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ABSTRACT

Post-transcriptional processing of all tRNA primary transcripts constitutes an
important cellular activity, thought to play a role in regulation of protein synthesis and
overall cell fitness. Ribonucleases are the predominant effectors of these processing
events. This dissertation research aimed to achieve greater understanding of the
mechanisms involved in tRNA processing, with a focus on the biological role of RNase P
through microbiological, genetic and biochemical analysis. We also attempted to discern
the role of polyadenylation in tRNA maturation and identify physiological interactions
between RNase P and poly(A) polymerase I, the primary polyadenylation enzyme in E.
coli.

Based on our analysis of the vall and lysT polycistronic operons, we have
proposed a novel pathway for RNase P-mediated processing of tRNA primary
transcripts. The enzyme works in an overall 3 — 5 direction, proficiently removing

Rho-independent transcription terminators. Other endoribonucleases such as RNase E



play only a minor role in the processing of the large polycistrons. Dramatic reductions in
the amount of mature valine tRNA do not result in a similar reduction in the level of
aminoacylated valine tRNA. Furthermore, deficient processing at the 5-ends of tRNAs
does not lead to reduced levels of aminoacylated tRNAs, suggesting that a few extra
nucleotides at the 5-termini of tRNAs might not completely inhibit aminoacylation, as
previously believed.

The work presented also discovered that inactivation of poly(A) polymerase I
suppresses the temperature sensitivity of an RNase P mutant. There is significant
polyadenylation of tRNA precursors in an RNase P mutant and removal of the
polyadenylation enzyme, PAP I, results in improved processing of the tRNA precursor
3’-termini. Lack of PAP I leads to increased cellular levels of RNase T, the primary

exoribonuclease involved in 3’-end processing of tRNA precursors.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Ribonucleic acid (RNA) molecules form a ubiquitous group of biological
polymers which were initially characterized as the carrier of genetic information of all
life forms along with deoxyribonucleic acid (DNA). Since then different kinds of RNA
molecules have been characterized with a variety of cellular functions. Messenger RNA
(mRNA) serves as the template for mediation of the transfer of the genetic information
of a cell from its DNA to proteins. Ribosomal RNA (rRNA) constitutes the catalytic
component of the ribosome, the protein synthesis machinery of the cell, while transfer
RNAs (tRNAs) act as adapter molecules, which recognize the genetic code during
translation and transport the corresponding amino acids to the ribosome for
incorporation into polypeptide chains. Small RNAs (sRNA) constitute a diverse group of
RNA species that perform various functions such as regulation of gene expression,
providing immunity against viruses and quality control of other cellular processes.

To survive in the wild, living cells must be equally adept at simply maintaining
homeostasis or nimbly adapting and responding to their micro environment and any
subtle changes therein. These cues can represent differences in availability of nutrients,
variations in physicochemical conditions such as temperature, pressure, pH or presence

of other organisms. While proteins and transcriptional regulation are key players in the



cellular response to environmental changes or the lack thereof, post-transcriptional
processing of RNA is an essential component of a cell’s capabilities to modulate its
biological processes. Ribonucleases (RNase) are the primary effectors of these post-
transcriptional events. Collectively, these enzymes are responsible for the processing,
degradation and quality control of all different types of RNA species. Through these
activities, ribonucleases can direct rapid gene expression regulation, maturation of
primary transcripts, continuous recycling of ribonucleotides for incorporation into new
RNA and removal of any aberrant RNA molecules or ones that are no longer required
for cellular activities.

Most non-coding RNAs (all tRNAs and rRNAs as well as some sRNAs) in
prokaryotes are synthesized as larger precursors that must be processed to generate the
mature and functional species. This chapter provides an overview of the enzymes
involved in the post-transcriptional processing of RNA molecules in the Gram-negative
model organism Escherichia coli. Particular emphasis is given to the pathways of tRNA

processing, polyadenylation and their various interactions.

ENZYMES INVOLVED IN POST-TRANSCRIPTIONAL PROCESSING OF RNA
MOLECULES
Endoribonucleases
Ribonuclease E
RNase E was originally characterized as an activity whose absence resulted in

increased stability of 9S rRNA precursor (rne-3071) and of total pulse-labeled RNA (ams)



at the elevated temperature of 42 °C (1-4). Subsequently, it was demonstrated that both
the activities were encoded by the same structural gene, which was annotated as rne
(5,6). The rne gene (24.6 min) is essential in E. coli and encodes a 1061 amino acid protein
(7-9). Since its discovery, RNase E has been found to be required in almost all aspects of
RNA metabolism. It has been shown to be responsible for tRNA maturation wherein
RNase E cleaves in the intergenic regions between individual tRNAs in polycistronic
transcripts and/or in the 3’-trailer sequence to remove the transcription terminator or
simply shorten the trailer sequence which leaves a better substrate for exoribonucleases
(10-16). RNase E is involved in the processing of 165 rRNA as well as 55 rRNA
molecules from their respective precursors (1,17-24). Furthermore, it has also been
shown to process M1 RNA (catalytic component of RNase P) and SsrA RNA (also
known as tmRNA, responsible for recovering stalled ribosomes) at the 3’-end to remove
the rho-independent transcription terminators, and plasmid maintenance RNAs such as
CopA, RNAI, FinP, and Sok (25-37). Additionally, RNase E has been shown to play a
major role in the biogenesis of other regulatory sRNAs as well as sSRNA-mediated target
decay (38-57). RNase E also acts as the central component of the degradosome, a multi-
protein complex, through which it acts in general RNA decay as well as in a regulatory
capacity, such as maintaining optimal ratios of FtsA:FtsZ (components of the septum
forming structure during cell division) and appropriate levels of ribosomal proteins and
other exoribonucleases (58-63).

The RNase E protein is composed of two functional halves (Figure 1.1). The

amino-terminal half (NTH) confers the endonuclease activity and contains an S1 RNA



binding domain (RNA binding structural motif), a 5' sensor region which binds to the 5’-
termini of RNA substrates, an RNase H domain whose function isn’t clear, a catalytic
DNase I domain, a Zn?* link which binds to metal ions and a small domain which assists
in holoenzyme assembly (64,65). The carboxy-terminal half (CTH) is largely
unstructured with small islands capable of folding into secondary structures, and
provides the scaffold for the assembly of the degradosome (66,67). The CTH contains a
small phospholipid binding domain called segment A and binding sites for the other
components of the degradosome, namely RhIB (DEAD-box RNA helicase), enolase
(glycolytic enzyme which catalyzes the dehydrationof 2-phosphoglycerate to
phosphoenolpyruvate) and polynucleotide phosphorylase (PNPase, a 3 — 5
exonuclease) (68-73).

Other proteins have been co-purified with RNase E in sub-stoichiometric
amounts and are believed to be involved in modulation of degradosome response to
changing physicochemical conditions. For example, CsdA, a cold shock helicase,
replaces RhiB in cells grown at sub-optimum temperatures while the chaperone protein
DnaK associates with the degradosome under stress conditions (74,75). Additional
proteins like poly(A) polymerase I (PAP I, the primary polyadenylation enzyme in E.
coli) and Hfq (an RNA chaperone) have been reported to be bound to RNase E in
complexes possibly distinct from the degradosome (76-78). The RNase E holoenzyme is
organized as a homo-tetramer, containing a dimer-of-dimers with the interface mediated

by the small domain in the NTH (79). The orientation of the four CTH subunits is



unknown and they are thought to extend out from the catalytic core (61,80). RNase E
requires Mg? or Mn?* cations in vitro, although the preferred ion in vivo is unknown (19).

The enzyme cleaves the substrate RNA molecules generating products with 3'-
hydroxyl and 5-monophosphate termini (19). Despite considerable efforts, a consensus
sequence for recognition and cleavage by RNase E has not been definitively determined.
The typical cleavage site is believed to be A/U rich and is currently defined as 5'-
(A/G)N|AU, where | denotes the site of cleavage. However, the presence of nearby
secondary structures or RNA-binding proteins such as Hfq can alter the cleavage site
sequence specificity (35,81-87).

The 5' sensor region of the NTH of RNase E confers increased affinity for RNA
substrates with monophosphorylated 5-termini (5-end-dependent pathway), since a
phosphate pocket formed by the residues of the sensor region is too large to
accommodate di- or tri-phosphorylated substrates (64,88-91). However, in an alternate
mode of action, termed Direct Entry, RNase E can cleave at internal sites on certain
substrates without binding to the 5'-terminus (88,92-99).

The RNase E-based degradosome is believed to be concentrated on the inner
membrane, with the association with phospholipid vesicles mediated through the
segment A, where several other enzymes involved in RNA processing and decay such as
PAP I, RNase III, RNase P and RNase R are also reported to be localized
(66,68,71,73,76,100-102). This spatial compartmentalization of the RNA processing/decay

machinery away from the sites of transcription and translation is thought to play a role



in the specificity and rate of RNA processing and turnover (87,103-107). However, the

importance of the localization of all these enzymes is not well understood.

Ribonuclease P

RNase P was originally identified as an activity responsible for site-specific
cleavage of a tyrosine pre-tRNA at the mature 5-end (108). Further work on the
purification and properties of RNase P suggested the presence of a nucleic acid in the
RNase P holoenzyme, a previously unheard of concept (108). Subsequently, the RNA
component was identified as essential for the enzymatic activity and the nucleotide
sequence of the gene encoding this RNA subunit (M1 RNA) was determined (109,110). A
breakthrough was made when the M1 RNA subunit was identified as the catalytic
component of RNase P (111).

Originally identified in E. coli, Ribonuclease P has since been found in all three
domains of life (bacteria, archaea and eukaryotes) (112-122); with the exception of the
obligatory parasitic archaeon Nanoarchaeum equitans (123). RNase P activity has been
found to be ubiquitous and essential (Aquifex aeolicus and Pyrobaculum aerophilum were
initially thought to be lacking RNase P, but an RNase P-like activity with a shortened
form of the catalytic RNA was discovered in several Pyrobaculum species as well as in
Aquifex aeolicus) (124-129). With few exceptions (human mitochondria, Arabidopsis
thaliana mitochondria and plastids, and Trypanosoma brucei nucleus and mitochondria),
the catalytic RNA component has also been found to be conserved, although more

exceptions will most likely be discovered in the near future (130-133). The composition



of the RNase P holoenzyme has been found to be evolutionarily conserved to some
extent as well. In bacteria, the RNase P holoenzyme comprises of a single RNA subunit
and a single protein subunit; archaeal RNase P typically comprises of a single RNA
subunit and four protein subunits while eukaryotic RNase P consists of at least 9
proteins along with the catalytic RNA (122,126,134-141).

RNase P catalyzes a hydrolytic reaction and cleavage of substrates generates 5'-
phosphate and 3’-hydroxyl termini (142-144). The enzyme requires Mg?* ions to drive
the hydrolytic reaction, although other metal (II)-ions such as Ca*, Mn?, Pb%, Sr*, Zn*
have been shown to allow the cleavage in wvitro and/or in wvivo, under various
physiological conditions with varying rates of cleavage and binding affinities (145-152).

The E. coli RNase P holoenzyme consists of the C5 protein and the catalytic M1
RNA, which are encoded by rnpA (located at 83.68 min) and rnpB (located at 70.44 min)
genes, respectively (7,110,153). Although the M1 RNA was identified as the catalytic
component of RNase P based on its ability to cleave a pre-tRNA substrate in the absence
of any protein cofactor in vitro, high Mg? ion concentrations (100 mM) had to be used to
detect any enzymatic activity (111). Under physiological conditions, presence of the C5

protein subunit is essential and dramatically increases the rate of cleavage (149,154,155)

Ribonuclease G
RNase G was originally identified as a protein whose over-expression caused the
bacteria to form anucleated chained cells containing long cytoplasmic axial filaments,

suggesting a role in chromosome segregation and cell division (156). This protein,



originally named as CafA, was subsequently demonstrated to exhibit endonucleolytic
activity and was renamed as RNase G and the gene as rng (73.2 min) (17,90,157-162).
Sequence analysis of the rng gene identified extensive homology with the amino-
terminal half of the rne gene encoding RNase E (~34% identity and ~50% similarity).
RNase G is now considered to be paralog of RNase E, and members of the RNase E-G
family are distributed widely through bacterial genomes (112,163-165). Unlike RNase E,
the gene encoding RNase G is not essential for viability in E. coli (2,3,17,166).
Furthermore, the intracellular level of RNase G protein is much lower than
RNase E (167,168). While it shares the preference for 5’-monophosphorylated substrates
with RNase E, their cleavage site specificities do not appear to be conserved
(17,64,89,159,163). RNase G participates in the processing of 16S rRNA and has been
shown to act as a backup for RNase E for certain substrates (12,17,159,166,169-171). It is
also believed to be involved in controlling the levels of transcripts involved in glycolysis,
especially adhE (catalytic enzyme which functions as alcohol dehydrogenase and
coenzyme A-dependent acetaldehyde dehydrogenase) and eno (enolase, glycolytic
enzyme  which  catalyzes  the  dehydrationof  2-phosphoglycerate  to
phosphoenolpyruvate) mRNAs (158,167,172). Overall, it is apparent that there is limited

role for RNase G in E. coli (173).

Ribonuclease I11
RNase III (encoded by rnc) was identified in E. coli as an enzyme which could

specifically degrade double-stranded RNA. Since then, RNase Ill-like enzymes have



been found in almost all bacteria as well as in higher eukaryotes, although the
composition of the conserved domains may differ. The typical bacterial RNase III
enzyme consists of an N-terminal endonuclease domain (NucD) and a C-terminal
dsRNA-binding domain (dsRBD). RNase III binds to stem-loop structures and generates
cleavage products with 5’-monophosphate and 3’-hydroxyl termini with a 2-nt overhang
at the 3’-end. The enzyme requires Mg? divalent cation for activity, although Mn?, Co*
and Ni?* ions have been shown to substitute resulting in altered cleavage specificity. The
primary role of RNase III has been described as the maturation of 16S and 23S rRNAs
from a primary 30S rRNA transcript. Furthermore, RNase III has been demonstrated to
participate in the maturation or degradation of some mRNAs, tRNAs and sRNAs (174-
179). Its role in decay of SRNA/mRNA duplexes is an important mechanism of gene
expression regulation (180-183). Microarray analysis of the genome-wide changes in
steady state RNA levels in the absence of RNase III found that ~12% of the CDS in E. coli
were affected (184). In the same study, RNase III was suggested to regulate cysteine

metabolism in E. coli.

Ribonuclease Z

RNase Z enzyme is required for processing of the 3’-termini of tRNA precursors
which lack a chromosomally encoded CCA determinant (185-195). In various bacteria
such as Bacillus subtilis and Thermotoga maritima, archaea such as Haloferax volcanii and
Methanococcus jannaschii, yeast and higher eukaryotes such as Arabidopsis thaliana,

Drosophila, wheat, and potato, RNase Z cleavage at the unpaired base immediately



preceding the CCA determinant generates tRNA substrates to which the required CCA
motif is added by the enzyme tRNA nucleotidyltransferase (112,187,188,194-201).
However, in E. coli, all the tRNA genes have chromosomally encoded CCA determinants
(8). Therefore, the presence of an RNase Z homolog in E. coli was surprising. Encoded by
the rnz gene (51.3 min), the RNase Z enzyme has been shown to be involved in
degradation of certain mRNA transcripts (7,8,202). It is also required for the maturation
of bacteriophage T4 encoded tRNAs, which lack an encoded CCA sequence (203).
Additionally, E. coli RNase Z has also been shown to weakly act as a 3’ — %
exoribonuclease both in vitro and in vivo (204-210). The exonucleolytic activity of RNase

Z (occasionally termed as RNase BN) is discussed in greater detail below.

Ribonuclease LS

RNase LS (rnlA, 59.6 min) was identified as an antagonist of bacteriophage T4
infection and reproduction in E. coli (7,8,211-213). It has also been shown to be involved
to a certain extent in mRNA degradation as well as in the accumulation of a small
internal fragment of 23S rRNA (212). Furthermore, it has also been suggested to play a
role in the regulation of the intracellular Crp-cAMP concentration as RNase LS degrades
the cyaA (Adenylate cyclase) mRNA transcript (214). RNase LS/RnIB has also been
described as a novel toxin-antitoxin system (215). Over-expression of RNase LS reduces
the stability of total mRNA; expression of RelB suppresses RNase LS activity through a

direct interaction with RNase LS.

10



Ribonuclease 1

Ribonuclease I (rna, 13.9 min) was the first endonuclease identified in E. coli and
is unique in that it does not require a divalent metal ion. It remains the only identified
endonuclease that generates 3'-phosphoryl-terminated RNA products (7,8,216-220). A
majority (~90%) of the enzyme fraction resides in the periplasmic space (219). RNase I
has broad specificity and is believed to degrade total and ribosomal RNA during periods
of stress or non-growth (221-225). It has minimal role in mRNA decay (219,226). RNase
I*, an altered form of RNase I, has been suggested to exist on the inner membrane and
play a more prominent role in the decay of short oligonucleotides and homo-

ribopolymers (227,228).

YbeY

YbeY belongs to a highly conserved family of metallo-proteins found in almost
all sequenced bacterial genomes and has been described as essential in several (229-231).
In fact, ybeY has been suggested to comprise one of the genes of the minimal bacterial
genome set and was identified as essential in Mycoplasma genitalium genome, which has
one of the smallest genomes of any organisms and has little genomic redundancy
(229,232,233). While originally thought to encode a metallo-protease, YbeY has now been
characterized as a single-strand specific endonuclease that plays an important role in
ribosomal RNA maturation as well as in quality control of ribosomes (234). YbeY
mutants accumulate precursors of 55, 16S and 23S rRNA transcripts with immature 5'-

and 3’-termini, with the defects most significant for 16S tRNA (234). The ribosomes

11



constituted from these defective rRNAs had increased frameshifting and read-through
of nonsense codons as well as altered translation initiation factor binding (234).
Furthermore, YbeY, along with RNase R, has been suggested to play a role in complete

degradation of defective 70S ribosomes (235).

Exoribonucleases
Polynucleotide phosphorylase

Polynucleotide phosphorylase (PNPase, encoded by pnp, 71.3 min) was
originally identified from the cell extracts of Azotobacter vinelandii as an enzyme that
could catalyze the synthesis of polynucleotides from nucleoside diphosphates in a
reversible reaction in the presence of Mg? (7,8,236-240). It is one of two phosphorolytic
3" — 5 exoribonucleases in E. coli, besides RNase PH (241,242).

PNPase is an important enzyme involved primarily in global mRNA decay, but
with a wide variety of substrates (243,244). It has been found to be widely conserved
from bacteria to plants and metazoans (245-247). Its homotrimeric ring-like complex can
bind to unstructured RNA and rapidly degrade it in a highly processive manner
(241,248-252). However, PNPase is strongly inhibited by RNA secondary structure (253).
Consequently, it has been shown to exist in complexes with several other proteins
allowing it to broaden its substrate specificity. PNPase associates with the scaffold
region of RNase E along with RhIB RNA helicase and enolase, a glycolytic enzyme, to
form the degradosome, which is the primary mRNA degradation machinery in E. coli

(59,68,70,254). Furthermore, it associates with RhIB helicase in an asf32 structure, similar

12



to the eukaryotic exosome, independent of the degradosome allowing it to degrade
certain RNA substrates with secondary structure (255,256).

PNPase associates with poly(A) polymerase I and Hfq (RNA chaperone) to
promote polyadenylation after Rho-independent transcription terminators (257-259).
Poly(A) tails have been suggested to facilitate the action of PNPase by providing an
optimal binding site for initiating 3’— 5’ degradation (260). Surprisingly, PNPase was
shown to independently degrade the terminator downstream of leuX tRNA precursor,
although this particular terminator has low thermodynamic stability (261).

PNPase has also been shown to mediate rapid target-independent degradation of
small RNAs not bound to Hfq (262), exerting its effect on various global processes such
as outer membrane protein synthesis (263). Interestingly, in Bacillus subtilis, PNPase has
been suggested to play a role in DNA repair mechanisms, based on its ability to cleave
ssDNA in vitro (264,265). However, it is unclear if such activity exists in vivo.

While its primary in vivo activity involves the degradation of RNA transcripts,
PNPase has been shown to add heteropolymeric tails at the 3’-ends of mRNAs (266-268).
In fact, PNPase accounts for almost all the residual polyadenylation activity in
exponentially growing cells lacking poly(A) polymerase I.

PNPase mutants of E. coli are susceptible to cold-shock and display an increased
lag phase after cold-shock treatment (269). This was found to result from PNPase
mediated degradation of the mRNAs encoding several cold-shock proteins after the

acclimation phase (270). They also show reduced growth rate and increased antibiotic

13



sensitivity (271). Furthermore, PNPase mutants accumulate defective tRNA precursors,
indicating a role in quality control over the tRNA maturation mechanisms (272,273).

Multiple mutants of E. coli lacking other exoribonucleases along with PNPase
show dramatic defects. For example, PNPase RNase II and PNPase RNase R double
mutants are inviable (274,275). In the first example, accumulation of mRNA fragments
100 — 1500 nucleotides in length was observed, suggesting a deficiency in overall mRNA
decay (275). In the second example, loss of cell viability was attributed to defects in the
degradation of rRNAs, with accumulation of fragments of 16S and 23S rRNAs, and
decrease in the amounts of ribosomes and ribosomal subunits due to defects in ribosome
assembly (274,276). Furthermore, PNPase RNase PH double mutants show severe
defects in ribosome assembly due to degradation or incomplete assembly of the 50S
subunits (277). As a result, these double mutant cells are extremely cold sensitive, so
much so, that there are very few intact 50S subunits present at the lower temperature.
This suggests that the two phosphorolytic exoribonucleases, PNPase and RNase PH,
drive some unique function in rRNA processing and/or ribosomal assembly that cannot
be complemented by the hydrolytic exonucleases in E. coli.

PNPase expression in E. coli is subject to autoregulation mediated by the decay of
its mRNA transcript (278). RNase III cleavage in the PNPase mRNA generates a 3’-end
which is degraded by PNPase. PNPase levels have also been shown to be directly
dependent on the level of polyadenylation of RNA transcripts (260). Furthermore,
PNPase and RNase II levels in the cell have been shown to be inter-dependent (279).

Recently, PNPase has been shown to respond to levels of citrate, a cellular metabolite,

14



suggesting a feedback mechanism between RNA metabolism and central metabolism

(280).

Ribonuclease 11

RNase II (encoded by rnb, 29 min) is a sequence independent, 3' — 5
exoribonuclease (7,8,220,281). It was originally identified based on its activity against
poly(U) RNA, releasing nucleotide monophosphates, in a reaction which requires both
divalent (preferably Mg?*) and monovalent (preferably K*) cations for full activity
(216,282-285). Subsequently, it was found to be an important enzyme for general mRNA
decay and especially RNA substrates with poly(A) tails (275,286-288).

Analysis of the crystal structure of RNase II bound to a short RNA fragment was
useful in explaining several features of the enzyme which had been previously
discovered (289,290). RNase II binds to its substrate molecule at two independent
locations, one of which acts as a tether site and the other as the catalytic site. These
results explained the observation that RNase II binds to single-stranded RNA and
processively degrades its substrates (290-292). RNase II is inhibited by secondary
structures because of steric hindrance in the catalytic site (253,293,294). Also, direct
interactions with the ribose sugar explain why the enzyme is not able to cleave DNA
(295,296). Furthermore, as the substrates become shorter in length (~12 nt), the RNA
molecule can no longer be bound to both the sites and thus the enzyme becomes
distributive (292,297,298). It is believed to release terminal products 3 — 5 nucleotides in

length. However, RNase II can participate in the maturation of tRNAs and other stable
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RNAs in the absence of other primary exonucleases (299-301). The presence of an a-helix
near the amino terminus, a common membrane binding domain, in the RNase II protein
explains the recent suggestion that RNase II associates with the inner membrane (302).

Besides it role in overall mRNA decay, RNase II has also been implicated in
sRNA processing, regulation of the copy number of ColE plasmids by degradation of the
anti-sense RNAI and in A-site mRNA cleavage after ribosome pausing and translational
arrest (303-305).

While RNase II mutants show no obvious phenotype in E. coli, mutants lacking
both RNase II and PNPase are inviable (275). Fragments of mRNAs were found to
accumulate in such conditions suggesting that although they are both typically involved
in mRNA decay, there is either some critical non-overlapping function or the other
exonucleases in E. coli are not able to complement the deficiency of both these activities.
Interestingly, it was found that in the absence of RNase II, the levels of about 30% of the
E. coli mRNAs were reduced (306). This suggested that RNase II played a protective role
on certain mRNAs against other nucleases. It has been suggested that either the enzyme
removes poly(A) tails from the 3’-ends of mRNAs making them less suitable targets for
PNPase mediated degradation or perhaps the enzyme remains bound to the substrates
blocking the access of other exonucleases, especially PNPase (259,266,307-309).

RNase II expression is primarily regulated at the transcriptional level by RNase E and
PNPase mediated degradation of the rnb mRNA (279,310,311). The Gmr protein

(encoded by gmr, gene modulating RNase II, located immediately downstream of rnb)
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has been shown to regulate RNase II protein levels through some unidentified

mechanism (312).

Ribonuclease R

RNase R [encoded by rnr (formerly vacB), 94.9 min] was originally identified
based on its requirement for virulence in Shigella flexneri and E. coli, and its 3" — 5
exonucleolytic activity in strains lacking RNase II (7,8,274,313). RNase R was found to
account for the residual activity against poly(A) and poly(U) substrates as well as
rRNAs. RNase R is a processive enzyme and it can degrade a variety of RNA substrates,
including those containing extensive secondary structures, in a reaction requiring both
monovalent and divalent cations (297). The ability to process through highly structured
RNA without the help of any helicases makes RNase R unique in E. coli. The enzyme
requires a single-stranded stretch of 7 — 10 nucleotides to bind and initiate degradation,
whereupon it can essentially digest rRNAs and tRNAs to completion in a highly
processive manner, generating oligonucleotides 2 — 3 nucleotides in length, which are
subsequently degraded by Oligoribonuclease (314). To this end, RNase R has been
shown to work in tandem with poly(A) polymerase I; even if a particular RNA target
does not contain sufficient residues at the 3’-end, since addition of a short poly(A) tail
would allow RNase R to bind and degrade the RNA substrate (315). As such, RNase R
plays a critical role in recycling of defective tRNAs and rRNAs, ensuring RNA quality
control. In fact, RNase R, along with YbeY, has been suggested to play a crucial role in

degradation of defective 70S ribosomes (235). Besides stable RNAs, RNase R has also
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been shown to be involved in degradation of mRNA substrates with secondary
structures such as those containing REP (repetitive extragenic palindromic) elements
and those tagged by the SmpB/tmRNA mediated trans-translation system for
degradation, which allows recovery of stalled ribosomes (315-317). Furthermore, in the
absence of RNase R, the SstA/tmRNA complex itself is not properly processed, leading
to defects in trans-translation (318,319).

In E. coli, RNase R mutants are viable and in fact show little to no growth phenotype.
However, as mentioned previously, cells deficient in RNase R and PNPase are inviable
(274,276). In these strains, fragments of 16S and 23S rRNAs accumulate to high levels,
defects are observed in ribosome assembly and the overall level of mature ribosomes is
reduced dramatically. Whether these fragments are generated through aberrant
transcription or because of defects in the ribosome assembly is not known (276). RNase
R levels have been shown to increase during stress conditions such as cold shock,
starvation and stationary phase (312,320-322). This increase has been attributed to
increased stabilization of the RNase R protein, mediated by the global regulators RpoS
and (p)ppGpp, and to differential modification of the RNase R protein in these

conditions (323-325). However, the need for higher RNase R levels is not understood.

Ribonuclease T
RNase T (encoded by rnt, 37.2 min) is one of several 3’ — 5" exoribonucleases in
E. coli (7,8,326). It is unique in its ability to cleave close to double-stranded secondary

structure right up to the base of the stem. Consequently, RNase T is involved in the 3’-
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end maturation of tRNA precursors and other stable RNAs such as M1 RNA, 4.55 RNA,
tmRNA, and 55 and 23S rRNAs (299,301,326-330). In fact, it is essential for the proper 3'-
maturation of the 55 and 23S rRNA transcripts (329,330). While the enzyme has been
shown to act on single-stranded DNA in vitro, such activity has not been characterized in
vivo (331,332). The functional unit of the enzyme is a homodimer which requires
divalent metal cations like Mg?* or Mn?* (333,334). RNase T has been shown to act on
substrates as small as dinucleotides, however, the cleavage efficiency on substrates
shorter than hexamers is poor (335). The enzyme works in a distributive manner,
releasing after each catalytic event (335).

The enzyme is severely inhibited by 3’-terminal cytosine residues because of
conformational changes at the active site explaining the reason why the enzyme can only
remove the terminal AMP residue of a tRNA-CCA substrate (326,336,337). RNase T
along with RNase PH has also been suggested to block the indiscriminate addition of
poly(A) tails by poly(A) polymerase I (PAP I) to mature tRNA transcripts, which would
render them non-functional (338). Over-expression of RNase T was shown to suppress
the toxicity associated with increased levels of PAP I (339). While RNase T plays an
important role in RNA metabolism in E. colj, it is not distributed widely among bacterial

species (246).

Ribonuclease PH
RNase PH was originally identified as an exonucleolytic activity involved in

maturation of pre-tRNAs using extracts of strains lacking several other known
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exoribonucleases, in a reaction dependent on inorganic phosphate (Pi) (340,341). RNase
PH (encoded by rph, 82.2 min) is structurally and catalytically related to PNPase in that
both enzymes drive phosphorolytic cleavages using Pi as the nucleophile, generating
nucleoside diphosphates as the reaction product (7,8,342,343). Furthermore, both
enzymes have been found to assemble in to large hexameric rings involving a trimer of
dimers (249,344-346). Also, as with PNPase, RNase PH has been shown to act
biosynthetically too, adding nucleoside diphosphates to the 3’-end of RNA substrates
(347). However, this activity has yet to be shown in vivo. Despite their similarity, their
preferred substrates differ considerably. While PNPase is typically involved in mRNA
degradation, RNase PH preferentially cleaves tRNA precursors, in the presence Mg?,
although Mn? and Co? have also been shown to work (341,342). RNase PH prefers
tRNA precursors with a few extra nucleotides after the CCA motif and is highly
inhibited by tRNA-CCA and tRNA-CC substrates (342). In that regard RNase PH closely
resembles RNase T. However, unlike RNase T, RNase PH is not always able to cleave
right up to the base of a double-stranded stem. This observation is based on the fact the
RNase PH was not able to completely process 55 and 23S rRNAs to their mature 3'-
termini (329,330). Nevertheless, it has been shown to act at the 3’-end of other small
stable RNAs such as 4.55 RNA and tmRNA in E. coli and their equivalents in other
organisms (301,348,349). Recently RNase PH has also been implicated in ribosomal RNA
degradation during starvation and its ability to degrade through some secondary

structure has been established (350,351).

20



Although RNase PH is not essential in E. coli, certain tRNA precursors
accumulate in rph mutants. This effect is exacerbated in multiple exoribonuclease
mutants (352). RNase PH like nucleases are widely distributed across bacteria, archaea
and eukaryotes; in organisms lacking RNase T, homologues of RNase PH assume
additional responsibility (348,353,354). The complete nature of enzymes responsible for
3’-end processing of stable RNAs is not known in organisms lacking RNase PH
homologs such as Mycoplasma, Spirochetes, Chlamydia, Helicobacter pylori, Methanococcus
jannashii and Halobacterium NRC-1 (246). Surprisingly, commonly used E. coli K-12 lab
strains such as MG1655 and W3110 have a single nucleotide deletion in the rph gene,

resulting in a frameshift which generates a shortened peptide with null activity (355).

Ribonuclease D

E. coli RNase D (encoded by rnd, 40.6 min) is a divalent cation dependent
(preferably Mg?* although Mn?* and Co?** have been shown to work) 3’ — 5 hydrolytic
exoribonuclease (7,8,356-359). RNase D belongs to a protein superfamily which includes
both DNA and RNA exonucleases (246). Its homologs have been found in very few
bacteria, such as Proteobacteria and Mycobacteria, but in almost all eukaryotes (246). In E.
coli, RNase D is highly specific for tRNA molecules and a few other stable RNAs
(301,360,361). It prefers tRNA precursors with some extra nucleotides following the —
CCA motif or tRNAs with damaged 3’-ends (328,358). While its activity on tRNA

precursors suggests a distributive mode of action, its ring-shaped architecture, discerned
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from a crystal structure, suggests a more processive mechanism (358,362). Its activity is
highly inhibited by RNA secondary structure.

RNase D mutants show no phenotypic or growth defects and is only essential in
mutants lacking other exoribonucleases such as RNases II, BN, T and PH (363,364). In
this scenario, RNase D was able to complement the other exonucleases by processing
tRNAs and other stable RNAs such as 4.55 RNA and tmRNA, albeit to a small extent
(299,300). In E. coli, RNase D expression is regulated at the translational level by several
mechanisms such as the use of UUG as the translation initiation codon, the presence of a
transcription terminator like stem-loop structure and a stretch of eight uridine residues
between the promoter sequence and initiation codon that affect ribosome binding to the
rnd message as well as the usage of several rare codons in its peptide sequence (365-367).
However, the implications of this extensive regulation and its primary role in E. coli

have yet to be determined.

Ribonuclease BN

As mentioned above, RNase Z has also been demonstrated to act as a 3’ — 5’
exoribonuclease. This activity of RNase BN was originally identified based on its ability
to remove the terminal nucleotide from the 3" end of a synthetic tRNA substrate (204).
Subsequently, it was demonstrated the RNase BN was sufficient to sustain strains
lacking the other exoribonucleases, RNases T, PH, II and D (300,364). This suggested
significant functional overlap between the various exonucleases. The gene encoding

RNase BN was identified to be the same gene encoding the previously discovered

22



RNase Z (205,207). Recent work studying the in vivo role of RNase Z/BN suggests that
although the enzyme primarily acts as an endoribonuclease, it can act as a weak

exoribonuclease in the absence of other dominant exoribonucleases (202,208-210,368).

Oligoribonuclease

Oligoribonuclease (Orn), encoded by orn, mapping at 94.6 min, is a 3’ — 5
hydrolytic exoribonuclease, unique in its ability to degrade short RNA oligonucleotides
down to mononucleotides (7,8,369-372). RNA fragments 2 — 5 nucleotides in length are
generated from degradation mediated by PNPase, RNase II and RNase R because of
their inability to bind to such short substrates (373). In the absence of Orn, these
fragments accumulate and are considered deleterious because of their ability to
hybridize to transcription initiation bubbles and inhibit transcription (373-375). Orn
assembles as a homodimer and mediates its cleavage using Mn?" cation, although Mg?*
has been shown to work with reduced efficiency (369,376). The enzyme is highly
processive in its activity, with higher affinity for 5-mer oligoribonucleotides than smaller
substrates, although the reaction rate decreases with the increasing chain length (370).
The enzyme requires a free 3’ -OH end, but is not sensitive to the phosphorylation state
of the 5'-terminus. While homologs of Orn have been found in several bacteria, such as
Proteobacteria and Actinomycetes, all eukaryotic genomes and even in a member of
Entomopoxvirinae subfamily (Diachasmimorpha longicaudata entomopoxvirus DIEPV), they
are absent in many bacterial clades and in all archaea, suggesting that other proteins can

perform the role of Orn in these organisms (246,377,378). For example, in B. subtilis, the
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combination of RNase J1 (5% — 3’exoribonuclease)) NrnA and NrnB
(phosphodiesterases) is believed to perform the function of Orn (379-382). NrnC, a
functional homolog of Orn with some sequence similarity to RNase D, has been
identified in several Alphaproteobacteria and Cyanobacteria (383). Furthermore, while Orn
is the only exonuclease essential in E. coli, its homologs in some other bacteria, such as
Pseudomonas and  Streptomyces can be deleted, suggesting redundancy in

oligoribonuclease activity (373,375,378,384,385).

Other Enzymes Involved In RNA Metabolism
Poly(A) polymerase 1

Poly(A) polymerase I (PAP I, encoded by pcnB, 3.4 min) is the primary
polyadenylation enzyme in E. coli, referring to the universal process of untemplated
addition of adenylate residues at the 3’-ends of RNA molecules (7,8,386,387).
Polyadenylation was first discovered in bacteria in the early 1960’s and the E. coli
poly(A) polymerase was the first such enzyme identified and purified (388-391). In
eukaryotes, poly(A) tails are primarily involved in transcription termination and in
protecting messenger transcripts from degradation by exoribonucleases. In contrast,
polyadenylation in prokaryotes has been shown to destabilize transcripts and target the
RNA substrates for degradation (30,392-398). PAP I, in collaboration with the endo- and
exo-ribonucleases, has been shown to have a role in the decay of important mRNAs such
as Ipp, trpA, rpsO, crp, rho, and lacZ (396,399-408). The absence of PAP I leads to

stabilization of the mRNAs and also the decay intermediates generated through
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endonucleolytic cleavages (398,402,409-414). Furthermore, it has been observed that
although secondary structures such as stem-loops inhibit PNPase/RNase II-mediated
exonucleolytic degradation, repeated switching between polyadenylation and
nucleolytic activities of PAP I and PNPase/RNase II, respectively, allows the degradation
of stable structures present at 3’-ends of primary transcripts and their decay
intermediates (259,293,415-417). It has also been proposed that PAP I and the
exoribonucleases continuously compete for the available 3’-ends of mRNA molecules,
thus regulating the overall level of polyadenylation in the cell, as well as the typical
length of the poly(A) tails (415).

In wild type cells, polyadenylation is a very common phenomenon (>90% of the
ORF’s in E. coli are polyadenylated to some extent) and the tails are usually 5 — 40
nucleotides in length (401,418,419). Although originally thought to be limited to
mRNAs, polyadenylation has now been detected on almost all RNA species including
rRNAs, tRNAs and sRNAs. While the polyadenylation of the stable rRNA and tRNA
substrates is believed to be a quality control mechanism to assist in degradation of
immature and defective molecules, polyadenylation-mediated control of different sSRNA
levels is an important and integral mechanism for regulating gene expression of their
targets (12,30,34,36,182,257,261,272,418,420-425).

Despite its broad substrate specificity, PAP I levels are fairly low (only ~40
molecules of PAP I are estimated per cell in E. coli) (257,401). This level is kept low
through a combination of factors including low level of transcription from the promoter,

presence of a weak non-canonical translation initiation codon (AUU), degradation of the
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penB message by PNPase and growth stage dependent regulation (401,418,426-428).
Over-expression of PAP 1 resulted in several hundred fold higher level of
polyadenylation, longer poly(A) tails, rapid cell death and lethality (418). This toxicity
was proposed to be associated with significant polyadenylation of 23S rRNA in strains
over-expressing PAP I, targeting it for degradation. However, recent work has
demonstrated that over-expression of PAP I leads to indiscriminate polyadenylation of
tRNAs, which are typically highly stable molecules and poor substrates for
polyadenylation, making them unavailable for aminoacylation. Consequently, there is a
dramatic reduction in the fraction of aminoacylated tRNAs available for protein
synthesis, resulting in cell death (338,339). This effect was highly magnified in the strains

lacking various exoribonucleases involved in tRNA processing.

RppH

For a long time it was presumed that endonucleolytic cleavages were the initial
and rate limiting step in mRNA degradation (14,106,429). However, it was also known
that RNase E activity is 5-termini dependent, and is greatly enhanced on 5'-
monophosphorylated substrates compared to triphosphorylated ones (88,430,431).
Subsequently, RppH (RNA pyrophosphohydrolase) was discovered as the enzyme that
was responsible for removing a pyrophosphate moiety from the 5-termini of several
triphosphorylated RNA substrates in E. coli, converting them into more labile
monophosphorylated substrates, thus accelerating their decay by the 5'-end-dependent

degradation enzymes, primarily RNase E (95,432). In the absence of RppH, over 300
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transcripts were found to be stabilized in E. coli, suggesting a wide array of substrates,
although recent work by Bowden & Kushner (unpublished data) suggests that the actual
number might be considerably lower. While it was originally proposed that
pyrophosphate removal from the 5-end was the actual rate limiting step for the mRNA
decay, it has since been found to be not true (433). Instead, for certain RppH substrates,
the rate limiting step precedes the triphosphate removal. Furthermore, RppH activity is
inhibited by the presence of stem-loop structures at the 5-termini of substrates. In B.
subtilis, a requirement for at least 2 and preferably 3 or more unpaired nucleotides at the
5-end was shown for optimal RppH activity (434). The presence of another
pyrophosphate removing enzyme has also been suggested. RppH homologs have been
found in several other bacteria, suggesting that this process is widely conserved (435-
439). In eukaryotes, an equivalent process to remove the 7-methylguanylate cap (m’G)

from mRNA substrates exists (440-442).

Hfq

Hfq (encoded by hfg, 94.8 min) is a small and abundant RNA binding protein,
which was originally identified based on its requirement for the replication of the
(+)ssRNA virus QP (7,8,443). The absence of Hfq was found to result in wide ranging
pleiotropic defects such as decreased growth rate, increased cell size, osmosensitivity,
and increased sensitivity to ultraviolet light because of its requirement for translation of
the o®subunit of RNA polymerase (444-447). Its potential role in poly(A) mediated

mRNA decay was indentified when inactivation of the hfg gene resulted in reduction of
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the length of poly(A) tails synthesized at the 3'-end of the rpsO mRNA by PAP I
(448,449). Hfq is now understood to modulate the level of poly(A) as well the length of
poly(A) tails in the cell through its physical association with PAP I and PNPase
(63,76,257). Furthermore, PAP I mediated polyadenylation of mRNAs containing Rho-
independent transcription terminators is greatly reduced in mutants lacking the Hfq
protein (257). Also, the presence of Hfq increases the processivity of the PAP I enzyme
(450,451).

Hfq has also been shown to play an important role in sSRNA processing and
decay as well as sSRNA mediated target decay, where it can promote the binding of
RNase E to RNA substrates resulting in faster degradation, or it can bind to the A/U rich
sites which would otherwise serve as RNase E cleavage sites, thus protecting a

particular substrate from RNase E mediated decay (40,48,53,452,453).

POST-TRANSCRIPTIONAL PROCESSING OF RIBOSOMAL RNA

The E. coli genome contains seven ribosomal RNA operons (rrnA, rruB, rrnC,
rrnD, rrnE, rrnG, rrnH) which encode large 30S rRNA primary transcripts (8,454). All the
operons include genes encoding 16S, 23S and 5S rRNAs as well as tRNAs. The operons
may differ in the number of 5S rRNA genes (rrnD encodes two) as well as in the number
and identity of the tRNA genes (E.g. rrnB, rrnE and rrnG each contain one glutamate
tRNA while rnC contains glutamate, aspartate and tryptophan tRNAs). The 30S
precursors must undergo post-transcriptional processing to generate the individual

mature rRNA species. It is presumed that before processing initiates, the primary
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transcript undergoes folding, modification and binding of several ribosomal proteins
(455,456).

The first step in ribosomal RNA processing involves RNase III mediated
cleavages at the stem-loops of 16S and 23S rRNAs generating pre-16S (17S), pre-23S
(255) and pre-5S (9S) precursors (457). Each of these precursors requires further
processing at both termini to generate the mature rRNA species. The pre-16S precursor
is processed by RNases E and G to generate the mature 5'-termini (17). The maturation
of the 3’-termini of 16S rRNA is not completely understood. It has been proposed that
YbeY along with RNase R and/or PNPase is responsible for the 3’-end processing
(234,235). RNase E also cleaves the 9S precursor within a few nucleotides of both the 5'-
and 3’-termini of mature 5S rRNA (1,23). RNase T is responsible for maturation of the 3’-
termini of both 5S and 23S rRNAs (329,330). The enzymatic activities responsible for 5'-

end processing of both pre-23S and pre-5S precursors are unknown (458,459).

PATHWAYS OF mRNA DECAY

While ribosomal and transfer RNAs are highly stable molecules that can function
across several generations, mRNAs are inherently unstable. Indeed, the half-lives for
most mRNAs have been determined to be between 60 — 120 seconds, although messages
with half-lives as long as 15 min have been observed (93). This metabolic instability is
integral for the post-transcriptional modulation of gene expression, facilitating
adaptability of an organism, as well as to ensure continuous recycling of ribonucleotides

(460-463). A number of factors including the primary sequence, secondary and tertiary
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structures, translational efficiency, transcriptional and translational repression, presence
of 5-triphosphate and 3’-poly(A) tail, and binding of other proteins or RNAs can
contribute to the overall stability and lifetime of an mRNA species (94-
96,106,396,398,432).

Once an mRNA molecule is designated to be degraded, a key step in the
initiation of decay is an initial endonucleolytic cleavage (Figure 1.2). In E. coli, RNase E is
the enzyme primarily responsible for the first cleavage (3,464,465). Occasionally, other
endoribonucleases such as RNase G and RNase P have been shown to catalyze the
initiating cleavage (173,202,212,466,467). Nevertheless, once cleaved, degradation
proceeds rapidly to completion, through cooperation by exoribonucleases and other
enzymes such as Poly(A) polymerase I, Hfq and RNA helicases. Depending on the
substrate, RNase E can bind and cleave the substrate in either a 5-end-dependent
manner or alternatively, using the direct entry pathway (88,99). RppH converts the 5'-
triphosphate into a monophosphate for the 5-end-dependent pathway (432). Multiple
endonucleolytic cleavages result in several short fragments which can be degraded from
the 3’-end exonucleolytically or undergo further endonucleolytic cleavages. PNPase and
RNase II are the primary exonucleases involved in the degradation of long single
stranded RNA fragments (275,468). Addition of long poly(A) tails by PAP I targets these
small fragments for degradation by PNPase and RNase II (266,306,398). RNase R can
efficiently process through any secondary structure such as stem-loops (297,315).
Additionally, repeated alternating polyadenylation by PAP I and exonucleolytic

degradation by PNPase/RNase II can also process secondary structures with some

30



efficiency (259). Most of the exonucleases in E. coli cannot process RNA substrates down
to mononucleotides. Consequently, the resulting 2 — 5 nucleotide fragments are further

processed by Oligoribonuclease to generate mononucleotides (369,372).

PATHWAYS OF POST-TRANSCRIPTIONAL PROCESSING OF tRNAS

In E. coli, the 86 tRNA genes are often organized in polycistronic transcripts
containing genes encoding other tRNAs, rRNAs and also mRNAs (8,185). These tRNA
transcripts are almost always synthesized with 5-leader and 3’-trailer sequences, which
must be removed post-transcriptionally to convert the primary transcripts into mature
and functional tRNAs (469,470). While the 5'-processing activity was identified as RNase
P and studied in great detail (471), the processing of the 3’-termini was more difficult to
identify because of the role of endonucleolytic activity as well as multiple exonucleases
(299-301,328,364,472,473).

In the first set of analyses of processing of polycistronic transcripts, RNase E was
identified as an important endoribonuclease contributing to the initial processing of
multimeric tRNA transcripts (10,11). Consequently, a model for tRNA maturation was
proposed (Figure 1.3) wherein RNase E cleavages in the intergenic regions between
tRNAs serve to separate the individual precursors as well as remove any Rho-
independent transcription terminators. These pre-tRNAs are then processed at the 5'-
end by RNase P and at the 3’-termini by a combination of exoribonucleases including
RNase T, RNase PH, RNase II, RNase D, PNPase and RNase BN (11). The specific

enzyme(s) involved are believed to depend on the length of the 3’-trailer remaining. For
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long trailer sequences, PNPase and RNase II initially remove several nucleotides
releasing precursors with short 3’-trailer sequences, which are then processed primarily
by RNase T and RNase PH. On the other hand, RNase T and RNase PH can efficiently
remove any short 3'-trailers directly. Furthermore, RNase E was proposed to be
responsible for processing and separation of all the polycistronic tRNA precursors
(10,11).

Recently, another pathway which involves direct RNase P cleavages at the
mature 5'-termini of the different tRNAs in a polycistronic transcript was discovered for
certain transcripts (474). This model (Figure 1.4) eliminates the requirement for RNase E
activity to first separate the tRNAs into their individual precursors. Subsequently,
variants of this model were identified which differ in the removal of the Rho-
independent transcription terminator and the 3’-termini processing (12,261). Overall, it
is now understood that the pathways for processing of tRNA precursors are highly
diverse.

RNase P has been historically considered as essential because of its irreplaceable
role in the 5’-end maturation of all tRNA precursors. However, based on the RNase P
model of tRNA processing (Figure 1.4), we hypothesized that RNase P could instead be
essential because of its role in the 5-end maturation of a specific tRNA, rather a general
involvement in the processing of all tRNA precursors. We proposed a scenario wherein
the absence of RNase P results in incomplete processing of all copies of a tRNA,
resulting in severe shortage of the mature and functional form of that tRNA.

Consequently, protein synthesis would be slowly shutdown, ultimately leading to cell

32



death. In such a situation, ectopic synthesis of a mature form of that tRNA would bypass
the requirement for RNase P, making it no longer an essential activity. To prove our
hypothesis, we conducted thorough sequence analysis of all tRNA genes in E. coli and
concluded that valine tRNA was the most likely candidate for which all the transcripts
encoding tRNA"¥ required RNase P mediated processing. We studied the processing of
two polycistronic operons containing five valine tRNAs and identified a novel tRNA
processing pathway involving RNase P. This work is presented in Chapter 2.
Polyadenylation was traditionally assumed to be an activity limited to mRNAs
and aberrant RNA transcripts. The long and largely unstructured poly(A) tails added to
the 3’-ends of target substrates allow better binding of the 3° — 5 exonucleases
including RNase II, PNPase, and RNase R. This ensures efficient turnover of mRNA
molecules and any defective transcripts, including aberrant stable RNAs such as
ribosomal RNAs. However, recently it was demonstrated that even tRNAs and other
stable RNAs that are not defective are actually polyadenylated frequently. This
observation was suggested to constitute a novel regulatory mechanism wherein the 3’-
end processing activities of RNases T and PH continuously compete with the
polyadenylation activity of PAP I to ensure rapid processing of the 3’-ends of those RNA
precursors. In a fortuitous discovery, we found that inactivation of PAP I suppresses the
conditional lethality associated with the inactivation of RNase P temperature sensitive
mutants. Aside from over-expression of catalytically active M1 RNA, this constitutes the
first evidence of extragenic suppression of an RNase P mutant. While RNase P is

primarily involved in processing events at the 5 termini, polyadenylation would only
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occur at 3’-termini of any RNA substrate. Therefore the observation that a mutant strain
deficient in RNase P and PAP I survived at the non-permissive temperature was very
intriguing. We decided to study the possible interaction between RNase P and PAP I
activities. This work also led us to explore the biological significance of RNase P and the
niceties of tRNA charging pathways. We identified several novel features of RNase P
processing of tRNA precursors, tRNA aminoacylation, and PAP I-mediated regulation
of cellular exoribonuclease levels. This work is presented in Chapter 3.

Overall, my research has focused on acquiring a better understanding of the
mechanisms and participants of post-transcriptional events in the model bacterium
Escherichia coli. We have identified several new features of processing of tRNAs from
their primary transcripts. Next, we discovered the first instance of extragenic
complementation of an RNase P mutant. Our work also provides better understanding
of tRNA aminoacylation pathways. In summary, our work provides important insights

into the physiological roles of RNase P and Poly(A) polymerase I.
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Figure 1.2: Pathways of mRNA decay in Escherichia coli

5'-PPP 3'-OH

5’-P/_\/\j3"-DH RNase E cleavage(s)
5"'[PP]P/—(}&)\/(}‘L\S?3’—OH

5-(PP)P~~ \__—30H 5-P~7 \_—3-0H &P 3'-OH

.
PNPase, RNaM w\R
//
i PAPI =
5J'[PP}P/‘_\/— 3’_DH’ 5P 3"—0H®

5-P~" "\ AAAAAAAAAA-3-OH

PNPase g
V

ol N
T5mers — — + ’V/\\ff\/

PAP I/ PNPase, RNase I1

.r"/
g
<

Oligoribonuclease
\ el

'\\\
\ Oligoribonuclease

\ii.'

- : - : = Mononucdleotides

36



Figure 1.3: RNase E-dependent model of tRNA processing
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Figure 1.4: RNase P-dependent model of tRNA processing

5 — wvalV >uccu| valW >— 3’

RNase P

5’ valV >UCCU, valW >— 3
RNase T
RNase PH

RNase I, RNase BN

vall” » valW >

38



REFERENCES

1. Ghora, B.K. and Apirion, D. (1978) Structural analysis and in vitro processing to
p5 rRNA of a 95 RNA molecule isolated from an rne mutant of E. coli. Cell, 15, 1055-1066.

2. Apirion, D. and Lasser, A.B. (1978) A conditional lethal mutant of Escherichia coli
which affects the processing of ribosomal RNA. J. Biol. Chem., 253, 1738-1742.

3. Ono, M. and Kuwano, M. (1979) A conditional lethal mutation in an Escherichia
coli strain with a longer chemical lifetime of mRNA. J. Mol. Biol., 129, 343-357.

4. Kuwano, M., Ono, M., Endo, H., Hori, K., Nakamura, K., Hirota, Y. and Ohnishi,
Y. (1977) Gene affecting longevity of messenger RNA: a mutant of Escherichia coli with
altered mRNA stability. Mol. Gen. Genet., 154, 279-285.

5. Claverie-Martin, F., Diaz-Torres, M.R., Yancey, S.D. and Kushner, S.R. (1991)
Analysis of the altered mRNA stability (ams) gene from Escherichia coli: nucleotide
sequence, transcription analysis, and homology of its product to MRP3, a mitochondrial
ribosomal protein from Neurospora crassa. ]. Biol. Chem., 266, 2843-2851.

6. Babitzke, P. and Kushner, S.R. (1991) The Ams (altered mRNA stability) protein
and ribonuclease E are encoded by the same structural gene of Escherichia coli. Proc. Nat.
Acad. Sci. U. S. A., 88, 1-5.

7. Rudd, K.E. (1998) Linkage map of Escherichia coli K-12, Edition 10: the physical
map. Microbiology and molecular biology reviews : MMBR, 62, 985-1019.

8. Blattner, F.R., Plunkett III, G., Bloch, C.A., Perna, N.T., Burland, V., Riley, M.,
Collado-Vides, J., Glasner, ]J.D., Rode, C.K., Mayhew, G.F. et al. (1997) The complete
sequence of Escherichia coli K-12. Science, 277, 1453-1474.

9. Casarégola, S., Jacq, A., Laoudj, D., McGurk, G., Margarson, S., Tempéte, M.,
Norris, V. and Holland, I.B. (1992) Cloning and analysis of the entire Escherichia coli ams
gene. ams is identical to hmp-1 and encodes a 114 kDA protein that migrates as a 180 kDa
protein. J. Mol. Biol., 228, 30-40.

10. Ow, M.C. and Kushner, S.R. (2002) Initiation of tRNA maturation by RNase E is
essential for cell viability in Escherichia coli. Gene. Dev., 16, 1102-1115.

39



11. Li, Z. and Deutscher, M.P. (2002) RNase E plays an essential role in the
maturation of Escherichia coli tRNA precursors. RNA, 8, 97-109.

12. Mohanty, B.K. and Kushner, S.R. (2008) Rho-independent transcription
terminators inhibit RNase P processing of the secG leull and metT tRNA polycistronic
transcripts in Escherichia coli. Nucleic Acids Res., 36, 364-375.

13. Soderbom, F., Svard, S.G. and Kirsebom, L.A. (2005) RNase E cleavage in the 5'
leader of a tRNA precursor. ]. Mol. Biol., 352, 22-27.

14. Deutscher, M.P. (2006) Degradation of RNA in bacteria: comparison of mRNA
and stable RNA. Nucleic Acids Res., 34, 659-666.

15. Ray, B.K. and Apirion, D. (1981) Transfer RNA precursors are accumulated in
Escherichia coli in the absence of RNase E. Eur. |. Biochem., 114, 517-524.

16. Li, Z., Gong, X., Joshi, V.H. and Li, M. (2005) Co-evolution of tRNA 3' trailer
sequences with 3' processing enzymes in bacteria. RNA, 11, 567-577.

17. Li, Z., Pandit, S. and Deutscher, M.P. (1999) RNase G (CafA protein) and RNase E
are both required for the 5' maturation of 16S ribosomal RNA. EMBO J., 18, 2878-2885.

18. Gegenheimer, P.,, Watson, N. and Apirion, D. (1977) Multiple pathways for
primary processing of ribosomal RNA in Escherichia coli. ]. Biol. Chem., 252, 3064-3073.

19. Misra, T.K. and Apirion, D. (1979) RNase E, an RNA processing enzyme from
Escherichia coli. |. Biol. Chem., 254, 11154-11159.

20. Wachi, M., Umitsuki, G. and Nagai, K. (1997) Functional relationship between
Escherichia coli RNase E and the CafA protein. Mol. Gen. Genet., 253, 515-519.

21. Srivastava, A.K. and Schlessinger, D. (1989) Processing pathway of Escherichia coli
16S precursor rRNA. Nucleic Acids Res., 17, 1649-1663.

40



22. Roy, M.K,, Singh, B., Ray, B.K. and Apirion, D. (1983) Maturation of 55 rRNA:
Ribonuclease E cleavages and their dependence on precursor sequences. Eur. J. Biochem.,
131, 119-127.

23. Ghora, B.K. and Apirion, D. (1979) Identification of a novel RNA molecule in a
new RNA processing mutant of Escherichia coli which contains 5 S rRNA sequences. J.
Biol. Chem., 254, 1951-1956.

24, Bessarab, D.A., Kaberdin, V.R., Wei, C.L., Liou, G.G. and Lin-Chao, S. (1998)
RNA components of Escherichia coli degradosome: evidence for rRNA decay. Proc. Natl.
Acad. Sci. U. S. A., 95, 3157-3161.

25. Lin-Chao, S., Wei, C.L. and Lin, Y.T. (1999) RNase E is required for the
maturation of ssrA RNA and normal ssrA RNA peptide-tagging activity. Proc. Natl. Acad.
Sci. U. S. A., 96, 12406-12411.

26. Lundberg, U. and Altman, S. (1995) Processing of the precursor to the catalytic
RNA subunit of RNase P from Escherichia coli. RNA, 1, 327-334.

27. Lin-Chao, S. and Cohen, S. (1991) The rate of processing and degradation of
antisense RNA I regulates the replication of ColE1-type plasmids in vivo. Cell, 65, 1233-
1242.

28. Lin-Chao, S., Wong, T.-T., McDowall, K.J. and Cohen, S.N. (1994) Effects of
nucleotide sequence on the specificity of rne-dependent and RNase E-mediated
cleavages of RNA I encoded by the pBR322 plasmid. J. Biol. Chem., 269, 10797-10803.

29. Sim, S., Semi, K. and Lee, Y. (2001) Role of the sequence of the rne-dependent site
in 3' processing of M1 RNA, the catalytic component of Escherichia coli RNase P. FEBS
Lett., 505, 291-295.

30. Xu, F., Lin-Chao, S. and Cohen, S.N. (1993) The Escherichia coli pcnB gene
promotes adenylylation of antisense RNAI of ColEl-type plasmids in vivo and
degradation of RNAI decay intermediates. Proc. Nat. Acad. Sci. U. S. A., 90, 6756-6760.

31. Tomcsanyi, T. and Apirion, D. (1985) Processing enzyme ribonuclease E
specifically cleaves RNA I, an inhibitor of primer formation in plasmid DNA synthesis.
J. Mol. Biol., 185, 713-720.

41



32. Mudd, E.A., Prentki, P., Belin, D. and Krisch, H.M. (1988) Processing of unstable
bacteriophage T4 gene 32 mRNAs into a stable species requires Escherichia coli
ribonuclease E. EMBO ]., 7, 3601-3607.

33. Soderbom, F., Binnie, U., Masters, M. and Wagner, E.G.H. (1997) Regulation of
plasmid R1 replication: PcnB and RNase E expedite the decay of the antisense RNA,
CopA. Mol. Microbiol., 26, 493-504.

34. Soderbom, F. and Wagner, E.G. (1998) Degradation pathway of CopA, the
antisense RNA that controls replication of plasmid R1. Microbiology+, 144 ( Pt 7), 1907-
1917.

35. Jerome, LJ., van Biesen, T. and Frost, L.S. (1999) Degradation of FinP antisense
RNA from F-like plasmids: the RNA-binding protein, FinO, protects FinP from
ribonuclease E. |. Mol. Biol., 285, 1457-1473.

36. Dam Mikkelsen, N. and Gerdes, K. (1997) Sok antisense RNA from plasmid R1 is
functionally inactivated by RNase E and polyadenylated by poly(A) polymerase 1. Mol.
Microbiol., 26, 311-320.

37. Franch, T. Gultyaev, A.P. and Gerdes, K. (1997) Programmed cell death by
hok/sok of plasmid R1: processing at the hok mRNA 3'-end triggers structural
rearrangements that allow translation and antisense RNA binding. . Mol. Biol., 273, 38-
51.

38. Masse, E. and Gottesman, S. (2002) A small RNA regulates the expression of
genes involved in iron metabolism in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A., 99,
4620-4625.

39. Masse, R., Escorcia, F.E. and Gottesman, S. (2003) Coupled degradation of a small
regulatory RNA and its mRNA targets in Escherichia coli. Gene. Dev., 17, 2374-2383.

40. Zhang, A., Wassarman, K.M., Rosenow, C. Tjaden, B.C., Storz, G. and
Gottesman, S. (2003) Global analysis of small RNA and mRNA targets of Hfq. Mol.
Microbiol., 50, 1111-1124.

42



41. Papenfort, K., Said, N., Welsink, T., Lucchini, S., Hinton, J.C. and Vogel, J. (2009)
Specific and pleiotropic patterns of mRNA regulation by ArcZ, a conserved, Hfg-
dependent small RNA. Mol. Microbiol., 74, 139-158.

42, Desnoyers, G., Morissette, A., Prevost, K. and Masse, E. (2009) Small RNA-
induced differential degradation of the polycistronic mRNA iscRSUA. EMBO J., 28, 1551-
1561.

43. Andersen, ]., Forst, S.A., Zhao, K., Inouye, M. and Delihas, N. (1989) The function
of micF RNA. micF RNA is a major factor in the thermal regulation of OmpF protein in
Escherichia coli. ]. Biol. Chem., 264, 17961-17970.

44, Kimata, K., Tanaka, Y., Inada, T. and Aiba, H. (2001) Expression of the glucose
transporter gene, ptsG, is regulated at the mRNA degradation step in response to
glycolytic flux in Escherichia coli. EMBO ]., 20, 3587-3595.

45. Aiba, H. (2007) Mechanism of RNA silencing by Hfg-binding small RNAs. Curr.
Opin. Microbiol., 10, 134-139.

46. Guillier, M. and Gottesman, S. (2008) The 5' end of two redundant sRNAs is
involved in the regulation of multiple targets, including their own regulator. Nucleic
Acids Res., 36, 6781-6794.

47. Kawamoto, H., Morita, T., Shimizu, M., Inada, T. and Aiba, H. (2005) Implication
of membrane localization of target mRNA in the action of a small RNA: mechanism of
post-transcriptional regulation of glucose transporter in Escherichia coli. Gene. Dev., 19,
328-338.

48. Moll, I, Afonyuskhin, T., Vytvytska, O., Kaberdin, V.R. and Blasi, U. (2003)
Coincident Hfq binding and RNase E cleavage sites on mRNA and small regulator
RNAs. RNA, 9, 1308-1314.

49, Schmidt, M. and Delihas, N. (1995) micF RNA is a substrate for RNase E. FEMS
Microbiol. Lett., 133, 209-213.

50. Morita, M.T., Tanaka, Y., Kodama, T.S., Kyogoku, Y., Yanagi, H. and Yura, T.
(1999) Translational induction of heat shock transcription factor o32: evidence for a
built-in RNA thermosensor. Gene. Dev., 13, 655-665.

43



51. Morita, T., El-Kazzaz, W., Tanaka, Y., Inada, T. and Aiba, H. (2003) Accumulation
of glucose 6-phosphate or fructose 6-phosphate is responsible for destabilization of
glucose transporter mRNA in Escherichia coli. ]. Biol. Chem., 278, 15608-15614.

52. Morita, T., Kawamoto, H., Mizota, T., Inada, T. and Aiba, H. (2004) Enolase in the
RNA degradosome plays a crucial role in the rapid decay of glucose transporter mRNA
in the response to phosphosugar stress in Escherichia coli. Mol. Microbiol., 54, 1063-1075.

53. Morita, T., Maki, K. and Aiba, H. (2005) RNase E-based ribonucleoprotein
complexes: mechanical basis of mRNA destabilization mediated by bacterial noncoding
RNAs. Gene. Dev., 19, 2176-2186.

54. Morita, T., Maki, K., Yagi, M. and Aiba, H. (2008) Analyses of mRNA
destabilization and translational inhibition mediated by Hfg-binding small RNAs.
Methods Enzymol., 447, 359-378.

55. Morita, T., Mochizuki, Y. and Aiba, H. (2006) Translational repression is
sufficient for gene silencing by bacterial small noncoding RNAs in the absence of mRNA
destruction. Proc. Natl. Acad. Sci. U. S. A., 103, 4858-4863.

56. Vanderpool, C.K. and Gottesman, S. (2004) Involvement of a novel
transcriptional activator and small RNA in post-transcriptional regulation of the glucose
phosphoenolpyruvate phosphotransferase system. Mol. Microbiol., 54, 1076-1089.

57. Morita, T. and Aiba, H. (2011) RNase E action at a distance: degradation of target
mRNAs mediated by an Hfg-binding small RNA in bacteria. Gene. Dev., 25, 294-298.

58. Causton, H., B,, P, McLaren, R.S. and Higgins, C.F. (1994) mRNA degradation in
Escherichia coli: a novel factor which impedes the exoribonucleolytic activity of PNPase at
stem-loop structures. Mol. Microbiol., 14, 731-741.

59. Py, B., Causton, H., Mudd, E.A. and Higgins, C.F. (1994) A protein complex
mediating mRNA degradation in Escherichia coli. Mol. Microbiol., 14, 717-729.

60. Carpousis, A.]., Luisi, B.F. and McDowall, K.J. (2009) Endonucleolytic initiation
of mRNA decay in Escherichia coli. Prog. Mol. Biol. Transl. Sci., 85, 91-135.

44



61. Carpousis, A.J. (2007) The RNA degradosome of Escherichia coli: an mRNA-
degrading machine assembled on RNase E. Annu. Rev. Microbiol., 61, 71-87.

62. Cam, K., Rome, G., Krisch, H.M. and Bouche, J.P. (1996) RNase E processing of
essential cell division genes mRNA in Escherichia coli. Nucleic Acids Res., 24, 3065-3070.

63. Tamura, M., Lee, K., Miller, C.A., Moore, C.J., Shirako, Y., Kobayashi, M. and
Cohen, S.N. (2006) RNase E maintenance of proper FtsZ/FtsA ratio required for
nonfilamentous growth of Escherichia coli cells but not for colony-forming ability. J.
Bacteriol., 188, 5145-5152.

64. Callaghan, A.]., Marcaida, M.J., Stead, ].A., McDowall, K.J., Scott, W.G. and Luisi,
B.F. (2005) Structure of Escherichia coli RNase E catalytic domain and implications for
RNA turnover. Nature, 437, 1187-1191.

65. Koslover, D.J., Callaghan, A.]., Marcaida, M.]., Garman, E.F., Martick, M., Scott,
W.G. and Luisi, B.F. (2008) The crystal structure of the Escherichia coli RNase E
apoprotein and a mechanism for RNA degradation. Structure, 16, 1238-1244.

66. Callaghan, A.J., Aurikko, J.P., Ilag, L.L., Grossman, J.G., Chandran, V., Kuhnel,
K., Poljak, L., Carpousis, A.]., Robinson, C.V., Symmons, M.F. et al. (2004) Studies on the
RNA degradosome-organizing domain of the Escherichia coli ribonuclease RNase E. J.
Mol. Biol., 340, 965-979.

67. Carpousis, A.J. (2002) The Escherichia coli RNA degradosome: structure, function
and relationship in other ribonucleolytic multienzyme complexes. Biochem. Soc. Trans.,
30, 150-155.

68. Carpousis, A.J., Van Houwe, G., Ehretsmann, C. and Krisch, HM. (1994)
Copurification of E. coli RNAase E and PNPase: Evidence for a specific association
between two enzymes important in RNA processing and degradation. Cell, 76, 889-900.

69. Py, B., Higgins, C.F., Krisch, H.M. and Carpousis, A.J. (1996) A DEAD-box RNA
helicase in the Escherichia coli RNA degradosome. Nature, 381, 169-172.

70. Miczak, A., Kaberdin, V.R., Wei, C.L. and Lin-Chao, S. (1996) Proteins associated
with RNase E in a multicomponent ribonucleolytic complex. Proc. Natl. Acad. Sci. U. S.
A., 93, 3865-3869.

45



71. Liou, G.-G., Jane, W.-N., Cohen, S.N., Lin, N.-S. and Lin-Chao, S. (2001) RNA
degradosomes exist in vivo in Escherichia coli as multicomponent complexes associated
with the cytoplasmic membrane via the N-terminal region of ribonuclease E. Proc. Nat.
Acad. Sci. U. S. A., 98, 63-68.

72. Vanzo, N.F,, Li, Y.S,, Py, B., Blum, E., Higgins, C.F., Raynal, L.C., Krisch, H.M.
and Carpousis, A.]. (1998) Ribonuclease E organizes the protein interactions in the
Escherichia coli RNA degradosome. Gene. Dev., 12, 2770-2781.

73. Khemici, V., Poljak, L., Luisi, B.F. and Carpousis, A.J. (2008) The RNase E of
Escherichia coli is a membrane-binding protein. Mol. Microbiol., 70, 799-813.

74. Kaberdin, V.R. and Lin-Chao, S. (2009) Unraveling new roles for minor
components of the E. coli RNA degradosome. RNA Biol., 6, 402-405.

75. Prud’homme-Genereux, A., Beran, RK,, Iost, I., Ramey, C.S., Mackie, G.A. and
Simons, R.W. (2004) Physical and functional interactions among RNase E,
polynucleotide phosphorylase and the cold-shock protein, CsdA: evidence for a 'cold
shock degradosome'. Mol. Microbiol., 54, 1409-1421.

76. Raynal, L.C. and Carpousis, A.J. (1999) Poly(A) polymerase I of Escherichia coli:
Characterization of the catalytic domain, an RNA binding site and regions for the
interaction with proteins involved in mRNA degradation. Mol. Microbiol., 32, 765-775.

77. Blum, E., Py, B, Carpousis, A.]. and Higgins, C.F. (1997) Polyphosphate kinase is
a component of the Escherichia coli RNA degradosome. Mol. Microbiol., 26, 387-398.

78. Regonesi, M.E., Del Favero, M., Basilico, F., Briani, F., Benazzi, L., Tortora, P.,
Mauri, P. and Deho, G. (2006) Analysis of the Escherichia coli RNA degradosome
composition by a proteomic approach. Biochimie, 88, 151-161.

79. Callaghan, A.]., Redko, Y.U., Murphy, L.M., Grossman, J.G., Yates, D., Garman,
E., Ilag, L.L., Robinson, C.V., Symmons, M.F., McDowall, K.J. et al. (2005) "Zn-Link": a
metal sharing interface that organizes the quaternary structure and catalytic site of
endoribonuclease, RNase E. Biochemistry-US, 44, 4667-4775.

46



80. Marcaida, M.J., DePristo, M.A., Chandran, V., Carpousis, A.J. and Luisi, B.F.
(2006) The RNA degradosome: life in the fast lane of adaptive molecular evolution.
Trends Biochem. Sci., 31, 359-365.

81. Mackie, G.A. (1992) Secondary structure of the mRNA for ribosomal protein S20.
Implications for cleavage by ribonuclease E. J. Biol. Chem., 267, 1054-1061.

82. McDowall, K.J., Kaberdin, V.R., Wu, S.-W., Cohen, S.N. and Lin-Chao, S. (1995)
Site-specific RNase E cleavage of oligonucleotides and inhibition by stem-loops. Nature,
374, 287-290.

83. Kaberdin, V.R. (2003) Probing the substrate specificity of Escherichia coli RNase E
using a novel oligonucleotide-based assay. Nucleic Acids Res., 31, 4710-4716.

84. Mackie, G.A. and Genereaux, J.L. (1993) The role of RNA structure in
determining RNase E-dependent cleavage sites in the mRNA for ribosomal protein 520
in vitro. |. Mol. Biol., 234, 998-1012.

85. Folichon, M., Arluison, V., Pellegrini, O., Huntzinger, E., Regnier, P. and
Hajnsdorf, E. (2003) The poly(A) binding protein Hfq protects RNA from RNase E and
exoribonucleolytic degradation. Nucleic Acids Res., 31, 7302-7310.

86. Vogel, J. and Luisi, B.F. (2011) Hfq and its constellation of RNA. Nat. Rev.
Microbiol., 9, 578-589.

87. Mackie, G.A. (2013) RNase E: at the interface of bacterial RNA processing and
decay. Nat. Rev. Microbiol., 11, 45-57.

88. Mackie, G.A. (1998) Ribonuclease E is a 5'-end-dependent endonuclease. Nature,
395, 720-723.

89. Jiang, X. and Belasco, J.G. (2004) Catalytic activation of multimeric RNase E and
RNase G by 5-monophosphorylated RNA. Proc. Natl. Acad. Sci. U. S. A., 101, 9211-9216.

90. Jiang, X., Diwa, A. and Belasco, ].G. (2000) Regions of RNase E important for 5'-
end-dependent RNA cleavage and autoregulated synthesis. |. Bacteriol., 182, 2468-2475.

47



91. Garrey, S.M., Blech, M., Riffell, ].L., Hankins, ].S., Stickney, L.M., Diver, M., Hsu,
Y.H., Kunanithy, V. and Mackie, G.A. (2009) Substrate binding and active site residues
in RNases E and G: role of the 5'-sensor. J. Biol. Chem., 284, 31843-31850.

92. Bouvet, P. and Belasco, J.G. (1992) Control of RNase E-mediated RNA
degradation by 5' terminal base pairing in E. coli. Nature, 360, 488-491.

93. Emory, S.A., Bouvet, P. and Belasco, J.G. (1992) A 5'-terminal stem-loop structure
can stabilize mRNA in Escherichia coli. Gene. Dev., 6, 135-148.

94. Baker, K.E. and Mackie, G.A. (2003) Ectopic RNase E sites promote bypass of 5'-
end-dependent mRNA decay in Escherichia coli. Mol. Microbiol., 47, 75-88.

95. Deana, A., Celesnik, H. and Belasco, J.G. (2008) The bacterial enzyme RppH
triggers messenger RNA degradation by 5 pyrophosphate removal. Nature, 451,
doi:10.1038.

96. Joyce, S.A. and Dreyfus, M. (1998) In the absence of translation, RNase E can
bypass 5' mRNA stabilizers in Escherichia coli. ]. Mol. Biol., 282, 241-254.

97. Hammarlof, D.L. and Hughes, D. (2008) Mutants of the RNA-processing enzyme
RNase E reverse the extreme slow-growth phenotype caused by a mutant translation
factor EF-Tu. Mol. Microbiol., 70, 1194-1209.

98. Anupama, K., Leela, ].K. and Gowrishankar, J. (2011) Two pathways for RNase E
action in Escherichia coli in vivo and bypass of its essentiality in mutants defective for
Rho-dependent transcription termination. Mol. Microbiol., 82, 1330-1348.

99. Garrey, S.M. and Mackie, G.A. (2011) Roles of the 5'-phosphate sensor domain in
RNase E. Mol. Microbiol., 80, 1613-1624.

100. Miczak, A., Srivastava, R.A.K. and Apirion, D. (1991) Location of the RNA-
processing enzymes RNase III, RNase E, and RNase P. Mol. Microbiol., 5, 1801-1810.

101.  Murashko, O.N., Kaberdin, V.R. and Lin-Chao, S. (2012) Membrane binding of
Escherichia coli RNase E catalytic domain stabilizes protein structure and increases RNA
substrate affinity. Proc. Natl. Acad. Sci. U. S. A., 109, 7019-7024.

48



102.  Jasiecki, J. and Wegrzyn, G. (2005) Localization of Escherichia coli poly(A)
polymerase I in cellular membrane. Biochem. Biophys. Res. Commun., 329, 598-602.

103.  Valencia-Burton, M., Shah, A., Sutin, J., Borogovac, A., McCullough, R.M,,
Cantor, C.R., Meller, A. and Broude, N.E. (2009) Spatiotemporal patterns and

transcription kinetics of induced RNA in single bacterial cells. Proc. Natl. Acad. Sci. U. S.
A., 106, 16399-16404.

104.  Bakshi, S., Siryaporn, A., Goulian, M. and Weisshaar, ]J.C. (2012) Superresolution
imaging of ribosomes and RNA polymerase in live Escherichia coli cells. Mol. Microbiol.,
85, 21-38.

105. Browning, D.F., Grainger, D.C. and Busby, SJ. (2010) Effects of nucleoid-
associated proteins on bacterial chromosome structure and gene expression. Curr. Opin.
Microbiol., 13, 773-780.

106. Deana, A. and Belasco, ]J.G. (2005) Lost in translation: the influence of ribosomes
on bacterial mRNA decay. Gene. Dev., 19, 2526-2533.

107. Montero Llopis, P., Jackson, A.F., Sliusarenko, O., Surovtsev, 1., Heinritz, J.,
Emonet, T. and Jacobs-Wagner, C. (2010) Spatial organization of the flow of genetic
information in bacteria. Nature, 466, 77-81.

108.  Robertson, H.D., Altman, S. and Smith, ].D. (1972) Purification and properties of
a specific Escherichia coli ribonuclease which cleaves a tyrosine transfer ribonucleic acid
precursor. J. Biol. Chem., 247, 5243-5251.

109.  Stark, B.C., Kole, R., Bowman, E.J. and Altman, S. (1978) Ribonuclease P: an
enzyme with an essential RNA component. Proc. Natl. Acad. Sci. U. S. A., 75, 3717-3721.

110. Reed, R.E.,, Baer, M.F., Guerrier-Takada, C., Donis-Keller, H. and Altman, S.
(1982) Nucleotide sequence of the gene encoding the RNA subunit (M1 RNA) of
ribonuclease P from Escherichia coli. Cell, 30, 627-636.

111.  Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N. and Altman, S. (1983) The
RNA moiety of ribonuclease P is the catalytic subunit of the enzyme. Cell, 35, 849-857.

49



112.  Condon, C. and Putzer, H. (2002) The phylogenetic distribution of bacterial
ribonucleases. Nucleic Acids Res., 30, 5339-5346.

113.  Altman, S. (1989) Ribonuclease P: an enzyme with a catalytic RNA subunit. Adv.
Enzymol. Relat. Areas Mol. Biol., 62, 1-36.

114.  Gopalan, V., Vioque, A. and Altman, S. (2002) RNase P: variations and uses. J.
Biol. Chem., 277, 6759-6762.

115. Haas, E.S., Banta, A.B., Harris, J.K., Pace, N.R. and Brown, J.W. (1996) Structure
and evolution of ribonuclease P RNA in Gram-positive bacteria. Nucleic Acids Res., 24,
4775-4782.

116.  Brown, J.W. (1998) The ribonuclease P database. Nucleic Acids Res., 26, 351-352.

117.  Brown, J.W., Haas, E.S., Gilbert, D.G. and Pace, N.R. (1994) The Ribonuclease P
database. Nucleic Acids Res., 22, 3660-3662.

118. Brown, J.W., Haas, E.S., James, B.D., Hunt, D.A., Liu, ].S. and Pace, N.R. (1991)
Phylogenetic analysis and evolution of RNase P RNA in proteobacteria. J. Bacteriol., 173,
3855-3863.

119. Brown, J.W., Haas, E.S. and Pace, N.R. (1993) Characterization of ribonuclease P
RNAs from thermophilic bacteria. Nucleic Acids Res., 21, 671-679.

120.  Frank, D.N. and Pace, N.R. (1998) Ribonuclease P: unity and diversity in a tRNA
processing ribozyme. Annu. Rev. Biochem., 67, 153-180.

121.  Schon, A. (1999) Ribonuclease P: the diversity of a ubiquitous RNA processing
enzyme. FEMS Microbiol. Rev., 23, 391-406.

122. Hartmann, E. and Hartmann, R.K. (2003) The enigma of ribonuclease P
evolution. Trends Genet., 19, 561-569.

123. Randau, L., Schroder, 1. and Soll, D. (2008) Life without RNase P. Nature, 453,
120-123.

50



124.  Gesteland, R.F. (1999) The RNA World. Cold Spring Harbor Laboratory Press.

125.  Li, Y. and Altman, S. (2004) In search of RNase P RNA from microbial genomes.
RNA, 10, 1533-1540.

126. Lai, L.B.,, Vioque, A., Kirsebom, L.A. and Gopalan, V. (2010) Unexpected
diversity of RNase P, an ancient tRNA processing enzyme: challenges and prospects.
FEBS Lett., 584, 287-296.

127. Lombo, T.B. and Kaberdin, V.R. (2008) RNA processing in Agquifex aeolicus
involves RNase E/G and an RNase P-like activity. Biochem. Biophys. Res. Comm., 366, 457-
463.

128.  Altman, S. (2007) A view of RNase P. Mol. Biosyst., 3, 604-607.

129.  Altman, S., Kirsebom, L. and Talbot, S. (1993) Recent studies of ribonuclease P.
FASEB]., 7, 7-14.

130. Holzmann, J., Frank, P., Loffler, E., Bennett, K.L., Gerner, C. and Rossmanith, W.
(2008) RNase P without RNA: identification and functional reconstitution of the human
mitochondrial tRNA processing enzyme. Cell, 135, 462-474.

131.  Taschner, A., Weber, C., Buzet, A., Hartmann, R K., Hartig, A. and Rossmanith,
W. (2012) Nuclear RNase P of Trypanosoma brucei: a single protein in place of the
multicomponent RNA-protein complex. Cell Rep., 2, 19-25.

132. Walker, S.C. and Engelke, D.R. (2008) A protein-only RNase P in human
mitochondria. Cell, 135, 412-414.

133.  Gobert, A., Gutmann, B., Taschner, A., Gossringer, M., Holzmann, J., Hartmann,
R.K., Rossmanith, W. and Giege, P. (2010) A single Arabidopsis organellar protein has
RNase P activity. Nat. Struct. Mol. Biol., 17, 740-744.

134. Hall, T.A. and Brown, JW. (2002) Archaeal RNase P has multiple protein
subunits homologous to eukaryotic nuclear RNase P proteins. RNA, 8, 296-306.

51



135. van Eenennaam, H., Jarrous, N., van Venrooij W.J. and Pruijn, G.J.M. (2000)
Architecture and function of the human endonucleases RNase P and RNase MRP.
IUBMB Life, 49, 265-272.

136.  Xiao, S.H., Houser-Scott, F. and Engelke, D.R. (2001) Eukaryotic ribonuclease P:
Increased complexity to cope with the nuclear Pre-tRNA pathway. J. Cell. Physiol., 187,
11-21.

137.  Reilly, T.H. and Schmitt, M.E. (1996) The yeast, Saccharomyces cerevisiaze, RNase
P/MRP ribonucleoprotein endoribonuclease family. Mol. Biol. Rep., 22, 87-93.

138.  Chamberlain, J.R., Lee, Y., Lane, W.S. and Engelke, D.R. (1998) Purification and
characterization of the nuclear RNase P holoenzyme complex reveals extensive subunit
overlap with RNase MRP. Gene. Dev., 12, 1678-1690.

139. Reddy, R. and Shimba, S. (1996) Structural and functional similarities between
MRP and RNase P. Mol. Biol. Rep., 22, 81-85.

140. Xiao, S.H., Scott, F. Fierke, C.A. and Engelke, D.R. (2002) Eukaryotic
Ribonuclease P: A Plurality of Ribonucleoprotein Enzymes. Annu. Rev. Biochem., 71, 165-
189.

141. Hall, T.A. and Brown, J.W. (2001) The ribonuclease P family. Methods Enzymol.,
341, 56-77.

142.  Altman, S. (1971) Isolation of tyrosine tRNA precursor molecules. Nat. New Biol.,
229, 19-21.

143. Altman, S. and Smith, ].D. (1971) Tyrosine tRNA precursor molecule
polynucleotide sequence. Nat. New Biol., 233, 35-39.

144.  Steitz, T.A. and Steitz, J.A. (1993) A general two-metal-ion mechanism for
catalytic RNA. Proc. Natl. Acad. Sci. U. S. A., 90, 6498-6502.

145. Kikovska, E., Mikkelsen, N.E. and Kirsebom, L.A. (2005) The naturally trans-
acting ribozyme RNase P RNA has leadzyme properties. Nucleic Acids Res., 33, 6920-
6930.

52



146. Kurz, ].C. and Fierke, C.A. (2002) The affinity of magnesium binding sites in the
Bacillus subtilis RNase P x pre-tRNA complex is enhanced by the protein subunit.
Biochemistry-US, 41, 9545-9558.

147.  Lindell, M., Brannvall, M., Wagner, E.G. and Kirsebom, L.A. (2005) Lead(II)
cleavage analysis of RNase P RNA in vivo. RNA, 11, 1348-1354.

148. Brannvall, M., Mikkelsen, N.E. and Kirsebom, L.A. (2001) Monitoring the
structure of Escherichia coli RNase P RNA in the presence of various divalent metal ions.
Nucleic Acids Res., 29, 1426-1432.

149.  Guerrier-Takada, C., Haydock, K., Allen, L. and Altman, S. (1986) Metal ion
requirements and other aspects of the reaction catalyzed by M1 RNA, the RNA subunit
of ribonuclease P from Escherichia coli. Biochemistry-US, 25, 1509-1515.

150.  Smith, D., Burgin, A.B., Haas, E.S. and Pace, N.R. (1992) Influence of metal ions
on the ribonuclease P reaction. Distinguishing substrate binding from catalysis. J. Biol.
Chem., 267, 2429-2436.

151.  Smith, D. and Pace, N.R. (1993) Multiple magnesium ions in the ribonuclease P
reaction mechanism. Biochemistry-US, 32, 5273-5281.

152.  Kazakov, S. and Altman, S. (1991) Site-specific cleavage by metal ion cofactors
and inhibitors of M1 RNA, the catalytic subunit of RNase P from Escherichia coli. Proc.
Natl. Acad. Sci. U. S. A., 88, 9193-9197.

153. Sakano, H., Yamada, S., lkemura, T. Shimura, Y. and Ozeki, H. (1974)
Temperature sensitive mutants of Escherichia coli for tRNA synthesis. Nucleic Acids Res.,
1, 355-371.

154.  Gardiner, K.J.,, Marsh, T.L. and Pace, N.R. (1985) Ion dependence of the Bacillus
subtilis RNase P reaction. J. Biol. Chem., 260, 5415-5419.

155. Peck-Miller, K.A. and Altman, S. (1991) Kinetics of the processing of the
precursor to 4.55 RNA, a naturally occurring substrate for RNase P from Escherichia coli.
J. Mol. Biol., 221, 1-5.

53



156.  Okada, Y., Wachi, M., Hirata, A., Suzuki, K., Nagai, K. and Matsuhashi, M. (1994)
Cytoplasmic axial filaments in Escherichia coli cells: possible function in the mechanism
of chromosome segregation and cell division. J. Bacteriol., 176, 917-922.

157.  Wachi, M., Naoko, K., Umitsuki, G., Clarke, D.P. and Nagai, K. (2001) A novel
RNase G mutant that is defective in degradation of adhkE mRNA but proficient in the
processing of 16S rRNA precursor. Biochem. Biophys. Res. Comm., 289, 1301-1306.

158.  Umitsuki, G., Wachi, M., Takada, A., Hikichi, T. and Nagia, K. (2001)
Involvement of RNase G in in vivo mRNA metabolism in Escherichia coli. Genes Cells, 6,
403-410.

159.  Tock, M.R., Walsh, A.P., Carroll, G. and McDowall, K.J. (2000) The CafA protein
required for the 5'-maturation of 16 S rRNA is a 5'- end-dependent ribonuclease that has
context-dependent broad sequence specificity. J. Biol. Chem., 275, 8726-8732.

160. Jourdan, S.S. and McDowall, K.J. (2008) Sensing of 5' monophosphate by
Escherichia coli RNase G can significantly enhance association with RNA and simulate
the decay of functional mRNA transcripts in vivo. Mol. Microbiol., 67, 102-115.

161. Berlyn, M.K.B. (1998) Linkage map of Escherichia coli K-12, Edition 10: The
traditional map. Microbiology and molecular biology reviews : MMBR, 62, 814-984.

162.  Wachi, M., Doi, M., Ueda, T., Ueki, M., Tsuritani, K., Nagai, K. and Matsuhashi,
M. (1991) Sequence of the downstream flanking region of the shape-determining genes
mreBCD of Escherichia coli. Gene, 106, 135-136.

163. McDowall, K.J., Hernandez, R.G., Lin-Chao, S. and Cohen, S.N. (1993) The ams-1
and rne-3071 temperature-sensitive mutations in the ams gene are in close proximity to
each other and cause substitutions within a domain that resembles a product of the
Escherichia coli rne locus. J. Bacteriol., 175, 4245-4249.

164. Danchin, A. (2009) A phylogenetic view of bacterial ribonucleases. Prog. Mol.
Biol. Transl. Sci., 85, 1-41.

165. Commichau, F.M., Rothe, F.M., Herzberg, C., Wagner, E., Hellwig, D., Lehnik-
Habrink, M., Hammer, E., Volker, U. and Stulke, J. (2009) Novel activities of glycolytic

54



enzymes in Bacillus subtilis: interactions with essential proteins involved in mRNA
processing. Mol. Cell. Proteomics, 8, 1350-1360.

166.  Wachi, M., Umitsuki, G., Shimizu, M., Takada, A. and Nagai, K. (1999) Escherichia
coli cafA gene encodes a novel RNase, designated as RNase G, involved in processing of
the 5' end of 16S rRNA. Biochem. Biophys. Res. Comm., 259, 483-488.

167. Lee, K., Bernstein, J.A. and Cohen, S.N. (2002) RNase G complementation of rne
null mutation identified functional interrelationships with RNase E in Escherichia coli.
Mol. Microbiol.. 43, 1445-1456.

168.  Briant, D.J., Hankins, ].S., Cook, M.A. and Mackie, G.A. (2003) The quartenary
structure of RNase G from Escherichia coli. Mol. Microbiol.. 50, 1381-1390.

169.  Zajanckauskaite, A., Truncaite, L., Strazdaite-Zieliene, Z. and Nivinskas, R.
(2008) Involvement of the Escherichia coli endoribonucleases G and E in the secondary
processing of RegB-cleaved transcripts of bacteriophage T4. Virology, 375, 342-353.

170. Cairrao, F. and Arraiano, C.M. (2006) The role of endoribonucleases in the
regulation of RNase R. Biochem. Biophys. Res. Comm., 343, 731-737.

171.  Ueno, H. and Yonesaki, T. (2004) Phage-induced change in the stability of
mRNAs. Virology, 329, 134-141.

172.  Kaga, N., Umitsuki, G., Nagai, K. and Wachi, M. (2002) RNase G-dependent
degradation of the eno mRNA encoding a glycolysis enzyme enolase in Escherichia coli.
Biosci. Biotechn. and Biochem., 66, 2216-2220.

173.  Ow, M.C,, Perwez, T. and Kushner, S.R. (2003) RNase G of Escherichia coli
exhibits only limited functional overlap with its essential homologue, RNase E. Mol.
Microbiol., 49, 607-622.

174.  Calin-Jageman, I. and Nicholson, A.W. (2003) RNA structure-dependent
uncoupling of substrate recognition and cleavage by Escherichia coli ribonuclease III.
Nucleic Acids Res., 31, 2381-2392.

55



175.  Regnier, P. and Portier, C. (1986) Initiation attenuation and RNase III processing
of transcripts from the Escherichia coli operon encoding ribosomal protein 515 and
polynucleotide phosphorylase. |. Mol. Biol., 187, 23-32.

176.  Bardwell, ].C.A., Regnier, P., Chen, S.-M., Nakamura, Y., Grunberg-Manago, M.
and Court, D.L. (1989) Autoregulation of RNase III operon by mRNA processing. The
EMBO Journal, 8, 3401-3407.

177.  Babitzke, P., Granger, L. and Kushner, S.R. (1993) Analysis of mRNA decay and
rRNA processing in Escherichia coli multiple mutants carrying a deletion in RNase III. J.
Bacteriol., 175, 229-239.

178.  Talkad, V., Achord, D. and Kennell, D. (1978) Altered mRNA metabolism in
ribonuclease III-deficient strains of Escherichia coli. |. Bacteriol., 135, 528-541.

179.  Regnier, P. and Grunberg-Manago, M. (1990) RNase III cleavages in non-coding
leaders of Escherichia coli transcripts control mRNA stability and genetic expression.
Biochimie, 72, 825-834.

180.  Afonyushkin, T., Vecerek, B., Moll, I, Blasi, U. and Kaberdin, V.R. (2005) Both
RNase E and RNase III control the stability of sodB mRNA upon translational inhibition
by the small regulatory RNA RyhB. Nucleic Acids Res., 33, 1678-1689.

181.  Vogel, J., Argaman, L., Wagner, E.G. and Altuvia, S. (2004) The small RNA IstR
inhibits synthesis of an SOS-induced toxic peptide. Curr. Biol., 14, 2271-2276.

182.  Viegas, S.C., Pfeiffer, V., Sittka, A., Silva, L]., Vogel, J. and Arraiano, C.M. (2007)
Characterization of the role of ribonucleases in Salmonella small RNA decay. Nucleic
Acids Res., 35, 7651-7664.

183.  Huntzinger, E., Boisset, S., Saveanu, C., Benito, Y., Geissmann, T., Namane, A.,
Lina, G., Etienne, J., Ehresmann, B., Ehresmann, C. et al. (2005) Staphylococcus aureus
RNAIII and the endoribonuclease III coordinately regulate spa gene expression. EMBO
., 24, 824-835.

184.  Stead, M.B., Marshburn, S., Mohanty, B.K., Mitra, J., Pena Castillo, L., Ray, D,
van Bakel, H., Hughes, T.R. and Kushner, S.R. (2011) Analysis of Escherichia coli RNase E
and RNase III activity in vivo using tiling microarrays. Nucleic Acids Res., 39, 3188-3203.

56



185. Garber, R.L. and Gage, L.P. (1979) Transcription of a cloned Bombyx mori
tRNA2Ala gene: nucleotide sequence of the tRNA precursor and its processing in vitro.
Cell, 18, 817-828.

186. Hagenbuchle, O., Larson, D., Hall, G.I. and Sprague, K.U. (1979) The primary
transcription product of a silkworm alanine tRNA gene: identification of in vitro sites of
initiation, termination and processing. Cell, 18, 1217-1229.

187.  Schierling, K., Rosch, S., Rupprecht, R., Schiffer, S. and Marchfelder, A. (2002)
tRNA 3' end maturation in archaea has eukaryotic features:the RNase Z from Haloferax
volcanii. |. Mol. Biol., 316.

188. Castano, J.G., Tobian, J.A. and Zasloff, M. (1985) Purification and
characterization of an endonuclease from Xenopus laevis ovaries which accurately
processes the 3' terminus of human pre-tRNA-Met(i) (3' pre-tRNase). J. Biol. Chem., 260,
9002-9008.

189.  Solari, A. and Deutscher, M.P. (1983) Identification of multiple RNases in
Xenopus laevis oocytes and their possible role in tRNA processing. Mol. Cell. Biol., 3, 1711-
1717.

190. Stange, N. and Beier, H. (1987) A cell-free plant extract for accurate pre-tRNA
processing, splicing and modification. EMBO ]., 6, 2811-2818.

191. Oommen, A. Li, X.Q. and Gegenheimer, P. (1992) Cleavage specificity of
chloroplast and nuclear tRNA 3'-processing nucleases. Mol. Cell. Biol., 12, 865-875.

192.  Papadimitriou, A. and Gross, H.J. (1996) Pre-tRNA 3'-processing in Saccharomyces
cerevisiae. Purification and characterization of exo- and endoribonucleases. Eur. ].
Biochem., 242, 747-759.

193. Han, S.J. and Kang, H.S. (1997) Purification and characterization of the precursor
tRNA 3'-end processing nuclease from Aspergillus nidulans. Biochem. Biophys. Res.
Commun., 233, 354-358.

194. Mayer, M., Schiffer, S. and Marchfelder, A. (2000) tRNA 3' processing in plants:
nuclear and mitochondrial activities differ. Biochemistry-US, 39, 2096-2105.

57



195.  Nashimoto, M. (1997) Distribution of both lengths and 5' terminal nucleotides of
mammalian pre-tRNA 3' trailers reflects properties of 3' processing endoribonuclease.
Nucleic Acids Res., 25, 1148-1154.

196. Minagawa, A., Takaku, H., Takagi, M. and Nashimoto, M. (2004) A novel
endonucleolytic mechanism to generate the CCA 3'-termini of tRNA molecules in
Thermotoga maritima. ]. Biol. Chem., 279, 15688-15697.

197.  Pellegrini, O., Nezzar, J.,, Marchfelder, A., Putzer, H. and Condon, C. (2003)
Endonucleolytic processing of CCA-less tRNA precursors by RNase E in Bacillus subtilis.
EMBO J., 22, 4534-4543.

198.  Schiffer, S., Rosch, S. and Marchfelder, A. (2002) Assigning a function to a
conserved group of proteins: the tRNA 3'-processing enzymes. EMBO ]., 21, 2769-2777.

199. Kunzmann, A., Brennicke, A. and Marchfelder, A. (1998) 5' end maturation and
RNA editing have to precede tRNA 3' processing in plant mitochondria. Proc. Natl. Acad.
Sci. U. S. A., 95, 108-113.

200. Mohan, A., Whyte, S., Wang, X., Nashimoto, M. and Levinger, L. (1999) The 3'
end CCA of mature tRNA is an antideterminant for eukaryotic 3'-tRNase. RNA, 5, 245-
256.

201. Dubrovsky, E.B., Dubrovskaya, V.A., Levinger, L., Schiffer, S. and Marchfelder,
A. (2004) Drosophila RNase Z processes mitochondrial and nuclear pre-tRNA 3' ends in
vivo. Nucleic Acids Res., 32, 255-262.

202. Perwez, T. and Kushner, S.R. (2006) RNase Z in Escherichia coli plays a significant
role in mRNA decay. Mol. Microbiol., 60, 723-737.

203. Seidman, J.G., Schmidt, F.J., Foss, K. and McClain, W.H. (1975) A mutant of
Escherichia coli defective in removing 3' terminal nucleotides from some transfer RNA
precursor molecules. Cell, 5, 389-400.

204. Asha, P.K,, Blouin, R.T., Zaniewski, R. and Deutscher, M.P. (1983) Ribonuclease
BN: Identification and partial characterization of a new tRNA processing enzyme. Proc.
Natl. Acad. Sci. U. S. A., 80, 3301-3304.

58



205. Callahan, C. and Deutscher, M.P. (1996) Identification and characterization of the
Escherichia coli rbn gene encoding the tRNA processing enzyme RNase BN. |. Bacteriol.,
178, 7329-7332.

206. Callahan, C., Neri-Cortes, D. and Deutscher, M.P. (2000) Purification and
characterization of the tRNA-processing enzyme RNase BN. J. Biol. Chem., 275, 1030-
1034.

207.  Ezraty, B., Dahlgren, B. and Deutscher, M.P. (2005) The RNase Z homologue
encoded by Escherichia coli elaC gene is RNase BN. |. Biol. Chem., 280, 16542-16545.

208.  Dutta, T. and Deutscher, M.P. (2009) Catalytic properties of RNase BN/RNase Z
from Escherichia coli: RNase BN is both an exo- and endoribonuclease. J. Biol. Chem., 284,
15425-15431.

209. Dutta, T. and Deutscher, M.P. (2010) Mode of action of RNase BN/RNase Z on
tRNA precursors: RNase BN does not remove the CCA sequence from tRNA. J. Biol.
Chem., 285, 22874-22881.

210.  Dutta, T., Malhotra, A. and Deutscher, M.P. (2012) Exoribonuclease and
endoribonuclease activities of RNase BN/RNase Z both function in vivo. . Biol. Chem.,
287, 35747-35755.

211.  Otsuka, Y., Ueno, H. and Yonesaki, T. (2003) Escherichia coli endoribonucleases
involved in cleavage of bacteriophage T4 mRNAs. ]. Bacteriol., 185, 983-990.

212.  Otsuka, Y. and Yonesaki, T. (2005) A novel endoribonuclease, RNase LS, in
Escherichia coli. Genetics, 169, 13-20.

213.  Otsuka, Y., Koga, M., Iwamoto, A. and Yonesaki, T. (2007) A role of RnlA in the
RNase LS activity from Escherichia coli. Genes Genet. Syst., 82, 291-299.

214. Iwamoto, A., Lemire, S. and Yonesaki, T. (2008) Post-transcriptional control of
Crp-cAMP by RNase LS in Escherichia coli. Mol. Microbiol., 70, 1570-1578.

215.  Koga, M., Otsuka, Y., Lemire, S. and Yonesaki, T. (2011) Escherichia coli rnlA and
rnlB compose a novel toxin-antitoxin system. Genetics, 187, 123-130.

59



216.  Spahr, P.F. (1964) Purification and Properties of Ribonuclease Ii from Escherichia
coli. J. Biol. Chem., 239, 3716-3726.

217.  Neu, H.C. and Heppel, L.A. (1964) Some observations on the "latent"
ribonuclease of Escherichia coli. Biochemistry-US, 51, 1267-1274.

218.  Meador III, J., Cannon, B., Cannistraro, V.J. and Kennell, D. (1990) Purification
and characterization of Escherichia coli RNase I. Comparisons with RNase M. Eur. |.
Biochem., 187, 549-553.

219.  Zhu, L., Gangopadhyay, T., Padmandabha, K.P. and Deutscher, M.P. (1990)
Escherichia coli rna gene encoding RNAse I: Cloning, overexpression, subcellular
distribution of the enzyme, and use of an rna deletion to identify additional RNases. |.
Bacteriol., 172, 3146-3151.

220.  Shen, V. and Schlessinger, D. (1982) RNase I, II and IV of Escherichia coli. P. D.
Boyer (ed.), The Enzymes, vol. XV, part B. Academic Press, Inc., 501-515.

221. Nakajima, K. and Kawamata, J. (1966) Studies on the mechanism of action of
colistin. IV. Activation of "latent" ribonuclease in Escherichia coli by colistin. Biken |., 9,
115-123.

222.  Jackson, R.W. and DeMoss, J.A. (1965) Effects of toluene on Escherichia coli. ].
Bacteriol., 90, 1420-1425.

223.  Lambert, P.A. and Smith, A.R. (1976) Antimicrobial action of
dodecyldiethanolamine: activation of ribonuclease I in Escherichia coli. Microbios, 17, 35-
49,

224. Beppu, T. and Arima, K. (1969) Induction by mercuric ion of extensive
degradation of cellular ribonucleic acid in Escherichia coli. ]. Bacteriol., 98, 888-897.

225.  Deutscher, M.P. (2003) Degradation of stable RNA in bacteria. J. Biol. Chem., 278,
45041-45044.

226.  Gesteland, R.F. (1966) Isolation and characterization of ribonuclease I mutants of
Escherichia coli. ]. Mol. Biol., 16, 67-84.

60



227.  Cannistraro, V.J. and Kennell, D. (1991) RNase I, a form of RNase I, and mRNA
degradation in Escherichia coli. . Bacteriol., 173, 4653-4659.

228.  Cannistraro, V.J. and Kennell, D. (1993) The 5' ends of RNA oligonucleotides in
Escherichia coli and mRNA degradation. Eur. . Biochem., 213, 285-293.

229. Gil, R, Silva, F.J., Pereto, ]J. and Moya, A. (2004) Determination of the core of a
minimal bacterial gene set. Microbiology and molecular biology reviews : MMBR, 68, 518-
537.

230.  Akerley, B.J.,, Rubin, E.J., Novick, V.L., Amaya, K., Judson, N. and Mekalanos, ].J.
(2002) A genome-scale analysis for identification of genes required for growth or
survival of Haemophilus influenzae. Proc. Natl. Acad. Sci. U. S. A., 99, 966-971.

231.  Kobayashi, K., Ehrlich, S.D., Albertini, A., Amati, G., Andersen, K.K., Arnaud,
M., Asai, K., Ashikaga, S., Aymerich, S., Bessieres, P. et al. (2003) Essential Bacillus subtilis
genes. Proc. Natl. Acad. Sci. U. S. A., 100, 4678-4683.

232.  Glass, ]I, Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M.R., Maruf, M.,
Hutchison, C.A., 3rd, Smith, H.O. and Venter, ]J.C. (2006) Essential genes of a minimal
bacterium. Proc. Natl. Acad. Sci. U. S. A., 103, 425-430.

233.  Fraser, C.M., Gocayne, J.D., White, O., Adams, M.D., Clayton, R.A., Fleischmann,
R.D., Bult, CJ., Kerlavage, A.R., Sutton, G., Kelley, ].M. et al. (1995) The minimal gene
complement of Mycoplasma genitalium. Science, 270, 397-403.

234. Davies, B.W., Kohrer, C., Jacob, A.L, Simmons, L.A., Zhu, J., Aleman, L.M,,
Rajbhandary, U.L. and Walker, G.C. (2010) Role of Escherichia coli YbeY, a highly
conserved protein, in rRNA processing. Mol. Microbiol., 78, 506-518.

235.  Jacob, A.L, Kohrer, C., Davies, BW., RajBhandary, U.L. and Walker, G.C. (2013)
Conserved bacterial RNase YbeY plays key roles in 70S ribosome quality control and 165
rRNA maturation. Mol. Cell, 49, 427-438.

236.  Grunberg-Manago, M., Oritz, P.J. and Ochoa, S. (1955) Enzymatic synthesis of
nucleic acid like polynucleotides. Science, 122, 907-910.

61



237.  Heppel, L.A,, Ortiz, P.J. and Ochoa, S. (1956) Small polyribonucleotides with 5'-
phosphomonoester end-groups. Science, 123, 415-416.

238.  Grunberg-Manago, M. and Ochoa, S. (1955) Enzymatic synthesis and breakdown
of polynucleotides-polynucleotide phosphorylase. J. Amer. Chem. Soc., 11, 3165-3166.

239.  Grunberg-Manago, M., Ortiz, P.J. and Ochoa, S. (1956) Enzymic synthesis of
polynucleotides: 1. Polynucleotide phosphorylase of Azotobacter vinelandiia. Biochim.
Biophys. Acta, 20, 269-285.

240. Littauer, U.Z. and Kornberg, A. (1957) Reversible synthesis of
polyribonucleotides with an enzyme from Escherichia coli. |. Biol. Chem., 226, 1077-1092.

241.  Littauer, U.Z. and Soreq, H. (1982) In Boyer, P. D. (ed.), The Enzymes. Academic
Press, New York, Vol. 15, pp. 517-553.

242.  Grunberg-Manago, M. (1963) Polynucleotide phosphorylase. Prog. Nucleic Acid
Re., 1, 93-133.

243.  Reiner, A.M. (1969) Characterization of polynucleotide phosphorylase mutants of
Escherichia coli. ]. Bacteriol., 97, 1437-1443.

244.  Mohanty, B.K. and Kushner, S.R. (2006) The majority of Escherichia coli mRNAs
undergo post-transcriptional modification in exponentially growing cells. Nucleic Acids
Res., 34, 5695-5704.

245.  Sarkar, D. and Fisher, P.B. (2006) Polynucleotide phosphorylase: an evolutionary
conserved gene with an expanding repertoire of functions. Pharmacol. Ther., 112, 243-263.

246. Zuo, Y. and Deutscher, M.P. (2001) Exoribonuclease superfamilies: structural
analysis and phylogenetic distribution. Nucleic Acids Res., 29, 1017-1026.

247.  Bermudez-Cruz, R.M., Fernandez-Ramirez, F., Kameyama-Kawabe, L. and
Montanez, C. (2005) Conserved domains in polynucleotide phosphorylase among
eubacteria. Biochimie, 87, 737-745.

62



248.  Symmons, M.F., Jones, G.H. and Luisi, B.F. (2000) A duplicated fold is the
structural basis for polynucleotide phosphorylase catalytic activity, processivity, and
regulation. Struct. Fold. Des., 8, 1215-1226.

249. Symmons, M.F., Williams, M.G., Luisi, B.F., Jones, G.H. and Carpousis, A].
(2002) Running rings around RNA: a superfamily of phosphate-dependent RNases.
Trends Biochem. Sci., 27, 11-18.

250.  Shi, Z.,, Yang, W.Z,, Lin-Chao, S., Chak, K.F. and Yuan, H.S. (2008) Crystal
structure of Escherichia coli PNPase: central channel residues are involved in processive
RNA degradation. RNA, 14, 2361-2371.

251. Nurmohamed, S., Vaidialingam, B., Callaghan, A.J. and Luisi, B.F. (2009) Crystal
structure of Escherichia coli polynucleotide phosphorylase core bound to RNase E, RNA
and manganese: implications for catalytic mechanism and RNA degradosome assembly.
J. Mol. Biol., 389, 17-33.

252.  McLaren, R.S.,, Newbury, S.F., Dance, G.S.C., Causton, H. and Higgins, C.F.
(1991) mRNA degradation by processive 3'-5' exonucleases in vitro and the implications
for prokaryotic mRNA decay in vivo. |. Mol. Biol., 221, 81-95.

253.  Spickler, C. and Mackie, G.A. (2000) Action of RNase II and polynucleotide
phosphorylase against RNAs containing stem-loops of defined structure. . Bacteriol.,
182, 2422-2427.

254.  Burger, A., Whiteley, C. and Boshoff, A. (2011) Current perspectives of the
Escherichia coli RNA degradosome. Biotechnol. Lett., 33, 2337-2350.

255.  Liou, G.-G., Chang, H.-Y., Lin, C.-S. and Lin-Chao, S. (2002) DEAD box RhIB
RNA helicase physically associates with exoribonuclease PNPase to degrade double-
stranded RNA independent of the degradosome-assembling region of RNase E. J. Biol.
Chem., 277, 41157-41162.

256. Lin, P.-H. and Lin-Chao, S. (2005) RhIB helicase rather than enolase is the B-
subunit of the Escherichia coli polynucleotide phosphorylase (PNPase)-exoribonucleolytic
complex. Proc. Natl. Acad. Sci. U. S. A., 102, 16590-16595.

63



257. Mohanty, B.K., Maples, V.F. and Kushner, S.R. (2004) The Sm-like protein Hfq
regulates polyadenylation dependent mRNA decay in Escherichia coli. Mol. Microbiol.. 54,
905-920.

258.  Xu, F. and Cohen, S.N. (1995) RNA degradation in Escherichia coli regulated by 3'
adenylation and 5' phosphorylation. Nature, 374, 180-183.

259.  Coburn, G.A. and Mackie, G.A. (1998) Reconstitution of the degradation of the
mRNA for ribosomal protein S20 with purified enzymes. ]. Mol. Biol., 279, 1061-1074.

260. Mohanty, B.K. and Kushner, S.R. (2002) Polyadenylation of Escherichia coli
transcripts plays an integral role in regulating intracellular levels of polynucleotide
phosphorylase and RNase E. Mol. Microbiol., 45, 1315-1324.

261. Mohanty, B.K. and Kushner, S.R. (2010) Processing of the Escherichia coli leuX
tRNA transcript, encoding tRNA(Leu5), requires either the 3'-->5' exoribonuclease
polynucleotide phosphorylase or RNase P to remove the Rho-independent transcription
terminator. Nucleic Acids Res., 38, 597-607.

262. Andrade, .M., Pobre, V., Matos, A.M. and Arraiano, C.M. (2012) The crucial role
of PNPase in the degradation of small RNAs that are not associated with Hfq. RNA, 18,
844-855.

263. Andrade, ].M. and Arraiano, C.M. (2008) PNPase is a key player in the regulation
of small RNAs that control the expression of outer membrane proteins. RNA, 14, 543-
551.

264. Cardenas, P.P., Carrasco, B., Sanchez, H., Deikus, G., Bechhofer, D.H. and
Alonso, J.C. (2009) Bacillus subtilis polynucleotide phosphorylase 3'-to-5' DNase activity
is involved in DNA repair. Nucleic Acids Res., 37, 4157-4169.

265. Bermudez-Cruz, R.M., Garcia-Mena, J. and Montanez, C. (2002) Polynucleotide
phosphorylase binds to ssSRNA with same affinity as to ssDNA. Biochimie, 84, 321-328.

266. Mohanty, B.K. and Kushner, S.R. (2003) Genomic analysis in Escherichia coli
demonstrates differential roles for polynucleotide phosphorylase and RNase II in mRNA
abundance and decay. Mol. Microbiol., 50, 645-658.

64



267.  Mohanty, B.K. and Kushner, S.R. (2000) Polynucleotide phosphorylase functions
both as a 3' right-arrow 5' exonuclease and a poly(A) polymerase in Escherichia coli. Proc.
Natl. Acad. Sci. U. S. A., 97, 11966-11971.

268. Reuven, N.B., Zhou, Z. and Deutscher, M.P. (1997) Functional overlap of tRNA
nucleotidyltransferases, poly(A) polymerase I, and polynucleotide phosphorylase. J. Biol.
Chem., 272, 33255-33259.

269. Jones, P.G., Mitta, M., Kim, Y., Jiang, W. and Inouye, M. (1996) Cold shock
induces a major ribosomal-associated protein that unwinds double-stranded RNA in
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A., 93, 76-80.

270. Yamanaka, K. and Inouye, M. (2001) Selective mRNA degradation by
polynucleotide phosphorylase in cold shock adaptation in Escherichia coli. ]. Bacteriol.,
183, 2808-2816.

271.  McMurry, LM. and Levy, S.B. (1987) Tn5 insertion in the polynucleotide
phosphorylase (pnp) gene in Escherichia coli increases susceptibility to antibiotics. J.
Bacteriol., 169, 1321-1324.

272. Li, Z.,, Reimers, S., Pandit, S. and Deutscher, M.P. (2002) RNA quality control:
degradation of defective transfer RNA. EMBO J., 21, 1132-1138.

273. Aiso, T. and Ohki, R. (1998) An rne-1 pnp-7 double mutation suppresses the
temperature-senstive defect of lacZ gene expression in a divE mutant. |. Bacteriol., 180,
1389-1395.

274.  Cheng, Z.F., Zuo, Y., Li, Z., Rudd, K.E. and Deutscher, M.P. (1998) The vacB gene
required for virulence in Shigella flexneri and Escherichia coli encodes the exoribonuclease
RNase R. J. Biol. Chem., 273, 14077-14080.

275.  Donovan, W.P. and Kushner, S.R. (1986) Polynucleotide phosphorylase and
ribonuclease II are required for cell viability and mRNA turnover in Escherichia coli K-12.
Proc. Natl. Acad. Sci. U. S. A., 83, 120-124.

276. Cheng, Z.F. and Deutscher, M.P. (2003) Quality control of ribosomal RNA
mediated by polynucleotide phosphorylase and RNase R. Proc. Natl. Acad. Sci. U. S. A,
100, 6388-6393.

65



277.  Zhou, Z. and Deutscher, M.P. (1997) An essential function for the phosphate-
dependent exoribonucleases RNase PH and polynucleotide phosphorylase. . Bacteriol.,
179, 4391-4395.

278.  Jarrige, A.-C., Mathy, N. and Portier, C. (2001) PNPase autocontrols its
expression by degrading a double-stranded structure in the pnp mRNA leader. EMBO J.,
20, 6845-6855.

279.  Zilhao, R., Cairrao, R., Régnier, P. and Arraiano, C.M. (1996) PNPase modulates
RNase II expression in Escherichia coli: Implications for mRNA decay and cell
metabolism. Mol. Microbiol., 20, 1033-1042.

280. Nurmohamed, S., Vincent, H.A., Titman, C.M., Chandran, V., Pears, M.R., Du,
D., Griffin, J.L., Callaghan, A.J. and Luisi, B.F. (2011) Polynucleotide phosphorylase
activity may be modulated by metabolites in Escherichia coli. |. Biol. Chem., 286, 14315-
14323.

281. Zilhao, R., Camelo, L. and Arraiano, C.M. (1993) DNA sequencing and
expression of the gene rnb encoding Escherichia coli ribonuclease II. Mol. Microbiol., 8, 43-
51.

282. Singer, M.F. and Tolbert, G. (1964) Specificity of Potassium-Activated
Phosphodiesterase of Escherichia coli. Science, 145, 593-595.

283.  Singer, MLF. and Tolbert, G. (1965) Purification and properties of a potassium-
activated phosphodiesterase (RNAase II) from Escherichia coli. Biochemistry-US, 4, 1319-
1330.

284.  Spahr, P.F. and Schlessinger, D. (1963) Beakdown of messenger ribonucleic acid
by a potassium-activated phosphodiesterase from Escherichia coli. |. Biol. Chem., 238,
2251-2253.

285.  Nikolaev, N., Folsom, V. and Schlessinger, D. (1976) Escherichia coli mutants
deficient in exoribonucleases. Biochem. Biophys. Res. Comm., 70, 920-924.

286. Kaplan, R. and Apirion, D. (1974) The involvement of ribonuclease I,
ribonuclease II, and polynucleotide phosphorylase in the degradation of stable
ribonucleic acid during carbon starvation in E. coli. |. Biol. Chem., 249, 149-151.

66



287.  Kinscherf, T.G. and Apirion, D. (1975) Polynucleotide phosphorylase can
participate in decay of mRNA in Escherichia coli in absence of ribonuclease II. Mol. Gen.
Genet., 139, 357-362.

288. Marujo, P.E.,, Hajnsdorf, E., Le Derout, J., Andrade, R., Arraiano, C.M. and
Regnier, P. (2000) RNase II removes the oligo(A) tails that destabilize the rpsO mRNA of
Escherichia coli. RNA, 6, 1185-1193.

289.  Frazao, C., McVey, C.E., Amblar, M., Barbas, A., Vonrhein, C., Arraiano, C.M.
and Carrondo, M.A. (2006) Unravelling the dynamics of RNA degradation by
ribonuclease II and its RNA-bound complex. Nature, 443, 110-114.

290. Zuo, Y., Vincent, H.A., Zhang, ]J., Wang, Y., Deutscher, M.P. and Malhotra, A.
(2006) Structural basis for processivity and single-strand specificity of RNase II. Mol.
Cell, 24, 149-156.

291. Nossal, N.G. and Singer, ML.F. (1968) The processive degradation of individual
polynucleotide chains. J. Biol. Chem., 243, 913-922.

292.  Cannistraro, V.J. and Kennell, D. (1994) The processive reaction mechanism of
ribonuclease II. . Mol. Biol., 243, 930-943.

293.  Coburn, G.A. and Mackie, A.G. (1996) Overexpression, purification and
properties of Escherichia coli ribonuclease II. J. Biol. Chem., 271, 1048-1053.

294. Cannistraro, V.J. and Kennell, D. (1999) The reaction mechanism of ribonuclease
IT and its interaction with nucleic acid secondary structures. Biochim. Biophys. Acta., 1433,
170-187.

295.  Arraiano, C.M., Matos, R.G. and Barbas, A. (2010) RNase II: the finer details of
the Modus operandi of a molecular killer. RNA Biol., 7, 276-281.

296. Barbas, A., Matos, R.G., Amblar, M., Lopez-Vinas, E., Gomez-Puertas, P. and
Arraiano, C.M. (2009) Determination of key residues for catalysis and RNA cleavage
specificity: one mutation turns RNase II into a "SUPER-ENZYME". |. Biol. Chem., 284,
20486-20498.

67



297.  Cheng, Z.F. and Deutscher, M.P. (2002) Purification and characterization of the
Escherichia coli exoribonuclease RNase R. Comparison with RNase II. J. Biol. Chem., 277,
21624-21629.

298. Barbas, A., Matos, R.G., Amblar, M., Lopez-Vinas, E., Gomez-Puertas, P. and
Arraiano, C.M. (2008) New insights into the mechanism of RNA degradation by
ribonuclease II: identification of the residue responsible for setting the RNase II end
product. J. Biol. Chem., 283, 13070-13076.

299. Li, Z. and Deutscher, M.P. (1996) Maturation pathways for E. coli tRNA
precursors: a random multienzyme process in vivo. Cell, 86, 503-512.

300. Reuven, N.B. and Deutscher, M.P. (1993) Multiple exoribonucleases are required
for the 3' processing of Escherichia coli tRNA precursors in vivo. FASEB J., 7, 143-148.

301. Li, Z, Pandit, S. and Deutscher, M.P. (1998) 3' Exoribonucleolytic trimming is a
common feature of the maturation of small, stable RNAs in Escherichia coli. Proc. Nat.
Acad. Sci. U. S. A., 95, 2856-2861.

302. Lu, F. and Taghbalout, A. (2013) Membrane association via an amino-terminal
amphipathic helix is required for the cellular organization and function of RNase II. J.
Biol. Chem., 288, 7241-7251.

303. Nishio, S.Y. and Itoh, T. (2008) The effects of RNA degradation enzymes on
antisense RNAI controlling ColE2 plasmid copy number. Plasmid, 60, 174-180.

304. Garza-Sanchez, F., Shoji, S., Fredrick, K. and Hayes, C.S. (2009) RNase II is
important for A-site mRNA cleavage during ribosome pausing. Mol. Microbiol., 73, 882-
897.

305. Basineni, S.R., Madhugiri, R., Kolmsee, T., Hengge, R. and Klug, G. (2009) The
influence of Hfq and ribonucleases on the stability of the small non-coding RNA OxyS
and its target rpoS in E. coli is growth phase dependent. RNA Biol., 6, 584-594.

306. Mohanty, B.K. and Kushner, S.R. (2000) Polynucleotide phosphorylase, RNase II
and RNase E play different roles in the in vivo modulation of polyadenylation in
Escherichia coli. Mol. Microbiol., 36, 982-994.

68



307. Hajnsdorf, E., Steier, O., Coscoy, L., Teysset, L. and Régnier, P. (1994) Roles of
RNase E, RNase II and PNPase in the degradation of the rpsO transcripts of Escherichia
coli: stabilizing function of RNase II and evidence for efficient degradation in an ams pnp
rnb mutant. EMBO J., 13, 3368-3377.

308. Pepe, C.M., Maslesa, S. and Simons, R.W. (1994) Decay of the IS10 antisense RNA
by 3' exoribonucleases: Evidence that RNase II stabilizes RNA-OUT against PNPase
attack. Mol. Microbiol., 13, 1133-1142.

309. Cruz, A.A., Marujo, P.E., Newbury, S.F. and Arraiano, C.M. (1997) A new role for
RNAse II in mRNA decay: Striking differences between RNAse II mutants and
similarities with a strain deficient in RNase E. FEMS Microbiol. Lett., 145, 315-324.

310. Zilhao, R., Régnier, P. and Arraiano, C.M. (1995) The role of endonucleases in the
expression of ribonuclease II in Escherichia coli. FEMS Microbiol. Lett., 130, 237-244.

311.  Zilhao, R., Plumbridge, J., Hajnsdorf, E., Régnier, P. and Arraiano, C.M. (1996)
Escherichia coli RNase II: Characterization of the promoters involved in the transcription
of rnb. Microbiol., 142, 367-375.

312.  Cairrao, F., Chora, A., Zilhao, R., Carpousis, A.J]. and Arraiano, C.M. (2001)
RNase II levels change according to the growth conditions: characterization of gmr, a
new Escherichia coli gene involved in the modulation of RNase II. Mol. Microbiol.. 39,
1550-1561.

313. Tobe, T., Sasakawa, C., Okada, N., Honma, Y. and Yoshikawa, M. (1992) vacB, a
novel chromosomal gene required for expression of virulence genes on the large
plasmid of Shigella flexneri. |. Bacteriol., 174, 6359-6367.

314.  Vincent, H.A. and Deutscher, M.P. (2006) Substrate recognition and catalysis by
the exoribonuclease RNase R. J. Biol. Chem., 281, 29769-29775.

315. Cheng, Z.-F. and Deutscher, M.P. (2005) An important role for RNase R in
mRNA decay. Mol. Cell, 17, 313-318.

316. Richards, J., Mehta, P. and Karzai, A.W. (2006) RNase R degrades non-stop
mRNAs selectively in an SmpB-tmRNA-dependent manner. Mol. Microbiol.. 62, 1700-
1712.

69



317.  Keiler, K.C. (2008) Biology of trans-translation. Annu. Rev. Microbiol., 62, 133-151.

318. Liang, W. and Deutscher, M.P. (2012) Transfer-messenger RNA-SmpB protein
regulates ribonuclease R turnover by promoting binding of HslUV and Lon proteases. J.
Biol. Chem., 287, 33472-33479.

319. Liang, W. and Deutscher, M.P. (2010) A novel mechanism for ribonuclease
regulation: transfer-messenger RNA (tmRNA) and its associated protein SmpB regulate
the stability of RNase R. . Biol. Chem., 285, 29054-29058.

320. Andrade, J.M., Cairrao, F. and Arraiano, C.M. (2006) RNase R affects gene
expression in stationary phase: regulation of ompA. Mol. Microbiol.. 60, 219-228.

321. Chen, C. and Deutscher, M.P. (2005) Elevation of RNase R in response to
multiple stress conditions. . Biol. Chem., 280, 34393-34396.

322.  Chen, C. and Deutscher, M.P. (2010) RNase R is a highly unstable protein
regulated by growth phase and stress. RNA, 16, 667-672.

323.  Phadtare, S. (2012) Escherichia coli cold-shock gene profiles in response to over-
expression/deletion of CsdA, RNase R and PNPase and relevance to low-temperature
RNA metabolism. Genes Cells, 17, 850-874.

324. Liang, W. and Deutscher, M.P. (2012) Post-translational modification of RNase R
is regulated by stress-dependent reduction in the acetylating enzyme Pka (YfiQ). RNA,
18, 37-41.

325. Liang, W., Malhotra, A. and Deutscher, M.P. (2011) Acetylation regulates the
stability of a bacterial protein: growth stage-dependent modification of RNase R. Mol.
Cell, 44, 160-166.

326. Deutscher, M.P., Marlor, C.W. and Zaniewski, R. (1984) Ribonuclease T: new
exoribonuclease possibly involved in end-turnover of tRNA. Proc. Natl. Acad. Sci. U. S.
A., 81, 4290-4293.

70



327.  Deutscher, M.P., Marlor, CW. and Zaniewski, R. (1985) RNase T is responsible
for the end-turnover of tRNA in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A., 82, 6427-
6430.

328. Li, Z. and Deutscher, M.P. (1994) The role of individual exoribonucleases in
processing at the 3' end of Escherichia coli tRNA precursors. J. Biol. Chem., 269, 6064-6071.

329. Li, Z. and Deutscher, M.P. (1995) The tRNA processing enzyme RNase T is
essential for maturation of 5S RNA. Proc. Natl. Acad. Sci. U. S. A., 92, 6883-6886.

330. Li, Z.,, Pandit, S. and Deutscher, M.P. (1999) Maturation of 23S ribosomal RNA
requires the exoribonuclease RNase T. RNA, 5, 139-146.

331. Zuo, Y. and Deutscher, M.P. (1999) The DNase activity of RNase T and its
application to DNA cloning. Nucleic Acids Res., 27, 4077-4082.

332.  Viswanathan, M., Dower, KW. and Lovett, S.T. (1998) Identification of a potent
DNase activity associated with RNase T of Escherichia coli. |. Biol. Chem., 273, 35126-
35131.

333. Li, Z., Zhan, L. and Deutscher, M.P. (1996) Escherichia coli RNase T functions in
vivo as a dimer dependent on cysteine 168. J. Biol. Chem., 271, 1133-1137.

334. Li, Z.,, Zhan, L. and Deutscher, M.P. (1996) The role of individual cysteine
residues in the activity of Escherichia coli RNase T. ]. Biol. Chem., 271, 1127-1132.

335. Zuo, Y. and Deutscher, M.P. (2002) The physiological role of RNase T can be
explained by its unusual substrate specificity. . Biol. Chem., 277, 29654-29661.

336. Hsiao, Y.Y., Duh, Y., Chen, Y.P.,, Wang, Y.T. and Yuan, H.S. (2012) How an
exonuclease decides where to stop in trimming of nucleic acids: crystal structures of
RNase T-product complexes. Nucleic Acids Res., 40, 8144-8154.

337. Hsiao, Y.Y., Yang, C.C, Lin, CL. Lin, J.L.,, Duh, Y. and Yuan, H.S. (2011)
Structural basis for RNA trimming by RNase T in stable RNA 3'-end maturation. Nat.
Chem. Biol., 7, 236-243.

71



338. Mohanty, B.K.,, Maples, V.F. and Kushner, S.R. (2012) Polyadenylation helps
regulate functional tRNA levels in Escherichia coli. Nucleic Acids Res., 40, 4589-4603.

339.  Mohanty, B.K. and Kushner, S.R. (2013) Deregulation of poly(A) polymerase I in
Escherichia coli inhibits protein synthesis and leads to cell death. Nucleic Acids Res., 41,
1757-1766.

340. Cudny, H. and Deutscher, M.P. (1988) 3' Processing of tRNA precursors in
ribonuclease-deficient Escherichia coli. |. Biol. Chem., 263, 1518-1523.

341. Deutscher, M.P., Marshall, G.T. and Cudny, H. (1988) RNase PH: an Escherichia
coli phosphate-dependent nuclease distinct from polynucleotide phosphorylase. Proc.
Natl. Acad. Sci. U. S. A., 85, 4710-4714.

342.  Kelly, K.O. and Deutscher, M.P. (1992) Characterization of Escherichia coli RNase
PH. ]. Biol. Chem., 267, 17153-17158.

343. Jensen, K.F., Andersen, J.T. and Poulsen, P. (1992) Overexpression and rapid
purification of the orfE/rph gene product, RNase PH of Escherichia coli. ]. Biol. Chem., 267,
17147-17152.

344.  Choi, ].M.,, Park, E.Y. Kim, J.H., Chang, SK. and Cho, Y. (2004) Probing the
functional importance of the hexameric ring structure of RNase PH. J. Biol. Chem., 279,
755-764.

345.  Ishii, R, Minagawa, A., Takaku, H., Nashimoto, M. and Yokoyama, S. (2005)
Crystal structure of the tRNA 3' processing endoribonuclease tRNase Z from Thermotoga
maritima. J. Biol. Chem., 280, 14138-14144.

346. Harlow, L.S., Kadziola, A., Jensen, K.F. and Larsen, S. (2004) Crystal structure of
the phosphorolytic exoribonuclease RNase PH from Bacillus subtilis and implications for
its quartenary structure and tRNA binding. Protein Sci., 13, 668-677.

347.  Ost, K.A. and Deutscher, M.P. (1990) RNase PH catalyzes a synthetic reaction,
the addition of nucleotides to the 3' end of RNA. Biochimie, 72, 813-818.

72



348. Redko, Y. and Condon, C. (2010) Maturation of 23S rRNA in Bacillus subtilis in
the absence of Mini-III. |. Bacteriol., 192, 356-359.

349. Yao, S, Blaustein, J.B. and Bechhofer, D.H. (2007) Processing of Bacillus subtilis
small cytoplasmic RNA: evidence for an additional endonuclease cleavage site. Nucleic
Acids Res., 35, 4464-4473.

350. Basturea, G.N., Zundel, M.A. and Deutscher, M.P. (2011) Degradation of
ribosomal RNA during starvation: comparison to quality control during steady-state
growth and a role for RNase PH. RNA, 17, 338-345.

351. Jain, C. (2012) Novel role for RNase PH in the degradation of structured RNA. J.
Bacteriol., 194, 3883-3890.

352. Kelly, KO., Reuven, N.B., Li, Z. and Deutscher, M.P. (1992) RNase PH is
essential for tRNA processing and viability in RNase-deficient Escherichia coli cells. ].
Biol. Chem., 267, 16015-16018.

353. Mian, LS. (1997) Comparative sequence analysis of ribonucleases HII, III, IT PH
and D. Nucleic Acids Res., 25, 3187-3195.

354.  Mitchell, P., Petfalski, E., Shevchenko, A., Mann, M. and Tollervey, D. (1997) The
exosome: a conserved eukaryotic RNA processing complex containing multiple 3'-->5'
exoribonucleases. Cell, 91, 457-466.

355.  Jensen, K.G. (1993) The Escherichia coli K-12 "wild types" W3110 and MG1655
have an rph frameshift mutation that leads to pyrimidine starvation due to low pyrE
expression levels. J. Bacteriol., 175, 3401-3407.

356. Zaniewski, R. and Deutscher, M.P. (1982) Genetic mapping of mutation in
Escherichia coli leading to a temperature-sensitive RNase D. Mol. Gen. Genet., 185, 142-
147.

357.  Zhang, ].R. and Deutscher, M.P. (1988) Cloning, characterization, and effects of
overexpression of the Escherichia coli rnd gene encoding RNase D. J. Bacteriol., 170, 522-
527.

73



358. Cudny, H., Zaniewski, R. and Deutscher, M.P. (1981) Escherichia coli RNase D.
Catalytic properties and substrate specificity. J. Biol. Chem., 256, 5633-5637.

359. Ghosh, RK. and Deutscher, M.P. (1978) Identification of an Escherichia coli
nuclease acting on structurally altered transfer RNA molecules. J. Biol. Chem., 253, 997-
1000.

360. Cudny, H., Zaniewski, R. and Deutscher, M.P. (1981) Escherichia coli RNase D.
Purification and structural characterization of a putative processing nuclease. J. Biol.
Chem., 256, 5627-5632.

361. Cudny, H. and Deutscher, M.P. (1980) Apparent involvement of ribonuclease D
in the 3' processing of tRNA precursors. Proc. Natl. Acad. Sci. U. S. A., 77, 837-841.

362. Zuo, Y., Wang, Y. and Malhotra, A. (2005) Crystal structure of Escherichia coli
RNase D, an exoribonuclease involved in structured RNA processing. Structure, 13, 973-
984.

363. Blouin, R.T., Zaniewski, R. and Deutscher, M.P. (1983) Ribonuclease D is not
essential for the normal growth of Escherichia coli or bacteriophage T4 or for the
biosynthesis of a T4 suppressor tRNA. |. Biol. Chem., 258, 1423-1426.

364. Kelly, K.O. and Deutscher, M.P. (1992) The presence of only one of five
exoribonucleases is sufficient to support the growth of Escherichia coli. ]. Bacteriol., 174,
6682-6684.

365. Zhang, J. and Deutscher, M.P. (1989) Analysis of the upstream region of the
Escherichia coli rnd gene encoding RNase D. J. Biol. Chem., 264, 18228-18233.

366. Zhang, ]. and Deutscher, M.P. (1992) A uridine-rich sequence required for
translation of prokaryotic mRNA. Proc. Natl. Acad. Sci. U. S. A., 89, 2605-2609.

367. Kane, J.F. (1995) Effects of rare codon clusters on high-level expression of
heterologous proteins in Escherichia coli. Curr. Opin. Biotechnol., 6, 494-500.

74



368.  Dutta, T., Malhotra, A. and Deutscher, M.P. (2013) How a CCA sequence protects
mature tRNAs and tRNA precursors from action of the processing enzyme RNase
BN/RNase Z. ]. Biol. Chem., 288, 30636-30644.

369. Niyogi, S.K. and Datta, A.K. (1975) A novel oligoribonuclease of Escherichia coli 1.
Isolation and properties. |. Biol. Chem., 250, 7307-7312.

370. Datta, A.K. and Niyogi, K. (1975) A novel oligoribonuclease of Escherichia coli. I1.
Mechanism of action. J. Biol. Chem., 250, 7313-7319.

371.  Yu, D. and Deutscher, M.P. (1995) Oligoribonuclease is distinct from the other
known exoribonucleases of Escherichia coli. J. Bacteriol., 177, 4137-4139.

372.  Zhang, X., Zhu, L. and Deutscher, M.P. (1998) Oligoribonuclease is encoded by a
highly conserved gene in the 3'-5' exonuclease superfamily. ]. Bacteriol., 180, 2779-2781.

373.  Ghosh, S. and Deutscher, M.P. (1999) Oligoribonuclease is an essential
component of the mRNA decay pathway. Proc. Natl. Acad. Sci. U. S. A., 96, 4372-4377.

374.  Milne, L., Perrin, D.M. and Sigman, D.S. (2001) Oligoribonucleotide-based gene-
specific transcription inhibitors that target the open complex. Methods, 23, 160-168.

375.  Goldman, S.R., Sharp, J.S., Vvedenskaya, 1.O., Livny, J., Dove, S.L. and Nickels,
B.E. (2011) NanoRNAs prime transcription initiation in vivo. Mol. Cell, 42, 817-825.

376. Fiedler, T.J., Vincent, H.A., Zuo, Y., Gavrialov, O. and Malhotra, A. (2004)
Purification and crystallization of Escherichia coli oligoribonuclease. Acta crystallographica.
Section D, Biological crystallography, 60, 736-739.

377. Mwaengo, D.M. and Lawrence, P.O. (2003) A putative DNA helicase and novel
oligoribonuclease in the Diachasmimorpha longicaudata entomopoxvirus (DIEPV). Arch.
Virol., 148, 1431-1444.

378. Zhang, X.X,, Lilley, AK., Bailey, M.J. and Rainey, P.B. (2004) Functional and
phylogenetic analysis of a plant-inducible oligoribonuclease (orn) gene from an
indigenous Pseudomonas plasmid. Microbiology-UK, 150, 2889-2898.

75



379.  Fang, M., Zeisberg, W.M., Condon, C., Ogryzko, V., Danchin, A. and Mechold, U.
(2009) Degradation of nanoRNA is performed by multiple redundant RNases in Bacillus
subtilis. Nucleic Acids Res., 37, 5114-5125.

380. Oussenko, LLA., Sanchez, R. and Bechhofer, D.H. (2002) Bacillus subtilis YhaM, a
member of a new family of 3'-to-5' exonucleases in gram-positive bacteria. J. Bacteriol.,
184, 6250-6259.

381. Mathy, N., Benard, L., Pellegrini, O., Daou, R., Wen, T. and Condon, C. (2007) 5'-
to-3' exoribonuclease activity in Bacteria: Role of RNase J1 in rRNA maturation and 5'
stability of mRNA. Cell, 129, 681-692.

382. Mechold, U, Fang, G., Ngo, S., Ogryzko, V. and Danchin, A. (2007) Ytql from
Bacillus subtilis has both oligoribonuclease and pAp-phosphatase activity. Nucleic Acids
Res., 35, 4552-4561.

383. Liu, M.F,, Cescau, S., Mechold, U., Wang, J., Cohen, D., Danchin, A., Boulouis,
H.J. and Biville, F. (2012) Identification of a novel nanoRNase in Bartonella. Microbiology-
UK, 158, 886-895.

384.  Sello, J.K. and Buttner, M.J. (2008) The oligoribonuclease gene in Streptomyces
coelicolor is not transcriptionally or translationally coupled to adpA, a key bldA target.
FEMS Microbiol. Lett., 286, 60-65.

385.  Ohnishi, Y., Nishiyama, Y., Sato, R., Kameyama, S. and Horinouchi, S. (2000) An
oligoribonuclease gene in Streptomyces griseus. J. Bacteriol., 182, 4647-4653.

386. Lopilato, J., Bortner, S. and Beckwith, J. (1986) Mutations in a new chromosomal
gene of Escherichia coli K-12, penB, reduce plasmid copy number of pBR322 and its
derivatives. Mol. Gen. Genet., 205, 285-290.

387. Liu, J. and Parkinson, J.S. (1989) Genetics and sequence analysis of the pcnB
locus, an Escherichia coli gene involved in plasmid copy number control. |. Bacteriol., 171,
1254-1261.

388. August, J.,, Ortiz, PJ. and Hurwitz, ]J. (1962) Ribonucleic acid-dependent
ribonucleotide incorporation. I. Purification and properties of the enzyme. J. Biol. Chem.,
237, 3786-3793.

76



389. Ramanarayanan, M. and Srinivasan, P.R. (1976) Further studies on the isolation
and properties of polyriboadenylate polymerase from Escherichia coli PR7 (RNase I pnp).
J. Biol. Chem., 251, 6274-6286.

390. Nakazato, H., Venkatesan, S. and Edmonds, M. (1975) Polyadenylic acid
sequences in E. coli messenger RNA. Nature, 256, 144-146.

391.  Srinivasan, P.R., Ramanarayanan, M. and Rabbani, E. (1975) Presence of
polyriboadenylate sequences in pulse-labeled RNA of Escherichia coli. Proc. Natl. Acad.
Sci. U. S. A., 72,2910-2914.

392. Brawerman, G. (1993) In Belasco, J. G. and Brawerman, G. (eds.), Control of
mRNA stability. Academic Press, San Diego, pp. 149-149.

393.  Caponigro, G. and Parker, R. (1996) Mechanism and control of mRNA turnover
in Saccharomyces cerevisiae. Microbiol. Rev., 60, 233-249.

394. He, W. and Parker, R. (2000) Functions of Lsm proteins in mRNA degradation
and splicing. Curr. Opin. Cell Biol., 12, 346-350.

395.  Ross, J. (1996) Control of messenger RNA stability in higher eukaryotes. Trends
Genet., 12, 171-175.

396. Hajnsdorf, E. Braun, F. Haugel-Nielsen, ]. and Regnier, P. (1995)
Polyadenylylation destabilizes the rpsO mRNA of Escherichia coli. Proc. Natl. Acad. Sci. U.
S. A., 92,3973-3977.

397.  Coburn, G.A. and Mackie, G.A. (1996) Differential sensitivities of portions of the
mRNA for ribosomal protein 520 to 3'-exonucleases is dependent on oligoadenylation
and RNA secondary structure. J. Biol. Chem., 271, 15776-15781.

398. O'Hara, E.B., Chekanova, J.A., Ingle, C.A., Kushner, Z.R., Peters, E. and Kushner,
S.R. (1995) Polyadenylylation helps regulate mRNA decay in Escherichia coli. Proc. Natl.
Acad. Sci. U. S. A., 92, 1807-1811.

77



399. Taljanidisz, J., Karnik, P. and Sarkar, N. (1987) Messenger ribonucleic acid for the
lipoprotein of the Escherichia coli outer membrane is polyadenylated. J. Mol. Biol., 193,
507-515.

400. Karnik, P., Taljanidisz, J., Sasvari-Szekely, M. and Sarkar, N. (1987) 3'-terminal
polyadenylate sequences of Escherichia coli tryptophan synthetase alpha-subunit
messenger RNA. J. Mol. Biol., 196, 347-354.

401. Cao, G.-J. and Sarkar, N. (1992) Poly(A) RNA in Escherichia coli: Nucleotide
sequence at the junction of the Ipp transcript and the polyadenylate moiety. Proc. Natl.
Acad. Sci. U. S. A., 89, 7546-7550.

402. Haugel-Nielsen, J., Hajnsdorf, E. and Régnier, P. (1996) The rpsO mRNA of
Escherichia coli is polyadenylated at multiple sites resulting from endonucleotlyic
processing and exonucleolytic degradation. EMBO ]., 15, 3144-3152.

403. Aiba, H., Fujimoto, S. and Ozaki, N. (1982) Molecular cloning and nucleotide
sequencing of the gene for E. coli cAMP receptor protein. Nucleic Acids Res., 10, 1345-
1361.

404. Cossart, P. and Gicquel-Sanzey, B. (1982) Cloning and sequence of the crp gene of
Escherichia coli K 12. Nucleic Acids Res., 10, 1363-1378.

405.  Alifano, P., Rivellini, F., Limauro, D., Bruni, C.B. and Carlomagno, M.S. (1991) A
consensus motif common to all Rho-dependent prokaryotic transcription terminators.
Cell, 64, 553-563.

406. Wu, AM., Christie, G.E. and Platt, T. (1981) Tandem termination sites in the
tryptophan operon of Escherichia coli. Proc. Natl. Acad. Sci. U. S. A., 78, 2913-2917.

407. Murakawa, G.J., Kwan, C., Yamashita, J. and Nierlich, D.P. (1991) Transcription
and decay of the lac messenger: role of an intergenic terminator. J. Bacteriol., 173, 28-36.

408. Matsumoto, Y., Shigesada, K., Hirano, M. and Imai, M. (1986) Autogenous
regulation of the gene for transcription termination factor rho in Escherichia coli:
localization and function of its attenuators. J. Bacteriol., 166, 945-958.

78



409.  Chow, J. and Dennis, P.P. (1994) Coupling between mRNA synthesis and mRNA
stability in Escherichia coli. Mol. Microbiol.. 11, 919-931.

410.  Nierlich, D.P. and Murakawa, G.J. (1996) The decay of bacterial messenger RNA.
Prog. Nuc. Acid Res. Mol. Biol., 52, 153-216.

411.  Regnier, P. and Hajnsdorf, E. (1991) Decay of mRNA encoding ribosomal protein
S15 of Escherichia coli is initiated by an RNase E-dependent endonucleolytic cleavage that
removes the 3' stabilizing stem and loop structure. J. Mol. Biol., 187, 23-32.

412. Goodrich, A.F. and Steege, D.A. (1999) Roles of polyadenylation and nucleolytic
cleavage in the filamentous phage mRNA processing and decay pathways in Escherichia
coli. RNA, 5, 972-985.

413. Kokoska, R.J., Blumer, K.J. and Steege, D.A. (1990) Phage fl mRNA processing in
Escherichia coli: search for the upstream products of endonuclease cleavage, requirement
for the product of the altered mRNA stability (ams) locus. Biochimie, 72, 803-811.

414. Blumer, KJ. and Steege, D.A. (1984) mRNA processing in Escherichia coli: an
activity encoded by the host processes bacteriophage f1 mRNAs. Nucleic Acids Res., 12,
1847-1861.

415. Cao, GJ. Kalapos, M.P. and Sarkar, N. (1997) Polyadenylated mRNA in
Escherichia coli: Modulation of poly(A) levels by polynucleotide phosphorylase and
ribonuclease II. Biochimie, 79, 211-220.

416.  Kushner, S.R. (1996) In Neidhardt, F. C., Curtiss III, R., Ingraham, J. L., Lin, E. C.
C., Low, J., K.B. Magasanik, B., Reznikoff, W. S, Riley, M., Schaechter, M. and
Umbarger, H. E. (eds.), Escherichia coli and Salmonella: Cellular and Molecular Biology,
Second Edition. ASM Press, Washington, DC, Vol. 1, pp. 849-860.

417.  Steege, D.A. (2000) Emerging features of mRNA decay in bacteria. RNA, 6, 1079-
1090.

418. Mohanty, B.K. and Kushner, S.R. (1999) Analysis of the function of Escherichia coli
poly(A) polymerase I in RNA metabolism. Mol. Microbiol., 34, 1094-1108.

79



419.  Sarkar, N. (1997) Polyadenylation of mRNA in prokaryotes. Ann. Rev. Biochem.,
66, 173-197.

420. Wrobel, B.,, Herman-Antosiewicz, A., Szalewska-Palasz, A. and Wegrzyn, G.
(1998) Polyadenylation of oop RNA in the regulation of biacteriophage lambda
development. Gene, 212, 57-65.

421.  Szalewska-Palasz, A., Wrobel, B. and Wegrzyn, G. (1998) Rapid degradation of
polyadenylated oop RNA. FEBS Lett., 432, 70-72.

422.  Szalewska-Palasz, A., Wegrzyn, G. and Wegrzyn, A. (2007) Mechanisms of
physiological regulation of RNA synthesis in bacteria: new discoveries breaking old
schemes. |. Appl. Genet., 48, 281-294.

423.  Urban, J.H. and Vogel, J. (2008) Two seemingly homologous noncoding RNAs
act hierarchically to activate g/lmS mRNA translation. PLoS Biol., 6, e64.

424.  Reichenbach, B., Maes, A., Kalamorz, F., Hajnsdorf, E. and Gorke, B. (2008) The
small RNA GImY acts upstream of the SRNA GImZ in the activation of g/mS expression
and is subject to regulation by polyadenylation in Escherichia coli. Nucleic Acids Res., 36,
2570-2580.

425.  Argaman, L., Hershberg, R., Vogel, J., Bejerano, G., Wagner, E.G., Margalit, H.
and Altuvia, S. (2001) Novel small RNA-encoding genes in the intergenic regions of
Escherichia coli. Curr. Biol., 11, 941-950.

426. Jasiecki, J. and Wegrzyn, G. (2003) Growth-rate dependent RNA polyadenylation
in Escherichia coli. EMBO Rep., 4, 172-177.

427.  Binns, N. and Masters, M. (2002) Expression of the Escherichia coli pcnB gene is
translationally limited using an inefficient start codon: a second chromosomal example
of translation initiated at AUU. Mol. Microbiol.. 44, 1287-1297.

428.  Nadratowska-Wesolowska, B., Slominska-Wojewodzka, M., Lyzen, R., Wegrzyn,
A., Szalewska-Palasz, A. and Wegrzyn, G. (2010) Transcription regulation of the
Escherichia coli pcnB gene coding for poly(A) polymerase I: roles of ppGpp, DksA and
sigma factors. Mol. Genet. Genomics, 284, 289-305.

80



429.  Apirion, D. (1973) Degradation of RNA in Escherichia coli: A hypothesis. Mol. Gen.
Genet., 122, 313-322.

430. Spickler, C., Stronge, V. and Mackie, G.A. (2001) Preferential cleavage of
degradative intermediates of rpsT mRNA by the Escherichia coli degradosome. J.
Bacteriol., 183, 1106-1109.

431. Mackie, G.A. (2000) Stabilization of circular rpsT mRNA demonstrates the 5'-end
dependence of RNase E action in vivo. . Biol. Chem., 275, 25069-25072.

432.  Celesnik, H., Deana, A. and Belasco, J.G. (2007) Initiation of RNA decay in
Escherichia coli by 5' pyrophosphate removal. Mol. Cell, 27, 79-90.

433.  Luciano, D.J., Hui, M.P., Deana, A., Foley, P.L., Belasco, K.J. and Belasco, J.G.
(2012) Differential control of the rate of 5-end-dependent mRNA degradation in
Escherichia coli. |. Bacteriol., 194, 6233-6239.

434. Hsieh, P.K,, Richards, J., Liu, Q. and Belasco, J.G. (2013) Specificity of RppH-
dependent RNA degradation in Bacillus subtilis. Proc. Natl. Acad. Sci. U. S. A.

435.  Mitchell, S.J. and Minnick, M.F. (1995) Characterization of a two-gene locus from
Bartonella bacilliformis associated with the ability to invade human erythrocytes. Infect.
Immun., 63, 1552-1562.

436. Badger, J.L., Wass, C.A. and Kim, K.S. (2000) Identification of Escherichia coli K1
genes contributing to human brain microvascular endothelial cell invasion by
differential fluorescence induction. Mol. Microbiol., 36, 174-182.

437.  Ismail, T.M., Hart, C.A. and McLennan, A.G. (2003) Regulation of dinucleoside
polyphosphate pools by the YgdP and ApaH hydrolases is essential for the ability of

Salmonella enterica serovar typhimurium to invade cultured mammalian cells. J. Biol.
Chem., 278, 32602-32607.

438.  Edelstein, P.H., Hu, B., Shinzato, T., Edelstein, M.A., Xu, W. and Bessman, M.].
(2005) Legionella pneumophila NudA Is a Nudix hydrolase and virulence factor. Infect.
Immun., 73, 6567-6576.

81



439.  McLennan, A.G. (2006) The Nudix hydrolase superfamily. Cellular and molecular
life sciences : CMLS, 63, 123-143.

440. Beelman, C. and Parker, R. (1996) Degradation of mRNA in eukaryotes. Cell, 81,
179-183.

441. Beelman, C,, Stevens, A., Caponigro, G., LaGrandeur, T., Hatfield, L., Fortner, D.
and Parker, R. (1996) An essential component of the decapping enzyme required for
normal rates of mRNA turnover. Nature, 283, 642-646.

442. LaGrandeur, T.E. and Parker, R. (1998) Isolation and characterization of Dcplp,
the yeast mRNA decapping enzyme. EMBO J., 17, 1487-1496.

443.  Franze de Fernandez, M.T., Eoyang, L. and August, T.L. (1968) Factor fraction
required for the synthesis of bacteriophage QB-RNA. Nature, 219, 588-590.

444.  Mulffler, A., Traulsen, D.D., Fischer, D., Lange, R. and Hengge-Aronis, R. (1997)
The RNA-binding protein HF-1 plays a global regulatory role which is largely, but not
exclusively, due to its role in expression of the sigma S subunit of RNA polymerase in
Escherichia coli. ]. Bacteriol., 179, 297-300.

445.  Tsui, H.C., Leung, H.C. and Winkler, M.E. (1994) Characterization of broadly
pleiotrophic phenotypes caused by an hfg insertion mutation in Escherichia coli K-12. Mol.
Microbiol.. 13, 35-49.

446.  Tsui, H.C, Feng, G. and Winkler, M.E. (1997) Negative regulation of mutS and
mutH repair gene expression by the Hfq and RpoS global regulators of Escherichia coli K-
12. J. Bacteriol., 179, 7476-7487.

447.  Brown, L. and Elliot, T. (1996) Efficient translation of the RpoS sigma factor in
Salmonella typhimurium requires host factor I, an RNA-binding protein encoded by the
hfg gene. ]. Bacteriol., 178, 3673-3770.

448.  Hajnsdorf, E. and Regnier, P. (2000) Host factor Hfq of Escherichia coli stimulates
elongation of poly(A) tails by poly(A) polymerase 1. Proc. Natl. Acad. Sci. U. S. A., 97,
1501-1505.

82



449.  Le Derout, J., Folichon, M., Briani, F., Deho, G., Regnier, P. and Hajnsdorf, E.
(2003) Hfq affects the length and the frequency of short oligo(A) tails at the 3' end of
Escherichia coli rpsO mRNAs. Nucleic Acids Res., 31, 4017-4023.

450. Link, T.M., Valentin-Hansen, P. and Brennan, R.G. (2009) Structure of Escherichia
coli Hfq bound to polyriboadenylate RNA. Proc. Natl. Acad. Sci. U. S. A., 106, 19292-
19297.

451.  Regnier, P. and Hajnsdorf, E. (2009) Poly(A)-assisted RNA decay and modulators
of RNA stability. Prog. Mol. Biol. Transl. Sci., 85, 137-185.

452.  Sobrero, P. and Valverde, C. (2012) The bacterial protein Hfq: much more than a
mere RNA-binding factor. Crit. Rev. Microbiol., 38, 276-299.

453.  Brennan, R.G. and Link, T.M. (2007) Hfq structure, function and ligand binding.
Curr. Opin. Microbiol., 10, 125-133.

454. Paul, BJ., Ross, W., Gaal, T. and Gourse, R.L. (2004) rRNA transcription in
Escherichia coli. Annu. Rev. Genet., 38, 749-770.

455.  Nikolaev, N., Birge, C.H., Gotoh, S., Glazier, K. and Schlessinger, D. (1975)
Primary processing of high molecular weight preribosomal RNA in Escherichia coli and
HeLa cells. Brookhaven Symp. Biol., 175-193.

456.  Deutscher, M.P. (2009) Maturation and degradation of ribosomal RNA in
bacteria. Prog. Mol. Biol. Transl. Sci., 85, 369-391.

457.  Nikolaev, N., Silengo, L. and Schlessinger, D. (1973) Synthesis of a large
precursor to ribosomal RNA in a mutant of Escherichia coli. Proc. Natl. Acad. Sci. U. S. A.,
70, 3361-3365.

458.  Slagter-Jager, ].G., Puzis, L., Gutgsell, N.S., Belfort, M. and Jain, C. (2007)
Functional defects in transfer RNNAs lead to the accumulation of ribosomal RNA
precursors. RNA, 13, 597-605.

459. Hayes, F. and Vasseur, M. (1976) Processing of the 17-S Escherichia coli precursor
RNA in the 27-S pre-ribosomal particle. Eur. . Biochem., 61, 433-442.

83



460. Ludwig, H., Homuth, G., Schmalisch, M., Dyka, F.M., Hecker, M. and Stulke, J.
(2001) Transcription of glycolytic genes and operons in Bacillus subtilis: evidence for the
presence of multiple levels of control of the gapA operon. Mol. Microbiol., 41, 409-422.

461. Marincola, G., Schafer, T., Behler, J., Bernhardt, J., Ohlsen, K., Goerke, C. and
Wolz, C. (2012) RNase Y of Staphylococcus aureus and its role in the activation of
virulence genes. Mol. Microbiol., 85, 817-832.

462. Mader, U, Hennig, S., Hecker, M. and Homuth, G. (2004) Transcriptional
organization and posttranscriptional regulation of the Bacillus subtilis branched-chain
amino acid biosynthesis genes. J. Bacteriol., 186, 2240-2252.

463. Dressaire, C., Picard, F.,, Redon, E., Loubiere, P., Queinnec, 1., Girbal, L. and
Cocaign-Bousquet, M. (2013) Role of mRNA stability during bacterial adaptation. PLoS
One, 8, €59059.

464. Bernstein, J.A., Khodursky, A.B., Lin, P.-H., Lin-Chao, S. and Cohen, S.N. (2002)
Global analysis of mRNA decay and abundance in Escherichia coli at single-gene
resolution using two-color fluorescent DNA microarrays. Proc. Natl. Acad. Sci. U. S. A.,
99, 9697-9702.

465. Melefors, O. and von Gabain, A. (1988) Site-specific endonucleolytic cleavages
and the regulation of stability of E. coli ompA mRNA. Cell, 52, 893-901.

466. Li, Y. and Altman, S. (2003) A specific endoribonuclease, RNase P, affects gene
expression of polycistronic operon mRNAs. Proc. Natl. Acad. Sci. U. S. A., 100, 13213-
13218.

467. Robert-Le Meur, M. and Portier, C. (1992) Escherichia coli polynucleotide
phosphorylase expression is autoregulated through an RNase III-dependent mechanism.
EMBO]., 11, 2633-2641.

468.  Deutscher, M.P. and Reuven, N.B. (1991) Enzymatic basis for hydrolytic versus
phosphorolytic mRNA degradation in Escherichia coli and Bacillus subtilis. Proc. Natl.
Acad. Sci. U. S. A., 88, 3277-3280.

469.  Apirion, D. and Miczak, A. (1993) RNA processing in prokaryotic cells. Bioessays,
15, 113-120.

84



470.  Deutscher, M.P. (1995) tRNA processing nucleases. In Soll, D. and RajBhandary,
U. (eds). tRNA: Structure, Biosynthesis, and Function. ASM, Washington, DC, 51-65.

471.  Altman, S., Kirsebom, L. and Talbot, S. (1995) Recent studies of RNase P. In: Soll
D, RajBhandary, UL, eds. tRNA structure, biosynthesis and function. Washington, DC. ASM
Press, 67-78.

472.  Sekiya, T., Contreras, R., Takeya, T. and Khorana, H.G. (1979) Total synthesis of a
tyrosine suppressor transfer RNA gene. XVII. Transcription, in vitro, of the synthetic
gene and processing of the primary transcript to transfer RNA. J. Biol. Chem., 254, 5802-
5816.

473.  Bikoff, EK. and Gefter, M.L. (1975) In vitro synthesis of transfer RNA. L.
Purification of required components. J. Biol. Chem., 250, 6240-6247.

474.  Mohanty, B.K. and Kushner, S.R. (2007) Ribonuclease P processes polycistronic
tRNA transcripts in Escherichia coli independent of ribonuclease E. Nucleic Acids Res., 35,
7614-7625.

85



CHAPTER 2

RNASE P IS REQUIRED FOR THE INITIAL PROCESSING OF ALL SEVEN VALINE

tRNAS IN ESCHERICHIA COLI!

! Ankit Agrawal, Bijoy K. Mohanty, and Sidney R. Kushner. Submitted to Nucleic

Acids Research
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ABSTRACT

Here we report that RNase P is required for the initial separation of all seven valine
tRNAs from three distinct polycistronic transcripts (valV valW, vall valX valY lysY and
lysT valT lysY valZ lysW lysZ lysQ). In the absence of RNase P the level of mature valine
type I tRNAs decreases over 30-fold.  Particularly significant is the mechanism by
which RNase P processes the large polycistronic transcripts. Specifically, the enzyme
appears to initiate degradation by first removing the Rho-independent transcription
terminators for the valU and lysT transcripts. Subsequently, it proceeds in the 3' — 5'
direction generating one pre-tRNA at a time. Although it has been long thought that
the essential function of RNase P in E. coli was to generate the mature 5' termini of all 86
tRNAs, we demonstrate here that failure to mature the 5' termini of all seven valine
tRNAs only results in an ~2-fold reduction in the level of their aminoacylated species.
Surprisingly, RNase E only plays a very minor role in the processing of all three valine

polycistronic transcripts.
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INTRODUCTION
The E. coli genome contains 86 transfer RNA (tRNA) genes that are organized as either
monocistronic transcripts or complex operons, containing other tRNAs, messenger
RNAs (mRNA) or ribosomal RNA (rRNA) genes (1,2). Every tRNA is initially
transcribed as a precursor with additional nucleotides at both the 5' and 3' termini.
These primary transcripts require subsequent processing at both ends to generate the
mature species that are charged by their cognate tRNA aminoacyltransferases. The
generally accepted model for tRNA processing involves endonucleolytic cleavages of
primary transcripts by RNase E to generate pre-tRNAs (3-5), which contain a limited
number of extra nucleotides at their 5' and 3' termini. Subsequently, the ribozyme
RNase P endonucleolytically removes the extra nucleotides at the 5' terminus, while the
3' terminus is processed exonucleolytically by a combination of RNase T, RNase PH,
RNase D, RNase BN, RNase II and PNPase (6,7).

Although RNase P has been shown to be involved in the maturation of 4.5S RNA
(a component of the essential signal recognition particle) (8), other small RNAs (9), and
in the processing of a few polycistronic mRNAs (10,11), its role in the endonucleolytic
separation of polycistronic tRNA transcripts has only recently been demonstrated
(12,13).
RNase P is universally conserved and has been found in all three domains of life (14-17)
with the exception of the archaeon Nanoarchaeum equitans (17). Although RNase P is
typically a ribonucleoprotein comprised of a conserved catalytic RNA subunit and a

varying number of protein subunits (18,19), protein-only RNase P variants have been
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recently described (20-24). E. coli ribonuclease P is an essential enzyme consisting of the
C5 protein (encoded by rnpA) and the catalytic M1 RNA (encoded by rnpB) subunits
(25,26). Under physiological conditions in vitro, the M1 RNA subunit has been shown to
cleave pre-tRNA precursors on its own, albeit at a very slow rate (27). Addition of the C5
protein subunit increased the efficiency of the cleavage reactions dramatically (28). In
vivo, the C5 subunit is essential for RNase P activity and cell viability (29).

The removal of the extra nucleotides at the 5' end of tRNAs by RNase P has been
described as an essential step in the biogenesis of mature tRNA species for
aminoacylation (30). With the discovery that RNase P separated the valV valW and leuQ
leuP leuV primary transcripts (12), it was hypothesized that the essential function of
RNase P might be related to the absence of a particular tRNA that was dependent on the
enzyme for its initial processing, rather than its assumed importance in generating
mature 5' termini (12). In fact, Kim et al. (31) suggested that they could complement a
temperature sensitive allele of RNase P (rnpA49) by expressing tRNA8CCG on a
multicopy plasmid.

Based on these observations, we examined all 86 tRNA genes in E. coli in silico to
determine if perhaps all of the tRNA genes for one specific amino acid were initially
processed by RNase P, thereby generating a situation in which there would be a
dramatic reduction in the level of a particular mature tRNA in the absence of RNase P.
In such a scenario, loss of cell viability would result from the shortage of tRNAs charged
with a specific amino acid rather than a general block to tRNA charging. Based on

previous studies (3,7,12,13), many of the tRNAs including those for His, Leu, Pro, Trp,
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Arg, Asn, Met, Cys, Ala, Gln, Ser, Phe, Thr, Ile, and Tyr were ruled out. However, both
Val and Lys were possibilities, since we have previously shown that the two of the seven
valine tRNAs (valV and valW, isotype 2) require RNase P for their initial processing (12)
and the processing of the six lysine tRNA genes had not been previously studied. In
fact, one lysine tRNA was part of a polycistronic transcript including three valine tRNAs
(valll valX valY lysV), while the other five lysine tRNA genes were clustered together
with two valine tRNAs (lysT valT lysW valZ lysY lysZ lysQ). However, it was indicated
that the IysT gene cluster was synthesized as four separate transcripts (32).

Here we show that the lysT promoter drives the synthesis of a large polycistronic
transcript that includes all seven tRNAs. More importantly, all seven valine tRNAs
require RNase P for their initial processing. Thus upon inactivation of RNase P,
functional valine tRNAs can no longer be generated, either isotype 1 or 2, because of the
inability to generate valine pre-tRNAs from their primary transcripts. However,
exogenous expression of both valine tRNA isotypes processed independently of RNase
P did not complement an rnpA49 mutant at the non-permissive temperature. We also
show that RNase PH plays a major role in the 3' end maturation of type I valine isotype

tRNAs.

MATERIALS AND METHODS
Bacterial strains
All the E. coli strains used in this study were derivatives of MG1693 (thyA715 rph-1) and

are listed in Table 2.1. MG1693 is a thyA715 derivative of MG1655 that has a single base
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pair deletion in the rph gene (rph-1) resulting in a frameshift mutation, leading to the
complete loss of RNase PH activity (33). The rne-1 and rnpA49 mutations, encoding
temperature-sensitive RNase E and RNase P enzymes, respectively, do not support cell
viability at 44°C and have been previously described (34,35). A P1 phage lysate grown
on SK2525 (rnpA49 rph-1) was used to transduce both SK10153 (thyA715) and SK9797
(rne-1 rnzA500 rph-1) to generate SK10521 and SK10300, respectively. SK5166 (rnpA49
rph-1) was transduced with a P1 lysate grown on SK4455 (rnc-14 rph-1) to construct
SK10525. A P1 lysate grown on SK3170 (rnlA2 rph-1) was used to transduce SK2534
(rne-1 rnpA49 rph-1) to construct SK10523.

Plasmid constructions

The plasmids pAAK11 (valll*/ CmR), pAAK15 (argX*/CmR) and pAAK17 (rnpB*/CmR) all
contain the p15A origin of DNA replication (15-20 copies/cell) and express either valll,
argX or the M1 RNA (rnpB), respectively, under the control of the lac promoter. Plasmid
PAAK13 (valW* /SmR) is a 6-8 copy plasmid with a pSC101 origin of replication
expressing valWW under the control of the lac promoter. A PCR (polymerase chain
reaction) fragment containing a lac promoter followed by a gene of interest (either valll,
valW, argX or rnpB) and a Rho-independent transcription terminator [derived from leull,
(13)] was generated employing an overlapping PCR technique using Phusion® High-
Fidelity DNA Polymerase (NEB). The resulting PCR products were cloned into the
BamHI/HindIll sites of either pBMK11(36) to construct pAAK11 (valll'/ CmR), pAAK15
(argX* /CmR) and pAAK17 (rnpB* /CmR) or pMS421 (37) to construct pAAK13 (valW*

/SmR).
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All the plasmid constructions were confirmed by DNA sequencing of the cloned
fragments (Eurofins MWG Operon). In addition, northern analysis was used to confirm
that the IPTG induction of plasmids pAAK11, pAAK13, pAAK15 and pAAK17 led to
increased intracellular levels of tRNAVa", tRNAVa2, tRNAA', and M1 RNA, respectively.
Plasmid transformations were carried out as described previously (38). The sequences
of various oligonucleotides used in the study are available on request.

Growth of bacterial strains

Bacterial strains were typically grown with shaking in Luria broth (39) supplemented
with thymine (50 pg/ml). When appropriate, the medium also contained tetracycline
(20 pg/ml), kanamycin (25 ug/ml), chloramphenicol (20 pg/ml) or streptomycin (20
ug/ml). Culture growth was monitored using a Klett-Summerson Colorimeter (No.42
Green filter). For temperature sensitive mutant strains, cultures were initially grown at
30°C until they reached 50 Klett units above background and then shifted to 44°C unless
noted otherwise. All the cultures were maintained in exponential growth by periodic
dilutions with pre-warmed medium. To collect samples for RNA extraction, RNase P
(rnpA49 allele) and RNase E (rne-1 allele) mutant strains were shifted to 44°C for 1 hr
and 2 hr, respectively. The wild-type control strains were also shifted to 44°C for one
hour.

Isolation of total RNA

Total RNA for steady-state analysis was extracted using the method described by
Mohanty et al. (40), with the following modifications. Cell pellets from 3.5 ml of cells

were resuspended in 510 ul of Lysis buffer. After lysis, 71 ul of 20 mM acetic acid were
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added. Following resuspension in one ml of 2 M LiCl, each sample was centrifuged at
16,000 g for 10 min. The resulting pellets were washed with 500 pl of chilled 70%
ethanol, followed by centrifugation at 10,000 g for 10 min. The supernatants were
removed and the pellets were spun again at 10,000 g for 1 min to remove any residual
ethanol.

Total RNA for half-life analyses was extracted using the RNAsnap™ method (41).
Rifampicin (500 pg/ml) and nalidixic acid (20 pg/ml) were added to the cell cultures at 50
Klett units above background and the sample for 0 min time-point were collected after
70 seconds (40). All RNA samples were quantified using a NanoDrop (model 2000c,
Thermo Scientific) apparatus. In addition, 500 ng of each RNA sample was separated on
a 1% agarose gel and visualized by ethidium bromide staining to check for RNA
integrity and to ensure equal loading.

Northern analysis and determination of in vivo aminoacylation levels

Northern analysis was carried out as described by Mohanty and Kushner (12). Briefly,
12 pg of total RNA from each strain were separated on either 6 or 8% polyacrylamide
gels containing 8.3 M urea in TBE buffer or 1.2% agarose gels and were subsequently
transferred on to a positively charged nylon membrane (Nytran™SPC, Whatman™).
32P-labeled DNA oligonucleotides were used as probes. The blots were scanned with a
PhosphorImager (Storm™ 840, GE Healthcare). Each membrane was often probed with
different probes after stripping as previously described (40). Band intensities were
determined using ImageQuant TL 5.2 software (GE Healthcare). The percentage of

tRNA aminoacylation level was determined as previously described (42,43).
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RESULTS

Processing of the vall operon is dependent on RNase P

The E. coli genome contains seven valine tRNAs organized into three separate gene
clusters (Figure 2.1). The initial processing of valV wvalW transcripts containing two
copies of valine isotype 2, has been shown to be completely dependent on RNase P
cleavages at the mature 5' termini of both tRNAs that separate the two species (12).
Since the spacer region between valV and valW is only four nucleotides (UCCU), we
examined the spacer regions associated with the remaining five valine tRNAs, which all
encode isotype 1. In fact, the vall operon has a four nucleotide spacer (CUUC) between
valY and lysV, while in the lysT gene cluster there is a two nucleotide spacer (CC)
between valT and lysW and a three nucleotide spacer (CUC) between valZ and lysY
(Figurel). These observations suggested that RNase P might be involved in the initial
processing of additional valine tRNAs, since these short spacer regions are not canonical
RNase E cleavage sites (44,45).

Accordingly, we initially examined the processing of the vall operon in the rph-1, rne-1
rph-1, rnpA49 rph-1 and rne-1 rnpA49 rph-1 isogenic strains by northern analysis using
operon specific oligonucleotide probes (Figure 2.2A). Since all five isotype I valine
tRNAs have identical sequences, we initially probed a northern blot with a probe (b,
Figure 2.2A) that was complementary to the mature valine type I coding sequence. No
significant differences in processing intermediates were observed between the rph-1 and

rne-1 rph-1 strains (Figure 2.2B, lanes 1-2). The most prominent species observed was a
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doublet in which one band was slightly larger than the size of the mature tRNA (M). In
addition, three high molecular weight species (V, VI and VII) were weakly visible
(Figure 2.2B, lanes 1, 2).

The intensity of species V, VI, and VII increased dramatically in the absence of RNase P
(rnpA49) along with an almost 20-fold decrease in the amount of the mature species (M)
(Figure 2.2B, lane 3). In the rne-1 rnpA49 rph-1 triple mutant, the intensity of the species
V and VIII increased slightly along with small decreases in the levels of species VI and
VII (Figure 2.2B, lane 4), suggesting a very minor role for RNase E in the absence of
RNase P. The level of mature species (M) remained unchanged compared to the rnpA49
rph-1 double mutant. In fact, the processed fraction (PF) for the mature tRNAVa!
decreased from 0.76 and 0.95 in the rph-1 and rne-1 rph-1 strains, respectively, to 0.04 in
the rnpA49 rph-1 and rne-1 rnpA49 rph-1 strains (Figure 2.2B, lanes 1-4).

The composition of all the processing intermediates seen in Figure 2.2B was
subsequently determined by probing the blot with oligonucleotides that were
complementary to various regions of the operon (Figure 2.2A). For example, probe a
(complementary to the upstream region of walU) hybridized to all the processing
intermediates (species V-IX, XI) with the exception of species X (Figure 2.2C, lanes 5-8).
In contrast, probe g (complementary to the Rho-independent transcription terminator,
Figure2A) only hybridized to species V (Figure 2.2C, lanes 21-24) demonstrating that it
was the full-length transcript. These results were consistent with the predicted size

(~438 nt) of the full-length valll operon transcript.
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Since species VI hybridized only to probe a (Figure 2.2C, lanes 5-8), but not to probe g
(Figure 2.2C, lanes 21-24), it was identified as the complete transcript minus the Rho-
independent transcription terminator. The identity of species V and VI was further
confirmed using probes c, d and e (Figure 2.2C, lanes 9-20). In fact, the Rho-independent
transcription terminator associated with species V was removed primarily by RNase P,
since its level increased only marginally in the rne-1 rnpA49 rph-1 triple mutant
compared to the rnpA49 rph-1 double mutant (Figure 2.2, lanes 3, 4, 23, and 24).

Probe e (complementary to the intergenic region between valY and lysV) did not
hybridize to either tRNAV2 or tRNAYs alone or to species VII (Figure 2.2C, lanes 17-20).
Probe d hybridized to both species VI and VII, but not to species VIII (Figure 2.2C, lanes
13-16). These results suggested that species VII arose from a cleavage between valY and
lysV tRNAs, while species VIII arose from a cleavage downstream of valX. The multiple
bands labeled species X were observed with probes b and e in the rnpA49 rph-1 strain
(Figure 2.2B, lanes 3, 19), but disappeared in the rne-1 rnpA49 rph-1 strain (Figure 2.2B,
lanes 4, 20). This observation suggested that this group of processing intermediates
containing valine coding sequences arose from occasional RNase E cleavages at multiple
sites in the rnpA49 rph-1 strain.

Species XI was detected by probes b and a in the rnpA49 rph-1 (Figure 2.2B, 2.2C, lanes
3, 7,) and disappeared in the rne-1 rnpA49 rph-1 strain (Figure 2.2B, 2.2C, lanes 4, 8).
However, this band was not detected with probe c (complementary to the intergenic
region between valll and valX), even in the rnpA49 rph-1 strain (Figure 2.2C, lanes 11),

indicating that in the absence of RNase P, RNase E cleaved inefficiently somewhere in
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the intergenic region between valll and valX. Thus, intermediate XI was identified as a
fragment containing valll with the 5' leader sequence and perhaps some portion of the
intergenic region at its 3' end.

The detection of bands I- IV with probes b, e, and g (Figure 2.2B, 2.2C, lanes 4, 20, 24)
was initially surprising, since their sizes were much larger than the full-length valll
polycistronic transcript. However, upon examining the sequences of the valU operon
and lysT gene cluster (32), we realized that the intergenic region between valY and lysV
(CUUC, Figure 2.1) was similar to the intergenic regions between valT and IysW (CC,
Figure 2.1) and valZ and lysY (CUC, Figure 2.1). Since all the five valine tRNAs and the
six lysine tRNAs present in the valll operon and lysT gene cluster are identical to each
other, respectively (Figure 2.1), we hypothesized that probes b and e (Figure 2.2A)
would likely hybridize to RNA fragments originating from the valU operon as well as
the lysT gene cluster. Additionally, we observed that the Rho-independent transcription
terminators downstream of the IysV and lysQ genes (Figure 2.1) were identical in
sequence (data not shown). Thus the large species observed with probes b, e, and g
(Figure 2.2B, 2.2C, lanes 4, 20, 24) probably arose from transcripts originating from the
lysT gene cluster (see below).

RNase PH plays an integral role in the final 3' end maturation of the valine type 1
tRNAs

As shown in Figure 2.2B, lanes 1, 2, a 1-2 nt larger species than the mature valine tRNA
(M) was observed in the rph-1 and rne-1 rph-1 strains. Interestingly, the slightly larger

species disappeared in the two rnpA49 strains (Figure 2.2B, lanes 3, 4). Since our
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experiments were carried out in an RNase PH defective strain (MG1693), we compared
these results with those obtained from an isogenic rph* derivative of MG1693. As shown
in Figure 2.2D, only the mature valine tRNA was observed in the presence of RNase PH.
The lysT gene cluster is transcribed as a polycistronic transcript

Based on our observations with probes b, e, and g (Figure 2.2B, 2.2C), we hypothesized
that the larger species (I, II, III) were part of the lysT gene cluster, even though it is
indicated in the EcoCyc database that the seven genes are part of four separate
transcripts (32). If all seven tRNAs in the IysT gene cluster were synthesized as a
polycistronic transcript, a full-length species of over 1100 nt would be predicted. This
species should hybridize to probes complementary to the 5' leader region of lysT (probe
1, Figure 2.3A), the 3' terminator region downstream of lysQ (probe g, Figure 2.3A), and
the mature lys tRNA (probe f, Figure 2.3A). Accordingly, we performed northern
analysis on steady-state RNA isolated from rph-1, rnpA49 rph-1, rne-1 rph-1, and rne-1
rpnA49 rph-1 strains. The blot was first probed with an oligonucleotide complementary
to the mature tRNAs sequence (probe f, Figure 2.3A). As predicted a species greater
than 1100 nt in length (species I) was observed in the rnpA49 rph-1 and rnpA49 rne-1 rph-
1 strains (Figure 2.3B, lanes 2, 4) along with multiple lower molecular weight species (II,
III, IV, V, VIA, VIIA, X, XII, XIA and M). However, only species I hybridized to both
probe 1 (Figure 2.3A, 3C, lanes 6, 8) and probe g (Figs. 3A, 2C, lane, 24) demonstrating
that species I constituted the full-length lysT transcript. The larger species (I-IV) were

barely visible in the rph-1 and rne-1 rph-1 strains (Figure 2.3B, lanes 1, 3).
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Processing of the lysT polycistronic operon requires RNase P and is stimulated by
RNase E

Unlike what was seen with the analysis of the valll operon, there was a single mature
lysine tRNA species (M) in both the rph-1 and rne-1 rph-1 strains and surprisingly few
other processing intermediates (Figure 2.3B, lanes 1, 3). In contrast, the amount of the
mature tRNAWMs species (M) was significantly reduced in the rnpA49 rph-1 and rne-1
rnpA49 rph-1 mutants (Figure 2.3B, lanes 2, 4) with a concomitant increase in larger
species (I-V, VIA, VIIA, X, XIA and XII). In fact, the processed fraction (PF) of mature
tRNADs decreased from 0.95 and 0.89 in the rph-1 and rne-1 rph-1 strains to 0.17 and 0.02
in the rnpA49 rph-1 and rnpA49 rne-1 rph-1 mutants, respectively.

To ascertain the composition of the higher molecular weight species (I, II, III and IV), we
probed the blot with oligonucleotides that were complementary to the intergenic regions
between lysW and valZ (Figure 2.3A, probes 5, 6), lysY and lysZ (Figure 2.3A, probes 8§,
9), and lysZ and lysQ (Figure 2.3A, probes 10, 11). With probes 10 and 11 (Figure 2.3C,
lanes 25-28; data not shown), only species I was observed in both rnpA49 rph-1 and rne-1
rnpA49 rph-1 strains. However, with probes 8 and 9 (Figure 2.3C, lanes 17-20; data not
shown), species I (full-length lysT operon) was observed in the rnpA49 rph-1 strain, while
species I and II were present in the rne-1 rnpA49 rph-1 strain. These results suggested
that species II was generated by a cleavage between the lysZ and lysQ tRNAs.

Since species II was only observed in the rne-1 rnpA49 rph-1 triple mutant, it likely arose
from RNase E cleavages of species I either prior the shift to the non-permissive

temperature or due to residual RNase E activity associated with the rne-1 allele.
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Residual RNase E activity in rne-1 strains has previously been reported (13). Similarly,
species III was generated by a cleavage between lysY and lysZ tRNAs based on its
hybridization to probes 5 and 6, but not the probes 8 and 9 (Figure 2.3C, lanes 13-20,
data not shown). Species IV was most likely a IlysT wvalT lysW valZ processing
intermediate based on its molecular weight, but we could not unequivocally make this
assignment.

Based on the data shown in Figure 2, the hybridization of probe f to species V in both the
rnpA49 rph-1 and rnpA49 rne-1 rph-1 mutants (Figure 2.3B, lanes 2 and 4), represented
the detection of the full-length valU polycistronic transcript (Figure 2.2B). Furthermore,
the failure of probe 1 (Figure 2.3A) to hybridize to species V (Figure 2.3C, lanes 6 and 8)
confirmed this identification. However, probe 1 hybridized to the two most prominent
species of ~430 and ~140 nt (VIA and XII), respectively, in the rnpA49 rph-1 double
mutant (Figure 2.3C, lane 6). Since species VIA also hybridized to probes 2 and 4
(Figure 3A, 3C, lanes 10, 22), but not to probe 5 (Figure 2.3C, lane 14), this species was
identified as lysT valT lysW processing intermediate that retained its 5' leader region.
Species XII was identified as a lysT intermediate with the 5 leader region, since it
hybridized to probes f and 1(Figure3A, 3B, 3C, lanes 2, 6). The intensities of VIA and XII
decreased significantly in the rnpA49 rne-1 rph-1 triple mutant (Figure 2.3C, lane 8) along
with concomitant increases in the intensities of species I-1V, suggesting these processing
intermediates arose from RNase E cleavages within the larger IlysT polycistronic
transcript. It should be noted that species VIA (lysT valT lysW) is similar in size to

species VI (Figure 2.2B, valll valX valY lysV).
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Species VIIA was observed with probes that were complementary to the spacer
region between lysT and valT (probes 2, 3) (Figure 2.3B, lanes 10, 12; data not shown),
but was not detected with a probe complementary to the intergenic region between valT
and lysW (probe 4) (Figure 2.3C, lanes 22, 24). Thus, species VIIA was a lysT valT
processing intermediate that retained its 5' terminal sequence. It was designated as VIIA
to distinguish it from species VII that was observed in Figure 2.2B, but was a vall valX
valY processing intermediate and was almost identical in size. Species XIA was only
observed with probe f (Figure 2.3B, lanes 2) and probe 9 (data not shown) suggesting it
was a lysZ intermediate that retained some 3' sequences.

Species X (Figure 2.3B, lane 2) hybridized to probe 4 (complementary to the intergenic
region between valT and lysW) (Figure 2.3C, lane 22) as well as probe 7 (data not shown).
However, it failed to hybridize with probes 2, 5 and 8 (Figure 2.3C, lanes 10, 14 and 18).
Thus, this species seemed to be a mixture of valT lysW and valZ lysY intermediates. The
absence of species X in the rne-1 rnpA49 rph-1 triple mutant indicated that these
intermediates were generated by RNase E cleavages upstream of valT, valZ and lysZ in
the absence of RNase P.

RNase P is the only enzyme that generates valine pre-tRNAs

In order to further confirm that RNase P was both essential and sufficient for the
generation of the valine pre-tRNAs, we carried out half-life measurements on the three
large valU operon transcripts (Figure 2, species V, VI and VII). We predicted that if
other endoribonucleases were involved in processing this polycistronic transcript, even

inefficiently, we would see the decay of one or more of these species in an rnpA49 rph-1
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double mutant. In the rph-1 control, both species V (the full-length transcript) and VII
(valll valX valY) had identical half-lives of ~one minute (Figure 2.4, Table 2.2), while the
half-life of species VI was estimated at <0.5 min (Figure 2.4, Table 2.2). In the rne-1 rph-1
multiple mutant, all three species had half-lives of <0.5 min (Figure 2.4, Table 2.2). In
contrast, in the absence of RNase P, the half-life species V increased over 7-fold, while
that of species VI and VII increased over 30-fold (Figure 2.4, Table 2.2). In the absence of
both RNase E and RNase P, all three species had half-lives of >30 min. These data
provided further support that RNase E participated in the removal of the Rho-
independent transcription terminator, but that this reaction only occurred slowly in the
absence of RNase P.

Since the lysT polycistronic transcript was over 1100 nt in length, we carried out half-life
experiments for this operon using 1.2% agarose gels. Unlike what was observed with
the full-length vall transcript, we could not detect the full-length lysT transcript in
either the rph-1 or rne-1 rph-1 strains even at time zero, indicating a half-life of <20
seconds (data not shown) in these genetic backgrounds. In contrast, the half-life of
species I was >30 min in an rnpA49 rne-1 rph-1 triple mutant (Table 2.2).

Although these data strongly suggested that RNase P was primarily responsible for the
initial processing of all five valine type 1 tRNAs, we wanted to directly rule out the
possibility that other known ribonuclease(s) besides RNase E might be involved in their
processing. Accordingly, we tested a variety of multiple mutants that were deficient in
RNase III (rnpA49 rnc-14 rph-1), RNase G (rne-1 rnpA49 Arng rph-1), RNase LS (rne-1

rnpA49 rnlA2 rph-1), YbeY (rnpA49 AybeY rph-1), and RNase Z (rne-1 rnpA49 Arnz rph-1)
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as well as either RNase P or RNase E. None of the additional endonucleases tested
affected the processing of the valll operon (data not shown). We also eliminated the
possibility of residual RNase E activity in strains carrying the rne-1 allele (13) by
examining valll operon processing in an RNase E deletion strain (rnpA49 Arne-1018/ rng-
219 rph-1) (46) (data not shown).

Since species VII (Figure 2.2) was a vall valX valY species that was present in both the
rnpA49 rph-1 and rnpA49 rne-1 rph-1 strains, we also tested the possibility that the lysV
tRNA was removed by exonucleolytic processing from the 3' terminus. However, the
processing of the valll primary transcript in multiple mutant strains deficient in PNPase
(pnp) and RNase II (rnb) (rne-1 pnp-7 rnb-500 rph-1; rnpA49 pnp-7 rnb-500 rph-1; rne-1
rnpA49 pnp-7 rph-1; and rne-1 rnpA49 rnb-500 rph-1), was unchanged compared to a
rnpA49 rph-1 strain (data not shown).

However, these results, along with the data in Figure 2, did not provide a clear picture
of the origin of species VII. Accordingly, we hypothesized that perhaps RNase P
processing in an rnpA49 rph-1 strain might be partially defective at permissive
temperatures, leading to the generation of species VII prior to shift to 44°C. To test this
hypothesis, we compared the processing of the valll operon in rph-1, rne-1 rph-1, and
rnpA49 rph-1 strains at 30°C, 37°C and 44°C. As shown in Figure 2.5, species VII was
present in all three strains at 30°C, but there was significantly more in the rnpA49
mutant. In fact, the processing of the valll primary transcript was almost as defective at

37°C in the rnpA49 rph-1 strain as it was at 44°C.
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Ectopic expression of mature valine tRNAs or tRNA»sCC® did not suppress the
inviability associated with an rnpA49 mutant

Since the loss of RNase P results in tRNAs with immature 5' ends, it has been assumed
that such pre-tRNAs cannot be aminoacylated leading to an inhibition of protein
synthesis and the subsequent loss of cell viability. However, recent studies suggest that
tRNAs with immature 5' but mature 3' ends can be functional both in vive and in vitro
(13). On the other hand, the loss of RNase P activity could be lethal if all of a particular
species of tRNA(s) remained unprocessed from their primary transcripts. From the
analysis of the processing of the valll and lysT operons (Figs. 2, 3), it was evident that the
amount of mature tRNAVAUAC was significantly reduced in the rnpA49 rph-1 strains.
Since the processing of tRNAVaGAQ js also completely dependent on RNase P (12), we
hypothesized that the loss of cell viability in the absence of RNase P arose from
significantly reduced levels of functional valine tRNAs (See Figs. 2B, 3B, lanes 3 and 2,
respectively). In order to test this hypothesis directly, we constructed a set of
compatible plasmids from which the two valine isotypes, tRNAYa(GAO (valW) and
tRNAYaUAO (palll) were ectopically expressed in a way that did not require RNase P
processing at either the 5' or 3' terminus. In both cases, the valW and valU genes were
constructed such that transcription termination was controlled by the leull Rho-
independent transcription terminator, which is known to be removed by RNase E (13).
Furthermore, to eliminate the need for RNase P processing of the tRNAs synthesized
from the plasmids, they were designed such that transcription initiated at the mature 5'

terminus of each tRNA.
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To ensure that the tRNA species being expressed from the two plasmids were mature
and functional, we measured the in vivo aminoacylation levels of the two valine tRNA
isotypes. Surprisingly, the percentage of aminoacylation of both the valine tRNA
isotypes was less than 40% in an rph-1 strain (Table 2.3). This result was unexpected
since other tRNAs have charging efficiencies ranging between 60-90% (47,48) in the
same genetic background. As expected, however, the extent of aminoacylation of both
valine tRNAs decreased between 1.9-2.3-fold (Table 2.3) in the absence of RNase P. The
aminoacylation levels of both tRNAs returned to what was observed in the rph-1 control
upon ectopic expression of both tRNAs from plasmids in a rnpA49 rph-1 strain (Table
2.3).

Subsequently, we examined the growth and cell viability of an rnpA49 rph-1 strain in
which both valine tRNAs were ectopically expressed. As a positive control we also
overexpressed the M1 RNA component of RNase P, since increased levels of the M1
RNA have been shown to partially complement the rnpA49 allele at 42°C (31,49). As
shown in Figure 2.6, the simultaneous expression of tRNAv2(GAS and tRNAY(VAS did not
suppress the temperature sensitivity of the rnpA49 strain. In contrast, overproduction of
the rnpB gene did lead to a small improvement in the growth of the rnpA49 rph-1 strain
at 42°C (Figure 2.6A). In addition, there was no change in cell viability in the strain
ectopically expressing both mature valine tRNAs (Figure 2.6B). It should be noted that

identical results were obtained in an rnpA49 rph* strain (data not shown).
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Ecotopic expression of the mature 4.5S RNA or tRNAA®CCO does not suppress the
inviability associated with the rnpA49 allele

It has previously been suggest that overexpression of tRNAABCCS can complement an
rnpA49 mutation (31). However, as shown in Figure 2.6A, at 42°C ectopic expression of
this tRNA had no effect on the growth of an rnpA49 mutant at the elevated temperature.
Alternatively, it is known that RNase P is required to generate the mature 5' of the
essential 4.55 RNA (25). In fact, it has been suggested that this processing reaction could
be the essential function of RNase P in E. coli (15). Accordingly, we ectopically
expressed a 4.55 RNA species that did not require RNase P processing at it 5' terminus.
Increased levels of this species also did not suppress the conditional lethality of the

rnpA49 allele (data not shown).

DISCUSSION

Detailed northern analysis of both the wvalll and IlysT operons (Figs. 2, 3) has
demonstrated that all five of the valine isotype 1 pre-tRNAs are initially generated by
RNase P cleavages. When coupled with our previous work showing that the two valine
isotype 2 tRNAs (valV and valW) exclusively use RNase P for their initial processing (12),
it is clear that all seven valine tRNA species in E. coli require RNase P for processing
from their primary polycistronic transcripts. Surprisingly, however, the failure to
mature the 5' termini only led to a ~ 2-fold reduction in the amount of aminoacylated
valine tRNAs in an rnpA49 rph-1 mutant (Table 2.3). Furthermore, the aminoacylated

fraction of the valine tRNAs only marginally increased in a rph* strain (Table 2.3), even
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though the level of the mature species increased significantly (Figure 2.2D). These
results strongly suggest that extra nucleotides at the 5' terminus may not be a major in
vivo impediment for many tRNA charging enzymes.

Of particular interest is the apparent mechanism by which RNase P processes
both the wvall and lysT polycistronic transcripts. In the analysis of the valV valW
dicistronic transcript, it was suggested that RNase P cleavage at the 5' terminus of valW
tRNA (Figure 2.1) might occur co-transcriptionally, since computer folding of the
dicistronic transcript indicated that this RNase P site might be occluded (12). However,
the data presented in Figs. 2 and 3 do not support such a mechanism for the valU and
lysT polycistronic transcripts. Specifically, there are three possible mechanisms by
which RNase P could process these transcripts: 1. Initiate cleavage at the 5' terminus of
the first tRNA in the operon and proceed in the 5 — 3' direction to the end of the
transcript; 2. Initiate processing by first removing the Rho-independent transcription
terminator and proceeding in the 3'— 5' direction to the proximal end of the transcript;
or 3. Cleave the transcripts randomly with some sites being preferred over others.

The three possibilities can be distinguished by examining the processing
intermediates obtained in the various rnpA49 mutants (Figs. 2,3). For example, in the
case of the walU operon, all of the primary processing intermediates observed after
inactivation of RNase P retained their 5' termini (Figure 2.2B, 2C, lanes 3, 7). These data
rule out RNase P initiating cleavage at the 5' proximal terminus and proceeding in the 5'
— 3' direction. In addition, the failure to observe a significant number of processing

intermediates lacking the 5' terminus also suggests that the RNase P cleavages are not
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random, particularly since each of the intermediates detected in the rnpA49 rph-1 mutant
were shortened by one tRNA (Figure 2.2C, species V, VI, VII, VIII, and XI). It would
thus appear that the valU operon is processed in the 3' — 5' direction with the first
cleavage reaction being the removal of the Rho-independent transcription as outlined in
Figure 2.7.

It should also be noted that the data shown in Figs. 2 and 4 demonstrate that the
only role RNase E plays in the processing of the valll operon is to inefficiently remove
the Rho-independent transcription terminator in the absence of RNase P, since the
processing pattern of the full-length transcript is unchanged in the rne-1 rph-1 mutant
compared to the rph-1 single mutant (Figure 2.2B, lanes 1, 2). Furthermore, the half-life
data (Figure 2.4) and our analysis of other multiple mutants lacking RNase III, RNase G,
YbeY, RNase Z and RNase LS (data not shown) demonstrated that RNase P was the only
endonuclease that processed the full-length valU transcript. These results were very
different from what was observed with the metT operon in which inactivation of RNase
E by itself led to a significant change in the observed processing intermediates (40) and
clearly demonstrate that RNase P is primarily responsible for the removal of the Rho-
independent transcription terminator.

The processing of the lysT operon is somewhat more complex. RNase E does not
play a significant role in the separation of any of the seven tRNAs, as judged by the lack
of any new decay intermediates in the rne-1 rph-1 strain (Figure 2.3B, lane 3). As seen
with the valU operon the vast majority of the processing intermediates in both the

rnpA49 rph-1 and rnpA49 rne-1 rph-1 strains retained their 5' termini, again suggesting
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that RNase P initiates the processing of the large 1100 nt transcript at the 3' and proceeds
in the 3'= 5' direction. The increase in the amounts of species I-IV in the rnpA49 rne-1
rph-1 triple mutant can be ascribed to the ability of RNase E to cleave within the large
spacer regions between lysT and valT, lysW and valZ, lysY and lysZ, and lysZ and lysQ in
the absence of RNase P. Importantly, it does not carry out these cleavages in the
presence of RNase P (Figure 2.3B, lane 3). Thus we propose a processing pathway for
the lysT operon (Figure 2.8) that is similar to that described for the valll operon.

Taken together, our data suggest that in vivo RNase P can efficiently process
large transcripts starting from the 3' terminus. In fact, based on the half-life data (Table
2.2), the enzyme works more efficiently on the 1100 nt lysT transcript than the 440 nt
vall transcript. In addition, although we have previously suggested that RNase P can
remove a Rho-independent transcription terminator under certain circumstances (7), the
data for the valll operon shows that it can carry out this reaction very efficiently (Figure
2.4). The fact that the enzyme appears to function with 3' — 5' directionally also
indicates that there may not be preferred RNase P cleavage sites within the two
polycistronic transcripts.

However, these models do not completely explain all of the data shown in Figs.
2, 3. For example, in the case of the valU operon the origin of species VII (valll valX valY)
is still not clear. There is only a four nucleotide spacer between valY and lysV (CUUC).
This sequence should not be cleaved by RNase E (44,45), even though there is an almost
two-fold decrease in the amount of this species in the rnpA49 rne-1 rph-1 triple mutant

compared to the rnpA49 rph-1 double mutant. When we examined the processing of the
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valll operon in an rnpA49 rne-1 Arnz Arng rnlA2 pentuple mutant, the decrease in species
VII was identical to what was observed in the rnpA49 rne-1 double mutant (data not
shown). In addition, we could not demonstrate any exonucleolytic removal of lysV
tRNA from the full-length transcript. Thus, one possibility for the origin of this species
relates to the fact that RNase P activity in the rnpA49 strain is already defective at both
30°C and 37°C, resulting in a significant amounts of this species being present at
permissive growth temperatures (Figure 2.5). Alternative explanations include a
possibility that the species arises from premature transcription termination at a site
immediately downstream of valY or the existence of a yet unidentified endonuclease. It
has generally been assumed that the essential function of RNase P is related to its role in
generating the mature 5' termini on all 86 tRNA transcripts in E. coli, since extra
nucleotides at the 5' terminus presumably would interfere with the binding of the tRNA
to its appropriate charging enzyme. However, since inactivation of RNase P only led to
1-9-2.3-fold reductions in the fraction of the aminoacylated valine tRNAs (Table 2.3), it
does not seem that this assumption is necessarily correct for all tRNAs in E. coli. These
observations support our previous finding that a leull tRNA with an extra nucleotide at
the 5' terminus complemented the lethality associated with a leul deletion mutant (13).
Thus it may be that the presence of a limited number of extra nucleotides at the 5
terminus is not a significant impediment to aminoacylation as long as the 3' end is
mature.

Based on our determination of an over 30-fold reduction in the levels of type I

valine tRNAs (Figure 2.2B) and similar findings for the type II valine tRNA (12), we
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hypothesized that ectopic expression of both valine isotypes in a fashion that did not
require RNase P to generate mature species might suppress the lethality associated with
the rmpA49 mutation. Much to our surprise, even though ectopic expression of the two
valine tRNAs led to an increase in the amount of aminoacylated valine tRNAs (Table
2.3), no suppression of the growth defect was observed (Figure 2.6). In fact, when both
valine tRNAs were simultaneously expressed, the strain grew more slowly than the
rnpA49 mutant on its own (Figure 2.6). The only improvement in growth after shift to
42°C occurred in the presence of increased expression of the rnpB gene, in agreement
with previously reported results (49). Furthermore, we were not able to reproduce the
work of Kim et al. (31), who suggested that overproduction of an arginine tRNA could
suppress the rnpA49 allele. In addition, we also ruled out the possibility that the
processing of the 5' end of the 4.5S RNA was the essential function of RNase P (data not
shown).

Several additional points are worth noting. In the Ecocyc database it has been
reported that the lysT gene cluster is synthesized as four discrete transcripts (32). The
data presented in Figs. 2 and 3 clearly slow that there is a single polycistronic transcript.
Furthermore, the processing of the valine type 1 tRNAs was very dependent on RNase
PH (Figure 2.2D) in agreement with the previous work of Li and Deutscher (6), in
contrast to what was observed with the valine type 2 tRNAs (12). This result can be
explained based on the unique specificity of RNase T (50). Specifically, the presence of C
nucleotides immediately downstream of the CCA strongly inhibits RNase T activity (50).

In the case of the type I valine tRNAs, all five species have at least one C immediately
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downstream of the CCA (CCACUAC, CCACUUUC, CCACUUC, CCACC, CCACUQ).
In contrast, this is not the case with the valV and wvalW transcripts (CCAUCCU,
CCAGAUU). It is also worth noting that even though the presence of RNase PH led to a
single mature val tRNA species (Figure 2.2D), the fraction of aminoacylated type 1 tRNA
did not significantly increase (Table 2.3). Thus, the relatively low levels of valine

aminoacylation are not related to inefficient 3' end processing.
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TABLES AND FIGURES

Table 2.1: List of bacterial strains and plasmids used in this study

Strains Genotype Reference/ source
E. coli Genetic Stock
MG1693 | rph-1 thyA715
Center
SK2525 rnpA49 rph-1 thyA715 rbsD296::Tn10 TcR (4)
SK2534 rne-1 rnpA49 rph-1 thyA715 rbsD296::Tn10 TcR 4)
rne-1 rnpA49 rng::cat rph-1 thyA715 rbsD296::Tn10
SK2549 (1)
CmRTcR
Perwez & Kushner
SK3170 rnlA2::kan rph-1 thyA715 KmR .
(unpublished results)
SK4455 rnc-14 rph-1 thy A715 TcR (52)
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Maples and Kushner

SK4484 rne-1 rnpA49 rng::cat rnzA500::apr rnlA2::kan rph-1 )
(unpublished results)
rbsD296::Tn10 CmRKmR AprR TcR
Stead & Kushner
SK5166 rnpA49 rph-1 thyA715 rbsD3163::Tn10 KmR .
(unpublished results)
SKB374 AybeY::cat rnpA49 rph-1 thyA715 rbsD296::Tn10 CmR Stead & Kushner
TcR (unpublished results)
SK5665 rne-1 rph-1 thyA715 (53)
SK5704 rne-1 pnp-7 rnb-500 rph-1 thyA715 (53)
SK9797 rne-1 rph-1 rnzA500::kan thyA715 KmR (54)
SK10153 | thyA715 (43)
rne-1 rnpA49 rnzA500::kan rph-1 thyA715 .
SK10300 This study
rbsD296::Tn10 TcR Km®
SK10451 | rnpA49 pnp-7 rnb-500 rph-1 thyA715 rbsD296::Tn10 TcR (12)
Arne-1018::bla/ rng-219 rnpA49 rph-1 thyA715
SK10460 (46)
rbsD296::Tn10 Sm®/SpR ApR KmR TcR
rne-1 rnpA49 rnlA2::kan rph-1 thyA715 rbsD296:.Tn10 )
SK10523 This study
TcRKmR
SK10525 | rnc-14 rnpA49 rph-1 thyA715 rbsD296::Tn10 TcRKmR This study
SK10530 | rnpA49 rph-1 thyA715 rbsD296::Tn10 Tc®/pAAK11 This study
SK10531 | rnpA49 thyA715 rbsD296::Tn10 TcR/pAAK11 This study
SK10533 | rnpA49 rph-1 thyA715 rbsD296::Tn10 Tc?/pAAK13 This study
SK10534 | rnpA49 thyA715 rbsD296::Tnl10 Tck/pAAK13 This study
SK10537 | rnpA49 rph-1 thyA715 rbsD296::Tn10 TcR /pAAK15 This study
SK10538 | rnpA49 thyA715 rbsD296::Tnl10 Tck/pAAK15 This study
SK10539 | rnpA49 rph-1 thyA715 rbsD296::Tn10 Tc®/pAAK17 This study
SK10540 | rnpA49 thyA715 rbsD296:: Tn10 TcR/pAAK17 This study
rnpA49 rph-1 thyA715 rbsD296::Tn10 TcR/pAAK11 .
SK10541 This study
PAAK13
SK10542 | rnpA49 thyA715 rbsD296:: Tn10 Tc*/pAAK11 pAAK13 This study
Plasmids
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pMS421 lacl#, SmR (37)
pBMKI11 | pcnBf, CmR (36)
pAAKI11 |pBMK11, vall*,CmR This study
PAAK13 | pBM23, val W*,SmR This study
PAAK15 |pBMKI11, argX*,CmR This study
pPAAK17 |pBMKI11, rnpB*,CmR This study
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Table 2.2: Half-lives of vall and lysT operon transcripts in various strains.

Species designations are as indicated in Figs. 2 and 3. Half-lives were determined as
described in the Materials and Methods. Data reflect the averages of at least three
independent determinations.

(A) vall
Half-life (min)
Species tph-1 | mpA49 tph-1 | rne-1rph-1 | rnpA49 rne-1 rph-1
\Y% 1.0+04 77+t14 <0.5 >30
VI <0.5 >30 <0.5 >30
Vil 1.1+0.1 >30 <0.5 >30
(B) lysT
Half-life (min)
rph-1 rnpA49 rne-1 rnpA49 rneA1019 rnpA49 rne-1
rph-1 rng-219 rph-1 Arng rnlA2 Arnz
Species rph-1
I <0.3 >30 >30 >30
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Table 2.3: Aminoacylation levels of mature valine tRNAs.

The percentage of each aminoacylated tRNA was determined by the method of
Varshney (42) as previously described (47). Data shown is the average of at least two
independent determinations.

tRNA isotype/genes Percentage of aminoacylated tRNA
rph-1 rnpA49 rph-1 | rnpA49 rph-1/ rph*
valll* val W+
Vall/valll, X,Y, T, Z 39+£2 17£6 37+£3 41+5
Val2/valV, W 38+4 20+3 37+3 47 +5
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Figure 2.1: Schematic diagram of the seven valine tRNAs in E. coli (not drawn to
scale): valV valW; valll valX valY lysV; and lysT valT lysW valZ lysY lysZ lysQ operons.
The length of the intergenic and the nucleotide sequences of the short spacers are
indicated. valV and val W encode for tRNAYa(GAO and are similar in sequence. vall, valX,
valY, valT and valZ encode tRNAVa(VAQ and are identical in sequence. The valine and

lysine tRNAs with identical nucleotide sequences are similarly colored.
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Figure 2.2: Analysis of vall operon processing. (A) Schematic diagram of the valll
operon (not drawn to scale). Relative positions of the oligonucleotide probes (a: valU-
UP, b: valUXYTZ, c: valU-X, d: valX-Y, e: valY-lysV, f: lysmature, g:lysV-TER) used in
northern analyses are shown. (B, C) Northern analysis of vall operon. The specific
oligonucleotide probe used for each blot is indicated in the bottom left corner of the blot.
The genotypes of the strains used are indicated on the top of each autoradiogram. All
the strains are isogenic derivatives of MG1693 (rph-1). The RNA molecular size
standards (nucleotides) (Fermentas) are shown to the left of the first image. The
numerical designations of the different species along with their graphical structures are
shown to the right of the first blot (B). The lane numbers are indicated at the bottom of
the autoradiograms. Relative quantity (RQ) of mature tRNAV2 (M) in various genetic
backgrounds was calculated by setting a level of one in the rph-1 strain. Processed
fraction (PF) represents the fraction of mature tRNA relative to the total amount of
processed and unprocessed species of that tRNA. Each value represents the average of
at least three independent determinations. (D) Analysis of the role of RNase PH in the

final maturation of the five valine type I tRNAs.
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Figure 2.3: Analysis of the lysT operon processing. (A) Schematic diagram of the
operon (not drawn to scale). Relative positions of the oligonucleotide probes (1: lysT-
UP, f: lysmature, 2: lysT-valT1, 3: lysT-valT3, b: valUXYTZ, 4: valT-lysW, 5: lysW-valZ1,
6: valZ-UP2, 7: valZ-lysY, 8: lysY-lysZ1, 9: lysY-lysZ2, 10: lysZ-lysQ1, 11: lysZ-lysQ2, g:
lysV-TER). (B, C) Northern analysis of IysT operon. The specific oligonucleotide probe
used in each blot is indicated in the bottom left corner of the blot. The genotypes of the
strains used are indicated on the top of the each autoradiogram. All the strains are
isogenic derivatives of MG1693 (rph-1). The RNA molecular size standards (nucleotides)
(Fermentas) are shown to the left of the first blot. The numerical designations of the
different species along with their graphical structures are shown to the right of the blot.
The lane numbers are indicated at the bottom of the autoradiograms. Two independent
northerns were run (one was probed with f, 1, 2, 5 and 8, second was probed with 4 and

10). The RQ and PF values were calculated as described in the legend to Figure 2.2.
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Figure 2.4: Northern analysis of processing intermediates of vallU operon. (A)
Northern analysis of the decay of valU operon. The genotypes of the strains and time-
points are indicated on the top of the autoradiograms. The blots were probed with probe
b (Figure 2.2A). The numerical designations of the different species with their graphical

structures are shown to the right and are identical to those shown in Figure 2.2.
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Figure 2.5: RNase P processing in an rnpA49 mutant is defective at permissive
temperatures. Northern analysis of total steady-state RNA was performed as described
in the Materials and Methods section. For the 30°C and 37°C samples, the strains were
grown at that particular temperature. For the 44°C samples, the strains were initially
grown at 30°C and then shifted to 44°C for 60 min. The genotypes of the strains and the
temperatures are indicated at the top of the autoradiogram. The RNA molecular size
standards (nucleotides) (Fermentas) are shown to the left of the blot. The designations of
the different species and their representative structures are shown to the right. The lane
numbers are indicated at the bottom of the autoradiogram. The blot was probed with

probe a (Figure 2.2A).
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Figure 2.6: Growth curve (A) and cell viability (B) analysis of various strains. All
strains were initially grown at 30 °C until 50 Klett units above background when IPTG
was added to a final concentration of 350 pM. For this experiment the cultures were
shifted to 42°C, since it has been previously shown that overproduction of rnpB does not
complement at 44°C (49). The cultures were diluted with pre-warmed LB/thymine or
LB/thymine/IPTG to maintain them in exponential growth. The optical densities (OD)
were measured with a Klett-Summerson Colorimeter (No. 42 Green filter). The viable
cell counts (CFU) were determined starting from the temperature shift (0 min) by plating
on LB/thymine agar plates at 30°C. x: MG1693 (rph-1); ¢: SK2525 (rnpA49 rph-1); A:
SK10537 (rnpA49 rph-1 argXr);: e: SK10541 (rnpA49 rph-1 vall* val W+); m: SK10539

(rnpA49 rph-1 rnpB®).
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Figure 2.7: Processing pathway for the valll polycistronic transcript. Similar to what
has been observed with the valV valW and secG leul primary transcripts (12,13), RNase P
(upward black arrows) is the primary processing enzyme for the valll transcript. In
addition, RNase P efficiently removes the Rho-independent transcription terminator
(upward black arrow). Subsequent sequential cleavages occur in the 3' — 5' direction at
the mature 5' termini of lysV, valY, val X and valU (upward black arrows). The vall and
valX pre-tRNAs will have long 3' termini of 44 and 47 nt, respectively (Figure 2.1) that
will be initially processed by a combination of RNase II and PNPase (12,55).
Subsequently, the final processing of the valine pre-tRNAs will be carried out primarily
by RNase PH because of the presence of C residues downstream of the CCA
determinant (50). The final processing of the lysV pre-tRNA employs RNase T. In the
absence of RNase P, RNase E inefficiently removes (dashed arrow) the Rho-independent

transcription terminator. Transcripts are not drawn to scale.

129



HH 38T (1388 HY HH 38B Y ‘958 NA
Hd 258 "L 358Ny 'LaseNY ‘Hd 258 MY

@ <E<E <E

ased Nd
TI 28R

@ <] <) <

[

<

 F5ERY

b
Ahﬂ 2d] .AEE

1 An 2d]

130



Figure 2.8: Processing pathway for the lysT polycistronic operon. Similar to what was
described in Figure 2.7, after RNase P removes the Rho-independent transcription
terminator (upward black arrow), subsequent sequential cleavages will occur in the 3' —
5' direction at the mature 5' termini of lysQ, lysZ, lysZ, lysW, valT, and lysT (upward
black arrows) to generate pre-tRNAs containing between 2-150 nt extra nucleotides at
their 3' ends (Figure 2.1). The long 3' ends of the five lys pre-tRNAs will be initially
processed by a combination of RNase II and PNPase (12,55). Final maturation of the lys
tRNAs primarily is carried out by RNase T, while the final processing of the two valine
species is done by RNase PH. In the absence of RNase P, RNase E (dashed arrows) can
cleave within the long spacer regions between lysT and valT, lysW and valZ, lysY and
lysZ, and lysZ and lysQ. However, RNase E does not separate valT and lysW or valZ and

lysY. Transcripts are not drawn to scale.
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INTRODUCTION

In Escherichia coli, all the transfer RNA (tRNA) genes are initially transcribed as
precursors with additional sequences at both the 5" and 3’ termini. These precursors
undergo processing by exo- and endo-nucleolytic ribonucleases to remove the extra
nucleotides and generate the mature tRNA sequence. Briefly, Ribonuclease P (RNase P)
by itself or in combination with RNase E generates the mature 5' termini while the 3’
termini are generated by RNase T, RNase PH, RNase D and RNase BN (aka RNase Z) (1-
6). Polynucleotide phosphorylase (PNPase) and RNase II may also be involved in the 3’

end processing.

RNase P is a ubiquitous and essential enzyme found in all three domains of life,
with Nanoarchaeum equitans, an obligatory parasitic archaeon, being the only known
exception (7-10). Although it is typically a ribozyme (11,12), protein-only variants of
RNase P have been described recently (13-17). In E. coli, it is comprised of the C5 protein
(encoded by rnpA gene) and the catalytic M1 RNA (encoded by rnpB gene) (18). A
majority of the genetic studies to understand the biological functions of RNase P,
including its role in 5’ end processing of tRNA precursors, have been conducted using

temperature sensitive mutants of either the protein or the RNA subunit (19,20).

Recently it has been demonstrated that tRNAs as well as other stable RNAs are
substrates for polyadenylation by poly(A) polymerase I (PAP I, encoded by pcnB gene),
the primary enzyme responsible for polyadenylation in E. coli (21). While few, if any,

tRNAs with poly(A) tails are found in wild-type cells, any defects in 3’ end processing
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result in accumulation of tRNA precursors with poly(A) tails. Further, PAP I was shown
to naturally compete with RNase T and RNase PH (the primary exonucleases
responsible for tRNA processing) for the 3’ ends of tRNAs. In wild-type cells, accurate
and efficient processing of the 3’ ends of tRNA precursors generates mature tRNAs
which are quickly charged with their cognate amino acid, leaving little opportunity for
PAP I to add 3’ tails to the tRNAs. When 3' end processing is compromised due to
absence of RNase T and/or RNase PH (21,22), majority of the tRNA precursors become
substrates for polyadenylation by PAP I. Consequently, the aminoacylation level of
tRNAs is drastically reduced, while the cellular growth rate increases comparably. This
competition between PAP I-mediated polyadenylation and RNase T/RNase PH
mediated exonucleolytic activities has been suggested to constitute a mechanism to

regulate the level of functional tRNAs in the cell.

While the 3" ends of tRNAs must be completely and accurately processed to the CCA
determinant for aminoacylation (23), there is flexibility at the 5" end. The ability of a
mutant tRNA'<" carrying an extra nucleotide (G-1) to complement a leull deletion mutant
in E. coli suggests that tRNAs with immature 5’ termini can be aminoacylated (4).
Indeed, tRNAMs contains an additional G- residue nearly universally, which is essential
for efficient aminoacylation by histidinyl-tRNA synthetase (HisRS) (24,25). Similar
examples of naturally occurring tRNAs containing one additional nucleotide at the 5'
termini, including mt-tRN AP, tRNAT" and tRNAMet, which are efficient substrates for

their cognate aaRS have been previously described (10,26,27). However, the fate of tRNA
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precursors with longer 5 leaders in the absence of RNase P has not been studied. We
were curious to investigate if these tRNA precursors were substrates for
polyadenylation or if they could be charged by their cognate aaRS enzymes despite the

presence of extra sequences at the 5’ end.

In this report, we show that the loss of polyadenylation activity in E. coli, due to
disruption of the pcnB gene, leads to suppression of the temperature sensitivity of an
RNase P mutant. Loss of polyadenylation also results in an increase in the cellular level
of RNase T, suggesting that poly(A) polymerase I plays a role in regulating the rnt
message . Further, we show that the presence of short 5' leaders (1-5) does not inhibit the
aaRS enzymes, and pre-tRNAs with such extra sequences are aminoacylated efficiently.
In contrast, for pre-tRNAs with longer 5' leaders in the absence of RNase P, the

aminoacylation levels are reduced dramatically.

MATERIALS AND METHODS

Bacterial strains and plasmids

All the strains used in this study were derived from MG1693 (thyA715 rph-1) and are
listed in Table 1. MG1693 has a single base pair deletion in the rph gene, resulting in a
frame-shift mutation, which causes the complete loss of RNase PH activity. The rnpA49
allele encodes a temperature-sensitive RNase P enzyme that does not support cell

viability at 44 °C and has been previously described (28).
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SK10153 was transduced with a P1 lysate grown on SK2525 (rnpA49 rph-1) to generate
SK10521 (rnpA49). A P1 lysate grown on SK7988 (ApcnB rph-1) was used to transduce
SK2525 and SK10521 to generate SK10297 (rnpA49 ApcnB rph-1) and SK10522 (rnpA49
ApcnB) respectively. A P1 lysate grown on SK10148 (Arnt rph-1) was used to transduce

SK2525 to generate SK10700 (rnpA49 Arnt rph-1).

Plasmid pAAK17 (rnpB* /CmR) contains the pl15A origin of DNA replication (15-20
copies/cell) and expresses the M1 RNA (rnpB) under the control of the lac promoter. A
PCR fragment containing a lac promoter, the rnpB gene and a Rho-independent
transcription terminator [derived from leul gene (5)] was generated by overlapping
PCR technique using Phusion® High-Fidelity DNA Polymerase (NEB). The resulting
PCR product was cloned into the BamHI/HindIll sites of pBMKI11 (29) to construct
pAAK17 (rnpB*/CmR). Northern analysis was used to confirm that IPTG induction led
to increased intracellular level M1 RNA. Plasmid transformations were carried out as

described previously (30).

Growth of bacterial strains

Bacterial strains were typically grown with shaking in Luria broth supplemented with
thymine (50 pg/ml). When appropriate, tetracycline (20 pg/ml), kanamycin (25 pug/ml) or
chloramphenicol (20 ug/ml) were added to the culture medium. Cellular growth was
monitored using a Klett-Summerson Colorimeter (No0.42 Green filter). All the cultures
were initially grown at 30 °C until they reached 50 Klett units above background and

then shifted to 44 °C, unless mentioned otherwise. For strains containing pAAK17, IPTG
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(350 uM) was added 30 min before temperature shift. All the cultures were maintained
in exponential growth by periodic dilutions with pre-warmed LB/thymine or

LB/thymine/IPTG.

Isolation of total RNA, northern analysis, poly(A) sizing assay, RT-PCR cloning,
sequencing of 5’-3" ligated transcripts and determination of in vivo aminoacylation

level

To collect samples for RNA extraction, all the strains were shifted to 44 °C for 1 hr. Total
RNA for steady-state analysis was extracted using the method described by Mohanty et
al. (31), with the following modifications. Cell pellets from 3.5 ml of cells were
resuspended in 510 ul of Lysis buffer. After lysis, 71 ul of 20 mM acetic acid were
added. Following resuspension in one ml of 2 M LiCl, each sample was centrifuged at
16,000 g for 10 min. The resulting pellets were washed with 500 pl of chilled 70%
ethanol, followed by centrifugation at 10,000 g for 10 min. The supernatants were
removed and the pellets were spun again at 10,000 g for 1 min to remove any residual

ethanol.

The details of northern analysis, poly(A) sizing assay, identification of the 5" and 3’ ends
of tRNAs and in vivo determination of aminoacylation level of tRNAs have also been
described previously (21,31). The sequences of various oligonucleotides used in the

study are available on request.
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Western analysis

Cellular levels of RNase T and RNase PH were determined as described (21,22). All the
strains were grown initially at 30 °C and shifted to 44 °C for 1 hr after they reached a cell

density of 50 Klett units.

RESULTS

Loss of polyadenylation suppresses the rnpA49 mutant allele

In a recent report, Mohanty et al. demonstrated that inactivation of PAP I in the rnt rph-1
mutant resulted in faster generation time, presumably because of more efficient
processing of the 3’ ends of tRNA precursors (21). We were curious to test if the
disruption of PAP I in an RNase P mutant would result in a similar improvement of
growth. As shown in Figure 3.1, indeed the rnpA49 ApcnB rph-1 mutant grew better than
the rnpA49 rph-1 mutant. In fact, while the rnpA49 rph-1 mutant stopped growing after
~2 hr at the non-permissive temperature of 42 °C, the rnpA49 ApcnB rph-1 strain kept
growing, suggesting that the absence of PAP I was able to suppress the temperature
sensitivity of the rnpA49 allele. It has been previously established that over-expression of
the catalytic M1 RNA component of RNase P holoenzyme can partially suppress the
temperature sensitivity of the rnpA49 mutation (32). As shown in Figure 3.1, the growth
profile of the rnpA49 ApcnB rph-1 mutant was similar to the rnpA49 rph-1 rnpB* strain, in

which the M1 RNA was ectopically expressed off a plasmid. Interestingly, while the
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suppression of temperature sensitivity of rnpA49 mutant by M1 RNA does not work at

44 °C (32), the rnpA49 ApcnB rph-1 mutant kept growing even at 44 °C (data not shown).

Level of short poly(A) tails increases dramatically in an RNase P mutant

Since PAP I is responsible for the majority of the polyadenylation in E. coli, we
performed a poly(A) sizing assay to compare the distribution of poly(A) tails in various
genetic backgrounds. Surprisingly, in the rnpA49 rph-1 mutant (Figure 3.2, lane 3), there
was a significant increase in the amount of short poly(A) tails (< 10 nt) compared to the
rph-1 strain (Figure 3.2, lane 2). As expected, majority of the poly(A) tails disappeared
upon deletion of pcnB (Figure 2, lane 4), indicating that PAP I was the enzyme primarily
responsible for addition of those poly(A) tails. Similar accumulation of the short poly(A)
tails has been previously observed in the absence of RNase T and RNase PH, the
primary 3’ — 5" exoribonucleases involved in tRNA processing (Figure 3.2, lane 5; (21)). In
the rnpA49 Arnt rph-1 triple mutant, the amount of short poly(A) tails increased even
further (Figure 3.2, lane 6), suggesting that the rnpA49 and Arnt mutations contributed
to the addition of poly(A) tails independently. Similar trends were observed for wild-

type, rnpA49 and rnpA49 ApcnB mutants (Figure 3.2, lanes 7-9).

Absence of PAP I affects the 3" processing of certain tRNAs

Next we wanted to determine the exact location of the poly(A) tails added to the tRNA
precursors. Therefore we analyzed the 5 and 3' sequences of the pre-tRNAs using

cloning of 5-3" self-ligated transcripts. For leuX tRNA, all the clones (25/25) had extra

146



sequences at the 5’ end (Figure 3.3). It has been previously shown that RNase E cleaves
non-specifically in the 5 leader region of leuX precursor in the absence of RNase P,
resulting in multiple 5’ ends (6). At the 3’ end, majority (22/25) of the clones had 1-4
untemplated A residues added post-transcriptionally. It must be noted that since the
trailer sequence of leuX tRNA contains three A residues encoded chromosomally, it is
not possible to determine the origin of the clone containing 1 A residue after the CCA.
Only 2/25 clones were processed completely to the mature 3’ terminus of the leuX tRNA.
In contrast, in the rnpA49 ApcnB rph-1 mutant, while all the clones (23/23) were still
deficient at the 5’ end, the 3’ ends of ~50% (12/23) clones were terminated at the CCA
terminus. A similar effect was not observed for the hisR transcript. The 5" cleavage sites
were in agreement with previous data (1). In the rnpA49 rph-1 strain, majority of the
clones (26/28) had at least 2 extra nucleotides after the CCA determinant with 15/28
clones containing poly(A) tails of 1-3 nt in length. Unlike leuX tRNA, the 3’ end
processing did not improve in the rnpA49 ApcnB rph-1 mutant. Almost all the clones

(24/26) still contained 2 extra residues.

Since both leuX and hisR transcripts contain long 5 leaders in the absence of
RNase P, we wanted to test if the length of the extra sequences would affect the
processing of a tRNA primary transcript. Therefore we also tested pheU/V and trpT
tRNAs. While the phell/V tRNAs have been shown to be transcribed with a leader region
of only 3-4 nucleotides (Bowden and Kushner, unpublished data), the monocistronic

trpT tRNA is processed from the rrnC ribosomal RNA operons with a leader of ~4 nt. As
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shown in Figure 3.4, the 3" end processing of phell/V tRNAs was significantly better even
in the rnpA49 rph-1 mutant. Over 50% (11/20) clones were processed to the mature 3’
termini even though almost all the clones (19/20) contained 1-4 extra nucleotides at the 5
end. This suggests that the pre-tRNAs with short 5 leaders are efficiently processed at

the 3’ end.

Absence of PAP I leads to higher levels of aminoacylated tRNAs (In progress)

As shown in Figure 3.3, the processing of leuX transcript 3" end improved significantly
in the rnpA49 ApcnB rph-1 mutant compared to the rnpA49 rph-1 mutant. The improved
processing should result in an increase in the pool of mature tRNA available for
aminoacylation by the cognate aaRS enzymes. Correspondingly, the aminoacylation
level for leuX tRNA should increase in the rnpA49 ApcnB rph-1 mutant compared to the
rnpA49 rph-1 strain. Similarly, since majority of the phel/V tRNAs were processed to the
mature CCA terminus even in the rnpA49 rph-1 mutant (Figure 3.4), the level of
aminoacylated phe tRNAs should not reduce significantly compared to the rph-1 strain.

Therefore, we measured the in vivo level of aminoacylation of several tRNAs (Table 2).

Absence of Poly(A) polymerase I leads to increase in RNase T levels

It has been previously shown that over-expression of RNase T or RNase PH suppresses
the toxicity associated with increased levels of PAP 1. Higher cellular levels of the
exonucleases restore growth rates and aminoacylation of tRNAs to wild-type levels. We

hypothesized that the improved 3" end processing of the pre-tRNAs in the absence of
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PAP I could be due to an increase in the cellular levels of RNase T and/or RNase PH. We
performed western analysis to determine the in vivo levels of RNase T in rph-1, rnpA49
rph-1, ApcnB rph-1 and rnpA49 ApcnB rph-1 genetic backgrounds, and RNase PH in wild-
type, rnpA49, ApcnB and rnpA49 ApcnB mutants. As shown in Table 3.3, there was ~1.6-
and 1.8-fold more RNase T in the ApcnB rph-1 and rnpA49 ApcnB rph-1 strains compared
to the rph-1 strain, respectively. This suggests that PAP I-mediated decay is involved in
regulation of the rnt message. The levels of RNase PH remained unchanged (data not

shown).

DISCUSSION

It has been historically presumed that tRNA precursor processing must be perfect at
both the termini to allow aminoacylation. Here we show for the first time that the
presence of few extra nucleotides at the 5" end of tRNAs, which are processed to the
mature CCA determinant at the 3’ termini, does not inhibit aminoacylation. Further, the
lethality caused by an RNase P temperature sensitive allele is suppressed by the
inactivation of poly(A) polymerase I. This is the first such evidence of extragenic

suppression of the temperature sensitivity of an RNase P mutant allele.

It was previously shown that the absence of PAP I results in improved processing of
tRNA precursors and faster growth rates in strains lacking RNase T, the primary 3’ — 5

exoribonuclease. We wanted to test if inactivation of PAP I would result in a similar
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improvement in the growth of an RNase P mutant carrying the rnpA49 temperature
sensitive allele. From the growth curve analysis (Figure 3.1), it is clear that the rnpA49
ApcnB rph-1 strain continues growing at the otherwise non-permissive temperature of 42
°C even though the growth of rnpA49 rph-1 mutant starts shutting down soon after the
shift to the non-permissive temperature. A surprising observation was that this
suppression of lethality of the temperature sensitive rnpA49 allele worked even at 44 °C,
where as the complementation of rnpA49 by over-expression of M1 RNA has not been
observed at that temperature (32). This suggests that the suppression due to inactivation
of PAP I and over-expression of M1 RNA do not work through the same mechanisms.
To understand the role of PAP I, we performed poly(A) sizing analysis to compare the
total poly(A) levels in the rnpA49 ApcnB rph-1 and rnpA49 rph-1mutants. As shown in
Figure 3.2, there is significant accumulation of short poly(A) tails (< 10 nt) in the rnpA49
rph-1 strain. Short poly(A) tails are typically associated with tRNAs and other stable
RNAs such as 5S rRNA. The tails were absent in the rnpA49 ApcnB rph-1 strain,
confirming that PAP I was responsible for the addition of those short tails. We compared
the increase in the short poly(A) tails in the rnpA49 rph-1 strain to the previously
observed accumulation in the absence of RNases T and PH. Since poly(A) sizing only
gives a global profile, we decided to look at the polyadenylation profile of individual
tRNA transcripts to determine the exact location and length of tails associated with
specific tRNAs. For leuX tRNA, in the rnpA49 rph-1 strain, majority of the clones were
immature at both the termini, with 22/25 clones containing short (1-4 nt) tails at the 3’

end. However, removal of PAP I led to significantly improved processing at the 3" end
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and 12/23 clones were processed to the mature CCA determinant. These data suggest
that in the absence of PAP I-mediated polyadenylation, the 3’ — 5 exonucleases,
primarily RNase T and RNase PH, are able to process the tRNA precursors to the mature
3’ end. In contrast, for hisR tRNA, absence of PAP I had no effect on the 3’ end
processing. Majority of the clones (26/28 and 24/26) contained extra sequences after the
CCA determinant in both the rnpA49 rph-1 and rmpA49 ApcnB rph-1 strains. One point to
be considered about both the leuX and hisR tRNAs is the length of the extra sequences at
the 5 region. For both the tRNAs, inefficient RNase E cleavages generate pre-tRNAs
with long 5" leaders. To compare if the length of the 5 leader has any effect on the
processing of the 3" end, we sequenced phe tRNAs. phell and pheV primary transcripts
have been shown to contain ~4 nt at the 5" termini (Bowden and Kushner, unpublished
data). Surprisingly, the 3" end processing of phell/V tRNAs was much more efficient,
with ~50% (11/19, Figure 3.4) clones getting processed to the mature 3’ termini. Taken
together, the sequencing data for leuX, hisR and phel/V tRNAs suggests that the
presence of short 5 leaders does not interfere with 3" processing and those pre-tRNAs
are available for aminoacylation even if the 5 ends aren’t completely processed. For
certain tRNAs with longer 5 leaders, PAP I mediated-polyadenylation prevents RNase
T and RNase PH from processing the 3’ ends. Inactivation of PAP I allows the
exonucleases additional time. Additionally, in the absence of PAP I mediated regulation,
the level of RNase T increased to ~1.8-fold in the rnpA49 ApcnB rph-1 mutant, compared
to rph-1 strain. It has been previously shown that increased levels of RNase T can

prevent the polyadenylation of tRNA precursors by rapidly processing the 3" termini to
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the mature CCA, which gets aminoacylated and is therefore no longer a substrate for
PAP I. This explains the observation that 12/22 leuX clones were processed to the mature
3’ termini in the rnpA49 ApcnB rph-1 strain compared to only 2/25 in the rnpA49 rph-1

strain.

The data presented here raises the question about why RNase P is an essential enzyme.
In a previous report, we examined whether ectopic expression of mature valine tRNAs
could suppress the rnpA49 temperature sensitivity. Although our hypothesis was
proved incorrect, the fact that the aminoacylation levels for most tRNAs do not reduce
significantly in the absence of RNase P (Table 3.2), suggests that the tRNA
aminoacylation machinery has considerable tolerance for the presence of extra
sequences at the 5 ends of tRNA substrates. In Nanoarchaeum equitans, the only known
organism lacking RNase P like activity, all the tRNAs are transcribed at their mature 5’
termini. This unique arrangement of promoter regions ensures that no 5 end processing
is required for tRNA maturation. This observation suggests that the essential function of
RNase P is indeed its role in tRNA 5 end processing. By Occam’s razor, the likeliest
explanation would be a global requirement of tRNA processing. Even though the
aminoacylation level for any single tRNA does not reduce significantly in the absence of

RNase P, the cumulative defect in tRNA processing is lethal to the cell.
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TABLES AND FIGURES

Table 3.1: List of bacterial strains and plasmids used in this study

Strains Genotype Reference/
source
MG1693 rph-1 thyA715 E. coli Genetic
Stock Center
SK2525 rnpA49 thyA715 rph-1 rbsD296::Tn10 Tck (2)
SK7988 ApcnB thyA715 rph-1 KmR (33)
SK10148 | Arnt thyA715 rph-1 KmR (2)
SK10153 | thyA715 (21)
SK10297 | rnpA49 ApcnB thyA715 rph-1 rbsD296::Tn10 TcR KmR Mohanty &
Kushner
(unpublished
data)
SK10521 | rnpA49 thyA715 rbsD296::Tn10 TcR This study
SK10522 | rnpA49 ApcnB thyA715 rbsD296:: Tn10 TcR KmR This study
SK10539 | rnpA49 thyA715 rph-1rbsD296:: Tn10 TcR / pAAK17 This study
SK10591 | ApcenB thyA715 AprR Mohanty &
Kushner
(unpublished
data)
SK10700 | rnpA49 Arnt thyA715 rph-1 rbsD296::Tn10 TcR KmR Mohanty &
Kushner
(unpublished
data)
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Plasmids

pBMK11

penBt, CmR

(29)

pAAK17

pBMK11, rnpB*,CmR

This study
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Table 3.2: Aminoacylation level of tRNAs

Percentage of aminoacylated tRNA Number of
tRNA isotype/genes nucleotides before
rph-1 rmpA49 rph-1 mature 5 terminus
Val/valU, X,Y,T,Z 39+2 17+6 9,7
Val/valV,W 38+4 20+3 ?
Met/metZ,W,V,Y 83+5 45+ 3 ?
Asn/asnT,UV,W 65 58 1-4
Phe/phel,V 73 46 1-4
Ser/serV 68+8 18+ 0.4 51
His/hisR 57+2 21+£0.6 11
Pro/proK,L, M 61 +2 62+2 2-4
Lys/lysQ, T,V,W,Y,Z 83+8 52+4 ?
Leu/leuW 77 £4 74+4 ~5

“The five valine tRNAs are identical in sequence, but only the 5 leader sequence for valll

is confirmed through circularization experiments.
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Table 3.3: Level of RNase T in various strains. Western analysis was performed using

anti-RNase T polyclonal antibody. RNase T level n rph-1 was set to 1. Relative Quantities

represent averages of three independent determinations.

Genotype
roh-1 rnpA49 ApcnB rmpA49
P rph-1 rph-1 ApcnB  rph-1
Relative Quantity (RQ) 1 1+£0.2 1.6+0.2 1.8+0.3
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Figure 3.1: Growth curve analysis of various strains

All strains were initially grown at 30 °C until 50 Klett units above background, after
which the cultures were shifted to 42 °C, denoted by the red dotted line. IPTG (350 pM)
was added 30 min before shift. The cultures were diluted with pre-warmed LB/thymine
or LB/thymine/IPTG to maintain them in exponential growth. The optical densities

(OD) were measured with a Klett-Summerson Colorimeter (No. 42 Green filter).
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Figure 3.2 Poly(A) profile of RNase P and PAP I mutants

Distribution of poly(A) tails in various strains. The genotypes of the strains used are
indicated on the top of the image. Total RNA from exponentially growing cultures was
3'-end-labeled with [32P]-pCp using T4 RNA ligase, followed by digestion with RNase
A and RNase T1. Therefore the poly(A) tails are increased in length by 1 nt. 5-end-
labeled d(A) size standards are indicated to the left. The lane numbers are indicated at

the bottom of the image.

158



AARREEEEEREE N
;_:ZZ_.,__:_-,Q,--... |
_ HEsissststt1s v 190 m

,:::,_:,.f ..
o AR R R O

R
-
;‘

2 3 4 5 6 77 8 %

1

= = =

fg.t-, SEEE "N y @ . c‘l
=

Lane

159



Figure 3.3: Identification of 5’- and 3’-ends of leuX and hisR transcripts in various
strains. The 5 leader and 3’ trailer sequences of the respective tRNAs are shown next to
schematic representations of leuX and hisR tRNAs (rectangles). The genotypes of the
strains used for generating cDNA clones are indicated. The black downward arrows
represent the 5 and 3’ ends of sequences. The red upward arrows represent sites of
untemplated poly(A) tails. The numbers directly above or below the arrows represent
the number of independent clones identified with that specific end. The numbers in

parenthesis represent the range of length of poly(A) tails at the 3" sites.
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Figure 3.4: Identification of 5- and 3’-ends of phel/V transcripts in various strains.
The 5 leader and 3’ trailer sequences are shown next to schematic representation of
phel/V. phel and pheV 5 leader region and mature sequences are identical. The 3’ end
sequences are indicated separately. The genotypes of the strains used for generating
cDNA clones are indicated. The black downward arrows represent the 5" and 3" ends of
sequences. The red upward arrows represent sites of untemplated poly(A) tails. The
numbers directly above or below the arrows represent the number of independent
clones identified with that specific end. The numbers in parenthesis represent the range

of length of poly(A) tails at the 3’ sites.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

Post-transcriptional processing of various RNA species is an integral means of
maintaining and regulating cellular activities. All classes of RNA molecules undergo
some extent of post-transcriptional processing during their life-time in the cell. tRNAs
must undergo maturation to become functional molecules that can participate in their

role in protein synthesis.

In Chapter 2, the processing of the valine tRNAs present in two polycistronic
transcripts, vall valX valY lysV and lysT valT lysW valZ lysY lysZ lysQ was examined to
better understand the role of RNase P in the cell. Our work demonstrated that RNase P
was able to adeptly process all the individual tRNAs present in the two operons,
including removing the Rho-independent transcription terminators. Surprisingly, the
processing proceeds in a general 3’ — 5 direction with the Rho-independent terminator
being removed first. Subsequently, starting at the distal end, one tRNA at a time is
cleaved at the mature 5" terminus. The data also demonstrates that RNase P can remove

Rho- independent terminators very efficiently

An interesting observation was that despite the presence of long intergenic

regions, none of the other endoribonucleases in E. coli including RNase E played any
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significant role in the processing of the two operons. Even though RNase E was able to
inefficiently remove the Rho-independent terminator after the vall operon and cleave
within the large intergenic spacers for the lysT operon, these cleavages were only
observed in the absence of RNase P. This suggests that RNase E merely plays a backup

role in the processing of these large polycistronic operons.

Surprisingly, valine tRNAs were preferentially processed by RNase PH at their 3’
end. Typically, for most tRNAs, RNase T plays a more prominent role in the 3’ end
processing (1). We have now seen a similar effect with leuWW tRNA (Agrawal and
Kushner, unpublished data). However, the improved processing did not lead to any
increase in the aminoacylation levels of valine tRNA. Also, our data shows that the
rnpA49 temperature sensitive mutant allele of the C5 protein that has been most
commonly used to study the biological role of RNase P is considerably defective even at

the permissive temperature (2).

The aminoacylation data presented in Chapter 2 shows that the level of
aminoacylated valine tRNAs was reduced by only ~2 fold in the absence of RNase P.
This suggests that the presence of a few extra nucleotides at the 5" termini of tRNAs
might not be completely inhibitory to their aminoacylation, as has been previously

suggested.

In Chapter 3, we presented our work studying the interaction between RNase P
and poly(A) polymerase I. We demonstrated that inactivation of PAP I results in

suppression of the lethality associated with the RNase P temperature sensitive mutants.
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Removal of PAP I has been previously shown to improve the tRNA processing and
growth rate of strains lacking RNase T and RNase PH (3). However, the improvement in
growth of the rnpA49 ApcnB rph-1 mutant at the non-permissive temperatures was still
quite surprising. While RNase T/ RNase PH and PAP I both compete for the 3" ends of
tRNA substrates, RNase P is primarily involved in the 5 end maturation, and shouldn’t

be really affected by the 3’ activities.

Our data shows that there is significant accumulation of short poly(A) tails (~2-10
nt), typically associated with tRNAs, in the absence of RNase P. These tails are primarily
present on pre-tRNAs with long 5 leaders in the absence of RNase P. tRNAs which have
short leaders either due to processing by other endonucleases or because of a proximal
transcription initiation site, the 3’ processing isn’t affected significantly. Removal of PAP
I allows the 3’ exonucleases additional opportunity to process the pre-tRNAs to their
mature CCA termini. Also, PAP I is involved in the regulation of the rnt message, and in
the absence of PAP I there is a ~1.8 fold increase in the RNase T levels. Increased cellular
levels of RNase T have been shown to negate the effects of polyadenylation of tRNA
precursors (4). Improved processing of the 3’ ends of these tRNAs would result in a
greater pool of mature tRNAs being available for aminoacylation, which would lead to

an improvement in protein synthesis, and that in turn would increase the growth rate.

Several interesting questions arise based on the work done in Chapters 2 and 3.
Why does RNase P process the valll and lysT operons in a general 3’ — 5" direction? How

does RNase P remove Rho-independent transcription terminators? How does the RNase
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P holoenzyme bind to these large polycistronic transcripts? Why isn’t RNase E more
significantly involved in the processing of the valU and IlysT operons? Why is the
aminoacylation level of valine tRNAs low even is wild-type E. coli? What dictates the
tRNA substrate selection for RNase T and RNase PH and why are the valine tRNAs
preferentially processed by RNase PH? If the activities of RNase T and RNase PH are
not completely substitutable, why do several wild-type E. coli strains lack a functional
RNase PH enzyme? Is there a specific length of 5" leaders that interferes with the 3" end
processing enzymes as well as the aminoacyl tRNA synthetases? How do aminoacylated
tRNAs containing 5 leaders fit into the ribosome during protein synthesis? How does
the competition between 3’ end processing exonucleases and polyadenylation activities
work in other prokaryotes which lack a canonical poly(A) polymerase? Does tRNA

processing efficiency contribute to the growth rate of other prokaryotes?
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