
min 	 in l x  SSC at SOT, treated with 500 k g  
of rilmnnclcase A pcr milliliter in 4X SSC at 37°C 
for 30 min, washcd nvicc for 40 mi11 and 5 mi11 
in l x  SSC at SOT, rinscd nvicc for 5 mi11 in 2 x  
SSC at room tcmperattire, and dipped five times in 
water. After drying, sections were dipped in Kodak 
NI'B-2 cniulsion, cxposcd for 1 (total APP niRNA 
probe) or 4 (HL124i-containing APP mRNA) days, 
dcvclopcd for 2 nun with Kodak D-19, and fixcd in 
Kodak Rapid Fix for 1.5 nun. Aftcr copious rinsing 
in distilled water, sections were stained with cresyl 
violet or hematoxylin and Congo red, dehydrated, 
and mounted. To  qualtitatc thc hybridization ofthe 
APP prolxs to mRNA within pcrikarya in thc 
various brain rcgions cxamincd, wc focuscd 011 the 
plalc of thc cclls, idcntificd thc pcrikaryon to be 
asscsscd at x 1000 magnification, and supcrhnposcd 
a grid of a si7.n chosen so that it just fit within that 
perikqon. We then adjusted the focus so that thc 
grains within thc grid (which are not clearly visiblc 
when one focuses on cells) could all bc counted. In 
each tissne block, the avcrage number of grains 
produccd ovcr pcr ikqa by antisense probe was 
typically obtaincd by analyzing 30 ra~domly choscn 
neurons on each of two or threc smions, and thc 
numlxr produced by noncomplementaty probe was 
obtaincd by analyzing 30 randomly choscn 11curo11s 
on one section. The number of grains produccd by 
the specific binding of antisense probc was thcn 
calculated by taking the difference between the 
altiscnsc and noncomplcmentary grain counts. The 
altiscnsc/scnsc ratio rangcd from 5 :1 to 10 :1 in 
thc various ccll typcs cxamincd. T o  illustrate the 
relativc amount of API' mRNA in soma of thc 
various rcgions that wc cxamincd, wc havc cxprcsscd 
specific grain counts per average sonial area. Avcr- 
age somal sixs, which were not appreciably ditier- 
ent 	in the AD and control cases, were detcr-
nuned by averaging morphometric measurements 
niadc on thrcc AD a ld  thrcc control cascs with 
thc Bi~x~oantI1 system (R&M Bionictrics) (nbM 
700, LC 809, basis pontis 264, and snbiculuu~ 262 
p,m2). 
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Conferring Operator Specificity on Restriction 
Endonucleases 

Mapping and manipulation of very large genomes, including the human genome, 
would be facilitated by the availability of  a DNA cleavage method with very high site 
specificity. Therefore, a general method was devised that extends the effective recogni- 
tion sequences well beyond the present 8-base pair limit by combining the specificity 
of the restriction endonuclease with that of  another sequence-specific protein that 
binds tightly to DNA. It was shown that the tightly binding lac or A repressor protects 
a restriction site within the operator from specific modification methylases, M-Hha I 
or MeHph I, while all other similar sites are methylated and thus rendered uncleavable. 
A plasmid containing a symmetric lac operator was specifically cleaved by Hha I, only 
at the site within the operator, after M.Hha I methylation in the presence of the lac 
repressor, whereas the remaining 31 Hha I sites on this plasmid were methylated and 
thus not cleaved. Analogous results were obtained with the Hae I1 site within the lac 
operator, which was similarly protected by the lac repressor, and with the Hph I site 
within the phage A o~ operator, which was protected by A repressor from M.Hph I 
methylation. 

THE PRESENTLY AVAILABLE RESTRIC- 

tion enzymes cleave DNA at recog- 
nition sites of 4 to 8 bp. Statistically, 

8-bp recognition leads to one cut per 65.5 
kb. For mapping, manipulation, and se-
quencing of very large genomes ( 1 )  restric-
tion systems with higher specificity are re- 
quired. One of these systems is based on the 
natural methylation of many genomes, but 
such an adventitious modification process is 
not easy to control. Atlother, which has 
been shown to stretch effective recognition 
sites to 10 bp, is based on the joint use of 
modfication methylases and restriction en- 
donucleases for a few specific combinations 
of restriction sites (2-4). Finally, a number 
of laboratories have recently sought to cre- 
ate synthetic DNA-cleaving reagents by 
combining a sequence-specific DNA-bind- 
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ing domain with a DNA-cleaving moiety 
(5-7). However, the practical applications of 
these reagents are severely limited by their 
very low cleavage efficiency and inability to 
generate well-defined encis. 

We have devised a general method (Fig. 
1A) for efficiently extending the effective 
recognition sequence of a restriction endo- 
nuclease well beyond previous limits. Our 
method combined the activities of three 
proteins: (i) a repressor, which specifically 
binds to only very rare sites (operators) of 
about 20 hp in length; (ii) a modification 
methylase, which methylates all correspond- 
ing restriction sites with the exception of 
those protected by the repressor; and (iii) a 
restriction endonuclease with the same 
specificity as the modification methylase 
(Pig. 1A). The two specific examples we 
describe arc operator-repressor systems of 
(i) the lac operon, which creates an effective 
recognition sequence of 20 hp, and (ii) the 
phage A o~ operator, which gives an effective 
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recognition sequence o f  17 b p  (Fig. 1, B 
and C, respectively). 

For the lac system we used plasmid 
pOE310 (Fig. lB), which contains a sym- 
metric l a c 0  operator (8). This plasmid is 
cleaved by Hae I1 into 1 2  fragments (Fig. 2, 
lane 6) and by H h a  I into 3 2  fragments (lane 
13). Both the Hae I1 and H h a  I sites were 
rendered uncleavable by methylation with 
M-Hha I, since, in Fig. 2, lanes 4,8, and 11, 
all show only one band corresponding to the 
entire plasmid previously linearized with Pst 
I o r  Pvu 11. Creation of  a "unique" Hae  I1 

Fig. 1. A method for 
increasing the site speci- 
ficity of resmction endo- 
nucleases. (A) Creation 
of rare restriction sites 
by combining the speci- 
ficity of a DNA-binding 
protein (for example, a 
repressor) with that of a 
resmction enzyme. (6) 
Symmetric lac operator 
sequence (right) inserted 
at the Eco RI site of 
pBR322 to form 
pOE310 (left). Methyl- 
ation of this plasmid 
with M.Hha I in the 
presence of lac repressor 
leaves unmethylated 
Hha I (GCGC) and Hae 
I1 (AGCGCT) sites at 
the position shown, 
whiie methylating and 
thus eliminating 31 Hha 
I sites and 11 Hae II sites. 

site within l a c 0  is demonstrated by the 
presence of  only two bands in  Fig. 2, lanes 5 
and 9. All other Hae  I1 sites were inactivated 
by the M-Hha I methylase used in the 
presence o f  lac repressor. An analogous ex- 
periment, which creates a unique H h a  I site, 
is shown in lane 12. (The Hae  I1 and H h a  I 
sites within the l a c 0  overlap; see Fig. 1B.) 
As a control for these experiments we  used 
digestion with Pst I + Eco RI and Pvu 
I1 + Eco RI (lanes 3 and 7, respectively), 
because the Eco RI sites, which flank the lac 
operator, mimic the unique Hae IIIHha I 

3) inactivate "(===J;;-(@@J-(===J 
0 = restriction site, cleavable 0 - recognition site for a tight-binding protein 

- methylated restriction site, not cleavable a - tigM-binding protein 

B hd) 

Hae ll 1 Hha l 

@2;;j 1-1 ACATM -7 CTGA 
ATAGAGACCGCCACAAC T G T A m  ATGGTGACCG CACT T GACT 

PStl 
Barn HI Hph l 

Cuts at lac0 and at the Pst I site release 3633- and 774-bp fragments. whereas 
cuts at lac0 and at the Pvu I1 site release 2319- and 2088-bp fragments. (C) phage A 0 ~ 1 1 0 ~ 2  Sequence 
(right) of plasmid pNH55B-1 (left). Methylation of this plasmid with M-Hph I in the presence of A 
repressor leaves an unmethylated Hph I (GGTGA) site at the position shown, while methylating, and 
thus eliminating, eight Hph I sites. Cuts at oL1 and at the Barn H I  site release 2344- and 1086-bp 
fragments, whereas cuts at oL1 and at the Pst I site release 2398- and 1032-bp fragments. 

Fig. 2. Operator-specific cleavage in plasmid 
pOE310 (lac0 operator, Fig. 1B) as analyzed by 
agarose gel electrophoresis. Lane 1, untreated 
pOE310. Open circular (oc) and covalently 
closed circular (ccc) forms are seen. Lane 2, Pst 1- 
linearized pBR322 (operatorless control) methyl- 
ated with M-Hha I in the presence of lac repressor 
followed by Hae I1 digestion. Lanes 3 to 6, Pst I- 
linearized pOE310 (4407 bp) treated as follows: 
lane 3, Eco RI digestion (a control showing the 
two fragments that resulted from cuts in lac6 and 
Pst I sites; see legend to Fig. 1); lane 4, methylation with M-Hha I followed by Hae I1 digestion; lane 5, 
as in lane 4 but methylated in the presence of lac repressor (two bands only, similar to the lane 3 
control); lane 6, Hae I1 digestion (unmethylated control). Lanes 7 to 13, Pvu 11-linearized pOE310 
treated as follows: lanes 7 to 10, as in lanes 3 to 6; lanes 11 to 13, as in lanes 4 to 6 but in each case di- 
gested with Hha I rather than Hae 11. Lanes 5,9, and 12 represent actual protection experiments (Fig. 
1B); other lanes represent various controls. Sizes (in base pairs) given are for lane 5 (3633 bp, 774 bp), 
and lanes 9 and 12 (2319 bp, 2088 bp). Methylation was carried out in a buffer of 50 mM tris-HC1 (pH 
7.5), 10 mM EDTA, 5 mM 2-mercaptoethanol, 80 pA4 S-adenosylmethionine (SAM), 50 pg/ml of 
bovine serum albumin (BSA), 2 U of MaHha I [New England Biolabs (NEB)] and 0.5 pg of plasmid 
DNA in a total volume of 10 p1, and incubated for 1 hour at 37°C. For the methylation done with lac 
repressor present, 8 x 10-l2 mol (tetramer) of repressor was preincubated with the DNA at 37°C for 5 
min before the addition of SAM or methylase. After heat inactivation of repressor and methylase at 
75°C for 15 min, the reaction volumes were raised to 30 p1 with the above buffer adjusted to 5 mM 
MgCI2, 100 pg of BSA per milliliter, and 10 U of Hha I (NEB) or to 5 mM MgCI2, 100 pg of BSA per 
milliliter, 50 mM NaCI, and 10 U of Hae I1 (NEB), and incubated at 37°C for 1 hour. The digest (10 
p1) was run on a 1.2% agarose gel containing ethidium bromide. 

site within the lac operator. These experi- 
ments (see legend to Fig. 2) were done in 
three steps, all in  the same test tube: (i) 
addition of the lac repressor followed by the 
modification methylase, (ii) thermal inacti- 
vation o f  both proteins, and (iii) cleavage 
with the corresponding restriction endonu- 
clease. 

For the phage A o~ operator system, we  
used plasmid pNH55B-1 (Fig. lC) ,  which 
was constructed by deletion o f  a Bam HI 
fragment from plasmid pNH55B (9). This 
plasmid is cleaved by H p h  I into nine frag- 
ments (Fig. 3, lane 5). The H p h  I sites were 
rendered uncleavable by methylation with 
M-Hph I. This is evident because lanes 3 and 
7 show only one band corresponding to the 

Fig. 3. Operator-specific cleavage of plasmid 
pNH55B-1 (phage A o~ operator; see Fig. 1C) as 
analyzed by agarose gel electrophoresis. Lane 1, 
untreated pNH55B-1 (oc and ccc controls analo- 
gous to lane 1, Fig. 2). Lanes 2 to 5, Bam HI- 
linearized pNH55B-1 (3430 bp) treated as fol- 
lows: lane 2, untreated; lane 3, methylation with 
M-Hph I followed by Hph I digestion; lane 4, as 
in lane 3 but methylated in the presence of A 
repressor; lane 5, Hph I digestion. Lanes 6 to 9, 
Pst I-linearized pNH55B-1 treated as follows: 
lane 6, untreated; lane 7, methylation with 
MaHph I followed by Hph I digestion; lane 8, as 
in lane 7 but methylated in the presence of A 
repressor; lane 9, Hph I digestion. Lane 10, a 
mixture of pBR322 digested with Msp I and 
pBR322 doubly digested with Pvu I1 and Hinc I1 
(marker lane). Lanes 4 and 8 represent the actual 
protection experiments (Fig. 1C); other lanes 
represent various controls. Sizes (in base pairs) 
given at the left of the figure are for lane 4 and 
those at the right for lane 8. Methylation was 
carried out in a solution of 20 mM tris-HCI @H 
7.5), 1 mM EDTA, 5 mM 2-mercaptoethanol, 80 
@f SAM, 1 U of M-Hph I (NEB), and 0.5 pg of 
plasmid DNA in a total volume of 25 pl. For 
reactions containing A repressor, 2 x 10-lo mol 
(monomer) of repressor was added to the buffer 
and DNA before addition of methylase. After 
incubation at 37°C for 1 hour, the methylase was 
inactivated by heating to 75°C for 15 min, and the 
reactions were adjusted to 5 mM MgC12, 2 mM 
dithiothreitol, 3 mM dATP, 8 pg of Sal I- 
linearized M13mp7 single-stranded DNA per 
milliliter, and 1.3 x 10-10 mol of RecA in a total 
volume of 50 p1. The reactions were incubated at 
37°C for 6 hours, extracted with phenoVchloro- 
form (50%150%, vlv), precipitated with ethanol, 
lyophilized, and resuspended in 6 mM KCI, 10 
mM tris-HC1 (pH 7.5), 10 mM MgC12, 100 pg of 
BSA per milliliter, and 2 U of Hph I (NEB). The 
digests were incubated at 37°C for 2 hours and 
run on a 1.2% agarose gel containing ethidium 
bromide. Abbreviations are the same as in Fig. 2. 

26 AUGUST 1988 



entire plasmid previously linearized with 
Ban1 HI or l'st I (Fig. 3). Creation of a 
unique Hph I site within the oL1 operator 
site is demonstrated by the presence of only 
two bands in lanes 4 and 8. All other Hph 1 
sites were inactivated by the M-Hph I used 
in the presence of h repressor. 

These experiments (see legend to Fig. 3) 
consisted of the following tive steps: (i) 
addition of h repressor followed by M.Hph 
I, (ii) thermal inactivation of M.Hph 1, (iii) 
RecA-mediated cleavage of h repressor (lo), 
(iv) phenol extraction and ethanol precipita- 
tion, and (v) cleavage with Hph I. The 
additional steps are necessary because h 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 NH2-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 p H  10, under which, conditions 
h repressor undergoes autodigestion (1 1 ) .  

We have demonstrated efficient operator- 
specific cleavage in the l a c 0  and h o~ 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, 1.5) would generate modified 
cleavage patterns. 

The sizes of fragments that would be 
generated from a digest of genornic 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 la(- 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 
thc frequency of overlap betwcen restriction 
sitcs and such variant binding sites. 
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Insensitivity to Ethylene Conferred by a Dominant 
Mutation in Arabidopsis thaliana 

Ethylene infl~~ences 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. 

T 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, gl~lucan- 
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