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Abstract : Oligonucleotides for a conserved region of the coat protein gene of cucumber
mosaic virus (CMV) and a hammerhead structure ribozyme against CMV RNA were synthe-
sized using a DNA synthesizer. Both strands of oligonucleotides were annealed and restric-
ted with BamHI/Sacl, then cloned into a plasmid pBS SK (+). The cloned CMV substrate
and ribozyme were sequenced to verify correct constuctions. In vifro transcriptions were
carried out by using T7 RNA polymerase with BssHII or Sspl digests of 1 ug of substrate
and ribozyme clones. The size of substrate RNA was 176 nucleotides (nt) containing 50 nt
of CMV RNA sequence, 6 nt of Xbal restriction site and 120 nt of vector-derived sequence
in the case of BssHII digest. The size of ribozyme RNA was 164 nt containing 40 nt of
ribozyme RNA sequence and same sequences of substrate. Substrate RNA was efficiently
cleaved into two fragments (96 nt and 80 nt) by ribozyme RNA. This endonucleolytic clea-
vage occurred more efficiently at 55C than 37C . Sspl digest-derived substrate RNA (2234
nt) was also cleaved into two fragments by the same ribozyme. Sspl digest-derived riboz-
yme RNA (2222 nt) cleaved the above substrate to two fragments. In vitro-tested ribozyme
construct is being cloned into a plant transformation vector to develop virus-resistant plants
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Introduction

Conventional plant breeding and selection proce-
dures have been used for many years to prevent
the virus diseases. However a lengthy breeding pe-
riod is needed to get virus-resistant plants. In addi-
tion to the selection procedure, cross-protection,
preinfection of a plant with a virus causing mild
symptoms prevents the development of symptoms
caused by more virulent virus, has been used to
control virus disease of tomato” and papaya.? Be-
cause inducing virus can be transformed into more
virulent virus during replication or damage plants
severely with other non-relating virus, the corss-
protection has not been used widely in the field?

Recently biotechnology offers a means by which

foreign genes can be transferred and regulated in
living organisms. This biotechnology would have an
implication in virus disease-resistance as well as
product quality. Approaches utilising viral genes
and their anti-genes for the development of the
virus-resistant plants were made in the several la-
boratories around the world. Coat protein genes,
replicase genes, satellite RNAs, antisense RNAs and
ribozymes (ribonucleic acid enzymes) were utilised
for the virus-resistant transgenic plants.

Coat protein genes from 15 different viruses
were transferred into tobacco, tomato, alfalfa, potato
and sugarbeet and transformed plants showed the
high level of resistancy against the related viruses.”
However coat protein-mediated protection like clas-
sic cross-protection was overcome by inoculation
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with purified virus RNA at least as far as develop-
ment of symptoms in inoculated leaves is conser-
ved >®

In the case of the satellite RNA-mediated resista-
nce expression of cucumber mosaic virus (CMV)
satellite has been shown to be effective in glas-
shouse tests.” Infection by tobacco ring spot virus
(TobRV) was inhibited in transgenic tobacco plants
that expressed a naturally occuring TobRV satellite
RNA® But it is not clear how useful satellite RNA-
mediated resistance will be in providing protection
against infection with viruses already containing sa-
tellite RNA while it is effective in protecting against
infection with satellite free virus.

Attempts to use antisense RNA molecules to
inthibit virus infection of plants were not succeseful.
Direct comparison showed that the efficacy of resis-
tance obtained using antisense RNA complementary
to virus coat protein genes was less than that obtai-
ned with coat protein-mediated protection.” Ther-
fore antisense RNA-mediated protection can not be
used in the field.

Viral replicase gene-mediated resistance was ob-
tained by the expression of the sequence encoding
54-KDa protein of tobacco mosaic virus (TMV)©
and a 94 base-pair deleted replicase gene of CMV
in tobacco plants.!” In addition, the expression of
amino-terminal portions or full-length potato virus
X (PVX) replicase genes in transgenic tobacco pla-
nts conferred resistance to PVX infection.'” There-
fore the replicase-mediated protection seems to a
new approach for controlling plant viral infection.

Another promissing approach is recently develo-
ped utilising ribozyme. Ribozyme technology ap-
pears to offer an attractive expansion to the anti-
sense strategies employed against plant viruses. So
far however only a few example of ribozyme direc-
ted against plant viral RNAs have been described.
Lam and Hay™ demonstrated specific cleavage of
potato leafroll luteovirus (PLRV) RNA in wvitro by
ribozymes designed against regions encoding the
viral coat protein and RNA polymerase. Transgenic
tobacco plants that expressed ribozymes against
TMV showed some resistance to TMV infection.¥
While ribozymes directed against TMV RNA were

also reported to cleave the viral RNA in vitro and
in addition to inhibit virus replication a both in
protoplast and transgenic plants.!® Similar experi-
ments are being carried out by Lee ef al.™® in Ko-
rea. They expressed hammerhead ribozyme E1
against TMV RNA but have not examined the resi-
stancy against the TMV infection yet.

In this report we examined the endonucleolytic
specific cleavage reactions of hammerhead ribozyme
against synthesized CMV RNA in vitro in prior to
the introdution of the ribozyme into plant cells to
make virus-resistant transgenic plants.

Materials and Methods

The DNA oligonucleotides were synthesized by
DNA synthesizer (Applied Biosystem Inc., model
381A) using phosphoramidite chemistry. After dep-
rotection the oligonucleotides were purified by oli-
gonucleotide purification catridge (ABI). Four diffe-
rent oligonucleotides were synthesized: (+) and
(—) strands of CMV substrate, 5-GGGGGATCC-
TACCTGATTCAGTCACGGAATATGATAAGAAGC-
TTGTTTCGCGCATTCAAATCTAGAGAGCTCCCC-
3'(75mer) and 5'-GGGGAGCTCTCTAGATTTGAA-
TGCGCGAAACAAGCTTCTTATCATATTCCGTGA-
CTGAATCAGGTAGGATCCCCC-3'(75 mer), respec-
tively and (+) and (—) strands of ribozyme, 5'-GG-
GGGATCCCATATTCCGTCTGATGAGTCCGTGA-
GGACGAAACTGAATCAGTCTAGAGAGCTCCCC-3’
(66 mer) and 5-GGGGAGCTCTCTAGACTGATT-
CAGTTTCGTCCTCACGGACTCATCAGACGGAA-
TATGGGATCCCCC-3' (66 mer), respectively (rest-
riction enzyme sites are underlined). Non-CMV su-

bstrate and non-ribozyme sequences in the oligonu-
cleotides provide sites for the restriction enzyme
BamHI and Sacl, which were used for the cloning
into pBluescript SK (-+) and another restriction en-
zyme Xbal, which is located beside Sacl, for the
selection of substrate and ribozyme clones.

The substrate and ribozyme constructs were first
selected by digesting with Xbal whose site should
not be present in the self-ligated vector. Then the
selected clones were digested with BssHII and run
on a 1% agarose gel with a BssHII digest of pBlue-
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script. The DNase-free RNase was added to the
selected clones to a final concentration of 100 ug/m/
to remove RNAs followed by precipitation with 2.5
volumes of ethanol in the presence of 0.3 M sodium
acetate (pH 5.2). The sequences of the substrate
and ribozyme clones were determined by the di-
deoxy chain-termination method'” utilising Seque-
nase™. Sequencing gels contained 8% polyacryla-
mide, 7M urea and 0.5XTBE (45 mM Tris-borate,
1mM EDTA). Following electrophoresis the gels
were wraped with Clean Wrap® and subjected to
autoradiography using X-ray film (Kodak).

In vitro transcription and purification of transcri-
pts were performed according to the published me-
thod.’ BssHII or Sspl digests of 1pg plasmids
were incubated for 1hour at 37C with 10 unit of
T7 RNA polymerase (Stratagene) in 25 p/ reaction
mixture. The reaction mixture contains 5X transcri-
ption buffer (200 mM Tris-HCl pH 8.0, 250 mM
NaCl, 40 mM MgCl,, 10 mM spermidine), 30 mM
DTT, 10 units of RNasin (Promega), 0.4 mM of each
NTP and 10 uCi of [**P]-UTP (Amersham). Follo-
wing transcription the DNA template was removed
by adding 10 units of RNase-free DNase (BRL) to
the reaction mixture and further incubating for 15
min at 37C. The transcription mixture was then
extracted twice with buffered phenol, phenol-chlo-
roform-isoamyl alcohol (25:24 : 1), and chloroform-
isoamyl alcohol (24 :1). The RNA transcripts were
precipitated with 2.5 volumes of ethanol in the pre-
sence of 2.5 M NH,O0AC. The radioactive RNA size
marker (150 nt) was generated by T7 RNA polyme-
rase-directed transcription of the BssHII digest of
pBluescript.

In witro endonucleolytic cleavage of substrate
RNA by ribozyme was carried out according to the
published procedure.®® Substrate RNA, ribozyme
RNA and 4X reaction buffer containing 100 mM
Tris-HCI pH 7.5 and 80 mM MgCl, were sequentia-
lly added to a tube. The reaction mixture (final
volume: 40 w/) was layered with RNase-free mineral
oil (Sigma) and the reaction initiated by placing
the tube in a water bath set at the desired tempe-
rature. The reaction was terminated by the addition
of 80 W of formamide loading buffer (75% forma-

mide, 0.05% bromophenol blue, 0.005% xylene cya-
nol, 20 mM EDTA). The samples were heated to
65C for 3 min before electrophoresis. In vitro clea-
vage of the RNAs was assayed on 6% or 12% poly-
acrylamide-7M urea gels in 1X TBE (90 mM Tris-
HCI pH 8.0, 90 mM boric acid, 2mM EDTA). Follo-
wing electrophoresis the gels were wraped with
Clean Wrap™ and subjected to autoradiography
using X-ray film (Kodak). The substrate and resul-
ting products were quantified from autoradiograph
using a laser densitometer (Cream Image Analyzer,
Kenentec, Denmark).

Results

The nucleotide sequences of the CMV substrate
and ribozyme constructs are shown in the Fig. 1(B).
The cloning sites are indicated as restriction enz-
yme sites BamHI (5'-GGATCC-3") and Sacl (5'-GA-
GCTC-3") which will be utilized to be cloned into
the same enzyme sites of plant transformation vec-
tor pBI221.} The ribozyme sequences between
these two sites composed of 10 nt of complementary
arms in both sides, 19nt of conserved sequence,
5-TGATGAGTCCGTGACGAAA-3', in which 3nt
(AGG) are deleted during the synthesis of oligonuc-
leotudes. Without these three nucleotides, a stem
structure might be maintained with two G nucleo-
tudes which are in the middle loop region. The
deleted 3 nucleotides which are in the middle loop
region of the hammerhead ribozyme structure’® did
not make any harmful effect on the endonuclelytic
cleavage reaction (See below the results of the in
vitro cleavage reaction.). In case of the CMV subst-
rate sequence, 50 nucleotides composed of the GTC
triplet, 11 nt conserved CMV sequence for the coat
protein gene in the left side of the triplet and 36 nt
conserved CMV sequence in the right side of the
triplet. This conserved sequence is from the publi-
shed results®® ™ and spans from 1534 to 1584 acco-
rding to the number of nucleotide from the Dr.
Shintaku’s result.? Fig. 1(A) shows the only comp-
lementary sequence of the conserved CMV RNA
to arms of the hammerhead ribozyme. The comple-
mentary sequence from the 10 different strains of



In Vitro cleavage of CMV RNA 59

CMV RNA is 10 nucleotides each in the hoth sides
of ribozyme arms.

In vitro endonucleolytic cleavage of the CMV su-
bstrate RNA by ribozyme is shown in the Fig. 2.
The molar ratio of the ribozyme to the substrate
might be 1:1 because transcripts synthesized from
1 ug of each clone were added to microfuge as me-
ntioned in ‘Materials and Methods’.

spot size of the ribozyme was much bigger than

However the

that of the substrate in the Fig. 2 but was similar
each other in the Fig. 3. The size of the substrate
RNA is 176 nt and consists of 50 nt of CMV conser-
ved RNA sequence, 120 nt of vector-derived seque-
nce and 6 nt of Xbal restriction site sequence. The
size of ribozyme RNA is 164 nt and contains 38nt
of ribozyme RNA sequence, 120 nt of vector-derived

A

Substrate 5 -CUGAUL
oMi-C -
cMV-D
CcMV-FC

CHV~Fny
CMv-M
CHV-0
MY -P6

e
Riboryme 3'-GAC

Fig. 1. Nucleotide sequences of CMV substrate and
ribozyme.

(A) RNA sequences of a conserved region of coat pro-
tein (CP) gene and a hammerhead ribozyme. Sequen-
ces of ten different CMV strains are shown. Comple-
mentary sequences to ribozyme are shown. — indica-
tes the same sequence to the conserved one and *
indicates the complementary sequences between CMV
CP and ribozyme. Circled nucleotides, A, G, and G,
were deleted during the synthesis of oligonucleotides
for the ribozyme. (B) Autoradiogram of DNA sequences
of cloned substrate and ribozyme in pBS SK (+). Res-
triction sites used for cloning are indicated as BamHI
and Sacl. Arrow means a proposed cleavage site in
the CMV substrate RNA.

sequence and 6 nt of Xbal restriction site sequence.
The substrate RNA was cleaved into two fragments
of the expected sizes, 96 nt and 80nt (lane 4 of
Fig. 2) in the presence of Mg®". The marker (150 nt,
lane 1) was derived from the T7 RNA polymerase-
treated BssHII digest of pBluescript. Comparison
of the marker RNA with ribozyme RNA, substrate
RNA and products of the «expected sizes is shown
as nt in the figure.

In accordance with previously reported studies,
the cleavage reaction rate was decreased by lowe-
ring the incubation temperature (Fig.3). No clea-
vage products were detected upon incubation at 0C
(data not shown) whereas substrate RNA cleavage
still occurred at 37C but with a reduced rate com-
pared to 55C . Quantification of substrate RNAs and
the cleavage products on the resulting autograph
using a Kenentec’s Cream Image Analyzer showed
that the cleavage levels were 96% and 3% for 55C
and 37C incubation, respectively. The temperature
optimum for the hammerhead structure was 55C %
while that for the hairpin structure was 37C .2

The bigger substrate and ribozyme size did not
make any difference in the specific cleavage reac-
tion. Another substrate RNA (2234 nt) was synthe-

nt M R S

R
S
S

176-
164-
150-

96-
80-

Fig. 2. In vitro endonucleolytic cleavage of substrate
(S, CMV transcript) by ribozyme (R). BssHIl digests
of clones (1 ug) were subjected to /n vitro transcrip-
tion with T7 RNA polymerase. Both transcripts were
incubated 2 hr at 55C in the presence of 20 mM
MgCl;. The reaction products were fractionated on
a 6% polyacrylamide-7 M urea gel. M stands for
marker derived from the vector. Sizes of transcripts
were indicated with number of nucleotide (nt).
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sized with Sspl digest of the substrate clone by
utilising in vitro transcription reaction. This transc-
ript consists of 50 nt of CMV conserved sequence,
6 nt of Xbal sequence and 2178 nt of vector-derived
sequence. The substrate contains 24 GUC triplets
according to the sequences of pBluescript (23 trp-
lets) and inserted CMV RNA (1 triplet). However
the cleaved fragments consist of 96 nt product sug-
gesting the specificity of ribozyme is high enough
to find the expected site on the long substrate RNA
(Fig. 4).

The bigger ribozyme RNA (2222 nt) was also sy-
nthesized with Sspl digest of the ribozyme clone.
This transcript contains 38 nt of ribozyme RNA, 6 nt
of Xbal sequence and 2178 nt of vector derived se-
quence. Bigger substrate (2234 nt) was also cleaved
by this ribozyme to make same size of the product
(96 nt)(lane 3, Fig. 5). The cleavage rate was enhan-
ced with the addition of 2X concentration of riboz-
yme RNA (lane 4, Fig. 5). However bigger substrate
and ribozyme transcripts did not make distinct ba-
nds on autoradiographs suggesting synthesized
RNAs might be degraded during cleavage reaction
or electrophoresis. RNA inhibitor, RNasin, has been
used in the i wvitro transcription to prevent the

37¢C 55C

Substrate—
Ribozyme—

Products :

Fig. 3. Effect of the temperature for ribozyme action.
Endonucleolytic cleavage reactions were carried out
at 37C and 55C as described in the Fig.2. A 6%
polyacrylamide-7M urea gel electrophoresis was utili-
zed to fractionate the reaction products. Sizes of trans-
cript and endonucleolytic products are same as descri-
bed in the Fig. 2.

degradation of transcripts but not in the cleavage
reaction and electrophoresis.

Discussion

The catalytic properties of the hammerhead ribo-
zyme were determined by Uhlenbeck® The reac-
tion rates are dependent upon pH and Mg®" conce-
ntration. The optimum temperature for the hamme-
rhead structure was 55C while that for the hairpin

% However we have chosen the

structure was 37C .
hammerhead ribozyme rather than the hairpin ri-
bozyme because there are no published papers on
tn planta test using hairpin type ribozyme. On the
other hand, there are several published papers on

the endonucleolytic cleavage of the substrate RNA

M S*+R

Fig. 4. Specificity of ribozyme action. Another subs-
trate RNA (2234 nt) containing 50 nt of CMV trans-
cript, 6 nt of Xbal restriction enzyme site and 2178
nt of vector derived transcript were synthesized with
Sspi digest of the substrate clone. Labeled substrate
(S*) contains 24 sites of GUC triplet according to
the sequences of the pBS SK (+) and the inserted
CMV substrate. Unlabeled ribozyme (R) was used
to differentiate with product (s). The reaction produ-
cts were fractionated on a 12% polyacrylamide-7M
urea gel. M stands for the size marker (150 nt} deri-
ved from the vector and arrow indicates the endonu-
cleolytic product {96 nt).
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by the hammerhead ribozymes. The expression of
a hammerhead ribozyme gene driven by CaMV 35S
promoter in tobacco protoplasts resulted in the en-
donucleolytic cleavage of transcript for the neomy-
cin phosphotransferase gene (npt) and a concomi-
tant reduction of the enzyme activity.®® In addition
hammerhead ribozymes directed against TMV RNA
were also reported to inhibit virus replication both
in protoplasts and transgenic plants.!” The transge-
nic tobacco plants that expressed hammerhead ri-
bozymes against TMV showed some resistance to
TMV infection.’®

Two different methods are known to clone the
synthesized oligodeoxynucleotide into vectors. One
is the method for cloning single stranded oligonuc-
leotides in a plasmid vector’?” and the other is the
method for cloning the complementary oligonucleo-
tides in a vector.®* We followed the latter be-
cause the method seems to be much simple and
precise than the first. Following cloning procedures,
putative clones were sequenced to confirm the con-
structions since we cloned relatively small synthetic

Substrate - + + +
+ -~ +

Ribozyme +(2%)

Fig. 5. Etfect of ribozyme size for the cleavage of
substrate.

Bigger ribozyme RNA (2222 nt) containing 38 nt of ri-
bozyme sequence, 6 nt of Xbal restriction enzyme se-
quence and 2178 nt of vector derived transcript were
synthesized with Sspl digest of the ribozyme clone.
Bigger substrate (2234 nt) was subjected to the riboz-
yme action as described in the legend of the Fig. 2.
The reaction products were fractionated as described
in the legend of Fig. 4. + and — indicate the presence
and shsence of substrate and ribozyme in reactions.
Arrow indicates the endonucleolytic product (96 nt).

DNA fragments and one single mutation in the ri-
bozyme domain can have a great effect on the ribo-
zyme domain.'”” This strategy permits us not only
to obtain in one step a clone to (1) check the se-
quence of the synthetic oligonucleotide; (2) obtain
the sense transcript by T7 polymerase transcription
that is necessary to check the cleavage capacity in
vitro; (3) obtain anti-sense RNA probes by T3 dri-
ven franscription to access the steady-state level
of the ribozyme in transgenic plants; but also per-
mit us to clone conviniently ribozyme construct in
a plant transformation vector.

The hammerhead ribozyme against CMV RNA
was more active at 55C than 37C (Fig. 3) meaning
that our hammerhead ribozyme acted like the other
reported hammerhead ribozyme in in vitro experi-
ments, The hammerhead ribozyme was actually de-
veloped from the positive strand of satellite tobacco
ringspot virus (TobRV).® The typical catalytic re-
gions is a secondary structure composed by two
single-stranded regions, containing 13 highly conse-
rved nucleotides and 3 non conserved stem-loop
structures. Therefore the deletion of 3 nucleotides
in the middle region of the 3 non conserved stem-
loop structures would not have made any visible
effect on the cleavage reaction.

In case of the hammerhead ribozyme against NP-
TII RNA® three nucleotides, U, G, and G, were
changed to other nucleotides, C, C, and A, respecti-
vely, and two more nucleotides (A and U) were
inserted in the non conserved stem-loop regions
compared with the typical hammerhead ribozyme
structure”® However the expression of a ribozyme
gene resulted in endonucleolytic cleavage of target
mRNA and a concomitant reduction of gene expres-
sion in vivo. This result and our result support that
other sequences bevond 13 conserved sequences
of hammerhead ribozyme do not affect the ability
of the target RNA cleavage. Indeed, the ability to
make ribozyme cleave specifically target RNAs in
vitro appeared to be applicable to virtually any RNA
molecules.

Since almost no sequence requirements for effi-
cient cleavage exist on the target RNA except the
presence of a GUC triplet immediately proceding
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the cleavage point,®* the bigger substrate RNA
derived from the Sspl digest of the substrate clone
was subjected to the ribozyme reaction. Even
though the substrate RNA contains 24 GUC triplets,
the cleavage was occurred specifically 3’ to the
GUC triplet of the CMV sequence (Fig. 4). This re-
sult supports the above implication that hamme-
rhead ribozyme needs only the 13 conserved se-
quences and the complementary sequences to the
substrate RNA containing GUC triplet.

Because the cleavage activity of the ribozyme was
determined by the secondary structure of the subs-
trate involved® and the unknown internal secon-
dary structures in target RNAs also influenced the
accessibility of the ribozyme cleavage site®” the
analysis of RNA secondary structures should be pe-
rformed using the computer with a sequence anay-
sis software package before the in vivo application
of ribozyme.

In vitro-tested ribozyme clone will be transferred
into the plant transformation vector to test whether
our ribozyme can work in vivo: BamHI/Sacl digests
of the ribozyme clone is being cloned into Ba-
mHI/Sacl digest of pBI221. The presence of the
ribozyme in transgenic tobacco and cucumber pla-
nts will be confirmed by Southern and Northern
hybridization. The resistancy of the transgenic pla-
nts to viral infections will be tested with several
strains of cucumber mosaic virus.
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