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T7 RNA Polymerase Is Expressed in Plants
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Abstract : We have prepared several chimeric constructs containing the bacteriophage T7 RNA polymerase
gene under control of the wound-inducible potato proteinase inhibitor I (i#2) promoter and have transformed
Nicotiana tabacum plants with these constructs. Southern blot analyses indicate that either one or two copies
of the gene constructs are present in the transgenic plants. Northern blot analyses indicate that mRNA en-
coding T7 RNA polymerase is expressed in a wound-inducible manner. We purified T7 RNA polymerase and
prepared antiserum. This antiserum was used for Western blot analyses to demonstrate that a protein which is
cross reactive with T7 RNA polymerase is produced. The molecular mass of this protein is 80 kDa, a size
which is consistant with the nicked form of the polymerase as is often seen when expressed in E. coli. RNA po-
lymerase assays were used to indicate that the nicked form of T7 RNA polymerase is active and capable of in-
corporating labeled nucleotides into transcripts in vitro. Analysis of transgenic plants did indeed show that
wound-inducible activation of the T7 RNA polymerase permits the establishment of a genetic system to

overexpress genes in plants using T7 RNA polymerase(Received March 20, 1997; accepted May 2, 1997)

Introduction

This work is a study designed to test the feasibility of
expressing a novel bacterial regulatory system in plant
cells. The bacteriophage T7 RNA polymerase system is
becoming the most widely used method of overex-
pression of genes in E. coli.” The great utility of this
system arises from the fact that the T7 RNA po-
lymerase can be expressed at moderate levels under
control of the inducible lacZ promoter. The T7 RNA po-
lymerase then recognizes and initiates transcription
from a unique 23 nucleotides (nt) promoter. This dual
expression system results in high level expression of
proteins cloned under the control of 23 nt T7 promoter.
The utility of this system for bacterial expression of
genes has led to the adoption of this expression method
to S. cerevisiae® and mammalian systems®*”. The studies
in S. cerevisiae demonstrated the utility of the T7 RNA
polymerase system in eukaryotes. In these studies a nu-
clear localization sequence was incorporated into the T7
RNA polymerase and following transformation, the mod-
ified T7 RNA polymerase was shown to localize in the
nucleus and could initiate transcription from the T7 pro-
moter of chimeric constructs located either on the chro-
mosome or plasmids. The nuclear localization sequences

also function to direct the T7 RNA polymerase to nu-
cleus of mammalian cells where the polymerase can
transcribe stably transformed chimeric genes” or alt-
ernatively, the T7 RNA polymerase can also direct trans-
cription in the cytoplasm if chimeric genes are expressed
from vaccinia virus vectors which replicate in the cy-
toplasm.”

In addition, bacteriophage T7 RNA polymerase has
also been expressed in transgenic tobacco.” In the study
the T7 RNA polymerase was shown to be expressed
and localized to the nucleus of plant cells. However,
these studies did not show whether the T7 RNA po-
lymerase was active. Therefore we have evaluated the
expression and activity of the bacteriophage T7 RNA
polymerase in transgenic tobacco. We have utilized the
wound-inducible potato proteinase inhibitor II promoter”
for the expression of T7 RNA polymerase because the
level of expression and the mechanism of regulation
make this gene ideal for regulating plant transcripts in a
defined, inducible manner.

Materials and Methods

Materials
Radiolabeled materials, GeneScreen® and GeneScreen
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Plus®, were obtained from Dupont and New England
Nuclear. Nitrocellulose was obtained from Micron Se-
parations. Restriction endonucleases were obtained
from New England Biolabs, Promega or Stratagene and
were used according to the manufacturer's directions.
Kits for DNA radiolabeling were from Amersham and
those for in wvitro RNA transcription were from
Stratagene.

Kanamycin, hygromycin, rifampicin, tetracycline,
carbenicillin and ampicillin were obtained from Sigma.
Cefotaxime was obtained from a local veterinary clinic.
All other materials were of the highest purity available
and were obtained from local sources.

The Nicotiana tabacum cv Xanthi plants used for all
transformations were a clonal line established in 1983 at
Washington State University. Seeds from transgenic

plants were surface sterilized in a 10% (v/v) solution of
commercial bleach and rinsed in numerous changes of
sterile water for about 15 minutes. Seeds were then
placed on MS agar® containing kanamycin (200 mg/l) in
a growth chamber until the plants were approximately
10 cm tall. The plants were then transferred to soil and
grown in the greenhouse.

DNA Manipulations and Transformation

Procedures for DNA manipulations were standard
methods®” except for the use of a 5'/3' Bglll/Pstl
adaptomer used in the construction of pRT99 (See Fig.
1). This oligonucleotide, 5'-GATCTCGA-3', was syn-
thesized at the Iowa State University Nucleic Acid
Facility. This adaptomer is complementary to both the 5'
overhang of Bgl/ll and the 3' overhang of Pstl and per-
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Fig. 1. Preparation of the pin2-T7 RNA polymerase construct. PINII pro, promoter of the potato proteinase inhibitor II (pin2) gene; PIN I ter,
terminator of the potato proteinase inhibitor I (pin1) gene; T7 RNA pol, bacteriophage T7 RNA polymerase gene; NLS, nuclear localization
signal from SV40 Large T antigen; Rb and Lb, right border and left border of the Agrobacterium T-DNA region, respectively; Ap® and Tc" de-
note bacterial selectable markers for ampicillin and tetracycline resistance, respectively; Km® denotes a nopaline synthase-NPTII chimeric con-
struction that is functional as a kanamycin selectable marker in plants.
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mits the two ends to be joined. Routinely, 4 ng of
adaptomer is added to a 25 or 50 ml! ligation reaction.
We have successfully used such adaptomers on several
occasions for ligating 3' and 5' digested ends.

DNA constructs were mated into Agrobacterium
tumefaciens LBA4404 as described.''’ These
Agrobacterium strains were used to transform Ni-
cotiana tabacum to kanamycin resistance resistance was
performed as previously described.”? Selection was per-
formed on 200 mg/! kanamycin.

Blotting

DNA was isolated from transgenic plants by the
methods of Dellaporta ¢t al.™ Southern blots were
carried out using GeneScreen® Plus and hybridization
was done with labeled DNA probes according to the
manufacturer's directions.

RNA was isolated by the method of Wadsworth et al.'*
Northern blots were carried out” using GeneScreen®
and hybridization was done with radiolabeled RNA trans
cripts.”

Protein extracts were prepared from the foliage by
grinding the foliage in a plastic bag with a hand-held tis
sue homogenizer. Total protein was quantitated by the
method of Bradford.” Western blots were conducted as
previously described” using 12% SDS PAGE and
nitrocellulose as a support. After transfer the menr
branes were blocked with milk protein and probed with
rabbit antiserum raised against purified T7 RNA po
lymerase protein. After washing away excess antiserum,
the blot was probed with [**I]-labeled protein A and ex
posed to a film.

Induction of pin2 promoter

Induction of pin2 promoter constructs in the foliage of
the transgenic plants was performed in one of two ways,
either with a pair of surgical hemostats as previously de
scribed™ or by sucrose induction as described.***’

T7 RNA polymerase assays

T7 RNA polymerase was assayed by a modification of
the method of Ikeda and Richardson.” Briefly, plant ex-
tracts containing 100 mg of total protein were incubated
in a reaction (total volume 25ml) containing 15 mM
Tris-HCl, pH 8.0, 3 mM MgCl,, 0.7 mM spermidine, 18
mM NaCl, 300 mg of yeast tRNA, 1 unit of RNase
Block (Stratagene), 300 mM GTP, 300 mM ATP, 300
mM CTP and 1 mCi [a-*P]-UTP (800 mCi/mmol). Aft-
er incubation at 37°C for 30 min, the entire reaction
mixture was passed through a 1ml/ Sephadex G-50
column equilibrated in 10 mM Tris-HC], pH 8.0, 50 mM
EDTA. The columns were eluted with 200 p/ aliquots
of 10 mM Tris-HCl, pH 8.0, 50 mM EDTA. The
radiolabeled nucleotides eluted in fraction number three.

Aliquots of this fraction were then spotted on silica gel
thin layer chromatography plates and exposed to X-ray
film for visualization.

Results and Discussion

The usefulness of adapting a bacterial gene expression
system to function in plants was investigated. T7 RNA
polymerase strategy might provide a unique method for
the overproduction of transgenes in plants, as well as for
the coordinate regulation of multiple genes in response
to a single event. To evaluate the utility of T7 RNA po-
lymerase system in plants, a series of chimeric con-
structions using the T7 RNA polymerase gene have
been prepared under the control of the wound-inducible
potato proteinase inhibitor Il (pin2).

The construction of the plant transformation vector
pRT222 is illustrated in Fig. 1. The plasmid pAR3153
was kindly provided by Dr. F. William Studier of
Brookhaven National Laboratories. The 2.2 kb Sau3Al
fragment bearing the T7 RNA polymerase gene con-
taining a nuclear localization sequence was moved into
the BamH] site of pRT146, a pUC19 derivative to make
the vector pRT220. Next, the wound-inducible potato
proteinase inhibitor II (pin2) promoter was isolated as a
0.9 kb Hindlll/Xbal fragment and inserted into the
Hindlll/ Xbal sites upstream of the T7 RNA polymerase
gene to make the plasmid pRT221. The 3.1 kb pin2-T7
RNA polymerase gene was isolated as a HindIll/Sacl
fragment and inserted into the HindIll/Sacl sites of the
plant transformation vector pRT99 to make pRT222.
The plasmid, pRT99, was synthesized from pGA482"%
by inserting an FEcoRl/Pstl fragment of pRT30
[containing 2.0 kb terminator region of the potato pro-
teinase inhibitor I (pinl) gene™] into the Bglll/EcoR
sites of pGA482 using an 8 bp adaptomer (5'-GATCTC-
GA-3') to join the 5' overhang from the Psf site with
the 3' overhang from the Bglll site.

The construct pRTZ222 was transferred into
Agrobacterium tumefaciens LBA4404 and subsequently
transformed Nicotiana tabacum to kanamycin resistance.

To demonstrate that the resulting plants were
transgenic, these plants were characterized by Southern
blot analysis. These analyses (Fig. 2) show that the
gene constructs are present in the genome of the
transformed plant lines. In addition, plant lines con-
taining both one and two copies of the pin2-T7 RNA po-
lymerase gene containing the nuclear localization se-
quence were produced. Because the FEcoM restriction
enzyme cuts outside of the T-DNA, the number of
bands present in these EcoRl digests provides direct evi-
dence of the number of copies in the genome of that
plant. According to the quantification analysis on the au-
toradiograph using a laser densitometer, the plant Tr
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Fig. 2. Southern blot analysis of transformed N. tabacum lines con-
taining the p/n2-T7 RNA polymerase constructs. Ten micrograms of
DNA were electrophoresed on a 1% agarose gel, the DNA was
transferred to Genescreen® Plus and probed with “P-labeled T7
RNA polymerase gene. Lane 1 and 2 contain DNA from trans
formant 222 plant #2 (Tr222#2), lanes 3 and 4 contain DNA from
transformant 222 plant #3 (Tr222#3). In lanes 1 and 3 the DNA
was digested with EcoRl; in lanes 2 and 4 the DNA was digested
with BamHI. Hindlll cut lambda molecular markers were run with
each of these gels. The lines to the right of each gel indicate
where these markers run. Marker sizes are 23, 9.4, 6.6, 4.4, 2.3,
and 2.0 kbp.

222#2 contains one copy of the construct and the plant
Tr222#3 contains two copies of the construct.

To evaluate whether the chimeric constructs are ex-
pressed in transgenic plants, the expression of the T7
RNA polymerase in these plants was examined by
Northern blot analysis. As shown in Fig. 3, a mRNA
band that hybridizes to radiolabeled T7 RNA po-
lymerase was observed in the wound-induced leaves of
Tr222#2 and Tr222#3 but not the uninduced leaves of
these plants. The smaller sized band migrating just be-
low the T7 RNA polymerase band shows up in all plant
samples indicating this species might be expressed re-
gardless of induction. The identity of this RNA is in
question at present.

Because the Northern blots demonstrated that the T7
RNA polymerase mRNA is expressed in plants, the ex-
pression of the protein was observed in the Tr222
transgenic plants. Purified T7 RNA polymerase was
used to prepare antiserum in rabbits™ and the resulting
antiserum was used in Western blot analysis of these
plants.

As shown in Fig. 4, an immunoreactive protein was

Fig. 3. Northem blot analysis of transformed N. tabacum lines Tr
222#2 (lanes 1 and 2) and Tr222#3 {lanes 3 and 4). Lanes 1 and 3
were from uninduced leaves. Lanes 2 and 4 were from induced

leaves by wounding with a pair of surgical hemostats. The leaf
RNAs were isolated after overnight induction.
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Fig. 4. Western blot analysis of transformed N. tabacum plants con-
taining the T7 RNA polymerase gene. Leaves of transgenic plants,
either Tr222#2 (lanes 1 and 2) or Tr222#3 (lanes 3 and 4), were
removed from the plant and induced as described in the Fig. 3. In
lanes 1 and 3 the leaves were homogenized prior to induction and
in lanes 2 and 4, the leaves were homogenized after overnight in-
duction. Lane 5 was T7 RNA polymerase expressed in E. coli BL
21::DE3.

identified in extracts of these plants. Further, this band
was induced to high levels following wounding or in-
duction of the leaf tissues with sucrose (compare lanes 1
and 2, Tr222#2; and lanes 3 and 4, Tr222#3). Com-
parison of lanes 2 and 4 indicate that doubling the copy
number of the wound-inducible pin2-T7 RNA poly-
merase gene in the plants, increase the level of ex-
pression of the T7 RNA polymerase.

Our initial observations indicated that the molecular
mass of this protein was only 80 kDa instead of the ex-
pected 98 kDa. This result indicates that the pRT222
construct might have inadvertently acquired a trans-
lation stop codon during the subcloning process. To
evaluate chis possibility, the polymerase gene from the
pin2-T7 RNA polymerase construct, pRT222, was sub-
cloned into pBluescript(SK+) and expressed in E. coli
BL21::DE3. As shown in lane 5 of Fig. 4, the molecular
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mass of the resultant protein is the expected 98 kDa in-
dicating that the T7 RNA polymerase gene had not ac-
quired a stop codon in the sequence during the cloning
process. Thus, the smaller sized protein produced in the
plants must arise from some other mechanism.

One clue to elucidate this problem was found in the
work of Ikeda and Richardson®™ which indicates that the
T7 RNA polymerase has a site 172 amino acids from
the C-terminus that is readily cleaved by proteases.
However, the resulting two subunits do not disassociate
under normal conditions and the nicked enzyme re-
mains active. This nicked form of the polymerase
shows bands on SDS PAGE of 80 kDa and 23 kDa. The
size of the large fragment is identical to the size we ob-
served for the protein produced T7 RNA polymerase
and thus, the T7 RNA polymerase produced in tobacco
is a nicked form of the enzyme. Apparently, the smaller
fragment runs off our gels, or is not immuno-cross reac-
tive with our anti-T7 RNA polymerase antibody.

Thus Western blot analysis demonstrates that the T7
RNA polymerase is expressed in nicked from in a wound-
inducible manner. As with other pin2 gene constructs,**
these constructs are also induced by sucrose.

Because the plants produced the nicked form of the T7
RNA polymerase they were examined whether they pro-
duced enzyme containing RNA polymerase activity. As
shown in Fig. 5, labeled UTP can indeed be incorporated
into new transcripts driven from the T7 promoter.
Moreover, this incorporation of radioactivity into tran-
scripts is inducible (compare lanes 3 and 4 for Tr222#2
plants and lanes 5 and 6 for Tr222#3 plants). Thus, the
T7 RNA polymerase was produced in an inducible mann-
er, however, the size of the protein indicated that the
protein is proteolytically nicked but does indeed retain
enzyme activity. The nicked form of T7 RNA po-
lymerase has also been observed in E. coli.*¥ Because the
nicked form of polymerase retains some activity in E.
coli, we therefore, verified that the transgenic
plants produced inducible RNA polymerase activity. The
verification that transgenic plants did indeed show woun-
d-inducible activation of the T7 RNA polymerase per-
mits the establishment of a genetic system to overex-
press genes in plants using the T7 RNA polymerase.

We are presently exploring the use of reporter con-
structs harboring P-glucuronidase (GUS) and chloram-
phenicol acetyl transferase (CAT) genes under the con-
trol of a bacteriophage T7 promoter. We anticipate that
a system which utilizes the T7 RNA polymerase to drive
expression of reporter genes will have widespread use in
the expression of genes in plants. This system could be
used for expressing transgenes at high levels or alt-
ernatively expressing multiple transgenes under the coor-
dinate control of a single promoter, in our case the po-
tato proteinase inhibitor II promoter. Our experimental
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Fig. 5. T7 RNA polymerase assays from Tr222 plant extracts. As-
says were performed by a published method using 1 mCi a-[*P]-
UTP (800 mCi/mmol). Lanes 1 and 2 are control lanes which con-
tain 1 unit of added T7 RNA polymerase and no addition, respec-
tively. Leaves of transgenic plants, either Tr222#2 (lanes 3 and 4)
or Tr222#3 (lanes 5 and 6), were removed from the plant and in-
duced with 3% sucrose. Lanes 3 and 5 are from uninduced leaves
and lanes 4 and 6 are from induced leaves. Leaves were homo-
genized after overnight induction.

design is to develop secondary reporter genes under the
control of the bacteriophage T7 promoter which utilize a
second transformation marker (hygromycin). Thus, in-
dividual transformant can be prepared and genetic
crosses can be to combine the transgenes
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