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ABSTRACT
The DNA sequence of the ermC gene of plasmid pEl94 is presented. This

determinant is responsible for erythromycin-induced resistance to the
macrolide-lincosamide-streptogramin B group of antibiotics and specifies
a 29,000 dalton inducible protein. The locations of the ermC promoter,
as well as that of a probable transcriptional terminator, are established
both from the sequence and by transcription mapping. The sequence con-
tains an open reading frame sufficient to encode the previously identified
29,000 dalton ermC protein. Between the promoter and the putative ATG start
codon is a 141 base pair leader sequence, within which several regulatory
(constitutive) mutations have been mapped and sequenced. The leader has
a second open reading frame, sufficient to encode a 19 amino acid peptide.
It is suggested that induction by erythromycin involves a shift between
alternative ribosome-bound mRNA conformations, so that the ribosome
binding sequence and the start codon for synthesis of the 29K protein are
unmasked in the presence of inducer. Possible active and inactive folded
configurations of the leader sequence are presented, as well as the
effects on these configurations of regulatory mutations.

INTRODUCTION

Plasmid-mediated resistance to the clinically important macrolide-

lincosamide-streptogramin B (MLS) group of antibiotics in all cases studied

to date, is associated with a specific dimethylation of adenine in the 23S

RNA of the large ribosomal subunit (1-3). pE194, a 3.5 kilobase multicopy

plasmid derived from Staphylococcus aureus (4) and introduced by transform-

ation into Bacillus subtilis (5), carries the ermC determinant which confers

resistance to MLS antibiotics. This resistance is inducible by subinhibitory

concentrations of erythromycin (Em) (5), as is a 29,000 dalton polypeptide

specified by ermC (6). Plasmid mutants (tyc) which confer resistance con-

stitutively, are also constitutive for the expression of the 29K protein

(6). The ermC gene, together with sequences carrying the information

required for inducibility, have been localized on the physical map of pEl94,

and the direction of transcription has been determined (7). Recently we
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have reported that induction of the 29K protein and of MLS-resistance by Em

is regulated posttranscriptionally, and that interaction of Em with a binding

site on an unmethylated ribosome is required for regulation (8). Since the

29K protein is required for the expression of MLS-resistance and since the

induction of resistance and of 29K protein synthesis are concomitant and

affected similarly by tyc mutations, it is reasonable to assume that this

protein is a ribosomal RNA (rRNA) methylase.

In this report we present further data, including DNA sequence informa-

tion, which supports the posttranscriptional nature of 29K protein regulation

and which suggests a more specific model of regulation at the level of

transl ati on.

MATERIALS AND METHODS

Plasmid and strains

The plasmid used for most procedures including sequencing was pBD15, a

high copy number (cop-6) derivative of pE194 (5). Three spontaneous tyc
mutants of pE194, which express MLS-resistance constitutively, were also

used; pBD16 (tyc-l), pBD73 (tyc-9), and pBD74 (tyc-16). The/strains used

for plasmid preparations and for isolation of RNA were all trpC2 thr-5.

Isolation of plasmid DNA

Plasmid DNA was isolated and purified from stationary phase cultures

grown at 32-34° using CsCl-ethidium bromide (EtBr) density gradient centri-

fugation as described (9) except that two cycles of CsCl-EtBr centrifugation

were used.

DNA sequencing

The procedures of Maxam and Gilbert.(10) were used. DNA fragments were

end-labeled with 32P-y-ATP (prepared as described [10]) and then secondarily

cleaved with an appropriate restriction endonuclease (Fig. 1). One fragment

was also sequenced by strand separation (Fig. 1). Restriction endonucleases

were obtained from Bethesda Research Laboratories, New England Biolabs, and

Boehringer-Mannheim. Bacterial alkaline phosphatase and polynucleotide ki-

nase were from Bethesda Research Laboratories or New England Biolabs. The

A.C, G, C+T, and C reactions were used. All sequences were determined on

both strands with the minor exceptions noted in Fig. 2. Cleavage sites

used for preparation of fragments were traversed by sequencing overlapping

fragments. Thin (0.4 mm) 6, 8 and 20% polyacrylamide-urea gels were used

(11).
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FIG. 1. Sequencing strategy. On the top line is a restriction endo-
nuclease cleavage site map of pE194 ( n3.5 kb). The portion of the plasmid
sequenced in this study is shown in expanded form, together with the
cleavage sites used. The data illustrate the points of 5' end labeling
employed. The arrows show the directions and approximate extents of se-
quencing in each experiment. All sequencing was by secondary cleavage,
except that strand separation was carried out where denoted by wavy lines.

Nick translation

Plasmid DNA was labeled by nick translation to a specific activity of

2x108 cpm/1g using 32P-a-ATP (New England Nuclear), as described by Rigby

et al. (12), but using the DNA polymerase buffer of Maniatis et al. (13).

DNA polymerase I was from Boehringer Mannheim. Restriction fragments for

nick translation were isolated from macerated 7.5% polyacrylamide gel slices,

by diffusion (10).

RNA isolation

RNA was prepared from cultures grown to Klett 100 (54 filter) in VY

broth (9). The cells were collected by centrifugation and washed twice with

RNA-buffer (100 mM NaCl, 10 mM Na-acetate, pH 5.0) containing 1 mM aurintri-

carboxylic acid. The cells were ruptured as described (8) and the lysates

were extracted twice with RNA-buffer-saturated phenol. The RNA was precipi-

tated with two volumes of ethanol and the pellets were rinsed with acetone.
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The RNA was redissolved in 0.3 M NH4-acetate, 0.5% sodium dodecyl sulfate

(SDS) and reprecipitated with ethanol. The pellets were rinsed with 70%

ethanol, dried, redissolved in TE (10 mM Tris.HC1, pH 7.5, 1 mM EDTA) and

stored at -70°.

Immediately before loading on gels the RNA was treated with 0.1 mg/ml

RNase-free DNase at 370 for 30 min in the presence of 5 mM MgCl2. Electro-

phoretically pure DNase (Worthington) was made RNase-free by passage through

a column of agarose-5'-(4-aminophenylphosphoryl) uridine-2' (3' )phosphate

(Miles) (1 ml bed volume) as described (14). The DNase reaction was stopped

by the addition of 0.5% SDS and by extracting twice with TE-saturated phenol.

The RNA was then precipitated twice with ethanol. The final pellets were

dried, redissolved in 10 mM Na phosphate (pH 7.0), 50% dimethylsulfoxide

(v/v), 1 M glyoxal, and then incubated at 50° for 1 hr (15).

RNA gels, blotting and hybridization

The RNA samples were loaded onto 1.5% agarose gels in 10 mM Na phosphate,

pH 7.0 and run as described by Carmichael and McMaster (15). Blotting of the

gels, preparation of diazobenzyloxymethyl (DBM) paper and hybridization was

as described by Alwine et al.(16).

A modified Berk-Sharp (17, 18) experiment was carried out using RNA from

a strain carrying pBD15. This RNA (25 1tg) was mixed with 0.1 ig of HinfI B

fragment, 5'-end labeled with 32P-y-ATP and polynucleotide kinase. The mix-

ture was evaporated to dryness and dissolved in 10 pl of 40 mM Pipes (pH 6.4),

400 mM NaCl, 1 mM EDTA, 80% deionized formamide (v/v). After incubation at

800 for 10 min the mixture was annealed for 4 hr at 350. These conditions

were selected to favor RNA:DNA hybridization of these extremely AT (AU) rich

nucleic acid molecules (Fig. 2). To the solution was added 0.3 ml of 280 mM

NaCl, 30 mM Na-acetate (pH 4.4), 4.5 mM Zn-acetate, 20 pig/ml denatured salmon

sperm DNA, 200 u/ml SI nuclease. Incubation was continued for 45 min at 300.

The reaction was stopped by the addition of 75 pl 2.5 M NH4-acetate, 50 mM

EDTA. The material was recovered by precipitation with 0.4 ml ethanol and

2 p1l E. coli tRNA (10 mg/ml). The samples were loaded on denaturing (12%

polyacrylamide-7M urea) *or nondenaturing (.7.5% polyacrylamide) gels. The

running conditions and buffers were as described (19, 20).

RESULTS

Location and properties of the ermC gene

The major ermC gene product is an Em-inducible 29,000 dalton polypeptide

(29K protein) which is required for MLS-resistance (6). ermC is located
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within the expanded portion of the restriction site map shown in Fig. 1, and

is transcribed from left to right on the map (7).

Sequence of ermC

Fig. 2 shows the results of DNA sequencing studies on the region of the

pE194 genome containing ermC, in which 1354 base pairs (bp) were determined.

The coding strand is shown. Examination of the sequence reveals the

following noteworthy features. (1) An open reading frame extends from an ATG

triplet at position 337 to a TAA termination codon at position 1069. The

alternative frames are replete with UAA, UAG and UGA signals. The open frame

suffices to define a protein with 244 amino acids and with a molecular weight

of 28,947 daltons, in excellent agreement with our published estimate of 29K

for the ermC product (6). Insertion of a chloramphenicol resistance-confer-

ring TaqI fragment from plasmid pCl94, into the ClaI cleavage site between

positions 1132 and 1133 has no effect on the expression of MLS-resistance

(not shown). Insertion of foreign DNA into the BclI site between positions

555 and 556 or deletion at the HpaI site (933-934), inactivates resistance

and alters the 29K protein (7, 20). We have observed during purification and

from the use of isoelectric-focusing that the 29K protein is basic. This is

consistent with examination of the inferred sequence shown in Fig. 2. There

are 39 basic residues and 23 acidic ones, with a net positive charge of 16.

These observations serve to confirm the assignment of the ermC coding se-

quence.

Between positions 218 and 274 is an open reading frame (different from

the one just noted) which encodes a potential peptide of 19 amino acids and

which ends in two lys residues, followed by a TM signal.

(2) At positions 184-189, 150 base pairs upstream from the probable ATG

start codon for the 29K protein, is a TATAAT sequence. This and the surround-

ing sequences agree well with the consensus "-10" sequence described by

Rosenberg and Court (21) as typical of prokaryotic promoters. At positions

158-166 is the sequence ATGTTCATA which bears a slight resemblance to the

"-35" consensus sequence TTGACA (21). At positions 196 and 197, appropriately

located 7 and 8 bases downstream from the TATMT sequence, are a pair of A

residues which are likely transcriptional start sites. Our previous finding

that an RNA polymerase binding site is located very close to the SstI cleav-

age site between positions 178 and 179 supports the interpretation that this

region represents the ermC promoter (7). We present further evidence on

this point below.

(3) Several bases upstream from the putative ATG start codon for the 29K
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TCGTAATTAAGTCGTTAAACCGTGTGCTCTACGACCMAACTATAAAACCTTTAAGAACMTTCTTTTTTi TACMATTAGATAMTCTCT 99
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protein is a likely ribosomal binding site (Shine-Dalgarno sequence) (22).

This sequence shows excellent complementarity (about a 9 base match) with the

sequence at the 3' terminus of 16S rRNA from B. stearothermophilus and proba-

bly from B. subtilis as well: 5'-GAUCACCUCCUUUCU(A)-3' (23,24,25). (The

underlined residues in this sequence are complementary with the putative

Shine-Dalgarno [SD] sequence at positions 325-332.) The spacing between this

SD sequence, which we will call SD2, and the ATG start codon, is consistent

with observations from other systems (26). The coding sequence for the poten-

tial 19 amino acid peptide is preceded by SDI (positions 204-211), which

possesses a 7 base complementarity with the 3' terminal sequence of 16S rRNA.

(4) Two possible transcriptional termination sequences are located within

positions 1072-1110 and 1213-1248. Both include inverted repeats, and 19

and 15 bases downstream from the center of the dyad, each contains a run

of T's (6 and 4 T's, respectively). This is characteristic of several trans-

criptional terminators which have been sequenced (21). We believe that the

terminator at 1213-1248 (Term 2) is more likely used in vivo (see below).

Transcriptional mapping of ermC

Although the given interpretation of transcriptional signals is reason-

able, we considered it essential to buttress these interpretations with

direct experimental data. This is particularly important since there is a

paucity of sequence data from gram-positive prokaryotes. In at least one

case the sequence of an "early" promoter on B. subtilis phage SP02 has been

determined with results consistent with the promoter consensus sequences

observed in Escherichia coli (27). On the other hand, B. subtilis is report-

ed to possess forms of RNA polyymerase with variant promoter specificities

(28) and it seemed prudent to obtain transcriptional mapping data to supple-

ment the sequence analysis.

Fig. 3 presents the resultsof blotting-hybridization experiments. The

ermC transcript was identified by hybridization with a nick translated

HaeIII-CfoI fragment which extended from position 462 to 1149. The trans-

cript so identified consists of about 965 bases, which, together with the

FIG. 2. DNA sequence of ermC. The coding strand is shown. All
portions were sequenced on both strands, except for the bases in italics,
which were determined only on the given strand. The arrows indicate
probable sites of transcriptional initiation and the direction of trans-
cription. "-10" and "-35" refer to inferred RNA polymerase binding and
recognition elements. Start codons are denoted by wavy lines, and trans-
lational stop signals by double lines. "SD" and "Term" refer to Shine-
Dalgarno and transcriptional termination signals.
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FIG. 3. Blotting-hybridization of the ermC transcript. RNA from a

strain carrying pBD15 (A,B,C,F and G), the tyc-9 mutant (D) or the tyc-16

mutant (E) was electrophoresed on agarose gels. The RNA was treated with
glyoxal except for F and G. The RNA was blotted onto DBM paper and hybrid-
ized with 32P-nick translated probes as follows: A,C,D and E with a CfoI-
HaeIII fragment which contains the ermC gene; B with the CfoI B fragment
which extends to the right of the region sequenced (see Fig. 1); F with the
HaeIII-SstI fragment (Fig. 1); and G with HinfI B, which extends to the left
of the region sequenced.

proposed start site at 196-197, suggests that termination occurs near position

1162. A second probe was prepared from the CfoI B fragment of pE194, which

extends downstream from position 1149 and continues well beyond the region

we have sequenced (Figs. 1,2). It can be seen from Fig. 3B that this probe

shows homology with the ermC transcript as well as with several others. This

suggests that ermC transcription terminates beyond the CfoI site. The location

of the putative Term 2 signal noted above is consistent with this hybridiza-

tion data.

Three different probes were used to map the start point of ermC trans-

cription. A probe was prepared from a SstI-HaeIII fragment (positions 179-

461) and another from the HinfI B fragment. The latter extends upstream

from position 289 and includes DNA which we have not sequenced, and which

encodes protein El (7). Fig. 3 shows that both of these probes hybridize
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with the ermC transcript and that the HinfI B probe also has homology with

the larger El transcript. A third probe was prepared from the MboI fragment

which extends upstream from position 150. This probe did not hybridize with

the ermC transcript, although it did with the El transcript (not shown).

These experiments localize the start site for ermC transcription between the

MboI site at position 150 and the HinfI site at 289.

To determine more precisely where ermC transcription initiates, we have

used a version of the method devised by Berk and Sharp (17, 18). The MboI-

HinfI B fragment (positions 150-289) was prepared and labeled at its 5' ends

with polynucleotide kinase and 32P-y-ATP. An attempt to separate the strands

of this fragment failed, possibly due to its high A+T content. Instead, the

labeled DNA was denatured and annealed to total RNA from a strain carrying

pBDl5. A portion of the labeled DNA was self-annealed. Both samples were

halved and one portion of each was treated with S1 nuclease. The four samples

were divided further and loaded on denaturing and nondenaturing polyacryla-

mide gels, and electrophoresed together with an end-labeled HinfI digest of

pBR322 to provide size markers (29) (Fig. 4). Treatment with S1 nuclease

A B C D E F G H I J

i _ _15154 bp

154 bp @ b

15 bp-

FIG. 4. Sl-nuclease transcription mapping of ermC. RNA from a strain
carrying pBD15 was annealed to 5' end labeled MboI-HinfI fragment (B,C,G,H).
A portion of the DNA was self annealed (D,E,I,JYY After hybridization, half
of each sample was treated with S1 nuclease (B,D,G,I), and the other half
not treated (C,E,H,J). The samples were analyzed on nondenaturing (A-E)
and denaturing (F-J) gels. A and F show 5' end labeled HinfI fragments of
pBR322 as size markers.
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resulted in a total loss of radioactivity from the self-annealed DNA sample,

indicating that the conditions used did not favor DNA:DNA renaturation.

Treatment of the DNA + RNA sample resulted in the appearance of a single

band which consisted of 95 bases (determined from the denaturing gel). Since

the direction of transcription is known, an in vivo initiation site must be

located close to positions 196-197, precisely where we inferred the trans-

criptional start to be.

The locations of the ermC transcriptional and translational starts

define a mRNA leader sequence which is 141 bases long.

Regulatory mutants

Selection for the ability of strains carrying pE194 to grow on tylosin

(Ty), a noninducing macrolide antibiotic, permits the ready isolation of

mutants (tyc) which express MLS-resistance without induction (5). Twenty-one

spontaneous tyc mutants have been isolated and studied. All were plasmid

mutants, since transformation of plasmid-free recipients with pure plasmid

DNA revealed 100% linkage of the Tyc phenotype with the selected Em resist-

ance. Circular covalently closed (CCC) DNA from the t mutants was examined

on agarose gels. Out of the 21 CCC DNA species studied, twelve were clearly

of greater molecular weight than wild type pE194 (3.5 kb). Restriction endo-

nuclease cleavage site mapping of several of these revealed that the extra

DNA was always located between the SstI and HaeIII cleavage sites at posi-

tions 179 and 461. For instance, tyc-16 contained about alOO bp insert within

this segment and tyc-9 about 650-700 extra bp. The latter mutation is par-

ticularly interesting since a restriction site map of the mutant plasmid

suggests that it contains a direct tandem repeat of a sequence immediately

downstream from the point of insertion. Selection of plasmid revertants with

inducible phenotype always led to restoration of the wild type molecular

weight. This supports the conclusion that the t mutation results from

a direct tandem repeat and shows that the increased molecular size is the

cause of the regulatory defect.

Three of the tyc mutations which did not result in a detectably in-

creased molecular weight of any fragment derived from digestion by restric-

tion endonucleases (including double digestion by HaeIII and SstI) were

mapped by marker rescue transformation (30). These, including tyc-l, were all

found to be closely linked to the HaeIII site.

The RNA from strains carrying the tyc-9 and tyc-16 mutant plasmids was

analyzed by a blotting-hybridization experiment (Fig. 3C). Both ermC trans-

cripts were larger than that of the wild type plasmid (965 bases). The tyc-16
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transcript contained about 1,050 bases, and the tyc-9 about 1570. Thus, the

inserted DNA (about 85 and 600 bp, respectively) was inserted downstre&m from

the ermC promoter (which surrounds the SstI site; see above) and transcription

proceeds through the inserts, ending at or near the normal ermC termination

site. The tyc-l transcript was indistinguishable in size from that of the

wild type plasmid as expected (not shown). These results strongly support

our previously reported conclusion that ermC regulation is posttranscription-

al (8).

The tyc-l and tyc-16 mutations have been further characterized by DNA

sequencing. The tyc-l plasmid has a single base change, converting position

317 from a C to an A.. tyc-16 contains an extra 109 bp inserted between

positions 321-322. The inserted DNA is a direct tandem duplication of the

109 residues immediately downstream from the point of insertion.

DISCUSSION

We have reported that Em induction of the 29K protein is mediated post-

transcriptionally and that interaction of Em with its ribosomal binding site

is necessary for induction to occur (8). Perturbation of this site by

mutational alteration of protein L17 or by methylation of 23S rRNA, prevents

induction.

Based on these observations, we postulated that the specificity of 29K

protein regulation resides in changes in the structure of its mRNA (8). The

present work serves to support and extend this hypothesis. We propose that

the 141 base leader sequence, within which the tyc mutations occur, defines

a cis-acting regulatory sequence for 29K protein translation. In accordance

with this concept, we have demonstrated that several tyc mutations are

dominant over the wild type allele (not shown).

Examination of the leader sequence and of the region just downstream

from it reveals the presence of six repeat sequences, one of which (V)

includes the ATG codon and part of the SD2 sequence. The repeats permit us

to propose several hairpin structures for the 5' end of ermC mRNA (Fig. 5).

Based on these features we will present three models of induction by Em.

All three rest on the notion that alternate conformational states of the mRNA

control the initiation of 29K protein translation depending on whether the

SD2 and ATG sequences are masked. Analogous models have been invoked to

explain translational control in other systems (26). Structures 1 and 2
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(Fig. 5) would thus be relatively inactive, whereas 3 and 4 would be active.

Structure 1 appears more attractive than 2 as a candidate for the inactive

form, since the tyc-l mutation would destabilize the IV-V stem-loop by remov-

ing a GC-GC base stacking interaction, thus tending to unmask the SD2 and ATG

sequences. In structure 2, the III-IV stem-loop would be weakened instead,

without directly destabilizing the relevant portion (II-V) of this structure.

Due to the tandem duplication, the tyc-16 mutation should permit the forma-

tion of structures similar to 1 and 2, but in which the SD2 and associated

ATG codons are exposed (not shown). The tyc-16 mutation would thus be ex-

pected to increase the uninduced synthesis of 29K protein, as observed. The

two suggested active structures would also be differently affected by the

tyc-l mutation. The III-IV stem of structure 4 should be destabilized, thus

possibly mitigating the effect of destabilization of inactive structure 1.

Structure 3, on the other hand, would be unaffected by the tyc-l mutation.

It now remains to consider how Em may intervene to effect a conforma-

tional isomerization from an inactive to an active form.

Model I. Translational attenuation

Structures 1 and 2 both contain SD1 and its associated ATG codon in an

exposed configuration. Ribosomes may thus initiate translation of the 19

amino acid peptide, terminating at the TM signal which is preceded by two

lys codons. This may result in transient destabilization of the inactive

structure(s) and may facilitate isomerization to an active form, explaining

the observed basal synthesis of 29K protein (6). In the presence of a sub-

saturating (inducing) concentration of Em (10-100 nM in the culture medium),

movement of some of the ribosomes translating the 19 amino acid peptide may

be slowed or blocked, causing them to accumulate within segments I and II,

with a resulting shift to an active mRNA conformation. Since the majority of

ribosomes will be Em-free at low concentrations of inducer, many of the ribo-

somes which can bind to the newly exposed SD2 sequence will not be inhibited.

In vitro binding experiments have shown that B. subtilis ribosomes are half-

saturated (0.5 mol Em bound/mol ribosomes) at an Em concentration of about

FIG. 5. Hypothetical hairpin structures for the 5' end of ermC mRNA.
The sequences are written with thymine residues to facilitate comparison
with Fig. 2. The locations of the t-l base change and tyc-16 insertion
are indicated. Other designations are as in Fig. 2. Structures 1 and 2
are proposed to be inactive, and 3 and 4 to be active, in 29K protein
synthesis.
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1 liM (8). Thus, when a low inducing concentration is used (and perhaps also

transiently with high extracellular concentrations) this model is feasible,

and presents a solution to the dilemma posed by induction of a new protein by

Em, an inhibitor of protein synthesis. It should also be noted that the basal

synthesis of 29K protein presumably results in the presence of a small pro-

portion of methylated ribosomes, making possible a slow but exponential

"escape" from Em inhibition of 29K protein synthesis, even at high intra-

cellular concentrations. We have observed that strains carrying pE194 can

form colonies on 8 mM Em. Induction by such elevated concentrations of anti-

biotic may occur by this "escape" mechanism. Thus, the basal synthesis of

29K protein may play an important biological role.

Several relevant points can be made concerning the mode of action of Em

on protein synthesis (reviewed in [31]). This antibiotic- does not inhibit

formation of initiation complex. It can bind to polyribosomes only when the

nascent peptide chain is short. Thus, once translation is under way, contin-

ued synthesis of a given peptide chain rapidly becomes Em resistant. This

effect may also facilitate "escape" of 29K protein synthesis from inhibition

as the intracellular Em concentration increases. On the other hand, once

bound, Em and the related macrolide oleandomycin (Om) only inhibit trans-

peptidization when the nascent peptide chain exceeds a minimal size (31).

Other macrolides, e.g., Ty and carbomycin (Cn), can block transpeptidization

when the peptide chain is small. Em and Om induce 29K protein synthesis,

whereas Ty and Cn do not (unpublished). This may be reasonably explained in

terms of Model I, since the ribosomes must presumably traverse a minimum

length before isomerization of mRNA to an active structure can occur. Ty

and Cn may block translation before this minimum length is reached. It has

been noted in model systems that the effect of Em on peptide bond formation

is substrate-dependent. With many simple substrates no inhibition has been

noted. Whereas Em actually stimulated the puromycin reaction with acetyl-

Phe tRNA, polylysyl-puromycin synthesis was inhibited, leading to accumula-

tion of di- and trilysylpeptides (32). The two lys codons situated just

before the UAA stop signal for the 19 amino acid peptide may thus be a site

of high sensitivity to Em, causing accumulation of ribosomes and leading to

isomerization of the mRNA. These two codons may thus be analogous to the

multiple amino acid codons observed in transcriptional attenuation systems

(33-38).

Model II. Em-induced isomerization

Em may interact directly with an ermC mRNA-ribosome complex. The latter
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complex may form weakly with an inactive mRNA structure (structures 1 and 2,

Fig. 5), since only a portion of SD2 is exposed. Em may then perturb the

environment of its binding site sufficiently to increase the unmasking of

SD2. Isomerization of the mRNA to an active configuration may then be facili-

tated by the extensive homology of SD2 with the 3' terminus of 16S rRNA. This

model is short on molecular specifics, although it is consistent with what we

know about the ermC system.

Model III. Autoregulation

We have reported that synthesis of the ermC gene product is autoregu-

lated and that mutational alteration of the 29K protein results in a hyper-

inducible phenotype (8). This autoregulation may be mediated by increased

methylation of the 23S rRNA following induction of the 29K protein, thus

blocking the required Em binding site. Alternatively, it may be due to

direct feedback inhibition of translation by 29K protein. The latter effect

could be mediated by interaction of the 29K protein with the mRNA-ribosome

complex, resulting in stabilization of an inactive configuration, much as

the R17 coat protein turns off replicase synthesis (reviewed in [26]). This

inactive mRNA-ribosome-29K protein complex may form, as suggested in model

II, using the partially exposed SD2 sequence, or even at SD1. Em may then

enter its ribosomal binding site and interact with 29K protein, lifting the

repression and facilitating mRNA isomerization to an active form.

We have recently reported that Em specifically stabilizes the ermC mRNA,

increasing its functional half life at least tenfold (8). This may be an

indirect effect; increased translation may secondarily result in protection

of the ermC transcript. In any event, the stabilization effect will also

serve to increase the rate of synthesis of the 29K protein upon induction.
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