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Considerable progress has been made during recent years on how the regulation
of mRNA abundance affects the level of gene expression. The 118 kDa protein
ribonuclease E (RNase E), which was discovered initially by its ability to process E. coli
9S RNA, is now known to have a central role in mRNA decay, the maturation of tRNA,
and the degradation of small regulatory RNA. RNase E contains two functionally distinct
parts: the N-terminal half (NTH) which is responsible for the catalytic function and the
C-terminal half (CTH) which provides a scaffold for the interaction with multiple
proteins. Genetic analysis in our lab led to the discovery of RraA and RraB, two transacting protein inhibitors of the E. coli RNase E whose overexpression affects the stability
of a large number of transcripts. The work presented here describes the functional and
structural characterization of RraA and RraB. The 17.4 kDa protein RraA and the 15.6
kDa protein RraB inhibit the endoribonucleolytic activity of RNase E in vivo and in vitro.
Co-precipitation experiments and SPR analysis using BIACore showed that both
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inhibitors physically interact with RNase E with a similar affinity. However, coprecipitation analysis using a set of RNase E mutants containing deletions within the
scaffold region of RNase revealed that RraA and RraB bind to different sites on the
enzyme. Specifically, RraA may have one or more weak binding sites on the NTH of
RNase, but it requires the presence of CTH for high affinity interaction. In contrast, only
a short region in the CTH, comprising of residues 694-727, is important for the binding
of RraB. Microarray analysis also demonstrated that RraA affects the abundance of a
distinct set of mRNAs which only partially overlaps with that of RraB . The crystal
structure of the E. coli RraA showed that RraA crystallizes as a homotrimer and forms a
ring-like structure with a center hole which is approximately 12 Å across. As part of this
study we crystallized the Vibrio cholerae homolog of RraB (VC0424). Crystals were
shown to diffract to about 3 Å but unfortunately a high resolution model of the structure
of the protein could not be determined.
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Chapter 1 Introduction and Background

DEGRADATION OF MRNA IN E. COLI

When messenger RNA (mRNA) was first discovered more than 40 years ago
(Brenner, 1961; Gros et al., 1961), one of its hallmark properties was its short half-life in
vivo. In moderately growing Escherichia coli cells (td = 40 minutes), mRNA only
accounts for 3-4% of the total RNA mass due to its rapid degradation (Nierlich, 1978).
The degradation of mRNA is one of the principal means by which the level of gene
expression is regulated (Kushner, 2002). Thus, the stability of a specific mRNA directly
affects its steady-state accumulation and consequently the rate of protein synthesis. In
many cases, such as the polycistronic malEFG operon in E. coli, selective degradation of
the transcript is responsible for the differential accumulation of the protein products from
this operon (Newbury et al., 1987).
The inactivation of mRNA can occur through two different routes: the functional
decay route refers to the inactivation of an mRNA’s template activity, while the chemical
decay route refers to the degradation of the mRNA itself. From here on, this discussion
will focus on the chemical decay of mRNA. In eukaryotic cells, the typical mRNA
lifetimes range from 25 minutes (yeast) to 16 hours (human HeLa cells) (Singer and
Penman, 1973; Warner and Gorenstein, 1978). Prokaryotic mRNAs are usually less
stable compared to those of eukaryotes, but nonetheless their decay rates can differ
significantly. In E. coli, for instance, mRNA half-life can vary from just a few seconds to
nearly 20 minutes (Belasco, 1993). For instance, in fast-growing cells at 30 ˚C, the
measured half-life of ompA mRNA is about 17 minutes (Nilsson et al., 1984).
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After more than 30 years of studies, it is now known that E. coli contains more
than a dozen ribonucleases (RNases). Four of these enzymes, namely RNase E (Misra
and Apirion, 1979), RNase II (Gupta et al., 1977), polynucleotide phosphorylase
(PNPase) (Soreq and Littauer, 1977) and oligoribonuclease (Ghosh and Deutscher, 1999;
Zhang et al., 1998), have been found to be the key enzymes in mRNA degradation
(Coburn and Mackie, 1999; Steege, 2000). Based on the manner in which they cleave the
substrate, RNases can be broadly classified into two groups: endoribonucleases, which
cleave internal phosphodiester bonds within RNA, and exoribonucleases, which cleave
RNA chains from the 3’ or the 5’ terminus. To date, no 5’ to 3’ exoribonuclease has been
found in E. coli (Zuo and Deutscher, 2001).
A number of factors are known to significantly affect the rate of mRNA
degradation. Firstly, the secondary structure at the 5’ end of mRNA can influence its
susceptibility to degradation. One of the best-studied examples is the ompA mRNA,
which has an unusual long half-life of about 17 minutes (Nilsson et al., 1984). The work
by Belasco and the colleagues showed that the 5’-most stem-loop and a 30-nt singlestranded region surrounding the ribosome binding site (RBS) of the ompA mRNA
account for its stability (Emory et al., 1992). However, the addition of as few as five
unpaired nucleotides to the 5’ end of the stem-loop can significantly reduce the stability
of the ompA mRNA. These results lead to the important conclusion that the initiation of
degradation requires access to the mRNA by an RNase that needs a single-stranded
region at the 5’ end for binding. As will be discussed later, the RNase responsible for the
initial step in the degradation of ompA mRNA is RNase E (Lundberg et al., 1990).
Secondly, in contrast to its function in eukaryotes, the 3’ end Poly(A) tails in
bacteria mRNA often serve as a signal for degradation. At least a fraction of E. coli
mRNAs, including the rpsO, lpp, and ompA mRNAs, are polyadenylated as a prerequisite
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for degradation (Hajnsdorf et al., 1995; Hajnsdorf et al., 1994). Two enzymes that add
adenylate residues to the 3’ end of RNA using ATP as a donor have been identified:
poly(A) polymerase I (PAP I) and poly(A) polymerase II (PAP II) (August et al., 1962;
Cao et al., 1996). Deletion of pcnB gene (encoding PAP I) reduced polyadenylylation by
over 90% and dramatically stabilized the lpp, ompA, and trxA mRNAs (O'Hara et al.,
1995). Recent results have shed more light on the molecular mechanism of
polyadenylation-dependent mRNA degradation. Hfq, an RNA-binding protein that
belongs to the Sm and Sm-like family, has been shown to be able to stimulate poly(A)
synthesis, bind to the poly(A) tail and protect it from exonucleolytic attack (Folichon et
al., 2005). Inactivation of the hfq gene led to reduction in the ability of PAP I to add
poly(A) tails at the 3’ end of full-length mRNAs containing Rho-independent
transcription terminators (Mohanty et al., 2004). Additional co-precipitation studies
confirmed the interaction between PAP I and Hfq (Mohanty et al., 2004). All this
evidence supports the view that Hfq plays an important role in regulating
polyadenylation-dependent mRNA degradation.
Lastly, recent studies revealed that mRNA stability can be modulated by the
action of small, non-coding RNAs (sRNAs) (Gottesman, 2005). A major class of
sRNAs, which have been estimated to comprise about one third of all known sRNAs, act
by base-paring with the target mRNAs and strongly interact with the RNA-chaperon Hfq
(Zhang et al., 2003). Pairing of the sRNA most frequently occurs at the 5’ end of the
mRNA and affects its stability or translation (Storz et al., 2004). A well-studied example
is the RyhB RNA, whose expression is under the control of the Fur repressor (Masse and
Gottesman, 2002). Under conditions of limiting iron, RyhB is released from repression
and promotes the degradation of target transcripts such as the sodB mRNA which
encodes an iron superoxide dismutase.
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In 1973, Apirion first proposed that mRNA degradation in E. coli involves a
series of endo- and exo-nucleolytic events (Apirion, 1973). Extensive studies during the
last decade revealed that most E. coli mRNAs are indeed degraded by the combined
action of endoribonucleases and exoribonucleases. Some well-documented examples
include the relatively stable ompA mRNA (Nilsson et al., 1988), the small monocistronic
rpsO mRNA (Portier et al., 1987), the rpsT mRNA (Mackie, 1989), and the malEFG
operon mRNA (Newbury et al., 1987). Although there is still some controversy over the
initial step in mRNA degradation (Kushner, 2002), it is now generally accepted that for
most E. coli mRNAs, endoribonucleolytic attack by RNase E is critical for launching the
process (Coburn and Mackie, 1999; Jain, 2002). After the initiation cleavage, the
generated mRNA fragments are further processed by exonucleolytic digestion. Two E.
coli exoribonucleases, RNase II and PNPase, are known to participate in subsequent
degradation steps (Grunberg-Manago, 1999). Finally, incomplete small mRNA
fragments, usually less than ten nucleotides in length, are converted to mononucleotides
by the action of oligoribonuclease, encoded by the gene orn (Ghosh and Deutscher,
1999).

RNASE E AND THE DEGRADOSOME

Ever since its first identification more than two decades ago, RNase E has been a
focus of intensive study for its role in mRNA degradation. In 1979, Ono and Kuwano
isolated a temperature-sensitive E. coli mutant, HAK117, in which the decay of total
pulse-labeled RNA was significantly slowed down at the nonpermissive temperature
(Ono and Kuwano, 1979). This mutation was attributed to a locus called ams-1 (for
altered mRNA stability). At about the same time, independent work by Ghora and
4

Apirion identified RNase E based on its capacity to process E. coli 9S RNA into the 5S
form (Ghora and Apirion, 1978). The rne-3071 mutation renders RNase E activity
thermolabile and causes accumulation of unprocessed precursor at the nonpermissive
temperature. It was not until the early 90s that several research groups showed that the
ams-1 and rne-3071 mutations are alleles of the same gene, now named rne (Babitzke
and Kushner, 1991; Melefors and von Gabain, 1991; Mudd et al., 1990; Taraseviciene et
al., 1991). The rne gene was mapped at 24.6 min on the linkage map of E. coli and has a
length of 3.4 kb. The promoter of the rne gene is located 361 nucleotides upstream of the
AUG initiation codon. Right after the stop codon there exists a typical Rho-independent
terminator with an inverted repeat followed by 6 consecutive Us. Complete deletion of
the rne gene is lethal, as RNase E is required for processing 9S RNA to 5S rRNA (Ghora
and Apirion, 1978).
Besides being a ribosomal RNA processing enzyme, RNase E has been known to
be involved in many other aspects of RNA metabolism, including the maturation of
transfer RNAs (Li and Deutscher, 2002; Ow and Kushner, 2002), the degradation of
sRNAs such as SsrA RNA (Lin-Chao et al., 1999), RyhB RNA (Masse and Gottesman,
2002), and SgrS RNA (Morita et al., 2004), and most importantly, the turnover of
numerous cellular mRNAs (Bernstein et al., 2002; Mackie, 1991; Mudd et al., 1990;
Regnier and Hajnsdorf, 1991).
The RNase E protein contains 1,061 amino acids and has a calculated molecular
mass of 118 kDa. However, it usually migrates aberrantly as a 180-kDa peptide on SDSPAGE gel mostly due to a highly charged C-terminus (Casaregola et al., 1992). The
RNase E protein can be divided into three functional domains based on amino acid
composition and presence of functional sites (Figure 1.1). The residues 1-500 comprise
the N-terminal domain, also called the N-terminal half (NTH), which carries the catalytic

5

function of RNase E (McDowall and Cohen, 1996). Based on sequence homology, the
residues 37-119 within the NTH are predicted to form a RNA-binding module and share
30% sequence identity with the S1 domain of PNPase (Bycroft et al., 1997).
Although the precise function of the S1 domain in RNase E is still unclear, the
two classic rne temperature-sensitive mutations ams-1 (G66S) and rne-3071 (L68F) both
mapped to this region, indicating that the S1 domain may be crucial for the enzymatic
activity and possibly, substrate binding. Diwa et al. used site-directed mutagenesis and
structural modeling to identify two functionally distinct regions on the surface of the S1
domain (Diwa et al., 2002). One group, including Phe-57, Phe-67 and Tyr-112, is of
general importance for the ribonucleolytic activity of the enzyme, while the other group,
comprising Lys-37 and Tyr-60, is dispensable for catalysis in vitro but required for
feedback regulation of RNase E expression.
A recent biophysical study demonstrated that the C-terminal half of RNase E
(CTH), containing residues 501-1061, is intrinsically unstructured with a few segments of
structural propensity (Callaghan et al., 2004). One of the larger segments with high
structural propensity consists of approximately 80 residues and is predicted to form a
coiled coil and could be a possible protein-RNA interaction site. Based on functionality,
the CTH of RNase E can be further divided into two functional domains. The central
domain (residues 501-750) contains a secondary RNA binding site which is arginine-rich
(ARRBS, residue 604-688) (McDowall and Cohen, 1996). The ARRBS has been shown
to be able to bind RNA in vitro (Taraseviciene et al., 1995). However, in contrast to the
S1 domain located in the NTH of RNase E, the ARRBS appears to have a more marginal
role in RNA recognition, as it is not required for ribonucleolytic activity, feedback
regulation or cell growth (Diwa and Belasco, 2002).
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Figure 1.1 Organization of the protein interactions within the E.
coli degradosome . ARRBS, arginine-rich RNA binding site.
(Modified from Vanzo, 1998)
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The C-terminal domain (residues 734-1061) of RNase E is responsible for its
interaction with other proteins. As first reported by Carpousis and colleagues, RNase E
forms a large multi-protein complex now named “degradosome” with three other
enzymes: PNPase, the DEAD-box RNA helicase RhlB, and the glycolytic enzyme
enolase (Carpousis et al., 1994; Py et al., 1994; Py et al., 1996). The C-terminal domain
of RNase E functions as the scaffold where the other major components assemble. As
seen by Far Western blotting and yeast two-hybrid analysis, these three enzymes bind to
different but adjacent sites on the C-terminal domain (Vanzo et al., 1998). Residues 734738 are required for RhlB binding while enolase binds to residues 738-845 on RNase E.
The binding site for PNPase is within the last 217 residues on RNase, which consists of
residues 844-1045. The molar ratio of these four major components from purified
degradosome is estimated as follows: RNase E, 1; PNPase, 1.5; RhlB, 0.6; enolase, 1.7
(Carpousis et al., 1994). Other associated proteins, usually present in substoichiometric
amounts, include the protein chaperones GroEL and DnaK (Miczak et al., 1996),
polyphosphate kinase (PPK) (Blum et al., 1997), and PAP I (Raynal and Carpousis,
1999). Interaction with the ribosomal protein S1 has also been reported (Feng et al.,
2001).
Unlike the other three major degradosome components whose individual roles in
RNA metabolism are self-explanatory, the presence of enolase is still mysterious. In fact,
a “minimal” degradosome containing only RNase E, RhlB and PNPase can be
reconstituted from individually purified components (Coburn et al., 1999). Nevertheless,
a recent report showed that enolase within the degradosome is required for rapid
degradation of ptsG mRNA in response to a metabolic stress (Morita et al., 2004).
Because the degradosome contains not only an endoribonuclease that can initiate
the mRNA degradation process (RNase E), but also an exoribonuclease that is capable of
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breaking down RNAs from the 3’ end to the 5’ end (PNPase) and a cofactor that can
facilitate unwinding the secondary structure of RNA (RhlB), it is natural to speculate that
different steps in the degradation of mRNAs are orchestrated by the degradosome in a
coordinated manner. Whereas free RNase E and PNPase are both functional in vitro, their
association in vivo may help harmonize their activities in mRNA degradation (GrunbergManago, 1999). When the degradation of mRNA is initiated by RNase E-mediated
endonucleolytic cleavage, the newly generated 3’ ends can be directly attacked by
PNPase. The association of an endoribonuclease and an exoribonuclease within a large
protein complex would thus eliminate the potential slow step for free PNPase to locate
the 3’ end of the substrate. The presence of an ATP-dependent RNA helicase RhlB in the
degradosome presumably helps unwind unfavorable RNA secondary structures that could
impede the attack by RNase E (McDowall et al., 1994) and the processive activity of
PNPase (McLaren et al., 1991), both of which prefer single-stranded regions on the
substrate.
Experimental data in support of the functional interaction among RNase E, RhlB,
and PNPase are increasing. Earlier work by Xu et al. demonstrated that mutations that
inactivate PNPase also slow down the in vivo degradation of RNA I by RNase E (Xu and
Cohen, 1995), indicating that these two enzymes are functionally related. It has also been
shown that RhlB activity is highly stimulated by association with the CTH of RNase E.
The physical interaction with the highly charged region of RNase E increased the
enzymatic activity of RhlB by at least 15-fold (Vanzo et al., 1998). Additional supporting
evidence comes from a recent study revealing that ribosome-free lacZ mRNAs
transcribed by bacteriophage T7 RNA polymerase is stabilized by deletion of rhlB, while
deleting the gene encoding enolase has no such effect (Khemici et al., 2005). A similar
stabilization effect was observed using other T7 transcribed mRNAs. Further analysis by
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primer extension confirmed that RhlB facilitates the endoribonucleolytic cleavage of lacZ
mRNA by RNase E. This evidence strongly argues that RhlB and RNase are closely
related within the mRNA degradation pathway. Consistent with this view, global analysis
of mRNA degradation using cDNA microarrays clearly showed that all four
degradosome components, including RNase E, PNPase, RhlB, and enolase, are required
for normal mRNA degradation in E. coli (Bernstein et al., 2004). Nevertheless, at least
for some mRNAs, degradation can be carried out by one or more of these enzymes
independent of degradosome formation.
The exact biological function of the degradosome is still uncertain.

Studies

showed that the CTH of RNase E is not essential for viability (Kido et al., 1996) or
catalytic function in vitro (McDowall and Cohen, 1996). Cells carrying a deletion of the
RNase E scaffold region ( 688-1061) exhibit normal mRNA degradation, while deletion
of nearly the entire CTH ( 553-1061) significantly slows down the degradation of
mRNA, but not the processing of 9S rRNA (Ow et al., 2000). Similar results were
obtained by Lopez et al. who also found that deletion of the CTH of RNase E ( 5841061) leads to reduction of bulk RNA degradation (Lopez et al., 1999), but not rRNA
processing. Nonetheless, nearly all the RNase E C-terminal truncation mutants exhibited
some degree of slow growth (Ow et al., 2000). All these results lead to a plausible
hypothesis that the organization of degradosome might be required for mRNA
degradation, but could be dispensable for other functions carried out by RNase E such as
rRNA processing.
Interestingly, research by Kaberdin et al. showed that only the sequence of the Nterminal endoribonucleolytic domain of E. coli RNase E is evolutionarily conserved
(Kaberdin et al., 1998). The sequence of the RNase E CTH is not highly conserved
evolutionarily, suggesting possible diversification in how RNase E interacts with other
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components of the RNA degradation machinery in various organisms (Kaberdin et al.,
1998). This notion is supported by their finding that the RNase E homologue in
Synechocystis sp. cannot serve as the scaffold for assembly of E. coli degradosome
components.
The E. coli chromosome encodes another endoribonuclease, RNase G, which is
about half the size of RNase E. Originally identified as the product of gene cafA, this
enzyme displays an extensive sequence similarity (34.1% identity and 49.5% similarity)
to the NTH of RNase E (Li et al., 1999; Okada et al., 1994; Wachi et al., 1999). However,
the RNase G completely lacks the scaffold region of RNase E which organizes its
interaction with other degradosome components. As confirmed by Tock et al., RNase G
is also 5’-end-dependent (Tock et al., 2000). In vivo experiments have shown some
functional overlap between RNase E and RNase G (Wachi et al., 1997). In fact, a later
study by Cohen and coworkers found that overexpression of RNase G complements, at
least partially, an rne null mutation (Lee et al., 2002). Nevertheless, genome-wide
analysis using cDNA microarray revealed that the mRNA abundance of most genes
affected by RNase E deficiency is still increased even with RNase G overexpression.

SPECIFICITY AND REGULATION OF RNASE E

The specificity of RNase E has been extensively investigated. Early work
identified a consensus pentanucleotide (A/G)AUU(A/U) that determines substrate
susceptibility of RNAs to RNase E cleavage (Ehretsmann et al., 1992). Lateron , studies
of the rpsT mRNA suggested that rather than recognizing a particular nucleotide
sequence, RNase E is a single-strand-specific enzyme with few primary structural
constraints (Mackie, 1992). Introducing random mutations in the decanucleotide region at
11

the 5’ end of RNA I and studying their effect on the position of the cleavage both in vivo
and in vitro demonstrated that an unstructured, AU-rich region is required for efficient
cleavage by RNase E (McDowall et al., 1994). Finally, a recent report using an
oligonucleotide-based

assay

suggested

the

presence

of

a

consensus

motif

(G,A)(C,A)N(G)(G,U,A) (A,U)(C,U)N(C,A)(C,A) and argued that the G at position -2
is highly conserved for efficient cleavage (Kaberdin, 2003).
One of the inherent properties of RNase E is the requirement of a free 5’ end on
its substrates (Mackie, 1998). Mackie showed that circular derivatives of the rpsT mRNA
and the 9S rRNA have a much higher resistance to the cleavage of purified RNase E or
degradosome in vitro, compared to their linear counterparts. Moreover, natural substrates
with 5’ triphosphates are also poorly cleaved by RNase E in vitro, while 5’
monophosphate substrates are strongly preferred. It has been proposed that RNase E must
contain a binding pocket that recognizes the 5’ unpaired nucleoside monophosphate
residue (Mackie, 1998). This predicted phosphate-binding pocket on RNase E should
have a very strict size limitation so that it can distinguish monophosphates from
triphosphates. Since the cleavage product of RNase E is 5’ monophosphate, which is a
strongly preferred substrate for RNase E in the following round of attack, this finding
also partially explains the all- or-none phenomenon in mRNA degradation.
A recent study using fluorogenic RNA substrates that allow more accurate
quantification of RNase E activity argues that 5’ monophosphate facilitates the
endoribonucleolytic reaction not by enhancing substrate binding but rather by increasing
the catalytic potency of the enzyme (Jiang and Belasco, 2004). In other words, the 5’
monophosphate substrate also functions as an activator of RNase E. Another interesting
finding from the same work is that 5’ monophosphate increases the cleavage site
specificity of RNase E. Both observed effects of 5’ monophosphate require the
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multimerization of RNase E. In support of this argument, a recent structural study of
E. coli RNase E S1 domain (RneS135–125) by X-ray crystallography and NMR
spectroscopy showed that the isolated S1 domain can weakly dimerize in vitro and the
dimerization interfaces, which includes eight residues (A39, I41, K43, E99, I101, E76,
Y77, I120, L122) have been identified (Schubert et al., 2004). These results indicate that
in addition to its function in substrate binding to facilitate RNA hydrolysis, the S1
domain may also play a role in the multimerization of RNase E.
Using synthetic oligoribonucleotides containing repeats of identical target
sequences with 2’-O-methyl modifications at defined positions, Feng et al. investigated
how RNase E locates its cleavage sites (Feng et al., 2002). Their results showed that the
uncleavable target sequence, made by the introduction of 2’-O-methyl-modified
nucleotides, can bind to RNase E and impedes cleavages at unmodified sites located 5’
to, but not 3’ to, the uncleavable target sequence. This observation indicated that RNase
E can identify the cleavage site by scanning the message in the 3' to 5' direction.
The expression level of RNase E is tightly controlled by a negative feedback
regulation loop, similar to that observed earlier in the study of PNPase and RNase III
(Jain and Belasco, 1995; Mudd and Higgins, 1993). RNase E represses its own synthesis
through increasing the cleavage of its mRNA, which helps maintain the cellular RNase E
at a relatively stable level (Mudd and Higgins, 1993). The cleavage site is within a
fragment containing the 5’ untranslated region (5’-UTR) and the first 28 codons of the
rne structure gene (Jain and Belasco, 1995). As a consequence of autoregulation, the halflife of the rne mRNA varies from less than 40 seconds in strains hosting a multicopy
plasmid to more than 8 minutes in an rne temperature-sensitive mutant strain (Jain and
Belasco, 1995).
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A MODEL FOR E. COLI

MRNA DEGRADATION

Inspired by the discovery of the degradosome, Mackie et al. proposed a 5’
tethering model that is applicable to the degradation of most, if not all, E. coli mRNAs
(Coburn and Mackie, 1999). The key idea of this model is the action of RNase E within
the degradosome and the participation of 3’ exoribonucleases. Other important
assumptions include: 1) RNase E is present in the degradosome as a dimer or higher
oligomer; 2) the RNA binding and catalytic sites in RNase E are used alternatively; 3) the
cleavage products are preferentially retained by the degradosome.
In this model, it is hypothesized that the initiating step in mRNA degradation is the
binding of RNase E subunit 1 as part of a multienzyme complex to a site at or near the 5’
end of mRNA (the site 1 in Figure 1.2). This step can be efficiently blocked in vivo by the
secondary structure at or near the site 1, as has been observed experimentally (Bouvet
and Belasco, 1992; Chen et al., 1991; Emory et al., 1992; Hansen et al., 1994). The
cleavage at site 1 is optional. The mRNA substrate is tethered toward the degradosome
most likely by the S1 RNA binding domain within the NTH of the RNase E subunit 1.
The RNase E subunit 2 is then be able to contact with the potential cleavage site (the site
2 in Figure 1.2), which is typically AU-rich and single-stranded, without significant
dissociation from the complex. A cleavage at site 2 generates two mRNA segments.
While the 5’ segment is degraded to mononucleotides and small oligos by the 3’
exoribonuclease PNPase within the degradosome, the 3’ segment remains attached to the
complex. Other 3’ exoribonucleases not found in the degradosome could also participate
in the process. Upon the completion of digestion of the 5’ segment, the freed RNase E
subunit I may be able to scan the 3’ segment that still binds to the RNase E subunit II for
the next potential cleavage site to start the second round of tethering. Consistent with
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Figure 1.2 The 5’ tethering model. (Modified from Coburn and
Mackie, 1999)
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early observations, the attachment of translating ribosomes can strongly affect the
tethering possibly because of steric hinderance (Belasco, 1993).
Although the 5’-tethering model provides a satisfactory explanation for most
experimental data on mRNA degradation so far, there are still a few issues that need to be
taken into consideration. Firstly, this model failed to explain how the 3’ structure of
mRNA, for example, polyadenylylation, affects its susceptibility to degradation.
Secondly, the clear role of enolase and the ATP-dependent RNA helicase RhlB as part of
the degradosome is not addressed by the model. Considering the highly diverse function
carried out by individual mRNAs and the complex regulation behind that process, a
single model may not be able to capture all aspects of mRNA degradation by RNase E.
We believe that research targeting on regulators of RNase E, as described in this
dissertation, will help clear some of these questions and lead to a better understanding of
mRNA turnover in E. coli.

RESEARCH OUTLINE

The focus of this research is to characterize two novel trans-acting protein
modulators of RNase E activity isolated in earlier studies by the Georgiou laboratory.
These two small cytoplasmic proteins, RraA and RraB (regulator of ribonuclease
activity), have no experimentally defined functions in the NCBI database. In a previous
E. coli genomic library screen for genes whose multicopy expressing could facilitate the
folding of multidisulfide proteins expressed in the periplasm, Dr. Ji Qiu identified two
ORFs, menG and yjgD, which we re-named later as rraA and rraB based on the studies
we will discuss in the following chapters. The present work was motivated by the need
for a better understanding of the complex regulation at the post-transcriptional level in E.
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coli. We also expect that our results could provide a new approach to the engineering of
E. coli for better expression of proteins of pharmaceutical or industrial interest. Two
different paths were taken to study the function of RraA and RraB. First, we combined
genetic and biochemical methods to study how these two proteins affect the mRNA
abundance through the modulation of RNase E activity. Second, we sought to purify and
crystallize the RraA and RraB proteins and solve their structure by X-ray crystallography
in an effort to determine their three-dimensional structures and gain a better
understanding of their function.
In Chapter 2, I describe the characterization of RraA, the first ever reported transacting protein inhibitor of RNase E. In Chapter 3, RraB is shown to be a second protein
modulator of RNase E activity. The differential effect on the E. coli transcriptome by the
two inhibitors are compared and discussed. In Chapter 4, the structure determination of E.
coli RraA and Vibrio cholerae RraB by X-ray crystallography is detailed. In Chapter 5,
the conclusions and recommendations for future studies are summarized. In Appendix, I
have included preliminary results regarding the effect of RraA and RraB on the
degradosome composition and also the purification of large fragments of RNase E.
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Chapter 2 RraA: the first trans-acting protein inhibitors of RNase E
activity1

INTRODUCTION

Earlier work in the Georgiou laboratory using a combination of chemical
mutagenesis and genetic selection led to the isolation of several rne mutants that affected
the half-life of the dsbC mRNA (Zhan et al., 2004). In those mutants, the expression level
of DsbC, the major E. coli disulfide isomerase which catalyzes the rearrangement of
mispaired disulfide bonds in the periplasm, was found to be significantly increased. It
was shown that, the half-life of dsbC mRNA, which is usually less than a minute in the
wild-type strain, is increased by two- to three-fold. This work suggested that the dsbC
mRNA is a direct substrate of RNase E and its abundance is regulated by RNase E
activity in vivo.
In a separate attempt we sought to identify E. coli genes whose multi-copy
expression can enhance disulfide isomerization activity. For these studies human tissue
plasminogen activator (h-tPA) was chosen as the model substrate. h-tPA is a protease that
converts plasminogen to plasmin and contains a total of 17 disulfide bonds. Qiu et al had
shown that h-tPA can be expressed in a catalytically active form in E. coli only in cells
that produce elevated levels of DsbC (Qiu et al., 1998). A genomic library of E. coli was
constructed by partially digestion with Sau3AI and 2-4 kb DNA fragments were cloned
1

The work described in this chapter was done through a collaboration between researchers in the Georgiou
laboratory and the Cohen laboratory (Stanford University). Specifically, Dr. Ji Qiu (U. Texas) did the
library construction and screening, Dr. Xiaoming Zhan performed some of the -galactosidase assays (U.
Texas) and Dr. Kangseok Lee (Stanford) performed the in vitro RNA cleavage assays and the microarray
analysis of the transcription profile. All other experiments described here were performed by the author
Junjun Gao.
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into the high-copy-number plasmid pTrc99A. About a dozen positive clones were
isolated from about 10,000 colonies by monitoring h-tPA activity using a fibrinogen plate
assay. Not surprisingly, the clone demonstrating the strongest phenotype contained the
DNA fragment encoded DsbC. The clone that gave the second most significant increase
in the production of active h-tPA was sequenced and revealed the presence of one
fragment contains an open reading frame (ORF) annotated as menG in the NCBI database
(Qiu, 2001).
The menG gene is located at 88.7 min in the E. coli chromosome and encodes a
17.4 kDa protein. It had been assigned in the database entirely on the basis of sequence
analysis that had suggested it encodes an enzyme with S-adenosyl-L-methione-dependent
methyltransferase

activity

capable

of

catalyzing

the

methylation

of

demethylmenaquinone, the last step in the biosynthesis of the electron transport mediator
menaquinone (Meganathan, 1996). However, the examination of the biochemical
function of the gene indicated that it does not in fact catalyze the methylation of
demethylmenaquinone: neither multicopy expression of menG nor deletion of the entire
gene (in strain JQ004) had any effect on the ratio of quinone:menaquinone:
demethylmenaquinone in cells grown under aerobic or anaerobic conditions and further,
the purified protein product of this gene failed to methylate demethylmenaquinone in the
presence of S-adenosyl L-methionine (Qiu, 2001). We therefore concluded that the
assignment of menG in the database is incorrect, and on the basis of experimental data
that will be presented later in this chapter, we have designated the gene instead as rraA
(regulator of ribonuclease activity A).
While the expression of RNase E is under the control of a negative feedback
regulation loop (Jain and Belasco, 1995; Mudd and Higgins, 1993), little is known about
cellular mechanisms that may modulate the endoribonucleolytic activity of the enzyme.
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In this chapter, we demonstrate that RraA which, like RNase E, is widely distributed
among bacteria and plants, increases disulfide isomerase production in E. coli by
increasing the stability of dsbC mRNA. We further showed that RraA physically interacts
with RNase E to inhibit its endoribonuclease action, that binding of RraA to RNase E and
downregulation of RNase E activity are modulated by the CTH, and that the effects of
RraA on RNase E lead to global changes in RNA abundance. RraA thus represents a
prototypical trans-acting modulator of RNase E activity and consequently of mRNA
degradation.

MATERIALS AND METHODS

Strains and plasmids

The strains and plasmids used in this work are listed in Table 2.1. The
construction of the rne deleted E. coli strain KSL2000 has been previously described
(Lee et al., 2002). KSL2009 was obtained by a plasmid displacement procedure. Briefly,
an incompatible kanamycin resistance (Kmr) plasmid expressing N-RNase E with a
hexahistidine tag at the C-terminus under the control of the BAD promoter (pBADNRNE) was introduced into KSL2004 (rne::cat, recA::Tn10 [pRNG3]) (Lee et al., 2002),
and selected for the incoming plasmid by growing transformants containing both
plasmids (pBAD-NRNE and pRNG3) for 60 generations, which resulted in displacement
of the resident Ampr plasmid by the Kmr N-Rne-expressing construct. pBAD-NRNE was
constructed by replacing the NotI-SphI fragment, which contains the entire Rne-coding
region of pBAD-RNE (Lee et al., 2002) with the NotI-SphI fragment from pNRNE4.
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To construct the rraA null strain JQ004, the sequences flanking the 5’ and 3’ of
the rraA gene were cloned into pRE107 (Edwards et al., 1998), the resulting plasmid was
amplified in SY327 (Miller and Mekalanos, 1988) and transformed into the nonpermissive host strain JCB570 for allele exchange. Ampr colonies were selected, and then
transferred to sucrose-containing plates to counter-select for sucrose sensitivity.

Fibrin plate assay

Fibrin plate assay of tPA activity was carried out essentially as previously
described (Qiu et al., 1998). Fibrin plate was prepared by mixing 80 ml of 3% agarose
(dissolved in deionized H2O by autoclave and pre-cooled to 50 - 60oC before use), 40 ml
of 1xPBS containing 25 Unit of Thrombin (Sigma, MO) and 40 ml of 1xPBS containing
400 mg of Fibrinogen (Sigma, MO). Same amount of total protein was spotted on fibrin
plate surface directly or put in a hole (1-2mm diameter in size, generated by removing
agarose using a glass pasture pipette linked to a vacuum) for each sample. The fibrin
plate was then incubated at 37oC overnight. The size of the clearance is in proportion to
the amount of active tPA in the sample.

Western blotting

For Western blot analysis, cells were grown in LB media and the synthesis of
RraA was induced with 0.5 mM IPTG added at A600 ~0.2. After 1.5 hours, the cells were
harvested, lysed by French press (2,000 psi) and equal amounts of protein were loaded
onto SDS-PAGE gels. The protein band hybridizing to antibody was visualized using the
SuperSignal® Chemiluminescent Kit (Pierce, CA).
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RNase protection assay

RNase protection assays were performed in cells grown, induced and harvested as
above. An aliquot was harvested 1.5 hour after induction to determine the steady state
level of dsbC transcripts and the rest of the cells were treated with rifampicin at a final
concentration of 200 ug/ml. Subsequently, cell samples harvested at different time points
were rapidly chilled in an ethanol dry-ice bath and total RNA was prepared using
RNeasy® kit (Qiagen, CA). The amount of RNA was quantified spectrophotometrically at
260 nm and RNase protection assays were carried out using the RPA III kit (Ambion,
TX) with a probe containing sequence complementary to the first 250 bp of dsbC gene.

-galactosidase assays

E. coli cells transformed with pTrc-RraA or empty vector were cultured in LB
o
media at 37 C. When culture A600 reached around 0.2, IPTG was added to the final

concentration of 0.5 mM. Cells were harvested after 1.5 hours. 100 ul of the cell culture
was chilled on ice for 10 minutes. Afterwards 400 ul of Z Buffer (60 mM Na2HPO4, 40
mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM -mercaptoethanol), 100 ul of CHCl3
and 50 ul of 0.1% SDS were added to the sample. The mixture was vortexed vigorously
for 20 seconds to completely lyse the cells. The reaction was started by addition of 200 ul
of ONPG (o-Nitrophenyl- -D-galactoside, 4 mg/ml) to the mixture. After sufficient
yellow color has developed, the reaction was stopped by addition of 250 ul of 1 M
Na2CO3 solution and the total reaction time for each reaction was recorded. The reaction
mixture was centrifuged at 13,000 rpm for 5 minutes to remove any cell debris. The
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optical density of the reaction at wavelength 405 nm was measured. The units of galactosidase was defined as 1 Miller Unit = 1000 x A405 / Time (in minute) x Volume (in
milli-liter) x A600.

Co-precipitation assay

An in vivo biotinylated RraA protein was constructed by fusing a DNA sequence
encoding a 21-residue peptide substrate for E. coli biotin holoenzyme synthetase (BirA)
(Schatz, 1993) and cloned into vector pDW363 (Tsao et al., 1996), to generate plasmid
pDW363-rraA that produces biotinylated RraA protein. Transformants were cultured in
LB media containing 8 ug/ml of Biotin (Sigma, MO) at 37 °C and 1 mM of IPTG was
added at A600 ~0.6. Three hours after induction, E. coli cells were harvested by
centrifugation and resuspended in 1/5 volume of ice-cold lysis buffer (150 mM sodium
chloride, 1.0% NP-40, 50 mM Tris, pH 8.0). Following lysis by French press, aliquots
containing 5 mg of lysate protein in 400 ul were mixed with 100 ul of streptavidin bead
slurry (Amersham Biosciences, Sweden) and incubated at 4oC for 1 hour. The
streptavidin beads were recovered by centrifugation, washed 5 times with cold lysis
buffer, resuspended in 100 ul of 2× SDS protein loading buffer and RNase E was
detected by Western blot.

Protein purification

N-RNase E, RNase E, and RNase ES were purified from KSL2002, KSL2003,
and S. coelicolor harboring pRNES301, respectively, as described previously (Lee et al.,
2002; Lee and Cohen, 2003). RraA was purified from BL21(DE3) hosting a pET28A23

RraA expression vector by ion exchange chromatography on Mono Q® HR 5/5 anion
exchange column (see Chapter 4). The eluted proteins were concentrated by Centricon®
YM-3 Centrifugal Filter Devices (Millipore, MA).

Surface plasmon resonance analysis

Surface plasmon resonance analysis was performed at 25 °C using a BIACORE
3000® instrument (Biacore AB, Sweden). 2500 RU each of Purified RNase E and bovine
serum albumin were immobilized on different flow cells of a CM5 sensor chip using
amine-coupling chemistry. Purified RraA at a concentration range of 0 to 100 uM was
injected at a constant flow rate of 40 ul/min. Data were analyzed with BIAevaluation
(version 3.2) software. The equilibrium dissociation constants (KD) were calculated from
the steady state RU binding signal.

Gel filtration chromatography

Gel filtration chromatography was performed on an AKTA FPLC with a
Superdex® 200 column (Amersham Biosciences, Sweden). 0.5 ml gel filtration standards
(Bio-Rad, CA) or purified RraA was applied to the column pre-equilibrated with 0.05 M
Na2HPO4, 0.05 M NaH2PO4, 0.15 M NaCl, pH 6.8 and eluted with the same buffer.

In vitro RNase E cleavage assay

pM1 RNA transcript universally labeled with [ -32P] UTP was synthesized as
described previously (Lee et al., 2002) except that the purified pM1 RNA was denatured
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at 75°C for 10 min in 2 mM Tris-HCl (pH 7.6) and renatured by cooling down slowly to
30°C for 30 min in a heating block. RNase E cleavage assays were performed as
described previously (McDowall et al., 1995) except that proteins (RNase E and RraA)
and pM1 RNA were mixed in 1X cleavage buffer and pre-incubated on ice for 10 min
before starting the cleavage reaction at 37 °C.

In vivo RNase E cleavage assay

To prepare total RNA from KSL2000 containing pTrc99A (no arabinose), cells
were grown to mid-log phase in the presence of 0.1 % arabinose, harvested, washed with
LB medium two times, and re-inoculated into LB medium containing no arabinose and
grown at 37°C to an A600 ~0.2. 0.5 mM IPTG was added the cells were harvested 1.5
hours later and total RNA was prepared. Total RNA was isolated as described by LinChao and Cohen (Lin-Chao and Cohen, 1991) and Northern blot analysis was performed
as described previously (Lee et al., 2002). Oligonucleotide probes used were M1 (5’GCTCTCTGTTGCACTGGTCG-3’) and tRNAAsn (5’-TACGGATTAACAGTCCGCCG
TTCTACCGACTGAACTACAGA-3’) for pM1 RNA and tRNAAsn processing,
respectively.

Microarray Procedures

Relative mRNA levels were determined by parallel two-color hybridization to
DNA microarrays (Schena et al., 1995) on glass slides containing 4,405 known and
predicted ORFs. Comparative measurements of transcript abundance were performed by
directly determining the abundance of each gene's transcripts relative to the wild-type
25

sample, as described by Khodursky et al (Khodursky et al., 2000). Analysis of data was
performed

with

the

software

available

at

http://rana.stanford.edu

http://genomewww4.stanford.edu/MicroArray/SMD/restech.html.
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and

Table 2.1 Strains and plasmids
Strain / Plasmid
JCB570
JQ004
SY327

Description
MC1000 phoR zih12 : : Tn10
JCB570 rraA
r
araD (lac-pro) argE(Am) recA56 rif nalA pir

MC1061
CJ1825

araD39 (ara,leu)7697 lacX74 galU galK hsr
+
hsm strA
MC1061 ( ez1)

Reference or Source
(Bardwell et al., 1991)
This work
(Miller and Mekalanos,
1988)
(Casadaban and Cohen,
1980)
(Jain et al., 2002)

CJ1825/BZ99

MC1061 rne(1-602) ( ez1)

C. Jain

N3433

lacZ43, relA, spoT, thi-1

KSL2000

lacZ43, relA, spoT, thi-1 rne::cat, recA::Tn10
[pBAD-RNE]
Same as KSL2000 except [pBAD-NRNE]

(Goldblum and Apirion,
1981)
(Lee et al., 2002)

KSL2009
pBAD-stII-tPA

-

-

r

-

p15A ori, Cm , h-tPA with stII leader under PBAD
r

pTrc-RraA

ColE1 ori, Amp , rraA under trc promoter

pDW363

pBR ori, Amp , birA

This work
(Qiu et al., 1998)
This work

r

(Tsao et al., 1996)

r

This work
This work
(Lee et al., 2002)

pDW363-RraA
pDW363-DsbA
pBAD-RNE

pBR ori, Amp , birA, rraA under trc promoter
r
pBR ori, Amp , birA, dsbA under trc promoter
r
pSC101 ori, Km , rne under PBAD

pBAD-NRNE
pRE107
pET28A-RraA

pSC101 ori, Km , N-rne under PBAD
r
oriT, oriT, Amp , SacB
r
f1 ori, Kan , rraA under T7 lac promoter

r
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This work
(Edwards et al., 1998)
This work

RESULTS

RraA expression enhances disulfide isomerization activity through stabilizing the
dsbC mRNA

As discussed in the introduction section, the rraA gene was isolated based on its
ability to enhance the correct folding of multidisulfide proteins such as h-tPA. To better
quantify the effect of RraA on the folding yield of multidisulfide proteins, we employed
v-tPA which is a truncated variant of h-tPA (Bessette et al., 2001). Whereas cells
expressing h-tPA alone give no clearance of fibrin plates, colonies expressing v-tPA give
a weak halo. Lysate from cells co-expressing RraA and v-tPA gave a full clearance zone
with four times larger diameter relative to cells expressing v-tPA alone (Figure 2.1A).
Western blot analysis revealed that the expression of this gene product results in a fivefold increase in the steady-state level of DsbC protein but does not affect the amount of
other periplasmic proteins, such as DsbA (Figure 2.1B). This increase was observed in
different genetic backgrounds, in minimal or rich media, and in cells grown under either
aerobic or anaerobic growth conditions (data not shown).
To determine whether the observed increase in DsbC protein level had resulted
from an increase in dsbC transcription, we constructed a chromosomally encoded fusion
in which the promoter region of dsbC gene was placed upstream from a promoterless
lacZ gene. No increase in -galactosidase activity was detected following IPTG-induced
expression of the cloned gene, suggesting that the transcription of dsbC was not affected
(data not shown). In subsequent experiments we showed that the cloned gene (rraA, see
below) increases the stability of the dsbC transcript. Specifically, RNase protection
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Figure 2.1 RraA increases disulfide bond isomerization by affecting the stability of
the dsbC transcript tPA fibrinolytic activity in cell lysates co-expressing v-tPA and
RraA. A) Cells were grown to mid-exponential phase in rich media at 37 °C
harvested and lysed in a French press and 15 ug of total cell lysate protein was
spotted on fibrin plates. Clearance zones after 24 hours are shown. B) Western blot
of DsbC and DsbA levels in cells grown and harvested as in panel A. Equal amount
of total cell protein was loaded in each lane. C) DsbC mRNA decay. Cells were
grown to mid-exponential phase and induced with 0.5 mM IPTG. 1.5 hours after
induction rifampicin was added to a final concentration of 200 ug/ml. Samples were
collected at different time points and RNA was extracted and quantified
spectrophotometrically. 10 ug of total RNA was used for RNase protection assay. P:
free probe containing sequence complementary to the first 250 bp of dsbC.

29

assays revealed a more than five-fold increase in the half-life of the dsbC transcript (0.8
minute to more than 4 minutes). The steady state abundance of dsbC mRNA was also
increased under these conditions (Figure 2.1C, t = 0 time point). Collectively, these
findings suggested that the enhanced disulfide isomerization activity in the bacterial
periplasm resulted from the stabilization of dsbC transcripts and a consequent increase in
the steady state level of DsbC protein. On the basis of this result and the data shown
below we named the cloned gene rraA for its role in regulating ribonuclease activity.

RraA interacts with RNase E in vivo

A separate search for chromosomal lesions that enhance disulfide bond
isomerization had resulted in the isolation of eight mutants that confer increased synthesis
of DsbC protein by stabilizing its transcript (Zhan et al., 2004); five of the eight mutants
were found to be allelic to rne, which encodes RNase E, and an additional two mutants
resulted in a significant reduction in RNase E activity in trans. The observed similarity
between the phenotypes of the chromosomal rne mutants and those conferred by
multicopy expression of rraA led us to speculate that the latter might also exert its effect
through modulating RNA processing by RNase E.
RNase E autoregulates its own expression in cis, largely by cleaving its mRNA
within the 5’ UTR (Jain and Belasco, 1995; Mudd and Higgins, 1993); consequently,
production of RNase E is inversely affected by changes in the catalytic activity of the
enzyme (Jain and Belasco, 1995). Consistent with the notion that RraA overexpression
may decrease the activity of RNase E, Western blot analysis revealed that the steady state
level of RNase E is increased upon induction of RraA synthesis (data not shown).
Similarly, analysis of -galactosidase activity expressed from a chromosomal rne-lacZ
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fusion in which the 5’-UTR of the rne gene and the coding sequence for the N-terminal
181 residues of RNase E protein were fused upstream to lacZ in E. coli strain CJ1825
(Jain and Belasco, 1995), showed a 3-4 fold increase in -galactosidase activity following
induction of RraA synthesis (Figure 2.2A). Notably, the observed increase in the

-

galactosidase activity from the rne-lacZ fusion in strain CJ1825 is comparable to that
obtained by Jain et al. under conditions where RNase E is expressed at approximately 1015% of its normal level (Jain et al., 2002). The level of -galactosidase activity from
CJ1825/BZ99, which contains a truncated version of the rne gene encoding a protein
consisting of only the catalytic, N-terminal domain (residues 1 to 602) of RNase E (Kido
et al., 1996) and includes the rne-lacZ fusion, was increased only slightly (30%)
following induction of RraA synthesis (Figure 2.2A).
To elucidate the basis for the observed decrease in RNase E activity in vivo
following RraA overexpression, we examined the interaction between RraA and RNase E
by co-precipitation experiments. Briefly, an in vivo biotinylated version of RraA was
constructed by fusing a 21-residue C-terminal extension (Biotag) encoding a peptide
substrate of the E. coli biotin holoenzyme synthetase (BirA) (Schatz, 1993). As the RraA
crystal structure indicates that the C-terminal is surface-exposed (Mohanty and Kushner,
2000), we expected that addition of the C-terminal extension would not disrupt the
tertiary structure of the protein; indeed, expression of the RraA-Biotag protein conferred
the same phenotypes as unmodified RraA including increased DsbC accumulation and a
4-fold higher -galactosidase activity expressed from the chromosomal rne-lacZ fusion
(data not shown). Following precipitation using streptavidin-conjugated beads, Western
blot analysis revealed the presence of RNase E in the precipitate fraction from cells
expressing RraA-Biotag, but not in precipitates from control cells expressing scFv (single
chain antibody variable region fragment)-Biotag or DsbA-Biotag fusion proteins or from
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Figure 2.2 Interaction of RraA and RNase E in vivo. A) -galactosidase activity
(in Miller units) expressed from a chromosomal rneE:lacZ fusion. Cells
transformed with pTrc99A and pTrc99A-RraA were grown in rich media and the
synthesis of RraA was induced at an A600 ~0.2. 1.5 hours after induction the cells
were assayed for -galactosidase activity. B) Co-precipitation of RNase E with
biotinylated RraA. Proteins co-precipitated using streptavidin-conjugated agarose
beads were analyzed by Western blot using anti-RNase E polyclonal antibody
(kindly provided by Dr. Kushner) as indicated in the Materials and Methods.
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cells transformed with empty vector. Importantly, the co-precipitation of RNase E by
RraA-Biotag was not affected by treatment with RNase A or Benzonase® nuclease,
suggesting that nucleic acids do not represent a critical component of the complex
between the two proteins (Figure 2.2B).

RraA binds to RNase E and inhibits its catalytic activity in vitro

Surface plasmon resonance analysis on a BIACORE® 3000 instrument was
employed to quantitatively analyze the interaction between RNase E and RraA. Fulllength His-tagged RNase E and bovine serum albumin (BSA) were coupled on different
flow cells of a CM5 chip under conditions that give low resonance units, as required to
prevent rebinding effects. RraA was injected as analyte at different concentrations and its
binding to the ligand was determined by the difference in response unit (RU) change
upon injection between RNase E-coupled flow cell and the BSA-coupled flow cell. An
equilibrium dissociation constant (KD) of 26 uM was calculated from the data presented
in Figure 2.3 by steady state analysis.
Gel-shift assays performed by Dr. Kangseok Lee at the Cohen laboratory revealed
no evidence for the binding of RraA to RNA. Excess amount of RraA or BSA failed to
inhibit the binding of RNA to RNase E, while addition of total RNA from E. coli
abolished the binding under the same conditions. This finding, together with the fact that
co-precipitation of RNase E by RraA was not affected by the addition of nucleases
(Figure 2.2B), supports the notion that RNA is neither bound directly by RraA nor is part
of the RNase E:RraA complex.
Another experiment conducted by Dr. Kangseok Lee clearly showed that in vitro
RraA inhibited the processing of the pM1 RNA, a well characterized substrate of RNase
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Figure 2.3 Interaction of RraA with RNase E in vitro. Steady state analysis of
surface plasmon resonance data. The resonance units obtained from sensorgrams
were plotted against concentration of RraA and fitted with a steady state model.
The experimental Rmax was 31.2 RU and Chi2 was 1.14.

Figure 2.4 Gel Filtration analysis of RraA multimerization. Purified RraA and
gel filtration protein standards were run on a FPLC Superdex® 200 column
(Amersham, Sweden) and the protein concentration (determined by the
absorbance at 280 nm and reported as mAU) was monitored as a function of
elution volume. Top line: Gel filtration protein standards. Bottom line: Purified
RraA.
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E (Kim et al., 1996). 50% inhibition was observed at a 10:1 molar ratio of RraA to
purified full-length RNase E and the concentration of RraA was 0.5 µM under the assay
conditions used. The concentration of RraA that causes 50% inhibition of RNase Emediated RNA cleavage (IC50) varied depending on RNA substrate; the IC50 for cleaving
the 13-base oligonucleotide BR13 (McDowall et al., 1995) was 2.5 µM. As gel filtration
analysis (Figure 2.4) and also the crystal structure of RraA (see Chapter 4) revealed that
the protein is a trimer, we concluded that approximately a 3:1 molar excess of RraA
trimer over RNase E monomer is required for inhibition. Under the conditions used in
this assay and using GGG-RNAI as a substrate (Helmer-Citterich et al., 1988), RraA,
even at 100-fold excess, had no effect on the catalytic activity of E. coli RNase G, an
RNase E-related protein whose overexpression was shown to complement deletion
mutants in RNase E (Lee et al., 2002).

The presence of the CTH region is required for high affinity binding of RNase E to
RraA

The C-terminal half of RNase E serves as a scaffold for the binding of the major
degradosome components RhlB, PNPase and enolase (Miczak et al., 1996; Py et al.,
1996). In E. coli strain CJ1825/BZ99, the yield of folded, catalytically active tissue
plasminogen activator (Figure 2.1A samples 1 and 3) and the accumulation of DsbC
protein were both increased, compared to the isogenic parent CJ1825. Expression of
RraA in CJ1825/BZ99 increased the size of the fibrin clearance zone relative to cells
transformed with empty plasmid. However, the RraA-mediated increase in tPA activity
observed in E. coli CJ1825/BZ99 was noticeably lower than in CJ1825 cells that express
the full length RNase E. Additionally, in CJ1825/BZ99, RraA exerted only a slight, albeit
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reproducible, effect on the autocatalytic processing of the rne gene 5’ UTR, as
determined by the level of -galactosidase activity expressed from the rne-laZ fusion
(Figure 2.2A). Furthermore, as will be discussed in the next chapter, the results of similar
co-immunoprecipitation experiments using E. coli strains expressing RNase E with
deletions in the CTH domain (Leroy et al., 2002) showed that all of these mutant RNase
E proteins were able to interact with RraA regardless of the position of the deletion in the
CTH.
In vitro cleavage assay performed by Dr. Kangseok demonstrated that RraA also
inhibited the cleavage of pM1 by the N-terminal catalytic domain of RNase E. However,
the inhibitory effect of RraA was weak and the maximum inhibition of pM1 processing
was 45% at the highest concentration of RraA used (200-fold molar excess of monomer
over N-terminal catalytic domain protein). By comparison, with the full length RNase E
protein, saturating concentrations of RraA (50-fold molar excess of monomer over RNase
E) gave 80% inhibition. Further, the IC50 value for the inhibition of the N-terminal
catalytic domain by RraA was at least 16-fold higher compared to the value measured
with full-length protein. In control experiments, BSA even at a 200-fold molar excess had
no effect on the processing of pM1 either by the full length RNase E or by the N-terminal
catalytic domain.
Efforts to detect a complex between the biotinylated RraA and the N-terminal
region of RNase E in vivo by co-precipitation (Figure 2.2B) or by Far Western blot were
unsuccessful. Similarly, an interaction between the respective purified proteins in vitro
was not detected by surface plasmon resonance at RraA concentrations up to 200 uM.
Measurements at higher concentrations could not be performed because RraA formed
soluble higher molecular weight aggregates under these conditions.
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RraA globally regulates the half-life and abundance of E. coli transcripts

We wished to examine the inhibitory effect of RraA on the stability of RNase E
substrates in the absence of possible compensatory effects resulting from the
autoregulation of the level of the enzyme in the cell. This was accomplished using E. coli
strains KSL2000 and KSL2009, in which the synthesis of RNase E and the N-terminal
catalytic domain respectively, is under the control of the arabinose promoter and which
produce rne transcripts lacking the 5’ UTR site that is subject to attack by RNase E.
Genome-wide analysis of mRNA abundance at single gene resolution using twocolor hybridization to DNA microarrays containing 4,405 known and predicted E. coli
ORFs (Blattner et al., 1997) was carried out by Dr. Kangseok Lee. In these experiments,
the effect of RraA induction for 1.5 hours was compared with the consequences of RNase
E depletion by arabinose withdrawal. RraA overexpression increased the relative
abundance of more than 2000 E. coli transcripts, giving rise to an mRNA profile that was
very similar, but not identical, to the transcript signature observed during RNase E
depletion (Figure 2.5A). Notably, a number of transcripts involved in cell envelope
biosynthesis and in anaerobic metabolism were affected. For some mRNAs, for example
amnI, msbB and ptr in the Figure 2.5A insert, RraA resulted in even greater stabilization
than what was observed upon significant reduction in RNase E level. Previous
experiments have shown that certain transcripts are destabilized by RNase E depletion
(Lee et al., 2002), and these transcripts also showed decreased abundance during RraA
expression.
We also analyzed the transcript profile in the complete absence of RraA. A null
mutant, JQ004, lacking the entire chromosomal rraA coding sequence was constructed.
This strain exhibited normal growth in minimal and rich media at 37 ºC. However, the
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absence of rraA altered the abundance of ~ 80 transcripts at least two-fold (Figure 2.5B).
Most of these RNAs were destabilized in JQ004, consistent with the inhibitory effect of
RraA on the endoribonucleolytic activity of RNase E. Cells harvested in mid- or lateexponential phase or in early stationary phase exhibited generally similar transcript
profiles.
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Figure 2.5 Effects of rraA expression or deletion on the global transcript profile of
E. coli. A) Microarray analysis of RNA abundance. Genes whose relative mRNA
levels were 2-fold or more changed in at least 2 out of 4 slides were clustered. Cy5-labeled cDNAs were synthesized with RNA samples taken from strains: -a,
KSL2000 plus pTrc99A (Rne) or KSL2009 plus pTrc99A (N-Rne) followed by
withdrawal of arabinose for 1.5 hours; R, KSL2000 plus pTrc-RraA or KSL2009
plus pTrc-RraA. RNA samples from KSL2000 plus pTrc99A (Rne) or KSL2009
plus pTrc99A (N-Rne) grown in the presence of 0.1% arabinose were labeled with
Cy-3 and comparisons between paired cultures were done directly. B) Hierarchical
clustering of genes whose relative mRNA levels were 2-fold or more changed in at
least 2 out of 3 slides. Cy-5-labeled cDNAs were synthesized with RNA samples
taken from JCB570. RNA samples from JQ004 (rraA-) were labeled with Cy-3 and
comparisons between paired cultures were done directly. cDNA ratios are
represented in tabular form according to the color scale shown at the top; rows
correspond to individual genes and columns correspond to different strains (panel
A) or growth phase (panel B). Red shades represent an increase in abundance and
green shades represent a decrease in RNA abundance vs. wild-type cells. Black
indicates no detectable change in transcript level and grey represents the absence
of data. (Courtesy of Dr. Kangseok Lee)
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DISCUSSION

RraA represents the prototypical protein that modulates RNA decay and
processing by binding to RNase E and inhibiting its activity. RraA does not interact
detectably with RNA substrates or inhibit the binding of pM1 RNA to RNase E,
suggesting that it affects the ability of RNase E to disrupt phosphodiester bonds between
nucleotides by a mechanism that is independent of substrate binding. The absence of
experimental evidence for binding of RraA to RNA substrates is supported by the crystal
structure of RraA, which shows lack of any structural motif characteristic of nucleic acid
binding (see Chapter 4). Earlier studies have shown that analogous RNA-bindingindependent effects on the hydrolysis rate can result from mutations in the E. coli
endoribonuclease RNase III (Sun and Nicholson, 2001).
The RraA protein was isolated in a search for genes that, when expressed on a
multicopy plasmid, enhance the yield of correctly folded h-tPA expressed in the E. coli
periplasm. The higher tPA activity phenotype that we observed was the result of elevated
expression of the disulfide isomerase DsbC protein, which in turn correlated with a
dramatic increase in the steady-state abundance and half-life of the dsbC mRNA.
Inhibition of RNase E endoribonucleolytic activity by RraA in vitro and in vivo did not
require the RNase E scaffold region, which contains sites for the binding of the major
(PNPase, RhlB helicase, enolase) and minor (GroEL, DnaK, and polyphosphate kinase)
degradosome components indicating that these proteins do not play a primary role in the
functional interaction we have observed between RraA and RNase E. However, RraA
exhibited higher affinity and displayed more effective inhibition of RNA processing by
the full length RNase E relative to the catalytic domain. Our inability to detect binding of
RraA to the N-terminal catalytic domain by co-precipitation or Far Western blotting or by
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in vitro assays using BIACore analysis, suggests that despite the ability of RraA to inhibit
the enzymatic activity of the N-terminal catalytic domain, the binding constant is
probably greater than 200 uM. These observations suggest that the C-terminal scaffold
region of RNase E enhances the ability of the catalytic domain of the ribonuclease to
interact with RraA. Potentially, RraA may bind to multiple RNase E sites of which at
least one is located in the N-terminal region and one or more is located in the CTH.
Alternatively, deletion of the CTH may result in a conformational change in the Nterminal domain that reduces its affinity for RraA. The notion that the CTH affects the
conformation of the N-terminal domain is consistent with the differences in the substrate
specificities of the two proteins. Interestingly, RNase G (Li et al., 1999), an RNase E
paralog that is closely related to the N-terminal catalytic domain of RNase E (Lee and
Cohen, 2003; McDowall et al., 1993) and which when overexpressed in E. coli confers
viability on cells deleted for the RNase E-coding rne gene (Lee et al., 2002), is not
inhibited by RraA.
Inhibition of RNase E by RraA is sufficiently strong to override the
autoregulation of RNase E synthesis that normally maintains cellular RNase E activity
within a narrow range, leading to prolongation of transcript half-life in vivo (for example
the dsbC mRNA, Figure 2.1C). In the absence of autoregulation, the effect of RraA on
transcript accumulation is similar to that observed under severe RNase E depletion (Lee
et al., 2002). Some of the physiological consequences that accompany the global changes
in transcript abundance mediated by the overexpression of RraA include filamentation,
and inability to grow at 42 ºC (Qiu, 2001). These effects are observed specifically in cells
that express the full length RNase E but not in strains that express the N-terminal
catalytic domain-which is less sensitive to inhibition-suggesting that they result from
RraA-mediated alteration of the transcript profile.
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Extensive studies carried out during the last 20 years have established that
proteins that bind to RNA substrates can competitively interfere with the degradation and
processing of these RNAs. Furthermore, both RNA degradation and processing can be
enhanced by the formation of ribonucleolytic “machines” (Carpousis, 2002; Coburn and
Mackie, 1999; Steege, 2000). The discovery of RraA as an inhibitor of RNase E now
establishes the existence of a fundamentally different, post-translational level of control
of RNA cleavages. It is noteworthy that the KD value of 26 uM determined for the
formation of a complex between RraA and full length RNase E is of the same order as the
equilibrium dissociation constant for proteins that perform regulatory functions such as,
for example, transcription factors and core RNA polymerase enzyme (Scott et al., 2000).
What is the possible physiological significance of inhibition of RNA decay by
RraA? As with other post-translational mechanisms of regulation, RraA may facilitate
rapid alterations in RNA degradation and/or processing in response to specific
environmental stimuli, although at this time, cellular conditions that may affect RraA
production and/or activity have not been identified. In an rraA null strain cultured at 37
˚C with normal oxygenation in rich media, the number of transcripts affected was
relatively small and the cells exhibited normal growth—suggesting that any physiological
effects of RraA may occur under special growth conditions. One observation did show
that the rraA null mutant grown under low pH condition exhibited some growth
advantage over wild-type strain after prolonged incubation (JG and GG, unpublished
data). Alternatively, the absence of rraA may lead to alterations in other features of
ribonuclease regulation and a compensatory adjustment of the rate of RNA degradation.
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Chapter 3 RraB: another RNase E-inhibitory protein that differentially
modulates the mRNA abundance

INTRODUCTION

In the Chapter 2, we described the identification and characterization of the first
trans-acting protein modulator of E. coli RNase E activity. This 17.4 kDa protein,
encoded by the gene rraA, binds to RNase E and inhibits the endoribonucleolytic activity
of the enzyme in vivo and in vitro. Most importantly, the expression of RraA globally
regulates the mRNA abundance of a large number of genes. The discovery of a second
protein inhibitor of RNase E makes the story more interesting.
The E. coli gene rraB, previously named yjgD in the NCBI database, was
identified in the same genetic screen described in the Chapter 2. Briefly, rraB was
isolated in a search for genes whose expression in multicopy enhances disulfide
isomerization activity in the periplasm. The rraB gene is located at 96.4 minutes in the
chromosome and encodes a 15.6 KDa polypeptide with no assigned function. RT-PCR
and Northern blot analysis by Dr. Yasuaki Kawarasaki and Meng Zhao in the Georgiou
laboratory confirmed that rraB expressed from its chromosomal copy throughout
exponential and stationary phase growth
In this chapter, we first proved that similar to RraA, RraB functions as a protein
modulator of RNase E activity by physically binding to the enzyme. However, we also
showed that these two inhibitors interact with RNase E at separate sites but with nearly
identical affinity. Transcript profile experiments carried out by our collaborator Dr.
Kangseok Lee in the Cohen lab at Stanford University revealed that rraA and rraB
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exerted distinct effects on the decay and abundance of various transcripts. Our finding
that ribonuclease-binding protein modulators of RNase E activity can differentially alter
mRNA degradation in a transcript-specific manner reveals a previously unsuspected
cellular mechanism for the global control of the transcript abundance in bacteria.

MATERIALS AND METHODS

Strains and plasmids

The strains and plasmids used in this work are listed in Table 3.1. The rraB null
strain JG002 was constructed using the chromosomal gene inactivation method describe
by Datsenko and Wanner (Datsenko and Wanner, 2000). The rraA rraB double null
strain JG004 was constructed by transducing the allele into strain JQ004 with P1 phage.
Plasmid pDW363-RraB encoding a biotag-RraB fusion was constructed by
cloning the rraB gene into the XhoI-BamHI site of vector pDW363 (Tsao et al., 1996).
The chloramphenicol-resistant pTrc-RraA-Cm plasmid was constructed by inserting the
Cmr cassette into the Ampr cassette of the pTrc-RraA plasmid (Lee et al., 2003).

Protein purification

RNase E and N-RNase E used for the in vitro cleavage assay were purified from
KSL2002 and KSL2003, respectively, as described in Chapter 2. Full-length RNase E
used for surface plasmon resonance analysis was purified from BL21 harboring pLACRNE3 and pTrc-RraA-Cm grown in LB media at 30 °C. Co-expressing of RNase E and
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RraA was induced by adding 1mM IPTG at A600 ~0.5. Cells were harvested after 2.5
hours and lysed by French press. RNase E was affinity-purified using His·Bind® Kits
(Novagen, WI) following the manufacture’s protocol. The RNase E in the eluate was
further purified by gel-filtration using a Superdex® 200 PC 3.2/30 column mounted on a
SMART® system (Amersham Biosciences, Sweden). The peak fractions corresponding to
RNase E were concentrated by Centricon® YM-50 centrifugal filter devices (Millipore,
MA).
RraA and RraB were purified from BL21 harboring pET28A-RraA and pET28ARraB respectively. Expression was induced with 1mM IPTG for 3 hours and the
®
harvested cells were lysed using BugBuster protein extract reagent (Novagen, WI). The

clarified cell lysates were loaded onto a Mono Q HR 5/5 anion exchange column and
proteins were eluted with 0 to 0.8 M NaCl gradient in 20 mM Tris·Cl buffer. Fractions
containing RraA and RraB respectively were concentrated by Centricon® YM-3
centrifugal filter devices (Millipore, MA). An additional size-exclusion chromatography
step using a Superdex® 200 column is needed to remove trace contaminants in the
purification of RraB.

Enzymatic assay

The

-galactosidase assays were carried out as described in Chapter 2 except

expression of RraB was induced from the plasmid pTrc-RraB.
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RNA work

Asn

RNase protection assays, pM1 RNA and tRNA

in vivo cleavage assays, gel

mobility shift assays and cDNA microarray analyses were performed the same as
described in Chapter 3.

Surface plasmon resonance analysis

Surface plasmon resonance analysis was performed at 25 °C using a BIACORE
3000® instrument (Biacore AB, Sweden). 2500 RU each of purified RNase E and bovine
serum albumin were immobilized on different flow cells of a CM5 sensor chip using
amine-coupling chemistry as described by the manufacturer. Purified RraB in the
concentration range between 0 and 100 µM
M was injected at a constant flow rate of 30
µl/min.
l/min. Data were analyzed with BIAevaluation (version 3.2) software. The equilibrium
dissociation constants (KD) were calculated from the steady state RU binding signal.

Pull-down assay

E. coli AC21 and derivatives were transformed with pDW363-rraA or pDW363rraB and pull-down assays were performed essentially the same as described in Chapter 2
with some modification. Expression of biotinylated RraA or biotinylated RraB was
initiated by addition of 1 mM of IPTG when the cell culture A600 reached ~ 0.4. Aliquots
containing 5 mg of protein were mixed with 100 µl of streptavidin bead slurry
(Amersham Biosciences, Sweden) and the volume was adjusted to 800 ul before one-
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hour rotation at 4 oC. The presence of RNase E was analyzed by Western blotting using
polyclonal anti-RNase E antiserum.
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Table 3.1 Strains and plasmids
Strain / Plasmid
JCB570
JQ004
JG002
JG004
BL21 (DE3)
MC1061
CJ1825
CJ1825/BZ99
N3433
KSL2000
KSL2009
AC21
AC23
AC24
AC26
AC27
AC28
AC29
AC31
AC32
pBAD-stII-htPA
pTrc-RraA
pTrc-RraB
pTrc-RraA-Cm
pDW363
pDW363-RraA
pDW363-RraB
pDW363-DsbA
pBAD-RNE
pBAD-NRNE
pLAC-RNE2
pET28A-RraA
pET28A-RraB

Description
MC1000, phoR zih12::Tn10
JCB570, rraA
JCB570, rraB
JCB570, rraA rraB
F ompT hsdSB(rB mB ) gal dcm (DE3)
araD39 (ara,leu)7697 lacX74 galU galK
+
hsr hsm strA
MC1061, ( ez1)

Reference or Source
(Bardwell et al.,1991)
(Lee et al., 2003)
This work
This work
Novagen
(Casadaban and
Cohen, 1980)
(Jain et al., 2002)

MC1061, rne(1-602) ( ez1)
lacZ43, relA, spoT, thi-1

C. Jain

lacZ43, relA, spoT, thi-1, rne::cat,
recA::Tn10 [pBAD-RNE]
lacZ43, relA, spoT, thi-1, rne::cat,
recA::Tn10 [pBAD-NRNE]
MC1061, zce-726::Tn10
MC1061, zce-726::Tn10, rne(ams)
AC23, rne 10(aa 844-1045)
AC23, rne 18(aa 728-845)
AC23, rne131
AC23, rne 14(aa 636-845)
AC23, rne 17(aa 636-693)
AC23, rne 21(aa 603-627)
AC23, rne 22(aa 603-693)
p15A ori, Cmr, h-tPA with stII leader under
PBAD
ColE1 ori, Ampr, rraA under trc promoter
r
ColE1 ori, Amp , rraB under trc promoter
r
ColE1 ori, Cm , rraA under trc promoter
pBR ori, Ampr, birA
pBR ori, Ampr, birA, rraA-biotag under trc
promoter
pBR ori, Ampr, birA, biotag-rraB under trc
promoter
pBR ori, Ampr, birA, dsbA under trc
promoter
pSC101 ori, Kmr, rne under PBAD
pSC101 ori, Kmr, N-rne under PBAD
r
pSC101 ori, Amp , rne under PLAC
r
f1 ori, Kan , rraA under T7 lac promoter
f1 ori, Kanr, rraB under T7 lac promoter

49

(Goldblum and
Apririon, 1981)
(Lee et al., 2002)
(Lee et al., 2002)
(Carpousis et al.,
1994)
(Vanzo et al., 1998)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Leroy et al., 2002)
(Qiu et al., 1998)
(Lee et al., 2003)
This work
This work
(Tsao et al., 1996)
(Lee et al., 2003)
This work
(Lee et al., 2003)
(Lee et al., 2002)
(Lee et al., 2003)
This work
(Lee et al., 2003)
This work

RESULTS

Transcript-specific inhibition of the endonucleolytic activity of RNase E by RraB

As was observed for RraA, RraB expression from a multicopy plasmid resulted in
dramatic stabilization of dsbC mRNA, increasing its half-life from 95 seconds to over
300 seconds (Figure 3.1A). Additionally, adventitious expression of RraB decreased
RNase E self-cleavage of its own transcript, as indicated by a three-fold increase in galactosidase activity expressed from a chromosomal rne-lacZ fusion (Jain and Belasco,
1995; Lee et al., 2003) (Figure 3.1B). The effect of RraB on the processing of the rne 5’
UTR was statistically indistinguishable from that conferred by RraA expressed from an
identical plasmid. Examination of the processing kinetics of the rne 5’ UTR revealed that
cleavage was inhibited in cells expressing RraB with the t1/2 increasing from 90 seconds
to over 225 seconds (Figure 3.1C).
Strain CJ1825/BZ99 contains a truncated version of the rne gene encoding a
protein that consists only of the catalytic, N-terminal domain of the enzyme (amino acids
1-602) and additionally contains the rne-lacZ fusion described above. Expression of RraB
in this strain resulted in a modest increase in -galactosidase activity (75% increase over
the control, Figure 3.1B). Further, in contrast to cells synthesizing full length RNase E,
the effect of RraB on the steady state level of the DsbC protein was marginal (data not
shown). Again, this was analogous to RraA which was shown earlier to interact weakly
with the N-terminal domain of RNase E (Lee et al., 2003).
While the above results indicate that RraB, like RraA, is an inhibitor of RNase E
activity, examination of RNase E cleavage of a variety of substrates indicated that RraA
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45 90 135 180 225 270

Time (sec)

P
Remain %

45 90 135 180 225 270

-RraB

+RraB

100 105 82 54 39 29

100 132 100 114 95 97

Figure 3.1B
3500
3000

beta-Gal Units

2500
2000
1500
1000
500
0

-

+RraA

+RraB

MC1061 ( ez1
ez1)

-

+RraA +RraB

MC1061 ( ez1
ez1) rne(1-602)

Figure 3.1C
Time (sec)

45

90 135 180 225 270

45

90

135 180 225 270

400 bp
300 bp

*

500 bp
P
Remaining %

-RraB
100 45 19 15 10 14

51

+RraB
100 123 125 88 115 65

Figure 3.1 Inhibition of RNase E activity by RraB. A) dsbC mRNA decay. Cells
were induced with 0.5 mM IPTG and 90 minutes after induction, rifampicin was
added to stop transcription. 1 ml aliquots were collected every 45 seconds, RNA was
extracted and 5 µg
g of total RNA were used
u
for RNase protection assay. The
percentage of remaining dsbC mRNA at each time point is calculated by dividing
with the signal intensity of the first lane (45 sec sample). The experiment was
carried out in triplicate and the variation in the t1/2 values between repetitions was
<5%. P, free probe containing sequence complementary to the +1 to +266 bp of
dsbC transcript. B) -galactosidase activity expressed from a chromosomal rne:lacZ
fusion and measured according the procedure of Miller (38). Cells transformed with
pTrc99A, pTrc-RraA or pTrc-RraB were grown in LB media and induced at A600
~0.2. After 1.5-hour induction, the cells were harvested and assayed for
galactosidase activity. The

-

-galactosidase activity shown is the average of data

from three independent experiments. C) rne 5’ UTR decay. The half-life of the 5’
UTR rne of was determined essentially as in (a). Percentage of remaining rne 5’
UTR at each time point was calculated by dividing with the signal intensity of the
first lane (45 sec sample). P, free probe containing sequence complementary to the 360 to +33 region of rne transcript. Asterisks (*) indicate the position of rne 5’ UTR
transcript.
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and RraB differentially affect the ability of RNase E to attack different substrates. In the
in vivo experiments performed by Dr. Kangseok Lee, E. coli strain KSL2000 was used in
order to circumvent RNase E cleavage of its own transcript. In KSL2000, the
chromosomal rne gene has been inactivated and RNase E is instead synthesized from a
plasmid-borne rne gene lacking the 5’ UTR (Lee et al., 2002). As protein synthesis from
the plasmid is under the control of an arabinose-inducible pBAD promoter, the cellular
level of RNase E is determined exclusively by the concentration of arabinose. pM1, a
415-nt RNA, is cleaved at sites near the 3’ end by RNase E to give rise to M1, the 377-nt
catalytic component of the t-RNA processing ribozyme RNase P (Lundberg and Altman,
1995). Expression of RraA or RraB from the pTrc99A derived plasmids was induced by
the addition of 0.5 mM IPTG and the steady state levels of the pM1 RNA and asn-tRNA
were determined. Whereas RraA and RraB had quantitatively similar effects on the
ability of RNase E to cleave rne mRNA, their effects on the endonucleolytic cleavage of
pM1 were dramatically different. Specifically, in cells expressing RraA, pM1 accounted
for 30% of the total signal intensity (pM1+M1), which is a 10-fold increase over the
control, while RraB expression resulted in only a 1.5-fold increase in pM1 abundance
(from 3% to 8%, data not shown). Differential effects of RraA and RraB on the
processing of asn-tRNA were similarly evident: RraB had a small, albeit reproducible
effect on asn-tRNA cleavage, while the effects of RraA on asn-tRNA processing were
prominent (data not shown). Taken together, the above results suggest that unlike RraA,
RraB has a greater effect on RNase E cleavage of certain transcripts (dsbC, rne) than
others (pM1, asn-tRNA).
Genome-wide analysis of RNA abundance at single gene resolution was carried
out by our collaborators to further examine whether RraA and RraB differentially affect
RNA abundance on a global scale. Relative RNA levels in the presence or absence of
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each inhibitor were determined by two-color hybridization to DNA microarrays
containing 4,405 known and predicted E. coli ORFs (Blattner et al., 1997) . In these
experiments the effect of RraA or RraB after 1.5 hours induction was compared with the
consequence of RNase E depletion by arabinose withdrawal (Figure 3.2A). Transcripts
that showed at lease three-fold increase under certain conditions were individually
clustered and depicted in Figure 3.2B to G. Over 200 transcripts that showed at least twofold increase upon RNase E depletion were also increased by expression of either RraA
or RraB. Importantly, RraA uniquely affected the steady-state level of 215 transcripts,
while RraB uniquely altered the abundance of 78 transcripts. Neither set of transcripts
was affected by RNase E depletion. An additional 127 RNAs accumulated to a greater
degree during adventitious expression of either RraA or RraB; however, their abundance
also was not affected by RNase E depletion alone. Thus, the microarray data reveal that
RraA and RraB modulate the intracellular levels of distinct sets of transcript and are not
simply general inhibitors of the endonuclease. Other factors, such as the persistence of
residual RNase E in cells undergoing enzyme depletion potentially may account for the
observed differences between the transcript profiles seen during Rra-mediated inhibition
and upon RNase E depletion. RraA and RraB altered transcript abundance only slightly in
cells expressing the catalytic domain of RNase E (strain KSL2009) rather than the fulllength protein (Figure 3.2A).

Physical basis for the interaction between RraB and RNase E

The interaction of purified RNase E and RraB was analyzed by surface plasmon
resonance on a BIACORE® 3000 instrument. Binding of RraB to the immobilized RNase
E was detected as an increase in response units (RU) and an equilibrium dissociation
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Figure 3.2 Effect of RraB and RraA expression on the E. coli transcript profile. A)
Gene clusters whose relative mRNA levels were 2-fold or more changed in at least
2 out of 4 slides. Cy-5-labeled cDNAs were synthesized with RNA samples taken
from strains: −a, KSL2000 plus pTrc99A (Rne) or KSL2009 plus pTrc99A (NRne) followed by withdrawal of arabinose for 1.5 hours; A, KSL2000 plus pTrcRraA or KSL2009 plus pTrc-RraA; B, KSL2000 plus pTrc-RraB or KSL2009 plus
pTrc-RraB. RNA samples from KSL2000 plus pTrc99A (Rne) or KSL2009 plus
pTrc99A (N-Rne) grown in the presence of 0.1% arabinose were labeled with Cy3 and comparisons between paired cultures were done directly. B) Cluster of genes
whose transcript abundance was at least three-fold increased when RNase E is
depleted in strain KSL2000. C) Cluster of genes whose transcript abundance was
at least three-fold increased when RraA is overexpressed in strain KSL2000. D)
Cluster of genes whose transcript abundance was at least three-fold increased
when RraB is overexpressed in strain KSL2000. E) Cluster of genes whose
transcript abundance was at least three-fold increased when RNase E is depleted or
RraA is overexpressed in strain KSL2000. F) Cluster of genes whose transcript
abundance was at least three-fold increased when RraA is overexpressed or RraB
is overexpressed in strain KSL2000. G) Cluster of genes whose transcript
abundance was at least three-fold increased when RNase E is depleted or RraA is
overexpressed or RraB is overexpressed in strain KSL2000. (Courtesy of Dr.
Kangseok Lee)
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Figure 3.3 RraB binds RNase E in vitro. The relative response, obtained by
subtracting the on-line reference flow cell signal from the real signal, were
plotted against concentration of RraB and fitted with a steady-state model. The
experimental Rmax was 109 RU and Chi2 was 2.99.
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constant (KD) of 28.2 uM was calculated by steady state analysis (Figure 3.3). This value
is only slightly higher than the KD of 26 uM determined earlier for the interaction of RraA
with full length RNase E (Lee et al., 2003). Binding of the purified RNase E catalytic
domain (amino acids 1-498) to RraB was not detected by surface plasmon resonance
analysis, suggesting that the equilibrium dissociation constant for these two proteins is in
excess of 200 uM.
p23 RNA is a truncated pM1 RNA which is processed by RNase E to a product
termed 23 RNA (Kim et al., 1996). Addition of RraA resulted in a greater degree of
inhibition than RraB throughout the concentration range tested, as shown by the in vitro
cleavage experiments carried out by Dr. Kangseok Lee. For example, at a 40-fold molar
excess of inhibitor protein/RNase E, RraB resulted in 23% inhibition of processing over
the control whereas RraA inhibited processing by 45% (Figure 3.4). Additionally,
whereas RraB did not inhibit the processing of p23 by the purified N-terminal domain of
RNase E, RraA inhibited processing of p23 by the N-terminal domain, albeit to a lesser
extent than that was observed for the full-length protein.

RraA and RraB interact differently with the CTH of RNase E

The differential effect of RraA and RraB on the catalytic activity of RNase E
suggested that the mode of interaction of the two inhibitors with the enzyme may be
distinct. The contribution of the various domains of RNase E to the binding of RraA or
RraB was evaluated in vivo by co-precipitation analysis using a set of RNase E truncation
mutants. Carpousis and co-workers constructed a series of isogenic strains in which the
chromosomal rne was replaced by mutant alleles containing various C-terminal deletions
(Leroy et al., 2002). For our analysis, RraB was fused to a 21 amino acid extension
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Figure 3.4 RraB inhibits the in vitro cleavage of p23 RNA. Two picomoles
of internally labeled p23 RNA were incubated with BSA only (1), RNase E
or N-RNase E only (2, 3), or 100 ng of RNase E or 200 ng of N-RNase E
with varying concentrations of RraA or RraB in 20 µll of 1×cleavage buffer
at 37°C for 30 minutes for RNase E, or for 90 minutes for N-RNase E or
BSA only controls. The percentage of uncleaved p23 RNA in the gel was
quantitated using a Molecular Dynamics Phosphoimager and plotted as a
function of the molar ratio of RraA/RNase E or RraB/RNase E in the assay.
(Courtesy of Dr. Kangseok Lee)
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(Biotag), which encodes a peptide substrate of the E. coli biotin holoenzyme synthetase
(BirA; Schatz, 1993). While fusion of the Biotag peptide at the C-terminus destabilized
the protein and gave no detectable expression, fusion at the N-terminus did not impact the
steady state accumulation of RraB relative to unfused protein (data not shown).
Furthermore, no significant change in solubility or localization of RraB after biotinylation
was observed. Expression of the Biotag-RraB fusion protein gave the same phenotypes
as unmodified RraB, including increased DsbC accumulation and higher -galactosidase
activity expressed from the chromosomal rne-lacZ fusion (data not shown).
Biotinylated RraB synthesized in the AC series of RNase E C-terminal truncation
mutants (Figure 3.5A; Leroy et al., 2002) was precipitated with streptavidin beads and the
presence of RNase E in the precipitate was detected by Western blot analysis using an
antibody that recognizes the N-terminal domain. As expected, full-length RNase E was
readily observed in the precipitate from cells expressing Biotag-RraB (Figure 3.5B, first
®
lane). Pre-treatment of cell lysate with RNase A or Benzonase nuclease (Novagen, WI)

did not affect the co-precipitation of RNase E, indicating that nucleic acids are not
involved in the ability of these two proteins to interact. No RNase E band was detected in
cells expressing the Rne131 protein lacking the whole CTH (amino acids 585-1061) or in
strain CJ1825/BZ99 expressing RNase E amino acids 1-602 (data not shown). Similarly,
the Rne 14 protein lacking amino acids 636-845 was not co-precipitated with the
biotinylated RraB whereas RNase E mutant proteins lacking amino acids 603-693 and
728-845 gave a clear signal. This analysis suggests that the region between amino acids
694-727 is important for the binding of RraB to RNase E.
A similar experiment was performed using an RraA-Biotag fusion (Lee et al.,
2003) and the results are presented in Figure 3.5C. Interaction between RraA and RNase
E was detected for all truncation mutants, Rne 22( 603-693), Rne 14( 636-845) and
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Figure 3.5 Mapping the binding site of RraB and RraA on RNase E by co-precipitation
analysis. (a) Schematic illustration of the structure of wild-type and truncated RNase E,
adapted from Vanzo et al. (14) and Leory et al. (34). (b) Western blot analysis of
proteins co-precipitated with in vivo synthesized Biotag-RraB. The same amount of cell
lysate protein was used in each co-precipitation. Asterisks (*) indicate the expected
electrophoretic migration of the RNase E truncated mutant proteins in the absence of
proteolytic degradation. WT, wild-type. (c) The same as above except that RraA-Biotag
was used for the co-precipitation analysis.
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Rne 10( 844-1045), except for Rne131 protein (Rne 585-1061). Earlier work detailed
in the Chapter 2 showed no co-precipitation of truncated RNase E proteins containing
residues 1-602 expressed in strain CJ1825/BZ99 by RraA-Biotag. Additionally, while
RraA at a large molar excess inhibits the catalytic activity of the RNase E NTH in vitro,
the interaction between the two proteins is weak and shows a KD in excess of 200 uM.
Putting all these data together, it is highly likely that RraA does not require a specific
epitope on the CTH of RNase E for its high affinity binding. Instead, it is the presence of
the CTH that could possibly induce the conformation change necessary for the efficient
binding of RraA to the catalytic domain of RNase E. However, we cannot completely
exclude the possibility that the short distal end of the CTH, comprising of amino acids
1045-1061 may be directly involved in the binding of RraA.

DISCUSSION

RraB was isolated genetically as a result of its ability to facilitate disulfide bond
isomerization in the periplasmic space of E. coli—the same phenotype that had led to the
earlier isolation of the prototypical RNase E inhibitor RraA (Lee et al., 2003). In a
manner analogous to RraA, RraB stabilized the dsbC transcript, resulting in accumulation
of the major disulfide isomerase, DsbC. Both the RraA and RraB proteins were shown to:
(i) inhibit endoribonucleolytic cleavage of the 5’ UTR of rne transcripts and the
inhibition was sufficiently strong to override the autoregulation of rne that normally
maintains the level of the enzyme within a narrow range; (ii) interact with full length
RNase E in vivo and in vitro with nearly indistinguishable affinities; (iii) require the CTH
for high affinity binding; (iv) affect the steady state level of several hundred transcripts.
Furthermore, RraB binds only to RNase E and not to substrate RNAs (KS and SNC, data
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not shown), a conclusion that is also supported by analysis of the solution structure of the
Vibrio cholerae homologue, VC0424, which does not contain any putative nucleotide
binding regions (Ramelot et al., 2003). Likewise, RraA interacts only with RNase E and
not with substrate RNAs (Lee et al., 2003; Monzingo et al., 2003).
The above results indicate that both RraA and RraB globally regulate intracellular
RNA levels by modulating the endonucleolytic activity of RNase E. However, there are
key differences in the phylogenetic distribution, structure, and mode of action of these
two endoribonuclease inhibitors. First, while homologues of RraA are widely distributed
among archea, proteobacteria and plants, RraB homologues are found only in proteobacteria—suggesting that these proteins may have a more specialized role in
modulating RNA degradation. The NMR structure of the Vibrio cholerae VC0424
protein, which shares 60% amino acid identity with RraB, revealed a ferrodoxin like-fold
with

topology preceded by a long N-terminal -helix (Ramelot et al., 2003).

VC0424 is a monomer that exhibits no structural similarity with RraA, which is a
homotrimer that forms a ring structure with a 12 Å cavity in the center (Monzingo et al.,
2003). We will discuss this in more detail in Chapter 4.
Second, RraA and RraB affect distinct and only partially overlapping sets of
mRNAs (Figure 3.2). Microarray analysis revealed that the overexpression of either RraA
or RraB alters the abundance of 18% of transcripts expressed out of 4405 known and
predicted ORFs in E. coli (excluding small RNAs). 215 transcripts (4.8%) uniquely
accumulated during overexpression of RraA whereas 78 transcripts (1.8%) were affected
only by RraB. Importantly, under the conditions employed in the present study, these
mRNAs which collectively represent 6.6% of the transcriptome were not altered by
partial RNase E depletion. We propose that RraA and RraB, which bind to different sites
of the target enzyme as shown in Figure 3.5, have differential effects on the ability of
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RNase E to cleave different substrates and are not simply general inhibitors of the
ribonuclease. Consequently, we would not expect them to mimic RNase E depletion.
Additionally, other factors such as the persistence of residual RNase E in cells
undergoing enzyme depletion potentially may account for the observed differences
between transcript profiles seen during Rra-mediated inhibition and RNase E depletion.
Third, we found that in the absence of the CTH, RraB does not inhibit processing
of the pM1 variant transcript p23 in vitro (Figure 3.4) and exerts at best a marginal effect
on its decay in vivo (data not shown). In contrast, RraA is able to inhibit the endonuclease
activity of the N-terminal catalytic domain, albeit more weakly than the full length
protein (Figure 3.5; Lee et al., 2003). Co-precipitation analysis with a set of RNase E
mutants containing deletions within the degradosome organizing domain (Leroy et al.,
2002) revealed that, in contrast to RraA, only a short region in the CTH, comprising of
amino acids 694-727, is important for the binding of RraB. Interestingly, this region
partially overlaps a stretch of amino acids extending from position 685 to 712 and
predicted to form half of a putative coiled-coil that may be important for binding of the
enzyme to structured RNAs (Callaghan et al., 2004).
What is the molecular basis for the selective effect of RraA and RraB on specific
RNAs? Comparison of the microarray data reported here with the genomic scale RNA
stability data of Bernstein et al. (Bernstein et al., 2002) did not reveal any substantial
difference between the t1/2 of transcripts that are affected by RraA versus RraB. We also
failed to identify a pattern in the length or the function of the 215 RraA-specific or the 78
RraB-specific transcripts. The existence of two proteins that exert a differential effect on
RNA decay via their interactions with RNase E argues that modulation of RNA stability
may provide a mechanism for global control of transcript abundance in response to
dynamic changes in the extracellular or intracellular environment. Along these lines, it is
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noteworthy that transcription of rraA from its own promoter is elevated upon entry of
stationary phase in an rpoS-dependent manner and that the stability of rraA transcript is
also dependent on RNase E activity (MZ, YK and GG, unpublished data).
As both RraA and RraB were isolated as a consequence of their ability to stabilize
the dsbC transcript, which encodes a protein mediator of disulfide bond rearrangements,
we speculate that other proteins, and perhaps even nucleic acids, that bind to RNase E
and selectively affect the stability of sets of transcripts with different features may be
discovered by the application of alternative genetic screens.
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Chapter 4 Purification and Crystallization of RraA and RraB

INTRODUCTION

The previous two Chapters described the isolation and characterization of two E.
coli RNase E inhibitory proteins RraA and RraB. The present chapter focuses on
biochemical studies aimed at preparing highly purified RraA and RraB for structural
analysis and the crystallization of the two proteins.
Although several genes are known to modulate the half-life of specific transcripts
in cis by binding to the RNA (Grunberg-Manago, 1999), RraA was the first protein
found to exert a large effect on transcript stability in trans by inhibiting the endonuclease
activity of RNase E. The E. coli gene rraA, previously named menG in the NCBI
database, encodes a 17.4 KDa polypeptide that has close homologs (>40% amino acid
identity) in numerous Archae and proteobacteria as well as the plant species Arabidopsis
thaliana. All of the homologous RraA proteins consist of between 157 to 166 amino
acids. The E. coli RraA is 98% identical in sequence to that from Salmonella enterica,
88% identical to that from Yersinia pestis, and 41% identical to the protein from A.
thaliana. While most organisms containing rraA-like genes also contain one of three
structural types of RNase E (Lee and Cohen, 2003), sequence analysis has not yet
identified an RNase E homolog in six organisms that contain an rraA homolog. These
include Deinococcus radiodurans, and certain Archae. It is currently not known whether
in these organisms RraA plays a role in RNA processing or has a different function.
In the NCBI database, the function of the E. coli gene yjgD, which we now name
rraB, is not annotated. The rraB gene encodes a 15.6 KDa cytoplasmic protein rich in
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Asp/Glu. Unlike RraA, RraB has only a few close homologs, most of which are found in
-proteobacteria such as Salmonella typhimurium and Vibrio cholerae.
This part of work was accomplished through collaboration with Dr. Arthur
Monzingo in the Robertus group, who did the X-ray diffraction experiments and solved
the crystal structure of RraA and RraB. In this chapter, we first describe the expression
and purification of RraA and RraB. Then structure analysis of E. coli RraA is briefly
discussed. Last, the current status of efforts to solve the structure of Vibrio cholerae RraB
(VC0424) is summarized.

MATERIALS AND METHODS

Overexpression and purification of E. coli RraA

The full-length rraA gene was PCR amplified from the E. coli genome by PCR
and subcloned into the expression vector pET-28A (Novagen, WI) using restriction
enzyme sites NcoI/HindIII. The plasmid was then transformed into E. coli strain BL21
(DE3) for protein expression. The transformed cells were grown in LB media at 30 ˚C
until mid-log phase and induced with 1mM IPTG. After three hours of induction, cells
were harvested and lysed with BugBuster® Protein Extraction Reagent (Novagen, WI)
following manufacturer’s instructions. Target proteins were purified by ion exchange
chromatography using a Mono Q® HR 5/5 anion exchange column mounted on an AKTA
FPLC system (Amersham Biosciences, Sweden). A 0 to 0.8 M NaCl gradient in 20 mM
Tris·Cl buffer was applied for optimal separation. The eluted RraA was concentrated by
Centricon® YM-3 Centrifugal Filter Devices (Millipore, MA).
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Overexpression and purification of E. coli RraB and its homologs

RraB was expressed in a manner similar to RraA with a few modifications. The
full-length rraB genes from E. coli, Salmonella typhimurium, Haemophilus influenza and
Vibrio cholerae were PCR amplified from the corresponding genomic DNA. The
respective RraB proteins were expressed from a T7 promoter in the pET-28A expression
vector and the protein was first purified by ion exchange chromatography using a Mono
Q® HR 5/5 anion exchange column, followed by a size-exclusion chromatography using a
Superdex® 200 column mounted on an AKTA FPLC system (Amersham Biosciences,
Sweden). In the first chromatography, the proteins were separated by 0 to 0.8 M NaCl
gradient in 20 mM Tris·Cl buffer. The second chromatography was carried out in Tris
buffer (20 mM Tris·Cl, 300 mM NaCl, pH 7.0) with a flow rate of 0.5 ml/min. The
fractions containing purified RraB were dialyzed and concentrated to the desired
concentration by Centricon® YM-3 Centrifugal Filter Devices (Millipore, MA).

Crystallization screen

The start concentration of protein stocks used in crystallization is in the range of
10 to 20 mg/ml. Initial screens was carried out using the Crystal Screen® kit (Hampton
Research, CA). Refinement of crystallization condition was done using the Additive
Screens® kit and Detergent Screens® kit (Hampton Research, CA). All crystals were
grown using the hanging drop method.
E. coli RraA was crystallized at room temperature from 0.8 M ammonium
phosphate, 0.1 M sodium citrate, pH 5.2. Vibrio cholerae RraB was crystallized at room
temperature from 0.15 M magnesium chloride, 22.5% v/v polyethylene glycol 400, 0.075
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M HEPES sodium, pH 7.5. Other RraB homologs failed to give crystals suitable for Xray diffraction under the conditions we screened.

Data collection

Prior to data collection, E. coli RraA crystals were treated with cryoprotectant by
transferring to artificial mother liquor (0.8 M ammonium phosphate, 50 mM sodium
citrate, pH 5.2) containing 50% saturated sorbitol for 1-5 seconds. Vibrio cholerae RraB
crystals were treated in the similar way using its crystallization mother liquor. Crystals
mounted in a cryoloop (Hampton Research, CA), were frozen by dipping in liquid
nitrogen and placed in the cold stream on the goniostat.
A Hg derivative crystal was prepared by soaking a RraA crystal in artificial
mother liquor with 1 mM p-chloromercuriphenylsulfonic acid (Sigma Chemical Co.,
MO) for 11 days and backsoaking in artificial mother liquor for 1.5 hours just prior to
freezing. The Hg derivative of RraB crystal was made the same way except its
crystallization mother liquor containing 1 mM p-chloromercuriphenylsulfonic acid was
used.
Native and derivative data were collected at 100 K on a Rigaku RAXIS IV with
X-rays generated by a Rigaku RU200 rotating anode generator operated at 50 mV, 100
mA. Diffraction images were processed using DENZO, and data were reduced using
SCALEPACK (Otwinowski and Minor, 1997).

RESULTS
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Purification and Crystallization of E. coli RraA

The plasmid pET-28A was chosen as the expression vector of RraA in E. coli.
Induction of RraA synthesis in strain BL21(DE3) was carried out in 30 ˚C to reduce the
toxic effect of overexpression RraA. Because of the acidicity of RraA which has a
calculated pI of 4.07, anion ion exchange chromatography was used for purification. A 0
to 0.8 M NaCl gradient (pH 7.0) was used for elution. The purity of each elution fraction
was examined by SDS-PAGE. The fractions containing purified RraA were combined,
dialyzed, and concentrated before storage at – 20 ˚C. The yield of RraA production was
about 5 mg per gram wet cells and the purity was over 99% as determined by SDS-PAGE
(data not shown).
The E. coli RraA crystallized in space group C2 with cell constants, a = 94.4, b =
93.9, c = 67.9 Å,

= 132.7°. There were 3 molecules per asymmetric unit, giving a Vm

of 2.1 Å3 / dalton. Crystallographic data for the E. coli RraA are summarized in Table 4.1.
RraA crystallized as a homotrimer, and the final model included residues 2-161 in
monomer A, residues 2-159 in monomer B, and residues 2-156 in monomer C. The Nterminal Met residue is probably processed away from the expressed protein. The missing
residues at the C-termini of monomers B and C are not visible in the electron density
maps and are most likely disordered. The refinement R factor is rather modest, and this
probably reflects the fact that a number of regions in the trimer are disordered.
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Table 4.1 Crystallographic Data of E. coli RraA

Resolution (Å)
Rmerge (%) (last shell)
<I/ I> (last shell)
Completeness (%) (last shell)
Completeness (I/ I >3) (%) (last shell)
Unique reflections
Redundancy
Phasing FOM
Phasing power
# of residues
# of atoms
Rworking
Rfree
rms deviation from ideality
bonds
angles

Native
2.0
7.1 (32.8)
13.4 (2.2)
95.5 (71.8)
67.8 (47.1)

Hg
2.0
5.5 (18.8)
15.7 (4.3)
99.4 (98.0)
77.4 (48.3)

28,089
2.9

57,705
2.9
0.53
1.11

473
3820
0.23
0.27
0.006
1.246
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Structure of E. coli RraA

A ribbon drawing representation of the RraA monomer is shown in Figure 4.1A.
The structure of the E. coli RraA molecule can be characterized as a 3-layer sandwich. In
the middle of the sandwich is a four-strand parallel

sheet which is part of an

/

structure. The three return helices of the / structure are all on one side of the sheet and
form a second layer of the sandwich. On the opposite side of the parallel sheet is a fourstrand antiparallel

sheet, lying roughly perpendicular to the parallel sheet.

The E. coli RraA protein crystallizes with a trimer as the asymmetric unit. The
packing of these three chains around a molecular 3-fold axis is shown in Figure 4.1B.
2
Formation of the trimer buries ~1000 Å of accessible surface area per monomer. The

interaction between monomers is mostly hydrophilic in nature with several hydrogen
bonds formed as well as a salt bridge between conserved residues Arg 97 and Asp 10.
There is also an interaction of Pro 116 with several hydrophobic residues across the
interface.
The trimer has a hole in the center which is approximately 12 Å across. PNPase,
characterized as part of the degradosome, is also trimeric with a similarly sized channel
in the center. It has been suggested that its channel may be involved in the processivity
of the single-strand RNA substrate of PNPase (Symmons et al., 2000). It is reasonable to
ask if the central hole of RraA might accommodate RNA, given RraA’s apparent
interaction with the degradosome. While single-strand RNA which maintains A-form
helix stacking and curvature cannot be accommodated in the narrow hole of the RraA
trimer, extended RNA, such as residues 21-25 of yeast phenylalanine tRNA (Robertus et
al., 1974), can be physically accommodated. However, the chemical and electrostatic
nature of the RraA central hole is not suggestive of any RNA binding role. Figure 4.2
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Figure 4.1 A

Figure 4.1 B

Figure 4.1 Models of RraA. A) The backbone model of a RraA monomer. This
stereo picture illustrates the fold of the protein and displays its secondary structural
elements.

Residues along the backbone are labeled to aid in following the

polypeptide path. B) The trimeric arrangement of RraA. RraA functions as a
trimer, and a trimer is the asymmetric unit of the crystal. Three monomers pack
around a pseudo three-fold axis. (Courtesy of Dr. Arthur Monzingo)
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Figure 4.2 Surface electrostatic potential of the faces of the RraA trimer.
Electronegative charges are shown in red, and positive charges are shown in blue. The
left panel shows the face of the trimer which interacts with an adjacent trimer in the RraA
crystal. The right panel shows the trimer face which is exposed to solution. (Courtesy of
Dr. Arthur Monzingo)
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shows the electrostatic potential of the two RraA trimer faces. One face, which interacts
with an adjacent trimer related by a two-fold rotation in the crystal, is almost completely
neutral. The other, exposed face is largely a neutral surface, with weak electronegative
stripes radiating from the center; this is inconsistent with binding a negatively charged
RNA strand.

Purification and crystallization of Vibrio cholerae RraB

We first attempted to purify and crystallize the E. coli RraB and two homologs
from Salmonella typhimurium and Haemophilus influenza. Although all proteins could be
obtained with high purity and in good yields, only very small crystals that were
unsuitable for X-ray diffraction could be obtained (data not shown). The third RraB
homolog, from Vibrio cholera, proved more amenable to crystallization.
The protocols for the overexpression and purification of Vibrio cholerae RraB
were essentially the same as those for the E. coli RraA. Possibly because the RraB is less
acidic, anion ion exchange chromatography using FPLC did not give a satisfactory
degree of purity. An extra size exclusion chromatography step using Superdex® 200
column (Amersham Biosciences, Sweden) had to be added. The overall yield of RraB
using the protocol described in the Materials and Methods was about 0.8 mg per gram
wet cells and the purity was nearly 99%.
The Vibrio cholerae RraB crystallized in space group C2 with cell constants, a =
114.93 Å, b = 39.57 Å, c = 88.46Å,

= 122.6°. There were 2 molecules per asymmetric

unit, giving a Vm of 2.6 Å3 / dalton.
The Vibrio cholerae RraB crystallized as a dimer, and our current model includes
residues 10-120 in each monomer. This is in consistent with the possibility that the both
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ends of the polypeptide are mainly unstructured as indicated by its solution structure
(Ramelot et al., 2003). Current refinement R factor is 0.411 (working) / 0.516 (free).

DISCUSSION

The X-ray analysis of RraA showed that its overall fold is related to that of
several other proteins, or protein domains, including pyruvate phosphate dikinase,
carbamoyl phosphate synthetase, and the ectodomain of the transferrin receptor. These
structural homologs possess a wide range of functions; this suggests that, like

/ -

barrels, the RraA fold may be a stable scaffold upon which nature has built a wide range
of activities. As indicated by the crystal structure, RraA does not contain any known
RNA binding motif, suggesting that the inhibitory effect of RraA is independent of
substrate binding. In addition, the lack of an AdoMet cofactor binding site clearly
illustrates that RraA is not a methylase as originally predicted.
During the course of our studies to solve the crystal structure of Vibrio cholerae
RraB, another group published the solution structure of Vibrio cholerae VC0424 (RraB)
determined by NMR spectroscopy (Ramelot et al., 2003). The NMR structure showed
that Vibrio cholerae RraB has a two-layer / sandwich architecture with a secondary
structural element

along the sequence. Without the N-terminal helix, the

structure of Vibrio cholerae RraB has the ferredoxin-like fold
is composed of two intercalated

topology, which

motifs. The ferredoxin-like fold has been found in

many proteins with diverse biological functions. There was no observed homology in 3D
structure between RraA and RraB.
In contrast to the NMR structure the diffraction data we have obtained indicated
that RraB may form a dimer. At this point it is not clear whether a dimer may be the
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result of crystal packing or whether the NMR model of Ramelot et al. is not accurate
(Ramelot et al., 2003). The quality of crystals we have obtained will need to be improved
in order to allow a reliable model to be built. One of the complications that might be
limiting the quality of the crystals is the possible unstructured N- and C-terminal end of
the protein, indicated by the NMR structure. In fact, in the NMR study the protein that
was used for structural analysis is a truncated version of Vibrio cholerae RraB with the
low-complexity C-terminal 16 residues of Vibrio cholerae RraB removed (Ramelot et al.,
2003). We have made three different truncated forms for Vibrio cholerae RraB:
RraB_VCH_129 (N-terminal first 9 residues removed), RraB_VCH_122 (C-terminal last
16 residues removed), and RraB_VCH_113 (N-terminal first 9 residues and C-terminal
last 16 removed). These truncated proteins have been successfully expressed and
purified. Crystal screening is currently under way.
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Chapter 5 Conclusions and Recommendations
Extensive studies on E. coli mRNA degradation during the past 15 years have
provided us a much clearer view of how the regulation of transcript abundance affects the
gene expression level. The discovery of trans-acting protein inhibitors of RNase E opens
up yet another route that a cell could take to rapidly change its transcription profile in
response to cellular event or environmental stress. The work presented here described the
functional and structural characterization of two E. coli proteins RraA and RraB, and
explained how they globally regulate the mRNA abundance through modulating RNase E
activity.
The 17.4 kDa cytoplasmic protein RraA inhibits the endoribonucleolytic activity
of RNase E in vivo and in vitro. In cells where expression of RraA was induced, the halflife of dsbC mRNA boosted from less than one minute to over four minutes. Meanwhile,
the activity of

-galactosidase translated from an RNase E-cleavable rne-lacZ fusion

transcript, increased by at least three-fold. Consistent with the in vivo evidence, the
RNase E cleavage assay using in vitro transcribed pM1 RNA as the model substrate also
showed a clear inhibition by purified RraA. A co-precipitation experiment proved that
RraA physically interacts with RNase E and the equilibrium constant KD for the RNase ERraA complex is 26 uM as determined by SPR analysis using BIACore. The inhibitory
effect on RNase E by RraA does not require the RNase E scaffold region. However,
RraA does exhibit higher affinity and stronger inhibition in the presence of the scaffold
region. Most interestingly, RraA exerts a global effect on the E. coli transcriptome
through modulating the RNase E activity. Genome-wide analysis of mRNA abundance
using cDNA microarray with 4,405 known and predicted E. coli ORFs showed that
overexpression of RraA can increase the abundance of over 2,000 different mRNAs.
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RraB, the second protein inhibitor of RNase E, shows some similarity to RraA but
exhibits clear distinctions in many aspects. Like RraA, RraB inhibits the
endoribonucleolytic cleavage of dsbC mRNA and the self-cleavage 5’-UTR of the rne
transcript. RraB physically interacts with full length RNase E in vivo and in vitro with an
affinity that is almost indistinguishable from RraA. The scaffold region of RNase E is
also required for high affinity binding and more effective inhibition. All this evidence
supports the idea that RraB is another trans-acting protein modulator of RNase E activity.
However, co-precipitation analysis with a set of RNase E mutants containing deletions
within the degradosome organizing domain (Leroy et al., 2002) revealed that RraA and
RraB have different binding sites on RNase E. RraA may have one or more weak binding
sites on the NTH of RNase, but it requires the last 16 residues on the C-terminal distal
end (residues 1045-1061) for high affinity interaction. In contrast, only a short region in
the CTH, comprised of residues 694-727, is important for the binding of RraB.
Microarray analysis also revealed that RraB affects the mRNA abundance of a distinct set
of genes which only partially overlaps with that of RraA. Overexpression of either RraA
or RraB can alter the abundance of 18% of total transcripts by at least 1.5-fold. Among
those, the abundance of 215 transcripts is uniquely changed during overexpression of
RraA whereas that of 78 transcripts is affected only by RraB. Based on the above
evidence, we proposed that RraA and RraB, which bind to different sites of RNase E, can
differentially affect the endoribonuclease activity of RNase E and regulate the global
mRNA abundance in E. coli.
The crystal structure of the E. coli RraA can be described as a 3-layer sandwich.
In the middle of the sandwich is a four-strand parallel

sheet which is part of an

/

structure. The three return helices of the / structure are all on one side of the sheet and
form a second layer of the sandwich. On the opposite side of the parallel sheet is a four-
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strand antiparallel

sheet, lying roughly perpendicular to the parallel sheet. RraA

crystallizes as a homotrimer and the three polypeptide chains forms a ring-like structure
with a center hole which is approximately 12 Å across. The crystal structure also showed
that RraA lacks the Rossmann fold which forms the AdoMet-binding site in AdoMetdependent methyltransferases and thus it is highly unlikely to be a methyltransferase as
previously annotated in the NCBI database.

RECOMMENDATION FOR FURTHER STUDIES

The lack of a strong phenotype in three deletion strains JQ004 (rraA-), JG002
(rraB-) and JG004 (rraA- rraB-) suggests that additional RNase E inhibitors carrying out
similar functions may exist in the E. coli. As both RraA and RraB were isolated as a
result of their abilities to stabilize dsbC mRNA, other proteins that selectively affect the
stability of different sets of transcripts may be discovered by the application of alternative
genetic screens. The strain KSL2000 we have used in earlier studies can be a good
candidate for the screen since it bypasses the autoregulation circuit that usually keeps the
RNase E expression at a relatively stable level. The cellular RNase E concentration is
completely controlled by the inducer concentration in the culture media. Two different
strategies might be considered for the screen. First, the elevated level of RNase E is
known to be toxic to cell growth. Therefore, a genomic library from the strain JG004 can
be screened for ORFs that can rescue cells from overproduction of RNase E. Second, by
keeping the inducer at the minimal concentration for cell survival (e.g. 0.01% arabinose),
we would expect that expression of any gene product that can inhibit the RNase E
activity will keep cells from growing. Other indirect approaches may also be considered.
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For instance, an enzyme whose transcript is highly sensitive to RNase E cleavage may be
used as the reporter in the screen.
The direct link between the transcriptome and the phenotype is the expression of
proteins, usually referred as the proteome. In this work we have demonstrated that RraA
and RraB differentially affected the E. coli transcriptome using cDNA microarray
analysis. Overexpression of RraA or RraB resulted in at least 1.5-fold changes of 793
individual transcripts. It is of great interest to explore to which extent these effects are
reflected at the protein level. The rapid progress in quantitative proteomic study during
the past five years makes it possible to measure the relative abundance of a few hundred
proteins simultaneously using LC/LC/MS/MS (Conrads et al., 2002; Mirgorodskaya et
al., 2000; Washburn et al., 2001; Yao et al., 2001; Yi et al., 2005). By introducing an
internal reference with stable-isotope labeling, protein abundance changes between two
parallel samples, i.e. cells with and without overexpression of RNase E inhibitors, can be
determined by measuring the intensity difference of isotope-paired peptide peaks in the
MS spectrum. Although current technologies may not be able to catch expression
changes of all cellular proteins, especially the low-abundance ones, this experiment
should provide some good hints for understanding the physiological importance of RraA
and RraB.
It is a little bit surprising to see that both RraA and RraB bind to the pyruvate
dehydrogenase (encoded by genes aceE and aceF) at different growth stages. Although
the degradosome has been showed to bind the pyruvate dehydrogenase under cold-shock
condition (Prud'homme-Genereux et al., 2004), it is still unclear whether there is any
linkage between the cold-shock response and the physiological function of both
inhibitors. Considering the fact that there is a dramatic change of the E. coli transcription
profile shortly after the temperature down shift, it would be of interest to examine the

81

potential role of aceE and aceF in regulating the interactions between RNase E and its
inhibitors.
Over two decades after the uncovering of RNase E, the purification of this large
enzyme from E. coli is still a challenging task. We have demonstrated that Ni-NTA
affinity purification under denaturing condition works fairly well in the purification of Cterminal truncated RNase E, such as Rne750 and Rne845. Co-expression of RraA also
helps to prevent degradation of RNase E during purification. However, the yield from
current protocols is still not good enough for crystallography. Two different approaches
may be considered for further optimization of the purification process. One is related to
the expression of RNase E. E. coli have a very limited tolerance to elevated levels of
RNase E. Targeting the overexpressed RNase E to the periplasm by fusing a TAT signal
peptide will most likely relieve the stress and therefore increase the expression level of
the enzyme. Alternatively, we can also introduce some high-affinity inhibitors, such as
engineered RraA or RraB, into the cytoplasm to help to reduce the effective concentration
of the enzyme. The other approach is linked to the purification. Six consecutive histidines
are usually sufficient for the binding of recombinant proteins to the Ni-NTA resin. In
considering the large size of RNase E, it is probably optimal for the affinity binding by
increase the number of consecutive histidines. In fact, His9-tag has been commonly used
in recombinant antibody purification from E. coli.
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Appendix: Biochemical study of the interaction between RNase E and its
protein inhibitors

INTRODUCTION

We have shown that two E. coli cytoplasmic proteins, RraA and RraB, interact
with RNase E and negatively regulate its endoribonucleolytic activity. The in vivo coprecipitation data presented in the Chapter 3 clearly showed that both protein inhibitors
bind to the scaffold region of RNase E, although each recognizes a different epitope on
the enzyme. RraB binds to a short stretch in the CTH comprised of residues 694-727,
while RraA may have one or more weak binding sites on the NTH of RNase but requires
the last 16 residues on the C-terminal distal end (residues 1045-1061) for high affinity
interaction. Some important details regarding the interaction are still missing. For
instance, it is not clear whether the binding of either inhibitor affects the interaction of
RNase E with PNPase, RhlB and enolase. In other words, the effect of the inhibitors on
the formation of degradosome is still unknown. In the co-precipitation experiment using
in vivo biotinylated RraA and RraB described in chapters 2 and 3, we observed the
presence of a number of protein bands on silver-stained SDS-PAGE gel (data not shown).
These proteins may be associating with RraA or RraB directly or indirectly (e.g.
mediated by RNase E). It is of interest to identify these associated proteins and find out
whether they are functionally related to mRNA degradation.
To address these questions, I took advantage of the rapid progress in proteomic
analysis using tandem mass spectrometry (MS). A recent publication described a novel
high-throughput method for analyzing protein complexes in E. coli (Butland et al., 2005).
Butland et al. systematically targeted 857 ORFs in the E. coli chromosome, including
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rne, rraA and rraB, with a DNA cassette that encodes a carboxy-terminal sequential
peptide affinity (SPA) tag (Figure A1). These individually tagged proteins (“bait”),
together with their interacting protein partners, can be easily purified from the
corresponding strains to homogeneity by two-step affinity purification. The identities of
the associated proteins are determined by two-dimensional high performance liquid
chromatography (2D-HPLC) coupled with tandem MS (Figure A2). One of the great
advantages of this approach is that the bait protein is expressed from the chromosome
under its own promoter, which provides a physiological condition for characterizing the
protein complexes. Additionally, the SPA tag greatly simplifies the purification process
and helps reduce false signals caused by contaminants.
One bottleneck in the biochemical study of RNase E is the purification of the
enzyme. Despite the fact that RNase E was discovered more than two decades ago, there
is no efficient method to purify functional RNase E enzyme with relatively high yield.
Existing protocols involve the use of multiple precipitation and chromatography steps
and are usually time-consuming and result in very low yields. In Chapter 3, we described
a new purification method which involved co-expressing RraA to prevent degradation of
RNase E. This new method helped increase the integrity of purified enzyme but the yield
was still unsatisfactory.
It has been speculated that the size of the protein and the unstructured CTH could
be responsible for the fragility of RNase E in vivo. To overcome this problem, several
groups chose to express truncated RNase E, which contains only the NTH (residues 1499), for enzymatic studies (Jiang and Belasco, 2004; Kaberdin, 2003). The purity and
yield of the NTH fragment is significantly higher than that of the full-length RNase E.
However, the NTH of RNase E is not sufficient for our purposes. Previous work in the
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ORF

SPA KAN
*
*

Figure A1 Schematic illustration of SPA-tagged ORF. KAN,
kanamycin-resistance cassette. Asterisks indicate stop codons.
(Adapt from Butland et al., 2005)
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Figure A2 High-throughput identification of proteins from
complex samples using 2D-HPLC coupled with tandem mass
spectrometry. (Adapted from Marcotte, 2001)
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chapters 2 and 3 showed that both RraA and RraB require the CTH of RNase E for
efficient binding. To characterize the effect of both inhibitors on the enzymatic properties
of RNase E, we need to purify C-terminal truncated RNase E which, as a minimum, also
contains the inhibitor-binding sites.
This appendix is organized into two parts. The first part, which contains the mass
spectrometry analysis, was done in collaboration with the Marcotte lab at the University
of Texas. Using SPA affinity purification in conjunction with high-throughput protein
identification using tandem MS analysis, we examined how RraA and RraB expression
affects the degradosome formation. The proteins that are associated with the two
inhibitors in vivo were also identified. The second part deals with the purification of Cterminal truncated RNase E containing the inhibitor binding sites. The purified protein is
presently being used by other graduate students for biochemical studies aimed at
elucidating the effect of binding of inhibitors and also degradosome components on the
kinetics of RNA degradation.

MATERIALS AND METHODS

Strains and Plasmids

E. coli strains bearing the SPA-tagged alleles (rne-SPA, rraA-SPA and rraB-SPA)
are derivatives of strain DY330, kindly provided by Dr. Emili from University of
Toronto. The plasmids pTrc-RraA and pTrc-RraB are the same as described in the
Chapter 3. The C-terminal truncated RNase E expression plasmids (pET-rne750, pETrne845 and pET-rne1045) were constructed by inserting the PCR products encoding
different lengths of RNase E into the expression vector pET-28A (Novagen, WI) using
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restriction enzyme sites NcoI/HindIII. All proteins expressed from these plasmids were
tagged at the C-terminal with six consecutive histidine residues (His6).

SPA purification of protein complexes from E. coli

The protocol for the purification of SPA complexes was adapted from Zeghouf et
al. (Zeghouf et al., 2004) with modifications. E. coli cultures were grown in Terrific
Broth (TB) with the appropriate antibiotics at 32 °C to the desired O.D. Expression of
RraA or RraB was induced with 1 mM IPTG for 3 hours, when necessary. Cells were
harvested by centrifugation at 6,000 rpm for 5 minutes. The cell pellets were resuspended in lysis buffer (10 mM Tris·Cl pH 7.9, 100 mM NaCl, 0.2 mM EDTA, 0.5
mM DTT, 10% glycerol) with a protease inhibitors cocktail (Roche, IN) and lysed by
French press. Cell debris was removed by centrifugation at 20,000 X g for 30 minutes.
All following steps were performed at 4 °C. The whole cell extracts were first incubated
with 2 ul Benzonase® nuclease (Novagen, CA) for 20 minutes. Triton X-100 was added to
the final concentration of 0.1%. Then 100 ul of Anti-FLAG M2 agarose beads (Sigma,
MO) were added and incubated for 3 hours with rotation. After extensive washing, the
beads were re-suspended in 200 ul TEV buffer (50 mM Tris·Cl pH 7.9, 100 mM NaCl,
0.2 mM EDTA, 1mM DTT, 0.1% Triton X-100) and digested with 5 µl of TEV protease
overnight at 4 °C. After digestion, 400 ul TEV buffer and 1.2 µl of 1 M CaCl2 were added
to the eluate. The eluate was then incubated with 50 ul calmodulin-sepharose beads
(Amersham Biosciences, Sweden) for 3 hours. Following incubation, 400 ul of
calmodulin binding buffer (10 mM Tris·Cl, 100 mM NaCl, 2 mM CaCl2, 10 mM 2mercaptoethanol, 0.1% Triton X-100, pH 7.9), followed by 100 ul of calmodulin wash
buffer (10 mM Tris·Cl, 100 mM NaCl, 0.1 mM CaCl2, 10 mM 2-mercaptoethanol, 0.1%
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Triton X-100, pH 7.9) and 30 ul of calmodulin elution buffer (10 mM Tris·Cl, 100 mM
NH4HCO3, 3 mM EGTA, 10 mM 2-mercaptoethanol, pH 7.9), were used to wash the
beads. The final protein sample was recovered using 300 ul of calmodulin elution buffer.

Tryptic peptide mixture preparation

Protein samples were first concentrated by TCA (trichloroacetic acid)
precipitation. Briefly, ice-cold TCA was added to the protein sample to reach the final
concentration of 20% (v/v) and left on ice for 30 minutes. After centrifugation at 14,000
rpm at 4 °C for 15 minutes, the supernatant was carefully removed and the pellet was
washed twice with ice-cold acetone. The protein precipitate was dissolved in 50 ul
digestion buffer (50mM Tris·Cl, 1.0 M urea, 2 mM CaCl2, pH8.0). After denaturation at
95 °C for 10 minutes, the protein sample was digested with sequencing grade trypsin
(Sigma, MO) at 37 °C for about 20 hours.

LC/LC/MS/MS analysis

The LC/LC/MS/MS analysis was performed with a Thermo Finnigan
Surveyor/DecaXP+ instrument (Thermo Electron, CA). Tryptic peptide mixtures were
separated by automated two dimensional-high performance liquid chromatography (2DHPLC). Chromatography was performed at constant flow rate (2 uL/min) with all buffers
acidified with 0.1% formic acid. Chromatography salt step fractions were eluted from a
strong cation exchange column (SCX) with 10 minute salt bumps of 0, 20, 60 and 900
mM ammonium chloride carried by a continuous 5% acetonitrile (ACN) flow. Each salt
bump eluate fraction was injected directly onto a C18 column and reverse phase
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chromatography was performed in a 125 minute gradient from 5% to 55% ACN, and then
purged with 95% ACN.
Peptides were analyzed online using electrospray ionization (ESI) ion trap mass
spectrometry. In each MS spectrum, the 6 tallest individual peaks, corresponding to
peptides, were fragmented by collision-induced dissociation (CID) with helium gas to
produce MS/MS spectra. Gas phase fractionation (GFP) was used to achieve maximum
proteome coverage (Yi et al., 2002). In order to increase coverage of lower abundance
proteins, each tryptic peptide mixture was analyzed by three sequential LC/LC/MS/MS
analyses, in each case examining a different mass/charge (m/z) range (300–650, 650–900,
and 900–1500 m/z) for data-dependent precursor ion selection for CID; fragmentation
data from the three runs were then combined for analysis.
The TurboSequest algorithm (Eng et al., 1994) was run on each dataset against
the E. coli K12 database from the NCBI. The probability of observing each peptide or
protein was calculated using PeptideProphet (Keller et al., 2002) and ProteinProphet
(Nesvizhskii et al., 2003).

C-terminal truncated RNase E purification

The E. coli BL21(DE3) cells hosting the appropriated C-terminal truncated RNase
E expression plasmids were grown in Terrific Broth (TB) media 25 ˚C until the O.D.
reached 0.5. IPTG was added to a final concentration of 1 mM. After three hours of
induction, cells were harvested, washed and re-suspended in fresh-made lysis buffer (100
mM NaH2PO4, 10 mM Tris·Cl, 8M urea, pH 8.0) with a protease inhibitor cocktail at the
manufacture’s suggested working concentration (Roche, IN). All the following steps
were performed at room temperature. The cells were lysed by French press at 2,000 psi.
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After centrifugation at 15,000 rpm for 30 minutes, the cleared lysate was mixed with NiNTA resin (Qiagen, CA) by agitating for an hour. The resin was washed twice with 4 ml
buffer C (100 mM NaH2PO4, 10 mM Tris·Cl, 8M urea, pH 6.3). Elution was carried out
by washes 4 times, each with 0.5 ml of buffer D (100 mM NaH2PO4, 10 mM Tris·Cl, 8M
urea, pH 5.9), followed by another 4 washes, each with 0.5 ml of buffer E (100 mM
NaH2PO4, 10 mM Tris·Cl, 8M urea, pH 4.5). The purity of each collected fraction was
examined by SDS-PAGE. Only the fractions containing purified target proteins were
pooled and refolded by dialyzing against the desired storage buffer overnight at 4 ˚C.

RESULTS AND DISCUSSION

Expression of RraA does not affect the formation of degradosome

The emergence of high-throughput protein identification techniques within the
last decade provides a new powerful tool for studying protein complex and proteinprotein interaction. In combined with the traditional pull-down assays and the more
recently developed TAP/SPA purification system, LC/LC/MS/MS analysis enables fast
identification of associated proteins for a specific target. As demonstrated in the earlier
chapters, the binding sites for RraA and RraB do not appear to be overlapping with those
for degradosome components, namely RhlB, enolase and PNPase. Therefore it is unlikely
that the two inhibitors are competing directly with the major degradosome components
for binding to RNase E. To test this hypothesis, an E. coli strain in which the
chromosomal rne gene had been tagged with a DNA cassette encoding a SPA affinity tag
was employed for proteomics analysis. The integrity and expression level of RNase E in
the rne-SPA strain, compared to cells expressing the untagged protein, is not affected, as
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judged by Western blotting (data not shown). The rne-SPA strain was transformed with
plasmid pTrc-RraA or pTrc-RraB and protein expression was induced for 3 hours starting
at mid-log phase. Following cell lysis, two coupled affinity purification steps, first by
anti-FLAG M2 agarose then by calmodulin agarose, were performed to isolate RNase Econtaining protein complexes from the whole cell lysates. After concentration, the
proteins were digested by trypsin overnight. The tryptic peptide mixture was separated by
2D-HPLC and analyzed by online tandem MS.
As summarized in Table A1, about 39 proteins were found to associate with
RNase E in cells overexpressing RraA. About 66.7% (26/39) of these proteins were
ribosomal proteins. In cells overexpressing RraB, the number of associated proteins was
33, among which about 54.5% (18/33) were ribosomal proteins. The relative large
percentage of ribosomal proteins among the list of proteins associated with RNase E is
not surprising. First of all, in the cell, ribosomes and degradosomes are always competing
for the same kind of target, mRNA. The proximity of two large complexes could result in
non-specific interaction. Even though nuclease was used to minimize the interference of
nucleic acids in the SPA purification process, we cannot completely exclude a possible
bridging effect of undigested mRNA fragments. Secondly, and most importantly, because
of their size and abundance, ribosomes readily precipitate under the conditions used in
immunoprecipitation experiments and are difficult to be completely removed from the
desired protein complexes. Lastly, an interaction between ribosomal proteins and
degradosome components has been noticed by other groups and may reflect a
physiological interaction. For instance, the ribosomal protein S1 was shown to bind to
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Table A1 RNase E associated proteins under the condition of overexpression RraA or
RraB
RraA overexpression
Degradosome RhlB, enolase, PNPase, DnaK
components and DeaD
Ribosomal
proteins
Other
proteins

30S ribosomal subunit proteins
(12)
50S ribosomal subunit proteins
(14)
RraA, PstB, Hfq, DnaJ, AtpD,
DnaN, LpxD

RraB overexpression
RhlB, enolase, PNPase, DnaK
and DeaD
30S ribosomal subunit proteins
(9)
50S ribosomal subunit proteins
(9)
PstB, Hfq, DnaJ, AtpD, UgpC,
RpoC, Lpp, FhuB

Table A2 RraA associated proteins (represented by the corresponding gene annotation)
Log phase

Stationary phase

Ribosomal rpsU
proteins

Other
proteins

rplQ, rplS, rpmB, rpmH, rpsG,
rpsU

aceE, aceF, argG, degS, glgB,
mltE, mukB, narP, pepN, phrB
,
proC, setB, treR, yaeB, ybcN,
ycfX, ydgJ, ydhJ, yedP, yeiI,
yeiQ, yjgR, yjiE

aceE, aceF, dnaN, infC, lpdA,
pflB, tufA, tufB, ymjA

Table A3 RraB associated proteins (represented by the corresponding gene annotation)
Log phase

Stationary phase

rplD, rplM, rplQ, rplS, rplT,
rplU, rplV, rpsE, rpsG, rpsI,
Ribosomal
rpsO, rpsP, rpsT, rpsU
proteins
Other
proteins

aceE, aceF, betB, dppE, hupA,
lpdA, rhaR, rtcB
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rplB, rplC, rplD, rplM, rplP,
rplQ, rplS, rplT, rplU, rplV,
rpmB, rpmG, rpmH, rpsC, rpsE,
rpsG, rpsI, rpsP, rpsR, rpsT,
rpsU
aceE, aceF, hflK, hupA, hupB,
lpdA, slt, yfhQ, yheR, yqeA

both RNase E and PNPase in vitro (Feng et al., 2001).
As expected, RraA, together with most known major and minor degradosome
components, was found to associate with RNase E under conditions of RraA
overexpression. These included RhlB, enolase, PNPase, DnaK and DeaD (Table A1).
This result argued that overexpression of RraA has no significant effect on the formation
of degradosomes and that binding of the inhibitor, even at excess amount, doesn’t prevent
the association of RNase E with other degradosome components.
The result from a similar experiment under the condition of RraB overexpression was
somewhat confusing. The list of RNase E-associated proteins identified by
LC/LC/MS/MS included RhlB, enolase, PNPase, DnaK and DeaD, but not RraB (Table
A1). Considering the fact that biotinylated RraB can co-precipitate RNase E in vivo and
purified RraB physically binds to RNase E in vitro as shown in the Chapter 3, the
absence of RraB from the complexes detected by proteomic analysis experiments does
not imply a lack of interaction with RNase E. One possible explanation for this finding
has to do with the experimental design. As detailed in the Materials and Methods section,
only the six highest peptide peaks from the first MS are fragmented and analyzed by the
second MS analysis step. Although each tryptic peptide mixture is subjected to three
sequential LC/LC/MS/MS analyses which cover different mass/charge ranges to increase
the sensitivity, it is still quite possible that some low-abundance peptides are dropped. In
our case, the bait protein, RNase E, is dominantly abundant. Because of its large size,
trypsin digestion of RNase E can generate over 300 different peptides that fall into the
detectable range of MS. Therefore, if all of the 9 possible peptides representing RraB are
within the same range as the abundant RNase E-derived ones, they are likely to be
masked and excluded from further analysis. Two possible approaches may be taken to
address this issue. First, instead of direct trypsin digestion of protein samples after SPA
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purification, we can first separate the sample by SDS-PAGE, cut out the protein band
representing the abundant bait protein RNase E, and then do an in-gel trypsin digestion
for the rest of the proteins. After this, the tryptic digest mixture should be mostly free of
the abundant RNase E-derived peptides. The second approach would require instructing
the MS to choose more peaks for the second MS analysis (e.g. choose the top 10 highest
peaks instead of 6) and narrow the individual searching ranges (e.g. use 6 instead of 3
individual searching ranges to cover the complete m/z range), to further increase its
sensitivity for low-abundance proteins. However, the downside of this approach is the
large amount of time required for the MS analysis (approximately 60 hours per run).

Identification of RraA- and RraB-associated proteins

Earlier we observed that biotinylated RraA and RraB expressed from multi-copy
plasmids co-precipitate, besides RNase E, other proteins detected by silver staining of
SDS-PAGE gels. We attempted to identify the nature of such in vivo RraA- and RraBassociated proteins under physiological conditions. For this purpose, E. coli strains
containing either rraA-SPA or rraB-SPA alleles were grown to mid-log phase or
stationary phase and harvested. Using the SPA tagged protein as the bait, proteins
associated with RraA or RraB were purified from the cell lysate respectively. Trypsin
digestion and LC/LC/MS/MS analysis were carried out as described in the Materials and
Methods.
As summarized in Table A2 and A3, 24 proteins were identified to associate with
RraA in log-phase cells, while 15 proteins were recognized in stationary-phase cells. In
the case of RraB, 22 proteins were found to co-precipitate with RraB in log-phase cells
and 31 in stationary-phase cells. We did not observe the presence of RNase E in
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association with either inhibitor under the experimental condition. The fragile nature of
the enzyme and the relatively dynamic interaction with both inhibitors could account for
its absence after SPA purification.
It is interesting to notice that only 12.5% (3/24) of proteins that bound to RraA in
log-phase cells remained associated in stationary phase, while 77.3% (17/22) of RraBassociated in log-phase cells continued to bind after entering stationary phase. Previous
Western and Northern blotting analysis revealed a similar trend at the transcriptional and
translational level of RraA and RraB (JG, MZ, YK and GG, unpublished data).
Considering the differential effect of the two inhibitors on the transcription profile, it is
likely that RraA is a modulator of RNase E activity with less-stringent substrate
specificity and can dramatically affect the transcription profile in response to important
cell events (e.g. transition from the log phase to stationary phase). The function of RraB,
however, could be limited to a subset of gene transcripts and may only be triggered under
specific cell events (e.g. stress response).
Interestingly, two proteins encoded by the genes aceE and aceF, were found to
bind to both inhibitors in either log or stationary phase cells. The protein products of
these two genes are subunits of the pyruvate dehydrogenase, and have been found to
associate with the degradosome under cold-shock condition (Prud'homme-Genereux et
al., 2004). It is possible that the gene products of aceE and aceF might help recruit the
two inhibitors to the RNase E during cold shock, when a dramatic change of transcription
profile is expected.
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Purification of C-terminal truncated RNase E

Three C-terminal truncated RNase E expression constructs that contain binding
sites for certain degradosome components of interest were made. The plasmid pETRne750 expresses a polypeptide (Rne750) consisting of residues 1-750 of RNase E,
which includes the RhlB and RraB binding sites. The plasmid pET-Rne845 expresses a
polypeptide (Rne845) which contains the residues 1-845 of RNase E and includes an
additional binding site for enolase. Finally, the plasmid pET-Rne1045 expressed a
polypeptide (Rne1045) that covers nearly the full-length RNase E except the last 16
residues, which is potentially responsible for high-affinity binding of RraA. All the
polypeptides expressed from the three constructs contain a C-terminal His6 tag.
Initial attempts at purification of the full-length RNase E under native conditions
were unsuccessful. A substantial degree of degradation was observed in these
experiments. Thus, even though a protease inhibitor cocktail was added prior to cell lysis
and all the operations were performed at 4 ˚C, the yield of full-length protein was
unacceptably low. The purified C-terminal truncated RNase E contained several
contaminants, most of which were degraded RNase E. Biophysical characterization of the
RNase E CTH indicates that it is mainly unstructured and hydrophobic (Callaghan et al.,
2004). In the same paper, the author also reported that the CTH alone is extremely
unstable and can only be purified under denaturing conditions. The susceptibility of the
CTH to degradation is consistent with the low yield of intact protein observed in this
study. To circumvent this problem we attempted to purify the C-terminal deleted RNase
E by Ni-NTA affinity purification performed in the presence of 8 M urea followed by
refolding. Under these conditions Rne750 and Rne845 were successfully purified to
nearly homogeneous (>90% purity) and exhibited high catalytic activity. A yield of
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about 90 ug per gram of wet cells for Rne745 and about 35 ug per gram of wet cells for
Rne845 was obtained following the procedure described in the Materials and Methods
section. However, even under denaturing conditions, the purification of Rne1045 still
failed. Presumably the high protease susceptibility of the full-length CTH to degradation
cannot be completely prevented even under denaturing conditions.
The unstructured CTH of RNase E is one of the major contributors toward the
instability of the enzyme. Removal of part of the CTH has proved to be a good practice to
facilitate the process of expression and purification. We also established an efficient
method for purification of His6-tagged C-terminal truncated RNase E proteins. Rne750
and Rne845, both of which include the binding site for RraB and some degradosome
components of interest for future studies, will be useful for kinetic analysis of RNase E in
the presence of RraB. For instance, we can now use the truncated RNase E to test if RraB
can block the activation of RhlB helicase activity by RNase E. The yield and purity of
Rne750 and Rne845 is also suitable for other biochemical studies, and for protein
engineering work that is being carried out by other students.
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