transmembrane domain although they 

are notably absent from the extreme carboxy-terminus of proteins (Bonifacino and Traub, 

2003).  On the contrary, tyrosine-based signals required for lysosomal targeting tend to 

be 6 to 9 residues from the transmembrane domain and are commonly the final 4 

carboxy-terminal amino acids (Bonifacino and Traub, 2003).  The significance of the 

placement of the YxxΦ motif relative to the transmembrane domain was highlighted in 

studies involving LAMP-1, a transmembrane glycoprotein.  When the spacing of the 

YxxI motif was altered, the protein no longer localized to lysosomes (Rohrer et al., 

1996).   

To date, studies involving tyrosine-based sorting signals within F13L have 

focused on the highly conserved YPPL motif.  This particular tyrosine-based sequence 

follows the YxxL sequence precedent set by other viruses containing this type of L 

domain (Ciancanelli et al., 2006; Puffer et al., 1997) and satisfies the position 

requirement demonstrated by endosome-targeting YxxΦ sorting domains (Paing et al., 

2004).   Nevertheless, as demonstrated by F13L, the presence of sequences corresponding  
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Table 4.1.   Conservation of the YxxI motif throughout the Chordopoxvirinae subfamily 
_______________________________________________________________________ 
 
Orthopoxviruses YxxI Motif #1 YxxI Motif #2 YxxI Motif #3 
Vaccinia virus LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN   
Variola virus LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN   
Camelpox virus LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN 
Monkeypox virus  LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN 
Cowpox virus LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN 
Taterapox virus  LAKKYIYIASFC WPDIYNSIIEAA VDDEYVHITSAN 
 
Other Poxviruses 
Squirrelpox virus RAKKYIYIASYC WPDIYNAIITAA VDGTKAHVTVAN  
Myxoma virus QAKRYIHIASFC WPNIYNELICAA VDDEFAHITPAN 
LSDVa   QAKKNINIASFC WPDIYNAIISAT  IDNEFAHITPAN 
Sheeppox virus   QAKKNINIASFC WPDIYNAIIGAT IDNEFAHITPAN 
Swinepox virus   NAKKFINIASFC WPNIYNAIICAS IDGEFAHITPAN 
YLDVb   KSKKNINIASFC WPDIYNEIICAT VDEEFVHITSAN 
Fowlpox virus     LAKKEIYIATFC WPIIKDALIRAV IDGRYAHVMTAN 
Canarypox virus   IAKKEIYIVTFC  WPIIKDALIRAV  VDNRYAHIMTAN 
BPSVc    SATKFLYIASFC WPRIMDALLRAA VDDTFAHVTVAN  
Orf virus        SAKKFLYICSFC WPQIIDALLRAA VDDTFAHLTVAN  
CRVd   CTRRSLKIVSYC CQALHGALLAAI ADARHVHVSNGH       
Deerpox virus QAKSYISIVSFC WPNIYNEIIYAA IDDKFAHITPAN               
_______________________________________________________________________ 
aLumpy skin disease virus;  bYaba-like disease virus;  cBovine papular stomatitis  
virus; dCrocodilepox virus 
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to YxxΦ motifs can occur multiple times within a single protein.  While it is possible that 

these additional motifs are buried within the protein secondary structure rendering them 

inaccessible to components of the cellular sorting machinery, their presence warrants 

further investigation.  The following set of experiments utilize the trans complementation 

assay developed by Honeychurch et al., 2007 as a first step toward determining what if 

any role one or more of these YxxI motifs may play in the VV replication cycle. 

 

MATERIALS AND METHODS 

 

Cell stocks.  BSC40 cells (Raczynski and Condit, 1983) were maintained in Eagle’s 

minimal essential medium (MEM) (Invitrogen) containing 10% fetal bovine serum (FBS) 

(Invitrogen), 2mM L-glutamine (Invitrogen) and 15 μg/ml gentamicin sulfate 

(Invitrogen) in a 37°C incubator supplemented with 5% CO2.  All infections were carried 

out in MEM contiaining 5% FBS, 2mM L-glutamine and 15 μg/ml gentamicin sulfate.   

 

Generation of a recombinant F13L-deletion mutant VV (vvΔF13LGFP).  Marker rescue 

approach was used to generate vvΔF13LGFP as previously described (Yang, et al., 

2005).  Briefly, a gel-purified PCR product of the F13L open reading frame containing a 

GFP insertion following residue 6 and including 1kb of flanking DNA sequence was 

cotransfected with 800 ng VV strain WR genomic DNA using Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions into BGMK cells infected with 

2 PFU/cell of Shope fibroma virus (SFV) 1 hr prior to transfection.  At 3 days 

posttransfection, progeny virus was added to BSC40 cells, which are permissive for VV 
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infection but not for SFV infection.  Thus, only VV produced from the transfection will 

form plaques on BSC40 monolayers.  Recombinant virus forming GFP-positive foci was 

isolated and subjected to three rounds of plaque purification.  vvΔF13LGFP stocks were 

prepared as described in Hruby et al., 1979a. 

 

Plasmid construction and site-directed mutagenesis.  A gel-purified PCR product of 

F13L-GFP containing 1kb of flanking DNA (forward primer 5’-

CATCCATCCAAATAACCCTAG-3’ (F15L); reverse primer 5’-

AGATACTCCTAGATACATACCATC-3’ (F12R)) was TOPO cloned into pCR2.1 

(Invitrogen) according to the manufacturer’s instructions.  Selected residues underwent 

targeted mutagenesis using the QuikChange® Multi Site-Directed Mutagenesis Kit 

(Stratagene) according to the manufacturer’s instructions.  Mutagenesis primers were 

designed using the the QuikChange® Primer Design Program provided by Stratagene 

(Table 4.2).  Following transformation, plasmid DNA was extracted by way of a QIAprep 

Spin Miniprep Kit (Qiagen).  The presence of mutation was verified by sequencing.   

 

Trans complementation assay.  PCR products for transfection were prepared from each 

mutant pCR2.1 plasmid construct using forward primer 5’-

CTCTAATCGTGGAGATGATGATAGTTTAAGC-3’ and reverse primer 5’-

AGATACTCCTAGATACATACCATC-3’ (Fig. 4.2).  PCR products were purified by 

way of a QIAquick PCR Purification Kit (Qiagen) and then quantified using a 

fluorometer.   BSC40 cells were seeded into 6-well tissue culture plates at a density of 

3.3x105 cells per ml 1 day prior and then infected with 380 pfu per well of vvΔF13LGFP  
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Table 4.2.  Mutagenesis primers used to create YxxI mutant constructs. 
 
Mutant Forward Primer (5’-3’) Reverse Primer (5’-3’) 

 
46AIYI49

ttttaacgaaattatcactctagctaag
aaagctatatacatagcatctttttgtt
gtaatcct 

aggattacaacaaaaagatgctatgtatata
gctttcttagctagagtgataatttcgttaa
aa 

46YIYA49

aaattatcactctagctaagaaatatat
atacgcagcatctttttgttgtaatcct
ctgag 

ctcagaggattacaacaaaaagatgctgcg
tatatatatttcttagctagagtgataatt
t 

46YAAI49
ttatcactctagctaagaaatatgcagc
catagcatctttttgttgtaatcctc 

gaggattacaacaaaaagatgctatggctg
catatttcttagctagagtgataa 

46AAAA49* 
gttttaacgaaattatcactctagctaa
gaaagctgcagccgcagcatctttttgt
tgtaatcctc 

gaggattacaacaaaaagatgctgcggctg
cagctttcttagctagagtgataatttcgt
taaaac 

258ANSI261
aatagctactattggcccgacattgcca
actccattatagaagcag 

ctgcttctataatggagttggcaatgtcgg
gccaatagtagctatt 

258YNSA261
tggcccgacatttacaactccgctatag
aagcagccattaatag 

ctattaatggctgcttctatagcggagttg
taaatgtcgggcca 

258YAAI261
gctactattggcccgacatttacgccgc
cattatagaagcagccattaa 

ttaatggctgcttctataatggcggcgtaa
atgtcgggccaatagtagc 

258ANSA261

aatagctactattggcccgacattgcca
actccgctatagaagcagccattaatag
agg 

cctctattaatggctgcttctatagcggag
ttggcaatgtcgggccaatagtagctatt 

258AAAA261* 
attggcccgacattgccgccgccgctat
agaagcagcc 

ggctgcttctatagcggcggcggcaatgtc
gggccaat 

322AVHI325
caaaattgttgatagtcgacgacgaagc
tgttcatatcacttcggcaaatt 

aatttgccgaagtgatatgaacagcttcgt
cgtcgactatcaacaattttg 

322YVHA325
ttgttgatagtcgacgacgaatatgttc
atgccacttcggcaaatttc 

gaaatttgccgaagtggcatgaacatattc
gtcgtcgactatcaacaa 

322YAAI325
gttgatagtcgacgacgaatatgctgct
atcacttcggcaaatttcgacg 

cgtcgaaatttgccgaagtgatagcagcat
attcgtcgtcgactatcaac 

322AVHA325

aaaattgttgatagtcgacgacgaagct
gttcatgccacttcggcaaatttcgacg
gaac 

gttccgtcgaaatttgccgaagtggcatga
acagcttcgtcgtcgactatcaacaatttt 

322AAAA325* 
gatagtcgacgacgaagctgctgctgcc
acttcggcaaatttcg 

cgaaatttgccgaagtggcagcagcagctt
cgtcgtcgactatc 

* These constructs were produced by using the YAAI construct as a template.  All other constructs were 
created based on wild type F13L. 
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Figure 4.2.  PCR product used in the trans complementation assay.  * indicates the 
approximate location of the 3 YxxI motifs.  GFP was fused to F13L in such a way that 
the initiating methionine within GFP was replaced with a proline-glycine linker to avoid 
GFP expression independent of F13L. 
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in 1 ml of infection medium.  At 1 hr posttransfection, the viral inoculum was removed 

and replaced with 1.5 ml of infection medium.  Concurrently, 0.25 ml Opti MEM 

(Invitrogen) was added to the appropriate number of 0.5 ml microcentrifuge tubes and to 

a corresponding number of 5 ml round-bottom, polystyrene tubes (BD Biosciences).  10 

μl of Lipofectamine 2000 (Invitrogen) was added to each polystyrene tube, vortexed 

gently and incubated at room temperature for 5 min.  4 μg of purified PCR product was 

added to each 0.5 ml microcentrifuge tube (except controls) and mixed gently.  At the 

conclusion of the 5 min incubation period, the contents of the 0.5 ml microcentrifuge 

tubes were combined with the polystyrene tubes, vortexed gently to mix and incubated 

undisturbed for 25 min at room temperature.  Following incubation, the PCR products 

and controls were added to the appropriate wells and incubated at 37°C overnight.  In the 

morning the transfection inoculum was removed and replaced with 2.5 ml of semi-solid 

growth medium containing 5% FBS and 1.5% methylcellulose.  The plates were returned 

to the incubator for an additional 2 days.  On day 3, the plates were fixed with 5% 

glutaraldehyde in PBS for 2 hr at room temperature and then stained with 0.5% crystal 

violet containing 5% methanol for an additional 2 hr. 

 

RESULTS 

 

YIYI motif, residues 46 through 49.  In order to determine whether or not any of the 

residues comprising the N-terminal-most YxxI domain were important for F13L 

functionality, four constructs containing the following mutations within the YIYI 

sequence were created:  46AIYI49, 46YIYA49, 46YAAI49 and 46AAAA49.  Several 
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attempts were made to produce a 46AIYA49 construct but were not successful.  PCR 

products representing each mutant construct were transfected into BSC40 cells previously 

infected with vvΔF13LGFP, an F13L deletion virus.  Following the addition of a semi-

solid overlay and a 3-day incubation period, the cell monolayers were fixed with 5% 

glutaraldehyde and visualized by staining with 0.1% crystal violet.  F13L functionality 

was assessed based upon the appearance of plaques, which indicates successful 

complementation of the plaque-deficient F13L deletion virus by the PCR product.  The 

most efficient rescue was demonstrated by the 46YIYA49 construct.  Plaques associated 

with this mutant were of the same approximate size as those produced by the wild type 

control although there appeared to be a slight reduction in plaque number (Fig. 4.3A and 

B).  The 46AIYI49 construct exhibited no appreciable rescue relative to controls indicating 

that this residue is sensitive to substitutions of this magnitude. Based on this observation, 

the fact that the 46AAAA49 mutant also demonstrated a lack of complementation was not 

particularly surprising.  Interestingly, tandem substitution of the central isoleucine and 

tyrosine residues with alanine also resulted in a non-functional F13L protein.  These 

results suggest that at least the first 3 residues within this motif are in some way 

important for F13L activity.   

 

YNSI motif, residues 258 through 261.  The same assay was repeated with the second 

YxxI domain, which consists of YNSI.  Two single mutants, 258ANSI261 and 

258YNSA261, two double mutants, 258YAAI261 and 258ANSA261, and a quadruple mutant, 

258AAAA261, were created by way of targeted mutagenesis and subjected to trans 

complementation of the F13L deletion virus.  This particular motif was interesting in that, 
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in this assay, it behaved much like the YPPL motif did (Fig. 2.1 and Fig. 4.3C).  As with 

the YAAL mutant (YPPL motif) previously discussed, the 258YAAI2 1 6

ture of F13L. 

mutant exhibited 

complementation that was nearly as efficient as that observed for the wild type control 

(Fig. 4.3A). Further, the rescue efficiency demonstrated by the Y258A mutant closely 

resembled that of the Y153A mutant (YPPL motif) and, just as the L156A mutant (YPPL 

motif) produced the least efficient rescue, the same observation was true of the I261A 

construct.  Once both the tyrosine residue and the isoleucine residue were replaced, F13L 

activity was lost, which, again, corresponds to what was observed for equivalent 

mutations within the YPPL sequence.  Taken together, these similarities may indicate that 

the 258YNSI261 motif functions in an L domain-like capacity. 

 

YVHI motif, residues 322 through 325.  Targeted mutagenesis within the final YxxI 

sequence (YVHI) produced five mutant constructs:  322AVHI325, 322YVHA325, 

322YAAI325, 322AVHA325 and 322AAAA325.   Results from the trans complementation 

assay indicated that, while none of the mutants were able to rescue the F13L deletion 

virus as efficiently as the wild type control (Fig. 4.3A), each construct, regardless of the 

number of alanine substitutions or where the substitution was located within the motif, 

rescued with similar efficiency (Fig 4.3D).  These data suggest that the C-terminal most 

YxxI motif does not possess L domain activity but may be involved instead with 

stabilizing the secondary struc

A summary of the YxxI trans complementation assay can be found in Table 4.3. 
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Figure 4.3.  Trans complementation of an F13L deletion mutant virus using YxxI mutant 
PCR products.  6-well plates containing BSC40 cells seeded at a density of 2x105 were 
infected with an F13L deletion mutant virus for 1 hour and then transfected with a PCR 
product containing one of several F13L YxxL mutations.  24 hours post infection, the 
transfection inoculum was replaced with medium containing 1% methylcellulose and 
incubated for an additional 48 hours.  The cells were fixed and plaques visualized by 
staining with 0.1% crystal violet.  (A)  Controls:  cells infected with the F13L deletion 
virus only; cells infected with the F13L deletion virus and treated with Lipofectamine 
2000; cells infected with the F13L deletion virus and transfected with a wild type F13L 
PCR product.  (B) Cells infected with the F13L deletion virus and transfected with the 
indicated 46YxxI49 motif mutant.  

 



 68

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3, continued.  (C)  Cells infected with the F13L deletion virus and transfected 
with the indicated 258YxxI261 motif mutant.  (D)  Cells infected with the F13L deletion 
virus and transfected with the indicated 322YxxI325 motif mutant.   
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Table 4.3.  Summary of the YxxI trans complementation assay. 
 
 
Motif   Position  Mutant   Rescue Efficiency 
 
Wild type          ++++ 
 
 
      AIYI    - 
      YIYA    +++ 
YIYI   46-49  YAAI    - 
      AIYA    ND 
      AAAA    - 
 
 
      ANSI    ++ 
      YNSA    + 
YNSI   258-260  YAAI    +++ 
      ANSA    +/- 
      AAAA    -  
 
 
      AVHI    ++ 
      YVHA    ++ 
YVHI   322-325  YAAI    ++ 
      AVHA    ++ 
      AAAA    ++  
 
ND, not done    
 
 

 

 

 



 70

DISCUSSION 

 

 Tyrosine-based sorting signals, also referred to as YxxΦ signals, represent one 

important group of trafficking indicators that allow cellular proteins to be shuttled around 

the intracellular environment in the most efficient way possible.  The location of the 

signal sequence within the protein secondary structure is crucial to the contribution it 

makes toward targeting its charge to the correct location (Paing et al., 2004; Rohrer et al., 

1996).  The presence of a YxxΦ sequence, however, does not necessarily guarantee 

sorting function.  In many cases these motifs are buried deep within the folds of the 

protein making it impossible for the necessary sorting complexes to access them 

(Bonifacino and Traub, 2003).  Viruses have evolved their own sorting signals, called L 

domains, which allow them to move components around the cell without having to 

encode their own transport machinery.  Tyrosine-based L domains have been identified in 

a number of viruses including HIV-1 and EIAV (Martin-Serrano et al., 2003, Strack et 

al., 2003).  A recent study conducted by Honeychurch et al. (2007) identified and 

characterized the first such L domain-like sequence in poxviruses, the YPPL motif in the 

VV envelope protein, F13L.  The YPPL motif is centrally located and is within 30 

residues of the palmitylation site (Fig. 4.1).  This study revealed a requirement for both 

the tyrosine residue and the leucine residue in order for the virus to propagate efficiently.  

Additionally, this study also demonstrated a role for the cellular trafficking component, 

Alix, a known binding partner of YxxL L domains (Strack et al., 2003; Odorizzi, 2006).  

Subsequent studies utilizing co-immunoprecipitation techniques revealed a physical 

interaction between F13L and Alix (Honeychurch, unpublished data).  When these co-
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immunoprecipitation experiments were repeated using either a tyrosine-to-alanine or a 

leucine-to-alanine recombinant mutant virus an accumulation phenotype was observed.  

These data suggest that the YPPL motif may be the sequence responsible for the 

interaction of F13L with Alix, and that this sequence may be the first example of a 

poxvirus L domain.  In addition to the YPPL motif, F13L also possesses three additional 

YxxΦ-type sequences in the form of YxxI (Fig. 4.1).  The present study sought to 

investigate what role, if any, these additional tyrosine-based sequences played in a VV 

infection.  These experiments utilized the trans complementation assay described in 

Honeychurch et al., (2007) (Fig. 4.1) to examine how various mutations within the YxxI 

motifs affected the function of F13L. 

 The N-terminal-most YxxI sequence is located from residue 46 through 49 and 

consists of YIYI.  Four mutant constructs were created within this motif including 

46AIYI49, 46YIYA49, 46YAAI49 and 46AAAA49.  Of these four, only the 46YIYA49 

construct demonstrated rescue that was comparable to the wild type control (Fig 4.3A and 

B).  This was somewhat unexpected since I49 is conserved throughout the 

Chordopoxvirinae subfamily (Table 4.1). Changing Y46 to alanine did not support 

rescue.  Thus, this residue must be essential for F13L function.  Accordingly, the 

complete substitution on the motif with alanine also inhibited F13L activity.  

Interestingly, one or both of the “xx” residues, in this case IY, also appear to be necessary 

for functional F13L as the 46YAAI49 construct was unable to complement the F13L 

deletion virus.  Attempts to engineer an AIYA mutant were unsuccessful, most likely 

because this motif resides in a particularly AT-rich region of F13L making it difficult to 

construct mutagenesis primers of reasonable length with the correct melting temperature.  
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However, the outcome of complementation with this construct can be anticipated based 

upon the sensitivity of F13L to a single alanine substitution to Y46.  Based upon these 

results it is hard to determine whether or not the YIYI motif functions as a sorting 

sequence.  The fact that the Y46 is essential follows the paradigm set by other tyrosine-

based sorting signals, although the location of the sequence does not.  At greater than 130 

residues from the membrane-associating palmitylation site, the YIYI motif does not fit 

the 30 to 40 residue separation between the transmembrane domain and the sorting signal 

that is vital for endosomal-targeting nor does it satisfy the 6 to 9 residue separation 

required for lysosomal-targeting.  Thus, this motif warrants further investigation into how 

it contributes to F13L activity.  It may be that since this entire motif is made up of 

residues with bulky R groups, drastic substitutions such as alanine destabilize the 

structure of F13L enough to render it non-functional.  Along those same lines, perhaps 

the hydroxyl groups present on the tyrosine residues participate in charge interactions or 

hydrogen bonding required for F13L to maintain proper secondary structure.  To help sort 

this out, I47 and Y48 should be examined individually.  

 Arguably the most interesting of the three YxxI motifs examined is the second 

YxxI sequence.  This motif consists of YNSI and is located from residues 258 through 

261.  Targeted mutagenesis produced five mutant constructs including 258ANSI261, 

258YNSA261, 258YAAI261, 258ANSA261 and 258AAAA261.  What makes this motif so 

interesting is the fact that the rescue results mirror those obtained for the YPPL motif 

(Honeychurch et al., 2007).  Mutation of the NS generated rescue only slightly less 

efficient than that of the wild type control (Fig. 4.3A and C).  Further, successful 

complementation was also observed for 258ANSI261 and 258YNSA261 albeit to a lesser 
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degree, particularly with respect to 258YNSA261.  Once the tyrosine and leucine residues 

were substituted in tandem, F13L functionality was lost.  It is true that this particular 

YxxI sequence is not the canonical YxxL viral L domain sequence, the tyrosine and 

isoleucine residues do not display the same degree of conservation throughout the 

Chordopoxvirinae subfamily (Table 4.1) that is demonstrated by the tyrosine and leucine 

residues of the YPPL motif (Table 2.1) and it does not follow the location requirement.  

However, it does fit with previous observations regarding viral tyrosine-based L domains 

in that the Φ residue is often the most sensitive to substitution (Honeychurch et al., 2007; 

Martin-Serrano et al., 2003, Strack et al., 2003).  One additional observation regarding 

the location of this sequence is that it is contained within a region of F13L that possesses 

an extremely highly conserved tyrosine-tryptophan (YW) diaromatic motif located just 

upstream of the YNSI motif at residues 253 and 254.  Rab9, a small GTPase, which 

mediates trafficking between the trans Golgi network (TGN) and the late endosome (LE), 

and its effector protein, TIP47, have been implicated in the replication of HIV-1, 

filoviruses and measles virus (Blot, G. et al. 2003; Murray et al., 2005) through a direct 

interaction with a YW motif.  Extensive mutagenesis around these 2 residues produced a 

panel of F13L mutants including S251A, Y252A, Y253A, W254A, and P255A.  When 

used in the trans complementation assay to assess F13L functionality it was determined 

that S251A, Y252A and to a lesser extent P255A could complement the F13L deletion 

virus but alanine substitutions within the YW motif completely inhibited rescue (Chen, et 

al., 2007).  The significance of this result relative to the placement of the YNSI motif and 

the L domain-like phenotype associated with it remains under investigation.  It may be 

that the YNSI motif functions at an earlier stage in viral development; perhaps during the 
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envelopment of IMV to form IEV.  It is conceivable that binding partners of the F13L 

YNSI domain participate in or rely on the formation of Rab9-mediated membrane 

complexes.  It is obvious, however, that the YPPL motif and the YNSI motif are not 

redundant since recombinant mutant viruses possessing alanine substitutions to either the 

tyrosine residue or the leucine residue within the YPPL domain exhibit a marked 

decrease in EEV (Honeychurch et al., 2007).  Obtaining recombinant mutants with 

individual alanine substitutions to each of the YNSI residues will provide insight into 

whether or not IEV are formed efficiently as well as what role this motif may play, if any, 

in the production of EEV.  

 The final and most C-terminal YxxI sequence is located from residue 322 through 

325 and consists of YVHI.  The five mutant constructs created (322AVHI325, 

322YVHA325, 322YAAI325, 322AVHA325 and 322AAAA325) and subjected to trans 

complementation all demonstrated relatively similar rescue efficiency although it was 

about 2-fold less efficient than the wild type control (Fig. 4.3A and D).  The motif is not 

all that well conserved (Table 4.1) and based on these results, it is unlikely that the YVHI 

functions as a tyrosine-based viral L domain.  However, the results do suggest that this 

region of F13L is fairly tolerant of mutation.  This is interesting since the YVHI motif 

resides directly within the putative phopholipase D domain (HKD).  This domain is so-

named for its most conserved residues and exists in a variant form in VV F13L in that the 

normally conserved histidine residue has been replaced by an asparagine residue (Husain 

and Moss, 2002; Husain and Moss, 2003; Roper and Moss, 1999).  A study conducted by 

Roper and Moss (1999) showed that when residue K314 was changed to arginine or 

residue D319 was changed to glutamic acid, F13L did not localize to the Golgi 
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compartment and the virus was no longer able to form EEV.  Since the asparagine residue 

is not highly conserved, it was not investigated.  The results presented here indicate that 

the function of F13L is not completely dependent upon any of the residues that make up 

the YVHI motif although, based on the observations associated with the conserved HKD 

motif, the decrease in complementation efficiency demonstrated by mutations within this 

motif may be due to aberrant localization F13L to the Golgi compartment.   

 The results of this study represent an important first step in determining which if 

any of the tyrosine-based signaling sequences within F13L possess L domain-like 

activity.  Of the three YxxI signaling motifs investigated, the 46YxxI49 sequence and the 

258YxxI261 sequence appear to be potential candidates for tyrosine-based sorting, with 

258YxxI261 demonstrating results that are the most consistent with what is known of other 

tyrosine-based L domains (Demirov and Freed, 2004; Honeychurch et al., 2007; Martin-

Serrano et al., 2003, Strack et al., 2003).  The isolation and purification of recombinant 

mutants from each of the PCR products that successfully complemented the F13L 

deletion virus, regardless of efficiency, will allow for further study of the plaque 

morphology associated with each mutation within the three YxxI domains.  Moreover, 

the acquisition of YxxI mutant viruses will permit the completion of pull-down assays to 

investigate whether or not YxxI mutations affect the interaction of F13L with Alix.  

Further, gradient fractionation of cells infected with each of the YxxI mutants will 

indicate whether or not IEV are formed efficiently.  This experiment will be particularly 

interesting with respect to the 258YxxI261 mutant virus since this motif is located so close 

to the diaromatic motif implicated in the formation of a virus-specific precursor 

membrane required for the assembly of extracellular forms of virus (Chen et al., 2007).    
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CHAPTER 5 
 

 
 

 
CONCLUSIONS 

 
 
 
 

As one of the largest DNA viruses known, vaccinia virus (VV) undergoes a 

complicated, temporally regulated replication cycle that ultimately results in the 

production of four forms of infectious virus each suited to a specific duty in propagating 

infection within and between hosts.  Intracellular mature virus (IMV) particles are 

distinct from other mature forms of virus in that these particles lack a second set of 

wrapping membranes (Moss, 2001).  IMV are the most abundant viral form produced and 

are responsible for localized cell-to-cell spread occurring late in infection (Smith et al., 

2002).  More importantly, it is this type of VV particle that is required for the 

transmission of infection among host organisms (Smith et al., 2002).  The remaining 

three mature forms of VV are known as wrapped or enveloped virus.  The intracellular 

enveloped virus (IEV) population represents a small percentage of IMV particles swathed 

in additional membranes derived from trans Golgi compartments or endosomes (Moss, 

2001; Schmelz et al., 1994; Smith et al., 2002; Tooze et al., 1993).  These particles are 

eventually released from infected cells to become either cell-associated enveloped virus, 
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called CEV, or extracellular enveloped virus, referred to as EEV.  CEV are tasked with 

localized virus dispersion early in the infection process and EEV are responsible for long-

range dissemination of infection within the host organism (Smith et al., 2002).  Decades 

of study into poxvirus biology has revealed that in the absence of the latter two forms of 

VV particles, infection is extremely slow to progress both in vitro and in vivo (Blasco and 

Moss, 1991, Hiller et al., 1981; Hirt et al., 1986; Moss, 2001; Kidokoro et al., 2005; 

Smith et al., 2002; Yang et al., 2005).    

While there are a number of viral factors required for the production of 

extracellular VV, the F13L protein is arguably one of the most important.  As the major 

envelope antigen, F13L is a non-glycosylated, palmitylated, late gene product of 

approximately 37 kilodaltons (Blasco and Moss, 1991; Hiller et al., 1981; Hirt et al., 

1986; Grosenbach et al., 1997).  Even though it possesses no trans-membrane domain, 

F13L has been shown to be membrane-associated by virtue of the palmitylation of two 

cysteine residues located at positions 185 and 186 (Grosenbach et al., 1997; Schmutz et 

al., 1995).  When palmitylation is inhibited, F13L is mis-localized and IEV production 

inhibited (Grosenbach et al., 1997).  In addition to the palmitylation site, F13L also 

contains a variant form of a putative phospholipase domain (HKD) (Roper and Moss, 

1997).  A study conducted by Baek et al. (1997), reported broad-spectrum lipase activity, 

however, this finding remains a point of contention.  Upon mutation of either the 

conserved lysine or aspartic acid residues, F13L functionality was lost (Roper and Moss, 

1997).  Recent studies conducted by Chen et al. (2007) have focused on a highly 

conserved diaromatic tyrosine-tryptophan (YW) motif within F13L that consists of 

residues 253 and 254.  This type of motif has been implicated in the replication of HIV-1, 
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filoviruses and measles virus through an interaction with TIP47, a Rab9 effector protein 

(Blot, G. et al. 2003; Murray et al., 2005). Chen et al. (2007) propose that VV utilizes a 

Rab9 mediated pathway in order to produce wrapped IMV.  This hypothesis is based 

upon the fact that Rab9 is known to mediate trafficking between the trans Golgi network 

(TGN) and late endosomes (LE) (Stenmark, 2001) coupled with the observation that 

factors associated with VV IEV particles, such as F13L and B5R, co-localize with TGN 

and LE markers (Tooze et al., 1993, Schmelz et al., 1994; Husain and Moss, 2003; Chen 

et al., 2007).  Finally a total of four tyrosine-based sorting sequences have been identified 

within F13L including a highly conserved canonical YxxL late (L) domain-like motif and 

three YxxI motifs.  Tyrosine-based sorting signals are a compact and efficient mechanism 

by which proteins are shuttled around the intracellular environment by large protein 

conglomerates called the endosomal sorting complex required for transport I, II, and III 

(ESCRT-I, -II, -III).  Depending upon the placement within the protein sequence, these 

motifs can function in either a degradative or retrieval capacity (Bonifacino and Traub, 

2003).  Viral L domains are so named because they function at late stages of infection 

often during the assembly and release of nascent viral particles (Freed, 200).  Tyrosine-

based viral L domains are known to interact with Alix (Demirov and Freed, 2004; Strack 

et al., 2003), a multifaceted cellular protein involved in both late endosome formation 

and endocytic membrane trafficking (Odorizzi, 2006).  The fact that F13L possesses four 

such motifs is intriguing and warranted further investigation into whether or not any of 

these sequences are active tyrosine-based L domains.  If so, this would be the first 

example of such a functional motif in the Poxvirinae family. 
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The studies presented in this dissertation are centered on the four tyrosine-based 

sorting signals present in the VV F13L protein with particular focus on the YPPL motif.  

This sequence is especially of interest given that it is highly conserved throughout 

Chordopoxviruses, it follows the sequence precedent set by L domains identified in other 

viruses and it is located just 32 residues from the membrane-associating palmitylation 

site, a requirement of endosomal-targeting sorting signals (Bonifacino and Traub, 2003). 

A trans complementation assay was developed to test the importance of each residue 

within the YPPL motif to F13L functionality.  This system utilized a recombinant mutant 

VV in which a section of the F13L open reading frame was replaced with GFP 

effectively abrogating the expression of F13L.  In the absence of F13L, extracellular 

forms of virus are not produced resulting in an inhibition of plaque formation.  PCR 

products containing alanine substitutions within the YPPL motif were transfected into 

cells infected with the F13L deletion virus.  The appearance of plaques in the cell 

monolayer indicated that a functional F13L had effectively “rescued” the ability of the 

deletion mutant to produce extracellular virus.  This assay indicated that the YPPL motif 

was essential to F13L activity and that the leucine residue and to a lesser degree the 

tyrosine residue were particularly sensitive to alteration.  When both the tyrosine and 

leucine residues were replaced in tandem, F13L activity was lost.  Alanine substitutions 

to the proline residues had no measurable effect.  These results mirrored what was 

observed for tyrosine-based L domains in other viral systems (Demirov and Freed, 2004; 

Fisher et al., 2007; Freed, 2002; Morita and Sundquist, 2004; Strack et al., 2003).  

Immunoblot analysis of the trans complementation assay demonstrated an increase in the 

F13L deletion virus population that positively correlated with the rescue efficiency 
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associated with each mutant PCR construct and thus provided an additional method in 

which to evaluate F13L functionality.  Recombinant mutant viruses purified from the 

rescue assay containing an alanine substitution to either the tyrosine residue or the 

leucine residue generated a small, asymmetric plaque phenotype indicative of a block in 

EEV release.  Density gradient fractionation of cells infected with the recombinant 

mutants revealed the presence of IEV particles suggesting the block in extracellular virus 

produce occurs subsequent to the wrapping of IMV particles in membranes derived from 

intracellular organelles.  The use of RNAi to knock down the expression of cellular 

trafficking factors including Alix, a known binding partner of YxxL-type L domains 

(Demirov and Freed, 2004; Odorizzi, 2006; Strack et al., 2003), and TSG101, an ESCRT 

I factor shown to bind to PTAP-type L domains (Demirov and Freed, 2004; Fisher et al., 

2007; Freed, 2002; Morita and Sundquist, 2004), demonstrated a role for Alix in the 

production of VV EEV.  Co-immunoprecipitation of wild type F13L with Alix revealed a 

physical interaction between these two components.  This interaction was expected to 

decrease or disappear with respect to the tyrosine and leucine mutant viruses based upon 

published results relating to other YxxL L domains (Strack et al., 2003; Chen et al., 

2005).  However, the binding phenotype observed was exactly the opposite in that those 

viruses that were the least efficient at forming plaques exhibited the strongest affinity for 

Alix in the pull-down assay.  Accumulation phenotypes are not unheard of in biology.  

For example, herpes viruses containing temperature sensitive mutations within the ICP4 

gene results in an overproduction of immediate-early polypeptides at the nonpermissive 

temperature (DeLuca et al., 1985).  Based on these results, the YPPL motif within the 

VV F13L envelope protein appears to possess sorting activity that may function in the 
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retrieval and recycling of F13L from the cell surface (Husain and Moss, 2005) (Fig. 

5.1A) or in the release of IEV particles through an Alix-mediated process of back-fusion 

of the plasma membrane (Fig. 5.1B).    

The less conserved YxxI motifs were examined using the trans complementation 

assay in the same manner as the YPPL sequence.  The YIYI motif (residues 46-49) was 

sensitive to mutation in the initial 3 positions but, ironically, tolerated alanine substitution 

of the motif’s most conserved residue, I49.  Based on these results, this sequence likely 

does not function as a tyrosine-based sorting signal but, since the tyrosine residue did 

prove necessary for F13L function, further investigation is needed.  The YNSI motif 

(residues 258-261) demonstrated a complementation phenotype that was very similar to 

that which was observed for the YPPL motif.  Its position near a putative diaromatic 

TIP47 binding domain (residues 254 and 254) (Chen et al., 2007) may allow it to play a 

role in the wrapping of IMV particles to form IEV, a situation in which the YPPL motif 

does not participate (Fig. 5.1C).  The YVHI sequence (residues 322-325) was equally 

sensitive to mutation regardless of the number or location of the alanine substitution(s).  

This phenotype is not typical of tyrosine-based sorting signals and therefore is not likely 

to function in such a capacity.   

Taken together, the results presented here demonstrate the presence of at least one 

and possibly two putative tyrosine-based L domain motifs within the VV F13L major 

envelope antigen.  An explanation for the increased binding affinity displayed by the 

YPPL mutant viruses has yet to be elucidated as does the role of Alix in a VV infection.  

The  acquisition of recombinant viruses containing mutations within the  YxxI  sequences  
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Figure 5.1.  Proposed involvement of Alix in the VV replication cycle.  (A) Through 
interactions with endophilins, Alix may function to retrieve F13L at the plasma 
membrane once IEV particles have been released and recycle it back to site of IMV 
wrapping.  (B) Alix could mediate the release of IEV from the plasma membrane by 
driving the formation of membrane invaginations and back-fusion.  PM, plasma 
membrane; LE, late endosome; MVB multivesicular body; B5R, viral envelope protein 
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Figure 5.1, continued.  (C) Through an interaction with the YNSI YxxI domain, Alix 
may function in concert with Rab9 mediated complexes in the wrapping of IMV particles 
to form IEV.  LE, late endosome; MVB multivesicular body; TGN, trans Golgi network; 
B5R, viral envelope protein 
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is an important next step in their characterization.  This will allow for the analysis of the 

interaction of the YxxI mutants with Alix.  It is certainly conceivable that a protein as         

important as F13L may possess multiple trafficking signal domains.  Understanding the 

mechanisms by which viruses are assembled and released from infected cells is vital to 

the prevention of the diseases they cause.  The fact that this process is dependent upon 

universal signals used in the majority of cell types makes the development of a broad 

spectrum antiviral an enticing possibility. 
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