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Fig. 3 Time course of phosphorylation of adenylate cyclase by
protein kinase C. Size markers, M,.

Methods. Bovine brain {caudate) adenylate cyclase was purified
by modification'! of the procedures described in Fig. 1 legend. The
final material was >95% pure as judged by its specific activity
(1.5 pmol min~' mg™') and SDS-PAGE!!. The 160K peptide of
adenylate cyclase obtained by this procedure was incubated with
protein kinase C in the presence of 10 mM Tris-HCl, pH7.2,
100 mM NaCl, 6 mM MgCl,, 0.1 mM CaCl,, 0.1 mg ml™' phos-
phatidylserine, 25 mM NaH,PO,, 0.1 mM TPA and 0.025 mM [y-
32pJATP (~2,500 c.p.m. pmol™") at 25 °C for the indicated periods.
The protein kinase C was prepared, as described by Uchida et al,
from porcine brain®’, Because the adenylate cyclase was stored in
5mM Tween 60, phosphorylation reactions were conducted in
mixed micelles (phosphatidylserine/Tween 60) and the TPA con-
centration (0.1 mM) was chosen to give >1 molecule of TPA per
micelle. The kinase activity was >95% dependent on CaCl,, phos-
phatidylserine and TPA and the preparation was free of cAMP-,
¢GMP- or Ca®*/calmodulin-dependent protein kinase activity.
Reactions were stopped by dilution with ice-cold 100 mM NaCl,
10 mM Tris-HCI, pH 7.4 and phosphorylated samples were further
purified on a 0.5 ml wheat-germ agglutinin-agarose column to
remove contaminating phosphoproteins. The samples were then
electrophoresed on a 6% SDS-polyacrylamide gel. After drying
and autoradiography the gels were cut and counted to determine

the stoichiometry.

other hand, Nabika et al.*® have found that in vascular smooth
muscle cells, angiotensin II also enhances cyclic AMP accumu-
lation stimulated by isoprenaline and vasoactive intestinal pep-
tide. To probe the possible physiological significance of the
phosphorylation mechanism proposed here, such cell systems
might be useful models. They could be used to examine directly
whether effects on responsiveness of adenylate cyclase mediated
by receptors coupled to phosphatidylinositol breakdown can be
correlated with phosphorylation of the enzyme. Together with
previous findings on the regulation of receptor function by
phosphorylation®®, the results presented in this paper delineate
further the complexity and variety of mechanisms that have
evolved to regulate cellular sensitivity to hormone and drug

actions.
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We report here a novel phenomenon, namely that nucleic acids
can be delivered into plant cells using high-velocity microprojec-
tiles. This research was conducted in the hope of circumventing
some of the inherent limitations of existing methods for delivering
DNA into plant cells'. After being accelerated, small tungsten
particles (microprojectiles) pierce cell walls and membranes and
enter intact plant cells without killing them. Microprojectiles were
used to carry RNA or DNA into epidermal tissue of onion and
these molecules were subsequently expressed genetically. This
approach can therefore be used to study the transient expression
of foreign genes in an intact tissue. It remains to be shown that
smaller cell types, as are found in regenerable plant tissues, can
be stably transformed by this method. If this proves possible, it
would appear to provide a broadly applicable transformation
mechanism capable of circumventing the host-range restrictions
of Agrobacterium tumefaciens', and the regeneration problems of
protoplast transformation® 5,

Several devices for accelerating small particles to high
velocities have been designed and tested’. The device (particle
gun) illustrated in Fig. 1a was used to accelerate tungsten micro-
projectiles (spherical particles 4 um in diameter) into intact
epidermal cells of Allium cepa (onion) (Fig. 1b and c). Many
cells can be bombarded simultaneously and about 90% of the
cells in a 1-cm? of A. cepa epidermal tissue (~2,000 cells)
typically contain microprojectiles following bombardment. Cells
from A. cepa can survive penetration by many microprojectiles
(Fig. 1d). However, the viability of cells (as determined by the
maintenance of cytoplasmic streaming for at least 24 h after
bombardment) is adversely affected by penetration by a large
number of microprojectiles (Fig. 2).

To demonstrate that nucleic acid can be delivered into cells
by this method, RNA isolated from tobacco mosaic virus (TMV)
strain U, was adsorbed to the surface of 4 -um tungsten particles
before their acceleration into A. cepa cells. Expression of the
viral RNA was monitored by examining the bombarded cells
microscopically for the presence of viral inclusion bodies (crys-
tallized virus particles®) 3 days after treatment. Crystalline
material, in the form of hexagonal plates, round plates and
needles, was observed in the cytoplasm and vacuole of 30-40%
of the célls that contained microprojectiles (Table 1). These
distinctive crystalline inclusions were never observed in un-
bombarded tissue or in tissue bombarded with microprojectiles
containing no nucleic acid. The observed percentage of cells
expressing TMV following bombardment was comparable to
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Fig. 1 a, Schematic diagram of the particle gun. About 0.05mg of tungsten
particles (average diameter 4 um, General Electric Corp., Cleveland, Ohio) is
placed on the front surface of a cylindrical nylon projectile {(diameter, 5 mm;
length, 8 mm) as a suspension in 1-2 ul of water. A gun powder charge (GY22AC,
gray extra light, No. 1, Speed Fasteners Inc., St Louis, Missouri), detonated with
a firing pin, is used to accelerate the nylon projectile down the barrel of the device.
The tungsten particles continue toward the target cells through a small 1-mm
aperture in a steel plate designed to stop the nylon projectile. The tungsten
microprojectiles leave the particle gun with an initial velocity of about 430 ms™".
This value was determined by allowing the nylon macroprojectile to leave the
barrel of the device and estimating its velocity in-flight with a chronograph (Ohler
Research, Austin, Texas). The target cells are placed ~10-15 cm from the end of
the device. b-d, Nomarski micrographs of A. cepa epidermal cells following
bombardment with tungsten microprojectiles 4 pm in diameter. The epidermal
layer was stripped from the underlying bulb tissue before bombardment. b, Cell
with 3 microprojectiles on its surface (one arrowed); ¢, microprojectile (arrowed)
within the same cell as revealed by focusing 40 pm below the surface of the cell;
d, Eight microprojectiles (one arrowed) in the interior of a living cell. Scale bar,
20 pm.
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that reported for the delivery of TMV RNA into protoplasts by
liposome uptake®'° or electroporation'.

Using the particle gun, DNA can be delivered into intact
plant cells, and this can result in transient expression of a foreign
gene. Tungsten microprojectiles were coated with plasmid
(p35S-CAT)'? containing a gene that encodes chloramphenicol
acetyltransferase (CAT). These microprojectiles were used to
bombard 1-cm® sections of A. cepa epidermal tissue. Extracts
from epidermal tissue bombarded with microprojectiles coat_ed
with p35S-CAT showed very high levels of CAT activity with
most of the chloramphenicol being converted to its acetylated
derivatives during the assay (Fig.3). Strong CAT activity was
detected in extracts from as little as a single 1-cm® piece of
bombarded epidermal tissue (~2,000 cells) whereas control
tissue showed negligible CAT activity.

71

These findings indicate that particle bombardment can be
used to deliver RNA or DNA into large numbeTs of intact plant
cells simultaneously and that the foreign nucleic acids intro-
duced by this process can subsequently be expressed. The
introduction of DNA into A. cepa epidermal tissue by the
particle bombardment process should be a useful tool for the
study of transient expression of foreign nucleic acids in plant
cells. The process does not require cell culture or the pretreat-
ment of the recipient tissue in any way and only small quantities
of DNA are needed (about 0.1 ug per treatment). Because the
preparation of particles and the bombardment of tissue can be
rapid, many nucleic acid samples can be tested in a short period
of time.

Particle bombardment may. eventually prove useful for the
transformation of other plant species and may be of particular
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Fig. 2 Relationship between cell survival and the number of
microprojectiles within a cell. Bars (solid lines), total cells; shaded
part of bar, living cells. Three 1-cm? sections of A. cepa epidermal
tissue were bombarded as described in Fig. 1. About 100 cells from
each section were analysed microscopically for viability (based on
the maintenance of cytoplasmic streaming) and the number of
microprojectiles in these cells were counted. Data from the three
sections of tissue were pooled.

Tabte 1 The delivery of TMV RNA to A. cepa cells by accelerated
microprojectiles

Cells containing microprojectiles: Proportion

without with penetrated cells with

Trial inclusions inclusions inclusion bodies (%)
1 44 34 43.6
2 85 35 29.2
3 168 98 36.8
4 257 76 22.8
5 147 52 26.1

A. cepa epidermal cells were scored for presence of TMYV inclusion

bodies following bombardment with microprojectiles to which TMV
RNA has previously been adsorbed. About 50 microscope fields (x500)
were observed within a 1-cm? area of tissue for each trial.
Methods. For adsorption of RNA to the tungsten microprojectiles, 2 ul
of a TMV RNA?! solution (2 pg of RNA per pl of distilled water) were
added to 18 pl of a suspension of tungsten microprojectiles (10 mg of
tungsten per ml of distilled water). The RNA was precipitated by the
addition of 7.5 pul of 0.25 M CaCl, solution and the resulting suspension
was centrifuged for 30 min at 13,000g. The particles were resuspended
and 2 pl of the suspension was placed on the front surface of the nylon
projectile. Centrifugation brings the RNA precipitate into close associ-
ation with the tungsten surfaces and results in uniform adsorption which
can be visualized by staining with the fluorescent dye DAPI*?. Following
bombardment the tissue was incubated for 3 days at 21 °C.

value for those species that cannot be genetically engineered
successfully with existing techniques. Although several delivery
systems have been used to transfer genes into various dicotyle-
donous plant species"*'>!*, these techniques have not yet been
useful for the production of whole, transformed plants of .
graminaceous species such as rice, wheat, or corn. Although
there is evidence that Agrobacterium can transfer DNA to Zea
mays'S, Asparagus'®, Chlorophytum and Narcissus'’, the
efficient use of this agent for the transfer of genes to monocots
may be hampered by the restricted host range of the bacterium’.
Genes have been transferred to protoplasts of the monocots
Triticum monococcum and Lolium multiflorum by incubation
with plasmid DNA** and to Zea mays® and Oryza sativa'® by
electroporation, but these techniques are restricted by the
difficulties of regenerating whole plants from protoplasts of most
monocot species'®?’. The particle bombardment process should
not suffer from the host-range limitations of infectious agents
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Fig. 3 CAT activity from A. cepa epidermal tissue bombarded
with microprojectiles coated with plasmid harbourin'g the CAT
gene. Lane a, positive control: a colony of E. coli carrying pBR325
was sonicated in 1ml of buffer and centrifuged at 10,000g for
5 min. The supernatant (10 1) was used for the CAT assay. Lane
b, untreated epidermal tissue (10 pooled sections); lane c, epider-
mal tissue (10 pooled sections) bombarded with naked micropro-
jectiles; lane d, epidermal tissue (10 pooled sections) bombarded
with microprojectiles coated with pUC13. Lane e, microprojectiles
(30 ! of a suspension prepared as described in the text) were
rubbed over the surface of each of 10 sections of epidermal tissue
which were pooled for the assay. Lane f-i, epidermal tissue (10
sections pooled for each assay) bombarded with microprojectiles
coated with p35S-CAT; lane j: epidermal tissue (one section for
the assay) bombarded with p35S-CAT. CAP, chloramphenicol;
3-AcCAP and 1-AcCAP, monoacetylated forms of chloram-
phenicol. The plasmid (p35S-CAT), which has been previously
described'?, includes the following components: a 941-basepair
(bp) region including the 35S promoter from caulifiower mosaic
virus?*; a 900-bp region -encoding the CAT activity®*; a 700-bp
region carrying the 3’ noncoding sequences and the transcription
termination region of the ribulose bisphosphate carboxylase gene
and a derivative of the pUC13 plasmid in which the HincII site
was changed to a Clal site. The resulting construct is 5.3 kilobases
(kb) long. The plasmid p35S-CAT was grown in Escherichia coli,
isolated by phenol extraction, and purified by CsCl/ethidium
bromide density-gradient centrifugation®. The microprojectiles
were coated by adding 10 pl of the plasmid DNA (1.0 p.g of DNA
per pl of TE buffer, pH 7.7) to 100 ul of a suspension of tungsten
microprojectiles (0.1 g of tungsten per ml of distilled water). The
DNA was precipitated by the addition of 100 pl of a CaCl, solution
(2.5 M) and 40 .l of a spermidine solution (free base, 0.1 M). The
resulting suspension was centrifuged for 30 min at 13,000g. A. cepa
epidermal tissue (1-cm? sections) was then bombarded with the
DNA-coated microprojectiles (2 wl of the suspension placed in the
middle of the front surface of the nylon macroprojectile). Assays
of CAT activity were performed on extracts prepared from tissue
that had been incubating for 3 days following bombardment with
the microprojectiles. Tissue extracts were prepared by placing the
epidermal sections in an Eppendorf tube (1.5ml) with 100 wl
Tris-HC1 (0.25 M, pH 7.8) and grinding the tissue with a pellet
pestle mixer {(Kontes). CAT activity in the extracts was determined
in 30-min assays as previously reported®®, except that the amount
of *C-chloramphenicol was decreased to 0.1 pCi per assay'®. All
the radioactivity in the Eppendorf tube (~170,000 c.p.m. in each
assay) was spotted on the thin-layer chromatography (TLC) plate
(Chromagram, Kodak). After resolution of chloramphenicol and
its acetylated derivatives by chromatography, an autoradiogram
(12-h exposure) was made. Quantitative results were obtained by
scintillation counting of separated spots of chloramphenicol and
its acetylated derivatives, and the conversion calculated.

such as Agrobacterium, and the problems associated with systems
that require regeneration of plants from protoplasts might be
circumvented by bombarding regenerable tissues such as
meristems or embryogenic callus with DNA-bearing micropro-
jectiles. To accomplish this, the particle bombardment process
must be refined so that cells much smaller (10-20 pm) than
those of A. cepa epidermal tissue can be penetrated by micropro-
jectiles.
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Determination of bacteriophage A tail
~length by a protein ruler
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How the size and shape of living structures are determined by
genetic information is one of the fundamental problems in biology.
Here I describe a study in which the size of a biological
supramolecular structure was changed in a predictable way by in
vitro genetics, with the size hoth before and after manipulation
being exactly determined. I have studied the tail of bacteriophage
A, whose length is determined by the length of the ‘ruler protein’,
the product of gene H: The length of the tail can be decreased or
increased by deleting the middle part of gene H or by forming a
small duplication there, and the length of the tail is proportional
to the size of the protein. These results can be regarded as a special
case of protein engineering’', mamely supramolecular protein
engineering. ' '

Previous work? has shown that some A mutants in vivo that
have small in-frame deletions in gene H produce viable phage
particles with a tail slightly shorter than wild-type. This proves
that gene H determines the tail length and gives strong evidence
for a scheme in which its product (abbreviated as gpH) is a
ruler that measures length during tail assembly. The question
arose from that work regarding the structure-function relation-
ship of gpH, which has at least three funetions: tail assembly,
tail-length determination and DNA injection®. It also led to
interest in the relationship between the length of gpH and the
length of the tail, and whether it is possible to change the tail
length over a much wider range of sizes.

In this study, deletion and duplication mutants in gene H of
A phage were isolated in the following way. First, a fragment
of A DNA containing gene H was cloned in the plasmid pBR322

© (ref. 3). Then, either a deletion (of one of a number of sizes)
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Fig. 1 Production of deletion (del.) and duplication (dup.)
mutantsin gene H of A phage by in vitre mutagenesis. a, Production
of deletions in cloned gene H. The Bell fragment (base numbers
9,361-13,820°) of A DNA containing gene H was inserted into the
BamHI site of pBR322 (ref. 3), where the direction of the A
sequence in the hybrid plasmid was counter-clockwise on the
conventional map of pBR322. Then it was cleaved at the unique
Hpalsite (1 in the figure), digested to various extents with Bal31
exonuclease, and self-ligated with T4 DNA ligase. b, Production
of a duplication in cloned gene H. The 5.5-kilobase (kb) fragment
from the same hybrid plasmid cleaved with Hpal (I) and Aval
(A) and the 3.8-kb fragment from cleavage with Ppull (11} and
Aval were purified by electrophoresis in an 0.7% agarose gel and
joined together with T4 DNA ligase. ¢, Introduction of cloned
gene H having a deletion or duplication mutation (H') into the A
genome, Cells of E. coli HI97 polA supF (Aclts857 Sam7) were
transformed with the plasmids shown in a and b using selection
for ampicillin resistance (Ap"). (They were plated with tryptone
top agar on LA plates with magnesium® containing also 50 wg ml™*
ampicillin and incubated for 24 h at 32 °C.) Because these plasmids,
having the replication origin of ColE1?, cannot replicate in E. coli
polA (ref. 11}, the transformants were those in which the plasmids
were inserted by homologous recombination into gene H of the A
prophage (right-hand top row of c). The efficiency of transforma-
tion was about 10 colonies per wg DNA. The ampicillin-resistant
lysogens were cultured in M9A medium® and subjected to heat-
induction of the prophage. The A DNA having the plasmid inser-
tions (at top left in the second row of ¢) was too long to be packaged
into A phage particles. The packaged DNA molecules were those’
from which the inserted plasmids had been excised by homologous
recombination. Through insertion and excision the wild-type gene
H of the original A genome was replaced by the mutated gene H
of the plasmids with a certain probability. Therefore, the lysates
contained both wild-type and H deletion (or duplication) phages
(bottom left on the second row of ¢). E. coli W3350 Su™ was
lysogenized by these phages. Lysogens having the H deletion or
H duplication prophage were distinguished from those having
wild-type prophage by their inability to produce active phage after
heat induction. It is not completely excluded that phages having
a deletion or duplication in gene H may form plaques, but none
of the phages of this study did so. (See ref. 12 for detailed methods
of genetic engineering and ref. 5 for the test of defective prophage
' mutants.) '



