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The plasmid gene cat-86 and the cat gene resident on pC194 each encode chloramphenicol-inducible
chloramphenicol acetyltransferase activity in Bacillus subtiis. Chloramphenicol induction has been proposed to
result from chloramphenicol binding to ribosomes, which then permits the drug-modified ribosomes to perform
events essential to induction. If this proposal were correct, B. subtilis mutants containing chloramphenicol-in-
sensitive ribosomes should not permit chloramphenicol induction of either cat-86 or pC194 cat. However, we
and others have been unable to isolate chloramphenicol-resistant ribosomal mutants of B. subtilis 168. We
therefore developed a simple procedure for screening other antibiotics for the potential to induce cat-86
expression. One antibiotic, amicetin, was found to be an effective inducer of cat-86 but not of the cat gene on
pC194. Amicetin and chloramphenicol each interact with the 50S ribosomal subunit, and the mechanism of
cat-86 induction by both drugs may be similar. Amicetin-resistant mutants of B. subtilis were readily isolated,
and in none of six mutants tested was cat-86 detectably inducible by amicetin, although the chloramphenicol-
inducible phenotype was retained. The ami-l mutation which is present in one of these amicetin-resistant
mutants was mapped by PBS1 transduction to the "ribosomal gene cluster" adjacent to cysA. Additionally,
ribosomes from cells harboring the ami-1 mutation contained an altered BL12a protein, as detected in
two-dimensional polyacrylamide gel electrophoresis. Lastly, an in vitro protein-synthesizing system that uses
ribosomes from an ami-1-containing cell line was more resistant to amicetin than a system that uses ribosomes
from an amicetin-sensitive but otherwise isogenic strain. These results indicate that the host mutation, ami-1,
which effectively abolished the inducibility of cat-86 by anmicetin, altered a ribosomal component.

cat genes specify chloramphenicol acetyltransferase (CAT)
and occur in bacteria either as plasmid determinants or in the
chromosome (35). CAT mediates the acetylation of chloram-
phenicol, rendering the drug inactive as an antibiotic (33).
cat genes therefore confer on host cells resistance to chlor-
amphenicol. Two broad categories of cat genes have been
identified on the basis of their inducibility by chlorampheni-
col. Those from several gram-negative bacteria, including
the Tn9 cat gene, are expressed in cells at the same level
regardless of the presence or absence of chloramphenicol
(35). The expression of such genes is therefore constitutive
with respect to chloramphenicol. In contrast, the expression
of cat genes present in two gram-positive bacteria, Staphylo-
coccus aureus and Bacillus pumilus, is chloramphenicol
inducible (19, 40, 42).
A model for the chloramphenicol-inducible regulation of

cat gene expression is being developed from the study of two
nonidentical cat genes: cat-86, which was cloned from B.
pumilus in B. subtilis on pUB110, and the cat gene which is
resident on the S. aureus plasmid pC194 (6, 10, 15). This
model is based initially on the unique nucleotide sequence
arrangement that is observed 5' to the coding sequences for
both genes. The 660-base-pair (bp) coding sequence for
cat-86 is immediately preceded by a 40-bp region that
consists of two 14-bp inverted-repeat sequences separated
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by 12 bp (10, 15). This 40-bp region spans the cat-86
ribosome binding site sequence. Therefore, transcripts of
cat-86, initiated more than 144 bp upstream from the cat-86
coding sequence, are predicted to sequester the ribosome
binding site in the stem of a stable RNA stem-loop (10). This
secondary structure in mRNA could, in theory, block the
translation of cat-86 mRNA by preventing the ribosome
binding site from base pairing with 16S rRNA. Furthermore,
the RNA stem-loop appears to functiorn as a site of partial
termination of transcription in vitro and in vivo (N. Ambu-
los, S. Mongkolsuk, and P. S. Lovett, submnitted for publi-
cation). The cat coding sequence in pC194 is similarly
preceded by a pair of inverted-repeat sequences (10, 19). In
this case, the inverted repeats are 12 bp in length and are
separated by 13 bp. The inverted repeats span the ribosome
binding site sequence and are located between the site of
transcription initiation and the cat coding sequence. There-
fore, transcripts of pC194 cat should also sequester the
ribosome binding site in an RNA stem-loop. However, this
RNA stem-loop appears not to be a significant site of
transcription termination in vitro or in vivo (N. Ambulos,
unpublished data; see also reference 6).
Two additional observations support the view that the

inverted repeats are involved in chloramphenicol regulation
of cat gene expression. First, constitutive variants of cat-86
and pC194 cat contain deletions that eliminate nearly the
entire upstream inverted repeat (2; W. Nicholson, unpub-
lished data). Second, chloramphenicol induction of cat-86
has been shown to be independent of the promoter that is
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TABLE 1. Plasmids
Plasmid' Relevant properties Reference

pPL708 cat-86 is activated by a strong promoter 10, 28
within a 284-bp EcoRI fragment
designated as P4

pPL603E cat-86 is activated by a moderate 11
promoter within a 203-bp EcoRI-Pstl
fragment designated as P2

pPL3lac3O Derived from pPL603E; lacZ is inserted 27
in frame at codon 30 of cat-86

pPL3Iac2 Derived from pPL603E; lacZ is inserted 27
in frame at codon 2 of cat-86

pC194 cat-containing plasmid from S. aureus 12, 19
a The plasmids with the pPL prefix are derivatives of pPL703 (10). pPL703

is a promoter-cloning plasmid constructed by the insertion of the promoterless
cat-86 gene, originally cloned from B. pumilus, between the BamHI and
EcoRI sites of pUB110. The pUB110 portion of pPL703 provides a replicon
and a neomycin resistance gene. The four unique restriction sites in pPL703
for the insertion of promoters that activate cat-86 transcription are within a 21-
bp linker located ca. 144 bp upstream from the cat-86 translation initiation
codon. These restriction sites are EcoRI, BamHI, SalI, and PstI (see
references 10 and 28).

used to activate the gene and is independent of the cat-86
coding sequence 3' to codon 2 (27). Thus, the induction of
cat-86 depends only upon transcribed plasmid sequences
within a 150-bp region that intervenes between codon 2 and
the upstream site of promoter insertion. The inverted re-
peats are present within this 150-bp region.

If the RNA stem-loops, which are the transcription prod-
ucts of the inverted repeats, control expression of the cat
genes by blocking translation of mRNA and, in the case of
cat-86, by acting as partial transcription terminators, chlor-
amphenicol may induce cat expression by opening the
stem-loop or by blocking the formation of this RNA second-
ary structure. It has been suggested (6, 10, 11) that the host
ribosome or a ribosomal component is modified by binding
chloramphenicol and that it is the drug-altered ribosome (or
a component thereof) that is active in opening the RNA
stem-loop or in blocking its formation. One prediction of this
concept is that B. subtilis mutants which contain ribosomes
that do not bind chloramphenicol or that show reduced or
altered binding should not allow the plasmid cat genes to be
induced by chloramphenicol. However, for reasons that are
unclear, chloramphenicol-resistant ribosomal mutants of B.
subtilis 168 have not been isolated by us or by others (3).
Therefore, we have devised a plate test to facilitate the
testing of other antibiotics for the potential to induce cat-86
expression. In the present study, we show that the ribosom-
ally targeted antibiotic amicetin is an effective inducer of
cat-86 in wild-type B. subtilis. Amicetin-resistant mutants of
B. subtilis are readily isolated, and in these mutants cat-86
can no longer be induced by amicetin. Analysis of one
amicetin-resistant mutation, ami-1, demonstrates that the
mutation alters a ribosomal component.

MATERIALS AND METHODS

Bacteria and plasmids. B. subtilis BR151 (trpC2 metB10
lys-3) and BGSC1A422 (leu recE4) were used throughout.
Strain QB944 (cysA14 purA16 trpC2) was used for genetic
mapping experiments and was obtained from F. Kunst. All
are B. subtilis 168 derivatives. Transducing phage PBS1 was

from the Bacillus Genetic Stock Center, Ohio State Univer-
sity. Transductions were performed as previously described
(16). The plasmids used are listed in Table 1. Plasmid isola-
tion, transformation, and electrophoresis through 0.7 or 1%
agarose gels were performed as previously described (11, 24,
32). The plasmid copy number was estimated as previously
described (22, 23). Conditions for cell growth and all growth
media were as before (11).
Enzyme assays. CAT was assayed by the colorimetric

method (34), and P-galactosidase was measured as described
by Miller (26). Protein was determined by the method of
Bradford (5). The specific activity of CAT is expressed as
micromoles of chloramphenicol acetylated per minute per
milligram of protein. The P-Galactosidase activity of cells
spread on plates was monitered by incorporating the indica-
tor dye 5-bromo-4-chloro-3-indolyl-,-galactoside into the
agar at 50 ,ug/ml.

Antibiotics. The majority of the antibiotics tested were
generously donated by Eli Lilly & Co. and The Upjohn Co.
The remainder were purchased from Sigma Chemical Co.
Two of the antibiotics that gave a positive result in the plate
test have not been, to our knowledge, tested completely for
their mode of action. However, the structures of the two
antibiotics, A32256 and desmycosin, both from Eli Lilly &
Co., suggest possible modes of action. A32256 is of the
phenazine class of drugs and gives a positive result in the
Ames test (N. Allen, personal communication). Hence, we
assume that the compound interacts with DNA. Desmycosin
is structurally related to tylosin (N. Allen, personal commu-
nication). Hence, the mode of action is probably similar to
that of the macrolide antibiotics, which are known to inter-
act with the 50S ribosomal subunit. Amicetin donated by
The UpJohn Co. was lot number 10754. This lot assayed as
89.5% active amicetin several years ago (J. Coats, personal
communication). Drug-resistant mutants were obtained by
plating BR151 cells previously exposed to nitrosoguanidine
(25) onto tryptose blood agar base (Difco Laboratories)
containing 10 jig of amicetin per ml.

Induction of cat gene expression. To test the inducing
activity of antibiotics, we grew plasmid-containing BR151 or
1A422 cells to the middle of the exponential growth phase in
Penassay broth (Difco) and split the culture. To one-half of
the culture we added a subinhibitory level of the antibiotic
being tested. Incubation at 37°C was continued for 1 or 2 h,
and the culture was sampled periodically to assay for CAT
activity.
Ribosomal resistance to amicetin. Cells were grown in

nutrient sporulation medium (31) to the mid-exponential
growth phase (absorbance at 570 nm, 0.5) and were har-
vested and washed as previously described (7). Ribosomes
were prepared and tested for resistance to amicetin during in
vitro translation of mRNA isolated from BR151 cells in-
fected with phage SPO1; initiation factors and a high-speed
supernatant were from strain BR151 (7). The electrophoretic
migration of ribosomal proteins was examined with one-di-
mensional sodium dodecyl sulfate-polyacrylamide gradient
gels (1) and two-dimensional polyacrylamide gels (20).

RESULTS
Plate test. To rapidly test many antibiotics for their poten-

tial to induce the expression of cat-86, we took advantage of
the observation that the expression of heterologous genes
becomes chloramphenicol inducible in B. subtilis when the
coding sequences for the heterologous genes are fused in
frame to the 5' end of the cat-86 coding sequence (27, 41).
Plasmid pPL3lac30 is suited to this type of study because it
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contains the Escherichia coli lacZ gene fused in frame to
codon 30 of cat-86 (27). Therefore, the expression of P-
galactosidase activity specified by pPL3lac3O is chloram-
phenicol inducible in B. subtilis (27). The replicon and a
neomycin resistance determinant of pPL31ac30 are from
pUB110, and the promoter that is used to transcriptionally
activate the cat-86-lacZ fusion is the natural promoter for
cat-66, a gene closely related to cat-86 (11, 27).

B. subtilis BGSC1A422 (recE4 leuB6) harboring pPL31ac3O
forms a beige lawn after 24 h of growth on tryptose blood
agar base containing neomycin sulfate (10 p,g/ml) and the
P-galactosidase indicator dye 5-bromo-4-chloro-3-indolyl-3-
galactoside (50 ,ug/ml). However, when chloramphenicol
powder is spotted onto a freshly spread lawn and the plate is
incubated for 24 h, the lawn contains a zone of no cell
growth at the site of drug application surrounded by a diffuse
blue halo. The halo results from the diffusion of chloram-
phenicol from the spot of application and induction of the
cat-86-lacZ fusion by drug concentrations below that re-
quired for bacteriostasis. We used this assay to test various
antibiotics for their ability to enhance P-galactosidase activ-
ity. The positive result obtained with several of the drugs
(Table 2) differed somewhat from that obtained with chlor-
amphenicol in that the blue zone was closer to the periphery
of the killing zone. This could be due to a reduced diffusion
of the drugs relative to chloramphenicol or may indicate that
the drug concentration needed for induction is closer to that
required for bacteriostasis than was seen with chloram-
phenicol.

Several of the drugs which enhanced ,-galactosidase
activity are known to interact with the 50S ribosomal subunit
(Table 2). This result seems consistent with the idea that
induction is not directly mediated by the drug but by a
drug-induced modification of the ribosome. Most tested
antibiotics did not enhance ,B-galactosidase activity; these
antibiotics were: A204 (Eli Lilly & Co.), A21978C (Eli Lilly
& Co.), A2315A (Eli Lilly & Co.), A26771B (Eli Lilly &
Co.), A33853 (Eli Lilly & Co.), A39183 (Eli Lilly & Co.),
ampicillin, anthelmycin, apramycin, asperlin, berninamycin,
bluensomycin, celesticetin, cephalosporin, clindamycin
(Cleocin; The Upjohn Co.) decoyinine, echinocandin B,
endomycin, erythromycin, farvenulin, fusidic acid, geldan-
amycin, gentamycin, lipiarmycin, lipoxamycin, marin-
camycin, netropsin, pactamycin, plicacetin, polymyxin B,

TABLE 2. Antibiotics that enhanced ,-galactosidase activity in
the plate test

Antibiotic Mode of action Source or reference

A-32256 Unknown; possibly affects N. Allen, personal
DNA communication

Amicetin Protein synthesis inhibitor; 8, 39
interferes with chloram-
phenicol binding to ribo-
somes

Amphomycin Affects cell wall biosynthe- 37
sis

Desmycosin Structurally related to tylo- N. Allen, personal
sin, a macrolide antibiot- communication
ic

Lincomycin Macrolide antibiotic 9, 38, 39
Mitomycin Affects DNA 9, 38
Nalidixic acid Affects DNA 9, 38
Novobiocin Affects DNA 9, 38
Sparsomycin Protein synthesis inhibitor 39
Vancomycin Affects cell wall biosynthe- 38

sis

psicofuranine, rutamycin, scopafungin, sinefungin, spec-
tinomycin, steffimycin, stendomycin, streptolydigin, strep-
tomycin, streptovitacin A, streptozocin, tetracycline,
tobramycin, tirandamycin, tubercidin, and tylosin. Certain
antibiotics that are known to interact with the 50S ribosomal
subunit, such as erythromycin and tylosin, did not enhance
3-galactosidase activity. Therefore, perhaps inducing drugs
must cause a relatively specific ribosomal alteration. None
of the antibiotics tested which are known to bind specifically
to the 30S subunit enhanced ,-galactosidase activity. How-
ever, we found that several drugs which are known not to
interact with the procaryotic ribosome did elicit a positive
response in the plate test. Mitomycin, novobiocin, and
nalidixic acid each enhanced 3-galactosidase activity and
each interacts with DNA in a direct or indirect manner. We
suspect that these drugs do not mimic chloramphenicol
induction but rather may enhance transcription or alter the
structure or the copy number of the plasmid. ,B-Galactosidase
activity was also enhanced by two cell wall synthesis inhib-
itors, vancomycin and amphomycin. The structure and
mechanism of action of these drugs are so dissimilar from
those of chloramphenicol that we feel it likely that enhance-
ment by these drugs is the result of mechanistns dissimilar
from that responsible for induction by chloramphenicol.
The advantages of the plate test for identifying potential

inducers of cat-86 include its simplicity and the fact that
such a test permits a drug to form a diffusion gradient.
Therefore, enhanced gene expression can be obtained at the
optimal concentration of the particular drug being tested.
The major weakness of the test seems to be lack of speci-
ficity. Our interpretatioti of the results suggests that agents
which probably do not mimic the mode of action of chlor-
amphenicol can enhance ,-galactosidase activity. A second
weakness we have uncovered is that some of the ribosomal
antibiotics., such as lincomycin and sparsomycin, which
consistently gave a positive result in the plate test, were very
poor inducers of cat-86 in broth cultures of B. subtilis. For
example, subinhibitory levels of lincomycin (0.5 to 5 ,ug/ml)
gave no more than a twofold induction of cat-86 during 2 h of
growth of BR151 cells harboring either of two promoter-con-
taining derivatives of pPL703, pPL603E or pPL708. Thus far
we have not been able to predict, on the basis of the plate
test, the effectiveness of a drug in inducing cat-86 in broth
cultures of strain BR151.

Amicetin induction of cat-86. Among the ribosomally tar-
geted antibiotics which enhanced ,B-galactosidase activity,
the biological activity of amicetin was examined further
because the drug was found to be an effective inducer of
cat-86 and because amicetin-resistant mutants of B. subtilis
were readily isolated.
The MICs of amicetin for strain BRi51 and for plasmid-

containing derivatives were determined by incubation of the
cells for 24 h in Penassay broth containing various concen-
trations of the drug. An MIC of amicetin of 4 jig/ml was
obtained for BR151 and for derivatives containing either
pC194 or a plasmid that harbors cat-86 and is activated by a
strong promoter, pPL708 (Table 1). Therefore, neither pC194
nor pPL708 conferred detectable resistance to amicetin.
Subinhibitory levels of amicetin (0.2 to 1 VLg/ml) were found
to enhance CAT levels in BR151(pPL708) ca. 3- to 4-fold
during 1 h of incubation, and incubation of BR151(pPL708)
with 0.5 p.g of amicetin per ml for 2 h resulted in a 6- to
10-fold increase in CAT levels (Fig. 1 and Table 3). By
contrast, BR151(pC194) incubated for up to 3 h with 0.5 or 1
p.g of amicetin per ml exhibited no increase in the specific
activity of CAT. Hence, pC194 cat appeared not to be
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(2, 4). Therefore, when these cat genes are activated by a
promoter, the expression is constitutive (2). We found that
the CAT levels specified by both of these constitutively
expressed cat genes was not enhanced by the growth of host
cells with 0.5 ,ug of amicetin per ml for 2 h (data not shown).
Therefore, amicetin does not cause a general enhancement

/
Cm

of the expression of any gene that is joined to a pUB110
+ Cm / / replicon. These data indicate that the enhanced expression

of cat-86 by amicetin is likely due to specific induction.
Amicetin-resistant mutants of B. subtilis. Amicetin is a

4-aminohexose nucleoside antibiotic that has been shown to
interfere with the binding of chloramphenicol to ribosomes
of B. stearothermophilus (8, 39). As the primary site of

/^~+Amicetin chloramphenicol binding is the 50S ribosomal subunit, it is
inferred that the primary site of binding of amicetin is also
the 50S ribosomal subunit. If the mechanism through which
each drug induces cat-86 expression requires that the drug
interacts with a ribosomal component, we would anticipate
that chromosomal mutations which alter the site of ribosomal
binding for chloramphenicol or amicetin would eliminate or
reduce the ability of the respective drug to induce cat-86.
Such mutations should be readily isolated by the selection of
drug-resistant mutants. However, the occurrence of chlor-
amphenicol-resistant mutants among untreated or mutagen-
ized BR151 cells is very infrequent, and the few chloramph-
enicol-resistant mutants which have been reported do not

No Inducer appear to result from drug-insensitive ribosomes; rather, it
has been suggested that such mutants may be defective in

,x chloramphenicol uptake (3). It is therfore conceivable that
ribosomal changes which result in an alteration of chloram-
phenicol binding are lethal in BR151. In striking contrast,
BR151 mutants resistant to 10 ,ug of amicetin per ml were
easily isolated from BR151 cells mutagenized with nitroso-

30 60 90 120 guanidine. In one experiment, more than 300 mutants resist-
M i n u t e s ant to 10 ,ug of amicetin per ml were isolated, whereas the

same mutagenized cell population yielded no mutants resist-
of cat-86 in B. subtilis by chloramphenicol ant to 10 Klg of chloramphenicol per ml. Six independently
train BR151(pPL78) was grown to the mid-log isolated amicetin-resistant mutants gave comparable results

roth, and the cells were distributed into three in the induction studies. Experimental results obtained with
icol and amicetin were added to two of the
lml, respectively. Incubation was continued at one mutant are shown, as the corresponding mutation was

periodically withdrawn and assayed for CAT further analyzed.
tein. A mutation conferring amicetin resistance was transferred

from the original mutagenized host to nonmutagenized BR151
whereas cat-86 appeared to be amicetin cells by transformation. A resulting amicetin-resistant trans-

formant, BR151 ami-1, was capable of growth in Penassay
-hat amicetin enhancement of cat-86 ex- broth containing 20 ,g of amicetin per ml, but the transfor-
lue to induction but to an increase in the mant was as sensitive to chloramphenicol as the amicetin-
lasmid pPL708 or to the duplication of sensitive parent. To test the inducibility of cat-86 in the
lasmid was considered. The copy number mutant, we transformed plasmid pPL708 into BR151 ami-1.
cells grown for 2 h in Spizizen minimal In BR151 ami-J(pPL708), CAT activity was induced by

no drug or 0.5 pug of amicetin per ml was chloramphenicol but not by amicetin, whereas the CAT
27 (+5%). Thus, the enhancement of CAT levels by amicetin
was not paralleled by an increase in the plasmid copy
number. In addition, pPL708 DNA isolated from BR151
(pPL708) grown for 2 h with 0.5 p,g of amicetin per ml
comigrated during agarose gel electrophoresis with pPL708
isolated from cells grown without the drug. Thus, it seems
highly unlikely that the cat-86 gene in pPL708 is amplified
when host cells are grown with amicetin. Lastly, the possi-
bility that amicetin caused a general enhancement of the
expression of genes located on a pUB110 vector was tested.
For this test, we used two promoter-deleted versions of the
pC194 cat gene, each of which is inserted into a pUB110-
based replicon (2). In both cases, the deletions that remove
the cat promoter also remove all or the majority of the
upstream inverted-repeat sequence for the pC194 cat gene

TABLE 3. Lack of amicetin induction of cat-86 in an amicetin-
resistant mutant of B. subtilisa

CAT sp act under indicated
incubation conditions (2 h)

Strain
No Amicetin Chloramphenicol

inducer (0.5 Rg/ml) (2 ,ug/ml)

BR151 0.41 3.1 2.5
BR151 ami-I 0.36 0.44 2.2

a BR151 and BR151 ami-1, each harboring pPL708, were grown to the mid-
log phase at 37°C in penassay broth. The individual cultures were split into
three flasks, and chloramphenicol and amicetin were added to two of the
flasks. Incubation was continued for 2 h, at which time the cells were
harvested and assayed for CAT activity.
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FIG. 2. Amicetin induction ofCAT activity in strains BR151 and

BR151 ami-1, each containing pPL708. Cultures of BR151(pPL708)
and BR151 ami-l(pPL708) were grown to the mid-log phase in
Pennassay broth. Each culture was distributed into five flasks, and
amicetin was added to four of the flasks at concentrations of 0. 1, 0.5,
1, and 2 ,ug/ml. The flasks were shaken at 370C for 1 h, and the cells
were harvested and assayed for CAT activity and total protein.

activity specified by pPL708 in wild-type (amicetin-sensi-
tive) BR151 was induced by both amicetin and chloramph-
enicol (Table 3). As shown in Fig. 2, we tested the induc-
ibility of cat-86 in BR151 ami-J(pPL708) by using amicetin
levels ranging from 0.1 to 2 ,ug/ml and found no significant
increase in CAT specific activity after 1 h of exposure to the
inducer. However, in this experiment (Fig. 2) and in two
other similar experiments, incubation of BR151 ami-
J(pPL708) with 2 jig of amicetin per ml resulted in CAT
levels slightly higher than those seen after incubation with
0.5 p.g of the drug per ml. These results and those of in vitro
protein synthesis studies (see below) indicate that the ami-
cetin target in BR151 ami-J retains a low level of sensitivity
to the antibiotic.

Resistance to ribosomal antibiotics is commonly the result
of mutations that alter the structure of a component of a
ribosome. However, it is also possible that a mutation such
as ami-J could confer amicetin resistance by reducing the
uptake of the drug. Therefore, we attempted to correlate the
ami-l mutation with alterations in the function and structure
of the host ribosomes. The amicetin sensitivity of in vitro
protein-synthesizing systems was tested with ribosomes
from strains BRI51 and BR151 ami-l. Ribosomes from
BR151 ami-J were consistently more resistant to amicetin
than were ribosomes from BR151 (Fig. 3). Although amice-
tin inhibited translational activity in both systems, the activ-
ity of BR1S1 ribosomes was more strongly inhibited by
lower concentrations of the drug than was the activity of
BR151 ami-J ribosomes. For example, at 2.5 ,ug amicetin per
ml, the activity of BR151 ribosomes was reduced to 29% of
the activity obtained in the absence of the drug, whereas
BR151 ami-J ribosomes exhibited 60% activity. Ribosomes
from BR151 ami-J exhibited no cross-resistance to chloram-
phenicol in vitro (data not shown), in agreement with the
absence of chloramphenicol resistance in vivo in BR151
ami-J. It therefore appears that the ami-J mutation specifi-
cally affects ribosomal sensitivity to amicetin.

The electrophoretic migration pattern of strain BRI51
ami-l ribosomal proteins was also examined. A minor dif-
ference in the electrophoretic pattern in one-dimensional
sodium dodecyl sulfate-polyacrylamide gradient gels was
observed, with the BR151 ami-l-associated form of one
protein migrating more slowly than the wild-type form.
However, the identities of protein bands in this gel system
are not known. In two-dimensional polyacrylamide gels of
the basic ribosomal protein, protein BL12a (nomenclature of
Osawa et al. [30]) from BR151 ami-J was observed to
migrate slightly more rapidly toward the cathode in the first
dimension (i.e., it was more basic than the wild-type form)
(Fig. 4). Interestingly, an alteration in a 50S protein identi-
fied as protein BL12 (30) has been reported to be associated
with chloramphenicol resistance in a different strain of B.
subtilis than that used in the present experiments (29). The
determinant for this protein was mapped to the major
ribosomal protein gene cluster near cysA in B. subtilis (29,
30).

Genetic mapping of the ami-l mutation. As the majority of
B. subtilis ribosomal protein genes, including the gene for
protein BL12, are located in a single region of the chromo-

100
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-o60

BR151ami-I

40 -

20-BIII

.. I I Il'-' I I

0 5 10 15 20 25 30

Ami cet in ( G/9ml )
FIG. 3. In vitro amicetin resistance. The incorporation of

['4C]phenylalanine (14 cpm/pmol) into material insoluble in hot
trichloroacetic acid was measured with phage SPOl RNA as the
template. The percent activity is expressed relative to the activity in
the absence of the drug, which was 567 pmol incorporated for strain
BR151 ribosomes and 616 pmol incorporated for strain BR151 ami-1
ribosomes. Stimulation by the template addition was 16-fold.
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FIG. 4. Two-dimensional polyacrylamide gel electrophoresis of basic 70S ribosomal proteins. (A) Strain BR151; (B) strain BR151 ami-J.
The arrows point to the BL12a protein, which is identified in accordance with the nomenclature of Osawa et al. (30).

some adjacent to the cysA gene (36), the map location of the
ami-J mutation was determined. The ami-J mutation was
90% linked to cysA, as determined by PBS1 transduction,
and three-factor analyses indicated that the marker order is
purA cysA ami-l (Table 4). These results place the ami-J
mutation in the major cluster of ribosomal genes and further
support the definition of ami-1 as a mutation in a ribosomal
gene.

DISCUSSION

The plate test we have devised takes advantage of the
observation that in-frame fusion of lacZ to cat-86 renders
,B-galactosidase activity inducible by chloramphenicol. By
testing a wide spectrum of antibiotics for their ability to
enhance the ,-galactosidase activity specified by a cat-
86-lacZ fusion gene, we identified two classes of enhancing
antibiotics. One class includes antibiotics which interact
with the 50S ribosomal subunit, and the other class includes
drugs that are known not to interact with ribosomes. The
ability of the 50S ribosomal antibiotics to enhance P-
galactosidase activity lends support to the previous sugges-
tion that chloramphenicol induction of cat genes from B.
pumilus and S. aureus is due to a chloramphenicol-induced
modification of the 50S ribosomal subunit. We suspect that
P-galactosidase enhancement by drugs such as amicetin,

TABLE 4. PBS1 transduction mapping of ami-I

Selected Recombinant classa No. of
marker purA cysA ami-I recombinantsh
Pur+ 1 1 1 15

1 0 1 1
1 1 0 5
1 0 0 184

Cys+ 1 1 1 28
1 1 0 5
0 1 1 154
0 1 0 17

a 1 and 0 indicate donor and recipient markers, respectively. The donor
strain was BR151 ami-J; the recipient strain was QB944 (purAI6 cysAJ4
trpC2) obtained from F. Kunst.

b Cotransduction of ami-l with purA: 16 of 204 (8%); cotransduction of
cysA with purA: 20 of 204 (10%); cotransduction of ami-l with cysA: 183 of
204 (90%); and cotransduction of purA with cysA: 33 of 204 (16%).

lincomycin, and sparsomycin is the result of an induction
mechanism analogous to chloramphenicol induction. In con-
trast, the enhancement of 3-galactosidase activity by antibi-
otics that do not interact with ribosomes is thought not to be
analogous to chloramphenicol induction.

Several of the ribosomal antibiotics which should be
capable of inducing cat-86 on the basis of the plate test were
tested for their ability to induce CAT activity in BR151 cells
harboring pPL708. These experiments were performed in a
manner comparable to that described in the legend to Fig. 1.
Subinhibitory levels of lincomycin and sparsomycin gave
only a twofold induction during 2 h of incubation or strongly
positive induction was detected in one trial but only a
two-fold induction was obtained in subsequent trials. Our
interpretation of these data is that such drugs qualitatively
induce cat-86, but only weakly. In contrast to the weak
inducing activity of lincomycin and sparsomycin, the antibi-
otic amicetin has been shown to be an effective inducer of
cat-86, but the drug did not detectably induce the expression
of the cat determinant on plasmid pC194. Amicetin induc-
tion of cat-86 expression is not dependent on the specific
promoter that is used to activate the gene. The cat-86 gene in
pPL708 is activated by a promoter different from the one
that activates the cat-86-lacZ fusion in pPL3lac30. Addition-
ally, amicetin induces the expression of the cat-86-lacZ
fusion gene in pPL31ac2, in which lacZ replaces all cat-86
coding sequences 3' to codon 2 of cat-86 (27). Hence,
sequences essential for amicetin induction appear to reside
in the 144-bp region that intervenes between the promoter
and the beginning of the cat-86 coding region. This is the
same region that has been shown to contain sequences
essential to chloramphenicol induction of cat-86 (10, 27).
Our model for chloramphenicol induction of cat-86 (see

above) proposes that induction depends on an interaction
between the inducing antibiotic and its ribosomal target.
Therefore, host mutations that block or perturb the ribo-
some-drug interaction should diminish or eliminate the abil-
ity of a drug to induce cat-86. This hypothesis has not been
experimentally tested for chloramphenicol because muta-
tions in B. subtilis 168 that alter the ability of ribosomes to
bind chloramphenicol have not been identified. However,
amicetin is an alternative ribosomally targeted antibiotic that
induces cat-86, and each of six amicetin-resistant mutants of
B. subtilis 168 tested were found to be incapable of allowing
cat-86 to be induced by amicetin. One of the amicetin-resist-
ant mutations, ami-J, caused both structural and functional
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alterations in B. subtilis ribosomes, and the mutation mapped
to the region of the B. subtilis genetic map known to contain
ribosomal genes. Therefore, amicetin induction, and by
inference possibly chloramphenicol induction, involves a
component of host ribosomes. How drug-modified ribosomes
might induce cat genes has been speculated on in several
studies (6, 11). The common feature of both models is the
proposal that the drug-modified ribosomes block the forma-
tion of the RNA secondary structure that would sequester
the cat ribosome binding site. Precisely how this is accom-
plished remains to be experimentally demonstrated.

It is becoming apparent that aspects of the inducible
regulation of cat-86 and pC194 cat bear some resemblance to
the regulation proposed for the erythromycin-inducible erm
genes present in several gram-positive microorganisms (13,
14, 17, 18). erm encodes an enzyme that methylates 23S
rRNA, thereby conferring erythromycin resistance. The
gene is induced as the result of erythromycin binding to
ribosomes (14), and induction appears to result from a
ribosome-mediated conformational change in the erm
mRNA, resulting in the destabilization of the secondary
structure that sequesters the ribosome binding site for erm.
Although significant aspects of the regulation of the two
classes of genes, cat and erm, may be shown to differ, the
apparent pattern of regulation involving changes in the RNA
secondary structure may well predict a mode of regulation
for other inducible determinants which confer resistance to
ribosomal antibiotics in gram-positive bacteria.
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