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A Plant Leucine Zipper Protein That Recognizes an
Abscisic Acid Response Element

MAgK J. GUILTINAN, WILLIAM R. MARCOTTE, JR., RALPH S. QUATRANO*

The mechanism by which phytohormones, like abscisic acid (ABA), regulate gene
expression is unknown. An activity in nuclear extracts that interacts with the ABA
response element (ARRE) from the 5’ regulatory region of the wheat Em gene was
identified. A complementary DNA clone was isolated whase product is a DNA binding
protein (EmBP-1) that interacts specifically with an 8-base pair (bp) sequence
{CACGTGGC) in the ABRE. A 2-bp mutation in this sequence prevented binding of
EmBP-1. The same mutation reduced the ability of the ABRE to confer ABA
responsiveness on a viral promoter in a transient assay. The 8-bp EmBP-1 carget
sequence was found to be conserved in severat other ABA-responsive promaters and in
promaoters from plants thar respond to signals other than ABA. Similar sequences are
found in promoters from mammals, yeast, and in the major late promater of
adenovirus. The deduced amino acid sequence of EmBP-1 contains conserved basic
and leucine zipper domains found in transcription factors in plants, yeasr, and
mammals. EmBP-1 may be a member of a highly conserved family of proteins that
recognize a core sequence found in the regulatory regions of various genes that are
integrated into a number of different response pathways.

ESPONSES OF CELLS TO EXTERNAL
Rstimuli {(such as light, hormones,

and environmental stress) are medi-
ated in part by the expression of genes
whose products coneribute to a given phys-
wlogical effect. Smudies with animal hor-
mones have clucidated several response
pathways that ultimately converge at the
level of gene expression (7, 2). These path-
ways have been deciphered in part through
identification of the protein factors that
bind regulatory elements in hormone-re-
sponsive genes. The distiner wanscriptional
regulatory pacrerns of genes expressed dur-
ing these responses are determined primarily
by specific interactions between protein and
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DNA (1, 2).

During plant development, hormones in-
fluence fruit ripening, sced maturation and
germination, shoot and root growth, and
responses to environmental and parhogenic
stresses (). However, the response pathway
for any one phytoharmone has not yet been
elucidated. All classes of phytohormones
influence the expression of specific genes, at
least in part at the level of transcription (4,
5). Related sequences exist in the 5 up-
stream regions of genes similarly regulated
either by abscisic acid (ABA), gibberellic
acid (GA), ethylene, or auxin (6-8). DNA
regulatory elements have been functicnally
identified in promoters of genes responsive
to ABA (9-11), GA (12), and ethylene (7).

Like most phytohormones, ABA medi-
ates diverse physiological responses, includ-
ing promotion of embryogenesis and pre-

vention of precocious germination (5, 13).
Lace in seed development of a wide variery
of plants, a unique set of abundant mRINAs
and proteins appear, coincident with high
concentrations of endogenous ABA. These
Jate embryo abundant (Lea) gene products
share commmon physical properties and accu-
mulate in mature embryos (13, 14). If em-
bryos are isolated at earlier developmental
stages and expased to exagenous ABA,
some of the Lea class mRNAs and proteins
accurnulate precociously (5, 13-15). The
concentration of ABA. also increases when
plane tissues are stressed by desiceation (16),
wounding (17}, or high osmoticum (18},
resulting in the expression of some of the
same Lea genes in nonembryonic tissues
{13). We approached the question of how
ABA exerts its effect at the level of the gene
by defining regulatory elements in the ABA-
responsive promoter of the wheat Em gene
(9, 10, 19).

Accumulation of mRNA from Em (20,
21) is regulated by ABA during embryo
development and under stress conditions {5,
13, 19) in a manner similar to other Lea
genes. When the Em 5' regulacory region
was linked co the reporter gene, B-glucuron-
idase {GUS), and used in transient (%) and:
transgenic (f0) assays, a 646-bp region
{—554 to +92) that was essential for re-
sponse to ABA was identified. Within this
region, a 50-bp ABA response element
{ABRE) (—152 co —103) has been defined
that is capable of conferring ABA inducibil-
ity upon a minimal cauliflower mosaic virus
{(CaMV) promoter (10). Two elements
{Eml and Em2)j within this 50-bp ABRE
are conserved in other ABA-regulated pro-
moters (10), including the rice Rab and the
cattan Lea gene families (8, 17). We now
describe the identification of a protein that
interaces wich the ABRE.

Nuclear extracts from mature wheat em-
bryos and rice cells in suspension cultures
conrained proteins that bound 2 **P-labeled
119-bp DNA fragment (ABRE probe) that
contained the 50-bp response element (Fig.
1) (22). Twa major protein-DINA complex-
es (Bl and B2) were specifically competed
by unlabeled DNA fragments thac contained
the ABRE (Fig. 1B). Neither the Em coding
sequence nor an ABRE that contained a 2-
bp mutation (mABRE) was capable of com-
peting for the binding activiey (Fig. 1B).

We noticed that the recognition site
(Hex) for the wheat transcription factor
HBP-1 (23) contains sequences that are
similar to the ABRE (Fig. 1A}. A DNA
fragrent that contained the Hex sequence
was capable of competing with the ABRE
probe for binding activity (Fig. 1B}, bue did
not compete as well as the ABRE fragment
(Fig. 1B).
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Fig. 1. Nuclear proteins A

. . . Emta Emz2 Emit
interact specifically with  ,qp 140 COACAGEAGGOACAACGABLATGEC BACGE ALG TCEGEGTEOE TRE ACACGTGECRCLT
the ABA response cle-

ment from the wheat Er %

gene. (A) Sequences of RBRE  ...GGACRCGTGGC...

DNA fragments used in MABRE . ..GGACCCGGGAC. . .

this study: ABRE, 75-bp Hex  coeartGGE gACGTGGCeon

sequence (1087  to
1161) from the 5 re-
gion of wheat Em (21,
with  conserved  se-
quences underlined
fEmla, Em2, and Emlb
{10)]; mABRE, identical
to ABRE except for two
single base pair changes
{lower case); Hex, 20-bp
aligonucleotide  derived
from the wheat histone
gene (—160 to —179, R

reverse orientation) that contained the HBP-1 binding site (23); Em (not shown), a 610-bp DNA.
fragment (pl01S) that contained the wheat Em coding sequence (20). DNA fragments were cloned and
restriction fragments were purified by gel electrophoresis as described (22). (B) Gel retardation DNA
binding assays of native rice and wheat nuclear extracts. Extracts were prepared as described {22) from
isolaced mature wheat embryos imbibed overnight in the presence of 10™* M ABA. Rice extracts were
made from suspension cultired cells incubated in the presence or absence {*) of 1074 M ABA. Wheat
and rice extracts applied to each lane contained 8.1 and 0.3 kg of procein, respectively. Unlabeled
competitor DNA (compet.) was added in 100-fold molar excess 5 min prior to the addition of 0.57 ng
of the **P-labeled ABRE probe (22). Binding reactions were incubated at room temperature for 15 min
prier to loading. DNA binding reactions and nondenaruting agarose-acrylarmude composite gel
electrophoresis were as described (22). B and F indicate che positions of bound and free DNA probe,
respectively. (G) Gel retardation DNA binding assay of AGC19 ¢DNA—encoded proteins. Control
(agtll) and AGCL9 lysogen extracts were prepared as described (25), and prowein (0.42 jg) was added
to cach binding reaction. In vitro synthesized MGC19 protein (GC19 TRANSLATION) was produced
from AGC19 DNA template by a polymerase chain reaction—transeription—translation coupled protacol
as described (22). From a 50-pl crapslation reaction, 1 pl was used in each binding reaction. Probe,
binding reactions, and electrophoresis conditions were as in. (B).

GC19
TRAMSLATION

Table 1. Transienc expression assay of the ABRE and a 2-bp mutane (mABRE}). ABRE- and mABRE-
containing DNA fragmenes (Fig. 1A} were tested for cheir ability to regulate expression in a rice
protoplast assay system. (9). ABRE and mABRE fragments were fused upstreamn of a CaMV minimal
promorer and the GUS reporter gene (10, 24). The plasmid pBM173 was used as a control (none), and
activity was measured by production of 4-methylumbelliferyl-B-n-glucurenide (picomole of protein per
microgeam per hour). Three separate experiments were conducted with similar resules. Average activity
of criplicate samples (+ standard deviation) are shown for each treatment of this single experiment.
Averages were used o caleulate the ratio.

Activity Ratio
Element -
—ABA +ABA +ABA:—ABA
ABRE 0.76 £ (.25 8.86 = 1.86 11.7
mABRE 0.25 + 0.08 4.52 +0.03 2.1
None - 0.11 = (.16 6.09 + 0.20 0.8

Extracts made from ABA-treated rice sus-  response element to activate gene expression

pension cells reproducibly contained higher
amounts of binding activity than cells cul-
tured without ABA {Fig. 1B, *). In extracts
from ABA-treated rice leaves, a slight in-
crease in binding activity relative to untreat-
ed tissue was also observed with the Rab16A
ABRE (11). The significance of the differ-
ences in binding activity in untreated sam-
ples of ABA-responsive tissue is unknown,
In order to correlate in vitro binding
activity with in vivo function, transient as-
says were performed with reporter gene
constructs that contained either the ABRE
or the mABRE (24). Substiution of owo
bases within the Emla box (mABRE) re-
duced or eliminated the ability of the ABA
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in an ABA-dependent manner (Table 1).
The ABRE-containing construct resulted in
approximately a 12-fold increase in expres-
sion upon addition of ABA, whercas the
mABRE increased twofold in response to
ABA.

A cDNA expression library was made
from whear embryo ¢<DNA and screened for
proteins capable of binding a **P-labeled
double-stranded ABRE probe (25). From a
screen of 120,000 recombinant phages, two
ovetlapping clones were isolated, AGC12

~and AGC19, with insert sizes of 528 and

569 bp, respectively. To assess the specificity
of the AGC19-encoded DNA binding activi-
ty, gel retardation assays were performed.

‘Lysogen excract from the AGC19 clone

formed several complexes with the ABRE
probe (B, By, and Ba) that were not formed
with proteins from control Agrll extracts
{Fig. 1C). The MGCl9 ¢DNA was tran-
scribed and translated in vitro (22), and the
resulting polypeptide was tested for binding
acrivity. The in vitto synthesized polypep-
tides bound specifically to the ABRE probe
and formed owo major complexes (B, and
By} that had competition profiles that were
identical to the native binding proteins in
the whear and rice extracts (Fig. 1C). The
AGC19 lysogen extract also showed idenu-
cal competition profiles {26).

Ta precisely define the nucleotides within
the ABRE that were important for binding
of the nuclear factors in rice and wheat
extraces, and to assess whether the cloned
AGC19 protein bound to the same region,
methylation interference footprinong was
performed (22). Methylation of guanine
residues only within the region of an 8-bp
sequence in Emla (Fig. 1A) interfered with
binding of auclear proteins from both cul-
tured rice cells and wheat embryos (Fig. 2.
The owo complexes formed with the wheart
extract (Bl and B2, Fig. 1} gave identical
interference patterns (26). The same pat-
terns were obtained with eicher the A\GC19
lysogen extract or the in vitro synthesized
GC19 polypeptide (Fig. 2). No other resi-
dues within the ABRE showed detectable
methylation inrerference, including the con-
served sequence motifs Emlb and Em2
(Fig. 1A).

Taken together, these data suggest that
AGCI19 encodes the nuclear protein detected
in the native extracts. We therefore eefer to
this protein as EmBP-1. No other nuclear
factors that bound to the ABRE were de-
tected by methylation interference. Our re-
sults showed that EmBP-1 interacted only
with the Emla sequence, not with Em2 or.
Emlb (56 bp 3’ to Emla), which differs
from Emla by only 2 bp (Fig. 1A).

The EmBP-1-encoding cDNA fragment
from AGC19 was 32P-labeled and hybridized
to wheat embryo RNA and wheat genomic.
DNA (26). Approximately ten bands of
hybridization were observed when hexa-
ploid wheat genomic DNA was digested
with Hind III. Hybridization to wheat
RNA indicated that EmBP-1 is encoded by
a polyadenylated [(poly{A)"] mRNA of 1.8
kilobases (kb).

The nucleoride sequence of the AGC19
cDNA (Fig. 3) revealed a single open read-
ing frame of 569 bp and represented about
ane-thied of the full-length EmBDP-1
mRNA. The deduced protein sequence of
GC19 contains the two motifs present in the
leucine zipper family of transcription fac-
tors: a highly basic domain adjacent to a
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Table 2. Cormparison of promoter elements in
plant genes thar respond to different signals.

Cading MNoncoding
Wheat Rice  Claned Wheat  Rice  Cloned
el [BF] [BF] feFl l[eFi M8 F|

Fig. 2. Methylation interference analysis of native
wheat and rice nuclear proteins and of the cloned
AGC19-encoded protein (22). The ABRE probe
{Fig. 1) was 3' end-labeled by filling in the Eco
RI site with Klenow enzyme and [P |dTTP (22).
Each strand was labeled separately with the
ABRE cloned in opposite orientations within the
pUCI19 polylinker. Probes were partially methyl-
ated and bound to either wheat, rice, AGC19
lysogen extracts (cloned, coding strand), or in
vitto  synthesized AGCl9-encoded  proteins
{cloned, noncoding serand) as in Fig. 1, wich a
tenfold increase in all components. After electro-
phoresis as in Pig. 1, *P-labeled DNA was puri-
fied from free (F}) and bound (B) bands as
described (22). For wheat and rice extracts and
the AGC19 tanslation, complexes Bl and B2
were isolated togerher. B2 and B3 were isolated
together from the MGC19 extrace. DNA was then
cleaved with piperidine, lyophilized three rimes,
and analyzed on 6% polyacrylamide sequencing
gels. Positions of methylated guanines chac inter-
fered with binding are indicated with triangles
(open for partially interfering bases, closed for
mote completely interfering bases). Doublec
bands in the cloned, noncoding strand lanes were
produced as a resulr of nuclease activity in the
translation mix. However, the protected bases
were clearly visible and identical co the native
extracts.

leucine heptad repeat region (27). The basic
region of EmBP-1 contains eight of the ten
conserved residues found in other leucine
zipper proteins (Fig. 3} (27). Addicionally,
26 of 32 residues are conserved between the
basic regions of HBP-1 and EmBP-1, con-
sistent with our finding that the Hex recog-
nition sequence for HBP-1 is capable of
compecing for binding of EmBP-1 to the
ABRE (Fig. 1). The 8-bp recognition se-
quence of EmBP-1 is an imperfect palin-
drome (Emla, Table 2), consistent with
other leucine zipper protein carget se-
quences and. the proposed strucniral mode]
for leucine zipper protein—-DNA complex
formation (27). Interestingly, the sequence
directly NHq-terminal to the conserved ba-
sic region of EmBP-1 contains a second

12 OCTOBRER 1990

Signal Gene Sequence  Reference
ABA Em(la) caceTcGe* Fig. }
ABA Tritiein  gACGTGGC (30
ABA RabfLea tACGTGGCH (1)
LIGHT G-boxt CACGTGGC* (33, 34, 35)
WOUND PIil  CACGTGGa (1)

*Indicates sequences that were funcrionally assayed and
footprinted. TGenes include: ribufose bsphasphate car-
baxylase (small subunit), chaleane symthase, aleohal dehydro-
genase.

series aof five leucine heptad repeats not
found in HBP-1 or ather leucine zipper—
contaiming proteins (23, 27, 28). However,
cach of these repears is interrupted wich a
proline residue, which are not found in
leucine zipper structures (27). An oligo(dT)-
primed wheat embryo ¢DNA library was
screened by hybridization to the GC19
¢DNA fragment, and one clone (GCF13)
was obrained thar appeared to be full length
(26). The DNA sequence of GCF13 and
GC19 share 98% sequence idenrity and
differ by five amino acids (97% idenrity).
GCFL3 contains one large open reading
frame that encodes 354 amino acids with a
predicted molecular size of 36.2 kilodaltons.
GCF13 also contains a 3’-untranslated re-
gion of 250 bp with a poly(A)™ tracc of 15
bp. Also present in the NH,-terminal half of
the predicted protein sequence is a region
relatively rich in proline, a characteristic
found in some transcriptional actvating do-
mains {29).

Our resules show that an 8-bp sequence
within the ABRE from wheat Em (Emla)
was procecred by EmBP-1. This sequence is
conserved in. ABA-regulated genes from
wheat {Em, triticin) (30), rice {Rab) (8}, and
cottan. {Lea) (14) (Table 2). Furthermore,
substitution of the 2 bp in Em]a thar inhib-
ired EmBP-1 binding, also reduced the abili-

ty of the ABRE to direct ABA-dependent
gene expression. in. the transienrt assay. The
combination of these expression, footprint,
and sequence analyses for several ABA-re-
sponsive genes in monocots and dicots sug-
gests that EmBP-1 is involved in the ABA
response.

Wound- or drought-induced genes (14,
17, 18} may be acrivated by changes in the
endogenous amount of ABA, which rises in
response to these stresses (16, 17). ABA
application can independently activate the
wound-induced prateinase inhibitor IL (Pi-
I} genes from tomato and pocato (17). The
ABRE consensus was found at ~577 in the
PLII promoter (31} (Table 2). Similar se-
quences were found in the wound-inducible
genes wun L, win 1, and win 2 from potato,
and win 3 from poplar trees (32}, suggesting
that the wound response of these genes may
be mediated by ABA.

In addition, the 8-bp ABRE exactly
matches the consensus G-box motif (Table
2}, which was found in a number of yeast
promoters {33), planc promoters regulated
by visible and ultraviolet light (34), as well
as tn the anaerobically induced ADH-1 pro-
moter from maize (35). This conserved se-
quence is important for transcription of
some of these genes (33, 34}, but none
appear to be positively regulared by ABA. It
was proposed that the G-box binding factor
(GBF), which recognizes the G-box in sev-
eral unrelated genes in yeast and plants, was
directly involved in their expression {33, 34).
Owur resules suggese that the set of genes that
contains chis core sequence can be extended
to include certain ABA-regulared genes and,
perhaps, genes induced by stress that have
an ABA-intermediate in their response path-
way (Table 2).

A sequence similar o ABRE/G-box is also
found in bacterial, viral, and mammalian
promoters. The Hex sequence (Fig. 1A),

T . coLe L CARTC, TCATCATCATCIEC) TCCCOCCCToo RRAT MR AACE TEACTOA TETCAGSC TACCACALTEC R FL
Flg- 3‘ Nucleotld'e se- EnEE- L L H o % & 5 % 3 & B KW AR R KE 5 G & AWM TEGE B S QR TT WO an
quence of the whear WEEL 150 S b S E € & 5 6 A M 3 0 K B S W § R E MG YU KNENRTSGI A 19

\ =4k Al GAATGCTGTRECCGRCCCCTCATTSO AR AC LSS ACHGETC TCD ATCCARAC TOT TOC T TT TGO CACO TEGUACLGIUCCAC TCACCAC  LAD

kGCIg CDNA md_lts ErAE-L il wos ¥ T E F L EDHKER S & S K L LW A B oL R A A T 5 &l
deduced EmBP-1 amino WBRI  LBO 4 M G v § W 5 5 % K G T F M K B oHEB Eorog o5 v TG v rod
acid sequence The se- 019 LFL  TGCTGCACCARACTTGRRTAT CCTTCRGCCE TTOTOCATCCTCCTTACT AL, COCGOAGCTICTTE 210
! A ExEE-1 61 R A B BB 1 4 B oo B{HS x5 F o5 s{lvac EVMHE AR AS S A

quence was determined WeRL 210 & BT LWL GE DG fK&ATEE S E woE huw oA G K v R 2
far each strand  from QLY 291 CEMBAGTAMGITTCAITGTCT: SoaraT BEREACAATCLRAL AOASEGTCTOCANGOADATE 350
EBF-l 1] 6 3 W A 5 L 5 6 n b € A E L K h £ &6 Fld s(ul A e sfae[alz 110

subcloned fragmcnts HEFL 240 3 © % R oE W KooK [ [ L [ [’ 249

. - . Fos 13 - e N 3 " B I L T L) L3 c %)
with the dideoxy termi-

. GCLd AE1L  AAGRTTRCGCARRCAGE ARGARTGCGAMSAGETAGCO CAGRAGET BAG TG RGE TGACT GE RGCGR AL GGC AT TCAGRTCAGARCTCGR 950

narion mechod (SCqU.C[‘l‘ Eokbr1 121 [l w fA Rl 0 9B £ B EfD A ¢ v v § K T A A w G TR S5 E L DB 150

. . HEP L 230 I - w I3 R A& E R K % E i % 1 233

ase, US Biochemicals), s 3s Unl alancetrar aweroa Eorwsas a1t 1 2

and sequence compila- GOLY 431 CORGETTRAGAAGGACTOCARAR CATGON RA B AAART BAACAGC TEA TOGET RRAATR TTRAGTC ATGATOR TARAR TGSAGEACTE 240
®

- . EnBt-1 351 G (DR B B €k TCJE T £ K K G0 ® G K L L E WD DB WES T 180
tion and malysm werg HEFL G0 R I £ v LY LG S04 GGG & b3

Fos 4w L E h

performed with the Uni-
versiy  of  Wisconsin
GCG software packape
{43). Numbering is from.

GChg a1
EREE-1 LAl
HEE L 31

P oWk

AEAGGGICC T RGOS T TG TEACTACGCGEHT
ECF S W WT TR

E E L L 3 K T 5
E K L .
560
1]
E R G T KRG E % K G KEF - 34

the first nucleotide and encoded amino acid, respectively. A comparison is made with a portion of the
wheae HBP-1 amino acid sequence (23) and the residues in HBP-1 thac differ are indicated. The hasic
and leucine zipper segments of the Fos protein are also indicated (43). Amino acids are shown by their
single letter abbreviations (43). The basic domain is underlined, and periadic leucines and a single
methionine are circled. Residues canserved among most leucine zipper proteins are in. boxes (27).
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located in the promoters of the CaMV 358
gene and the Agrobacterium nopaline synthase
(nos) gene (36}, is similar to the ABRE and
competed with ABRE in gel retardation
experiments (Table 2 and Fig. 1, B and C).
The Hex sites in the CaMV | nos, and histone
gene promotets can compete for binding to
similar factors in nuclear extraces from plants
(37), but none of these genes are known ta
be directly regulated by ABA (5, 38). A
similar sequence (E-box: GGCCACGTGA-
CC}) is also found in the major late promoter
of adenovirus and o certain mammalian
promoters {39), and can compete with the
G-box clement for binding to plant nuclear
extracts {40).

The cote sequence of ABRE is similar to
the cyclic adenosine monophosphate
(cAMP) response clement (CRE) (2, 8). It
is possible that genes with an ABRE/G-box
that are responsive to different signals may
include a common intermediate in a second
message pathway, like Ca®* or cAMP.
These inrermediates may be impottant in
hormone and light response pathways in
planes (41). In animal systems, Ca** and
cAMP act by stimulating protein kinases,
which in ruen phosphorylate target proteins,
including transcription factors (42). This
family of DNA-binding proteins in plants
may mediate responses to wounding, light,
and ABA through their activation ot modifi-
cation by different second messenger pach-
Ways,

Methylarion. interference dara indicate
that the nuclear facrors from plants, humans,
and yeast that recogmize the G-box (33},
Hex (23), and E-box (39) core sequence,
bind specifically to regions similar to those
in the ABRE (Fig. 2). Yeast factor(s) can
activate chimeric genes with promoters that
contain the G-box sequence from the ribu-
lose bisphasphate carboxylase small subunit
promoter (33). These results suggest that
there is a conserved family of DNA-binding
proteins with very similar binding specific-
ities whose members, including EmBP-1,
are integrated into differenc response path-
ways. However, this highly conserved regu-
latory element may also be recognized by a
difterent class of transcription facrors. For
cxample, a partia] cDNA cone from hu-
mans, whase protein product (TFEB) binds
tor the E-box in immunoglobulin gene, con-
tains the helix-loop-helix structural morif
(39). Inceresungly, while the basic regions of
TEEB from humans and EmBP-1 from
wheat share no amino acid similaricy, they
bind to very similar DNA sequences and
produce nearly identical methylation incer-
ference footprints. Comparisons of the
strucrural and functional properties of tran-
scription factors from yeast, plants, and
mammals that recognize the conserved
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ABRE/G-box/E-box sequence may help
identify highly conserved recognition do-
mains in these regulatory proteins.
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Clcaving Yeast and Escherichia coli Genomes at a

Single Site

MicHAEL KooR AND WACLAW SZYBALSKI

The 15—megabase pair Saccharomyces cerevisiae and the 4.7-megabase paix Escherichia
coli genomes were completely cleaved at a single predetermined site by means of the
Achilles’ heel cleavage (AC) procedure. The symumetric lac operator (lacQ,) was
introduced into the circular Escherichia coli genome and into one of the 16 yeast
chromosomes. Intact chromosomes from the resulting strains were prepared in
agarose microbeads and methylated with Hha I (5'-GCGC) methyltransferase (M-Hha
I) in the presence of lac repressor (LacI). All Hae II sites (5'-2GCGCL) with the
exception of the one in 2¢O, which was protected by Lacl, were medified and thus no
longer recognized by Hae II. After inactivation of M:Hha T and Lacl, Hae IT was used
to completely cleave the chromosomes specifically ar the inserted lacO,. These
.experiments demonstrate the feasibitity of using the AC approach to efficiently extend
the specificity of naturally occurring restriction enzymes and create new tools for the
mapping and precise molecular dissection of multimegabase genomes.

and sequencing of large genomes (1)

has inspired a search for methods of
precisely and efficiently cleaving chromo-
somal DNA into a small number of frag-
ments. Presently available reswriction en-
zymes recognize sites 4 to § bp in size and
thus cut most genomes into a very large
number of fragments. Although owo general
approaches for generating rare cleavage sites
in vitro have been known for several years,
they either are limited by the size and diver-
sity of the cleavage sites recognized (2} or
use cleaving reagents that cut DNA with
low efficiency (3). We have introduced an
aleernative approach, which we call Achilles®
heel cleavage (AC), that aliows both very
rare and highly efficient cleavage of DNA at
predetermined locations (4).

The key to the AC procedure is modifica-
tion of the DNA substrate so as to “erase” il
but a small subset of recognition sites for a
restriction enzyme with a mechyltransferase

l NTEREST [N MAPPING, MANIPULATING,

McArdle Laboratary for Cancer Research, University of
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{MTase) that recognizes the same DNA
sequence. This subset of sites is protected
from methyladon by a DNA-biading mole-
cule, added just before methylation, that
forms sequence-specific complexes capable
of excluding the MTase. Thus, cleavable
restriction sites remain only at those loca-
tions where the recognition sites for the
given restriction enzyme and for the DNA-
binding molecule overlap.

Previcus studies have demonstrated the
practicality of using the AC approach to
efficiently cleave piasmid DNA when the fac
repressor (Lacl) (4), the phage A repressar
{4), or a synthetic oligodeoxynucleotide ca-
pable of forming a eriple-helix strucrure
were used as blocking molecules (9). LacI-
mediated AC has also been shown ro specifi-
cally and efficiently cleave a h genome (6}
that contained the symmetric fac operator
(lacOyq) (7}, which is the ideal Lacl-binding
site and contains the recognition sequence
for both Hae II (5'-AGCGCT) and Hha [
(5'-GCGL). Conversion of this operator to
an AC site creates a restriction recogition
site of ~20 bp, which is large enough to be

1 2 3 4
Fig. 1. Complere methylation of the E. coli

genome. Genomic DNA from E. coli strain
BNNI103 (9) was prepated in agarose microbeads
{12). The microbeads were equilibrated with
methylation buffer (50 mM tris-HCl (pH 7.5}, 10
mM EDTA, 10 mM dithiothreitol (DTT), 80
uM S-adenosyl-methionine, and bovine serum
albumin (BSA) (100 wg/ml)], 12.5 U of M-Eha T
{New England Biolabs) were added to the reac-
tions indicated, and all samples were incubated for
1 hour at 37°C. The MTase and contaminacin
nucleases wete then inactivated (20 wl of 500 mM
EDTA and 1% N-lauroylsarcosine, 30 min at
§2°C), the microbeads equilibrated with Not I
buffer [L150 mM NaCl, 10 mM tris-HCl (pH
8.0), 10 mM MgCl,, BSA (100 ug/ml), and
0.01% Triton X-100], and 5 U of the indicated
restriction enzyme were added. After incubation
at 37°C for 1 hour, the samples were deprotein-
ized as before (15 min ac 52°C) and analyzed by
PEGE [1% high-strength agarose {Bio-Rad), 150
V, and 25-5 swirch time for [9 hours at 14°C an a
CHEF-DR II system {Bio-Rad)]. Treagnents are
specified above each lane.

unique even in the human genome,

Results with these relacively small DNA
molecules, though encouraging, did not
guarantee that AC could be successfully
applied to the dissection of the large ge-
nomes for which it was designed. Direct
testing of an appropriately modified AC
protocol an whole chromosomes was neces-
sary to determine whether the greater se-
quence complexity of these excremely large
DNA molecules would resule in decreased
specificity and efficiency of cleavage, as was
the case with anather rare-cutting method
(8).

In this report, we show the feasibilicy of
using AC for physically mapping and pre-
cisely dissecring chromosomes. Model ge-
nomes were generated by introducing lzcO,
into the 4.7-Mb circular genome of Esche-
vichia cofi {9, 10} and into one of the 16
chromasomes in the 15-Mb genome of Sac-
tharomyces cerevisiae {11). Conditions were
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