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ABSTRACT

The M echanism of erm C  mRNA D egradation 

in B acillu s sub tilis  

by

Kuo Huei Zen 

Advisor: Professor David H. Bechhofer

The ermC  gene encodes an rRNA methyltransferase and confers 

erythromycin resistance on the host by reducing the affinity of 

ribosome for erythromycin. A previous study had shown that erm C  

mRNA is stabilized in the presence of erythromycin, an inducer of 

ermC  gene expression. The induced stability of ermC  mRNA requires 

a ribosome stalled in the ermC leader peptide sequence. Our working 

hypothesis was that the 5' end of ermC  mRNA is the target of decay 

and ribosome stalling in the leader peptide sequence protects erm C  

mRNA from ribonucleolytic decay in the 5'-to-3' direction.

In order to test this hypothesis, several insertion mutations of 

the ermC  leader region were constructed and used to examine how 

ribosome stalling affects ermC  mRNA stability. Using constructs in 

which the ribosome stall site was internal rather than at the 5' end of 

the message, it was shown that ribosome stalling provides stability to 

sequences downstream but not upstream of the ribosome stall site.

In a construct that contained a ribosome stall site at the 5' end, in 

addition to an internal ribosome stall site, the full-length RNA was



stabilized in the presence of erythromycin. These results strongly 

suggest that ermC  mRNA is degraded either by a 5'-to-3' 

exoribonuclease or by an endoribonuclease that binds to 5' end and 

make endoribonucleolytic cleavages as it progresses in the 5’-to-3' 

direction, and that a stalled ribosome at the 5' end protects against 

this type of decay.

To provide biochemical evidence for this conclusion, B. subtilis 

extracts were prepared, and RNase substrates were synthesized that 

could be used to identify a 5' end-requiring RNase activity in B. 

subtilis extracts. First, it was shown that ermC  mRNA synthesized by 

in vitro transcription is degraded in B. subtilis extracts. Second, an 

RNA-DNA joint molecule was synthesized that contained an RNA 

moiety in its 5' region and a ssDNA moiety in its 3’ region. This joint 

molecule is degraded to a ssDNA molecule under the condition that 

degradation of DNA was inhibited, indicating that the RNA moiety of 

the joint molecule is degraded either by a 5'-to-3' exoribonuclease or 

by an endoribonuclease activity in B. subtilis extracts. To distinguish 

between these two possibilities, a circular RNA molecule was 

constructed. This circular RNA was not degraded in B. subtilis 

extracts although the linear RNA containing the same sequence as the 

circular RNA was degraded. Taken together, these results suggest the 

existence of a 5’-to-3' exoribonuclease in B. subtilis.
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CHAPTER ONE 

INTRODUCTION

1-1 Messenger RNA decay in procaryotes

Messenger RNA stability plays an important role in the 

posttranscriptional regulation of both procaryotic and eucaryotic 

gene expression (for review, see King et al., 1986; Brawerman, 1987; 

Belasco and Higgins, 1988; Brawerman, 1989; Cleveland and Yen, 

1989; Saini et al., 1990). In the absence of translational regulation, 

the rate of synthesis of a protein depends on the concentration of the 

mRNA that encodes it, which is determined by a balance between the 

rates of mRNA synthesis and degradation. Although a number of 

elegant studies during the past two decades have been directed 

towards elucidating the mechanism of mRNA decay, very little is 

known about the cellular factors involved in mRNA breakdown and 

the structural determinants of mRNA (in)stability.

For most bacterial mRNAs, the half-lives are very short, in the 

range of 2 to 3 minutes. The high turnover rate of bacterial mRNA 

ensures a rapid adaptation to the environmental change. However, in 

Escherichia coli, the message stability can differ by as much as a 

factor of 50 (Nilsson et al, 1984).

mRNA decay in E. coli is hypothesized to proceed through the 

concerted action of endo- and exoribonucleases. Despite the 

identification of a number of ribonucleases in E. coli (Deutscher,

1985, 1988), only four have been shown to play a role in mRNA 

decay: RNase II (Donovan and Kushner, 1983), polynucleotide 

phosphorylase (Kinscherf and Apirion, 1975; Donovan and Kushner,
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1986), RNase III (Dunn and Studier, 1973; Portier et al., 1987; 

Bardwell et al., 1989; Regnier and Grunberg-Manago, 1989) and 

RNase E (Mudd et al., 1988; Regnier and Hajnsdorf, 1991). 

Polynucleotide phosphorylase and RNase II are exoribonucleases that 

degrade mRNA in the 3'-to-5' direction, whereas RNase III and RNase 

E are endoribonucleases.

From the studies with E. coli mutants, polynucleotide 

phosphorylase and RNase II are now thought to be involved in the 

breakdown of mRNA to the mononucleotide level. Cells lacking only 

one of these enzymes are viable, whereas the absence of both 

enzymes leads to loss of viability and the accumulation of mRNA 

fragments (Kinscherf and Apirion, 1975; Donovan and Kushner,

1986). It has been shown that the chemical half-lives of specific 

mRNAs are increased in E. coli strains carrying mutations in the 

genes that encode polynucleotide phosphorylase and RNase II 

(Arraiano et al., 1988). Both polynucleotide phosphorylase and RNase 

II are processive exoribonucleases initiating breakdown at the 3' end 

of an RNA molecule, and both are influenced by secondary structure 

in the RNA. However, the enzymes are different in that RNase II 

hydrolyses RNA to nucleoside monophosphates, whereas 

polynucleotide phosphorylase ultilizes a phosphorolytic mechanism 

releasing nucleoside diphosphates.

The structural feature of mRNA responsible for resistance to 

attack by 3'-to-5‘ exoribonucleases is now relatively well understood. 

A stem-loop structure such as a rho-independent terminator at the 3' 

end of many messages or repetitive extragenic palindromes can 

function as a barrier against 3'-to-5' exoribonucleolytic digestion and
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the molecules lacking such a structure are extremely vulnerable to 

exonucleolytic attack (Chen et al., 1988; Newbury et al., 1987; Mott et 

al, 1985; Wong and Chang, 1986). The stem-loop structure also 

appears to impart stability to selected regions of polycistronic 

mRNAs. In the case of the malEFG  operon of E. coli (Newbury et al.,

1987) and the p u f  operon of Rhodobacter capsulatus (Belasco et al., 

1985; Chen et al., 1988; Chen and Belasco, 1990; Klug and Cohen,

1990; Klug and Cohen, 1991), the 5'-region of a polycistronic mRNA is 

more stable than the 3'-region. An intercistronic structure, which is 

located at the 3'-boundary of the stable segment of these transcripts, 

causes the stabilization of upstream RNA, presumably by providing a 

barrier against the action of 3'-to-5' exoribonucleases. Thus the 

difference in mRNA stability can contribute to differential gene 

expression within a polycistronic operon. For papBA mRNA of E. coli 

(Baga et al., 1988), the 5'-segment of the transcript is preferentially 

degraded presumably by an endoribonucleolytic cleavage followed 

by 3'-to-5' exoribonucleolytic degradation to ensure lower expression 

of the papB  gene.

On the other hand, secondary structures in some RNAs are the 

targets recognized by several endoribonucleases. RNase III and 

RNase E are two endoribonucleases that have been implicated in the 

endoribonucleolytic processing of mRNA. In some mRNAs, a cleavage 

by RNase III in regions that can fold into secondary structures is the 

limiting step of decay (Portier et al, 1987; Bardwell et al., 1989; 

Regnier and Grunberg-Manago, 1989; Schmeissner et al., 1984).

RNase E also cleaves mRNA in the vicinity of secondary structures 

(Mudd et al., 1988; Regnier and Hajnsdorf, 1991) and many
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transcipts of phage T4 are functionally and chemically stabilized in 

an RNase E deficient strain (Mudd et al., 1990). Although RNase III 

and RNase E are involved in the decay of some mRNAs, the major 

role of these two endoribonucleases is thought to be the processing of 

ribosomal RNA precursors (King et al., 1986).

The product of the gene designated ams (altered m essage 

stability) has also been shown to be involved in mRNA decay in E. 

coli (Kuwano et al., 1977; Ono and Kuwano, 1979; Arraiano et al.,

1988). Strains carrying the temperature-sensitive am s  mutation 

have a longer chemical half-life at the nonpermissive temperature 

(Kuwano et al., 1977). Therefore, Kushner and coworkers suggested 

that the Ams protein was either an RNase or a positive regulator of 

other RNases (Arraiano et al., 1988). Recent genetic studies have 

shown that the Ams protein and RNase E turn out to be encoded by 

the same structural gene of E. coli (Babitzke and Kushner, 1991; 

Taraseviciene et al., 1991; Melefors and von Gabain, 1991).

As mentioned before, the decay of some mRNAs in E. coli is 

initiated by endoribonucleolytic cleavage at specific sites. Since no 5'- 

to-3' exoribonucleases have yet been identified in E. coli (Deutscher, 

1985; Belasco and Higgins, 1988), it is believed that mRNA decay is 

accomplished by 3'-to-5' exoribonucleases either at the 3' end of the 

message or at 3' ends generated by endoribonucleolytic cleavages.

The idea that mRNA decay in E. coli proceeds in a net 5'-to-3' 

direction evolved from studies on the polycistronic trp operon which 

showed that the 5' end could be attacked before the synthesis of the 

3' end was completed (Morikawa and Imamoto, 1969; Morse et al., 

1969). Using a similar approach, the same conclusion has been
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reached in studies on polycistronic lac mRNA (Kennell, 1986). Based 

on the study of lac mRNA decay in E. coli, Kennell and coworkers 

proposed a model that any region of mRNA which is free of 

ribosomes is vulnerable to degradation (Cannistraro et al., 1986; 

Subbarao and Kennell, 1988), In this model, ribosomes physically 

protect mRNA from ribonuclease attack. When ribosome loading is 

interrupted by endonucleolytic cleavage at the ribosome binding site, 

the newly unprotected 5' ends of mRNA are "chopped off" by 

endonucleolytic cleavage as the ribosomes move down the message. 

Although mRNA stability has been attributed in some cases to 

occupancy by ribosomes, untranslated regions are not necessarily 

more labile than translated regions (Nilsson et al., 1987; Lundberg et 

al., 1988).

Despite the large amount of work in recent years devoted to 

understanding the mechanism of mRNA breakdown in E. coli, 

relatively little attention has been given to the study of mRNA deacy 

in B. subtilis, a Gram positive bacteria. Studies on B. subtilis 

polycistronic sdh mRNA decay suggested that the 5'-segment of the 

sdh mRNA might be more susceptible to ribonuclease attack than the 

3'-segment and serves as an important determinant for the stability 

of the whole message (Melin et al., 1990). Loading of ribosomes on 

the 5' region has been shown to be sufficient to afford stability to the 

whole mRNA, suggesting that ribosomes protect the 5' region from 

initiation of decay. Based on the studies on ermA and ermC mR NA  

decay in B. subtilis (see Section 1-2), the ribosome stalled at the 5' 

leader peptide sequences protects mRNAs from attack by an RNase 

which recognizes the 5' end of the message (Bechhofer and Zen, 1989;
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Sandler and Weisblum, 1989). On the other hand, from studies on cry  

mRNA decay in B. subtilis, Wong and Chang (1986) proposed that the 

stem-loop structure of the 3' end of cry mRNA provides protection 

against exonucleolytic degradation from the 3’ end.

As mentioned previously, polynucleotide phosphorylase and 

RNase II are two 3'-to-5' exoribonucleases that are involved in 

mRNA decay in E. coli. Deutscher and Reuven (1991) demonstrated 

recently that RNase II activity represents close to 90% of the total 

exoribonuclease activity and polynucleotide phosphorylase only 

accounts for about 10% of the total activity of E. coli extract. The B. 

subtilis equivalent of polynucleotide phosphorylase exists in cell 

extracts. However, the B. subtilis equivalent of RNasell is not present 

in cell extracts. It is not known whether a B. subtilis equivalent of 

polynucleotide phosphorylase plays a role in mRNA decay. The only 

endoribonuclease which has been characterized from B. subtilis is an 

RNase Ill-like ribonuclease (Bs-RNase III) which was shown to be 

involved in cleavage of several phage SP82 early mRNAs 

(Panganiban and Whiteley, 1983a and b). Studies on p u r  operon 

mRNA decay intermediates in B. subtilis also suggested that an 

unknown endoribonuclease might be involved in pur operon m R N A  

degradation (Ebbole and Zalkin, 1988). Like mRNA decay in E. coli, it 

seems that mRNA degradation in B. subtilis can proceed by a 

number of mechanisms.

1-2 The control of e r m C  mRNA stability in B. subtilis

The ermC  gene, which is carried on plasmid pBD142 in B. 

subtilis (Fig. 1), was chosen as a model to study the mechanism of



7

Figure 1. Physical map of pBD142.

Arrows show direction and extent of resistance genes for 

erythromycin (ermC ) and chloramphenicol (CAT). Origin of 

replication (ori) and the relevant restriction sites are shown. pBD144 

is a low-copy version of pBD142.
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mRNA decay and the factors involved in mRNA stability in this 

organism. The ermC gene encodes an rRNA methyltransferase 

(methylase) (Shivakumar and Dubnau, 1981) which catalyzes the 

N^,N^-dimethylation of a specific adenine residue in 23S ribosomal 

RNA and confers macrolide-lincosamide-streptogramin B (MLS) 

resistance on the host by reducing the affinity of ribosomes for these 

antibiotics (Weisblum et al., 1971; Shivakumar et al., 1980).

Synthesis of methylase is inducible by the addition of subinhibitory 

concentrations of erythromycin (Em), an MLS antibiotic.

Expression of the erm C  gene product is regulated at the post- 

transcriptional level (for review, see Bechhofer, 1990). To explain the 

induction of methylase translation, a "translational attenuation" 

mechanism has been proposed (Weisblum, 1983; Dubnau, 1984). The 

ermC  mRNA has a 141-nucleotide (nt) leader sequence (Fig. 2A) 

which is located between the promoter and AUG start codon for the 

methylase. This leader sequence contains a Shine-Dalgarno sequence 

(SD1), a short reading frame which codes for a 19-amino-acid 

peptide and a second Shine-Dalgarno sequence (SD2) just 5' to the 

methylase start codon. In the absence of Em, the ermC  mRNA leader 

sequence is folded in a stable stem-loop structure which makes SD2 

unavailable for translation (Fig. 2B). In the presence of Em, an Em- 

bound ribosome stalls in the leader sequence, thereby opening the 

stem-loop structure to allow ribosome binding at SD2 and translation 

of the methylase coding sequence. Induction by Em results in a 20- 

fold increase in methylase translation.

The induction of methylase translation is accompanied by an 

increase in erm C  mRNA stability (Shivakumar et al., 1980; Bechhofer
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Figure 2. Translational attenuation model.

(A) Uninduced structure of ermC mRNA regulatory region (Dubnau,

1984). Ribosome-binding sites for the leader peptide coding 

sequence (SD1) and the methylase coding sequence (SD2) are 

indicated. Initiation and stop codons are underlined. (B) ermC  gene 

regulation. Em (A) binds to unmethylated ribosomes, causing 

ribosome stalling in the leader peptide sequence. The resulting 

conformational change of the leader mRNA frees SD2 for translation. 

The possibility of a second ribosome binding at SD1 and stalling 

behind the Em-bound ribosome is depicted (Bechhofer and Zen,

1989). Methylated (•) ribosomes cannot be bound by Em and are not 

involved in induction.
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and Dubnau, 1987). Upon the induction by Em, the half-life of ermC  

mRNA is increased from 2 min to 40 min. Induced stabilization of 

ermC  mRNA occurs in the absence of methylase translation but 

requires translation of the leader peptide and ribosome stalling in 

the leader sequence. In a strain carrying a translational fusion 

between the 5' end (360 nucleotides) of ermC  and the E. coli lacZ 

coding sequence, several RNAs that have a 5' ermC  sequence and 

different 3' sequences are also stabilized in the presence of Em, 

indicating that the 5' end of ermC  mRNA is sufficient to confer cis- 

dominant stabilization. Similar results have been published for ermA, 

another Em resistance gene (Sandler and Weisblum, 1988).

The finding that ribosome stalling in the leader sequence is 

required for stabilization of ermC  mRNA can be explained in several 

ways (Bechhofer and Dubnau, 1987). One of the models is that the 

presence of a stalled ribosome physically protects the mRNA from an 

endoribonuclease which recognizes the specific sequence or the 

secondary structure of the leader sequence. This possibility has been 

ruled out recently by the analysis of various mutations in the erm C  

leader region (Hue and Bechhofer, 1991). Analysis of deletion 

mutants showed that ribosome stalling causes induction of ermC  

mRNA stability in the absence of ermC leader RNA secondary 

structure. The ermC mRNA is also inducibly stable in a strain in 

which the Em stall site is located entirely upstream of the stem-loop 

sequence, indicating that the leader stem-loop sequence is not the 

target of endoribonucleolytic attack. Alternatively, the 5' end of the 

message could be the target for initiation of processive decay in the 

5'-to-3' direction. A stalled ribosome in the leader peptide sequence



could cause a backup of another ribosome loading at SD1 such that 

the 5' end of ermC mRNA, which is only 9 nucleotides upstream of 

SD1, is protected. Although "two-ribosome stalling" model is depicted 

in Figure 2B, it is not clear yet whether one or two ribosomes stall in 

the leader sequence (see discussion in Section 4-1). It has been 

shown in vitro that Em-induced ribosome stalling in the leader 

region results in RNase protection of the 5’ end of the message 

(Narayanan and Dubnau, 1987).

From the studies on ermC  mRNA stability of some insertion 

mutations in the erm C  leader region, it has been suggested that the 

decay of ermC  mRNA in B. subtilis occurs either by a 5’-to-3’ 

exoribonuclease or by an endoribonuclease that tracks in the 5'-to-3' 

direction from the 5' end, and that a stalled ribosome at the 5' end 

protects against this type of decay (Bechhofer and Zen, 1989).

Induced mRNA stability of a related MLS resistance gene, ermA, 

occurs by a similar mechanism (Sandler and Weisblum, 1989). Some 

5'-to-3' exoribonucleases have been characterized in eucaryotes 

(Lasater and Eichler, 1984; Stevens and Maupin, 1987; Murthy et al., 

1991), Although no 5'-to-3' exoribonucleases have been identified in 

E. coliy it is possible that a 5'-to-3' exoribonuclease exists and plays a 

role in mRNA decay in B. subtilis, a Gram positive bacteria. 

Biochemical identification of a 5'-to-3' exoribonuclease activity in B . 

subtilis extracts is necessary to confirm this conclusion.
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CHAPTER TWO 

MATERIALS AND METHODS

2-1 Bacterial strains

The B. subtilis host for plasmids pSDlOO, pSD125, pSD132, and 

pSD192 was IS75, which is hisAl leu metB5. Strain BE8 was a 

transformant of BD170, which is trpC2 thr-5. The minicell-producing 

host was CU403, which is thy A thyB metB5 divIVBI (Reeve et al., 

1973). The E coli strain for making uridine-containing DNA was 

CJ236, which is F-dut ungl thi-1 relAllpCJ105 (Cmr) (Raleigh et al.,

1989). The strain for phage Ml 3 propagation was JM109, which is F' 

traD36 lacvA(lacZ)M15 proAB/ recAl endAl gyrA96 (Nalr) thi 

hsdR17 (rk-mk+) supE44 relAl A(lac-proAB) (Yanish-Perron et al.,

1985).

2-2 Standard procedures

The preparation of B. subtilis growth media and competent B . 

subtilis culture was as described (Dubnau and Davidoff-Abelson, 

1971). Solid medium was tryptose blood agar base (TBAB, Difco). 

Concentrations of Em, chloramphenicol (Cm), and Kanamycin (Km) 

used for selection were 5 pg/ml. Plasmid DNA was isolated and 

purified from stationary cultures grown at 32°C using the sodium 

dodecyl sulfate-NaCl method (Guerry et al., 1973) followed by CsCl- 

ethidium bromide density gradient centrifugation as described 

(Gryczan et al., 1978). Transformation of B. subtilis by plasmids was 

as described (Contente and Dubnau, 1979). The preparation and 

storage of minicells, [3H]leucine incorporation into minicell proteins
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and sodium dodecyl sulfate-polyacrylamide gel analysis of these 

products were exactly as described (Shivakumar et al., 1979).

Oligonucleotides that were used for directed nucleotides 

changes were purchased from the DNA Core Facility of the Brookdale 

Center for Molecular Biology, Mount Sinai School of Medicine. 

Oligonucleotide-directed mutagenesis was performed as described 

(Kunkel et al., 1987). After mutagenesis, M l3 replicative form (RF) 

containing the mutagenized DNA was prepared and the fragments 

were isolated and used to replace the corresponding fragments in 

plasmids that were transformed back into B. subtilis.

2-3 P lasm ids

The plasmids used in this thesis are summarized in Appendix A 

(Chapter 5). Plasmid pSDlOO is a derivative of plasmid pBD142 

(Bechhofer and Zen, 1989). Plasmid pBD142 (see Fig. 1) consists of 

pE194 cop -6 (Gryczan et al., 1982) plus the chloramphenicol 

resistance gene of pC194 on a Clal fragment. A synthetic 30-base- 

pair fragment, prepared by B. Goldschmidt of the Department of 

Biochemistry, New York University Medical School, consisted of the 

following sequence:

-10 PvwII

S'-CGTGCTATAATTATACTAATCAGCTGAGCT^*

3'-TCGAGCACGATATTAATATGATTAGTCGAC-5'

This fragment, which has overlapping Sacl ends, was cloned into the 

pBD142 Sacl site which is located between the ermC -10 and -35 

promoter sequences. The -10 sequence in the inserted fragment was 

the proper distance from the upstream -35 sequence, and the
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original erm C  -10 sequence was still present downstream of the 

inserted fragment. The pBD142 derivative that contained the 

inserted 30-bp fragment was plasmid pSD l. By reverse transcriptase 

analysis, it was found that ermC mRNA encoded by pSDl has two 

transcriptional start sites 30 nucleotides apart. Apparently, the 

original erm C  -10 sequence, although it does not have a proper -35 

sequence upstream of it, can promote transcription of erm C  in this 

construct. To avoid the problem of two ermC  RNAs, the original ermC  

-10 sequence was inactivated by using oligonucleotide-directed 

mutagenesis (Kunkel et al., 1987) to change the -10 region sequence 

(TATA ATT AT A) to an EcoKl site (GAATTC). The pSDl derivative that 

contained this EcoPA site was pSD78.

The unique P vu ll  site present on the inserted 30-bp fragment 

was used to clone isolated A lu l fragments of pC194. One clone chosen 

for further study (plasmid pSDlOO) contained a tandem insert of a 

275-bp A lu l  sequence, which consists of nucleotides 2711 to 2437 of 

the published pC194 sequence (Horinouchi and Weisblum, 1982b). 

Although the published sequence does not have an A lu l  site at 

nucleotide 2711, restriction endonuclease mapping of pC194 

revealed that there was a P vu ll  site (which is also an A lu l  site) at 

that position. The C-G base pair at position 2711 in the published 

sequence must therefore be incorrect. The orientation of the inserted 

A lu l  fragment was determined by the asymmetric Taql site (see Fig. 

3). Upon M bol digestion of some preparations of pSDlOO and pSD132 

DNAs, an additional minor band was observed that represented a 

small deletion of the inserted pC194 DNA. This probably arose 

because the insert is a tandem repeat. An internal deletion of this
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sort could explain the intermediate-sized RNAs detected in the blot 

analyses of pSDlOO- and pSD132-encoded ermC  mRNAs (see Fig. 4 

and 6 ).

The BAL-31-deleted plasmid used for the experiment for 

which the results are shown in Fig. 4C was made by digesting pSDlOO 

with P vu ll , treating it briefly with BAL-31, and religating. Plasmid 

molecules that had small deletions were isolated, and one of these, 

pSD125, was chosen for further study. An M bol  fragment from 

pSD125 (M bol-Bcll  in Fig. 3), which contained the upstream 

sequence of pSDlOO (minus a 25-bp deletion) and the first 360 

nucleotides of erm C , was cloned into the BamHl site of M13mpl8 for 

sequencing.

To construct plasmid pSD132 (see Fig. 6), I used plasmid 

pBD452, which was kindly provided by F. Breidt of the Public Health 

Research Institute of New York. Plasmid pBD452 is a derivative of 

pBD142 that has a Sail  linker inserted 6 nucleotides downstream 

from the end of the ermC  leader peptide coding sequence. A Sall-  

H ae III digest of pBD452 yielded three fragments, the smallest of 

which represented the 5' end of the methylase coding sequence. The 

two larger Sall-H aelll fragments of pBD452 were purified from an 

agarose gel and ligated with a Sall-H aelll  fragment from an 

M13mpl8 RF derivative that contained the pSD125 fragment (see 

above). A plasmid, pSD132, was recovered that had the promoter and 

the 5' end of ermC  up to the Sail site of pBD452, followed by the 

upstream sequence of pSD125, followed by the wild-type erm C  

leader region and the methylase coding sequence. The sequence 

between the 5'-proximal and the internal ribosome stalling site in
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pSD132 was identical to the upstream sequence of pSDlOO, except for 

the 25-bp deletion present in pSD125.

Figure 7A summarizes the scheme employed to construct 

plasmid pSD192. First, the sequence (ACTAATT) between ermC -10 

and SD1 was changed to BglU and Hindlll sites (AGATCTAAGCTT) by 

oligonucleotide-directed mutagenesis. The pBD452 derivative that 

contained the Bglll  and Hindlll sites was pSD155. A Pstl-Sall digest 

of pSD155 yielded two fragments and an EcoRl-Pstl digest of pSD78 

also yielded two fragments. The smaller Pstl-Sall fragment of 

pSD155 and the larger EcoRl-Pstl fragment of pSD78 were purified 

from an agarose gel and ligated together with a 470-bp Sall-EcoR l  

fragment from an M13mpl9 RF derivative, which contained an Xbal-  

EcoRl fragment of pUBllO. A plasmid, pSD172, was recovered that 

has the promoter and 5' leader sequence of ermC  up to the Sail site 

of pSD155, followed by an insert from pUBllO, followed by the ermC 

leader sequence and the methylase coding sequence. A 2?g/II-//indIII 

digest of pSD172 was ligated with a 340-bp Z?a/wHI-//z'«dIII fragment 

from an M13mpl9 RF derivative that contains the Bam H l-Xbal 

fragment of pUBllO. The pSD172 derivative that contained an insert 

from pUBllO between ermC -10 and the first SD1 was pSD192.

Plasmid pYH3 is a derivative of plasmid pIBI31 (see Fig. 9). 

Plasmid pYH3 contains the promoter for T7 RNA polymerase, 

followed by the ermC Hindlll-Clal fragment from pSD155 that 

replced the Hindlll-Accl fragment of pIBI31. The E coRV-Bam H l  

ermC  fragment of pYH3 was cloned into M13mpl9 that was digested 

with Sm al and BamlJI. The E.coli strain harboring this M13 phage 

was EE60. The single-stranded M13 phage DNA from EE60 was the
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template for synthesis of the linear RNA-DNA joint molecules (see 

Section 2-7). This ssDNA was also used as the template to create a 

K pnl  site at the +18 position by oligonucleotide-directed 

mutagenesis. M l 3 phage DNA carried in E. coli strain EE61 was 

identical to that in EE60, except in EE61 there was a unique K pnl  site 

in the M13 phage DNA. The pYH3 derivative that contained this K pnl  

site at the +18 position was pYH4.

2-4 Analysis of RNA

RNA isolation and Northern blot analysis were performed as 

described (Bechhofer and Dubnau, 1987). Parallel cultures of B. 

subtilis  strain carrying the ermC gene were grown in minimal 

medium in the absence of Em to the mid-logarithmic stage of growth. 

Em (0.02 |Ag/ml) was added to one of the cultures. Induction was 

allowed to proceed for 15 min, at which time rifampin was added to 

150 (ig/m l. One-ml samples were withdrawn at various times after 

addition of rifampin and were added to 0.5 ml of ice-cold 50 mM 

N aN 3. Total nucleic acid was first isolated as described (Ulmanen et 

al., 1985), and then treated with 18 U of RNase-free DNase 

(Boehringer Mannheim Biochemicals). RNA concentration was 

measured by OD 260/280. For RNA gels, the amount of total RNA per 

lane (approximately 3 p.g) varied by less than 20%, as judged by 

ethidium bromide staining and visualization of rRNA bands under UV 

light. Hybridization was performed at 37°C overnight and the filters 

were washed at 50°C. The ermC  5* end probe is an M13mpl9 

derivative that contains the the sequences between erm C  5 '-proximal 

M bol  and ermC HaeIII (see Fig. 3). This bacteriophage ssDNA was
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labeled by the reverse-priming method (Hu and Messing, 1982), with 

the following modifications: the primer and template were heated to 

90°C for 3 min, kept at 65°C for 10 min, and then cooled to room 

temperature; NaCl was omitted from the extension reaction; the 

probe was passed through a Sephadex G-50 column to separate 

unincorporated nucleotides. In control experiments, the standard 

concentration of ssDNA probe was in excess of the concentration of 

ermC mRNA, for at least 45 pg of total RNA.

Quantitation of mRNA half-lives was performed by analyzing 

autoradiograms of Northern blots on a densitometer (Ultroscan XL; 

LKB Instruments, Inc.).

Reverse transcriptase analysis was performed essentially as 

described (Graves and Rabinowitz, 1986). The oligonucleotide primer 

for these experiments was "fragment 2" of Narayanan and Dubnau 

(1987). A total of 50 pg of RNA was denatured at 65°C for 10 

minutes in a 14 pi volume containing 50 mM Tris-HCl (pH 8.0), 8 

mM M gCh, 30 mM KC1, 1 mM dithiothreitol, 4ng of end-labeled 

primer, and 25 U of RNase inhibitor (Boehringer Mannheim 

Biochemicals). After an additional 4 minutes at 42°C, deoxynucleoside 

triphospates (final concentration, 0.5 mM) and 12 Units of avian 

myeloblastosis virus reverse transcriptase (Life Sciences, Inc.) were 

added, and incubation was continued at 42°C for 35 minutes. The 

reaction was stopped by the addition of EDTA (50 mM) and 

extracted with an equal volume of phenol-chloroform (1:1). Nucleic 

acid was precipitated by adding 0.5 volume of 6M ammonium 

acetate and two volumes of ethanol. The dry pellet was suspended in 

6 pi of water and 4 pi of DNA sequencing dye mix (90% deionized
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formamide containing 0 .1% bromophenol blue and 0 .1% xylene 

cyanole FF in half-strengh Tris-borate-EDTA buffer [Maniatis et al., 

1982]), heated to 80°C for 2 minutes, and run on an 8% 

polyacrylamide-8M urea sequencing gel. The same primer 

(unlabeled) was used for dideoxy sequencing of a single-stranded 

DNA template containing the ermC  coding strand.

Mapping of ermC  mRNA decay intermediates with SI nuclease 

was performed as described (Berk and Sharp, 1977). The DNA 

fragments for use as probes in SI nuclease mapping experiments 

were the Bam H l-Bcll  and Bam H I-//indIII fragments from pBD158, 

which is the high copy version of pBD362. The pBD158 plasmid DNA 

was digested with B ell  or Hindlllt then treated with calf intestine 

alkaline phosphatase (Promega Corp.), The Bell or Hindlll  end was 

labeled with [y-32P]ATP (Dupont, NEN Research Products) by T4 

polynucleotide kinase (Boehringer Mannheim Biochemicals). The 5'- 

end labeled B ell  or Hindlll fragments were digested with BamHl and 

the 1,270-bp B am l-B cll  fragment and the 900-bp 2?amHI-//iwdIII 

fragment were isolated by adsorption to glassmilk (Bio 101, Inc.).

The specific activity of DNA probes was 1 x 105 to 5 x 105 (Cerenkov 

counts)/min/p.g. Total cellular RNA (50|xg) was hybridized with 5'- 

end labeled probe in 10 |il of hybridization buffer containing 40 mM 

PIPES buffer (Sigma), pH 6.4, 400 mM NaCl, 1 mM EDTA, and 80% 

(v/v) formamide at 40°C. After hybridization overnight, 200 Jil of 

digestion buffer containing 250 mM NaCl, 40 mM NaOAc, pH 5.5, 1 

mM ZnCl2, and 20 (Xg/ml of denatured calf thymus DNA (Sigma type 

I) were added and digested with 200 U of SI nuclease (Boehringer 

Mannheim Biochemicals) at 37°C for 30 minutes. After the SI
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nuclease digestion, 4 ill of 10% sodium dodecyl sulfate, 20 |il of 0.2 

M EDTA, and 25 |il of 3 M NaOAc (pH 8.0) were added to stop the 

reaction. The resultant mixture was extracted with an equal volume 

of phenol-chloroform (1:1). Two volumes of ethanol were added to 

the aqueous phase to precipitate the nucleic acids, The dry samples 

were suspended in 6 pi of TE and mixed with 4 |il of DNA 

sequencing dye mix, heated to 80°C and run on a 6 % polyacrylamide- 

8M urea sequencing gel. Chemical cleavage of the same probe by the 

Maxam-Gilbert method (1980) was used for a sequence ladder.

2-5 Preparation of cell extracts

Figure 10 outlines the scheme employed to prepare B. subtilis 

extracts. B. subtilis strain BE8 were grown at 32°C overnight in YTP 

with 5 jig/ml Cm. YTP contained 2.5% tryptose (Difco), 2% yeast 

extract (Difco), 0.3% K2HPO4, and 3% glucose. The culture was diluted 

in YTP (1:100) and grown with vigorous aeration at 37°C to late- 

logarithmic phase (320 Klett units). The culture was chilled 

thoroughly in a slurry of water and ice and harvested by 

centrifugation at 4°C in a Sorvall GSA rotor for 10 min at 5,000 rpm. 

The cells were washed with cold AKD buffer (10 mM Tris OAc [pH

8.0],15 mM Mg(OAc)2, 60 mM KOAc, 1 mM dithiothreitol, and 0.20 

mM phenylmethylsulfonyl fluoride). Approximately 15 g of cells 

were suspended in 30 ml of cold AKD buffer supplemented with 

glycerol to 10% (vol/vol). Cells were disrupted by two passages 

through a precooled Aminco French pressure cell at 12,000 lb/in2. 

Extracts were centrifuged in a Sorvall GSA rotor at 30,000 x g for 30 

min, yielding the pellet (P-30) and the supernatant (S-30). The
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resultant supernatant (S-30) was recentrifuged in a Ti60 rotor for 60 

min at 1.00,000 x g, yielding the pellet (P-100) and the supernatant 

(S-100). All the extract fractions (S-30, P-30, S-100 and P-100) were 

frozen and stored at -135°C in 0.3 ml aliquots.

2-6 Preparation of RNA substrates

Plasmids pYH3 or pYH4 were digested for use in the in vitro 

transcription reaction. Transcription reactions contained 3 |xg of 

linearized plasmid DNA and 100 U of T7 RNA polymerase in 100 |xl 

of 40 mM Tris-HCl (pH 8.0), 6 mM MgCl2, 2 mM spermidine, 10 mM 

dithiothreitol, and 100 U RNase inhibitor. Unlabeled ribonucleotides 

(GTP, ATP and CTP) were present at 500 jiM and a - 32P-labeled UTP 

was present at 12 |iM. After incubation at 37°C for 2 hr, 3 U of 

RNase-free DNase (Promega Corp.) were added to reaction mixtures 

and incubation continued at 37°C for 15 min. Reaction mixtures were 

extracted with phenol-chloroform ( 1:1) twice, precipitated with 

ethanol, washed with 70% ethanol, and finally dissolved in TE buffer 

(lOmM Tris-HCl [pH 8.0] and 1 mM EDTA). For the runoff transcripts 

used as RNA primers (see Section 2-7), the RNA was synthesized in 

the presence of 500 |xM four ribonucleotides (GTP, ATP, CTP and 

UTP). The RNA bands detected by ethidium bromide staining were 

isolated according to the Bio 101 RNaid Kit protocol (Bio 101, Inc.). 

The isolated RNA was stored at -20°C and could be frozen and 

thawed several times without apparent degradation.



25

2-7 Preparation of RNA-DNA joint molecules

Figure 12 outlines the scheme employed to construct RNA-DNA 

joint molecules. pYH3 DNA was linearized with Sail  and used as a 

template to transcribe a 101-nt RNA (see Section 2-6). This RNA was 

annealed to EE60 ssDNA in buffer containing 50 mM Tris-HCl (pH 

7.5), 300 mM NaCl, and 1 mM EDTA by heating at 90°C for 3 min, 

keeping at 65°C for 10 min and then cooling to room temperature. 

DNA extension was performed at 25°C with 10 U of Sequenase 

Version 2.0 (United State Biochemicals) in 60 |il of 40 mM Tris-HCl 

(pH 7.5), 20 mM MgCl2, 50 mM NaCl, and 10 mM dithiothreitol. 

Unlabeled deoxyribonucleotides (dGTP, dCTP and dTTP) were present 

at 50 |xM, and the extension reaction was pulsed at 0°C for 10 min in 

the presence of 0.16 |iM [a -32P]dATP and chased at 37°C for 10 min 

in the presence of 10 |iM  unlabeled dATP. After chase, the reaction 

mixture was extracted with an equal volume of phenol-chloroform 

(1:1). The RNA-DNA/DNA duplexes were precipitated by adding 0.5 

volume of 6M ammonium acetate and two volumes of ethanol. The 

dry pellet was suspended in water, digested with H p a l  at 37°C for 60 

min and run on a 1.0% agarose-6 .6M formaldehyde gel. The band 

corresponding to the RNA-DNA joint molecules detected by 

autoradiography was isolated according to the RNaid Kit protocol (Bio 

101, Inc.).

2-8 Preparation of ssDNA substrate

To synthesize the 32P-labeled ssDNA, an M l3 "-40" universal 

sequencing primer was annealed to phage DNA of an M13mpl9 

derivative which contained a Sacl-B cll  fragment of the wild-type
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ermC  gene cloned between its Sacl and BamHl sites. After annealing, 

dGTP, dCTP and dTTP (final concentration, 50 pM), [a-32p]dATP (0.5 

pM), dithiothreitol (5 mM), 10 U of Sequenase Version 2.0, and 10 U 

of i/in d lll  were added, and incubated at 37°C for 60 min. The 

reaction mixture was extracted with an equal volume of phenol- 

chloroform (1:1), precipitated by adding 0.5 volume of 6M 

ammonium acetate and two volumes of ethanol. The dried pellet was 

suspended in 6 pi of TE and 4 pi of DNA sequencing dye mix, heated 

to 90°C for 3 min and run on a 4% polyacrylamide-8M urea gel. The 

ssDNA band detected by autoradiography was isolated by adsorption 

to glassmilk (Bio 101, Inc.).

2-9 P rep ara tio n  of a c ircu lar RNA substra te

To construct circular RNA molecules, I used ZSTpnl-linearized 

pYH4 to synthesize 5' monophosphoryl 18-nt runoff transcripts as 

described in Section 2-6, except 2.5 mM GMP was added to the in 

vitro transcription reaction mixture. The circularization of 5'- 

monophosphoryl 18-nt RNA molecules was catalyzed by 20 U of T4 

RNA ligase (New England Biolabs) in 50 pi of 50 mM Tris-HCl (pH

8.0), 10 mM MgCh, 2-mercaptoethanol, and 1 mM ATP. After 

incubation at 37°C for 60 min, the reaction was terminated by boiling 

for two min and extracted with an equal volume of phenol- 

chloroform (1:1). RNA was precipitated by adding 0.5 volume of 6M 

ammonium acetate and two volumes of ethanol, and the dried pellet 

was suspended in TE.
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2-10 Analysis of RNA decay in the B. subtilis extracts

Assays of ribonuclease activity were performed at 25°C or 37°C 

in 10 mM Tris OAc (pH 8.9), 10 mM EDTA, and the appropriate 32P- 

labeled substrates (prepared as described above). Incubations were 

initiated by the addition of cell extracts. Samples (30 |xl) were 

removed at various times into an equal volume of phenol, mixed 

thoroughly, and chilled in ice. After spinning for 3 min at 15,000 x g, 

18 pi of the aqueous phase was removed into 9 pi of DNA 

sequencing dye mix, heated for 3 min at 90°C, quick cooled on ice, 

and analyzed by electrophoresis on a polyacrylamide gel (29:1 

acrylamide:bisacrylamide) with or without 8M urea in Tris-borate- 

EDTA buffer (Maniatis et al., 1982). Urea-containing gels were fixed 

by soaking in 5% methanol and 5% acetic acid. Gels were dried at 

80°C under vacuum (except for 20% polyacrylamide-8M urea gel), 

and exposed to X-ray film.

2-11 Digestion of RNA substrates with nucleases

To confirm that the 5' segment of the RNA-DNA joint molecule 

contains RNA moiety, the isolated 700-nt RNA-DNA joint molecule 

and 400-nt ssDNA were incubated with 1 pg of DNase-free 

pancreatic RNase (Boehringer Mannheim Biochemicals) at 37°C. 

Samples (30 pi) were removed into an equal volume of phenol at 0 

and 20  min, and analyzed as described in section 2 -10.

The 700-nt RNA-DNA joint molecule and 400-nt ssDNA 

molecule were incubated with 35 U of RNase-free DNase (Boehringer 

Mannheim Biochemicals) in buffer containing 100 mM NaOAc, pH 5.0 

and 5 mM MgS0 4 . After incubation at 37°C for 0 min and 30 min,
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aliquots (30 |xl) of each sample were removed and analyzed as 

described in Section 2-10.

Linear or circularized RNAs were incubated with 1 |Xg of 

DNase-free pancreatic RNase (Boehringer Mannheim Biochemicals) at 

37°C. After incubation at 37°C for 0 min and 30 min, aliquots (30 fil) 

of each sample were removed and analyzed as described in Section

2 - 10 .

Linear or circularized RNAs were incubated with 0.3 U of 

polynucleotide phosphorylase from Micrococcus luteus (Boehringer 

Mannheim Biochemicals) in buffer containing 50 mM Tris-HCl (pH

8.0), 5 mM MgCl2, 60 mM NaCl, and 10 mM K2HPO4. After incubation 

at 37°C for 0 min and 30 min, aliquots (30 |i.l) of each sample were 

removed and analyzed as described in Section 2-10.
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CHAPTER THREE 

RESULTS

3-1 Construction of a mutant in which SD1 is distal from 

the 5' end of erm C  mRNA

One of my thesis projects was to test whether the 5' end of 

ermC mRNA was the target for initiation of decay in B. subtilis. If 

ermC  mRNA is degraded from the 5' end and the decay is blocked by 

the presence of a ribosome stalled at the leader peptide ribosome- 

binding site (SD1), then positioning of SD1 far downstream of the 5' 

end would allow detection of a differential stability of RNA 

sequences upstream and downstream of the ribosome stall site.

To address this point, I used plasmid pSDlOO, which was 

previously constructed (Fig. 3). A synthetic 30-base-pair fragment 

with S a d  ends was inserted into the ermC S a d  site, which is located 

between the -35 and -10 ermC  promoter sequences. The 30-bp 

insert restored the native ermC promoter sequences (see Section 2-3) 

and contained a new P vull  site, which was used to clone isolated 

A lu l  fragments from plasmid pC194. One clone was selected that 

contained a tandem insert of a 275-bp A lu l  fragment in the PvwII 

site, yielding plasmid pSDlOO. Based on its nucleotide sequence 

(nucleotides 2711 to 2437 of pC194 [Horinouchi and Weisblum, 

1982]), this inserted fragment did not appear to contain any 

transcriptional or translational signals that could complicate the 

analysis. SD1 was located 580 nucleotides downstream of 

transcriptional start site in pSDlOO-encoded ermC  mRNA.
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Figure 3. Construction of pSDlOO and derivatives.

The ermC  gene is represented by the solid bar at the top. Single 

letters denote relevant restriction endonuclease sites (A, Alul', B, Bell', 

C, Clal; H, HaelU; M, Mbo\\ P, PvmII; S, Sacl; T, Taql). The ermC 

promoter is indicated by -35 and -10 at the left; transcription 

terminates upstream of the Clal site (Gryczan et al., 1980; D. H. 

Bechhofer, unpublished data). The open box in the second line 

indicates the synthetic 30-base-pair(bp) fragment containing a P vmII 

site, which was cloned into the Sacl site. The hatched bar in pSDlOO 

indicates the 550-bp insert consisting of tandem 275-bp Alul  

fragment; the 550-bp insert was cloned into the PvmII site. The 

triangle above the diagram of pSD125 denotes the BAL-31 - 

generrated 25-bp deletion of pSDlOO. Construction of pSD132 is 

described in the Section 2-3. The location of the 5' end probe, which 

was used in Northern blot experiments, is shown at the lower right.
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The minicell system of B. subtilis was employed to study the 

induction of methylase expression from plasmid pSDlOO. Earlier 

studies have demonstrated that bacteriophage and plasmid DNA can 

be transcribed and translated in B. subtilis minicells (Reeve and 

Cornett, 1975; Shivakumar et al., 1979). Minicells were isolated from 

a minicell-producing strain of B. subtilis transformed with pSDlOO. 

When these minicells were incubated with [3H]leucine in the 

presence and absence of Em, polypeptides encoded by pSDlOO were 

synthesized and 3H-labeled. As can be seen from Fig. 4A, methylase 

expression from pSDlOO was inducible by Em, indicating that 

ribosome stalling occurs normally in this construct.

3-2 Analysis of pSDlOO-encoded ermC m R N A

RNA was isolated from a strain containing pSDlOO in the 

presence and absence of Em at various time after rifampin addition 

(Fig. 4B). The probe, which was complementary to sequences 

downstream of the ermC -proximal Sacl site ("5' end probe", see Fig. 

3), detected a 1,400-nt (large) RNA and a 900-nt (small) RNA at the 

time of addition of rifampin. Both of these RNAs were unstable in the 

absence of Em. In the presence of Em, however, the large RNA was 

unstable, while the small RNA, which was similar in size to the wild- 

type ermC mRNA, was relatively stable. The reason why the half-life 

of the small RNA (8 min, as determined by densitometry scanning on 

lightly exposed autoradiogram) is shorter than the wild-type ermC  

mRNA (40 min) will be explained in Section 4-1. At the zero time 

point after rifampin addition, the probe also detected unstable RNA 

fragments of intermediate size.



Figure 4. Analysis of pSDlOO-encoded polypeptides and 

RNA.

(A) Minicell analysis of pSDlOO-encoded polypeptides in the absence 

(-) and presence (+) of erythromycin (Em). Plasmid pBD142 contains 

the wild-type ermC  gene. Both plasmids encode chloramphenicol 

acetyltransferase (cat), which served as a control for plasmid- 

specified protein synthesis. (B) Blot analysis of RNA from a strain 

carrying pSDlOO in the presence and absence of Em. The time (in 

minutes) after rifampin addition is indicated above each lane. Lane A 

contains RNA from a strain carrying wild-type ermC  and serves as 

marker for the migration of erwC-sized RNA. Numbers indicate the 

approximate sizes (in nucleotides) of the RNAs. The cartoon at the 

left depicts the large RNA with the ermC leader stem-loop structure 

in the uninduced (-Em) conformation. The cartoons at the right depict 

the large and small induced (+Em) RNAs with the ermC  leader in the 

induced conformation. (C) Blot analysis of RNA isolated from a strain 

carrying plasmid pSD125 (lane C), the pSDlOO derivative from which 

the upstream promoter was deleted. RNA was probed with either the 

5' end probe (left) or a probe for pC194 cat mRNA (right). Plasmid 

pSD125 carries the pC194 cat gene. As a control for plasmid-specified 

RNA, total RNA from a strain carrying pC194 (encodes cat but not 

ermC; lanes A) or pE194 (encodes ermC  but not cat; lanes B) was 

included on the blots.
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To demonstrate that the small RNA was a processed product of 

the large RNA and was not transcribed from a promoter within the 

550-bp insert, RNA from the a strain carrying pSDlOO was probed 

with DNA complementary to the inserted Alul  fragment. Only the 

large RNA was detected by this upstream probe, indicating that the 

small RNA is not transcribed from a promoter within the inserted 

DNA (data not shown). In addition, the promoter for the large RNA 

was inactivated by a BAL-31 deletion from the P vull  site, which 

removed 15 nucleotides upstream and 10 nucleotides downstream of 

the P vmII site (pSD125, Fig. 3). The RNA encoded by the BAL-31 

deletion plasmid was probed with the 5' end probe (Fig. 4C). Neither 

the large nor the small RNA was detected by the ermC  probe, 

demonstrating that the small RNA was not transcribed from a 

different promoter. Therefore, the small RNA must be a processed 

product of the large RNA.

An unstable large RNA and a stable small RNA in the presence 

of Em could be explained if the 5' end of ermC mRNA is the initiation 

site for decay. In the presence of Em, there is a backup of stalled 

ribosomes from the leader peptide sequence to SD1, which is located 

580 nucleotides downsream of the 5' end of pSDlOO-encoded ermC 

mRNA. A ribonuelease, possibly a 5'-to-3' exoribonuclease or an 

endoribonuclease that binds at the 5' end and tracks in the 5'-to-3' 

direction, attacks the unprotected 5' end and degrades this mRNA up 

to the site of the stalled ribosome, producing the small RNA. If this 

model is correct, then any RNA having an internal ribosome stall site 

should be processed in the same way as pSDlOO-encoded ermC
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mRNA. To test this, RNA encoded by a construct that had a different 

sequence upstream of the ermC  ribosome stall site was analyzed.

Plasmid pBD362 is a low-copy version of pBD158, which was 

constructed previously ("deletion 14" of Hahn et al., 1982). In 

pBD362, ermC  is transcribed from a promoter located approximately 

1,100 nucleotides upstream of SD1. These 1,100 nucleotides are 

derived from pUBllO and pC194 DNA and are not related to the 

pC194 DNA that constituted the 550-nt insert in pSDlOO. Methylase 

synthesis in a strain carrying pBD362 is inducible by Em, so that 

ribosome stalling occurs normally in this construct. RNA was isolated 

from a strain containing pBD362 and probed with the 5' end probe. 

An unstable, large (2,000-nt) RNA and a small (900-nt) RNA that was 

relatively stable (5-min half-life) in the presence of Em were 

detected (Bechhofer and Zen, 1989). This small RNA was similar in 

size to wild-type ermC  mRNA, as was the small RNA from a strain 

carrying pSDlOO. Thus, in the presence of Em, pSDlOO-encoded and 

pBD362-encoded large RNAs, which contained different nucleotide 

sequences upstream of the ribosome stall site, are processed to yield 

similarly sized small RNAs.

3-3 Mapping the 5' ends of the processed small RNAs

Reverse transcriptase analysis was used to map the 5' ends of 

the small RNAs that were detected by Northern blot analysis. RNA 

isolated from pSDlOO- and pBD362-containing strains at 10 min after 

rifampin addition in the presence of Em was used as a template for a 

5' end-labeled oligonucleotide that was complementary to the leader 

peptide coding sequence. The data presented in Figure 5 reveal that
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Figure 5. Reverse transcriptase mapping of stable, small 

RNAs.

Reverse transcripase was used to extend an oligonucleotide primer 

annealed to the errnC leader peptide sequence. RNA was isolated 

from a strain containing wild-type ermC (lane 1) and from strains 

carrying plasmid pSDlOO (lane 2) and plasmid pBD362 (lane 3) at 10 

min after rifampin addition in the presence of Em. The four left lanes 

are a dideoxy sequencing ladder of the ermC  leader region with the 

same oligonucleotide primer as was used in the reverse transcriptase 

reactions. The template for the sequencing reactions was M l3 ssDNA 

containing the coding strand of the M bol-Bcll  fragment from pSDlOO 

(see Fig. 3). The arrow marks the positions of the 5' ends of pSDlOO 

and pBD362 RNAs, which were 57 to 58 nucleotides upstream of SD1.
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the 5' ends of the stable, small RNAs mapped to the same site, which 

was 57 to 58 nucleotide upstream of SD1. The fact that the 5' ends of 

both small RNAs were the same distance from SD1, even though the 

sequences upstream of SD1 in pSDlOO and pBD362 were different, 

fits well with our working hypothesis. A sequence-independent 

degradation of the large RNAs begins at the 5' end and continues 

downstream until its progress is blocked by a stalled ribosome.

The appearance of the small RNAs could also be explained by 

endonucleolytic cleavage that does not require initiation at the 5' 

end. Two modes of endonucleolytic attack that could account for the 

presence of stable, small RNAs that are processed products of the 

unstable large RNA were considered: (i) nonspecific endonucleolytic 

cleavages in the upstream sequence, followed by 3'-to-5' 

exonucleolytic decay, and (ii) specific endonucleolytic cleavage at the 

site 57 to 58 nucleotides from SD1, followed by rapid 3'-to-5' 

exonucleolytic decay of the upstream RNA. Although the sequences 

at that site were different in pSDlOO and pBD362, it was possible 

that the presence of a stalled ribosome triggered an endonucleolytic 

cleavage adjacent to it. The experiment described in the next section 

was designed to eliminate these two possibilities.

3-4 An RNA with 5' terminal and internal ribosome stall 

s i t e s

To prove that the small RNA was generated by a 

ribonucleolytic decay proceeding from the 5' end and not by 

endonucleolytic cleavage, a derivative of pSDlOO that had an 

additional ermC  ribosome stall site at the 5’ end of the large RNA was
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constructed. If the small RNA was generated by endonucleolytic 

cleavage, then the same pattern (an unstable large RNA and a stable 

small RNA) should be observed in a strain carrying a plasmid which 

encodes an RNA that has ribosomes stalled both at the 5' end and 

internally. However, if the small RNA is the result of decay initiating 

at the 5' end, then the presence of a stalled ribosome at the 5' end 

would block this decay and only a large, stable RNA would be 

observed.

From experiments with deletion mutants in the erm C  leader 

region, it has been shown that the leader peptide coding sequence 

alone, without the entire ermC  leader stem-loop structure, is 

sufficient to allow ribosome stalling in the presence of Em (Hue and 

Bechhofer, 1991). A small DNA fragment that contained the first 90 

bp of ermC, including SD1 and the leader peptide coding sequence, 

was cloned upstream of the inserted A lu l  fragments in pSDlOO to 

yield plasmid pSD132 (Fig. 3; see Section 2-3). Analysis of protein 

synthesis in minicells containing pSD132 showed that methylase 

expression was inducible by Em (data not shown), demonstrating 

that ribosome stalling occurs normally at the internal stall site.

RNA was isolated from a strain carrying pSD132, in the 

presence and absence of Em. As can be seen from the Northern blot 

analysis in Fig. 6 , in the presence of Em the major RNA species that 

was detected was the large RNA. This was the full-length RNA which 

was stable because of the presence of a stalled ribosome at the 5' 

end. The amount of the large RNA was greater than that of the other 

RNA species detected (compared with Fig. 4B), a result that was not 

expected if rapid endonucleolytic processing of the large RNA
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Figure 6. Blot analysis of pSD132-encoded RNA.

Plasmid pSD132 encoded an mRNA that contained two ribosome stall 

sites, one at the 5' end of the message and one internally. The 

cartoon at the right depicts the induced full-length RNA. Lane A, RNA 

from a strain carrying pE194 (wild-type ermC)\ lane B and C, RNAs 

from a strain carrying pSDlOO, isolated at 0 and 5 min, respectively, 

after rifampin addition in the presence of Em (see Fig. 4B).
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occurred. This result indicates that the small RNA is generated by a 

processive decay from the 5' end and not by endonucleolytic 

cleavage.

3-5 An RNA with two internal ribosome stall sites

From the decay study of an RNA with an internal ribosome stall 

site (pSDlOO and pBD362), we showed that ribosome stalling 

provides stability to sequences downstream but not upstream of the 

message. According to our hypothesis that ermC mRNA is degraded 

by a processive 5'-to-3' exoribonuclease, an RNA with two internal 

ribosome stall sites should yield an unstable full-length RNA and two 

relatively stable decay intermediates since ribosome stalling will 

occur at two internal leader peptide sequences.

To test this prediction, a plasmid (pSD192) was constructed 

that encodes an ermC mRNA with two internal ribosome stall sites 

(see Fig. 7A and Section 2-3). In pSD192 ermC mRNA is transcribed 

from an ermC  promoter located approximately 300 nucleotides 

upstream of the first ribosome-binding site and leader peptide 

coding sequence, which are sufficient to allow ribosome stalling in 

the presence of Em (Section 3-4). In addition to the first ribosome 

stall site, ermC  mRNA encoded by pSD192 also contains an ermC  

leader sequence located approximately 600 nucleotides downstream 

of the first ribosome stall site.

RNA was isolated from a strain carrying pSD192, in the 

presence and absence of Em. As can be seen from the Northern blot 

analysis in Fig. 7B, the 5' end probe detected three major RNAs of the 

predicted sizes: an 1,800-nt (large) RNA, a 1,500-nt (intermediate-
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Figure 7. Construction of pSD192 and blot analysis of 

pSD 192-encoded RNA.

(A) Construction of pSD192. pBD452 is a derivative of pBD142 that 

has a Sail  linker inserted 6 nucleotides downstream of the erm C  

leader peptide coding sequence. Single letters denote relevant 

restriction endonuclease sites (B, Bell; E, ZscoRI; H, Hindlll; P, Pstl; S, 

Sail). The ermC  promoter is indicated by -35 and -10. By 

oligonucleotide-directed mutagenesis, the B g lll  and H in d lll  sites 

were created between -10 and SD1, yielding pSD155. The hatched 

bar in pSD172 indicates the 470-base-pair(bp) Sa ll-E coR l  fragment 

derived from pUBllO. The solid bar in pSD192 indicates the B a m K l-  

H in d lll  340-bp fragment derived from pU BllO , which was cloned 

between the B glll  and H indlll  sites of pSD172. Plasmid pSD192 

encodes an mRNA that contains two internal ribosome stall sites, 

which are indicated by asterisk (*). (B) Blot analysis of RNA from the 

strain carrying pSD192 in the presence and absence of Em. The time 

(in minutes) after rifampin addition is indicated above each lane. 

Numbers indicate the approximate sizes (nucleotides) of RNAs. Lane 

A contains RNA from a strain carrying pE194 (wild-type erm C ) strain 

and serves as a marker for the migration of erm C -sized RNA.
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sized) RNA, and a 900-nt (small) RNA. All of these RNAs were 

unstable in the absence of Em. In the presence of Em, however, the 

large RNA was very unstable, while the intermediate-sized and small 

RNAs were relatively stable. Furthermore, shortly after the addition 

of rifampin, the amount of the small RNA was greater than that of 

intermediate-sized RNA. The different amount of two relatively 

stable RNA decay intermediates could be explained by our 5'-to-3' 

exoribonuclease hypothesis. A processive 5'-to-3' exoribonuclease 

initiates the degradation of the full-length RNA from the unprotected 

5' end but the processive decay is slowed down by the ribosome 

stalled at the first ribosome stall site, yielding the intermediate-sized 

RNA. The small RNA is generated by the further decay of the 

intermediate-sized RNA up to the second ribosome stall site. The 

accumulation of the small RNA is consistent with the processive 5'- 

to-3' exoribonuclease hypothesis since the small RNA was the 

ultimate stable decay intermediate. An 1,100-nt RNA was also 

detected shortly after rifampin in the absence or presence of Em. If a 

processive RNase was responsible for the degradation of ermC  mRNA, 

then the 1,100-nt RNA could represent pausing at RNase resistance 

site.

3-6 Mapping the 5' ends of RNA decay intermediates by SI 

nuclease analysis

Probing of RNAs encoded by pSDlOO and pBD362 revealed, in 

addition to the prominent large and small RNAs, a smear of unstable 

intermediate-sized RNAs (Fig. 4B). In the pBD362-containing strain, 

some RNAs were distinguishable against the background (Bechhofer
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and Zen, 1989). Even in the absence of Em, ermC-sized mRNAs were 

detected shortly after rifampin addition. If a processive RNase was 

responsible for the decay of ermC  mRNA, then the intermediates 

detected in the pBD362-containing strain could represent pausing at 

RNase-resistant sites. The following 5'-end mapping of the decay 

intermediates by SI nuclease was designed to understand the nature 

of RNase pausing. The erm C -sized RNA detected at the zero time 

point in the absence of Em could be explained by RNase pausing at 

the erm C  leader stem-loop structure, which is predicted to be very 

stable (Gryczan et al., 1980). Alternatively, the presence of the errnC- 

sized RNA could be due to the protective effect of ribosomes that 

load at SD1 and translate the leader peptide coding sequence 

(without stalling).

Total RNA was isolated from a pBD362-containing strain at 1 

and 5 min after rifampin addition in the presence of Em and 

hybridized to probes that were designed to detect upstream decay 

products. Samples were digested with SI nuclease, followed by 

separation on a denaturing polyacrylamide sequencing gel and 

autoradiography. The size of the probes, sites of 5’-end labeling, and 

the protected fragments are shown in Fig. 8D. Due to the resolution of 

polyacrylamide gel, the 5' end mapping sites are within 3-nt 

variation. As seen in Fig. 8A and D, three relatively stable protected 

fragments were detected by using a probe labeled at the B e ll  site.

The 5’ ends of the major protected fragments detected correspond to 

the residues 1108, 1197 and 1206 (counting from the transcription 

start point). The residue 1108 is located 59 nucleotides upstream of 

SD1, which is consistent with the results obtained by reverse
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Figure 8 . S I nuclease m apping of the S' ends of e r m C  mRNA 

decay  in te rm e d ia te s .

Total RNA was isolated from a strain carrying pBD362 in the 

presence of Em at various times after the addition of rifampin. The 

RNA was annealed with a 32P-5'-end-labeled Be 11-BamHI probe 

(panel A) or //tndIII-i?am H I probe (panels B and C) at 40°C, digested 

with SI nuclease, and run on a 6% polyacrylamide-8M urea 

sequencimg gel. (A), (B) and (C) Lanes 1 and 2, RNA isolated at 1 and 

5 min, respectively, after the addition of rifampin. Lane 3, probe not 

digested with SI nuclease. Lane 4, probe digested with SI nuclease. 

Sequencing markers, A+G and C+T, are shown in lanes 5 and 6 , 

respectively. The running time of panel C was longer than that of 

panel B. (D) The probes and protected fragments in relation to the 

ermC  gene. The hatched bar indicates the ermC transcript, +1 denotes 

the beginning of transcription, and the numbers indicate the residues 

of the ermC  transcript counting from the transcription initiation site. 

(E) Possible secondary structures of nucleotides 761 to 790 and 

nucleotides 1030 to 1070 from the pBD362-encoded mRNA.
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transcriptase analysis of pBD362-encoded ermC mRNA (see Fig. 5). 

The residues 1197 and 1206 correspond to the 7th and 10th amino- 

acid-coding sequences in the leader peptide sequence. These bands 

were not observed in Fig. 5 because the primer used in the reverse 

transcriptase analysis is annealed close to these leader peptide 

coding sequences, thereby the product of primer extension run off 

the gel. The 5' ends of these relatively stable RNAs could be due to 

blockage of the progression of a 5'-to-3' exoribonuclease by Em- 

bound ribosomes. SI nuclease mapping of ermA mRNA decay 

intermediates also showed the 5' ends of decay intermediates around 

the ribosome stall site (Sandler and Weisblum, 1989). According to 

"two-ribosome stalling" model, a ribosome stalled in the ermC  leader 

peptide sequence causes another ribosome, which is loading at SD1, 

to stall. The ribosome stalled at SD1 slows down the progress of 

degradation, giving rise to the protected end at residue 1108. We 

suggest that after the ribosome stalled in the ermC  leader peptide 

sequence leaves the message, the following ribosome moves 

downstream and stalls in the leader peptide sequence. This stalled 

ribosome could block the progress of an RNase and may give rise to

the protected 5' ends at residues 1197 and 1207.

More than ten unstable protected fragments were detected by

using a probe labeled at the Hindlll site (Fig. 8B and C) and the 5'

ends of ten unstable protected fragments were mapped and shown in 

Fig. 8D. By using a computer search for possible stem-loop structures 

(Devereux et al., 1984) that could be involved in protecting 

downstream sequences from exonucleolytic degradation, 5'-end 

residues 765 and 1041 of the decay intermediates locate near the 5'-
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proximal ends of the predicted stable stem-loop structures (Fig. 8E). 

However, 5' ends of the other unstable decay intermediates do not 

correspond to the 5’ proximal end of the predicted secondary 

structure. From SI nuclease mapping of the stable and unstable 

decay intermediates, we conclude that the stalled ribosome 

effectively causes the pausing of a putative 5'-to-3' exoribonuclease, 

and some secondary structures are also able to cause pausing.

3-7 Preparation of RNA substrates

The in vivo study using a molecular genetics approach has 

shown that the decay of ermC  mRNA in B. subtilis occurs either by a 

5'-to-3' exoribonuclease or by an endoribonuclease that tracks in the 

5'-to-3' direction from the 5' end. In order to further confirm this 

hypothesis, I turned to B. subtilis extracts and wished to show this 

enzymatic activity biochemically.

To prepare a runoff ermC  transcript, I used plasmid pYH3, 

which was previously constructed (D. H. Bechhofer, unpublished 

data). The H indlll-C la l  fragment of pSD155 containing the ermC  gene 

was ligated between the H indlll  and Ac cl sites of pIBI31 to generate 

pYH3, as illustrated in Fig. 9. Plasmid pYH3 contains the promoter for 

T7 RNA polymerase followed by the ermC leader region and coding 

sequence. Transcription of B amHI-linearized pYH3 yields an ermC- 

sized transcript (lane 1 in Fig. 11). The body of this RNA is identical 

to that of the wild-type ermC RNA. The 5' end of this in vitro 

transcript contains 9 additional nucleotides encoded by the vector 

and H in d lll  linker and the 3' end of this runoff transcript contains
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Figure 9. Structure of plasmids pYH3 and pYH4.

The ermC  gene is represented by the hatched bar. The in vitro 

transcription initiation site is indicated by +1. Single letters denote 

relevant restriction endonuclease sites (A, Accl\ B, BamHl] C, ClaV, V, 

EcoRV; H, Hindlll] K, Kpnl] S, Sail). To generate pYH3, a Hindlll-Clal 

fragment of pSD155 containing ermC gene was ligated into pIBI31 

previously digested with Hindlll and Ac cl. Plasmid pYH4 contains a 

K pnl  site that was introduced into +18 position by oligonucleotide- 

directed mutagenesis.
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50 additional nucleotides past the putative erm C  transcriptional 

termination site.

3-8 Degradation of pYH3 erm C  mRNA in vitro

In order to identify a 5'-to-3' exoribonuclease activity

biochemically, B subtilis cell extracts were prepared (Fig. 10).

B. subtilis strain BE8 was chosen for cell extract preparation since it 

contains plasmid pBD246 which carries an ermC-lacZ  fusion gene. The 

assay for p-galactosidase activity was used to monitor protein 

stability in B. subtilis extracts during the preparation and storage of 

cell extracts. An overnight BE8 culture was diluted 100-fold and 

grown to late-logarithmic phase. Cells were collected by 

centrifugation and suspended in AKD buffer. Cells were disrupted by

passage through a French press cell. The resultant crude cell extract

was clarified at 30,000 x g, yielding the pellet (P-30) and the 

supernatant (S-30). S-30 was further centrifuged at 100,000 x g, 

yielding the pellet (P-100) and the supernatant (S-100). Aliquots of 

S-100 were used for assay of ribonuclease activity.

Transcription of pYH3 linearized with Barriftl in the presence of 

[a -32P]UTP gave an ermC-sized RNA labeled with 32P. A time course 

of incubation with an S-100 extract is shown in Fig. 11. The RNA 

substrate was degraded within 20 min of incubation. The digestion 

rate of RNA substrate was dependent on the amount of the S-100 

extract added (data not shown). The RNase activity of the S-100 

extract at 37°C was better than at 25°C and the optimal pH was 

between 8.0 and 8.9 (data not shown). Although the RNase activity 

was also present in the S-30, P-30 and P-100 (data not shown), only
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Figure 10. Flow chart of the p reparation  of B, subtilis 

e x t r a c ts .

B. subtilis cells were grown to late-logarithmic phase and collected 

by centrifugation. The cells were resuspended in AKD buffer and 

passed through a French press cell. The resultant crude extract was 

centrifuged at 30,000 x g to yield the pellet (P-30) and the 

supernatant (S-30). The S-30 was centrifuged at 100,000 x g, 

yielding the pellet (P-100) and the supernatant (S-100).
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Figure 11. RNase and DNase activities of the B. subtilis 

extract S-100.

The 32P-labeled 900-nt RNA and 400-nt ssDNA substrates were 

digested at 25°C with an S-100 extract. Aliquots containing 30 |J.l of 

the digest were phenol extracted and analyzed electrophoretic ally 

(see Section 2-10). Lane 1: 32P-labeled substrates were incubated 

without extract. Lanes 2 and 4: 32P-labeled substrates were 

incubated with an S-100 extract for 20 min at pH 8.9 and at pH 8.0. 

Lanes 3 and 5: 32P-labeled substrates were incubated with an S-100 

extract for 20 min in the presence of 10 mM EDTA at pH 8.9 and at 

pH 8.0.
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the S-100 extract was used for further study of ribonuclease activity. 

The DNase activity of the S-100 extract was inhibited by 10 mM 

EDTA, while the RNase activity was not inhibited by 10 mM EDTA 

(lanes 3 and 5 in Fig. 11).

3-9 Construction of an RNA-DNA joint molecule and a 

single-stranded DNA

As mentioned in Chapter 1, it is now thought that the 

breakdown of mRNA to the mononucleotide level in E. coli is 

dependent on two 3'-to-5' exoribonucleases, polynucleotide 

phosphorylase and RNase II. During experiments designed to achieve 

the biochemical identification of a 5'-to-3' exoribonuclease, we have 

assumed that a 3'-to-5' exoribonuclease was present in B. subtilis 

extracts. One way to assay the 5'-to-3' exoribonuclease activity in B. 

subtilis extracts is to use differentially labeled RNA as substrate. I 

attempted to construct an RNA molecule in which the first 9 

nucleotides were 32P-labeled and the rest of the molecule was 3H - 

labeled. Incubation of such a differentially labeled RNA substrate 

with fraction of cell extracts would release the acid-soluble 

radioactive labels. If the fraction of cell extracts has the 

ribonucleolytic activity that degrades this differentially labeled RNA 

in a 5'-to-3' direction, then we would be able to detect a faster rate 

of releasing the acid-soluble 32P-label than 3H-label at short time 

intervals. On the other hand, if the fraction of the cell extracts has 

the ribonucleolytic activity that degrades this differentially labeled 

RNA in a 3'-to-5' direction, then a faster rate of releasing the acid- 

soluble 3H-label than 32P-label would be observed. However, it was
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very difficult to construct such a differentially labeled RNA by in 

vitro transcription using T7 RNA polymerase (see Appendix B in 

Chapter 5). Another strategy to assay a 5’-to-3' exoribonuclease 

activity in the presence of 3'-to-5' exoribonuclease activity was to 

use an RNA-DNA joint molecule as substrate. Under the conditions 

that inhibit the nucleolytic decay of DNA (Fig. 11), the RNA moiety of 

an RNA-DNA joint molecule could be degraded by either a 5’-to-3’ 

exoribonuclease or an endoribonuclease, but not by a 3'-to-5' 

exoribonuclease.

To construct a linear RNA-DNA joint molecule (see Fig. 12), an 

unlabeled 101 -nt RNA primer was prepared by in vitro transcription 

of Sa/I-linearized pYH3 and annealed to the EE60 ssDNA, which 

contains the ermC template strand. The 3' end of the 101-nt RNA was 

then used as a primer for extension by Sequenase Version 2.0 in the 

presence of [a-32P]dATP. Digestion of the extended product with 

Hpal yielded a 700-nt RNA-DNA "joint molecule" which was 32P- 

labeled in its DNA moiety. This 700-nt RNA-DNA joint molecule was 

degraded to a 600-nt ssDNA by DNase-free pancreatic RNase (Fig.

13A), indicating that RNA was indeed present in the 5' moiety of the 

joint molecule.

As a control for nucleolytic decay of DNA, a ssDNA molecule 

was constructed based on the method similar to that of the RNA-DNA 

joint molecule. An M l3 "-40" sequencing primer was annealed an 

M13mpl9 derivative that contained a 360-nt insert representing 

Sacl-Bcll fragment of ermC. Primer extension products were labeled 

with [a-32P]dATP and digested with Hindlll. The 400-nt 32P-labeled 

ssDNA was isolated from a denaturing polyacrylamide gel.
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Figure 12. Construction of RNA-DNA joint molecules.

Transcription of Sa/I-linearized pYH3 by T7 RNA polymerase 

produced an 101-nt RNA runoff transcript, indicated by thick bar. 

Thin lines represent single-stranded DNA. The isolated 101-nt RNA 

primer was annealed to EE60 ssDNA, which contained the ermC  

template strand. The primer was extended by Sequenase Version 2.0 

in the presence of [a -32P]dATP, followed by digestion with Hpal. The 

reaction mixture was run on a 1.0% agarose-6 .6M formaldehyde gel 

and RNA-DNA joint molecules were isolated from the gel.
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3-10 Decay of an RNA-DNA joint molecule in the B. subtilis 

e x tr a c t

The 32P-labeled 700-nt RNA-DNA joint molecule and 400-nt 

ssDNA were incubated with an S-100 extract at 25°C in the presence 

or absence of EDTA. A time course of incubation is shown in Fig. 13B. 

In the presence of EDTA, the degradation of the 400-nt ssDNA was 

inhibited, but the 700-nt RNA-DNA joint molecule was gradually 

degraded to give a broad band of around 600-nt size (lanes 1 to 5 in 

Fig. 13B). The 600-nt product of digestion is similar in size to the 

ssDNA product produced from DNase-free pancreatic RNase digestion 

of the 700-nt RNA-DNA joint molecule (Fig. 13A). In the absence of 

EDTA, both the RNA-DNA joint molecule and ssDNA were degraded 

during the incubation, as expected (lanes 6 to 10 in Fig. 13B).

When the 700-nt RNA-DNA joint molecule was digested with 

DNase-free pancreatic RNase, a single 600-nt ssDNA product was 

seen (Fig. 13A). Pancreatic RNase is a heterogeneous mixture of 

ribonucleases isolated from bovine pancreas, and the RNA moiety is 

degraded completely by these RNases. However, it is not clear why a 

broad band of degradation products was observed when the 700-nt 

RNA-DNA joint molecule was incubated with the S-100 extract. It is 

possible that the S-100 extract contains endoribonucleases that 

produce multiple cleavages at the RNA moeity of the joint molecule. 

Another possible explanation is that a 5'-to-3' exoribonuclease in the 

extract degrades RNA moiety of the joint molecule from 5' end and 

slows down at RNase pause site. Mapping 5' ends of these decay 

intermediates is necessary to see whether the 5' ends of these RNA 

moieties correspond to regions of the predicted secondary structure.
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Figure 13. Decay of an RNA-DNA joint molecule.

(A) Conversion of a linear RNA-DNA joint molecule to a ssDNA 

molecule by DNase-free pancreatic RNase. The 700-nt RNA-DNA 

molecule in which the DNA moiety was 32P-labeled, and the 400-nt 

32P-labeled ssDNA molecule were incubated at 37°C with DNase-free 

pancreatic RNase. The digestion products were extracted with phenol 

at 0 and 20 min (lanes 1 and 2, respectively). The same substrate 

mix was incubated with a B. subtilis extract S-100. The reaction 

mixtures were extracted with phenol at 0 and 20 min (lane 3 and 4, 

respectively). Samples were analyzed on a 6% polyacrylamide gel 

and visualized by autoradiography. (B) Time course of digestion of 

the RNA-DNA joint molecule by an S-100 extract. The 32P-labeled 

RNA-DNA joint molecule and ssDNA were incubated in the presence 

(+) and absence (-) of EDTA at 25°C with an S-100 extract. The 

incubation time (in minutes) is indicated above each lane. Aliquots 

containing 30 p.1 of the digest were extracted with phenol and 

analyzed electrophoretically (see Section 2-10).
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The degradation of the 700-nt RNA-DNA joint molecule to the 

600-nt ssDNA under conditions in which ssDNA decay is inhibited 

shows that the RNA moiety at the 5' segment of the joint molecule is 

degraded either by a 5’-to-3' exoribonuclease, or by an 

endoribonuclease followed by 3'-to-5' exoribonucleolytic decay of the 

upstream RNA, or by multiple endoribonucleases. The experiment 

described in the next section was designed to further assess the 

relative likelihoods of these two possibilities.

3-11 Decay analysis of a circular RNA in vitro

To test whether the 101-nt RNA moiety of the RNA-DNA joint 

molecule was degraded endonucleolytically, attempts were made to 

circularize a uniformly labeled 101-nt RNA by T4 RNA ligase. The 

idea was to test whether the circular RNA could be degraded by the 

B. subtilis extract. However, it seems to be very difficult to ligate the 

5'-phosphoryl terminal of this 101-nt RNA with its 3’-hydroxyl end, 

probably because its secondary structure prevents the ends from 

contacting each other.

Since it is easier to self-ligate RNA that consists of less than 20 

nucleotides by T4 RNA ligase (O. Uhlenbeck, personal 

communication), we decided to construct a circular RNA that 

consisted only of the 5'-proximal 18 nucleotides from the 700-nt 

RNA-DNA joint molecule. Plasmid pYH4, a derivative of pYH3, has a 

K pn l  site which was introduced by oligonucleotide-directed 

mutagenesis (Fig. 9). Transcription of /sf/ml-linearized pYH4 yields an 

18-nt RNA. T4 RNA ligase can circularize an RNA molecule in which 

the 5' end has a monophosphoryl group and the 3' end has a
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hydroxyl group. Since GMP can be effectively used for transcription 

initiation by T7 RNA polymerase, an 18-nt RNA that contained a 

monophosphoryl group at the 5' end was synthesized by T7 RNA 

polymerase and was uniformly labeled with [a-32p]UTP in the 

presence of 5-fold excess of GMP over GTP. This 18-nt RNA was 

circularized by T4 RNA ligase. To demonstrate that the product of 

this reaction was indeed circular, the circularized RNA was digested 

with polynucleotide phosphorylase (a 3'-to-5' exoribonuclease) or 

DNase-free pancreatic RNase (mixture of endoribonucleases) for 30 

min (lanes 5 and 6 in Fig. 14, respectively). The circularized RNA was 

digested by DNase-free pancreatic RNase but not by polynucleotide 

phosphorylase, indicating that it was a circular RNA. Control 

experiments were also done using the 18-nt linear RNA. The linear 

RNA was digested within 30 min by either polynucleotide 

phosphorylase or DNase-free pancreatic RNase (lanes 2 and 3 in Fig. 

14, respectively), as expected.

Since pYH4 was not digested completely by Kpnl, RNA bands 

on the top of the gel in Fig. 14 could represent RNA transcribed 

beyond K pnl  site. These long transcripts were digested by 

polynucleotide phosphorylase and DNase-free pancreatic RNase. Since 

95% of DNase-free pancreatic RNase is RNase A, which cleaves 

preferentially pyrimidines at the 3' side, the RNA fragments detected 

in lanes 3 and 6 in Fig. 14 might contain a stretch of purines derived 

from the cleavage of the RNA transcripts. RNA decay intermediates 

were detected from the digestion of the long transcripts by 

polynucleotide phosphorylase (see lanes 2 and 5 in Fig. 14).
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Figure 14. Decay analysis of the circular RNA.

A linear 18-nt RNA that contained a monophosphoryl group at the 5' 

end was circularized by T4 RNA ligase. The linear RNA was 

undigested (lane 1), digested for 30 min at 37°C with polynucleotide 

phosphorylase (lane 2), or digested for 30 min at 37°C with DNase- 

free pancreatic RNase (lane 3). The circularized RNA was undigested 

(lane 4), digested for 30 min at 37°C with polynucleotide 

phosphorylase (lane 5), or digested for 30 min at 37°C with DNase- 

free pancreatic RNase (lane 6 ). The linear RNA was incubated with an 

S-100 extract at 37°C for 0 and 30 min (lane 7 and 8 , respectively). 

The circularized RNA was incubated with an S-100 extract at 37°C for 

0 and 30 min (lane 9 and 10, respectively). After the digestion, the 

reaction mixture (30 (xl) was extracted by an equal volume of phenol 

and 18 pi of aqeuous phase were removed into 9 pi of DNA 

sequencing dye mix. Aliquots containing 9 pi of digest were 

denatured and run on a 20% polyacrylamide-8M urea gel and 

visualized by autoradiography.
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This could be due to the possible secondary structure in RNA 

transcripts that slows down the progress of polynucleotide 

phosphorylase from 3' end. The 18-nt circular RNA migrates faster 

than its linear counterpart in a 20% polyacrylamide-8M urea gel, 

probably due to its compact structure. The 18-nt circular RNA was 

incubated at 37°C with an S-100 extract for 0 min and 30 min (lanes 

9 and 10 in Fig. 14, respectively). The circular RNA was not degraded 

while the linear RNA was degraded under the same condition (lanes 

7 and 8 in Fig. 14, respectively). These data suggest either that 

endoribonucleases are not present in B. subtilis extract or that if such 

endoribonucleases are present, the circular 18-nt RNA is not a target 

for endonucleolytic cleavage.



CHAPTER FOUR 

DISCUSSION

4-1 M olecular genetic study on the m echanism  of e r m C  

mRNA deg radation  in B. subtilis

In order to understand the mechanism of mRNA decay in B. 

subtilis , we studied the induced stability of ermC  mRNA in this 

organism. A previous study had shown that the induced stability of 

erm C  mRNA requires a ribosome stalled in the leader region while 

translating the leader peptide coding sequence (Bechhofer and 

Dubnau, 1987). In this thesis, our working hypothesis to explain the 

induced stability of ermC mRNA was that the 5' end of the message is 

the target of initiation of decay and a stalled ribosome protects the 5' 

end against decay. If the 5’ end of erm C  mRNA is the target, then the 

enzymatic activity responsible for the degradation of the message 

would be either a 5'-to-3' exoribonuclease or an endoribonuclease 

which binds to the 5' end of the message and tracks in the 5'-to-3' 

direction, making endonucleolytic cuts as it progresses.

The results presented in this thesis are consistent with this 

hypothesis. In RNA molecules with a ribosome stall site positioned 

internally instead of near the 5' end (pSDlOO and pBD362), the 

sequences upstream of the ribosome stall site were unstable in the 

presence of Em, while the downstream sequences starting from 57 to 

58 nucleotides 5' to SD1 were stable in the presence of Em (Fig. 4 and 

5). In an RNA molecule that contained one internal ribosome stall site 

and another ribosome stall site near the 5' end (pSD132), the full- 

length RNA was stable in the presence of Em (Fig. 6). The latter result
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is not consistent with the explanation that endonucleolytic cleavage 

of the untranslated upstream sequence, was basis for the differential 

stability of the upstream and downstream RNAs. Therefore, the 

major decay mode of ermC  mRNA seems to be 5’-to-3’ exonucleolytic 

degradation rather than endonucleolytic cleavage. In an RNA 

molecule that contained two internal ribosome stall sites (pSD192), 

we obtained some evidence that degradation of the full-length RNA 

was processive in the 5'-to-3’ direction (Fig. 7B).

Reverse transcriptase mapping of the uninduced and induced 

ermC mRNAs showed that the 5' end (+1) of the induced ermC mRNA 

is the same as that of the uninduced ermC  mRNA (Bechhofer and Zen, 

1989). Therefore, according to our model for Em-induced stability, 

the stalled ribosome must be protecting the +1 nucleotide. Although 

two ribosomes are depicted to stall in the ermC leader sequence 

throughout this thesis (see cartoons in Fig. 2, 4 and 6), it is not clear 

whether one or two ribosomes stall in the presence of Em. It has 

been shown that leader peptide codons 3 through 9 are critical for 

ribosome stalling, based on genetic and biochemical studies (Mayford 

and Weisblum, 1989; Hue and Bechhofer, 1991). Mayford and 

Weisblum showed that an Em-bound ribosome stalls with its P and A 

sites at leader peptide codons 8 and 9. Earlier reports on nuclease 

protection of mRNA and poly(U) by ribosome binding concluded that 

20 nucleotides upstream of the ribosomal P site are covered by the 

ribosome (Kang and Cantor, 1985; Steitz, 1969; see Gold, 1988 for 

review). Assuming that an Em-bound ribosome stalls with its P site 

at codon 8 (which is +43), ermC  leader sequence between +23 and 

+43 would be covered by the stalled ribosome. Another ribosome



loading at SD1 (which is +10) might stack behind the Em-bound 

ribosome and cover the 5' end of ermC  mRNA. This "two-ribosome 

stalling" model explains the extremely long half-life of the induced 

ermC  mRNA (see below). An alternative model is that only one Em- 

bound ribosome stalls on the ermC  transcript. The "one-ribosome 

stalling" model argues that no ribosomes stack behind because the 

start codon (which is +22) lies just inside the stalled ribosome and 

this would prevent another ribosome from loading due to steric 

hinderance. However, it is difficult to explain how the 5' sequence (+1 

to +22) is protected by a single Em-bound ribosome. Perhaps a 

conformational change of the Em-bound ribosome promotes an 

interaction between the 5' sequence and stalled ribosome in such a 

way that the 5' end is protected from ribonucleolytic degradation.

It was surprising at first to find that the 5’ ends of the small 

RNAs were as much as 57 to 58 nucleotides upstream of SD1 (Fig. 5). 

Assuming that the 5’ ends of these RNAs were due to protection by a 

ribosome stalled at SD1, we expected, according to the "two-ribosome 

stalling" model, that approximately 20 nucleotides upstream of SD1 

would be protected. However, it should be noted that in the earlier 

studies of mRNA-ribosome interactions endoribonucleases were used 

to determine the extent of the message protected by ribosome 

binding. Therefore, the protected mRNA fragments represent only 

the part of the message that is bound within the ribosome. When 3'- 

to-51 exoribonucleases were used in the ribosome protection assays, 

much larger fragments were detected (Castle and Singer, 1969), 

probably because the mRNA that was external to the ribosome came 

into contact with other areas of the ribosome. Therefore, it is possible
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that mRNA sequences located outside the ribosome may come into 

contact with other areas of the ribosome. These contacts may impede 

the progress of a 5'-to-3' exoribonuclease activity, resulting in the 

relatively stable species detected by reverse transcriptase and SI 

nuclease analysis (Fig. 5 and 8).

5 '

mRNA

PA

Ribosome

P: P site 
A: A site

The induced half-lives of the small RNAs encoded by pSDlOO 

and pBD362 (5 to 8 min, see Fig. 4B) is less than the induced half-life 

of wild-type ermC  RNA (40 min). This can be explained by our 

hypothesis. If the 5' end of ermC  mRNA is the target for decay, then 

in the wild-type ermC  mRNA, the backed-up ribosome at SD1 would 

cover the 5’ end, which is only 9 nucleotides upstream of SD1. This 

coverage would not allow a 5'-end-requiring RNase to initiate 

degradation of ermC  RNA, resulting in an extremely long half-life. 

RNA molecules in which the ribosome stall site was located
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internally, however, would have an unprotected 5' end and would be 

attacked rapidly at the 5' end. Degradation of the sequences 

downstream of ribosome stall site would be hindered by the stalled 

ribosome and slowed down, but not stopped at the site of ribosome 

stalling. Therefore, the small RNAs, which represent downstream 

RNA sequences protected by ribosome stalling, have a shorter half- 

life than that of the induced wild-type RNA.

It is also possible that the protection of sequences upstream of 

SD1 is due to ribosome binding at a site other than SD1. A computer 

search of the upstream sequences in pSDlOO and pBD362 did not 

reveal any reasonable ribosome binding site followed by open 

reading frames that could allow a ribosome to bind to the upstream 

region of SD1. The protection of sequences 57-58 nucleotides 

upstream of SD1 could also be due to the formation of stable stem- 

loop structures around the 5' ends of the small RNAs. A computer 

search for possible stem-loop structures (Devereux et al., 1984), did 

not predict any strong secondary structure for the region to which 

the 5' ends of the small RNAs were mapped. The induced stability of 

an mRNA with 5 '-terminal and internal ribosome binding sites 

encoded by pSD132 is also not due to ribosome loading at the 

sequences between the 5’-proximal and internal ribosome stall sites 

since no open reading frames are found in that region.

4-2 Mechanisms of mRNA decay: B. subtilis vs. E. coli

Despite the recently awakened interest in mRNA degradation in 

procaryotes, a consensus pathway for mRNA decay has not been 

established. Polynucleotide phosphorylase and RNase II are 3'-to-5'
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that have been characterized and shown to play a role in mRNA 

degradation in E. coli. Recently RNase K has been implicated in the 

endonucleolytic cleavage which initiates the decay of ompA  and bla  

transcripts (Lundberg at al., 1990). RNase M, an endoribonuclease 

with rather low specificity has been suggested to be involved in the 

endonucleolytic decay of lac mRNA (Cannistraro and Kennell, 1989). 

Since no 5'-to-3' exoribonucleases have been identified in E. coli 

(Deutscher, 1985), it is now thought that E. coli mRNA is degraded by 

the combined actions of 3'-to-5' exoribonucleases and 

endoribonucleases.

The studies in this thesis strongly suggest that ermC mRNA is 

degraded from the 5' end by a 5'-end-requiring RNase, and a 

ribosome stalled at the 5' leader region provides stability to the

whole message. Similar results have been obtained from a study of

induced stability of mRNA encoded by ermA  (another MLS resistance 

gene) in B. subtilis (Sandler and Weisblum, 1989). From the study of 

sdh mRNA degradation in B. subtilis (Melin et al., 1990), it has been 

found that ribosomal loading at the 5' region of this polycistronic 

mRNA is important for the stability of the whole message. Depriving 

the first cistron of ribosomes leads to destabilization of the 

transcript. However, premature termination of translation of the first 

cistron has little effect on the stability of the sdh  transcript. These 

results suggests that the 5' region of sdh mRNA is important for

controlling stability and initiation of decay, and loading of ribosomes

on the 5' region protects the message from the degradation by either 

an endoribonuclease or a 5'-to-3' exoribonuclease.
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Studies on E. coli ompA mRNA decay have demonstrated that 

endonucleolytic cleavage, which occurs 130 nucleotides upstream of 

ribosome-binding site, initiates decay of this message (Melefors and 

von Gabain, 1988), and no apparent accumulation of downstream 

cleavage products have been detected in strains in which the two 3'- 

to-5' exoribonucleases, polynucleotide phosphorylase and RNase II, 

have been inactivated (Melefors, 1991). These investigators proposed 

that the cleavage provides an entry site for a processive decay in the 

5'-to-3' direction. Since no 5'-to-3’ exoribonucleases have been 

identified in E. coli, these investigators propose that the downstream 

cleavage products are degraded by an endoribonuclease that tracks 

from the 5' end and makes endonucleolytic cleavage as it progresses. 

However, their results could also be interpreted by hypothesizing a 

5'-to-3' exoribonuclease. After ompA mRNA is cleaved 

endonucleolytically, a 5'-to-3' exoribonuclease could be activated and 

could degrade the cleavage products in the 5'-to-3' direction, even in 

the strains deficient in polynucleotide phosphorylase and RNase II.

Deutscher and Reuven (1991) recently showed that RNase II 

activity represents close to 90% of the total 3'-to-5' exoribonuclease 

activity of the E. coli extract. Although RNase II-like activity has 

been characterized from B. subtilis extracts isolated from sporulating 

cells (Kerjan and Szulmajster, 1976), Deutscher and Reuven showed 

that RNase II-like activity is absent from B. subtilis extracts isolated 

from mid-logarithmic phase cells. The primary mode of RNA 

degradation in B. subtilis extracts was phosphorolytic, implying that 

a polynucleotide phosphorylase-like activity is present in B. subtilis 

extracts. This enzyme may be involved in mRNA decay in vivo and as
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in E. coli, we might expect that stem-loop structures at the 3' ends of 

B. subtilis mRNAs will play a role in mRNA stability. In support of 

this model, it has been reported that the 3' region of the B. 

thuringiensis cry gene enhances the stability of heterologous RNA in 

both B. subtilis and E. coli (Wong and Chang, 1986). The penP  and cry 

gene transcripts terminate beyond the coding sequence with a 

typical rho-independent terminator sequence in B. subtilis . The 

measured half-lives for penP  and cry mRNAs in B. subtilis are 2 min 

and 6 min, respectively. When the penP  terminator is replaced by 

the cry terminator, the half-life of the chimeric mRNA is 6 min. Since 

a stable stem-loop structure can be formed at the 3' end of cry  

mRNA, these investigators proposed that the presence of this 

structure protects the mRNAs from 3'-to-5' exonucleolytic 

degradation. However, penP  mRNA also contains a stem-loop 

transcription terminator at its 3' end, and it is not known what is 

different about the cry transcription terminator that it can confer 

stability to upstream sequences.

On the other hand, studies with ermC  mRNA have shown that 

the nature of 3' end does not determine mRNA stability. When a 

360-bp fragment from the 5' region of ermC  was fused to the lacZ  

coding sequence (ermC-lacZ), several RNAs that contain a 5' ermC  

sequence and different 3' sequences are transcribed that are all 

inducibly stable (Bechhofer and Dubnau, 1987). This shows that the 

5' region of ermC mRNA can provide c/s-dominant stability to diverse 

3' ends. Recent studies on three other ermC fusion genes showed that 

transcripts containing a 5’ ermC  sequence and different 3' sequences 

are also inducibly stable (J. DiMari and D. H. Bechhofer, unpublished
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data). Since all of these ermC  fusion transcripts have rho- 

independent terminators at their 3' ends, these results may suggest 

that the stem-loop structure of a transcription terminator at the 3* 

end of these fusion messages provides a barrier against a 3'-to-5' 

exoribonuclease. These ermC  fusion results seem to contradict the 

results obtained from the cry fusion study described above. This 

contradiction may be resolved by proposing an alternative model to 

explain the protection of ermC  mRNA by ribosome stalled at the 5' 

end. The stalled ribosome may cause a conformational change in 

mRNA such that ribonucleolytic cleavage sites may not be as 

accessible to RNases. Based on studies of |3-galactosidase expression 

from ermA-lacZ  and ermC-lacZ fusions (Sandler and Weisblum,

1988; Hue and Bechhofer, 1991), it has been shown that the induced 

mRNA stability caused by the ribosome stalling does not increase 

translation of the message. Therefore, it is possible that a 

conformational change in mRNA caused by the ribosome stalled at 

the 5' end hinders the accessibility of both RNases and ribosomes.

To demonstrate the importance of a 3'-end stem-loop structure 

in hindering mRNA decay, a fragment containing a Bs-RNase III 

target site was cloned into the middle of the ermC  gene (J. DiMari and 

D. H. Bechhofer, unpublished data). Bs-RNase III is an 

endoribonuclease that has been isolated from logarithmically 

growing B. subtilis cells (Panganiban and Whiteley, 1983a). Bs-RNase 

III shares some characteristics of E. coli RNase III and cleaves phage 

SP82 early mRNAs and rRNA at specific residues in stem-loop 

structures (Panganiban and Whiteley, 1983b). Recent results from 

our laboratory show that the transcribed erm C  mRNA containing a
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RNase III target site is unstable in the presence or absence of Em. We 

propose that there are no endonucleolytic cleavage sites in the wild- 

type ermC  mRNA and the instability of the ermC  mRNA that contains 

Bs-RNase III cleavage site is due to the endonucleolytic cleavage at 

the Bs-RNase III target site, followed by rapid decay from the newly 

formed 3' end by a 3'-to-5’ exoribonuclease.

Based on the studies of mRNA decay in B. subtilis, a model of 

mRNA degradation can be proposed. Three different categories of 

RNases responsible for the decay of mRNA are 5’-to-3' 

exoribonuclease, endoribonuclease, and 3'-to-5' exoribonuclease. The 

stem-loop structure located at the 3' end of B. subtilis mRNA protects 

mRNA from degradation by a 3’-to-5' exoribonuclease. If mRNA has 

an endonucleolytic cleavage site, the decay of mRNA is initiated by 

endonucleolytic cleavage, followed by exoribonucleolytic decay from 

3' end. The 5' end of mRNA is also a target for degradation. However, 

the ribosomes actively loading in the 5' region of the message or 

stalled near the 5' end of the transcript could protect mRNA from 

degradation by a 5'-to-3’ exoribonuclease.

4-3 Id en tifica tio n  o f a 5 '-to -3 ' exoribonuclease ac tiv ity  in 

B . subtilis  ex trac ts

Our in vivo studies indicated that the decay of ermC  mRNA in 

B. subtilis occurs either by a 5’-to-3' exoribonuclease or an 

endoribonuclease that tracks in the 5'-to-3' direction from the 5' end 

and makes cuts endonucleolytically. It was then important to 

identify such an activity in B. subtilis extracts. Knowing that a 3'-to- 

5' exoribonuclease activity is present in B. subtilis, the substrates
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used for the assay of a 5’-to-3' exoribonuclease activity should be 

protected from degradation by a 3'-to-5' exoribonuclease. One such 

substrate is the RNA-DNA joint molecule that contains a DNA moiety 

at the 3' segment, such that a 3'-to-5' exoribonuclease can not 

degrade this molecule when DNases are inhibited. When a 700-nt 

RNA-DNA joint molecule was incubated with the B. subtilis S-100 

extract under the condition that degradation of DNA was inhibited, 

the 101-nt RNA moiety o f the joint molecule was degraded, yielding 

a 600-nt ssDNA molecule. This result indicates that the B. subtilis 

extract has either endoribonucleolytic activities or a 5'-to-3' 

exoribonuclease activity responsible for degrading the 101-nt RNA 

moiety of the joint molecule. A circular 18-nt RNA containing the 5'- 

proximal 18 nucleotides of the 700-nt RNA-DNA joint molecule was 

not degraded by the B. subtilis extract, while its linear counterpart 

was degraded. This result suggests that the B. subtilis extract does 

not contain non-specific endoribonucleolytic activity, although it is 

possible that this circular 18-nt RNA molecule could have a special 

conformation that resists endonucleolytic cleavage from the B. 

subtilis  extract.

I attempted to construct an RNA-DNA joint molecule that 

contains this 18-nt RNA at the 5' end, but the yield of the 32P -labeled  

RNA-DNA joint molecule was so low since the restriction digestion 

was not efficient. Recently I found that by using the purified 18-nt 

RNA fragment as the primer, the yield of 32P-labeled RNA-DNA joint 

molecule was much better. The protocols that I established for 

synthesis of the joint molecule are now being used for further 

investigation.
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An alternative way to construct an RNA-DNA joint molecule is 

also being used. Instead of annealing the 18-nt RNA primer to EE61 

ssDNA (see Fig. 12), the RNA is being annealed to a synthetic 

oligonucleotide. The 3' region of this oligonucleotide contains a 

sequence which is complementary to the 18-nt RNA primer, and the 

5' end of these oligonucleotide has oligo(T) sequence. After the 18-nt 

RNA is annealed to the synthetic oligonucleotide, the RNA primer is 

extended in the presence of [<x-32P]dATP to give a highly labeled 

RNA-DNA run-off transcript. This run-off approach appears now to 

be giving a reasonable yield of the RNA-DNA joint molecule (S. Mitra 

and D. H. Bechhofer, unpublished).

If the RNA moiety of the RNA-DNA joint molecule is degraded 

by a processive 5'-to-3' exoribonuclease rather than by an 

endoribonuclease, then the degradation products will predominantly 

be monoribonucleotides and not oligoribonucleotides. This can be 

tested by a procedure described recently that was used to 

characterize a 5'-to-3' exoribonuclease from HeLa cells (Murthy and 

Manley, 1991). An RNA-DNA joint molecule in which the RNA moiety 

is 32P-labeled could be synthesized by using 32P-labeled RNA as 

primer (see Fig. 12). After incubation of the RNA-DNA joint molecule 

with the B. subtilis extract, electrophoresis of the incubation mixture 

on a 20% polyacrylamide-8 M urea gel should allow detection of the 

decay products. If the decay products turn out to be predominantly 

monoribonucleotides that would appear at the bottom of the gel, then 

the decay should be mediated by a processive 5'-to-3' 

exoribonuclease. If the decay products turn out to be predominantly 

oligoribonucleotides, it would imply that the RNA moiety is being
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degraded by an endoribonuclease activity. As mentioned before, Bs- 

RNaselll is the only characterized endoribonuclease in B. subtilis and 

this enzyme recognizes a stem-loop structure which is not present in 

our joint molecule. Our RNA-DNA joint molecule could be used to 

detect the presence of other endoribonucleases in B. subtilis extracts.

The presence of a 5'-to-3' exoribonuclease was first implied by 

showing that reovirus mRNAs with 5' blocking structures such as 

m7GpppGm or GpppG are resistant to degradation relative to mRNAs 

with unblocked termini (Furuichi et al., 1977; Shimotohno et al.,

1977). It is possible that a 5'-to-3' exoribonuclease in B. subtilis can 

only recognize the uncapped 5’ end of mRNA. A capped 18-nt RNA 

can be synthesized in the presence of a cap analog (Nielson and 

Shapiro, 1986). A capped RNA-DNA joint molecule can be constructed 

by using a capped RNA as a primer (see Fig. 12). It would be 

interesting to know whether the B. subtilis extract could degrade the 

RNA moiety of the capped RNA-DNA joint molecule. Likewise, the 5’- 

triphosphate end of the RNA-DNA joint molecule could be converted 

to a 5'-hydroxyl end by alkaline phosphatase. It would also be 

in teresting to know whether the B. subtilis extract could degrade the 

RNA moiety of an RNA-DNA joint molecule with a 5'-hydroxyl end. It 

is possible that a 5'-to-3' exoribonuclease in B. subtilis can only 

recognize the 5'-triphosphate of mRNA, and mRNAs with 5' blocking 

structures or 5'-hydroxyl end would be resistant to degradation by 

this enzyme.

Further fractionation of the B. subtilis extract is necessary to 

isolate and purify a 5'-to-3' exoribonuclease. Dialysis, ammonium 

sulfate precipitation, and chromatography should be employed to
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isolate this enzyme in the near future. Once a 5'-to-3' 

exoribonuclease has been isolated and characterized, a partial amino 

acid sequence of this protein can be determined. Based on the amino 

acid sequences of the peptide from this protein, an oligonucleotide 

encoding this peptide could be synthesized. Using this specific 

oligonucleotide as a probe, it will be possible to clone the gene that 

encodes the 5'-to-3' exoribonuclease. It would be interesting to 

analyze the decay of mRNA in a B. subtilis strain in which the gene 

for the 5'-to-3' exoribonuclease has been knocked out. These future 

studies would tell us the role of a 5'-to-3' exoribonuclease in mRNA 

decay in B. subtilis.
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CHAPTER FIVE 

APPENDIX

A. Plasmids used in this thesis

P la sm id R e le v a n t Source or
C h a ra c te r is t ic (s ) R e fe re n c e

pC194 Plasmid containing chloramphenicol 
acetyltransferase gene

Horinouchi and 
Weisblum, 1982b

pE194 Plasmid containing ermC  gene Horinouchi and 
Weisblum, 1982a

pBD142 Plasmid containing erm C  and chloramphe­
nicol acetyltransferase gene

Fig. 1; Bechhofer 
and Dubnau, 1987

pBD246 ermC-lacZ  fusion plasmid Gryczan et al„ 1984

pUBllO Plasmid containing kanamycin resistance 
g e n e

Gryczan et al., 1978

pBD9 pE194-pUB110 composite joint at their 
Xbal  sites

Hahn et al., 1982

pBD118 pBD9 with the ermC  promoter deleted Hahn et al., 1982

pBD362 pBD118 with the pUBllO replication origin 
deleted

Fig. 8; Bechhofer 
and Zen, 1989

pBD158 cop-6 mutant of pBD362 D. Dubnau

pSDl pBD142 containing 30 base-pair fragment
inserted into its unique 5 a c l site

pSD78 pSDl with original ermC  -10 sequence
inactivated

pSDlOO pSD78 containing a tandem insert of a 275-
bp Alul  sequence from pC194

Fig. 3; This thesis 

Fig. 3; This thesis 

Fig. 3; This thesis



pSD125

pSD132

pBD452

pSD155

pSD172

pSD192

pIBI31

pYH3

pYH4

9 1

pSDlOO derivative with ermC  -10 sequence Fig 3; This thesis 
deleted

pSDlOO derivative containing two ribosome Fig. 3; This thesis
stall sites, one at the 5' end and one
in te r n a lly

pBD142 containing a Sa i l  linker inserted 6 F. Breidt
nucleotides downstream o f the end o f the 
e r m C  leader peptide sequence

pBD452 derivative containing B g l l l  and Fig. 7; This thesis
Hindl l l  sites between -10 and SD1

pSD155 derivative containing two ribosome Fig. 7; This thesis
stall sites, one at the S' end and one
in te r n a lly

pSD155 derivative containing two internal Fig. 7; This thesis
ribosome stall sites

T7 polymerase promoter vector M. Krystal

pIBI31 derivative containing 900-base-pair Fig. 9; This thesis 
H i n d l l l -C la l  fragment o f pSD155 inserted 
between its H indl l l  and A c c l  sites

pYH3 derivative containing K p n l  site at +18 Fig. 9; This thesis 
p o sitio n



92

B. An attempt to construct a differentially labeled RNA 

m o lec u le

In order to identify a 5’-to-3' exoribonuclease activity in B. 

subtilis extracts, we had to prepare an RNase substrate for assaying 

this enzymatic activity. Bearing in mind that a 3’-to-5' 

exoribonuclease was probably present in the cell extract, we wanted 

to make an RNase substrate that would show a different decay 

pattern when degraded by a 5'-to-3' exoribonuclease or by a 3'-to-5' 

exoribonuclease. A differentially labeled RNA molecule in which the 

5' portion is labeled by 32P and the 3' portion is labeled by 3H could 

be used for this purpose. If a fraction of B. subtilis extract had only a 

3'-to-5' exoribonuclease activity, then incubation of this 

differentially labeled RNA molecule with that fraction would release 

a higher percentage of 3H than of 32P in a short incubation time. On 

the other hand, if a fraction of B. subtilis extract had a 5'-to-3' 

exoribonuclease activity, then incubation of this differentially labeled 

RNA molecule with that fraction could result in release of a higher 

percentage of 32P in a short incubation period than the fraction that 

had no 5’-to-3’ exoribonuclease. Since the released nucleotides are 

acid-soluble, measuring the acid-soluble radioactive count in short 

time intervals would give us an idea which fraction contained a 5’- 

to-3’ exoribonuclease activity.

To make a differentially labeled RNA substrate, a plasmid pYH3 

was constructed (Fig. 9). A 900-bp H indlll-C la l fragment containing 

erm C  sequence was inserted between H indlll and A ccl sites of 

pIBI31, yielding plasmid pYH3. pYH3 contains a T7 RNA polymerase
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promoter followed by the ermC  leader and coding sequences. 

Transcription of £<zmHI-linearized pYH3 gives an ermC-sized RNA. 

The first nine nucleotides transcribed from flamHI-linearized pYH3 

by T7 RNA polymerase are pppGGGAGAAGC and the tenth nucleotide 

is U. In the presence of 12pM [<x-32P]GTP, 0.5 mM ATP and 0.5 mM 

CTP, the 51 9-nt RNA would be synthesized by T7 RNA polymerase 

and an enzyme-DNA-RNA ternary complex should be formed since 

the elongation can not proceed without UTP (Martin et al., 1988). 

When chased with 0.5 mM [a-3H]UTP and 2.5 mM unlabeled GTP (to 

compete out the 32P-labeled GTP), the T7 RNA polymerase-linear 

pYH3 DNA-9-nt RNA ternary complex should continue the 

transcription, yielding a 900-nt RNA such that the 5' 9-nt RNA is 32P- 

labeled and the rest of the molecule is predominantly 3H -labeled.

I spent several months working on these pulse and chase 

experiments. When the fia/nHI-linearized pYH3 was used as the 

template, the transcription reaction was done in the presence of 12 

pM [a-32P]GTP, 0.5 mM ATP and 0.5 mM CTP. This gave a 9-nt RNA 

that was 32P-laleled. Chamberlin and coworkers (1987) showed that 

a stable ternary complex could be formed and isolated by Sephadex 

G-50 that contains E. coli RNA polymerase, the DNA template, and the 

nascent RNA chain (Levin et al., 1987). Several different columns 

have been tried to isolate ternary complex. Sephadex G-25 turned 

out to be the best way to recover the putative ternary complex. The 

32P-labeled 9-nt RNA was then chased with the 0.5 mM UTP and 

unlabeled 2.5 mM GTP. We expected a 900-nt RNA that the 5' end 

was labeled with 32P. However, we found that the 900-nt RNA was 

synthesized from the T7 promoter rather than by elongation of the
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preformed 32P-labeled 9-nt RNA. This could be due to the 

dissociation of enzyme-DNA-RNA ternary complex before elongation 

takes place. This experiment may indicate that T7 RNA polymerase is 

different from E. coli RNA polymerase in that T7 RNA polymerase can 

not form a stable enzyme-DNA-RNA ternary initiation complex.
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