entire plasmid previously linearized with
Bam HI or Pst I (Fig. 3). Creation of a
unique Hph I site within the or.1 operator
site is demonstrated by the presence of only
two bands in lanes 4 and 8. All other Hph I
sites were inactivated by the M-Hph I used
in the presence of \ repressor.

These experiments (see legend to Fig. 3)
consisted of the following five steps: (i)
addition of A repressor followed by M-Hph
L, (ii) thermal inactivation of M-Hph I, (iii)
RecA-mediated cleavage of \ repressor (10),
(iv) phenol extraction and ethanol precipita-
tion, and (v) cleavage with Hph I. The
additional steps are necessary because \ re-
pressor, unlike lac repressor, is not irrevers-
ibly inactivated by heating to 75°C. The
repressor protein must be cleaved by the
RecA protease to prevent dimerization and
cooperative binding to DNA, which is sta-
ble enough to carry the DNA into the
phenol phase during the subsequent extrac-
tion. Such phenol extraction is necessary to
remove NH,-terminal repressor fragments
that bind specifically to the operator and
inhibit Hph I cleavage. As an alternative to
treatment with RecA, the reactions can be
adjusted to pH 10, under which conditions
N repressor undergoes autodigestion (11).

We have demonstrated efficient operator-
specific cleavage in the lacO and \ oy sys-
tems. The approach described, however, is
not limited to these two systems. We antici-
pate that it will be applicable to many other
methylases in combination with repressors
or any of a wide range of other proteins that
form stable, sequence-specific complexes
with DNA. The particular choice of methyl-
ase and “blocking protein” would be dictat-
ed by the specificity and frequency of cleav-
age desired. For example, lac repressor mu-
tants with altered binding specificity or af-
finity (12, 13) would generate modified
cleavage patterns.

The sizes of fragments that would be
generated from a digest of genomic DNA by
means of this method would depend on the
blocking protein used to protect restriction
sites from methylation. For example, protec-
tion of restriction sites in mammalian DNA
by lac repressor should result in very little
cleavage, if any, because statistically a 20-bp
recognition sequence would be expected to
occur only once in every 1.1 x 10° kb.
However, if eukaryotic transcription factors
could be used to block methylation, the
DNA should be cleaved near the genes
under the control of the particular transcrip-
tion factor used. Other factors that would
influence the fragment size include the sta-
bility of protein binding to variant sites and
the frequency of overlap between restriction
sites and such variant binding sites.

The types of blocking proteins that will
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prove useful for this technique remain to be
seen. We anticipate that many proteins in-
volved in the regulation of transcription (for
example, repressors and transcription fac-
tors) will form DNA-protein complexes sta-
ble enough to exclude a modification meth-
ylase. In addition, the use of restriction
enzymes to block methylation of overlap-
ping sequences is being investigated.

This approach, which we would like to
designate “Achilles’ heel cleavage” (AC),
should facilitate the mapping and manipula-
tion of large DNA molecules. A specific
gene, for instance, could be tagged by inte-
gration of a mobile genetic element contain-
ing a cleavable operator, thus allowing phys-
ical localization and isolation by a variety of
methods, including the use of an affinity
(repressor-coated) column. Furthermore,
these rare sites are ideal for use in large
cloning vehicles requiring unique restriction
sites, such as yeast artificial chromosome
vectors (14). Our methods create the equiva-
lent of new restriction enzymes of extremely
high specificity and provide a powerful new
tool for genetic manipulation.
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Insensitivity to Ethylene Conferred by a Dominant
Mutation in Arabidopsis thaliana

ANTHONY B. BLEECKER,* MARK A. ESTELLE,T CHRIS SOMERVILLE,

Hans KENDE

Ethylene influences a number of developmental processes and responses to stress in
higher plants. The molecular basis for the action of ethylene was investigated in
mutants of Arabidopsis thaliana that have altered responses to ethylene. One mutant
line, which has a dominant mutation at a locus designated etr, lacks a number of
responses to ethylene that are present in the wild-type plant. These include inhibition
of cell elongation, promotion of seed germination, enhancement of peroxidase activity,
acceleration of leaf senescence, and feedback suppression of ethylene synthesis by
ethylene. These diverse responses, which occur in different tissues of Arabidopsis,
appear to share some common element in their transduction pathways—for example, a
single receptor for ethylene. Results of ethylene binding experiments in vivo indicate
that this receptor may be affected by the etr mutation.

HE GASEOUS COMPOUND ETHYLENE

is an endogenous regulator of

growth and development in higher
plants. Increases in the level of ethylene
influence many developmental processes,
from seed germination and seedling growth
(1) to leaf abscission, organ senescence, and
fruit ripening (2). A number of environmen-
tal stresses including oxygen deficiency,
wounding, and pathogen invasion enhance
ethylene synthesis (3). Stress-induced ethyl-
ene elicits adaptive changes in plant develop-
ment—for example, the formation of adven-
titious roots and air-conducting channels in

water-logged terrestrial plants and rapid
stem elongation in submerged semiaquatic
plants (4). Wounding and pathogen inva-
sion may result in ethylene-mediated accel-
eration of senescence and abscission of in-
fected organs and in the induction of specif-
ic defense proteins such as chitinase, glucan-
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ases, and hydroxyproline-rich glycoproteins
(5.

Little is known about how plant tissues
recognize ethylene and how the recognition
signal is transduced to yield the well-charac-
terized responses to ethylene. Work with
agonists and antagonists of ethylene action
has led to the suggestion that ethylene binds
to a transition metal at the receptor site (6).

Table 1. Responses to ethylene in wild-type (wt)
and ethylene-insensitive (etr) Arabidopsis. All ex-
periments were performed at least three times
with similar results. Organ elongation was mea-
sured as the length (millimeters) of organ after 3
days of growth on 1% agar (9) in the dark in
sealed 1-liter jars containing air or ethylene (1 pl/
liter); values are means from ten seedlings + SE;
100% elongation is 13.2 = 0.5 (wt), 14.7 + 0.3
(etr) for the hypocotyl, and 2.9 = 0.8 (wt),
3.4 £ 1.0 (etr) for the root. Chlorophyll content
was measured as micrograms per gram of fresh
weight of rosette leaves and stems of plants
incubated for 60 hours in chambers through
which either air or ethylene (10 plliter) in air was
passed at a flow rate of 240 ml/min. The tissue
was extracted with 80% acetone and chlorophyll
was measured as described (22); values are means
of four determinations + SE; 100% chlorophyll
is 403 = 11 (wt), 436 + 25 (etr) for stems, and
811 + 42 (wt), 944 = 99 (etr) for leaves. For
measurement of peroxidase activity, plants were
treated as for chlorophyll determinations. Ex-
tracts, prepared by grinding tissue in 50 mM
sodium acetate, pH 6.0, were assayed as described
(23) with guaiacol used as substrate; values are the
means of four determinations + SE; 100% perox-
idase activity (micromoles per minute per gram of
fresh weight) is 0.57 *+ 0.18 (wt), 0.37 = 0.12
(etr) for stems, and 7.9 + 1.6 (wt), 2.5 =1.1 (etr)
for leaves. For measurement of ethylene biosyn-
thesis, excised leaves were treated with air or
ethylene (10 plliter) in flow-through chambers
for 12 hours and placed thereafter in 10-ml glass
culture tubes sealed with serum-vial caps. After 30
minutes, 1-ml samples were taken from the head
space of the sealed tubes, and ethylene was quanti-
fied by gas chromatography (24). Ethylene pro-
duction rates (nanomoles per hour per gram of
fresh weight): 100% ethylene biosynthesis is 0.19
(wt), 0.25 (etr). For seed germination, seeds (3 to
4 weeks after anthesis) were plated on 1% agar (9)
and incubated in the dark in air or in ethylene (5
wl/liter). After 5 days, the percentage of seeds that
had germinated was recorded; germination in air
is 14% (wt), 0% (etr).

Ethylene response

Parameter (percent of air control)

Wild type  etr mutant

Organ elongation

Root 17 111

Hypocotyl 36 104
Chlorophyll content

Leaf 35 97

Stem 110 94
Peroxidase activity

Leaf 303 102

Stem 421 92
Ethylene biosynthesis

Leaf 15 96
Seed germination 664 100
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High-affinity binding sites for ethylene have
been detected in plant tissues (7, 8). Howev-
er, no direct connection has been established
between ethylene binding and any physio-
logical response. To gain further insight into
the mechanism of ethylene action, we isolat-
ed mutants with altered responses to ethyl-
ene in the cruciferous plant Arabidopsis tha-
liana.

We identified ethylene-insensitive mu-
tants by taking advantage of the ethylene-
mediated inhibition of hypocotyl elongation
in dark-grown seedlings. Populations of the
M, generation from mutagenized seed (9) of
A. thaliana (Columbia wild type) were plat-
ed on a minimal medium solidified with 1%
agar (9) and placed in a chamber through
which ethylene (5 pl/liter) in air was circu-
lated. Seedlings that had grown more than 1
cm after 4 days were selected as potential
cthylene-insensitive mutants. A screen of
75,000 seedlings yielded three mutant lines
that showed heritable insensitivity to ethyl-
ene. We have designated the mutation that
causes ethylene insensitivity in one of these
lines as etr to indicate that it is a mutant
allele of the ETR gene (10). Dose-response
curves for the effect of ethylene on hypocot-
yl elongation in the wild-type and the etr
mutant line are shown in Fig. 1. While
elongation of wild-type hypocotyls was in-
hibited by 70% with ethylene at 1 plliter,
hypocotyl elongation of the mutant line was
unaffected by concentrations of up to 100
plliter. Growth of the primary root was also
inhibited by ethylene in the wild-type but
not in the etr mutant (Table 1).

The genetic basis of the ethylene insensi-
tivity was examined in the etr mutant. Segre-
gation of ethylene insensitivity in the Mj
progeny of the original isolate was consist-
ent with a 3:1 ratio (38 insensitive, 13
sensitive; x* = 0.01, P> 0.9), indicating
that the initial ethylene-insensitive plant was
heterozygous for a dominant mutation. Eth-
ylene-insensitive M; plants were back-
crossed to the wild-type plant, ethylene-
insensitive F; plants from these crosses were
allowed to self-fertilize, and several mutant
lines homozygous for the etr mutation were
identified in the resulting F, generation.
Crosses of these lines to the wild type
resulted in ethylene-insensitive F; progeny.
Segregation of ethylene insensitivity in the
F, progeny was also consistent with a 3:1
ratio (53 insensitive, 20 sensitive;
x> =029, P> 0.5), confirming that ethyl-
ene insensitivity was due to a dominant
mutation. To obtain a chromosomal loca-
tion for the etr mutation, we crossed a plant
homozygous for etr onto a line (W-100)
carrying ten phenotypic markers in the
Landsberg erecta background (11). Linkage
analysis of 176 F, plants indicated that the

etr mutation is located near the ap-1 locus
(percent recombination, 5.5 + 8.0) on
chromosome 1 (12).

Plants homozygous for the etr mutation
are similar in appearance to their wild-type
counterparts, indicating that the mutation
does not interfere with major developmental
processes. Rosette leaves of the mutant
were, on average, 25% larger in area than
wild-type leaves. In addition, mutant plants
were delayed by 1 to 2 weeks in bolting
(flowering) and senescence of rosette leaves
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Fig. 1. The effect of increasing ethylene concen-
trations on hypocotyl elongation of dark-grown
wild-type (@) and etr (O) Arabidopsis seedlings.
Seeds were germinated on 1% agar (9) in sealed
1-liter containers into which ethylene was injected
to give the concentrations indicated. The jars were
opened every 12 hours, flushed with air, resealed,
and then reinjected with ethylene. Hypocotyl
length was measured after 3 days of growth. Each
point represents the mean of ten measurements
+ SE. In a separate experiment, ethylene at 100
plliter had no effect on the elongation of mutant

hypocotyls.
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Fig. 2. The cosegregation of insensitivity to ethyl-
ene-induced chlorophyll loss with insensitivity to
ethylene-mediated inhibition of hypocotyl elon-
gation. A plant heterozygous for the etr mutation
was self-fertilized, and the progeny were separated
into ethylene-sensitive (open bars) and ethylene-
insensitive (shaded bars) plants on the basis of the
hypocotyl elongation response. For the determi-
nation of ethylene-induced chlorophyll loss, leaf
disks (6 mm in diameter) were taken from leaves
of 5-week-old plants and incubated on distilled
water in the dark for 3 days in air or ethylene (10
ulliter) in air. Chlorophyll content was deter-
mined as described (19).
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Table 2. In vivo binding of ['“C]ethylene in wild-type and ethylene-insensitive (etr) Arabidopsis was
measured by using the isotope displacement assay of Sisler (8). Rosette leaves (7 to 10 g) were
incubated in sealed 1.5-liter glass chambers for 5 hours in the presence of 0.5 pCi of [*“C]ethylene
(specific activity 103 mCi/mmol) with or without ['?Clethylene (667 ul/liter). The leaves were then
removed from each chamber, aired for 50 seconds, and transferred to a second chamber for 16 hours. A
beaker containing 1 ml of mercuric perchlorate was included in the second chamber to trap ethylene
emanating from the leaves. Radioactivity associated with trapped ethylene was determined by liquid
scintillation spectrometry. Values are expressed as disintegrations per minute per 10 g of fresh weight
and are the means of three experiments * standard deviation. The difference between determinations a

and b reflects the level of saturable binding.

[**C]Ethylene trapped (dpm/10 g)

Treatment
Wild type etr mutant
(a) ["Clethylene (0.07 pl/liter) 382 £ 52 135 + 30
(b) [**Clethylene (0.07 ul/liter)
+ ["2C]ethylene (667 ulliter) 57 10 76 * 28
Difference: a — b 325 + 53 59 + 41

relative to the wild type. Seeds carrying the
etr mutation showed very low germination
rates when compared to wild-type seeds
germinated under the same conditions (13).

Since the etr mutation affected the re-
sponse to ethylene in both root and shoot
tissue of the seedling, we examined the effect
of the mutation in other tissues and at
different developmental stages of the plant.
The germination of dormant seeds of the
wild-type but not of mutant plants could be
induced by ethylene treatment (Table 1).
When 6-week-old wild-type plants were
placed in a chamber through which ethylene
(10 wl/liter) was circulated, leaf senescence,
as measured by chlorophyll loss, was ob-
served after 2 to 3 days (Table 1). No
ethylene-induced leaf senescence was detect-
ed in mutant plants. The lack of ethylene-
mediated chlorophyll loss in etr mutants is
genetically linked to the lack of effect on
hypocotyl elongation (Fig. 2). Ethylene
treatment also caused a three- to fourfold
increase in extractable peroxidase activity
(14) in the stem and leaves of wild-type but
not of mutant plants (Table 1).

Excised leaves from wild-type and etr mu-
tants showed similar rates of ethylene pro-
duction (Table 1). Wound-induced in-
creases in ethylene synthesis in stem tissue
were also observed in wild-type and mutant
plants (15). However, when excised leaves
were pretreated with ethylene, endogenous
ethylene production was greatly reduced in
the wild type but not in the mutant (Table
1). Thus, while ethylene synthesis rates are
not significantly altered by the etr mutation,
feedback regulation by ethylene (3) does not
occur in these plants.

The results summarized in Table 1 indi-
cate that a variety of ethylene responses,
occurring in different tissues and at different
stages in the life cycle of the wild-type
Arabidopsis plant, are affected by the etr
mutation and, therefore, must share some
common element in their signal transduc-
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tion pathways. It can also be argued that the
lesion produced by the efr mutation must
occur early in the signal transduction chain
because the biochemical bases for the vari-
ous responses are presumably different. It is
interesting that the apparent elimination of
detectable ethylene responses does not dras-
tically alter the growth and development of
the plant. Although we cannot rule out the
possibility that there are ethylene-mediated
processes in Arabidopsis that are not affected
by the etr mutation and that may be required
for normal development, the ethylene re-
sponses examined in the above experiments
represent many of the effects by which ethyl-
ene has been recognized as a regulator of
plant growth and development (1, 2, 4).

Because all of the ethylene responses that
were examined are affected by the efr muta-
tion, a single receptor for ethylene may be
present in all tissues of Arabidopsis, and it is
possible that the mutation directly affects
this receptor. As a first step toward testing
this hypothesis, we determined the capacity
of wild-type and mutant plants to bind
["“Clethylene in vivo by using the isotope
displacement assay of Sisler (8). The results
indicate that saturable binding of ethylene in
etr mutants is one-fifth of that found in wild-
type plants (Table 2). While the in vivo
binding assay does not provide a direct
measure for ethylene binding to a receptor,
our data are nevertheless consistent with the
possibility that the receptor function in the
mutant is impaired.

Any hypothesis regarding the biochemical
basis for the mutant phenotype must take
into account the dominant nature of the
mutation. Dominance could be explained by
models involving multimeric receptor com-
plexes containing identical subunits of the
ETR gene product (16). Alternatively, dom-
inance could be explained by models in
which the product of the ETR gene func-
tions, in the absence of ethylene, to suppress
the expression of ethylene responses. In

wild-type plants, ethylene would inhibit the
function of this gene product, while in the
mutant ethylene would be ineffective. Bio-
chemically defined mutations of this type,
identified in bacteria and yeast (17), occur in
genes involved in the regulation of tran-
scription. There is evidence that differential
gene expression is associated with a number
of ethylene responses in plants (5, 18). The
possibility that ethylene could interact di-
rectly with transcriptional regulatory pro-
teins may therefore be considered. Ethylene
binding in plants is thought to involve
interaction with a transition metal complex
(6). There is evidence that a number of
eukaryotic DNA-binding proteins contain
transition metal complexes that are impor-
tant in the molecular structure of the DNA-
binding regions (19).

Cloning of the ETR gene would facilitate
the testing of hypotheses concerning the
nature of its gene product. Having a rela-
tively small genome and little repetitive
DNA (20), Arabidopsis is particularly suited
for the cloning of genes based on the genetic
segregation of mutant phenotypes. The
pending development of methods for chro-
mosome walking and transposon tagging
(21) in Arabidopsis is expected to open the
possibility that genes, such as ETR, in-
volved in plant hormone action will soon be
cloned.
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Isotypic Exclusion of y8 T Cell Receptors in
Transgenic Mice Bearing a Rearranged 3-Chain Gene

ROBERT G. FENTON, PHILIPPA MARRACK, JOHN W. KAPPLER,

0. KaNAGAWA, J. G. SEIDMAN

The rearrangement of T cell antigen receptor B- and y-chain gene segments was
studied in transgenic mice that bear a functional B-chain gene. Virtually all CD3-
positive T cells derived from transgenic mice express B chains containing the
transgene-encoded V8.2 variable region on their surfaces and do not express
endogeneous B-chain variable regions. Expression of endogenous Vj genes is inhibited
at the level of somatic recombination during thymic ontogeny. Furthermore, rear-
rangements of the TCR vy-chain genes are also markedly inhibited in these transgenic
animals. Hence expression of the TCR B transgene has led to allelic exclusion of a8
receptors and isotypic exclusion of y8 T cell receptors.

HE DIVERSITY OF THE T CELL RE-
ceptor (TCR) for antigen is generat-
ed during intrathymic development
by a regulated process involving somatic
recombination of variable (V), diversity

(D), and joining (J) gene segments. Find-
ings that individual T cells can express on
their surface either a ¥ or an a} receptor (1,
2) and that the vy and 3§ genes rearrange carly
in ontogeny, followed by B and then a (3),

have led to models in which products of
TCR rearrangement determine not only the
antigenic specificity of the T cell but also the
lineage to which it will belong. Although
recombination of TCR gene segments in-
volves a mechanism whose features appear
similar to those of the immunoglobulin (Ig)
system (4), the signals that sequentially acti-
vate each locus to begin recombination and
those that terminate these events are un-
known.

Each T cell expresses only one functional
idiotypic receptor (2), and therefore mecha-
nisms must exist to exclude further TCR
gene rearrangements once a functional re-
ceptor is produced, a phenomenon referred
to as allelic exclusion. Allelic exclusion in B
cells has been studied by introducing func-
tional heavy or light chain Ig genes into the
germline of mice and defining the effects of
the transgene on endogenous Ig gene rear-
rangements. Expression of injected w heavy
chain genes significantly decreases the
expression of endogenous heavy chain loci
by inhibiting V-to-DJ and D-to-]J recombi-
nation events (5). Several lines of evidence,
including the characterization of transgenic
mice bearing a productive k-chain gene,
indicate that allelic exclusion of light chain
loci is mediated by intact Ig (6).

To study the mechanisms by which pro-
ductively rearranged TCR genes regulate
developmental events during T cell ontoge-
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Table 1. Phenotype of peripheral T cells and thymocytes by FACS analysis. Screening of purified peripheral blood T cells showed that all animals
were heterozygous H-2° X H-2® and homozygous for the SJL endogenous TCR B locus. Lymph node T cells were purified by passage over nylon wool.
Primary antibodies were KJ23a (20), 2C11 (21), F23.1 (9), GK1.5 (22), and 53.6.72 (23). RR-4.7 is a rat monoclonal antibody specific for V6 (24). T cells
and thymocytes were stained and analyzed as previously described (20). FACS analysis performed on other mice from the TCRE-1 and TCRE-2 lines

confirms the data shown here.

Deter-

Peripheral T cells (%)

Thymocytes (%)

. Antibody
minant Control TCRE-1 Control TCRE-1
CD3 2Cl11 99 94
Vg8 F23.1 0 97 0.06 76
Vgl7a KJ23a 5.45 0.05 3.28 0.2
Vg6 RR-4.7 12.12 0.34
CD4 GK1.5 58.78 41.7
CD8 53.6.72 36.93 54.78

26 AUGUST 1988

REPORTS 1089





