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Three cis-acting alleles (gra-10, gra-5, and amyR?2) of the Bacillus subtilis amyR promoter locus each cause
catabolite repression-resistance of amyE-encoded a-amylase synthesis. The gra-10, gra-5, and amyR2 alleles
were transferred from the chromosomes of their respective hosts to a plasmid carrying the amyRI-amyE* gene
by the process of gene conversion which is carried out during transformation of competent B. subtilis by
plasmid clones carrying homologous DNA. The cloned amyR promoter regions containing the gra-10 and gra-5
mutations were shown to confer catabolite repression-resistance in cis to the synthesis of chloramphenicol
acetyltransferase encoded by the cat-86 indicator gene when subcloned into the promoter-probe plasmid
pPL603B. Implications concerning both the regulation of amyR utilization and the process of gene conversion

in B. subtilis are discussed.

At the end of exponential growth in liquid medium,
Bacillus subtilis activates a subset of genes, the expression
of which normally silent during vegetative growth (for re-
views, see references 20, 22, and 23). One of these tempo-
rally activated genes, amyE, encodes the extracellular en-
zyme a-amylase (a-1,4 glucan-4-glucanhydrolase, EC
3.2.1.1 [34, 39, 40]). Activation of amyE expression is
thought to result from carbon source limitation (9) and can
be repressed by the addition of readily metabolized carbon
sources, particularly glucose, to a culture (9, 26).

In addition to presently unidentified host factors, a tightly
linked cis-regulatory region designated amyR (33, 38), which
has been postulated to be the promoter region of amyE,
controls the modulation of amyE expression in B. subtilis
168. The amyR regulatory locus exists in at least three allelic
forms: amyRI1 (from B. subtilis 168), amyR2 (from B. subtilis
subsp. natto [33]), and amyR3 (from B. subtilis subsp.
amylosacchariticus [37]). The amyR2 and amyR3 loci can be
introduced into B. subtilis 168-derived strains by DNA-
mediated transformation, by which they are reported to
confer an a-amylase hyperproducing phenotype on trans-
formants (33, 37). In addition to a-amylase hyperproduction,
the amyR2 locus also confers catabolite repression-
resistance to a-amylase synthesis in B. subtilis (unpublished
data).

The synthesis of a-amylase in B. subtilis 168 was originally
proposed to be regulated solely by carbon source catabolite
repression (23). Temporal activation and glucose-mediated
repression of a-amylase synthesis appear to be controlled by
at least two distinct regulatory mechanisms, however, as
mutants of B. subtilis 168 have been isolated which are
specifically resistant to glucose-mediated repression of a-
amylase synthesis, while postexponential activation of amyE
remains unaffected (18). Two such mutations, gra-10 (18)
and gra-5 (unpublished data), map tightly linked to the amyE
structural gene, exert their catabolite repression-resistance
effect in cis, and are likely additional alleles of the amyR
locus.

The amyE™* gene from B. subtilis 168 has been cloned (36),
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and the cloned amyE™* gene has been shown to also contain
a functionally intact amyRI cis-regulatory region (18). The
nucleotide sequences of the amyRI (36) and amyR?2 (35) loci
have been determined, and comparison of the two sequences
reveals both similarities and differences (unpublished data).
The specific relationship connecting the observed differ-
ences between amyRl and amyR2 at the nucleotide se-
quence level and the different phenotypes conferred by these
two regulatory loci has not yet been elucidated.

As part of an effort to define further the functional
domains of the amyR region responsible for temporal acti-
vation and glucose-mediated repression of amyE expression,
the gra-10, gra-5, and amyR2 regulatory loci were cloned.
As an alternative to more classical cloning strategies, we
utilized the recently observed phenomenon of gene conver-
sion during plasmid transformation of competent B. subtilis
cells (7, 13, 29) to transfer rapidly the gra-10, gra-5, and
amyR?2 alleles from the chromosomes of their respective
hosts onto a plasmid-borne copy of the amyRI1-amyE™ gene.
In this study we report the successful cloning of gra-10,
gra-5, and amyR2 using gene conversion transformation. We
also offer physical evidence of the authenticity of the cloned
amyR2 allele by examination of a restriction enzyme site
polymorphism which can be used to distinguish between
amyRI and amyR2. Finally, we present evidence supporting
a model according to which the gra-10 mutation exerts its
catabolite repression-resistance effect in cis on the expres-
sion of a heterologous plasmid-borne gene. Moreover, we
confirm the symmetry of gene conversion, first observed by
Chak et al. (7) and Iglesias and Trautner (13), by transferring
the gra-10 mutation from a plasmid back into the B. subtilis
chromosome.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The B.
subtilis and Escherichia coli strains and plasmids used in this
study are listed in Table 1. The following media were used:
nutrient sporulation medium (24); A3 medium (antibiotic
medium no. 3; Difco Laboratories, Detroit, Mich.); LB
medium (Luria-Bertani medium [16]); PBAB (peptone blood
agar base; GIBCO Laboratories, Grand Island, N.Y.), and
PBAB to which 1% starch and 2% glucose had been added.
Kanamycin sulfate (Km), chloramphenicol (Cm), erythromy-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid ci;::::zg,epgr Source or reference”
B. subtilis
168 trpC2 Laboratory stock
168GR10 trpC2 gra-10 NTG mutant of 168 (18)
168GRS trpC2 gra-5 NTG mutant of 168 (18)
1A46 thr-5 trpC2 recE4 BGSC
1A289 amyE arol906 BGSC
metB5 sacA321
WLN-2 metB5 sacA321 1A46 151A289; Aro*/
Amy*
WLN-6 metB5 recE4 1A46 51A289; Aro*/
sacA321 Amy”* Rec™ by
congression
WLN-7 amyE arol906 1A46 £51A289 (18)
sacA321
WLN-11 gra-10 sacA321 168GR10 {5WLN-7;
Aro*/Glu" Amy™* (18)
WLN-14 gra-5, sacA321 168GRS t5WLN-7;
) Aro*/Ghi" Amy*
1A412(NA64)  amyR2 metB5 BGSC
purB6
WLN-15 amyR?2 sacA321 1A412 5WLN-7; Aro*/
Glu" Amy™*
coli
HB101 F~, hsd-20 hsdR Laboratory stock (3).
hsdM recAl3
proA2 lacYl
galK2 rpsL20 xyl-
5 mtl-1 supF44 \~
Plasmids
pAMY10? Cm" amyRI-amyE* D. Henner (1,36; see

Fig. 2)
B. Weisblum (31)
F. Johnston (30)
This study (Fig. 2)

pE194 cop-6° Em"
pAT153¢ Ap" Tc"
pEAT-A63% Em" Tc' (E. coli),
Em" (B. subtilis)
pEATal® Em" amyRI-amyE* This study (Fig. 2)
pEATal1W11-1° Em* gra-10-amyE*  This study
pEAT«IW11-4> Em* amyRI-amyE* This study
pEATa1W14-1° Em’ gra-5-amyE*  This study
pEATaIW15-1° Em® amyR2-amyE* This study

pPL603B¢ Km' promoterless  D. Rothstein (32)
cat-86

pS'aB10° Km" amyR1-cat-86  Laboratory stock (18)

p5'aGR10¢ Km" gra-10-cat-86  This study (Fig. 3)

pS'aGRS¢ Km' gra-5-cat-86 This study

“ Abbreviations: NTG, N-methyl-N'-nitro-N-nitrosoguanidine; BGSC, Ba-
cillus Genetic Stock Ceriter; tf, transformation.

b Replicates in either E. coli or B. subtilis.

¢ Relicates in B. subtilis.

4 Replicates in E. coli.

cin (Em), ampicillin (Ap), and tetracycline (Tc) were
purchased from Sigma Chemical Co., St. Louis, Mo.
Selective antibiotic media contained 5 ug of Km per ml, 10 p.g
of Cm per ml, or 10 pg of Em per ml for B. subtilis and 50 p.g
of Ap per ml, 50 jig of Tc per ml, 10 pg of Cm per ml, or 300
ug of Em per ml for E. coli. Growth in liquid culture was
monitered with a Klett-Summerson colorimeter fitted with a
no. 66 red filter. Liquid cultures were incubated with vigoreus
aeration, and all growth, unless otherwise indicated, was at
37°C.

Plasmid transformation. Competent cells of B. subtilis
were prepared by the method of Boylan et al. (4). Mixtures
of purified plasmid DNA (1.0 to 3.0 g of DNA in 0.1 ml of
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10 mM Tris hydrochloride [pH 8.0], 1.0 mM disodium
EDTA; TE buffer) and 0.9 ml of competent cells were
incubated at 37°C with shaking for 30 min and then were
plated directly, selecting for antibiotic-resistant transform-
ants by a drug underlay method (10). Drug-resistant trans-
formants were picked onto selective PBAB media containing
1% starch and 2% glucose and were scored for a-amylase
production as described previously (18). Alternatively,
transformation mixtures were diluted 10-fold into A3 me-
dium containing a subinhibitory concentration of Em (0.1 pg
of Em per ml) and were incubated with shaking for 3 h to
overcome phenotypic lag and to preinduce expression of
erythromycin resistance (31). These cultures were inocu-
lated into 1 liter of A3 medium containing 10 pg of Em per
ml, incubated overnight, and harvested the following day for
preparation of plasmid DNA.

Introduction of plasmid DNA into calcium chloride-
treated cells of E. coli was performed by standard proce-
dures (8, 15).

Plasmid DNA extraction. Purification of plasmid DNA
from 1-liter B. subtilis or E. coli cultures was performed by
a cleared lysate procedure (2) as described previously (18).
Rapid isolation of plasmid DNA from 5 ml of E. celi cultures,
grown overnight in LB medium containing the appropriate
selective antibiotic, was performed by the rapid boiling
method of Holmes and Quigley (11).

Enzymatic assays. Assays of extracellular a-amylase and
intraceltular chloramphenicol acetyltransferase (CAT) activ-
ities were performed as described previously (18, 27). Spe-
cific activity of enzymes was defined as units of enzymatic
activity per milligram of ceHular protein, as determined by
the protein assay of Lowry et al. (14) using bovine serum
albumin as a standard.

Restriction endonucleases and T4 DNA ligase were pur-
chased from commercial sources and were used in accord-
ance with the recommendations of the manufacturer. Plas-
mid DNA and restriction endonuclease cleavage products
were analyzed after electrophoresis through 1 or 1.5%
horizontal agarose gels as described previously (18).

RESULTS

Cloning gra-10 by gene conversion. To detect gene conver-
sion of gra-10 from the B. subtilis chromosome to a plasmid
carrying the wild-type amylase gene, a two-step transforma-
tion strategy was used (Fig. 1). In the first step, plasmid
pEATal (Fig. 2) was transferred into WLN-11, a B. subtilis
strain harboring the gra-10 mutation (Fig. 1A). During the
course -of transformation, some plasmids were expected to
acquire the gra-10 mutation from the host chromosome as a
result of gene conversion (7, 13, 29). Because -both the
plasmid and the host produced amylase, it was necessary to
purify plasmid DNA from this primary transformation mix-
ture and to introduce this mixed population of plasmids into
‘an amylase-negative indicator strain, WLN-7, to detect
which plasmids had acquired frem WLN-11 the glucose-
resistant amylase-producing characteristic of the gra-10 mu-
tation (Fig. 1B).

Plasmid pEATal bearing amyRI-amyE* (Fig. 2) was
introduced into competent cells of B. subtilis WLN-11
(gra-10-amyE™*). As controls, pEATal was also introduced
into B. subtilis WLN-2, carrying the wild-type amyRI-
amyE* locus, and an isogenic recombination-deficient
strain, WLN-6 tamyRI-amyE* recE4). After allowing 3 h for
expression of the Em" trait of pEATal, each of the three
transformation mixtures was used to inoculate 1 liter of A3
medium containing 10 pg of Em per ml. The 1-liter culture of
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FIG. 1. Schematic diagram depicting hypothetical gene conver-
sion events leading to observed plasmid genotypes. Marker transfer
only in the direction of chromosome to plasmid is indicated.
Restriction sites are abbreviated as described in the legend to Fig. 2.
Thickened bars indicate regions of DNA homology. (A) Transfor-
mation of strain WLN-11 (gra-10-amyE*) by plasmid pEATal
(amyR1-amyE*). Resulting plasmid genotypes are as follows: event
ab, gra-10-amyE* (plasmid pEATa1W11-1, for example); event a'b,
amyRI-amyE* (plasmid pEATa1W11-4, for example). (B) Transfor-
mation of strain WLN-7 (amyR1-amyE~) by plasmid pEATa1W11-1
(gra-10-amyE™). Resulting plasmid genotypes: event ab, amyRI-
amyE*; event a'b, gra-10-amyE*; event ab’, amyRI-amyE~; event
a'b’, gra-10-amyE-.

WLN-6 treated with pEATal failed to grow after overnight
incubation under selective conditions, probably because of
the dependence of plasmid transformation on recombina-
tion-proficiency in the recipient strain when a competence-
inducing regime is used (6). The other two cultures grew
well, and plasmid DNA was purified from each (WLN-2 and
WLN-11 containing pEATal). The purified plasmid DNA
from each was used as donor DNA to transform competent
cells of the indicator strain WLN-7 (amyRI-amyE) to Em".
Transformant colonies were picked onto PBAB containing
10 pg of Em per ml, 1% soluble starch, and 2% glucose to
test whether passage of pEATal through strain WLN-11 had
resulted in transfer of the gra-10 mutation from the chromo-
some of WLN-11 to the plasmid.

When pEATal DNA prepared from WLN-11 was used as
donor DNA, three distinct amylase phenotypes were ob-
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served among the WLN-7 transformants (Table 2). The
majority of Em" transformants were also Amy*. A small
proportion (1.3%) of the Em* Amy™ transformants were also
resistant to glucose-mediated repression of a-amylase syn-
thesis (Gluf; Table 2), which is consistent with gene conver-
sion of gra-10 from the chromosome of WLN-11 to pEATal
during the initial transformational passage. In addition, a
significant proportion of Em" transformants of WLN-7 were
Amy~ (Table 2). This class of transformants may have arisen
by gene conversion of the amyE structural gene mutation
from the chromosome of WLN-7 to pEATal during the
introduction of pEATal into WLN-7. When a similar exper-
iment was performed, using as donor DNA pEATal passed
through strain WLN-2 (amyRI1-amyE™), only two classes of
Em" transformants of WLN-7 were observed: Amy~ and
Amy* Glu® (Table 2).

The proportion of Em" Amy~ transformants obtained
when pEATal, passaged through WLN-11, was introduced
into competent WLN-7 was greater than the proportion of
Gluf Amy™ transformants that were obtained (Table 2). This
result may be due to the fact that the B. subtilis insert DNA
in pEATal that is allelic to gra-10 is situated closer to the
vector-insert junction than is the insert DNA that is allelic to
the amyE structural gene mutation, resulting in less efficient
gene conversion of gra-10 because of the more truncated
region of homology (Fig. 1B).

Plasmid DNA was purified from two representative trans-
formants of WLN-7 obtained in the experiment described
above (Table 2) and were reintroduced into competent cells
of WLN-7, selecting for Em" (Table 2). When plasmid
pEATa1W11-4, isolated from an Em’ Glu® Amy* transform-
ant, was used as donor DNA, all Em" Amy* transformants
obtained were Glu® (Table 2), as was expected, because both
the WLN-7 chromosome and plasmid pEATa1W11-4 con-
tained the wild-type amyR1l allele. When plasmid
pEATal1W11-1, isolated from an Em" Glu" Amy™* transform-
ant of WLN-7, was reintroduced into competent WLN-7,
greater than 90% of the resultant Em" transformants of
WLN-7 demonstrated a Glu" Amy* phenotype (Table 2). In
addition, 2.2% of the Em* Amy* transformants of WLN-7
that had received pPEATal1W11-1 DNA demonstrated a Glu®
Amy* phenotype, indicating that the wild-type (amyRI)
cis-regulatory allele had been transferred from the WLN-7
chromosome onto pEATalW11-1. Thus, it appears that
either gra-10 or amyRI can be transferred with roughly
equivalent efficiency from the host chromosome to an in-
coming plasmid. Using an identical strategy, the gra-5 and
amyR2 cis-regulatory alleles were cloned onto plasmid
pEATal by gene conversion transformation from the chro-
mosomes of strains WLN-14 and WLN-15, respectively,
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FIG. 2. Restriction map of plasmid pEATal linearized with Pstl. Positions of restriction sites (A, Aval; B, BamHI; E, EcoRI; P, PstI; X,
Xbal) and sizes (in base pairs) are estimated from the restriction maps of pE194cop6 (stippled bar [12]), pAT153 (solid bar [28, 30]), amyR1
(hatched bar [36]), amyE* (open bar {36]). The thin line represents vector DNA from pAMY10. The Aval site surrounded by parentheses
indicates its predicted location in amyR?2, inferred from the amyR2 nucleotide sequence (35).
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TABLE 2. Cloning gra-10 by gene conversion transformation*

No. of Em"

transfor- _

. No. of Amy*/ No. of Glu"/ No. of Glu¥/ No. of Amy~/
Plasmid (source) ‘(‘){‘;“Lsgpgf’ total (%) total (%) total (%) total (%)
DNA

A. pEATal (WLN-11) 4.42 x 10° 406/456 (89.0) 6/456 (1.3) 400/456 (87.7) 50/456 (11.0)
pEATal (WLN-2) 3.55 x 10° 377/456 (82.7) 0/456 (<0.2) 377/456 (82.7) 79/456 (17.3)

B. pEATalW11-1 (WLN-7)? 1.8 x 10* 424/456 (93.0) 414/456 (90.8) 10/456 (2.2) 32/456 (7.0)

pEATaW11-4 (WLN-7)¢ 1.43 x 10* 433/456 (95.0) 0/456 (<0.2) 433/456 (95.0) 23/456 (5.0)

“ Plasmid DNA prepared from transformation of pEATal into competent cells of WLN-11 (gra-10) or WLN-2 (amyR1) was introduced into competent WLN-7
(amyRI-amyE~). Em" transformants were scored for Glu" Amy™* or Glu®* Amy* on PBAB plates containing 10 p.g of Em per ml, 1% starch, and 2% glucose (part
A). An Em' Glu" Amy* transformant, strain WLN-7 (pEATa1W11-1), and an Em" Glu® Amy* transformant, strain WLN-7 (pEATa1W11-4), were chosen.
Plasmid DNA was prepared from the two transformants and was again introduced into competent WLN-7 (part B).

® Em" Glu" Amy* transformant from part A.
¢ Em" Glu®* Amy* transformant from part A.

creating plasmids pEATalW14-1 and pEATalW15-1, re-
spectively (Table 1; data not shown).

The Glu" Amy* phenotype of pEATa1W11-1 is plasmid
borne, To test whether the observed Glu® Amy™* phenotype
of strain WLN-7(pEATalW11-1) was due to cloning of
gra-10 by gene conversion, a plasmid curing experiment was
undertaken. It was predicted that the loss of plasmid DNA
from WLN-7(pEATalW11-1), as judged by the loss of the
Em" phenotype, would result in the simultaneous loss of the
Glu" Amy* phenotype, if gra-10-amyE* were indeed plas-
mid borne.

Plasmid pEATal is a derivative of plasmid pEAT-A63, a
B. subtilis-E. coli shuttle vector constructed by fusion of the
Staphylococcus aureus plasmid pE194cop-6 (31) with the E.
coli plasmid pAT153 (30) at their unique Ps:I sites (Fig. 2).
Replication of pEAT-A63 derivatives in B. subtilis results
from utilization of the replication origin derived from the
pE194cop-6 moiety of the vector. This replication origin is
temperature sensitive (25). High-efficiency plasmid curing
can therefore be accomplished when B. subtilis strains
carrying pEAT-A63 or its derivatives are cultured at a
temperature restrictive for plasmid replication in the absence
of selective antibiotic.

Curing of plasmids pEATalW11-1 (gra-10-amyE*) or
pEATalW11-4 (amyRI-amyE™") from strain WLN-7 in nearly
all cases resulted in the simultaneous loss of a-amylase
production, indicating that the Glu" Amy™* and Glu® Amy*
phenotypes of these two transformants were indeed plasmid
borne (Table 3). At a low frequency, colonies arose from this
treatment which retained an Em" Amy~, an Em® Amy™*, or
an Em"™ Amy* phenotype. These classes of colonies may
have arisen by recombination between the chromosomal
amyE~ allele of WLN-7 and the plasmid-borne amyE™ allele
during the course of the curing experiment, insertion of
pEATalW11-1 or pEATalW11-4 into the WLN-7 chromo-
some by a Campbell-type recombination event (5), or failure
to completely cure all cells with plasmid.

Construction of p5’ aGR10. In B. subtilis 168, synthesis of
amyE*-encoded a-amylase is modulated by a tightly linked
regulatory locus designated amyRI (for a review, see refer-
ence 22). In a previous report (18) it was demonstrated that
the amyR1 cis-regulatory locus was contained on the 5’ end
of the amyE™* gene cloned from B. subtilis 168 by Yang et al.
(36). This was accomplished in part by subcloning a 1.35-
kilobase-pair (kbp) EcoRI fragment from plasmid pAMY10
(Fig. 2), containing amyE* DNA coding for the NH,-
terminus of a-amylase plus approximately 400 base pairs of
upstream B. subtilis DNA, into the EcoRI site preceding the
promoterless car-86 structural gene in the promoter-probe

plasmid pPL603B (18, 32). The resulting plasmid construct,
designated pS’ aB10, encoded amyRI-directed CAT synthe-
sis which was expressed in a manner that mimicked the
regulation of a-amylase expression, both in terms of tempo-
ral activation and glucose-mediated repression (18).

In a manner directly analogous to that described above,
the 1.35-kbp EcoRI fragment containing the 5’ end of amyE™*
was excised from plasmid pEATal1W11-1 (gra-10-amyE?*)
and was inserted by ligation into the unique EcoRI site of the
promoter-probe plasmid pPL603B (Fig. 3). The ligation
mixture was introduced into competent cells of strain 168.
Restriction analysis of plasmid DNA prepared from a typical
Km" Cm" transformant confirmed that the 1.35-kbp EcoRI
fragment from pEATalW11l-1 had been inserted in the
proper orientation into the EcoRI site of pPL603B (data not
shown). This plasmid, designated p5’ aGR10, was reintro-
duced into competent cells of strain 168, in which it was
observed to confer glucose repression-resistance to the
synthesis of CAT (Fig. 4B). Hence, the gra-10 mutation was
localized to the 5’ end of the amyE™ structural gene.

Gene conversion of gra-10 from plasmid to chromosome.
Chak et al. (7) and Iglesias and Trautner (13) reported that
allele conversion during plasmid transformation can operate
symmetrically, i.e., in the direction from plasmid to chro-
mosome as well as from chromosome to plasmid. We
observed that both the gra-10 and amyRI loci were trans-
ferred with roughly equal efficiencies from the B. subtilis
chromosome onto an incoming plasmid containing DNA
homologous to the amyRI-amyE™* region (Table 2). Con-
struction of plasmids p5’ «aB10 (18) and p5’ aGR10 (Fig. 3)
resulted in placement of cat-86, a selectable marker, under
control of the amyRIl and gra-10 cis-regulatory regions,
respectively. These constructions allowed a rapid, sensitive
means of testing for gene conversion of amyRI or gra-10
from plasmid to chromosomal DNA because of the linkage
of these cis-regulatory DNAs to two distinct enzymatic
activities, plasmid-encoded CAT and chromosomally en-
coded a-amylase.

Competent cells of strains 168 (amyRIl-amyE™*) or
168GR10 (gra-10-amyE™) were treated with either p5’' aB10
(amyRI-cat-86) or pS’ aGR10 (gra-10-cat-86) DNAs and
plated onto PBAB containing 5 pg of Km per ml and 10 pg
of Cm per ml (final concentration) using a drug underlay
method (10). Km" Cm" transformants were picked onto
selective media containing 1% starch and 2% glucose to
score their a-amylase regulatory phenotypes. Both the
gra-10 and amyR| alleles can be transferred from the donor
plasmid to the recipient chromosome, providing evidence
that supports the observation that gene conversion can
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TABLE 3. Plasmid curing experiment”

Strain No. of Em" No. of Em" Amy~/ No. of Em* No. of Em* Amy~/
Amy*/total (%) total (%) Amy*/total (%) total (%)
WLN-7(pEATal1W11-1) 1/152 (0.7) 0/152 (<0.7) 1/152 (0.7) 150/152 (98.6)
WLN-7(pEATa1W11-4) 1/76 (1.3) 1/76 (1.3) 2/76 (2.6) 72/76 (94.7)

e l.ndicafed strains were incubated in A3 medium containing 10 pg of Em per ml at 37°C. At late exponential phase, cultures were diluted 100-fold into A3
medium without Em and incubated at 48°C overnight. Appropriate dilutions of the cultures were spread onto PBAB without Em. Single colonies were picked onto

PBAB containing either 10 pg of Em per ml or 1% starch.

operate symmetrically (7, 13) (Table 4). Note also that when
pS’ aGR10 (gra-10-cat-86) was introduced into strain
168GR10 (gra-10-amyE*) no Glu®* Amy™* transformants were
observed, indicating that the gra-10 allele cloned from
WLN-11 and fused to car-86 in plasmid pS’ aGR10 is either
an identical copy of the gra-10 mutation in the chromosome
of 168GR10 or is too close to the chromosomal gra-10
mutation in strain 168GR10 to be separated by recombina-
tion in the number of colonies tested.

The gra-10 mutation exerts its glucose resistance effect in
cis. Previous data suggested that the gra-10 mutation, in
chromosomal linkage to amyE™, exerted its effect in cis only
on glucose-mediated repression of a-amylase synthesis (18).
To further test the validity of this interpretation, it was
desirable to perform the cis-trans experiment in reverse, i.e.,
to monitor the effect of a plasmid-borne copy of gra-10,
fused to car-86 in plasmid p5’' aGR10, on the simultaneous
regulation of plasmid-encoded CAT and chromosomally
encoded a-amylase synthesis. Plasmid pS’ «GR10 was intro-
duced into competent individuals of strains 168 and
168GR10. Strain 168 harboring p5’' aGR10 expressed
chromosomally encoded a-amylase activity in a temporally
activated and glucose-repressible manner (Fig. 4A). Simul-
taneous expression of CAT activity encoded by p5’ aGR10
was resistant to glucose-mediated repression, but activation
of CAT expression at the end of exponential growth ap-

-EcoRI| cleavage

- ligation

cat-86

FIG. 3. Construction of plasmid p5'aGR10. Restriction sites are
abbreviated as described in the legend to Fig. 2. See text for details.

peared unaffected (Fig. 4B). Thus, when the gra-10 mutation
was plasmid borne, it was unable to confer glucose repres-
sion-resistance in trans to chromosomally encoded a-
amylase synthesis, although it could confer glucose repres-
sion-resistance in cis to plasmid-encoded CAT synthesis.

Only when the gra-10 mutation was situated in the cis
configuration with respect to both the chromosomal amyE™*
and the plasmid-borne cat-86 genes, as in strain 168GR10
(p5'aGR10), were the syntheses of both a-amylase (Fig. SA)
and CAT (Fig. 5B) resistant to glucose-mediated repression.
The observation that neither CAT nor a-amylase synthesis
were activated until the end of exponential growth in
168GR10(pS’'aGR10) also indicated that the gra-10 mutation
did not affect the temporal activation inherent to the amyR
locus. Results of experiments similar to those described
above indicated that the gra-5 mutation also exerted its
catabolite repression-resistance effect only in cis (data not
shown).

Physical evidence for cloning amyR2. Examination of the
published nucleotide sequences of amyRI, cloned from B.
subtilis 168 (36), and amyR?2, cloned from B. subtilis NA64
(35), revealed an Aval restriction enzyme site polymorphism
that was present in the amyR2 sequence and absent in the
wild-type amyRI sequence. This Aval site in amyR2 is due
to a T—C transition at nucleotide 291 of the published
amyRI1 nucleotide sequence, as defined by Yang et al. (36).
From this observation it was predicted that the amyR2 locus
cloned by gene coversion transformation onto plasmid
pEATalW15-1 should also contain an Aval restriction site in
the DNA corresponding to the amyR?2 locus (Fig. 2). To test
this prediction, plasmid pEATal (amyRI-amyE") and plas-
mid pEATa1lW15-1 (amyR2-amyE™) were digested with the
restriction enzymes Xbal and Aval, and their restriction
patterns were analyzed after electrophoresis through a 1.5%
agarose gel. Plasmid pEATalW15-1 contains an extra Aval
site at the location predicted from the amyR2 nucleotide
sequence, providing physical evidence that gene conversion
transformation resulted in the cloning of DNA from strain
WLN-15 which encodes a functional amyR?2 allele and which
also contains a predicted structural feature that distinguishes
it from amyRI1 (Fig. 6).

DISCUSSION

This report describes the use of gene conversion transfor-
mation (7, 13, 29) as a rapid method for cloning mutations
either in the amyE structural gene or in the tightly linked
cis-regulatory amyR DNA sequences controlling the expres-
sion of amyE. In particular, in this study we describe the
cloning and further characterization of gra-10, gra-5, and
amyR2, three cis-acting mutations that specifically confer
catabolite repression-resistance to a-amylase synthesis in B.
subtilis 168 (18; unpublished data). In addition, we offer
physical evidence of the fidelity of gene conversion by
demonstrating that a predicted Aval restriction site polymor-
phism present in amyR?2 (35) was cloned by gene conversion
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FIG. 4. Simultaneous regulation of a-amylase (A; squares) and CAT (B; triangles) synthesis during growth (circles) of strain
168(pS'aGR10). Cultures were grown in nutrient sporulation medium containing 5 pg of Km per ml with (open symbols) or without (closed
symbols) added glucose. At midexponential phase (heavy arrow) the culture was split, and one-half received glucose to a 1% final
concentration. At the indicated times, samples were removed from cultures and assayed for extracellular a-amylase activity and intracellular
CAT activity as described in the text. Ty, through T, denote the time (in hours) following the end of exponential growth.

onto plasmid pEATa1W15-1 concomitant with cloning of the
DNA responsible for the amyR2 phenotype (Fig. 6).

It was originally observed that the gra-10 mutation al-
lowed normal temporal activation of amyE expression even
in the presence of an otherwise inhibitory concentration of
glucose (18). This observation was interpreted as an indica-
tion that two distinct mechanisms, temporal activation and
glucose-mediated repression, governed the regulation of
a-amylase synthesis in B. subtilis 168. Furthermore, gra-10
was unable to confer catabolite repression-resistance in
trans to amyRI-driven cat-86 expression encoded by plas-
mid p5’'aB10, indicating that gra-10 is a cis-acting regulatory
mutation (18).

The glucose repression-resistant character of CAT synthe-
sis encoded by plasmid p5’'aGR10 (Fig. 4B and 5B) derives
from the regulatory DNA §’ to the amyE gene from plasmid
pEATalW11-1 (gra-10-amyE*) which is linked in cis to the
cat-86 indicator gene of pPL603B. The resultant phenotype
of plasmid p5’'aGR10 supports earlier genetic mapping ex-
periments which indicated that the gra-10 mutation is situ-
ated at the 5’ end of the amyE structural gene (18). Linkage
of gra-10 in cis to cat-86 in plasmid p5'aGR10 also resulted

in normal temporal activation of plasmid-encoded CAT
synthesis in strain 168(pS’'aGR10), even in the presence of
1% glucose (Fig. 4B), while chromosomal amyRI-directed
amyE expression remained glucose repressible (Fig. 4A).
Based on these results, it appears that gra-10 exerts its
glucose resistance effect only on the expression of genes to
which it is associated in the cis configuration, thus providing
further evidence that gra-10 is a cis-regulatory mutation.
These results are consistent with the hypothesis that
temporal activation and catabolite repression of a-amylase
synthesis in B. subtilis are distinct regulatory phenomena
which can be separated by mutation (18). The observed
pattern of gra-10-driven cat-86 expression in strain
168(p5'aGR10) suggests that the gra-/0 mutation defines a
target site presumably upstream from amyE which is no
longer recognized by a trans-acting regulatory factor respon-
sible for the repression of amyRI utilization in the presence
of more readily metabolized carbon sources. Because strain
168 possesses the necessary trans-acting factors for effecting
repression of amyRI-directed amyE expression (Fig. 4A), or
amyRI-directed CAT synthesis encoded by plasmid p5'aB10
(18), but is unable to repress gra-10-directed CAT synthesis

TABLE 4. Transferring amyRI and gral0 from plasmid to chromosomal DNA“

No. Km"
Cm" trans-
Donor DNA .. No. of Glu" No. of Glu* No. of Amy~/
(source) Recipient formants Amy* ftotal (%) Amy*ftotal (%) total (%)
per pg of
DNA
p5’ aGR10 (168) 168 4.0 x 10? 22/400 (5.5) 378/400 (94.5) 0/400 (<0.25)
pS’' aB10 (168) 168 1.42 x 10? 0/142 (<0.7) 142/142 (100.0) 0/142 (<0.7)
pS’' aGR10 (168) 168GR10 5.2 x 10? 524/524 (100.0) 0/524 (<0.2) 0/524 (<0.2)
pS’ aB10 (168) 168GR10 1.7 x 10° 224/228 (98.2) 4/228 (1.8) 0/228 (<0.4)

¢ Transformants were selected on PBAB containing 5 g of Km per ml and 10 pg of Cm per ml. The transformants were screened on PBAB containing 1% starch

and 2% glucose for glucose-resistant or glucose-sensitive a-amylase synthesi:

S.
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in the presence of glucose (Fig. 4B), we tentatively conclude
that carbon source catabolite repression of a-amylase syn-
thesis in B. subtilis 168 is negatively controlled.

In addition, the data suggest that the mechanism respon-
sible for the activation of amyE expression at the end of
vegetative growth is naturally insensitive to carbon source
catabolite repression. In the wild-type case, temporal acti-
vation of amyRI-amyE expression in the presence of 1%
glucose is prevented by the glucose repression mechanism.
The gra-10 mutation circumvents this repression event,
unmasking the fact that the trans-acting factors necessary
for temporal activation of amyE expression are present and

A B kb

FIG. 6. Agarose-gel electrophoretic analysis of pEATal (lane A)
and pEATalW15-1 (lane B) DNAs digested with Xbal and Aval.
Size standards consisted of a mixture of lambda DNA digested with
HindIIl and pEAT-A63 DNA digested with Tagl. kb, Kilobases.

functional at the end of exponential growth, regardless of the
presence or absence of glucose.

The similar phenotypes conferred on cells harboring the
gra-10 and gra-5 mutations, their map locations, and their
ability to be cloned by gene conversion onto a plasmid-borne
amyRI-amyE"* region suggest that these regulatory muta-
tions are alleles of that portion of amyRI responsible in cis
for catabolite repression of amyE expression. The gra-10
mutation is contained on the 1.35-kbp EcoRI fragment of
pEATalW11-1 which consists of the 5’ end of the amyE
coding sequence and spans the amyR region. In a previous
study (19) it was demonstrated that a spontaneously arising
deletion mutant of plasmid p5’aB10 (amyRI-cat-86), desig-
nated p5’aB10Al, lacking all of the 5’ end of the amyE coding
sequence plus 114 base pairs of DNA preceding amyE
(including all of the putative amyE ribosome binding sites),
still retained temporally activated and glucose-repressible
expression of the cat-86 indicator gene. From these results it
was concluded that the DNA sequences responsible for
amyRI1 function are located 5’ to the leftward deletion
endpoint in p5’aB10A1 and that both temporal activation and
glucose-mediated repression of amyRI utilization operate at
the transcriptional level, in agreement with earlier conclu-
sions of Priest (21) and Nagata et al. (17). It is expected,
therefore, that the gra-10 and gra-5 mutations also occur in
the region of amyR 5' to the DNA corresponding to the
leftward deletion endpoint present in pS’aB10Al. The rapid
cloning of these cis-regulatory mutations by the use of gene
conversion transformation will greatly facilitate their precise
localization by nucleotide sequencing, thus further defining
at a high level of resolution the region of amyR which is
involved in glucose-mediated repression of a-amylase syn-
thesis.
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