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COMPOSITIONS AND METHODS USING CAPSIDS 
RESISTANT TO HYDROLASES  

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims priority to U.S. provisional application number 61/836,833, 

	

5 	filed June 19, 2013, U.S. provisional application number 61/838,736, filed June 24, 2013, 

and U.S. provisional application 61/857,965, filed July 24, 2013, the entire disclosures of 

which are hereby incorporated by reference. 

INCORPORATION OF SEQUENCE LISTING 

The entire contents of a paper copy of the "Sequence Listing" and a computer 

	

10 	readable form of the sequence listing on optical disk, containing the file named 

450061 SequenceListing_ST25.txt, which is 32 kilobytes in size and was created on June 3, 

2014, arc herein incorporated by reference. 

TECHNICAL FIELD 

The invention relates to virus-like particles, and in particular to methods and 

	

15 	compositions using viral capsids as nanocontainers for producing, isolating and purifying 

heterologous nucleic acids with particular characteristics and functions. 

BACKGROUND OF THE INVENTION  

Virus-like particles (VLPs) are particles derived in part from viruses through the 

expression of certain viral structural proteins which make up the viral envelope and/or 

20 	capsid, but VLPs do not contain the viral genome and are non-infectious. VLPs have been 

derived for example from the Hepatitis B virus and certain other viruses, and have been used 

to study viral assembly and in vaccine development. 

Viral capsids are composed of at least one protein, several copies of which assemble 

to form the capsid. In some viruses, the viral capsid is covered by the viral envelope. Such 

25 	viral envelopes are comprised of viral glycoproteins and portions of the infected host's cell 

membranes, and shield the viral capsids from large molecules that would otherwise interact 

1 



WO 2014/204667 	 PCT/US2014/041111 

with them. The capsid is typically said to encapsidate the nucleic acids which encode the 

viral genome and sometimes also proteins necessary for the virus' persistence in the natural 

environment. For the viral genome of a virus to enter a new host, the capsid must be 

disassembled. Such disassembly happens under conditions normally used by the host to 

	

5 	degrade its own as well as foreign components, and most often involves proteolysis. Viruses 

take advantage of normal host processes such as proteolytic degradation to enable that 

critical part of their cycle, i.e. capsid disassembly and genome release. 

It is therefore unsurprising that the literature has not previously described capsids 

resistant to hydrolases that act on peptide bonds. A very limited number of certain specific 

	

10 	peptide sequences which are part of larger proteins are known to be somewhat resistant to 

certain proteases, but the vast majority of peptide sequences are not. Viruses that resist 

proteolysis have been reported, but these are all enveloped viruses, in which the capsid is 

shielded by the viral envelope. In such viruses the capsids are not in contact with, i.e. they 

are shielded from, the proteases described. Thus the role, if any, of the proteolytical stability 

	

15 	of the virus capsid in such cases is unknown. 

In large-scale manufacturing of recombinant molecules such as proteins, 

ultrafiltration is often used to remove molecules smaller than the target protein in the 

purification steps leading to its isolation. Purification methods also often involve 

precipitation, solvent extraction, and crystallization techniques. These separation techniques 

	

20 	are inherently simple and low cost because, in contrast to chromatography, they are not 

based on surface but on bulk interactions. However, these techniques are typically limited to 

applications to simple systems, and by the need to specify a different set of conditions for 

each protein and expression system. Yet each target recombinant protein presents a unique 

set of binding interactions, thereby making its isolation process unique and complex. The 

	

25 	separation efficiency for recombinant proteins using these simple isolation processes is 

therefore low. 

Nucleic acids, including siRNA and miRNA, have for the most part been 

manufactured using chemical synthesis methods. These methods are generally complex and 

high cost because of the large number of steps needed and the complexity of the reactions 

	

30 	which predispose to technical difficulties, and the cost of the manufacturing systems. In 

2 



WO 2014/204667 	 PCT/US2014/041111 

addition, the synthetic reagents involved are costly and so economy of scale is not easily 

obtained by simply increasing batch size. 

Chemically and enzymatically synthesized RNA is commonly used for RNAi 

applications, mostly for down-regulation or repression of expression of proteins. Examples 

	

5 	of RNA delivered into organisms for up-regulation of expression of endogenous proteins or 

expression of exogenous proteins are very limited. A previously described method for 

delivering mRNA to the body is limited to 5' capped RNA which is difficult to synthesize. 

A need remains for improved and cost-effective RNA delivery methods and methods for 

both RNAi and inRNA applications. 

	

10 	 BRIEF SUMMARY OF THE INVENTION 

In one aspect the present disclosure provides a VLP comprising a capsid enclosing at 

least one heterologous cargo molecule and a packing sequence. A VLP may further 

comprise at least one ribozyme enclosed by the capsid. The heterologous cargo molecule 

may comprise an oligonucleotide, or an oligoribonucleotide. A VLP may comprise one or 

	

15 	more ribozymes, and a ribozyme may be flanked by the packing sequence and the 

oligoribonucleotide to form a nucleic acid construct. A VLP may comprise a plurality of the 

nucleic acid constructs. In a VLP comprising an oligoribonucleotide, the oligoribonucleotide 

may be a short RNA selected from siRNA, shRNA, sshRNA, lshRNA and miRNA. A VLP 

may comprise two or more ribozymes, wherein each ribozyme is selected to cut one end of 

	

20 	the short RNA. Ribozymes may be selected for example from a Hammerhead ribozyme and 

a Hepatitis Delta V ribozyme. A Hammerhead ribozyme may be a Hammerhead ribozyme 

variant having a contiguous set of nucleotides complementary to at least 6 contiguous 

nucleotides of the oligoribonucleotide. Alternatively, the ribozyme may be a mutant 

Hepatitis Delta V ribozyme capable of cleaving its connection with the oligoribonucleotide 

	

25 	at a rate at most about 50% the rate of a wild type Hepatitis Delta V ribozyme. 

VLPs according to the present disclosure may comprise a capsid which comprises a 

wild type viral capsid which is resistant to hydrolysis catalyzed by a peptide bond hydrolase 

category EC 3.4, or a capsid protein having at least 15%, at least 16%, at least 21%, at least 

40%, at least 41%, at least 45%, at least 52%, at least 53%, at least 56%, at least 59% or at 
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least 86% sequence identity with the amino acid sequence of wild type Enterobacteria phage 

MS2 capsid (SEQ ID NO: 3). The capsid may comprise a wild type Enterobacteria phage 

MS2 capsid protein having the amino acid sequence of SEQ ID NO: 3. 

VLPs according to the present disclosure may comprise a heterologous cargo 

	

5 	molecule comprising a peptide or polypeptide. A VLP may further comprise an 

oligonucleotide linker coupling the heterologous cargo peptide or polypeptide molecule and 

the viral capsid. The oligonucleotide linker may be an oligoribonucleotide comprising a 

ribozyme sequence. Alternatively, the heterologous cargo molecule may comprise a bi-

molecular cargo molecule comprising a bifunctional polynucleotide comprising a first 

	

10 	aptamer sequence which specifically binds a bioactive small molecule having a molecular 

weight of about 1,500 Da or less and a second aptamer sequence for binding a packing 

sequence of the capsid. The VLP may further comprise the bioactive small molecule bound 

to the first aptameric sequence. The bioactive small molecule may comprise and herbicide or 

a pesticide, which may selected for example from atrazine, acetamipridphorate, profenofos, 

	

15 	isocarbophos and omethoateas. 

In another aspect, the present disclosure provides a nucleic acid construct comprising 

a nucleotide sequence that encodes a short RNA, a ribozyme and a packing sequence. The 

short RNA may be for example an siRNA or an shRNA. The nucleic acid construct may 

further comprise a linking nucleotide sequence of 4 to 100 nucleotides, wherein the linking 

	

20 	nucleotide sequence is flanked by the packing sequence and by the short RNA sequence. 

The nucleic acid construct may further comprise a linking nucleotide sequence of 4 to 100 

nucleotides, wherein the linking nucleotide sequence is flanked by the ribozyme and the 

short RNA sequence. The ribozyme sequence may be flanked by the short RNA and the 

packing sequence. The present disclosure also encompasses a vector comprising any such 

	

25 	nucleic acid constructs, and host cells comprising such a vector, as well as host cell stably 

transformed with such a vector. Host cells may be a bacterial cell, such as but not limited to 

an Escherichia coli cell, a plant cell, a mammalian cell, an insect cell, a fungal cell or a yeast 

cell. A host cell may further be stably transfected with a second vector comprising a second 

nucleic acid sequence encoding a viral capsid which is resistant to hydrolysis catalyzed by a 

	

30 	peptide bond hydrolase category EC 3.4. The second nucleic acid sequence may encode for 
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example a viral protein encoding a viral capsid having at least 40% sequence identity with 

the amino acid sequence of wild type Enterobacteria phage MS2 capsid protein (SEQ ID 

NO: 3). A nucleic acid construct as described herein may also encode a wild type 

Enterobacteria phage MS2 capsid protein (SEQ ID NO: 3). The ribozyme in such a nucleic 

	

5 	acid construct may be for example a Hammerhead ribozyme, .a Hammerhead ribozyme 

variant having a contiguous set of nucleotides complementary to at least 6 contiguous 

nucleotides of the short RNA, a Hepatitis Delta V ribozyme, or a mutant Hepatitis Delta V 

ribozyme capable of cleaving its connection with the short RNA at a rate at most 50% the 

rate of a wildtype Hepatitis Delta V ribozyme. The present disclosure also encompasses a 

	

10 	plant or plant tissue transformed to contain a nucleic acid construct described herein, and 

seed or progeny of such a plant or plant tissue, wherein the seed or progeny comprises the 

nucleic acid construct. 

In another aspect, the present disclosure provides a composition comprising: a) a 

plurality of VLPs each comprising a viral capsid enclosing at least one heterologous cargo 

	

15 	molecule; and b) one or more cell lysis products present in an amount of less than 4 grams 

for every 100 grams of capsid present in the composition, wherein the cell lysis products are 

selected from proteins, polypeptides, peptides and any combination thereof. In the 

composition, the capsid is for example resistant to hydrolysis catalyzed by a peptide bond 

hydrolase category EC 3.4. The capsid may comprise a capsid protein having at least 15%, 

	

20 	at least 16%, at least 21%, at least 40%, at least 41%, at least 45%, at least 52%, at least 

53%, at least 56%, at least 59% or at least 86% sequence identity with the amino acid 

sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID NO: 3) and is resistant to 

hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. The capsid may 

comprises a wild type Enterobacteria phage MS2 capsid protein (SEQ ID NO: 3). In the 

	

25 	composition, the heterologous cargo molecule may comprise an oligonucleotide which may 

be an oligoribonucleotide. An oligoribonucleotide may be selected for example from siRNA, 

shRNA, sshRNA, IshRNA miRNA and mRNA. In the composition, each VLP may further 

comprise at least one ribozyme, wherein the ribozyme is flanked by the packing sequence 

and the oligoribonucleotide to form a nucleic acid construct, and each VLP may comprise a 

	

30 	plurality of the nucleic acid constructs. In the VLPs of such a composition, the ribozyme 

may be for example a Hammerhead ribozyme, .a Hammerhead ribozyme variant having a 
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contiguous set of nucleotides complementary to at least 6 contiguous nucleotides of the short 

RNA, a Hepatitis Delta V ribozyme, or a mutant Hepatitis Delta V ribozyme capable of 

cleaving its connection with the short RNA at a rate at most 50% the rate of a wildtype 

Hepatitis Delta V ribozyme. The VLPs in such a composition may further comprise a 

	

5 	linking nucleotide sequence of 4 to 100 nucleotides, wherein the linking nucleotide sequence 

is flanked by the packing-coding sequence and by the short RNA-coding sequence, or a 

linking nucleotide sequence of 4 to 100 nucleotides, wherein the linking nucleotide sequence 

is flanked by the ribozyme and the short RNA-encoding sequence. The ribozyme sequence 

may be flanked by the short RNA and the packing sequence. The VLPs in such a 

	

10 	composition may comprise a heterologous cargo molecule comprising a peptide or 

polypeptide. Such VLPs in a composition may further comprise an oligonucleotide linker 

coupling the heterologous cargo molecule and the viral capsid. The oligonucleotide linker 

may be an oligoribonucleotide comprising a ribozyme sequence. In such a composition, the 

cell lysis products may be present in an amount of less than 0.5 grams, less than 0.2 grams 

	

15 	or less than 0.1 grams. 

In another aspect, the present disclosure provides a method for isolating and 

purifying a target cargo molecule, the method comprising: (a) obtaining a whole cell lysate 

comprising a plurality of VLPs each comprising a capsid enclosing at least one target cargo 

molecule, wherein the capsids are resistant to hydrolysis catalyzed by a peptide bond 

	

20 	hydrolase category EC 3.4; (b) subjecting the VLPs to hydrolysis using a peptide bond 

hydrolase category EC 3.4, for a time and under conditions sufficient for at least 60, at least 

70, at least 80, or at least 90 of every 100 individual polypeptides present in the whole cell 

lysate but not enclosed by the capsids to be cleaved, while at least 60, at least 70, at least 80, 

or at least 90 of every 100 capsids present in the whole cell lysate before such hydrolysis 

	

25 	remain intact following the hydrolysis. In the method, the eapsids may each comprise a viral 

capsid protein having at least 15%, at least 16%, at least 21%, at least 40%, at least 41%, at 

least 45%, at least 52%, at least 53%, at least 56%, at least 59% or at least 86% sequence 

identity with the amino acid sequence of wild type Enterobacteria phage MS2 capsid protein 

(SEQ ID NO: 3). The eapsids may each comprise a wild type Enterobacteria phage MS2 

	

30 	capsid protein (SEQ ID NO: 3). In the method, the heterologous cargo molecule may 

comprise an oligonucleotide which may be an oligoribonucleotide, or a peptide or a 
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polypeptide. An oligoribonucleotide may be selected for example from siRNA, shRNA, 

sshRNA, lshRNA, miRNA and mRNA. In the method, each VLP may further comprise a 

ribozyme, wherein the ribozyme is flanked by the packing sequence and the 

oligoribonucleotide to form a nucleic acid construct. The method may further comprise 

	

5 	purification of the capsids following hydrolysis. Purification may include at least one of a 

liquid-liquid extraction step, a crystallization step, a fractional precipitation step, and an 

ultra filtration step. The present disclosure also encompasses a composition produced by 

such a method. 

In another aspect, the present disclosure provides a method for protecting a target 

	

10 	molecule from hydrolysis in a whole cell lyste following intracellular production of the 

target molecule in a host cell, the method comprising: (a) selecting a viral capsid which is 

resistant to hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4; (b) stably 

transfecting the host cell with a first vector comprising a nucleic acid sequence encoding a 

viral protein forming the viral capsid, and a second vector comprising a nucleic acid 

	

15 	sequence comprising a ribozyme flanked by a packing sequence and an siRNA sequence; 

and (c) maintaining the cells for a time and under conditions sufficient for the transformed 

cells to express and assemble capsids encapsidating the ribozyme flanked by the packing 

sequence and the siRNA sequence. In the process, the capsids may each comprises a viral 

capsid protein having at least 15%, at least 16%, at least 21%, at least 40%, at least 41%, at 

	

20 	least 45%, at least 52%, at least 53%, at least 56%, at least 59% or at least 86% sequence 

identity with the amino acid sequence of wild type Enterobacteria phage MS2 capsid protein 

(SEQ ID NO: 3). 

In another aspect, the present disclosure provides a process for purifying VLPs 

enclosing at least one heterologous cargo molecule, the process comprising: (a) obtaining a 

	

25 	cell lysate comprising a plurality of the VLPs; (b) contacting the cell lysatc with a protease 

for a time and under conditions sufficient to hydrolyze cell lysis products other than the 

VLPs to form a hydrolysate; and (c) isolating the VLPs from the hydrolsyate. Step (c) may 

comprise (i) performing a first precipitation with ammonium sulfate followed by a first 

centrifugation to obtain a first precipitate and a first supernatant; and (ii) performing a 

	

30 	second precipitation on the first supernatant with ammonium sulfate followed by a second 
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centrifugation to obtain a second precipitate, wherein the second precipitate comprises at 

least about 70%, 80% or 90% by weight of the VLPs. Step (c) may comprise (i) performing 

a first precipitation with ethanol followed by a first centrifugation to obtain a first precipitate 

and a first supernatant; and (ii) performing a second precipitation on the first supernatant 

	

5 	with ammonium sulfate followed by a second centrifugation to obtain a second precipitate, 

wherein the second precipitate comprises at least about 70%, 80% or 90% by weight of the 

VLPs. Step (c) may comprise ultracentrifuging the hydrolysate to obtain a precipitate 

comprising at least about 70%, 80% or 90% by weight of the VLPs. In the process, the 

VLPs may each comprise a capsid which is resistant to hydrolysis catalyzed by a peptide 

	

10 	bond hydrolase category EC 3.4., which can comprise a capsid protein having at least 15%, 

at least 16%, at least 21%, at least 40%, at least 41%, at least 45%, at least 52%, at least 

53%, at least 56%, at least 59% or at least 86% sequence identity with the amino acid 

sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID NO: 3). The VLPs may 

each comprise a wild type Enterobacteria phage MS2 capsid protein (SEQ ID NO: 3). In the 

	

15 	process, step (b) can be performed for at least about 30 minutes at about 37 °C. The process 

may further comprise, before step (b), contacting the cell lysate with at least one of a 

nuclease, an amylase and a lipase for at least about 30 minutes at about 37 °C. In the 

process, the protease can be for example a peptide bond hydrolase category EC 3.4, which 

can be selected for example from Proteinase K, Protease from Streptomyces griseus, 

	

20 	Protease from Bacillus licheniformis, pepsin and papain. In the process, the heterologous 

cargo molecule enclosed by the VLPs may comprise an oligonucleotide which may be an 

oligoribonucleotide, or a peptide or a polypeptide. An oligoribonucleotide may be selected 

for example from siRNA, shRNA, sshRNA, 1shRNA, miRNA and mRNA. In the process, 

the VLPs may each further comprise a ribozyme as described herein, flanked by a packing 

	

25 	sequence and the oligoribonucleotide to form a nucleic acid construct. The 

oligoribonucleotide and the packing sequence may be linked by a linker sequence of at least 

1 to 100 nucleotides. The process may further comprise preparing the cell lyaste before step 

(a) by centrifuging cells following expression of the VLPs in the cells; resuspending the 

cells; lysing the cells and centrifuging the cell lysate to obtain a supernatant, wherein the 

	

30 	supernatant is used as the cell lysate for step (a). 
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In another aspect, the present disclosure provides VLPs comprising a capsid 

enclosing at least one hetcrologous cargo molecule and a packing sequence wherein the 

capsid comprises a capsid protein which is a variant of wild type Enterobacteria phage MS2 

capsid (SEQ ID NO: 3). The capsid protein may be one which has the amino acid sequence 

	

5 	of wild type Enterobacteria phage MS2 capsid (SEQ ID NO: 3) except that the A residue at 

position 1 is deleted. The capsid protein may be one which has the amino acid sequence of 

wild type Enterobacteria phage MS2 capsid (SEQ ID NO:3) except that the A residue at 

position 1 is deleted and the S residue at position 2 is deleted. The capsid protein may be one 

which has the amino acid sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID 

	

10 	NO: 3) except that the A residue at position 1 is deleted, the S residue at position 2 is deleted 

and the N residue at position 3 is deleted. The capsid protein may be one which has the 

amino acid sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID NO: 3) except 

that the Y reside at position 129 is deleted. The capsid protein may be one which has the 

amino acid sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID NO:3) but 

	

15 	having a single (1) amino acid deletion in the 112-117 segment. The capsid protein may be 

one which has the amino acid sequence of wild type Enterobacteria phage MS2 capsid (SEQ 

ID NO:3) but having a single (1) amino acid deletion in the 112-117 segment. The capsid 

protein may be one which has the amino acid sequence of wild type Enterobacteria phage 

MS2 capsid (SEQ ID NO:3) but having a 1-2 residue insertion in the 65-83 segment. The 

	

20 	capsid protein may be one which has the amino acid sequence of wild type Enterobacteria 

phage MS2 capsid (SEQ ID NO:3) but having a 1-2 residue insertion in the 44-55 segment. 

The capsid protein may be one which has the amino acid sequence of wild type 

Enterobacteria phage MS2 capsid (SEQ ID NO:3) but having a single (1) residue insertion 

in the 33-43 segment. The capsid protein may be one which has the amino acid sequence of 

	

25 	wild type Enterobacteria phage MS2 capsid (SEQ ID NO:3) but having a 1-2 residue 

insertion in the 24-30 segment. The capsid protein may be one which has the amino acid 

sequence of wild type Enterobacteria phage MS2 capsid (SEQ ID NO :3) but having a single 

(1) residue insertion in the 10-18 segment. The capsid may comprise a capsid protein 

monomer sequence concatenated with a second capsid monomer sequence which assembles 

	

30 	into a capsid which resistant to hydrolysis catalyzed by a peptide bond hydrolasc category 

EC 3.4. The capsid may comprise a capsid protein monomer sequence whose C-terminus is 
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extended with a 0-6 residue linker segment whose C-terminus is concatenated with a second 

capsid monomer sequence, all of which assembles into a capsid which resistant to hydrolysis 

catalyzed by a peptide bond hydrolase category EC 3.4. A linker segment may have a 

sequence such as, for example, -(Gly)x, wherein x = 0-6. including -Gly-; -Gly-Gly-; and - 

	

5 	Gly-Gly-Gly-. A linker segment may be a Gly-Ser linker selected from -Gly-Gly-Ser-Gly- 

Gly-, -Gly-Gly-Ser and —Gly-Ser-Gly- The capsid may comprise the capsid protein 

concatenated with a third capsid monomer sequence which assembles into a capsid which 

resistant to hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. The capsid 

may comprise a capsid protein wherein the C-terminus is extended with a 0-6 residue linker 

	

10 	segment whose C-terminus s concatenated with a third capsid monomer sequence, all of 

which assembles into a capsid which resistant to hydrolysis catalyzed by a peptide bond 

hydrolase category EC 3.4. The capsid may comprise a capsid protein wherein the capsid 

comprises a capsid protein in which one or both linker sequences is -(Gly)„, wherein x = 0-6, 

including -Gly-; -Gly-Gly-; and -Gly-Gly-Gly-. A linker segment may be a Gly-Ser linker 

	

15 	selected from -Gly-Gly-Ser-Gly-Gly-, -Gly-Gly-Ser and —Gly-Ser-Gly-. 

Such a capsid protein assembles for example into a capsid which is resistant to 

hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. For example, the capsid 

may comprise a capsid protein in which one or both linker sequences is -(Gly)x-, x = 1, 

which assembles into a capsid which is resistant to hydrolysis catalyzed by a peptide bond 

	

20 	hydrolase category EC 3.4. The capsid may comprise a capsid protein in which one or both 

linker sequences is -(Gly)x-, x = 2, which assembles into a capsid which is resistant to 

hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. The capsid may comprise 

a capsid protein in which one or both linker sequences is -(Gly)x-, x = 3, which assembles 

into a capsid which is resistant to hydrolysis catalyzed by a peptide bond hydrolase category 

	

25 	EC 3.4. The capsid may comprise one or more capsid protein sequences which are N- 

terminally truncated by 1-3 residues and a linker segment as described herein is lengthened 

by the number of residues deleted, and which is resistant to hydrolysis catalyzed by a 

peptide bond hydrolase category EC 3.4. The capsid may comprise one or more capsid 

protein sequences which is C-terminally truncated by 1 residue, and linker segments as 

	

30 	described herein are lengthened by the one residue, wherein the capsid is resistant to 

hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. The capsid may comprise 
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a first capsid protein sequence in a concatenated dimer which is C-terminally truncated by 1 

residue and the linker segments lengthened by the one residue or wherein the first and/or 

second capsid protein sequence in a concatenated trimer is C-terminally truncated by 1 

residues and which is resistant to hydrolysis catalyzed by a peptide bond hydrolase category 

	

5 	EC 3.4. The capsid may comprise a capsid protein having N- and C-terminal truncations. 

In another aspect, the present disclosure also provides methods for delivery of 

affordable mRNA to organisms using the VLPs as described herein. Accordingly, in such 

methods the cargo molecule is an mRNA. The methods overcome the need for 5' capped 

mRNA. The disclosed methods may be used for example to increase the expression of 

	

10 	endogenous proteins or induce the expression of exogenous proteins, while using affordable 

RNA manufactured and purified using the compositions and purification methods also 

described herein. The increase in expression of endogenous protein(s) or induction of 

expression of exogenous proteins in a host may be accomplished in one of several 

alternative ways, using different mRNA cargo molecule(s), depending on the host. 

	

15 	For example, to increase expression of an endogenous protein, or induce expression 

of an exogenous protein (a protein of interest), in a bacterial host where 5' capped RNA is 

not required for translation, the mRNA of the protein of interest is introduced to the bacterial 

host as a cargo molecule in a VLP as described herein. The mRNA may be purified using 

the purification methods using VLPs as described herein. To increase expression in bacteria, 

	

20 	the cargo mRNA molecule may further include RNA encoding a bacteriophage replicasc, 

optionally also encoding replicase ancillary proteins, to increase the concentration of mRNA 

inside the bacterial host. 

Alternatively, the mRNA delivery methods may be applied to a plant host where 5' 

capped RNA is required for translation. The mRNA of the protein of interest is introduced to 

	

25 	a plant or a plant cell, wherein the mRNA is flanked by a viral 5' adaptor and its matching 

3' cap independent translational enhancer ("3' CITE"). 

In still another example, the mRNA delivery methods maybe be applied to animals 

including mammals where 5' capped RNA is required for translation. The mRNA of the 

protein of interest is introduced to an animal or animal cell, such as for example a mammal 
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or mammalian cell, wherein the mRNA of the protein of interest is flanked by viral or 

cellular internal ribosome entry sites (IRES) and a poly(A) signal. To further promote or 

increase expression in the animal or animal cell, the cargo mRNA molecule may further 

include RNA encoding a viral replicase, optionally also encoding replicase ancillary 

	

5 	proteins, to increase the concentration of mRNA inside the animal or animal cell. 

Alternatively, in any of the foregoing methods in which the host is also transfected 

with a viral replicase, and optionally its ancillary proteins, the mRNA encoding the replicase 

(and optionally the ancillary proteins), may be included in a VLP as a second cargo 

molecule distinct from the mRNA of the protein of interest, or may be included in a separate 

	

10 	VLP which is then introduced to the host organism or cell in combination with a VLP 

containing only the mRNA of the protein of interest. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a plot of Optical Density (OD; filled diamonds) and pH (open squares) 

over time, showing propagation of wild type MS2 bacteriophage (ATCC No.15597-B1, 

	

15 	from American Type Culture Collection, Rockville, MD) in E. coli host (ATCC No.15669). 

Figure 2 is a gel showing results of SDS-PAGE analysis of MS2 bacteriophage 

samples obtained following propagation on E. coli and purified using Proteinase K and 

ultrafiltration, showing that Proteinase K purification yields phage purified to higher than 

99% of total protein (band at 14 kDa corresponds to MS2 bacteriophage capsid protein). 

	

20 	Figure 3 is a gel showing results of SDS-PAGE analysis of partially purified MS2, 

showing complete degradation of the phage and results obtained after lx or 2x ultrafiltration 

of the lysate (Lanes 4 and 6). 

Figure 4 is a gel showing results of SDS-PAGE analysis of MS2 samples purified 

using ultrafiltration and Proteinase K treatment. 

	

25 	Figure 5 is a gel showing results of SDS-PAGE analysis of MS2 samples purified 

using Proteinase K treatment, precipitation at acidic conditions, precipitation using ethanol 

at basic and acidic conditions, and ultrafiltration. 
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Figure 6 is a graph showing the UV spectrum of MS2 samples purified using 

Proteinase K treatment, precipitation at acidic conditions, precipitation using ethanol at basic 

and acidic conditions, and ultrafiltration. 

Figure 7 is a plot of Optical Density (OD; filled diamonds) over time, obtained with 

	

5 	a control sample (open diamonds) and an MS2 sample following purification described for 

Figures 5 and 6 (filled squares), showing that the purified sample contains phagc with high 

infectivity. 

Figure 8 is a gel showing results of SDS-PAGE analysis of VLP samples following 

expression of MS2 capsids encapsidating RNA coding for the capsid protein attached to an 

	

10 	MS2 capsid specific 19-mer RNA hairpin. 

Figure 9 is a chromatograph of PCR products obtained from an MS2 sample 

following purification described for Figures 5 and 6, chromatographed in 1.5% agarose gel 

stained with Ethidium Bromide (1.2 kbp for primers F1201 1223-R1979 2001 in Lane 1, 

800 bp for primers F1201_1223-R1979 2001 in Lane 2, and 304 bp for primers 

	

15 	F1401 1426-R1680 1705 in Lane 3), consistent with the presence of an intact MS2 

bacteriophage genome. 

Figure 10 is a chromatograph of PCR products from PCR interrogation of an MS2 

sample for presence or absence of a section of the MS2 capsid following purification, 

chromatographed in 2% agarose gel stained with Ethidium Bromide (304 bp in Lane 1; the 

	

20 	leftmost Lane corresponds to 1 kb plus ladder from Life Technologies), consistent with an 

intact MS2 capsid gene. 

Figure 11 is a gel showing results of SDS-PAGE analysis of VLP samples following 

simple precipitation with ethanol for purification of VLPs and following use of Proteinase K 

(PK). 

	

25 	 Figure 12 is a plot of protein resistant to protease treatment after simple precipitation 

with ethanol (without prior treatment with Proteinase K) for purification of VLPs. 
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Figure 13 is a gel showing results of SDS-PAGE analysis of VLP samples following 

use of constitutive hydrolases (CH) or Proteinase K (PK), fractional precipitation with 

ethanol, and ultrafiltration for purification of VLPs. 

Figure 14 is a gel showing results of SDS-PAGE analysis of VLP samples following 

	

5 	use of various hydrolases, and factional precipitation with ammonium sulfate for 

purification of VLPs. 

Figure 15 is a gel showing results of PAGE analysis of RNA obtained from RNA 

encapsidated in the VLPs purified in FIG. 14. 

Figure 16 is a gel showing the results of PAGE analysis of self cleavage of in vitro 

	

10 	transcribed T7-Rz3 (lane 1) and T7-Rz2 (lane 3). 

Figure 17 is a gel showing results of PAGE analysis of shRNA products obtained 

during in vitro transcriptions using HDV ribozymes flanked by shRNA and an MS2 packing 

sequence. Lane 1 is RNA size marker. Lane 2 is an shRNA control. Samples in lanes 3 and 4 

are the RNAs produced by in vitro transcription. The sample in Lane 3 was incubated for 

	

15 	one hour at 37 °C and placed on ice for an additional hour before electrophoresis. The 

sample in lane 4 was incubated at 37 °C and then incubated at 42 °C for an additional hour 

prior to gel electrophoresis. 

Figure 18 is a gel showing results of PAGE analysis of in vitro RNA products 

obtained from T7-Rzl and T7-Rz4 RNA. 

	

20 	 Figure 19 is a gel showing in vivo transcribed and packaged T7-Rz4 RNA. Lane 1 is 

a set of molecular standards. Lane 2 shows a chemically synthesized shRNA 49 nucleotides 

long and Lane 3 is the RNA recovered from VLPs 

Figure 20 is a series of gels showing results of SDS-PAGE analyses of RNA 

products obtained from RNA encapsidated in VLPs, following purification of the VLPs and 

	

25 	isolation of the RNA from the VLP. 
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DETAILED DESCRIPTION OF THE INVENTION 

Section headings as used in this section and the entire disclosure herein arc not 

intended to be limiting. All patents and publications cited herein are herein incorporated by 

reference in their entirety. 

	

5 	 A. Definitions 

As used herein, the singular forms "a," "an" and "the" include plural referents unless 

the context clearly dictates otherwise. For the recitation of numeric ranges herein, each 

intervening number there between with the same degree of precision is explicitly 

contemplated. For example, for the range 6-9, the numbers 7 and 8 are contemplated in 

	

10 	addition to 6 and 9, and for the range 6.0-7.0, the numbers 6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 

6.7, 6.8, 6.9 and 7.0 are explicitly contemplated. 

The use of "or" means "and/or" unless stated otherwise. Furthermore, the use of the 

term "including", as well as other forms, such as "includes" and "included", is not limiting. 

Unless otherwise defined herein, scientific and technical terms used in connection 

	

15 	with the present disclosure shall have the meanings that are commonly understood by those 

of ordinary skill in the art. For example, any nomenclatures used in connection with, and 

techniques of, animal and cellular anatomy, cell and tissue culture, biochemistry, molecular 

biology, immunology, and microbiology described herein are those that are well known and 

commonly used in the art. The meaning and scope of the terms should be clear; in the event 

	

20 	however of any latent ambiguity, definitions provided herein take precedent over any 

dictionary or extrinsic definition. Further, unless otherwise required by context, singular 

terms shall include pluralities and plural -Willis shall include the singular. 

A wide variety of conventional techniques and tools in chemistry, biochemistry, 

molecular biology, and immunology are employed and available for practicing the methods 

	

25 	and compositions described herein, are within the capabilities of a person of ordinary skill in 

the art and well described in the literature. Such techniques and tools include those for 

generating and purifying VLPs including those with a wild type or a recombinant capsid 

together with the cargo molecule(s), and for transfoiining host organisms and expressing 
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recombinant proteins and nucleic acids as described herein. See, e.g., MOLECULAR 

CLONING, A LABORATORY MANUAL 2nd  ed. 1989 (Sambrook et al., Cold Spring 

Harbor Laboratory Press); and CURRENT PROTOCOLS IN MOLECULAR BIOLOGY 

(Eds. Ausubel et al., Greene Publ. Assoc., Wiley-Interscience, NY) 1995. The disclosures in 

	

5 	each of these are herein incorporated by reference. 

As used herein, the term "cargo molecule" refers to an oligonucleotide, polypeptide 

or peptide molecule, which is or may be enclosed by a capsid. 

An oligonucleotide may be an oligodeoxyribonucleotide (DNA) or a 

oligoribonucleotide (RNA), and encompasses RNA molecules such as, but not limited to, 

	

10 	siRNA, shRNA, sshRNA, miRNA and mRNA. Certain RNA molecules may also be 

referred to as "active RNAs" a term meant to denote any RNA with a functional activity, 

including RNAi, ribozyme or packing activities. 

As used herein, the terra "peptide" refers to a polymeric molecule which minimally 

includes at least two amino acid monomers linked by peptide bond, and preferably has at 

	

15 	least about 10, and more preferably at least about 20 amino acid monomers, and no more 

than about 60 amino acid monomers, preferably no more than about 50 amino acid 

monomers linked by peptide bonds. For example, the term encompasses polymers having 

about 10, about 20, about 30, about 40, about 50, or about 60 amino acid residues. 

As used herein, the term "polypeptide" refers to a polymeric molecule including at 

	

20 	least one chain of amino acid monomers linked by peptide bonds, wherein the chain includes 

at least about 70 amino acid residues, preferably at least about 80, more preferably at least 

about 90, and still more preferably at least about 100 amino acid residues. As used herein 

the term encompasses proteins, which may include one or more linked polypeptide chains, 

which may or may not be further bound to cofactors or other proteins. The term "protein" as 

	

25 	used herein is used interchangeably with the term "polypeptide." 

As used herein, the term "variant" with reference to a molecule is a sequence that is 

substantially similar to the sequence of a native or wild type molecule. With respect to 

nucleotide sequences, variants include those sequences that may vary as to one or more 

bases, but because of the degeneracy of the genetic code, still encode the identical amino 
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acid sequence of the native protein. Variants include naturally occurring alleles, and 

nucleotide sequences which are engineered using well-known techniques in molecular 

biology, such as for example site-directed mutagenesis, and which encode the native protein, 

as well as those that encode a polypeptide having amino acid substitutions. Generally, 

	

5 	nucleotide sequence variants of the invention have at least 40%, at least 50%, at least 60%, 

at least 70% or at least 80% sequence identity to the native (endogenous) nucleotide 

sequence. The present disclosure also encompasses nucleotide sequence variants having at 

least about 85% sequence identity, at least about 90% sequence identity, at least about 85%, 

86%, 87%, 88%, 89%, 90% 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%. 

	

10 	Sequence identity of amino acid sequences or nucleotide sequences, within defined 

regions of the molecule or across the full-length sequence, can be readily determined using 

conventional tools and methods known in the art and as described herein. For example, the 

degree of sequence identity of two amino acid sequences, or two nucleotide sequences, is 

readily determined using alignment tools such as the NCBI Basic Local Alignment Search 

	

15 	Tool (BLAST) (Altschul et al., 1990), which are readily available from multiple online 

sources. Algorithms for optimal sequence alignment are well known and described in the art, 

including for example in Smith and Waterman, Adv. Appl. Math. 2:482 (1981); Pearson and 

Lipman Proc. Natl. Acad. Sci. (U.S.A.) 85: 2444 (1988). Algorithms for sequence analysis 

are also readily available in programs such as blastp, blastn, blastx, tblastn and tblastx. For 

	

20 	the purposes of the present disclosure, two nucleotide sequences may be also considered 

"substantially identical" when they hybridize to each other under stringent conditions. 

Stringent conditions include high hybridization temperature and low salt hybridization 

buffers which permit hybridization only between nucleic acid sequences that are highly 

similar. Stringent conditions are sequence-dependent and will be different in different 

	

25 	circumstance, but typically include a temperature at least about 60° , which is about 10 °C to 

about 15 °C lower than the thermal melting point (Tm) for the specific sequence at a defined 

ionic strength and pH. Salt concentration is typically about 0.02 molar at pH 7. 

As used herein with respect to a given nucleotide sequence, the term "conservative 

variant" refers to a nucleotide sequence that encodes an identical or essentially identical 

	

30 	amino acid sequence as that of a reference sequence. Due to the degeneracy of the genetic 
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code, whereby almost always more than one codon may code for each amino acid, 

nucleotide sequences encoding very closely related proteins may not share a high level of 

sequence identity. Moreover, different organisms have preferred codons for many amino 

acids, and different organisms or even different strains of the same organism, e.g., E coli 

	

5 	strains, can have different preferred codons for the same amino acid. Thus, a first nucleotide 

acid sequence which encodes essentially the same polypeptide as a second nucleotide acid 

sequence is considered substantially identical to the second nucleotide sequence, even if 

they do not share a minimum percentage sequence identity, or would not hybridize to one 

another under stringent conditions. Additionally, it should be understood that with the 

	

10 	limited exception of ATG, which is usually the sole codon for methionine, any sequence can 

be modified to yield a functionally identical molecule by standard techniques, and such 

modifications are encompassed by the present disclosure. As described herein below, the 

present disclosure specifically contemplates protein variants of a native protein, which have 

amino acid sequences having at least 15%, at least 16%, at least 21%, at least 40%, at least 

	

15 	41%, at least 52%, at least 53%, at least 56%, at least 59% or at least 86% sequence identity 

to a native nucleotide sequence. 

The degree of sequence identity between two amino acid sequences may be 

determined using the BLASTp algorithm of Karlin and Altschul (Proc. Natl. Acad. Sci. USA 

87:2264-2268, 1993). The percentage of sequence identity is determined by comparing two 

	

20 	optimally aligned sequences over a comparison window, wherein the portion of the amino 

acid sequence in the comparison window may comprise additions or deletions (i.e., gaps) as 

compared to the reference sequence (which does not comprise additions or deletions) for 

optimal alignment of the two sequences. The percentage is calculated by determining the 

number of positions at which an identical amino acid occurs in both sequences to yield the 

	

25 	number of matched positions, dividing the number of matched positions by the total number 

of positions in the window of comparison and multiplying the result by 100 to yield the 

percentage of sequence identity. 

One of skill will recognize that polypeptides may be "substantially similar" in that an 

amino acid may be substituted with a similar amino acid residue without affecting the 

	

30 	function of the mature protein. Polypeptide sequences which are "substantially similar" 
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share sequences as noted above except that residue positions, which are not identical, may 

have conservative amino acid changes. Conservative amino acid substitutions refer to the 

interchangeability of residues having similar side chains. For example, a group of amino 

acids having aliphatic side chains is glycine, alanine, valine, leucine, and isoleucine; a group 

	

5 	of amino acids having aliphatic-hydroxyl side chains is serine and threonine; a group of 

amino acids having amide-containing side chains is asparagine and glutamine; a group of 

amino acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group 

of amino acids having basic side chains is lysine, arginine, and histidine; and a group of 

amino acids having sulfur-containing side chains is cysteine and methionine. Preferred 

	

10 	conservative amino acid substitution groups include: valine-leucine-isoleucine, 

phenylalanine-tyrosine, lysine-arginine, alanine-valine, and asparagine-glutamine. 

A nucleic acid encoding a peptide, polypeptide or protein may be obtained by 

screening selected eDNA or genomic libraries using a deduced amino acid sequence for a 

given protein. Conventional procedures using primer extension procedures, as described for 

	

15 	example in Sambrook et al., can be used to detect precursors and processing intermediates. 

B. 	VLPs Composed of a Capsid enclosing a Cargo Molecule 

The methods and compositions described herein are the result in part of the 

appreciation that certain viral capsids can be prepared and/or used in novel manufacturing 

and purification methods to improve commercialization procedures for nucleic acids. The 

	

20 	methods described herein use recombinant viral capsids which are resistant to readily 

available hydrolases, to enclose heterologous cargo molecules such as nucleic acids, 

peptides, or polypeptides including proteins. 

The capsid may be a wild type capsid or a mutant capsid derived from a wild type 

capsid, provided that the capsid exhibits resistance to hydrolysis catalyzed by at least one 

	

25 	hydrolase acting on peptide bonds when the capsids are contacted with the hydrolase. As 

used interchangeably herein, the phrases "resistance to hydrolysis" and "hydrolase resistant" 

refer to any capsid which, when present in a whole cell lysate also containing polypeptides 

which are cell lysis products and not enclosed or incorporated in the capsids, and subjected 

to hydrolysis using a peptide bond hydrolase category EC 3.4 for a time and under 
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conditions sufficient for at least 60, at least 70, at least 80, or at least 90 of every 100 

individual polypeptides present in the lysate (which are cell lysis products and not enclosed 

in the capsids) to be cleaved (i.e. at least 60%, at least 70%, at least 80%, or at least 90% of 

all individual unenclosed polypeptides are cleaved), yet at least 60, at least 70, at least 80, or 

	

5 	at least 90 of every 100 capsids present before such hydrolysis remain intact following the 

hydrolysis. Hydrolysis may be conducted for a period of time and under conditions 

sufficient for the average molecular weight of cell proteins remaining from the cell line 

following hydrolysis is less than about two thirds, less than about one half, less than about 

one third, less than about one fourth, or less than about one fifth, of the average molecular 

	

10 	weight of the cell proteins before the hydrolysis is conducted. Methods may further 

comprise purifying the intact capsid remaining after hydrolysis, and measuring the weight of 

capsids and the weight of total dry cell matter before and after hydrolysis and purification, 

wherein the weight of capsids divided by the weight of total dry cell matter after hydrolysis 

and purification is at least twice the weight of capsids divided by the weight of total dry cell 

	

15 	matter measured before the hydrolysis and purification. The weight of capsids divided by 

the weight of total dry cell matter after hydrolysis and purification may be at least 10 times 

more than, preferably 100 times more than, more preferably 1,000 times more than, and 

most preferably 10,000 times more than the weight of capsids divided by the weight of total 

dry cell matter measured before such hydrolysis and purification. 

	

20 	 Hydrolases are enzymes that catalyze hydrolysis reactions classified under the 

identity number E.C. 3 by the Enzyme Commission. For example, enzymes that catalyze 

hydrolysis of ester bonds have identity numbers starting with E.C. 3.1. Enzymes that 

catalyze hydrolysis of glycosidic bonds have identity numbers starting with E.C. 3.2. 

Enzymes that catalyze hydrolysis of peptide bonds have identity numbers starting with E.C. 

	

25 	3.4. Proteases, which are enzymes that catalyze hydrolysis of proteins, are classified using 

identity numbers starting with E.C. 3.4, including but not limited to Proteinase K and 

subtilisin. For example, Proteinase K has identity number E.C. 3.4.21.64. The present 

disclosure encompasses VLPs which are resistant, in non-limiting example, Proteinase K, 

Protease from Streptomyces griseus, Protease from Bacillus licheniformis, pepsin and 

	

30 	papain, and methods and processes of using such VLPs. 
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The Nomenclature Committee of the International Union of Biochemistry and 

Molecular Biology (IUBMB) also recommends naming and classification of enzymes by the 

reactions they catalyze. Their complete recommendations are freely and widely available, 

and for example can be accessed online at http:// enzyme.expasy.org  and, 

	

5 	-www.chem.qmul.ac.uldiubmb/enzyme/, among others. The IUBMB developed shorthand 

for describing what sites each enzyme is active against. Enzymes that indescriminately cut 

are referred to as broadly specific. Some enzymes have more extensive binding requirements 

so the description can become more complicated. For an enzyme that catalyzes a very 

specific reaction, for example an enzyme that processes prothrombin to active thrombin, 

	

10 	then that activity is the basis of the cleavage description. In certain instances the precise 

activity of an enzyme may not be clear, and in such cases, cleavage results against standard 

test proteins like B-chain insulin are reported. 

Use of simple and effective purification processes using the capsids is enabled by the 

choice of certain wild type capsids, or modifications to the amino acid sequence of proteins 

	

15 	comprising the wild type capsids, such that the capsid exhibits resistance to hydrolysis 

catalyzed by at least one hydrolase acting on peptide bonds as described herein above. Such 

wild type capsids, such as the wild type MS2 capsid, can be used in a purification process in 

which certain inexpensive enzymes such as Proteinase K or subtilisin are used for 

proteolysis. A non-limiting example is the Enterobacteria phage MS2 wild type genome 

	

20 	(SEQ ID NO: 1); MS2 wild type capsid protein DNA sequence (SEQ ID NO: 2); and MS2 

wild type capsid protein amino acid sequence (SEQ ID NO: 3). 

Surprisingly, the unmodified, wild type MS2 capsid though lacking an envelope is 

resistant to a variety of category EC 3.4 hydrolases, including but not limited to Proteinase 

K and subtilisin, such that a highly purified composition of the capsid, which may contain a 

	

25 	cargo molecule, can be prepared from a whole cell lysate. Accordingly, the present 

disclosure provides VLPs comprising viral capsids comprising the wild type MS2 capsid 

protein, and/or capsid proteins sharing homology with wild type MS2 capsid proteins, which 

viral capsids encapsidate the cargo molecule. The cargo molecule may comprise one or 

more heterologous nucleic acids, peptides, polypeptides or proteins. These VLPs can then be 

	

30 	isolated and purified from a whole cell lysate after a hydrolysis step using a category E.C. 
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3.4 hydrolase, to produce a composition of VLPs of high purity, for example at least 60%, at 

least 70%, a least 80%, or at least 85% by weight VLPs. Compositions having a purity of at 

least 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, and 98% by weight of VLPs are 

expressly contemplated. 

	

5 	 The present disclosure encompasses a composition comprising: a) a plurality of 

VLPs each comprising a wild type viral capsid and at least one target heterologous cargo 

molecule enclosed in the wild type viral capsid; and b) one or more cell lysis products 

present in an amount of less than 40 grams, less than 30 grams, less than 20 grams, less than 

15 grams, less than 10 grams, and preferably less than 9, 8, 7, 6, 5, 4, 3 , more preferably 

	

10 	less than 2 grams, and still more preferably less than 1 gram, for every 100 grams of capsid 

present in the composition, wherein the cell lysis products are selected from proteins, 

polypeptides, peptides and any combination thereof. Subsequently the cargo molecules can 

be readily harvested from the capsids. Accordingly, such compositions are highly desirable 

for all applications where high purity and/or high production efficiency is required. 

	

15 	 Hydrolase resistant capsids as described herein may be used to enclose different 

types of cargo molecules to form a VLP. The cargo molecule can be but is not limited to any 

one or more oligonucleotide or oligoribonucleotide (DNA, RNA, LNA, PNA, siRNA, 

shRNA , sshRNA, lshRNA, miRNA or mRNA, or any oligonucleotide comprising any type 

of non-naturally occurring nucleic acid), any peptide, polypeptide or protein. A cargo 

	

20 	molecule which is an oligonucleotide or oligoribonucleotide may be enclosed in a capsid 

with or without the use of a linker. A capsid can be triggered for example to self-assemble 

from capsid protein in the presence of nucleotide cargo, such as an oligoribonucleotide. In 

non-limiting example, a capsid as described herein may enclose a target heterologous RNA 

strand, such as for example a target heterologous RNA strand containing a total of between 

	

25 	1,800 and 2,248 ribonucleotides, including the 19-mer packing sequence from 

Enterobacteria phage MS2, such RNA strand transcribed from a plasmid separate from a 

plasmid coding for the capsid proteins, as described by Wei, Y., et al., (2008) J. Clin. 

Microbiol. 46:1734-1740. 

RNA interference (RNAi) is a phenomenon mediated by short RNA molecules such 

	

30 	as siRNA molecules, which can be used for selective suppression of a target gene of interest, 
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and has multiple applications in biotechnology and medicine. For example, short RNA 

molecules can be employed to target a specific gene of interest in an organism to obtain a 

desirable phenotype. Short RNA molecules, including siRNA, are however easily degraded 

by ubiquitous enzymes called RNAses. Capsids, such as those described herein, protect 

	

5 	encapsidated RNA from enzymatic degradation. A capsid as described herein may however 

enclose an RNA strand containing one or more ribozymes, either self-cleaving ribozymes 

(cis-acting), or in certain cases capable of cleaving bonds in other RNA (trans-acting). One 

or more ribozymes may be included for example to specifically cut RNA sequence(s) to 

produce a specifically tailored RNA molecule, such as for example but not limited to an 

	

10 	siRNA molecule. For example, variants of Hammerhead and Hepatitis Delta Virus 

ribozymes are known and can be used to cut long RNA sequences. The present disclosure 

describes novel VLPs comprising a capsid encapsidating one or more ribozymes attached to 

a packing sequences as described above (i.e., RNA sequences with strong affinity to the 

interior wall of a capsid), and the ribozymes used to cut short RNA sequences from packing 

	

15 	sequences attached to the ribozymes. 

The present disclosure thus also encompasses the novel use of ribozymes to isolate 

short or small RNA sequences such as siRNA, shRNA, sshRNA, lshNA and miRNA 

sequences from the packing sequence(s) used to encapsidate them. It should be understood 

that, unless expressly indicated otherwise, the term short RNA encompasses short single 

	

20 	stranded and short hairpin (stem loop) RNA sequences having a double stranded stem and a 

single-stranded loop or hairpin. A short RNA is any RNA single strand having no more than 

30 nucleotides, preferably no more than 25 nucleotides, and more preferably no more than 

22 nucleotides; or a hairpin RNA having a stem of no more than 30 nucleotides base pairs, 

preferably no more than 25 nucleotide base pairs, and more preferably no more than 22 

	

25 	nucleotide base pairs in the stem. 

A challenge in using a ribozyme which is highly active to isolate such short RNA 

sequences from packing sequences, is that the ribozyme may works so fast as to liberate the 

short RNA from the packing sequence before encapsidation of the RNA is achieved. 

Additionally, it has been discovered that the three dimensional structures of short RNA such 

	

30 	as an siRNA, or the hairpin packing sequences, can interfere with the proper functioning of 
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the ribozyme. These problems can be overcome by 1) using ribozyme mutants which 

demonstrate a slower rate of activity, to avoid liberation of the short RNA from the packing 

sequence before encapsidation of the short RNA is achieved, and/or 2) increasing the 

number of nucleotides in the ribozyme that form Watson-Crick pairs with the short RNA. 

	

5 	Additionally, trans-acting ribozymes can be used advantageously to increase the percentage 

of RNA encapsidated into VLPs as short RNA, if the short RNA sequence(s) are flanked not 

by complete ribozymes but rather shorter sequences that are targets of trans-acting 

ribozymes, also encapsidated into the same VLP. 

One or more short RNA sequences can also be encapsidated into a viral capsid, 

	

10 	either wild type or genetically modified, which has been modified to insert an external 

peptide tag, to deliver a protein or drug molecule to a specific class of cell. Wild type 

capsids may also be genetically modified to insert external peptide sequences acting as 

ligands for certain surface protein cell receptors can be advantageously used to encapsidate 

short RNA sequences aimed at inducing RNAi in specific target cells. Such compositions 

	

15 	are much simpler, less expensive and more reliably manufactured than current alternatives 

for short RNA delivery. 

Non-limiting examples of useful VLPs which can be prepared include a capsid 

enclosing an RNA strand comprising: 

(i) at least one packing sequence and from 1 to 100 identical or different siRNAs 

	

20 	flanked by one single stranded (non-hybridyzing) RNA spacer, where every single stranded 

RNA spacer has between 4 and 40 nucleotides; 

(ii) one (1) ribozyme and one single stranded (non-hybridizing) RNA spacer per 

siRNA, where every single stranded RNA spacer has between 4 and 40 nucleotides; 

(iii) two (2) ribozymes per siRNA; 

	

25 	 (iv) 	one (1) T7 start site, one (1) ribozyme, one (1) packing site and one (1) 

transcription termination site; or 

(v) one (1) T7 start site, one (1) packing site, and one (1) transcription 

termination site. 

(vi) four (4) ribozymes per siRNA. 
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In VLPs which include one or more ribozymes, the disclosure further contemplates 

VLPs containing the resulting products after the ribozymes have cut the RNA. 

The present disclosure also encompasses the novel use of capsids to encompass long 

RNA sequences such as mRNAs and the use of ribozymes to separate the mRNA sequences 

	

5 	from the packing sequence(s) used to encapsidate them. It should be understood that, unless 

expressly indicated otherwise, the term long RNA encompasses long single stranded RNA 

sequences which may have double stranded stem and a single-stranded loops or hairpins 

arrayed throughout. A long RNA is any single stranded RNA having more than 30 

nucleotides, preferably more than 40 nucleotides, and more preferably more than 50 

	

10 	nucleotides; and more preferably more than 100 nucleotide base pairs. In the most preferable 

embodiment the mRNA will include the necessary translational and protective signals 

required to produce a protein which it encodes within the host cell to which it is targeted. A 

capsid as described herein may enclose an mRNA-terminally tagged with a capsid packing 

sequence and may optionally include a ribozyme designed to cleave the mRNA from the 

	

15 	packing sequence. 

VLPs as described herein may alternatively enclose at least one target peptide, 

polypeptide or protein. When the target heterologous cargo molecule is a peptide, 

polypeptide or protein, an oligonucleotide linker can be used to couple the target 

heterologous cargo molecule and the viral capsid. A cargo molecule which is a peptide, 

	

20 	polypeptide or protein, preferably is packaged in a capsid using a linker. The packaging 

process is promoted by the linker, consisting of a short RNA aptamer sequence, which forms 

a link between the capsid protein and a peptide tag fused to the target cargo molecule. (See 

Fiedler, J. et al., RNA-Directed Packaging of Enzymes within Virus-like Particles, Angew. 

Chem. Int. Ed. 49: 9648 —9651 (2010)). The oligonucleotide linker may consist of DNA, 

	

25 	RNA, LNA, PNA, and the like. The linker is for example a 50- to 100- mer having a short 

sequence, for example about 20 nt long, at a first end with binding specificity for the inside 

of the capsid capsid, and another sequence, for example about 70 nt long, at the second, 

opposite end which has a binding specificity for the cargo peptide, polypeptide or protein. 

Additionally, a slow ribozyrne may be incorporated into a linker consisting of RNA. For 

	

30 	example, a slow ribozyme can be incorporated between the packing sequence (binding to the 
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capsid protein) and the aptamer (binding to the tag of target protein). Upon activation, the 

ribozyme will separate the capsid protein from the target protein. Alternatively, a capsid as 

described herein may enclose at least one target protein N-terminally tagged with a peptide 

able to non-covalently bind to an aptamer- and capsid packing sequence-containing RNA 

	

5 	strand, for example an N-terminal tag and aptamer- and packing sequence-containing RNA 

strand as described by Fiedler, J. et al. (2010). 

A cargo molecule can be a bi-molecular cargo molecule, and capsids described 

herein may also encapsidate a bi-molecular cargo molecule, which may or may not include 

one or more ribozymes. A bi-molecular cargo molecule may comprise an aptamer linked to 

	

10 	a bifunctional polynucleotide. The aptamer may have a sequence specifically selected using 

SELEX to exhibit specific binding to a bioactive small molecule, i.e., a molecule having a 

low molecular weight, preferably lower than 1,500 Da. The bifunctional polynucleotide has 

both a first aptameric activity for binding the low-molecular weight bioactive cargo 

molecule, and a second aptameric activity for binding a packing sequence of a capsid. The 

	

15 	bifunctional polynucleotide linked to the bioactive cargo molecule forms the bi-molecular 

cargo molecule which can then be linked to the capsid. Such a cargo molecule can be used 

to bind the bioactive small molecule, and thus load the VLP with the small molecule. The 

present disclosure thus also encompasses a VLP comprising a capsid linked to such a 

synthetic bi-molecular cargo molecule. Examples of low molecular weight bioactives which 

	

20 	can be loaded into a VLP by binding to an RNA aptamer include: atrazine (herbicide), 

acetamipridphorate, profenofos, isocarbophos and omethoateas (insecticides), as described 

by Sett et al. (2012) Open Journal of Applied Biosensor, 1:p. 9-19. 

Examples of low molecular weight bioactives which can be loaded into a VLP by 

binding to an RNA aptamer include herbicides such as 2,4-D (2,4-Dichlorophenoxyacetic 

	

25 	acid), December ((3,6-dichloro-2-methoxybenzoic acid), Paraquat (N,N'-dimethyl-4,4'- 

bipyridinium dichloride), Oryzalin (4-(dipropylamino)-3,5-dinitrobenzenesulfonamide), 

DCMU (3-(3,4-dichloropheny1)-1,1-dimethylurea), Trifluralin (2,6-Dinitro-N,N-dipropyl-4-

(trifluoromethyl)aniline), Imazapic (-methy1-244-methyl-5-oxo-4-(propan-2-y1)-4,5-

dihydro-IH-imidazol-2-yl]pyridine-3-carboxylic acid), Aminopyralid (4-amino-3,6- 

	

30 	dichloropyridine-2-carboxylic acid), Clopyralid (3,6-dichloro-2-pyridinecarboxylic acid), 
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Metolachlor ((RS)-2-Chloro-N-(2-ethy1-6-methyl-pheny1)-N-(1-methoxypropan-2-

yl)acetamide), Pendimethalin (3,4-Dimethy1-2,6-dinitro-N-pentan-3-yl-aniline), Picloram 

(4-Amino-3,5,6-trichloro-2-pyridinecarboxylic acid), Propanil (N-(3,4-

Dichlorophenyl)propanamide), Triclopyr ([(3,5,6-Trichloro-2-pyridinyl)oxy]acetic acid), 

	

5 	and Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine), among other listed 

for example by Roberts et al. (1998) Metabolic Pathways of Agrochemicals: Part 1: 

Herbicides and Plant Growth Regulators. Published by Royal Society of Chemistry (Great 

Britain) ISBN 978-1-84755-138-2. For example, an RNA aptamer binding Atrazine was 

described by Sinha et al. (2010) Nature Chemical Biology, 6:p.464-470. 

	

10 	RNA aptamers can also be used to bind insecticides such as, Propargite (2-(4-tert- 

butylphenoxy)cyclohexyl prop-2-yne-l-sulfonate), Chlorpyrifos (0,0-diethyl 0-3,5,6-

triehloropyridin-2-y1 phosphorothioate), Cypermethrin, Phosmet (2-

Dimethoxyphosphinothioylthiomethypisoindoline-1,3-dione), Permethrin (3-Phenoxybenzyl 

(1RS)-cis,trans-3-(2,2-dichloroviny1)-2,2-dimethylcyclopropanecarboxylate), Diazinon 

	

15 	(0,0-Diethyl O-[4-methyl-6-(propan-2-yl)pyrimidin-2-yl] phosphorothioate), 

Methylparathion (0,0-Dimethyl O-(4-nitrophenyl) phosphorothioate), and Acetamiprid (N-

[(6-chloro-3-pyridyl)methyl]-N-cyano-N-methyl-acetamidine), and fungicides such as 

Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile), Captan ((3aR,7aS)-2-

[(trichloromethyl)sulfany1]-3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione), Boscalid (2- 

	

20 	chloro-N-(4'-chlorobipheny1-2-yDnicotinamide), Iprodione (3-(3,5-dichlorophenyI)-N- 

isopropy1-2,4-dioxoimidazolidine-l-carboxamide), Azoxystrobin (Methyl (2E)-2-(2- 11642-

cyanophenoxy)pyrimidin-4-yl]oxylphenyl)-3-methoxyacrylate), Pyraclostrobin, (methyl 2-

[1-(4-chlorophenyl)pyrazol-3-yloxymethyl]-N-methoxycarbanilate), Cyprodinil (4-

cyclopropyl-6-methyl-N-phenylpyrimidin-2-amine), among other listed for example by 

	

25 	Roberts et al. (1999) Metabolic Pathways of Agrochemicals: Part 2: Insecticides and 

Fungicides. Published by Royal Society of Chemistry (Great Britain) ISBN 978-1-84755-

137-5. For example, aptamers have been described to bind acetamiprid, phorate, profenofos, 

isocarbophos and omethoate, as exemplified by Sett et al. (2012) Open Journal of Applied 

Biosensor, 1:p. 9-19 using DNA aptamers built in a similar manner as RNA aptamers are 

	

30 	built using SELEX. 
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These herbicides, insecticides or fungicides are bioactive small molecules, i.e., 

molecules having a low molecular weight, preferably lower than 1,500 Da. Due to their 

small size they can permeate capsids forming VLPs of the current disclosure, as exemplified 

by Wu et al. (2005) Delivery of antisense oligonucleotides to leukemia cells by RNA 

	

5 	bacteriophage capsids, Nanomedicine: Nanotechnology, Biology and Medicine, 1:p.67-76. 

These small bioactive molecules are added to VLPs of the current disclosure which 

encapsidate aptamers designed using SELEX to bind the small bioactive molecules, after 

such VLPs have been formed, either before or after purification. The addition of these small 

bioactive molecules is done, for example by adding them to a solution of the VLPs and 

	

10 	incubation, for example at room temperature for a time between 30 minutes and 10 hours. 

These small bioactive molecules enter the VLPs by diffusion through the pores at the 

particle symmetry axes and are retained inside due to their binding to the enclosed aptamers. 

Suitable solvents used for loading the small bioactive molecules into the VLPs range from 

polar such as water and water-ethanol blends to non-polar such as, for example, isooctane, 

	

15 	toluene, dichloromethane, or chloroform. Using non-polar solvents for the dissolution of 

VLPs is done, for example, as described by Johnson et al. (2006), Solubilization and 

stabilization of bacteriophage MS2 in organic solvents, Biotechnology and bioengineering, 

2007. 97(2): p. 224-34, with the help of surfactants like Aerosol OT. Use of non-polar 

solvents for loading small bioactive molecules is preferred since their solubility in polar 

	

20 	solvents is, in most cases, poor. 

VLPs encapsidating both siRNA and small bioactive molecules are preferred in 

applications where a synergistic effect is achieved between the two bioactive ingredients, for 

example in those cases where the targeted plant, insect or fungus is resistant to the small 

bioactive molecule. In such cases, the siRNA is designed to target the biologic pathway that 

	

25 	confers the plant, insect or fungus resistance to the small bioactive molecule, as exemplified 

by Sammons et al., Polynucleotide molecules for gene regulation in plants, US 

2011/0296556. 

Alternatively, the bi-functional polynucleotide may encode at least one siRNA, 

shRNA , sshRNA, lshRNA miRNA or mRNA, and the cargo molecule can be a small (low 

	

30 	molecular weight) protein or peptide. Accordingly, a bi-molecular cargo molecule can be 
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capable of binding a low molecular bioactive protein or peptide. Such a bi-molecular cargo 

molecule may comprise a biologically active protein or peptide, coupled to a polynucleotide 

encoding at least one siRNA or shRNA or sshRNA or 1shRNA or miRNA or mRNA, and 

having a first aptameric activity for binding the bioactive protein or peptide cargo molecule 

	

5 	and a second aptameric activity for binding a packing sequence of a capsid. The 

polynucleotide is linked to the protein or peptide cargo molecule and is capable of linking to 

packing sequence of a capsid. 

A bifunctional polynucleotide as described above may optionally include one or 

more ribozyme sequences. A VLP including a bi-molecular cargo molecule including a 

	

10 	bifunctional polynucleotide as described above may optionally include one or more 

ribozymes. The present disclosure also encompasses a VLP comprising a capsid and 

reaction products of the bi-molecular cargo molecule after at least one ribozyme has reacted 

with bimolecular cargo molecule to cut the cargo molecule into constituent parts including 

the aptamer. 

	

15 	 VLPs as described herein may be assembled by any available method(s) which 

produces a VLP with an assembled, hydrolase resistant capsid encapsidating one or more 

cargo molecule(s), and optionally any linker, packing sequence, one or more ribozymes, or 

tags. For example, capsids and cargo molecules may be co-expressed in any expression 

system. Recombinant DNA encoding one or more capsid proteins, one or more cargo 

	

20 	molecule(s), and optionally any linker, packing sequence, ribozyme(s) or tags can be readily 

introduced into the host cells, e.g., bacterial cells, plant cells, yeast cells, fungal cells, and 

animal cells (including insect and mammalian) by transfection with one or more expression 

vectors by any procedure useful for introducing such a vector into a particular cell, and 

stably transfecting the cell to yield a cell which expresses the recombinant sequence(s). 

	

25 	 The host cell is preferably of eukaryotic origin, e.g., plant, mammalian, insect, yeast 

or fungal sources, but non-eukaryotic host cells may also be used. Suitable expression 

systems include but are not limited to microorganisms such as bacteria (e.g., E. coli,) 

transformed with recombinant bacteriophage DNA, plasmid DNA or cosmid DNA 

expression vectors containing the coding sequences for the VLP elements. In non-limiting 
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example, for VLPs using the MS2 capsid protein, expression in E. coli is a suitable 

expression system. 

The present disclosure expressly contemplates plant cells which have been 

transformed using a nucleic acid construct as described herein, and which expresses a capsid 

	

5 	protein, cargo molecule and a and optionally any linker, packing sequence, one or more 

ribozymes, or tags. Means for transforming cells including plant cells and preparing 

transgenic cells are well known in the art. Vectors, plasmids, cosmids, YACs (yeast artificial 

chromosomes) and DNA segments can be used to transform cells and will as generally 

recognized include promoters, enhancers, and/or polylinkers. Transgenic cells specifically 

	

10 	contemplated include transgenic plant cells including but not limited to cells obtained from 

corn, soybean, wheat, vegetables, grains, legumes, fruit trees, and so on, or any plant which 

would benefit from introduction of a VLP as described herein. Also contemplated are plants, 

plant tissue obtained from cells transformed as described herein, and the seed or progeny of 

the plant or plant tissue. 

	

15 	 Expression of assembled VLPs can be obtained for example by constructing at least 

one expression vector including sequences encoding all elements of the VLP. Sometimes 

two vectors are used, a first vector which includes a sequence encoding the cargo 

molecule(s) and optionally any linker, packing sequence, one or more ribozymes, or tags; 

and a second vector which includes a sequence encoding the capsid protein. In an exemplary 

	

20 	process for generating exemplary VLPs, two vectors may be co-expressed in the host cell for 

generation of the VLP, as further detailed in the Examples. Methods and tools for 

constructing such expression vectors containing the coding sequences and transcriptional 

and translational control sequences are well known in the art. Vector(s) once constructed are 

transferred to the host cells also using techniques well known in the art, and the cells then 

	

25 	maintained under culture conditions for a time sufficient for expression and assembling of 

the VLPs to occur, all using conventional techniques. The present disclosure thus 

encompasses host cells containing any such vectors, and cells which have been transformed 

by such vectors, as well as cells containing the VLPs. 

When the VLPs have been expressed and assembled in the host cells, they may be 

	

30 	isolated and purified using any method known in the art for virus purification. For example, 
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the cells can be lysed using conventional cell lysis techniques and agents, and the cell lysate 

subjected to hydrolysis using at least one peptide bond hydrolase category E.C. 3.4 such as 

but not limited to Proteinase K or subtilisin. Intact capsids remaining in the cell lysate 

following hydrolysis can be removed and purified using conventional protein isolation 

	

5 	techniques. 

Purification of capsids, VLPs or proteins may also include methods generally known 

in the art. For example, following capsid expression and cell lysis, the resulting lysate can be 

subjected to one or more isolation or purification steps. Such steps may include for example 

enzymatic lipolysis, DNA hydrolysis, and proteolysis steps. A proteolysis step may be 

	

10 	performed for example using a blend of endo- and exo-proteases. For example, after cell 

lysis and hydrolytic disassembly of most cell components, such capsids with their cargo 

molecules can be separated from surrounding matrix by extraction, for example into a 

suitable non-polar water-immiscible solvent, or by crystallization from a suitable solvent. 

For example, hydrolysis and/or proteolysis steps transform contaminants from the capsid 

	

15 	that are contained in the lysate matrix into small, water soluble molecules. Hydrophobic 

capsids may then be extracted into an organic phase such as 1, 3-

bis(trifluoromethyl)benzene. Purification of capsids, VLPs or proteins may include for 

example at least one liquid-liquid extraction step, at least one fractional precipitation step, at 

least one ultrafiltration step, or at least one crystallization step. A liquid-liquid extraction 

	

20 	may comprise for example use of an immiscible non-aqueous non-polar solvent, such as but 

not limited to benzene, toluene, hexane, heptane, octane, chloroform, dichloromethane, or 

carbon tetrachloride. Purifying may include at least one crystallization step. Use of one or 

more hydrolytic steps, and especially of one or more proteolytic steps, eliminates certain 

problems observed with current separation processes used for cargo molecules, which are 

	

25 	mainly result from the large number and varying degree of binding interactions which take 

place between cargo molecules and components derived from the cell culture in which they 

are produced. The capsids described herein resist hydrolytic steps such that the matrix which 

results after hydrolysis includes intact capsids which safely partition any cargo molecules 

from the surrounding matrix, thereby interrupting the troublesome binding interactions 

	

30 	which interfere with current purification processes. 
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Following purification, the capsid can be opened to obtain the cargo molecule, which 

maybe a protein or polypeptide, a peptide, or a nucleic acid molecule as described herein. 

Capsids can be opened using any one of several possible procedures known in the art, 

including for example heating in an aqueous solution above 50 °C; repeated freeze-thawing; 

	

5 	incubating with denaturing agents such as formamide; by incubating with one or more 

proteases; or by a combination of any of these procedures. 

Capsid proteins which are resistant to hydrolases and useful in the VLPs and 

methods according to the present disclosure can also be variants of, or derived from the wild 

type MS2 capsid protein. Capsid proteins may comprise, for example, at least one 

	

10 	substitution, deletion or insertion of an amino acid residue relative to the wild type MS2 

capsid amino acid sequence. Such capsid proteins may be naturally occurring variants or can 

be obtained by genetically modifying the MS2 capsid protein using conventional techniques, 

provided that the variant or modified capsid protein forms a non-enveloped capsid which is 

resistant to hydolysis catalyzed by a peptide bond hydrolase category E.C. 3.4 as described 

	

15 	herein. 

Genetically modified MS2 capsid proteins which can assemble into capsids which 

are resistant to hydrolysis as described herein can be engineered by making select 

modifications in the amino acid sequence according to conventional and well-known 

principles in physical chemistry and biochemistry to produce a protein which retains 

	

20 	resistance to hydrolysis as described herein and in the Examples herein below. 

It is common knowledge for example that the shape or global fold of a functional 

protein is determined by the amino acid sequence of the protein, and that the fold defines the 

protein's function. The global fold is comprised of one or more folding domains. When more 

than one folding domain exists in the global fold, the domains generally bind together, 

	

25 	loosely or tightly along a domain interface. The domain fold can be broken down into a 

folding core of tightly packed, well-defined secondary structure elements which is primarily 

responsible for the domain's shape and a more mobile outer layer typically comprised of 

turns and loops whose conformations are influenced by interactions with the folding core as 

well as interactions with nearby domains and other molecules, including solvent and other 

	

30 	proteins. An extensive public domain database of protein folds, the Structural Classification 
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of Proteins (SCOP) database (Alexey G Murzin, Curr Opin Struct Biol (1996) 6, 386-394) 

of solved protein structures in the public domain is maintained online at 

http://scop.berkeley.edu  and regularly expanded as new solved structures enter the public 

domain (Protein Data Bank (F.C.Bernstein, T.F.Koetzle, G.J.Williams, E.E.Meyer Jr., 

	

5 	M.D.Brice, J.R.Rodgers, O.Kennard, T.Shimanouchi, M.Tasumi, "The Protein Data Bank: 

A Computer-based Archival File For Macromolecular Structures," J. of. Mol. Biol., 112 

(1977): 535), http://www.rcsb.org) database. Members of a family which are evolutionarily 

distant, yet have the same shape and very similar function, commonly retain as few as 30% 

identical residues at topologically and/or functionally equivalent positions. In some families, 

	

10 	sequences of distant members have as few as 20% of their residues unchanged with respect 

to each other, e.g. levi- and alloleviviridae capsid proteins. Further, the fold and function of 

a protein is remarkably tolerant to change via directed or random mutation, even of core 

residues (Peter 0. °fins::, S. Christopher Bauer, Sarah Braford-Goldberg, Kris Sterbenz, 

Joseph 0. Polazzi, Maire H. Caparon, Barbara K. Klein, Alan M. Easton, Kumnan Paik, Jon 

	

15 	A. Mover, Barrett R. Thiele, and John P. McKearn (1995) J Biol Chem 270, 23754-23760; 

Yiqing Feng, Barbara K. Klein and Charles A. McWherter (1996), J Mol Biol 259, 524-541; 

Dale Rennell, Suzanne E. Bouvier, Larry W. Hardy and Anthony R. Poteetel (1991) J Mol 

Biol 222, 67-87), insertion/deletion of one or more residues (Yiqing Feng, Barbara K. Klein 

and Charles A. McWherter (1996), J Mol Biol 259, 524-541), permutation of the sequence 

	

20 	(Multi-functional chimeric hematopoietic fusion proteins between sequence rearranged c- 

mpl receptor agonists and other hematopoietic factors, US 6066318), concatenation via the 

N- or C-terminus or both (to copies of itself or other peptides or proteins) (Multi-functional 

chimeric hematopoietic fusion proteins between sequence rearranged g-csf receptor agonists 

and other hematopoietic factors , US20040171115; Plevka, P., Tars, K., Liljas, L. (2008) 

	

25 	Protein Sci. 17: 173) or covalent modification, e.g., glycosylation, pegylation, SUMOylation 

or the addition of peptidyl or nonpeptidyl affinity tags as long as the residues critical to 

maintaining the fold and/or function are spared. 

VLPs according to the present disclosure and as used in any of the methods and 

processes, thus encompass those comprising a capsid protein having at least 15%, 16%, 

	

30 	21%, 40%, 41%, 52%, 53%, 56%, 59% or at least 86% sequence identity with the amino 

acid sequence of wild type Enterobacteria phage MS2 capsid protein (SEQ ID NO: 3). Such 
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VLPs include for example a VLP comprising a capsid protein having at least 52% sequence 

identity with SEQ ID NO: 3) as described above. Also included is a VLP comprising a 

capsid protein having at least 53% sequence identity to SEQ ID NO:3, which can be 

obtained substantially as described above but not disregarding the FR capsid sequence, 

	

5 	representing 53% sequence identity to wild-type enterobacteria phage MS2 capsid protein 

(SEQ ID NO:3). Also included is a VLP comprising a capsid protein having at least 56% 

sequence identity to SEQ ID NO:3, when it is considered that when the structures identified 

as lAQ3 (van den Worm, S.H., Stonehouse, N.J.,Valegard, K., Murray, J.B., Walton, C., 

Fridborg, K., Stockley, P.G., Liljas, L. (1998) Nucleic Acids Res. 26: 1345-1351), 1GAV 

	

10 	(Tars, K., Bundule, M., Fridborg, K., Liljas, L. (1997) J.Mol.Biol. 271: 759-773), 1FRS 

(Liljas, L., Fridborg, K., Valegard, K., Bundule, M., Pumpens, P. (1994) J.Mol.Biol. 244: 

279-290) and 2VTU (Plevka, P., Tars, K., Liljas, L. (2008) Protein Sci. 17: 1731) (Protein 

Data Bank identifiers described above), only 56% of the sequence positions have identical 

sequence and topologically equivalent positions with respect to the backbone overlays when 

	

15 	all three sequences arc considered together. Also included is a VLP comprising a capsid 

protein haVing at least 59% sequence identity to SEQ ID NO:3, when it is considered that 

the sequence of the MS2 viral capsid protein compared to that of the GA viral capsid protein 

is 59%. Also included is a VLP comprising a capsid protein having at least 86% sequence 

identity to SEQ ID NO:3, when it is considered that the sequence of the MS2 viral capsid 

	

20 	protein compared to that of the FR capsid protein is 86%. VLPs according to the present 

disclosure thus encompass those comprising a capsid protein having at least 15%, 16%, or 

21% sequence identity with the amino acid sequence of wild type Enterobacteria phage MS2 

capsid (SEQ ID NO:3) based on a valid structure anchored alignment and is resistant to 

hydrolysis catalyzed by a peptide bond hydrolase category EC 3.4. 

	

25 	 A VLP may thus comprise any of the MS2 capsid protein variants as described 

herein. Genetically modified capsid proteins consistent with those described herein can be 

produced for example by constructing at least one DNA plasmid encoding at least one 

capsid protein having at least one amino acid substitution, deletion or insertion relative to 

the amino acid sequence of the wild type MS2 capsid protein, making multiple copies of 

	

30 	each plasmid, transforming a cell line with the plasmids; maintaining the cells for a time and 

under conditions sufficient for the transformed cells to express and assemble capsids 
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encapsidating nucleic acids; lysing the cells to form a cell lysate; subjecting the cell lysate to 

hydrolysis using at least one peptide bond hydrolase, category EC 3.4; and removing intact 

capsids remaining in the cell lysate following hydrolysis to obtain capsids having increased 

resistance to at least one hydrolase relative to the wild type capsid protein. Following 

	

5 	purification of the resulting, intact capsids, an amino acid sequence for each capsid protein 

may be determined according to methods known in the art. 

The specialized capsids described herein can be used in research and development 

and in industrial manufacturing facilities to provide improved yields, since the purification 

processes used in both settings have the same matrix composition. Having such same 

	

10 	composition mainly depends on using the same cell line in both research and development 

and manufacturing processes. However, differences in matrix composition due to using 

different cell lines are greatly reduced after proteolytic steps used in both research and 

development and manufacturing stages. This feature enables use of different cell lines in 

both stages with a minimal manufacturing yield penalty. 

	

15 	 EXAMPLES 

The following non-limiting examples are included to illustrate various aspects of the 

present disclosure. It will be appreciated by those of skill in the art that the techniques 

disclosed in the following examples represent techniques discovered by the Applicants to 

function well in the practice of the invention, and thus can be considered to constitute 

	

20 	preferred modes for its practice. However, those of skill in the art should, in light of the 

instant disclosure, appreciate that many changes can be made in the specific examples 

described, while still obtaining like or similar results, without departing from the scope of 

the invention. Thus, the examples are exemplary only and should not be construed to limit 

the invention in any way. To the extent necessary to enable and describe the instant 

	

25 	invention, all references cited are herein incorporated by reference. 

Example A 

Propagation of MS2 bacteriophage 

MS2 bacteriophage (ATCC No.15597-B1, from American Type Culture Collection, 

Rockville, MD) and its E. coli host (ATCC No.15669) were obtained from ATCC and 
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propagated using the procedure described by Strauss and Sinsheimer (1963) J. Mol. Biol 

7:43-54 J. Mol. Biol 7:43-54. Results are plotted in FIG. 1. Optical Density (OD) at 600 nm 

and pH were followed during the reaction. ODi represents OD immediately after inoculation 

with host. Infection was done at 2.3 hours. Ln(OD/ODi) was plotted on the left axis (full 

	

5 	diamonds) and pH was plotted on the right axis (open squares). This experiment was ended 

5.3 hours after inoculation with host. Lysate obtained was centrifuged at 2,000 g and filtered 

through a 0.2nm membrane to eliminate remaining bacteria and bacterial debris. 

Example B 

Purification of MS2 bacteriophage using Proteinase K and ultrafiltration 

	

10 	Purification of MS2 bacteriophage was conducted as follows. Samples were taken 

during purification and SDS PAGE analysis was run on the samples. Results obtained are 

shown in FIG. 2. Eight milliliters of lysate obtained at end of Example A (sample in Lane 1, 

FIG. 2) was filtered through a 300 kDa membrane (Vivaspin 2, from Sartorius Stedim, 

Bohemia, NY) and the filtrate was filtered through a 100 kDa membrane, from which 1 mL 

	

15 	of retentate was obtained (sample in Lane 2, FIG. 2). This retentate was divided in two equal 

parts. To one half (control) 206 µL, 20 mM CaC12  aqueous solution at pH 7.5 were added. 

To the second half (Proteinase) 0.15 mg Proteinase K (Sigma Aldrich, St. Louis, MO) 

dissolved in 206 µL, 20mM CaC12  aqueous solution at pH 7.5 was added. Both tubes were 

incubated at 37 °C and after 1 hour they were placed in an ice-water bath. Samples were 

	

20 	then taken and analyzed: control sample in Lane 3, FIG. 2, and Proteinase sample in Lane 5, 

FIG. 2. Each product was then diluted to 2 mL with deionized (DI) water and filtered 

through a 100 kDa membrane. Each retentate (150 µL) was diluted to 2 mL with DI water 

and filtered again through the same membrane. Dilution and ultrafiltration was repeated one 

more time for each product. Samples of each retentate were then taken and analyzed: control 

	

25 	sample in Lane 4, FIG. 2, and Proteinase sample in Lane 6, FIG. 2. The band at 14 kDa 

corresponds to MS2 bacteriophage's capsid protein. The band at 30 kDa corresponds to 

Proteinase K. Product from control experiment yields a highly impure phage. Product from 

the Proteinase experiment yields a product containing phage with purity higher than 99%. 
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Example C 

Degradation of MS2 bacteriophage 

Treatment of MS2 bacteriophage was conducted as follows. Samples were taken 

during treatment and SDS PAGE analysis was run on the samples. Results obtained are 

	

5 	shown in FIG. 3. Four milliliters of lysate obtained at end of Example A was partially 

purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. A sample of the aqueous solution after extraction with Freon 11 was taken and 

analyzed (sample in Lane 1 , FIG. 3). To the partially purified phage solution (130 pl) 370 

	

10 	uL, of 20 mM CaCl2aqueous solution was added. The mixture was incubated at 37 °C and 

after 1 hour it was placed in an ice-water bath. A sample was then taken and analyzed: 

sample in Lane 2, FIG. 3. The incubation product was diluted to 2 mL with deionized (DI) 

water and filtered through a 100 kDa membrane. The retentate (150 µL) was diluted to 2 mL 

with DI water and filtered again through the same membrane. Dilution and ultrafiltration of 

	

15 	the retentate was repeated one more time. A sample of the retentate was then taken and 

analyzed: sample in Lane 3, FIG. 3. Only weak bands at lower than 10 kDa were observed, 

indicating complete degradation of phage. 

Example D 

Purification of MS2 bacteriophage using ultrafiltration. 

	

20 	 Purification of MS2 bacteriophage was conducted as follows. Samples were taken 

during purification and SDS PAGE analysis was run on the samples. Results obtained are 

shown in FIG. 3. Four milliliters of lysate obtained at end of Example A was partially 

purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

	

25 	7:43-54. The aqueous solution containing partially purified phagc was diluted to 2 mL with 

deionized water, filtered through a 300 kDa membrane and the filtrate was filtered through a 

100 kDa membrane, from which 150 pd of retentate was obtained. The retentate was then 

diluted to 2 mL with deionized (DI) water and filtered through the same 100 kDa membrane. 

Dilution and ultrafiltration of the retentate (150 ItL) was repeated one more time. A sample 

	

30 	of the retentate was then taken and analyzed: sample in Lane 4, FIG. 3. 370 p,1_, of 20 mM 

CaC12  aqueous solution was added to the retentate (130µL). The mixture was incubated at 
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37 °C and after 1 hour it was placed in an ice-water bath. A sample was then taken and 

analyzed: sample in Lane 5, FIG. 3. The product was then diluted to 2 mL with deionized 

(DI) water and filtered through a 100 kDa membrane. The retentate (150 µL) was diluted to 

2 mL with DI water and filtered again through the same membrane. Dilution and 

	

5 	ultrafiltration of the retentate was repeated one more time. A sample of the retentate was 

then taken and analyzed: sample in Lane 6, FIG. 3. MS2's capsid protein, of 14 kDa, 

retained by a membrane through which permeate proteins with less than 100 kDa molecular 

weight is clearly visible, indicating the presence of intact MS2 capsids. The product 

obtained contained phagc with purity higher than 99%. 

	

10 	 Example E 

Purification of MS2 bacteriophage using Proteinase K, and ultrafiltration. 

Purification of MS2 bacteriophage was conducted as follows. Samples were taken 

during purification and SDS PAGE analysis was run on the samples. Results obtained are 

shown in FIG 4. Four milliliters of lysate obtained at end of Example A was partially 

	

15 	purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. The aqueous solution containing partially purified phage was diluted to 2 mL with 

deionized water, filtered through a 100 kDa membrane, from which 150 pi, of retentate was 

obtained. The retentate was then diluted to 2 mL with deionized (DI) water and filtered 

	

20 	through the same 100 kDa membrane. Dilution and ultrafiltration of the retentate (1501.1L) 

was repeated one more time. A sample of the retentate was then taken and analyzed: sample 

in Lane 1, FIG. 4. 0.15 mg of Proteinase K dissolved in 370 !IL of 20 mMCaC12  aqueous 

solution was added to the retentate (130 gL). The mixture was incubated at 37 °C and after 1 

hour it was placed in an ice-water bath. A sample was then taken and analyzed: sample in 

	

25 	Lane 2, FIG. 4. The product was then diluted to 2 mL with deionized (DI) water and filtered 

through a 100 kDa membrane. The retentate (150 µL) was diluted to 2 mL with DI water 

and filtered again through the same membrane. Dilution and ultrafiltration of the retentate 

was repeated one more time. A sample of the retentate was then taken and analyzed: sample 

in Lane 3, FIG. 4. The product obtained contained phage with purity higher than 99%. 
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Example F 

Purification of MS2 bacteriophage using Proteinase K, precipitation at acidic 

conditions, precipitation using ethanol at basic and acidic conditions, and 

ultrafiltration. 

	

5 	Purification of MS2 bacteriophage was conducted as follows. Samples were taken 

during purification and SDS PAGE analysis was run on the samples. Results obtained are 

shown in FIG. 5. Fifty milliliters of lysate obtained at end of Example A was partially 

purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

	

10 	7:43-54. A sample of the aqueous solution after extraction with Freon 11 was taken and 

analyzed (sample in Lane 1, FIG. 5). To the partially purified phage solution (1.2 mL) 0.9 

mg of Proteinasc K dissolved in 1.24 mL of 20 mM CaC12 aqueous solution was added. The 

mixture was incubated at 37 °C and after 1 hour 60 µL of 0.2M Phenylmethanesulfonyl 

fluoride (PMSF) solution in ethanol was added to inactivate Proteinase K. The mixture was 

	

15 	then placed in an ice-water bath. A sample was taken and analyzed: sample in Lane 2, FIG. 

5.0. Six hundred and eighty microliters of 0.1% phosphoric acid aqueous solution was 

slowly added with vigorous agitation in an ice/water bath to bring the pH of the liquid to 4. 

The liquid was kept at 0 °C for 30 minutes and centrifuged at 16,000 g at 4 °C for 30 min 

The supernatant was allowed to reach room temperature and 130 !IL ol: 1% NaOH was 

	

20 	added to bring the pH of the liquid to 8. 0.81 mL of ethanol at room temperature was slowly 

added with vigorous agitation to bring the ethanol concentration in the liquid to 20%. The 

liquid was kept at room temperature for 30 min and centrifuged at 16,000 g at room 

temperature for 30 min The supernatant was placed in an ice/water bath for 15 mM and 1.3 

mL of 1% acetic acid was slowly added at 0 °C with vigorous agitation to bring the pH of 

	

25 	the liquid to 4. 1.5 mL of ethanol at 0 °C was slowly added with vigorous agitation to bring 

the ethanol concentration in the liquid to 34%. The liquid was kept at 0 °C for 30 minutes 

and centrifuged at 16,000 g at 4 °C for 30 min. The pellet was resuspended in 200 µL of DI 

water and a 20 u1_, sample was taken and analyzed: Lane 3, FIG. 5. The rest (180 µ1.-) was 

diluted with DI water to 2 mL and filtered through 100 kDa membrane. The retentate (150 

	

30 	µL) was diluted to 2 mL with DI water and filtered again through the same membrane. 

Dilution and ultrafiltration of the retentate was repeated one more time. A sample of the 
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retentate was then taken and analyzed by SDS PAGE: sample in Lane 4, FIG. 5. MS2's 

capsid protein, of 14 kDa, retained by a membrane through which proteins with less than 

100 kDa molecular weight are able to peimeate, is clearly visible, consistent with the 

presence of intact MS2 capsids. A UV spectrum on the same retentate is shown in FIG. 6, 

	

5 	which is consistent with results published by G. F. Rohrmann and R. G. Krueger, (1970) J. 

Virol, 6(3):26 for pure MS2 phage. A Superdex 200 (GE Healthcare, Piscataway, NJ) size 

exclusion chromatography was run on the same retentate using Tris-buffered saline at pH 

7.4 and 150 mM NaCl. It showed 280 nm absorbance only at the void volume of the 

column. There was no absorbance in the elution volume for proteins of 600 kDa to 2 kDa. 

	

10 	This test is consistent with intact phage particles. RNA was isolated from another sample of 

the same retentate using a QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA) and a 

DNA-free kit (Life Technologies, Grand Island, NY), and reverse transcribed using a High 

Capacity cDNA Reverse Transcription Kit (Life Technologies). The presence or absence of 

three different sections of the MS2 genome was then interrogated in PCR experiments. The 

	

15 	following pairs of primers were used, each primer named for the position of its first and last 

base in the MS2 genome, forward (F) and reverse (R) respectively:F1001_1021- 

R2180 2201, F1201_1223-R1979_2001, F1401_1426-R1680_1705. Platinum Taq DNA 

Polymerase High Fidelity (Life Technologies) was used for amplification. PCR products, 

analyzed in 1.5% agarose gel stained with Ethidium Bromide, as shown in FIG. 9 (1.2 kbp 

	

20 	for primers F1201_1223-R1979_2001 in Lane 1, 800 by for primers F1201 1223- 

R1979_2001 in Lane 2, and 304 bp for primers F1401_1426-R1680_1705 in Lane 3), were 

consistent with an intact MS2 bacteriophage genome. An infectivity test was also run on the 

same retentate as follows. Five microliters of retentate were used to infect 1 mL of bacterial 

culture as described in Example A at the point it reached an OD(600nm) of 0.22. 

	

25 	OD(600nm) was 0.82 1 hour after infection and dropped to 0.21 after 2 additional hours, 

while during the same time a control sample attained OD(600nm) of 0.82 1 hour after 

infection and 1.2 after 2 additional hours, as shown in FIG. 7. This test showed a highly 

infectious phage in the retentate and therefore demonstrated that the purification processes 

used to isolate it did not compromise its integrity. In conclusion, the product obtained 

	

30 	contained MS2 bacteriophage with purity higher than 99%. 
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Example G 

Purification of MS2 bacteriophage using different exogenous proteases, and 

ultrafiltration. 

Purification of MS2 bacteriophage using different exogenous proteases was 

	

5 	attempted substantially as described in Example E, with the exception that proteases other 

than Proteinase K were used. MS2 bacteriophage was successfully purified after proteolysis 

promoted by Protease from Bacillus licheniformis (P5380, Sigma Aldrich). However, a 

proteolysis reaction using Pepsin from porcine gastric mucosa (P6887, Sigma Aldrich) at pH 

of 6 was found to significantly degrade MS2 bacteriophage. On the other hand, proteolysis 

	

10 	reactions using Papain from papaya latex (P3125, Sigma Aldrich) at pH 6 did not 

extensively degrade MS2 bacteriophage. 

Example H 

Production of MS2 Capsids encapsidating RNA coding for its capsid protein attached 

to its specific 19-mer RNA hairpin. 

	

15 	 Production of MS2 capsids was conducted as follows. Samples were taken during 

the course of expression and SDS PAGE analysis was run on the samples to monitor capsid 

production. Results obtained are shown in FIG. 8. A DNA sequence, SEQ ID NO: 4, 

encoding MS2's capsid protein and its specific RNA 19-mer packing sequence was cloned 

into an entry plasmid as an SfiI restriction fragment and then subcloned by Gateway 

	

20 	recombination into pDEST14 (Life Technologies). 

One Shot BL21/DE3 Chemically Competent E. coli (Life Technologies) cells were 

transformed using such plasmid. BL21/DE3 containing the plasmid was grown in 750 mL of 

LB medium containing ampicillin at 37 °C, to an OD(600nm) equal to 0.8. A pre-induction 

sample was then taken and analyzed: sample in Lane 1, FIG. 8. Isopropyl 13-D-1- 

	

25 	thiogalactopyranoside (Sigma- Aldrich) (IPTG) was then added to a final concentration of 1 

mM. Four hours post-induction cells were harvested by centrifugation at 3,000g and 4 °C for 

40 min. A sample was then taken and analyzed: sample in Lane 2, FIG. 8. 
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Example I 

Purification and characterization of MS2 Capsids encapsidating RNA coding for its 

capsid protein attached to its specific 19-mer RNA hairpin. 

Purification of MS2 capsids was conducted as follows. Samples were taken during 

	

5 	purification and SDS PAGE analysis was run on the samples. Results obtained are shown in 

FIG. 8. A fraction of the pellet from Example H equivalent to 115 mL of culture was 

resuspended in 20 mM Tris-HCI, pH 7.5, containing 10 mM MgC12  and sonicated to lyse 

cells. Cell debris was removed by centrifugation at 16,000 g. The cell lysate obtained was 

partially purified by precipitation using ammonium sulfate and extraction using 

	

10 	trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. To the partially purified MS2 capsid solution (1.05 mL) 0.3 mg of Proteinase K 

dissolved in 1.05 mL of 20 mM CaC12 aqueous solution was added. The mixture was 

incubated at 37 °C and after 2.5 hours it was placed in an ice-water bath. A sample was then 

taken and analyzed: sample in Lane 3, FIG. 8. Fifteen minutes afterwards, 0.14 mL of 1% 

	

15 	phosphoric acid aqueous solution was slowly added with vigorous agitation in an ice/water 

bath to bring the pH of the liquid to 4.1. The liquid was kept at 0 °C for 30 minutes and 

centrifuged at 16,000 g at 4 °C for 20 mM. To the supernatant, kept at 0 °C, 100 pt, of 1% 

NaOH was added to bring the pH of the liquid to 7.9. Five hundred microliters of ethanol at 

0 °C was then slowly added with vigorous agitation to bring the ethanol concentration in the 

	

20 	liquid to 20%. The liquid was kept at 0 °C for 30 minutes and centrifuged at 16,000 g at 

4 °C for 20 mM. After adding 1% acetic acid to adjust the pH of the solution to 7, the 

supernatant was filtered through a Vivaspin 2 (Sartorius) 300 kDa membrane and the filtrate 

was filtered through a 100 kDa membrane, from which 150 pL of retentate was obtained. 

The retentate was then diluted to 2 mL with phosphate buffered saline and filtered through 

	

25 	the same 100 kDa membrane. Dilution and ultrafiltration of the retentate (150 p,L) was 

repeated four more times. A sample of the retentate was then taken and analyzed by SDS 

PAGE: sample in Lane 4, FIG. 8. MS2's capsid protein, of 14 kDa, retained by a membrane 

through which proteins with less than 100 kDa molecular weight are able to permeate, is 

clearly visible, consistent with the presence of intact MS2 capsids. RNA was isolated from 

	

30 	another sample of the same retentate using a QIAamp Viral RNA Mini Kit (Qiagen, 

Valencia, CA) and a DNA-free kit (Life Technologies, Grand Island, NY), and reverse 
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transcribed using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). 

The presence or absence of a section of the MS2 capsid was then interrogated in PCR 

experiments. The following pair of primers was used, each primer named for the position of 

its first and last base in the MS2 genome, forward (F) and reverse (R) respectively: 

	

5 	F1401_1426-R1680_1705. Platinum Taq DNA Polymerase High Fidelity (Life 

Technologies) was used for amplification. The PCR product, analyzed in 2% agarose gel 

stained with Ethidium Bromide, as shown in FIG. 10 (304 bp in Lane 1; the leftmost Lane 

corresponds to 1 kb plus ladder from Life Technologies), was consistent with an intact MS2 

capsid gene. In conclusion, the product obtained contained MS2 capsids with purity higher 

	

10 	than 99%. 

Example J 

Simple precipitation with ethanol for purification of VLPs. 

Purification of VLPs was conducted as follows. Samples were taken during 

purification and SDS PAGE analysis was run on the samples. Results obtained are shown in 

	

15 	FIG. 11. One sixth of the pellet obtained from an experiment identical to Example H was 

resuspended in 20 mM Tris-HCI, pH 7.5, containing 10 mM MgC12  and sonicated to lyse 

cells. Cell debris was removed by centrifugation at 16,000 g. The cell lysate obtained was 

partially purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

	

20 	7:43-54. A sample was taken and analyzed: sample in Lane 1, FIG. 11. A strong band at 

about 14 kDa was found, consistent with the capsid protein of MS2 phage. Other bands, 

impurities of higher molecular weight, represent about 27% of the sample weight. To the 

partially purified VLP solution (1.35 mL) 1.36 mL of 20 mM CaC12  aqueous solution was 

added and placed in an ice-water bath. Fifteen minutes afterwards, 501.1 of 10% acetic acid 

	

25 	aqueous solution was added to bring the pH of the liquid to 4.1. Then, at the same 

temperature and with vigorous agitation, 1.44 mL of ethanol was slowly added. The liquid 

was kept at 0 °C for 30 minutes and centrifuged at 16,000 g at 4 °C for 20 mM. The pellet 

was suspended in 2 mL of an aqueous buffer consisting of 20 mM Tris-HC1 and 10 

mMMgC12  adjusted to pH 7.5. A sample was taken and analyzed by SDS PAGE: sample in 

	

30 	Lane 2, FIG. 11. Impurities in this sample represented about 24% of the sample weight. The 

diluted sample was filtered through a Vivaspin 2 (Sartorius) 100 kDa membrane from which 
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200 ttL of retentate was obtained. The retentate was then diluted to 2 mL with the same 

buffer and filtered through the same 100 kDa membrane. Dilution and ultrafiltration of the 

retentate (200 pit) was repeated four more times. A sample of the retentate was then taken 

and analyzed by SDS PAGE: sample in Lane 3, FIG. 11. Impurities in this sample 

	

5 	represented about 9.7% of the sample weight. In conclusion, the product obtained contained 

VLPs with purity higher than 90%. 

Example K 

Use of Proteinase K (PK) and simple precipitation 

with ethanol for purification of MS2 VLPs. 

	

10 	Purification of VLPs was conducted as follows. Samples were taken during 

purification and SDS PAGE analysis was run on the samples. Results obtained are shown in 

FIG. 11. One sixth of the pellet obtained from an experiment identical to Example H was 

resuspended in 20 mM Tris-HC1, pH 7.5, containing 10 mM MgC12  and sonicated to lyse 

cells. Cell debris was removed by centrifugation at 16,000 g. The cell lysate obtained was 

	

15 	partially purified by precipitation using ammonium sulfate and extraction using 

trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. A sample was taken and analyzed: sample in Lane 1, FIG. 11. A strong band at 

about 14 kDa was found, consistent with the capsid protein of MS2 phage. Other bands, 

impurities of higher molecular weight, represent about 26% of the sample weight. To the 

	

20 	partially purified VLP solution (1.35 mL) 0.6 mg of Proteinase K dissolved in 1.36 mL of 20 

mM CaC12  aqueous solution was added. The mixture was incubated at 37 °C and after 2.5 

hours placed in an ice-water bath. A sample was taken and analyzed by SDS PAGE: sample 

in Lane 2, FIG. 12. Impurities in this sample represented about 14% of the sample weight. 

Fifteen minutes afterwards, about 50 uL of 10% acetic acid aqueous solution was added in 

	

25 	an ice/water bath to bring the pH of the liquid to 4.1. Then, at the same temperature and with 

vigorous agitation, 1.54 mL of ethanol was slowly added. The liquid was kept at 0 °C for 30 

minutes and centrifuged at 16,000 g at 4 °C for 20 min. The pellet was suspended in 2 mL of 

an aqueous buffer consisting of 20 mM Tris-HC1 and 10 mM MgC12  adjusted to pH 7.5. A 

sample was taken and analyzed by SDS PAGE: sample in Lane 3, FIG. 12. Impurities in this 

	

30 	sample represented about 10% of the sample weight. The diluted sample was filtered 

through a Vivaspin 2 (Sartorius) 100 kDa membrane from which 200 uL of retentate was 
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obtained. The retentate was then diluted to 2 mL with the same buffer and filtered through 

the same 100 kDa membrane. Dilution and ultrafiltration of the retentate (200 fiL) was 

repeated four more times. A sample of the retentate was then taken and analyzed by SDS 

PAGE: sample in Lane 4, FIG. 12. Impurities in this sample represented about 5.1% of the 

	

5 	sample weight. In conclusion, the product obtained contained VLPs with purity of about 

95%. 

Example L 

Degrading MS2 VLPs using selective protease 

An aliquot of purified VLPs obtained in Example K, amounting to 1.17 mL of 

	

10 	suspension containing 1.9 mg of capsid protein, was diluted with 1.83 mL of an aqueous 

solution of 10 mM sodium acetate and 5 mM calcium acetate. The pH of the solution was 

adjusted to 7.5 using 0.1% sodium hydroxide. 0.6 mg protease from Streptomyces griseus 

(Sigma-Aldrich, St. Louis, MO) was added and a 0.7 mL sample was then taken. The 

remaining mixture was incubated at 37 °C for 2 hours and a second 0.7 mL sample was 

	

15 	taken. Two more samples were taken, after 6 hours of incubation and 23 hours of 

incubation. Each of the four 0.7 mL samples was filtered through a 100 kDa ultrafiltration 

membrane (Vivaspin 2, from Sartorius Stedim, Bohemia, NY) and washed with aqueous 

buffer consisting of 20 mM Tris-HC1 and 10 mM MgC12  adjusted to pH 7.5. Total protein 

recovered (concentration measured using Pierce® BCA Protein Assay Kit, Thermo Fisher 

	

20 	Scientific, Rockford, IL) in each of the 4 retentates obtained after ultrafiltration was related 

to protein present before ultrafiltration. 105% recovery was calculated for the first sample 

(before starting incubation). 37% recovery was calculated after 2 hours incubation. 30% 

recovery was calculated after 6 hours incubation. 28% recovery was calculated after 23 

hours of incubation. Protein concentration vs. time is plotted in FIG. 12. 

	

25 	These results indicate that the protein recovered by direct precipitation of a cell 

lysate without prior heterologous protease treatment, includes unassembled capsid protein or 

partially assembled capsids which, unlike fully assembled capsids, remain sensitive to 

heterologous proteases. Thus, pretreatment of cell lysates with a heterologous protease can 

remove all forms of the capsid protein except those incorporated into fully assembled 

	

30 	capsids. 
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Example M 

Use of constitutive hydrolases (CH), fractional precipitation with ethanol, and 

ultrafiltration for purification of MS2 VLPs. 

Purification of VLPs was conducted as follows. Samples were taken during 

	

5 	purification and SDS PAGE analysis was run on the samples. Results obtained are shown in 

FIG. 13. One sixth of the pellet obtained from an experiment identical to Example H was 

resuspended in 20 mM Tris-HC1, pH 7.5, containing 10 mM MgC12  and sonicated to lyse 

cells. Cell debris was removed by centrifugation at 16,000 g. The cell lysate obtained was 

partially purified by precipitation using ammonium sulfate and extraction using 

	

10 	trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. To the partially purified MS2 VLP solution (1.35 mL) 1.36 mL of 20 mM CaC12  

aqueous solution was added. The mixture was incubated at 37 °C for 2.5 hours (to allow 

constitutive hydrolases to act) and afterwards was placed in an ice-water bath. A sample was 

taken and analyzed by SDS PAGE: sample in Lane 1, FIG. 13. Impurities in this sample 

	

15 	represented about 12% of the sample weight. Fifteen minutes afterwards, about 120 	of 

1% sodium hydroxide aqueous solution was added in an ice/water bath to bring the pH of 

the liquid to 7.86. Then, at the same temperature and with vigorous agitation, 0.81 mL of 

ethanol was slowly added. The liquid was kept at 0 °C for 30 minutes and centrifuged at 

16,000 g at 4 °C for 20 min. About 100 of 10% acetic acid aqueous solution was slowly 

	

20 	added to the supernatant with vigorous agitation in an ice/water bath to bring the pH of the 

liquid to 4.0. Then, at the same temperature and with vigorous agitation, 1.3 mL of ethanol 

was slowly added. The liquid was kept at 0 °C for 30 minutes and centrifuged at 16,000 g at 

4 °C for 20 min. The pellet was suspended in 2 mL of an aqueous buffer consisting of 20 

mM Tris-HC1 and 10 mM MgC12  adjusted to pH 7.5. The diluted sample was filtered 

	

25 	through a Vivaspin 2 (Sartorius) 100 kDa membrane from which 200 pt of retentate was 

obtained. The retentate was then diluted to 2 mL with the same buffer and filtered through 

the same 100 kDa membrane. Dilution and ultrafiltration of the retentate (200pL) was 

repeated four more times. A sample of the retentate was then taken and analyzed by SDS 

PAGE: sample in Lane 3, FIG. 13. Impurities in this sample represented about 4.7% of the 

	

30 	sample weight. In conclusion, the product obtained contained MS2 VLPs with purity higher 

than about 95%. 
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Example N 

Use of Proteinase K (PK), fractional precipitation with ethanol, and ultrafiltration for 

purification of MS2 VLPs. 

Purification of VLPs was conducted as follows. Samples were taken during 

	

5 	purification and SDS PAGE analysis was run on the samples. Results obtained are also 

shown in FIG. 13. One sixth of the pellet obtained from an experiment identical to Example 

H was resuspended in 20 mM Tris-HCl, pH 7.5, containing 10 mM MgC12  and sonicated to 

lyse cells. Cell debris was removed by centrifugation at 16,000 g. The cell lysate obtained 

was partially purified by precipitation using ammonium sulfate and extraction using 

	

10 	trichlorofluoromethane (Freon 11) as described by Strauss & Sinsheimer (1963) J. Mol. Biol 

7:43-54. To the partially purified VLP solution (1.35 mL) 0.3mg of Proteinase K dissolved 

in 1.36 mL of 20 mM CaC12  aqueous solution was added. The mixture was incubated at 

37 °C for 2.5 hours and afterwards was placed in an ice-water bath. A sample was taken and 

analyzed by SDS PAGE: sample in Lane 2, FIG. 13. Impurities in this sample represented 

	

15 	about 8.1% of the sample weight. Fifteen minutes afterwards, about 120 pt of 1% sodium 

hydroxide aqueous solution was added in an ice/water bath to bring the pH of the liquid to 

7.86. Then, at the same temperature and with vigorous agitation, 0.81 mL of ethanol was 

slowly added. The liquid was kept at 0 °C for 30 minutes and centrifuged at 16,000 g at 4 °C 

for 20 min. About 100 uL of 10% acetic acid aqueous solution was added to the supernatant 

	

20 	in an ice/water bath to bring the pH of the liquid to 4.0. Then, at the same temperature and 

with vigorous agitation, 1.3 mL of ethanol was slowly added. The liquid was kept at 0 °C for 

30 minutes and centrifuged at 16,000 g at 4 °C for 20 mM. The pellet was suspended in 2 

mL of an aqueous buffer consisting of 20 mM Tris-HC1 and 10 mM MgC12  adjusted to pH 

7.5. The diluted sample was filtered through a Vivaspin 2 (Sartorius) 100 kDa membrane 

	

25 	from which 200 pL of retentate was obtained. The retentate was then diluted to 2 mL with 

the same buffer and filtered through the same 100 kDa membrane. Dilution and 

ultrafiltration of the retentate (200 µL) was repeated four more times. A sample of the 

retentate was then taken and analyzed by SDS PAGE: sample in Lane 4, FIG. 13. Impurities 

in this sample represented about 0.9% of the sample weight. In conclusion, the product 

	

30 	obtained contained VLPs with purity higher than about 99%. 
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Example 0 

Use of various hydrolases, and fractional precipitation with ammonium sulfate for 

purification of VLPs. 

Purification of VLPs was conducted as follows. Samples were taken during 

	

5 	purification and SDS PAGE analysis was run on the samples. Results obtained are shown in 

FIG. 14. One sixth of the pellet obtained from the method of Example H was resuspended in 

20 mM Tris-HCI, pH 7.5, containing 10 mM MgC12  and sonicated to lyse cells. Cell debris 

was removed by centrifugation at 16,000 g. A sample of the supernatant was taken and 

analyzed by SDS PAGE: sample in Lane 1, FIG. 14. Impurities in this sample represented 

	

10 	about 70% of the sample weight. Four other identical fractions of the pellet obtained from 

such experiment identical to Example H were processed in the same manner. 

The five centrifuged cell lysates obtained, each 3.7 mL in volume, were further 

processed in five different manners, as follows. The first centrifuged cell lysate was placed 

in an ice-water bath for 15 minutes and 0.1 grams of ammonium sulfate was added. The 

	

15 	mixture was vortexed until complete dissolution of ammonium sulfate was achieved. The 

liquid was kept at 0 °C for 2 hours and centrifuged at 16,000 g at 4 °C for 30 mM. 0.4 grams 

of ammonium sulfate was added to the supernatant and vortexed until complete dissolution 

of ammonium sulfate was achieved. The liquid was kept at 0 °C for 2 hours and centrifuged 

at 16,000 g at 4 °C for 30 mM. The purified VLP pellet was suspended in 0.2 mL of an 

	

20 	aqueous buffer consisting of 20 mM Tris-HC1 and 10 mM MgC12  adjusted to pH 7.5. The 

second centrifuged cell lysate was incubated at 37 °C for five hours, placed in an ice-water 

bath for the same amount of time as the first centrifuged cell lysate and subsequently 

processed in identical manner as the first centrifuged cell lysate. One hundred and fifty 

micrograms of Proteinase K (Sigma Aldrich, St. Louis, MO) was added to the third 

	

25 	centrifuged cell lysate which was then incubated at 37 °C for five hours, placed in an ice- 

water bath for the same amount of time as the first centrifuged cell lysate and subsequently 

processed in identical manner as the first centrifuged cell lysate. The fourth centrifuged cell 

lysate was incubated at 37 °C for two hours. 0.15 mg of Proteinase K was then added. The 

sample was incubated at 37 °C for an additional three hours, placed in an ice-water bath for 

	

30 	the same amount of time as the first centrifuged cell lysate and subsequently processed in 

identical manner as the first centrifuged cell lysate. 
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Five hundred units of Benzonase0 Nuclease (Sigma Aldrich, St. Louis, MO) and 35 

units of Lipase from Candida rugosa (Sigma Aldrich, St. Louis, MO) was added to the fifth 

centrifuged cell lysate and incubated at 37 °C for one hour. 15 units of a-Amylase from 

Bacillus sp. (Sigma Aldrich, St. Louis, MO) was then added and incubated at 37 °C for one 

	

5 	additional hour. 0.15 mg of Proteinase K was then added. The mixture was incubated at 

37 °C for an additional three hours, placed in an ice-water bath for the same amount of time 

as the first centrifuged cell lysate and subsequently processed in identical manner as the first 

centrifuged cell lysate. 

A sample was taken of the second centrifuged cell lysate after its 5 hours incubation 

	

10 	and analyzed by SDS PAGE: sample in Lane 2, FIG. 14. A sample was taken of the third 

centrifuged cell lysate after its 5 hours incubation and analyzed by SDS PAGE: sample in 

Lane 3, FIG. 14. A sample was taken of the fourth centrifuged cell lysate after its 5 hours 

incubation and analyzed by SDS PAGE: sample in Lane 4, FIG. 14. A sample was taken of 

the fifth centrifuged cell lysate after its 5 hours incubation and analyzed by SDS PAGE: 

	

15 	sample in Lane 5, FIG. 14. 

A sample was taken of the purified VLPs suspension for the first centrifuged cell 

lysate and analyzed by SDS PAGE: sample in Lane 6, FIG. 14. The product obtained 

contained VLPs with purity of about 88%. Protein concentration (Pierce® BCA Protein 

Assay Kit, Thermo Fisher Scientific, Rockford, IL) of this sample was 18.5 mg/mL. Optical 

	

20 	density measured in a 1 cm cell at 260 nm (OD-260nm) of a 200:1 dilution of this sample 

was 0.553 and OD-280nm was 0.303. These measurements are consistent with RNA yield 

of about 9 mg per liter of culture. 

A sample was taken of the purified VLPs suspension for the second centrifuged cell 

lysate and analyzed by SDS PAGE: sample in Lane 7, FIG. 14. The product obtained 

	

25 	contained VLPs with purity of about 75%. Protein concentration of this sample was 25.4 

mg/mL. OD-260nm of a 200:1 dilution of this sample was 0.784 and OD-280nm was 0.453. 

These measurements are consistent with RNA yield of about 11 mg per liter of culture. 

A sample was taken of the purified VLPs suspension for the third centrifuged cell 

lysate and analyzed by SDS PAGE: sample in Lane 8, FIG. 14. The product obtained 
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contained VLPs with purity of about 94.3%. Protein concentration of this sample was 21.0 

mg/mL. OD-260nm of a 200:1 dilution of this sample was 0.632 and OD-280nm was 0.321. 

These measurements are consistent with RNA yield of about 10 mg per liter of culture. 

A sample was taken of the purified VLPs suspension for the fourth centrifuged cell 

	

5 	lysate and analyzed by SDS PAGE: sample in Lane 9, FIG. 14. The product obtained 

contained VLPs with purity of about 95.6%. Protein concentration of this sample was 19.4 

mg/mL. OD-260nm of a 200: 1 dilution of this sample was 0.666 and OD-280nm was 

0.353. These measurements are consistent with RNA yield of about 11 mg per liter of 

culture. 

	

10 	A sample was taken of the purified VLPs suspension for the fifth centrifuged cell 

lysate and analyzed by SDS PAGE: sample in Lane 10, FIG. 14. The product obtained 

contained VLPs with purity of about 96%. Protein concentration of this sample was 19.8 

mg/mL. OD-260nm of a 200:1 dilution of this sample was 0.661 and OD-280nm was 0.354. 

These measurements are consistent with RNA yield of about 11 mg per liter of culture. 

	

15 	 Example P 

Isolation of RNA encapsidated in the VLPs of Example 0 

RNA encapsidated in MS2 capsids purified as described in Example 0 was extracted 

from each experiment using TRIzol® reagent according to the protocol supplied by the 

manufacturer (Life Technologies, Grand Island, NY). RNA obtained was denatured by 

	

20 	heating for 5 min at 95 °C in formamide and analyzed by electrophoresis in 17.6cm x 38cm 

x 0.04cm (W,L,T) gels composed of 8% polyacrylamide, 8 molar urea, 1.08% Tris base, 

0.55% Boric acid, and 0.093% EDTA. The running buffer had the same concentrations of 

Tris base, Boric acid and EDTA as the gel. Power was delivered at about 40W. Gels were 

stained using a 0.025% solution of Stains-All dye (Sigma-Aldrich, St. Louis, MO) in an 

	

25 	aqueous mixture containing 25% formamide, 19% isopropanol and 15 mM Tris at pH 8. 

Results are shown in FIG. 15. Lane numbers for RNA electrophoresis in FIG. 15 refer to the 

same lane numbers for protein electrophoresis in FIG. 14. A single RNA band can be 

observed in each lane, consistent with high purity RNA recovered in each case, 
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demonstrating that specific intact RNA molecules can be packaged into VLPs and 

efficiently purified from protease treated cell lysates. 

Example Q 

HDV Ribozyme produced shRNA by in-vitro transcriptions 

	

5 	To test whether active RNA species, such as ribozymes can be effectively packaged 

in VLPs and purified by simple protease and precipitation treatment, a series of test 

constructs suitable for packaging by virtue of containing an MS2 packing sequence 

associated with ribozymes and shRNA were designed and tested in vitro. Ideally, an active 

RNA would be generated by cleavage of the active RNA from the packing sequence and any 

	

10 	other sequences such as a spacers or transcription terminators by a ribozyme contained 

within the packaged RNA molecule itself. Constructs T7-Rz2 (SEQ ID NO: 5) and T7-Rz3 

(SEQ ID NO: 6), representing such an arrangement, were produced by in vitro transcription 

and tested for their ability to produce a siRNA by self-cleavage. The DNA sequences of 

these constructs encode a T7 promoter followed by a Hammerhead ribozyme designed to 

	

15 	cleave the 5' end of a shRNA hairpin (in T7-Rz3 but not in Tz-Rz2), the shRNA hairpin, 

Hepatitis Delta Virus (HDV) ribozyme designed to cleave the 3' end of the shRNA hairpin, 

an AT spacer, an MS2 specific RNA 19-mer encoding the packing sequence necessary for 

incorporation of the construct into a VLP, and an NcoI restriction site. T7-Rz3 and T7-Rz2 

differ from one another only by the presence or absence of the 5' Hammerhead ribozyme, 

	

20 	respectively. 

Both of these constructs was cloned as BamHI-PacI restriction fragments into pMA 

(ampR) plasmids (Life Technologies). One Shot BL21/DE3 Chemically Competent E. coil 

(Life Technologies) cells were transformed using each plasmid. BL21(DE3) cells containing 

each plasmid were grown separately in LB medium containing ampicillin at 37 °C, to 

	

25 	OD(600nm) equal to 0.8. Plasmids were isolated using QlAprep® Spin Miniprep Kit 

(Qiagen) following the manufacturer's instructions. NcoI (New England Biolabs) was used 

to cut the isolated plasmids at the restrictions site following the MS2 packing sequence. 

After digestion, linear DNA templates were purified by electrophoresis on 1.5% agarose 

gels and isolated using a PureLinkTM Quick Gel Extraction Kit (Life Technologies) 
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following manufacturer's instructions. Reverse transcription used the MAXlscript® T7 Kit 

per the manufacturer's instructions. RNA products were electrophoresed in 8% 

polyacrylamide gels containing 8M urea, 1.08% Tris base, 0.55% boric acid and 0.093% 

EDTA. Gels were 0.4 mm thick, 18 cm wide and 38 cm long. RNA bands were visualized 

	

5 	using Stains-All (Sigma-Aldrich). Gel imaging and band quantification of was done using 

Image Lab 4.0.1 software (Bio-Rad). 

Template T7-Rz2: 

The template has a total of 165nt. The first 18 nucleotides in the sequence are the T7 

promoter and the last 5 are removed on digestion with NcoI when the linear template is 

	

10 	prepared. The full length transcript for T7-Rz2 is 165 nts — 18 nts — 5 nts = 142 nts. The 

transcript starts at nucleotide 19 with the sequence 5'GCTTGT (this is the start of the 

shRNA). When the HDV ribozyme cuts, since the siRNA is 49 nucleotides long, the 

expected length of the second fragment is 93nt. 

Results are shown in FIG. 16, Lane 3. The largest band (142 nts) is uncut transcript. 

	

15 	The second band is the fragment containing the HDV ribozyme, the AT linker and the MS2 

packing sequence (93 nts) and third band is the siRNA (49nt). 

Template T7-Rz3: 

The template had a total of 221 nucleotides (nts), in which the first 18 nucleotides 

are the T7 promoter. Transcription starts at nucleotide 19. Since digestion with Nco I 

	

20 	removes the last 5 nucleotides of the template, the full length transcript is 221 nts — 18 nts 

5 nts = 198 nts. The Hammerhead ribozyme (the first ribozyme from the 5' end of the 

transcript) was designed to cut between the 3rd and 4th nucleotides in the sequence 5'-

GTCGCT-3', so the first fragment is expected to be 56 nucleotides long. The HDV ribozyme 

(the first ribozyme from the 3' end of the transcript) is designed to release the shRNA clone 

	

25 	from the rest of the transcript, producing a 49 nucleotide long shRNA. So, if the full length 

transcript is 198 nucleotides and the first fragment (containing the excised Hammerhead 

ribozyme) is 56 nucleotides and the shRNA is 49 nucleotides, the third fragment consisting 

of the HDV ribozyme, the AT linker and MS2 packing sequence should be 93 nucleotides. 

This result is expected when both ribozymes cut. If only the Hammerhead ribozyme cuts, 
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the expected result is one fragment 56 nucleotides long and a second fragment 142 

nucleotides long. If only the 3' HDV ribozyme cuts, the expected result is one fragment 104 

nucleotides long and a second fragment 94 nucleotides long. 

Results are shown in FIG. 16, Lane 1. The 5' Hammerhead ribozyme efficiently cut 

	

5 	the transcript, but the 3' HDV ribozyme cut much less efficiently. The first band (198 

nucleotides) is the uncut transcript. The second band (142 nucleotides) is the transcript 

fragment containing the siRNA, 3' HDV ribozyme, the AT linker and the MS2 packing 

sequence. The 5' Hammerhead ribozyme fragment (56nt) is present but did not stain well. 

These results indicate that the 5' Hammerhead ribozyme in the T7-Rz3 construct 

	

10 	cuts the template as expected, however the 3' HDV ribozyme within the T7-Rz3 transcript 

was not active, or only poorly active relative to the Hammerhead ribozyme. In contrast, in 

the absence of the 5' Hammerhead ribozyme, the HDV ribozyme present in the T7-Rz2 

construct did produce a properly excised siRNA fragment. Thus, the basic design of T7-Rz2 

is capable of producing siRNA from a larger RNA molecule bearing a packing sequence. 

	

15 	The presence of the packing sequence in such a transcript means the construct may be 

efficiently packaged and purified in VLPs as described in the previous Examples. 

Example R 

Production of MS2 Capsids encapsidating shRNA targeting Green Fluorescent Protein 

(GFP) and HDV ribozyme attached to MS2 19-mer RNA hairpin. 

	

20 	To test whether an active RNA similar to those described in Example Q is actually 

packaged into a VLP in vivo the following experiment was carried out. 

Construct T7-Rz6 (SEQ ID NO: 7) encoding a BamHI restriction site, a T7 promoter 

driving expression of an shRNA hairpin targeted against GFP, followed by a Hepatitis Delta 

Virus (HDV) ribozyme designed to cleave the 3' end of the siRNA hairpin, and an MS2 

	

25 	specific RNA 19-mer encoding the packing sequence necessary for incorporating the 

construct into a VLP followed by an NcoI restriction site was cloned as a BamHI-Bspl 9I 

restriction fragment into plasmid pACYC184. 
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Capsid protein required for production of MS2 capsids is expressed from a plasmid 

comprising DNA sequence (SEQ ID NO: 2), encoding the MS2 capsid protein gene cloned 

into pDEST14 via Gateway recombination methods (Life Technologies). 

One Shot BL21/DE3 Chemically Competent E. coli (Life Technologies) cells were 

	

5 	transformed with the 2 plasmids selecting for chloramphenicol and ampicillin resistant 

transformants. For VLP production these transformants were grown at 37 °C in 32 mL LB 

medium containing both ampicillin and chloramphenicol. When the culture density reached 

an OD (600 nm) of 0.8, IPTG (Sigma-Aldrich) was then added to a final concentration of 1 

mM. Cells were harvested 4 hours post-induction by centrifugation at 3,000 g and 4 °C for 

	

10 	40 mM. RNA was extracted from purified VLPs as described in Example P, and analyzed as 

described in Example Q. A band of the same molecular weight as expected for the encoded 

shRNA, as observed in lane shRNA in Figure 17, was observed. 

The intact packaged T7-Rz6 transcript is about 150 bases long. The cleaved 

molecule is designed to produce two fragments, one of approximately 100 bases comprising 

	

15 	the ribozyme and packing sequences and the other the intact shRNA of about 50 bases. 

FIG. 17 illustrates that the uncut RNA molecule appears to be almost 300 bases in length. 

However, there is considerable potential secondary structure in this molecule, and the higher 

apparent molecular weight is likely due to such structures. 

Example S 

	

20 	Production of transcripts coding for shRNA and long Hammerhead ribozymes 

attached to MS2 19-mer RNA hairpin 

Several experiments producing MS2 capsids, each encapsidating different cargoes, 

are conducted as described in Example 0. The intent of these experiments is to determine 

whether modified Hammerhead ribozymes can be modified to effectively cleave cargo 

	

25 	molecules, unlike the Hammerhead ribozyme of T7-Rz3 in Example Q. Results (not shown) 

indicate that improving the thermodynamic stability of the properly folded ribozyme relative 

to the folding of the shRNA target improves the efficacy of ribozyme cleavage. One 

potential way to improve ribozyme stability is to increase the region of the ribozyme that 

hybridizes to the target portion of the cargo molecule, such constructs are referred to as long 
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Hammerheads. Exemplary sequences of long Hammerhead ribozymes are presented in 

subsequent Examples. 

Example T 

Production of MS2 Capsids containing a transcript coding for the two strands of an 

	

5 	siRNA targeting GFP each flanked by a long Hammerhead ribozyme located at their 5' 

ends and HDV ribozymes at their 3' ends, attached to MS2 19-mer RNA hairpin. 

The MS2 capsid can contain RNA molecules at least as long as 3,600 bases, the size 

of the MS2 bacteriophage gcnome. Thus, much longer heterologous cargo molecules can be 

packaged provided they contain the packing sequence necessary for encapsidation. The 

	

10 	previous Examples described here indicate that active RNAs containing a combination of a 

shRNA hairpin and ribozymes designed to precisely cut the shRNA sequence free from the 

overall cargo molecule can be produced from a single short RNA transcript. This experiment 

tests whether the individual strands of siRNA can be independently cleaved from a single 

transcript by multiple specific ribozymes. 

	

15 	MS2 capsids are produced in vivo from a plasmid encoding MS2' s capsid protein 

cloned into pDEST14 (Life Technologies) plasmid: 

DNA sequence T7-Rz8 (SEQ ID NO: 8) encodes a BamHI restriction site, followed 

by a T7 promoter, followed by Hammerhead ribozyme designed to cleave the 5' end of the 

sense strand of an siRNA targeted against EFGP (where EGFP is Enhanced Green 

	

20 	Fluorescent Protein), followed by the sense strand of an siRNA targeted against EGFP, 

followed by an HDV ribozyme designed to cleave the 3' end of the sense strand of the 

siRNA, followed by an AT spacer and then a Hammerhead ribozyme designed to cleave the 

5' side of the antisense strand of an siRNA targeted against EGFP, followed by the antisense 

strand of the siRNA, followed by an HDV ribozyme designed to cleave the 3' side of the 

	

25 	antisense siRNA, followed by a 7 base spacer and the MS2 packing sequence and an Ncoi 

restriction site. T7-Rz8 was cloned into plasmid pACYC184 as a BamHI-NcoI restriction 

fragment and a transcription terminator subsequently inserted at the 3' end of T7-Rz8. 

One Shot BL21/DE3 Chemically Competent E. coli (Life Technologies) cells were 

transformed with the 2 plasmids, the one expressing the capsid protein and the other 

55 



WO 2014/204667 	 PCT/US2014/041111 

containing T7-Rz8 and selecting for chloramphenicol and ampicillin resistant transformants. 

For capsid production these transformants were grown at 37 °C in 750 mL LB medium 

containing both ampicillin and chloramphenicol. When the culture density reaches an OD 

(600 nm) of 0.8, IPTG (Sigma-Aldrich) was added to a final concentration of 1 mM. Cells 

	

5 	were harvested 4 hours post-induction by centrifugation at 3,000 g and kept at 4 °C for 40 

min. The cells are lysed and VLPs recovered by the procedures described in previous 

Examples and the RNA analyzed as in Examples Q and R. Such analysis indicates the active 

RNA is produced from the packaged RNA efficiently by combinations of long Hammerhead 

and HDV ribozymes. 

	

10 	 Example U 

Long flanking Hammerhead Ribozymes cut to a significantly higher extent during in-

vitro transcriptions than short flanking Hammerhead Ribozymes 

Constructs T7-Rzl (SEQ ID NO: 9) and T7-Rz4 (SEQ ID NO: 10) were used as 

templates for in-vitro transcription. T7-Rzl comprises common ribozymes, i.e., with stems 

	

15 	hybridizing the siRNA target of less than 6 hybridizing nucleotides. T7-Rz4 comprises 

flanking ribozymes with long-length stems that hybridize the siRNA being cut, i.e. stems 

with more than 6 hybridizing nucleotides. 

Construct T7-Rzl encodes a T7 promoter, a Hammerhead (HH) ribozyme designed 

to cleave the 5' end of a siRNA hairpin with 5 nucleotides complementary to the siRNA 

	

20 	target, an siRNA hairpin, a HH ribozyme designed to cleave the 3' end of the siRNA hairpin 

with 5 nucleotides complementary to the siRNA target, and an NcoI restriction site: 

Construct T7-Rz4 encodes a T7 promoter, a HH ribozyme designed to cleave the 5' 

end of a siRNA hairpin with 12 nucleotides complimentary to the siRNA target, an siRNA 

hairpin, a HH ribozyme designed to cut its 3' end of the siRNA hairpin with 23 nucleotides 

	

25 	complimentary to the siRNA target: 

In-vitro transcription experiments and analyses were run with these constructs in a 

similar manner to those described in Example Q. As shown in FIG. 18, results obtained with 

construct T7-Rzl were consistent with the observation that ribozymes with short 

complimentary sequences cut poorly, whereas the results obtained with construct T7-Rz4 
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are consistent with the hypothesis that ribozymes with longer complimentary sequences cut 

the target more effectively. 

Example V 

Production of VLPs using a transcript coding for shRNA against EGFP flanked by a 

	

5 	long Hammerhead ribozyme at its 5' end and another long Hammerhead ribozyme 

attached to MS2 19-mer RNA hairpin at its 3 end. 

Production of MS2 capsids was conducted as follows. SEQ ID NO: 2, encoding MS2 

capsid protein was cloned into pDEST14 (Life Technologies) plasmid: 

The DNA sequence for T7-Rz4 was cloned into plasmid pACYC184 as a BamHI- 

	

10 	HindIll fragment. A transcription terminator was subsequently cloned at the 3' end of 

construct T7-Rz4. 

One Shot BL21/DE3 Chemically Competent E. coli (Life Technologies) cells were 

transformed with the 2 plasmids, the one capable of expressing capsid protein and the other 

containing T7-Rz4 and selecting for chloramphenicol and ampicillin resistant transformants. 

	

15 	For VLP production these transformants were grown at 37 °C in 750 mL LB medium 

containing both ampicillin and chloramphenicol. When the culture density reached OD (600 

nm) 0.8, IPTG (Sigma-Aldrich) was added to a final concentration of 1 mM. Cells were 

harvested 4 hours post-induction by centrifugation at 3,000 g and 4 °C for 40 mM. A sample 

was taken prior to induction and at the time of harvest for analysis. Samples were lysed and 

	

20 	the VLPs were purified as described in Example 0. 

RNA encapsidated in the purified VLPs was extracted using TRIzol® reagent 

according to the protocol supplied by the manufacturer (Life Technologies, Grand Island, 

NY). RNA obtained was denatured by heating for 5 min at 95 °C in formamide and analyzed 

by electrophoresis in Novex® denaturing15% polyacrylamide TBE-Urea gels (Life 

	

25 	Technologies) run at 70 °C. RNA bands were visualized using 0.5 ttg of Ethidium Bromide 

(Sigma-Aldrich, St. Louis, MO) per mL of aqueous solution. Results obtained are shown in 

FIG. 19, Lane 1 is a set of molecular standards. Lane 2 shows a chemically synthesized 

shRNA 49 nucleotides long and Lane 3 is the RNA recovered from the VLPs. 
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Example W 

VLPs comprising MS2 Capsids obtained in Example V are resistant to Protease from 

Engyodontium album, Bacillus licheniformis, Pepsin from porcine gastric mucosa, and 

Papain from papaya latex. 

	

5 	VLPs comprising MS2 Capsids obtained from 250 mL of culture and purified as 

described in Example V were suspended in 400 tIL 20mM CaC12  aqueous solution at pH 7.5. 

A 66 It.L aliquote of this suspension was diluted to 0.25 mL with 20mM CaC12  

aqueous solution at pH 7.5 and incubated at 37 °C. Samples were taken for protein 

concentration (Pierce® BCA Protein Assay Kit, Thermo Fisher Scientific, Rockford, IL) and 

	

10 	SDS PAGE analyses after 1 hour, and 4 hours of incubation. Protein concentration in these 2 

samples was 3086, and 4656 mg/L respectively. SDS PAGE analyses are shown in FIG. 20, 

Lanes 1B, and 6 respectively. The same amount of protein was loaded in each lane (4 µg). 

This set of experiments was used as a negative control. 

2 ug Protease from Streptomyces griseus (Sigma Aldrich, St. Louis, MO) was diluted 

	

15 	to 0.25 mL with 20mM CaC12  aqueous solution at pH 7.5 and incubated at 37 °C. Samples 

were taken for protein concentration and SDS PAGE analyses after 1 hour, and 4 hours of 

incubation. Protein concentration in these 2 samples was 361, and 324 mg/L respectively. 

SDS PAGE analyses are shown in FIG. 20, Lanes 1, and 7 respectively. The same amount of 

protein was loaded in each lane (4 ug). This set of experiments was used as another negative 

	

20 	control. 

2 lig of Protease from Streptomyces griseus was added to another 66 ttL aliquote of 

the VLPs comprising MS2 capsids suspension, diluted to 0.25 mL with 20 mM CaC12  

aqueous solution at pH 7.5 and incubated at 37 °C. Samples were taken for protein 

concentration and SDS PAGE analyses after 1 hour, and 4 hours of incubation. Protein 

	

25 	concentration in these 2 samples was 2940, and 3012 mg/L respectively. SDS PAGE 

analyses are shown in FIG. 20, Lanes 2, and 8, respectively. The same amount of protein 

was loaded in each lane (4 lig). This set of experiments was used to test the proteolytic 

stability towards Protease from Streptomyces griseus of MS2 capsids forming the VLPs. 

Less than 10% degradation was observed. 
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Another 66 µL aliquote of the VLPs comprising MS2 Capsids suspension, diluted to 

0.25 mL with 20mM CaC12  aqueous solution at pH 7.5 was subjected to three cycles of 

heating to 95 °C for 10 minutes and cooling on wet ice for 10 mM to achieve the 

disassembly of the VLPs. 2µg of Protease from Streptomyces griseus was then added to this 

	

5 	suspension and was incubated at 37 °C. Samples were taken for protein concentration and 

SDS PAGE analyses after 1 hour, and 4 hours of incubation. Protein concentration in these 2 

samples was 2601, and 3033 mg/L respectively. SDS PAGE analyses are shown in FIG. 20, 

Lanes 3, and 9 respectively. The same amount of protein was loaded in each lane (4 jig). 

Disassembled particles were degraded to a significant extent by Protease from Streptomyces 

	

10 	griseus. This set of experiments was used as a positive control. 

2 i.tg of Protease from Streptomyces griseus dissolved in 0.002 mL of 20mM CaC12  

aqueous solution at pH 7.5 was added to 0.248 mL of bacterial cell lysate obtained from 41 

mL of cell culture from Example V and incubated at 37 °C. Samples were taken for protein 

concentration and SDS PAGE analyses after 1 hour, and 4 hours of incubation. Protein 

	

15 	concentration in these 2 samples was 3192, and 4837 mg/L respectively. SDS PAGE 

analyses are shown in FIG. 20, Lanes 4, and 10 respectively. The last lane of FIG. 20, 

labeled L, shows untreated bacterial cell lysate. The same amount of protein was loaded in 

each lane (414). More than 90% of proteins other than MS2 capsid protein were degraded 

by Protease from Streptomyces griseus. This set of experiments was used as another positive 

	

20 	control. 

This set of five experiments demonstrates that MS2 capsids forming the VLPs of this 

disclosure arc resistant to proteolysis by Protease from Streptomyces griseus. 

2 tig Protease from Bacillus licheniformis (Sigma Aldrich, St. Louis, MO) was 

diluted to 0.25 mL with 10 mM Na acetate and 5 mM Ca acetate aqueous solution at pH 7.5 

	

25 	and incubated at 37 °C. Samples were taken for protein concentration and SDS PAGE 

analyses after 1 hour, and 4 hours of incubation. Protein concentration in these 2 samples 

was 976, and 1003 mg/L respectively. SDS PAGE analyses are shown in FIG. 20, Lanes 2B, 

and 7B respectively. The same amount of protein was loaded in each lane (4 i_tg). This set of 

experiments was used as another negative control. 
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2 ftg of Protease from Bacillus licheniformis was added to another 66 ftL aliquote of 

the VLPs comprising MS2 Capsids suspension, diluted to 0.25 mL with 10 mM Na acetate 

and 5 mM Ca acetate aqueous solution at pH 7.5 and incubated at 37 °C. Samples were 

taken for protein concentration and SDS PAGE analyses after 1 hour, and 4 hours of 

	

5 	incubation. Protein concentration in these 2 samples was 3144, and 3727 mg/L respectively. 

SDS PAGE analyses arc shown in FIG. 20, Lanes 3B, and 8B respectively. The same 

amount of protein was loaded in each lane (4 ftg). This set of experiments was used to test 

the proteolytie stability towards Protease from Bacillus licheniformis of MS2 capsids 

forming the VLPs. Less than 10% degradation was observed. 

	

10 	Another 66 µL aliquote of the VLPs comprising MS2 Capsids suspension, diluted to 

0.25 mL with 10 mM Na acetate and 5 mM Ca acetate aqueous solution at pH 7.5 was 

subjected to three cycles of heating to 95 °C for 10 minutes and cooling on wet ice for 10 

mM to disassemble of the VLPs. 2µg of Protease from Bacillus licheniformis was then 

added to this suspension and was incubated at 37 °C. Samples were taken for protein 

	

15 	concentration and SDS PAGE analyses after 1 hour, and 4 hours of incubation. Protein 

concentration in these 2 samples was 1769, and 1785 mg/L respectively. SDS PAGE 

analyses are shown in FIG. 20, Lanes 4B, and 9B respectively. The same amount of protein 

was loaded in each lane (4 lag). Disassembled particles were degraded by Protease from 

Bacillus licheniformis. This set of experiments was used as a positive control. 

	

20 	2µg of Protease from Bacillus licheniformis dissolved in 0.002 mL of 10 mM Na 

acetate and 5 mM Ca acetate aqueous solution at pH 7.5 was added to 0.248 mL of bacterial 

cell lysate obtained from 41 mL of cell culture from example CC and incubated at 37 °C. 

Samples were taken for protein concentration and SDS PAGE analyses after 1 hour, and 4 

hours of incubation. Protein concentration in these 2 samples was 3696, and 4078 mg/L 

	

25 	respectively. SDS PAGE analyses are shown in FIG. 20, Lanes 6B, and 10B respectively. 

The last lane of FIG 21, labeled L shows untreated bacterial cell lysate. The same amount of 

protein was loaded in each lane (4 n). More than 90% of proteins other than MS2 capsid 

protein were degraded by Protease from Bacillus licheniformis. This set of experiments was 

used as another positive control. 
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This set of four experiments demonstrated that MS2 capsids forming the VLPs of 

this disclosure are resistant to proteolysis by Protease from Bacillus licheniformis. 

Three additional sets of equivalent experiments demonstrated that MS2 capsids 

forming the VLPs of this disclosure are resistant to proteolysis by any of the following three 

	

5 	proteases: Proteinase K from Engyodontium album, Pepsin from porcine gastric mucosa 

(CAS Number 9001-75-6), and Papain from papaya latex (CAS Number 9001-73-4) (all 

sourced from Sigma-Aldrich, St. Louis, MO). Each protease was used according the 

manufacturer's instructions. Proteinase K was used at pH 7.5, Pepsin was used at pH 1.6, 

and Papain was used at pH 6.6. 

	

10 	 Example X 

Compositions with long RNA 

The ability to package long single strand RNA molecules, up to about 3,600 

nucleotides in an MS2 capsid, potentially provides a simple and efficient method for 

producing double stranded RNA molecules such as miRNA, or substrates for RNA 

	

15 	processing systems such as CRISPR (in bacteria), DICER (in animals) or by Dicer-like 

proteins (in plants). In one method, each strand of the desired long double stranded RNA 

molecule is produced as a transcript containing a packing sequence and a ribozyme designed 

to cut the long strand at a precise point, to separate the desired RNA sequence from the 

packing and ribozyme sequences. In another method, no ribozyme is required and the 

	

20 	complimentary sequences remain attached to the packing sequence. By the methods 

described in these Examples each strand can be separately packaged and purified and equal 

molar amounts of each purified VLP containing one of the strands mixed together and the 

single stranded RNA from each VLP recovered and annealed to form the desired double-

stranded RNA. In one method, the ribozyme of each RNA molecule is specific to its own 

	

25 	strand and therefore cleaves only its cognate target. The long complimentary RNA strands 

are allowed to anneal and recovered from the mixture by physical methods or by treatment 

with RNAse A, which preferentially degrades single stranded RNAs such as the ribozyme 

and packing sequences. In the case of RNA molecules without ribozymes, the packing 

sequences will remain single stranded after the long complimentary sequences have 

	

30 	annealed and may be removed by treatment with RNAse A. 
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To demonstrate, a DNA insert (SEQ ID NO: 11) coding for a BamHI restriction site, 

followed by a T7 polymerase promoter driving expression of a long sense strand RNA 

designed to produce siRNA targeted against arginine kinase of Anasa tristis (commonly 

known as squash bug, a major agricultural insect pest), followed by a high affinity MS2 

	

5 	packing sequence and T7 terminator is cloned into pACYC184. 

Similarly, a DNA insert (SEQ ID NO: 12) coding for a T7 polymerase promoter 

driving expression of a long anti-sense strand RNA designed to produce siRNA targeted 

against arginine kinase of Anasa tristis, followed by a high affinity MS2 packing sequence 

and T7 terminator is also cloned into pACYC184. 

	

10 	Each plasmid is separately transformed into E. coli strain BL21/DE3 containing a 

plasmid expressing the MS2 capsid protein from the T7 promoter of pDEST14 and cultures 

of each are grown, T7 polymerase is induced by IPTG, the cells are incubated for an 

additional period and the VLPs recovered as described in previous Examples. Equal 

amounts of VLPs from each preparation are combined and the RNA cargo molecules 

	

15 	recovered as described in Example P. 

The sense and anti-sense RNA molecules are heated to a temperature approximately 

equal or higher than the calculated melting temperature of the desired double stranded RNA. 

The aqueous mixture is then cooled by 10 °C. Additional cycles of heating and cooling to 

the same temperatures are conducted, to achieve a more complete hybridization between 

	

20 	sense and antisense strands. The double stranded RNA can be treated with RNAse A which 

preferentially degrades single stranded RNA to remove the unannealed packing sequences 

and any ribozyme sequence that may be present. 

In a test experiment aimed at killing insects using such a method a control VLP is 

designed in which a random RNA sequence was used in a control experiment. In a test 

	

25 	experiment at least 10 insects are injected with the arginine kinase directed RNA and in a 

control experiment the same number of insects are injected with the random RNA. Seven (7) 

days after injection, a significantly higher number of insects die in the test experiment than 

in the control experiment. 
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Example Y 

Compositions with long bulged RNA 

Although the MS2 capsid is capable of encapsidating about 3,600 nucleotides of 

single stranded RNA, the ability to directly encapsidate double stranded RNA is highly 

	

5 	constrained since such RNAs have a relatively rigid axis along the double stranded helix and 

helixes that exceed the interior diameter of the capsid cannot be efficiently packed. 

However, by strategically placing mismatches (bulges) along the length of complimentary 

sequence, double stranded RNA of lengths longer than the interior diameter of the capsid 

can be packed. 

	

10 	To demonstrate this, pACYC184 containing DNA with SEQ ID NO: 13 was 

constructed. SEQ ID NO: 13 encodes a T7 promoter driving expression of a DNA template 

encoding variants of the long sense and anti-sense strands of the arginine kinase directed 

siRNA precursors of Example X, arranged in such a way that they are separated by a non-

complimentary sequence of 25 bases to allow the molecule to loop onto itself so that sense 

	

15 	and complimentary antisense sequences may anneal to each other. The construct also 

includes a packing sequence, located at the 5' end of the transcribed sequence and an HDV 

ribozyme capable of cleaving the template to remove itself and the downstream terminator 

sequences. Since the antisense strand of the annealed molecule is the active agent for siRNA 

inhibition of the targeted host arginine kinase messenger RNA, the sense strand is modified 

	

20 	so that 1 to 3 consecutive nucleotides every 19 to 28 nucleotides are added to the sense RNA 

strand so that they are no longer perfectly complimentary to the antisense sequence. Such 

bulged regions appear to impart sufficient flexibility to the overall structure that the entire 

RNA transcript can be packaged within a capsid. Further, the double stranded (bulged) RNA 

is more resistant to degradation by RNAse A than single stranded RNA. Importantly, a 

	

25 	similar construct lacking the 1 to 3 base mismatches every 19 to 28 bases will not package 

efficiently. 

The plasmid is transformed into E. coli strain BL21/DE3 containing a plasmid 

expressing the MS2 capsid protein from the T7 promoter of pDEST14 and cultures are 

grown to a suitable density, T7 polymerase is induced by IPTG, the cells are incubated for 
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an additional period and the VLPs recovered as described in previous Examples. RNA is 

extracted from the VLPs as described in Example P. 

The RNA molecules are heated to a temperature approximately equal to or higher 

than the calculated melting temperature of the desired double stranded region of the RNA. 

	

5 	The aqueous mixture is then cooled by 10 °C. Additional cycles of heating and cooling to 

the same temperatures may be conducted, to achieve a more complete hybridization between 

sense and antisense strands. The bulged double stranded RNA can be treated with RNAse A 

which preferentially degrades single stranded RNA to remove the unannealed packing 

sequences and any ribozyme sequence that may be present. 

	

10 	 In a test experiment aimed at killing insects using such a method a control VLP was 

designed in which a random complimentary bulged RNA sequence was used in a control 

experiment. In a test experiment at least 10 insects are injected with the arginine kinase 

directed bulged RNA and in a control experiment the same number of insects are injected 

with the random bulged RNA. Seven (7) days after injection, a significantly higher number 

	

15 	of insects die in the test experiment than in the control experiment. 

Example Z 

Compositions with multiple shRNAs 

The following RNA strand was expressed: 5'-PAC-shRNA-ribozyme-3', where PAC 

is the high affinity MS2 packing sequence and shRNA is sense RNA-loop-antisense RNA. 

	

20 	Sense RNA is an RNA strand composed of 19 to 24 nts with the same sequence as a section 

of an endogenous RNA strand targeted for cleavage via RNAi. Antisense RNA is an RNA 

strand composed of 21 to 26 nts with a sequence consisting of the reverse complement of a 

section of an endogenous RNA strand targeted for cleavage. The resulting RNA is packed 

into MS2 capsids to form a VLP. 

	

25 	 In some instances antisense RNA strands are designed to target, via RNAi, 

endogenous RNA strands essential for the survival of the host taking up such RNAs within 

VLPs. For example, in one instance, antisense RNA 21 nucleotides long is designed to target 

a section of Anasa tristis arginine kinase mRNA in a test experiment aimed at killing such 

insects using such test VLP. A control VLP experiment is performed in which an RNA 21 
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nucleotides long of random sequence is used. In a test experiment more than 10 insects are 

injected with the test VLP. In a control experiment the same number of insects are injected 

with the control VLP. Seven days after injection, a significantly higher number of insects die 

in the test experiment than in the control experiment. 

	

5 	The DNA insert coding for the transcript described here (SEQ ID NO: 14) includes a 

high affinity MS2 packing sequence followed by the sense strand siRNA, a loop, the anti-

sense strand siRNA and an HDV ribozyme: 

Another embodiment of such an RNA construct (SEQ ID NO: 15) includes a high 

affinity MS2 packing sequence followed by an AT spacer, the sense strand siRNA targeted 

	

10 	against a first host mRNA sequence, a loop, the antisense strand siRNA targeted against the 

first host mRNA sequence, a second AT spacer, another sense strand siRNA targeted against 

a second host mRNA sequence, a loop, the antisense siRNA targeted against the second host 

mRNA sequence, another AT spacer and an HDV ribozyme. It is apparent to one skilled in 

the art that the targeted first and second host mRNA sequences can be sequences specific to 

	

15 	different portions of the same mRNA, or to portions of different mRNAs, or even to mRNAs 

from different organisms. In the first instance, the first and second siRNAs may be targeted 

to different sequences of a single transcribed gene within a single species such as Anasa 

tristis arginine kinase. Alternatively, the first and second siRNAs may be targeted to 

separate transcribed genes in a single species such as targeting the first siRNA to Anasa 

	

20 	tristis arginine kinase and the second siRNA to Anasa tristis chitin synthase. Similarly, the 

first siRNA may target Anasa tristis arginine kinase (or chitin synthase, or some other 

essential gene) while the second siRNA targets the same gene in a different host such as, for 

example, Acyrthosiphon pisum. Finally, the first and second siRNAs may target different 

essential host genes in different hosts. Each of these compositions can be extended to 

	

25 	encompass many multiples of siRNAs by chaining together many copies of the AT spacer- 

sense strand siRNA-loop-antisense strand siRNA-ribozyme motif and used to control one or 

more species of insect pests with a single VLP preparation. 
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Example AA 

Compositions with half-looped shRNA 

In some instances a significant improvement in packing yield is obtained by 

expressing and packing RNA templates containing multiple MS2 packing sequences. An 

	

5 	example of such a construct, SEQ ID NO: 16 includes an MS2 packing sequence followed 

by a sense strand siRNA sequence followed by a short "half loop" sequence, followed by a 

second MS2 packing sequence followed by another "half loop" followed by the antisense 

siRNA sequence. In this arrangement cleavage of the "half loop" and the MS2 packing 

sequences are removed by DICER or other processing systems within the targeted host 

	

10 	organism. 

In some instances antisense RNA strands are designed to target, via RNAi, 

endogenous RNA strands essential for the survival of the host taking up a VLP containing 

such an RNA. For example, in one instance, an antisense RNA 21 bases long is designed to 

target a section of Anasa tristis arginine kinase mRNA in a test experiment aimed at killing 

	

15 	such insect using such a test VLP. A control VLP is designed in which a mock antisense 

RNA 21 bases long of random RNA sequence is used in a control experiment. In a test 

experiment more than 10 insects are injected with such test VLP. In a control experiment the 

same number of insects is injected with such control VLP. 7 days after injection, a 

significantly higher number of insects die in the test experiment than in the control 

20 experiment. 

Example AB 

Compositions with bulged and half-looped shRNA 

One skilled in the art will recognize that the arrangements described herein are not 

mutually exclusive and may be combined in various configurations. For example a bulged 

	

25 	configuration of the long double stranded RNAs described in Example Y may be combined 

with the multiple MS2 packing sequences and/or the half-loop configuration described in 

Examples Z and AA. Such configurations may or may not include ribozymes or they may 

rely solely on host functions such as CRISPR or DICER to process the cargo molecule. The 

unifying feature of such compositions is that they may be produced and packaged into VLPs 

	

30 	in vivo and easily purified by treating cell lysates with proteases and other enzymes such as 
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amylases, lipases and nuclease to allow simple filtration or precipitation to purify the VLPs 

containing the RNAs described here. 

Example AC 

Use of VLPs for protein expression 

	

5 	The previous Examples have focused on compositions and methods for silencing or 

reducing targeted host gene expression via various forms of RNAi. The following Examples 

disclose compositions and methods for increasing gene expression in a targeted host 

organism by efficient production of messenger RNAs using VLPs. 

Protein expression in Bacteria (E. coli): 

	

10 	A construct designed for packing itself into MS2 capsids, and after transfection 

aimed at expressing EGFP in E. coli cells is depicted in SEQ ID NO: 17. This DNA 

construct includes a BamHI restriction site, a T7 promoter driving expression of a MS2 

packing sequence variant followed by 10 bases of the MS2 replicase region in which the 

first C is changed to a G (to extend the stem) followed by the 5' end of the MS2 

	

15 	bacteriophage genome in which all but the first 9 bases of the maturase gene as well as the 

entire capsid protein have been replaced with the coding sequence of EGFP, followed by a 

15 bases spacer, a second copy of the MS2 packing sequence and an HDV ribozyme 

designed to cleave at its own 5' end followed by a NotI restriction site. The DNA construct 

can be cloned via the BamHI and NotI sites into a compatible plasmid and transformed into 

	

20 	an E. coli BL21/DE3 host cell already containing a plasmid capable of expressing MS2 

capsid protein (as described in previous Examples). The cells are treated with IPTG to 

induce transcription by T7 polymerase and produce VLPs containing the 950 base transcript 

produced from SEQ ID NO: 17. The VLPs arc purified by the methods described n Example 

0. 

	

25 	When naive strains of E. coli are exposed to such VLPs, uptake of the VLPs and 

subsequent translation of the cargo molecule containing the EGFP sequence can be detected 

by fluorescence due to the EGFP protein. Those skilled in the art will recognize that other 

genes of interest may be used in place of EGFP and that expression of these genes in any 

bacteria that takes up the VLPs containing them can be demonstrated by many methods such 

	

30 	as Northern blot analysis or by detection of the proteins produced from such genes by 

67 



WO 2014/204667 	 PCT/US2014/041111 

Western blots or by an enzymatic or other activity specific to the protein encoded by the 

gene of interest. In bacteria that cannot directly take up MS2 capsid VLPs, the RNA cargo 

of the VLP can be isolated and separately transformed into the target bacteria by standard 

methods, well known in the art. 

	

5 	 Example AD 

Use of VLPs for protein expression in Plants 

In a similar fashion, VLPs capable of directing gene expression in plants may be 

constructed based on engineering appropriate plant viruses to contain the gene of interest as 

well as one or more MS2 packing sequences. 

	

10 	 Dicotyledonous Plants 

In the case of dicotyledonous plants a construct incorporating features of the 

Carnation Italien ringspot virus can provide a platform for directing gene expression. Such a 

DNA construct is represented by SEQ ID NO. 18, which includes a BamHI restriction site 

followed by a T7 promoter driving expression of an MS2 packing sequence followed by 10 

	

15 	bases of the MS2 replicase region in which the first C is changed to a G (to extend the stem), 

followed by the first 77 bases of the Carnation Italian ringspot virus (GeneBank Accession 

No. NC_003500.2) containing the viral 5' adaptor, followed by the coding sequence of 

EGFP, followed by the last 351 bases of the viral genomc (beginning at base 4410 of 

GeneBank Accesion No. NC_003500.2) encoding the 3' cap independent translational 

	

20 	enhancer (3' CITE), followed by a 15 bases spacer a second copy of the MS2 packing 

sequence as well as an HDV ribozyme designed to cleave at its own 5' end, followed by a 

NotI restriction site. The DNA construct can be cloned via the BamHI and NotI sites into a 

compatible plasmid and transformed into an E. coli BL21/DE3 host cell already containing a 

plasmid capable of expressing MS2 capsid protein (as described in the previous examples). 

	

25 	The transformed cells are treated with IPTG to induce transcription by T7 polymerase and 

produce VLPs containing the 1,236 base transcript generated from SEQ ID NO: 18. The 

VLPs are purified by the methods described n Example 0. 

When dicotyledonous plants are exposed to such VLPs uptake of the VLPs and 

subsequent translation of the cargo molecule containing the EGFP sequence can be detected 

	

30 	by fluorescence due to the presence of the expressed EGFP protein. Those skilled in the art 
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will recognize that other genes of interest may be used in place of EGFP and that expression 

of these genes in any dicotyledonous plant that takes up the VLPs containing them can be 

demonstrated by many methods, such as Northern blot analysis or by detection of the 

proteins produced from such genes by Western blots or by an enzymatic or other activity 

	

5 	specific to the protein encoded by the gene of interest. In dicotyledonous plants that cannot 

directly take up MS2 capsid VLPs, the RNA cargo of the VLP can be isolated and separately 

transformed into the target plants by standard methods, well known in the art. 

Monocotyledonous Plants 

In the case of monocotyledonous plants a construct incorporating features of the 

	

10 	Carnation Italien ringspot virus as well as the 3'-CITE of Maize necrotic streak virus can 

provide a platform for directing gene expression. Such a DNA construct is represented by 

SEQ ID NO: 19, which includes a BamHI restriction site followed by a T7 promoter driving 

expression of an MS2 packing sequence followed by 10 bases of the MS2 replicase region in 

which the first C is changed to a G (to extend the stem), followed by the first 77 bases of the 

	

15 	Carnation Italian ringspot virus (GeneBank Accesion No. NC_003500.2) containing the 

viral 5' adapter, followed by the coding sequence of EGFP, followed by 112 bases of the 3'-

CITE sequence of Maize necrotic streak virus (corresponding to bases 3892 — 4003 of 

GeneBank Accesion No. NC 007729.1 as described by Nicholson, et al. (2013) Journal of 

Virology 87(3):1872-83), followed by the last 87 bases of the Carnation Italian ringspot 

	

20 	virus genome (bases 4674 - 4760 of GeneBank Accesion No. NC_003500.2), followed by a 

15 bases spacer, a second copy of the MS2 packing sequence as well as an HDV ribozyme 

designed to cleave at its own 5' end, followed by a NotI restriction site. The DNA construct 

can be cloned via the BamHI and NotI sites into a compatible plasmid and transformed into 

an E. coli BL21/DE3 host cell already containing a plasmid capable of expressing MS2 

	

25 	capsid protein (as described in the previous examples). The transformed cells are treated 

with IPTG to induce transcription by T7 polymerase and produce VLPs containing the 1,084 

base transcript generated from SEQ ID NO: 19. The VLPs are purified by the methods 

described n Example 0. 

When monocotyledonous plants are exposed to such VLPs uptake of the VLPs and 

	

30 	subsequent translation of the cargo molecule containing the EGFP sequence can be detected 

69 



WO 2014/204667 	 PCT/US2014/041111 

by fluorescence due to the presence of the expressed EGFP protein. Those skilled in the art 

will recognize that other genes of interest may be used in place of EGFP and that expression 

of these genes in any monocotyledonous plant that takes up the VLPs containing them can 

be demonstrated by many methods, such as Northern blot analysis or by detection of the 

	

5 	proteins produced from such genes by Western blots or by an enzymatic or other activity 

specific to the protein encoded by the gene of interest. In monocotyledonous plants that 

cannot directly take up MS2 capsid VLPs, the RNA cargo of the VLP can be isolated and 

separately transformed into the target plants by standard methods, well known in the art. 

Example AE 

	

10 	 Use of VLPs for protein expression in Mammals 

VLPs capable of directing gene expression in mammals may be constructed based on 

engineering appropriate viruses to contain the gene of interest as well as one or more MS2 

packing sequences. 

In this example a construct incorporating features of Encephalomyocarditis virus 

	

15 	(GeneBank Accesion No. M81861.1) and pRL-CMV (GeneBank Accesion No. 

AF025843.2) can provide a platform for directing gene expression. Such a DNA construct is 

represented by SEQ ID NO: 20, which includes a BamHI restriction site followed by a T7 

promoter driving expression of an MS2 packing sequence variant followed by 10 bases of 

the MS2 replicase region in which the first C is changed to a G (to extend the stem), 

	

20 	followed by 561 bases of Encephalomycarditis virus containing the viral IRES (described by 

Bochkov and Palmenberg (2006) BioTechniques 41:283-292) corresponding to bases 273 —

833 of GeneBank Accesion No. M81861.1) followed by EGFP and 248 bases of pRL-CMV 

encoding the SV40 late poly-A signal corresponding to bases 2004 — 2246 of GeneBank 

Accesion No. AF025843.2, followed by a 15 bases spacer a second copy of the MS2 

	

25 	packing sequence as well as an HDV ribozyme designed to cleave at its own 5' end, 

followed by a NotI restriction site. The DNA construct can be cloned via the BamHI and 

NotI sites into a compatible plasmid and transformed into an E. coli BL21/DE3 host cell 

already containing a plasmid capable of expressing MS2 capsid protein (as described in 

previous Examples). The transformed cells are treated with IPTG to induce transcription by 

70 



WO 2014/204667 	 PCT/US2014/041111 

T7 polymerase and produce VLPs containing the 1,612 base transcript generated from SEQ 

ID NO: 20. The VLPs are purified by the methods described n Example 0. 

When mammalian cells are exposed to such VLPs uptake of the VLPs and 

subsequent translation of the cargo molecule containing the EGFP sequence can be detected 

	

5 	by fluorescence due to the presence of the expressed EGFP protein. Those skilled in the art 

will recognize that other genes of interest may be used in place of EGFP and that expression 

of these genes in any mammalian cells that takes up the VLPs containing them can be 

demonstrated by many methods, such as Northern blot analysis or by detection of the 

proteins produced from such genes by Western blots or by an enzymatic or other activity 

	

10 	specific to the protein encoded by the gene of interest. In mammalian cells that cannot 

directly take up MS2 capsid VLPs, the RNA cargo of the VLP can be isolated and separately 

transformed into the target cells by standard methods, well known in the art. 

71 



Claims 

Claim 1. A VLP containing an oligoribonucleotide comprising a capsid specific packaging sequence and 

further comprising multiple complementary regions, wherein each of said complementary regions 

comprising; 

(a) a sense strand siRNA sequence, immediately followed by 

(b) a non-homologous sequence capable of forming a loop, immediately followed by 

(c) an antisense strand sequence complementary to the sense strand sequence are contiguously 

arrayed. 

Claim 2. The oligoribonucleotide of claim 1, wherein the complementary regions are linked by one or 

more ribozymes. 

Claim 3. A virus-like particle (VLP) containing an oligoribonucleotide comprising a capsid specific 

packaging sequence and further comprising multiple complementary regions, wherein each of said 

complementary regions comprise; 

(a) multiple catenated sense strand sequences, immediately followed by 

(b) a non-homologous sequence capable of forming a loop, immediately followed by 

(c) multiple catenated antisense strand sequences complementary to the multiple catenated sense strand 

sequences are contiguously arrayed. 

Claim 4. The oligoribonucleotide of claim 3, wherein multiple catenated sense strand sequences are 

linked by 1 to 3 non-complementary nucleotides to form bulged RNA. 

Claim 5. A VLP containing an oligoribonucleotide comprising a capsid specific packaging sequence and 

one or more complementary regions, wherein each of said complementary packaging; 

(a) multiple catenated sense strand siRNA sequences each immediately followed by a sense strand 

sequence for host cell RNA processing, immediately followed by 

(b) a non-homologous sequence capable of forming a loop, immediately followed by 

(c) multiple catenated antisense strand sequences complementary to the multiple catenated sense strand 

sequences each immediately followed by an antisense strand sequence complementary to the sense 

strand sequence for host cell RNA processing are contiguously arrayed. 

Claim 6. The oligoribonucleotide of claim 5, wherein the sequence for host cell RNA processing is specific 

for CRISPR mediated RNA processing. 
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Claim 7. The oligoribonucleotide of claim 5, wherein the sequence for host cell RNA processing is specific 

for DICER mediated RNA processing. 

Claim 8. The oligoribonucleotide of claims 1, 3 or 5, wherein the sequence capable of forming a loop 

comprises one or more ribozymes. 
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