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ABSTRACT 

Ribozymes are small, catalytic RNA molecules which possess endoribonuclease activities. They can be 

exprwsed as part of tRNA genes kcauw of the strong tRNA promoter and the stable tRNA structure. Thus, 

a ribozyme which is inserted into a tRNA molecule will be produced in large quantities and will be protected 

l r o n  RNase degradation in cells. ~RNA,~Y' was used for constructing HIV-I RNA-specific tRNA-ribozymes. 

This tRNA is the primer used by HIV-1 for reverse transcription, and is CO-pacbged within the virus 

particles. By using the recombinant ~RNA~~Y' ,  the virus nay be tricked into pacûaging the tRNA-ribozymes. 

Being in such close proximity, the ribozymes have the potential to bind and cleave H IV- l  RNA within the 

virus particles. 

A hammerhead ribozyme targeted against the HlV- l  env-coding region was expressed as part of the 

anticodon loop o f  human ~ R N A ~ ~ ~ '  without sacriiking tRNA stability or ribozyme catalytic activity. These 

tRNA-ribozymes were isolated from a library which was designeci to contairi linkers (sequences connecting 

the ribozyme to the anticodon loop) of random sequence and variable length. The l inken on either side of the 

ribozyme ranged in length from O to 20 nucleotides. Active tRNA-ribozymes were selected in vitro by placing 

the ribozyme and its target in ch so that cis cleavage can occur. The tRNA-ribozymes that possessed ideal 

combinations of  linkers were expected to recognize the ch target site more Ireely and undergo cleavage. The 

cleavage products containing active tRNA-ribozymes were separated from uncleaved target RNA due to size 

diflerence and useâ for reverse transcription followed by PCR. In vim selected tRNA-ribozymes were cloned 

in the pCEM4Z plasmid and characterized. 

tRNAAcRz (010), tRNAAC-Rz (2/0), tRNAArR2 (410), tRNAAcR2 @/O) and tRNAAcRz (1010) were 

selected from this library. These tRNA-riboymm were stable, possessed cleavage efficiencies lower or simiîar 

to the linear hammerhead ribozyme, and could be transcribed by a cell extract containing RNA polymerase 

III. Retroviral vectors expressing tRNA-ribozymes were testcd in a human CD& T cell line and were sbown 

to inbibit HIV-I replication. These t ~ l U ~ , ~ ~ - b a s e d  hammerbeid ribozymes sbould therefore prove to k 

valuable for both basic and applieà research. 



INTRODUCTION 

1. HIV VIRION 

HIV-I belongs to the Lentivirinae subfarnily of vinises within the Retroviridae family. The 

HIV-1 genome consists of a 9.2 kb RNA with nine open reading frames (reviewed by Frankel 

and Young 1998. and Joshi and Joshi 1996. Fig. 1A). It possesses the gag (group specific 

antigen), pol (polymerase), and env (envelope) genes common to al1 retroviruses. The products 

of these genes are packaged within the virus particles (Fig. 1 B). The gag gene gives rise to a Gag 

(Pr5Sgug) precursor polyprotein which is subsequently processed into four proteins: MA (matnx 

or p17). CA (capsid or p24), NC (nucleocapsid or p9). and p6. MA proteins line the imer surface 

of the lipid bilayer envelope that originated from the host cell. CA proteins form a capsid, which 

surrounds two copies of the viral RNA genome that are closely associated with the NC proteins. 

NC proteins bind to the signal and promote the encapsidation of genomic RNA during viral 

assembly. The p6 protein is important for incorporation of the Vpr protein during viral assembly, 

and contains the L (late) domain important for a late step in budding. The gag and pol genes give 

rise through a ribosornal fiameshifi to a Gag-Pol ( ~ r 1 6 0 ~ ' ~ ~ " )  precursor polyprotein which is 

subsequently processed into the Gag proteins and three proteins which provide enqmatic 

functions: PR (protease or pl O), RT (reverse îranscriptase or p66/p5 1 heterodimer), and IN 

(iategrase or p31). The env gene gives rise to two proteins: SU (surface or gp120) and TM 

(transmembrane or gp41). The gag and env structural proteins make up the core of the virion and 

outer membrane envelope, respectively. 

in addition, HIV-1 contains six genes coding for accessory proteins. These proteins include 

Tat (trans-activator of transcription), and Rev (regulator of expression of virion proteins), which 

are involved in the regdation of viral gene expression. The Vif (virion infectivity factor) protein 



FIG. 1, Scbematic diagram of tbe HIV-1 geaetic map and virion. A, The HIV-1 genome 

possesses nine open reading fiames which express the gag, p l .  rnv. rat. rev. env, vpu, vpr, and 

vifgenes. B, HIV-I possesses a lipid envelope which it acquires as it buds from its host cell. The 

lipid bilayer of HIV- 1 contains viral envelope proteins: gp4 1 which is a transmembrane protein 

and gp120 which is anchored ont0 gp4l via non-covalent interactions. Undemeath the lipid 

bilayer are the MA proteins. CA proteins form a capsid, which surrounds two copies of the viral 

RNA genome that are closely associated with the NC proteins. The virion contains viral protease. 

reverse transcriptase, and integrase, which are required for viral maturation. revene transcription, 

and integration, respectively. In addition. the Vpr protein and cellular ~ R N A ~ ~ ? '  are packaged by 

the virus. The ~ R N A ~ ~ ~ '  is used as a primer during revene transcription. 
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is important for the production of highly infectious mature virions. while Vpu (viral protein u) 

enhances the release of virus particles. The Vpr (viral pmtein r) is CO-packaged within the 

released virion and plays a role in regulating nuclear import of the HIV-1 pre-integration 

complex. The Nef (aegative effector) protein contributes to reduction of CD4 and MHC class 1 

molecules on the cell (reviewed by Trono 1995. and Emerman and Malim 1998). 

II. HIV-1 REPLICATION CYCLE 

HIV-1 preferentially infects macrophages and T cells, which express the primary receptor. the 

CD4 molecule. HIV-1 also utilizes chernokine recepton as CO-recepton. Macrophage (M)-tropic 

and non-syncytiurn inducing viruses bind to CCR5 (Alkhaiib et al 1996. Deng et al 1996. Dragic 

et al 1996), while the T cell (T)-tropic and syncytium inducing viruses bind to CXCRJ (Feng et 

al 1996). Additional coreceptors have been identified for HIV which inciude CCW. CCR3. 

CCR8. STRL33/BONZO, BOBIGPR-15. V28lCX3CR. APJ and US28 (reviewed by Cairns and 

D'Sowa 1998. and Proudhot et al 1 999). 

Upon binding of the SU protein to the CD4. a conformational change ensues which exposes 

the variable V3 loop of SU and a highly conservecl bndging sheet. which forms the binding site 

for the chemokine coreceptors (Kwong et al 1998. Wyatt and Sodroski 1998). The TM protein 

then undergoes a conformational change which results in exposure of an N-terminal hydrophobie 

"fusion" peptide. This results in fusion of the viral and cellular membranes, and entry of the viral 

core into the ce11 (reviewed by Hunter 1997). Following entry into the cell. the two copies of the 

HiV-1 genomic RNA are reverse transcribed within the viral core into a double stranded proviral 

DNA (Fig. 2). Negative strand DNA synthesis initiates h m  the 3' end of a host ~ R N A ~ ~ ' '  primer, 

which possesses 18 3'-terminal nucleotides that are complementary to the PBS (primer binding 

site) near the 5' end of the genomic RNA. The PPT (polypurine haci) serves as a primer during 



FIG. 2. Replication cycle of HIV-1. Upon binding of the virus to the CD4 receptor and 

chemokine coreceptors, the viral nucleoprotein complex containing genomic RNA as well as 

MA, RT, M, and Vpr proteins, are transported to the nucleus. Upon entry. the HIV-1 genomic 

RNA is reverse transcribed by RT into a double stranded DNA. The resulting double-stranded 

proviral DNA is then integrated into the host genome by iN protein. Durinp the carly phase of 

gene expression, fully-spliced, 2 kb mRNAs are produced which give nse to Tat. Rev and Nef 

proteins. Upon translation in the cytoplasm, the Tat protein by virtue of its NLS enters the 

nucleus, binds to the TAR element located at the 5' end of the nascent viral transcripts. and 

increases production of viral mRNAs approximately 100-fold. The Rev protein which contains 

an NLS enten the nucleus and binds to the RRE region which results in the transport of 4-5 kb 

singly-spliced and 9.2 kb unspliced RNAs to the cytoplasm. Translation of the singly-spliced 

RNA produces the Vpu. Vpr, Vif, and Env proteins. Translation of the unspliced RNAs produces 

the Gag and Gag-Pol polyproteins. The Env polyprotein is translated at the endoplasmic 

reticulum. and processed by a cellular protease in the Golgi apparatus into the SU and TM 

glycoproteins during transit to the ce11 surface. Cellular ~RNA~~! '  is also packaged and serves as a 

primer during subsequent reverse transcription. An immature virus particle buds from the ce11 

surface that undergoes a morphologic change. During the late stages of budding, or shortly 

thereafler, the Gag and Gag-Pol polyprotein precursors present in these particles undergo 

proteolytic processing by PR thus resulting in mature, infectious virus particles. 
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the positive strand DNA synthesis (reviewed by Telesnitsky and Goff 1997). The resulting 

proviral DNA contains a 5' and a 3' LTR (long terminal repeat), each consisting o l a  U3. R, and 

US region, which flank the viral genes. The U3  region contains a promoter For RNA polymerase 

II, enhancer sequences, and cis-acting elements. which demonstrate both positive and negative 

regulatory properties. It also contains one OF the attachment sites for integration. The R region 

contains the TAR element, the transcription start site. the 3' processing site, and the 

polyadenylation site. The US region contains the other attachment site for intePtion (reviewed 

by Brown 1997). 

A viral nucleoprotein complex containing reverse-transcribed DNA. RT. IN. Vpr. and pos~ibiy 

MA proteins (Gallay et al 1996), is then transported to the nucleus. Transport of the 

nucleoprotein complexes to the nucleus is mediated by the Vpr protein through its N-terminal 

amphipathic a -helices that localizes Vpr to the nuclear pores (Popov et al 1998). The double- 

stranded proviral DNA is then integrated into the host genome by IN protein. iN fint removes 

two 3' nucleotides from each strand of the linear proviral DNA. Then. the 3' ends are covalently 

joined to the 5' ends of the target DNA. Unpaired nucleotides at the viral 5' ends are rernoved and 

joined to the target site 3' ends, generating an integrated provinis tlanked by five base pair direct 

repeats of the target site DNA (reviewed by Brown 1997). 

Once integrated, HIV-1 proviral gene expression is controlled by both cellular and viral 

proteins. Viral RNA is aanscribed fiorn the 5' LTR promoter. which possesses binding sites for 

several transcription factors including NF-KB. and Spl. The full lenyh 9.2 kb viral RNA is then 

differentially spliced to give rise to various HIV-1 mRNAs (reviewed by Rabson and Graves 

1997). During the early phase of gene expression, fully-spliced. 2 kb mRNAs are produced that 

encode the Tat, Rev and Nef proteins. Upon being translated in the cytoplasm, the Tat protein by 

virtue of its NLS returns to the nucleus. The Tat pmtein increases the processivity of RNA pol 11 



and results in 100 to 1000-fold increase in LTR-directed transcription. It also enables complete 

transcription of the 9.2 kb viral genome. Tat protein binds to a pre-initiation complex and 

interacts with TFIIH, a rnultisubunit complex that is bound to nonphosphorylated RNA pol II 

(reviewed by Jones 1 997). The CAK (CDK-activating kinase). associated with TFIIH. 

phosphorylates the RNA pol 11 carboxy-terminal domain (CTD) and assists in promoter clearance 

(Cujec et al 1997). The Tat protein then binds to a Tat-associated kinase (TAK). also known as 

P-TEFh (positive transcriptional elongation factor b). which ir composed of a catalytic subunit. 

CDK9 (previously called PITALRE). and a regulatory subunit, cyclin Tl (reviewed by de Falco 

and Giordano 1998). AAer transcription of the truns-activation responsive (TAR) element 

located at the 5' end of the viral transcripts. Tat protein repositions CDK9 near the RNA pol I I  

CTD. This results in hyperphosphorylation of the RNA pol II CTD. and converts it from an 

initiating (RNA pol IIa) to an elongating (RNA pol 110) enzyme (Mancebo et al 1997. Ping and 

Rana 1999). 

One of the early proteins to be produced. the Rev protein possesses both a nuclear localizaiion 

signal (NLS). and a nuclear export signal (NES). These two signals enable Rev proteins to shuttle 

between the nucleus and the cytoplasm. By virtue of its NLS. Rrv proteins return to the nucleus 

d e r  being translated in the cytoplasm. and bind to the Rev responsivr element ( R E )  located in 

the env gene. The Rev NES remains exposed on the surface of the ribonucleoprotein complex, 

and interacts with a nucleoponn-like protein (hRip/Rab) located at the nuclear pore through the 

chromosomal region 1 maintenance (CRMI) protein. a nuclear export receptor (reviewed by 

Hope 1999). This results in transport of singly-spliced. 4-5 kb mRNAs encoding Vpu, Eni, Vif, 

and Vpr. and the unspliced 9.2 kb genomic RNA encoding Gag and Gag-Pol precursor 

polyproteins to the cytoplasm. The unspliced and spliced mRNAs are then translated into viral 

structural and maturation proteins. 



Env proteins are translated from a singly-spliced RNA at the rndoplasmic reticulum (ER). The 

arnino terminal region of Env contains a signal peptide which associates with a signal recognition 

particle (SRP). The SRP docks ont0 the SRP receptor present in the ER membrane. As Env 

proteins are mslocated to the lumen of the ER. the signal peptide is cleaved by host signal 

peptidase. During translation, the Env proteins are also glycosylated by the addition of 

preassembled oligosaccharides at 30 sites, the majority of which are in gpl20. These 

modifications enhance the stability of glycoproteins by pmtecting it from enzymes and reducing 

their immunogenicity. Glycosylation may also provide the hydrophilicity necessary to drive 

proper folding of the protein (reviewed by Swanstrorn and Wills 1997). 

The hydrophobic carboxy terminal region of Env prevents it fiom being released into the 

lumen of the ER. Several chaperone proteins present in the ER prevent Env proteins from 

foming aggregates with other unrelated proteins. and prevent the cysteine residues of Env from 

foming disulfide bonds with an unrelated molecule. They stabilize the folding and assembly 

competent States of Env until the individual subunits cm locate one another. These proteins also 

prevent incompletely assembled oligomen fom leaving the ER. Multimerization of Env is 

important to provide rigidity to its structure during transport to the membrane by allowing 

hydrophobic domains to be sequestered within the protein core. Afier leaving the ER. the Env 

polyprotein is processed by a cellular protease in the Golgi appantus into the SU and TM 

proteins. Additional modifications to the sugar compositions of Env also take place. resulting in 

a heterogeneous population of Env proteins (reviewed by Swanstrom and Wills 1997). 

The glycosylated Env polyproteins could potentially become trapped in the ER by fonning 

complexes with CD4 molecules. The Vpu protein promotes CD4 degradation by proteasornes 

through associations between the C-terminal cytoplasmic tail of Vpu and the cytoplasmic tail of 

CD4 (Tiganos et al 1997). Vpu proteins also downregulate cell surface expression of MHC class 



1 proteins. which is thought to protect iiifected cells from recognition and killing by cytotoxic T 

lymphocytes. Similar to Vpu, Nef also reduces the levels of cellular CD4 and downregulates 

expression of MIiC class 1 molecules (reviewed by Marsh 1999). CD4 degradation by Nef 

protein is accomplished by promoting endocytosis from the ceIl surface to lysosomes. 

The Gag and Gag-Pol polyproteins are cotranslationally modified by the addition of myristate 

at their N-terminal rcgion. The viral core is assembled from the Gag and Gag-Pol polyproteins. 

which intêract with each atl~er. and two moleculas of the 1ùII Ièiiyili viral RNA zontaining ilie y 

signal. The y signal, located within the gag and env-coding regions. is responsible for viral RNA 

encapsidation by the Gag protein. The vin1 RNAs dimerize by a kissing loop mechanism through 

the dimer initiation site (DIS, reviewed by Paillart et al. 1996). The I (interaction) domains 

located in the NC sequences of Gag protrin is the major region of Gag-Gag interaction. while 

two Cys-His boxes. also located within the NC. play a central role in the selective packaging of 

the RNA genome. Vpr is incorporated into viral particles through an interaction with p6 

(Bachand et al 1999). The N-terminal myristate group of the Gag and Gag-Pol precursor 

polyproteins. and the basic residues located within the tirst 50 arnino acids of the MA protein. 

allow targeting of the precursors to the plasma membrane. The Env glycoproteins are retained on 

the viral surface through an interaction between MA sequences and the TM portion of Env 

(reviewed by Freed 1998). Immature virus particles bud from the ce11 surface which subsequently 

undergo a morphologic change. During the late stages of budding, or shortly thereafter. the Gag 

and Gag-Pol polyprotein precursors present in these particles are processed by PR thus resulting 

in mature, infectious virus particles (reviewed by Swanstrom and Wills 1997). 

Vinons also package tRNA molecules which are e ~ c h e d  for the primer. ~ R N A I ~ ~ ~ .  during 

reverse transcription (Kleiman et ai 1991, Jiang et al. 1993). Each virion contains eight 

molecules of cellular (Mak et al 1994) for the two molecules of HIV-1 genomic RNA. 



RT protein, in the form of the Gag-Pol precursor polyprotein, is directly involved in the selection 

and packaging of primer tRNA (Mak et al 1994). The signals on ~ R N A , ~ ~ '  that allow it to be 

packaged are not known. Nevertheless, the anticodon of ~ R N A ~ ' - ~ '  is not essential for packaging 

since P mutant ~ R N A ~ ~ Y '  possessing a modified anticodon could still be packaged within HIV-1 

virions (Huang et al 1994, Huang et a1 1996. reviewed by Mak and Kleiman 1997). Similady. 

~RNA Lys and ~ R N A ~ ~ ' '  which possess a different anticodon were also show to be packaged with 

the same e ffic iencq as ~RNA,~" (Huang et al 1 994. J iaiip et ül 1 993 ). 

III. 1NTERFERINC MOLECULES THAT MAY BE USED TO lNHIBlT HIV-1 

REPLICATION VIA GENE THERAPY 

A. Interfering Proteias 

lnterfering proteins (IPs) block the HIV-I replication cycle by intefiring with the tùnction of 

HIV-1 regdatory or structurai proteins or lead to the selective death of HIV-1-infected cells. 

Trans-dominant mutants (TDMs) of viral proteins are capable of intertèring with the function of 

WT viral proteins (Liem et al 1993). RNases hsed to viral proteins such as Tat (Melekhovets 

and Joshi 1996) or Gag (Singwi et al 1999) could specifically degrade HIV-1 RNA. Suicide 

proteins, such as the herpes simpiex virus (HSV) tk (thymidine kinase) gene. could be expressed 

under control of the HIV-1 LTR promoter. such that upon HIV-1 infection. transduced cells 

undergo metabolic suicide in the presence of an appropriate prodnig (Marcello and Giarena 

1998). Intracellularly expressed single-chain antibodirs trap viral proteins in the cytoplasmic 

compûnments, resulting in inhibition of HIV-1 replication (Mhashilkar et al 1999). 



B. Intedering RNAs 

Various interferhg RNAs (IRs) which c m  be delivered to cells for therapeutic purposes 

include sense RNAs. antisense RNAs, and ribozymes. Sense RNAs acting as decoys contain 

sequences which are identical to protein binding domains within the genomic RNA. They are 

able to compete with the target RNA for binding to proteins and thus block these proteins from 

their intended function. Sense RNAs that contain HIV-I RNA sequences can interact with 

specific viral RNAs/proteins and should. upon competition with HIV-1 RNA for binding to these 

viral RNAsfproteins, prevent virus replication (Joshi et al 199 1. Cohli et al 1994). On the other 

hand, antisense RNAs contain sequences complementary to portions of the target RNA. 

Antisense RNAs that are complementary to a specific region of HIV-1 RNA. could. upon 

hybridization with target RNA sequences. disrupt reverse transcription, processing. translation, 

and/or packaging of the RNA (Ding et al 1998). Also. the double-stranded antisense-target RNA 

hybrids may be subject to N a s e  1 degradation (reviewed by Sorrentino and Libonati 1997). 

resulting in a permanent loss of the target RNA. 

Ribozymes are small catalytic RNA molecules which cm be designed to specitkally pair with 

a target RNA sequence and cleave the phosphodiester backbonc at a specified location (reviewed 

by Castanotto et al 1992). The naturally occurring hamrnerhead ribozymes are found in the 

avocado sunblotch viroid as well as the satellite RNAs of lucerne transient streak and tobacco 

ringspot viruses (Forster and Symons 1987). These RNA molecules normally cleave in cis. but 

can be designed to cleave a target sequence in trans (Haseloff and Gerlach 1988). The catalytic 

domain mediates cleavage of a target RNA, resulting in two RNA cleavage products: a 5' product 

with a 2', 3' cyclic phosphate and a 3' product with a 5' hydroxyl group. The conserved regions of 

the harnmerhead catalytic domain associated with the cleavage reaction have k e n  described. 

They consia of three branched RNA helices that flank the cleavage site, and of two single 



stranded regions with highly conserved sequences (Haseloff and Gerlach 1988). The minimal 

structural requirements for the design of tram-acting ribozymes have been elucidated such that it 

is now possible to target ribozymes against any given RNA. Three criteria must be fulfilled for 

ribozyme-mediated trans-cleavage reaction. ( i )  The ribozyme must contain 11  of the 13 

conserved nts found in naturally occurring cleavage domains (Uhlenbeck. 1987) (ii). The 

cleavage site within the target RNA must be immediately preceded by NUX (reviewed by Birikh 

et al 1997). with N being any nucleotide and X being any nucleotide except G (i i i )  The ribozyme 

and sequences immediately surrounding the cleavage site within the target RNA are bound 

together by antisense sequences composed of at lrast 8 nts which flank the catalytic dornain (Fig. 

3 1. 

Hairpin ribozymes have also been designed to cleavr: in 1run.s. The target site occurs 

immediately before a GUC triplet and is preceded by a BN sequence (BNJGUC) with B being 

any nucleotide except A. Similar to the hammerhead ribozyme. cleavage results in 5' products 

containing a 2'. 3' cyclic phosphate and 3' products with a 5' hydroxyl group. The hairpin 

ribozyme sequencr must contain 50 nts which fom four hclices. two of which arc: involved in 

hybridization with sequences flanking the cleavage site within the target RNA. and the  single- 

stranded loops. one of which is the cleavage site in the target RNA (reviewed by Hampel 1998). 

IV. INTERFEWNCE SITES WITHIN THE HIV-1 REPLICATION CYCLE 

Various points within the HIV-I replication cycle may be targeted using interfering RNAs and 

interfering proteins. The following lists the interference sites which could be targeted using a 

ribozyme. 



FIG. 3. Diagram of a hammerhead ribozyme. The minimal structural requirernents for rruns- 

acting ribozymes include the conserved nucleotides found in naturally-occumng cleavage 

domains (boxed nucleotides), a cleavage site (O) within the iarget RNA which is immediately 

preceded by an NUX sequence, and antisense sequences which flank the catalytic region and 

allows hybridization to the target RNA. N. either C. U. G. or A: X. either C. U. or A. 
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A. Interlerence with HIV-I replication 

HIV-1 replication takes place using viral RT and cellular ~RNA,~ ' '  which binds to the HIV-1 

PBS via an 18-nt sequence complementarity. lnterference at the level of reverse transcription 

rnight be achieved by expressing ribozymes against regions surroundhg the PBS. which shouid 

inhi bit elongation. 

B. lnterfennce with trans-activation of HIV-1 gene expression 

The TAR rlement located near the 5' end of al1 HIV- 1 mRNAs is required for Tat-mediated 

trans-activation of HIV- 1 gene expression. Ribozymes could be designed against the TAR and/or 

the tut-coding region to inhibit trans-activation. 

C. interference with HIV-1 translation 

The 5' terminal 387-nts of al1 HIV-I mRNAs are identical. Thus. viral mRNA translation 

could be inhibited by designing ribozymes against the 5' leader sequence. which would cleave 

the 5' terminal portion of al1 mRNAs containing this sequence. Altematively. translation of 

specific mRNAs could be inhibited by designing ribozymes to specific coding regions. 

D. Intederence with HIV-1 Iate gene expression 

Rev-RRE interaction is required for late viral gene expression. Ribozymes could be designed 

against the RRE sequence present in singly-spliced and unspliced viral RNAs. Absence of these 

mRNAs would prevent late gene expression. Altematively, expression of Rev proteins may be 

prevented by designing ribozymes against the rev-coding region. Absence of Rev proteins would 

prevent transport of singly-spliced and unspliced viral RNAs to the cytoplasm. 



E. lntericrence with the packaging and release of  infectious HIV-I particles 

Several viral proteins including Gag, Gag-Pol, Env, and Vif are required for the assembly, 

release, maturation. and infectivity of virus particles. Therefore. ribozymes directed against these 

coding regions could interfere with the release of infectious virus particles by cleaving the 

mRNAs coding for Gag. Gag-Pol. Env. and Vif proteins. Altematively. interfering RNAs rnay be 

CO-expressed with ~ R N A ~ ~ Y '  to enable CO-packaging of ribozymes. sense or antisense RNAs 

within virus particles. 

V. METHODS OF DELIVERY 

A. Exogenous Delivery 

One rnethod of administering ribozymes to target cells is by using liposome carriers (reviewed 

by Simoes et al 1999). These confer protection against degradation pior to ribozyme uptake by 

cells or tissues. since encapsulation prevents association with serum proteins. Cationic lipid 

formulations favor fusion of the liposome with the plasma membrane. increasing the chances of 

endocytosis of the ribozymes. An advantage of exogenous delivery is the capability to utilize 

c hemically modi fied ribozymes that show increased stabi 1 i ty in vitro. However. the main 

disadvantage of exogenous delivery is the requirement for tirequent infusions to maintain an 

effective intnicellular concentration. Long-term expression of ribozymes may thus be achieved 

by utilizing retroviral vectors for delivery into target cells. 

B. Endogenous Delivery 

1. In vivo transduction 

At present, transduction of retroviral vectoa in vivo is limited by a number of factors. 

Retroviral vecton produced in certain packaging ceIl lines are unstable in the bloodstream 



(DePolo et al 1999). Also, targeted retrovical vectors have not yet been developed (reviewed by 

Buchholz et al 1999). Thus, introduction of a retrovinl vector within a patient may result in 

inadvertent transduction of non-target cells. Currently. targeted retroviral vecton which would 

deliver genes only to specific cells are being developed by altering the gene encoding the 

envelope glycoprotein (Buchholz et al 1998. Fielding et al 1998. Chadwick et al 1999). such that 

they would bind to cell-surface recepton. 

2. Ex vivo transduction 

Delivery of genes for HIV-I gene therapy is usually performed by transduction ex vivo. 

Lymphocytes are isolated fiom peripheral blood collected frorn patients. These are then 

transduc~i with retroviral vector particles expressing the thenpeutic gene. The trmsduced cells. 

selected due to the marker gene present in the retroviral vector. art: amplifird and transplanted 

back to the individual (Fig. 4). This delivery method has been used to introduce gents into CD4+ 

lymphocytes and macrophages. 

VI. RETROVIRAL VECTORS TO DELIVER ANTI-HIV-1 GENES TO TARGET 

CELLS 

A. Delivery vector 

There are several viral vectors in current use for gene therapy. However. the most popular 

vector system is the retroviral vector. The rnajority of RAC (Recombinant DNA Advisory 

Cornmittee) approved protocols employ retroviral vectors (72%) to deliver the selected gene to 

the target cells (Orkin and Motulsky 1995). Infection by retrovinl vectors leads to hi& efficiency 

transduction of dividing mammalian celis through stable integration of proviral DNA into the 



FIG. 4. Overview of HIV-1 gene theripy. Bone marrow stem cells or peripheral blood 

lymphocytes ( PBLs) from patients are collected. and tmnsduced usiny retroviral vector particles. 

By including a selectable market gene in the retroviral vector. cells which contain the thenpeutic 

gene can be selected. These are then amplified as appropriate and transplanted brick to the 

patient. Upon differentiation, the progeny cells will hopefully contain and express the anti-HIV-l 

gene. With the help of support thenpies. it is anticipated that patients will eventually reach a 

stable asymptomatic state. 
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cellular genome. Retroviral vectors are therefore ideal for gene transfer into mammalian cells in 

culture. 

Retroviral vectors are produced by replacing the viral genes required for replication with the 

desired genes to be transferred. The proviral DNA sequences of the retrovirus which are required 

in cis for viral gene expression include the 5' and 3' LTRs (for viral RNA synthesis and proviral 

DNA integration). the '4' signal (to allow encapsidation of the viral RNA into virions). the PBS 

and polypurine tract (PPT) which are both utilized dunng reverse transcription. The gug. pol and 

env structural genes of the retrovirus cm be deleted and supplied in ».crns by a helper virus which 

has been transfected in a packaging cell line (Fig. 5). A therapeutic gene and a gene encoding a 

selectable marker may be cloned in place of the structural genes. Retroviral vectors such as those 

based on Moloney murine leukemia virus (MMLV) cm take inserts up to 8 kb. 

The retroviral vector. pUCMoTiN. used in this study contains a rk promoter driving neomycin 

phosphotransferase (neo) gene expression. The HIV- 1 Tat mRNA leader sequence. which 

includes the TAR elernent, was cloned in place of the 5' leader sequence of the nru grne. This 

modification was shown to allow both constitutive and Tat-induci ble expression of interfenng 

RNAs. Various interferhg RNAs are cloned in this vector as part of the 3' untranslated region of 

the neo gene and are therefore expressed as part of the retroviral vector RNA expressed from the 

5' LTR. and the neo mRNA expressed from the rk promoter. 

B. Packaging eells 

For the MMLV-based vectors, the packaging ce11 line determines if the vector is ecotropic or 

arnphotropic. Upon transfection of packaging cells with retroviral vectors containing the 

therapeutic gene, vector particles are produced which possess the ability to infect and integrate 



FIG. 5 .  Structure of MMLV-based retroviral vector. .4. The provinl xquences which are 

required in cis for MMLV gene expression. packaging. reverse transcription. and integration 

include the 5' and 3' LTRs. Y signal, PBS/PPT. and attachent sites. respectively. B. The gug. 

pu1 and env genes which code for structural proteins are deleted in the retroviral vector and 

replaced with an interferhg RNA (IR) or intertèring protein (IP). and a gene encoding a 

selectable rnarker (neo). P. intemal promoter. 



A. Moloney Murine Leukemia Virus 
Required in ch 

I 

Y 

IN 
PBS PPT 

Required in tmns 

B. MoMuLV-based Retroviral Vector 

rnL 1 

PBS selecta ble anti-HIV PPT 
marker gene 

Figure 5. 



into the host cell genome. But because the gug, pol and env genes had been deleted, the vector 

particles are only capable of one round of infection and are therefore replication-defective. 

The retroviral vector constructs are used to transfect an ecotropic packaginp ceIl line. such as 

v-2. which release retroviral vector particles that are then used to infect an amphotropic 

packaging ce11 line such as PA3 17. Gag, Pol. and Env. required for viral assembly. infection. 

replication, and integration. are produced in these cell lines from helper plasmids expressing an 

RNA that lacks the MMLV iy signal. The amphotropic vector particles released from PA3 17 

cells are used to infect human CD4' lymphoid cell lines. and PBLs. 

C. RNA pol Il-driven expression cassettes 

Sites that have been targeted for ribozyme clcavage within the HIV-1 RNA include the 5' 

leader sequence (Weerasinghe et al 199 1. Heidenreich and Eckstein 1992. Dropulic et al 1992). 

and the gug (Sarver et al 1 WO), pro, RT. IN (Sioud and Drlica 199 1 ). vif'(Lorentzen et al 199 1 ). 

tut (Jackson et al 1998), tut/rev (Bauer et al 1997). rev (Michienzi et al 1996. Michienzi et al 

1998). env (Chen et al 1992, Paik et al 1997). and nef (Larsson et al 1996)-coding regions. 

Ribozymes have also been developed against the mRNAs coding for CCR5 coreceptors 

(Gonzalez et al 1998, Goila et al 1998) to block virus entry in cells. 

Successful cleavage in vivo was first demonstrated by Sarver et al (1 990). who showed that 

ribozymes could protect cells h m  HIV- 1 infection. CDJ+ HeLa cells were constnicted which 

stably expressed a ribozyme targeted against the gag-coding region. Upon challenge with HIV-1. 

these cells showed a marked reduction OF HIV-I replication. When RT-PCR analysis was 

perfonned on total RNA isolated fiom transduced cells expressing the ribozyme. significantly 

less uncleaved RNA relative to cleaved RNA was observed. The cells also contained up to 1 00 

times less HIV-I proviral DNA sequence than the infected, untransduced control. 



Ribozyme cleavage specificity was tested using a ribozyme designed against an RNA 

containing the HIV-1 gag-coding region (Rossi et al 1990). Increasing amounts of total RNA 

extracted From uninfected or HIV-infected cells were added to a truns cleavage reaction 

containing the target RNA. Total cellular RNA from uninfected cells had no etTect on the 

cleavage reaction, whereas inclusion of RNA from HIV-infected cells resulted in inhibited 

cleavage of the labeled gag substrate. When the amount of ribozyme was increased. substrate 

cornpetition for ribozyme-mediated cleavage was ovrrcome. Thus. ribozyme cleavage of the 

synthetic gug RNA was sequence-specific and HIV-1 RNA produced in infected cells was 

cleaved by the anti-gag ribozyme. 

Other studies using nbozymes have confinned the specificity of ribozyme cleavage of its 

target RNA (Sioud and Drlica l99 1 ), and the reduction of target RNA levels in cells (Dropulic et 

al 1992). Furthemore. ribozymes were shown to result in greater inhibition of virus replication 

compared to antisense RNAs (Homann et al 1993). incorporation of the hammerhead catalytic 

domain into an antisense RNA against the 5' leadrr/gug region resulted in 95% inhibition of virus 

replication compared to the antisense RNA (Homann et al 1993). No inhibition was observed in 

cells expressing the inactive form of the ribozyme. 

A ribozyme against the 5' leader sequence of HiV- 1 ( Weerasinghe et al 199 1 ) expressed under 

control of an intemal simian virus (SV) 40 or cytomepalovinis (CMV) promoter delayed virus 

production up to 14 days in MT4 cells compared to the parental vector. Tat-inducible expression 

of the ribozyme by the HSV tk-HIV TAR fusion promoter inhibited vinis production for up to 22 

days p s t  infection. Upon cornparison of fivc harnmerhead ribozymes targeted against highly 

conserved sequences within the gag, pro, RT, tuf, and env-coding regions of HIV-1 RNA. the 

riboymes targeted against the pro and env-coding regions were found to completely inhibit virus 

production in stably transduced cells for 12 and 15 days, respectively (Ramezani and Joshi 1996). 



Virus replication was almost completely inhibited in cells expressing a multimeric ribozyme 

targeted against nine highly conserved sites within the env-coding region. No viral RNA or 

protein could be detected in the cells and in their culture supematants for up to 60 days aAer 

infection (Ramezani et al 1997). A hammerhead ribozyme against the /lit-coding region inhibited 

HIV-1 replication more than 80% compared with the control-vector transduced cells. Transduced 

PBLs expressing the ribozyme possessed greater viability compared to vector-transduced cells 

(Wang et a1 1998). Another anti-tut ribozyme reduced Tat activity by 85-95%. CD4+ PBLs 

expressing this ribozyme were able to resist HIV infection for up to 20 days (Jackson et al 1998). 

D. RNA pol I II-d riven expression cassettes 

At low interferhg RNA to target RNA ratios. specitk and efficient inhibition of target RNAs 

did not occur. This was overcome by transcribing ribozymes under control of promoters 

expressing tRNAs. U6 sn (small nuclear) RNA. and Ad (adenovirus) VA (virus associated) 

RNAs. These prornoters are used by RNA pol Ill. which producrs high amounts of small. 

compact RNA molecules that possess greater stability in the intncellular environmeni. 

1. Design of  RNA pol III-driven expression cassettes 

a. Promoter, processing site, and terminator 

Transfer RNA and Ad VA RNA genes possess intragenic promoters (Fig. 6) consisting of 

boxes A and B that are highly conserved (reviewed by Willis 1993. and Geiduschek and 

Tocchini-Valentini 1988). Box A is located 10-20 bp downstream of the transcription start site. 

The distance between boxes A and B is 30-60 bp. The U6 snRNA promoter (Fig. 6) consists 

exclusively of sequences located upstream of the U6 snRNA-coding region (reviewed by Kunkel 

and Pederson 1989). The basal promoter contains a TATA box at position -30 and a proximal 



FIG. 6. Cloning sites in tRNA-, Ad VA RNA-, and U6 snRNA-promoter based expression 

cassettes. The black arrows correspond to the regions that have been used for cloning intekring 

RNAs. The small arrow (P) in the tRNA cassette corresponds to the 3' processing site. Brackets 

correspond to the U6 snRNA-coding region. A and B. highly conserved sequences in tRNA and 

Ad VA RNA intragenic promoters. PSE. proximal sequence element. TATA. TATA Box. Ter. 

RNA pol III terminator. 
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sequence element (PSE) at position -60. The tRNA 3' processing site. located downstream of box 

B. allows the release of interfering RNA molecules; removal of this processing site has been 

shown to produce chimeric RNAs (Adeniyi-Jones et al 1984). Thus. R N A  promoters are used to 

express chimeric RNAs that rnay or rnay not be processed. Ad VA RNA promoters are used to 

express c himeric RNAs that are not processed (reviewed by Pruzan and Flint 1 995). whereas the 

U6 promoter is used to express interfering RNAs with much of the U6 snRNA deleted (reviewed 

by Kunkel and Pederson 1989). The RNA pol III terminator consists of 4-6 T residues (reviewed 

by Willis 1993. and Geiduschek and Tocchini-Valentini 1988). For tRNA-. Ad VA RNA- and 

U6 snRNA-based expression cassettes. interfering RNA genes must be cloned before the 

teminator. T residues must be excluded from the sequences encoding intekring RNAs as they 

rnay lead to premature transcription teminaiion: inclusion of iwo T residues upstrearn of the 

transcription terminator was shown to result in premature transcription termination during Ad 

VA RNA (Prislei et al 1997) and U6 snRNA (He and Huang 1997) synthesis. 

b. Cloning sites within the RNA pol III-driven expression cassettes 

Promoters for ~ R N A , ~ " ,  ~ R N A ' ~ .  ~ R N A ~ ~ ? ' .  ~ R N A ~ ~ ' .  ~ R N A ~ ) ' .  ~RNA?  Ad VA RNA. and 

U6 snRNA have al1 been used to express interfering RNAs (Table lrl-C3. The regions in these 

genes that have been used for cloning various interfering RNAs are shown in Fie. 6. 

For tRNA promoters, two possible cloning sites rnay be used. Intertering RNA genes rnay be 

cloned between boxes A and B. as the region between these boxes is not essential for promoting 

tRNA transcription. Altematively, intedering RNA genes rnay be cloned downst~am of box B. 

before the transcription teminator. For R N A  expression cassettes producing chimeric RNAs that 

are processed to yield two separate RNAs, intedering RNA genes must be cloned downstream of 

the 3' processing site. In the case of Ad VA RNA promoters, interfering RNA genes rnay be 





TABLE 1 B. 
Ad VA RNA promo fer-driven interferhg RNAs ured NI HIV gene lherapy 

T'urger stre I kdor Czlb ' In i~~c l lu la r  lrunn*~non Inhrbrrian O Rc/ 
t'laimtd. l~a l r=o f l rn@ 

US Plasanid S. 1 0 ~ ~ 1 s  C~~oplism n.d bslci a ai 1997 
I 1 oocyia I 1 I 
1 P h r d  1 COS 1 Cytopiasm, Nucleus 1 n.d 1 BM*llini-Cougu CI al 

SC F 1 HcLa 1 n.d. I < 8 8 %  1 Yucial  1993 
SC R 1 CDW 1 nd.  1 > l O d  1 Yuetrl 1995a 
SC R J a ,  Moli418 n.d. c 3 5 d  Yudai199Sb 

RRE S C ï R , D C F R  CEM Cyiopi.un n.d. Ilws u JI 19% 
mv Pliunid - CEM n.d. >93 d &gnon cc a1 1995 

U6 snRNA promoter-driven interfering RNAs used in HIV gene therapy 

U6 + 1  HHMP RZ - Y a  US PImid  293 Nuclcus G d  a d 1997 
U6+19 AS U5 
, U6+17 - Dtcay T ARIRRE 

AB, ktwetn boxa A nad box B. BT. beiwctn box Band RNA pl III tcrminiror 
HH, h m m c h d .  HP, hurpin; Rz, nborymc; Mz, minizymc, S, srnx, AS. aniiscw 
Usa of lhc cntirc iRNA gcnc 1s assumcd IO rcrult in a p r d  tRNA mmcnpl 
Rcaovinl wcta design: SC, ainglc c q y ,  DC. double copy, TC, mpk c g y ,  F, fonrard, R. r c v n x  
n.d., roi damninul 
n.d., noi dctcrmincd; d, days 

aAlm dnwn by U6 



cloned either between boxes A and B or in the central domain located between box B and the 

transcription teminator. When using the U6 snRNA promoter, only one cloning site may be 

used. The fint 27 (Good et al 1997) and the last 18 (He and Huang 1997. He et al 1998) nts of 

the U6 snRNA possess a stable secondary structure and. thcrefore. may be included to enhance 

interferhg RNA stability; inclusion of the rest of the U6 snRNA is not essential for gene 

expression. 

c. Level of expression and RNA stability 

Compared to RNA pol II promoters, RNA pol 111 promoters genenlly allow greater iranscript 

accumulation through higher level expression and increased stability. A 

reached a concentration of 250-25.000 copies per ce11 (Baier et al 1994). while ~RNA~'"' and U6 

snRNA promoter-driven ribozymes accumulated to -50.000 copies per cell (Bertrand et al 1997). 

A t ~ F J ~ , ~ ~ ' - d e c o ~  RNA represented 3 4 %  of total polyadenylated RNAs. (Sullenger et al 1990a). 

Also. a t ~ ~ ~ ~ ~ ~ - r i b o z y n e  was expressed in - 1  50-fold excess over RNA pol II-driven RNAs 

(Pemman et al 1995). 

Expression cassettes based on the tRNA and Ad VA RNA promoters may potentially increase 

the stability of the chimeric RNAs due to the presence of tRNA and Ad VA RNA sequences. 

Transfer RNA chimeras have been s h o w  to possess comparable stability to a wt tRNA in fetal 

bovine serum (Yuyama et al 1992). They were also shown to be very stable in .Y. Zuevis oocytes. 

as they could be detected in the nucleus for up to two days post-microinjection (Cotten and 

Birnstiel 1989). Accumulation (Zakharchuk et al 1 995,Cagnon et al 1 995) and ha1 f-li fe (Cagnon 

et al 1995) of a chimeric Ad VA RNA were similar to that of wt Ad VA RNAs expressed from 

plasmids. However, cloning imrnediately upstream of the Ad VA 1 RNA transcription terminator 

was shown to produce unstable molecules with shorter half-lives (Pdslei et al 1997, Barcellini- 



Couget et al 1998). A U6 snRNA-chimera was also found to accumulate at the same level as U6 

snRNA (He et al 1998). 

In an effort to improve t ~ b J ~ , ~ " - r i b o z ~ m e  stability, expression cassettes were developed in 

which nucleotides were inserted to stabilize the 3' end of the transcripts by creating a stem 

involving the 3' region alone or both the 3' and the 5' regions (Thompson et al 1995). When 

cornparhg the intracellular levels of transcripts produced from these expression cassettes. 

transcripts containing an 18-bp stem between the 5' and the 3' regions were produced at the 

highest levels. Further improvements on this design included a base-paired region preceding the 

site of insertion, a bulge to separate the ribozyme from flanking tRNA sequences. and a shorter 

stem between the 5' and the 3' regions (Thompson et al 1995). Transcripts produced from this 

construct accumulateci similarly to high levels but possessed greater in vitro cleavage activity. 

d. lntracellular and intravirion localization 

1) lntracellular localization 

Transfer RNAs and Ad VA1 RNAs are transcribed in the nucleus and transported to the 

cytoplasm. while U6 snRNA is retained in the nucleus. Chimeric RNAs based on (RNA and Ad 

VA RNAs should therefore localize in the cytoplasm, while U6 snRNA chimeras should remain 

in the nucleus. Ad VA RNA and U6 snRNA chimeras localized as expected in the cytoplasm and 

nucleus, respectively. However, tRNA chimeras were detected in both the nucleus and the 

cytoplasm. Thus, depending on the targei RNA. the appropriate expression cassette may be used 

to direct interfering RNA localization in the nucleus or in the cytoplasm. Subcellular localization 

of various chimeric RNAs was demonstrated directly by Northem blot. RT-PCR in sitir 

hybridization and primer extension analyses, or indirectly based on results which would not have 

been possible if the interfering RNA was absent. For example. cytoplasmic localization was 



inferred by the absence of a cytoplasmic target RNA. With the recent isolation and 

characterization of the exportin-t protein responsible for tRNA transport (Wollin and Matera 

1999, Arts et al 1998a. Arts et al 1998b, Kutay et al 1998). tRNA chimeras may be developed 

that bind to exportin-t and allow localization in the cytoplasm. 

2) Intravirion localization 

By virtue of the small confines of the virion. ribozymes targeted against a viral RNA are 

expected to cleave their target RNA more efficiently in a virus than in the cell. This concept has 

been demonstrated using a MMLV-based system (Sullenger and Cech 1993). The ~ R N A J ~ ' '  

promoter is particularly attractive for expressing thenpeutic RNAs against HIV infection. since 

~ R N A ~ ~ ' '  is packaged by the virus and serves as a primer during reverse transcription (reviewed 

by Mak and Kleiman 1997). As such. co-expression of an interfrring RNA with this tRNA 

should lead to co-packaging of the chimeric RNA within viral progeny. 

Hurnan 293 cells transfected with a plasmid containine HIV-I provirus DNA and a RNA- 

ribozyme expression vector produced progeny virus that packaged the t ~ ~ ~ ~ ~ * ~ ~ - r i b o z ~ r n e  

(Westaway et al 1998). The infectivity of the progeny virus was also reduced. A modified 

~ R N A ~ ~ ' ' .  in which 7 nts of the sequences complementary to the PBS were replaccd with 

antisense sequences to the TAR region of HIV-1. was also found to be packaged by the propny 

virus (Lu et al 1997). 

e. Cytotoxicity 

Transfer RNA chimeras may be recognized by cellular proteins such as mase P. N A  

nucleotidyltransferase, tRNA splicing enzymes, and aminoacyl tRNA synthetases. ~ssociation of 

tRNA chimeras with these proteins may pose potential toxicity to the ce11 by interferhg with 



RNA transcription and processing. The toxicity of various chimeras was therefore tested. Lack of 

toxicity of a particular chimera could be established if expression could be confinned and yet ce11 

viability was not altered. In vivo expression by RNA pol 111 promoters has been demonstrated 

using pulse-chase (Cotten and Birnstiel 1989), RNase protectic.~ [Gebhard et al 1997.Pemman et 

al 1999, and Northem blot (Du et al 1998. Gebhard et al 1997. Good et al 1997. Ilves et al 1996. 

Sullenger et al 1990a Kawasaki et al 1996. Kawasaki et al 1998. Westaway et al 1998. Koseki et 

al 1999. Kuwabara et al 1999, Zhao and Lemke 1999. Kuwabara et al 199th) analyses. Lack of 

toxicity was measured by 3~-thymidine uptake (Yamada et al 1994b.Rosenzweig et al 1997) and 

trypan blue (Yamada et al 1994a) exclusion. Cells transduced with various tRNA chimeras have 

not yet displayed altered viability, compared to untransduced cells. 

Ad VA RNAs are known to interact with cellular proteins. such as the La (systemic lupus 

erythematosus-associated) protein and DAI (double-stranded RNA-activated inhibitor) protein 

kinase (Mathews and Shenk 1991). The central domain located between box B and the RNA pol 

III terminator is involved in binding to DAI kinase. while the 3' stretch of U residues is the 

binding site of La protein. Toxicity resulting from expression of Ad VA RNA chimeras has not 

been reponed (Yu et al 1995b, Li et al 1998). U6  snRNA is involved in splicing of pre-mRNAs 

in the cell. However, the potential toxicity of U6 snRNA promoter-driven chimeras is minimal as 

expected, since most of the U6 snRNA is deleted while designing the expression cassettes. 

2. Applications Of RNA Pol III-Driven Expression Cassettes 

Most gene therapy applications of tRNA-based expression cassettes were aimed towards HIV 

infections and cancer. These are surnmarized below. 



a. HIV gene tberapy 

Promoters for ~ R N A ~ ~ " ,  ~ R N A ~ ~ ' ' ,  ~RNA"". and (RN have been used to express 

interfering RNAs against HIV-1 RNA. Ribozyme, sense RNA. or antisense RNA-coding 

sequences were cloned either between boxes A and B or between box B and the RNA pol III 

terminator. The Ad VA1 RNA promoter has been used to express ribozymes and an antisense 

RNA. and the U6 snRNA promoter was used to express a xnse RNA. For the Ad VA RNA 

prornoter-based expression cassettes. the interferhg RNA-coding sequences were cloned 

between box B and the RNA pol III teminator. 

Sites targeted within the HIV-1 RNA include the gcg pol. rnv. M. and rrv-coding regions as 

well as U3. R. U5. y signal. 5' splice site, and PBS. Sites targetrd within the SIVrnac and HIV-2 

RNAs include a sequence spanning the U3/R region. 

1) Tnnsfer RNA promoter-based expression cassettes (Intcrfering RNAs cloncd behveen 

boxes A and B) 

i Hammerhead ribozymes 

The ~RNA~~'' '  prornoter has been used for expressing harnrnrrhrad ribozymes. Sequences 

encoding ribozymes were cloned between boxes A and B in the anticodon loop. Transcripts 

containing various ~ R N A ~ ~ ~ ~ - ~ ~ o z ~ ~ ~ s  in tandem that were targeted against one or multiple sites 

within the HIV-1 RNA have been tested for HIV-1 RNA cleavage in vitro (Ohkawa et al 1993b, 

Ohkawa et al 1993a). Cis-acting ribozymes were also insertrd upstream and downstrearn of each 

t ~ ~ ~ i ~ ' ' - r i b ~ z ~ m e .  Inclusion of cis-acting ribozymes was s h o w  to enhance anti-HIV ribozyme 

activity in vitro. However, the advantage of this strategy in inhibition of HIV replication has not 

been demonstrated. 



ii. Antiseme RNA 

The ~ R N A ~ "  prornoter has been used to express an antisense RNA. Sequences encoding an 

antisense RNA were cloned between boxes A and B of the ~RNA'~" prornoter. A 20-nt antisense 

RNA to the HIV-I tat-coding region replaced the 7-nt anticodon loop of ~ R N A ' ~  and the most 

adjacent nt-pair in the anticodon stem (Biasolo et al 1996). Upon infection with HIV-1. stably 

transduced Jurkat cells expressing this RNA were protected for up to day 14. compared to cells 

transduced with the vector alone or with a vector containing scrambled antisense sequences. 

lndividual clones were protected for up to day 32 post-infection (Biasolo et ai 1996). 

iii. Combination RNAs 

Various tRN~i~"-riboz~mes expressed in tandem ( with cis-acting ri bozymrs to l iberate 

individual t ~ ~ ~ ~ ~ ' ' - i i b o z ~ m e  monomers) were funher modified to CO-express decoy RNAs. 

TAR or RRE (Rev response element) sequences were added to the &-acting ribozymes. such 

that each cis-acting ribozyme could also act as a decoy RNA (Yuyama et al 1994). The cis-acting 

ribozyme-decoy RNAs were show to interact with HIV-I Tat or Rev proteins in vitro. 

2) Transfer RNA promoter-based expression cassettes (Interfering RNA3 cloned between 

box B and RNA pol III terminator) 

i Hammerhead ribofymes 

Promoten for ~ R N A ~ ~ Y ' ,  tRNAiMet and ~ R N A ~ '  have becn used to express anti-H1V 

hammerhead ribozymes downstream of the tRNA. The ~ R N A ~ ~ "  promoter has been used to 

express a ribozyme against the HIV-1 PBS. The ~RNA,M~' promoter was used to express a 

ribozyme dimer targeting the HIV tut-coding region and a common site within the tat and rev- 



coding regions. The ~RNA'" promoter was used to drive expression of ribozymes against the 

HIV-1 U5 region and the tut-coding region. 

Packageable ribozymes for HIV gene therapy were developed using the ~ R N A ~ ~ ' '  promoter. 

When a plasmid expressing the t ~ ~ ~ ~ ~ % i b o z ~ r n e  targeted against the PBS within the HIV-1 

RNA and pNL4-3 containing an infectious HIV-I clone were CO-transfected in 293 cells. progeny 

virus produced at day 6 post-infection was s h o w  to possess a 6-fold reduced infectivity. 

compared to that produced from control cells expressing the U6 vector alone (Westaway et al 

1998). The infectivity of the progeny virus was determined by an infectivity assay using 

supematants fiom the transfected cells. Virus replication was deterrnined by measuring the 

amount of HIV-1 p24 antigen produced by the infected cells. At day 7. the progeny virus was 

200-fold and 25-100 fold less infectious than that released from cells transfected with plasmids 

ex pressing ~RNA"" alone or a ~RNA""-" bozyme. respective1 y. Ce1 1s ex pressing an inactive 

t R N ~ , ~ ~ ~ - r i b o z ~ m e  also produced progeny virus with reduced infectiviiy. suggesting that the 

t ~ ~ ~ , ~ ' ~ - r i b o z ~ r n e  may also act as an antisense RNA through binding to the PBS. 

A ribozyme dimer targeted against the HIV-I rut-coding region and a site common to the fur 

and rrv-coding regions was expressed either under the control of the MMLV LTR promoter 

upstream of the neo gene, the human CMV promoter downstream of the neo gene. or the human 

~ R N A ~ ~ ~ '  promoter in the 3' LTR of the retroviral vector (Zhou et al 1996). Ribozymes under 

control of the MMLV promoter were produced at the highest levels. However. compared to an 

inactive ribozyme control. transduced CEM cells expressing the different constructs displayed 

the same level of resistance to HN-1 for up to 20 days. implying that level of expression is not 

the absolute determinant of protection. 

Three constructs were designed to allow ~ R N A ' ~  promoter-driven expression of ribozymes 

targeted against the HIV-1 U5 region which varied only in the sequences connecting the tRNA 



to the ribozyme. It was predicted that Rz3. which possessed tlanking sequences that could 

assume a loop structure and remained unbound to other sequences. would demonstrate the 

greatest activity. However, although in vitro cleavage activity confinned this prediction, the ha1 f- 

life and intracellular activity of Rz3 in transiently transfected HeLa cells were less than that of 

Rz2 which had only one flanking ann available for hybridization to the target RNA. Since R d  

and Rz3 were expressed from the sarne promoter. the increased effectivity of R d  must have 

been due to its increased stability. This was confinned by half-life measurements in stable 

transfonants and steady-state levels in transduced H9 ceils (Koseki et a1 1999). Rz2 inhibited 

HIV LTR-driven luciferase activity in transiently (%O%) or stably (97%) transfected HeLa cells 

(Koseki et al 1999). Rz2 also inhibited HIV-1 replication in H9  cells up to 99% on day I I  post- 

infection. 

Minizymes are harnmerhead ribozymes which possess a shon oligonucleotide linker in place 

of the hammerhead stem loop region. Dimeric minizymes are composed of two minizyme 

monomers which combine to fom a secondary structure similar to a conventional harnmerhead 

ribozyme (Kuwabara et al 1998a). The ~RNA'" promoter-driven dimeric minizymes have b e n  

designed to target two sites in the HIV-1 tut-coding region. Luciferase activity in LTR-Luc HeLa 

cells was inhibited by >90% when each minizyme was expressed from a single plasmid or two 

separate plasmids. Inhibition was not observed from each separate minizyme or fiom the inactive 

rninizyrne control. The rate of tat mRNA depletion in the cytoplasm of cells expressing the 

dimeric minizymes was s h o w  to be faster than in those expressing the conventional ribozyme 

(Kuwabara et al 1999). 



1 Hairpin ribo~yrnes 

The ~RNA'" promoter has mostly been used to develop hairpin ribozymes against various 

sites within the HIV- 1. HIV-2 and SIVmac RNAs. These sites were located within the US region. 

the rev and env-coding region, and U31R region. 

The ~ R N A ' ~  promoter-driven hairpin ribozyme against the HIV-1 U5 leader sequence 

inhibited HIV-I HXB2 and HIV-I MN replication for up to 35 days. Provinl DNA synthesis in 

cells transduced with the ribozyme-expressing vector was decreased 50- 100-Fold compared to 

cells transduced with the vector alone. Only HIV-1 HXB-2 replication was inhibited and not of 

HIV-2 KR which does not possess the ribozyme target site (Yamada et al 1994b). This ~RNA'"- 

U5 hairpin ribozyme protected human PBLs against challenge with a clinical isolate of HIV- 1 for 

IO to 25 days (Lewin et al 1994). This ribozyme was also expresscd in placental and urnbilical 

cord blood CD34+ cells collected from newboms of HIV-seropositive mothers. Differentiated 

macrophage-like progeny cells were tested and bund not to harbour HIV-1. Upon challenge of 

macrophage-like progeny cells with HIV-I Bal (a macrophage-tropic strain). protection was 

observed for up to 20 days. Long-term protection (up to 35 days) was obtained when the HIV 

isolated from the mother was used. However. virus production in thcse experiments was low. 

with control reaching p24 antigen values only as high as 220 pg/rnl. while cells expressing the 

tRN~"~hibozyrne produced up to 170 pglml p21 antigen (Li et al 1998). 

MoltJ/8 cells expressing the t~.N~~~-t-ibozyxne against an HIV-1 sequence overlapping the 

rev and env-coding region suppressed p24 antigen production until day 36 (0.01 rn.0.i.). 

compared to cells expressing the inactive ribozyme control. Replication of HIV-1 SF2. which 

possessed a naturai mutation in the ribozyme cleavage site, was not inhibited (Yamada et al 

1 994a). 



Transduced CEMI1 74 cells expressing the tFW~""'-hairpin ribozyme targeted against a 

sequence spanning the U3lR region of SIVmac and HIV-2 RNAs were protected against 

infection by SIVmac239 (an SIV strain that replicates in T cells) or HIV-2 (strains NIHZ and 

KR) for up to 40 days post-infection. compared to untransduced cells or cells expressing the 

HIV-1 US ribozyme (Heusch et al 1996). Rhesus CD3J+ cells expressing this ribozyme gave rise 

to CD4+ T cells which were resistant to infection by SIVmacl39 for up to 30 days post-infection 

and to macrophage-like cells which were rrsistant to SIVmac3 16 (an SIV stnin which replicates 

in macrophages) for up to 20 days post-infection. compared to cells expressing the vector alone 

or the HIV- 1 US ribozyme (Rosenzweig et al 1997). 

iii. Sense and antisense RNAs 

The ~ R N A ~ ~ ' '  promoter has been used to express RRE and TAR RNA decoys as well as 

antisense RNAs to the HIV-I TAR region and the tut and rrv-coding regions. This promoter was 

also used to express either sense or antisense RNAs to the HIV-1 U3. R. U5. and i(i signal. The 

~ R N A , ~ ~ '  promoter was used to express an antisense RNA to HIV- I TAR. The following resuits 

were obtained. 

A ~ R N A ~ ~ ' '  promoter-driven 45-nt RRE decoy reduced HIV- 1 replication by 90% for up to 17 

days pst-infection (Lee et al 1992). A 13-nt minimal RRE decoy was then developed (Lee et al 

1994), which lacked binding sites for cellular factors. This minimal RRE decoy was stabilized by 

the addition of a stem loop at its 3' end and was expressed using a ~RNA,"" promoter with a 

functional 3' processing signal. This stabilized and processed minimal decoy inhibited HIV-1 

replication for up to 40 days pst-infection. Similady, a 60-nt TAR expressed fiom the tRNAiMet 

pmmoter protected cells against HN-1 ARVZ and SNmac251 for up to 20 days pst-infection 

(Sullenger et al 1990a). Addition of hairpin sequences upstrearn and downstrearn of the TAR 



decoy led to a 10- to 15-fold increase in transcript accumulation. Use of a ~ R N A , ~ "  promoter 

with processing sites to express this TAR decoy did not lead to inhibition in CEM cells for up to 

10 days post-infection. However. the maximum amount of virus produced by these cells at day 

17 was less than the amount of virus produced by control cells at day 24 (Lee et al 1995). 

Expression of a tRN~~~"-antisense TAR RNA inhibited up to 70% of HIV- 1 LTR-CAT 

(chlorarnphenicol acetyltransferase) gene expression in HeLa cells transkcied with HIV-1 LTR- 

Tat construct (Chuah et al 1994). WIV-1 MN replication in tmnsduced Sup Tl  cells expressing 

t ~ ~ ~ ~ ~ ' ' - a n t i s e n s e  TAR RNA was inhibited 97-100% for up to 78 days (m.0.i.. 0.00002) or 14 

days (m.0.i.. 0.0002). Co-expression in CEM cells of t R N ~ ~ ~ " - t u t  antisense and 

antisense RNAs resulted in >75% inhibition of tIIV-1 replication on day 6 post-infection. These 

antisense RNAs were found to be more effective than the corresponding sense RNAs (Junker et 

al 1994). 

In another study, antisense RNAs to HIV-1 rut and revîoding regions were expressed under 

the control of various promoters. Antisense RNAs expressed under control of the MMLV LTR 

promoter accurnulated at the highest levels compared io expression by the I-[IV- 1 LTR promoter 

or by the ~ R N A ~ ~ ' '  promoter inserted either before the nru genr or within the U3 region in the 3' 

LTR (Peng et al 1996). There was little or no expression observed from the expression cassettes 

inserted in the 3' LTR. However, stably transduced ce1 1s ex pressing the t ~ ~ ~ ~ ~ ~ ' - a n t i s e n s e  RNA 

from the 3' LTR inhibited HIV-I replication the best md were protected for up to 20 weeks. 

Thus, the observed inhibition may have been due to transcripts expressed from the LTR promoter 

present upstream of the ~ R N A ~ ~ ' '  promoter, or fiom other mechanisms aside fiom level of 

expression, such as colocalization of the tRN~,~"-antisense RNA with its target RNA or 

increased stability of the t ~ ~ ~ i ~ " - m t i s e n s e  RNA. 



The ~ R N A ~ ~ ' '  promoter was used to express sense RNAs containiny HIV-I R-US. U3-R-US. 

or mutant U3-R-U5 sequences and antisense RNAs against HIV-1 U3-R-U5 or U3-R-US-Y 

signal. Upon challenge with HIV-I NL4-3. Jurkat cells expressing both antisense RNAs and the 

U3-R-U5 sense RNA did not produce any progeny virus as judged by p24 enzyme linked 

immunosorbent assay (ELISA, for 20 weeks), immunofluorescence (for 9 weeks). or RT-PCR 

(for 14 weeks) (Peng et al 1997). Both types of RNAs were designed to interfere with reverse 

transcription; however. this was not demonstrated experimentally. 

In another study, the gene encoding ~RNA~'." was mutated such that the 3' region of ~RNA~[-!'. 

which normally binds to the HIV-1 PBS. would instead bind to the TAR region. The mutant 

tRNA (tRNAtiirD) should lead to the formation of defective. incomplete provirus DNA by $Ise 

priming during reverse transcription (Lu et al 1997). The tRNAtarD was s h o w  to compete with 

t~~ A 3 i - ~ s  for binding to reverse transcriptase and to prime reverse transcription at the TAR 

region. Stably transduced MT? cells expressing tRNAtarD delüyrd HIV-1 replication for up to 8 

days. compared to cells expressing vector sequences alone. It also inhibited Tat-mediated rrcm- 

activation of the Cil Tgene, suggesting that it c m  inhibit translation of TAR-containing mRNAs. 

iv. Combination RNAs 

A t ~ ~ ~ , ~ ~ ' h a m r n e r h e a d  ribozyme targeted against the U5 region was CO-expressed with 

either tut or rev antisense RNAs (Peng et al 1999). The combined intertèring RNAs were more 

potent at inhibiting virus replication when each RNA was cxpressed using a separate promoter 

(Peng et al 1999). Compared to cells expressing the chimeric ~ R N A ~ ~ * - U S  ribozyme-tut 

antisense RNA, transduced Jurkat cells which CO-expressed a ~ R N A ~ ~ " - U S  ribozyme and a 

t . R N ~ i ~ " - t ~ t  antisense RNA were protected 21 (m.o.i., 0.15)- to 32 (m.o.i., 0.05)-fold better. 

Similady, cells expressing a ~ R N A ~ ~ ~ ' - U ~  ribozyme and a tIUU~,~"-rev antisense RNA were 4 



(m.o.i., 0.15) to 7 (rn.o.i., 0.05) fold better protected than those expressing a chirneric ~RNA,~ ' ' -  

U5 ribozyme-rev antisense RNA. However, each interfering RNA (fur antisense RNA, rev 

antisense RNA. and U5 ribozyme) expressed individually under control of the ~RNA?" promoter 

conferred levels of inhibition similar or greater to that of CO-expressed U5 ribozyme-tut antisense 

RNA, or U5 ribozyme-rev antisense RNA. Presumably. the CO-expressed interferhg RNAs 

assumed a structure that obstructed the activity of each interfering RNA. Thus. interfering RNA 

genes, which are to be CO-expressed together, must be carefully screened in order to prevent this 

occurrence. 

The ~ R N A ~ '  promotet-based expression cassettes expressing a hairpin ribozyme targeted 

against the HIV-1 US region and a site overlapping the HIV-1 rev and env-coding regions were 

modified to include a minimal RRE (SLII). A triple copy vector has also been developed which 

contained the ~RNA""- U5 ribozyme-SLII expression cassette cloned in the 3' LTR and the other 

one between the two LTRs. 

The ~RNA""'u~ ribozyme-SLII expression cassette inhibitrd virus replication better than 

those expressing the ribozyme alone. the inactivated ribozyme plus SUI. or the inactive 

ribozyme alone (Yamada et ai 1996). In cocultivation experiments. virus production from 

~RNA""-US ribozyme-SLII RNA-expressing cells remained low for JO days post-infection. 

whereas virus production in control cells began on days 23-30. AHer 7h infection. the amount of 

provirus DNA in cells transduced with the ~ R N A ~ " - u ~  ribozyme-SLII expression cassette was 

117 and 1/3 of the provirus DNA in cells transduced with expression cassettes producing the 

inactive ribozyme with SLII or the ribozyme aione, respectively (Yarnada et al 1996). Thus. the 

~RNA"'-US ribozyme-SLII RNA seems to interfere with HIV replication upon virus entry pnor 

to integration. 



The triple copy vector expressing both ~RNA~'-US ribozyme-SLII RNA and t ~ ~ ~ ~ ~ - r r v i r n v  

ribozyme-SLII RNA produced a higher amount of RNA in Molt418 cells, compared to a single 

copy vector expressing the ~RNA"'-US ribozyme or a double copy vector expressing the 

~RNA""-US ribozyme-SLII RNA (Gervaix et al 1997a). Also. this vector conferred resistance to 

Molt4/8 cells against challenge with five HIV-1 clades (A. B. C. D and E) for up to 27 days post- 

infection (Gervaix et al 1997a). The activity of this triple copy vector was then demonstrated in 

monocyte/macrophage-like cells denved from transduced CD34+ cells of 5 HIV-1 infected 

individuals (Gervaix et al 1997b). Infection with HIV-I Bal stnin resulted in decreased p21 

antigen production for up to 28 days. compared to control cells expressing the vector donc. 

Unchallenged cells did not produce p24 antigen. thus ruling out any rndogenous HIV production 

by the cells (Gervaix et al 1997b). 

In addition to CO-expressing various interfrring RNAs. an interfrring RNA may also be CO- 

expressed with an mRNA encoding a protein. A vector was dcsigned to CO-express a ~ R N A , ~ " -  

ribozyme targeted against HIV-I RRE and an mRNA coding for a single chain variable tiagment 

against HIV-1 Rev protein (Duan et al 1997). This vector was able to protect SupTl cells and 

peripheral blood mononuclear cells (PBMCs) against challenge wi th H IV- I NL4-3 and a primary 

HIV-I isolate, respectively. A 0.5 to 1 .O log decrease in virus replication was observed. 

compared to SupTl and PBMCs expressing the single chain variable fragment alone. The 

combination vector was also tested for inhibition of virus replication in H9 cells chronically 

infected with HIV-1 IIIB. Virus production was inhibited by 75-84% compared to JO-50% 

inhibition by a vector expressing a tram dominant mutant Rev (M 10) and 18-27% inhibition by a 

vector expressing the t R N ~ ~ ~ ' ~ - n b o z ~ m e  alone (Duan et al 1997). 



3) Ad VA RNA promoter-based expression cassettes 

i Hammerhead riboqymes 

The Ad VA1 RNA promoter has been used to express hammerhead ribozymes against the 

HIV-I R region and against two sites within the HIV-I 5' leader sequence. Both ribozymes were 

cloned between box B and the RNA pol III terminator. 

An Ad VA1 RNA promoter-dnven expression cassette was designed to produce a 242-nt 

RNA containing a hammerhead ribozyme targeted against the HIV-1 R region (Ventun et al 

1993). This RNA failed to cleave HIV-1 RNA in vitro. This expression cassette was then 

modified to include the ribozyme target site upstrearn of the ribozyme. C'is cleavage of the 

primary transcript produced fiom this expression cassette resulted in a shorter. 92-nt RNA. which 

displayed ribozyme activity in vitro (Ventun et al 1993). However. both tvpes of ribozymes 

suppressed CAT activity in Jurkat. COS. and JP220 cells rapressing pLTR-CAT and pLTR-Tat 

(Ventura et al 1994). 

In another study, Ad VA1 RNA promoter-driven expression cassettes were designed to 

express monomeric hammerhead ribozymes targeted against the HIV-1 5' leader sequence 

(Prislei et al 1997). Sequences encoding ribozymes were cloned either by replacing part or most 

of the central domain region of Ad VA 1 RNA as this region does not intluence transcription. The 

ribozymes were active against the HIV target RNA in vitro. Vectors expressing these expression 

cassettes were then tested in X. laevis oocytes. Ribozymes produced in oocytes microinjected 

with these vectors could be imrnunoprecipiiated with La antibodies, suggesting that they 

maintained the overall organization of the VA1 ribonucleoprotein particle. Oocyte extracts 

containing proteins and RNAs were also used for tram cleavage reactions in vitro using a labeled 

HIV RNA substrate. The activities of the ribozymes present in the extracts were higher than the 

ones obtained from in vitro transcribed ribozymes, indicating that the extracts contained certain 



proteins that enhance ribozyme catalytic activity (Prislei et al 1997). Sequences encoding a 

ribozyme targeted against the HIV-1 5' leader sequence were also cloned at the 3' end of the 

central domain. just before the tenninator sequence. A stem-loop structure was added at the 3' 

end of the ribozyme to stabilize the transcript. However. the transcript was shown to be trimmrd. 

This RNA did not associate with the La protein and possessed a shon half-life in the nucleus and 

in the cytoplasm (Prislei et al 1997). Thus. for efficient expression. cloniny within the Ad VA1 

central domain should be preferred. 

ii. Hairpin riboqymes 

The Ad VA1 RNA promoter was used to express ribozymes against the HIV-I pol-coding 

region and the U5 region. The ~RNA'" promoter was also used to direct expression of the 

ribozyme targeted against the U5 region. 

Stably transduced Jurkat and MoIt418 cells expressing an Ad VA1 RNA promoter-driven 

hairpin ribozyme against the HIV-1 pu[-coding region were protected upon challenge with HIV-1 

HXB2 (m.0.i.. 0.01) for up to 12 (Jurkat cells) and 16 (Molt4/8 cells) days. The ribozyme also 

inhibited HIV-1 MN (m.o.i., 0.001) replication in Jurkat cells for up to 5 weeks post-infection 

(Yu et al I995b). 

Compared to the RNA pol II-driven p-actin promoter. expression of a ribozyme against the 5' 

HIV-1 U5 leader sequence from ~ R N A " ~  promoter or Ad VA1 RNA promoter yielded greater 

inhibition of HIV replication (Yu et al 1993). Upon transduction of CD34+ cells derived from 

human feial cord blood, progeny macrophage-like cells expressing the tRN~~"-riboz~me or Ad 

VAl-ribozyme were protected against challenge with HIV-1 Bal strain (Yu et al 1995a). 



ik Antbense RNA 

A 28-nt antisense RNA to rev, expressed as part of the central domain of Ad VA1 RNA 

(between box B and the RNA pol III terminator) represented up to 3% of cellular mRNA levels 

in CEM cells. HIV-I replication in cells expressing this antisense RNA was inhibited for the 3- 

month period tested (Cagnon et al 1995). 

4) U6 saRNA promoter-based expression cassettes 

Sense RNA 

A vector allowing the U6+19 promoter-dnven expression of HIV-2 TAR RNA decoy 

diminished trans-activation of CAT gene expression from pHIV-2-LTR-CAT in Jurkat cells 

when cotransfected with a vector expressing HIV-1 or HIV-2 rut gene (Browning et al 1999). 

When cotransfected with HIV-1 pNLJ-3 in 293 cells. the TAR RNA led to decreased virus 

production in a dose dependent manner. Similar results were obtained in U937 cells upon CO- 

transfection with pHXB3 (Browning et al 1999). 

b. Cancer gene tberapy 

Promoters for ~RNA,? ~RNA'". Ad VA RNA, and U6 snRNA have also been used to 

express ribozymes, sense RNA and antisense RNAs for cancer gene therapy. Sites that have been 

targeted include mRNAs coding for Ick and fin (Baier et al 1994). Mu2 (Shore et al 1993, 

Kuwabara et al 1997% Kuwabara et al 1998b). c-erbB-2, (Wiechen et al 1998), IGF-II (insulin- 

like growth factor) (Xu et al 1999), and EGFR (epidemal growth factor receptor) (He et al 

1998). The E7 gene of human papillomavirus (HPV type 16) has also been targeted as infection 

by this virus is associated with cervical carcinoma (He and Huang 1997). 



VII. CLINICAL TRIALS OF INTERFEIUNG RNAs ACAINST HIV-1 

Several interfering RNAs and interfering proteins have advanced to phase 1 and II clinical 

trials. Phase 1 clinical trials address the safety and feasibility of an anti-HIV- 1 ribozyme gene 

therapeutic approach, while phase 11 trials address whether ribozymes can impact on AlDS 

disease course (reviewed by James 1998). The first published report of a gene therapy study 

involved insertion of an altered rev gene that produces a TDM. Rev M10. into CD4+ T cells of 

HIV-infected patients. This TDM suppresses HIV replication by competing with the function of 

normal Rev protein. The cells expressing Rev M 10 demonstratcd a J- to 5-fold selective survival 

advantage. Retroviral-mediated transfer of the Rev M 1 O gene into C D3 J+ peripheral blood stem 

cells from HIV-I infected adults has been performed. However. no transduced cells could be 

detected in the circulation of patients after infusion (Bonyhiidi et al 1997). 

Therapeutic effect resulting from gene transfer into human hematopoietic stem cells. which 

are the ideal targets of HIV- 1 gene therapy. have not yet been achieved. Delivery systems. as well 

as improved intertèring RNAs and interfering proteins. therefore nced to be Further developed. 

The only RNA-ribozyme currently in clinical trial is a ~RNA'" hairpin ribozyme (see below). 

However. hammerhead ribozymes are more suitable for pne  delivery since. compared to the 

hairpin ribozyme catalytic domain (50 nts). the harnmerhead catalytic domain is smaller (22 nts), 

is better characterized. and imposes Fewer restraints on the target site (reviewed by Harnpel 1998. 

and Tanner 1999). 

A. Ribozymes 

1. Tnnsfer of  an anti-US ribozyme gene into CD4+ peripherol blood mononuclear cells of  

HIV-1 positive adults 

A phase 1 clinical trial of a ~RNA''-US hairpin ribozyme has been implemented wherein 

CD8-depleted PBMCs fiom six asyrnptomatic HTV-1 seropositive individuals were ûansduced 
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with a murine retroviral vector lacking or expressing a ~RNA~'-L~S hairpin ribozyme (Wong- 

Staal et al 1998). Vector-transduced cells could be detected by PCR in al1 subjects up to 24 

weeks, while ribozyme-transduced cells were detected in only one patient. This clinical trial is 

currently in progress. 

2. Transfer of an anti-tut ribozyme gene into CD4+ cells of HIV-I discordant twias 

A phase I clinical trial was set up involving 4-6 pairs of identical twins discordant for 

infection with HIV-1 (Cooper et al 1999. reviewed by Macpherson et al 1999). CD4+ PBLs from 

the uninfected twin were transduced with a murine retrovinl vector either lacking or expressing a 

ribozyme targeted against the HIV-1 rat-coding region. Genrtically marked cells will be detected 

by PCRs. Results have not yet been reponed. 

3. Transfer of  anti-tuf and anti-rev ribozyme genes into CD34+ peripheral blood stem cells 

of HIV-1 positive adults 

CD34-enriched cells from the peripheral blood of tive subjects were transduced with a murine 

retrovirai vector lacking or expressing ribozyme sequences against the HIV-I ttrr and rev-coding 

regions (Bauer et al 1997, reviewed by Engel and Kohn 1999). Cells fiom peripheral blood 

samples of two patients contained vector sequences in PBMCs a d o r  bone marrow at 6 months, 

but with a low fiequency (< 1 /100,000). Transduced cells could not be detected at 9 or 12 months 

pst-transfusion (Zia  et al 1998). Two patients were negative for vector sequences, while one 

was positive only at 4 months. Thus, transduction and engrahnent of long-lived stem cells did 

not take place. 

In another phase 1 snidy, rnobilized CD34+ stem cells fiom seven HIV-1 -positive individuals 

were transduced with either the control murine retroviral vector or a ribozyme vector targeted 



against the HIV-1 tut-coding region (Amado et al 1999, reviewed by Macpherson et al 1999). In 

four patients, transduced cells were detected in bone marrow and peri pheral blood granulocytes 

at four weeks, and in penpheral blood T cells and monocytes at twelve weeks (Amado et al 

1998). The study is still underway to detemine whether transduced cells expressing ribozymes 

possess a seiective survival advantage. 

4. Transfer of anti-tut and anti-rev ribozyme genes into CD34+ peripheral blood stem cells 

of adults with HIV-I and lymphoma 

In this phase LI study, peripheral blood stem cells from five HIV+ patients underping 

chemotherapy and stem ce11 transplantation for non-Hodgkin's lymphoma were transduced with a 

murine retroviral vector lacking or expressing ribozymes against the HIV-1 tut and rev-coding 

regions (Zaia FDA STUDY 2, reviewed by Engel and Kohn 1999). lnitial results showed 

detectable levels of vector-derived transcripts in PBMCs and granulocytes. Enduring rngnfiment 

of transduced CD34+ cells and production of ribozyme-expressing progeny cells remain to be 

determined. 

B. Antisense RNA 

Transfer of  antisense TAR and TDM Rev protein genes into CD4+ cells of HIV-I 

discordant hvins 

In a current phase VI1 clinical trial, CD4+ lymphocytes obtained from the uninfected identical 

twin of an HIV-infected patient were transduced with a murine retroviral vector expressing both 

a marker gene (neo) and anti-HIV-1 genes (antisense TAR and TDM Rev. Morgan and Walker 

1996, Bechtel NIW00783). This trial is currently underway, and results have not yet been 

reported. 



C. Decoy RNA 

Transfer of an RRE decoy gene into CD34+ cells from the bone marrow of HIV-1-positive 

children 

Cells fiom the bone marrow of four HIV-1 infected children were tmsduced with a murine 

retroviral vector encoding the neo gene. or encoding both an R E  decoy and the neo gene (Kohn 

et al 1999. reviewed by Engel and Kohn 1999). Transduction efficiencies as detemined by PCR. 

and by measdng the percentage of G4 1 8-resistant hematopoietic colonies. ranged from 7%- 

30%. However. cells expressing the RRE decoy were detected in peripheral blood only on the 

day aAer ce11 infusion. Transduced cells in peripheral blood samples that contain vrctor 

sequences one year after infusion occurred at a frequrncy of 11100.000. 



RATIONALE FOR PROJECT 

1. Cloniag within the anticodon loop 

We hypothesized that a lRNAAc-Rz (ribozyme cloned within the anticodon loop of a tRNA), 

as opposed to a iRNA-Rz (ribozyme cloned downstream of a tRNA), would provide a more 

compact and stable structure to the ribozyme due to its location within the tRNA. Since the 

tRNA itself possesses a compact and stable structure. it is likely to impart this phenotype to the 

ribozyme. 

II. Optimization of the linker sequences connecting the ribozymes 

Increased expression and stability of tRNAAc-Rzs are highl y desirable provided there is no 

structural constraint resulting in a decreased catalytic activity compared to a linear nbozyme. In 

tRNAAcks, structural constraint rnay arise from suboptimal length of nucleotides comecting 

the ribozyme to the M A .  The nucleotide composition of these linkers may also be important 

since potential base pairhg of tRNA sequences with ribozyme sequences could prevent 

hybridization of Rbo y m e  with its target sequence. 

Several studies have demonstrated that tRNA-ribozymes are not as active compared to a linear 

ribozyme. A t . R ~ ~ ~ ~ " - r i b o z ~ m e  against perforin mRNA (Du et al 1998). a t ~ ~ A i ~ * - r i b û z ~ m e  

against lck mRNA (Baier et al 1994), and tRN~~~*-based ribozymes against the HIV-1 leader 

sequence (Thompson et al 1995) demonstnited reduced catalytic activity in vitro compared to a 

linear, harnmerhead ribozyme. The in vitro activity of a t ~ ~ A ~ ~ * - r i b ~ ~ ~ e  against the A 2  gene 

of RNA coliphage SP (Yuyama et al 1992) was reduced by 30%. while a tRN~~~~-ribozyrne 

against CAT mRNA cleaved its target RNA less eficiently (38%) than the linear ribozyme (75%, 



Pemman et al 1995). The kinetic activity of the t ~ ~ ~ ' ' - b a s e d  ribozyme controls of the 

tRN~~~-min izymes  was also less than its linear counierpart (Kuwabara et al 1999). 

The design may be improved by modifying the linker sequences in the anticodon loop. These 

are the sequences that comect the ribozyme in the anticodon to the rest of the tRNA sequence. 

In the previous designs, the lengths of the linkea were not designed. and in some cases were 

based solely on the availability of restriction enzyme sites in the anticodon loop. These designs 

must have caused steric hindrance that affected ribozyme activity. The (RNA-ribozyme structure 

must have been constrained to an extent that the ribozyme was unable to hybridize to its targrt. 

This rnay explain why the constnict displayed a reduction in catalytic activity. 

The length and sequence of linkers connecting the ribozyme to the tRNA sequences upstream 

(5' linker) and downstream (3' linker) of the ribozyme may therefore be optimized. To identifi 

optimal lengths of 5' and 3' linkers. a selection strategy was used to isolate t ~ ~ ~ 3 ~ " - b a s e d  

hammerhead ribozymes, expressed as part of the anticodon loop of human ~ R N A ~ ~ " .  that were 

able to cleave a target site in cis (Fig. 7). These t ~ ~ ~ ~ ~ ~ ' - r i b o z ~ m e s  were isolated fiom a library. 

which was constntcted such that linket sequences connecting the ribozyme to the anticodon loop 

were of random sequence and variable length. The structure that contains the ideal combination 

of linkers should have k e n  able to recognize the target RNA more freely and therefore display 

catalytic activity. 

111. Use of ~ R N A J ~ ~ '  to express ribozymes 

Al1 tRNAAc-R.zs developed to date have utilized the ~ R N A ~ ~ ' '  and ~RNA- genes. A better 

alternative for HIV gene therapy is ~ R N A ~ ~ Y ' .  HIV-1 utilizes ~ R N A ~ ~ ' '  as a primer for reverse 

transcription, which is CO-packaged within virus particles. By using to express 

ribozymes, the virus may be "tricked" into packaging these chimeric 1RNAs. Being in such close 

proximity, the ribozymes will easily bind and cleave their target. For this reason, ~RNA~'''Ac- 
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FIG. 7. Overview of selection strategy for tRNAAc-Rzs. A ternplate DNA library containing 

the T7 promoter, the different tRNAAc-Rzs with 5' and 3' linkers of variable length and 

sequences. and the ribozyme target site was transcribed in vitro. Active tRNAx-Rzs are 

expected to cleave the ribozyme target site provided in cis. The 5' cleavage products (containing 

active tRNAAC-Rzs) were separated fiom the 3' products and uncleaved transcripts (containing 

inactive and less active tRNAAC-Rzs) by denaturing PAGE. The 5' cleavage products were 

eluted fiom the gel and used for RT-PCR Followed by cloning and chancierization. Enlarged 

view depicts the modified tRNA anticodon loop containing the ribozyme hybridized to its target 

sequence. Nucleotides 5'-CUU-3 ' and 5'-UAA-3' are part of the original ~RNA,~'' ant icodon. 

The dotted lines correspond to the 5' and 3' linkers, which varied in length and sequence. 

Ribozyme flanking sequences and the target sequences to which they bind are shown in srna11 

case. O denotes cleavage site. Ribozyme catalytic domain is shown in large case. + corresponds 

to the A to G mutation in the RNAAc-InRz. 



Rz target site 
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Figure 7. 



Rzs were developed in which a ribozyme targeted against human immunodeficiency virus 

(H1V)-1 em-coding region was inserted within the anticodon loop o f  human ~ R N A , ~ ~ ' .  The 

ribozyme inserted in the anticodon loop of ~ R N A ~ ~ ' '  should not be spliced out since this (RNA 

does not contain introns (Sprinzl et al 1989). The ~ R N A ~ ~ "  sequence was used with the intent of  

developing ribozymes which will cleave HIV-I RNA both within the ce11 and HIV-1 progeny. 



RESEARCH PROPOSAL 

1. DEVELOP IMPROVED MA SELECTION IN MTRO 

A.Design and in vitro selection stratogy 
B.Template DNA l i bn ry  encoding different tRNAncRu with 0-20 nt-long random 

sequence linkers 
C. Controls 

1. To  conf i ra greater occurrence of  c h  over t r m s  cleavage 
2. To confirm that tRNAAc-Rzs present in the library are able to cleave a target 

RNA in tram 
D. In vitro transcription of  DNA templates expressing tRNAasc-Rzs and cis cleavage 

reaction 
E.Cloning of  fielected tRNAAcRzs 
F.Characterization of selected tRNAAc-Rzs 

I. Electrophoretic mo bility of  tRNAAcRza transcribed in vitro 
2. Identification of active tRNAAcRzs allowing trans cleavage 
3. Lin ker sequeacw of selected tRNAAcRës 

a. 5' and 3' linkers of  each tRNA,icRz 
b. 3' l inken of tRNA,4cRm p m e a t  in the teinplate DNA library 

1. Kinetics of trans cleavage by selected tRNAtIcRzs 
5. Secondary structure of  sekcted tRNAAcRzs 
6. StabiYty of selected t R N A A c R ~  
7. RNA pol III-driven transcription from the tRNA promoter 

II. TEST RETROVIRAL VECTORS EXPRESSING tRNAAc-RZS FOR INHIB lT lON OF 
HIV-1 REPLICATION IN A HUMAN CD4+ LYMPHOID MT4 CELL LINE 

A. Developmeat of retroviral vectors expressing tRNA,\cRzs and various controls 
B. In vitro ckavage activities o f  tRNAAcRu and various controls cloned within the 

retroviral vector 
C. Development o f  poob of stable MT4 transductants expressing tRNAAcRzs and various 

con trols 
1. Establish stable transductants expressing tRNAAcRzs and various controls 
2. Confirm the presence of  proviral vector DNA within the cellular geaome 
3. Confirm tbe expression o f  tRNAAcRw and various controls 

D. HIV-1 susceptibility of  pools o f  stable MT4 tirnsductants 



MATERIALS AND METHODS 

1. PLASMIDS 

pUCMoTiN was previously constmcted in our laboratory (Joshi et al 1993). It is a MMLV- 

derived retroviral vector which contains a ik promoter dnving neo gene expression. Plasmids 

pSW2060 and pSW201 (obtained from S. Westaway and J. J. Rossi) contain the ~RNA?~"-  

coding region. pSW2060 also contains a T7 promoter upstream of ~ R N A ~ ' - ~ ~ .  pHEnv (obtained 

from A. Panganiban) contains HIV- I env-coding sequences. pM 1 3-Lys.3 (obtained fiom J.D. 

Rosenblatt, Lu et al 1997) contains the gene including sequences upstream and 

downstream of the coding region. pDTNP (obtained fiom from J.L Whitton, Gebhard et al 1997) 

contains a tmncated ~ R N A ~ ~ ' '  gene cloned between two divergently transcribed genes expressing 

P-galactosidase and neo. pGEM-RzEnv-Env (see Appendix A) contains a ribozyme targeted 

against HIV-1 rnv, and the env target site. cloned in cis within the 1ucZ-coding region of plasmid 

pGEM-42 

II. CELL LINES 

The y-2 packaging ceIl line (Mann et al 1983) contains the gag, pol and env genes of an 

ecotropic murine leukemia virus. In the PA3 17 packaging cell line (Miller and Bunimore 1986), 

the ecotropic em gene was replaced with the amphotropic env gene. In addition, the 5' end of the 

5' LTR has k e n  deleted, and the SV40 polyadenylation site has replaced the PPT and the 3' LTR. 

MT4 cells (obtained fiom D. Richman) are human T cells isolated tiom a patient with adult T- 

ce11 leukemia and are transformed by nature with HTLV-l (Pauwels et al 1987, Larder et al 

1989). HeLa-CDCLTR-P-gal cells, used for measuring the HIV- 1 titer, express high levels of 

CD4, and contain one integrated copy of the HIV-1 LTR linked to the p-galactosidase gene 
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- (Kimpton et al 1992). The MT4 ce11 line, HeLa-CD4-LTR-P-gal ceIl line, and HIV- 1 strain NL4- 

3 were received through the AIDS Research and Reference Reagent Program. Division of AIDS, 

NIAiD, NIH. 

III. SYNTHESIS OF PCR PRIMERS 

Al1 primen used for construction of the (RNAnc-Rz library were synthesized using the MiIlipore 

Expedite Nucleic Acid Synthesis System (Etobicoke, Canada) in a 0.05 pmole scale. The 

oligonucleotides were cleaved from the column by passing 1 ml of 30 % NHJOH along the 

colurnn at least 20 times using 5 ml slip-tip syringes. AAer a 45 min incubation at 37OC. the 

solution was passed through the column for another 20 times and the column was m e r  

incubated at 37OC for 45 min. The solution was collected in a screw-cap tube. heated overnight at 

5S°C. lyophilized and the precipitated primer was resuspended in water. Primers were also 

produced by GSD (Toronto. Canada). ACGT (Toronto, Canada) and HSC Biotech (Toronto, 

Canada). 

IV. 5' END LABELING OF PRIMERS AND RNAs 

RNAs (50-200 pmol) were first dephosphorylated using calf intestinal phosphatase (Boehringer 

Mannheim; Laval, Canada) in the presence of 1 mM ZnC12, 1 mM MgCl*, and 10 mM Tris-HCl 

(pH 8.3) for 1 h at 50°C. The mixture was extracied using an equal volume of 

phenol:choloroform:isoamyl alcohol (25:N: 1 ). RNA was precipitated using three volumes of 

100 % EtOH and 75 mM NaAc. The RNA was then resuspended in water and 5' end-labeled 

using polynucleotide kinase (Phannacia Biotech inc; Baie d'Urfé, Canada) in the presence of 10 

mM Tris-Ac @H 7.9, 10 mM MgAc, 50 mM KAc and [y-32~] ATP ((3000 Ci/mrnol; Ameaham 

Canada Ltd.; Oakville, Canada) for 30-120 min at 37OC. Primen (50 pmol) and 100 bp DNA 
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ladder (1 g ,  Life Technologies; Burlington, Canada) were labeled without pior 

dephosphorylation. 

V* PURIFICATION OF DNA AND RNA 

A. By agarose gel electrophoresis 

After ninning PCR products and DNA restriction fngments in 1-2 % agarose gels. bands were 

viewed under long wave UV light (365 MI) and excised fiom the gel with a blade. The DNA was 

electroeluted using elution blocks by running for 30 min at 70 V in elution buffer (0.02 M Tris- 

HCI [pH 8.01, 5 pM NaCl and 120 nM EDTA [pH 8.01). The DNA which precipitates with 100 

pl of 7.5 M N h A c  in the tunnel of the elution block was collected and precipitated ovemight 

using 1 ml of absolute EtOH at -20°C. The DNA was then collected afier centrifugation for 20 

min at 13000 x g, and the pellet was resuspended in water. 

B. By polyacry lamide gel electrophoresis (PACE) 

AAer r u ~ i n g  primers or RNAs on 8-10 % - 8 M urea polyacrylarnide gels, the DNA and RNA 

bands were excised and transferred to 1.5 ml Eppendorf tubes. The gel was crushed using a 

plastic pestle and the nucleic acid was eluted ovemight by shaking vigorously in 100 pl elution 

baer  (0.3 % SDS, 0.14 M NaCI, 0.05 M NaAc, pH 5.1) in a total of 400 pl. The supernatant 

was extracted once using an equd volume of pheno1:choloroform:isoarnyl alcohol(25:24: 1 ), and 

the nucleic acid was precipitated using 2 volumes of 100 % EtOH and 200 rnM NaAc. 

C. By Sephadex 

pUCMoTiN-based plasmids were purified using homemade spin columns before transfection. A 

1 ml syringe was plugged with glass wool and filled with Sephadex G-50 (Pharmacia Biotech 
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Inc.; Baie d'Urfé, Canada) suspended in TE buffer (pH 7.6). The syringe was placed in a 15 ml 

tube and spun for 3 min at 300 x g to remove the buffer. The syringe was again filled with slurry, 

and the step repeated until the Sephadex reached the 1 ml level of the syringe. The syringe was 

placed in a new 15 ml tube, and the sample was applied to the column. The colurnn was 

centrifuged for 3 min at 300 x g, and the eluate was collected. STE buffer (0.1 M NaCl. 10 m M  

Tns-HCI [pH 8.01, 1 mM EDTA [pH 8.01) was then applied to the coiumn. and the column was 

again centrifuged for 3 min at 300 x g. The two eluates were pooled. and the DNA was EtOH 

precipi tated. 

VI. PCRs 

PCRs were perfomed in a Perkin-Elmer Cetus Thermal Cycler using up to 20 ng of DNA 

template. 1.5 m M  MgCl?, 200 pM of dNTPs. 0.2 FM of each tonvard and reverse primer and 1-5 

units of T'q or Pfu polymerase in a final volume of 10-100 PL. The sample was overlaid with 

mineral oil and subjected to 30 cycles of denaturation ( 1  min. 95"C), annealing ( 1  min, 56"C), 

and extension ( 1  min. 72"C). Labeled PCR products were obtained by using a 5' end- labeled 

primer. 

For overlapping PCR(s), products (20-50 ng each) of preliminary PCRs were first EtOH 

precipitated and purified by agarose gel electrophoresis. The bands were excised from the gel, 

electroeluted and EtOH precipitated before serving as templates in subsequent PCRs. Conditions 

used were same as regular PCRs. 



Primers used for the construction of the template DNA library 

Primer 
a+ 

a 

b' 

b' 

c+ 

c1 17 GTCCGTG AAATTGACAG 
d' 3 8 AA TCGCAACTCATGACTCCCTCA contains Rz caialytic domain (bold) and flanking sequence 

l GCACGMCCAGCCG com~lementarv to HiV- I em (italics) 

Length 
17 

34-54 

34-54 

34 

38 

Sequence 
CGAGGCCCTlTCGTCTC 

ACTCATCAGTTGCGATTW]em- 
AAGTCTGATGCTCTACC 

GAGGACGAAACCAGCCGp]o.Z~- 
TAATC'KAGGGTCCAGG 

TCAAAAAAGGTACCCCGCCGTGG 
CGCCCGAACAG 
CGGGGTACC'TTMTïGAA'CTCGTA 
GCGGGAGAATGATA 

Description 
binds upwuun of ~ R N A , ~ ~ '  in SW2060, used for 
construction of the template DN A library 
for insertion of linker sequences upstream of the 
anticodon; ~ ~ ~ z O  denotes 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 
and 20 nt-long random (A, T, C or G )  sequence linkers 
for insertion of linker sequences downstream of the 
anticodon; denotes 0,2,4,6,8, 10, 12, 14, 16, 18 
and 20 nt-long random (A, T, C or G)  sequencr linkers , 
binds at 3' end of ~ R N A , ~ ~ ' ,  overlaps with ct primer 

binds upstrearn of the target site in pHEnv, overlaps with 
b' primer 



TABLE 28. 
Primers used for characterization 

Primer pG Sequence 
ATATCATATGTAATACCACTCAC 
TATACGGCGAGTGCAGAAAGAAT 
ATGC 
CTGATGAGTCCGTGAGGACGAA 
CGGCniG7'ï"ïCCTCCTCACCCA 
CTCATCAG'ITGCGATT 

AACCAGCCGGGGCACAAT 

TGGCGCCCGAACAGGGAC 
CGCGGATCCTAATACGACTCACT 
ATAGGGCGACGGCGGGGTACCTT 
TlTTG 

ATATATATAGGAZCTAATACGAC 
TCA~ATACgscccggatagctcagtcg 

ATATATATAGGA TCCgcccggatagctca 
Sc 

ATATATATAATCGAEGAWTCaaaa 
aaGGTACCCCGCC 

ATATATATCGAT-CGCCTCC 
TTTCGTCCTC 

ATATATAGATCTgtggcgcccgaacaggg 

GACGCCGGCTGGATGAT 

GATGGCCGCTTTGGTCC 
GCTCGTACTCTATAGGC 
ATATATATATAATACCACTCACT 
ATACCATGGCCGCTITGGTCC 
ATATATATATAATACGACTCACT 
ATACCCTCGTACTCTATAGGC 
CGAAAmMTACGACTCACTATA 
GTAAAACGACGGCCAGT 

Description 
binds upstrearn of  the target site in pHEnv, contains a T7 
promoter (Md) 

contains Rz catalytic ciornain 
contains the antixnse sequences of primer d'; Rz catalytic 
domain (bold) and fianking sequence complementary to 
HIV- I em (italics) 
for preparing the template used for transcription o f  the 5' 
cleavage product marker, binds just before the ribozyme 
target site in the ternplate DNA library, 
binds at 3' region of  ~RNA;~~'  
contains a T7 promoter, binds right afler the CCA tRNA 
sequence of the template DNA library, used to ampli@ 
the template for transcription of the Rz target sequence 
which was used for tram cleavage by the pool of 
~RNAA&zs 
contains BamH I (italics), TI promoter (bold) and tRNA 
(lowercase) sequences, used for PCR to generate DNA 
for cioning in pGEM4Z or in vitro transcription 
contains BamH I ( italics) and tRN A (lowercase) 
sequences, used for PCR to generate DNA for cloning in 
pUCMoTiN 
contains Clal, Sst 1, Kpn I sites (italics) and RNA pol III 
tenninator (iowercase), used for RT-PCR , for PCR to 
generate DNA for cloning in pUCMoTiNfpGEM4Z or in 
vitro transcription 
contains Clal (iialics), RNA pol III terminator (lowercase) 
w d  Rzb, (bold) sequences, used for PCR CO generate 
DNA for cloning bEDv into pUCMoTiN 
contains Bgi i l  (italics) and tRNA (lowercase) sequences, 
used for PCR to generate DNA for cloning ~ R N A ~ ~ "  into 
PUCMOTÏN-RZ~~~ 
binds upstream of Mo-F in pUCMoTiN, used with TI- 
Mo-R for generating the template used for transcribing 
the probe for RNase protections 
binds upstream of BamH 1 in pUCMoTiN 
bhds downstream of C i d  in pUCMoTiN 
Mo-F containing the T7 promoter (bold) 

Mo-R conîaining the T7 promoter (Md) 

binds to T7 promoter Wld) 
used for sequencing and for arnplifying the template 

- DNA library 



A. PCRs for synthesis of template DNA library encoding different ~RNAACRZS witb 0-20 

at-long nndom sequence linkers 

Template DNA library encoding tRNAAc-Rzs containing various linkers was constnicted by 

overlap PCRs. To investigate the effects of linkers on the activity of RNAAC-R~s. two sets of 

primers were designed. The a' set of prirners consists of 11  individually synthesized pnmers 

containing 0, 2.4, 6, 8, 10, 12, 14. 16, 18 and 20 nt-long linkers (Fig. 8A) which bind upstream 

of the anticodon. The b' set of primers consists of 11 individually synthesized primers containing 

0, 2, 4. 6, 8, 10. 12, 14, 16, 18 and 20 nt-long linkers (Fig. 8 4  which bind downstream of the 

anticodon. Equirnolar mixtures of primen a and b' (each containing the 1 1  dityerent primers) 

were prepared. The primen within each set possess the same 17 nts. which are complementary to 

tRNA sequences. and enablr them to hybridize to the trmplate during PCR. The primen within 

each set also contain the same 17 nts, which make up a portion of the ribozyme and its tlanking 

sequences. The primers differ in the length of the sequence located between the anticodon loop 

and the ribozyme flanking sequence. This varies in length from 0-20 nts. The a- primers are 

reverse primers which can be used in a PCR with primer a+. The b' primers are forward primers 

which can be used in a PCR with primer b'. Primer b' also contains 17 nts which are 

complementary to primer cc. Primer d' contains the entire ribozyme catalytic domain. and 8 nt 

flanking sequences complementary to either side of the cleavage site (Fig. 8A). pSW2060 was 

used to ampli@ the T7 promoter and 5' half of ~ R N A ~ ~ ~ ' ,  and pSWZO1 was used to amplify the 3' 

half of pSW2060 was used as a PCR template with a' (fonvard primer which binds 

upstream of the T7 promoter) and a-. pSW201 was used in a PCR with b+ and b- (reverse primer 

which binds at the 3' end of ~ R N A ~ ~ ~ ' ) .  The HIV-1 target sequence was amplified fiom the 

pHenv plasmid using c' and c @rimers which flank the riboyme target site, Fig. 8A). 



FIG. 8. Overlap PCRS to generate the template DNA library containing the T7 promoter, 

the different tRNAAcR2s and the ribozyme target sequence. A, The secondary structures of a- 

, b' and d' primen are shown. The doned lines in i and b' primen correspond to the 5' and 3' 

linken, respectively, which are of random sequence and range in length from O to 20 nts. The a' 

(lefi-hand side of the tRNA diagram), b' (right-hand side of the tRNA diagram). and d' primen 

are shown. A. B and C are products of regular PCR cycles. The templates used for products A 

(pSW2060) and B (pSWZOI), both containinp ~ R N A ~ ~ " .  were arnplified using a%' and b'/b' 

primer pairs. respectively. The template for product C (pHEnv) was amplified using c'le- 

primen. This product contains the tRNAAc-Rz target site. B. PCR products B and C were used as 

overlapping templates to generate product D (lanes D' are re-amplifications of product D). 

Product D was PCR amplificd using d'le' primers to generate product E. Products A and E were 

then used as overlapping templates with a%' primers to generate product F. the tRNAtIc-Rz 

template DNA library. This library consists of a 988- 1 O28 bp DNA population which contains 

the T7 promoter. the tRNAAc-Rzs ( ~ R N A ~ ~ ' '  with random-sequence. variable-length 5' and 3' 

linkers connecting the ribozyme to the anticodon loop) and the ribozyme targei site. The dotted 

lines correspond to the nucleotides incorporated by Taq polymerase afler annealing of the 

overlapping templates. M, $x 174-DNA Hue III marker. 
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The a'la' PCR product contains the T7 promoter, the 5' end of ~ R N A ~ ~ ~ ' .  the 5' region of the 

ribozyme, the 5' flanking sequence, and the 5' linken. The b'lb- PCR product contains the 3' end 

of ~ R N A ~ ~ Y ' ,  the 3' region of the ribozyme, the 3' flanking sequence. and the 3' linken (Fig. 8A). 

Because primer b' was designed to overlap with primer c'. PCR products resulting tiom the use 

of these primers would possess overlapping ends. These PCR products (b%' and c'lc') were used 

as templates in an overlapping PCR using primers b' and c*. The resulting PCR product was 

further amplified using 6 and c' primers. The product from this reaction was then used as an 

overlapping template, dong with the a'la' PCR product in a PCR using a' and c- p imen  (Fig. 

8B). This product was îùrther amplified using Usp (forward primer which binds upstream of the 

T7 promoter) and c' primer pair to generate enough DNA for in v i ~ o  transcription. 

B. PCRs for confirmation of the variability of linkers in the template DNA library and in 

each cloned tRNAAc-Rz 

The 3' linker region of the template DNA library was amplified using d' (fionvard pnmer which 

contains the ribozyme and flanking sequence) and b- (reverse primer which binds at the 3' end of 

~ R N A ~ ~ ~ ~ )  primer pain. or cat+ (forward primer which contains the ribozyme catalytic domain) 

and MM13 (reverse primer which binds to the 3' region of ~ R N A ~ ~ ' ' )  primer pain. Both d' and 

cat+ were 5' end-labeled to visualize the PCR products. The 3 linker regions of each individual 

tRNAAc-R.z was aiso arnplified using d+ and MM13 primer pairs. The ~RNAA~-Rzs including 

both 5' and 3' linker regions were amplified using primen MM 18 (forward primer which binds at 

the 5' end of tRNAAc-Rzs) and MM 1 3. 



C. PCRs to generate templates for in vitro transcription 

Al1 templates used for in vitro transcription were generated by PCR using a fonvard primer that 

contains a T7 promoter or binds upstrearn of a T7 promoter sequences present in a plasmid. 

These were then transcribed in vitro and used for tram cleavage reactions. 

The template DNA library was PCR amplified to generate templates enabling T7 promoter 

driven transcription of tRNAAc-Rzs using Usp (fonvard primer which binds upstrearn of the T7 

pmmoter) and MM1 3 (reverse primer which binds to the 3' end of tRNAAc-Rzs). The target 

RNA used to assess the trans cleavage ability of the pool of tRNA, . l~4zs  was amplified using 

MM15 (contains the T7 promoter sequence) and c- (binds downstream of the ribozyme target 

site) primer pair. 

To prepare linear ribozyme (Rz) containhg the ribozyme taqet site in cis. RzE,,-Env was 

amplified From pGEM-Rze,-Env (See Appendix A) using T7 (fonvard primer which binds to the 

T7 promoter) and Usp (reverse primer which binds downstrearn of the ribozyme target 

sequence). 

To prepare RNA used for tram cleavage reactions. various tRNAAc-R~~. tRNAAc-[nRz and 

~ R N A ~ ~ ~ ~  were each PCR amplified frorn the respective pGEM-JZ or pUCMoTiN-based 

plasmids using MM18 (binds at the 5' end of tRNAK-Rzs and contains the T7 promoter 

sequence) and MM13 (binds at the 3' end of tRNAAc-Rzs) primer pair. The linear Rz was PCR 

amplified fiom pGEM-RzEnV using T7 (binds to the T7 promoter sequence) and MM2 1 (binds to 

the 3' end of the ribozyme) primer pair, and arnpliried fiom pUCMoTiN-RzEnv using T7-Mo-F 

(contains the T7 promoter sequence) and MM2 1 primer pair. The downstrearn ribozyme, tRNA- 



Rz, was arnplified using MM1 8 and MM2 1. The target RNA was amplified from pHEnv using 

AR50 (binds upstream of the ribozyme target site and contains the T7 promoter sequence). and c- 

(binds downstrearn of  the ribozyme target site). 

The DNA template for a 5' product marker was prepared by PCR using the template DNA library 

as a PCR template, T7 primer (forward primer which binds to the T7 promoter) and MM12 

(primer which binds just before the ribozyme target site in the template DNA library). 

The template, which was used for trûnscribing the probe used for RNase protection. was obtained 

by PCR amplification of tRNAAC-Rz (010) sequences and surrounding retroviral vector 

sequences from the pUCMoTiN-tRNAAc-Rz (010) plasmid. The plasmid was first digested with 

Csp45 1 and used in a PCR with MM23 and T7-Mo-R primer pair. 

D. PCRs to genemte DNA used for cloning 

For cloning in pUCMoTiN. tRNAAC-Rz (010). tRNAtIc-Rz ( 2 0 ) .  tRNAAC-RZ (40). ~RNAAc-RZ 

@/O), tRNAAc-& (10/0), and tRNAAc-inRt sequences were PCR-arnplified from the respective 

pGEM4Z plasmids using MM19 (contains BumHI site) and MM20 (contains Ch1 site). The 

~ R N A ~ ~ ~ '  sequences were arnplified h m  pSWZO1 piasrnid using MM19 and MM72 (contains 

Bgl11 site). 

E. PCRs for confirming the identity of bacterial clones 

Upon cloning of tRNAAc-Rz~ within the BamHI and SstI sites of pGEM-42, correct clones were 

screened by PCR using T7 (forward primer which binds to the T7 promoter) and Usp (reverse 

primer which binds downstream of the ribozyme) which flank the cloning site. Correct clones 



demonstrated a PCR product (2275 bp) larger than the PCR product obtained from the parental 

pGEM-42 plasmid ( 134 bp). 

pUCMoTiN-RzE,, and pUCMoTiN-tRNA-Rz clones were screened by PCR using Mo-F and 

MM2 1 primer pair. The correct size products (79 nts and 162 nts) were observed in each case. 

F. PCRs for coalrming provirnl DNA integration within the cellular genome 

PCRs were performed to confirm the presence of proviral DNA within the cellular genome. 

Genomic DNA from transduced PA317 cells was used for PCR using Mo-F and Mo-R primer 

pair. 

VIL RT-PCR 

The RNA is first incubated with the reverse primer (100 ng) at 65*C for 10 min. Alter a 1 min 

incubation on ice, 75 units of RNA guard. 5 m M  DTT. 125 mM dNTPs. and 400 units MMLV 

RT (Life Technologies; Burlington, Canada) were added in the presence of lx RT buffer (Life 

Technologies; Burlington, Canada) containing 50 mM Tris-HC1 (pH 8.3). 75 mM KCI. and 3 

m M  MgCI2, to a total volume of 40 pl. The reaction mixture was incubated at 37'C for 1 h and 

then at 65'C for 10 min. 4 pl of the reaction mixture was then used in a PCR as described. 

The 5' cleavage products obtained after cis cleavage of the pool of tRNAAc-Rzs were reverse 

transcribed using MM20 primer (binds downstream of tRNAAc-Rz sequences and contains the 

RNA pol III terminator, Ch1 and Sstl sites). The cDNA was used as a PCR template with MM18 

(forward primer which binds at the 5' end of tRNAAcRn, contains a BamHI site and T7 



promoter) and MM20 pimers and cloned within the BamHI and Ssrl sites of the pGEM-4Z 

plasmid. 

To detect RNA pol II-transcribed RNAs, total RNA isolated from transduced PA317 and MT4 

cells were reverse transcribed using Mo-R or T7-Mo-R pnmers which bind to retroviral vector 

sequences downstream of RzEnv, tRNA-Rz. RNAnc-InRz and tRNAtIc-Rzs. The cDNA was 

then used in PCRs with Mo-F primer, which binds to retroviral vector sequences upstrearn of 

RzEnv. tRNA-Rz, tRNAAc-InRz. and tRNAAC-Eb. dong with Mo-F or T7-Mo-F primer. The 

RT-PCR products ( 10 pl) were then analyzed by 2 % agarose gel electrophoresis. 

To detect RNA pol III-transcribed RNAs. low rnolecular weight (LMW) RNA isolated from 

transduced MT4 cells was reverse transcribed using MM22 primer (binds to the 3' end repion of 

~ R N A ~ ~ ~ ' ) .  The cDNA was then used in PCRs with MM19 primer (binds to the 5' end region of 

~ R N A J ~ ~ ' )  and MM22 primer. The cDNA was also PCR-amplitied using MM 18 primer (contains 

the T7 promoter), and MM22 primer. The MM18/MM23 PCR product was transcribed in vitro 

as described and used for trans cleavage reactions. The presence of high rnolecular weight 

(HMW) RNA was detected by RT-PCR using Mo-F and T7-Mo-R primen. 

VIII. PRIMER EXTENSION 

Total RNA isolated from untransduced or transduced MT4 cells expressing tRNAAc-Rz (OIO), 

~RNAAc-Rz (2/0), tRNAAc-Rz (4/0), tRNAAc& @/O), RNAAc-Rz ( 1 0/0), tRNAAc-In& 

tRNA-Rz, linear Rz, and MoTiN was first incubated with the MM13 primer (50 ng) at 65°C for 

10 min. Mer a 1 min incubation on ice, lx  RT buffer (Life Technologies; Burlington, Canada) 

containing 50 mM Tris-HCI (pH 8.3), 75 mM KCI, and 3 mM &Cl2, DTT ( 5  mM), dTTP (50 



PM). dCTP (50 PM), dGTP (50 FM), dATP (5  FM), [cI-~~P] d4TP (3000 Ci/mmol: Amersham 

Canada Ltd.; Oakville, Canada), and MMLV RT (100 units; Life Technologies; Burlington, 

Canada) were added to a total volume of 10 pl. The reaction mixture was incubated at 37"C for 1 

h and then at 65OC for 10 min. Intemally labeled primer extension products were analyzed by 8 

M urea-8 % PAGE followed by exposure to a phosphor screen. 

Altematively, total RNA isolated from transduced MT4 cells expressing tRNA.4c-Rz (0/0) or 

MoTiN was incubated with a S'end-labeled d- primer. while transduced MT4 cells expressing 

tRNAnc-Rz (10/0) or MoTiN was incubated with the MM13 primer for interna1 labeling. The 

mixtures were incubated at 65°C for 10 min. 58°C for 20 min. and room temperature for 10 min. 

The extension was then performed at 42°C for 30 min aHer addition of the rest of the reagents 

including MMLV RT. 

IX. IN VITRO TRANSCRIPTION AND CO-TRANSCRIPTIONAL CIS CLEAVACE 

In vitro transcription of PCR products which possessed T7 promoters were performed in the 

presence of JO m M  Tris-CI (pH 8.0). 25 mM NaCl, 8 rnM MgCl?, 2 m M  spermidine. 5 mM 

DTT, 1 mM of each NTP and 200 units of T7 RNA polymerase (Li fe Technologies; Burlington, 

Canada) in a 100 pl reaction volume with or without addition of [ a - j 2p ]  UTP (3000 Cümmol; 

Amersham Canada Ltd.; Oakville, Canada). After 2 h incubation at 37OC, the reaction was 

stopped by digesting the template DNA with 5 units of RQI Nase-Free DNase (Promega Corp.; 

Madison, USA) for 10 min. The mixture was extracted once with water-saturated phenol and the 

RNA precipitated with 3 volumes of 100 % EtOH with 0.3 M NaAc pH 5.1. The transcnpts were 

then analyzed by 8 M urea-8 % PAGE followed by methylene blue staining. Labeled RNAs were 



visualized by exposure to a phosphor screen and scanning by Storm phosphorimager (Molecular 

Dynamics; Sunnyvale, USA). 

To select for active tRNAAc-Rzs, CO-transcriptional cis cleavage was performed by ut il izing the 

conditions used for in vitro transcription using PCR DNA in a reaction mixture of 100 pl. Cïs 

cleavage of the target sequence by the tRNAAc-Rzs occurred under the condition used for 

transcription, without further incubation or addition of reagents. To visualize the product to be 

eluted, transcription was performed in the presence of a labeled [ a - 3 2 ~ ]  UTP. 

To compare relative occurrence of cis and truns cleavage. in vitro transcription of RzEnv-Env was 

performed for 30. 60, 90 and 120 min using the same arnount of PCR DNA as templatr in the 

presence of a trans target RNA. 

To demonstrate RNA pol III-driven transcription of RNAAc-Rzs. pGEM4Z-based plasmids 

containing tRNAAc-Rzs, pM13-Lys.3 expressing ~ R N A ~ ~ ' "  and pDTNP cxpressing ~ R N A , ~ ~ '  

were each transcribed in vitro using HeLa nuclear extract (Promep Corp.: Madison. USA) 

following instructions provided by the supplier. Briefly, plasmids were incubated in the presence 

of [a-32~] UTP. 3 mM MgCl*, 1 pl of Z x  NTP. and 4 pl of extract in 25 pl total for 1 h at 30°C. 

Stop buffer (175 pl) pre-incubated to room temperature was then added. The mixture was 

extracted with water-saturated phenol and EtOH precipitated overnight at -20 O C .  The tmnscripts 

were analyzed by 8 M urea-8 % PAGE, and visualized by exposure to a phosphor screen and 

scanning by S tom phosphorimager (Molecular Dynamics; Sunnyvale. USA). 



Altematively, transcription was performed using MT4 cell extracts with 31 m M  N-2- 

hydroxyethylpiperazine-W-2-ethanesulfonic acid (HEPES. pH 7.9, 100 m M  KCI. 3 mM MgClz. 

1 mM DTT. 500 pM each NTP and % total volume of MT4 ce11 extract in the presence of [a-3'~] 

UTP. The mixture was incubated at 37°C for 3 h. followed by phenol extraction. RNAs were 

precipitated using 3 volumes of 100 % EtOH and 100 m M  NaAc. 

X. IN WTRO CLEAVAGE REACTIONS IN TRANS 

A. In vitro cleavage reactions using pooled tRNAAcRzs 

The pool of tRNAAc-Rzs and target RNA were combined in a reaction mixture ( 10 pl) containing 

40 mM Tris-CI (pH 8.0) and 10 mM NaCi. heated to 65OC for 5 min and coolrd to 37OC. The 

reaction was initiated by adding 20 m M  MgCl2. AAer incubation for 2 h at 37OC. the reaction 

was stopped by adding 5 mM EDTA. 

B. In vitro cleavage reactions using individual tRNAAcRzs 

To determine which arnong the twenty-one selected tRNAAc-ks were capable of rrms cleavage. 

reactions (5 pl) were performed for 2 h at 37°C using equal amounts (2 pg) of each IRNAAC-RZ. 

linear Rz and target RNA transcnbed in virro by T7 RNA polymerase. Reactions were also 

performed using [y-32~]-labeled target RNA (0.64 pmol) which was combined with each 

tRNAAc-Rz, linear Rz and t l 3 . N ~ ~ ~ ~ '  ((9.6 pmol). Initial rates of reaction by the tRNAnc-Rzs were 

determined by performing tram cleavage at 10 min. A tram cleavage reaction was also 

performed without prior denaturation of the ribozyme and target RNA at 65OC. 

TO determine the kinetics of cleavage reactions, each tRNAAcRz and linear Rz was incubated 

with [ ~ - ~ ~ ~ ] - l a b e l e d  target RNA in a tram cleavage reaction (36 pl) containing 60 pmol of each 
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tRNAAcRz and linear Rz and 6 pmol target RNA. Aliquots (containing 10 pmol of each 

RNAAc& and linear Rz and 1 pmol target RNA) were taken at various tirne points. 

To determine the kinetic constants of tRNAAc-Rz (10/0) and linear Rz, each ribozyme (0.25 

PM) was mixed with varying concentrations of target RNA (0.5 PM. 1 pM. 2 PM. 4 PM) and the 

trans cleavage reactions were performed as above for 5 min ai 37°C. Vo and VOIS were 

determined as descnbed in (Yu et al 1995b). Vo = arnount of product formed over time. S = 

substmte concentration. The Vo and Vo/S were calculated and plotted in an Eadie-Hofstee graph. 

To confinn rrans cleavage activity of RNA pol Ill-transcribed tRNA,lc-Rz ( 1 010). reactions ( 1 O pl) 

were performed b r  2 h at 37°C using unlabeled 333-nt tÿrget RNA (2 pg) and al1 of the resulting 

transcript obtained from transcription (25~1) of a plasmid expressing tRNAAc4b ( 1010) using 

HeLa nuclear exûact. Linear Rz was used as a positive control for the tram cleavage reaction. 

To confin truns cleavage activity of tR.NAAc-Rzs cloned in pUCMoTiN. tRNA,,c-Rz and 

wAAc-InRz were mscnbed in vitro from PCR DNA templates arnplifed from each 

pUCMoTiN-based plasmid. Al1 of the transcripts which resulted fiom each transcription reaction 

(25 pl) were used in tram cleavage reactions (5  pl) with the target RNA for 2 h at 37'C. 

Cleavage products were analyzed by 8 M urea-8 % PAGE followed by rnethylene blue staining. 

Tram cleavage reactions which utilized a labeled target RNA were analyzed by 8 M urea-8 % 

PAGE followed by exposure io a phosphor screen and scanning by Storm phosphorimager 

(Molecular Dynamics; Sunnyvale, USA). The amount of target RNA cleaved was determined by 

measuring band intensities using ImageQuant software (Molecular Dynamics; Sunnyvale, USA). 



XI. CLONING 

Ligation reactions were performed using 1 unit of T4 DNA ligase (Life Technologies; 

Buriington, Canada), 1 x T4 ligase buffer. 1000-fold excess of insert to vector DNA in a 10-20 pl 

volume. DNA inserts obtained by PCR amplification were digested with the appropriate 

restriction enzymes and were either purified or used directly aAer phenol:chloroforrn:isoamyl 

alcohol extraction (2524: 1) and EtOH precipitation. Incubations were performed at 23'C for 1 h 

or at 4OC for 2 days. The ligation mixture was pre-incubated for 5 min at 55°C to denature buth 

vector and insert, followed by 10 min annealing at room temperature. before ligase was added. 

Ligation controls were included which consisted of the digested vector alone. T4 liyase and 

ligase buffer. 

A. Cloning of tRNAAcRzs in pCEM-JZ vector 

PCR products resulting fiom amplification of the reverse-transcribed 5' cleavap products using 

MM18 and MM20 pnmers were digested with BarnHi and Ssrl and cloned at the sarne sites 

within pGEM4Z. Plasmid DNA from thirty-four individual colonies were isolated and screened 

by PCR. Cultures of the twenty-three clones identified to be correct by PCR were then re- 

streaked on agar plates. Plasmid DNA isolated from single colonies were further screened by Apu 

I digestion. Twenty-one clones which possessed a single .4pu 1 site lacking in the parental 

pGEM4Z plasmid demonstrated the correct restriction enqme pattern. 

B. Cloniog of tRNAAcRu and controls in pUCMoTiN vector 

PCR products resulting from amplification of tR.NAAc-Rz~ and &NAAc-InRz tiorn the 

individual pGEM-42 plasmids using MM19 and MM20 primen were digested with BamHI and 

CIaI and cloned at the sarne sites within the retroviral vector pUC MoTiN downstrearn of the neo 



gene. Plasmid DNA isolated from ampicillin and kanamycin resistant colonies were screened by 

restriction enzyme analysis using Sstl. Clones expressing tRNAAC-Rzs were also sequenced. 

The linear Rz control was amplified from PGEM-RZ~~, using T7 (fonvard primer which binds 

upstream of the BamHI site in pGEM-42) and MM2 I (reverse primer which contains a C%I site). 

The linear Rz was cloned within the BumHI and C'hl sites of pUCMoTiN to generate 

pUCMoTiN-RzEnV. The downstream ribozyme control. downstream-Rz. w u  constructed by 

cloning ~ R N A ~ ~ ' '  at a BamHI site upçtrearn of kEnv in pUCMoTiN-RzEnv. resultiny in 

pUCMoTiN-tRNA-Rz. 

XII. TRANSFORMATION OF COMPETENT CELLS 

Competent cells used for transformation were prepared as follows. A single colony of E. d i  

(DHSa) was picked from an agar plate and grown overnight in 10 ml of Luria-Bertani (LB) 

medium at 37OC. The overnight culture was then transferred to 500 ml of LB containing 15 mM 

MgC12 and grown until the O.DSmO reached 0.4-0.6. The cells were pellrted by centrifugation at 

850 x g at 4 O C  for 20 min, and were resuspended in 150 ml of Solution A containing 10 mM 

MnCI24H20, 50 mM CaC12, and 10 mM MES (2-N-Morpholinoethanesulfonic acid. pH 6.3). 

After a 20 min incubation on ice, the cells were recovered by centrifugation at 850 x g at J°C for 

15 min and resuspended in 30 ml of Solution A containing 15 % glycerol. Aliquots of the 

cornpetent cells were stored in 1.5 ml tubes at -70 OC. 

The ligation mix and plasmid controls were added to 25-100 pl of competent cells thawed on ice 

for 30 min. Mer a 30 min incubation on ice, the cells were heat-shocked for 2 min at 42*C, and 

then incubated on ice for 5 min. After adding 250-500 pl of LB, the celis were grown for 1 h at 
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37OC. The ce11 culture was then spread on LB agar plates containing the appropriate drug (50 

pglml ampicillin andor 30 pg/ml kanarnycin), along with 5-bromo-4-chloro-3-indolyl-~D- 

galactoside (X-gal, 800 pg), and isopropy lthio-B-D-galactoside (IPTG, 0.4 pmo 1). and grown 

ovemight at 37 OC. 

XIII. LARGE-SCALE AND SMALL SCALE PLASMID DNA ISOLATION 

Plasmid DNA used for analysis were isolated as described in Sambrook et al 1989. Single 

colonies were grown in 5 ml of LB containing the appropriate antibiotic ovemight at 37OC. The 

cells (1.5 ml) were pelleted by s p i ~ i n g  For 1 min at 1 1 O00 x g. and resuspended in 100 pl of ice- 

cold Solution 1 (25 mM Tris-Cl [pH 8.01. 10 m M  EDTA [pH 8.01. 50 mM glucose). The celis 

were lysed by gently mixing with 200 pl of freshly prepared Solution II (O.? N NaOH. 1 % SDS). 

AAer a 5 min incubation on ice, 150 pl of ice-cold Solution 111 (3 M KAc. 1 1.5 % CH3COOH) 

was added. Cell debris and genomic DNA were precipitated by incubation on ice for 5 min. and 

pelleted by centrifugation for 10 min at 13000 x g. The supematant was extracted with an equal 

volume of phenol:chloroform:isoarnyl alcohol(25:24: 1 ). and collected by centrifugation at 13000 

x g for 1 min. This step was repeated using an equal volume of chloroform:isoamyl alcohol 

(24: 1). The DNA was precipitated from the supematant by adding 0.3 M NaAc and two volumes 

of EtOH followed by 1 h incubation at -20°C. The DNA was then pelleted by centrifugation for 

20 min at 13000 x g, washed using 500 pl 70 % EtOH, and resuspended in water. 

Plasmid DNA used for transfection were isolated as follows. Single colonies were grown 

overnight in 10 ml of LB medium at 37OC in the presence of appropriate antibiotic. The 

ovemight cultures were then tnuisferred to 1L LB with antibiotic and grown ovemight. The next 

&y, cells were pelleted by centrifugation at 18000 x g at 4°C for 15 min, and were resuspended 



in 14 ml of TE buffer (pH 8.0) containing 15 % sucrose. AAer transfemng the cells in a 250 ml 

flask, 4 ml of 0.5 M EDTA (pH 8.0) and 2.25 ml of tieshly prepared egg white lysozyme (12 

mg/ml in STE buffer) were added. The cells were incubated at 3 7°C with gentle shaking (75rpm) 

for 30 min. After adding 2.25 ml of 10 % SDS, the incubation was continued for another 6 min. 

6.5 ml of 5 M NaCl was then added, and the cells were inclibated on ice for 4 h. with gentle 

shaking every 30 min. The viscous pellet was transferred to a 30 ml tube and centrifuged for 1 h 

at 250 x g at 4OC. The DNA was precipitated from the supematant with two volumes of 

isopropanol ovemight at -20°C. The next day. the DNA was pelleted by centrifugation for 15 min 

at 1100 x g at 4OC, dried. and resuspended in 9.4 ml TE bufter (pH 8.0). AHer adding I l  g of 

CsCl, and 100 pl of ethidiurn bromide (10 rnglml). the mixture was centrifuged for 5 min at 650 

x g at room temperature. The supematant was collected and cleared of cellular debris by 

centrifugation for another 5 min at 650 x g. The supematant was transkrred to a quick seal tube 

and centnfuged at 270000 x g ovemight. The next day. the DNA band was collected usine a 5 ml 

syringe. and extracted several times with an equd volume of n-butanol saturated with 5 M NaCl 

in TE buffer (pH 8.0) until the bottom phase v~as  clear. The supernatant was then collected, 

measured and 2 volumes of TE buffer (pH 8.0) was added. The DNA was precipitated by adding 

2 volumes of cold 100 % EtOH, and incubating at -20°C for 1 h. The DNA was pelleted by 

centrifugation for 15 min at 18000 x g, and washed with 10 ml of 70 % EtOH. The DNA pellet 

was dried and resuspended in water. 

For screening colonies by PCR, 100 pl of ce11 cultures were boiied for 10 min, and the 

supematants were cleared of ce11 debris by spiming for 10 sec at 13000 x g. 1 pl supematant was 

then used as a template in a 10 pl PCR. 



XIV. PLASMlD DNA SEQUENCING 

Plasmid DNA was sequenced using the Pharmacia T7~equencing Kit (Pharmacia Biotech Inc.; 

Baie d'Urfé, Canada) following instructions provided by the supplier. Briefly. 1.5-2 pg of 

plasmid DNA was denatured at 65'C using 1 M NaOH in the presence of the Usp primer (reverse 

primer which binds downstrearn of the ribozyme target sequence). The primer was allowed to 

anneal to the template by addition of 1 M HCI and 2 pl annealing buffer. The annealed template 

and primer was then labeled with [a-"PI dCTP (3000 Ci/mmol: Amersharn Canada Ltd.; 

Oakville, Canada) using T7 DNA polymerase. Aliquots of the labeled DNA were transferred 

into 4 tubes, each containing a mixture of al1 four nts (MTP. dGTP. dTTP. dCTP) and one type 

of dideoxynucleotide (either ddATP. ddGTP. ddTTP. ddCTP). After incubation at 37°C For 5 

min, the reaction was stopped by adding 5 pl of stop solution containing 98 % Formamide. 10 

mM EDTA (pH 8.0). 0.025 % xylene cyanol. and 0.025 % bromophenol blue. The reaction 

products (3 pl) were then analyzed by 8 M urea - 6 % PAGE. Bands were visualized by using X- 

ray film (Kodak; Toronto. Canada). 

XV. STABILITY MEASUREMENTS 

MT4 ceIl lysate was prepared by a method described by Weil et al ( 1979). MT4 cells (5 x 1 0') 

were spun for 5 min at 800 x g and washed with PBS. The packed ce11 volume estimated to be 

300 pl was washed with 1 ml hypotonic buffer containing 10 m M  HEPES (pH 7.9), 10 mm KCI. 

1.5 mM MgCl* and 0.5 mM DTT. The ce11 pellet was then resuspended in twice the packed ce11 

volume (600 pl) of hypotonic buffer. The cells were transferred to a 2 ml Dounce tissue ginder 

(Kontes; Mississauga, Canada) and allowed to swell for 10 min on ice. Cells were lysed by 10-1 5 

strokes of pestle B (Kontes; Mississauga, Canada). AAer addition of one-tenth volume (90 pl) of 

a solution containing 0.3 M HEPES (pH 7.9), 1.4 M KCl and 0.03 M MgCl*, the lysate was 
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centrifuged at 100,000 x g for 60 min. The supernatant was then stored with 10 % glycerol in - 
70' C. Protein concentration was determined from a standard curve obtained by measuring the 

of protein standards (Bio-Rad; Richmond. USA). 

To determine the arnount of lysate to use. control experirnents were perfomed using 10.000 cpm 

of tRNAAc-Rz (010) incubated with 12.5 pg/ml, 125 pdml. 250 pdml. 500 pdml. and 1.75 

mgml of ce11 lysate. The sarne Rz was also incubatrd without any lysate for 5 and 10 min to test 

for degradation in the absence of proteins. 

The relative stability of labeled RNAtlc-Rzs (16.400 cpm each) tmnscribed in vitro using T7 

RNA polymerase was exarnined for up to 3 h at 30°C in the presence of MT4 cell lysates (500 

pg/ml). Aliquots were taken at O min. 10 min. 70 min. 1 h. 2 h and 3 h. and the reactions were 

stopped by adding an equal volume of buffer containing 80 % tonnamide, 10 m M  EDTA. 1 

mg/ml xylene cyanol FF. I mglm1 bromophenol blue and 1 mgml yeast tRNA. Samples were 

kept on dry ice until the 1 s t  incubation and then analyzed by 8 M urea-8 % PAGE followed by 

exposure to a phosphor screen and scanning by Storm phosphorimager (Molecular Dynamics: 

Sunnyvale, USA). The amount of intact RNA remaining was detennined by measuring band 

intensities using ImageQunt software (Molecular Dynamics; Sumyvale. USA). 

S tability of tRNAAc-Rz (0/0), tRNAAc-Rz (20) tRNAAc-Rz (410), tRNAAC-Rz (8/0), tRNA.4c- 

Rz (10/0), and wt tRNA were also measured using 8000 cpms of each RNA. MT4 cell lysate 

(500 pg/mi) was added to al1 of the RNAs, which were incubated separately for 0. 10,10 and 60 

min at 30°C. M e r  incubation, equal volume of buffer containing 10 mM EDTA (pH 7.5) in 

deionized fornamide was added. Samples were then analyzed by 8 M - 8 % PAGE and either 



exposed to an XAR X-ray film (Kodak; Toronto, Canada) or to a phosphor screen. Band 

intensities were quanti fied as described. 

XVI. RNase PROTECTION ANALYSIS 

The probe used for RNase protection was obtained upon in vitro transcription of the MM23/T7- 

Mo-R PCR product amplified fiom linearized ~UCMOT~N-~RNA.~'-RZ (010). To set up the 

conditions for RNase protection, the antisense probe (80 pmol) and in vitro transcribed tRNAtIc- 

Rz (1010) (160 pmol) were mixed in the presence of 29 pl of hybridization buffer containing 80 

% formamide, 0.1 % SDS, 40 mM piperazine-N.N'-bis [î-ethmesulfonic acid] disodium salt 

(PIPES. pH 6.4). 1 mM EDTA and 400 mM NaCl. After 2 min incubation at 85°C. the mixture 

was vortexed briefly. spun, and incubated at 52OC overnight. The next day. 350 11 of RNase 

mixture coniaining 10 mM Tris-HCI (pH 7.5). 5 mM EDTA. 300 mM NaCl. 40 pg RNase A. and 

2 pg RNase Tl was added. AAer incubation for 1 h at 30°C. the Nases  were inactivated by 

addition of 20 pl 10 % SDS, and IO pl of lOrng/ml proteinase K at 37°C for 30 min. The mixture 

was then extracted with an equal volume of water-saturated phenol. and the nucleic acids were 

precipitated with 100 % EtOH. 

Total RNA (200-900 ng) fiom untransduced, and msduced  MT4 cells expressing 1RNAAC-Rz 

(OIO), tRNA*c-Rz @/O) ~RNAAc-Rz (410), tRNAAc-RZ (8/0), tRNAAc-Rz (lOIO), tRNAAcInRz 

W A - R z ,  linear Rz, and MoTiN were each used in RNase protections with the antisense probe 

under the conditions described above. 



XWI. DEVELOPMENT OF ECOTROPIC AND AMPHOTROPIC RETROVIRAL 

VECTOR PARTICLES 

The ecotropic v-2 packaging ce11 line was transfected with pUCMoTiN, pUCMoTiN-Rz, 

pUCMoTiN-tRNA-Rz, pUCMoTiN-tRNAAc-lnRz and each pUCMoTiN-tRNAAc-Rz. Twenty- 

four hours prior to transfection. 2 x lo5 ecotropic W-2 packaging cells were seeded in 60-mm 

plates. A solution containing 1-5 pg of DNA and 250 mM CaClz in a total volume of 250 pi was 

added dropwise to 250 pl of 2x HEPES-buffered saline (HBS) containing 280 mM NaCl. 50 mM 

HEPES (pH 7.05) and 1.5 m M  Na2HP04. The mixture was incubated for 30 min at room 

temperature to allow precipitate Formation. AAer a 30 min incubation at room temperature. the 

precipitate was added dropwise to the ce11 monolayer and incubated for 16 h at 37°C and 5 % CO2. 

The cells were washed with PBS and allowed to grow undcr normal conditions for 1 day. The cells 

were then trypsinized. transferred to 100-mm plates. and grown in selective medium (a-MEM. 10 

% FCS and 200 pg/ml G4 18) until colonies were clearly visualized. After determining the number 

of resistant colonies, the cells were washed with PBS. trypsinized. reseeded and amplified in 

selective medium. 

The vector particles released from pools of v-2 transductants were used to transduce the 

amphotropic PA3 17 packaging ce11 line. Twenty-four hours prior to vector particle collection. the 

cells were washed and maintained in non-selective media. Vector particles were collected by 

filtering the culture medium through a 0.2 pn filter and stored at -70°C. 2 r 105 amphotropic 

PA3 17 packaging cells were transduced by using 500 pl of ecotropic vector particles and 8 pg/ml 

polybrene in 1 ml DMEM containing 10 % fetal calf serum. M e r  2 h, 4 ml of medium was 

added, and selection as descnbed for the v-2 cells was applied. The amphotropic vector particles 

released h m  the pooled PA3 17 transductants were collected and fkozen at -70°C. 



XVIII. STABLE TRGNSDUCTION OF HUMAN C D ~ '  LYMPHOID MT4 CELL LINE 

WITH RETROVIRAL VECTOR PARTICLES EXPRESSING VARIOUS RIBOZYMES 

MT4 cells (2 x lob) were tninsduced with 1 ml of amphotropic vector particles in the presence of 

8 pglml polybrene for 2 h at 37OC and 5 % COr in 60-mm petn dishes. Fresh RPMI-1640 (4 ml) 

was then added and the cells were grown ovemight. The next day. the transduced cells were 

centrifuged for 5 min at 200 x g and resuspended in 10 ml of selective medium (RPMI- 1640. 10 

% calf serum, 2 mM L-glutamine, 1 r antibiotic/antimycotic. 400 pg/ml G4 18) and transferred to 

50 ml flasks. Half of the medium was removed and replaced with fresh selective medium every 

3-4 days. The stable transductants were selected within 2 1-28 days. Pools of G418 resistant 

stable MT4 transductants lackinp or expressing various tRNA..lc-Rzs and controls were then 

selected and analyzed without cloning. 

MX. TRANSDUCTION OF PEMPHERAL BLOOD LYMPHOCYTES 

Human PBLs were isolated from blood obtained from a healthy donor using a Ficoll-Hypaque 

gradient (Pharmacia Biotech Inc: Baie d'Ur& Canada). PBLs were washed once with PBS and 

grown ac a density of 1 x 1 o6 cells/ml in RPMI 1640 medium containing 10 % FBS. 20 units/ml 

IL-2 (Boetuinger Mannheim; Laval, Canada). and 5 pg/ml phytohemagglutinin (Sigma; St. 

Louis, USA) for 24 h. The suspension cells were collected and grown for 2 more days. PBLs ( 1  x 

10') cells were then mixed with amphotropic vector particles ( 1  ml), 20 unitslrnl IL-2, 16 pglrnl 

polybrene, and centrifuged for 1 h at 200 x g. After centrifugation. the cells were grown 

ovemight. The transduction was repeated a total of 3 times. After the third transduction, the cells 

were grown for 1 day in RPMI 1640 medium containing 10 % FBS and 20 unitdm1 IL-2. 

Selective medium containing 1 rng/ml G418 was then added. 



XX. GENOMIC DNA ISOLATION 

Transfected W-2, or transduced PA3 17 and MT4 cells (5 mls cell suspension without counting) 

were washed with PBS twice and lysed using 350 pl Solution D containing 4 M guanidium 

isothiocyanate, 25 mM sodium citrate and 0.5 % sarcosyl. 350 pl phenol:choloroform:isomyl 

alcohol (2224: 1)  and 35 pl 3 M NaAc. The aqueous phase collected after spinning for 1 min at 

13000 x g was M e r  extracted with 350 pl chloroform:isoarnyl alcohol (24: 1). Nucleic acid was 

precipitated at -20°C for 30 min using 350 p1 of ice-cold isopropanol. 

XXI. CELLULAR RNA ISOLATION 

Total RNA h m  stable MT4 transductants lacking or expressing various tRNAx-Rzs. ~RNAAÇ- 

InRz and other controls were isolated using the acid guanidium thiocyanate-p henol-chloro fomi 

extraction described by Chornczynski and Sacchi (1987). After lysing cells by vonexing in the 

presence of 700 pl Solution D. the ceIl lysate was extracted using 10 pl of 2-mercaptoethanol 

(ME), 700 pl water-saturated phenol. 280 pl chloroform:isoamyl alcohol (24: 1 )  and 70 p1 2 M 

NaAc pH 4.0. The mixture was incubated on ice for 10 min and then centrifuged for 10 min at 

1100 x g. The aqueous phase was collected and further extracted with 700 pl chlorofom:isoamyl 

alcohol(24: 1). AAer s p i ~ i n g  for 5 min at 13000 x g, the nucleic acid was precipitated from the 

aqueous phase using 700 p1 of isopropanol for 1 h at -20°C. The pellet was washed once with 

500 pl of 70 % EtOH, dried and resuspended in 3 1 pl of water. 

Any residual DNA was digested for 15 min at 37°C using 4 units of RNase-Free DNase (Promega 

Corp.; Madison, USA) in the presence of 20 m M  MgCl? and 10 m M  DTT. The digestion mixture 

was then extracted with 300 pi Solution D, 5 pl 2-ME, 350 pI water-saturated phenol, 140 pl 



chloroform:isoamyl alcohol (241) and 35 pl 2 M NaAc pH 4.0. AAer spinning for 5 min at 

13000 x g, the aqueous phase was collected and further extracted with 700 pl 

chloroform:isoamyl alcohol (24:l). The nucleic acid was then precipitated from the aqueous 

phase using 700 pl of isopropanol for 1 h at -20°C. The pellet was washed once with 500 pl of 70 

% EtOH, dned and resuspended in 20-40 pl of water. 

Alternatively, cellular RNA was isolated using by using the RNNDNA kit (Qiagen: Santa 

Clarita, USA) following instructions fiom the supplier. This kit allows sequent ial isolation of 

LMW RNA, HMW RNA and DNA from animal cells. MT4 cells were pelleted by centrifugation 

at 300 x g for 5 min, and lysed using 500 pl buffer QRLl containing guanidium thiocyanate and 

0.1 M 2-ME. The sample was vortexed for 10 sec and homogenized by passing 3-4 x through an 

18-gauge needle. Proteins were precipitated by adding 500 pl bufir  QRVI .  and rliminated by 

centrifugation for 20 min at 15000 x g. The supernatant was collected. and the nucleic acids were 

precipitated using 800 pl ice-cold isopropanol for 5 min on ice. The nucleic acids were pelleted 

by centrifugation for 30 min at 15000 x g, and resuspended in 150 pl butTer QRLl by heating for 

3 min at 60°C followed by vortexing for 5 sec. After adding 1.35 ml buffer QRVZ. the sample 

was centrifugeci for 5 min at 5000 x g to remove undissolved particles. The sarnple was then 

applied to a Qiagen-tip that has k e n  equilibrated with buffer QRE. ARer washing contarninants 

away using 2 ml b a e r  QRW, LMW RNA was eluted with 1 ml buffer QRWZ containing 750 

mM NaCl, 50 mM MOPS (pH 7.0), and 15 % EtOH. HMW RNA was then eluted using 1 ml 

b d e r  QRU preheated at 4S°C. LMW and HMW RNA were precipitated for 10 min on ice using 

equal volume of icecold isopropanol. RNAs were then pelleted by centrifugation for 30 min at 

15000 x g, washed twice with 500 pl 70 % EtOH, dried and resuspended in water. 



XXII. DETERMINATION OF HIV-1 TITER BY AN INFECTIVITY ASSAY 

HeLa-CM-LTR-P-gal cells were grown ovemight in 12-well plaies at 8 x 10" cells per well in 

DMEM with 10 % calf serurn. The next day. the medium was removed. and the cells were 

incubated with 5 pl or 50 pl of the viral stock in a total volume of 300 pl in the presence of 30 

pg/ml DEAE-dextran (Pharmacia Biotech Inc; Baie d'Urfé. Canada) for 2 h at 3 7 O C .  The plate 

was gently rocked eveiy 30-45 min. Aîler incubation. 1 ml DMEM with 10 % calf senim was 

added. and the cells were grown for 2 days. The cells were then tixed ai room temperature for 5 

min with 2 ml of a solution containing 1 % fomaldehyde and 0.2 % glutaraldehyde in PBS. The 

cells were washed 3 x with PBS. and stained for 50 min at 37°C with 500 pl of a solution 

containing 4 m M  KiFe(CN)6, 4 rnM &Fe(CN)6. 2 mM MgCl?. and 0.4 mgml X-gal. After 

washing 3 x with PBS. the number of blue cells was counted using an inverted microscope ai 

1 OOx magni fication. 

XXIII. HIV-1 SUSCEPTIBILITY OF STABLE MT4 TRANSDUCTANTS 

The pools of stable MT4 transductants lacking or expressing various tRNA,lc-Rzs. tRNAfIc- 

InRz, M A - R z ,  and iinear Rz were each infected with HIV- 1 strain NL3-3 (Adachi et al 1986) 

as described previously (64, 65, Cohli et ul.. 1994). A 2 ml cell culture of actively dividing MT4 

cells (2 x 106 cells/ml) expressing the ribozymes were infected with HIV-I strain NLJ-3 at a 

multiplicity of infection (m.0.i.) of 0.1 and 1 at room temperature for 2 h. The cells were pelleted, 

washed 3 times with PBS, resuspended in 3 ml of medium. transferred to 12-well plates and 

allowed to grow at 37'C. Every 3 days, a 1 ml sample containing cells and medium fiom each 

infected ce11 culture was removed fiozen at -70°C and replaced with fresh complete medium to a 

total of 3 mls. After day 30, the fiozen samples were thawed and centrifuged at 250 x g for 5 



min. The amount of HIV-1 p24 antigen present in the ce11 culture supematants was detennined 

by a p24 ELISA kit (Abboa; Chicago, USA). 



RESULTS 

1. DEVELOP IMPROMD ~ R N A ~ ~ ~ ' ~ ~ R ~  VIA SELECTION IN MTRO 

A.Design and in vitro selection strategy 

A population of tRNAAc-Rzs that contained 5' and 3' linkers comecting the ribozyme to the 

anticodon loop was generated. Each RNA within this population contained the IWAJ' '' with the 

ribozyme and the flanking sequence as well as the ribozyme target site. However. each RNA 

varied in the length and sequence of 5' and 3' linkers comecting the ribozyme and its flanking 

sequences to the anticodon loop within the The 5' and the 3' linkers ranged in size 

from O to 20 nucleotides and possessed random sequences. These linken varied in length with an 

incrernent of two, providing eleven different lrngths of 5' linkers that could combine with any of 

the eleven 3' linkers. The three nuclrotides on aither side of the anticodon loop (5'-CUU-3' and 

5'-UAA-3') were retained and not counted as part of the 5' or 3' linker (Fig. 7). 

The ribozyme target site was provided in cis with enough nucleotides between the ~RNAA~-Rz 

and the target site to allow hybridization. It was hypothesized that this design would allow 

tR.NAAc-Rzs which contain the ideal combinations of linkers to freely recognize and cleave the 

target site in cis. As the fiequency of cis cleavage is expected to be much greater than that of 

tram cleavage, the 5' cleavage products should mainly consist of active ~RNAA~-Rzs. 

Active tRNAAcRzs that allow cis cleavage of the downstream target site could be easily 

separated from the uncleaved or inactive ribozymes. These tRNAAc-Ru were cloned and 

characterized to determine whether they (i) cm cleave a target RNA in rrans. (ii) maintain 

cataiytic activity similar to that of a linear ribozyme, (iii) are as stable as wild type ~ R N A J ~ ~ ' ,  (iv) 

retain promoter elements (appropriate distance between boxes A and B) that permit RNA p l  1i.i- 



driven transcription, and (v) inhibit HIV-1 replication in a CD4+ human T ce11 line compared to 

an inactive tRNA-ribozyme or the vector alone without a ribozyme. 

The ribozyme used for in vitro selection was targeted against a highly conserved region within 

the env-coding region of HIV-I RNA. The choice of this target site was based on previous in 

vitro cornparisons of ribozymes (Ramezani and Soshi, 1 996). However. once the structures whic h 

are advantageous to ribozyme cleavage are determined. tRNAfIc-Rzs could be easily designed to 

target other RNAs. 

B. Template DNA library encoding difiennt tRNAaacRzs with 0-20 nt-long random 

sequence lin kers 

Six PCRs were perfomed to construct the template DNA library (Fig. 88). First-round PCR 

products were used as overlapping PCR templates in order to obtain the final PCR products 

which were 988-1028 bp. Each template in this population contained a T7 promoter, a ~ R N A A ~ -  

Etz with random-sequence, variable-length 5' and 3' linken in the ~ R N A ~ ' . ~ '  anticodon loop. and 

the ribozyme target site. 

C. Controls 

1. To confirm greater occurrence of  cis over tmns ckavage 

Although the tRNAAc-Rzs and the ribozyme target site were placed in cis such that the 

ribozyme would be able to cleave its target site. the ribozyme can also hybndize and cleave in 

tram a target site located in another RNA. Because the in vitro selection strategy was dependent 

on an active tRNAAC-R~ cleaving its target site in cis, it must be ensured that trans-cleavage was 

not taking place under the experimental conditions utilized. To verify that the 5' cleavage product 

would correspond to active tRNAAc-R~~ cleaving in cis, a cleavage reaction was performed 
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wherein both cis and tram target sites were provided to the ribozyme. U pon in vitro transcription 

of PCR products containing R~E,-Env. RzEnv should cleave the ribozyme target site located 

downstrearn. A target RNA was provided during in vitro transcription which lacked a cis acting 

ribozyme and could only be cleaved as a result of tram cleavage. This target RNA was designed 

such that if it were cleaved, the trans cleavage products would possess sizes different from the 

products of cis cleavage. 

Upon analysis of the in vitro transcription reaction products by PAGE. 5' (73 nts) and 3' (62 

nts) cis cleavage products were observed (Fig. 9). No 5' (163 nts) and 3' (1 70 nts) truns cleavage 

products could be detected. Because RzEnv was equally capable of cleaving the ribozyme target 

site present within the same RNA or in another RNA, under the conditions used and for in vitro 

transcription (in the absence of a separate tram cleavage reaction) the cleavage products muet be 

resulting fiom cis cleavage. 

2. To confirm that ~RNAAcRzs present in the librrry are able to clerve a target RNA in 

trans 

Although selection was based on the cis cleavage ability of active tRNAAC-Rzs. the selected 

tRNAAc-R~~ would be eventually used to cleave target RNAs in truns. Thus. before proceeding 

to selection. the pool of tRNAAc-Rzs (1 13-1 53 nts) and the ribozyme target RNA (434 nts) were 

separately transcribed and used in a ~ans-cleavage reaction. Both the 5' (264 nts) and 3' (170 

nts) tram cleavage products were observed (Fig. 10). This result confirmed that the tRNAAC-Rz~ 

present in the template DNA library could cleave the target RNA in tram. The extra band 

corresponding to the 3' cleavage product may have resulted fiom cleavage of premature 

transcription products. 



Fie. 9. Ch vs tmns ckavage by tRNAAcRzs transcribed from the template DNA libray. 

PCR DNA was used for in vitro transcription incubated at increasing tirne intervals (0.5. 1 .  1.5 or 

2 h). The target RNA (333 nts) containing the ribozyme target site was added to each 

transcription mixture. The full-length transcript (135 nts) dong with the 5' (73 nts) and 3' (62 nts) 

cis cleavage products were detected, but not the products (170 nts and 163 nts) which would 

result ftom tram cleavage. T. target RNA alone. The uncleaved target RNA in lane "O.5h" and 5' 

cleavage prduct in Iane "2h have been excised fiom the gel and used for subsequent 

experiments. 
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FIG. 10. Abiüty of  the pool o f  tRNAAcRv tnnscribeâ from the template DNA libmty to 

cleave the targct RNA in irons. The "P-labeled target RNA (434 nts) was cleaved by the 

tRNAAc-R~~  and resulted in 5' (264 nts) and 3' (170 nts) cleavage products. The lower band of 

the two 3' cleavage products may have resulted fiom cleavage of premature transcription 

products. -, target RNA by itselfi +. t m  cleavage reaction. 
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Figure 10. 



De ln vitro transcription of DNA templates expressing ~ R N A A ~ R z s  and cis cleavage 

reaction 

In order to identify the 5' cis cleavage products resulting frorn cis cleavage, a 5' product size 

marker was prepared as follows. The region in the template DNA library fforn the T7 promoter to 

the r iborne cleavage site (Fig. 11A) was PCR-amplified and in vitro transcnbed. The resulting 

ûanscript would then correspond in size to the 5' cleavage products. 

The tRNAAC-Rz template DNA library was transcribed in vitro resulting in a pool of RNAs 

each containing a tRNAAc-Rz and the ribozyme target site. As show previously. active tRNAAc- 

Rzs capable of cleaving the target site in cis were able to do so during in vitro transcription. 

Cleavage products were observed upon analysis of the in vitro transcripts by PAGE (Fig. 11 B). 

The rnajonty of the 5' cleavage products must have resulted from cis cleavage by the RNAAc- 

Rzs of the target sequence present in the same RNA molecule. and not from truns cleavage by 

RNAAc-Rzs present in another RNA molecule. The band corresponding to the 5' cleavage 

products which CO-migrated with the 5' product marker was cut. and the RNA eluted and stored 

at -20°C (Fig. 12). 

E.Cloning of selected tRNAACRu 

M e r  elution, the 5' cleavage products were RT-PCR amplified and cloned in pGEM4Z. 

Clones were screened by PCR and by restriction enzyme analysis. Twenty-one independent 

clones containing different tRNAAC-Rz~ with variable linkers were isolated (Table 3). 



FIG. 11. Isolation of active tRNAAcRz~ resulting from cis cleavage of ~ R N A A ~ R z s  

transcribeà from the template DNA library. -4, A marker was prepared which would 

correspond in size to the 5' cleavage products upon transcription and cis cleavage of the template 

DNA library. The 5' cleavage products correspond to the region starting from the 5' end of the 

RNA where transcription was initiated, and ending at the cieavage site (O). PCR primers were 

therefore designed which hybridized to the T7 promoter sequence (T7 primer) and to sequences 

just before the cleavage site (MM 12). The resulting PCR product was then transcribed in vitro. B, 

In vitro cis cleavage by the pool of tRNAAc-Rzs. The 5' product marker (373-413 nts) 

corresponding to the size of the expected product was analyzed in parallel. The 3' cleavage 

products ran out of the gel and are therefore not visible. 



Uncleaved RNA (543-583 nts) 

tRNAAc-R~ (373413 na){ 5' Product 
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Figure 11. 



Fie. 12. Conversion o f  the isolated tRNAAcRzs into double-stranded DNA. The pool of 

selected ~RNAAc-Rzs present in the 5' cleavage products was reverse-transcribed using MM20 

primer. The RT-PCR product is shown. The cDNA was then PCR amplified using MM 181MM20 

primer pair and cloned in the pGEM4Z plasmid. 
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TMLE 3. 
Length, sequence and relative cleavage activicy of various tRNAA(-Rzs 

Type Linker length and sequence 
5' 3' 

Relative 
cleavage 

t RN AAr Rit (010) 
tRNAAc-k (20) 

tRNAArRz (410) 

tRNAACRz (8/0) 
tRN AACRz ( 1 010) 
tRNAArRz (1 6/0) 

activity ** 
0.48 6 

2 

5 

1 
1 
1 

) Linear r iboyme 1 I 1 NA 1 NA 1 1 .O0 1 

tRNAArRz (8E) 
tRN A Ac Rz (616) 

*Clones selected for M e r  characterization. For tRNAAc-RZ (0/0), one among the six clones was used for fimher 
experiments. 

O* 
2 (CU)* 
2 (GA) 
4 (CUCA)* 
4 (AGGC) 
4 (CGAC) 
4 (GGCA) 
4 (CCCC) 
8 (AGAACCAC)' 
IO (ACCACCCGAU)* 
16 (CCACCAACAAAAUCCA) 

**Tram deavage reactions were performed for I O  min at 37OC as described in the Materials and Methods. 
Relative cleavage activity was then determined by normalizing these values to the % target RNA cleaved by the 
linear ribozyme, which was 38%. 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

NA,Not applicable. 

1 
1 

2 (AU) 
6 (UAUUUU) 

8 (GCCAAUUU)* 
6 (AACAAU)* 

0.33 
0.45 



F.Characterization of selected tRNAAcRzs 

1. Ekctrophontic mobility of tRNAAcRzs transcribed in vitro 

The tRNAAc-Rzs fiom the selected clones were transcribed in vitro and analyzed by PAGE 

(Fig. 13). The tRNAAc-Rzs possessed variable sizes due to the different linken present in each 

RNAAc-Rz. The smaller transcript present in each sample could have resulted from transcription 

of shorter PCR products. Transcripts expressing linear ribozyme and the target RNA 

were also produced. 

2. Identification of active tRNAAC-ks allowing tram cbavage 

The tRNAnc-Rzs, linear ribozyme and ~ R N A  were eac h incu bated wi t h equimolar amounts 

of the urûabeled target RNA to allow tram cleavage for 2h (Fig. 14A). Al1 of the cloned ~RNAAc- 

Rzs were active except for two which failed to cleave. The truns cleavage reactions were also 

performed using a [y-32~]-labeled target RNA (Fig. 14B). Al1 of the tRNAAc-Rzs. except for the 

two inactive ones (clones 2 and 3), were also able to cleave the labeled target RNA. To compare 

initial rates of cleavage among al1 tRNAAc-R~s. tram cleavage reactions were performed for 10 

min (Fig. 1 5, Table 3). Variable rates were observed of initial cleavage were observed. 

3. Linker sequeoces o f  selecteà tRNAAcRzs 

a. 5' and 3' linken of each tRNAACRz 

Plasmid DNA fiom each clone was used as a template for a PCR using primen which would 

allow quick identification of the lengths of the 5' and 3' linkers present in each RNAAc-Rz. Upon 

amplification of the 3' linker region of tRNAAC-Rzs present in the template DNA libraiy, bands 

of identical size were observed, indicating that al1 possessed 3' linkers of the sarne length (data 

not shown). Upon amplification of tRNAAc-Rzs includhg both 5' and 3' linker regions, bands of 

1 O7 



FIG. 13. Dif'ferent tRNAACRw transcribed from various clones. The t R N A ~ c - k s  were PCR- 

amplified, transcribed in vitro and analyzed by PAGE. The tRNAnc-Rzs possessed variable sizes 

due to the different linkers present in each. The numben above each lane correspond to the clone 

number of the respective tRNAAc-Rz. M. 0.16-1.77 kb RNA ladder. 



Figure 13. 



FE. 14. Trans cleavage reactions using tRNAAcRu traoscribed from the tRNAAcRz 

clones. A, Transcripts containing each cioned tRNAAC-Rz ( 1  13-1 53 nts) and target RNA (333 

nts) were pmduced by in vitro transcription of PCR ampli tied templates containing the T7 

promoter. Cleavage products were analyzed by PAGE. RNA bands were visualized by staining 

with methylene blue. T. target RNA. B, Trans cleavage reactions were perfonned using a [a-'*PI 

5'-end labeled target and unlabeled tRNAAc-Rzs. WT, wild type ~ R N A ~ ' . ~ '  incubated with the 

target RNA. L. linear hammerhead ribozyme incubated with the target RNA. The numbers above 

each lane in A and B correspond to the clone number of the respective RNAAc-Rz. 
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Figure 14A. 





FIG. 15. Initial rates of irons cleavage for tRNA:tcRzs. Initial rates of cleavage by various 

tRNAAc-Rzs were measured by performing tram cleavage reactions for 10 min. The numbers 

above each lane correspond to the clone number of the respective tRNA*&z. 
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Figure 15. 



variable sizes were observed (data not show). Since al1 of the 3' linkers were of the sarne length, 

the variable size must be due to 5' linkers of different lengths. 

These results were confirmed upon sequencing of the tRNAAc-Rzs (Table 3). Sixteen 

tRNAAc-Rzs were found not to possess 3' linkers. These were classified based on the length of 

the 5' linken as tRNAAc-Rz (O/O). RNAAc-Rz (210). tRNAAc-Rz (4/0). tRNAt~c-Rz (810). 

tRNAAc-Rz (10/0) and tRNAAc-Rz (16/0). The tRNAAc-ks with 5' linkers of a given length 

were not identical as these linken varied in their sequence composition (Table 3). Two ~RNAAc- 

Rzs possessed 8/2 and 616 nt-long 5' and 3' linkers. The two inactive tRNAAc-Rzs (clones 2 and 

3) that f ~ l e d  to cleave contained mutations (Fig. 7) in one of the conserved residues of the 

ribozyme catalytic domain. One possessed a deletion in the stem loop II region of the 

hammerhead catalytic domain and was not analyzed further. 

b. 3' linkers of tRNAticRw present in the template DNA library 

In order to determine whether the absence of 3' linken was due to lack of variability. the 3' 

linker regions of the tRNAAC-Rzs in the template DNA library were amplified. Products of 

different sizes were O bserved upon PAGE (Fig. 1 6). This confirmed that the absence of 3' linkers 

in the cloned tRNAAc-Rzs was due to the selection procedure, and not preferential amplification 

of a 3' linker length during construction of the template DNA library. 

4. Kinetics of tram cleavage by selected tRNAAcRzs 

~RNAA~-Rz (0/0), tRNAAc-Rz (2/0), tRNAAc-Rz (410), tRNAAcRz (810) and iRNAA(-Rz 

(1010) with 0, 2, 4, 8 and 10 nt-long 5' linkers (Table 3) were each used in a trans cleavage 

reaction. A linear riboyme and ~ R N A ~ ~ ~  sewed as positive and negative controls, respectively. 



Fm. 16. Length of tbe 3' linkers of tRNAAcRzs preseat in the template DNA library. The 3' 

linker regions of the tRNAnc-Rzs in the template DNA library were amplified using ~ a t '  and 

MM 13 primer pair. Lane 1, 1 O bp ladder. Lane 2. PCR amplification. 



PCR produeu 

Figure 16. 



Compared to the linear ribozyme, each tRNAAc-Rz cleaved a similar amount of total target RNA 

by 5 h (Fig. 17A). The tRNAAc-Rz (0/0) without any linkers demonstrated the slowest rate of 

cleavage. Al1 the other t.RNAAcRzs possessed similar initial rates of cleavage. This experiment 

was repeated at l e s t  twice with similar results. 

The tR.NAAc-Rzs with 3' linkers, tRNAAc-Rz (8Q) and tRNAAc-R~ (616) were also used in 

tram cleavage reactions. Both of these ~RNAAc-Rzs demonstrated cleavage rates lower than that 

observed for the linear ribozyme (Fig. 17B). In addition. tRNAAc-Rz (8/2) with a 2 nt-long 3' 

linker possessed a cleavage rate lower than that of (RNAAc-Rz ($/O) which does not contain a 3' 

linker (Fig. 17A). 

To fùrther compare the catalytic activities of the linear ribozyme and tRNAAC-Rzs. trms 

cleavage reactions were perfonned using the sarne amount of either linear ribozyme or tRNAAc- 

Rz (10/0) but with varying concentrations of target RNA. The kinetic constants for borh the 

linear ribozyme and RNAAc-Rz (1010) were very similar (Fig. 18). 

5. Secondary structure of selected t R N A A c R ~  

The program mfold (Mathews et al 1999, Zuker et al 1999) was used to predict the secondary 

structure of RNAAc-Rzs. (Fig. 19). This program was capable of predicting the cloverleaf 

structure of ~ R N A ~ ~ Y ' .  There was no correlation with tram cleavage ability and the structure of 

tRNAAc-Rzs. tRNAAc-Rz (0/0), tRNAAc-Rz (UO), and ~R.NAA~-RZ (8/0) possessed similar 

structures. while tRNAAc-Rz (4/0), tRNAAcRz (10/0), ~RNAAc-Rz (80). and tRNAAc-Rr (616) 

possessed structures similar to the wt ~ R N A ~ ~ " .  



F~G. 17. Kinetics of tram cleavage reactions for tRNA,icRza. Truns cleavage kinetics for 

tRNAAc-Rzs with 5' linkers (A) or with 3' linkers (B). Aliquots were taken at the indicated time 

intervais and analyzed by PAGE. The intensities of the uncleaved and cleaved products were 

measured using a Phosphorimager. % Tram cleavage = cleavage product / uncleaved target RNA 

x 100. 
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Fig. 18. Eadie-Hofstee plot for Linear Rz and tRNAAc-Rz (10/0). Tmns cleavage reactions 

using 0.25 FM of each ribozyme and increasing amounts of [a-32~1-labeled target RNA were 

perfomed for 5 min. Products were analyzed by 8 M urea-8 % PAGE followed by exposure to a 

phosphor screen. Band intensities of uncleaved RNA and cleavage products were measured using 

Imagequant software. Vo and VOIS were calculated and plotted. 
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FIG. 19. Secondary structures of seleeted tRNAttc-Rzs. The mfold program was used to render 

secondary structural models of tRNAAc-Rz (0/0). RNAAc-& (30). tRNAAc-Rz (410). ~RNAAc- 

Rz (810). lRNAAc-Rz ( 1  0/0), tRNAAc-InRz. tRNAAc-R~ (817). and tRNAAc-Rz (616). The 8-nt 5' 

and 8-nt 3' flanking sequences of the ribozyme are crosshatched. The 5' and 3' linker regions are 

also indicated by brackets. The calculated energy is shown underneath each structure. 



Figure 19. 



6. Stability of  selected tRNAAcRw 

To compare the stability of 32~-labeled tWAAc-Rzs with 32~-labeled ~ R N A , ~ ?  tRNAAc-Rz 

(OIO), tRNAAc-Rz (1010) and ~ R N A ~ ~ ~ ~  were each incubated with a cell Iysate (500 pglml) 

obtained fiom MT4 cells, a human CD4+ T ce11 line, and the reactions were stopped using a 

buffer containing unlabeled yeast tRNA followed by chilling on dry ice. Both ~RNAK-Rz (010) 

and tRNAAc-Rz (1010) appeared to be very stable (Fig. 20). The half-lives of ~RNAK-Rz (010). 

tRNAAc-Rz (1010) and ~ R N A ~ ~ P  in the presence of MT4 ce11 lysate were 50 min, 80 min and 25 

min, respectively. tRNAAc-Rz (1010) was also incubated in the absence of cell lysate for up to 10 

min. No RNA degradation was observed. Furthemore, tRNAnc-Rzs used for truns cleavage 

reactions for 2 hrs also remained intact when analyzed by PAGE (Fig. IJA). 

This experiment has also been performed wherein the reactions were not stopped completely 

using a buffer which contained 5 mM EDTA followed by incubation on ice. Under these 

conditions. the RNAs were degraded rapidly (data not show). even afier the reaction was 

stopped. In this instance, half-lives could not be compared between different ~RNAA~-Rzs and 

~ R N A ~ ~ ~ ' .  may have appeared to be more stable at 10 min compared to the tRNAAc- 

Rzs; however, since the degradation reactions were not perfomed at the same time, this may 

have been due to less actual incubation time in the ce11 lysate. Nevertheless. the result of this 

expenment showed that extent of degradation of al1 tRNAAc-Rzs and ~ R N A ~ ~ ' '  was still 

comparable. Thus, insertion of ribozyme sequences in the anticodon loop did not decrease the 

inherent stability of ~ R N A ~ ~ " .  

7. RNA pol IIl4rh.cn transcription from the tRNA promoter 

Plasmids containing tRNAAc-Rzs and ~ R N A ~ ~ ~ '  were individually transcribed using HeLa 

nuclear extract. Transcripts corresponding to tRNAAc-Rz (OIO), tRNAAc-Rz (2/0), ~RNAAc-Rz 

126 



Fie. 20. Sta bility of tRNAAC-Rzs. [~- '~~]- labeled tRNAAc\c-Rz (010). tRNAAc-Rz ( 1 010). and 

were each incubated with MT4 ceIl lysate (500 pg/ml) at 30°C and aliquots were taken 

at various time intervals. Samples were analyzed by 8 M urea-8 % PAGE. Band intensities of 

intact RNA were measured using ImageQuant software and % intact RNA remaining compared 

to tirne O was calculated. No lysate, RNA without incubation with MT4 ce11 lysate. 
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(4/0), tRNAAc-Rz @/O) and tRNAAc-Rz (1010) were detected (Fig. 2 1 4 .  A negative controi 

consisting of HeLa nuclear extract alone without the addition of template DNA did not yield any 

transcript. This result shows that the intragenic tRNA promoters are intact and that the insertion 

of the ribozyme in the anticodon loop does not dismpt transcription by RNA pol III. 

~ R N A ~ ~ ~ ~  transcribed fiom pSW2OI plasrnid that contains only the t ~ ~ ~ J ~ ~ ' - c o d i n ~  region. 

but lacking sequences upstream and downstrearn of the coding region. resulted in a product (Fig. 

21 B) smaller than expected (76 nt), However. transcription of ~ R N A ~ ~ ' " o ~  plasmid pM13- 

Lys,3 that contains ~ R N A ~ ~ "  plus sequences upstrearn and downstream of the coding region 

resulted in a transcript of the expected size (Fig. 2 1.4). The uanscript produced from pM L 3-Lys.3 

was of comparable length to the ~RNA,~"' transcribed from pDTNP (Fig. 21 B), a plasmid that 

contains the ~RNA,~ ' '  gene. Thus. sequences other than the coding region of ~ R N A ~ ~ ~ '  rnay 

regulate termination of RNA pol III. The presence of the 4T residues in the anticodon of 

~ R N A , ~ ~ '  may act as a termination signal in the absence of upstrearn and downsiream sequences. 

But since this region was disrupted upon insertion of the ribozyme in the anticodon loop. al1 of 

the tRNAAc-Rzs could be transcribed. As the inserted ribozyme and its tlanking sequence did not 

contain consecutive T residues, the only terminator sequence was a run of 6T residues located 

downstream of the coding regions of the tRNAAC-Rzs. 

The tram cleavage activity of RNA pol III-transcribed RNAAc-Rz (10/0) was tested using an 

in vitro transcribed target RNA. A band corresponding to the 5' cleavage product was observed 

(Fig. 210 .  



FIG. 2 1. RNA pol III-driven expression of tRNAAcRzs. A, Plasmids expressing ~ R N A ~ ~ ' ' ~  

@M13-Lys.3) and the tRNAAc-Rzs were mnscribed in vitro using a HeLa nuclear extract and 

analyzed by 8 M urea-8 % PAGE to determine whether the ~ R N A ~ ~ ' '  promoter of the RNAAc- 

Rzs were intact and could be recognized by RNA pol III. the polymerase which transcribes 

tRNAs in cells. tRNAAc-Rz (0/0), tRNAAc-Rz (2/0), tRNA,lc-Rz (410). tRNAAC-Rz (810). 

lRNAAc-Rz (10/0). and ~ R N A ~ ~ ~ '  could al1 be transcribed. A negative control consisting of the 

transcription mixture without any plasmid DNA did not yield a transcription product. B. 

Transcription of pS WZO 1 plasmid that contains the t R N ~ ~ ~ ~ ' - c o d i n ~  region. but lacking 

sequences upstream and downstream of the coding region, resulted in a product smaller than 

expected (33 nts). The transcript produced frorn pDTNP (75 nts) was of comparable length to the 

~ R N A ~ ~ ' '  tmscnbed from pM13-LysJ (76 nts). C. Truns cleavage reactions were performed 

using either the linear Rz (lane 1) or RNA pol III-transcribed tRNAAc-Rz (1010) (lane 2) with T7 

RNA polymerase-transcribed target RNA (333 nts). 
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Figure 21. 



II. TEST RETROVIRAL VECTORS EXPRESSING tRNAAc-RZS FOR INHIBITION OF 

HIV-1 REPLICATION IN A HUMAN CD4+ LYMPHOID MT4 CELL LINE 

A. Development of retroviral vectors expressing tRNAAcRzs und various controls 

The ribozyme in al1 tRNAAc-Rzs is designed to cleave a highly conserved sequence within the 

env-coding region of HIV-1 subtype B. in order to assess the ability of various tRNA,ic-Rzs to 

inhibit HIV-I replication in a human CD4+ T ce11 line. a MMLV-based pUCMoTiN vector was 

used to construct retroviral vecton expressing various trnAAc-Rzs (Fig. 32). A retroviral vector 

expressing wAAc-InRz (one of the two inactive ribozymes: contains an A to G mutation in one 

of the conserved residues of the hammerhead catalytic domain) was also constructed to serve as a 

negative control. Other retroviral vectors which were constructed included a linear Rz control 

pUCMoTiN-RzE,, which expressed the ribozyme alone. and a downstrearn Rz control 

pUCMoTiN-tRNA-Rz which expressed the ribozyme downstrearn of ~KNA~~' ' .  RNAs from 

pUCMoTiN and pUCMoTiN- RzEnV will be expressed From the promoter present in the YLTR and 

the tk promoter, while RNAs from the pUCMoTiN-tRNA-Rz. pUCMoTiN-&NAAc-1nR.z. and 

pUCMoTiN-tRNAAc-Rzs would also onginate from the R N A  promoter. 

B. In vitro cleavage activities of tRNAnc-Rzs and various controls cloaed within the 

retroviral vector 

Various tR.NAAc-Rz~, tRNAAclnRz, RNA-& linear Rz. and Env target RNA containing the 

ribozyme cleavage site were each transcribed using T7 RNA polymemse from DNA templates 

containing the T7 promoter, which were PCR amplified from pUCMoTiN-tRNAAc-Rzs, 

pUCMoTiN-tRNAAc-lnRz, pUCMoTiN-NNA-Rz, PUCMOT~N-RZ~~,, and pHEnv plasmids, 

respectively. The target RNA was internally labeled and subjected to in vitro cleavage by each 

tRNAAc-Fk, tRNAAc-Idb, RNA-Rz, and linear Rz. AS expected, ail ribozyrne-containing 

132 



Fie. 22. Various retroviral vectors expressing selected tRNAAc-Rzs and controb. 

pUCMoTiN was used to clone the tRNAAc-R~~ downstream of the neo gene. This vector 

contains the HSV tk-TAR fusion promoter (P) that allows neo gene expression. pUCMoTiN-Rz 

consists of a linear hamrnerhead ribozyme. In pUCMoTiN-tRNA-Rz. the hamrnerhead ribozyme 

was cloned downstream of ~ R N A ~ ~ ~ ' .  pUCMoTiN-tRNAAc-lnRz contains an inactive ribozyme 

cloned wiihin the anticodon loop. pUCMoTiN-tRNAAc-Rzs depicts the retroviral vector 

constructed for each RNAAc-Rz. RNAs expressed from the S'LTR ( 1  ), tk-TAR (2) and tRNA (3) 

promoters are shown. The binding sites of primers Mo-F. Mo-R. and T7-Mo-R which flank the 

cloning site in pUCMoTiN, and primers MM 1 3. MM 1 8. MM 19 and MM27 which bind to either 

the 5' or 3' region O F ~ R N A ~ ~ ~ ~ ,  are shown. LTR long terminal repeat. 



Figure 22. 



tmnscripts were capable of at least partially cleaving the target RNA. while (RNA-InRz failed to 

cleave (Fig. 23). This result shows that tRNAAc-Rzs cloned in the retroviral vector are capable of 

cleaving their target RNA in tram. 

C. Development of  pools of stable MT4 transductants expressing tRNAacRzs and various 

controls 

I .  Establish stable transductants expressing tRNAAC-Rzs and various controls 

Each of the pUCMoTiN-based plasmids was used to transfect the y-2 packaging ce11 line. 

Ecotropic vector particles released by this ce11 line were then used to transduce the PA3 17 

packaging ce11 line. Amphotropic MoTiN. various MoTiN-tRNAAc4.zs, MoTiN-tRNAtIc-ln&, 

MoTiN-RNA-Rz, and MoTiN-Rz vector particles were each used to transduce MT4 cells. a 

human CD4+ T cell line (Fig. 24). Pools of stable MT4 transductants lacking or expressing various 

tRNAAc-Rzs or controls were selected and tested without cloning. 

The amphotropic vector particles were also used to transduce human PBLs. However. 

transduction did not take place even with the MoTiN vector particles. as there were no viable cells 

that remained d e r  G4 18 selection. Presumably. the low titers of vector particles were not enough 

to transduce PBLs. 

2. Confirm the presence of proviral vector DNA witbia the cellular gnome 

To confirm that retroviral sequences have integrated within the cellular genorne, PCRs were 

performed using primen which bind to retroviral vector sequences upstream (Mo-F primer) and 

downstream (Mo-R) of the cloning site. Genornic DNA fiom transduced PA3 17 cells was 

isolated and used as a PCR template. Bands correspondhg to the predicted size PCR products 



Fie.23. In vitro cleavage activity of tRNAAcRzs amplified from pUCMoTiN tRNAAcRz 

clones. The tRNAAc-Rz sequences were arnplified from the respective pUCMoTiN clones to 

generate templates used for in vitro transcription. Transcnpts were used in truns cleavage 

reactions with [a-'"1-labeled target RNA and the products analyzed by 8 M urea-8 % PAGE. 

The 5' (163 nts) and 3' (170 nts) cleavage products c m  be detected. The two bands 

corresponding to the 3' cleavage product may have resulted fiom cleavage of premature 

transcription products. 
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FIG. 24. Development of stable MT4 tnnsductantfi erprefifiing tRNA.4c-Ru and various 

controlfi. Retroviral vectors were separately transfected into the y-2 packaging cell line which 

expresses viral structural proteins. These cells release infectious virus. but not replication- 

comptent virus. Retroviral vector RNAs which contain the signal were packaged and released 

as vector particles which were used to transduce the PA3 17 packaging ceIl line. Amphotropic 

vector particles released by these cells were used to iransduce CDJ+ cells such as the human 

MT4 lymphoid ceIl line. Upon reverse transcription and integration of the proviral DNA in the 

target cells, tRNAAc-Rzs are produced. The presence of proviral DNA in the genome of PA3 17 

packaging cells transduced with ecotropic y-2 vector particles was confinned by PCR using the 

Mo-F and Mo-R primer pair. 0, tR.NAAc-Rz (0/0). 3. tRNAAc-Rz (20) .  4. tRNAnc-Rz (410). 8. 

~RNAA~-Rz (8/0). 10. tRNAAcRz (1010). In. tRNAAc-ink. Do tmA-Rz. L, linear Rz. M. 

MoTiN. 
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(164-268 bp) were observed (Fig. 24). Amplification of the corresponding region in the parent 

pUCMoTiN plasmid resulted in a 1.25 kb product. 

3. Confirm the expression of tRNAAcRzs and various cootrols 

Transcription of tRNAAc-Rz~, tRNAAc-InRz, tRNA-Rz. and linear Rz RNA was determined 

by RT-PCR analysis of total cellular RNA extracted from stable MT4 transductants. The 

predicted size products were detected in each case (Fig. 254). This confirms the presence of 

tRNAAc-Rz sequences within the cellular RNAs; however. this does not distinguish from RNA 

pol II- or RNA pol III-transcribed RNA. 

To distinguish between RNA pol II- and RNA pol III-transcribed RNAs, total RNAs were 

isolated from MT4 cells using a kit which allows sequential isolation of LMW RNA. HMW 

RNA, and genomic DNA. Contamination of HMW RNA in the LMW RNA Fraction was tested 

by performing RT-PCRs using primen (Mo-F and T7-Mo-R) which would bind to HMW RNA 

sequences (Fig. 26). No products were observcd. The same primen were then used For PCRs 

using tRNAAc-Rz (0/0) HMW RNA as template to ensure that the primers were indeed capable 

of binding to and amplifying sequences within HMW RNA. A band of the expected size (284 

nts) was observed (data not shown) thus confirming RNA pol II-driven expression. The LMW 

RNA was then used in RT-PCRs using primea (MM19 and MM22) that bound to the 5' end and 

3' regions of ~RNA~'~'. These primen should amplifi both wt ~ R N A ~ ~ ~ '  and t R N ~ ~ ~ ~ ' - b a s e d  

ribozymes. Only one band was observed for al1 sarnples, which corresponded in size to the wt 

~ R N A , ~ ~ '  (Fig. 258, Fig. 26). To confimi that the observed PCR product consists of ~ R N A ~ ~ ~ '  

sequences alone, the PCR products were used for in vitro transcription as the T7 pmmoter is 

present in the forward primer. Al1 of the transcripts corresponded in size to an »1 vitro transcribed 

~ R N A ~ ~ ~  (Fig. 27). These transcripts were then used in tram cleavage reactions. None of the 



Fie. 25. tRNAttcRz expression in tnasduced MT4 cells. A. Total RNA was extracted from 

MT4 cells expressing RNAAc-Rzs. treated with DNase. and used as an RT-PCR template using 

primen Mo-F and T7-Mo-R. B, LMW RNA was used for RT-PCRs using prirnen MM19 and 

MM22. Plasmids (P) expressing tRNAAc-Rz ( 1010) and RNAAc-Rz (O/@ were amplified using 

the same primes, and the PCR products used as markers. 



Figure 25. 



FIG. 26. RT-PCRs to confina identity of LMW RNAs. LMW RNAs isolated from pools of 

transduced cells expressing tRNA,\c-Rz (010) (lanes 5. 9). tRNAtIc-Rz (20)  (lanes 11. 13). 

RNAnc-Rz (410) (lanes 1 ,  2). tRNAAc-Rz (8/0) (lanes 12. 14) and tRNA,\&z ( 10/0) (lanes 6. 

10) were used in RT-PCRs either with primer pairs Mo-F and T7-Mo-R (lanes 1. 5.6. 13. 14) or 

MM19 and MM22 (lanes 2, 9. 10. 1 1 .  12). RT-PCR product using MoTiN RNA (lane 8) and 

PCR product using pUCMoTiN plasmid (lane 3) were used as markers. PCR controls without 

any plasmid DNA (lanes 4,7) were also performed. 
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FIG. 27. Trans cbavage reactions using tRNAAcRzs RT-PCR-atnplifed and traascribed 

from LMW RNA. Transcripts were obtained by Ni vitro transcription of RT-PCR products. 

These RT-PCR products were obtained from amplification of LMW RNA isolated from 

transduced MT4 cells expressing tRNAAc-Rz (010). tRNAtIc-Rz (10/0) or MoTiN. Transcripts 

containing tRNAAc-Rz (010) or tRNAAc-Rz ( 1  0/0)  were also obtained by in vitro transcription of 

PCR DNA obtained fiom amplification of plasmids (P) expressing these RNAAc-Rzs. The 

transcripts were used in tram cleavage reactions. Only the transcripts which originated from the 

plasmids were able to cleave the target RNA. Size of a transcript containing ~ R N A ~ ~ ' ' '  sequence 

alone is indicated. 
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transcripts demonstrated tram cleavage activity (Fig . 27). Thus. transcription of t iWA~~-Rzs  in 

transduced cells is driven mainly by the RNA pol II promoter. 

Lack of RNA pol III transcription was also confimed by primer extension. Identical sized 

products were obtained when total RNAs isolated fiom transduced MT4 cells expressing 

RNAAc-Rz (10/0) or MoTiN were extended using a 5' end labeled primer (Fig. 28). RNA fiom 

tRNAAc-Rz (410) was also used in a Northem blot using a probe which hybridizes to tRNA 

sequences. Only the bands corresponding to the RNA pol II-transcribed RNAs were observed 

(data not s ho wn). 

Total RNA isolated from the transduced cells was also tested in an RNase protection assay. 

An antisense probe derived fiom pUCMoTiN-RNAAc-Rz (010) was designed. which was 

expected to hybridize to tRNAAc-Rz sequences upstrearn and downstream of the 5' linker 

sequence. The unhybridized 5' linker sequence in RNA pol III-driven transcripts was expected to 

be cleaved by the RNases, thus resulting in two protected bands corresponding to sequences 

upstream (34 nts) and downstream (79 nts) of the 5' linker sequence. The sarne probe could also 

demonstrate the presence of RNA pot II-driven transcripts. resulting in protected bands (269 nts 

and 182 nts) that are larger in size due to the retroviral sequences in the probe that would be 

protected by RNA pol IIaiiven transcripts. The protected bands expected fiom using ~RNAAc-Rz 

(010) were 452 nts (pol 11) and 113 nts (pol III). In addition, al1 of the cells express ~ R N A ~ ~ " '  

which, if protected by the probe, would give rise to protected bands (34 nts and 41 nts). The 

presence of the 41 -nt protected band in al1 of the samples would have served as an interna1 

control for the probe's ability for hybridization. 

The conditions for RNase protections were set up using in vitro transcnbed ~RNAA~-Rz ( 1010) 

and the antisense probe. Protected bands which conesponded in size to 79 nts and 34 nts were 

observed (Fig. 29). The full- length probe and tRNAAC-Rz (1 010) were both degraded when each 

147 



Fici. 28. Primer extension of  total RNAs isolated from MT4 cells. Total RNAs isolated from 

transduced MT4 cells expressing tRNAAc-Rz (1010) or MoTiN were extended using a 5' end- 

labeled primer dm. The arrow on the lefl indicates full-length product. 
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Fiû. 29. RNase protections. mase protection was performed using in vitro transcribed tRNA.+\c- 

Rz (1010) (123 nts) and probe (451 nts). As controls. tRNAAc-Rz ( l O / O )  and the probe were each 

incubated with the RNases in the absence of the probe and tRNAAC-R2 ( 10/0), respectively. 



Figure 29. 



RNA was used alone for mase protections. When total RNA From transduced cells expressing 

the tRNAAC-Rzs was used for the RNase protections, identical-sized bands were again observed 

for al1 the samples, including tRNAAc-Rz (010). Thus, a sequence common to al1 the samples was 

binding to the probe, as the same bands were also observed when using total RNA isolated from 

untransduced MT4 cells. The expected products for RNA pol III-driven transcription were not 

observed (data not shown). 

D. HIV-1 susceptibility of pools of stable MT4 transductaats 

The HIV-1 titer was determined from infection of HeLa-CDCLTR-P-gal cells which express 

high levels of CD4 and contain a P-galactosidase gene driven by the HIV-1 LTR promoter. Thus, 

infection of these cells by HIV-1 results in production of P-galactosidase protein. The number of 

infectious particles could be determined by counting the number of cells which turn blue upon 

addition of X-gal and IPTG. 

The pools of stable MT4 transductants lacking or expressing tRNAAc-R~~.  [RNAAc-1nR.z. 

tRNA-Rz. linear Rz, or MoTiN were each infected with HIV-1 at an rn.0.i. of O. 1 (Fig. 30A) and 

1 (Fig. 308). Virus production by the infected cells was measured by detennining the amount of 

HN-1 p24 antigen in the infected ce11 culture supematants that were collected cvery three days. 

Cells expressing retroviral vector sequences alone (MoTiN) produced hi& amounts of virus. In 

contrast, HIV-1 production was greatly reduced in tRNAAc-Rz-expressing cells. The inhibition 

conferred by the tRNAAc-Rzs could not have been due to an antisense efTect by the ribozyme 

flanking sequences, since cells expressing RNAAc-InRz also produced high amounts of virus. 

Similar results were obtained in challenge experiments perfonned at the two (0. I and 1) m.o.i.'s. 

Thus, al1 tRNAAC-Rzs were capable of inhibiting HIV-I replication. By day 6 pst-infection, 



FIG. 30. HIV-1 susceptibility of tnnsduced MT4 cells. Transduced MT4 cells were infected 

with HIV-1 at an m.0.i. of 0.1 (A) or 1 (B) and the amount of HIV-1 p24 antigen released in the 

culture supernatants was measured at various time intervals 
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control cells lacking any tRNAAc-Rzs or expressing tRNAAc-InRz produced HIV- 1 p24 antigen 

as high as 16-17 ng/ml p24 for the experiment performed with 0.1 m.o.i., and 78-86 ng/ml p24 

for the one perfonned at an m.0.i. of 1. In contrat, cells expressing tRNAAC-Rzs produced 0.3- 

26 nglml p24 until day 9 pst-infection. All RNAAc-Rzs must have been capable of inhibiting 

HIV- I replication since HIV- I production was greatly reduced in tRNAAc-Rz-expressing cells, 

compared to control cells lacking any tRNAAc-Rz or expressing the inactive ribozyme at both 

m.o.i.3. 



Transfer RNAs are produced in very high concentrations and possess stable secondary 

structures in cells. intragenic sequences constitute the promoter elements used for tRNA 

expression under the control of RNA pol III. Transfer RNA genes are therefore ideal for 

expression of small RNA molecules. Sequences encoding these RNAs rnay be cloned either 

within the tRNA gene between the promoter sequences, or downstream of the tRNA gene. ln 

both cases, tRNA processing sites rnay be preserved such that the transcripts produced will be 

processed to yield two separate RNAs. Altematively. these sites rnay be modified to prevent 

tRNA processing. In this case, the RNA of interest will remain as part of the RNA. To develop 

t ~ ~ ~ ~ ~ ~ ' - b a s e d  ribozymes, cloning between the promoter elements seems the most attractive as 

the ribozyme is expressed within a region of highly ordered secondary structure which should 

confer protection against nucleases within the cell. The only drawback of this strategy is that the 

catalytic activity of the ribozyme rnay be decreased. Care should therefore be taken to design or 

select tRNAAc-Rzs that retain full ribozyme activity. 

In the past, linker sequences comecting the ribozyme to the rest of the tRNA were arbitrarily 

chosen to develop t ~ ~ ~ ~ ~ * - b a ~ e d  tRNAAc-Rz~. However, ribozyme activity was shown to be 

significantly decreased in one study where the effect of these sequences on ribozyme activity was 

investigated. While cloning within the anticodon loop rnay allow ribozymes to be expressed in 

high concentrations and possess stable secondary structures. structural constraint rnay force 

ribozymes to adopt a conformation detrimental to theù activity. Based on the results we obtained, 

it is clear that sequences immediately sunounding the ribozyme influence its catalytic activity. 

We have developed an in vitro selection strategy that led to the selection of tRNAAc-Rzs that 

contained 5' and 3' linkers optimal for ribozyme cleavage (Fig. 7). Various tRNAAcRzs with 



different linkers were isolated (Table 3). These tRNAAc-Rzs could be transcribed by RNA pol III 

(Fig. 21) and were as stable as ~ R N A ~ ~ ' '  (Fig. 20). Tram cleavage rates of these ribozymes varied 

(Fig. 17A and B). tRNAAc-Rz (010) without a 5' linker demonstrated the slowest rate. while 

lRNAAc-Rz (4/0), tRNAAc-Rz (810) and tRNAAc-Rz (10/0) possessed rates similar to that of the 

linear ribozyme (Fig. 17A and 18). Retroviral vectors encoding tRNAAc-Rzs were consmcted 

(Fig. 22). Stable MT4 transductants were shown to express active tRNAAcRzs (Fig. 25A) and 

inhibit HIV-I replication (Fig. 30A and B). Virus production from the infected MT4 cells 

expressing tRNAAc-Rzs was consistently lower compared to control cells. 

Issues related to the in vitro selection strategy, in vivo testing and potential mode(s) of 

inhibition are discussed below. 

1. ISSUES RELATED TO SELECTION IN VITRO 

A. Compkxity of the pool and variability within the 5' and 3' linker regions of the t R N A c  

R z s  

Use of 5' and 3' primers containing 0. 2.4,  6, 8, 10, 12, 14. 16. 1 8 and 20 nt-long linken to 

ampli@ the respective linker regions of tRNAAC-Rzs should have resulted in a total of 121 

combinations of linkers, since any of the eleven 5' linkers could have combined with any of the 

eleven 3' linken. The variability in the lengths of the 5' and 3' linkers present in the pool was 

confnned by PCR (Fig. 16). 

Because the nucleotide composition of the linken was randomized, 10" combinations with 

different secondary structures should have existed. Only a fraction of the library was obtained 

upon in vitro transcription of the template DNA library, due to limitations on the arnount of RNA 

that could be potentially transcribed in one reaction. However, this did not affect the overall 

selection, shce the goal was to isolate tRNAAC-Rzs with similar activity as a linear ribozyme, 



and this was achieved. As the selected tRNAAc-Rzs possessed 100% activity compared to the 

linear ribozyme, subsequent rounds of selection were not required. Since only the linker 

sequences were optimized, an increase in r iborne  catalytic activity was not anticipated. 

B. Choice of nboyme target site 

The ribozyme used in ihis study was designed to target a highly conserved sequence within the 

env-coding region, present in the unspliced and singly spliced HIV-1 mRNAs. This target site 

was chosen since a ribozyme targeted against the same target site demonstrated the best catalytic 

activity in vitro compared to ribozymes targeted against gag, PR. RT, and fat-coding regions 

(Rarnezani and Soshi 1996). Other sites may also be targeted by modifying the antisense 

sequences flanking the ribozyme catalytic domain of the tRNAtIc-Rzs. 

C. Isolatioo of tRNAACRzs with mutations outside the flanking sequence 

Out of 20 cloned tRNAAc-Rzs, two were found to be inactive. These may have been selected 

due to tram cleavage by the active tRWAAc-Rzs prior to their purification. One ribozyme 

possessed deletions in the harnmerhead ribozyme domain which were not part of the conserved 

region and were therefore not expected to affect ribozyme activity. This region has k e n  shown 

by several groups not to be important for ribozyme cleavage (McCall et al 1992). Formation of 

this tRNAAc-Rz may have arisen from mutations that occurred during PCR. Since the minimized 

ribozyme containing deletions retained activity, it was subsequently isolated as part of the 5' 

cleavage product. 



D. Linkers of the tRNAAeRzs 

1. Proposed reasons for selection of tRNAAcb witbout a 3' Iinker 

Two clones that possessed 3' linken had a decreased activity compared to the linear control 

ribozyme (Fig. 178). The absence of 3' linken in the rest of the clones must be due to the 

selection procedure, as variable lengths of 3' linkers were detected upon PCR analysis of the 

tRNAAc-RZ template DNA library (Fig. 16). Absence of 3' linken implies that under the 

conditions used, the ideal sequences to connect the ribozyme upon insertion in the anticodon 

loop are the anticodon loop sequences themselves. This preference may be due to potential 

involvement of 3' linkers in the formation of inhibitory tRNAAc-Rz structures that prevent cis 

cleavage. Altematively, lack of selection of clones containing tRNAAC-Rzs with 3' linken may 

be due to their toxicity to bacterial cells (see section 1I.C.) 

2. Proposed reasons for selection of  tRNAAc-Rzs with shorter vs. longer 5' linkers 

The selection procedure resulted in more tRNAAc-Rz clones that contained shorter linkers 

(Table 3). However, further analysis revealed that tRNAAc-Rzs with longer linkers are better at 

performing tram cleavage (Fig. 17A and B). As selection relied on cis cleavage. it is possible that 

~RNAA~-Rzs with shorter linkers are better at perfoming cis cleavage, but longer linkers were 

better tram cleaven. Since the ribozyme dissociates fiom its target upon cleavage, it was not 

possible to select for ribozymes by trans cleavage. 

Another possibility is that the position of the downstream target favoured the selection of 

tRNAAC-Rzs with shorter linkers. Structural constraints on the ribozyme and target sequences 

could have k e n  dictated by the length of the sequence separating them (-200 nts from the 3' end 

of the tRNA sequence). 



E. Target RNA cleavage by tRNAAcRzs 

Although the tRNAAc-Rzs were provided in excess, the target RNA was not completely 

cleaved when used during the tram cleavage reactions. This could have resulted fiom some 

tRNAAc-R~~, within the same sarnple, assuming inactive stmctures. suc h that only a proportion 

of the tRNAAc-Rz~ were actually involved in trans cleavage. Provision of the optimal linker 

regions could have contributed to greater numbers of tRNAAc-R.~s assuming ideal structures 

suitable for fruns cleavage, which was retlected as an increase in the amount of target RNA 

cleaved with increasing incubation time. Likewise. some of the target RNA could have also 

assumed structures that prevented binding of the tR.NAAc-Rzs. such that only a proportion of the 

target RNA was cleaved. For cornparing the tRNAAc-Rzs in vitro. the target RNA must not be 

completely cleaved by al1 tRNAAc-Rzs tested at 10 min. Othenvise. the activity of the ~RNAAc- 

Rzs could not be compared with each other. 

II. ISSUES RELATED TO IN WVO TESTING 

A. ~ R N A J ~ ~ '  promoter sequences necessary for transcription in vivo 

The promoters in the tRNAAc-Rzs were intact as they could be transcribed using HeLa nuclear 

extracts. This is in agreement with previous results that show Foreign sequences c m  be inserted 

in a tRNA anticodon loop between boxes A and B without disruption of the RNA pol III 

promoter (Cotten and Bimstiel 1989). Although the possibility exists that these transcripts may 

have been generated by RNA polymerase 11, this seems unlikely since the correct-sized 

transcripts were observed. 

The parent plasmid pSW201 yielded a smaller product upon transcription using a HeLa 

nuclear extract. However, transcription of plasmid pM13-Lys,3 resulted in a product with a size 

sirnilar to the product obtained upon transcription of plasmid pDTNp containing ~ R N A , ~ ~ ~ .  Thus, 



additional sequences other than the RNA pol III terminator rnay govem transcription termination 

in wt since the anticodon loop possesses 4 T residues which could potentially act as a 

tenninator. Sequences upstream andor downstream of the t ~ ~ ~ , ~ ~ ~ - c o d i n ~  region may 

contribute to detemining the site of termination. and may be necessary when expressing 

tRNAAc-Rzs in cells in order to regulate, or prevent, premature termination. Transcription of 

other RNA pol III-driven RNAs such as adenovirus VA RNA and U6 snRNA (He and Huang 

1997. Prislei et al 1997) have also demonstrated the importance of sequences other than the RNA 

pol III terminator for proper termination to occur. 

B. Design of retroviral vectors used to express tRNAAc-Rzs 

The tRNAAc-Rzs were cloned between the two MMLV LTRs downstream of the neo gene in 

a single copy (SC) design. Cloning may also be performed within the 3' LTR in a double copy 

(DC) design. which results in gene duplication upon reverse transcription. In addition to gene 

duplication in the 5' LTR, the DC design has the advantag of positioning the duplicatrd RNA 

pol 111 expression cassette upstream of the RNA pol 11 promoter. The DC design has been found 

to be more effective than the SC design (Ilves et al 1996). This could be due to interference 

between the 5' LTR promoter and the downstream R N A  prornoter in the SC design. 

Initial attempts were made to develop a DC vector containing a tRNA with a 3' processing site 

to allow expression of tRNAAc-Rzs (See Appendix B). However. the tRNA cassette in this 

vector was found to be deleted in both 5' and 3' LTRs upon reverse transcription. Similar results 

have also been obtained by another group (Junker et al 1995). The deletion may have been 

mediated by direct repeats flanking the tRNA-based expression cassettes. We have also observed 

gene rearrangement in E. coli when using the same vector. 



The lack of RNA pol III-driven expression from the SC vector in the MT4 cells may also be 

dw to the cloning site used in the retroviral vector. The upstrearn SLTR promoter may have 

prevented transcription of the tRNAAc-Rzs. When a t ~ ~ ~ ~ ~ ' ' - h a i r ~ i n  ribozyme was cloned in a 

retroviral vector between the LTRs, no RNA pol Ill-driven RNA could be detected in cells (Ilves 

et al 1996). When cloning was perfomed in the 3' LTR only RNA poi II-driven expression 

could be detected in transfected HeLa and PA3 1 7 cells. However. upon transduction resulting in 

gene duplication of the tRNA expression cassettes, RNA pol III-driven transcripts accumulated 

in higher levels (Ilves et al 1996). 

C. Toxicity of the tRNAACRzs 

The pGEM-tRNAAc-R~s contained a T7 promoter and the ~ R N A ~ ~ "  promoter. Therefore. the 

tRNAAc-Rz~ were not transcribed by bacterial cells since they contain neither T7 RNA pol nor 

RNA p l  III. However. even if the tRNAAC-Rzs were transcribed, any potentially toxic ribozymes 

would have been eliminated, as the bacterial cells containing these tRNAtIc-Rzs would not grow. 

The tRNAAcRzs are not expected to be toxic in mammalian cells. since transduced MT4 cells 

expressing tRNAAc-RZS did not demonstrate any changes in viability even aAer 3 months of ce11 

culture (data not shown). Cell counts were also perfomed every 3-4 days for 2 weeks, and the 

number of viable cells determined by trypan blue exclusion (data not shown). The viability of 

transduced cells expressing tRNAAc-R.zs was comparable to that of untransduced and vector- 

transduced cells. Other groups have reported long-tem expression of tRNA-chimeras for up to 6 

months in ce11 culture with no apparent changes in cell viability (Yamada et al 1994a). 

The tRNAAcRzs detected in MT4 cells were expressed as part of longer, RNA pol II 

transcripts. The potential of a tRNAAc-Rz to serve as while part of a long RNA 

transcript is minimal due to the presence of sunounding sequences which could interfere with the 



interaction between the mRNA and the RNA. Furthemore, RNA pol III-transcribed tRNAAc- 

Rzs should not be able to inhibit translation by serving as a ~ R N A ~ ~ ' '  since the anticodon has 

been disrupted. In addition, these tRNAAc-Rzs were not expected to be arninoacylated. since one 

of the binding sites of aminoacyl-tRNA synthetases is the anticodon. 

D. Inhibition of HIV-I replication 

Use of the env-coding region as a target site meant that only the unspliced and singly-spliced 

RNAs, which possessed env sequences. could be cleaved in the nucleus and the cytoplasm. 

Cleavage of the unspliced and singly-spliced RNAs would prevent production of Gag, Gag-Pol. 

Env, Vif, Vpr and Vpu proteins as cleaved RNAs are more likely to be unstable and will be 

degraded. Cleavage of the primary HIV-1 transcnpts before splicing in the nucleus should reduce 

the production of al1 viral proteins. as production of spliced mRNAs would be blocked. In both 

instances, whether cleavage takes place in the nucleus prior to splicing. or in the nucleus and 

cytoplasm after splicing, infectious virus would not be produced. since structural proteins 

required for virus particle production will not be produced (Hunter 1 997). 

The ievel of inhibition conferred by the tRNAAc-Rzs was determined by measuring the 

amount of HiV-1 CA (p24) proteins released by cells expressing the tRNAAc-Rz~. compared to 

cells expressing the inactive ribozyme control. or the vector alone. However, it is possible that 

the CA proteins that were detected using the p24 assay resulted from virus-like particles 

composed only of Gag proteins, and that the decline in CA production resulted fiom the death of 

the cells during prolonged in vitro culture. But if this were the case, similar amounts of CA 

proteins should have been produced by al1 the cells at the same time point. This was not the case, 

since cells expressing the MoTiTJ vector sequences, or the inactive ribozyme tRNAAc-k started 

producing high amounts of HIV-I p24 antigen at day 6, compared to cells expressing the 



tRNAAC-R~s. Most probably, the CA proteins detected using the p24 assay originated from bath 

infectious and non-infectious virus. Cleavage of the ribozyme target site within the viral RNA 

would have lead to a corresponding decrease in the production of infectious virus, and ultimately 

to the total arnount of p24 antigen present in the supernatant. Also, the virus particles detected 

using the p24 assay may not have contained Env proteins, and therefore would be non-infectious. 

The challenge experiments were performed until days 36 (m.0.i.. 0.1) and 18 (m.0.i.. 1). 

However, conclusions could only be made regarding the data obtained until day 9 post-infection 

because ce11 death was observed for sorne ce11 cultures beyond day 12. This could have been due 

to the high m.0.i. (0. l and 1)  used for the challenge rxperiment. 

Because only RNA pol II-driven transcripts were detected. the actual inhibition imporied by 

tRNAAc-Rzs may be actually greater than observed. The inhibition conferred by the linear Rz 

was therefore greater since tRNAAC-Rzs were also being expressed as part of the long RNA pol II 

transcnpt. Presumably the tRNA sequences in some of the tRNAtlc-Rzs (0/0 and 410) were 

involved in secondary structures which inhibited ribozyme activity. 

The downstrearn Rz control (RNA-Rz), also expressed as part of a RNA pol II transcfipt. 

conferred inhibition similar to that as the linear Rz and tRNAAc-Rz (10/0). More appropriate 

cornparisons of the antiviral activity of tRNA-Rz and the RNAtlc-Rzs may be made upon 

development of retroviral vectors that allow RNA pol III-dnven expression of RNA-Rz and the 

MUAAc-Rzs. 

Anticipated modes of inhibition of HIV-1 replication by tRNAAc-Rzs (RNA pl III 

transcripts) are as follows. 



1. Ability of the t R N A A C b  to bind to HIV-I RNA in n l l s  

Each Hela ceil contains 6 x 10' cytoplasmic tRNAs, and 7 x 10' cytoplasmic mRNAs (Lodish 

et al, 1995). Thus, tRNAs are approximately 100-fold more abundant than mRNAs. HIV- I RNAs 

expressed in cells should therefore be present at a 100-fold lower concentration than ~RNAAc- 

Rzs. However, to be effective, tRNAAc-Rzs must be provided with the ability to localize in the 

same cellular cornpartment as HIV-1 RNA. Furthemore. since HIV-1 RNA is involved in 

numerous interactions with various viral proteins. tRNAAc-Rzs should also be able to bind to 

viral proteins which should then bnng it to the same site as HIV-I RNA. Although the incoming 

viral RNA would be difficult to access as it would be part of a nucleoprotein cornplex. the 

tRNAAc-Rzs could be assisted by NC proteins which surround the viral RNA in the 

nucleoprotein cornplex. NC proteins have been demonstrated to promote unwinding and 

annealing of nucleic acids, and to increase ribozyme activity in viwo (Tsuchihashi et al 1993. 

Bemand and Rossi 1994). On the other hand, use of ~ R N A ~ ~ ' '  io express ribozymes should 

enable ribozymes to colocalize with viral RNA both in the cytoplasm during viral asscmbly. and 

within the virion upon CO-packaging. 

2. Cornpetition for CO-pacluging 

The t.RNAAc-Rzs are expected to be CO-packaged since al1 of the ~ R N A ~ ~ "  sequences are 

present except for 1 nt in the anticodon. ~ R N A ~ ~ ' ~ .  along with ~RNA~'.~'.  and ~ R N A ~ ~ ' ~ .  make up 

60% of the viral tRNA population in the virion, whereas, approximately 2% of cellular tRNA is 

~ R N A ~ ~ ~ ' .  The temainhg 40% virion tRNA are n o n - t ~ ~ ~ ~ ~ ~ ,  which probably result from random 

incorporation of small amounts of cytoplasmic tRNAs (Huang et al 1994). Assuming that 

~ R N A A ~ R z s  are expressed fiom one integrated copy in the cellular genome, then the ~RNAA~-Rz 

would only represent a fraction of the total ~ R N A ~ ~ ~  in the cell, and would have to compte with 



wt ~ R N A , ~ ~ '  for packaging. But despite this, a t ~ ~ ~ ~ ~ ~ ~ - r i b o z y r n e  against HIV-1 PBS 

(Westaway et ai 1998) and a tRN~~~~~-an t i sense  RNA (Lu et al 1997) have been shown to be 

packaged. The presence of even 1 tRNAAc-Rz in the virion should still be efXective, as unlike 

antisense RNAs, a ribozyme would cause irreversible cleavage of the viral RNA. Being in such 

close proximity within the virion, the RNAAc-RZS should easily bind to and inactivate HIV-1 

genomic RNA. 

3. Inhibition of revene transcription 

Once CO-packaged, lRNAAc-Rzs rnay still bind to the PBS since the last 18 nts of ~ R N A ~ ~ ' '  

were not altered. However, revene transcription may not initiate since the interaction between 

HIV-I and ~ R N A ~ ~ ~ ~  has been mapped to other sites aside from the PBS and the last 18 nts of 

For example, an interaction between the anticodon and an A-rich loop upstream of the 

PBS was shown to be involved in the initiation of reverse transcription (Kang and Morrow 

1999). Thus, it is unlikely that tRNAAc-Rzs would allow reverse transcription of HIV- I RNA to 

proceed. 

E. Therapeutic value of the tRNAACR~s 

Because tRNAs are expressed in al1 cells. tRNA promoten could be utilized for expression in 

different tissues and organs. Thus, tRNA promoters should also be usehl for expression of 

RNAs in hematopoietic cells, which differentiates into different progeny cells. In contrast, other 

promoters may be ce11 or tissue-specific and prevent expression upon differentiation of the parent 

cell. 



The tRNAAc-Rzs characterized in this study should be of benefit for expressing ribozymes and 

other RNAs in cells. Further testing of the expression levels, toxicity, and efticacy of these 

tRNAAc-Rzs in cells and animal models would be needed to proceed to a phase Ml clinical trial. 



FUTURE WORK 

1. USE OF AN IMPROVED DOUBLE COPY RETROVIRAL VECTOR FOR 

EXPRESSING MONOMERIC AND MULTlMERIC tRNAAc-&s 

The lack of RNA pol III-driven expression of tRNAAc-Rzs in MT4 cells may be due to the 

absence of ~ R N A ~ ~ ~ ~  sequences necessary for proper expression. The tRNAAc-Rzs could be 

modified to contain these sequences &y site directecl muiyenrsis v L  PCR. 

A DC vector that does not contain direct repeats flanking the tRNA expression cassette could 

also be used to express the tRNAAC-Rzs. At present. DC vectors based on MMLV vectors have 

been developed by several groups. The ability of these vectors to maintain the cloned tRNA 

expression cassette would have to be determined to ensure that the cloned sequences are still 

present upon transduction of a target cell line. 

A. Monomeric tRNA,4cRzs 

1. Ability of  tRNAAcRrs to interfere witb cellular tRNAs 

The tRNAAc-Rzs selected during the course of this thesis may be funher characterized as 

follows. The effect of tRNAAc-Rzs in translation may be determined by perfoming an in vitro 

translation reaction using ce11 lysates in the presence of tRNAnc-Rzs. The capability of ~RNAK- 

Rzs to be aminoacylated rnay also be determined by using lysyl-tRNA synthetase and a labeled 

amino acid. 

2. Ability of  tRNAACRp to bind to reverse transcriptase 

A ~ R N A ~ ~ "  containhg a ribozyme cloned downstream of the tRNA coding sequence, which 

was shown to be CO-packaged in virus particles, retained its ability to bind RT in vitro 

(Westaway et al 1998). Thus, to determine whether selected tRNAAc-Rzs can be CO-packaged 



within virus particles, the ability of tRNAAC-Rzs to bind to the heterodirneric f o m  of RT. p6615 1 

(Richter-Cook et al 1992, Mak et al 1994), could be assessed. 

3. In vitro selectioa of other tRNAAcRzs 

By varying the selection criteria, tRNAAc-Rzs with a particular phenotype may be isolated 

fiom the pool. nius .  tRNAAc-Rzs capable of selectively binding to HIV-I RT could be selected 

fiom the pool through gel rnobility assays. 

B. Multimeric tRNAAcRzs 

Ln order to further improve the efficacy of the ribozyme approach, multimeric tRNAAc-Rzs 

could be developed. A multimeric design is ideal for HIV-1 which has a hi& mutation rate. 

Thus, in the event that one site has mutated and is no longer recognized by a tRNAnc-Rz, the 

other tRNAAc-Rzs present cm still bind and cleave their targets. Vectors expressing these 

tRNAAc-Rzs should prove to be more effective than those expressing monomeric RNAAc-Rzs. 

Targeting tRNAAc-Rzs simultaneously against sequences that are highly conserved within the 

HIV- I genome should prevent formation of escape mutants of HIV- 1. [t is anticipated that it 

would be much more diffcult for the virus to create mutations in al1 of the target sites. as this 

could result in a serious growth disadvantage. 

A muttimeric tRNAAc-Rz could also be developed to target highly conserved RNA sites. al1 

derived fiom a single HIV-I gene. This could more severely limit the mutations that the virus 

undergoes, since the probability of rnaintaining a functional gene with multiple mutations within 

highly conserved sequences is minimal. 

Multimeric tRNAAC-Rzs could be constructed by using partially overlapping oligonucleotides 

which would be a ~ e d e d  and amplified by PCR. The PCR product would then be cloned in a 



plasmid. Prior to testing for inhibition of HIV-1 replication in human cells, the multimeric 

tRNAAc-Rz~ could also be transcnbed in vitro and used in trans cleavage reactions. 

II. DEVELOPMENT OF STABLE TRANSDUCTANTS AND TESTINC FOR 

EXPRESSION OF tRNAAclRzs BY RNA POLYMERASE III 

Retroviral vector constructs allowing RNA pol III-dnven expression of monomenc or 

multimeric tRNAAc-R~s. could be used for transfection to generate amphotropic vector particles. 

These could then be used to transduce CD4+ cells. RNA pol III-driven expression in cells could 

be demonstrated by RT-PCR analysis of LMW RNA. To further confirm the presence of 

ribozyme sequences in the amplified products, a PCR primer may be used which contains the T7 

promoter, such that the PCR products could be used as tempiates for in vitro transcription. The 

transcripts could then be used in tram cleavage reactions. Alternatively. RNA pol IIIilriven 

expression may be demonstrated by performing primer extension. RNase protection. or Northem 

blot analysis. Expression by RNA pol III may be confirmed in vitro by using a-arnanitin which, 

at a concentration of 10 pglrnl, inhibits RNA pol 11 but not RNA pol III. 

III. TESTING FOR ANTIWRAL ACTIVITY OF tRNAAcRzs WITHlN VIRUS 

PARTICLES 

A. HIV-I cballenge of transduced cells expressing RNA pol Ill-driven monomeric or 

multimeric tRNAK-Rzs 

Challenge of transduced cells with HIV-1 would determine whether the RNA pol III-driven 

monomeric or multimeric RNAAc-Rzs were able to inhibit HIV-1 replication. The amount of 

HIV-1 prduced by the infected cells may be determined by a p24 assay. 



B. Determine RNA content of HIV-1 virion released by stable transductants expressing 

tRNAAcRzs 

Once RNA pol III-driven expression of tRNAAc-R~s has becn established, RNA from virus 

particles released by stable transductants expressing tRNAAc-R~s could be tested for presence of 

CO-packaged ribozyme sequences. Viral RNA could be isolated using a kit (Qiagen: Santa 

Clarita. USA), and CO-packaging of tRNAAc-Rzs could be determined by RT-PCR using 

ribozyme-specific primers. 

C. Determine infectivity of HIV-1 virion released by stable transductants expressing 

tRNAAc-Hzs 

As HIV-1 RNA cleavage should result in reduced infectivity of released virions. an infectivity 

assay could be perfomed using the HeLa-CDCLTR-B-gal ceIl line. Expression of P-gal in this 

cell line is under control of the HIV LTR: thus expression of P-galactosidase results from tram 

activation by the HIV Tat protein. Virus particles, released from the infected cells expressing 

tRNAAc-Rzs, could be used to infect HeLa-CD4-LTR-P-gai cells. Infectivity could then be 

measured by counting the nurnber of blue cells upon staining the cells with X-gal. 

IV. TESTING FOR INHIBITION IN CHRONICALLY INFECTED CELLS 

The challenge experiments demonstrated protection conferred by ~RNAAc-Rzs to uninfected 

cells. To demonstrate protection of cells which already harbour virus, latently infected cells, such 

as ACH-2 (Clouse et al 1989, Folks et al 1 989), and J 1. I (Perez et al 199 1 ), could be transduced 

with vector particles expressing tRNAAc-Rzs. Induction of these cells with phorbol myristate 

acetate or TNF-a leads to secretion of high levels of infectious HIV. Therefore, a reduction in 

HIV-1 production by these cells would denote protection by the iRNAAc-Rzs. 



V. TESTING FOR INHIBITION IN PERIPHERAL BLOOD LYMPHOCYTES AND 

HEMATOPOIETIC STEM CELLS 

Retroviral vecton expressing the tRNAAc-Rzs could also be tested in human PBLs and 

hematopoietic stem cells. Use of a pluripotent hematopoietic stem ceil precursor population as a 

target may allow expression of anti-HIV-1 genes in progeny cells without the need for multiple 

reinfusion of PBLs. However, retroviral vectors have limited use in hematopoietic stem ceIl 

transduction as they require ce11 division for their integration. and the titers of recombinant 

vecton commonly achieved are low. Lentivirai vectors may therefore be more useful as they 

have been shown to be capable of transducing quiescent cells such as neurons and hepatocytes 

(reviewed by Klimatcheva et al 1999). The tRNAAC-Rzs may therefore be cloned in a lentiviral 

vector to allow testing of their etficacy in the progeny cells differentiated from transduced 

hematopoietic stem cells. 
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Ribozyme-dependent inactivation of lac2 mRNA in E. 
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for screening HIV-1 RNA-specific ribozymes* 
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ABSTRACT 

Ribozymes are potentially useful twls with widesproid applications in gene therapy o f  several 

diseases. I n  order to assess the in vivu cleavage effïciency o f  human immunodeficiency virus (H1V)- 

1 RNA-spi f ic  ribozymes, a bacterial indicator cell system could be developod in which the degree 

of inbibition of B-galactosidase activity would correlate witb ribozyme activity. The suitability of 

this indicator ceil system was assessed using a ribozyme targcted against the env-coding region 

within the HIV-I RNA. To this end, a pCEM4Z-based plasmid was engineered wherein 

oligodeoxynucleotides containing a bammerhead ribozyme and its target site were cloned i n  fmme 

within the lacZcoding region that encodes for the a fragment of B-galactosidase. Extra nucleotides 

were includeâ in  the insert to ensure that the / a d  open nading frame was not interrupted due to a 

framesbift or nonsense mutation. I n  E. coli indicator cells barbouring this plumid, ribozyme- 

mediated cleavage of the target site provided in cis and the subsequent loss of p-galactosidase 

activity sbould correlate with ribozyme activity. However, framesbift mutations were observeâ 

upon sequence analysis of plasmid DNA isolated from the setected light blue to white colonies. 

Because tbese mutations affeeteâ tbe production o f  the P-galactosidase a fragment. a direct 

correlation between ~galactosidase and ribozyme activities could not be established in vivo. Thus, 

i n  clones wbicb demonstrateâ visibly lower f3-galactosidase activities tban the control, the effkct of 

the framesbift mutations on IacZ mRNA translation can not be discounted. I n  cbnes expressing 

ribozymes but displaying dark blue colour, it is possible tbat I d  mRNAs were cleaved but that 

the P-galactosidase substrates useà were sensitive enough to allow detection o f  proteias tmnslated 

fmm midual  lac2 mRNA transcripts. The use o f  alternative ~galactos idw substrates with lew 

rnsitivity may enable the use o f  the proposed indicator ceil system. 



INTRODUCTION 

Hammerhead ribozymes are small. catalytic RNA molecules first identified in the avocado 

sunblotch viroid as well as in the satellite RNAs of luceme transient streak and tobacco ringspot 

vinises (reviewed in 1). The hammerhead ribozyme catalytic and substrate binding domains have 

been well characterized (2, 3). Hammerhead ribozymes may be targeted against any given RNA 

(reviewed in 4) provided that the ribozyme catalytic domain is flanked by antisense sequences to 

allow ribozyme binding to the target RNA. The cleavage site within the target RNA must be 

imrnediately preceded by NUH (S ) ,  with N being any nucleotide and H king any nuclrotide 

except G. Cleavage results in a 5' product with a 5' hydroxyl group and a 3' product with a 2'. 3' 

cyclic phosphate. 

AIDS is caused by HIV. a retrovirus with an RNA genome. During its life cycle. HIV 

produces nurnerous mRNAs which are dl potential targets for designing ribozymes (reviewed in 

6). Monomeric hammerhead ribozymes have been developed and tested against several sites 

within the HIV-1 RNA (reviewed in 7); however. virus breakthrough was eventually observed in 

eac h case (reviewed in 8). 

Ribozymes with increased catal ytic act ivity have been selec ted viu in vitro 

selection/evolution (reviewed in 9). However, the in vivo cleavage activity of these ribozymes 

may be less than what is anticipated fiom results in vitro. The in virro cleavage activity of HIV-1 

RNA-specific ribozymes has k e n  shown not to correlate with their in vivo cleavage activity in 

human ce11 lines (10-1 5). A riboyme targeted against the HIV-1 5' leader sequence, although 

active in vitro, was less active upon testing in HeLa and H9 cells (10). A riboyme against the 

fmt coding exon of the HIV-1 tut which possessed short flanking sequences performed better in 

vitro than ribozymes with longer flanking sequences (1 1). However, upon testing in Jurkat cells, 



the opposite was the case. Similady. a ribozyme targeted against the HIV-1 env-coding region 

cleaved poorly in vitro, but demonstrated the highest inhibition against viral replication in the 

MT4 ce11 line (12). On the other hand, ribozymes targeted against the HIV- 1 R region (1 3) or 5' 

leader sequence (14) were catalytically inactive in vitro but were found to be active in a cellular 

environment. A dimeric maxizyme possessing a 2-bp common stem loop II demonstrated weak 

activity in vitro against the HIV-1 tut-coding region, but in transiently transfectrd HeLa cells 

expressing a chimeric HIV-I LTR and luciferase gene, luciferase activity was inhibited by up to 

90% (1 5). Thus, selection of ribozymes on the bais  of their in vitro activity alone may eliminate 

molecules with increased therapeutic potential in vivo. In vivo systems are therefore required for 

screening ribozymes with increased/altered catalytic activities. The development of such 

screening systems should yeatly accelerate ribozyme applications. for example in gene therapy. 

Ribozymes have been shown to be active in bacterial cells. A ribozyme targeted against the 

AT-coding region of RNA coliphage SP was tested in E. d i .  Cells expressing this ribozyme 

produced less progeny phage than those expressing the inactive ribozyme (16). Ribozyme 

cleavage of HIV-1 RNA target sites have also been demonstrated in bacterial cells. RNA 

containing the IN-coding region of HIV-1 and a ribozyme targeted against it were expressed 

under control of the T7 promoter in bacteria producing T7 RNA polymerase (17). Upon 

induction, integrase rnRNA couid not be detected by analyzing RNA rxtmcted from bactena 

expressing the active ribozyme. However, it was present when an inactive ribozyme was 

expressed. Induction of target RNA synthesis pnor to ribozyme induction led to the detection of 

one of the cleavage products. The amount of integrase protein produced in vivo was also shown 

to be decreased by Western blot analysis. Ribozymes targeted against the RT and PR- coding 

regions within the HIV- 1 RNA were also tested in E. coli expressing an RNA containing HIV-1 



PR and RT-coding regions (18). Tram cleavage of HIV-1 RNA was demonstrated by semi- 

quantitative RT-PCR and HIV-1 RT activity assay. However. although ribozyme activity against 

HIV- 1 RNA could be demonstrated in both of these studies (1 7. 18). the assays used were rather 

time consuming, and thus would not allow the fastest possible screening of ribozyme activity in 

vivo. 

We were interested in designing an E. coli based indicator ceIl system for rapid initial 

screening of active ribozymes without performing extensive biochemical characterizations. In the 

proposed bacterial indicator ce11 system (FIGS. 1, 2), a ribozyme and its target site were cloned in 

h e  within the lac2 open reading frame (ORF) present in the plasmid pGEM4Z. which gives 

rise to the a fragment of P-galactosidase. Accordingly. the lucZ transcript would contain the 

ribozyme and its target site in cis. Ribozyme-mediated cleavage of the target RNA would prevent 

its translation and thus production of the a fragment of P-galactosidase. Complernentation 

between the a fragment and the o fragment (expressed in certain E. culi stnins) of P- 

galactosidase would not occur. In the presence of a chromogenic substrate such as 5-bromo-4- 

chloro-3-indolyl-P-D-gdactoside (X-gal), P-galactosidase would catalyze the formation of 5- 

brorno-4-chloro-indigo, a bluetoloured product. If the enzyme is absent. the substrate would not 

break down and remain colourless. Thus, an effective ribozyme should lead to the formation of 

white, in contrast to blue, colonies on agar plates containing X-gal and isopropylthio-fl-D- 

galactoside (IPTG), an inducer of the lac operon. 

A yeast splicing protein was found to interact in vivo with a ribozyme and block its 

intracellular activity (19). whereas the nucleocapsid protein of HIV- 1 (20-X), the heterogeneous 

nuclear ribonucleoprotein A l  (21,22) and glyceddehyde-3-phosphate dehydrogenase (27) were 

found to enhance ribozyme activity. Since hamrnerhead ribozymes are found in plant pathogens 



(viroid and satellite RNAs of viruses), plant proteins may also be found which could enhance 

ribozyme cleavage. Lack of complete cleavage both in vitro and in vivo in bacterial and 

mammalian cells rnay reflect the absence of proteins which enhance ribozyme activity. Thus. 

aside fiom the assessrnent of ribozyme cleavage activity in vivo. a bacterial system may also be 

used for cloning protein CO-factors which could affect ribozyme activity in vivo. 



MATERLALS AND METHODS 

Oligonucleotide design and cloning of RzE,,-Env into pGEM4Z 

Cloning o f  sequences encoding bEnv (28) and its HIV-I env target site was performed using two sets 

o f  oligonucleotides. The first set consisted of  partially overlapping oligonucleotides (53-54-nt) which 

were first extended in vitro and then cloned. The second set consisted o f  two complementary 

oligonucleotides that contained ribozyme and taroet sequences flan ked by restriction sites. which were 

cloned directly into the plasmid pGEM4Z. Both ligations yielded > 100 colonies upon transformation into 

E. coli. 

RzEnv was designed to cleave afler a highly conserved GUU (nt 665 to nt 667) sequence within the 

rnv-coding region o f  HIV-I HXB2 RNA (29). Partially overlapping oligonucleotides (5'-CCC-CCC- 

AG-CTT-GGA-TCC-aat-cgc-aaC-TGA-TGA-CTC-CGT-CAG-GAC-CM-ücc-agc-3' and 5'-GGG- 

GAA-TTC-Caw-tcg-caa-aac-cag-ccg-arr-cgu-ucg-gct-g-C-GTC-CTCAC-3' were synthesized 

using the Expeditem Nucleic Acid Synthesis System (Millipore; Etobicoke. Canada). Before cloning, 

these oligonucleotides were extended to full-length complementary oligonucleotides for I h at 37°C in a 

40 pl reaction containing 50 mM Tris-CI (pH 8.0). 10 mM MgCl?, 50 mM NaCI, 8pM o f  each dNTP, and 

5 units o f  Klenow (Life Technologies; Burlington. Canada). The till-in products were ethanol- 

precipitated and resuspended in water and digested with Hind III and EmR 1. In a second set o f  

expriment, complementary oligonucleotides with 5' overhangs to allow cloning (5'-AGC-TTG-GAT- 

CCa-atc-gca-aCT-GAT-GAETCCICTC-AGGACC-Ma-~ca-gcc-~t-~*gu-~fc-ggc-tgg-~t-tgc-ga t- 

CG-3' and 5'-AAT-TCG-ont~c-lilla-acc-~gc-cga-1tc-gaa-cgg-~tg-gtT-TCG-TCC-TCA-CGG-ACT- 

CAT-CAC-ttg-cga-ttG-GAT-CCA-3') were synthesized. Ribozyme catalytic domain is in uppercase 

bold, 8-nt flanking sequences complementary to either side o f  the cleavage site are in lowercase. target 

sequence is in lowercase bold, loop sequence is in lowercase italics, restriction enzyme sites are in 

uppercase italics, and 5' overhangs are underlined. The full-length oligonucleotides (75 nts) are of 

comparable length to the Hind III-EcoR I fiagment (54 nts) k i n g  removed fiom pGEM4Z. 



Plasmid pGEM4Z (Promega Corp.; Madison. USA) was transfonned into E. coli strain DH5a. 

isolated by a miniprep procedure and digested with Hind III and EwR 1. The DNA band corresponding to 

the EcoR 1-Hind III fragment was eluted using the GeneClean kit (BI0 101; Vista. USA) following 1% 

agarose gel electrophoresis. Full-length oligonucleotides were then cloned as described in (30) at the 

Hind III and EcoR 1 sites within the lac2 gene of  pGEM4Z. Ligation reactions (10 pl) containing 50 mM 

Tris-CI (pH 7.6). 10 mM MgCl:, I mM ATP. 1 m M  DTT. 5% ( w h )  polyethylene glycol-8000. doiihle 

stranded insert (300-5000 ng), vector (10 ng) and I unit TJ DNA ligase (Life Technologies: Burlington. 

Canada) were performed at 23°C for lh. DH5a competent cells were transformed with the ligation mix 

and plated on Luria-Bertani (LB) a p r  plates containing ampicillin (50 pdrnl). X-gal (800 pg) and l PTG 

(0.4 pmol). A positive transformation control consisting o f  pGEM4Z DNA yielded ovrr 300 colonies. a 

negative transformation control without DNA yielded no colonies. and the ligation mixtures each yielded 

-50 colonies. Colonies which ranged in size and colour from white to light shades o f  blue were picked 

and screened by Csp45 1. Dra 1, S m  1. BumH 1. EcoR 1 and Hind III restriction enzyme analyses. DNA 

sequencing was performed using the T7 Sequencing Kit (Pharmacia Biotech Inc.: Baie d'Urfé. Canada) 

using instructions provided by the supplier. 

Bgalactosidage activity of individual pCEM-Rz,-Env clones 

Individual colonies were picked and grown ovemight in LB medium containing ampicillin (50 pg/ml). 

The nexi day, P-galactosidase activity was assayed using cultures at an optical density at wavelength o f  

600 (ODm) equivalent to 1.00. The cultures were iricubated for another 4 h after adding IPTG (0.1 pmol) 

and X-gal (200 pg). Cells were pelleted by spinning for 3 min at 8000g. ODlm and OD12f~ of  the 

supernatants were measured to quickly assess B-galactosidase activity using culture medium coniaining 

IPTG and X-gai as a blank. 

For clones selected for further characterization, Pgalactosidase activity was assayed using o- 

Nitropheny 1-p-û-galactopyranoside (ONPG) as substrate (30) and LB cultures at the logarithmic growth 
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phase with ODwo values between 0.28-0.70. After cooling on ice for 20 minutes. cell cultures (100 pl) 

were mixed with 50 pl 0.1% SDS, 100 pl chloroform and 900 pl Z buffer (60 rnM Na2HP04, 40 m M  

NaH2POa, 10 mM KCl, I mM MgSOa, 50 mM P-mercaptoethanol), vortexed for 10 seconds. and 

incubated at 28°C for 5 minutes. ONPG (4 rnglml, 300 pl) was added to each tube, and the incubation 

continued for 80 to 220 min at 37°C. Reactions were stopped by adding 500 pl of  I M Na2COi. O D S ~ ~  and 

0 D d 2 g  were then measured. 

Cis and tmns cleavage activity of  RzE,,-Env 

To detect cis cleavage activity. ribozyme and HIV- I env target site were PCR amplified from pGEM- 

@,,-Env #2 1 using a forward primer (5-CGA-AAT-TAA-TAC-GAC-TCA-CTA-TA-3') which binds to 

the T7 promoter and a reverse primer (5'-GTA-AAA-CG A-CGG-CCA-GT-3') which binds downstream 

o f  the ribozyme target site. PCRs were performed for 30 cycles ( 1  min. 95°C; I min, 56°C; I min. 7 2 T  

each). PCR DNA (2-50 pl) containing the T7 promoter sequence was transcribed in vitro ai 37'C in a 

reaction mixture (100 pl) containing 40 m M  Tris-CI (pH 8.0). 25 mM NaCI. 8 mM MgCl?. 2 mM 

spermidine, 5 mM DTT. 1 rnM o f  each NTP, and 200 units of T7 RNA polymerase (Life Technologies: 

Burlington, Canada). The reaction was stopped afier OS-? h by digesting the template DNA with 5 units 

o f  RQI RNase-free DNase (Promega Corp.; Madison. USA) for 10 min. Cis cleavage at the HIV-I mv 

target site by Rz, occurred under the condition used for transcription, without further incubation or 

addition of  reagents. To compare cis and tram cleavage activities, the env target sequence was PCR 

arnplified from the plasmid pHEnv using a primer (S-ATA-TCA-TAT-GTA-ATA-CGASTC-ACT- 

ATA-GGG-CGA-GTG-CAG-MA-GAA-TAT-GC-3') which binds upstream o f  the ribozyme target site 

and contains the T7 promoter sequence and a primer (5'-GTC-CGT-GAA-ATT-GAC-AG-3') which 

binds downstream of the ribozyme target site. PCR DNA was transcribed in vitro for 2 h at 37OC as 

described above. After phenol extraction and ethanol precipitation. the target RNA was resuspended in 

water and then added to the in vin0 transcription mixture. The cleavage products were analyzed by 8 M 



urea-8 % polyacrylamide gel electrophoresis (PAGE) followed by methylene blue staining (30). 

Truns cleavage activity of RzEny 

Target RNA was transcribed in the presence o f  [U-~'P] UTP (3000 Cilrnmol; Amersham Canada Ltd.; 

Oakville, Canada). RzE, was transcribed from PCR DNA which was amplified frorn pGEM-RzE,,-Env 

#21 using a fonclard primer (5-CG.4-.4AT-T.444-T.4C-G.r\C-TCA-CT.4-T.4-3') which binds to the T7 

promoter and a reverse primer (5'-ATA-TAT-ATC-GAT-AAA-AAA-CGG-CTG-GTT-TCG-TCC-TC-3') 

which binds near the 3' end o f  the ribozyme. It was then used in a rruns cleavage reaciion with [a-3'P]- 

labelled target RNA. Essentially, Rz~, and target RNA were combined in a reaction mixture containing 

40 mM Tris-Cl (pH 8.0) and 10 m M  NaCI. The sample was heated to 6S°C for 5 min. cooled to 37OC. 

and the reaction initiated by adding 20 mM MgCI,. Aliquots were taken aAer 7. 1 5.30. 110.300. 600 and 

900 min incubation at 37°C. and the reaction stopped by addition o f  loading butrer containing 5 rnM 

EDTA. Cleavage products were analyzed by 8 M urea-8 % PAGE followed by exposure to a phosphor 

screen and scanning by Storm phosphorimager (Molecuiar Dynamics: Sunnyvale. USA). 



RESULTS 

Bacîerial indicator system for identification of ribozymes capable of in vivo cleavage 

E. coli DH5a cells contain a portion of the l a d  gene which encodes for the o fragment of P- 

galactosidase. Transformation of these cells with plasmids expressing the a fragment of P- 

galactosidase leads to complementation between the a and o fragments and the consequent 

assembly of an active enzyme, whose activity can be detected by chromogenic substrates (FIG. 

IA). A ribozyme (Rz,) was therefore designed to cleave the lac2 mRNA coding for the a 

f'ragment of P-galactosidase. This was achieved by cloning and the rnv target sequence in 

frarne within the lac2 gene of plasmid pGEM4Z. Upon transcription of this modified / r d  gene. 

lacZ mRNA would be produced which contains kEnv and its mir target sequence. If this mRNA 

remains intact. then the ribozyme must have been incapable of in vivo cleavage. This should lead 

to the formation of blue colonies on agar plates containing X-gal and IPTG. In contrast, if the 

conditions in vivo are suitable for cleavage, then the ribozyme should hybridize to its target 

located downstream and cleave it, effectively cutting the lucZ mRNA into two. Bacteria 

harbouring ribozymes capable of in vivo cleavage would not produce the a fragment of P- 

galactosidase and, as a result, would give rise to white colonies on plates containing X-gal and 

IPTG (FIG. 1 B). The colour of the colonies should thus correlate with in vivo cleavage of the 

ribozyme target site present in the lacZ mRNA. A ribozyme's ability to cleave in vivo may 

therefore be easily and quickly assesseci by monitoring the colour of the colonies which result 

d e r  transformation in E. coli cells. 



Ribozyme cloning, i~ vivo screening and chancterhation 

Oligonucleotides containing the ribozyme and its target sequence were synthesized. A 7-nt 

loop was placed between the ribozyme and its target sequence to allow folding and consequent 

hybridization of the two sequences. This loop (UUCGAAU) was designed to closely resemble a 

natwally occurring loop, such as the tRNA anticodon loop (UKUNNNGfAN: 3 1). Additional 

nucleotides were added so that insertion by itself of the oligonucieotide would not affect the 

reading frame of the l a d  gene present in pGEM4Z. ARer cloning, ligated plasmids were used to 

tninsfom E m l i  cells. Cells were then plated on X-gaMPTG plates. 

Twenty-four colonies which mged in colour from white to light blue were screened by 

restriction enzyme analysis and quickly assayed for P-galactosidase activity. Clones #4. # 18 and 

#2 1 demonstrated correct restriction enzyme patterns and lower P-galactosidase activitirs 

compared to cells expressing the plasmid pGEM4Z. Colonies #4 and #I 1 were light blue. while 

#18 was white on LB agar plates containing X-gal and IPTG. P-galactosidase activities of 

extracts fiom al1 three colonies were consistently lower. compared to extracts from cells 

expressing pGEM4Z (Table 1 ). 

Upon sequencing, ail three clones were found to contain mutations (Fie. 3). Clone #4 

contained an insertion (G) in the ribozyme flanking sequence. Clone # 18 contained a substitution 

(G + T) in stem loop II of the riboyme catalytic domain and a deletion (C) in the ribozyme 

fianking sequence. Clone #2 1 contained an insertion (C) in the 7-nt loop connecting the ribozyme 

and the target sequence. Three additional clones that were picked and sequenced also contained 

mutations (data not show). in a second set of experiment, twenty-four colonies picked from the 

ligation using the partially overlapping oligonucleotides were also characterized. Three colonies 

from this set were sequenced. instead of single point mutations, tracts of rnutated sequences were 



observed (data not shown). These could have resulted tiom mis-alignrnent of the partial overlap 

during the extension reaction perfonned prior to cloning. 

Cis and tram cleavage activity in vitro of  a cloned ribozyme 

Of the three clones selected, clone #21 contained a mutation in the loop region between the 

ribozyme and the target site. This mutation was not expected to affect ribozyme cleavage per se. 

The ribozyme and target site from pGEM-RzEn,-Env #21 were PCR amplified and the PCR 

products transcribed in vitro. The PCR product was then used in an in vitro transcription and 

cleavage reaction (Fm.  4A. JB,). Cis cleavage occurred during the in vitro transcription reaction 

itself. This demonstrates that the ribozyme cloned in pGEM-Rz,.,-Env #2 1 was functional in 

vil ro . 

Relative occurrence of cis and frans cleavage in vitro of RNA containing R.zEn,-Env sequences 

was detemined as follows. The RNA containing the RZEnb target site was trmscnbed sepamtely 

and added to the in vitro transcription mixture of pGEM-ktEn,-Env #21, and the cis and trans 

cleavage products were analyzed by PAGE (FIG. 4 0 .  Trans cleavage did not occur for up to 1 h 

incubation. Thus, only cis cleavage occurred under the conditions used for in vitro transcription. 

To detemine whether the ribozyme possesses lrans cleavage ability, ribozyme (without the 

cis target site) was PCR arnplified from clone #2 1 and the PCR product transcribed in vitro. This 

RNA was then used in an in vitro tram cleavage reaction using a target RNA which was PCR 

amplified and transcribed separately. The ribozyme was able to cleave the target RNA in tram 

(FIG. 5).  Thus lack of tram cleavage in the presence of a cis target site (Fici. 4 0  is due to the 

higher eficiency of cis cleavage. 



DISCUSSION 

Although in vitro selection techniques rnay allow the identification of ribozymes with 

improved catalytic activity, the in vivo performance of these ribozymes may not correlate with 

their activity in vivo. In vivo ribozyme activity may be rapidly assessed using a bactenal indicator 

system, provided that a strategy is designed which allows correlation of in vivo ribozyme activity 

with a bacterial phenotype. 

We attempted to test activity of the enzyme P-galactosidase produced by 1rcZ mRNA to 

monitor ribozyme activity in vivo (FIG. 1). Sequences encoding RzEnv and its target site were 

cloned in cis within the N-terminal region of the IucZ gene in pGEM-42. Bacterial cells were 

then tnuisfonned with pGEM-Rzev-Env plasmids. Upon transcription. RziinV should have bound 

to and cleaved its target site, thereby inactivating the kucZ transcript coding for the a fragment of 

B-galactosidase. Absence of the a fragment should have prevented Formation of a functional 

enzyme via complementation. White colonies likely to contain active were identified on 

agar plates containing X-gai and IPTG. 

Ribozyme's ability to cleave in cis was demonstrated during in vitro transcription (FIGS. 4A 

and B). Upon addition of a target RNA containing kEnv target site, only the products 

corresponding to cis cleavage were detected (FIG. 4 0 .  However. this does not rule out the ability 

of RZE"~ to cleave in tram. The ribozyme was indeed able to cleave the target RNA under tram 

cleavage conditions (FIG. 5). Thus, cis cleavage occurs with higher efticiency than rrans 

cleavage. The use of a cis cleaving ribozyme is therefore a logical choice in establishing a 

bacterial indicator ce11 system. 

pGEM-RzE,-Env plasmid designed to contain the ribozyme and its target sequence was used 

to transfomi E. coli cells. Colonies which had reduced P-galactosidase activity based on their 



colour on LB agar plates containing X-gal and IPTG were identified. Lack of B-golacto~idase 

activity within the bacterial ce11 extracts was confirmed by performing an assay using ONPG as a 

substrate (Table 1). Plasmid DNA fiom the clones was isolated and analyzed by restriction 

enzyme anaiysis. However, sequencing results revealed that mutations were present in the insert 

(FIG. 3). 

The mutations present in the clones may have caused formation of white colonies by 

disniption of the lac2 ORE In addition. could have cleaved its target site in vivo which 

could have M e r  decreased the number of 1ucZ mRNAs available for translation of the 

a Fragment of P-galactosidase. Therefore. the observed reduction in P-galactosidase activity in 

these clones could be due to an additive effkct between the mutations and ribozyme activity. 

However. because clones containing both an active ribozyme and a frameshiR mutation were the 

only ones which reduced P-galactosidase activity to a detectable Ievel. only these clones were 

selected. Clones containing the correct ribozyme and target sequence may have been missed. as 

these may have appeared blue on a g a  plates with X-gal/IPTG and therefore not selected for 

further analysis. As seen during the in vitro transcription and cleavage reaction using pGEM- 

RzE,-Env #2 1. some of the RNA may have remained uncleaved in E. coli. which couid then be 

used in translation. 

Using a similar blue/white colour selection, Chuah & Galibert (32) could successfuily 

demonstrate the activity of a cis cleaving ribozyme but not of a tram cleaving ribozyme. In this 

study, a ribozyme targeted to [acZ mRNA was cloned within the iacZ-coding region of plasmid 

Mi3mps to allow co-expression of the ribozyme and its target site within the same RNA molecule 

in vivo. Upon transcription, the ribozyme was expected to cleave the lac2 mRNA in cis. Out of 

18 white plaques tested, 15 contained the correct ribozyme sequence. while 3 were due to cloning 



of aberrant sequences leading to the loss of the OW. When the ribozyme was designed and 

expressed to tram cleave the lacZ RNA encoding o fragment of P-galactosidase transcribed in E. 

coli fiom the episome, al1 of the isolated white plaques were due to the presence of incorrect 

sequences (32). 

In our study. all of the isolated white colonies were due to mutations. The discrepancy 

between Our results and those by Chuah and Galibert (32) could be due to a number of reasons. 

The ribozyme that we designed cleaved the 5' end of the 1ucZ mRNA coding for the a fragment. 

This may have been less effective in reducing the arnount of protein produced than if the target 

chosen was further downstrearn as is the case in Chuah and Galibert's study (32). The ribozyme 

used in our study may have been less active than the ribozyme used by Chuah and Galibert (32). 

However, RzERv was shown to cleave the lm2 mRNA in vitro (Fie.  I A .  4B): the majority of the 

RNA was cleaved in cis, suggesting that the design of the construct was appropriate. Since the 

ribozyme was in very close proximity tu its taret site. it is also unlikely that the ribozyme was 

bound to sequences other than its downstrearn target, fonninp an inactive complex. 

Another possibility is that the white plaques obtained by Chuah and Galibert (32) may have 

been due io mutations which occurred elsewhere in the cloning vector and not in the insen. Also, 

the subsûate (X-gal) concentration we have used in our system (800 pg X-gallplate) was higher 

than the amount used by Chuah and Galibert (4 pg X-gallplate; 32). Thus. it is conceivable that 

our system is too sensitive, allowing small arnounts of P-galactosidase to produce a detectable 

blueîoloured product. 

Ribozymes tested against HIV- I PR ( 1 8), R T ( 1 8) and IN ( 1 7)coding reg ions were shown to 

be active in E. coli. However, in these studies ribozyme activities were demonstrated by assays 

that relied on the presence of cleaved RNA and their translation products. On the other hand, the 



system we and Chuah and Galibert (32) have utilized detected the presence of uncleaved 

products. Thus, although the majority of the 1ucZ RNA rnay have been cleaved in vivo. protein 

translated from the remaining uncleaved transctipts catalyzed the breakdown of the substrate to a 

blue coloured product, which could still be detected by the assays used. As such. the biuelwhite 

colour selection rnay not accurately report the in vivo cleavage activity of a ribozyme. since 

colonies containing mutations were the only ones that could be isolated in our study. For 

successful devrlopment of a ribozyme screening system. the amount of substrate used rnay have 

to be titrated for each ribozyme. However. this rnay be time-consuming. Alternatively. substrates 

rnay have to be used which have a higher cut-off limit of detection. requiring a higher amount of 

B-galactosidase before a colour change is observed. Thus, only those cells which are producing 

high amounts of P-galactosidase rnay tum blue. 
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FIGURE LEGENDS 

FIG. 1. Cndicator cell system for monitoring ribozyme cleavage activity in vivo. A. a- 

complementation between the a-peptide produced frorn plasmids containing the N-terminal portion of 

the lac2 gene and bacteria which express the o-peptide leads to formation of  blue colonies in agar plates 

with X-gal and IPTG. B, An oligonucleotide was designed which contained the ribozyme and its target 

sequence downstream. A 7-nt bop uas placsd b3meen the riboqnir and its taryt iequsncç to allow 

folding and consequent hybridization o f  the two sequences. This loop (UUCGAAU) was designed so that 

it closely resembles a naturally occurring loop such as the tRNA anticodon loop (UICUNNNGIAN; 3 1). 

Hind III and EcoR 1 sites were added on either side of  the oligonucleotides to allow cloning between the 

Hind Ill-EcoR 1 sites of  the plasrnid pCEM4Z located at the IucZ gene. The oligonucleotide was thus 

Hind 111-Rzb,-loop-Env-EcoR 1. Additional nucleot ides were added such that insertion by itself of  the 

oligonucleotide would not affect the reading frame of the iucZ gene present in pGEM4Z. Upon in vitro 

transcription, the ribozyme cleaves its target site. thereby inactivating the locZ mRNA. Because the a- 

peptide is not produced, a-complementation does not occur. which leads to formation of white colonies 

in agar plates with X-gal and IPTG. Ribozyme catalytic domain and 7-nt loop are shown in large case. 

Ribozyme flanking sequences and the target sequences to which they bind are shown in srnall case. O 

denotes cleavage site. 

FIG. 2. Overview of the sektion procedure for colonies with reâucd &galactosidar activity. 

Selection of  clones able to cleave in vivo was mediated by the chromogenic substrate X-gal which was 

added to agar plates. Lighter coloured clones expressing ribozymes were picked and gmwn in liquid 

culture, and used for an initial assay. Plasmid DNA isolated was subjected to restriction enzyme analysis. 

The cultures were re-streaked on agar plates. lsolated colonies were used in a P-galactosidase assay to 

confirm lack o f  lac2 mRNA expression. 



Fiû. 3. Sequenees of tbe Rz,.. clooes. Mutations in the sequences o f  clones 4. 18 and 2 1 are indicated 

as -, for substitution, A for insertion and for deletion. The numbers in parentheses correspond to the 

clone # in which the mutation was found. Ribozyme catalytic domain and 7-nt loop are shown in large 

case. Ribozyme flanking sequences and the target sequences to which they bind are shown in srnall case. 

0 denotes cleavage site. The sequence of the 75-nt insert is shown at the bonom. Locations of  the 

different mutations within the flanking sequcnccs. ribozyme catalytic domain and thc loop rcgion are 

indicated by arrows. 

Fiû. 4. CLr and tram cleavage activity of Rzc,,.-E~v. -4. Increasing amounts o f  PCR DNA (3. 5 .  10. 

25 or 50 pl) were used for in vifru transcription for 2 h. B. PCR DNA (30 pl) was used for in vitro 

transcription and incubated at increasing time intervals (0.5. 1. 1.5 or 2 h). The full-lengh transcript ( 135 

nts) along with the 5' (73 nts) and 3' (62 nts) cir cleavage products were detected. C, Same as B. except 

that RNA (333 nts) containing the ribozyme target site was added to each transcription mixture. Products 

( 1 70 nts and 163 nts) w hich would result from trum cleavage were not detected. Only the ci.s cleavage 

products (73 nts and 62 nts) and the full-length transcript ( 135 nts) were detected. T. target RNA alone. 

The uncleaved target RNA in lane "0.5" and 5' cleavage pmduct in Iane "2" have been excised from the 

gel and used for subsequent experiments. 

FIG. 5. Ttans cleavage activity of pCEM-Rz,,. RitE, and [a-"Pl-labelled target RNA were used in a 

trans cleavage reaction. Aliquots were taken at the indicated time intervals and analyzed by 8 M - 8% 

polyacry lamide gel electmphoresis followed by exposure to a phosphor screen and scanning by Storm 

phosphorimager (Molecular Dynamics; Sunnyvale, USA). 
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ABSTRACT 

A double copy vector (DC-Ht) was developed (Sullenger et a l  1990b) which contains a 

~RNA~ ' "  gene Iaeking a 3' processing site, thereby allowing high levels o f  expression o f  

chimeric tRNAs. In order for tbis vector to be used for  expressing tRN~i"~~-ribozyrnes, the 

3' processing site would have to be restored. This is because a 3' trailer RNA may interfere 

w i th  the hybridization of  the ribozyme with its target tbrough binding to the ribozyme 

flanlring sequences, o r  to the target RNA. The 3' processing site was restored by site- 

directed mutageneais by PCR Clones were obtained which contained the 3' processing site; 

howevsr, sequencing analysis showed that the rest o f  the ~RNA~""' sequence bas been 

deleted, most probably mediated by a direct repeat flanking tbe ~RNA~''" sequenee in DC- 

tSt. Excision of the tRNA cassette was observed when the DC-t5t vector was used to express 

multimeric ribozymes in CD4+ cells, and has also beea reported by anotber group (Junker 

et a l  1995). 



INTRODUCTION 

Moloney murine leukemia virus-based retroviral vectors are commonly used for RNA pol III- 

driven gene expression (Fig. 1). These vecton contain an RNA pol II promoter located in the 5' 

LTR. An additional promoter may be present in between the LTRs to allow expression of a 

selectable rnarker. RNA pol III-driven expression cassettes may be cloned either in a fonvard or 

reverse orientation (Fig. 1). Cloning may be performed in between the two LTRs upstream or 

downstream of the selectable marker (single copy design) or within the 3' LTR that results in 

gene duplication upon reverse transcription (double copy design). In addition to gene duplication 

in the 5' LTR, the latter design has the advantage of positioning the duplicated RNA pol III 

expression cassette upstrearn of the RNA pol II promoter. In either forward or reverse 

orientation. the double copy design was Found to be more effective than the single copy design 

(Ilves et al 1996). This could be due to interference between the 5' LTR promoter and the 

downstream RNA pol I I I  promoter in the single copy design. 

DC-tSt is a DC retroviral vector, which contains a truncated ~RNA,"" genr inserted upstrearn 

of the promoter in the U3 region of the 3'LTR. This vector allowed expression of high levels of 

chimeric RNAs such as antisense RNAs (Sullenger et al 1990b) and decoy RNAs (Lee et al 

1992, Sullenger et al 1990a). In order to express ribozymes that are part of a processed transcript. 

the deleted sequences of the ~ R N A ~ ~ ' ~  gene. which contained the processinp site. would have to 

be restored. By doing so. the ribozymes could be expressed as part of a processed tRNA 

molecule, without a 3' trailer RNA that may interfere with the hybridization of the ribozyme with 

its target. 

MATERIALS AND METHODS 

Four primers (Table 1) were designed in order to restore the deleted sequences of ~ R N A ~ ~ "  in 

DC-tSt MM2 and MM3 are complementary primen, which possess the 1 l -nt deletion. KL 1 and 

2 18 



MM1 bind to sequences immediately upstream and downstream. respectively. of ~RNA?'' in 

DC-t5t. 

PCRs were perfonned using 400 ng of DC-tSt template, 1.5 mM MgCl?, 200 pM of dNTPs, 

0.2 pM of each forward and reverse primer and 5 units of Tuq polymerase in a final volume of 

100 PL. To generate the KLIJMM3 product (590 bp), the sample was subjected to 30 cycles of 

denaturation (1 min, 94'C). annealing (2 min, %OC), and extension (3 min. 72*C). The 

MM2/MM 1 product (1 81 bp) was generated using 40 cycles of denaturation (20 sec. % O C ) ,  

annealinp (20 sec. 56°C). and extension (20 sec, 72°C). The KLI/MM3 and MMZlMMl PCR 

products were purified to eliminate contaminating PCR products and DC-tjt template DNA. The 

products were size-hctionated by agarose gel electrophoresis. The DNA bands were cut and 

purified using theGeneclean kit (BI0 101: Vista. USA) and the MERmaid kit  (BI0 101 : Vista, 

USA). The products were then combined in a PCR using primers KL 1 and MM 1 for 30 cycles (1  

min, 94°C; 2 min 56OC; 3 min, 72°C). The DNA product genented was approximately 71 7 bp. 

The 717-bp fragment was cloned within the Bgl II and Suc II  sites of DC-tSt. Correct clones 

were screened by restriction enzyme analysis using Mro I. Four clones demonstnted the correct 

bands. Seqwncing was also performed using a 3. 8 kb Suc I fiagrnent which was purified by 

GeneClean, 

RESULTS AND DISCUSSION 

PCR Mutagenesis was performed in two steps (Ho et al 1989. Smith et al 1993). First, PCR 

products were generated that contained overlapping ends. Altentions in the DNA sequence were 

made by changing the nucleotide composition of the overlapping PCR pnmers. The DNA 

products were combined in an extension reaction wherein the overlapping ends annealed, and 

allowed the 3' overlap of each strand to serve as the primer for the extension of the 



complementary strand. The extension product was M e r  amplified by PCR (Fig. 1). This 

product was then cloned within the DC-t5 t vector. 

Four correct clones were identified by restriction enzyme analysis. However, sequencing 

results showed that although the 1 1-nt deletion of ~ R N A ~ ~ "  has been restored. the rest of the 

R N A  sequence has been deleted. Furthermore, use of this vector to express a multimeric 

ribozyme resulted in excision of the tRNA cassette in the transduced cells (our unpublished 

results). Similar results were also reported by another group (Junker et al 1995). The excision of 

the ~ R N A ~ ~ "  cassette in transduced cells was thought to occur during reverse transcription 

because of the presence of direct repeats flanking the ~ R N A ~ ~ "  gene. The same repeats may have 

also caused recombination in bacterial cells. 
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TABLE 1. 
List of primers used to restore the deleted sequenees of ~ R N A ~ "  in DC-151 

et forward primer; binds upstrearn of ~ R N A , ~  in 
DCtSt 
reverse primer; binds downstream of ~ R N A ~ ~ ' '  
in DCt5t 
brward primer; contains eleven nucleotides 
missing in ~ R N A ~ ~ ' '  in DC t5 t 

KLI 

MM 1 

MM2 

MM3 35 TAC-GAT-CCG-GAC-TAG- l I l  
I 

C AG-AGG-ATG-GTT-TCG- 
1 1 ATC-CA 

€onvard primer: contains eleven nucleotides 
missing in t RNA,~"  in DCt St 

MM4 

17 

17 

35 

CCA-CCT-GTA-GGT-TTG- 
GC 
GGT-CAG-GAA-CAG-ATG- 
GA 
TGG-ATC-GAA-ACC-ATC- 
CTC-TGC-TAG-TCC-GGA- 
TCG-TA 

17 CGA-TCC-GGA-CTA-GCA- 
GA 

reverse primer ) derived €rom bases 3- 19 of 
MM3 which was used as a sequencing primer 



FIGURE LEGENDS 

FIG. 1. CIoning sites in a retroviral vector. A retroviral vector is shown which contains a 

neomycin phosphotransferase gene (neo) driven by an intemal prornoter (P). RNA pol III-driven 

expression cassettes may be cloned either in a fonvard (black arrow) or reverse (gray mow) 

orientation. Cloning may be perfonned in between the two LTRs upstream or downstream of the 

selectable marker (A and B) in the single copy (SC) design. Altematively. expression cassettes 

may be cloned within the U3 region of the 3' LTR (C) in the double copy (DC) design. Upon 

transfection, RNAs are expressed from the S'LTR, the intemal promoter P. and rach of the 

expression cassettes. Upon reverse transcription in transduced cells, the expression cassette 

cloned within the 3' LTR (C) is duplicated upstream of the RNA pl II prornoter and is now 

placed upstream of the RNA pol II transcript. Thin and thick lines correspond to RNA pol II- and 

pol III-driven transcripts. respectively. 

FIG. 2 Overlap PCRs to restore the processiag site of ~RNA~''''. Primen KLI and MM3 were 

used in a PCR resulting in a 590-bp PCR product, while pnmen MM2 and MM1 were used in a 

PCR resulting in a 18 1-bp PCR product. The gray box on the pnmers corresponds to the missing 

sequences in ~ R N A , ~ ~ '  which contains the 3' processing site. The two PCR products (590 bp and 

18 1 bp) were used as overlapping tempiates to generate the 7 17-bp KL IMM 1 PCR product. 

FIG. 3. PCR products. The PCR products were analyzed by 2% agarose gel electrophoresis and 

the DNA bands were visualized by staining with ethidiurn bromide. The image shown is a 

scanned photograph that has been inverted using Adobe Photoshop. Lane 1, KLIMM3 product. 

Lane 2, M W  MM 1 product . M, +x 1 74-DN A Hae III marker. 



Fie. 4. Enlarged view of the U3 region in the 3' LTR of DC-t5t The 7 1 7-bp KL 1 /MM I PCR 

product was cloned in the unique Bgl II and Suc I I  sites flanking the mutated ~ R N A ~ ~ "  in the DC- 

t5t vector. The parent vector contains a unique ~LlroI site (not show), whereas clones containing 

the insert would possess a second Mm1 site. 

FIG. 5 .  Restriction enzyme analysis of DC-tSt clones. The DC-t5t vector contains a single hfro 

1 site, resulting in a single Fragment (10.2 kb) upon bfro 1 digestion. Correct clones contain two 

Mro 1 sites. resulting in two fragments (7.7 kb and 2.5 kb) upon hfro 1 digestion. M .  hlHind III 

marker. D, DC-tSt. Bracketed lanes are the different clones. Arrows show the linearized DC-t5t 

plasmid (10.2 kb) and the restriction fragments (7.7 kb and 2.5 kb). 

FIG. 6. Sequencing results for the DC-t5t clones. Plasmid DNA was isolated from three clones 

(19. 20 and 22), and used for Suc I digestion. The 3.8 kb Suc 1 Fragment was separated from 

undigested DNA by agarose gel electrophoresis. and purified by GeneClean. It was then used for 

sequencing using the T7~equencing Kit (Phmacia Biotech Inc.; Baie d' Urte, Canada) fol lowing 

instructions provided by the supplier. The brackets correspond to the Il-nt sequence that was 

restored to the ~ R N A ~ ~ ' ' .  
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