
	   1	  	  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   2	  

 
AN ABSTRACT OF THE DISSERTATION OF 

 
 

Joshua D. Powell for the degree of Doctor of Philosophy in Microbiology presented on 
April 5, 2012 
 
 
Title: Biophysical Properties of the Turnip Yellow Mosaic Virus Explored by Coat 
Protein Mutagenesis  

 
 
 

Abstract approved:_____________________________________________________ 
 
      Theo W. Dreher 
 
 
 
 
 Plant viruses have been instrumental in our understanding of the biophysical 

properties pertaining to non-enveloped icosahedral virus particles. A substantial amount 

of research has been performed over five decades on Turnip yellow mosaic virus 

(TYMV), arguably one of the most extensively studied icosahedral plant viruses and the 

type-member of the Tymovirus plant virus genus.  Even with a substantial body of 

published scientific literature, little is known about the role of specific coat protein (CP) 

residues in TYMV assembly, disassembly and disencapsidation.  

 We have shown through our mutagenesis studies that the N-terminal region of the 

CP that is involved in the formation of an annulus structure and is disordered in A-

subunit pentamers is not essential in vivo, but annulus-forming residues are critical in 

ensuring virion stability and low accessibility after virus is purified (Chapter 2). We have 

shown that a range of amino acid residue types is tolerated within the CP N-terminus in 

vivo, although they can greatly affect the stability of virions and empty particles, most 

notably at low pH (Chapter 3). Unlike full-length CP, N-terminal deletion and 

substitution mutants fail to reassemble into particles in vitro (Chapter 2, 3) suggesting a 

critical determinant for the N-terminus in reassembly (discussed Chapter 7).  This is the 

first documented in vitro reassembly reported for a member of the Tymoviridae family 

and should provide a framework for further studies.  We have identified a new way to 
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create empty artificial top component (ATC)-particles through treatment with EDTA 

(Chapter 6) and we also show that tymoviruses can be engineered with altered pH-

dependent enhanced stability (Chapter 4). In collaboration with the Qian Wang laboratory 

from the University of South Carolina we have shown that an RGD (Arg-Gly-Asp) motif 

can be genetically engineered within the CP of TYMV, resulting in infectious particles 

with attractive stem-cell adhesion properties (Chapter 5). With focus on basic viral 

mechanisms, we have crystallized the TYMV virion and ATC particle at pH 7.7 and 

collected data to less than 5 Å resolution (Chapter 4, supplementary). These structures 

represent the first tymovirus-based structures solved above pH 5.5 and will provide 

insight into the N-terminal conformations within the TYMV particle. Finally, we have 

characterized an N-terminal CP cleavage seen after ATC formation (Chapter 4) 

suggesting an additional and yet uncharacterized feature associated with decapsidation. 
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Introduction
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Preface 

 

 Literature is reviewed emphasizing structural and physical properties of TYMV. 

The coat protein (CP), notably the N-terminus is also of focus, as is the role of excess 

cytosines in the genome. The use of tymoviruses, both for biomedical (nanotechnology) 

and for vaccine development is also briefly reviewed at the end of the Chapter 1 

Introduction. 

 

1.1 Historical significance 

 

 For five decades plant viruses have been instrumental in our general knowledge 

pertaining to the physical properties of icosahedral viral structure (Norrby, 2008).  In the 

1950’s and 1960’s much of our general knowledge of structural virology was ascertained 

via plant viruses (for historical review see, (Morgan, 2004)). In 1962 Aaron Klug and 

Don Caspar’s highly cited paper “Physical Properties in the Construction of Regular 

Viruses” introduced a wider scientific audience to the theory of quasi-equivalence and the 

general means in which coat protein subunits are arranged in an icosahedron (Caspar and 

Klug, 1962). At the heart of this theoretical understanding were studies utilizing two T=3 

RNA plant viruses, Tomato bushy stunt virus (TBSV) (Caspar, 1956) and Turnip yellow 

mosaic virus (TYMV) (Kaper, 1960b; Klug et al., 1957b). TYMV, TBSV and in 

following years Cowpea mosaic virus (CPMV), Cowpea chlorotic mosaic virus (CCMV), 

Brome mosaic virus (BMV) and Red clover necrotic mosaic virus (RCNMV) were 

attractive for study as they pose no danger to humans, were fairly cheap to produce and 

are relatively stable after purification.  The solved crystal structures of these viruses are 

now of benefit to researchers who seek their use for nanotechnology-based applications 

(Young et al., 2008). 

 The first publication on TYMV was in 1946 (Markham and Smith, 1946), with 

transmission electron microscopy (TEM) and crystallization conditions following two 

years later (Cosslett and Markham, 1948). TYMV was the first isometric virus to be 

negatively stained for TEM analysis (Brenner and Horne, 1959). In 1960 higher quality 
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TEM images revealed 32 “knob-like” projections later known to be 20 hexamer and 12 

pentamer capsomeres (Nixon and Gibbs, 1960). TYMV and TBSV electron micrographs 

and the finding of TYMV crystallization in a cubic unit cell (Cosslett and Markham, 

1948) led the Cambridge duo of James Watson and Francis Crick to discuss the means of 

assembly of TYMV utilizing many CP copies from one defined nucleic acid sequence 

(Crick and Watson, 1956). Two years later Rosalind Franklin and her post-doctoral 

researcher Aaron Klug published their TYMV crystallographic conditions. Previously 

TYMV was shown to crystalize in a 700 Å unit cell (Bernal and Carlisle, 1948). Franklin 

and Klug showed a cubic unit cell with a space group of F413, 16 virion particles in the 

asymmetric unit. The unfortunate death of Franklin in 1958 from cancer, during active 

TYMV research, enabled only 10 Å resolution diffraction patterns to be solved. Klug 

published the preliminary work (Klug et al., 1957b) and later determined the unit cell and 

space group (F432) of the freeze-thaw empty TYMV particle (ATC) (Klug et al., 1966). 

The visible 32 capsomere arrangement in TEM images (Brenner and Horne, 

1959) was pivotal to Don Casper and Aaron Klug in their development of the theory of 

icosahedral virus assembly and quasi-equivalence (Caspar and Klug, 1962).  It wasn’t 

until 1995, however, that a high resolution TYMV virion structure was solved by Alex 

McPherson’s lab with data extended to 3 Å resolution (Canady et al., 1995; Canady et al., 

1996a). Ironically during the same year and before the solved structure, TYMV was 

flown by space shuttle to the European Space Station Advanced Protein Crystallization 

Facility (APCF) in the hopes of obtaining high-resolution crystal structure data from the 

microgravity environment orbiting Earth. While crystals from micro-gravity were of high 

quality (Koszelak et al., 1995), it was the UC-Riverside crystals, now diffracting to high 

quality by use of a different TYMV strain (personal communication Alex McPherson) 

that were used in the primary 1996 Canady publication. An empty TYMV structure 

(discussed below), artificial top component, (ATC) followed (van Roon et al., 2004a). 

The initial 1996 virion structure was instrumental in rigid body refinement and molecular 

replacement for solving tymovirus virion Desmodium yellow mottle virus (DYMoV) 

(Larson et al., 2000) and Physalis mottle virus (PhyMV) (Krishna et al., 1999). This data 

also later enabled the TYMV virion and ATC to be solved in identical space groups at 2.9 
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Å resolution, thus enabling the general organization of the encapsidated RNA to be 

deduced (discussed below) (Larson et al., 2005a). 

 

1.2 TYMV genome organization: the 3 major ORFs 

 

 TYMV is a member of the alphavirus-like superfamily and type species, genus 

Tymovirus, family Tymoviridae. A m7GpppG cap at the 5′ end (Briand et al., 1978) and an 

82-nucleotide (nt) tRNA-like structure at the 3′ end flank a monopartite RNA genome of 

6318 nt.  The genome was sequenced in 1988 (Morch et al., 1988), and later an infectious 

clone was constructed (Weiland and Dreher, 1989). TYMV has three major open-reading 

frames (ORFs) (Fig. 1.1). The major replication protein (ORF1) is produced as a 

polypeptide precursor of 206 kilodaltons (kDa) and cleaved cis co-translationally into 

various functional domains that include in order, methyltransferase-like (Mtr), a papain-

like protease (Pro), NTPase/helicase-like (Hel) and RNA-dependent RNA polymerase 

domain (RdRp) (Kadare et al., 1995), (Bransom et al., 1996), (Jakubiec et al., 2007) 

(Bransom et al., 1991). Initiating 7 nt upstream and overlapping ORF1 is ORF2, the p69 

movement protein (MP) (Bozarth et al., 1992; Bransom et al., 1995). Critical for cell-to-

cell movement, MP enables virus to infect adjacent cells by transfer of RNA complexes 

through plasmodesmata, plant derived structures located at intercellular connections (for 

review see: (Benitez-Alfonso et al., 2010)). Stop-codon introduction to prevent MP 

expression but retention of ORF-206 polyprotein function prevents cell-to-cell spread and 

systemic infection (Bozarth et al., 1992). Studies in Arabidopsis thaliana have identified 

an RNA silencing suppressor role for MP (Niu et al., 2006). In the same study, 

expression of MP alone was shown to cause disease-like symptoms, indicating a role in 

disease induction that is independent of RNAi suppression activity. 

A 694 nt subgenomic RNA (sgRNA), collinear with the 3’-region, is produced 

during replication.  sgRNA serves as the mRNA for expression of ORF3, coat protein 

(CP) (Guilley and Briand, 1978). Both genomic RNA (gRNA) and sgRNA are 

encapsidated within particles (Mellema et al., 1979), (Pleij et al., 1977) with gRNA but 

not sgRNA packaged in trans (Cho and Dreher, 2006). Upstream of the CP ORF is a 

highly conserved 16 nt “tymobox” (Ding et al., 1990) overlapping in sequence with ORF-
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206, which regulates sgRNA synthesis. Tymobox studies are, however, limited and have 

yet to provide a definitive role for specific nucleotide contributions (Schirawski et al., 

2000). 180 CP copies are assembled to form capsids. CP is of primary focus in the 

remaining introduction and is discussed in detail in the following chapters. 

 

1.3 Replication  

 

TYMV-RNA synthesis in initially infected and subsequent neighboring cells 

occurs in peripheral vesicles of the chloroplast and results in characteristic swollen, 

modified appearance of these organelles (Goffeau and Bove, 1965) (Lesemann, 1977). 

Fibrillar material reminiscent of nucleic acid (Ushiyama and Matthews, 1970) is seen 

within these vesicles, which are formed by invagination of both outer membranes but 

retain a narrow connection to the cytoplasm (Matthews, 1973). RNA synthesis in this 

compartmentalized space likely provides protection of viral RNA from detection by the 

plant host RNAi defense system and also confines polymerase within vesicles for 

enhanced specificity (Dreher, 2004).  

Within the 3’ end of the TYMV genome, in the untranslated region is located the 

tRNA-like structure (TLS) (discussed earlier), which functions as a translational enhancer 

(Matsuda and Dreher, 2004) and down-regulates minus strand initiation until adequate 

translation has occurred (Matsuda et al., 2004). The subject of intensive study for over 

three decades (for review see (Dreher, 2009)), the TLS is valylated, forms a ternary 

structure with cellular eEF1A-GTP and ensures optimal coordination of replication and 

translation. 

 

1.4 Symptom development 

 

Turnips and Chinese cabbage are the experimental hosts for TYMV (Markham 

and Smith, 1946). Chinese cabbage is preferred, as rapidly growing leaf material displays 

prominent vein-clearing symptoms (Chalcroft and Matthews, 1966). Infected tissue 

shows regional “blocks” of prominent dark and light green leaf material. Light green 

chlorophyll-deficient zones approach 3 milligrams of virus for each gram of leaf tissue 
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(Ferguson and Matthews, 1993). Mechanical abrasion with carborundum as a means of 

TYMV inoculation results in chlorotic lesions 5-7 days post-inoculation (Powell et al., 

2011b) (Dreher and Bransom, 1992). The majority of virus uncoating occurs within two 

minutes after introduction on leaf surfaces already subjected to abrasion (Matthews and 

Witz, 1985). Inoculation of TYMV on the cotyledon leaf, when 2-3 other true leaves are 

present (approximately 3 weeks post-seeding) requires only 10-30 particles in a 1 µl 

volume to start infection (Fraser and Matthews, 1979). Virus is found in all parts of the 

host plant, including the apical meristem, but primarily leaf lamina (Matthews, 1973). 

Cross sections of infected parenchyma leaf show pronounced cytological 

alterations (Lesemann, 1977). Alterations are dominated by flask-shaped double 

membrane bounded vesicles 50-100 nm in diameter at the periphery of chloroplasts, the 

site of TYMV replication (discussed above). As infection progresses, the number of 

vesicles and chloroplast clumping increase so much so that these changes can readily be 

seen by light microscopy (Hatta and Matthews, 1974). While replication occurs within 

chloroplast invaginations and assembly within the cytoplasm, there are significant 

numbers of TYMV empty particles in the plant nucleus (Matthews, 1981). Empty 

particles have also been identified in the nuclei of Nicotiana glutinosa infected with 

Eggplant mosaic tymovirus, cucumber infected with Okra mosaic tymovirus (OkMV), 

and bean plants infected with Desmodium yellow mottle tymovirus (DYMoV) (Hatta and 

Matthews, 1976). 

 

1.5 Transmission 

 

 Various cruciferous species, including Arabidopsis thaliana (de Assis Filho and 

Sherwood, 2000), can be mechanically inoculated with TYMV (Kirino et al., 2008). 

Enzyme-linked immunosorbent assay (ELISA) has detected TYMV in all major parts of 

the host plant including seed (Maskell et al., 2008). Seed transmission levels are 0.1-2% 

in A. thaliana (de Assis Filho and Sherwood, 2000), turnips (Spak and Novikov, 1994) 

and Chinese cabbage (Kirino et al., 2008). Beetles (Coleoptera) are the major insect 

transmission vector for TYMV and other tymoviruses (reviewed in (Ng and Falk, 2006). 

The mustard beetle (Phaedon cochleariae) and its larvae acquire virus in 1-3 minutes of 
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feeding (Markham and Smith, 1949) and transmit in a nonpropagative manner (Wang et 

al., 1994). Surprisingly little is known about tymoviruses in relation to their beetle host 

compared to other well studied plant virus-insect host interactions (Ng and Falk, 2006). 

Abrasion by insect chewing can be mimicked through rubbing with the abrasive material 

carborundum as discussed above. Infection can be started by infected leaf sap, purified 

virions or phenol-chloroform purified RNA (Powell et al., 2011b).  During an outbreak of 

thrips (Order Thysanoptera) uninfected plants show symptoms when grown near 

previously infected Chinese cabbage (unpublished, personal report), further supporting 

the notion of a non-specific insect interaction during plant-to-plant transfer.  

A T7 RNA polymerase-dependent infectious clone has been created that enables 

gRNA transcripts to be synthesized in vitro for use in mechanical inoculation (Weiland 

and Dreher, 1989). An Agrobacterium-based infectious clone has also been established 

which enables blunt-end syringe injection of Agrobacterium solution harboring TYMV 

cDNA for inoculation of Chinese cabbage or for transient expression in N. benthamiana 

tobacco plants (Cho and Dreher, 2006). Both infectious clones provide a convenient 

means to generate and deliver TYMV mutants for in vivo studies. The Agrobacterium 

expression system is advantageous due to the ability to co-introduce an Agrobacterium-

based TBSV p19 suppressor of RNA silencing that increases CP yield (Cho and Dreher, 

2006).  

 

1.6 Purification 

 
Early observations by the Markham lab showed TYMV could be precipitated at low 

pH in the presence of salt as a means of purification from plants (Markham and Smith, 

1946). Purification in 0.8M ammonium phosphate resulted in crystallization of virus in an 

isotropic octahedral form (Cosslett and Markham, 1948).  The Markham lab also 

established that the isoelectric point (of the capsid surface) was 3.75 through use of a 

Tiselius apparatus (Markham and Smith, 1949).  Over the next decade various procedures 

involving salt, polyethylene glycol (PEG) and/or alcohol were used to precipitate TYMV 

with subsequent low-speed and high-speed centrifugation implemented to selectively 

isolate virus from other precipitated material (Leberman, 1966) (Matthews and Ralph, 
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1966). In 1965 the Bentonite purification scheme was developed as a robust and fairly 

non-harsh means to purify TYMV particles (discussed Chapter 6) (Dunn and Hitchborn, 

1965). 

 

1.7 Tymovirus CP arrangement  

 
 

From an evolutionary perspective, spherical RNA plant virus genomes have to be 

“small” to fold within the confines of the capsid interior but “large” to adequately 

encode viral proteins that enable replication, movement and protection outside the host 

via the synthesis of a capsid. For TYMV, the placement of a 6.3 kb RNA genome within 

a single virion is considered to be of relatively high packaging efficiency for a T=3 plant 

virus (Rao, 2006) (Shin et al., 2008). The protein-coding capacity of the TYMV genome 

is 97%, with almost all of the MP ORF2 overlapping in sequence with the major 

replicase ORF (Fig. 1.1), in an alternative reading frame (Morch et al., 1988) (Bransom 

et al., 1995). TYMV and virtually all viruses translate numerous copies of CP from one 

of a few defined ORFs. This strategy enables an elegantly simple system for synthesis, 

assembly and packaging of the viral genome within a protective shell. TYMV, in 

forming its T=3 capsid, utilizes 180 CP subunits that adopt one of three quasi-equivalent 

conformations commonly referred to as A, B and C (Fig. 1.4). The resulting particle can 

be viewed as an ensemble of 12 pentamers (A-subunits) and 20 hexamers (B- and C-

subunits) that protects the genome.  

The nature of the CP dimer association in assembled TYMV (Canady et al., 

1996a) results in large protrusions at pentamer and hexamer vertices. Similar dimer 

protrusions and surface topologies are also evident for tymoviruses Physalis mottle virus 

(PhyMV) (Krishna et al., 1999) and DYMoV (Larson et al., 2000). Protrusions seen in 

higher quality electron micrograph images, and the presence of appreciable numbers of 

empty particles is a distinguishing feature of tymoviruses, used before ELISA to aid in 

identifying a tymovirus infection (Brunt et al., 1996). 

 

1.8 CP architecture and assembly 
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The 189 amino acid sequence of the TYMV CP was well established (Peter et al., 

1973) before the CP-encoding RNA sequence was known (Guilley and Briand, 1978). 

High beta-strand character (jellyroll) and low alpha-helical character was deduced from 

circular dichroism (Tamburro et al., 1978).  The crystal structure of TYMV revealed that 

CP contains an eight-stranded beta-barrel fold, commonly referred to as “jellyroll” motif 

(Rossmann and Johnson, 1989) (Chelvanayagam et al., 1992).  This superfold, a potential 

evolutionary link to early virus divergence (Koonin et al., 2006) is found in many 

spherical-like viruses, including human and Archea-infecting viruses (Bahar et al., 2011) 

(Khayat et al., 2005) (Fig. 1.2).   

  In tymoviruses, the CP N-terminus is highly diverse in sequence but highly 

conserved in length. Only two tymovirus members, Erysimum latent virus (ErLV) (Srifah 

et al., 1992) and Passion fruit yellow mosaic virus (PFYMV) (Morales et al., 2003) have 

N-terminal CP regions definitively larger than other tymoviruses (Fig. 1.3).   

Maculaviruses and marafiviruses, also within the Tymoviridae family, have 

distinguishing CP features suggesting similar jellyroll folds and topology as tymoviruses 

(Edwards et al., 1997) but with CPs longer at the N-terminus (Edwards et al., 1997) 

(Izadpanah et al., 2002) (Martelli et al., 2002). The marafivirus Oat blue dwarf virus 

(OBDV) (see Fig. 1.3) is phloem-restricted and replicates within its leafhopper vector 

(Edwards and Weiland, 2010) providing additional levels of distinction from 

tymoviruses. Tymoviruses lack basic (positively charged) residues within the CP N-

terminus that in other T=3 plant viruses are referred to as an arginine rich motif (ARM-

domain) (Rao, 2006). The presence of an acidic-rich region within the extreme N-

terminus of many tymovirsues (Fig. 1.3) is evident and potential functions are discussed 

in chapters 2-4. 

In viruses that contain the jellyroll fold the N- and/or C-terminus can be diverse in 

amino acid residue types and variable in length. Protruding domains (P-domains), 

sometimes intermittently found within the middle of the jellyroll shell domain (S-

domain) can increase the overall length of the CP. P-domains are found in various 

icosahedral animal (Prasad et al., 1999) and plant viruses (Gibson and Argos, 1990) 

(Russo et al., 1994) and in some cases can be removed and still enable the core S-domain 

to assemble into a particle (Han et al., 2005) (Roy and Noad, 2008). Tymoviruses lack a 
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P-domain and are considered quite “optimized” in CP length, representing a relatively 

small CP (188-189 residues) compared to other plant virus types (Savithri et al., 1989). 

Bromoviruses CCMV and BMV are also S-domain-only, with CP lengths of 188-189 

residues, similar to TYMV. The solved structures of various tymo- and bromo- viruses 

also show disordering in CP N-terminus (Fig. 1.5).  While the CCMV and BMV N-

terminus is well-characterized by mutagenesis studies (Kao et al., 2011), such studies 

have been lacking for tymoviruses in vivo and this was the rationale for pursuing TYMV 

CP mutagenesis within this region (Chapter 2-4) (Powell et al., 2011b).  

The mechanism of assembly from CP monomer to capsid is uncharacterized in 

tymoviruses due to the difficulty of finding optimal conditions for in vitro reassembly 

(Matthews, 1981; Sastri et al., 1999). The N-terminus of TYMV CP, being both flexible 

and ordered in nature, as revealed from different conformations in A, B and C subunits in 

crystal structures, is discussed as being a determinant for either pentamer or hexamer 

formation during T=3 TYMV virion assembly (Canady et al., 1996a).  We find that T=3 

particles can assemble in E. coli and are infectious in plants without the N-terminal 26 

residues, suggesting this region is not a critical determinant (Chapter 2)(Powell et al., 

2011b). Previous studies suggest dimerization is critical in tymovirus assembly. PhyMV 

CP E. coli expression studies have shown some CP mutants in a dimer state but incapable 

of full assembly (Sastri et al., 1999). We report that dimer formation is indeed a 

prominent association for TYMV CP and for an N-terminal deletion-26 mutant (Chapter 

2) indicating that the N-terminus is not essential for dimerization (Powell et al., 2011b).  

The importance of dimers as a principle component in the formation of capsids 

has been extensively studied with T=3 CCMV and T=4 Hepatitis B virus (HBV). CCMV 

and HBV are considered model systems for thermodynamic, biophysical and theoretical 

study of T=3 and T=4 architectures, as robust assembly/disassembly conditions in vitro 

have been determined (Katen and Zlotnick, 2009). With the CCMV capsid often referred 

to as “90 monomeric dimers,” the CCMV dimer is a critical component in the assembly 

process compared to a lone pentamer or hexamer (Adolph and Butler, 1976). It is 

proposed that a “pentamer of dimers” for CCMV is the beginning nucleating point to 

which additional dimers are added.  Altered trajectories of additional dimers form the 

pentamer and hexamer capsomeres in a cooperative manner that under the right 
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conditions in vitro for CCMV can bias assembly towards either a T=3, T=1 or in some 

cases a T=2 state (Tang et al., 2006). Although assembly mechanisms are still unresolved 

in TYMV we report experiments that show promise for in vitro reassembly of TYMV CP 

derived from expression in E. coli (Chapter 2) and dissociated virions (Chapter 3).  

  

1.9 The TYMV beta-annulus structure 

 

 The TYMV beta-annulus structure, located within the B- and C-subunit hexamer 

interior, forms as a result of one extreme N-terminal CP region crossing into an adjacent 

subunit in the same capsomere (Canady et al., 1996a).  A detailed analysis of the residues 

within the beta-annulus and additional roles for this region (which are disordered in A-

subunits) is saved for discussion in Chapters 2-4. Of note, we report findings, the first 

within the Tymoviridae family showing that deletion of N-terminal CP residues (the beta-

annulus) does not prevent the formation of infectious particles (Chapter 2). The crystal 

structures of the TYMV virion and freeze-thaw-derived empty particle form (ATC) show 

a similar annulus (Larson et al., 2005a).  An annulus also composed of N-terminal CP 

residues and surrounding the hexamer pore is evident in the PhyMV structure (Krishna et 

al., 1999).  In a third tymovirus structure, that of DYMoV, an equivalent annulus is 

established at the hexamer, but it forms in a highly different manner (depiction, Fig. 3.1) 

(Larson et al., 2000).  CP N-termini from A- and B-subunits residing in adjacent 

capsomeres span across the hexamer subunits to form the annulus, while the N-termini of 

C-subunits are unaccounted for (disordered). This intriguing finding of an alternative 

annulus conformation suggests a switching mechanism within tymoviruses, as noted by 

the authors of the DYMoV study.    

 The use of extreme N-terminal CP residues for annulus formation also occurs for 

multiple comoviruses, including the type member Cowpea mosaic virus (CPMV) (Lin et 

al., 1999).  CPMV and TYMV utilize different strategies for the formation of their 

asymmetric unit. While three identical (but quasi-equivalent) CP subunits form the 

asymmetric unit for TYMV (Fig. 1.3), in CPMV a larger  and smaller CP subunit, 

referred to as “L” and “S” compose the asymmetric unit (see CPMV, Fig. 1.2) and 

therefore CPMV is classified as a pseudo T=3 (P=3) virus (Rossmann and Johnson, 
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1989).  The CPMV annulus, located at the pentamer and not hexamer interior, does share 

some similarities to TYMV in terms of charge distribution and lack of an ARM-domain 

(Fig. 1.5). Annulus structures at the hexamer pore are also present in bromoviruses 

Brome mosaic virus (BMV) (Lucas et al., 2002) and Cowpea chlorotic mottle virus 

(CCMV) (Speir et al., 1995). Referred to as β-hexamer instead of β-annulus, CP N-

terminal residues 28-32 in BMV and 29 to 33 in CCMV (QPVIV motif) are utilized for 

this structure (Fig. 1.5). β-hexamer deletion and substitution mutagenesis studies have 

shown that this region is important in determining the accessibility and stability of BMV 

(de Wispelaere et al., 2011) (Willits et al., 2003), similar to our findings in TYMV 

annulus-mutants (Chapters 2-4). Comparisons between bromo- and tymo-viruses, 

however, are speculative as the prominent basic, positively-charged N-terminal domain in 

bromoviruses (ARM-domain), as previously discussed, is not present in tymoviruses 

(Fig. 1.5). Because hexamer residues in CCMV and BMV are located internally within 

the N-terminal CP region and not at the extreme CP termini, mutation of this region has 

consequences to the positioning of the upstream ARM-domain. 

 Annulus formation, or more appropriately the N-terminal CP contact from one CP 

subunit into an adjacent subunit, is seen in other plant viruses.  In the tombusvirus 

Cucumber necrosis virus (CNV) an 18-residue region beginning approximately 60 

residues upstream of the disordered region in C-subunits forms an annulus that spans 

multiple CP subunits within the hexamer interior (Smith et al., 2000).  When deleted, 

infectious particles still form but they are less stable and more susceptible to RNA 

degradation when treated with RNase (Hui and Rochon, 2006). In the sobemovirus 

Sesbania mottle virus (SeMV) an internal annulus structure forms with residues 48-59 of 

the CP, whose deletion does not prevent VLP assembly in an E. coli expression system, 

although the particles are much less stable than VLPs made from full-length CP 

(Satheshkumar et al., 2005). A variety of other plant viruses including but not limited to 

TBSV (Harrison et al., 1978), Turnip necrosis virus (TCV) (Oda et al., 2000), and 

Southern bean mosaic virus (SBMV) (Abad-Zapatero et al., 1980) also form annulus-like 

structures. The two mentioned cases for which mutagenesis data are available, CNV and 

SeMV, along with the CCMV and BMV studies discussed above, present data implying 

that these structures are not essential, are not determinants of T=1 or T=3 assembly but 
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that their presence does provide a stabilizing effect that likely keeps the respective virions 

in a highly impenetrable state as we discuss further in Chapter 2.    

 The interlocking of CP N-termini (annulus) is a phenomenon not limited to 

icosahedral plant viruses. Foot and mouth disease virus (FMDV) (Mateo and Mateu, 

2007), poliovirus (Hogle et al., 1985) and multiple cardioviruses (Venkataraman et al., 

2008a) contain annulus-like structures that utilize the N-terminus of VP3 from an 

adjacent hexamer to form an annular “cylindrical” structure at the pentamer pore (Fig. 

1.6). It is plausible that additional viruses have the capacity to form annuli, but their 

presence is not seen in the given conditions used for crystallization. The extreme N-

terminal CP residues in a majority of viruses have varying lengths of disorder/order 

between quasi-equivalent CP subunit types and therefore annulus-forming residues may 

be in a disordered state under the crystallization conditions used. This rationale is 

supported by PhyMV crystal structure data. The N-terminal residues that form the 

annulus are in a disordered state for an E. coli expressed PhyMV particle (Krishna et al., 

2001). In two recent unpublished PhyMV structures corresponding to plant-derived 

empty natural top component (NTC) (deposited in Protein Data Bank: PDB: 2WWS) and 

a virion structure with intact ordered RNA (PDB: 2XPJ) the N-terminal three residues of 

the annulus are also disordered. This observation for PhyMV suggests that viruses 

capable of forming annulus structures are likely under-represented in already solved and 

published crystal structures.  

 
 
1.10 Full and empty particles 
 

 
The presence of empty (minor component) and genome-containing full virions 

(major component) is a hallmark feature of TYMV and other tymoviruses (Fig. 1.4B). 

Empty capsids seen after virus purification and therefore considered to have been 

formed in vivo as empty particles were initially reported in the late 1940’s by Roy 

Markham’s lab (Markham and Smith, 1949) (Cosslett and Markham, 1948). During the 

1960’s and 1970’s virion, a range of empty particle types and the infectious RNA were 

extensively studied through analytical centrifugation and in vitro translation experiments 

(reviewed by (Matthews, 1981)).  While the perceived appearance from TEM images is 
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that of particles either full or empty, a range of intermediate particles is also present, 

though in relatively low quantities. Analysis of these intermediate particles through 

translation studies in rabbit reticulocyte lysates showed that they contain sgRNA 

(Mellema et al., 1979). Studies with three other tymoviruses have shown that empty-

appearing particles contain small amounts of RNA, primarily either host tRNA of viral 

sgRNA (Szybiak et al., 1978). It can be concluded from these findings that, while empty 

in appearance by TEM, these particles can contain RNA. We find that TYMV 

intermediate particles have a range of RNA sizes consistent with these earlier findings, 

and they can either appear empty by TEM or “intermediate” in staining intensity 

(Chapter 8). 

Empty particles isolated in vivo migrate at the "top" of density gradients and are 

referred to as natural top component (NTC) while those created in vitro are referred to as 

artificial top component (ATC) (Kaper, 1960a) (Matthews, 1960). Viewed by electron 

microscopy, the NTC and ATC particles appear indistinguishable in their stain-

penetrated appearance (Katouzian-Safadi and Berthet-Colominas, 1983). The solved 

crystal structure of ATC (van Roon et al., 2004a) showed a highly similar structure to 

virion, including in the positioning of N-terminal residues (Canady et al., 1996a). It 

should be noted that while virion and ATC have similar positioning and disorder 

tendencies in the N-terminus, the F-G loop that forms the exterior distal cups of 

capsomeres and regulates the size of the central pore shows differences in positioning 

(van Roon et al., 2004a). This disorder tendency is discussed in Chapter 4. 

 

1.11 Formation of empty ATC particles 

 

ATC can be created from virion by ejection of RNA through a discrete location 

in the capsid leaving behind an empty shell (Matthews and Witz, 1985). Treatment of 

virion at extreme alkaline pH (1M KCl pH 11.55) (Keeling et al., 1979), high pressure 

(Leimkuhler et al., 2001), freeze-thaw in liquid nitrogen (Katouzian-Safadi et al., 1980), 

brief exposure to 8M urea in high salt (Jonard et al., 1972), elevated temperatures 

(Michels et al., 1999) (Kaper, 1971) and incubation with 100 mM EDTA (experiments 

discussed in Chapter 6) can all convert virions into empty particles. In the high pH 1M 
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KCl pH 11.55 treatment, virion diameter expands from 29.2 nm to 30.4 nm and RNA 

escapes out of the swollen particle over a period of 10 minutes (Keeling et al., 1979). 

Small angle neutron scattering studies have shown that the capsid expands 3.5% with 

RNA deeply penetrating the protein shell during freezing and prior to RNA release, 

suggesting an initiating step in decapsidation (Witz et al., 1993). 

The dynamic nature of the CP N-terminus has been discussed previously as being 

a likely determinant for disassembly for tymoviruses (Krishna et al., 1999). Our results 

discussed in Chapters 2-4 are in agreement with this logic. For one of our N-terminal 

virion mutants we find the virions to have increased resistance to ATC formation via 

freeze-thaw or extreme alkaline pH treatment (Chapter 4). We also find these virions are 

more stable to the denaturant urea and to elevated temperatures that destabilize wild-

type virions.  While in vitro formation of empty particles (ATC) may not mimic the 

exact means for disassembly in vivo, the substantial literature showing multiple avenues 

to convert virions to empty particles is likely an indicator of mechanistically similar 

disassembly that has been discussed previously (Matthews and Witz, 1985). 

The release of RNA during freeze-thaw of virion is heavily influenced by virion 

concentration and buffer salt concentration. Previous reports, primarily by Katouzian-

Safadi and co-workers show low salt buffer, 10 mM Tris-HCl pH 7.5 and virus 

concentration higher than 5 mg/mL is ideal for ensuring maximum freeze-thaw ATC-

forming efficiency (Katouzian-Safadi et al., 1980) (Adrian et al., 1992; Katouzian-

Safadi and Haenni, 1986) (Katouzian-Safadi and Berthet-Colominas, 1983). This 

perplexing finding of virion concentration being of importance was discussed in these 

studies. It is suggested that the protective effect of high local salt concentrations in 

which the presence of electrolytes reduces virus-virus interactions could inhibit ATC 

formation.  High virion concentrations would therefore alter intermolecular forces 

between neighboring virions ensuring optimal ATC formation. Katouzian-Sadafi and co-

workers in later ATC experiments (Katouzian-Safadi and Haenni, 1986) show virion 

forms aggregate at high virus concentrations suggesting this as a prerequisite for RNA 

release. The authors go on to further suggest that during freezing of an aqueous 

suspension, the orientation and the physical state of the water molecules surrounding the 

foreign particles are modified. In turn this could have two main effects: it dehydrates the 
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macromolecules and creates a mechanical stress, providing a rationale for the salt and 

virion concentration factors in successful ATC formation. It should be noted (as 

discussed in Chapter 6) that we have identified that divalent-cation depletion (EDTA 

treatment) and the means by which the virus is purified are critical to successful ATC 

formation, suggesting that additional variables besides salt and virion concentration 

should be considered. 

 

1.12 Encapsidation and decapsidation of virions  

 

 B- and C-subunit N-termini form the beta-annulus in TYMV, but the position of 

the N-terminal 26 residues for A-subunits in pentamers is unaccounted for in virion and 

ATC (Canady et al., 1996a) (van Roon et al., 2004a).  This feature of order (annulus) and 

disorder within the same N-terminal region is often referred to as a “molecular switch,” 

as the residues can adopt two or more alternative conformations (Tang et al., 2006). We 

show that an N-terminal mutant with deletion of 25 residues, which removes the flexible 

region, still forms 28 nm virions, but stability and porosity are greatly compromised 

(discussed in detail in Chapter 2). These studies are the first to show that the disordered 

region is not essential within tymoviruses in vivo (Powell et al., 2011b). In PhyMV only 

the A-subunit N-terminal 9 residues are disordered (Krishna et al., 1999) and as already 

discussed the DYMoV C-subunits (13 residues) and not the A-subunits are disordered 

(Larson et al., 2000) (Fig. 1.5). 

The TYMV capsid, in its ATC form, remains intact without RNA and a missing 

capsomere, a testament to strong protein-protein interaction. A detailed mechanism for 

RNA extrusion through a small sized channel is still largely unknown (discussed 

Chapter 6). It has been suggested that a transient exposure of the TYMV CP N-terminus 

could take place during decapsidation. This externalization was initially suggested based 

on immunochemical/ELISA studies in the early 1980’s that showed rabbit anti-sera 

produced antibodies to the N-terminus (Quesniaux et al., 1983). The authors suggest this 

finding indicates the N-terminus was located on the capsid surface.  The eventual crystal 

structure of the virion, however, showed the N-terminus of B and C subunits to be 

located within the interior, although the location of the N-termini for A-subunits is 
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unknown (Canady et al., 1996a). Prior to our mutagenesis studies one other N-terminal 

substitution mutagenesis study of the TYMV CP N-terminus has been reported (Hayden 

et al., 1998b). Similar to our findings (Chapters 2-4), substantial alteration to the N-

terminal charge of TYMV virion resulted in similar electrophoretic migration of Wt and 

mutant virions, confirming their internalized location. Hayden and authors (1996) noted 

the limitations of the earlier Quesniaux et al. (1983) study based on newer poliovirus 

studies (Li et al., 1994) showing sero-positive CP regions that are highly buried within 

the particle interior. The crystal structure data and those from electrophoretic mobility 

observations of mutant virions (our results and Hayden, 1998) do not necessarily infer 

that the antibody-sera studies are incorrect. The N-terminal exposure phenomenon is 

quite common in picornaviruses (Farr et al., 2006) (Katpally et al., 2009) and has been 

observed for parvoviruses (Farr et al., 2006). The disordered 26 residues of the TYMV 

A-subunits could be transiently exposed in a manner that is not revealed in the crystal 

structure data or by electrophoresis under the given experimental conditions.  It should 

be considered that further studies are needed to answer the question regarding N-

terminal exposure. 

Genome release requires a conformational rearrangement of the capsid. Structural 

studies of plant virions in the expanded/swollen state can therefore represent 

intermediates in the uncoating process. Analysis of expanded or swollen virions using a 

range of molecular biology-based techniques, comparative Cryo-EM and/or X-ray 

crystallography studies, can be quite informative. Various plant virus swollen states 

have been studied, including variants of CNV (Kakani et al., 2004), SeMV (Opalka et 

al., 2000), TBSV (Kruse et al., 1982), RCNMV (Sherman et al., 2006), CCMV (Speir et 

al., 2006) and Tobacco crinkle virus (TCV) (Bakker et al., 2012). While swollen 

structures have not been characterized for tymoviruses, the TYMV 1996 and 2005 virion 

structures, solved at slightly different pH conditions with and without freezing of 

crystals, show differences in positioning within the N-termini and differences in virion 

accessibility (discussed in Chapter 4). In these mentioned viruses, structural changes 

believed to be primarily driven by alterations in cation concentration can provide a 

molecular “snapshot” of viral dynamic processes (Indelicato et al., 2011). In the case of 

CCMV the capsid undergoes a pH and metal ion dependent structural transition that is 
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reversible (Speir et al., 1995). Interestingly, the highly basic N-terminal ARM-domain, 

assumed to be confined within the particle interior, is the first part of the subunit to be 

cleaved when subjected to limited proteolysis in mass spectrometry experiments, 

confirming its dynamic nature (Liepold et al., 2005). In CNV, a minor one residue 

mutation (proline to glycine) in the beta-annulus in the N-terminal CP region results in a 

substantial reduction in zoospore transmission by the host fungal vector O. bornovanus 

(Kakani et al., 2004). CNV/zoospore binding assays indicated that the CNV mutant is 

hindered in adopting a swollen virion conformational state greatly reducing zoospore 

binding. A recent finding with TCV (Bakker et al., 2012) shows a subset of the CP N-

terminal regions become proteolytically accessible in the expanded form, although the 

RNA remains inaccessible to nuclease. Sedimentation velocity assays in combination 

with Cryo-EM and mass spectrometry suggest that the expanded CNV state is 

metastable and not fully reversible. The proteolytic cleavages of CP subunits (between 

residues 68 and 78) occur near N-terminal regions that are disordered for C-subunits in 

the crystal structure (Hogle et al., 1986).  Of interest from these studies, as discussed by 

the authors, is that TCV N-terminal regions most likely dissociate from the capsid, 

presumably leading to increased electrostatic repulsion and expansion of RNA within 

the capsid interior. In our studies with TYMV and a virion mutant that is resistant to 

disassembly (Chapter 4) we also identify a cleavage product at the N-terminus by mass 

spectrometry (LC-MS) that appears after ATC formation and/or capsid disruption. This 

cleaved product is less pronounced in the ATC-resistant N-terminal mutant virion 

suggesting a role in decapsidation. N-terminal cleavage has yet to be reported for 

tymovirus CPs in the literature. 

  

1.13  RNA packaging, polyamines and cations  

 

 As mentioned previously, TYMV CP lacks stretches of basic residues 

characteristic of an ARM-domain in the CP N-terminus (Fig. 1.5).  Examination of 

crystal structure data for tymoviruses also shows no prominent stretches of basic residues 

in the remainder of the CP to suggest a cryptic ARM-domain within the CP fold 

(discussed further in Chapter 3). To aid in the neutralization of negatively charged 
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phosphates of the RNA backbone, TYMV packages the plant-produced cationic 

polyamines spermidine and spermine (Beer and Kosuge, 1970). Polyamines are 

considered tightly associated with nucleic acid but have flexibility around C-C and C-N 

bonds. At neutral pH, polyamines are protonated and therefore can electrostatically 

interact with the RNA backbone (discussed in (Cohen and McCormick, 1979)). The 

presence of polyamines often increases the melting temperature of double-stranded 

nucleic acid, and therefore polyamines are thought to have a stabilizing role within 

double-stranded regions of RNA within TYMV virion (Mitra and Kaesberg, 1965) (Beer 

and Kosuge, 1970). Gas chromatography and mass spectrometry analysis identified the 

chief polyamine component in TYMV as spermidine (approximately 400 molecules per 

virion) and to a much lesser extent spermine (Cohen and Greenberg, 1981). These 

findings were in line with previous values (Beer and Kosuge, 1970), which calculated 

that 20% of nucleic acid charges in TYMV are neutralized by polyamines assuming a +3 

charge state for spermidine (10 mM in virion) and a +4 charge state for spermine (0.4-0.8 

mM in virion). The Cohen lab has shown an initial rise in plant synthesis of spermidine 

during infection in Chinese cabbage plants (Balint and Cohen, 1985a) and protoplasts 

(Balint and Cohen, 1985b). In addition, the authors showed in these studies that newly 

synthesized polyamines are preferentially incorporated into the virion over the 

endogenous existing pool.  

 The comovirus CPMV also packages polyamines and lacks an ARM-domain (Fig. 

1.5). No detectable polyamines have been identified in the ARM-domain viruses CCMV 

and BMV (Nickerson and Lane, 1977). An early report (Ames and Dubin, 1960) did 

show trace amounts of putrescine, spermine and spermidine in the ARM-domain virus 

TBSV. The authors calculated a polyamine neutralization of approximately 2% of 

encapsidated RNA. The components were, however, readily displaced, suggesting they 

were not directly associated with RNA. These results suggest a charge-neutralizing 

compensating role for polyamines for icosahedral plant viruses that lack ARM-domains 

(Suryanarayana et al., 1988). 

 It is estimated that TYMV packages 400-500 molecules of Mg2+, and at least a 

subset of Mg2+ is more readily displaced than polyamines (Noort et al., 1982a). Initial 

reports stated that PhyMV [originally mis-identified as Belladonna mottle virus (Peter et 
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al., 1989)] did not contain polyamines (Virudachalam et al., 1983a), but this finding was 

later refuted by showing that spermidine was exchanged by Cs+ during CsCl gradient 

virus purification, accounting for the lack of polyamine detection (Savithri et al., 1987). 

Unlike with PhyMV, CsCl gradient purification of TYMV at neutral pH conditions does 

not displace spermidine (Virudachalam et al., 1983b). Soaking of TYMV virions in high 

concentrations of Mg2+ does not result in ready exchange of polyamines (Cohen and 

Greenberg, 1981) but soaking the virion in high concentrations of CsCl (3.7 M) at 37 °C 

does result in polyamine displacement (Noort et al., 1982a) (Mutombo et al., 1993). 

Addition of exogenous Mg2+ to virions of TYMV (Johnson, 1964) and PhyMV (Savithri 

et al., 1987) is more effective at preventing ATC particle formation than other cations 

Na+, Ca2+ and K+, a finding in line with our EDTA-dependent empty particle formation 

found in Chapter 6 supplemental.  

 Displacement of a subset of internal Mg2+ by heavier cesium ions can occur for 

TYMV, resulting in a minor heavier virion component in CsCl gradients. This 

displacement can be prevented by supplementing CsCl gradients with 100 mM MgCl2, 

prior to centrifugation (Matthews, 1974) (Chapter 4). Soaking the heavier CsCl-run 

components in MgCl2 can also replace displaced Mg2+, causing particles to once again 

migrate similarly to normal virus when re-centrifuged (Noort 1982). Similar higher 

density components in CsCl gradients are seen for CPMV, also due to internal cation 

displacement (Virudachalam et al., 1985) (Lin et al., 1999) and this phenomenon is found 

in various other spherical viruses (review in:(Cohen and McCormick, 1979)), such as 

rhinoviruses (Korant et al., 1972) and poliovirus (Mapoles et al., 1978). We report CsCl 

findings with or without MgCl2 in experiments in Chapters 2-4, testing accessibility of 

mutant virion particles in relation to wild-type CP. We also discuss the importance of 

polyamines and Mg2+ further in Chapters 2-4 and 6. 

 In regards to calcium, less is known about its potential association in TYMV. 

While Mg2+ is associated with nucleic acid, enabling condensation within the virion, 

calcium within viruses is often associated with stabilization of protein (Sherman et al., 

2006).  Purified preparations of PhyMV contain variable amounts of calcium that, as the 

authors state, could be a consequence of the medium and/or method used for purification 

(Savithri et al., 1987) (Suryanarayana et al., 1988). Externally added calcium failed to 
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displace Mg2+ from TYMV virions (Durham et al., 1977).  One can conclude that 

calcium does not contain any significant affinity for virions in contrast to earlier studies 

showing specificity for Mg2+, which is most likely directly associated with nucleic acid 

(Johnson, 1964). The absence of specifically positioned calcium but also Mg2+ in 

tymovirus crystal structures, compared to other plant virion structures (Satheshkumar et 

al., 2004) (Sherman et al., 2006), suggests that calcium is not a critical component in 

virion stabilization. 

      

1.14 Cytosine-rich genome 

 

 TYMV and other tymoviruses have a distinctive skewed cytosine rich genome 

(39% G, 17% G in TYMV) that has been the subject of multiple reviews (Dreher, 2004) 

(Bink and Pleij, 2002). This type of base composition, assuming standard secondary 

structure G-C Watson-crick RNA binding, is calculated to leave 1400 unpaired cytosines 

(Hellendoorn et al., 1996). Hellendoorn and coworkers further show that nuclease 

treatment and analysis of cytosine positioning in the TYMV genome identified 20-40 nt 

C-rich regions every 100 to 200 nt that would likely be in single-stranded form. It wasn’t 

until recently, however, that the RNA arrangement in the virion was characterized in 

detail by comparing different electron density maps based on structure factor amplitudes 

and experimental phasing of the virion and ATC particle (Larson et al., 2005a). The 

authors depict single stranded RNA regions at the pentamer and hexamer capsomeres that 

are separated by double-helical regions of RNA, giving an overall icosahedral ordering to 

the packaged genome.  These findings (Larson et al., 2005) and those of Hellendoorn et 

al. (1996) are in general agreement While the virion does contain single stranded RNA 

near the capsomere openings, Larson and co-workers show that RNA does not project 

deeply within the capsid's protein layer. This was in general agreement with earlier small 

angle neutron scattering studies that show little to no invasion of RNA deep within the 

capsomere internal cavities (Jacrot et al., 1977). 

 Various in vitro experiments by Jonard and Hirth in the 1970’s suggested that 

TYMV RNA reassociated with ATC at low-pH (reviewed by (Jonard et al., 1976)). Later 

experiments showed a poly-C binding specificity at low pH (Hirth and Givord, 1985). 
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The genome of TYMV is also more compact and structurally ordered under acidic 

conditions (Mitra and Kaesberg, 1965). A role for cytosine protonation (positive charge 

formation) at low pH in relation to assembly has been investigated. The formation of 

specific ordered hairpin conformations in the 5’ UTR through C-C and C-A base-pairs 

involving protonated C residues has been investigated as a potential mode of 

packaging/encapsidation of TYMV (Bink et al., 2002; Bink and Pleij, 2002). However, 

there are conflicting results (Shin et al., 2009), most notably in regards to the importance 

of a specific packaging signal at the 5’ UTR and the postulated role of light in generating 

zones of low pH that would drive assembly (Rohozinski and Hancock, 1996). Briefly, 

low pH zones in the plant cell, speculatively near the chloroplast membranes that provide 

protons during active photosynthesis would enable the 5’ UTR to fold into a protonated 

selective form. Shin et al. (2009), however, showed TYMV also formed virions when 

extensively held in the dark. Further studies in the same publication showed that deletions 

to the 5’ UTR hairpins, although hindered in encapsidation still packaged the genome 

within particles that were RNase resistant. In addition, low pH assembly is refuted by the 

finding that assembly occurs within the cytoplasm, not in the low pH zone of the 

chloroplast (Matthews, 1981). Therefore, alternative models for packaging of RNA 

should be considered.  

 While low-pH assembly in chloroplast does not occur (Hatta and Matthews, 

1974), the unusually high cytosine content of TYMV and the phenomenon of preferential 

binding of C-rich nucleotides to the CP at low pH provides an attractive and relatively 

uncharacterized association in regards to viral RNA and CP. Not only could these 

cytosines provide ordering in the form of single-stranded tracks in the encapsidated 

virion, but their protonation at low pH may lead to a stabilizing effect (Bink et al., 2002). 

At low pH, C-C base pairs stabilize hairpins in TYMV RNA. At pH 4.5 or less, the N3 

atom of the cytosine is protonated, which could enable a salt bridge to negatively charged 

CP aspartic/glutamic acid (Jonard et al., 1976) (Kaper, 1971). The potential binding of 

protonated cytosines to acidic residues, some of which are semi-conserved in the flexible 

CP N-terminus (Fig. 1.3), would be an appealing means for RNA packaging. Considered 

quite different from the ARM-domain encapsidation strategy of bromoviruses (Rao, 

2006), further discussion is saved for Chapters 3 and 4. 
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  UV-crosslinking studies with TYMV identified a range of RNA-binding regions 

in the CP at pH 4.8 that were not evident at pH 7.3 unless virions were treated with 

bisulfite (Ehresmann et al., 1980).  While specific CP residues were not identified, the N-

terminus was shown to be associated with RNA. Later, laser Raman spectroscopy showed 

cytosine and to a lesser extent adenine residues were protonated at pH 4.5 (Hartman et 

al., 1978). These findings, as discussed by Bink et al. (2004), suggests that various RNA-

CP interactions could occur through two differing association types. The first would be 

acidic CP residues interacting with protonated cytosines and the second could be 

categorized as basic CP residues associating with phosphate negative-charges on the 

RNA backbone, a similar association type seen in ARM-domains.   

    

1.15 Internal histidines and pH-dependent stability 

 

 Differential scanning calorimetry (DSC) experiments show a relative decrease in 

stability by thermal denaturation for virion but not ATCs when pH was shifted from 

acidic to neutral (Virudachalam et al., 1983a). The authors conclude that this decreased 

stability in virion likely implicates internal histidines as being important. The pH-

sensitive environment of histidines, which at pH values below the pKa (6.0) of their 

imidazole side-chain would be positively charged, could therefore interact with the RNA 

backbone (Kaper, 1969) (Virudachalam et al., 1983a). As pH is raised, these histidines, 

now deprotonated, would regulate optimal decapsidation (Bink et al., 2004). The virion 

crystal structure revealed the presence of two prominent histidine residues (His68 and 

His180), with side-chains positioned towards the capsid interior, that were in close 

proximity to electron density corresponding to RNA (Canady et al., 1996a) (Bink et al., 

2004). CPs with mutations of either His68 or His180 to alanine were shown to be soluble 

and therefore assembly-competent in an E. coli expression system, while in plants these 

histidine mutants supported local but not systemic infection; it was not established 

whether virion formation actually occurred in planta (Bink et al., 2004).  The authors 

speculate that packaging of viral RNA by the histidine mutants was disrupted, preventing 

their spread outside the inoculated region.  We have developed a similar E. coli and plant 

based comparative expression system for our CP mutants (Chapters 2-5). We find that a 
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mutant that fails to assemble in E. coli could be able to form infectious virions adequately 

in plants (Chapter 3).   We can conclude from our studies that a sense of caution must be 

kept in extending E. coli findings to plant-based in vivo processes (discussed Chapter 3). 

 

1.16 Tymoviruses in vaccine development 

 

 Agrobacterium tumefaciens can transfer a discrete stretch of nucleic acids (T-

DNA) into plant cells (Ziemienowicz, 2001).  Agrobacterium-based vectors have been 

engineered with multiple cloning sites to enable cloning and transfer of a desired 

sequence through replacement of natural T-DNA sequence (Gleba et al., 2007). This 

strategy is commonly utilized to create transgenic plants but is also seeing increased use 

for recombinant protein production (vaccines) and monoclonal antibodies (Matoba et al., 

2011). The most popular Agro-vector in use today is a derivative of an earlier larger 

vector (pBIN19), one of which is referred to as pCB302 (Xiang et al., 1999).  Full-length 

TYMV has been cloned into this pCB302 backbone (Cho and Dreher, 2006) to create an 

infectious clone (pCB302-TYMV) that was the means for creating and introducing our 

TYMV CP mutants into plants (Chapters 2-6). As depicted in Fig. 1.7, this vector was 

further modified (Chapter 2-5) to include an EcoRI site at the CP start and/or a SpeI 

restriction site near the C-terminus of the CP (residue 187 of 189) for convenient transfer 

of E. coli CP constructs (pRSET-B) into the Agro-plasmid, enabling dual-expression in 

E. coli and plants (discussed Chapter 2-3).  

 To date PhyMV is the only tymovirus used in vaccine development with particles 

produced in E. coli rather than plants. PhyMV vaccine studies have targeted the PhyMV 

CP N-terminus for multivalent display of epitopes. Vaccine candidates tested carried 

epitopes from Foot and mouth disease virus (FMDV), with immunogenicity tested in 

livestock (Hema et al., 2007), and parvovirus epitopes for immunogenicity testing in 

canines (Chandran et al., 2009).  In both studies, neutralizing antibodies were produced 

that successfully prevented viral infection after challenge. In both reports the respective 

epitopes of varying lengths/repeats and spaced by serine-glycine coding linkers were 

inserted immediately after the AUG initiation codon in the PhyMV CP ORF.  In addition, 

CP with 39 amino acids corresponding to the 6xHis-epitope N-terminal tag derived from 
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the original expression plasmid (pRSET-A) (which contains additional residues besides 

6xHis, for optional cleavage and maximum solubility of expressed protein) was capable 

of particle formation. What is striking about these PhyMV findings is that CP within N-

terminal extension with 39 amino acids including a stretch of 6 histidines and 4 aspartic 

acids could assemble into 28-30 nm virus-like particles (VLPs). For TYMV we report 

that CP within a 13-residue 6xHis mutant extension formed VLPs and in Chinese 

cabbage was infectious but attenuated (Chapter 3). Our results and those from PhyMV 

show that dramatic changes in the form of N-terminal insertion appear to be well 

tolerated. 

 

1.17 Tymovirus in nanotechnology-materials development  

 

 Various nanotechnology-based applications with spherical plant viruses have been 

reported in the last decade, with bromoviruses CCMV and BMV, comovirus CPMV, 

dianthovirus RCNMV and tymovirus TYMV being of considerable interest (Young et al., 

2008).  The ability to reassemble CCMV and BMV in vitro (Lavelle et al., 2007) (Chen 

et al., 2008) has enabled the packaging of nanoparticles within the interior cavity for use 

as MRI contrasting agents (Liepold et al., 2007).  CPMV research has focused on vaccine 

work, click chemistry on the capsid exterior to modify surface functionality and 

deposition of metal oxides on the CP surface for electronic-conductive applications 

(Montague et al., 2011)  RCNMV has primarily been used for cancer drug therapies, as 

the capsid can be induced to swell and be loaded with the chemotherapy drug 

doxorubicin. When delivered, drug-loaded particles release with higher efficiency in 

more desirable locations in the body and lower cytotoxicity compared to naked 

doxorubicin delivery (Lockney et al., 2011).  

TYMV has been probed by an N-hydroxysuccinimide-mediated amidation 

reaction (click reaction) to determine accessible lysines for conjugation of desirable 

molecules (Barnhill et al., 2007b). Additional experiments, through similar click 

reactions have shown that the TYMV surface can be dual labeled for use in time-resolved 

fluoroimmuno assays with both biotin and terbium (Barnhill et al., 2007a). The temporal 

effect of TYMV-coated substrates on the adhesion and differentiation capacity of bone 
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marrow stromal cells (BMSCs) was initially reported in 2008 (Kaur et al., 2008). These 

studies reported proof of principle experiments showing that stem cell spreading and 

differentiation can be manipulated on a TYMV-coated surface. Recently the Wang lab 

showed that placement of a cell-adhesion motif Arg-Gly-Asp (RGD) on the capsid 

surface by catalyzed azide-alkyne cycloaddition (CuAAC) click reaction can enhance cell 

adhesion, spreading, and proliferation of NIH-3T3 fibroblast cells versus unmodified 

virus (Zeng et al., 2011a). A current publication shows that virions made of CP with 

surface-exposed residues 44-46 replaced with RGD are infectious and can also enhance 

adhesion and spreading.  This finding is the first to show that the RGD motif can be 

genetically engineered within the CP-encoding region while retaining infectivity, 

providing control of the nanometer display on the surface of a plant virus (further 

discussed, Chapter 5). 
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Figures 
 
 

 
 
 

Figure 1.1. Genome organization of TYMV. Three major ORF's are required for 
TYMV infection. ORF1 encodes the replication protein that is cleaved into various 
functional domains that include in order, methyltransferase-like (Mtr), papain-like 
protease (Pro), NTPase/helicase-like (Hel) and RNA-dependent RNA polymerase 
domains. ORF2, initiating 7 nt upstream of ORF1 but in different reading frame, encodes 
movement protein (MP). ORF3, the coat protein (CP) is expressed from a 3’-coterminal 
subgenomic RNA (sgRNA). At the 5’ end is a m7GpppG cap and at the 3’ end is an 82 nt 
long tRNA-like structure Image from: Book Chapter In: Virus Taxonomy: IX Report of 
the International Committee on Taxonomy of Viruses (ICTV) (King et al., 2012) 
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Figure 1.3. CP N-terminal CLUSTAL alignment, family Tymoviridae basic/acidic 
residue profile. (unpublished) Tymovirus members, according to 2010 International 
Committee of Taxonomy of Viruses (ICTV) (Mertensia virus, unclassified, is also 
included).  Marafiviruses OBDV, CsDeV, MRFV are included (middle alignments). 
Marafiviruses and unclassified viruses, GFkV, GRGV, PnMV and OLV are also included 
(bottom alignment) (Edwards et al., 1997).  Red denotes glutamic or aspartic acid, green 
histidines and blue arginine or lysine.  The net charge of N-terminal regions assigning +1 
for each basic and -1 for each acidic residue are calculated and the highly conserved 
“QPS” and “PFQ” sequence are highlighted for clarity. 
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Figure 1.4. The TYMV T=3 icosahedral virion. (unpublished).  A. The 20 kDa TYMV 
CP adopts one of three quasi-equivalent conformations referred to as A (blue) B (yellow) 
and C (green) that make up the asymmetric unit (triangle).  Five A-subunit CPs form one 
of 12 pentamers in the particle while alternating B- and C-subunits form the 20 hexamer 
capsomeres. Generated in PYMOL with PDB ID: 1auy  B.  Transmission electron 
microscopy of total virus purified from Chinese cabbage negatively stained with 2% PTA 
shows stain impenetrable virion (full particles) and stain penetrated empty particles 
(arrow). Image inverted for clarity. 
 

 

 

 

 
 

Figure 1.5. N-terminal CP residues from representative T=3 plant viruses. 
(unpublished).  Underlining denotes ARM-domain and rectangles represent residues 
utilized in annulus/hexamer formation. * = CPMV Small subunit residues 190-213 at C-
terminus are cleaved during purification S- small subunit, L-large subunit (see Fig. 1.2, 
CPMV).   
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Figure 1.6 Annulus-like structures within the pentamer interior for two mammalian 
viruses. (unpublished). (Left) The VP3 CP subunits (multi-colored) of poliovirus are 
shown with other CP subunit types removed for clarity to show tethering of N-terminal 
residues in the central pentamer region (Miller et al., 2001). PDB ID: 1hxs. (Right) The 
picornavirus Seneca Valley virus with the N-terminal eight ordered residues of B-chain 
(VP3) colored in green. These termini, from the adjacent CP hexamer capsomere form an 
annulus structure within the pentamer 5-fold axis (similar to poliovirus) (Venkataraman 
et al., 2008b) PDB ID: 3cji.  Images generated in PyMOL. 
 

 
 

Figure 1.7. The dual expression system for CP expression in E. coli (left) or from 
genomic infectious clone (right). (unpublished).  CP mutants were created in the smaller 
pRSETB plasmid and cloned by using EcoRI and SmaI sites for CP N-terminal mutants 
in the plant-based vector or EcoRI and SpeI for mutants not confined within the N-
terminal region. This dual expression system is discussed further in Chapters 2-4 in 
Materials and methods section. 
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Chapter 2 

 

Title 

 
Turnip yellow mosaic virus forms infectious particles without the native beta-annulus 

structure and flexible coat protein N-terminus 

 

Abstract 

 
 Structural studies have implicated the TYMV N-terminal amino acids of the coat 

protein (CP) in both static (virion stabilization) and dynamic (RNA encapsidation and 

disencapsidation) roles. We have deleted residues 2–5, 2–10 and 2–26 from the N-

terminus and expressed the mutant CPs in E. coli to assess assembly in the absence of 

genomic RNA and in plant infections to assess infectivity and virion properties. In E. 

coli, the deletion constructs formed virus-like particles, but in decreased yield. All 

mutants were infectious in Chinese cabbage, producing normal symptoms but with a 

slight delay and decreased viral yields. Virions were progressively less stable with 

increasing deletion size and also more accessible to small molecules. These results show 

that the N-terminal 26 amino acids are not essential for viral processes in vivo, although 

removal of these residues decreases stability and increases porosity, both important 

factors for virion integrity and survival outside the host. 

 

Introduction 

 

 Turnip yellow mosaic virus (TYMV), the type member of the Tymovirus genus of 

single-stranded RNA viruses, utilizes 180 copies of its 20 kDa coat protein (CP) to 

assemble into a 28–30 nm T=3 icosahedral virion (Dreher, 2004). The TYMV CP folds 

into a canonical eight-stranded β-barrel or “jelly-roll” motif, a fold found in a variety of 

spherical viruses that infect bacteria, animals and plants (Harrison, 2001; Rossmann and 

Johnson, 1989). The 6.3-kb genomic RNA and the 0.7-kb subgenomic RNA that serves 

as CP mRNA are both packaged. Tymoviruses are distinctive in that both full particles 

(virions) and empty particles (known as natural top components, NTCs) are produced 
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during natural infections, the latter appearing as stain-penetrated in negative staining 

electron microscopy. Furthermore, virions can be converted to an empty form known as 

the artificial top component (ATC) through exposure to high pressure (Leimkuhler et al., 

2001), alkaline treatment (pH 11) (Keeling and Matthews, 1982) or freezing and thawing 

(Katouzian-Safadi and Berthet-Colominas, 1983). These treatments result in the release 

of the genome and a few CP subunits likely corresponding to a pentameric or hexameric 

capsomere (Katouzian-Safadi and Berthet-Colominas, 1983; Kuznetsov and McPherson, 

2006). Even with a prominent cavity the ATC is still stable (Leimkuhler et al., 2001; 

Mutombo et al., 1993) with a crystal structure highly similar to that of the infectious 

virion (Canady et al., 1996; van Roon et al., 2004). 

 The stability of empty particles emphasizes that TYMV stability is derived 

principally from protein–protein contacts (Hirth and Givord, 1985; Michels et al., 1999). 

Empty particles and virions are similarly stable at low pH (5.5), but while capsids 

become more stable with increasing pH, the opposite is true of virions (Virudachalam et 

al., 1985). The protein shell is thus critical to virion stability, encapsidating RNA that is 

essentially a destabilizing component. A significant contribution to virion stability is 

thought to be provided by the β-annulus (sometimes referred to as a β-hexamer in other 

viruses), which links the B and C quasi-equivalent subunits that alternate to form the 

hexameric capsomeres (Canady et al., 1996). The extreme N-terminal residues of the CP 

form the interlocking annulus that closely surrounds the vertex at the quasi 6-fold axis, 

where the potential for a pore exists (Figs. 2.1A, B). Interestingly, the N-terminal 26 

amino acids of the A subunits were disordered in the virion crystal structure (Canady et 

al., 1996; Larson et al., 2005), suggesting that the N-terminal regions are mobile and may 

be important in the dynamic properties of the virion, especially encapsidation and 

disencapsidation (Canady et al., 1996; Dreher, 2004). 

 The N-termini of two other tymovirus CPs, those of Physalis mottle virus 

(PhyMV) (Krishna et al., 1999) and Desmodium yellow mottle virus (DYMoV) (Larson 

et al., 2000), also form β-annuli that link the hexameric subunits. The N-terminal amino 

acid sequences are quite variable between tymoviruses, and even within different isolates 

of TYMV (Mitchell and Bond, 2005). In TYMV and other tymoviruses, only a few basic 

residues occur in the 26 residue long flexible N-terminal segment that precedes the core 
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beta-barrel fold of the coat protein structure. Thus, positively charged ARM-domains that 

are rich in lysines and arginines and which are important in neutralizing the negative 

charges of encapsidated RNA for some viruses (Rao, 2006) are not found in tymoviral 

CPs. Instead of an RNA-neutralizing ARM-domain, TYMV utilizes polyamines, which 

are in close association with the encapsidated RNA, together with divalent cations such 

as Mg++, for charge neutralization (Cohen and Greenberg, 1981; Hirth and Givord, 1985). 

 We report experiments assessing the contribution of the TYMV CP N-terminal 

domain in particle formation and during infection through the construction of N-terminal 

deletion CP mutants (Fig. 2.1C). It has been shown for the closely related PhyMV that 

T=3 virus-like particles (VLPs) are able to assemble upon CP expression in E. coli 

despite extensive deletion, substitution and extension mutations (Chandran et al., 2009; 

Hema et al., 2007; Sastri et al., 1999). We have taken those experiments further by 

demonstrating that virions supporting productive infections can form despite the absence 

of up to 25 residues from the N-terminus. Thus, sequences involved in β-annulus 

formation and that have been viewed as potentially important for encapsidation and/ or 

disencapsidation because of their mobility are not essential. Nevertheless, these 

sequences do contribute importantly to viral fitness, since all deletion mutants produced 

attenuated infections and less stable virions. 

 

Results 

 

Expression of CP mutants in E. coli and in plants 

 

 In order to provide maximum flexibility for studying the effects of CP mutations on 

assembly and infectivity, a convenient system was designed for expression in E. coli and 

in plants. Initially, adjacent unique EcoRI and NdeI restriction sites were engineered into 

an infectious TYMV genomic clone (pTYW, based on the Agrobacterium binary vector 

pCB302) (Cho and Dreher, 2006) just upstream of the CP ORF initiation codon (Fig. 

2.1D). This allows ready exchange with sequences encoding variants in the N-terminal 

region of the CP, as well as shuttling between pCB302 and pRSETB vectors for 

expression in plants and E. coli, respectively (see Materials and methods). TYMV 
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infections launched with pTYW-EcoRI-NdeI in Chinese cabbage were similar to wild 

type in symptoms and yield (Table 1): consequently, this variant, which produces wild 

type CP, is referred to as Wt* throughout this paper. 

 Three N-terminal mutants of the TYMV CP with progressively larger deletions 

were studied (Fig. 2.1). CP Δ2-5 (Fig. 2.1A, red) lacks acidic amino acids that are 

typically represented at the extreme N-termini of tymoviral CPs and also residues that 

contribute to β-annulus formation. CP Δ2-10 (Fig. 2.1A, red+blue) lacks all the amino 

acids that form the β-annulus structure, which links B- and C-subunits in each hexameric 

capsomere (Canady et al., 1996). CP Δ2-26 (Fig. 2.1A, red + blue + green) lacks the 

region that is disordered in A subunit pentamers (not shown) on the basis of missing 

density in X-ray crystallography; the deleted amino acids are mostly upstream of βB, the 

first strand of the 8-stranded β-barrel that forms the core of the CP fold (Canady et al., 

1996). 

 

Deletion mutants form VLPs in E. coli  

 

 Expression of wild type CP in E. coli was predominantly in the soluble fraction 

(Fig. 2.2A). VLPs were detected by electron microscopy (Fig. 2.2B) and native agarose 

gel electrophoresis (Fig. 2.2C). Examination of electron micrographs of mixed 

preparations of virions and VLPs revealed that the two particles were of similar diameter 

(Fig. 2.2B). CP Δ2–5 also assembled into VLPs (Figs. 2.2B, C), although a much higher 

proportion of this CP was found as insoluble inclusion bodies (Fig. 2.2A). Δ2–10 and 

Δ2–26 were even less soluble, to the extent that only trace levels of soluble CP were seen 

(Fig. 2.2A). Nevertheless, VLPs could be detected with the use of immunocapture as a 

concentration step (Fig. 2.2B). No small particles indicative of T=1 particle forms were 

found for any of the deletion mutants. Our results are in good agreement with the VLP 

formation in E. coli reported for PhyMV Wt CP and deletion mutants (Sastri et al., 1997), 

suggesting that the dispensability of sequences upstream of the β-barrel for T=3 particle 

formation is a general property of tymoviruses. 

 The formation of inclusion bodies reflects the accumulation of CP molecules that 

have misfolded and interacted inappropriately for assembly into capsid-like VLPs. In 
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order to test whether these molecules could be induced to assemble under different (i.e., 

in vitro) conditions, the insoluble CP aggregates were solubilized in 8 M urea followed 

by step-wise reduction of the urea concentration by dialysis against a series of buffer 

exchanges (Materials and methods). Two buffer conditions were tested: 50 mM sodium 

acetate, 2.5 mM MgCl2 pH 5.8, and 50 mM Tris–HCl, 200 mM NaCl, 2.5 mM MgCl2 pH 

8.0. For Wt CP at both pH values, significant precipitation occurred during dialysis of the 

1 M urea step against urea-free buffer, representing approximately 85 to 95% loss of CP. 

VLPs were present in the supernatant at the conclusion of dialysis for both buffers, with 

more present at low pH (Fig. 2.2D). The reassembled particles appeared similar to the 

VLPs formed in vivo, though some partial and asymmetric structures and variations in 

stain penetration were observed. Precipitation occurred at the same stage of dialysis for 

each of the mutant CPs, but no VLPs could be detected in the final supernatants. Thus, 

although N-terminal deletion CP mutants are able to form capsids, the decreased yields 

both in vivo and in vitro indicate that the efficiency of assembly is clearly compromised. 

Further characterization of the VLPs assembled in E. coli was performed by fractionation 

on CsCl density gradients. Peak density for Wt VLPs was 1.270–1.284 g/ml (Fig. 2.3A, 

fractions 6–8), and deletion mutant VLPs fractionated similarly on parallel gradients (Fig. 

2.3A). The densities of VLPs were similar to those of freeze-thaw ATCs (RNA-free 

derived from infectious virions (1.1270–1.276 g/ml; Fig. 2.3A, fractions 6–7) and are in 

good agreement with previous published reports (Mellema et al., 1979). Minor amounts 

of denser VLPs were present, up to a density of 1.292 g/ml (fraction 12). In plants, minor 

non-infectious components at densities of 1.285 g/ml and higher have been reported to 

contain RNA, which in vitro translates the CP (Mellema et al., 1979). The denser VLPs 

from our CsCl gradients do indeed contain TYMV CP mRNA, as detected by Northern 

blot (Fig. 2.3B). 

 In addition to CsCl gradients, Wt VLPs were separated on sucrose density 

gradients. In these gradients, the majority of particles migrated to positions intermediate 

between ATCs and virions (Fig. 2.3C), suggesting the presence of RNA. When analyzed 

by agarose gel electrophoresis, these VLPs contained stainable levels of RNA, while 

stainable levels were not present in VLPs harvested from CsCl gradients (Fig. 2.3D). We 

conclude that exposure to high concentrations of CsCl imparts an instability to the VLPs, 
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causing RNA release, presumably by displacing counterions associated with the 

encapsidated RNA (Savithri et al., 1987). 

 

CP deletion mutants are infectious in host plants, but virions are less stable 
 
 
 TYMV mutants expressing Δ2–5, Δ2–10 and Δ2–26 forms of CP were systemically 

infectious in Chinese cabbage either by direct agro-inoculation or by mechanical 

inoculation with purified genomic RNA (Table 1). Deletion mutants produced local 

chlorotic lesions and vein-clearing symptoms on secondary leaves with a slight delay 

relative to Wt*. All inoculated plants became infected, developing symptoms that were 

similar to those of Wt*-infected plants. Systemically infected Chinese cabbage leaves 

were harvested at 30 days post-inoculation and virus was isolated by the Bentonite 

method (Dunn and Hitchborn, 1965). The Δ2–5 virus yield was approximately half that 

of Wt* TYMV, but the yield was considerably lower for Δ2–10 and Δ2–26. RT-PCR 

sequencing of the CP coding region after five sequential passages yielded the expected 

sequences, indicating that no second site suppressor mutations that might increase the 

fitness of these attenuated mutants had emerged. 

 During purification, a slight precipitation of Δ2–26 was visible when the MgSO4 

concentration was reduced from 10 mM to 1 mM. In order to view this potentially 

unstable construct by electron microscopy before additional degradation, a small aliquot 

of Δ2–26 and subsequently all other constructs were immediately fixed with 0.1% 

glutaraldehyde in 10 mM sodium/potassium phosphate, 1 mM MgSO4, pH 7.6 (Fig. 

2.4A). Virions of deletion mutants had similar diameters to Wt*, but considerable 

numbers of broken and/or asymmetric Δ2–10 and Δ2–26 particles were evident. The ratio 

of empty or partially broken particles compared to intact virions, as judged by stain 

penetration, was substantially higher for Δ2–10 (50%) and Δ2–26 (85%) compared to 

Wt* (16%) and Δ2–5 (18%). When virus preparations were subjected to low pH (10 mM 

sodium acetate, 1 mM MgSO4 pH 5.5), a noticeable precipitation was visible for Δ2–26 

and slight precipitation for Δ2–10. Electron microscopy at low pH (Fig. 2.4B) showed no 

consistent changes to Wt* and Δ2–5 particle morphology, but non-spherical structures 

were evident for Δ2–10 and Δ2–26 and amorphous aggregates for Δ2–26 were also 
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identified (Fig. 2.4B, asterisk). Among the remaining Δ2–26 particles, fewer (39%) were 

empty or damaged (i.e., stain penetrable), suggesting that intact RNA-containing virions 

survive preferentially at low pH. 

 Analysis of virus preparations on native agarose gels before and after low pH 

treatment verified the loss of soluble Δ2–26 particles at low pH (Fig. 2.4C). Band 

smearing for Δ2–10 and Δ2–26 particles, especially at pH 7.6, may reflect the presence of 

irregularly shaped particles seen by electron microscopy. Virion stability was further 

studied for Wt*, Δ2–5 and Δ2–10, but insufficient density-gradient purified Δ2–26 

material was available for such analyses. Native gels were used to assess whether RNA 

was associated with virions or free in solution at different temperatures and urea 

(denaturant) concentrations at pH 6. Wt* virions purified on sucrose gradients were 

stable in 30 mM sodium acetate pH 6 to 60 °C, a temperature at which both Δ2–5 and 

Δ2–10 virions had released RNA (Fig. 2.5A). The mutant virions were also less stable in 

the presence of urea. For Wt* virions purified on CsCl gradients, most RNA remained 

encapsidated at urea concentrations up to 2 M at 50 °C, with substantial RNA release 

occurring at or above 3 M urea (Fig. 2.5B). RNA remained associated with Δ2–5 virions 

at 50 °C in the absence of urea, but exposure to even 1 M urea at 50 °C resulted in RNA 

release. Δ2–10 virions were even less stable, with all RNA released upon exposure to 50 

°C even without urea (Fig. 2.5B). All virions were intact at room temperature, as 

indicated by the control gels in Fig. 2.5C. Comparison of 50 °C treatments for Δ2–10 

(Figs. 2.5A, B) indicates that these virions are sensitive to high CsCl concentrations (see 

below). 

 Intrinsic fluorescence measurements probing the environment of aromatic amino 

acids in the CP provided an additional way to assess the decreased stability of the 

deletion mutant virions. Wt* and deletion CPs each contain two tryptophan residues, 

whose emission peaks are expected in the 335–360 nm range depending on solvent 

accessibility (Eftink, 1991). Tryptophan fluorescence at pH 6.0 was highly quenched in 

Wt* virions (Figs. 2.6A, B) to the extent that the 304 nm tyrosine emission peak 

exceeded the tryptophan emission peak (Fig. 2.6A). The tryptophan residues were also 

highly shielded from solvent as indicated by the emission peak occurring at 334 nm (Fig. 

2.6B). Both quenching and shielding from solvent were less pronounced in Δ2–5 and Δ2–
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10 virions (λmax of 339–340 nm). As urea concentration increased, the fluorescence 

intensity increased abruptly between 2.5 M and 4 M for Wt* and (less steeply) between 

0.5 M and 2 M for Δ2–5 and Δ2–10 (Fig. 2.6C). Solvent accessibility, indicated by the 

red-shift from λmax of 334–340 nm to higher wavelengths, increased abruptly above 2 M 

urea for Wt* and at 3–3.5 M for Δ2–5 and Δ2–10 (Fig. 2.6D). The coincident de-

quenching and red-shift for Wt* occurred in conditions that lead to RNA release (Fig. 

2.5B), which presumably requires a loosening of contacts between CP subunits. 

Dequenching of tryptophan residues in the Δ2–5 and Δ2–10 mutants occurred at lower 

urea concentrations (Fig. 2.6B), emphasizing their decreased stabilities as demonstrated 

in Fig. 5. Interestingly, the solvent exposure is not coupled to dequenching in these 

mutants, with the major red-shift occurring for unknown reasons at a higher urea 

concentration than for Wt* (Fig. 2.6C). At urea concentrations above 4 M, the 

fluorescence intensities (Fig. 2.6C) and emission maxima (Fig. 2.6D) of  all three virions 

were comparable, suggesting that CP subunits were in similar molecular environments 

under these considerably denatured conditions. This state coincided with high solvent 

exposure, indicated by the λmax of c. 352 nm (Fig. 2.6D). 

 Analysis by SDS–PAGE of CP in virions without boiling showed both monomeric 

and dimeric forms in similar proportions for Wt* and Δ2–26 (Fig. 2.7, no heat); pre-

boiled samples migrated only as monomers (Fig. 2.7). These findings suggest that the 

decreased stability of CP deletion mutant virions is not due to major weakening of dimer 

interactions, often considered to be the first step in particle assembly (Pappachan et al., 

2009; Sastri et al., 1999). The 26 N-terminal residues thus do not play a major role in CP 

dimerization. 

 

CP deletion mutant virions are more porous  

 

 Deletion mutant virions run on native agarose gels stained with ethidium bromide 

had higher fluorescence intensity than Wt* virions (Fig. 2.8A), indicating greater access 

by the dye to the virion interior. Mutant virions likewise were more accessible to Cs+ 

ions, as seen in CsCl density gradient ultracentrifugation (Fig. 2.8B). Wt* virions banded 

at a peak density of 1.41 g/ml, with a minor, denser peak at 1.46 g/ml as reported 
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previously (Matthews, 1974; Noort et al., 1982). The denser peak has been shown to 

represent virions in which a proportion of Mg2+ ions have been (reversibly) replaced by 

Cs+ ions (Noort et al., 1982). The mutant Δ2–5 and Δ2–10 virions migrated to higher 

densities compared to the major Wt* peak, indicating that the majority of virions bound 

Cs+ ions internally in exchange for Mg2+  and/or polyamines. For wild type TYMV, 

complete conversion to the higher density form can be achieved by incubation in CsCl at 

elevated pH and temperature (37°C), resulting in the replacement of many internal Mg2+ 

and polyamine counterions with Cs+ (Noort et al., 1982). Such extensive Cs+ uptake 

could explain the higher densities of Δ2–5 and Δ2–10 virions, consistent with more ready 

access by Cs+ ions, presumably through more relaxed pores at the 5-fold and/or quasi 6-

fold vertices. The mutant virions are not intrinsically denser than Wt* virions, as 

indicated by centrifugation on Nycodenz density gradients (Fig. 2.8C). The Nycodenz 

molecule, somewhat larger than ethidium bromide, may have limited access to the 

interior of all virions, both Wt* and mutant, but also lacks internal binding sites (being 

non-ionogenic). Sedimentation rates are similar for mutant and Wt* virions in sucrose 

gradients (not shown), consistent with similar intrinsic densities. 

 
Discussion 
 
 
The flexible CP N-terminus is not essential for infectivity 
 
 CP deletion mutants Δ2–5, Δ2–10 and Δ2–26 were all able to infect Chinese 

cabbage and produce normal symptoms and typical 28–30 nm T=3 virions (Table 2.1, 

Fig. 2.4). The flexible N-terminal region that includes the residues forming the β-annulus 

is thus not essential for particle formation or for other functions supporting an infection. 

It does not function as a switch region that is required for adopting the quasi-equivalent 

conformations needed to assemble both pentameric and hexameric capsomeres into an 

icosahedron virion as has been proposed for T=3 particles (Harrison, 2001). However, 

progressive removal of sequence that includes the β-annulus from the N-terminus clearly 

results in attenuated infection and decreased viral yields (Table 1), increased proclivity 

for defective particles (Fig. 2.4), and decreased virion stability (Fig. 2.5). Thus, although 

not essential, the β-annulus and N-terminal flexible region do contribute significantly to 
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successful assembly and to virion stability and integrity. An important impact of these 

latter deficiencies is likely on virus survival outside the host between infections. 

 Structural features analogous to the β-annulus are found in other icosahedral 

viruses, and, as for TYMV (Canady et al., 1996) these were predicted from the 

interpretation of crystal structures to be key contributors to virion formation and stability 

(Harrison, 2001; Qu et al., 2000; Speir et al., 1995). However, similar results to ours have 

been reported upon deletion or substitution of the β-annulus analogs from the 

tombusvirus Cucumber necrosis virus (CNV) (Hui and Rochon, 2006) and the 

bromoviruses Cowpea chlorotic mottle virus (CCMV) (Willits et al., 2003) and Brome 

mosaic virus (BMV) (de Wispelaere et al., 2011). In each of these cases, the mutants 

were infectious and produced normal T=3 virions, but the integrity of the particles was 

compromised by being less thermally stable (Hui and Rochon, 2006; Willits et al., 2003) 

or more sensitive to ribonuclease (de Wispelaere et al., 2011). In vitro reassembly was 

also less efficient for CCMV (Willits et al., 2003) and BMV mutants (de Wispelaere et 

al., 2011). 

 The non-essentiality of the β-annulus for T=3 particle formation has also been 

demonstrated in experiments expressing CP in E. coli for the tymovirus PhyMV (Sastri et 

al., 1997) and the sobemovirus Sesbania mosaic virus (Satheshkumar et al., 2005). For 

icosahedral plant viruses that have β-barrel jelly roll CP structures in common, the β-

annulus analogs appear to have similar significance despite considerable divergence in 

the structural context of the β-annulus in the CP and virion structure. While in TYMV the 

β-annulus is comprised of N-terminal residues 1–8 donated by all 6 subunits of the 

hexameric capsomere, the BMV and CCMV “β-hexamers” and CNV β-annulus are 

comprised of residues downstream of positively-charged RNA binding domains. The 

CCMV and BMV β-hexamer is built of short β-strands donated by 6 subunits (Willits et 

al., 2003), while only 3 of the hexamer subunits form the β-annulus in CNV (Xiang et al., 

2006) and sobemoviruses (Qu et al., 2000). In the bromo-, tombus- and sobemoviruses, 

the molecular switch controlling T=3 as opposed to T=1 particle formation that was 

originally envisaged as the role of the β-annulus (Harrison, 2001) is in fact located in the 

extended N-terminal region that includes the ARM RNA-binding motif (Choi and Rao, 

2000; Hsu et al., 2006; Kakani et al., 2008; Krol et al., 1999; Satheshkumar et al., 2005). 
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No T=3/T=1 polymorphism has to date been observed for tymoviruses. 

 

Function of the flexible N-terminus  
 
 The attenuated infectivity and particle defects observed for the N-terminal deletion 

mutants in this study show that the flexible region upstream of the CP β-barrel jelly-roll 

does serve a significant role. Decreased stability (Figs. 2.4, 2.5) and increased porosity 

(providing increased access to the interior of small ions or molecules that could 

destabilize virion integrity) (Fig. 2.8) are likely factors explaining attenuated infectivity. 

Virion assembly is also likely to be less efficient for the deletion mutants, evidenced by 

lower yields of assembled capsids in E. coli and less efficient in vitro capsid reassembly 

(Fig. 2.2), as well as by the appearance of defective particles (Fig. 2.4). The absence of 

both the static stabilization provided by the β-annulus as well as the mobile contributions 

of the flexible N-terminus during assembly and disencapsidation may contribute to 

attenuation. 

 We probed the altered structure of particles formed from the N-terminal deletion 

CP variants with the use of intrinsic fluorescence assays that report on the environment of 

tryptophan residues. TYMV CP contains two tryptophans, both within β-strands of the 

core jelly-roll (Canady et al., 1996). The Trp75 side-chain faces the particle interior while 

the Trp95 side chain is positioned at subunit interfaces. Neither is in direct contact with 

residues deleted in Δ2–5 and Δ2–10 CP. In wild type virions, the fluorescence intensity 

and λmax from these residues indicate a high degree of quenching and shielding from the 

aqueous solvent (Figs. 2.6A, B). At 50 °C and concentrations of urea above 2 M, 

increased tryptophan fluorescence and λmax indicated a relaxation of molecular structure 

around the tryptophan residues (Figs. 2.6C, D) that is correlated to RNA release (Fig. 

2.5B). Further studies will be needed to determine whether this is also accompanied by 

full particle dissociation. The tryptophan residues of Δ2–5 and Δ2–10 virions were less 

quenched and somewhat more solvent accessible (Figs. 2.6A, B), and fluorescence de-

quenching (Fig. 2.6C) and RNA release (Fig. 2.5) occurred at lower urea concentrations 

than for wild type. These observations are consistent with less tight molecular packing 

and more easily disrupted subunit interfaces. 

 Another factor that could be detrimental to the stability of deletion mutant capsids 
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is their increased porosity: ethidium bromide and Cs+ more readily gain access to the 

virion interior (Fig. 2.8). Removal of the β-annulus can be imagined to alter the gating 

properties of the pores at hexamer vertices (Figs. 2.1A, B), but possibly also at pentamer 

vertices if the mobile N-terminal domains reside under certain circumstances near the 

pores. We have observed that the increased access by Cs+ destabilizes both virions (Δ2–

10; Figs. 2.5A vs. B) and capsids (Fig. 2.3B, D) and leads to RNA release, presumably as 

a result of decreased RNA compaction upon displacement of Mg2+ or polyamine 

counterions by Cs+ ions. This decreased protection against the environment may be a 

serious liability for mutant particles between infections. The predominance of negatively 

charged amino acids in the residues forming the β-annulus (Fig. 2.2A) may provide an 

electrostatic component to controlling the entry of small molecules at the hexameric pore. 

 

Reassembly of capsids in vitro 

 

Structural studies with TYMV have been hampered by the absence of a method for 

studying in vitro assembly (Hirth and Givord, 1985). We report here for the first time for 

TYMV the formation of 28 nm icosahedral particles by dialysis of urea-solubilized E.coli 

-expressed CP (Fig. 2.2D). Further refinement of this protocol to improve assembly 

efficiency and to allow encapsidation of RNA will facilitate additional studies with 

TYMV, such as defining the assembly mechanism (Zlotnick et al., 2000). Because of the 

high stability of TYMV virions and ATCs, there is increased interest in exploiting 

tymoviruses for biomedical and nanotechnology-based applications (Barnhill et al., 

2007). A robust in vitro reassembly protocol would facilitate novel approaches such as 

the construction of particles comprised of combinations of modified and Wt forms of the 

CP. 

 

Materials and methods 

 

Construction of N-terminal deletion mutants 

 

 For CP expression in E. coli, PCR amplification from a previously established 
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TYMV infectious clone pTYMC (Weiland and Dreher, 1989) was used to place an NdeI 

site to overlap the CP AUG initiation codon (Fig. 2.2B). The forward primers for PCR 

amplifications directed the desired deletions at the 5′-end of the CP ORF, while the 

reverse primer placed a HindIII site just downstream of the TYMV 3′-UTR. PCR 

products were subcloned into a TA-vector, digested with NdeI and HindIII and 

subsequently cloned into the pRSETB E. coli expression vector between the NdeI and 

HindIII sites. 

 To facilitate the expression of N-terminal deletion mutants in the context of 

infections in plants, the pRSETB mutations were transferred into pCB302-TYW, a clone 

that establishes TYMV infection by Agrobacterium-mediated transient expression in 

plant cells (agroinfiltration) (Cho and Dreher, 2006). First, pCB302-TYW was modified 

by introducing an EcoRI site immediately upstream of the CP start site (Fig. 2.2B). This 

was done using the Stratagene QuickChange System on a SacII4371-XbaI 3′ fragment 

(TYMV genome numbering) subcloned into a pUC plasmid. The EcoRI-modified SacII-

XbaI fragment was then returned to pCB302-TYW. Next, the 5′ regions of the wild type 

and mutant CP ORFs of the pRSETB constructs were transferred into pCB302-TYW 

using the new EcoRI site and the unique SmaI 6061 site. These fragments, PCR amplified 

using forward primers that placed an EcoRI site adjacent to the NdeI site and a reverse 

primer overlapping the SmaI site, were subcloned into a TA-vector. Finally, the EcoRI-

SmaI fragments were transferred back to the pCB302 clone, yielding pCB302-TY* and 

its derivatives. Because pCB302-TY* still retains the Wt CP but with newly constructed 

EcoRI-NdeI sites adjacent to the CP (Fig. 2.2B), this infectious clone is referred to as 

Wt* and is the progenitor for deletion constructs used in all plant infection experiments. 

All constructs were sequenced to verify the absence of unintended mutations. 

 

CP expression in E. coli 

 

 The pRSETB-CP plasmid constructs were electroporated into the E. coli 

BL21(DE3)pLysS protein expression strain. Cultures grown in 2xYT to an OD595 of 1.0 

were induced with 0.5 mM IPTG at 30 °C for 1 h followed by an additional 0.25 mM 

IPTG and overnight incubation. Cells were collected by centrifugation and resuspended 
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in 50 mM sodium acetate, 2.5 mM MgSO4, pH 5.9 supplemented with 0.1 mg/mL 

lysozyme, sonicated and incubated with gentle rocking at room temperature until clear. 

Lysates were centrifuged at 28,000 g for 30 min to separate soluble and insoluble 

material. Insoluble pellets were resuspended in 8 M urea, 50 mM sodium acetate pH 5.8. 

Soluble and insoluble fractions were analyzed by SDS–PAGE and Western blotting with 

TYMV antiserum. Putative virus-like particles (VLPs) in supernatants were precipitated 

with an equal volume of 18% polyethylene glycol 8000 dissolved in 50 mM sodium 

acetate, pH 5.8. Resuspended material was concentrated when necessary in a YM-30 

Centricon ultrafilter (Amicon Corp). The presence of VLPs was analyzed by 

electrophoresis through 1% TAE agarose gels. Insoluble CP solubilized in 8 M urea 

buffer was dialyzed through a series of 500 ml transfers that removed urea in 1 M 

increments in reassembly buffer: either 50 mM sodium acetate, 2.5 mM MgCl2 pH 5.8 or 

50 mM Tris–HCl, 2.5 mM MgCl2, 200 mM NaCl, pH 8.0 with two additional final 

transfers to remove trace amounts of urea. Precipitate was removed through low speed 

centrifugation and soluble material concentrated in a YM-100 Centricon. 

 

Agroinfiltration of Chinese cabbage and isolation of virus 

 

 Agroinfiltration was conducted as described by (Cho and Dreher, 2006). Chinese 

cabbage plants were grown approximately 3 weeks until the first major leaves were 

established but before secondary leaves formed. Acetosyringone-induced Agrobacterium 

suspensions were inoculated with a blunt end syringe into the underside of leaves using 

approximately 1 mL of culture per plant. Leaves were harvested at 30 days post-infection 

and virions were isolated via the bentonite method (Dunn and Hitchborn, 1965). 

 

Electron microscopy 

 

 Viral particles and VLPs were visualized on glow-discharged Formvar-carbon 

coated copper grids (Ted Pella) by negative staining with 2% phosphotungstic acid in a 

Philips CM-12 transmission electron microscope at 80 kEV. 
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Purification/analysis of viral particles by ultracentrifugation 

 

 Particles were analyzed by cesium chloride, sucrose and/or Nycodenz 

ultracentrifugation in 50 mM sodium acetate, 1 mM MgCl2, pH 6.0 (VLPs) or 30 mM 

sodium acetate pH 6.0 (other particles), using a Beckman SW-41 rotor at 10 °C. For CsCl 

gradients, CsCl was dissolved to a density of 1.30 g/mL for E. coli VLP analysis and 1.42 

g/mL for plant-derived virions and centrifuged for 48 h at 100,000 g. Sucrose gradients, 

5–30% pre-formed, were centrifuged for 3 h at 100,000 g. Nycodenz density step 

gradients were made with equal volumes of 20%, 30%, 40%, 50% and 60% (w/v) 

Nycodenz (Accurate Chemical, Westbury, NY) in 30 mM sodium acetate pH 6.0 as 

previously described (Gugerli, 1984). Ten-drop fractions from all gradients were 

collected in a 107–210 M Isco Gradient Master fraction collector with density determined 

using a standard refractometer. Fractions were analyzed by SDS–PAGE and Western 

blotting using anti-TYMV antiserum, and the absorbance at 260 and 280 nm was 

monitored. RNA was purified from fractions by phenol/chloroform extraction and 

analyzed on 1% TBE agarose gels. Virion-only fractions were also verified by electron 

microscopy to ensure they did not contain empty particles. 

 

Assessing stability of virus particles 

 

 Virus preparations were stored in bentonite buffer (10 mM sodium/potassium 

phosphate, 1 mM MgSO4 pH 7.6) at a concentration of 10 mg/mL. To test stability at pH 

5.5, 100 µg of purified virus was diluted 1:20 with 10 mM sodium acetate, 1 mM MgSO4 

pH 5.5. Precipitate was removed by centrifugation at 5000 g for 5 min and supernatant 

concentrated and further exchanged against the same buffer with a YM-10 Microcon 

ultrafilter. Virus samples at both pH values were cross-linked with 0.1% glutaraldehyde 

for 1 h to protect against further precipitation/destabilization (Migneault et al., 2004) 

prior to analysis as in Fig. 2.5. 

 To measure intrinsic fluorescence derived from aromatic amino acid residues, 10 

µg of sucrose gradient-purified infectious virions was incubated for 30 min at 50 °C in 30 

mM sodium acetate pH 6.0 supplemented with increasing concentrations of urea (0.5 to 
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8.0 M). Virions were cooled to room temperature before measurement on a Fl3-21 Spex 

spectrofluorimeter with settings of 1 s integration, 5 mm slit width, and excitation at 

either 280 or 295 nm, with readings recorded from 310 to 400 nm. Blank measurements 

were made in respective urea-containing buffers. 

 Stability of virions in 30 mM sodium acetate pH 6.0, either purified by sucrose or 

CsCl gradients to temperature and urea denaturant was assessed by incubation for 30 min 

under the specified condition, followed by electrophoresis on native 1% agarose/TBE 

gels. 
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Figures 

 

 
 

Figure 2.1. N-terminal deletion mutants of TYMV CP. A. Depiction of the interior 
environment of the hexameric capsomeres of TYMV. The 8 anti-parallel β-strands that 
constitute the β-barrel core structure of each CP subunit are shown. The capsomere is 
composed of alternating quasi-equivalent B- and C-subunits; A subunits form the 
hexameric capsomeres (not shown). Residues are colored either red (1–5), blue (6–10) or 
green (11–26) to match the progressive deletions represented in the mutants studied in 
this paper (Δ2-5, Δ2-10, Δ2- 26). The β-annulus forms the interlocked ring around the 
quasi 6-fold axis. B. Main and side chains shown for the 26 N-terminal residues (colored 
as in A) with remaining residues (27–189) shown as gray surface depiction for clarity. 
The side chains (asterisk) of the penultimate N-terminal residue (glutamic acid, E2) 
project towards the interior of the cavity. Pymol images generated from PDB ID: 1AUY 
(Canady et al., 1996). C. The partial (N-terminal) sequences of Wt and mutant CPs are 
indicated. D. Nucleotide sequence upstream of the CP gene initiation codon of TYMV-
Corvallis (Wt) (Dreher and Bransom, 1992) and of TYMV variant Wt*, which retains a 
wild-type CP gene but has introduced EcoRI and NdeI restriction sites (underlined) for 
efficient cloning. These restriction sites are present in the genomes of the three deletion 
mutants. 
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Table 2.1 

 
a Four plants were mechanically inoculated with 1 µg each of viral RNA. 
b Composite yield from systemic leaves of four plants harvested 30 dpi, with quantitation 
based on Bradford assay and SDS–PAGE to detect viral protein. Note that Δ2–10, and 
especially Δ2–26, preparations contain high proportions of particles that appear to be 
defective by electron microscopy. 

c Wt*, with EcoRI-NdeI sites adjacent to CP start codon (see Fig. 2.1), is the progenitor 
of the deletion mutants. 
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Figure 2.2. Expression of VLPs in E. coli. A. Wild type and deletion mutant TYMV 
CPs expressed in E. coli were separated into soluble and insoluble (inclusion body) 
fractions and analyzed by SDS–PAGE. Soluble fractions were detected by Western 
blotting using anti-TYMV antiserum, while insoluble fractions were detected by staining 
with Coomassie blue. Note that soluble fractions of Δ2-10 and Δ2-26 were concentrated 
100-fold relative to Wt and Δ2-5. B. Negative stained EM images of VLPs formed in E. 
coli. A 50:50 mixture of plant virions (dark stain) and E. coli Wt VLPs show similar 
dimensions. C. Native agarose gel electrophoresis of viral particles from soluble fraction 
of lysate, detected by Coomassie blue staining; V, infectious TYMV virions; ATC, 
artificial top components (empty particles) produced from virions by freeze-thawing. D. 
Electron microscopy of Wt CP particles reassembled in vitro at the indicated pH (see 
Materials and methods). Scale bars (B, D) = 50 nm 
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Figure 2.3. Characterization of E. coli VLPs. A. Western blot detection of TYMV CP 
in fractions from CsCl gradients (starting density 1.30 g/mL) analyzing virions or VLPs 
as indicated. B. Northern blot detection of TYMV RNA extracted from the indicated 
fractions from a CsCl gradient of Wt E. coli VLPs. V, infectious virion RNA; g, TYMV 
genomic RNA; sg, subgenomic RNA (CP mRNA). C. Western blot detection of CP in 
fractions from 5 to 30% sucrose gradients. D. Native agarose gel electrophoresis of 
VLPs, stained with ethidium bromide to detect RNA (upper panel) and Coomassie blue to 
detect CP (lower panel). V, virion; ATC, freeze-thaw particles produced from virions; 
RNA, phenol-chloroform purified TYMV RNA. 
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Figure 2.4. Viral particles produced during Chinese cabbage infection. A. Virus 
preparations made from systemically infected Chinese cabbage leaves and resuspended at 
pH 7.6 in 10 mM Na/KP04, 1 mM MgSO4 were fixed with glutaraldehyde and negatively 
stained for electron microscopy. B. The virus preparations in (A) were dialyzed overnight 
against 10 mM sodium acetate, 1 mM MgSO4, pH 5.5 before fixation and electron 
microscopy. Scale bars (A, B)=50 nm. Asterisks indicate amorphous aggregates. C. 100 
µg of total virus purified from Chinese cabbage in pH 7.6 buffer was subjected to pH 5.5 
buffer for 1 h before glutaraldehyde fixation and electrophoresis through 0.8% maleic 
acid pH 5.5 agarose gels (stained with Coomassie blue to detect protein). 
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Figure 2.5. Virion stability at elevated temperatures and the presence of urea. A. 
Sucrose gradient-purified virions subjected to increasing temperatures for 30 min were 
analyzed by native agarose/TBE gel electrophoresis followed by ethidium bromide 
staining to monitor encapsidated versus released RNA. The migration positions of free 
and encapsidated (virion) RNA are indicated. B. CsCl gradient-purified virions were 
exposed to the indicated temperature and urea concentration and analyzed as in A. Note 
that the RNAs released from Δ2–10 virions have been cleaved by ribonuclease traces 
present in the preparation. Images in A and B have been inverted for clarity. C. Control 
agarose gel for the analyses in B showing the integrity of CsCl gradient-purified virions 
not exposed to elevated temperature or urea. 
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Figure 2.6. Intrinsic tryptophan fluorescence at increasing urea concentration. 
Fluorescence emission spectra were collected for sucrose-purified virion preparations in 
pH 6 and the indicated urea concentrations. A, B. Emission spectra (A, 280 nm 
excitation; B, 295 nm excitation, specific for tryptophan residues) in the absence of urea 
at 25 °C. Dashed line indicates the peak emission wavelength of Wt* virions. C. Relative 
fluorescence emission (peak height at λ max) in increasing urea concentration, assayed at 
50 °C (295 nm excitation). D. Peak wavelength (λ max) in increasing urea concentration, 
assayed at 50 °C (295 nm excitation). 
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Figure 2.7. Dimer formation by CP. SDS–PAGE analysis of Wt* and Δ2–26 virions 
with or without pre-boiling indicates a strong dimer association (dimers indicated by 
asterisk). Detection by Western blotting with anti-TYMV antiserum. 
 
 
 
 

 
 
Figure 2.8. Mutant virions are more porous. A. Sucrose purified virions (20 µg) were 
electrophoresed on native 1% agarose/50 mM maleic acid pH 6.0 gels, followed by 
staining for protein (top panel) or RNA (bottom panel). B. Analysis of virions in CsCl 
density gradients. C. Analysis of virions in Nycodenz density gradients. For B and C, 
RNA was isolated from each fraction by phenol-chloroform extraction and percentage 
values are based on total RNA isolated from all gradient fractions. 
 

 

 

 

 

 

 

monomers (Fig. 7). These !ndings suggest that the decreased stability
of CP deletion mutant virions is not due to major weakening of dimer
interactions, often considered to be the !rst step in particle assembly
(Pappachan et al., 2009; Sastri et al., 1999). The 26 N-terminal resi-
dues thus do not play a major role in CP dimerization.

CP deletion mutant virions are more porous

Deletion mutant virions run on native agarose gels stained with
ethidium bromide had higher "uorescence intensity than Wt* virions
(Fig. 8A), indicating greater access by the dye to the virion interior.
Mutant virions likewise were more accessible to Cs+ ions, as seen in
CsCl density gradient ultracentrifugation (Fig. 8B). Wt* virions banded
at a peak density of 1.41 g/ml, with a minor, denser peak at 1.46 g/ml
as reported previously (Matthews, 1974; Noort et al., 1982). The denser

peak has been shown to represent virions inwhich a proportion ofMg2+

ions have been (reversibly) replaced by Cs+ ions (Noort et al., 1982). The
mutant !2–5 and !2–10 virions migrated to higher densities compared
to themajorWt* peak, indicating that themajority of virions bound Cs+

ions internally in exchange for Mg2+ and/or polyamines. For wild type
TYMV, complete conversion to the higher density form can be achieved
by incubation in CsCl at elevated pH and temperature (37°C), resulting
in the replacement of many internal Mg2+ and polyamine counterions
with Cs+ (Noort et al., 1982). Such extensive Cs+ uptake could explain
the higher densities of !2–5 and !2–10 virions, consistent with more
ready access by Cs+ ions, presumably through more relaxed pores at
the 5-fold and/or quasi 6-fold vertices. Themutant virions are not intrin-
sically denser than Wt* virions, as indicated by centrifugation on Nyco-
denz density gradients (Fig. 8C). The Nycodenz molecule, somewhat
larger than ethidium bromide, may have limited access to the interior
of all virions, both Wt* and mutant, but also lacks internal binding sites
(being non-ionogenic). Sedimentation rates are similar for mutant and
Wt* virions in sucrose gradients (not shown), consistent with similar in-
trinsic densities.

Discussion

The !exible CP N-terminus is not essential for infectivity

CP deletion mutants !2–5, !2–10 and !2–26 were all able to infect
Chinese cabbage and produce normal symptoms and typical 28–30 nm
T=3 virions (Table 1, Fig. 4). The "exible N-terminal region that in-
cludes the residues forming the !-annulus is thus not essential for par-
ticle formation or for other functions supporting an infection. It does not
function as a switch region that is required for adopting the quasi-
equivalent conformations needed to assemble both pentameric and
hexameric capsomeres into an icosahedron virion as has been proposed
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for T=3 particles (Harrison, 2001). However, progressive removal of
sequence that includes the !-annulus from the N-terminus clearly re-
sults in attenuated infection and decreased viral yields (Table 1), in-
creased proclivity for defective particles (Fig. 4), and decreased virion
stability (Fig. 5). Thus, although not essential, the !-annulus and
N-terminal !exible region do contribute signi"cantly to successful as-
sembly and to virion stability and integrity. An important impact of
these latter de"ciencies is likely on virus survival outside the host be-
tween infections.

Structural features analogous to the !-annulus are found in other
icosahedral viruses, and, as for TYMV (Canady et al., 1996) these were
predicted from the interpretation of crystal structures to be key contrib-
utors to virion formation and stability (Harrison, 2001; Qu et al., 2000;
Speir et al., 1995). However, similar results to ours have been reported
upon deletion or substitution of the !-annulus analogs from the tom-
busvirus Cucumber necrosis virus (CNV) (Hui and Rochon, 2006) and
the bromoviruses Cowpea chlorotic mottle virus (CCMV) (Willits et
al., 2003) and Brome mosaic virus (BMV) (de Wispelaere et al., 2011).
In each of these cases, the mutants were infectious and produced nor-
mal T=3 virions, but the integrity of the particles was compromised
by being less thermally stable (Hui and Rochon, 2006; Willits et al.,
2003) or more sensitive to ribonuclease (de Wispelaere et al., 2011).
In vitro reassembly was also less ef"cient for CCMV (Willits et al.,
2003) and BMV mutants (de Wispelaere et al., 2011).

The non-essentiality of the !-annulus for T=3 particle formation
has also been demonstrated in experiments expressing CP in E. coli for
the tymovirus PhyMV (Sastri et al., 1997) and the sobemovirus Sesbania
mosaic virus (Satheshkumar et al., 2005). For icosahedral plant viruses
that have !-barrel jelly roll CP structures in common, the !-annulus an-
alogs appear to have similar signi"cance despite considerable diver-
gence in the structural context of the !-annulus in the CP and virion
structure.While in TYMV the !-annulus is comprised of N-terminal res-
idues 1–8 donated by all 6 subunits of the hexameric capsomere, the
BMVandCCMV “!-hexamers” and CNV!-annulus are comprised of res-
idues downstream of positively-charged RNA binding domains. The
CCMV and BMV !-hexamer is built of short !-strands donated by 6 sub-
units (Willits et al., 2003), while only 3 of the hexamer subunits form
the !-annulus in CNV (Xiang et al., 2006) and sobemoviruses (Qu et
al., 2000). In the bromo-, tombusv- and sobemoviruses, the molecular
switch controlling T=3 as opposed to T=1 particle formation that
was originally envisaged as the role of the !-annulus (Harrison, 2001)
is in fact located in the extended N-terminal region that includes the
ARM RNA-binding motif (Choi and Rao, 2000; Hsu et al., 2006; Kakani
et al., 2008; Krol et al., 1999; Satheshkumar et al., 2005). No T=3/
T=1 polymorphism has to date been observed for tymoviruses.

Function of the !exible N-terminus

The attenuated infectivity and particle defects observed for the N-
terminal deletion mutants in this study show that the !exible region
upstream of the CP !-barrel jelly-roll does serve a signi"cant role. De-
creased stability (Figs. 4, 5) and increased porosity (providing in-
creased access to the interior of small ions or molecules that could
destabilize virion integrity) (Fig. 8) are likely factors explaining atten-
uated infectivity. Virion assembly is also likely to be less ef"cient for
the deletion mutants, evidenced by lower yields of assembled capsids
in E. coli and less ef"cient in vitro capsid reassembly (Fig. 2), as well as
by the appearance of defective particles (Fig. 4). The absence of both
the static stabilization provided by the !-annulus as well as the mo-
bile contributions of the !exible N-terminus during assembly and dis-
encapsidation may contribute to attenuation.

We probed the altered structure of particles formed from the N-
terminal deletion CP variants with the use of intrinsic !uorescence as-
says that report on the environment of tryptophan residues. TYMV CP
contains two tryptophans, both within !-strands of the core jelly-roll
(Canady et al., 1996). The Trp75 side-chain faces the particle interior
while the Trp95 side chain is positioned at subunit interfaces. Neither
is in direct contact with residues deleted in !2–5 and !2–10 CP. In
wild type virions, the !uorescence intensity and "max from these res-
idues indicate a high degree of quenching and shielding from the
aqueous solvent (Figs. 6A, B). At 50 °C and concentrations of urea
above 2 M, increased tryptophan !uorescence and "max indicated a
relaxation of molecular structure around the tryptophan residues
(Figs. 6C, D) that is correlated to RNA release (Fig. 5B). Further studies
will be needed to determine whether this is also accompanied by full
particle dissociation. The tryptophan residues of !2–5 and !2–10 vi-
rions were less quenched and somewhat more solvent accessible
(Figs. 6A, B), and !uorescence de-quenching (Fig. 6C) and RNA re-
lease (Fig. 5) occurred at lower urea concentrations than for wild
type. These observations are consistent with less tight molecular
packing and more easily disrupted subunit interfaces.

Another factor that could be detrimental to the stability of dele-
tion mutant capsids is their increased porosity: ethidium bromide
and Cs+ more readily gain access to the virion interior (Fig. 8). Re-
moval of the !-annulus can be imagined to alter the gating properties
of the pores at hexamer vertices (Figs. 1A, B), but possibly also at pen-
tamer vertices if the mobile N-terminal domains reside under certain
circumstances near the pores. We have observed that the increased
access by Cs+ destabilizes both virions (!2–10; Figs. 5A vs. B) and cap-
sids (Fig. 3B, D) and leads to RNA release, presumably as a result of de-
creased RNA compaction upon displacement of Mg2+ or polyamine
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Supplemental Data 

 

 
 

Supplementary Figure 2.1. Primers used for cloning of Wt and N-terminal deletion 
mutants. A. Forward primers for Wt and deletion mutants for PCR amplification and 
cloning into the pRSETB E. coli expression plasmid. A. Universal reverse primer 3’ of 
CP ORF was used near a HindIII restriction site. In bold is NdeI site and underlined is 
“ATG” initiation codon.  B. In order to clone deletion mutants into the Agrobacterium 
infectious clone pCB302-TYW a unique EcoRI site followed by NdeI (both in bold) had 
to be engineered adjacent to the “ATG” start site (underline).  C. Constructs in panel B 
were cloned into an Agrobacterium clone containing a unique EcoRI restriction site 
pCB302-TYEco  to create pCB302-TY*  a construct with a Eco-Nde restriction site (see 
Material and methods for additional cloning strategy information). Shown are primers 
used for overlapping mutagenesis based on the Stratagene Quickchange PCR 
mutagenesis system to introduce the EcoRI site. 
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Supplementary Figure 2.2.  Crystal structure conditions for Δ2-10 and Wt. (Left) 
Δ2-10 crystals could be grown at 1.30 M ammonium phosphate pH 5.5 (but not at lower 
pH values) quite readily. (Right) Wt pH 5.5 crystals isolated under similar conditions 
grow to dramatically larger sizes compared to Δ2-10. No crystals could be isolated for 
Δ2-26 mutant.  The Δ2-10  crystals will hopefully shed light on the locations of increased 
accessibility/porosity within the capsid architecture as described in Fig. 5. 
 
 
 

 
 
 
Supplementary Figure 2.3. Δ2-10 CP mutant shows a higher proportion of empty-
like particles based on density sucrose gradient fractionation. Peak protein fractions 
for virion Δ2-10 (#10) or Wt (#11) show a higher proportion of empty particles (fractions 
3-7, verified by electron microscopy) compared to peak virion fractions.  600 µl fractions 
isolated from 5-30% sucrose gradients and analyzed by SDS-PAGE Coomassie stain.  
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• For deletion (chapter 2) and substitution mutants (chapter 3) we analyzed virions 
with the DNA-binding dye SYBR green, which also has RNA binding activity at lower 
efficiency than DNA activity. We found peak intensity, suggestive of temperature of 
maximum dye-binding to RNA for Δ2-5 (red) and Δ2-10 (green) were at lower 
temperatures compared to Wt (black).  The Ky substitution mutant virion (blue) showed 
increased stability but increased accessibility (Chapter 3, 4) compared to Wt (black)  
suggesting this experimental method could be used to study the RNA accessibility profile 
of the encapsidated RNA for virion mutants. Visualization of Δ2-10 virions at peak 
SYBR emission temperature verified virions were intact. Visualization of SYBR peak 
intensity of Ky virions also verified they were intact. This method has not been reported 
in the literature as a means to test virion accessibility.  Also shown is 1 µg phenol-
chloroform purified RNA (purple) that shows decreasing fluorescent intensity as a 
function of temperature. This observation may be the rationale for higher peak 
fluorescent intensity at lower temperatures seen for Δ2-5 and Δ2-10 compared to Ky and 
Wt virion. 

 

 
 

Supplementary Figure. 2.4. SYBR Green I dye emission profiles of virions show 
peak fluorescence for deletion virions at lower temperatures than Wt. Virions 
analyzed in 30 mM sodium acetate pH 6.0 under three different virion/dye 
concentrations.  Circular/symbol line denotes 5 µg virion 1X final dye concentration. 
Dashed line denotes  10 µg virion 1X final dye and solid line representing the highest 
profile for each given set denotes 5 µg virion 2X final dye. Readings were recorded every 
minute with a rate of 1°C/min. in an ABI 7700 RT-PCR thermal cycler 
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         pH 7.6             pH 5.5 
 
Supplementary Figure 2.5. Virions for Wt and deletion mutants analyzed by native 
agarose gel electrophoresis and stained with EtBr to monitor virion-encapsidated 
RNA versus released “free” RNA. This figure was analyzed in parallel with native 
agarose Coomassie protein gels as depicted in Fig. 4C of original publication. Agarose 
gels were 1% maleic acid pH 6.0 with running buffer also of similar buffer type. 
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Chapter 3 

 
 

The Turnip yellow mosaic virus coat protein N-terminus plays a prominent role in low 
pH stability and in vitro reassembly. 
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Chapter 3 

 
Title 

 
The Turnip yellow mosaic virus coat protein N-terminus plays a prominent role in low 

pH stability and in vitro reassembly. 

 

Abstract 

 

Crystal structure studies have shown that the coat protein (CP) N-terminus of 

Turnip yellow mosaic virus (TYMV) is both disordered and ordered, forming a beta-

annulus. We have replaced the N-terminal nine residues, highly diverse within the 

tymovirus genus, with viral and non-viral sequences. We show that variants with 

substantial changes to these residues are capable of systemic spread throughout the host 

plant, forming infectious 28-30 nm virions. Purified virions were more accessible to 

small molecules, less stable at low pH and hindered in their ability to reassemble in vitro. 

These results show that the TYMV CP N-terminus can tolerate a range of sequences in 

vivo but that mutants are structurally compromised, with altered stability and/or 

accessibility. Specific roles for N-terminal CP residues based on these findings, previous 

published crystal structure data and tymovirus CP alignments are discussed. In addition 

comparative differences in assembly of mutant virions (in plants) versus virus-like 

particles (in E. coli) are discussed.   

 

Introduction: 

 

 Turnip yellow mosaic virus (TYMV) and other tymoviruses are distinguished by 

their high cytosine genome bias (39% C, 17% G in TYMV), their ability to form stable 

empty capsids and the lack of a positively-charged ARM-domain within the coat protein 

(CP) flexible N-terminal domain (Dreher, 2004).  Rather than relying on a positively 

charged CP, TYMV packages cationic polyamines that are estimated to electrostatically 

neutralize 20% of the negative-charged phosphates of the viral RNA backbone (Beer and 
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Kosuge, 1970). Tymoviruses are simple viruses with their entire 6 – 6.5 kb monopartite 

genome packaged within one virion type that is collectively made of 180 copies of a 

single 20 kDa CP subunit (Canady et al., 1996a).  This simplicity of one genomic RNA 

and one CP type has historically made TYMV a popular choice for use in various 

biochemical and biophysical studies (Matthews, 1981) (Bink and Pleij, 2002) (Hirth and 

Givord, 1985). 

TYMV virions are considered highly stable in neutral or low pH conditions and 

are also fairly impermeable to displacement of internal components such as polyamines 

and Mg2+(Matthews, 1974) (Noort et al., 1982a). A distinguishing feature of tymoviruses 

is their ability to form both RNA-containing full virions and stable genome-lacking 

empty particles.  These empty particles are referred to as natural top component (NTC), 

based on the observation that they stay at the “top” of CsCl gradients while their virion 

counterparts migrate to denser positions further down in the gradient (Matthews, 1960).  

If virions are subjected to extreme alkaline pH (Keeling and Matthews, 1982), high 

pressure (Leimkuhler et al., 2001) or freeze-thaw in liquid nitrogen (Katouzian-Safadi et 

al., 1980) genomic RNA is released through a discrete point in the capsid leaving behind 

an empty particle with an undefined missing capsomere (Kuznetsov and McPherson, 

2006). The ability of artificial top component (ATC) particles to remain stable without 

genomic RNA and despite missing CP subunits shows that protein-protein contacts are 

the principal stabilizing force.   

The crystal structures for virion (Canady et al., 1996a) and ATC (van Roon et al., 

2004a) (Larson et al., 2005a) have been solved to 2.9 Å. Within the hexamer interior 

(quasi 6-fold point of symmetry) in both virion and ATC, alternating B- and C-subunit N-

termini form an inter-locking annulus structure residing near the pore (Fig. 3.1, left). It is 

believed that this tethering of subunits afforded by the CP N-terminus enhances the 

stability of the capsid and keeps the virion in a highly impenetrable state (Powell et al., 

2011b).  The crystal structures for two additional tymovirus virions, Physalis mottle virus 

(PhyMV) (Krishna et al., 1999) and Desmodium yellow mottle virus (DYMoV) (Larson 

et al., 2000) have also been solved. TYMV and PhyMV structures are similar in regards 

to the formation of an annulus by B- and C-subunit N-termini. In DYMoV a similar 

annulus structure is formed (Fig. 3.1, right) in a different way, by N-termini from 
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adjacent A- and B-subunits spanning across the hexamer capsomere subunits. 

Interestingly, even though TYMV and PhyMV form similar annuli, TYMV has higher 

sequence similarity to DYMoV than PhyMV, including in N-terminal annulus forming 

residues (Larson et al., 2000).  

 The CP N-termini of tymoviruses are quite diverse in sequence, especially within 

the terminal nine residues (Hayden et al., 1998a). The size of the CP is highly conserved 

in length among tymoviruses but no sequence similarity exists upstream of residues 34-

PFQ-36. Mapped as a two-fold CP contact in TYMV (Canady et al., 1996a), PFQ is 

highly conserved in Tymoviridae family members, from the tymo-, macula- and marafi-

virus genera (Edwards et al., 1997)  (Bink et al., 2004). The N-terminal 26 residues of 

TYMV A-subunit pentamers in both virions and ATCs show no discernable electron 

density and as a consequence are considered mobile. In the PhyMV crystal structure the 

A-subunit N-terminus is also partially disordered (residues 1-10) while in DYMoV the C-

subunit N-terminus is disordered (residues 1-13). The ability of a specific CP region to be 

both ordered and disordered is often referred to as a “molecular switch” as two or more 

conformations can exist for the same CP region (Johnson and Speir, 1997) (Tang et al., 

2006).  Molecular switches are seen in a range of T =3 virion crystal structures and are 

often located within the CP termini outside of the central jellyroll superfold (Rossmann 

and Johnson, 1989). 

 E. coli expression using PhyMV for multivalent display of epitopes relevant to 

vaccine development has shown that over 60 residues can be inserted at the CP N-

terminus while still allowing assembly of virus-like particle (VLPs) (Chandran et al., 

2009; Hema et al., 2007).  PhyMV CP N-terminal deletions of up to 30 residues can also 

assemble into T=3 VLPs (Sastri et al., 1999), with deletions of 11 and 26 equally or more 

stable than Wt PhyMV VLPs (Sastri et al., 1997).  Similar studies with TYMV CP 

expression in E. coli also show that CP with large N-terminal deletions (residues 2-5, 2-

10 and 2-26) can assemble into T=3 VLPs. The same mutations engineered into virions 

via an infectious clone can form normal virions, but they are unstable and have increased 

accessibility, and the infections are attenuated (Powell et al., 2011b).   

PhyMV and TYMV deletion studies have thus shown that residues forming the 

beta-annulus and N-terminal disordered region are not essential for assembly, but less is 
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known about the effects of substitutions of annulus forming residues.   A 1998 study by 

Hayden et al. showed that the first nine residues of TYMV CP could be replaced (Hayden 

et al., 1998a).  Since this study, no other experiments exploring CP N-terminal 

substitution mutants for tymoviral virions have been reported.  Because the CP N-

terminus is quite variable in sequence for tymoviruses, and with the increased interest in 

using this highly stable class of viruses for vaccine development and nanotechnology-

based applications (Kaur et al., 2008) (Pokorski and Steinmetz, 2011), we set out to 

determine the range of sequences that could be tolerated within the N-terminus. In this 

study we report the resulting biophysical properties of mutant virions and VLPs.  

 

Results 

 

Infectivity of virions with N-terminal substitutions 

 

 TYMV N-terminal residues 2-9 were replaced with sequences derived from both 

viral and non-viral sources (Fig. 3.2A). Rh, Fv and Ky TYMV CP mutants contained, 

respectively, the N-terminal residues from the calicivirus Rabbit hemorrhagic disease 

virus (RHDV), the insect-infecting nodavirus Flock house virus (FHV) and Kennedya 

yellow mottle virus (KYMV), a tymovirus closely related to TYMV (Paul et al., 1980) 

(King et al., 2012). While no crystal structure or cryo-EM data are available for KYMV, 

in FHV (Dong et al., 1998) (Wery et al., 1994) and RHDV (Barcena et al., 2004) these N-

terminal regions are located within the virion interior. Two additional mutants were 

constructed with the intent of subsequent nanotechnology-based applications.  The first 

mutant (Tc) introduced a tetracysteine (CCPGCC) motif in the N-terminus.  This epitope 

is known to bind biarsenical compounds for fluorescence-based studies and has 

previously been utilized with FHV (Lanman et al., 2008) and Brome mosaic virus (BMV) 

(Qi et al., 2011). A 13 residue 6xHis epitope from the original pRSET-B E. coli 

expression plasmid (see Materials and methods) was also engineered as an extension to 

the CP N-terminus (mutant called Xt) for the purpose of enabling a convenient means to 

purify CP and/or particles through nickel affinity resin.  This 13-residue epitope was also 

engineered as a substitution within the TYMV CP N-terminus, but no particles in E. coli 
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or plants were evident and therefore results are not included.  Wild-type TYMV CP is 

referred to as “Wt” in the following results. 

 Wt and N-terminal mutants were introduced into Chinese cabbage by the 

agroinfiltration method (Cho and Dreher, 2006). All agroinfiltrated plants, regardless of 

presence or absence of symptoms, were harvested for virus purification by the bentonite 

method (Dunn and Hitchborn, 1965). In order to determine the relative infectivities of Wt 

and mutants, 1 µg of sucrose-purified virion (separated from empty/broken particles) was 

mechanically inoculated onto 3-week old Chinese cabbage. Local chlorotic primary 

lesions formed at 5-6 days post infection, indicative of cell-to-cell spread of virus (Fig. 

3.2B, left). Later, systemic symptoms in the form of the characteristic vein-clearing 

appearance occurred on secondary leaves (Fig. 3.2B, right). Ky, Fv and Rh symptoms at 

local and systemic sites were slightly delayed compared to Wt (summarized in Fig. 3.2C). 

Xt produced primary lesions and minor secondary symptoms, but no symptoms on 

tertiary leaves. Tc mutant produced small local primary lesions, but no systemic 

symptoms were apparent. 

 In order to inspect particle morphology, secondary and tertiary leaves were 

harvested 28 days post infection and virus was viewed by transmission electron 

microscopy (TEM) (Fig. 3.2D). Ky and Xt showed similar profiles to Wt in regards to the 

size of full and empty particles. The ratio of full vs. empty, based on negative staining in 

TEM images was 81% full for Wt with similar levels (70-90%) for Ky and Xt (Fig. 

3.2C). While no symptoms were present on systemic leaves for Tc, particles in small 

quantities were present after purification but were highly unstable, and a visible 

precipitate formed within the first few hours after purification.  Comparisons of Tc virus 

treated and untreated by fixation with glutaraldehyde, a cross-linking agent used to 

prevent further particle degradation, verified the presence of both full and empty 

particles. Due to instability and low yield, Tc and Xt proved problematic for further study 

(discussed below). 

Fv and Rh virions were similar in appearance to Wt but empty “atypical” particles 

were also present (Fig. 3.2D, arrow). For Rh, 3-5% of the particle population was either 

smaller (~20-22 nm) or larger (~35-39 nm) than normal empty particles. In Fv 

preparations abnormal 5-8 nm “circular” structures were evident and size comparison in 
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relation to virion suggest an intermediate or capsomere-like structure. To further 

characterize these atypical structures for Fv and Rh, CsCl gradient centrifugation in 30 

mM sodium acetate, 1 mM MgCl2 pH 6.0 was used as previously reported (Powell et al., 

2011b). The empty Fv and Rh polymorphic particles did not survive the CsCl gradients. 

TEM of Fv and Rh preparations after CsCl addition but before centrifugation showed no 

polymorphic particles and a slight decrease in the percentage of empty particles, although 

smaller structures interpreted as dissociated complexes were present. When virus 

preparations were incubated in buffer at pH 5.2 empty capsids of Fv, Rh and Ky but not 

Wt were preferentially destroyed, leaving virions intact (depicted Fig. 3A, left). 

Reexamination of Rh and Fv virus preparations stored for 10-14 days after purification 

also showed a similar profile as the pH 5.2 electron micrographs.  No change in 

empty/full profile was seen for Wt or Ky when original preparations were viewed 10-14 

days later.  When the pH was lowered further from pH 5.2 to 4.8, mutant virus 

preparations, including Ky, were in a visibly irregular and highly compromised state 

(depicted Fig. 3A, right).  We conclude from these findings that empty particles for Fv 

and Rh but not Wt or Ky are highly unstable after purification. When pH was shifted 

from 6.0 to 5.2, Fv, Rh and Ky empty capsids were preferentially destroyed, with no 

effect on virion structure.  At pH 4.8 the mutant virions were also compromised, while 

Wt maintained the typical empty/full profile seen after initial purification.  It is unknown 

whether the particle abnormalities seen after purification of Rh and Fv are a by-product 

of genome release or if they represent aberrantly assembled, highly unstable, empty 

particles.   

 Previous studies have shown that removal of N-terminal residues of 10 and 26 

form infectious virions but were highly unstable when pH was shifter from 7.6 to 5.5 

(Powell et al., 2011b).These findings and our low pH destabilization of virion suggests 

that N-terminal residues play a prominent role in ensuring virions are stable under acidic 

conditions. 

 

Accessibility of virions to small molecules 
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 CsCl gradients with starting density 1.42 g/ml were used to purify virions and to 

determine virion density. The peak fractions for Fv, Ky and Rh virions migrated to  more 

dense positions in the gradient compared to Wt (1.413 g/mL; Fig. 3.3B). N-terminal 

deletion mutants (Powell et al., 2011b) and a small subset of Wt virions (Fig. 3.3B, 

arrow) have previously been reported to sediment to higher densities. This phenomenon 

is attributed to the heavier cesium ions displacing internal less dense counter ions (Noort 

et al., 1982a). The apparent ease of displacement by Cs+ for mutants, most prominently 

for Fv, suggests that N-terminal mutations result in virions that are more accessible.   

Attempts to determine the density of Tc and Xt in CsCl gradients proved unsuccessful 

due to instability in CsCl, but virions were stable through sucrose centrifugation.  

 CsCl purified virions were analyzed by native agarose gel electrophoresis, in 

which migration depends largely on the charge properties of the virion exterior. 

Electrophoretic migrations of mutant virions were similar to Wt, (Fig. 3.3C), as expected 

for the replacement of internal residues (Canady et al., 1996a).  

Staining of encapsidated RNA was much more intense for Fv and Rh at pH 6.0 

and for Fv at pH 8.3 (Fig. 3.3C, EtBr), reflecting ready access of ethidium bromide to the 

virion interior. This mirrored the increased accessibility of mutant virions to CsCl 

deduced from CsCl gradients (Fig. 3.3B). Tc and Xt virions could be analyzed after 

purification on sucrose gradients (Fig. 3.3C, right); Xt virions showed normal levels of 

ethidium bromide accessibility, while Tc virions released their genomic RNA during 

analysis. Because of the low stability, low yield (Fig. 3.2C) and difficulty in separating 

virions from empty particles, further analysis of Xt and Tc virions could not be 

performed. The increased accessibility of virion has been noted for N-terminal deletions 

of 5, 10 and 26 residues (Powell et al., 2012) Our results suggest non-native residues 

(substitution mutants) result in N-terminal conformations that are less efficient at keeping 

the virion highly impenetrable, most notably at higher pH values based on EtBr staining 

(Fig. 3.3C).   

 

Virion stability 
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 In order to determine the relative stability of mutants, virions (sucrose gradient 

purified) were subjected for 30 minutes to a 50 °C treatment in increasing concentrations 

of the denaturant urea. Intrinsic fluorescence was measured with excitation at 295 nm 

(Fig. 3.4A) and 280 nm  (Fig. 3.4B). At 295 nm, tryptophan (Trp) is the dominant residue 

represented in emission spectra.  At 280 nm excitation, Trp is still dominant, but 

contributions from aromatic residues tyrosine and phenylalanine can factor into emission 

profiles (Beechem and Brand, 1985). Wt and Ky virions showed similar increases in 

fluorescence at 2-4 M urea, while the corresponding increases in Fv and Rh occurred 

between 0.5 and 2 M urea (Fig. 3.4A, B, right panels). These transitions presumably 

result from decreased quenching due to structural changes in the virions. The λmax values 

(Fig. 3.4A, B, left panels) indicate that aromatic residues in Wt and Ky virions are less 

solvent-accessible below 2 M urea than in Fv and Rh virions, but at higher urea 

concentrations, differences in solvent accessibility are minor between the four virion 

types. This suggests similarities in overall structures after initial virion destabilization and 

perhaps RNA loss has occurred. We can conclude from fluorescence spectroscopy data 

that the substitution with the Ky sequence retains much of the stabilizing properties as 

Wt, while Fv and Rh form less stable virions. The balance of stabilizing and potentially 

incompatible, destabilizing interactions in which N-terminal substitutions can participate 

presumably determines the virion stability phenotype. The addition of three basic 

residues for Fv, two basic residues in Rh, but no basic residues in Ky are likely important 

variables affecting electrostatic interactions near the icosahedral vertices, but single 

amino acid substitutions are needed to determine individual residue contributions to 

stability.  

 Native agarose gels (Fig. 3.5) were utilized in alternative assays measuring the 

relative stabilities of virions, using similar pH 6 conditions as those used in the intrinsic 

fluorescence studies. Fv and Rh virions were less stable than Wt, releasing RNA at 1 M 

urea as opposed to 2 M (Fig. 3.5). These findings are consistent with the transitions in 

intrinsic fluorescence intensity (Fig. 3.4A, B, right panels) occurring as a consequence of 

genome release. The Ky mutant was less subject to genome release at 2 M urea than Wt 

(Fig. 3.5), suggesting increased stability, although there was no such indication from the 

intrinsic fluorescence experiments (Fig. 3.4).   The structural transitions that correlate 
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with RNA release may not be the same among the four variants studied here. 

Nonetheless, we can conclude from native agarose gel findings (Fig. 3.5) and those of 

tryptophan fluorescence (Fig. 3.4) that Ky is at least equal and potentially increased in 

stability compared to Wt virions while Rh and Fv are less stable.  Similar intrinsic 

fluorescent profiles to Rh and Fv are seen for less stable virions for N-terminal deletions 

5 and 10, confirming the usefulness of fluorimetry in identifying virions that are 

considerably less stable than Wt to urea. 

 

In vitro reassembly of disrupted virions 

 

 No protocol for the in vitro reassembly of particles from disassembled TYMV 

virions has been reported.  For reassembly attempts, sucrose-purified Wt, Ky, Fv and Rh 

virions were dialyzed in 8 M urea overnight to denature CP in one of two tested buffer 

systems: 50 mM sodium acetate, 2.5 mM DTT, 2.5 mM MgCl2 pH 5.8, or a higher pH 

buffer with near-physiological osmolarity consisting of 50 mM Tris-HCl, 2.5 mM DTT, 

2.5 mM MgCl2, 200 mM NaCl pH 8.0. Urea was removed by dialysis in 1M-stepwise de-

increments, with a final low-speed centrifugation step utilized to separate insoluble, 

precipitated CP from soluble forms. Under pH 5.8 conditions, Wt CP reassembled into 

26-28 nm particles that could be identified by TEM among the soluble material (Fig. 

3.6A, left). Full and empty particles were evident, but most particles appeared to be 

slightly flattened or crescent shaped. In Ky reassembly attempts, only abnormal non-

uniform particles larger than Wt were present in trace amounts (Fig. 3.6A, right). No 

reassembled product could be found in Fv and Rh assembly attempts. As a control for 

incomplete initial particle disruption, 8 M urea treated Wt and Ky virions were diluted in 

buffer and viewed by electron microscopy; no particle structure was observed. 

Reassembly in pH 8.0/200 mM salt conditions showed the presence of small amounts of 

empty particles only for Wt, but in highly limited numbers (Fig. 3.6B). Due to the 

presence of only trace amounts of particles based on electron microscopy observations, 

further analysis of these pH 8.0 reassembled structures was not pursued.  

 Western blot analysis of the products of pH 5.8 reassembly experiments (Fig. 

3.6C) confirmed the presence of soluble CP for Wt and in much lesser quantities for Ky, 
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but not from Fv or Rh. Material from Wt pH 5.8 reassembly experiments was analyzed 

by native agarose gel electrophoresis. The reassembled product (Fig. 3.6C, “Ass” lane) 

migrated to a position further downwards towards the cathode than authentic Wt virion 

(Fig. 3.6C, “V” lane) or natural empty particle (Fig. 3.6C, NTC). The distinct ethidium 

bromide band (Fig. 3.6D, left panel, asterisk) appeared to coincide with Coomassie-

detectable forms (Fig. 3.6D, right panel, asterisk), suggesting that some RNA was 

encapsidated, consistent with the presence of stain-impenetrable particles in TEM images 

(Fig. 3.6A). The finding that migration was shifted downwards for this putative assembly 

product (Fig. 3.6D, arrow) and the observation that flattened and crescent-moon particles 

were visible by TEM (Fig. 3.6A) suggests that these reassembled particles are not in 

native virion form. The additional RNA smearing below the RNA band for the assembled 

product is presumably the result of some RNA degradation occurring during the 

attempted reassembly; this RNA migrated to lower positions than genomic RNA (Fig. 

3.6C, RNA lane) and the 6 kb position in an RNA ladder (Fig. 3.6C, L lane). We find 

similar failure in reassembly for N-terminal deletion 5, 10 and 26 virions (unpublished) 

as substitution mutant findings highly suggestive that N-terminal residues are crucial in 

ensuring reassembly from a denatured state. 

 

VLP assembly in E. coli  

  

 N-terminal substitution mutants and Wt were expressed in a CP-only E. coli 

expression system. After lysis of bacteria, the partition of CP among soluble and 

insoluble pools was monitored by SDS-PAGE and Coomassie staining (Fig. 3.7A), with 

soluble fractions further analyzed by Western blot (Fig. 3.7B). While variation in CP 

expression was evident, the ratio of soluble to insoluble CP for a particular mutant was 

either equal to or significantly less than Wt. Soluble CP was detected for Fv, Rh, Xt and 

Wt, but almost all detectable CP for Ky and Tc was in the insoluble state. After PEG-

precipitation, used as a concentration step, the precipitated and subsequently resuspended 

material was analyzed on native agarose gels stained with Coomassie to determine the 

presence of assembled particles (Fig. 3.7C). Similar migration compared to empty ATC 

particles from plants suggested the presence of VLPs (Fig. 3.7A, B, C). Electron 
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microscopy verified the presence of VLPs for Wt, Fv, Rh and Xt, but no particles could 

be seen for Tc or Xt, as expected from the initial gel electrophoresis experiments.  

 Reassembly experiments, like those described above for virions (Fig. 3.6) were 

performed with CP derived from the insoluble inclusion bodies of E. coli -expressed Wt, 

Fv, Ky, Rh, and Xt CP. Specifically during the 1 M to 0 M urea transition in pH 5.8 and 

pH 8/salt buffer systems, significant precipitation was noticeable for all constructs. When 

unprecipitated material was viewed by electron microscopy, VLPs were only evident for 

Wt, and in higher yield at pH 5.8 compared to pH 8.0 (Fig. 3.7D). The addition of 

genomic RNA to E. coli inclusion body-derived Wt CP did not influence the reassembly 

results in either pH 5.8 or pH 8.0/NaCl buffer. Addition of genomic RNA to Ky, Fv and 

Rh CP reassembly reactions also had no effect on reassembly, with no particles 

identified. The pH 5.8 Wt reassembly products were further analyzed by native agarose 

gel electrophoresis (Fig. 3.7E). The reassembled E. coli-derived VLPs migrated with 

ATCs (Fig. 3.7E, star) rather than NTCs or virions. In summary, VLPs were detected for 

Wt, Fv, Rh and Xt in the soluble fraction of E. coli supernatant while Tc and Ky were 

found exclusively in the insoluble material. Attempts to reassemble CPs from insoluble 

inclusion bodies were only successful for Wt, which showed a greater efficiency at pH 

5.8 compared to pH 8/salt. A failure to reassemble insoluble CP for any of the 

substitution mutants is similar to previous findings with 5, 10 and 26 N-terminal deletion 

mutants (Powell et al., 2012). These results, similar to results for reassembly of virus 

from the plant-derived system discussed above further suggest native N-terminal residues 

are critical for reassembly of CP in either the E. coli or plant-based system. 

 

Discussion 

 

The hexamer channel: acidic CP residues 

 

 Examination of the sequence of residues of CP mutants (Fig. 3.2A), the position 

of N-terminal residues in the crystal structure (Fig. 3.8A, B) (Larson et al., 2005a) and 

comparisons of N-terminal CP residues for tymoviruses (Fig. 3.8C) provides insight into 

potential functions of the TYMV CP N-terminus. The second residue of TYMV CP, an 
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acidic glutamic acid (E2), is positioned within the hexamer cavity with the side-chains 

from all six annulus-contributing subunits facing inwards towards the pore (Fig. 3.8A).  

An additional N-terminal acidic residue, aspartic acid (D4), is also positioned within the 

channel (Fig. 3.8B).  An examination of tymovirus CP alignments shows that many 

tymoviruses contain one or two acidic residues within the N-terminal 5 residues (Fig. 

3.8C). The TYMV N-terminus (MEIDK-) and that of DYMoV (MEQDK-), as discussed 

earlier, form annulus structures using different participating subunits that result in highly 

similar environments around the inside of the hexamer pore (Fig. 3.1). The clustering of 

acidic residues and/or their carboxamide counterparts Asn and Gln are known to provide 

a highly favorable environment for the binding of divalent cations (Banerjee et al., 2010) 

(Dokmanic et al., 2008).  While the TYMV and DYMoV crystal structures do not reveal 

the presence of divalent metal, the positioning of the E2 side chains (Fig. 3.8A) suggests 

a favorable location for a metal binding site. Distance of E2 side-chains in TYMV are 4.9 

Å for neighboring B- to C- subunit E2 oxygens and 6.7 Å for C- to B- E2 oxygens. The 

E2 side-chain distance across the pore is 12.3 Å. While these distance are too far for to be 

classified as a putative metal-binding site, the pore opening is less than 1 Å, therefore this 

pocket could provide a “pocket” which has been shown to be devoid of RNA (Larson et 

al., 2005). 

Annulus formation not only might provide enhanced stability afforded by 

additional inter-locking of N-terminal CP residues but could conceivably act as a gate in 

regulating the exchange between the virion interior and exterior based on the positioning 

of these annulus side-chain residues. The TYMV E2 residue for B-subunits was reported 

to be in close contact through hydrogen bonding with glutamine Q132 in C-subunits 

(Canady et al., 1996a). Q132 is within the flexible F-G loop that in essence regulates the 

size of the exterior opening of the hexamer pore. Our substitution mutants were more 

accessible to cesium (Fig. 3.3B) and ethidium bromide (Fig. 3.3C), highly suggestive of 

increased porosity and accessibility. The Fv mutant, for which the N-terminal charge 

profile is shifted from a net -2 charge to +3 (Fig. 3.2A), was more accessible than the Rh 

or Ky mutants, and also relatively unstable (Fig. 3.4).  The Rh substitution retained the 

Wt E2 and P9 residues, while Ky retained the Wt leucine and alanine at positions 7 and 8 

and was overall neutral in net charge.  A definitive structure would need to be solved for 
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one of the mutants to determine if there is indeed expansion at the 6-fold pore due to an 

inability of mutants to stabilize the F-G loop, such as through loss of the E2-Q183 

interaction.  

The Xt and Tc mutants, which do not contain viral sequence and contain 

unnatural motifs such as a stretch of 6 histidines or a clustering of four cysteine residues 

(Tc), were surprisingly able to encapsidate RNA and assemble into icosahedral virions 

similar to Wt (Fig. 3.2D). These substitutions therefore represent 1080 additional 

histidine residues in the interior for Xt and 720 additional cysteines for Tc. Relevant to 

the Xt extension mutant, tymovirus alignments (Fig. 3.8C) show two tymoviruses with 

slightly longer N-terminal CP regions: Erysimum latent virus (ErLV) and Passion fruit 

yellow mosaic virus (PFYMV).  These two viruses have N-terminal CP lengths similar to 

those of maculaviruses (~22-23 kDa CPs), which are also in the Tymoviridae family. Our 

extension findings and these two larger tymovirus CPs suggest that addition of residues 

to the TYMV N-terminus does not necessarily interfere with packaging function of 

nucleic acid in vivo but is likely to impart instability.  

  

Particle destabilization at low pH 

 

 The finding that Fv, Rh and Ky virions and capsids were more unstable at low 

than neutral pH (see Fig. 3.3A) suggests that native N-terminal CP residues contribute 

significantly to the stabilization of virion at low pH.  Our tentative findings that the Ky 

mutant had equal or potentially increased stability versus Wt at pH 6.0 (Fig. 3.4, 3.5) but 

was highly unstable at pH 4.8 suggests that some type of N-terminal conformation, either 

involving the disordered region in A-subunits and/or the annulus-forming properties in B- 

and C-subunits, is hindered in adopting a Wt-like conformation at lower pH.  

 The 2005 TYMV virion 2.9 Å structure (Larson et al., 2005a), slightly higher in 

resolution that the 3 Å initial 1996 structure (Canady et al., 1996a), shows electron 

density for 3 nucleotides mapped to a similar placement as the 7 nucleotides seen in the 

slightly higher resolution DYMoV structure  (Fig. 3.1, colored pink) (Larson et al., 

2000).  While the specific residues are not placed in the structures, the overall 

arrangement of encapsidated TYMV RNA was determined using differences in electron 
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density maps for virion and ATC based on structure factor amplitudes and experimental 

phasing calculations (Larson et al., 2005a).  In this detailed analysis, the RNA within the 

hexameric capsomere appears to make CP contact in the vicinity outside the central pore, 

close to a “ring” of positively-charged residues contributed from N-terminal (K5, K12) 

and internal (K131) CP residues (Fig. 3.8A, RNA in green). RNA does not deeply 

penetrate the capsomere interior near acidic residues (E2). Altering native acidic residues 

(E2, D4, E6) and basic K5 and potentially repositioning of K12 through N-terminal 

mutation would result in altered “zones” that do not show the negative and positive 

tendencies seen for wild type (Fig. 3.8A) and therefore the encapsidated RNA could be 

suboptimally relocated. 

	  

The	  low	  pH	  cytosine	  rich	  phenomenon	  	  

	  

	   As	  mentioned	  in	  the	  introduction,	  TYMV and other tymoviruses have a 

distinctive skewed cytosine-rich, guanosine-poor genome that has been of considerable 

interest (Bink and Pleij, 2002) (Larson et al., 2005a) (Hellendoorn et al., 1996).  This 

type of base composition should leave aproximately1400 cytosines unable to participate 

in base-pairing (Hellendoorn et al., 1996). Not only could these cytosines provide 

ordering in the form of single-stranded tracks in the encapsidated virion, but they have 

been shown to be partially protonated at pH 4.8 (Hartman et al., 1978). If there is 

relevance to low-pH association of genome and CP it remains quite perplexing. 

Assembly occurs in the cytoplasm not the chloroplast (Hatta and Matthews, 1976)  and 

therefore a pH environment this acidic in assembly is not plausible as has been recently 

discussed (Dreher, 2004)  

 At pH 4.5 or less the N3 of cytosine would primarily be in a protonated form. 

This would enable electrostatic interaction with the carbonyl group of aspartic or 

glutamic acid (Jonard et al., 1976) (Kaper, 1971). The potential for binding of protonated 

cytosines with acidic residues, such as those preferentially represented in the annulus-

forming N-terminus, would be an appealing means for virion stabilization at low pH. The 

low pH protonation of cytosines has been confirmed by laser-Raman spectroscopy at pH 

4.8, showing that approximately 20% of cytosines (pKa 4.2) and to a lesser extent 
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adenines (pKa 4.1) are protonated (Hartman et al., 1978). UV-crosslinking studies with 

TYMV also identified a range of RNA-binding regions in the CP at pH 4.8 that were not 

present at pH 7.3 (Ehresmann et al., 1980).  These residues, 28 in total and dominated by 

both acidic and basic residues, reside within various CP locations in the virion interior 

that include the N-terminus. In addition, a peptide corresponding to residues 1-13 could 

be cross-linked in situ to the viral RNA at pH 4.8 with UV and at pH 7.3 with bisulfite, 

suggesting that RNA and N-terminus are close under both conditions. The lack of acidic 

groups in our N-terminal mutants may contribute to decreased low-pH stability through 

lost electrostatic neutralization of positively charged C residues.  

 

Assembly and reassembly: E. coli VLPs and plant virions 

 

It is quite interesting that deletions or large insertions of non-native residues in the 

N-termini of tymoviral CPs (primarily PhyMV, vaccine studies (Hema et al., 2007) 

(Chandran et al., 2009) are compatible with assembly of VLPs in E. coli while the nine 

residue Ky substitution mutant resulted in almost all CP aggregating to inclusion bodies 

(Fig. 3.7). Ky virions are quite stable (Fig. 3.4, 3.5) with a total virus yield 54% of wild-

type (Fig. 3.2C).  Empty capsids (NTCs) also were produced during infections in Chinese 

cabbage. We speculate that the folding and assembly environment provided by 

chaperones and other factors in plants are superior for Ky CP folding than those provided 

in E. coli. We can conclude from these findings that the E. coli expression system in the 

context of mutants is not an adequate model for determining assembly outcomes in vivo. 

It is interesting that only Wt CP residues enabled sufficient reassembly from both virions 

(Fig. 3.6) and E. coli-based insoluble CP (Fig. 3.7D, E). It must be noted however that 

the flattened appearance of reassembled Wt virions (Fig. 3.6A) and the electrophoretic 

migration further towards the cathode in native agarose gel electrophoresis (Fig. 3.6C) 

highly suggests these particles are not completely assembled virions. However, the Wt 

CP does possess a superior ability for initiating reassembly than the mutant CPs.  

  

Materials and Methods 
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Generation of mutants for expression in E. coli and plants  

 

 An Agrobacterium-compatible TYMV infectious clone, derived from pCB302-

TyW, was used as template for Polymerase chain reaction PCR-directed mutagenesis 

(Dreher and Bransom, 1992) (Powell et al., 2011b). Forward primers added an NdeI 

restriction site followed by 27 nucleotides corresponding to the 9 codons for the mutant 

Fv, Rh, Ky, Tc sequences (see Fig. 3.2A), finally followed by 15 Wt priming nucleotides. 

A universal reverse primer with a HindIII restriction site followed by the 3’ end of 

TYMV genome was used  (see supplementary). PCR reactions amplified the CP-

encoding region as well as the 3' untranslated region. PCR-products were cloned into a 

TA-plasmid, pGEM-Teasy (Stratagene). Both TA-plasmid and pRSET-B (Invitrogen), an 

E. coli protein expression plasmid, were digested with NdeI and HindIII for CP fragment 

insertion using standard cloning techniques.  The Xt extension mutant was cloned in a 

similar fashion as the other mutants, but an NheI instead of NdeI site was present in the 

forward primer and was used during restriction digestion to retain the original 13-amino 

acid 6xHis epitope of pRSET-B upstream of the CP coding region. TYMV sequences 

from pRSET-B constructs were cloned into pCB302-TyW*, a modified TYMV infectious 

clone binary vector construct that contains a convenient EcoRI site immediately upstream 

of the CP start site (Powell et al., 2011b). Fragments Wt and mutant from pRSET-B 

constructs were PCR-amplified and cloned using EcoRI and SmaI sites of pCB302-TyW* 

to create the intended mutations within the context of the full-length genome. All final 

constructs were sequenced with 2x CP coverage to verify the intended mutations.  

 

Plant infections and virus purifications 

 

pCB302-TyW*-based constructs, along with a second construct encoding for the 

p19 protein from Tomato bushy stunt virus (TBSV), were introduced into 3-week 

Chinese cabbage plants as previously described (Powell et al., 2011b). TBSV p19 

functions as a repressor of host-induced RNAi silencing and was used to maximize 

transient expression. After all leaves were harvested and virus purified by the Bentonite 

method (Dunn and Hitchborn, 1965), 1 µg of virion (based on A260 reading) from 5-30% 
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sucrose gradients was mechanically inoculated per plant to determine virus infectivity. 

Virus from non-inoculated leaves was again purified by the Bentonite method, with total 

virus yield determined by the Bradford assay using a BSA standard curve. with 

subsequent qualitatively verification of yield by SDS-PAGE Coomassie.  The CP ORF of 

virus preparations purified from infected plants were sequenced via RT-PCR of the 

appropriate.  Virus mutants that remained infectious (Wt, Fv, Rh, Ky) were also serially 

passaged for 5 additional generations over a 6-month period and sequenced. No 

additional or unintended mutations were found.  

 

 

Electron microscopy 

 

 Viral particles and VLPs (E. coli) were visualized on glow-discharged Formvar-

carbon coated grids (Ted Pella) by negative staining with 2% phosphotungstic acid in a 

Phillips CM-12 transmission electron microscopy at 80 kEV. For Tc mutant, virus was 

also treated with 0.1% glutaraldehyde for 30 min, (Fig. 3.2D) with subsequent removal 

through buffer exchange in a Microcon YM-10 (Millipore). 

 

Plant virus particle characterization 

 

Virions were purified by CsCl and sucrose gradient ultracentrifugation, and were 

subjected to intrinsic fluorescence measurements with an Fl3-21 Spex spectrofluorimeter 

as previously published (Powell et al., 2011b). Settings were 1 s integration, 5 mm slit 

width, and excitation at either 280 or 295 nm, with readings recorded from 310 to 400 

nm. Blank measurements were made in corresponding urea-containing buffers. 

Studies investigating stability to urea and increased temperatures utilized analysis 

with native agarose gel electrophoresis (including E. coli VLPs, see below): 0.8-1% 

agarose gel electrophoresis in pH 8.3 Tris-acetate for 70-90 minutes at 50 V.  Gels were 

stained with ethidium bromide (0.5 µg/mL) Coomassie (0.25% Coomasie R-250; 10% 

acetic acid 40% methanol stain and destain).  
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E. coli-assembled particle characterization  

 

 The induction conditions of E. coli-based CP constructs in regards to IPTG, 

temperature and sonication were as previously published (Powell et al., 2011b). 

 

Reassembly experiments 

 

Buffers used were “low pH” consisting of 50 mM sodium acetate, 2.5 mM DTT, 

2.5 mM MgCl2 pH 5.8 or “pH 8.0/salt” 50 mM Tris-HCl, 2.5 mM DTT, 2.5 mM MgCl2, 

200 mM NaCl. Inclusion bodies, the insoluble material pelleted from sonicated E. coli 

were solubilized in 8 M urea, 50 mM sodium acetate pH 5.8. Virions, 50 µg, were 

disrupted by exposure to 8 M urea 50 mM sodium acetate pH 5.8 overnight. In each case, 

urea concentration was reduced step-wise in 1 M decreasing increments (8 to 0 M urea) 

with one hour dialysis at each step. Three final buffer exchanges to remove trace amounts 

of urea and DDT were also used. The dialysis tubing used had a 10 kDa molecular cut-

off. After dialysis, precipitated or aggregated material was removed by centrifugation at 

8,0000 x g. for 10 min.  The soluble lysate was concentrated, when appropriate, with a 

YM-10 Microcon device (Millipore).  
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Figures 
 

 
 
 
Figure 3.1. The internal environments and the contributions of the CP N-termini at 
the 6-fold pore for the tymoviruses TYMV (left) and DYMoV (right). In lighter–
shaded blue and red are the alternating B- and C-subunits, respectively, of the hexamer. 
In black are neighboring CP subunits outside the hexamer. Depicted above each structure 
is a side surface view for clarity. Ordered regions of RNA are shown in pink. The major 
difference is that in TYMV the N-terminal residues of B- and C-subunits form an annulus 
that is self-contained within the hexamer, while in DYMoV N-termini from adjacent 
(black) A- and B-subunits migrate across the capsomere to form a similar annulus.  
 



	   99	  

 
 
 
 
Figure 3.2. Wt and N-terminal CP mutant virus properties in the host Chinese 
cabbage. A. N-terminal CP constructs: residues that are conserved between Wt TYMV 
and mutants are shown in gray. B. Characteristics of symptoms in Chinese cabbage 
showing primary local lesions at the site of mechanical inoculation and later the spread of 
symptoms on secondary leaves as the virus moves systemically throughout the 
vasculature system. C. Summary of symptoms on primary and secondary leaves for Wt 
and mutants, the percentage of stain impenetrable virions (full) when viewed by electron 
microscopy and the total virus yield based on the Bradford assay with subsequent 
verification by Coomassie protein staining in SDS-PAGE gels.  D. Total virus 
preparations (in pH 6 buffer) viewed by transmission electron microscopy (TEM) 
showing empty, full and in some cases atypical empty particles (arrows) for Rh and Fv 
mutants. For Tc mutant 0.1% glutaraldehyde crosslinking was utilized to prevent further 
degradation. Virus was in 30 mM sodium acetate pH 6.0 before staining as is conditions 
in Fig. 3B, C. Scale bar: 50 nm. 
 

 
Fig. 2. Wt and N-terminal CP mutant virus properties in the host Chinese cabbage 
A. N-terminal CP constructs, in gray are residues that are conserved between Wt TYMV 
and mutants.  B. Characteristics of symptoms in Chinese cabbage showing primary local 
lesions at the site of mechanical inoculation and later the spread of symptoms on 
secondary leaves as the virus moves systemically throughout the vasculature system. C. 
Summary of symptoms on primary and secondary leaves for Wt and mutants, the 
percentage of stain impenetrable virions (full) when viewed by electron microscopy and 
the total virus yield based on the Bradford assay with subsequent verification by 
Coomassie protein staining in SDS-PAGE gels.  D. Total virus preparations viewed by 
transmission electron microscopy (TEM) showing empty, full and in some cases atypical 
empty particles (arrows) for Rh and Fv mutants. For Tc mutant 1% glutaraldehyde 
crosslinking was utilized to prevent further degradation. Scale bar: 50 nm. 
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Fig. 2. Wt and N-terminal CP mutant virus properties in the host Chinese cabbage A. N-terminal 
CP constructs, in gray are residues that are conserved between Wt TYMV and mutants.  B. 
Characteristics of symptoms in Chinese cabbage showing primary local lesions at the site of 
mechanical inoculation and later the spread of symptoms on secondary leaves as the virus moves 
systemically throughout the vasculature system. C. Summary of symptoms on primary and secondary 
leaves for Wt and mutants, the percentage of stain impenetrable virions (full) when viewed by electron 
microscopy and the total virus yield based on the Bradford assay with subsequent verification by 
Coomassie protein staining in SDS-PAGE gels.  D. Total virus preparations viewed by transmission 
electron microscopy (TEM) showing empty, full and in some cases atypical empty particles (arrows) 
for Rh and Fv mutants. For Tc mutant 1% glutaraldehyde crosslinking was utilized to prevent further 
degradation. Scale bar: 50 nm.!
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Figure 3.3. Virion properties of N-terminal CP mutants. A. Transmission electron 
microscopy of total virus preparations were dialyzed into 30 mM sodium acetate, 1 mM 
MgCl2 pH 5.2 and viewed by transmission electron microscopy. Fv (shown), as well as 
Ky and Rh, showed preferential degradation of empty capsids and appearance of smaller 
subunit structures when shifted from pH 7.6 purification conditions.  Further shifts to pH 
4.8 resulted in virions in a disrupted form for Fv (shown), Ky and Rh, but Wt showed no 
change from the original purified preparation (see Fig. 2D). B. Virion positioning in CsCl 
gradients with starting density of 1.42 mg/mL. Mutant virions peaked in more dense 
fractions. Arrows denote subpopulations previously shown to be formed by displacement 
of magnesium with heavier cesium ions, observed for Wt and Ky.  C. Virions purified on 
CsCl pH 6 gradients (left and middle panel) were analyzed at pH 6.0 and pH 8.3 in native 
1% agarose gels. The intensity of EtBr staining varied despite similar Coomassie staining 
of CP, suggesting differential access to the packaged RNA. Xt and Tc virions (right 
panel) purified on pH 7.6 sucrose gradients were analyzed in native 1% agarose gels at 
pH 8.3. sucrose gradients at pH 7.6.  Asterisk denotes unstable released RNA.  ATC= 
artificial top component empty particle, RNA= phenol chloroform extracted genomic 
TYMV RNA.  
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Figure 3.4. Intrinsic fluorescence properties of virions after treatment in increasing 
concentrations of urea at 50 °C for 30 min. A. Excitation at 295 nm and B. excitation 
at 280 nm.  Left panel indicates position of peak emission (λmax), indicating the degree of 
solvent accessibility, while right panel denotes the fluorescence intensity at λmax. 10 µg of 
sucrose-purified virions analyzed in 30 mM sodium acetate, 1 mM MgCl2 pH 6.0. 
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concentrations of urea at 50 °C 30 min. A. excitation at 295 nm and B. excitation at 280 nm.  
Left panel indicates position of peak emission, right panel denotes the fluorescent output at 
peak position. 10 µg of sucrose-purified virions analyzed in 30 mM sodium acetate 1 mM 
MgCl2 pH 6.0!
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Figure 3.5. Stability of sucrose gradient-purified virions. Virions were incubated in 30 
mM sodium acetate, 1 mM MgCl2 pH 6.0 in increasing concentrations of urea for 30 min 
(as in Fig. 3.4).  Virions were then analyzed on 1% native agarose gels in Tris-acetate pH 
8.3 run in parallel stained with A. Coomassie or B. EtBr.  RNA ladder indicates 
migration of released TYMV RNA (size 6.3 kb). Treatments were at 50°C, 30 min in 0, 
1, 2 or 4 M urea. 
 
 
 

 
 
Figure 3.6.  Reassembly properties of virions from an 8 M urea-denatured state. A. 
Reassembled Wt (left) and Ky (right), in much lesser quantities and in a visibly perturbed 
state, viewed by transmission electron microscopy (TEM) after reassembly in pH 5.8 
buffer. B. Reassembly at pH 8.0, 200 mM NaCl showed only limited numbers of particles 
for Wt. Bar in both A & B is 50 nm. C. Analysis of soluble material recovered after 
reassembly attempt at pH 5.8 (SDS-PAGE Western blot). D. Wt pH 5.8 reassembled 
product, stained with EtBr (left) and Coomassie protein (right). Wt reassembled (Ass); 
virion (V); natural top component (NTC); RNA ladder (L) with 6 kb RNA indicated; 
TYMV genomic RNA (phenol chloroform purified) (RNA). * emphasizes position of 
reassembled product. 
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Fig. 5. Sucrose-purified virions analyzed in 30 mM sodium acetate 1 
mM MgCl2 pH 6.0 treated in increasing concentrations of urea for 30 
min. (similar to Fig. 4).  1% native agarose gels in tris-acetate pH 8.3 
run in parallel stained with A. Coomassie  or B. EtBr.  RNA ladder 
indicates positioning with released TYMV RNA (size 6.3 kb). Treatments 
were at 50°C 30 min in 0, 1, 2 or 4M urea"
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Fig. 6  Reassembly properties of virions from an 8M urea denatured state. A. 
Reassembled Wt (left) and to a lesser extent Ky in a highly perturbed state (right) 
viewed by transmission electron microscopy (TEM) after reassembly in pH 5.8 buffer. B. 
Reassembly at pH 8.0, 200 mM NaCl conditions only showed particles in limited form for 
Wt. Both A & B bar: 50 nm.. C. After reassembly dialysis at pH 5.8 soluble and insoluble/
precipitated material were analyzed by SDS-PAGE Western blot.  Wt and in limited form 
Ky retained reassembled properties correlative to that seen in panel A. D. With pH 5.8 
reassembled product being in quantities available for further study, native agarose gels 
showed that Wt reassembled (Ass) migrated to further positions that a virion (V) and 
also a natural top component (NTC) control. RNA ladder depicted as (L) with known top 
ladder base 6 kb, free genomic RNA phenol chloroform purifed (RNA). * emphasizes 
position of reassembled product.!
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Figure 3.7. CP expression in E. coli. A. Soluble (upper) and insoluble (bottom) fractions 
from cell lysates were analyzed on 12.5% SDS-PAGE Coomassie-stained gels. CP 
denotes position of 20 kDa coat protein monomer. B. Soluble material was PEG-
precipitated and viewed by Western blot with a TYMV polyclonal antibody (left) and a 
6x-His antibody (right).  C. Native agarose gel separations of soluble material stained 
with Coomassie. D. EM negative staining analysis of Wt VLPs and particles from 
reassembly attempts at pH 5.8 and pH 8.0. E. Native agarose gels, 0.7% agarose, 
Coomassie stained for protein detection. Virion (V), and empty NTC/ATC particles serve 
as markers for Wt E. coli-expressed VLPs from soluble (Sol) and reassembled (Ass) 
insoluble material from inclusion bodies.  
 

 

 
 
 
Fig. 7. E. coli-based CP expression. A. After sonication soluble (Wang et al.) and 
insoluble (bottom) were separated by centrifugation and analyzed on SDS-PAGE 
Coomassie gels. CP indicates position of 21 kDa coat protein monomer B. Soluble 
material was PEG-precipitated and viewed by western blot with a TYMV polyclonal 
antibody (left) and a 6x-his antibody (right).  C. Native agarose gels stained with 
Coomassie verify that soluble CP material was in particle form based on similar 
electrophoretic migration as plant-based empty particles (ATC). D. Wt particles from 
initial soluble lysate (and found for other soluble-CP detected mutants)Attempts to 
solubilize/reassemble CP from insoluble inclusion bodies was only successful for Wt.  At 
pH 5.8 reassembly was much more efficient than at pH 8.0 in 200 mM NaCl conditions. 
E. Plant based Virion (V), and empty NTC/ATC particles in comparison to Wt E. coli-
express VLPs for soluble (Sol) and reassembled (Ass) for native agarose gels stained 
with Coomassie. 
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by centrifugation and analyzed on SDS-PAGE Coomassie gels. CP indicates position of 21 kDa coat protein 
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CP material was in particle form based on similar electrophoretic migration as plant-based empty particles 
(ATC). D. Wt particles from initial soluble lysate (and found for other soluble-CP detected mutants)Attempts to 
solubilize/reassemble CP from insoluble inclusion bodies was only successful for Wt.  At pH 5.8 reassembly 
was much more efficient than at pH 8.0 in 200 mM NaCl conditions. E. Plant based Virion (V), and empty NTC/
ATC particles in comparison to Wt E. coli-express VLPs for soluble (Sol) and reassembled (Ass) for native 
agarose gels stained with Coomassie.!
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Figure 3.8. The N-terminal architecture of TYMV at the hexamer pore. A. The 
interior surface environment of the TYMV hexamer interior.  Blue: basic Arg/Lys 
residues; Red: acidic Asp/Glu residues; pink: His residues.  In green are nucleotides. 
Glutamic acid residue E2 has side chains facing the interior. B Cross-section, rotated 
relative to A, with two CP subunits removed from front for clarity.  Images generated in 
PyMOL PDB ID: 2FZ2. C. CP alignment for tymoviruses showing N-terminal region.  
The QPSI and PFQ motifs (noted at bottom of figure) have identical inter-spacing. N-
terminal nine residues show little sequence conservation. Shaded in red are the European 
(Eur) and Blue-Lake (BL) strains of TYMV. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 
Fig. 8. A. The interior surface environment of the TYMV hexamer interior.  Blue: basic 
arg/lys residues Red: asp/glu residues, pink: his residues.  In green are nucleotides. The 
second CP residue Glutamic acid (E2) has side chains facing the interior. B Cross-section 
as depicted in A, but with 2 CP subunits removed for clarity.  Images generated in Pymol 
with PDB ID: 2FZ2. C. CP alignment for tymoviruses showing N-terminal positioning.  
The QPSI and PFQ motifs have identical inter-spacing while approximate N-terminal 
nine residues are slightly more flexible in length and sequence types. Shaded in red are 
the European and Blue-Lake (BL) strains of TYMV. 
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Fig. 8. A. The interior surface environment of the TYMV hexamer interior.  Blue: basic arg/lys residues Red: asp/glu residues, 
pink: his residues.  In green are nucleotides. The second CP residue Glutamic acid (E2) has side chains facing the interior. B 
cross section as depicted in A, but with 2 CP subunits removed for clarity.  Images generated in Pymol with PDB ID: 2FZ2. C. CP 
alignment for tymoviruses showing N-terminal positioning.  The QPSI and PFQ motifs have identical inter-spacing while 
approximate N-terminal nine residues are slightly more flexible in length and sequence types. Shaded in red are the European 
and Blue-Lake (BL) strains of TYMV.!
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Supplemental	  Data	  
	  

• For deletion (chapter 2, Supplementary figure 2) and substitution mutants 
(presented here) we analyzed virions (5µg) with the nucleic acid-binding dye SYBR 
green. We found peak emission intensity profiles were in agreement with accessibility 
studies (Fig. 3.3 B,C). Visualization by electron microscopy at the 55 °C also verified all 
virions were intact, however some of Fv virions were disrupted at this temperature. As 
this method has not been reported in the literature as a means to test virion accessibility it 
is placed in supplemental.  Also shown is 3 µg phenol-chloroform purified RNA 
indicating decreasing fluorescent intensity as a function of temperature. This observation 
may be the rationale for higher peak fluorescent intensity at lower temperatures for Fv, 
Rh and Ky virions compared to Wt. 	  
	  
	  

	  
	  
	  
Supplementary figure 3.1. SYBR Green I dye emission profile of virions show peak 
fluorescence for N-terminal substitution virions at lower temperatures than Wt. 
Virion-only 5 µg, analyzed in 30 mM sodium acetate pH 6.0 with the average values of 
virions reported, run in triplicate. 1X final SYBR dye concentration. Readings were each 
minute at a rate of 1°C/min. 
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Chapter 4 

 

Title 

 
pH dependent stability and hindered disassembly engineered within a coat protein 

N-terminus of Turnip yellow mosaic virus  

 

Abstract 

 

The coat protein (CP) N-terminus of Turnip yellow mosaic virus (TYMV) forms 

an interlocking annulus for hexamer subunits and is disordered in A-subunit pentamers. 

Often referred to as a “molecular switch,” this region is attractive for study, as engineered 

mutations can result in a multitude of effects to the biophysical properties of the capsid.  

We previously report (Chapter 3) that the N-terminal nine CP residues of TYMV can be 

replaced with a range of viral and non-viral sequences that still permits virion assembly 

and infection. One of these virion mutants, “Ky” mutant replaces the acid-rich region of 

the native N-terminus with a related tymovirus that lacks acidic and basic residues.  We 

report findings that show Ky virions have increased accessibility to small molecules but 

are more stable than wild-type (Wt) at alkaline but not acidic conditions (below pH 4.8). 

In addition, Ky retains a higher proportion of intact virions when freeze-thawed or when 

subjected to extreme alkaline pH, both processes that are thought to mimic decapsidation. 

These results show that pH-dependent stability and accessibility can be engineered within 

the TYMV CP potentially leading to desirable nanotechnology-based applications 

 

 

Introduction 

 

 The coat proteins of tymoviruses lack stretches of positive-charged 

arginine/lysine residues commonly referred to as an ARM-domain (Rao, 2006). Even 

without the charge-neutralization afforded by the ARM-domain tymoviruses still package 

their respective 6 - 6.5kb within a 28-30 nm particle. The packaging of cationic 
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polyamines of spermine and to a lesser extent spermidine within the virion interior, 

calculated to neutralize approximately 20% of phosphates for Turnip yellow mosaic virus 

(TYMV) (Beer and Kosuge, 1970)  is proposed to be a strategy used to circumvent the 

need for an ARM-domain (Suryanarayana et al., 1988). 

Two major types of RNA-coat protein interaction have been proposed in TYMV 

(Bink et al., 2004) (Bink and Pleij, 2002). The first involves protonated cytosine residues 

at low pH interacting with acidic amino acids, a finding based on the genome bias for 

cytosines and low percentages of guanine (39% C, 17% G in TYMV) (Morch et al., 

1988), various cross-linking/NMR studies (Virudachalam et al., 1983b) (Ehresmann et 

al., 1980), laser-Raman spectroscopy (Hartman et al., 1978) and preferential cytosine 

association with CP at low pH (Briand et al., 1975) (Bouley et al., 1975).  The second 

proposed association involves positively charged-histidines at low but not high pH 

interacting with the phosphate backbone in an electrostatic manner (similar to ARM-

domain) (Kaper, 1969) (Bink and Pleij, 2002). This association is supported by a virion 

crystal structure that shows histidine side chains projecting within the interior 

environment (Canady et al., 1996a), CP histidine mutagenesis studies (Bink et al., 2004) 

and the destabilization of virion at neutral relative to acidic pH, a characteristic not seen 

for empty particles (Virudachalam et al., 1985). 

TYMV has historically been attractive for study as the monopartite genome is 

packaged within a highly stable virion (Dreher, 2004).  Empty particles, based on their 

staining characteristics in transmission electron microscopy (TEM) experiments are 

readily seen and can be isolated in ample quantities.  Empty artificial particles can be 

generated through freeze-thaw of virion in liquid nitrogen (Katouzian-Safadi and Berthet-

Colominas, 1983), extreme pressure (Leimkuhler et al., 2001) or treatment in 1M KCl at 

pH 11.55 (Keeling and Matthews, 1982). Genome is ejected from the particle along with 

CP subunits corresponding to a capsomere. The particle is referred to as artificial top 

component (ATC), based on the less-dense positioning at the “top” of CsCl gradients 

with natural top component (NTC) in reference to empty particles found after plant virus 

purification (Matthews, 1981). The crystal structure of the virion (Canady et al., 1996a) 

and ATC particle (van Roon et al., 2004a) have been solved by X-ray crystallography and 

show highly similar structures in the positioning of their respective CP and in their 
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order/disorder tendency within the CP N-terminus. These findings show that TYMV is 

not reliant on encapsidated RNA for spherical integrity and protein-protein interactions 

alone can stabilize the particle, even after a capsomere is released in ATC formation. 

Previously we showed that 26 N-terminal residues of the TYMV CP, a region that 

is disordered in A-subunit pentamers but forms an interlocking annulus in B- and C-

subunit hexamers (CP residues 1-6) is not essential in vivo (Powell et al., 2011b).  

However, while infectious virions similar in size to wild-type still formed, removal of 

these residues resulted in decreased stability, most noticeable at low pH, increased 

accessibility and virus attenuation. We report here characterization of an N-terminal 

mutant that replaces the nine N-terminal residues with the N-terminal sequence of the 

tymovirus Kennedya yellow mottle virus (mutant known as Ky) that results in a change 

in 6 of 9 N-terminal residues (Fig. 1A). Here we report stability studies for Wt and Ky 

virions showing Ky is more stable at pH 6 but as previously reported (Chapter 3) is less 

stable under acidic conditions. We also show that the Ky virion is more accessible but 

more resistant to genome release (ATC formation) through freeze-thaw or extreme 

alkaline pH treatment. These results suggest a mechanistic role for the CP N-terminus in 

disencapsidation that is hindered in Ky. With increasing interest in using plant viruses for 

a range of nanotechnology-based applications (Young et al., 2008) these results suggest 

future mutations within CP N-terminus could be implemented to optimally “fine-tune” 

the accessibility/stability properties while still enabling ample amounts of virions to be 

isolated from the plant host. 

  

Results 

 

Removal of native charged residues within the CP N-terminus still retains infectivity in 

Chinese cabbage host plants. 

 

In an E. coli CP-only expression system the Ky mutant (previously characterized 

in Chapter 3) failed to assemble into virus-like particles (VLPs), and empty particles from 

plants were highly unstable when virus preparations were shifted to slightly lower pH 

values (from pH 6 to pH 5.2). The replacement of N-terminal residues including one 
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basic (K5) and three acidic residues (E2, D4, E6) in the Ky mutant (depicted Fig. 4.1A) is 

tolerated to a greater extent in a plants than in the E. coli expression system. Infectivity 

for Ky was 53% of Wt and empty particles were found in slightly higher proportion (81% 

Wt, 71% Ky) 

 

Small molecules more readily access the internal environments of Ky virions than Wt. 

 

Cesium chloride (CsCl) gradients, isopycnic in nature, show Ky virions migrated 

to denser positions in CsCl gradients compared to Wt (Fig. 4.2A, B). Previously, a subset 

of Mg2+ ions in virions were shown to be displaced by the heavier Cs+ during CsCl 

centrifugation (Noort et al., 1982a). The higher-density banding of Ky suggests that these 

virions are more accessible and sequester Cs+ ions (Powell et al., 2011b). Evidence that 

Ky virions were not inherently more dense than Wt was provided by the similar banding 

of Ky and Wt virions on 5-30% sucrose gradients (Fig. 4.2A). In Nycodenz gradients, Ky 

was slightly less dense than Wt (Fig. 4.2B). The differences in density seen for CsCl (Fig. 

4.3A, B) and Nycodenz (Fig. 2A) suggest that Ky adopts a conformation that enables 

entry of Cs+ but not the larger Nycodenz molecule. Supplementation of CsCl gradients 

with 100 mM MgCl2 prevented the appearance of the characteristic denser Wt virion 

subpopulation as previously described (Noort et al., 1982a) but Ky virion was still 

positioned at a heavier density (Fig. 4.3A), further suggesting a virion conformation that 

is more accessible. Increased Ky accessibility is supported by native agarose gel 

electrophoresis showing higher stain penetration of the dye ethidium bromide (EtBr) for 

Ky (Fig. 4.3C).  

Analysis by SDS-PAGE of CsCl gradient fractions showed fewer empty particles 

for Ky (CsCl gradient fractions 1-4) than for Wt, and fewer than expected from the 

electron microscopy results (Fig. 4.1B). This discrepancy is likely attributed to the 

instability of empty Ky particles (Chapter 3). Previously we found that other N-terminal 

substitution mutants targeting CP residues 2-9 formed highly unstable empty particles 

that were disrupted in the high-salt environment of CsCl gradients even before 

centrifugation (Chapter 3).  We can conclude from these previous observations and CsCl 

studies (Fig. 4.3) that empty Ky particles become destabilized during centrifugation. This 
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observation is further strengthened by sucrose gradient studies (supplemental Chapter 4) 

that show empty particle and virion ratios in agreement to electron microscopy 

observations (Fig. 4.1B).  

 

Ky virions are less stable at low pH but more stable than Wt at high pH 

 

 Stabilities of Ky and Wt virions (sucrose purified) were investigated under acidic 

and alkaline conditions. At pH 4.8 a noticeable difference in the morphology of Ky 

virions was evident (Fig. 4.4A, top), not seen at pH 6 conditions in 30 mM sodium 

acetate buffer. Ky treated at slightly lower pH (pH 4.5) showed more empty particles 

(Fig. 4.4A, bottom). Wt showed no visible virion abnormalities at pH values between pH 

3.9 and pH 4.8 (pH 4.5 conditions shown). Native agarose gels of virions stained with 

either Coomassie or EtBr (Fig. 4.4B) could not identify a discrete virion RNA-containing 

band (EtBr) or capsid (Coomassie) for Ky at pH 3.9, 4.2 and pH 4.5 as was found for Wt, 

also suggestive of low-pH destabilization and non-uniform particle disruption of Ky. 

 Under alkaline conditions, Wt but not Ky began to show signs of disruption at pH 

10 in TEM observations (Fig. 4.5A).  For Wt, empty particles and smaller structures not 

present at lower-pH conditions were now visible. Dynamic-light scattering (DLS) was 

implemented to determine the size and number of constituent subunits of the smaller 

structures seen in TEM images. DLS indicated two populations for Wt at pH 10 but not 

for Ky (Fig. 4.5B); no smaller structures were evident at lower pH conditions (pH 6-9.5) 

for Wt and Ky, in agreement with electron microscopy findings. The estimated size of the 

small structures seen at pH 10 (1.46 nm diameter) in comparison to authentic virions (27-

30 nm diameter) was smaller than the width (5.5 nm) and thickness (2.3 nm) of a CP 

monomer (measured in the software package PyMOL PDB: 1auy). Known limitations of 

DLS have been discussed previously (Bryant and Thomas, 1995); while DLS may not 

reliably report the size of dissociated complexes, it was useful for indicating the 

proportion of virion-sized particles present. We can conclude from these observations 

that architecture (number of subunits) of the smaller disrupted protein is still unknown. 

 Native agarose gels afforded the testing of the effect of alkaline conditions up to 

pH 9.3 on Ky and Wt virions (Fig. 4.5C). Na/KPO4 buffers were used to avoid the amine-
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containing Tris buffer, thereby permitting the use of glutaraldehyde as a fixative prior to 

electrophoretic analysis (Migneault et al., 2004; Powell et al., 2011b) (Fig. 4.5C). No 

significant disruption was seen in the pH 7.8 to 9.3 range. This integrity of virions (no 

empty and/or smaller structures) was confirmed in both Na/KPO4 pH 9.3 and Tris-HCl 

pH 9.5 buffers by electron microscopy. Only at pH 10 (30mM Tris-HCl) (Fig. 4.5A, B) 

did Wt but not Ky show appreciable signs of disruption. 

The traditional means of creating artificial top component (ATC) particles from 

virions relies on freeze thaw of virions (>10 mg/ml concentration) in 10 mM Tris-HCl 

pH 7.5 (Katouzian-Safadi and Berthet-Colominas, 1983) or treatment of virions at high 

alkaline conditions (1 M KCl pH 11.55) for 15-30 min (Keeling et al., 1979). CsCl-

purified Wt and Ky virions were subjected to these conditions (Fig. 4.6, 4.7).  After high-

pH treatment for 10-30 min, the percentage of intact virions versus empty particles was 

higher for Ky compared to Wt (Fig. 4.6). This difference was most noticeable at early 

time points for stain impenetrable (dark stain) “full” particles with or without counts for 

intermediate particles (Fig. 4.6 arrows) that also stained in a virion impenetrable manner 

but with the appearance of apparent RNA extruding out the side of the particle. It should 

also be noted that under our pH 11.55 treatment a higher proportion of intact Wt virions 

(53%) was evident compared to previous reports of similar alkaline conditions (21% full 

at 10 min) (Kaper, 1964). In these prior studies virus was purified by the low pH 

Matthews method (Matthews, 1960). The Matthews purification may predispose virions 

to higher rates of disruption at high pH.  Purification method has factored into the success 

of ATC formation as noted in previous freeze-thaw experiments (Katouzian-Safadi and 

Berthet-Colominas, 1983). 

Freeze-thaw in 10mM Tris-HCl pH 7.5 at 10 mg/ml resulted in only 2% of Wt 

virions remaining in virion form, with 18% of Ky remaining full based on TEM stain 

penetration (Fig. 4.7A). In native agarose gels, Wt ATC particles migrate slightly slower 

than virions (Powell et al., 2011b).  Comparisons in protein positioning and Coomassie 

staining intensity suggest that the Ky virions seen in electron microscopy (stain 

impenetrable) after freeze thaw have a different migration than virions before freeze thaw 

(Fig. 4.7B asterisks).  This “protein smearing” for Ky is not seen after freeze-thaw of Wt. 

These findings may suggest that after freeze-thaw, Ky virions remain intact but are 
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damaged in some manner that may not be evident by electron microscopy, but which 

does result in altered electrophoretic migration in agarose gels, with RNA still retained in 

these particles (Fig. 7B, EtBr Ky lane vs. free RNA control). The observation of 

increased accessibility for Ky (Fig. 4.2, 4.3) and the presence of a higher proportion of 

stain impenetrable particles after freeze-thaw (18% vs. 2%) (Fig. 4.7) suggests that Ky 

adopts a virion conformation that hinders RNA release.  Attempts to isolate and 

characterize Ky empty particles from alkaline or freeze-thaw treatment proved 

problematic as the empty Ky particle, while highly stable in 1M KCl pH 11.55, quickly 

precipitated during subsequent dialysis, an instability characteristic in agreement with 

previous studies (Chapter 3).  

 

Virion stability to temperature and urea denaturation 

  

To determine the relative stability of Ky and Wt to increased temperature, virions 

were subjected to 70 °C for 3 min, cooled to room temperature and viewed by electron 

microscopy (Fig. 4.8A). These conditions were chosen based on previous experiments 

that showed release of RNA from TYMV under similar conditions (Larson et al., 2005a). 

Ky maintained spherical integrity, while much of Wt was in an aggregated/denatured 

state (Fig. 4.8A). To more accurately gauge this resistance to thermal denaturation, Ky 

and Wt virions were subjected to the hydrophobic-binding dye SYPRO Orange in a 

temperature gradient of 1°C/min with continual fluorescence readings (Fig. 4.8B).   

Increased SYPRO binding, presumably reflective of exposure of hydrophobic protein 

patches resulting from structural changes, began at 65 °C for Wt and 70 °C for Ky (Fig. 

4.8B). Additional temperature gradient experiments in which the samples were 

withdrawn at different temperatures and viewed by electron microscopy showed that at 

71°C (Fig, 4.8B, first dashed line) Ky retained spherical integrity while Wt was in a 

highly denatured, aggregated state (Fig. 4.8B, right). While the presence of SYPRO 

Orange dye in samples viewed by TEM made empty/full analysis difficult the results in 

Figs. 4.8A and 4.8B are highly suggestive that Ky has higher thermal stability than Wt. It 

should be noted that increased SYPRO binding for Ky at low temperatures and also a 

small binding peak seen at about 50°C (Fig. 4.8B, asterisk) was consistently present and 
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not seen for Wt. This finding may suggest that hydrophobic regions are more readily 

available in Ky than Wt, potentially due to the increased accessibility of Ky (Fig. 2, 3). 

The effects of exposure to urea were investigated by incubation of virions at 

various urea concentrations in 30 mM sodium acetate pH 6.0 at 50°C for 30 min.  Native 

agarose gel electrophoresis showed that Ky retained the characteristic single virion band 

in conditions up to 3 M urea, while Wt preparations showed an upper band after exposure 

to 1-1.5 M and higher urea concentrations (Fig. 4.9A top), indicative of virion 

destabilization. RNA gels (Fig. 4.9A bottom) verified virion destabilization as indicated 

by RNA being positioned at a similar location as phenol-chloroform purified genomic 

RNA (Fig. 4.9A bottom, RNA lane). Intrinsic fluorescence using 295 nm excitation 

(specific for tryptophan excitation) (Fig. 4.9B) was assayed after the equivalent treatment 

with urea at 50°C. Fluorescence profiles were relatively similar for Wt and Ky in the 

native (0 M urea) and fully dissociated states (8 M urea), but at 3M urea, Wt emission 

was higher and slightly more red-shifted (λmax at 347 nm relative fluorescence 1.42x106). 

While more dramatic differences are seen in native agarose gels compared to the intrinsic 

fluorescence studies, this finding could potentially be explained by the location of the two 

Trp CP residues (Trp75 and Trp95). The Trp75 side-chain is exposed within the interior 

of the particle while Trp95 is buried within the interface with the side chain inaccessible 

to solvent. Trp75 is in close association with ordered regions of RNA in the virion crystal 

structure and also in close proximity to an adjacent Asp-11 near the site of Ky mutation 

(Canady et al., 1996a). The enhanced stability of Ky, less noticeable by fluorescence, 

could potentially be due to a Trp-75 and/or Trp-95 environment that is not substantially 

changed compared to Wt even during denaturation.  The prominent enhanced stability of 

Ky compare to Wt by native agarose gel conditions may be explained by the substantial 

duration length (90 min.) needed to definitely separate released RNA and intact virion 

after 30 min. 50 °C treatment. Native agarose gel conditions at 50mM maleic acid pH 6.0 

(Fig. 4.9A) and 50 mM Tris-acetate pH 8.3 gel running conditions (not shown) also gave 

highly similar protein and RNA profiles suggesting buffer type did not influence stability. 

 

N-terminal CP cleavage product 
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 SDS-PAGE gels analyzing virion-derived CP at times revealed a discrete yet 

much less intense band immediately below the major CP band.  Comparisons of virions 

before and after freeze thaw (same treatment as in Fig. 4.7) showed the presence of this 

band for Wt but not Ky (Fig. 4.10A). Using the higher sensitivity of Western blots, the 

smaller band was also noticeable in virion preparations of both Ky and Wt treated for 30 

min in either 1M KCl pH 11.5 or 30 mM sodium acetate pH 4. Less of the faster 

migrating band was present for Ky than for Wt (Fig. 10), and the band was less intense 

after treatment at pH 4 than pH 11 for both Ky and Wt (Fig. 10B).  

To determine where within the CP (N-, or C-terminus) a putative cleavage was 

occurring and to also determine if cleavage was a result of the boiling treatment used 

with SDS-PAGE, the intact Wt particle (Fig. 10C) was subjected to mass spectrometry 

Fourier transform ion cyclotron resonance (LTQ FT) before and after freeze-thaw. Based 

on the expected MW (20.2 kDa), products detected by mass spectrometry were indicative 

of a cleavage between residues 18 and 19 and a second less prevalent cleavage between 

residues 23 and 24. No cleavage products were identified in virions prior to freeze-thaw 

treatment.  

 

Discussion 

 

 The resulting increased porosity of Ky to cesium (Fig. 4.3A) and EtBr (Fig. 4.3B) 

while remaining stable at high (Fig. 4.5) but not low pH (Fig. 4.4), the apparent increased 

stability to temperature and urea (Fig. 4.8, 4.9) and the higher intact virion to freeze-thaw 

ratio (Fig. 4.7) are highly suggestive that Ky has an increased resistance to disassembly. 

In light of limited structural data (see supplemental) we discuss potential factors that 

could be contributing to this pH-dependent stability (Fig. 4.4, 4.8, 4.9) and also increased 

accessibility (Fig. 4.3).  

 

The TYMV N-terminus and regulation of the F-G loop pore 

 

As mentioned in the introduction, the dual nature of the CP N-terminus (residues 

1-26) in annulus formation within hexamers (residues 1-6) while being disordered within 
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pentamers leads to differing functional implications when mutated. An examination of 

the residue types within the respective Wt and Ky mutant (Fig. 4.1A) in combination with 

available crystal structure data for TYMV virions (Fig. 4.11), and the high preponderance 

of acidic residues (E2, D4, E6) within the extreme N-terminal region (a charge-profile 

common in many tymoviruses (Powell et al., 2011b), suggests a functional role for acidic 

residues with the TYMV N-terminus. The initial PDB: 1auy virion structure (Fig. 4.11A), 

solved at 22 °C shows a rather impenetrable pore which is slightly expanded in the PDB: 

2fz2 structure (Fig. 4.11B), the latter solved at slightly higher pH from flash-cooled 

crystals. As Larson et al. (2005) note, the largest difference between these structures was 

in the positioning of the F-G loop residues 120-125, which forms the interior residues of 

the distal cups in pentamer/hexamer capsomeres. Examination of both 1auy and 2fz2 

structures shows that residues 120-129 are prominent in the pore opening, with the side-

chains of isoleucine 122 appearing to be crucial in dictating the size of pore. Additional 

examination of both the 1auy and 2fz2 structure also reveals that there are differences in 

the positioning of some of the N-terminal side-chain residues that form the annulus. Of 

particular note is residue E2 (Fig. 4.11C).  In the 1auy structure, its side-chains face 

upwards and as Canady et al. (1996) note, hydrogen-bonding between B-subunit E2 and 

adjacent C-subunit Q132 occurs.  This association is not present in the 2fz2 structure, as 

the E2 side chain does not project upwards and is now 5.66 Å from Q132 side-chains 

(measured using PyMOL). Q132, adjacent to the pore-controlling Ile-122 residue, both 

showing prominent flexibility, could therefore adopt conformations dictated to some 

extent by N-terminal contacts with these residues.  An examination by Canady et al. 

(1996) of main-chain hydrogen bonds and our reexamination of N-terminal residue 

contacts show multiple N-terminal residues residing near CP residues 115-130 (the F-G 

loop).  In the Ky mutant, these associations would be altered, and as a result, F-G loops 

could in turn also be in an altered conformation allowing increased accessibility. The 

altered hydrogen-bonding network resulting from Ky mutation could also plausibly lead 

to the increased stability of N-terminal residues either through new interactions with the 

F-G loop, neighboring N-terminal residues (annulus formation) or through additional 

bonding not present in the Wt N-terminal structure. 
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pH dependent stability: CP acidic, basic and histidine residues 

 

TYMV lacks stretches of positively charged residues within its CP (ARM-

domain) but still provides a favorable internal environment for genome packaging (i.e. 

the neutralization of negatively charged RNA phosphates) by the positioning of internal 

basic CP residues (R12, K32, R67, K109, K132, K140, K142). A role for histidines has 

been put forth based on the pH-dependent destabilization of virions that is not seen in 

empty NTC particles as the pH is shifted from acidic to neutral (Virudachalam et al., 

1985).  Two internal histidine residues, H68 and H180, both in close proximity to one 

another, have side-chains projecting towards the interior. At low pH, imidazole side-

chains are in a positively-charged state but under alkaline conditions these histidines are 

neutral. The Ky mutation introduced two histidines (H5, H9) in each subunit, resulting in 

360 additional histidines in the virion interior. This would at first imply that Ky should 

have increased pH stability at low but not high pH, opposite of our findings. On the other 

hand, the replacement of negatively charged Wt residues E2, D4 and E6 with positively 

charged histidines (Fig. 4.1A), may disrupt annulus formation or key association of CP 

with RNA in the flexible N-terminus (Bink and Pleij, 2002).  One can envision that as pH 

is lowered to 4.8 for Ky, a value approaching the pKa for cytosine protonation, the 

inability of the Ky CP to adequately neutralize excess positive-charges of the cytosine-

rich TYMV genome could consequently lead to the destabilization of Ky but not Wt 

virions (Fig. 4.5). 

 

Sub-optimal N-terminal conformation 

 

 The crystal structures of TYMV and other tymoviruses have been solved under 

acidic conditions only. Therefore, the B-, C-subunit order/disorder tendencies at neutral 

or alkaline pH are unknown.  It is plausible that the annulus has disorder tendencies at 

higher pH conditions that have yet to be structurally characterized. Comparisons in the 

crystal structure of the tymovirus Physalis mottle virus (PhyMV) virion versus its E. coli 

expressed empty particle (VLP) show the presence of an N-terminal annulus structure in 

virions (Krishna et al., 1999) that is disordered in the VLPs (Krishna et al., 2001). The 
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observation of changes in annulus side-chain conformation in the two TYMV structures 

(Fig. 11) shows that there is at minimum some movement in these residues. What is clear 

is the inherent flexibility in the N-termini of A-subunits based on lack of electron density 

in the crystal structures. The presence of charged residues may lead to conformations in 

the A-subunit N-termini that dynamically respond to changes internally. Changes in RNA 

conformation could therefore cause CP N-termini to adopt a specific conformation and 

ultimately ensure the N-terminus is in the proper conformation for decapsidation. In Ky 

the replacement of native residues could lead to N-terminal conformations that are not 

ideal and as a result the virion is more accessible (Fig. 2, 3) but hindered in genome 

release (Fig. 6, 7). 

 The identification of an apparent CP N-terminal cleavage product (Fig. 10) that 

appears to be occurring in a subset of CP subunits more prominently after freeze-thaw 

and in trace amounts in untreated virion (no freeze-thaw) would be an attractive and to 

date unreported potential mechanism for decapsidation. A maturation cleavage of CP 

occurring during assembly of Flock house virus (FHV) within the CP C-terminus of the 

gamma-peptide located at the 5-fold axis has been characterized (Schneemann et al., 

1992) (Schneemann and Marshall, 1998).  In the case of Brome mosaic virus (BMV) an 

N-terminal cleavage at CP position 36-37, presumably catalyzed by plant cell proteases, 

has been reported to enable assembly of T=1 particles (Lucas et al., 2001).  If a plant 

protease was responsible for the TYMV CP cleavage, it is of note that the cleavage 

product is visibly present in higher quantities immediately after but not before freeze-

thaw treatment. We speculate that proteolytic cleavage may be involved in genome 

release, an idea that will be of considerable interest for future study (Fig. 10). 

 

Materials and methods 

 

Cloning of Ky mutant into Agrobacterium infectious clone. 

 

Polymerase chain reaction (PCR) with forward primer encoding for an EcoRI 

restriction site followed by 27 nucleotides corresponding to the 9 codons of the Ky 

mutation (see Fig. 1A) followed by 15 nucleotides corresponding to Wt codons for amino 



	   124	  

acid residues QDRTV was used. Reverse primer contained a 5’ SmaI restriction site 

(TYMV genome position 6032). pCB302-TyW*, a modified Agrobacterium-mediated 

TYMV infectious clone that contains a convenient EcoRI site immediately upstream of 

CP start was used as template for PCR and for subsequent cloning of Ky mutant using 

EcoRI and SmaI restriction sites (Powell et al., 2011b). After infection in plants, viral 

RNA for Wt and Ky was sequenced from RT-PCR products amplified through the CP 

coding region. In addition, Wt and Ky viruses were serially passaged for 5 additional 

generations over a 6-month period and sequenced. No additional/unintended mutations 

were found. 

 
 
Expression and purification of Ky and Wt virus from Chinese cabbage. 

 

 Agroinfiltration was conducted as previously described (Cho and Dreher, 2006). 

Briefly, Chinese cabbage plants were grown approximately 3 weeks until the first major 

leaves were established but before secondary leaves formed. Acetosyringone-induced 

Agrobacterium suspensions were inoculated with a blunt end syringe into the underside 

of leaves using approximately 1 mL of culture per plant. Leaves were harvested at 30 

days post-infection and virions were isolated via the bentonite method (Dunn and 

Hitchborn, 1965). Briefly, infected leaf tissue was blended in buffer consisting of 10 mM 

Na/KPO4 10 mM MgSO4 pH 7.6 supplemented with a bentonite slurry in similar buffer at 

a concentration of 0.5 mg bentonite for each 1 g of leaf tissue by weight. After a series of 

low-speed (16,000 x g 15 min.) and high-speed spins (120,000 x g 2 hr.) the final glassy 

pellet was resuspended in 30 mM sodium acetate 1 mM MgCl2 pH 6.0 at a final 

concentration of 10 mg/mL (based on A260= 8.6 for 1 mg/mL virion) for downstream 

experimental use. 

 To accurately determine symptom development and infectivity, 1 µg of sucrose-

purified virion was mechanically inoculated onto each Chinese cabbage plant and 

symptoms were checked daily. 

 

Characterization of virions (ultracentrifugation) 
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Virions were analyzed by cesium chloride, sucrose and/or Nycodenz 

ultracentrifugation in 30 mM sodium acetate pH 6.0 using a Beckman SW-41 rotor at 10 

°C. For CsCl gradients, CsCl was dissolved to a density of 1.42 g/mL and centrifuged for 

48 h at 100,000 g. Sucrose gradients, 5–30% pre-formed, were centrifuged for 2.5 h at 

100,000 g. Nycodenz density step gradients were made with equal volumes of 20%, 30%, 

40%, 50% and 60% (w/v) Nycodenz (Accurate Chemical, Westbury, NY) in 30 mM 

sodium acetate pH 6.0 as previously described (Gugerli, 1984). Ten-drop fractions from 

all gradients were collected in a 107–210 M Isco Gradient Master fraction collector with 

density determined using a standard refractometer. Fractions were analyzed by SDS–

PAGE and Western blotting using anti-TYMV antiserum, and the absorbance at 260 and 

280 nm was monitored. RNA was purified from fractions by phenol/chloroform 

extraction, quantified and analyzed on 1% TBE agarose gels. Virion-only fractions were 

also verified by electron microscopy to ensure they did not contain empty particles (see 

Fig. 2C). 

  

Dynamic light scattering 
 
 

Sucrose-gradient purified virions were incubated in 30 mM Tris-HCl in various 

pH conditions ranging from 7 to 10 for 1 hr. For pH 3.7 to 6 conditions, buffer was 30 

mM sodium acetate.  To use dynamic light scattering to assess particle size, virions (0.2 

mg/mL) in a 12.5 mm (12 µl) quartz cuvette (#3030 Protein Solutions) were analyzed in a 

DynaPro Molecular Sizing instrument (#6505). A minimum of 25 readings (400-800 

kCt/sec light scattering intensity) were performed at each pH-treatment. Readings at the 

lowest pH (pH 4.5 or below) were unsuccessful  (kCt/sec >2000) for Ky.  Collected data 

was analyzed in the Dynals v2.0 software program with distribution, discrete component 

and cumulative analysis under standard default settings to determine relative intensity 

versus scatter/mass distribution of virus. 

 
Fluorescence Thermal Shift Assay 
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 Virion (0.1 µg/µl) in 100 µl of 30 mM sodium acetate pH 6.0 with final Sypro 

Orange (Molecular Probes, S6650) concentration of 10x was run in triplicate in a 96-well 

plate using an ABI 7300 real-time PCR instrument. Fluorescence intensity was measured 

using specified ROX channel (610 nm emission).  Samples were heated from 25 to 95 °C 

at a rate of 0.5 °C/min.  

 
Mass Spectrometry 
 

Mass spectrometry analysis was performed as described previously (Rhoads et al., 

2011) . Briefly, 10 µg of CsCl-purified virion underwent one freeze-thaw cycle and the 

resulting sample was adsorbed onto a C4 Ziptip® and rinsed with water to remove salts. 

The Ziptip was inserted in-line with a LTQ FT Ultra mass spectrometer (Thermo 

Scientific). The sample was eluted off the ziptip isocratically with 30% acetonitrile 

containing 0.1% formic acid. Data was collected in the linear ion trap from 800-2000 m/z 

with Xcalibur. Data analysis and peak deconvolution were performed using MOP 

(Multiple Overlapping Pictures, Spectrum Square Associates, Inc.) 

 
 
Fluorescence spectroscopy to assess virion stability 

 

 To measure intrinsic fluorescence derived from aromatic amino acid residues, 10 

µg of sucrose gradient-purified infectious virions was incubated for 30 min at 50 °C in 30 

mM sodium acetate pH 6.0 supplemented with increasing concentrations of urea (0.5 to 

8.0 M). Virions were cooled to room temperature before measurement on a Fl3-21 Spex 

spectrofluorimeter with settings of 1 s integration, 5 mm slit width, and excitation at 280 

and 295 nm, with readings recorded from 300 to 400 nm. Blank measurements were 

made in respective urea- containing buffers. 

 

Native agarose-gel electrophoresis 

 

Electrophoresis was carried out for 60-90 min at 50 V in 0.8% agarose gels run in 

Tris-acetate pH 8.3 were used. For ethidium bromide gels, 0.5 µg/ml EtBr was added to 
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agar prior to cooling. For Coomassie stained agarose gels, 0.25% Coomasie R-250 10% 

acetic acid 40% methanol stain and destain (without R-250) was used.  For low and high 

pH characterization, virions were cross-linked with 0.1% glutaraldehyde for 30 min in 

order to fix virions in their pH-treated state before electrophoresis. pH 6.0 agarose gels 

(used in Fig. 3C and Fig. 9A) were 1% agarose run in 50 mM maleic acid pH 6.0. 

 
Electron microscopy 

 

 Virus total preparations and purified virion particles were visualized on glow-

discharged Formvar-carbon coated grids (Ted Pella) by negative staining with 2% 

phosphotungstic acid in a Phillips CM-12 transmission electron microscopy at 80 kEV.  
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Figures 

 
Figure 4.1. TYMV Wild-type (Wt) and mutant (Ky) N-terminal CP residues.  A. N-
terminal CP nucleotide and CP sequence targeting the N-terminal nine CP residues, a 
region considered highly diverse within the tymovirus genus. Conserved residues 
between Wt and the constructed “Ky” mutant (naming based on N-terminus of Kennedya 
yellow mosaic virus) are highlighted with the codon sequences. B. Transmission electron 
micrograph (TEM) negative-stain with 2% PTA of Wt and Ky total virus preparations 
purified from Chinese cabbage. Based on staining profiles full vs. empty ratios were 81% 
Wt and 71% Ky. Total virus yield was 0.79 mg/g tissue for Wt and 0.43 mg/g tissue for 
Ky. TEM images from X-ray film (negative stain); dark denotes full virions. Bar: 50 nm. 
 
 
 
 

 
 
Figure 4.2. Ultracentrifugation virion properties of Wt and Ky.  A. Absorbance 
monitored at OD260 (RNA dominant) of fractions isolated from a 5-30% sucrose gradient 
after centrifugation at 28,000 x rpm for 2:30 hr in an SW-41 rotor. Relatively similar 
positioning of Wt and Ky virion was evident.  B. Nycodenz (isopycnic) gradients, using 
similar rotor and speed as sucrose (panel A) but centrifuged for 24 hr show that Ky 
virions band at slightly less dense positions than Wt. Sucrose and Nycodenz gradients 
were run in 30 mM sodium acetate pH 6.0. C. Phenol-chloroform extracted RNA (left) 
from peak Nycodenz fraction (panel B) verified the integrity of the 6.3 kb viral genomic 
RNA. When viewed by transmission electron microscopy (right), only virion particles 
were evident; bar: 50 nm. 

Ky: 71% Full 
0.43 mg/g tissue 

Wt: 81% Full 
0.79 mg/g tissue 
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Fig. 1. TYMV Wild-type (Wt) and mutant (Ky) N-terminal CP.  A. N-terminal CP 
nucleotide and CP sequence targeting the nine N-terminal CP residues, a region 
considered highly diverse within the tymovirus genus. Conserved residues between Wt 
and Ky (N-terminus of Kennedya yellow mosaic virus) are highlighted B. Transmission 
electron micrograph (TEM) negative-stain with 2% PTA.  Based on stain penetration 
Wt showed slightly higher levels of full vs. empty particles than Ky mutant with a total 
virus yield of 0.79 mg/g tissue for Wt and  0.43 mg/g tissue for Ky  bar: 50 nm. TEM 
images have been inverted for clarity."

Wt: fraction #11 

Ky: fraction #9 
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Fig. 2. Ultracentrifugation virion properties of Wt and Ky.  A. OD260 of fractions isolated 
from a 5-30% sucrose gradient after centrifugation at 28,000 x rpm for 2:30 hr. in an SW-41 
rotor show similar positioning of Wt and Ky.  B. Nycodenz gradients, using similar rotor and 
speed as sucrose (panel A) but centrifuged for 24 hr. show Ky peak virion fraction slightly 
less dense than Wt. All gradients were analyzed in 30 mM sodium acetate pH 6.0.!
C. Phenol-chloroform extracted RNA from peak Nycodenz fraction (panel B) verified for 
integrity of the 6.3 kb viral genomic RNA and also viewed by transmission electron 
microscopy to verify virion-only (full) particles. bar: 50 nm.!
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Figure 4.3. Ultracentrifugation of Wt and Ky in CsCl gradients shows Ky mutant is 
more accessible to small molecules.  A. Cesium chloride gradients, starting density 1.42 
mg/ml in presence of 1mM MgCl2, with Wt (1.408 mg/ml) and Ky (1.455 mg/ml) virion 
peaks shown. Presence in gradients of 100 mM MgCl2 to prevent displacement of internal 
components by the heavier cesium ions resulted in an shift of the Ky peak to lower 
density. B. SDS-PAGE analysis (Coomassie staining) of gradient fractions to visualize 
NTC as well as virion populations. C. Native agarose gel electrophoresis in either pH 6.0 
and 8.3 buffer for Ky and Wt virions with ATC control; parallel gels were stained with 
Coomassie or ethidium bromide.  
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Figure 4.4. Ky virions are less stable at low pH.  A. Transmission electron microscopy 
of sucrose gradient-purified virions in 30 mM sodium acetate, 1mM MgCl2 at the 
indicated pH. Bar: 50 nm B. Virions, 5 µg for Ky and Wt, were analyzed on 1% native 
agarose gels after being held in 30 mM sodium acetate, 1mM MgCl2 at the indicated pH 
for 1 hr with subsequent glutaraldehyde fixation. 
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Fig. 4. Ky and Wt virions at low pH.  A. Transmission electron microscopy of sucrose purified virions 
subjected to 30 mM sodium acetate 1mM MgCl2 at either pH 4.8 or pH 4.5 showed disruption of some Ky 
virions at pH 4.8 (top). At pH 4.5 the appearance of Ky empty-like particles are visible (bottom left) while low 
pH treatment showed not visible disruption of Wt virions. B. Virions, 5 µg for Ky and Wt were analyzed on 
1% Native agarose gels after being subjected to 30 mM sodium acetate 1mM MgCl2 at the indicated pH for 
1 hr. with subsequent glutaraldehyde fixation and virions/capsids stained with either Coomassie or ethidium 
bromide"
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Figure 4.5. Disruption of Wt but not Ky virions at pH 10. A. Electron microscopy of 
virions after 1 hr at 30 mM Tris-HCl pH 10 for Wt (left) and Ky (right). B. Dynamic light 
scattering (DLS) identification of virion component (13.47 and 14.66 radius) present after 
treatment at pH 10 as in A. C. Analysis of Wt and Ky treated in phosphate buffer at the 
indicated pH in native agarose gels stained with Coomassie or EtBr. 
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Fig. 5. Disruption of Wt but not Ky virions at pH 10. A. Electron microscopy of virions after 1hr. 30 mM 
Tris-Cl pH 10 treatment (similar conditions as panel B) for Wt  (left)show the presence of Wt empty and 
structures much smaller than virion.  Empty particles or smaller CP structures were not present for Ky 
(right). B. Dynamic light scattering (DLS) shows a peak likely corresponding to virions (13-15 nm) in good 
agreement with the known crystal structure radius of 14 nm (28 nm diameter). The Wt DLS profile indicates 
the presence of a population of smaller structures not present in Ky C. Native agarose gels show virions 
remain intact for Ky and Wt from pH 7.8 to 9.3 (buffering capacity of Na/KPO4).  Higher pH conditions for native 
agarose gel electrophoresis were problematic as glutaraldehyde is not compatible with Tris, an amine-containing 
buffers  
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Figure 4.6. The disassembly of virions at extreme alkaline pH after treatment with 
1M KCl pH 11.55.   A. At 15 min, Wt virions (top left) at 100,000 x magnification were 
in various states that include empty, normal and intermediate (see arrow). B. Proportions 
of stain-impenetrable “full,” intermediate “full” with noticeable RNA tail, and empty are 
noted. Counts based on >200 particles from three different locations on TEM grid. C. Wt 
virions at 200,000 x magnification; arrow denotes the location of potential RNA release 
seen in about 15% of Wt virion particles. D. For Ky, an intermediate state was identified 
in about 5% of virions after 10 min treatment but not visible at later times. Bar: 50 nm.  
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Figure. 4.7.  Freeze-thaw treatment of virions. A. Electron microscopy after freeze-
thaw treatment of virions at 10 mM Tris-HCl pH 7.5, revealing a 98% conversion of 
virions into empty particles; 82% of Ky particles were empty. Bar: 50 nm B. Native 
agarose gels of virions before and after freeze-thaw treatment. Note the slight upward 
shift characteristic of ATC particles for both Wt and Ky (left gel). The presence of a 
“smear” trailing towards the anode (asterisk) for Ky and not Wt corresponds to high 
intensity of stained RNA (right). RNA: phenol-chloroform purified RNA from Wt virions 
as control. 
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Fig. 7. Virions, 10mg/ml in 10mM Tris-Cl pH 7.5 post freeze-thaw in liquid nitrogen. A. 
Electron microscopy revealed a 98% conversion of virion into empty particles. While the 
majority of Ky appeared empty based on negative-stain penetration 18% of particles were 
still in virion form.  Bar: 50 nm B. Native agarose gel Coomassie stain (left) verified the slight 
upward shift characteristic of empty ATC particles for both Wt and Ky. A noticeable “smear” 
shifted towards the anode (asterisk) for Ky and not Wt that corresponds to high propensity of 
stained RNA (right) suggests that Ky particles in combination with associated RNA are in an 
“atypical” state.  RNA: phenol-chloroform purified RNA from Wt virions as control."
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Figure 4.8. Thermal stability of virions. A. Electron micrograph of virions for Wt and 
Ky (bottom) before and after incubation at 70 °C for 3 min. Wt is primarily in an 
aggregated/denatured state, while spherical integrity is highly retained for Ky after 
treatment at elevated temperature. B. Fluorescence thermal shift assays with Wt and Ky 
virions incubated in the presence of the hydrophobic-binding dye SYPRO Orange. 
Samples treated at 71°C and viewed by electron microscopy (right) showed that spherical 
Ky particles remained largely intact while Wt was in an aggregated state.  
 
 
 
 
 
 
 
 
 

Fig. 8. Thermal stability of virions  A. Electron micrograph of virions for Wt (top) and Ky 
(bottom) before and after incubation at 70 °C for 30 min. show Wt primarily in an 
aggregated/denatured state while spherical integrity is highly retained for Ky. B. 
Fluorescent-based thermal shift assays with the hydrophobic-binding dye SYPRO Orange 
reveals that Fluorescent intensity peaks 2 °C lower for Wt than Ky (81 °C vs. 83 °C). 
Removal of sample at 5 °C intervals revealed that 71°C  treatment and viewed by electron 
microscopy (right) showed spherical-like Ky particles remained largely intact at 71 °C while 
Wt was in an aggregated state. This temperature (first dashed line in graph) is near 
greatest fluorescent change for Wt.  Ky consistently showed higher fluorescent intensity at 
lower temperatures (asterisk) suggesting a transition in the Ky virion that enables 
increased binding of SYPRO to hydrophobic regions of the protein. 
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Figure 4.9. Characterization of virion in the denaturant urea.  A. Native agarose gel 
electrophoresis of virion in 0-5 M urea in 30 mM sodium acetate pH 6.0.  Position of 
capsid and RNA detected by Coomassie and EtBr (bottom) staining, respectively. V: 
denotes virion and R: denotes released RNA. 1% agarose gels run in Tris-acetate pH 8.3  
B-D. Intrinsic fluorescence of Wt and Ky virions (295 nm excitation) in the denaturant 
urea in 30 mM sodium acetate pH 6.0 (similar to A). Virions in C and D were subjected 
to 3M or 8M urea at 50°C for 30 minutes. 
 



	   136	  

 
 
Figure 4.10. An N-terminal CP cleavage product(s) identified through SDS-PAGE 
and FTICR- Mass spectrometry.  A. SDS-PAGE of virion (before) and ATC (after) 
freeze-thaw treatment in liquid nitrogen. Asterisk indicates putative cleavage product for 
Wt ATC.  B. The cleavage product (asterisk), while in much less quantities then full-
length CP, is often seen for Wt in over-exposed Western blots and in slightly higher 
quantities than Ky mutant.  C. FTICR- Mass spectrometry on native Wt virion samples 
identifies two cleavage sites, both within the N-terminus.  The Δ18 product has a slightly 
higher intensity compared to the Δ24 product. The origin of 4 or 5 Da discrepancy 
between calculated and observed MW is unknown. 
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Figure 4.11. The N-terminal CP residues form annulus structures in both the initial 
TYMV virion structure from room temperature crystals (PDB: 1auy) and in a later 
TYMV virion structure (PDB: 2Fz2) solved from flash frozen crystals.  A. In PDB 
1auy, 3 Å resolution,  (blue: arg/lys, red: asp/glu) the second residue, glutamic acid (E2) 
has side-chains facing the interior pore (depicted in panel C).  B. The 2fz2 structure 
solved with additional data extended to 2.9 Å, including the presence of a small region of 
RNA (colored green above). It should also be noted that 2Fz2 was solved at pH 4.4 and 
1auy at pH 3.7 with similar crystallization buffers The pore within the hexamer is also 
depicted to be in a slightly expanded state in 2fz2.  C. The N-terminal six residues of the 
annulus, shown with two of six subunits removed for clarity. The second glutamic acid 
(E2) side-chain in 1auy (bottom) adopts a conformation that extends inwards while the 
E2 side-chains in 2fz2 (above) are positioned upwards. Images constructed in PyMOL, 
using previously published/deposited structures PDB: 1auy (Canady et. al, 1996) and 
PDB: 2fz2 (Larson et. al, 2005). 
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Fig. 11. The N-terminal CP residues form annulus structures in both the initial TYMV virion structure (PDB: 
1auy) and in a TYMV virion structure (PDB: 2Fz2) solved under slightly different conditions at higher 
resolution  A. In PDB 1auy (blue: arg/lys, red: asp/glu )the second residue, glutamic acid (E2) has side-chains facing 
the interior pore (depicted in panel C).  B. The 2fz2 structure was solved after cryo-preservation (freezing in liquid 
nitrogen) with additional data extended to 2.9 Å, including the presence of small region of RNA (colored green 
above). 2Fz2 was solved at pH 4.4 and 1auy at pH 3.7 with similar crystallization buffer C. The N-terminal six 
residues of the annulus shown with two of six subunits removed for clarity. The second glutamic acid (E2) side-chain 
conformations in 1auy (bottom) adopts a conformation that extends inwards while the E2 side-chains in 2fz2 (above) 
do not extend prominently inwards.  Images constructed in PyMOL, using previously published/deposited structures  
PDB: 1auy (Canday et. al, 1996) and PDB: 2fz2 (Larson et. al, 2005)."
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Supplemental Data 
 

• The Ky empty particles proved to be highly unstable, a finding similar to that of 

other substitution mutants (Chapter 3).  During CsCl gradient centrifugation (Fig. 4.3B) 

we noticed that the ratio of empty/full did not coincide with the empty/full ratio seen by 

electron microscopy. We utilized sucrose gradients to study empty/full properties (5-

30% for 2:45 hr at 35,000 rpm in SW-41 rotor). Sucrose gradients are considered less 

harsh than CsCl but they have the disadvantage that they are a rate-zonal type of 

centrifugation instead of isopycnic centrifugation (CsCl/Nycodenz).  

• When equal volumes of final purified virus preparations from four infected plants 

were analyzed by 5-30% sucrose gradients the attenuation of Ky versus Wt (later shown 

to be 22mg Ky vs. 40 mg Ky for 50 grams of leaf tissue) was evident. Densitrometric 

scanning of protein fractions (verified by electron microscopy) to estimate the ratio of 

full (F) and empty (E) particles was in good agreement with analysis by electron 

micrographs (Fig. 4.1B). Densitrometric scanning estimated the presence of 88% full 

particles for Wt versus 67% for Ky.  Intermediate fractions (between empty and full) 

were variable in staining and not included. 

 

 
 
 
Supplementary figure 4.1. Sucrose gradient centrifugation verifies the higher 
proportion of empty particles Ky versus Wt virus preparations. 500 µl fractions from 
5-30% sucrose gradients were isolated and analyzed on 15% SDS-PAGE Coomassie gels. 
Empty fractions (E) and full fraction (F) were analyzed by electron microscopy 
confirming their empty/full nature.  The ratio of full versus empty particles (F/E) was 
calculated using densitrometric scanning of fractions with the ImageJ software program.  
Pooled “E” fractions showed no full particles by electron microscopy and >98% of “F” 
pooled particles were stain-impenetrable, presenting the typical dark-stain traditionally 
seen in TYMV virions. 
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• Attempts at crystallization of Ky or other substitution/deletion mutants below pH 
5.8 proved unsuccessful, a likely consequence to virion instability at low pH (Chapters 
3,4). We could crystallize Wt under the 1.125-1.5 M ammonium phosphate pH 3.7-5.5 
conditions reported for Wt and ATC (Canady et al., 1995) (Larson et al., 2005a) but nine 
months after initial hanging drop set-up did we see noticeable crystals of ample size for 
potential X-ray diffraction use.    

 We were able to crystalize Wt and Ky over a pH range of 5.8 to 7.7 with crystals 
diffracting best for Ky at pH 6.8.  We were also able to crystalize Wt and ATC at pH 7.7 
to approximately 4 Å.  The space groups of the most promising crystals are provided 
below.  It should be noted that Wt crystals at pH 6.8 were primarily cubic while Ky 
crystals shown polymorphic crystal types (cubic and octahedron).   
 

 
 
Supplementary figure 4.2. Crystallization conditions for Wt and Ky virions. (left) 
Cubic crystals dominate for Wt at pH 6.8 (left) but (middle) polymorphic-shaped 
particles for Ky virions were visible.  (Right) summary of crystallization findings for 
most promising crystals for Wt, Ky, and Wt and ATC at pH 7.7 with resolution and 
space-group noted if known. 
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Title 

 

Polyvalent display of RGD motifs on turnip yellow mosaic virus for enhanced 

stem cell adhesion and spreading. 

 

Abstract 

Turnip yellow mosaic virus (TYMV) is a stable 28 nm icosahedral plant virus that 

can be isolated in gram quantities. In order to study the polyvalent effect of Arg-Gly-Asp 

(RGD) clustering on the response of bone marrow stem cells (BMSCs), an RGD motif 

was genetically displayed on the coat protein of the TYMV capsid. Composite films 

composed of either wild-type TYMV or TYMV-RGD44, in combination with 

poly(allylamine hydrochloride) (PAH), were fabricated by a layer-by-layer adsorption of 

virus and PAH. The deposition process was studied by quartz crystal microbalance, UV-

visible spectroscopy and atomic force microscopy. BMSC adhesion assays showed 

enhanced cell adhesion and spreading on TYMV-RGD44 coated substrates compared to 

native TYMV. These results demonstrate the potential of TYMV as a viable scaffold for 

bioactive peptide display and cell culturing studies. 

Introduction 

Mesenchymal stem cells (MSCs) represent an important alternative source of 

cells for tissue regeneration due to their ability to differentiate into various phenotypes, 

such as chondrocytes (Mackay et al., 1998a; Mackay et al., 1998b), skeletal muscle cells 

(Ferrari, 1998), osteoblasts (Benayahu et al., 1989; Calvert et al., 2000), and vascular 

muscle cells (Nesti et al., 2008). MSCs reside in specialized niches within various tissues 

and can be isolated, cultured and expanded in vitro (Owen and Friedenstein, 1988). The 

differentiation of MSCs into various phenotypes can be triggered by the micro-

environment around the cells (Fisher et al., 2010). To better understand how MSCs 

respond to environmental cues, a number of nanomaterials and a variety of 

nanofabrication methods have been employed to control the differentiation pathways of 
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MSC (Hong et al., 2011; Jang et al., 2010; Lee et al., 2010; Nam et al., 2011; Orza et al., 

2011; Park et al., 2007). Our previous studies have shown that culturing bone marrow 

stem cells (BMSCs) on plant viruses, including Tobacco mosaic virus (TMV) and Turnip 

yellow mosaic virus (TYMV), can enhance cell differentiation (Kaur et al., 2010a; Kaur 

et al., 2008; Kaur et al., 2010b). Enhanced osteocalcin expression and levels of osteo-

differentiation were significantly augmented by the presence of virus coatings on 2D 

substrate in comparison to cells grown under standard conditions (from 21-28 days to 9-

14 days), resulting in earlier mineralization of the cells. Furthermore, we found that the 

differentiation was preceded by an upregulated expression of the BMP-2 gene, which 

encodes a key morphogenetic protein involved in bone formation, for cells cultured on 

native TMV within 8 h of osteo-induction (Kaur et al., 2010a). However, plant virus-

based substrates can often influence the differentiation of modest numbers of cells due to 

the lack of cell-binding motifs on the viral capsid.  

Numerous studies have shown that the enhancement of the endothelial and 

osteoblast adhesion can be achieved by immobilizing adhesive peptides on the substrate 

surface (Chollet et al., 2009; Massia and Hubbell, 1991a; Qu et al., 2010).  The tri-peptide 

motif RGD is often exploited for tissue regeneration applications due to its adhesion 

properties (Benoit and Anseth, 2005; Chollet et al., 2009; Feng and Mrksich, 2004; Irvine 

et al., 2001; Koo et al., 2002; Massia and Hubbell, 1991b). It has been reported that 

RGD-tailored bionanoparticles, produced either via genetic modification or chemical 

conjugation, can improve the cell-binding affinity dramatically (Bruckman et al., 2008; 

Flenniken et al., 2006; Lee et al., 2009; Manchester and Singh, 2006; Sen Gupta et al., 

2005; Strable et al., 2004; Wu et al., 2011). For example, using a Cu(I) catalyzed azide-

alkyne cycloaddition (CuAAC) reaction, synthetic RGD peptides have been conjugated 

to wild type TYMV, resulting in the promotion of adhesion, spreading, and proliferation 

of  NIH-3T3 fibroblast cells (Zeng et al., 2011b). However, bioconjugation processes 

often suffer from low virus yield and low coverage of RGD motifs on the viral surface. 

To circumvent these drawbacks, we report here our work in genetic engineering of RGD 

epitopes within the coat protein of TYMV and a study of the adhesion properties of 

BMSCs towards the mutant TYMV. 
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TYMV is a non-enveloped 28 nm plant virus composed of 180 copies of a 20 

kDa coat protein that encapsidates a 6.3 kb monopartite genome. The subunits assemble 

together with T = 3 symmetry that results in an icosahedral capsid with prominent 

protrusions of pentameric and hexameric capsomeres on the viral surface (Fig. 5.1a) 

(Canady et al., 1996b; Klug et al., 1957a). TYMV is an attractive material for cell 

culturing studies as the virus can be propagated and purified through relatively simple 

means. In addition, the solved crystal structure of both the virion (Canady et al., 1996b) 

and empty form of the particle (van Roon et al., 2004b) enables targeted mutagenesis of 

specific coat protein residues that reside either on the surface, interface or interior. In this 

work, residues 44-46 (TKD) within the TYMV coat protein were targeted for 

replacement of residues 44 and 45 to incorporate an RGD motif (Fig. 5.1a). The layer by 

layer (LBL) technique has been confirmed to be an effective way to incorporate viral 

particles into thin films while the integrity of the 3D viral structures can be well 

maintained (Lvov et al., 1994; Rong et al., 2011; Steinmetz et al., 2008; Suci et al., 2006; 

Yoo et al., 2008; Yoo et al., 2006). We therefore use the LBL method to attach TYMV 

particles onto substrates in order to study the adhesion of BMSCs derived from rat bone 

marrow.  

 

Materials and Methods 

Materials. Poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH), 

sodium hydroxide (NaOH) and hydrogen chloride (HCl) were purchased from Sigma-

Aldrich. 18 mm microscope cover glass slides, quartz and silicon wafers were purchased 

from VWR. AT-cut quartz crystals were manufactured by Beijing Ziweixing 

Microelectronic Company. Deionized water (18.2 MΩ.cm) used for rinsing and preparing 

all the solutions was obtained from a Millipore Simplicity 185 purification unit. 

Generation of TYMV-RGD44. To create TYMV-RGD44 mutant, the Strategene 

Quickchange PCR mutagenesis approach was utilized with a TA-vector harboring the CP 

sequence (pGEM-TYMV-CP) as template. A unique SacII restriction site was placed 

within the RGD coding sequence to enable convenient screening by restriction digestion. 

pGEM-TYMV-CP was digested with the restriction enzymes EcoRI and SmaI which 
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enabled ligation of part of the CP region (residues 1-139) into a plasmid used for 

Agrobacterium-mediated infection, pCB302-TyW, through standard cloning techniques 

(Dreher and Cho, 2006). After plant infection, the identity of purified TYMV-RGD44 

virus was verified by sequencing of RT-PCR product from a phenol-chloroform extracted 

genomic RNA template. 

Isolation and virion properties of TYMV-wt and TYMV-RGD44. TYMV-wt 

and TYMV-RGD44 were purified via the Bentonite method (Dunn and Hitchbor.Jh, 

1965). Virus particles were further purified by centrifugation in 5-30% sucrose gradients 

(SW-41 rotor, 2 h and 45 min at 28,000 rpm) in 10 mM Na/KPO4 1 mM MgSO4 (pH 7.6) 

before use. To further characterize TYMV-wt and TYMV-RGD 44, CsCl gradient 

ultracentrifugation (in 30 mM sodium acetate, 1 mM MgCl2  pH 6.0) was performed as 

previously described (Noort et al., 1982b). The electrophoretic mobility of virions was 

analyzed on Tris-Acetate 1% agarose gels (pH 8.3) stained with either ethidium bromide 

for RNA or Coomassie R-250 for protein. 

Substrate treatment. Quartz and silicon wafers were immersed in slightly boiled 

piranha solution (3:1 mixture of 98% H2SO4 and 30% H2O2) for 20 min followed by 

ultrasonication three times in pure water with extensive rinsing and drying with a stream 

of N2. The resonator of the quartz crystal microbalance (QCM) was washed with ethanol 

and water, with drying in a stream of N2. 

BMSC isolation and expansion. Primary BMSCs were isolated from the bone 

marrow of young adult 80 g male Wistar rats (Harlan Sprague Dawley, Inc.).  The 

procedures were performed in accordance with the guidelines for animal experimentation 

by the Institutional Animal Care and Use Committee, School of Medicine, University of 

South Carolina. In brief, cells were flushed from tibia and femur using a syringe needle. 

The cell suspension was then cultured on tissue culture plastic for 10 days to allow 

attachment, with consistent washing every three days. The attached cells were passaged 

and maintained in DMEM growth medium supplemented with 10% fetal bovine serum 

(FBS), penicillin (100 µg/mL), streptomycin (100 µg/mL) and amphotericin B (250 

ng/mL). Cells were passaged no more than four times after isolation before experimental 

use. 
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Cell adhesion and spreading. TYMV substrates were seeded with 4.0 X 104 

cells per sample and cultured for either 5 or 24 h in growth medium. Before cell culture 

termination, each sample was stained with 4 ug/mL of Calcein AM (BD Biosciencse) in 

culture media for 30 min at 37˚C. The cells were washed with Hyclone Dulbecco’s 

phosphate buffered saline (DPBS; Thermo Scientific) twice and fixed in 4% 

paraformaldehyde for 30 min at room temperature. Images of the stained substrates were 

visualized on Olympus IX81 fluorescent microscopy. Cell coverage percent and cell 

number per image frame were calculated using Image J software. Ten images were taken 

from each sample and each substrate condition was repeated with three individual 

samples. 

Characterization. A homemade QCM was used to detect the mass of the 

deposited layer using a 9 MHz quartz electrode coated with Ag on both sides. The QCM 

frequency shifts were monitored with a Protek C3100 universal frequency counter, and 

the mass of the deposited layer was calculated from the Sauerbrey equation (Akashi et al., 

1999). Viral particles (empty and full) were visualized on glow-discharged Formvar-

carbon coated copper grids (Ted Pella) by negative staining with 2% phosphotungstic 

acid in a Philips CM-12 transmission electron microscope at 80 kEV. The surface 

morphology was observed by atomic force microscopy (AFM) (SPA300, Seiko) in the 

tapping mode. UV-vis spectra of the thin films deposited on quartz slides were collected 

on a Shimadzu UV-2450 spectrophotometer.  

 

Results and Discussion 

Generation of the TYMV-RGD44.  

 

Various sites of the TYMV CP, including sites 44-46, 55-57, 61-63, 102-104, and 

161-164 were tested for introducing RGD sequences based on surface accessibility from 

previous crystal structure data (Canady et al. 1996) TYMV-RGD44, with RGD placed at 

residues 44-46, was the only variant able to support infection and form stable virions. 

However, symptom development was slightly delayed and virus yield was decreased 10-

fold relative to TYMV-wt. Attempts at generating infectious mutant virus with RGD at 
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the other sites were unsuccessful, as virus was highly unstable and/or failed to move 

systemically within the plant (data not shown). 

To determine whether TYMV-RGD44 retained the physical properties of TYMV-

wt, virus preparations were analyzed by sucrose gradient ultracentrifugation (Fig. 5.2a). 

The sedimentation rates of mutant and wt virus were similar, and empty particles 

(fractions 12-14) were present in each case (Katouzian-Safadi et al., 1980). Full RNA-

containing virions migrated faster towards the bottom of the gradient. Both full and 

empty particles for TYMV-RGD44 and TYMV-wt were similar in diameter, with 

electron micrograph measurements in close agreement to the expected 28 nm (Fig. 5.2a).  

CsCl gradients of virions showed TYMV-wt banding at a peak density of 1.413 g/mL, 

similar to published values (Fig. 5.2b) (Noort et al., 1982b). TYMV-RGD44 migrated to 

a similar density (Fig. 5.2b). The similar behavior of TYMV-RGD44 and TYMV-wt in 

these analyses suggests that the RGD insertion did not result in any global structural 

perturbation. 

The stability of virions, pooled from sucrose purified fractions 22-27, was also 

analyzed by agarose gel electrophoresis (Fig. 5.2c) (Ball, 1966). Two sets of gels, run in 

parallel were stained with either Coomassie to monitor protein (Fig. 5.2c, top) or 

ethidium bromide to monitor encapsidated/released viral RNA (Fig. 5.2c, bottom). Virus 

was pre-incubated in the denaturant urea for 30 min. at 50 °C before electrophoresis.  At 

0 M (no urea) and 1 M treatments, virions for wt-TYMV and RGD-44 ran to similar 

positions as a single band in both gel types. Based on the surface charge characteristics of 

both viruses the removal of the wild-type lysine at position 45 of the coat protein but the 

addition of an arginine at position 44 for RGD-44 resulted in a highly similar charge 

profile on the capsid surface and therefore similar electrophoretic migrations. At 2 M 

urea treatment, the protein band in the Coomassie gels was shifted slightly higher than at 

1 M urea, a phenomenon previously attributed to TYMV being in an empty particle form 

but without encapsidated RNA (Powell et al., 2011a). The 2 M urea ethidium bromide gel 

was in good agreement with the Coomassie gel as the RNA, now ejected, ran in a similar 

manner as a TYMV RNA-only control (Fig. 5.2c, first lane). For RGD-44 a second 

protein component began to appear at 2M urea, which for wt-TYMV did not appear until 

4M urea treatment. While the nature of this second higher band has previously not been 
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described, its appearance at higher urea conditions suggests some type of dissociated 

capsid state. These agarose gel findings imply that while the RGD-44 virus is stable in its 

purified state, it is less stable than its wild-type counterpart. 

 

Fabrication of TYMV composite films using the LBL method.  

 

Since the isoelectric point (pI) of native TYMV-wt is approximately 3.7, the virus 

is negatively charged at neutral pH. Similar to previous reports on CPMV (Fukuto et al., 

2011; Su et al., 2008a), the deposition of TYMV-wt can be readily achieved with the 

LBL method as depicted in Fig. 5.1b. To obtain a uniformly positively charged surface, 

the substrate (quartz, silicon wafer, or QCM resonator) was coated with PAH and PAA 

by alternatively immersing the substrate into PAH and PAA solutions (1 mg/mL, pH 7.0) 

with each layer thoroughly rinsed with water to deposit the (PAH/PAA)2.5, where the 

value 2.5 indicates the number of bilayers. Next, the (PAH/PAA)2.5 coated substrate was 

alternatively immersed in TYMV-wt solution (0.1 mg/mL, pH 7.0) for 20 min and PAH 

solution (1.0 mg/mL, pH 7.0) for 15 min with steps of washing and drying. The QCM 

data for TYMV-wt and PAH depositions are presented in Fig. 5.3a. For each newly 

adsorbed TYMV-wt layer the average frequency shift is -186 ± 23 Hz. However, for each 

PAH layer, the frequency shift is 31 ± 4 Hz, suggesting that minor amounts of adsorbed 

TYMV-wt were peeled off during exposure to the PAH solution. The oscillatory increase 

of frequency shift with the number of layers indicates the continuous growth and 

successive deposition of TYMV-wt/PAH, which was also confirmed by UV-vis 

spectroscopy (Fig. 5.3b). Because there was no adsorption of PAH in the UV-visible 

region, the absorbance of the multilayer films is primarily attributed to the deposition of 

TYMV, with the 260 nm peak reflecting the presence of RNA of the TYMV-wt particle 

(Dunn, 1965); this was used to monitor the amount of TYMV-wt in composite films (Fig. 

5.3b). A linear relationship between absorbance intensity and the number of bilayers was 

observed (Fig. 5.3b, inset), indicating the linear growth of TYMV-wt deposition with the 

assembly cycles.  

As TYMV is a weak polyelectrolyte, it is expected that the pH value could greatly 

affect the adsorption process (Su et al., 2008a). While fixing the pH of the PAH solution 
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at 7.0, the deposition of TYMV-wt was studied by QCM using virus suspensions of 

different pH values from 3.2 to 7.0 (Fig. 5.4a). Fig. 5.4b shows the average frequency for 

each TYMV layer deposited at different pH. As predicted, the maximum TYMV 

deposition was achieved at pH 4.0 (near pI) (Su et al., 2008a; Su et al., 2008b). During 

the TYMV deposition, the interaction between TYMV-wt and substrate, as well as the 

interactions among TYMV-wt particles, govern the amount of deposited virus. For pH 

above the pI of TYMV-wt, the negative charge density of TYMV increases with pH, 

which favors the interaction between TYMV-wt and substrate. However, the increased 

charge also increases the electrostatic repulsion between virus particles, prohibiting 

higher surface coverage. Near the pI (pH 4.0), the electrostatic repulsion between 

TYMV-wt particles reaches a minimum, leading to maximum particle deposition. Based 

on the Sauerbrey equation (Akashi et al., 1999), the mass of TYMV can be calculated. 

Assuming 1 g/cm3 as the density of TYMV-wt and a monolayer adsorption with sphere-

packing, we estimate the coverage of TYMV-wt under different pH, which was 151 ± 8% 

(pH 4.0), 115 ± 4% (pH 5.0), 52 ± 2% (pH 7.0) and 8 ± 0.3% (pH 3.2) respectively.  

As no additional negatively-charged residues were introduced into the TYMV-

RGD44 particle, two similar pH-dependent zeta potentials curves were observed for 

TYMV-wt and TYMV-RGD44 (Fig. 5.4c), and the pIs of TYMV-wt and TYMV-RGD44 

are 3.4 and 3.7 respectively. Since the LBL deposition is strongly dependent on the 

surface charge of virus particles, the LBL deposition of TYMV-RGD44 with PAH at pH 

4.0 is very similar to that of TYMV-wt as shown in Fig. 5.4d. Therefore, this condition 

(Cvirus = 0.1 mg/mL, pH 4.0, CPAH = 1 mg/mL, pH 7.0) was used for preparing samples for 

cell culture studies. 

Since the morphology of the film can greatly influence the cell behavior, the film 

topography was assessed by AFM (Fig. 5.5). After the deposition of (PAH/PAA)2.5 on 

silicon wafer, one layer of virus deposition at pH 7 only results in partial coverage (Fig. 

5.5a). From the AFM image, the coverage is estimated to be ~ 46%, which agrees well 

with the above QCM data (i.e. 52 ± 2%). At pH 4.0, near the pI of TYMV-wt, with single 

virus deposition, the surface is fully covered with viral particles, and the surface coating 

is granular with the viral clusters formed on the order of hundreds of nanometers (Fig. 

5.5b). As additional layers of viral adsorption with polyelectrolyte progressed, more 
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aggregations of TYMV can be observed (Fig. 5.5c), with an increasing RMS to 7.4 nm. 

The TYMV-wt coated surface was stable even after being immersed in PBS buffer at 37 
0C for 48 h as shown by AFM analysis (Fig. 5.5d). In addition, QCM test showed a 

frequency shift of 41 ± 4 Hz, indicating very little TYMV was desorbed. Therefore, both 

AFM and QCM data suggested that the majority of virus particles remain in the 

composite films, indicating that these composite films were stable enough for cell 

culturing studies. 

 

BMSCs adhesion and spreading.  

 

The effect of TYMV-RGD44 on the BMSC behavior was studied at 5 and 24 h 

after seeding. After 5 h incubation, a noticeably higher number of cells adhered on 

TYMV-RGD44 coated substrate compared to TYMV-wt under the same conditions (Fig. 

5.6a-d). Moreover, the cell spreading on TYMV-RGD44 films was also enhanced after 

24 h culturing (Fig. 5.6e-h). In order to quantify the effect of TYMV-RGD44 on cell 

adhesion, cell counts were determined, showing a much higher cell number with the 

TYMV-RGD44 coating (Fig. 5.7a). This suggests that the RGD epitope on TYMV-

RGD44 is functioning as a cell adhesion site. With the longer culturing time (24 h), the 

overall cell numbers increased, but the effect of TYMV-RGD44 on cell adhesion was less 

dramatic. These results indicate that the RGD has a greater effect at the earlier stages of 

cell adhesion, which agrees well with previous studies (Qu et al., 2010). For both TYMV-

wt and TYMV-RGD44 (Fig. 5.7a) as the top layer, the increased viral layers could 

slightly increase the cell adhesion.  

After initial adhesion observed at 5 h (Fig. 5.6 a-d), the cells began to fully spread 

by 24 h (Fig. 5.6 e-h). The TYMV-RGD44 coating can promote much better cell 

spreading over the surface than that of wild type (Fig. 5.7b). In order to elucidate the 

influence of TYMV-RGD on cell spreading clearly, the average area per cell was 

calculated by dividing the cell coverage area with the cell number, as shown in Fig. 5.7c. 

With one viral layer, the area per cell on TYMV-wt coated surface is 4.7 x 103 µm2 as 

compared to 6.5 x 103 µm2 for TYMV-RGD44. The difference in cell spreading between 
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TYMV-wt and TYMV-RGD44 coated surface becomes more obvious with three layers 

of viral coating. 

 

Conclusions  
 

It is believed that cell adhesion and spreading are mediated by the interaction 

between cell membrane receptors and protein domains present in the extra cellular matrix 

(ECM), such as the highly characterized Arg-Gly-Asp (RGD) motif. The control of RGD 

density and spatial distribution therefore can play an important role in the spreading 

process of certain cell types. In our study, TYMV was genetically modified with an RGD 

substitution within the coat protein (CP) at residues 44-46 for display of RGD on the viral 

capsid surface. The estimated RGD spacing within a TYMV capsomere, based on the 

solved crystal structure, is approximately 19 angstroms (0.19 nm apart) (Canady et al., 

1996b). Composite films composed of the wild type or mutant TYMV particles were 

fabricated by facile LBL deposition of virus particles and PAH. The coverage of virus 

can be readily controlled by adjusting the pH of the virus solution, with maximum 

deposition near the virus pI. Cell studies showed that TYMV-RGD44 can enhance the 

adhesion of BMSCs at an early stage and promote cell spreading, which indicates that 

high RGD clustering within a confined area (viral capsid in our case) provides an ideal 

environment for cell adhesion and spreading. Clearly, the ability to engineer RGD with 

nanometer precision in a multivalent manner, optimize its deposition on composite thin 

films and test the resulting interactions with BMSC’s provides a framework for the 

testing of additional RGD-based viral scaffolds. 
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Figures 

 
Figure 5.1. (a) Structure of TYMV with coat protein depiction based on elements of 
secondary structure (flattened arrows: b-sheet); highlighted region shows the location of 
RGD substitution (pink) within a given capsomere (one subunit has been removed for 
clarity in viewing RGD).  Models were generated using PyMOL (www.pymol.org) with 
coordinates obtained from RCSB Protein Data Bank (www.pdb.org). (b) Schematic 
illustrations of the stepwise growth of TYMV composite films using the LBL method. 
The green and red lines are PAH and PAA respectively, and the gray sphere is virus 
particle (TYMV-wt or TYMV-RGD44). 
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Figure 5.2. (a) TYMV-wt and TYMV-RGD44 were fractionated by 5-30% sucrose 
gradient ultracentrifugation, and fractions 12 to 27 were collected for analysis by SDS-
PAGE with Coomassie Blue staining. Samples from fractions 12 and 24 were visualized 
by transmission electron microscopy (TEM), confirming the presence of 28 nm empty 
and full particles. Scale bars are 50 nm. (b) Cesium chloride gradient analysis of TYMV-
wt and TYMV-RGD44 virions. 10-drop fractions were collected and RNA isolated by 
phenol chloroform extraction. RNA shown as a percentage based on total RNA isolated 
from all 24 fractions. (c) 1% agarose gel electrophoresis to monitor the stability and 
electrophoretic mobility of virus stained for protein or with ethidium bromide to monitor 
encapsidated vs. released RNA (bottom), lane 1 (TYMV RNA) is phenol chloroform 
derived genome RNA as a positive control.  
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Figure 5.3. (a) QCM frequency shift for the alternating adsorption of TYMV-wt and 
PAH (pH 7.0) on silver QCM resonators after a (PAH/PAA)2.5 coating. The odd layers 
are TYMV-wt and the even layers PAH. (b) UV-visible spectra of (TYMV-wt/PAH)n 
multilayers (n = 1 - 6). Inset plots the absorbance at 260 nm as a function of the number 
of bilayers.  
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Figure 5.4. (a) QCM frequency shift for the alternating adsorption of TYMV-wt at 
different pH and PAH (pH 7.0) on silver QCM resonators. (b) Average frequency shift of 
QCM in one TYMV-wt layer at different pH of TYMV solution. (c) The dependence of 
zeta potential on the pH value. (d) QCM frequency shift for the alternating adsorption of 
TYMV-RGD44 (pH 4.0) and PAH (pH 7.0) on silver QCM resonators. The odd layers 
are TYMV and the even layers PAH for (a) and (c). 
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Figure 5.5.  (a) BMSC attachment on TYMV-wt or TYMV-RGD44 coated substrates 
calculated from fluorescent images at 5 and 24 h after seeding. (b) Average percentage of 
cell coverage, showing the extent of BMSC spreading on different substrates at 24 h. (c) 
Average single cell area at 24 h, showing improved BMSC spreading on TYMV-RGD44 
substrates when compared to TYMV-wt.  
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Figure 5.6. Fluorescent images of BMSC attachment and spreading (green) on different 
samples at 5 and 24 h after seeding. (Carr et al.) show initial cell adhesion after 5 h and 
(e-h) show cell spreading after 24 h. (a, e) one layer of TYMV-wt; (b, f) one layer of 
TYMV-RGD44; (c, g) three layers of TYMV-wt; (d, h) three layers of TYMV-RGD44.  
The scale bar is 100 mm. 
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Figure 5.7. AFM images of different film surfaces: (a) (PAH/TYMV-wt)1 prepared at pH 
7.0, RMS = 2.5 nm; (b) (PAH/TYMV-wt)1 prepared at pH 4.0, RMS = 4.2 nm; (c) 
(PAH/TYMV-wt)5 prepared at pH 4.0, RMS = 7.4 nm; and (d) (PAH/TYMV-wt)5 
prepared at pH 4.0 and immersed into PBS at 37 0C for 48 h, RMS = 6.9 nm. The scale 
bar is 500 nm. 
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 Supplemental Data 
 

• E. coli expression of TYMV CP and RGD substitution mutants verifies that all 
eight designed constructs express the intended CP by Western blot. E. coli expression 
plasmid was pRSET-B (depicted Fig. 1.7). Partially complementing primers, designed for 
opposing-direction amplification of entire plasmid pRSETB-CP was based on Strategene 
QuickChange technique.  The 3.5 kb PCR product was ligated creating functional 
plasmid. Constructs were verified by sequencing before expression in E. coli.  250 mL 
cultures were grown to OD600 of 0.6-0.9 at 25 °C than induced with 0.5 mM IPTG for 5 
hr. Pre- and post-induction of CP is depicted.  

 
 
Supplementary figure 5.1. RGD substitution within the CP at eight locations and 
expression in E. coli. A. The positioning of RGD substitution in depicted within the 189 
amino acid CP monomer. Position 184-186 (red) is not visible at this angle but is shown 
below (panel B). B. Surface depiction of RGD substitution within exterior hexamer and 
pentamer surface, color as depicted in panel A. Generated in PyMOL with PDB: 1auy.   
C. SDS-PAGE Coomassie of E. coli prior to CP induction with IPTG. Western blot 
(below) CP-specific antibody shows stringent control and no visible expression. D. Post 
IPTG induction with SDS-PAGE Coomassie and western blot (bottom) verify the 
expression of Wt and RGD-based constructs.  Numbering denotes the position within CP 
of RGD substitution. 
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• Soluble material, PEG-precipitated and extensively dialyzed with YM-100 
Microcon indicate Wt, RGD 44, 61 and 161 were in particle form (panel A) Definitive 
particles, although some in an atypical spherical state and in low quantities were 
identified for RGD-44, RGD-61 (panel B). Unusual “cord-like” structures were evident 
for RGD-161 (panel B, far right).  

 
 

 
 
Supplementary figure 5.2. Characterization of soluble/assembly properties of E. 
coli-based Wt and RGD mutants. A. Western blot of final soluble concentrated CP 
shows a significantly higher proportion of Wt than other mutants. RGD 44, 61, 161 and 
184 were considered positive for the detection of assembled CP.  B. Transmission 
electron microscopy verifies assembled products for Wt (far left).  Assembled although in 
an appeared compromised state are particles for RGD-44 and RGD-61 (middle).  
Atypical “cord-like” extensions could be seen for RGD-161 that were not present in any 
other samples.  Further analysis is needed to determine if this is an alternative assembled 
product of RGD-161.  While positive by western blot (panel A) RGD-184 particles or 
other discernable structures were not evident.  
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• RGD-44 mutant was infectious in plants but virus yield was 10% of wild-type (wt).  
When RGD-44 virions were mechanically inoculated (after purification of agro-
inoculated plants) the yield was 10-fold lower than Agrobacterium method (1/100 of 
Wt) with only symptoms on secondary and not tertiary leaves.  This finding suggests 
that either transient expression afforded by Agrobacterium or the co-introduction of 
TBSV p19 silencing suppressor during Agrobacterium injection lead to increased yield. 
No other mutants displayed symptoms but RGD-55 did display necrotic lesions (panel 
A, right) 

 
 

 
 
Supplementary figure 5.3. RGD-44 displayed traditional vein-clearing symptoms in 
plants while RGD-55 showed a non-traditional necrotic lesion formation. A. Typical 
systemic (secondary) leaf is shown after 35 days post-infection (dpi) with 
Agrobacterium-based delivery.  RGD-103, RGD-162 did not show symptoms, RGD-161 
(not shown) was also negative for symptoms and Western blot detection. B. Western blot 
and SDS-PAGE Coomassie of secondary leaves verified RGD-44 infection. C. TEM 
verified the spherical integrity of virion (dark-stained) and empty particles. The ratio of 
virion to empty particles was 78%, in good agreement with those in SDS-PAGE gels 
shown in publication (Fig. 5.2A). Bar: 50 nm. 
 
 
 
 
 
 
 
 
 



	   169	  

• Bone marrow stromal cells (BMSCs): prominent morphological differences were 
seen beginning at 5 hr. post seeding (see Fig. 6A, B) with one-layer of either Wt or RGD-
44 virus coating of thin films when viewed with an Olympus IX81 fluorescent 
microscope. 
 

           
 
Supplementary figure 5.4. Light microscopy of RGD-44 reveals fine-cellular 
extensions from BMSCs. At 5 hr. RGD-44 coated surfaces show BMSC cellular 
structures resembling “neurite-like” extensions (asterisk) that were not present for Wt at 5 
hr. post seeding. Shorter extensions (arrow) while present for Wt cells were at much 
higher densities for each respective cell in RGD-44.  Bar: 50 µm  
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Chapter 6 

 
Virion-associated divalent cations in Turnip yellow mosaic virus influence empty particle 

formation  
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Title 

 

 Virion-associated divalent cations in Turnip yellow mosaic virus influence empty 

particle formation  

 

Abstract 

  

 High pressure, extreme alkaline pH and freeze-thaw in liquid nitrogen can convert 

Turnip yellow mosaic virus (TYMV) to artificial top component (ATC) empty particles. 

We report that freeze-thaw treatment of CsCl gradient-purified virions have increased 

efficiency for ATC formation relative to sucrose gradient-purified virions. Freeze-thaw of 

sucrose-purified virions in 10 mM Tris-HCl pH 7.5 led to 40% conversion, but in 10 mM 

sodium acetate pH 6.0 no ATC was evident. Virions subjected to 10 mM Tris-HCl, 100 

mM EDTA pH 7.5 without freeze-thaw resulted in genome release and ATC formation. 

When 100 mM EDTA was supplemented to buffers during purification from infected 

Chinese cabbage leaves 90% of particles were empty. These results show that divalent 

cation depletion from virions, through chelation with EDTA or by replacement with 

cesium ions (CsCl gradients) increases the efficiency of ATC formation. These findings 

also show a convenient method of purification to isolate ample quantities of ATC. 

Additionally, these results are the first within the Tymoviridae family to report that 

EDTA-treatment alone results in ATC formation. 

 

Introduction 
 

Turnip yellow mosaic virus (TYMV), the type-member of the tymoviruses, is a 

well-studied T=3 icosahedral plant virus (Dreher, 2004). A monopartite 6.3 kb RNA 

genome (Morch et al., 1988) is packaged within a  28 nm icosahedral virion composed of 

180 copies of a 20 kDa coat protein (CP) (Canady et al., 1996a). The feature of one 

genomic RNA, one CP-type and the ability to form stable empty particles has resulted in 

substantial characterization of the biophysical properties of empty and virion particles 

(Matthews, 1981) (Larson et al., 2005a). The TYMV genome is biased in cytosines, with 

low percentage of guanine (39% C, 17% G in TYMV RNA) (Morch et al., 1988). This C- 
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bias leaves unpaired single-stranded regions within encapsidated RNA (Hellendoorn et 

al., 1996) (Larson et al., 2005a). At low pH, cytosines are protonated (Ehresmann et al., 

1980) and as discussed previously (Bink and Pleij, 2002) may provide a favorable 

environment for virion stability at low pH. Within the virion, cationic polyamines 

spermine and spermidine are calculated to neutralize 20% of RNA backbone phosphate 

charges (Beer and Kosuge, 1970). Polyamine packaging is a strategy proposed to 

circumvent the need for an arginine-rich motif (ARM-domain) (Suryanarayana et al., 

1988), a positively-charged N-terminal CP region encoded in some plant viruses that 

TYMV lacks (Rao, 2006). TYMV also contains 400-500 Mg2+ molecules. with a subset 

of Mg2+ displaced in CsCl gradients (Noort et al., 1982a). 

TYMV virions can be converted into empty particles through exposure to high 

pressure (Leimkuhler et al., 2001), extreme alkaline pH (pH 11.5, 1M KCl) (Keeling and 

Matthews, 1982) or freeze-thaw in liquid nitrogen (Katouzian-Safadi and Berthet-

Colominas, 1983), all resulting in RNA release. The resultant particles, “artificial top 

component” (ATC), are at less dense “top” positions in CsCl gradients compared to 

intact virion (Matthews, 1960). The multiple means to convert virion to ATC has 

previously been discussed as mimicking the disassembly process in vivo (Matthews and 

Witz, 1985). Empty particles found in virus preparations are referred to as natural top 

component (NTC) and while highly similar in appearance to ATC by transmission 

electron microscopy (TEM) (Katouzian-Safadi and Berthet-Colominas, 1983), can 

contain subgenomic RNA (Noort et al., 1982a) (Pleij et al., 1977) (Chapter 8).  

ATC formation releases genome and 5-9 CP subunits, most likely a capsomere 

(Katouzian-Safadi and Berthet-Colominas, 1983), (Kuznetsov and McPherson, 2006). 

High resolution atomic force microscopy images (Kuznetsov and McPherson, 2006) have 

revealed RNA extruding from capsid end first. The crystal structure of TYMV ATC, 3.75 

Å resolution (van Roon et al., 2004a) and virion, 2.9 Å resolution  (Canady et al., 1996a) 

have been solved. ATC and virion were later solved to 2.9 Å in the same crystallographic 

space-group under similar conditions (Larson et al., 2005a). ATC and virion structures 

confirmed the characteristic protrusions seen in earlier high-resolution electron 

microscopy (Finch and Klug, 1966) that correspond to 32 capsomeres, 12 A-subunit 

pentamers and 20 B-,C-subunit hexamers. A high degree of similarity in the positioning 
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of the CP residues in virion and ATC has been noted, with the exception of the F-G β-

strand region, the distal interior cups of capsomeres (van Roon et al., 2004a) (Larson et 

al., 2005a). CP residues 120-125 connect F-G β-strands, and Ile-122 regulates the size of 

hexamer and pentamer pores (Fig. 6.1A). The tymovirus Desmodium yellow mottle virus 

(DYMoV) utilizes residue valine 122 for pore restriction (Larson et al., 2000). The 

DYMoV and TYMV pores, noted by authors of the DYMoV structure, are less than 1 Å 

across, too small for the passage of ions or water without movement of residue 122. 

TYMV virion crystal structure solved at room temperature (Canady et al., 1996a), 

compared to flash-cooled (Larson et al., 2005a), shows slight differences in 

conformations of residues 120-125 and in the B-, C-subunit N-termini (Fig. 6.1B) where 

an interlocking annulus resides within the hexamer interior. The annulus, formed by the 

N-terminal six residues, associates through hydrogen bonding with a neighboring subunit, 

enhancing stability (Powell et al., 2011b). The annulus has hydrogen bonding to the 120-

125, region with E2 and Q123 in close association (Canady et al., 1996a). The position of 

the 26 residues at the A-subunit N-termini is unknown and considered disordered 

(Canady et al., 1996a)  

During attempts to create ATC from virion with previously established freeze-

thaw conditions (Katouzian-Safadi and Berthet-Colominas, 1983) decreased efficiency of 

virion to ATC conversion was evident and subsequently followed by additional studies. 

Here we report an additional and to date uncharacterized means to create ATC particles, 

chelation of internal divalent cations through EDTA treatment. We discuss this 

phenomenon and its implications to genome release based on our findings and 

comparisons of available ATC and virion crystal structure data.  

 

Results 

 
Pre-treatment of virions with EDTA leads to higher rate of ATC formation. 
 

ATC formation efficiency from two differing purification schemes has previously 

been performed (Katouzian-Safadi and Berthet-Colominas, 1983). Virions from the 

Leberman method (Leberman, 1966), incorporating PEG-precipitation, 10 mM Tris-HCl 

pH 7.5 and addition but eventual removal of 100 mM EDTA during low and high-speed 
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centrifugation, led to robust homogeneous ATC formation after freeze-thaw treatment. 

The Matthews method (Matthews, 1960), involving precipitation with 1M acetic acid pH 

4.8, was less effective and resulted in some damaged/broken particles after freeze-thaw. 

Virions prepared using both conditions were isolated on CsCl gradients and freeze-

thawed in 10 mM Tris-HCl pH 7.5. The authors note that treatment at low pH as part of 

the Matthews method may impart damage onto particles. Exposure to 100 mM EDTA 

during the Leberman preparation was not mentioned as a potential rationale for the 

differences. In the initial Leberman study, the rationale for EDTA treatment was to 

dissociate ribosomes that may be present, and as the authors note, there was evidence that 

EDTA facilitates the removal of pigment from plant virus preparations (Leberman, 

1966). A more convenient means of TYMV purification without PEG-precipitation and 

EDTA treatment is extraction in 10 mM NaKPO4, 10 mM MgSO4 pH 7.6 by the 

Bentonite method (Dunn and Hitchborn, 1965).  Briefly, bentonite, a clay, binds a variety 

of proteins, including ribosomes at pH 7.6. The capsid surface of TYMV has a substantial 

negative-charge (pI = 3.75) (Markham and Smith, 1949) (Canady et al., 1996a) and 

therefore does not adsorb to bentonite. After centrifugation at 16,000 x g, ample levels of 

virus remain in solution while ribosomes and other proteins bind to pelleted bentonite. 

Bentonite-purified TYMV virions were isolated via 5-30% sucrose gradient rather 

than CsCl gradient (as previously reported Katouzian-Safadi and Berthet-Colominas, 

1983). Virions were freeze-thawed in 10 mM Tris-HCl pH 7.5 at 75 mg/mL with 

subsequent RNase treatment to degrade released RNA as previously reported (Katouzian-

Safadi and Berthet-Colominas, 1983). Electron microscopy counts showed 44% of 

particles were still in virion form (Fig. 6.2A) compared to 100% conversion previously 

reported from the Katouzian-Safadi study. Because virions had not been subjected to 

EDTA or CsCl purification, sucrose-purified virions were treated in 10 mM Tris-HCl, 50 

mM EDTA pH 7.5 for 1 hr. EDTA was next removed through extensive buffer exchange 

in a YM-100 Microcon device before freeze-thaw. EDTA pre-treatment resulted in 99% 

conversion to ATC (Fig. 6.2B, left). As a control, virion pretreated with 50 mM EDTA 

before freezing was visualized (Fig. 6.2B, middle), and of note, there were some minor 

~5 nm smaller structures (Fig. 26.B middle, arrow) but no empty particles.  CsCl 

gradients were used to study particle types present after freeze-thaw (Fig. 6.2A,B right), 
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providing results that were in agreement with electron microscopy [ratios of newly-

formed ATC (fractions 3-4) and intact virion (fractions 11-12)]. A putative CP cleavage 

product was also evident in ATC fractions and less dense fractions (fraction 1-4). We 

conclude from our findings that pre-treatment with 50 mM EDTA leads to higher ATC 

efficiency for sucrose-purified virions (Fig. 6.2A vs. Fig. 6.2B). 50 mM EDTA may 

potentially damage particles or initiate RNA release, as suggested by the presence of 

smaller structures (Fig. 6.2B middle, arrow). CP cleavage occurs in both EDTA-treated 

and untreated virus during freeze-thaw (Fig. 6.2, right panels) as noted in prior ATC 

studies (Chapter 4). 

 

CsCl-purified virions show higher ATC formation efficiency than sucrose-purified 

virions. 

 

 CsCl gradient-purified virus preparations have a dominant major component 

sedimenting at 1.41-1.43 g/mL and a minor heavier component at 1.44-1.45 g/mL. The 

latter is a result of Mg2+ displacement by heavier Cs+ ions (Noort et al., 1982a) (Powell et 

al., 2011b) (Chapter 3). Freeze-thaw treatment of virions purified on CsCl and 5-30% 

sucrose gradients was performed in sodium acetate pH 6.0 or Tris-HCl pH 7.5. Higher 

ATC conversion for CsCl versus sucrose-purified virions was noted, and when buffer 

was 10 mM Tris-Cl pH 7.5 versus 10 mM sodium acetate pH 6.0 (summarized, Fig. 

6.3A). These findings suggest that Cs+ ion displacement of virion-associated Mg2+ 

increases ATC conversion efficiency (Fig. 6.3), a finding also supported by EDTA 

(chelation of Mg2+) experiments (Fig. 6.2).  

 

Treatment of virions with 100 mM EDTA results in empty particle formation 

 

 Due to the increased efficiency of ATC conversion after 50 mM EDTA treatment 

(Fig. 6.2), CsCl gradient-purified virions were treated with 100 mM EDTA to repeat the 

EDTA concentration used in the Leberman-type purification used in the previous 

Katouzian-Safadi ATC study.  Even without freeze-thaw, 30% of particles were in 
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various states of disencapsidation, and cord-like structures (Fig. 6.4, arrows) interpreted 

as being indicative of RNA release were seen in electron micrographs. 

 

Supplementation of 100 mM EDTA during Bentonite purification leads to robust empty 

particle isolation. 

 

 Virus was purified from infected Chinese cabbage in 10 mM NaKPO4 100 mM 

EDTA pH 7.6 with bentonite (Bentonite method) (Dunn and Hitchborn, 1965).  After 

purification, virus yield measured by Bradford assay was 70 mg/100 g infected leaf 

tissue, slightly lower than the previously reported 84 mg yield (Powell et al., 2011b). 

Visualization of full/empty ratio by electron microscopy showed that 90% of particles 

were empty and 10% full (dark-stain). The appearance of an apparent dark-staining 

cavity in some empty particles was interpreted to possibly be indicative of missing 

subunits (Fig. 6.4A, arrows). The observed empty/full ratios differ from previous 

published reports that show 10-20% empty and 80-90% full particles in typical 

preparations (Powell et al., 2011b) (Matthews, 1981)(Chapter 4). 

   

Discussion  

 

Divalent cations and pH 

 

 Here we report that a tymovirus forms empty particles through EDTA-treatment 

alone (Fig. 4). These results show the means by which virions are purified (sucrose or 

CsCl gradients) results in intrinsically different virions as shown by variation in ATC 

conversion in similar buffers (Fig. 6.3). Freeze-thaw treatment in 10 mM buffer at pH 7.5 

versus pH 6.0 (Fig. 6.3), EDTA treatment (Fig. 6.2, 6.4) and purification with CsCl 

versus sucrose (Fig. 6.2, 6.3) factor into ATC efficiency. In light of previous findings that 

show addition of exogenous Mg2+ to virions of TYMV (Johnson, 1964) and PhyMV 

(Savithri et al., 1987) is more effective at preventing ATC formation than other cations 

Na+, Ca2+ and K+ it is of no surprise that Mg22+ is important. It was unexpected that 

EDTA in the absence of a freeze-thaw treatment can result in robust decapsidation during 
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virus purification (Fig. 6.4). How EDTA exposure and other ATC treatments result in a 

stable empty capsid with a “hole” and not simply dissociated subunits or capsomeres is 

quite perplexing. 

Earlier investigation of the freeze thaw ATC treated virus to 100 mM EDTA 

during purification (Leberman and later Katouzian-Safadi) did not find a virion to ATC 

conversion process. We find 30% ATC conversion in 100 mM EDTA (Fig. 6.4A) in 

similar pH 7.5 10 mM Tris conditions. An explanation could be that in these earlier 

studies the 100 mM EDTA converted some virions to ATC that may be mistaken for 

NTC based on rather similar CsCl densities. During CsCl studies the remaining intact 

virions not disrupted by CsCl would therefore migrate to the expected CsCl denser virion 

position.  

 

Cleaved CP 

 

A detailed mechanism of disencapsidation is considered unresolved (Dreher, 

2004). Recent work suggests a role for the CP N-terminus in decapsidation based on an 

infectious N-terminal CP mutant that has enhanced stability and resistance to ATC 

formation by freeze thaw and alkaline pH treatments (Chapter 4). In wild-type virion, an 

N-terminal CP cleavage seems to be associated with ATC formation (Chapter 4). We also 

noticed a CP cleavage by SDS-PAGE in the current studies (Fig. 6.2, right panels). A 

metastable virion with N-terminus cleaved has been characterized for Turnip crinkle 

virus (TCV) recently (Bakker et al., 2012). The TCV authors report that a subset of the 

CP N-terminal regions becomes proteolytically accessible in the expanded virion form, 

although the RNA remains inaccessible to nuclease. Our experimental findings differ 

from TCV as no exogenous proteases were used in our study. However, it could be that 

during assembly, or when particles are in a more accessible state in vivo, some CP 

subunits are cleaved by a protease. The cleavage site was previously mapped to between 

N-terminus residues 18-19 (producing a 18.1 kDa fragment) and to lesser extent residue 

24-25 (17.8 kDa) (Chapter 4), both within the disordered 26 residues of A-subunits. The 

cleavage site detected here appears to be positioned downstream of these two cleavage 

sites (~15 kDa product detected), implying that an additional cleavage of CP is occurring 
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(Chapter 4). Nonetheless, it would be compelling if N-terminal CP were cleaved in a 

subset of still assembled particles, especially if cleavage was a factor determining the 

location or timing of RNA release. 

 

Virion accessibility 

 

TYMV expands from 29.2 nm to 30.4 nm when treated with pH 1M KCl pH 

11.55, with RNA escaping from the swollen particle over a period of 10 minutes (Keeling 

et al., 1979). Small angle neutron scattering shows the capsid expands 3.5% with RNA 

deeply penetrating the protein shell during freezing but prior to RNA release, suggesting 

RNA expansion as an initiating step in decapsidation (Witz et al., 1993). For Red clover 

necrotic mosaic virus (RCNMV), chelation of Mg2 with EDTA increases virion 

accessibility and generates a 11-13 Å channel that exposes genomic RNA, providing a 

path for its exit into the cytosol of infected cells (Sherman et al., 2006). The location of 

increased RCNMV accessibility was determined by Cryo-EM to be at the quasi 3-fold 

axes (Sherman et al., 2006). There is no Cryo-EM structure of TYMV with depleted 

Mg2+. There is crystal structure data for ATC in two different space groups (van Roon et 

al., 2004a) (Larson et al., 2005a) and two virion structures, initially at pH 3.7 room 

temperature (Fig. 6.1A, 6.1B left) (Canady et al., 1996a) and later at pH 4.4 with flash 

cooled crystals (Fig. 6.1B right) (Larson et al., 2005a) as discussed in the Introduction. 

 Comparing crystal structure data for ATC and virion proves challenging for the 

pentameric A subunits, as the N-terminal 26 residues are disordered. This is further 

complicated by flexibility in the F-G loop, so much so that a dramatic difference is seen 

in the initial freeze-thawed ATC structure at Ile-122 in pentamers; Ile-122 has a 90-

degree “flipped” conformation compared to the other ATC and two virions structures 

(van Roon et al., 2004a) (Larson et al., 2005a). Comparisons of both virion structures 

shows increased accessibility at the pore through slight differences for F-G loop and N-

terminus for the pH 4.4 virion from flash-cooled crystal (Fig. 6.1B, right) versus virion at 

pH 3.7 (unfrozen crystal) (Fig. 6.1B, left). It cannot be determined whether this 

difference is due to freezing of crystals or from increased pH. The ATC counterpart of 

pH 4.4 virion is indistinguishable in the structures of the F-G loop and N-terminus, but 
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the authors do note the poor ordering within the F-G loop in both structures (Larson et al., 

2005a). 

It could be considered that virion, highly impenetrable at lower pH values, with 

an optimum number of Mg2+ ions, is highly stable.  Residues 120-125 guard the 

capsomere pore to keep the virion impenetrable at low pH (Fig. 6.1B, left).  As pH 

increases or when Mg2+ ions are displaced or chelated, the encapsidated RNA becomes 

less compact, resulting in alterations in capsid conformation and potentially a change in 

N-terminal conformation that ultimately increases porosity. With increased porosity, the 

initiation of genome release can proceed, end first and with ejection of an accompanying 

pentamer or hexamer capsomere. How a discrete point is chosen in an otherwise 

symmetrical structure that consists of icosahedrally ordered genome (Larson et al., 

2005a) is quite intriguing. Future Cryo-EM structures with EDTA-treated particles in 

various intermediate states of RNA release should shed light on this mechanism. 

Additionally, TYMV virion and ATC crystal structures solved in varying pH states and 

an ATC structure derived from EDTA will prove useful. Nonetheless, our findings show 

a new ATC-derived form of TYMV that should aid in answering these questions 

pertaining to decapsidation. These results also provide a means to obtain high levels of 

ATC during purification. This convenience could prove advantageous in preparation of a 

protein “container” with a relatively small “hole” (capsomere) (Fig. 6.4, arrow) that may 

be useful for nanotechnology-inspired applications. 

 

Materials and Methods 

 

Purification of virus 

 

 TYMV was mechanically inoculated with carborundum onto Chinese cabbage 

three weeks post-sprouting. Symptoms were monitored over 28 days. Chinese cabbage 

leaves were de-veined and virus purified by Bentonite purification (Dunn and Hitchborn, 

1965). Briefly, 100 g of leaf material was blended in 10 mM NaKPO4,10 mM MgSO4 pH 

7.6 supplemented with 0.5 mg/ml bentonite. Plant debris was removed with cheese-cloth. 

After low-speed centrifugation, 18,000 x g. 20 min., supernatant was pelleted in Ti-60 
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rotor, high-speed, 50,000 rpm (177,500 x g). Pellets (virus) were resuspended with gentle 

rocking on rotary platform at room temperature overnight. An additional low speed and 

high speed centrifugation was performed with final virus pellets resuspended in 30 mM 

sodium acetate, 1 mM MgCl2, pH 6.0 at virus concentration 10 mg/mL. Virus purified in 

100 mM EDTA (Fig. 6.4) was obtained in a similar manner, but without MgSO4 or 

bentonite. 

 

Purification of virions 

 

Virions, used for freeze-thaw treatment, were separated from empty (NTC) particles by 

5–30% sucrose gradient (pre-formed) run for 3 h at 100,000 x g or CsCl gradient (starting 

density 1.42 g/mL) run for 24 hr at 100,000 x g. Both gradients were in 30 mM sodium 

acetate pH 6.0, run in SW-41 rotor at 10 °C. 400 µL fractions were collected, and density 

was determined using a standard refractometer. Absorbance at 260 and 280 nm of 

fractions and verification by TEM were used to ensure the integrity of virion-only prior to 

freeze-thaw treatment.  

 

Freeze-thaw treatment of virions 

 

Buffer exchange, to remove sucrose or CsCl, was accomplished with YM-100 Microcon 

devices (Millipore) in respective sodium acetate or Tris-HCl buffers (Fig. 6.3). Virions, 

75 mg/mL, were frozen in liquid nitrogen for 2 min and thawed at 25 °C. Released RNA 

was digested with 50 units of RNase A+T1 mixture (Fermentas #EN0551) for 1 hr. ATC 

and intact virions were visualized by electron microscopy to determine full/empty ratios 

(Fig. 6.2, 6.3) and run in CsCl gradients, 30 mM sodium acetate pH 6.0 (starting density 

of 1.30 g/ml) (Fig. 6.2, right) to asses efficiency of virion conversion to ATC.  

 

Electron microscopy 
 
Virus was visualized on glow-discharged Formvar-carbon coated copper grids (Ted 

Pella) with negative stain 2% phosphotungstic acid in a Philips CM-12 transmission 

electron microscope at 80 kEV. 
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Figures 

 

 
 

 

Figure 6.1. The capsomere architecture of pentamer and hexamer pore. A. Cross-
section of hexamer and pentamer, with one CP subunit removed from each capsomere for 
clarity. CP residues 120-125 are shown in green, except Ile-122 (pink) with side-chain 
shown. Residues 120-125 regulate pore access and are considered poorly ordered 
(Canady et al., 1996a) PDB ID: 1auy. B. Surface depiction of the interior hexamer pore. 
(Left) Structure at room temperature pH 3.7 (PDB: 1auy) versus (right) flash-cooled 
crystal at pH 4.4 (PDB; 2fz2). N-terminal acidic residues E2 and E6 are noted; N-
terminus shows slight differences in conformation along with residues 120-125 (panel A). 
All images generated in PyMOL. 
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Figure 6.2. Sucrose gradient purified virions show higher efficiency in ATC 
formation by freeze-thaw when pre-treated with 50 mM EDTA.  A. Electron 
microscopy before (left) and after (middle) freeze-thaw treatment in 10 mM Tris-HCl pH 
7.5 and subsequent separation by CsCl gradient centrifugation, with fractions analyzed by 
SDS-PAGE (Coomassie staining). B. Freeze-thaw treatment of virions after treatment 
with 50 mM EDTA for 1 hr followed by removal of EDTA by dialysis: before freeze-
thaw (left) and after (right). Arrow denotes apparent small structures, potentially 
CP/RNA. Freeze-thaw products were separated on CsCl gradients (starting density 1.30 
g/mL CsCl) and analyzed by SDS-PAGE.  Fractions 3 and 4 (density 1.268-1.275 g/mL) 
corresponded to densities of ATC-containing fractions in previous experiments (Powell et 
al., 2011b). CP denotes migration of 20 kDa CP monomer; a CP cleavage product is 
evident in uppermost gradient fractions TEM. Bar: 50 nm 
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Figure 6.3. ATC formation in various conditions. A. Virions from either 5-30% 
sucrose gradients or CsCl gradients (1.41-1.42 g/ml) were subjected to ATC-inducing 
conditions in the indicated buffers. a: broken or disrupted particles that remained 
spherical and stain penetrated in nature were counted as empty. B. Electron micrograph 
of CsCl gradient-purified particles after freeze-thaw in 10 mM Tris-HCl pH 7.5. Bar: 50 
nm 
 

 

 

 

        
 
Figure. 6.4. The presence of 100 mM EDTA results in ATC formation. A.  Purified 
virions were treated 1 hr in 10 mM Tris-HCl, 100 mM EDTA pH 7.5, resulting in various 
states of disencapsidation. Arrow denotes cord-like putative RNA structures.  30% of 
particles were empty. B. Purification of virus from Chinese cabbage with 100 mM EDTA 
present resulted in 90% of particles being empty. Arrow denotes particles with dark-stain 
cavity suggestive of missing CP subunits. Bar: 50 nm.  
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Chapter 7 
 

Conclusions, perspectives and future directions 
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Discussion   
 
 
  The role of basic N-terminal CP residues (Arg/Lys) that compose the ARM-

domain has been well established in mammalian virus Hepatitis B virus (HBV) (Zlotnick 

et al., 1997) and in various icosahedral insect and plant viruses (for review see (Rao, 

2006)). Not only do ARM-domain residues aid in neutralization of negative phosphate 

charges of RNA backbone, they provide a favorable electrostatic environment for 

packaging of genome within the assembled capsid interior.  In the last few years the 

positively-charged ARM-domain has also been shown to function as a cell-penetrating 

peptide for Brome mosaic virus (BMV) (Qi et al., 2011), insect-infecting virus Flock 

house virus (FHV) (Nakase et al., 2009) and a similar role is seen in the arginine-rich 

region of the Tat protein from Human immunodeficiency virus 1 (Shivprasad et al.) 

(Chauhan et al., 2007). CPs of turnip yellow mosaic virus (TYMV) and other 

tymoviruses lack an ARM-domain and have a preference for acidic residues within the 

N-terminus (see Fig. 1.3). These acidic residues reside in the capsid interior for all three 

tymovirus crystal structures solved to date (Canady et al., 1996a) (Larson et al., 2000) 

(Krishna et al., 1999). While plant-derived polyamines circumvent the need of an ARM-

domain for tymoviruses (Suryanarayana et al., 1988) (Cohen and Greenberg, 1981) the 

conservation of negative charge residues in the extreme N-terminus of the CP and an 

overall neutral or slightly net-negatively charged N-terminus has not been previously 

characterized.  

  Comparisons of TYMV to BMV CP show a similar conserved superfold 

consisting of an eight-stranded beta-barrel “jellyroll” and highly similar CP lengths (188 

versus 189 residues). These comparative observations with BMV and TYMV, in 

combination with CP alignment of viruses from Tymoviridae (Fig. 1.3) (Bink et al., 2004) 

led us to pursue further studies. CP mutagenesis in both an E. coli virus-like particle 

(VLP) expression system and within the context of full-length genome in the host 

Chinese cabbage was explored (Chapters 2-4 and 6). Our mutagenesis studies from the 

last five years have provided insight in regards to TYMV encapsidation, assembly, virion 

stability and ultimately disassembly. More importantly, while significant mutagenesis 

studies have characterized the contributions of lysines and arginines in viruses (ARM-
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domain), the role of conserved aspartic acid (Asp) and glutamic acid (Glu) residues is 

less established.  

  The availability of the CP N-terminus in disordered A-subunits but not B- or C-

subunits due to their involvement within a confined beta-annulus structure has been 

discussed as a potential molecular switch determinant for hexamer and pentamer 

capsomeres in the TYMV virion (Canady et al., 1996a). We show that removal of both 

the CP disordered region and annulus structure in a deletion mutant Δ2-26 still enabled 

encapsidation of genome, systemic infection and formation of morphologically normal 

28-30 nm virions (Chapter 2) (Powell et al., 2011b).  We also show that CP dimerization, 

a critical intermediate step in tymovirus assembly (Sastri et al., 1999), is maintained in 

Δ2-26 (Powell et al., 2011b). These results show that hexamer and pentamer formation is 

not dictated by N-terminal conformation. The strong dimerization of TYMV wild-type 

and Δ2-26 (Fig. 2.7) implies that pentamer and possibly the hexamer capsomeres alone 

are not assembly intermediates. Alternative assembly nucleation strategies therefore 

should also be considered such as the “pentamer of dimers” phenomenon reported for 

CCMV (Zlotnick et al., 2000).   

  Removal or substitution of N-terminal residues in bromoviruses CCMV and 

BMV, mainly within the context of in vitro reassembly studies, can bias the assembly 

outcome of particles from T=1 to T=3 (Larson et al., 2005b) (Zlotnick et al., 2000) (Tang 

et al., 2006).  In some cases if CP concentrations are high enough pseudo T=2 CCMV 

reassembled particles can form in vitro for CCMV and BMV (Zlotnick et al., 2000) (Krol 

et al., 1999). A mixture of T=1 and T=3 particles have been observed in purified virus 

preparations from infected N. benthamiana tobacco plants for Cucumber necrosis virus 

(CNV) when regions within the N-terminal CP R-domain were deleted (Katpally et al., 

2007). For tymoviruses, Physalis Mottle virus (PhyMV) deletion mutants missing up to 

36 residues in length form normal 28-30 nm virus like particles (VLPs) in E.coli (Sastri et 

al., 1997). We show for TYMV that mutant Δ2-26 formed ~28 nm VLPs (Powell et al., 

2011b) but in our studies we failed to identify VLPs for Δ2-37 (not published). It should 

be noted that we were surprised to find that Δ2-26 systemically infected Chinese cabbage 

and could be serially inoculated five times over a six month period without further 

mutations. Δ2-26 showed no T=1 particles in either the E. coli or plant-based system 
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(Chapter 2). These findings are the first within Tymoviridae to show the flexible region, 

which also includes the beta-annulus, is not essential. While these residues are not 

required for virion formation or infection, our findings raise the question,  “What is the 

functional role of the CP N-terminus in tymoviruses?” 

 

Assembly and encapsidation 

 

  In our mutagenesis studies we found that N-terminal residues were essential to 

reassemble in vitro (Chapter 2-3). After denaturation in 8M urea, virions and CP from 

inclusion bodies that failed to assemble in E. coli were subjected to step-wise dialysis to 

remove urea gradually. CPs with deletions as small as Δ2-5 (Chapter 2) or substitution of 

the N-terminal nine residues with a related tymovirus (Chapter 3-4) (Ky mutant, 3 of 9 

residues identical to wild-type) that removed native acidic residues in the TYMV N-

terminus failed to reassemble into spherical structures. However, 26-29 nm particles were 

evident for wild-type CP in reassembly experiments.  These results infer that the first five 

CP residues “MEIDK” are critical for reassembly.  

  Tymoviruses share the following four CP similarities (Fig. 1.3): 1. 23 of 25 

members have a CP length of 188-192 residues. 2. All members have a universally 

conserved glutamine in the N-terminus (Q10 in TYMV) 3. Tymoviruses lack even short 

regions of Arg/Lys that may suggest a cryptic ARM-domain. 4. A majority of members 

have within the extreme N-terminus one or two acidic residues in the 2-4 position that is 

often followed by a Lys or Arg at position 5. As previously mentioned, these residues are 

“MEIDK” in TYMV.  The unknown function of these acidic N-terminal residues and 

their potential repulsion of RNA (Fig. 7.1), combined with the unknown means for 

genome encapsidation, was a rationale for mutating the N-terminus of TYMV (Chapters 

2-4, 6).   

  An analysis of the N-terminus of TYMV (Fig. 7.2A) and that of Desmodium 

yellow mottle virus (DYMoV) (Fig. 7.2B) reveals similarities in the N-terminal 

positioning of the first five residues of the annulus. The acidic residues, E2 and D4 in 

both viruses cluster within the pore. The K5 residue side chain faces outwards (away 

from the pore and towards the virus interior) and is appears to be in direct contact with 
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ordered regions of RNA (Larson et al., 2000). This similarity between TYMV and 

DYMoV is even more intriguing based on the differing annulus strategies adopted by 

these two viruses.  The annulus is self-contained utilizing B- and C-subunits for TYMV, 

with A-subunit N-termini disordered within pentamers (Fig. 7.1A top) (Canady et al., 

1996a). In DYMoV, N-termini of A- and B-subunits from neighboring capsomeres form 

an annulus, while the C-subunit N-termini within the hexamers are disordered (Fig. 7.2 

top panels) (Larson et al., 2000). Within the DYMoV study, Larson and coworkers 

discussed a potential “switching” mechanism for N-terminal residues, suggesting that the 

DYMoV annulus is an alternative conformation that TYMV may be able to adopt under 

specific conditions (Larson et al., 2000). This finding is rationalized by TYMV having 

44% sequence identity and nearly superimposable jellyroll folds to DYMoV (Larson et 

al., 2000).  

  The electrostatic profile of the TYMV interior (Fig. 7.3A) and exterior (Fig. 7.3B) 

(excluding A-subunit N-termini, whose positions are unknown) provides intriguing 

regions of specific RNA-CP association. In the 2005 TYMV virion structure, 3 

nucleotides of RNA (Fig. 7.2C, pink) were visible. The location of RNA fell within a 

highly distinctive “ring” of electrostatically favorable lysines and arginines (Fig. 7.3C, 

D). These residues, four in total from either B- or C-subunits, correspond to CP N-

terminal residues K5 and R12 and internal CP residues K32 and K131 (Fig. 7.3D). The 

finding that Δ2-26 maintains dimerization suggests CP subunits associate with one 

another in a critical manner through contacts within the core jellyroll. Dimerization could 

provide favorable clustering of Lys/Arg that involves K5, R12, K32 and K131 that are 

contributed by both B- and C-subunits for RNA binding. If RNA interacts with this basic 

“pocket” at the dimer level or with a higher-level assembly intermediate (e.g., pentamer 

of dimers) this CP cluster would be an attractive site for nucleating encapsidation. The 

visible ring of positive charge (Fig. 7.3C,D, blue) contributed from both B- and C-

subunits, may represent one of multiple “contact points” that enable CP and RNA to 

associate. With CP dimerization and key basic residues K5, R12, K32 and K132 (Fig. 

7C,D), it is plausible that these residues represent a “cryptic” ARM-domain composed of 

CP N-terminus (K5, R12) and core jellyroll fold (K32, K132). In our N-terminal 

substitution mutants (residues 2-9) we removed only K5, the basic residue closest to the 
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pore (Chapter 3-4).With significant positive residues still in place (R12, K32, K132) (Fig. 

7.3D) encapsidation is not abolished but could be less efficient.  Collectively, this charge 

profile distinguishes itself from the pentamer interior, as no highly prominent zones of 

either positive or negative are identifiable within the cavity. As noted, the N-terminal 26 

residues of A-subunit pentamers are not visible, and therefore the charge profile of 

pentamers must be interpreted with a sense of caution due to the unknown location of 

these CP residues.  In further discussion below, interpretation of RNA-CP interactions 

becomes problematic in A-subunits and therefore discussion focuses on B- and C-

subunits.  

  The overall arrangement of encapsidated TYMV RNA has been determined by 

Larson and coauthors in 2005 with single stranded loops residing within the hexamer and 

pentamer cavity (Larson et al., 2005a) (Fig. 7.4).  In Larson’s depiction, RNA loops 

project upwards within the pentamer while for the hexamer the RNA makes contact 

outside the cavity center at electrostatically favorable locations representing the ring of 

positive charge, leaving what can be considered a “void” within the hexamer pore interior 

(Fig. 7.3C, Fig. 7.4). It can be envisioned that during assembly and ultimately annulus 

formation, E2, D4, and E6 of TYMV do not associate with RNA but positively-charged 

residues K5 and R12 do (Fig. 7.3).  This roadmap for RNA to avoid (acidic) and 

preferably bind (basic) residues gives genome the distinctive icosahedral ordering as 

noted by Larson and coworkers. In our substitution and deletion mutants Δ2-5 and Δ2-10 

we consistently find that the virions were more accessible, attenuated to varying degrees 

and often were less stable than wild-type (Chapters 2-3). While altering or deleting 

residues 2-9 still enables RNA encapsidation and assembly of virions, the electrostatic 

profile of the interior rings would be altered (Fig. 7.3A). The contact point of CP with 

RNA within the rings of favorable basic residues and unfavorable acidic residues would 

be suboptimal  (Chapter 3). With R12, K32 and K132 still forming a bulk of the ring of 

positive charge (K5 is deleted in mutants) encapsidation and ultimately the RNA 

arrangement within the virion is maintained but a consequence is increased accessibility 

of virion and decreased stability in most mutants.   

  At a global level the repulsion and attraction phenomenon of RNA with acidic 

and basic residues as depicted in Fig. 7.1 may lead to CP N-terminal arrangements that 
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are not only optimal for RNA association but that keep N-terminal residues in positions 

so they do not interact negatively with “self” CP.  It could also be considered that by 

having acidic charges built into the extreme N-terminus this region repels regions within 

the CP jellyroll itself so that internal CP residues in the jellyroll fold can associate with 

RNA during assembly and encapsidation (i.e. a cryptic ARM-domain in the jellyroll 

fold).  While these processes are likely of significant complexity, it can be envisioned 

that for the disordered A-subunit N-termini and potentially in conditions where B-, C-

subunit N-termini are disordered, negative residues (E2, D4, E6, D11) and basic residues 

(K5, R12) may have an interplay with RNA either through repulsion or attraction that 

provides a multifunctional means for assembly and genome encapsidation. 

 

Accessibility 

 

  As mentioned above, in our N-terminal mutants the contact point of capsid CP 

and encapsidated RNA are likely altered. The N-terminal residues within the rings of 

favorable (basic residue: K5) and unfavorable (acidic residues: E2, D4, E6) regions for 

mutants that lack these charged residues would likely be suboptimal, leading to increased 

accessibility (Chapter 3). An additional rationale for mutants having increased 

accessibility is that residues 1-5, which form the annulus, are in close association with F-

G loop CP residues through hydrogen bonding (Fig. 7.5). These residues, on the capsid 

exterior at the base of the capsomere valley regulate the accessibility of the hexamer 

pore.  F-G loop residues are particularly mobile in DYMoV and TYMV, so much so that 

mapping their electron density has proved challenging (Larson et al., 2000) (Canady et 

al., 1996a). There is flexibility built  within the annulus side chains, most notably for E2 

(Fig. 4.11, 7.3).  It should be considered that an interplay between F-G loop (residues 

120-125) and annulus (residues 1-5) as depicted in Fig. 7.5 could regulate the size of the 

pore.  Residue 123 side-chains in both TYMV and DYMoV dictate the pore opening and 

in the initial TYMV structure Q123 hydrogen bonds with E2 (Fig. 4.11). Mutagenesis 

studies, either substitution of deletion of the N-terminus, therefore could affect F-G loop 

conformations through altering the hydrogen-bonding network at the hexamer pore and 

may be the rationale for increased accessibility in all our N-terminal CP mutants.  
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Stability  

 

  Low pH instability was a common theme shared in all N-terminal substitution and 

deletion mutants (Chapters 2-3, 6). This finding raises a variety of plausible functions for 

acidic residues in the N-terminus of tymoviruses in regards to how they may contribute to 

stability. As depicted in Fig. 7.2 acidic residues with side-chains maximally facing the 

interior hexamer pore leave a void in which RNA does not preferentially associate (Fig. 

7.4).  If basic residues were encoded within residues 2-4 they may detrimentally associate 

with RNA and therefore the distinctive E2 side-chain conformation, projecting upwards 

within the cavity would be abolished. The avoidance of basic residues in the extreme N-

terminus and the tendency for most tymoviruses to have acidic residues suggests a 

functional role for their presence in the extreme N-terminus. The TYMV and DYMoV 

CPs while forming very different annuli, do have a similar E2 conformation in the pore 

(Fig. 7.2). Crystal structure data has not shown the presence of divalent cations for 

TYMV or DYMoV. However, the ring of E2 side-chains would be a favorable 

environment for divalent cations (Mg++ or Ca+) to reside.  If the pore were to widen 

through some altered condition (e.g., pH change), slight changes in E2 conformation 

could regulate internal or external cation exchange and be a key regulator in stability. The 

depletion of cations, regulated by the clustering of E2 and D4 could therefore be a means 

to initiate the decapsidation process as has been characterized in Red clover necrotic 

mosaic virus (RCNMV) (Sherman et al., 2006)  

  Crystal structures of virions of the tymovirus PhyMV show a similar annulus as 

with TYMV (B- and C-subunits) (Krishna et al., 1999) but the same residues are 

disordered in an E.coli-expressed VLP (Krishna et al., 2001). A second and recently 

deposited structure of PhyMV virion also depicts the N-terminal 3 residues within the 

annulus as being disordered, unlike the initial structure (unpublished). Like PhyMV, for 

TYMV the annulus may not be a static structure but is ordered under the reported 

crystallization conditions (TYMV structures solved in 1.25M ammonium phosphate pH 

3.7 or 4.4).  It would proved interesting to solve TYMV under biologically relevant pH 

conditions (pH 6-8) to see if an annulus is also present or in a DYMoV conformation. As 
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Larson and coworkers discuss DYMoV and TYMV have the potential to adopt either 

annulus structure (Fig. 7.2).   It is plausible that as pH is lowered in TYMV, the N-

termini for all three chains undergo conformational changes with an annulus forming for 

B- and C-subunits. For alternative annuli to occur, large scale movement within the N-

termini is required. A hindrance in the dynamic nature of this region through our N-

terminal mutagenesis would lead to suboptimal protein-protein interactions and may be 

the rationale for high instability, most notably at low pH (Chapters 2-4).   

 

Destabilization at low pH   

 

  As discussed in Chapter 1, tymoviruses have a skewed cytosine-rich genome 

(39% C, 17% G) that results in an estimated 1400 unpaired cytosines (Hellendoorn et al., 

1996).  At pH 4.5 and lower, cytosines are protonated and as previously discussed this 

has been hypothesized as a potential mechanism of encapsidation (Bink and Pleij, 2002) . 

Various electron micrograph studies have shown that replication of RNA occurs within 

the periphery of invaginated chloroplasts with RNA released within the cytoplasm where 

the presence of apparent capsomeres reside at the invaginated neck that enable virion 

assembly (for review see (Matthews, 1981).  It has been proposed that light-induced 

changes lead to low pH conditions within these peripheral vesicles and as RNA is 

released into the cytoplasm for association with capsomeres assembly occurs (Rohozinski 

and Hancock, 1996). This proposal of low pH induction by pumping of protons caused by 

light was later shown not to be the case as replication can occur in the dark (Shin et al., 

2009) .  As discussed previously by Shin and coworkers it is hard to envision cytoplasm, 

even if “pinched off” on peripheral chloroplasts supporting pH 4.5 conditions,. The 

observation that Δ2-26 quickly precipitated when buffer conditions were shifted from pH 

7.6 to pH 5.5 (Chapter 2) and that all N-terminal substitution mutant virions were 

unstable at pH 4.8 and lower (Chapter 3-4) argues against a low-pH encapsidation 

strategy. It would be attractive to suggest N-terminal acidic residues may interact with 

protonated cytosines as a means for a novel encapsidation strategy.  However in annulus 

residues acidic residues (E2, D4, E6) are underneath the pore and not in association with 

RNA (Fig. 7.2, 7.3).  The disordered A-subunit N-terminus could plausibly interact in a 
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low-pH manner but this is unknown due to the crystal structure showing disorder of this 

region. While it is likely that excess positive charges for  cytosine and to a lesser extent 

adenine occur at low pH and impart a destabilization to virion N-terminal mutants, if 

there is a role for low pH protonation of cytosines it appears unsubstantiated for any 

process in the viral lifecycle.    

  Our N-terminal mutagenesis findings show that the pH-dependent stability of 

TYMV can be regulated, which should lead to nano-inspired applications for these viral 

particles (Chapters 2-4). A diverse range of residues is tolerated within this region and 

further mutagenesis studies selectively targeting E2, D4, K5 and E6 should have a high 

chance of success in remaining infectious and also in the ability to purify these mutant 

virions. Moving forward, additional mutagenesis in combination with identifying suitable 

conditions for isolating high diffracting crystals in neutral pH conditions (pH 6-8) should 

shed light on the functional properties of these acidic residues in regards to assembly, 

encapsidation, virion stability and decapsidation.  
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Figures 

 

 

 

 
	  
	  
	  
	  
	  
Figure	  7.1.	  The	  N-‐terminal	  coat	  protein	  (CP)	  domains	  interact	  in	  different	  
ways	  with	  viral	  RNA	  based	  on	  the	  charge	  profile	  within	  the	  N-‐terminus.	  	  (Left)	  
Bromoviruses	  such	  as	  CCMV	  and	  BMV	  have	  an	  arginine-‐rich	  motif	  (ARM-‐domain)	  
that	  often	  also	  includes	  lysines	  that	  associate	  in	  a	  favorable	  manner	  with	  the	  viral	  
RNA	  backbone.	  	  (Right)	  Tymoviruses	  lack	  an	  ARM-‐domain	  and	  often	  contain	  acidic-‐
residues	  in	  the	  extreme	  N-‐terminus.	  	  This	  would	  lead	  to	  an	  unfavorable	  association	  
with	  RNA.	  	  
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Figure	  7.2.	  The	  positions	  of	  the	  N-‐termini	  of	  TYMV	  (left)	  and	  DYMoV	  (right).	  	  A.	  
In	  TYMV	  the	  beta-‐annulus	  is	  self-‐contained.	  Acidic	  residues	  E2,	  E4	  are	  closer	  within	  
the	  pore	  environment	  with	  E2	  side-‐chains	  facing	  inwards.	  	  A	  lysine	  at	  residue	  5	  (K5)	  
extends	  outwards	  from	  the	  annulus	  and	  is	  in	  close	  association	  with	  RNA	  .	  	  B.	  DYMoV	  
forms	  an	  annulus	  in	  which	  neighboring	  B-‐	  and	  C-‐subunits	  (dark	  colored)	  span	  
across	  the	  hexamer	  to	  form	  the	  annulus	  at	  the	  pore.	  	  The	  first	  five	  residues	  of	  
DYMoV	  CP	  have	  a	  very	  similar	  annulus	  as	  TYMV,	  with	  also	  the	  E2	  side-‐chains	  facing	  
inwards	  and	  K5	  in	  a	  conformation	  that	  is	  in	  close	  association	  with	  RNA	  (shown	  in	  
pink	  for	  top	  figures).	  	  Top	  panels:	  	  Coloring	  is	  as	  follows:	  Blue:	  B-‐subunits,	  Magenta:	  
C-‐subunits,	  Hot	  pink,	  RNA.	  	  Bottom	  panels:	  E2	  and	  D4	  are	  colored	  red,	  K5	  is	  blue	  and	  
the	  methionine	  (M1)	  is	  yellow.,	  residues	  6-‐10	  are	  in	  gray	  for	  clarity.	  	  
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Figure	  7.3.	  The	  electrostatic	  profile	  of	  TYMV.	  A.	  The	  interior	  environment	  of	  
hexamer	  and	  flanking	  subunits	  (18	  total	  CP	  subunits	  shown).	  	  A	  prominent	  ring	  of	  
basic	  residues	  in	  seen	  encircling	  the	  hexamer	  pore.	  	  B.	  The	  exterior	  environment	  
with	  substantial	  acidic	  	  character	  (pI=3.75	  for	  TYMV).	  C.	  The	  interior	  ring	  of	  basic	  
residues	  shown	  in	  close-‐up	  depiction.	  Noted	  are	  the	  3	  residues	  of	  ordered	  RNA	  seen	  
in	  the	  2005	  Larson	  structure	  (PDB:	  2fz2).	  	  D.	  The	  basic	  residues	  that	  are	  in	  close	  
association	  with	  RNA	  (pink),	  chain	  identifier	  (B	  or	  C-‐subunit)	  and	  residue	  number	  
are	  noted.	  Images	  generated	  in	  PyMOL.	  
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Figure.	  7.4	  The	  arrangement	  of	  the	  encapsidated	  RNA;	  depicted	  from	  Larson	  et	  
al.,	  2005.	  	  As	  noted	  by	  the	  authors:	  the	  helical	  segments	  of	  RNA	  are	  represented	  as	  
cylinders	  and	  the	  strands	  invading	  the	  capsomeres	  as	  loops.	  The	  symmetry	  axes	  are	  
of	  varying	  colors	  for	  clarity	  in	  viewing	  the	  overall	  RNA	  arrangement.	  
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Figure.	  7.5	  Residues	  in	  the	  120-‐125	  region	  (pink)	  of	  TMYV	  CP	  regulate	  the	  size	  
of	  the	  hexamer	  and	  pentamer	  pore.	  The	  N-‐terminus	  (residues	  1-‐9:	  green)	  is	  in	  
close	  associating	  with	  residues	  120-‐125	  and	  could	  factor	  into	  the	  accessibility	  of	  the	  
pore.	  	  Residues	  1-‐26	  of	  A-‐subunits	  are	  not	  visible,	  and	  therefore	  the	  location	  within	  
the	  pentamer	  is	  unknown.	  
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