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ABSTRACT
Virtually all of RNA’s cellular functions are carried out in concert with proteins.
As a result, the complex array of protein-RNA interactions is the driving force behind
many cellular activities. In Bacillus subtilis, the trp RNA-binding attenuation protein
(TRAP) regulates expression of the seven tryptophan biosynthesis genes by interacting
with the corresponding transcripts. Six of these genes lie in the trpEDCFBA operon,
which is regulated by a transcription attenuation mechanism in which tryptophanactivated TRAP binds to 11 (G/U)AG repeats in the nascent trp leader transcript. Binding
of TRAP blocks formation of an antiterminator structure and favors formation of an
overlapping intrinsic terminator hairpin that prematurely halts transcription, thereby
reducing expression of the downstream trp genes.
The work presented here shows that a 5’ stem-loop (5’SL) structure that forms
just upstream of the triplet repeat region contributes to TRAP-trp RNA interaction by
preferentially increasing the affinity of TRAP for the nascent trp leader transcript during
the early stages of transcription, when only a few triplet repeats have been synthesized.
This increased affinity allows TRAP to bind shorter transcripts, thereby increasing the
efficiency of the transcription attenuation mechanism. Since there is only a short window
of time in which binding of TRAP can promote termination, the contribution of the 5’SL
to TRAP binding is critical for proper attenuation control. A combination of footprinting
assays, affinity assays, phylogenetic comparisons, and mutational studies examining
various 5’SL mutants indicate that the 5’SL contacts TRAP through as many as five
single-stranded nucleotides that lie within two discrete groups of the RNA structure, the
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internal loop and the hairpin loop. The intramolecular distance between these two loops is
critical to preserving TRAP-5’SL interaction. Results from photochemical crosslinking
experiments also show that during TRAP-5’SL interaction, the hairpin loop is in close
proximity to the flexible loop region of the protein. These data, combined with molecular
modeling of B. subtilis TRAP and of a 3-dimensional model of the 5’SL generated using
the MC-Sym and MC-Fold pipeline, have afforded the first molecular-level model of
TRAP-5’SL interaction.
In addition to participating in TRAP binding, the trp leader 5’SL also participates
in turnover of trp mRNA by destabilizing the downstream mRNA sequence, an effect
that is opposite to that of most all other bacterial 5’-terminal RNA secondary structures.
Mutations altering the 5’SL structure or sequence also led to an increase in mRNA halflife, indicating that the mechanism of 5’SL-mediated destabilization is highly specific.
Similarly, chimeric transcripts containing the trp leader 5’SL fused to an unrelated
downstream gene showed that the 5’SL alone is insufficient to induce destabilization,
suggesting that other components of the trp leader may be necessary to produce this
effect. Even though it is involved in the initial stages of the trp transcript decay pathway,
it is likely that RNase J1 is not responsible for 5’SL-mediated destabilization of the trp
transcript, and further experimentation will be required to identify the associated decay
factor. Since some of the 5’SL nucleotides involved in mRNA destabilization also
function in TRAP recognition, it appears that two independent regulatory mechanisms
have evolved to recognize the same features of an RNA structure, providing an
interesting example of the complexity of gene regulation.
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Chapter 1

Protein-RNA interactions

1.1 Introduction
RNA was once considered to be no more than a biochemical intermediate
between DNA and proteins, with little functional diversity. Today it is known that RNA
not only encodes proteins, but also plays central roles in biological activities ranging
from chemical catalysis to gene regulation in all domains of life. The chemical and
structural diversity of RNA are what make this biomolecule so versatile; however,
virtually all of RNA’s cellular functions are carried out in concert with proteins. Thus, the
complex array of protein-RNA interactions is the driving force behind many cellular
activities. Considering the number of unique protein and RNA molecules within a cell at
any given time, it is not surprising that interactions between these two types of
macromolecules are inherently complex. This chapter will highlight the chemical basis of
protein-RNA interactions. The roles of these interactions in gene regulation will also be
explored, with an emphasis on regulation of the tryptophan biosynthesis genes in the soil
bacterium Bacillus subtilis.
1.2 Chemical principles of protein-RNA interactions
The structural and chemical diversity of binding surfaces within protein and RNA
molecules is astounding; however, this level of complexity is required to differentiate an
individual molecule from the thousands of similar molecules within the cell. Many
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advances have been made in terms of understanding protein-RNA interactions within the
past decade. Detailed statistical analyses performed on protein-RNA co-crystal structures
have been insightful in terms of predicting novel or uncharacterized interactions,
although a defined set of binding rules remains elusive. Instead, only trends and
preferences emerge. This makes predicting protein-RNA interactions at the molecular
level one of the most challenging and exciting tasks in the field of biochemistry.
1.2.1 General principles
Many protein-RNA interactions are entropically driven. Intuitively, this is
somewhat surprising; restraining the flexible RNA backbone leads to a substantial
reduction in the number of translational and rotational degrees of freedom. This negative
∆S term is frequently offset by the entropic gain associated with the displacement of
bound ions and water molecules. Since RNA is polyanionic, cations are strongly attracted
to the negative phosphate groups of the backbone. The local concentration of monovalent
cations around an RNA backbone has been estimated to be around 2 M at physiological
conditions (LeBret and Zimm 1984). Thus, some of these ions are displaced upon protein
binding and diffuse down their concentration gradient, leading to a net gain in entropy. A
similar entropic contribution to binding is gained from the release of water molecules,
although a recent characterization of high resolution (<2 Å) X-ray structures has
suggested that protein-RNA interfaces are more solvated than previously thought
(Bahadur et al. 2008). The authors conclude that more than half of protein-RNA
hydrogen bonds may be water-mediated. Thus, many of these solvating waters may
remain associated with the RNA.
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Although favorable in most cases, the entropic contribution to protein-RNA
complex formation can vary significantly. Interaction of the trp RNA-binding attenuation
protein (TRAP, which will be discussed in detail in the following sections) with trp
leader RNA in B. subtilis is entropically driven (∆Ho = +16 kcal/mol; ∆So = +97
cal/(mol·K)), as indicated by the increase in affinity as a function of temperature over a
limited range (Baumann et al. 1996). Conversely, association of the mitochondrial
tRNATyr synthetase with a small RNA intron in Neurospora crassa is entropically
disfavored (∆So = -20 cal/(mol·K)), and driven entirely by enthalpy (∆Ho = -19 kcal/mol)
(Caprara et al. 2001). The enthalpic contribution to the free energy of complex formation
is the net result of many individual van der Waals, hydrogen bonding, and electrostatic
interactions between the RNA molecule and the protein. The sum of these interactions
defines the strength and specificity of a given interaction.
1.2.2 Specificity in protein-RNA interactions
Electrostatic attraction between the polyanionic RNA backbone and
electropositive surfaces of an RNA-binding protein plays an important role in the initial
steps of complex formation, although the vast majority (92%) of atom-atom contacts at
the protein-RNA interface are van der Waals interactions (Jones et al. 2001). These
interactions comprise London dispersion forces and polarization, and are significantly
weaker than interactions based on permanent dipoles and electrostatics; however, the
sheer number of van der Waals contacts makes them a major part of protein-RNA
recognition. Van der Waals forces and hydrophobic interactions, such as stacking, are
thought to be the predominant force determining the strength of a given interaction
(Auweter et al. 2006). Although not as specific as hydrogen bonding, these numerous
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weaker interactions form a tight binding pocket that indirectly participates in specificity
by steric exclusion of the incorrect atom(s).
Due to their strength and directionality, hydrogen bonds are critical to sequencespecific RNA recognition. A single hydrogen bond typically contributes several kcal/mol
to the stabilization of a protein-RNA complex, although this value can vary significantly
depending on the local environment (Bloomfield et al 2000). An internal hydrogen bond
within a predominantly hydrophobic region of the complex, for example, will have a
larger contribution to binding than a hydrogen bond in a more polar environment.
Hydrogen bond formation is highly dependent on distance (~2-3 Å from the donor to the
acceptor atom) and bond angle (~150-180o about the bridging hydrogen atom). Since
hydrogen bonds are also directional, functional groups must be positioned in highly
specific orientations to form a stabilizing interaction.
Almost half of the hydrogen bonds within a typical protein-RNA interface involve
main chain NH groups and Lys and Arg sidechains (Allers and Shamoo 2001). Similarly,
36% of hydrogen bonds involve the phosphate groups of the RNA backbone (Bahadur et
al. 2008), although this contribution is lower with proteins that specifically recognize
ssRNA sequences (Auweter et al. 2006). The 2’OH group, which differentiates RNA
from DNA, is also a major hydrogen bonding target, making 25% of the hydrogen
bonding contacts to the RNA binding protein. The other atoms of the ribose ring are
involved in 8% of the specific protein-RNA contacts. The remaining 31% of the
hydrogen bonds are to the polar atoms of the bases, which are the most important
interactions for sequence-specific recognition. All four of the bases participate in
hydrogen bonding to the protein, although there is a slight preference for contacts with G
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and U (Bahadur et al 2008). This phenomenon is more dramatic with protein-DNA
complexes, where G is four times more likely to be involved in hydrogen bonding to the
protein than T (Nadassy et al. 1999).
Nucleotides that are specifically recognized by a protein are frequently clustered
in groups of two or three adjacent bases (Shulman-Peleg et al. 2008). Discrimination of
pyrimidines from purines can be achieved through steric exclusion. Discrimination of
purines from pyrimidines, pyrimidine from pyrimidine, and purine from purine, however,
occurs predominantly through sensing of hydrogen bond donor/acceptor patterns. All
polar atoms of the bases can participate in hydrogen bonding, although those on the
Watson-Crick face are preferentially contacted (Morozova et al. 2006). Since all four
nucleotides have different hydrogen bonding patterns, only a few bonds are needed to
identify a unique base in a well-packed binding site. A vast number of amino acidnucleotide (AA-NT) contacts are possible within a complex, although statistical analyses
have identified preferential pairings (Fig. 1.1) (Allers et al. 2001; Jones et al. 2001). In
addition to the common Lys and Arg pairings, guanosine has been shown to
preferentially recognize Asp, Glu, and Gln, while adenine residues prefer to pair with Thr
and Ser. Similarly, uracil prefers to form hydrogen bonds with Ser and Gln. Cytosine
seems to pair with all non-basic amino acids capable of hydrogen bonding with
approximately the same frequency.
1.2.3 Structural motifs
Nucleic acid conformation plays a significant role in defining an interaction with
a protein. Most DNA-binding motifs obtain sequence specificity by recognizing the
unique Hoogsteen face of each basepair in the major groove. In A-form dsRNA,
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however, the major groove is deep and narrow, making this surface largely inaccessible
(Bloomfield et al. 2000). Thus, most sequence-specific RNA binding proteins recognize
ssRNA or single-stranded regions of dsRNA. Unpaired nucleotides within the loops and

Figure 1.1. Representative AA-NT pairs involved in base-specific recognition of
RNA. Hydrogen bonds are denoted by dashed lines. (A) A Glu residue interacting with
the WC face of guanine. (B) An Arg residue interacting with the Hoogsteen face of
guanine. (C) An Arg residue interacting with the WC face of cytosine. (D) An Asn
residue interacting with the WC face of adenine.
bulges of an RNA hairpin, for example, are capable of swinging out of the helix and
exposing their unique polar groups for interaction with a protein. Asymmetric internal
loops are also known to locally distort the duplex such that the major groove is accessible
for a few basepairs, thereby allowing a protein to make a limited number of contacts to
the Hoogsteen face (Bloomfield et al. 2000). One or two basepairs at the ends of an RNA
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helix are similarly accessible (Weeks and Crothers 1993). A further level of specificity
can be achieved by recognition of non-canonical basepairs (Fig. 1.2), which can be
specifically identified by proteins (Leontis et al. 2002). For example, a G-A mismatch in
an RNA substrate is required for binding of the cognate Zif268 protein (Blancafort et al.
1999).

Figure 1.2. Representative non-canonical basepairs. (A) A cis-basepair involving
contacts between the WC faces of guanine and adenine. (B) A trans-basepair involving
contacts between the WC face of one adenine (left) and the Hoogsteen face of another
adenine (right).
RNA binding surfaces in proteins are frequently assembled from common
structural elements. The RNA recognition motif (RRM, Fig. 1.3.A) (Maris et al. 2005) is
found in various RNA-binding proteins from eukaryotes, prokaryotes, mitochondria,
chloroplasts, and viruses, reflecting the evolutionary breadth of this motif. Structurally,
the RRM fold is simple; it consists of four antiparallel β-strands and two α-helices that
pack against the same plane of the β-sheet. The two central β-strands contain a number of
highly conserved aromatic and basic amino acids that form the RNA recognition element
of the protein. Variations in the composition of this region alter RNA sequence

8
specificity. The human U1A protein, for example, contains an RRM fold that recognizes
the single-stranded nucleotides within a hairpin loop of U1 snRNA. The U2A’ protein, a
similar RRM-containing protein, recognizes the loop region of a hairpin that differs by
only two nucleotides from the U1 snRNA hairpin, reflecting the high degree of
specificity that can be achieved with this fold.

Figure 1.3. Common protein structural motifs involved in nucleic acid binding. (A)
The RRM domain from the Homo sapiens polyA polymerase (PDB ID 2DHX). Residues
involved in nucleic acid recognition are on the two central β-strands. (B) The KH domain
from the C-terminal region of the H. sapiens K-homology splicing regulator protein
(PDB ID 2HH2). Residues involved in nucleic acid binding lie predominantly within the
two small α-helices and the loop separating the two structures. (C) The OB-fold of the
Sulfolobus solfataricus single-stranded DNA binding protein (PDB ID 1O7I). Residues
involved in DNA binding lie on the concave bottom surface of the protein fold.
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Numerous other RNA-binding domains have been characterized (Messias et al.
2004), including the hnRNP K homology (KH, Fig. 1.3.B) domain, which comprises
three α-helices packed against a three-stranded β-sheet and is found in proteins involved
in regulating gene expression in bacteria and eukaryotes. The Mycobacterium
tuberculosis NusA protein, which is involved in transcript elongation and RNA
polymerase (RNAP) pausing, recognizes specific antitermination sequences through the
use of KH domains (Beuth et al. 2005). The oligonucleotide/oligosaccharide binding
(OB)-fold (Fig. 1.3.C) consists of a five-stranded β-barrel with broad binding specificity.
Notably, nucleic acid binding by the transcription termination factor Rho in Escherichia
coli is mediated by OB-folds (Bogden et al. 1999).
Several eukaryotic mRNA-binding proteins contain the Pumilio-homology
domain, or Puf. These modules consist of three-helical bundles, where one of the αhelices contacts two adjacent RNA nucleotides through stacking with aromatic residues
and hydrogen bonds from one or more sidechains to the Watson-Crick face of the base
(Fig. 1.4.A). A single Puf domain only contacts two bases, resulting in weak binding and
limited sequence specificity. A common strategy around this problem is the incorporation
of multiple RNA-binding domains into a larger protein complex. The human Pumilio1
PUM-HD protein contains eight individual Puf repeats that allow it to recognize a unique
10-nt stretch of ssRNA with high affinity (Fig. 1.4.B) (Wang et al. 2002), which would
not be possible with a single Puf repeat. Similarly, a peptide containing a single RRM
domain from the U2 auxiliary factor (U2AF) protein interacts with its polypyrimidine
ligand weakly, with a Kd in the mM range (Ito et al. 1999). The addition of two more
RRM domains, however, increases the affinity to sub-nanomolar levels (Zamore et al.
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Figure 1.4. Crystal structure of the RNA-binding domain of the H. sapiens
Pumilio1 PUM-HD protein complexed with a synthetic RNA target (PDB ID
1M8W). (A) Recognition of a single A residue within the RNA by amino acids from
two different Puf repeats. This interaction involves an Asn-A AA-NT pair (hydrogen
bonds are represented by dashed lines), as well as stacking interactions between the
nucleobase and a His residue (above) and an Arg residue (below). (B) The complete
structure of the RNA-binding domain of PUM-HD. This protein fragment contains eight
Puf repeats arranged in a semicircular structure, with the RNA binding region on the
concave surface of the protein. Each of the eight Puf repeats, with the exception of those
on the ends of the complex, recognizes two nucleotides. Variations in amino acid
sequence allow each of the repeats to identify unique nucleotides. A guanosine adjacent
to the adenine shown in (A), for example, stacks with Tyr and Asn residues and forms
hydrogen bonds with Glu and Ser sidechains.
1992). Combining different domains in the same protein leads to even greater diversity
among RNA-binding surfaces. The Orb2 protein in Drosophila melanogaster contains
two RRM domains as well as a zinc finger motif (Keleman et al. 2007). Thus, RNA-
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binding proteins can vary in the number and type of RNA-binding motifs, as well as the
amino acid composition of each motif.
1.3 Gene regulation
The genome of an organism contains the instructions for producing all of the
cellular machinery needed for differentiation, metabolism and reproduction. Most genes
are not constitutively expressed, either to conserve cellular resources when a gene
product is not needed or because expression of a particular gene is damaging (or even
lethal) to a cell when expressed at the wrong time. As a result, many different gene
regulatory mechanisms have evolved. In bacteria and a few lower eukaryotes, genes of
similar function are frequently organized into operons, allowing a common regulatory
mechanism to control expression of closely related genes. Such mechanisms can affect all
steps of the information pathway within the cell. Most regulation that occurs after
transcription has initiated is mediated by protein-RNA interactions.
1.3.1 Regulatory strategies
Transcription initiates when RNAP binds DNA and encounters a promoter, which
precedes the coding sequence of a gene. Eukaryotes make use of several different RNAPs
and a variety of transcription factors that aid RNAP in identifying a specific promoter,
while bacteria use one RNAP with an exchangeable and promoter-specific σ-subunit. The
strength of a promoter affects basal expression, but cannot directly lead to regulated
expression. Regulation of transcription initiation frequently involves a DNA-binding
protein associating with a specific sequence overlapping or near the promoter, thereby
repressing (or activating) initiation. The trp repressor protein in E. coli, for example,
binds to a sequence immediately upstream of the promoter that drives expression of the
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tryptophan biosynthesis genes and prevents initiation, but only when the intracellular
level of free tryptophan is higher than needed (Yanofsky 2007). Thus, the downstream
gene products, which synthesize tryptophan, are expressed only when the concentration
of tryptophan is low.
A particularly interesting regulatory strategy is transcription attenuation (Henkin
and Yanofsky 2002). This mechanism involves two competing RNA secondary structures
that have opposite effects on expression of the downstream genes (Fig. 1.5). A typical
attenuation mechanism includes overlapping antiterminator and terminator hairpins, the
latter of which causes RNAP to halt transcription before reaching the coding sequence of
the downstream structural genes. This process yields a truncated transcript that cannot be
translated and, therefore, reduced expression of the associated genes. Several interesting
examples of transcription attenuation are described in the following section. A similar
strategy can regulate translation of the mRNA. Sequestering a portion of the ribosome
binding site (e.g. the Shine-Dalgarno sequence, or SD, in bacteria) in a stable hairpin
makes it less accessible, thereby reducing translation of the encoded protein (Kozak
2005). Altering the equilibrium between this SD-sequestering hairpin and a second
structure that prevents formation of the SD-sequestering hairpin can therefore lead to
changes in expression.
mRNA decay is often overlooked as a regulatory strategy, despite the fact that
expression of all proteins is related to the half-life of the corresponding transcript. In the
absence of other post-transcriptional regulatory mechanisms, a transcript will continue to
be translated until it is degraded. Thus, a short half-life allows an organism to more
rapidly adjust the concentration of the gene product in response to environmental
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Figure 1.5. Transcription attenuation strategies. The left panel depicts the native conformation
of a leader RNA. In the presence of the effector molecule(s), an alternative RNA conformation is
stabilized (right). (A) The riboswitch, or metabolite-sensing transcription attenuation mechanism.
An aptamer domain within the untranslated leader region of the RNA binds a specific metabolite
when the metabolite is above a threshold concentration. Binding stabilizes an anti-antiterminator
hairpin and favors formation of a downstream intrinsic terminator hairpin that halts transcription,
leading to reduced expression of the associated genes. (B) The T-box attenuation mechanism. As
shown, the native leader conformation that forms when charged tRNA is abundant (and the
cognate uncharged tRNA is low) includes a terminator hairpin. Binding of uncharged tRNA
stabilizes an overlapping antiterminator that allows transcriptional readthrough. (C) A proteinmediated transcription attenuation mechanism. When activated by a metabolite, a protein cofactor
binds and stabilizes an anti-antiterminator structure that prevents formation of the antiterminator,
thereby favoring formation of the downstream terminator hairpin. Other regulatory schemes, such
as a protein binding and stabilizing an antiterminator hairpin, have also been identified.
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changes. Transcript degradation is carried out by a number of nucleases within the cell
that vary in specificity and activity. In B. subtilis, there are currently 15 known
ribonucleases (Table 1) (Condon 2007). Degradation is thought to be initiated by a ratelimiting endonucleolytic event, followed primarily by processive 3’-to-5’ exonucleolytic
decay. The final stages of RNA degradation are carried out by oligoribonuclease in E.
coli (Zhang et al. 1998), although this activity has not yet been observed in B. subtilis.
Table 1.1. B. subtilis enzymes with known RNase activity.
a

Essential enzymes are shown in bold.

b

Modification of the listed substrate is thought to be the primary (but not only) function of

these nucleases in vivo.

Enzymea

Class

Substrateb

EndoA
PNPase
RNase Bsn
RNase HII
RNase HIII
RNase III
RNase J1
RNase J2
RNase M5
RNase P
RNase PH
RNase R
RNase Z
YhaM
YhcR

endonuclease
processive 3'-5' exonuclease
endonuclease
endonuclease
endonuclease
endonuclease
5'-3' exonuclease/5'end-dependent endonuclease
5'-3' exonuclease/5'end-dependent endonuclease
endonuclease
endonuclease
3'-5' exonuclease
processive 3'-5' exonuclease
endonuclease
3'-5' exonuclease
endonuclease

(U/A)UAC(U/A) of ssRNAs
mRNA fragments
extracellular RNAs
RNA strand of RNA-DNA duplex
RNA strand of RNA-DNA duplex
dsRNA
16S rRNA and mRNAs
mRNAs
5S rRNA
5' end of tRNAs
3' end of tRNAs
structured RNAs
3' end of tRNAs
3' end of tRNAs
non-specific RNAs and DNAs

RNA secondary structures can have dramatic effects on mRNA stability. In
bacteria, hairpins at the 5’ end of the transcript almost always have a stabilizing effect,
with the only requirements being that the 5’ overhang must be shorter than ~5 unpaired
nucleotides, and that the hairpin must have a free energy of less than -5 kcal/mol (Condon
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2003; Sharp and Bechhofer 2005). The 5’SL in the B. subtilis aprE transcript, for
example, stabilizes the downstream sequence by fivefold (Hambraeus et al. 2002). As
RNA secondary structures are thermolabile, they can affect mRNA stability as a function
of temperature. In E. coli, mRNA encoding the cold-shock protein CspE is stabilized at
15oC by a hairpin at the 5’ end of the transcript, leading to increased expression at low
temperatures (Uppal et al. 2008). This same hairpin cannot form at 37oC, and the protein
is expressed to a lesser extent because the mRNA is degraded more quickly.
1.3.2 Protein-RNA interactions in gene regulation
Transcription attenuation mechanisms (Yanofsky 2007) utilize a sensor element
that detects changes in the concentration of a molecule related to the downstream genes.
This information is then conveyed to the overlapping terminator and antiterminator
hairpins, which either promote or prevent termination, respectively. In some cases, this
sensor is an aptamer domain that specifically recognizes a metabolite (the riboswitch,
Fig. 1.5.A). The leader region of the xbt-pbuX transcript in B. subtilis, for example,
contains an aptamer structure that refolds upon binding of guanine, thereby stabilizing a
downstream terminator hairpin (Christiansen et al. 1997). Similarly, the sensor element in
the T-box mechanism (Grundy and Henkin 2003) (Fig. 1.5.B) consists of two RNA
hairpins with single-stranded loops that bind a specific uncharged tRNA. Binding of a
tRNA molecule stabilizes either an antiterminator or an anti-antiterminator hairpin,
leading to increased or decreased expression, respectively.
In addition to sensing metabolite and uncharged tRNA levels, the sensor element
of an attenuation mechanism can be the binding site for a trans-acting protein (Fig.
1.5.C). In the case of the sacB attenuation mechanism in B. subtilis, the SacY protein is
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activated by sucrose and binds to and stabilizes an antiterminator hairpin in the sacB
leader RNA (Crutz et al. 1990). High sucrose levels therefore lead to an increase in
expression of the sucrose-utilization protein SacB. SacY contains a rare RNA-binding
motif that consists of four antiparallel β-strands covered by a long loop (Declerck et al.
2002), and recognizes the sacB antiterminator by interacting with four specific
nucleotides within two separate loops of the hairpin (Aymerich and Steinmetz 1992).
Binding of the PyrR protein to the leader region of the pyrimidine biosynthesis
operon has an opposite effect on expression of the downstream genes (Turnbough and
Switzer 2008). PyrR binds UMP or UTP when either compound is above a certain
threshold concentration. Activation by either of these metabolites allows a concave
protein surface containing a number of basic and aromatic residues to recognize the
apical 5’-CNGNGA-3’ hexaloop, three R-U basepairs, and the 5’ AA bulge of a weak
hairpin, thereby stabilizing the structure. Since the PyrR binding site overlaps a stable
antiterminator that forms once a sufficient number of its nucleotides have exited RNAP,
high levels of UMP or UTP lead to reduced expression of genes involved in their
synthesis.
By blocking nucleolytic access to a given transcript, most bound proteins stabilize
mRNAs. In a regulatory scheme similar to the SacY/sacB system, the GlpP protein
specifically binds and stabilizes an antiterminator hairpin in the glpD transcript in the
presence of glycerol-3-phosphate (Glatz et al. 1998). This interaction not only prevents
termination but has also been shown to stabilize the downstream mRNA sequence (Glatz
et al. 1996), further increasing expression of glpD. AU-rich elements (ARE) in the 3’
region of many eukaryotic mRNAs are recognized by ARE-binding proteins (Barreau et
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al. 2006) that also stabilize the cognate transcript. Some ARE-binding proteins, however,
can lead to reduced gene expression by flagging a bound mRNA for degradation. The
ARE sequence and the relative abundance of the various ARE-binding proteins therefore
determine whether a transcript will be stabilized or destabilized at a given time. The net
expression of a gene is a function of all of its associated regulatory elements working in
concert. As discussed in the following section, the quantity, diversity and complexity of
the regulatory elements in a single pathway can be impressive.
1.4 The tryptophan regulatory network of B. subtilis
Of the 20 common amino acids, tryptophan is the rarest and the most structurally
complex. In vivo synthesis of tryptophan (Gollnick et al. 2002, 2005) in bacteria occurs
in a seven-step process beginning with chorismic acid (Fig. 1.6), which itself is
synthesized in a seven-step process beginning with phosphoenol pyruvate and erythrose4-phosphate, both products of glucose catabolism. Since tryptophan is such a
metabolically expensive amino acid to produce de novo, its biosynthesis pathway is
tightly controlled by a complex network of regulatory mechanisms.
Six of the seven enzymes responsible for tryptophan biosynthesis in B. subtilis are
organized into a single operon, the trpEDCFBA operon. This operon is part of a 12-gene
aromatic amino acid supraoperon that also contains genes involved in general amino acid
and histidine biosynthesis, including aroF-aroB-aroH upstream and hisH-tyrR-aroE
downstream of the trp genes. Transcription initiation from the trp promoter is thought to
be constitutive, although the upstream aro promoter, which also transcribes the trp genes,
appears to be regulated by an unknown mechanism in response to aromatic amino acids.
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1.4.1 TRAP-mediated regulation of the trp operon
The trp operon is regulated primarily by a transcription attenuation mechanism
involving the trans-acting protein co-factor TRAP (reviewed in Gollnick et al. 2005).

Figure 1.6. The tryptophan biosynthesis pathway of B. subtilis. The starting material
(chorismate) is synthesized in a seven-step process beginning with products of glucose
catabolism. The enzyme(s) catalyzing each reaction are shown in parentheses. The first
and last steps of the pathway are catalyzed by multimeric protein complexes. Cofactors
are shown in gray. Ribose (5’-mono-3’-di)-phosphate is denoted as PRPP.
Upon activation by tryptophan, TRAP binds nucleotides within the trp leader
antiterminator hairpin, thereby preventing its formation (Fig. 1.7). Disruption of the
antiterminator favors formation of a mutually-exclusive intrinsic terminator hairpin that
halts transcription before RNAP reaches the downstream structural genes. This
mechanism leads to a 140-fold downregulation of the trp genes. TRAP also represses
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translation of TrpE, the enzyme catalyzing the first step of tryptophan biosynthesis.
Binding of TRAP to trp operon readthrough transcripts promotes formation of a trpE SDsequestering hairpin (Fig. 1.8), which inhibits translation of trpE by preventing ribosome
binding. This hairpin does not form in the absence of bound TRAP, leaving the trpE SD
sequence single-stranded and available for ribosome binding (Du et al. 1998). Formation
of the trpE SD-sequestering hairpin also leads to transcriptional polarity, where a lack of
translating ribosomes makes the nascent transcript susceptible to Rho-mediated
termination (Yakhnin et al. 2001). Together, these two regulatory mechanisms lead to an
impressive >1000-fold reduction in expression of TrpE (Merino et al. 1995). Since trpE
and trpD are translationally coupled, binding of TRAP also represses synthesis of TrpD.
The tryptophan biosynthetic enzyme not encoded by the trp operon, TrpG, is encoded
within the folate operon. Since the trpG SD sequence lies within a TRAP binding site,
bound TRAP directly prevents ribosome binding, thereby reducing expression of trpG
(Du et al. 1997). Expression of the unlinked trpP and ycbK genes, encoding a tryptophan
transport protein and a putative efflux protein, respectively, are translationally regulated
by TRAP by similar mechanisms (Sarsero et al. 2000a; Yakhnin et al. 2004).
TRAP is a 91-kDa ring-shaped protein that consists of 11 identical subunits (Fig.
1.7) (Antson et al. 1999). The TRAP monomer contains three antiparallel β-strands
stacked on a second antiparallel β-sheet (the β-sandwich fold). Assembly of the 11
monomers into the mature protein creates 11 hydrophobic pockets, which each bind a
single tryptophan molecule when free tryptophan is abundant. Tryptophan binding is
slightly cooperative (n = 1.5) and reaches a half-saturation point at 11 µM tryptophan
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Figure 1.7. The trp operon transcription attenuation mechanism. (A) The default
conformation of the trp leader includes a stable antiterminator hairpin, which allows
transcriptional readthrough into the downstream trp structural genes. (B) When tryptophan is in
excess, TRAP is activated and binds eleven (G/U)AG triplet repeats (green) in the leader RNA.
TRAP binding prevents formation of the antiterminator and favors formation of an intrinsic
terminator hairpin, halting transcription and reducing expression of the trp genes. The terminator
and antiterminator overlap (red nucleotides), and are therefore mutually exclusive. A 5’ stem-loop
structure (5’SL) also forms upstream of the triplet repeat region and participates in TRAP binding
and trp mRNA decay (see text).
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Figure 1.8. TRAP-mediated translation control mechanism. (A) The native conformation of
the full-length trp leader RNA. The trpE SD sequence (blue) is single-stranded and available for
ribosome binding. (B) When tryptophan-activated TRAP binds the RNA, a SD-sequestering
hairpin forms that prevents ribosome binding, thereby reducing translation of trpE. The trpE start
codon is shown in bold, the (G/U)AG triplet repeats are shown in green, and the four overlapping
nucleotides of the terminator and antiterminator hairpins are shown in red.
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(Yang et al. 1997). The RNA binding surface is located on the three-stranded β-sheet and
includes predominantly basic amino acids. Lys37, Lys56 and Arg58 form hydrogen
bonds with A2 and G3 of the triplet repeat (Yang et al. 1997; Antson et al. 1999;
Hopcroft et al. 2004). As these are the predominant residues involved in RNA
recognition, the RNA-binding regions of TRAP are known as KKR motifs. Binding of
tryptophan induces a structural reordering of the RNA-binding surface of a subunit,
allowing each to specifically recognize a single (G/U)AG trinucleotide repeat in the trp
leader.
In addition to the KKR motifs, Asp39 and Gly18 contact the Watson-Crick faces
of G3 and G1, respectively, and Phe32 stacks with G3 (Hopcroft et al. 2004). A waterbridged hydrogen bond from Lys37 to the 2’OH of G3 leads to a 104-fold preference for
RNA over ssDNA of the same sequence (Elliott et al 1999). Lys37 also forms a
hydrophobic contact with the first nucleotide of the triplet repeat; however, this
interaction is weak when made to a base other than guanosine, explaining the sequence
variability (but G preference) at this position (Hopcroft et al. 2004). No direct
interactions occur between TRAP and the nucleotides separating the triplet repeats,
although UU or AU spacers are preferred because they stack poorly and are therefore
easily stretched (Babitzke et al. 1996; Hopcroft et al. 2004). Spacers that differ in
sequence and/or number of nucleotides can destabilize TRAP-RNA interaction.
Association of each KKR motif with a triplet repeat proceeds in the 5’-to-3’ direction
(Barbolina et al. 2005), wrapping the RNA around the perimeter of the protein. The
crystal structure of Bacillus stearothermophilus TRAP complexed with a synthetic RNA
indicates that binding of a transcript proceeds in a clockwise direction (Antson et al.
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1999), with the flexible loop region (Heddle et al. 2007; McElroy et al. 2002) that lies
above the tryptophan binding pocket considered to be the top of the protein.
1.4.2 TRAP-independent regulatory mechanisms affecting tryptophan synthesis
It is clear that TRAP-mediated regulation of the tryptophan biosynthesis genes is
a major factor affecting tryptophan levels; however, the actual cellular concentration of
tryptophan is a function of all regulatory mechanisms working together (Fig. 1.9). In
addition to TRAP, B. subtilis also synthesizes the anti-TRAP protein, which binds
tryptophan-activated TRAP and prevents it from functioning in the transcription
attenuation and translation control mechanisms (Valbuzzi et al. 2002). Expression of the
anti-TRAP gene, rtpA, is controlled by a T-box mechanism that allows transcriptional
readthrough when the cellular level of charged tRNATrp is low (Chen and Yanofsky
2003). In addition, three consecutive tryptophan codons in the middle of an open reading
frame just upstream of rtpA can induce ribosome stalling if charged tRNATrp is low.
Since the rtpA SD sequence is only six nucleotides downstream from the leader peptide’s
stop codon, ribosome stalling in the leader peptide allows other ribosomes to more easily
access the rtpA SD sequence, therefore increasing anti-TRAP levels. Although not yet
characterized experimentally, it is possible that the stalled ribosome stabilizes the rtpA
transcript, leading to a further increase in expression of anti-TRAP when charged
tRNATrp is depleted.
RNAP pausing plays an important role in regulation of the trp genes. A pause site
identified in vitro at U107 of the trp leader, the nucleotide just preceding the critical
overlap between the terminator and antiterminator (Fig. 1.7), presumably allows
additional time for TRAP to bind the nascent transcript and promote transcription

24

Figure 1.9. Complexity in the B. subtilis tryptophan regulatory network. In addition to the
trp operon, TRAP regulates expression of trpP, trpG and ycbK. In these cases, the TRAP binding
sites overlap the cognate SD sequences (gray boxes) and/or start codons. The anti-TRAP protein
(RtpA) binds to the RNA-binding regions of tryptophan-activated TRAP and blocks TRAPmediated repression. Expression of anti-TRAP is regulated by a T-box mechanism that senses the
level of uncharged tRNATrp. Also, a short leader peptide (rtpLB) containing three consecutive
tryptophan codons (W) regulates expression of rtpA. When Trp-tRNATrp is low, the ribosome
translating the peptide stalls and allows easier ribosome access to the nearby rtpA SD sequence,
resulting in increased translation of anti-TRAP. The TrpS protein synthesizes Trp-tRNATrp and is
regulated by a predicted T-box mechanism. While transcription initiating from the trp promoter is
thought to be constitutive, initiation from the upstream aro promoter is regulated by an unknown
mechanism in response to aromatic amino acid levels. Finally, TrpE is allosterically inhibited by
tryptophan. Negative regulation is indicated by “X,” uncharacterized regulatory mechanisms are
denoted by “?,” and triplet repeats are depicted as triangles.
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termination (Yakhnin and Babitzke 2002). Similarly, a second pause site at U144 allows
more time for TRAP to promote formation of the SD-blocking hairpin (Yakhnin et al.
2006). In addition to affecting anti-TRAP levels, uncharged tRNATrp activates a
transcription antitermination mechanism in the gene encoding tryptophanyl-tRNA
synthetase, leading to increased levels of the enzyme that generates charged tRNATrp
(Sarsero et al. 2000b). Perhaps the most rapid regulatory mechanism in the tryptophan
biosynthesis pathway is tryptophan-mediated allosteric inhibition of TrpE activity
(Gollnick et al. 2002), a common strategy among biosynthetic proteins. Like tryptophan,
phenylalanine and tyrosine are synthesized from chorismate. Thus, it is possible that their
biosynthetic pathways (and regulatory mechanisms therein) can indirectly affect
tryptophan synthesis by competing for common reagents. Clearly, tryptophan synthesis is
controlled by a complex network of regulatory mechanisms, allowing the organism to
fine-tune the production of tryptophan over a wide range of environmental conditions.
1.4.3 trp mRNA decay
Dissociation of the TRAP-RNA complex is very slow, and the RNA must be
degraded to recycle the protein. Insight into this process first came about in 2004, when
Bechhofer and coworkers discovered that deletion of pnpA, the gene encoding
polynucleotide phosphorylase (PNPase), led to a dramatic increase in expression of the
trp genes and accumulation of the +36 to +91 fragment of trp leader RNA (Deikus et al.
2004). Subsequent experiments revealed that PNPase was the enzyme responsible for
degradation of the TRAP-bound triplet repeat fragment of the trp leader. PNPase is a
processive phosphorolytic 3’-to-5’ exoribonuclease that cleaves substrate RNAs into
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dinucleotides. By degrading the triplet repeat fragment of the TRAP-trp RNA complex,
PNPase liberates bound TRAP, allowing it to function in other cycles of regulation.
PNPase does not demonstrate endonucleolytic activity. Thus, another enzyme
must be responsible for the initial rate-limiting cleavage step of the trp mRNA decay
process. Experiments identified a cleavage event occurring around +100 of the trp leader
(Deikus and Bechhofer 2007), which lies between the 3’ end of the triplet repeat region
and the base of the terminator hairpin. RNase J1 (Mathy et al. 2007), an essential 5’ enddependent endonuclease, was shown to be responsible for this initial cleavage event
(Deikus et al. 2008). This enzyme also possesses 5’ to 3’ exonucleolytic activity, which
was once thought to be a feature specific to eukaryotes. Through its exonucleolytic decay
mechanism, RNase J1 also degrades the downstream fragment of the trp transcript that
contains the coding sequences of the trp genes. Interestingly, an RNase J1-dependent
cleavage event was also detected in the trp leader around ~+40. This activity will be
discussed in further detail in Chapter 4.
1.4.4 The trp leader 5’SL and thesis objectives
In addition to the terminator and antiterminator hairpins, a 5’ stem-loop (5’SL)
forms in the trp leader just upstream of the triplet repeat region (Fig. 1.7). Similar
structures are predicted to form within trp operon transcripts from related bacteria,
although not within the internal TRAP binding sites that regulate translation of other
tryptophan metabolism genes in B. subtilis. While the 5’SL is not part of the wellcharacterized triplet repeat region of the TRAP binding site, previous experiments
demonstrated that this structure affects trp operon expression in B. subtilis. Deletion of
the 5’SL resulted in a reduced ability to regulate expression of the trp genes in response
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to changes in tryptophan concentration (Sudershana et al. 1999). This phenotype could be
suppressed by overexpression of mtrB, the gene encoding TRAP. In addition, footprinting
assays demonstrated that TRAP protected regions of the 5’SL from nucleolytic cleavage
(Du et al. 2000), suggesting that the 5’SL contributes to regulation of the trp genes by
forming additional contacts with TRAP.
Structure mapping experiments (Du et al. 2000) suggested that the 5’SL consists
of a 3-bp lower stem, a 5x2 asymmetric internal loop, a 6-bp upper stem, and a 6-nt
apical hairpin loop. Mfold predicts a similar structure for the 5’SL with a few minor
exceptions, which are discussed in Chapter 3. Several point mutations within the 5’SL led
to increased trp operon expression when growth media were supplemented with
tryptophan, but surprisingly, also under tryptophan-limiting conditions (Sudershana et al.
1999). It was postulated that the former was due to interference with TRAP-5’SL
interaction, although this had not been established experimentally. Events responsible for
the latter effect were undetermined.
The goal of the work presented in this thesis is to understand TRAP-5’SL
interaction at the molecular level, and to determine how this interaction contributes to
regulation of the trp operon in B. subtilis. Chapter 2 describes the biochemical and
phylogenetic identification of nucleotides within the 5’SL that are important to TRAP
binding, and examines the effect of the downstream region on TRAP-5’SL interaction.
The experiments described in Chapter 3 characterize the structural features of TRAP and
the 5’SL that enable the two to interact. The first molecular-level model of TRAP-5’SL
interaction is also presented, shedding light on previously unexplained observations from
a mechanistic perspective. Investigations into the TRAP-independent effects of the 5’SL
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reveal that this structure also destabilizes the downstream mRNA. In the bacterial
kingdom, there is only one other known example of a 5’-terminal RNA hairpin that
negatively affects mRNA stability. Experiments characterizing the 5’SL in the context of
mRNA stability are the subject of Chapter 4. Chapter 5 discusses general conclusions
drawn from this work and possible future directions, with an emphasis on the novel trp
mRNA destabilization mechanism.
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Chapter 2
Features of the trp leader 5’SL involved in TRAP binding

[Published, in part, as a paper entitled “TRAP-5’SL interaction increases the termination
efficiency of the transcription attenuation mechanism in the Bacillus subtilis trpEDCFBA
operon leader region” By Adam P. McGraw, Philip C. Bevilacqua, and Paul Babitzke in
RNA 2007 13: 2020-33.]

2.1 Abstract
TRAP regulates expression of the Bacillus subtilis trpEDCFBA operon by a
transcription attenuation mechanism in which tryptophan-activated TRAP binds to 11
(G/U)AG repeats in the nascent trp leader transcript. Bound TRAP blocks formation of
an antiterminator structure and allows formation of an overlapping intrinsic terminator
upstream of the trp operon structural genes. A 5’ stem-loop (5’SL) structure located
upstream of the triplet repeat region also interacts with TRAP. TRAP-5'SL RNA
interaction participates in the transcription attenuation mechanism by preferentially
increasing the affinity of TRAP for the nascent trp leader transcript during the early
stages of transcription, when only a few triplet repeats have been synthesized.
Footprinting assays indicated that the 5’SL contacts TRAP through two discreet groups
of single-stranded nucleotides that lie in the hairpin loop and in an internal loop. Filter
binding and in vivo expression assays of 5’SL mutants established that G7, A8 and A9
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from the internal loop, and A19 and G20 from the hairpin loop are critical for proper
5’SL function. These nucleotides are conserved among certain other 5’SL-containing
organisms. Single-round transcription results indicated that the 5’SL increases the
termination efficiency when transcription is fast; however, the influence of the 5'SL was
lost when transcription was slowed by reducing the ribonucleoside triphosphate
concentration. Since there is a limited amount of time for TRAP to bind to the nascent
transcript and promote termination, our data suggest that the contribution of TRAP-5'SL
interaction increases the rate of TRAP binding, which, in turn, increases the efficiency of
transcription termination.
2.2 Introduction
The tryptophan biosynthesis pathway of Bacillus subtilis consists of seven
enzymes, six of which are encoded within the trpEDCFBA operon (Gollnick et al. 2002,
2005). The trp operon is part of a 12-gene aromatic amino acid supraoperon that also
contains genes involved in general aromatic amino acid and histidine biosynthesis,
including aroF-aroB-aroH upstream and hisH-tyrR-aroE downstream of the trp genes
(Gollnick et al. 2002, 2005). Two promoters are used to transcribe the trp genes within
the aro supraoperon. The first promoter is located at the beginning of the supraoperon
(preceding aroF) and the second promoter is located upstream of the trp operon.
Transcription initiation of the upstream promoter is regulated in response to aromatic
amino acids by an unknown mechanism, while transcription initiation of the trp promoter
is thought to be constitutive (Gollnick 1994; Gollnick et al. 2002, 2005).
Since tryptophan is a metabolically expensive amino acid to produce de novo,
expression of these enzymes is tightly regulated. The 11-subunit trp RNA-binding

37
attenuation protein (TRAP) is a ring-shaped protein that controls expression of the trp
operon by transcription attenuation (Gollnick et al. 1990; Babitzke and Yanofsky 1993;
Babitzke 1997, 2004) and translation control (Merino et al. 1995; Du and Babitzke 1998)
mechanisms (see below). TRAP also regulates expression of trpG (Yang et al. 1995; Du
et al. 1997; Yakhnin et al. 2007), trpP (Sarsero et al. 2000a; Yakhnin et al. 2004), and
ycbK (Sarsero et al. 2000b; Yakhnin et al. 2006b), which encode a tryptophan
biosynthesis enzyme, a tryptophan transporter, and a putative efflux protein, respectively.
In the three latter cases, the TRAP binding site overlaps the cognate Shine-Dalgarno (SD)
sequence and/or translation initiation region.
When the intracellular concentration of tryptophan is high, 11 hydrophobic
pockets that lie between adjacent subunits of TRAP each bind a single tryptophan
molecule (Antson et al. 1995). Binding of tryptophan leads to a reordering of 11 cationic
surface domains (KKR motifs), allowing these regions to interact with trp leader RNA
(Antson et al. 1994, 1995; McElroy et al. 2006). The TRAP binding site in the trp leader
contains 11 (G/U)AG triplet repeats separated by two or three non-conserved spacer
nucleotides (Babitzke et al. 1995; Hopcroft et al. 2004). Since six of the triplet repeats lie
within an antiterminator structure that promotes transcriptional readthrough, TRAP
binding prevents formation of this structure, which allows formation of a mutually
exclusive terminator hairpin (Fig. 1.7). Formation of this intrinsic terminator halts
transcription before RNA polymerase (RNAP) reaches the trp operon structural genes. In
the event that RNAP is able to transcribe past the terminator, TRAP binding provides
additional repression of trpE translation by promoting formation of a hairpin that
sequesters the trpE Shine-Dalgarno (S-D) sequence (Fig. 1.8). The combined effect of
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these two regulatory mechanisms results in >1,000-fold repression of trpE expression in
vivo (Merino et al. 1995).
In addition to the antiterminator and terminator structures, a 5’ stem-loop (5’SL)
forms just upstream of the triplet repeat region within the trp leader transcript (Fig. 1.7).
While this structure is not part of the well-characterized triplet repeat TRAP binding site,
previous results demonstrated that TRAP interacts with this RNA structure, although the
sequence elements within the 5’SL responsible for this interaction were not established
(Du et al. 2000). Deletion of the 5’SL resulted in elevated expression of the trp operon
and a reduced ability to regulate expression in response to tryptophan. This phenotype
could be suppressed by over-expression of mtrB, the gene encoding TRAP, suggesting
that the 5’SL functions by increasing the affinity of TRAP for trp leader RNA
(Sudershana et al. 1999). Several point mutations in the 5’SL were also found to interfere
with TRAP-mediated regulation of the trp operon in both the presence and absence of
tryptophan; however, the effect of these mutations on TRAP binding was not examined
(Sudershana et al. 1999). Finally, nuclease protection (footprinting) assays suggested that
TRAP interaction with the 5’SL depended on the number of downstream repeats (Du et
al. 2000).
To determine the mechanism of TRAP-5’SL interaction and how this interaction
contributes to the attenuation mechanism, we characterized an extensive series of trp
leaders that differed in the 5'SL sequence and/or the number of downstream (G/U)AG
repeats. Our studies show that TRAP binds to two distinct regions of the 5'SL, and that
this interaction increases the affinity of TRAP for trp leader RNA during the initial stages
of transcription when only a few triplet repeats have been synthesized by RNAP. The
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results of our studies suggest that TRAP-5'SL interaction increases the likelihood that
TRAP will bind quickly to the trp transcript and be available for interacting with the
multipartite TRAP binding site as soon as three or four triplet repeats are synthesized,
thereby increasing the probability that TRAP will promote transcription termination by
blocking formation of the antiterminator structure.
2.3 Materials and methods
2.3.1 Bacterial strains and plasmids
All plasmids and B. subtilis strains used in these studies are described in Table 2.1
and Table 2.2, respectively. Plasmids pPB1101 through pPB1110 and pAM1 were
prepared by cloning B. subtilis trp leader sequences of the desired length into the ScaI
and BamHI sites of the pTZ18U vector (United States Biochemical Corp). DNA
templates for in vitro transcription with T7 RNAP were obtained by PCR amplification of
pPB77 (Babitzke et al. 1994) using primers selective to the region of interest. 5’SL
mutants were analyzed with Mfold (Zuker 2003) using the default parameters prior to
synthesis to ensure they did not lead to any alternate 5’SL conformations. Sequencing
revealed the previously-reported A19U mutation was incorrect (Sudershana et al. 1999).
This mutant was corrected and re-analyzed. Plasmids pAM2 to pAM21 were obtained
using the QuikChange mutagenesis strategy (Stratagene), with slight modifications.
Mutagenic primers were designed such that the mutated nucleotide was on the 5’ end of
the top-strand primer, while the 5’ end of the bottom-strand primers terminated
immediately prior to the mutation site. Oligos were phosphorylated with T4
polynucleotide kinase (New England Biolabs), followed by PCR amplification using
pPB1105 as template. The resulting PCR products were ligated, treated with DpnI to
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Table 2.1. Plasmids.
a

Numbers correspond to the trp leader region that was cloned into each plasmid, relative to

the transcriptional start site (+1). Information in parentheses indicates the number of triplet
repeats downstream from the 5'SL in each plasmid and/or mutations within the 5'SL.

Plasmida
pTZ18U
pTrpBGI-PLK
pPB77
pPB1101
pPB1102
pPB1103
pPB1104
pPB1105
pPB1106
pPB1107
pPB1108
pPB1109
pPB1110
pAM1
pAM2
pAM3
pAM4
pAM5
pAM6
pAM7
pAM8
pAM9
pAM10
pAM11
pAM12
pAM13
pAM14
pAM15
pAM16
pAM17
pAM18
pAM19
pAM20
pAM21

Description
transcription vector
integration vector
+1 to +111 of trp leader
+1 to +38 of trp leader (5'SL-1)
+1 to +44 of trp leader (5'SL-2)
+1 to +49 of trp leader (5'SL-3)
+1 to +55 of trp leader (5'SL-4)
+1 to +60 of trp leader (5'SL-5)
+1 to +65 of trp leader (5'SL-6)
+1 to +70 of trp leader (5'SL-7)
+1 to +76 of trp leader (5'SL-8)
+1 to +81 of trp leader (5'SL-9)
+1 to +86 of trp leader (5'SL-10)
+1 to +91 of trp leader (5'SL-11)
+1 to +60 of trp leader (5'SL-5 G7A)
+1 to +60 of trp leader (5'SL-5 A6C)
+1 to +60 of trp leader (5'SL-5 A19U)
+1 to +60 of trp leader (5'SL-5 C3G)
+1 to +60 of trp leader (5'SL-5 G31C)
+1 to +60 of trp leader (5'SL-5 A30U)
+1 to +60 of trp leader (5'SL-5 U5A)
+1 to +60 of trp leader (5'SL-5 U4A)
+1 to +60 of trp leader (5'SL-5 A29U)
+1 to +60 of trp leader (5'SL-5 C3G:G31C)
+1 to +60 of trp leader (5'SL-5 A17U:A19U)
+1 to +60 of trp leader (5'SL-5 U5A:A29U)
+1 to +60 of trp leader (5'SL-5 U4A:A30U)
+1 to +60 of trp leader (5'SL-5 A17U)
+1 to +60 of trp leader (5'SL-5 G18A)
+1 to +60 of trp leader (5'SL-5 G20A)
+1 to +60 of trp leader (5'SL-5 G18A:G20A)
+1 to +60 of trp leader (5'SL-5 A8G)
+1 to +60 of trp leader (5'SL-5 A9G)
+1 to +60 of trp leader (5'SL-5 A28G)

Reference
US Biochemical Corp.
(Merino et al. 1995)
(Babitzke et al. 1994)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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remove template DNA, and transformed into E. coli DH5α. All plasmids were sequenced
prior to performing run-off transcription reactions.
Table 2.2. B. subtilis strains.
a

trpP denotes the trp operon promoter. Prime indicates truncation of the gene.

Numbers in parentheses correspond to the trp leader and neighboring nucleotides that
were incorporated into each translational fusion relative to the transcriptional start site
(+1). ∆ indicates deletion of the indicated nucleotides or gene.
Straina

Description

PLBS44
PLBS104
PLBS251
PLBS252
PLBS259
PLBS601
PLBS602
PLBS603
PLBS604
PLBS605
PLBS606

amyE::[trpP(-412 to +203) trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) ∆(+3 to +32) trpE’
-'lacZ Cmr]
∆mtrB argC4 amyE::[trpP(-412 to +203)
trpE'-'lacZ Cmr]
∆mtrB argC4 amyE::[trpP(-412 to +203)
∆(+3 to +32) trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) G7A trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) A8G trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) A9G trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) A17U trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) A19U trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) G20A trpE'-'lacZ Cmr]
amyE::[trpP(-412 to +203) A30U trpE'-'lacZ Cmr]

Reference
(Sudershana et al. 1999)
(Sudershana et al. 1999)
(Sudershana et al. 1999)
(Sudershana et al. 1999)
(Sudershana et al. 1999)
This study
This study
This study
This study
This study
This study

B. subtilis strains PLBS601 through PLBS606 were constructed by ligating the
730-bp EcoRI-HindIII fragment containing the trp leader with the mutation of interest
into the ptrpBGI-PLK vector (Merino et al. 1995), placing lacZ expression under control
of the trp promoter and leader region. After sequencing, plasmids were linearized with
PstI and integrated into the non-essential amyE locus of the B. subtilis chromosome.
Proper integration was confirmed by the starch-iodine test (Sekiguchi et al. 1975) and
sequencing of PCR-amplified chromosomal DNA.
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2.3.2 TRAP purification and RNA synthesis
TRAP was purified as described previously (Yakhnin et al. 2000). BamHI
linearized plasmids were used as templates for in vitro transcription reactions. Templates
for RNAs lacking the 5’SL were generated by PCR using a common top-strand primer
containing a T7 promoter and a region complementary to residues +33 to +49 of the
leader DNA and bottom-strand primers complementary to the trp leader such that the
desired number of downstream repeats would be incorporated into the PCR product.
Plasmid pAM1 was used as template. DNA fragments were purified on 3% NuSieve
GTG gels (Cambrex) prior to RNA synthesis.
In vitro generated transcripts for subsequent biochemical analyses were produced
using the MEGAscript kit (Ambion). DNA templates were removed by the addition of 2
U turboDNase (Ambion) and incubating at 37oC for 30 min. Unincorporated nucleotides
were removed by passing the reaction mixture through Mini Quick Spin RNA columns
(Roche). The eluent was extracted with phenol/chloroform and the RNA was ethanol
precipitated. Transcripts were resuspended, dephosphorylated and 5’-end labeled with [γ32

P]ATP (Perkin-Elmer). Labeled RNAs were purified on denaturing 6% polyacrylamide

gels, extracted with phenol/chloroform, ethanol precipitated and resuspended in TE
buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). RNAs were quantified using
scintillation counting. Prior to all analyses, RNAs were renatured by heating to 90oC for 1
min in 50 mM KCl, followed by slow cooling to room temperature.
RNAs for SPR analyses were created by in vitro transcription using the Ambion
Megascript kit. Templates for the RNAs containing the 5’SL with 5 or 11 downstream
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repeats included HindIII-linearized pPB1105 and pAM1, respectively. Templates for
RNAs lacking the 5’SL were generated by PCR using a bottom-strand primer that ended
immediately after the desired number of triplet repeats and a common top-strand primer
containing a T7 promoter sequence and a region complementary to residues +33 to +49
of the leader DNA. After treatment with 1 U of turboDNase (Ambion), transcripts were
purified on 6% sequencing gels and visualized using UV-shadowing, followed by
extraction, ethanol precipitation, and quantification by spectrometry.
2.3.3 Filter binding and gel mobility shift assays
Gel mobility shift assays were performed as described previously (Yakhnin et al.
2004). Filter binding reaction mixtures (45 µL) contained 1 mM L-tryptophan, 40 mM
Tris-HCl, pH 8.0, 250 mM KCl, 4 mM MgCl2, 10% glycerol, 0.2 mg/mL E. coli tRNA,
0.01 nM labeled RNA, and various concentrations of purified TRAP. Reactions were
incubated at 37oC for 25 min prior to filtration through 0.2 µm nitrocellulose (Whatman)
and Hybond-N+ (Amersham) membranes using a 96-well Spot-Blot apparatus
(Schleicher & Schuell). After filtering, wells were washed with an equal volume of
reaction buffer. Membranes were dried and imaged on a Typhoon 8600 Variable Mode
Imager (Molecular Dynamics) and quantified using ImageQuant 5.2 (Molecular
Dynamics). For a given protein concentration, values corresponding to the fraction of
bound RNA were averaged and standard deviations were calculated from at least two
independent experiments performed in duplicate. The fraction of RNA bound was plotted
as a function of TRAP concentration using Kaleidagraph 3.6 (Synergy Software) and fit
to the binding equation fbound = fmax[TRAP]/([TRAP]+Kd); where Kd is the dissociation
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binding constant and fmax is the maximum fraction of bound RNA. Fits were weighted to
the standard deviation of each data point. The addition of a Hill coefficient to the binding
equation did not significantly alter Kd values or improve the coefficient of variation to
the fit, and was excluded in the final analyses.
2.3.4 RNA footprinting assay
Binding reactions (5 µL) contained 40 mM Tris-HCl, pH 8.0, 250 mM KCl, 4
mM MgCl2, 32.5 ng yeast RNA, 100 µg bovine serum albumin, 7.5% glycerol, 1 mM Ltryptophan, 0.5 nM labeled RNA, and either 10-fold or 100-fold excess of TRAP (relative
to the Kd). It was not possible to use a 100-fold excess of TRAP with the weak-binding
transcripts, as the solubility of TRAP was limiting. Reactions were incubated at 37oC for
10 min, followed by the addition of 0.04 U RNase T1 (Roche), 0.1 U RNase T2 (Sigma),
8x10-6 U RNase V1 (Pierce), or 1x10-6 mg RNase A (Ambion). Titrations were performed
to identify the amount of enzyme in which ~90% of the transcripts were uncleaved to
minimize multiple cleavages in any one transcript. TRAP-RNA complexes were
incubated with the desired nuclease for 15 min at 37oC prior to stopping the reaction by
adding 5 µL of 2x loading buffer (95% formamide, 0.2% SDS, 20 mM EDTA, 0.025%
bromophenol blue, and 0.025% xylene cyanol). Samples were fractionated through 12%
denaturing sequencing gels and visualized using a phosphorimager.
2.3.5 Single round in vitro transcription assay
Halted transcription elongation complexes were created as described previously
(Babitzke et al. 2003). Briefly, B. subtilis RNAP was incubated with the template of
interest in 1x transcription buffer (40 mM Tris-HCl, pH 8.0, 4 mM MgCl2, 0.6 mM
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EDTA, 4% trehalose, and 30 mM DTT) with 8 µM ATP and UTP, 2 µM GTP, and 10
µCi [α-32P]UTP (Perkin-Elmer). Inclusion of an ApGpC RNA primer in the absence of
CTP resulted in halted elongation complexes following synthesis of the A residue at +12.
These complexes were stable for several hours on ice and elongation was resumed with
warming and the addition of CTP. Extension mixtures were assembled on ice and yielded
final concentrations of 100 nM TRAP, 1 mM L-tryptophan, 0.1 mg/mL heparin, and
NTPs (8 to 500 µM) in 1x transcription buffer. Both halted elongation complexes and
extension mixtures were pre-incubated at 37oC for 5 min. 4.5 µL of the halted elongation
complex was added to 3 µL of the extension mixture. Reactions were incubated for 30
min at 37oC then stopped with the addition of an equal volume of 2x loading buffer.
Quenched reactions were heated for 5 min at 95oC and resolved on 6% denaturing
polyacrylamide gels. Readthrough and terminated products were quantified using a
phosphorimager. Values for percent termination were corrected for the different number
of labeling sites in the readthrough and terminated transcripts. The templates occasionally
yielded a second set of bands corresponding to initiation from a cryptic promoter within
the 5’SL (data not shown). These bands have been observed and characterized previously
(Yakhnin et al. 2006a) and were excluded from quantification.
2.3.6 β-galactosidase expression assay
β-galactosidase assays were performed as described previously (Sudershana et al.
1999). Cultures were grown to late exponential phase (Klett 110, no. 54 green filter) in
minimal acid hydrolyzed casein (ACH) medium (0.2%), in the presence or absence of 50
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µg/mL L-tryptophan. Aliquots were assayed for β-galactosidase activity as described
previously (Miller 1972).
2.3.7 Phylogenetic analysis
A BLAST search (Altschul et al. 1990) identified 14 organisms that contained a
potential TRAP binding site preceding the gene encoding TrpE (anthranilate synthase I),
suggesting that regulation of these trp operons occurred via a TRAP-mediated attenuation
mechanism. Leader sequences were analyzed with Mfold to determine the structures of
the predicted terminator, antiterminator and 5’SL. For each of the 11 organisms
containing a 5’SL, the coding sequences of the trp structural genes were obtained from
GenBank, concatenated to yield a single peptide sequence and aligned using ClustalX
1.81 (Thompson et al. 1997). Since the complete genomes were not available for several
organisms of interest, only sequences from TrpE and TrpD were used to construct the
tree. Aligned sequences were visually inspected and degapped using BioEdit 7.0.5 (Hall
1999) and then imported into PHYLIP 3.66 (Felsenstein 1989). The node containing the
E. coli and S. typhimurium branches was set as the outgroup. Data were bootstrapped
1000 times prior to importing the dataset into the Protdist, Neighbor and Consense
subprograms sequentially, using the default parameters. Free energy values for the
predicted 5’SL structures were calculated at 37oC using Mfold.
2.3.8 Surface plasmon resonance
All SPR analyses were performed on a Biacore2000 (Biacore) instrument.
Running and sample buffer contained 40 mM Tris-HCl, pH 8.0, 250 mM KCl, 4 mM
MgCl2, 1 mM L-tryptophan, and 0.005% surfactant P20. BIAcore SA chips were
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prepared by 3 sequential 1-min injections of conditioning fluid (0.1 M NaOH, 1 M NaCl)
then functionalized with ~50 RU of a 5’-biotinylated oligo complementary to the
transcribed polylinker region downstream of the triplet repeat region of the RNA
transcripts. Injections of 500 nM RNA in 1 M NaCl at a flow rate of 5 µL/min were
performed until enough RNA was annealed to the chip to yield an Rmax of ~60 RU.
Prior to injection, the RNAs were renatured by heating to 90oC in 100 mM NaCl for 1
min, followed by slow cooling to room temperature. RNA was stripped from the chip as
needed by two 1-min injections of 0.1 M NaOH.
The system was equilibrated at 25oC for at least 4 h prior to analysis. Various
concentrations of TRAP were injected for 120 s at a flow rate of 75 µL/min in triplicate.
Dissociation data were collected for 300 s, after which 1 M NaCl (pH 6.0) was injected
for 1 min to remove undissociated TRAP. Control experiments showed that the system
was not limited by mass-transport under these conditions (data not shown). Raw data
were analyzed using BiaEval 4.0 and Kaleidagraph 3.6 software. Attempts to fit the data
globally were unsuccessful, as were attempts to fit the data to equations corresponding to
known binding mechanisms. Association data alone, however, could be fit reasonably
well to the single exponential curve RU = Rmax·e-[k1·t] + RI, where Rmax is the maximum
response, k1 is the rate of association, t is time, and RI is the basal response due to
refractive index changes. Dissociation data could not be fit reliably. This process
appeared to be multiphasic and very slow in the presence of tryptophan.
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2.4 Results
2.4.1 The thermodynamic contribution of TRAP-5’SL interaction depends on the
number of downstream (G/U)AG repeats
The 5’SL is capable of forming in transcripts that initiate at both the aro and trp
promoters. Mfold (Zuker 2003) predictions did not identify any structures capable of
competing with the 5’SL in transcripts originating from either promoter. Previous studies
established that the 5’SL participates in the B. subtilis trp operon attenuation mechanism
(Sudershana et al. 1999) and that this structure does not function as an RNAP pause
signal (Yakhnin and Babitzke 2002). Instead, it was shown that the 5’SL contributes to
TRAP binding by increasing the affinity of TRAP for trp leader RNA (Du et al. 2000). A
series of RNAs analogous to 3’-truncated portions of the trp leader were generated to
determine the effect of the 5’SL on the affinity of TRAP-RNA interaction. These RNAs
were designed to mimic a transcript emerging co-transcriptionally from RNAP, in the
presence or absence of the 5’SL. It is important to note that the antiterminator was not
capable of forming in these RNAs, as the longest transcript only extended to position +91
(Fig. 1.7). Thus, the 5’SL was the only significant structure that was predicted to form in
any of these transcripts. Gel shift and filter binding assays were used to measure the
dissociation constants (Kd) of TRAP interaction with each RNA. The values determined
by the two methods deviated from each other by less than twofold (data not shown). All
Kd values reported herein were derived from filter binding.
Both in the presence and absence of the 5’SL, the Kd values decreased as the
number of triplet repeats increased (Fig. 2.1.A). This finding is consistent with previous
studies demonstrating that the affinity of TRAP-RNA interaction increases in a repeat-

49

Figure 2.1. Energetic contribution of the 5’SL to TRAP binding to transcripts
containing various numbers of downstream triplet repeats. (A) Semi-logarithmic
dependence of dissociation constants (nM) on the number of triplet repeats with (●) and
without (○) the 5’SL. A transcript containing three triplet repeats without the 5’SL
showed no appreciable binding at TRAP concentrations of up to 20 µΜ. Values are the
average of at least two independent experiments performed in duplicate with the standard
deviation shown. (B) ∆∆G values (kcal/mol) describe the energetic penalty imposed on
the interaction by deleting the 5’SL. Values are calculated from data in (A) and plotted
versus the number of downstream triplet repeats.
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dependent manner (Babitzke et al. 1996; Elliott et al. 2001). Interestingly, the 5’SL was
found to contribute to the free energy of TRAP-RNA interaction when three to nine
downstream repeats were present, but had little effect when the transcript contained 10 or
11 repeats (Fig. 2.1.B). Extrapolation of surface plasmon resonance (SPR) association
curves verified that all filter binding reactions had reached equilibrium during the
incubation period (data not shown), indicating that the experiments were not influenced
by slow kinetics that result from low protein concentrations.
It was previously shown that TRAP protects double-stranded regions of the 5’SL
from RNase V1 cleavage when the transcript contains three, six, or nine downstream
triplet repeats, but not when the transcript contains 0 or 11 triplet repeats (Du et al. 2000).
To expand upon this work, TRAP-RNA footprinting experiments using RNase T1 (Fig.
2.2) and RNase V1 (Fig. 2.3) were conducted on transcripts containing the 5’SL and
between 2 and 11 downstream repeats. As RNase T1 cleaves 3’ to single-stranded G
residues and RNase V1 cleaves double-stranded regions of RNA, these experiments probe
the primary sequence as well as the secondary structure of the 5’SL. The cleavage pattern
was compared in the presence and absence of bound TRAP, using TRAP concentrations
that were at least 10-fold higher than the corresponding Kd value measured by filter
binding. Bound TRAP protected several nucleotides in the 5’SL from nucleolytic
cleavage when the transcript contained nine or fewer triplet repeats, although protection
was relatively weak for the transcript containing two repeats.
Residues G7, G18, G20 and G31 were protected from RNase T1 cleavage by
bound TRAP. TRAP also protected nucleotides in the upper and lower stems of the 5’SL
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Figure 2.2. TRAP-5’SL RNA footprint with RNase T1. The single-strand G-specific
RNase T1 digestion pattern of transcripts containing the 5’SL and between 2 and 11
triplet repeats (left to right), with (+) and without (–) TRAP. Base hydrolysis (OH-) and
denaturing RNase T1 digestion (T1) ladders are also shown. The region of the gel
corresponding to the 5’SL and triplet repeat region are marked to the left of the T1 and
hydrolysis ladders. Prominent cleavage products are marked to the left of the gel.
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Figure 2.3. TRAP-5’SL RNA footprint with RNase V1. The double strand-specific
RNase V1 digestion pattern of transcripts containing the 5’SL and between 2 and 11
triplet repeats (left to right), with (+) and without (–) TRAP. Base hydrolysis (OH-) and
denaturing RNase T1 digestion (T1) ladders are also shown. The region of the gel
corresponding to the 5’SL and triplet repeat region are marked to the left of the T1 and
hydrolysis ladders. Prominent cleavage products are marked to the left of the gel. Note
that RNase V1 did not cleave all double-stranded nucleotides, and it cannot be stated
conclusively that these nucleotides were not protected by bound TRAP.
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from cleavage by RNase V1. However, TRAP-mediated protection of these nucleotides
was greatly diminished with the transcripts containing 10 or 11 downstream repeats.
Importantly, protection of the triplet repeat region from RNase T1 confirmed that TRAP
bound to each of these RNAs. For example, nucleotide G38, which lies in the first triplet
repeat, was protected from RNase T1 cleavage in all of the transcripts that were tested.
The finding that TRAP did not protect the 5’SL from RNase cleavage in the presence of
10 or 11 repeats is consistent with the filter binding data (Fig. 2.1) showing that the 5’SL
did not contribute to the affinity of TRAP-trp leader RNA interaction when the transcript
contained 10 or 11 downstream repeats.
The RNase T1 and V1 footprinting results suggested that several discreet regions
in the 5’SL could be important in contacting TRAP. Additional experiments using RNase
T2 (cleaves preferentially after single-stranded A residues) and RNase A (cleaves after
single-stranded pyrimidines) were conducted to further characterize these regions. A
transcript with the 5’SL and eight downstream repeats was selected for these
experiments, since the 5’SL was protected in this transcript while still maintaining high
affinity (Figs. 2.1.A, 2.2, 2.3). The protection pattern observed with all four nucleases is
depicted in Figure 2.4. Most of the 5’SL structure was protected by bound TRAP. The
regions most strongly protected from the single strand-specific nucleases include the
hairpin loop, the 5’ side of the internal loop, and the lower stem. The cleavage pattern
observed with the double strand-specific RNase V1 revealed protection of both the upper
and lower stems. The finding that the lower stem was accessible to single strand-specific
nucleases indicates that the structure of this component of the 5’SL is dynamic.
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Figure 2.4. The composite TRAP-dependent protection pattern of the 5’SL. The
transcript contained eight downstream triplet repeats. Black arrows indicate the annotated
nucleotides were strongly protected, nucleotides with gray arrows were moderately
protected and nucleotides with light arrows were weakly protected. The cleaving
nuclease(s) are indicated adjacent to the arrows. Cleavage results with single strandspecific RNase T2 (Figure 3.1.C) and RNase A (gel not shown) are superimposed on the
secondary structure. The first triplet repeat downstream of the 5’SL is shown in bold.
2.4.2 The 5’SL does not affect the on-rate of TRAP binding
The results described above indicate that the 5’SL increases the affinity of TRAPtrp RNA interaction under certain conditions; however, it was unknown whether this
structure also provides a kinetic contribution to TRAP binding. Since the decision to
terminate is a time-sensitive process, it seems reasonable that the increase in affinity due
to the 5’SL would be manifested kinetically as a faster association rate. To test this
possibility, surface plasmon resonance (SPR) studies (Fivash et al. 1998; Karrlson 2004)
were conducted with transcripts containing or lacking the 5’SL, under conditions where
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the 5’SL did (5 triplet repeats) or did not (11 triplet repeats) affect affinity (Fig. 2.1). The
various transcripts were affixed to a streptavidin chip, and the binding profiles of each
were monitored as a function of TRAP concentration and of time (Fig. 2.5).
Sensograms suggested that the mechanism of TRAP binding to trp RNA is
complex (Fig. 2.5.A), and all of the kinetic parameters describing the system could not be
derived (see Materials and Methods). Complex binding is not unexpected, given that
association of the long single-stranded triplet repeat region with the multimeric TRAP
protein could result in looping of the RNA, which could only be resolved by dissociation
of part or all of the transcript and reassociation (Murtola et al. 2008). When association
data were fit non-globally, however, the association phases of the transcripts containing 5
or 11 triplet repeats fit reasonably well to a binding equation that contained a single
exponential term (Fig. 2.5.B). For a given TRAP concentration, the observed on-rate was
approximately the same whether the transcript contained or lacked the 5’SL, regardless of
the number of downstream triplet repeats (Fig. 2.5.C). These data suggest that the 5’SL
does not directly affect the association phase of TRAP-trp RNA interaction.
Relative to the full-length triplet repeat region (11 repeats), the on-rate is four- to
sevenfold faster when the transcript contains only five downstream repeats (Fig. 2.5.C).
This may be due to small secondary structures that were predicted to form in the fulllength triplet repeat region. TRAP must disrupt these structures before binding, thereby
slowing association with the RNA. These structures cannot form in the transcripts that
only contain five downstream repeats, thereby allowing TRAP to bind the transcript more
quickly.
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Figure 2.5. Semi-quantitative kinetic analysis of TRAP-5’SL interaction by SPR.
The RNA transcripts that were examined contained (5’SL) or lacked (∆5’SL) the 5’SL
and included 0 (-0), 5 (-5), or 11 (-11) downstream triplet repeats. (A). Sensograms for
the three transcripts containing the 5’SL at 12.5 nM TRAP. The shape of the binding
profiles suggests a complicated interaction. When analyzed non-globally (B), association
phases (○) for transcripts containing 5 or 11 repeats (5’SL-11 is shown) fit reasonably
well to a single exponential binding equation (solid line), allowing observed rate
constants to be determined. A plot of on-rate (k1) versus TRAP concentration exhibited a
non-linear relationship (data not shown); therefore, rate constants could not be
determined. (C) As shown by the ratios of k1 at a given TRAP concentration, the 5’SL
does not appear to affect the rate of TRAP binding when the transcript contains 5 or 11
repeats. The on-rate for transcripts with 5 repeats, however, is approximately fivefold
faster than the transcripts containing the full-length triplet repeat region.
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2.4.3 Point mutations in the 5'SL that interfere with TRAP interaction lead to elevated
trp operon expression
While the 11 verified triplet repeats within the trp leader are either GAG or UAG,
AAG and CAG have been shown to function in TRAP binding to trpG, trpP, and/or ycbK
transcripts (Du et al. 1997; Yakhnin et al. 2004, 2006b). Examination of the 5’SL
sequence revealed that there were three potential triplet repeats: -1 (from A29 to G31),-2a
(from G18 to G20), -2b (from A16 to G18), and -3 (from U5 to G7) (Fig. 2.6). Since
repeats -2a and -2b overlap, we considered them as alternatives for one triplet repeat. One
of the possible modes of TRAP-5’SL interaction could involve binding of one or more of
these internal triplet sequences with KKR motifs in TRAP. Alternatively, single-stranded
nucleotides within the loop and/or internal bulge of the 5’SL could interact with regions
of TRAP other than the KKR motifs.
To differentiate between these two models, a series of RNAs were generated that
contained various point mutations in the 5’SL and the Kd for each RNA was determined
by filter binding. As shown in Figure 2.1, the difference in affinity between wild-type
transcripts with five repeats with or without the 5’SL was large, but both RNAs still
exhibit moderate affinity. Thus, mutations were introduced into a transcript that
contained five downstream repeats to maximize the effect of a destabilizing mutation.
Mutant transcripts were folded using Mfold (Zuker 2003) to assure that alternative
structures were not predicted to form. In general, purines were substituted with purines to
maintain similar shapes, unless the fold was altered.
Altering the 5’ side of the internal loop (G7, A8 and A9) and the 3’ side of the
hairpin loop (A19 and G20) led to a three- to eight-fold decrease in affinity (Fig. 2.6),
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Figure 2.6. In vitro and in vivo characterization of 5’SL mutants. The locations of various mutations
are superimposed on the 5’SL structure (top). Open arrows indicate the mutation had no significant effect.
Mutations with solid arrows resulted in a decrease in TRAP binding affinity in vitro and/or elevated trpE’‘lacZ expression in vivo. The putative triplet repeats within the 5’SL are circled and numbered from -1 to
-3. Known triplet repeats are numbered from +1 to +5 and are shown in bold. Tabulated data (bottom) for
each of the trp leader and/or mtrB mutants investigated are the average of at least three independent
experiments ± standard deviation. Mutations with significant effects are shown in bold. Kd values (nM)
pertain to transcripts with only 5 downstream triplet repeats. β-galactosidase (β-gal) activity expressed
from the trpE’-’lacZ translational fusions is reported in Miller units (Miller 1972). N.A., not applicable.
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suggesting that nucleotides in these regions are important for TRAP-trp leader RNA
interaction. These regions also exhibited significant protection from RNase cleavage in
the presence of TRAP (Figs. 2.2, 2.3). Substitution of an A residue for G31, which lies in
the lower stem of the 5’SL, also led to decreased affinity; however, this effect is likely
due to alteration of the 5’SL structure rather than disruption of a specific contact that
TRAP makes with this nucleotide. Consistent with this interpretation, the C3G:G31C
compensatory double mutant, which restored base pairing, exhibited wild-type binding
affinity (Fig. 2.6). The finding that the C3G mutation had no effect on the TRAP-5’SL
interaction might be due to the relatively stable nature of G-G mismatches in a duplex
(Morse and Draper 1995; Bevilacqua and Bevilacqua 1998; Kierzek et al. 1999). C-C
mismatches, as would be formed in the G31C single mutant transcript, are among the
most destabilizing (Morse and Draper 1995; Bevilacqua and Bevilacqua 1998; Kierzek et
al. 1999; Salehi-Ashtiani et al. 2006), and therefore would be the most likely to result in
decreased affinity if the corresponding base pair was functionally important. Altering
C3,U4, U5, A6, A17, G18, A28, A29, or A30 did not significantly affect the measured
Kd value (Fig. 2.6), suggesting that these nucleotides are not critical for TRAP-5’SL
interaction. Finally, the decrease in affinity caused by mutations in the fifth triplet repeat
(A59U and G60A) was similar to what was observed when either the 5’ side of the
internal loop or 3’ side of the hairpin loop was altered (Fig. 2.6) (see Discussion).
As mentioned earlier, studies have shown that while any nucleotide can occupy
the first position of a triplet repeat (G or U is preferred), the second and third positions
must be A and G, respectively (Babitzke et al. 1995; Yakhnin et al. 2007). Since the
A30U, G18A and A6C mutations have no effect on affinity, the -1, -2b and -3 motifs
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likely do not act as triplet repeats. It is possible that the -2a motif acts as a triplet repeat,
since the A19U and G20A mutations both lead to decreased TRAP affinity; however, the
fact that the remaining (G/U/A)AG sequences within the 5’SL have been excluded makes
the possibility of the -2a motif acting as a sole triplet repeat seem less likely. Instead, the
5’SL probably contacts TRAP through a repeat-independent mechanism via singlestranded nucleotides in the 5’ side of the internal loop and 3’ side of the hairpin loop. A
third potential point of contact, the 3’ side of the internal loop, does not appear to make
energetically important contacts with TRAP.
Previous studies showed that a number of mutations altering the 5’SL sequence
and/or structure led to elevated expression in vivo (Sudershana et al. 1999). To further
characterize important 5’SL nucleotides, particularly in the single-stranded regions of this
structure, β-galactosidase expression levels of trpE’-‘lacZ translational fusions with
various 5’SL mutations were integrated into the amyE locus of the B. subtilis
chromosome. Mutations chosen for this analysis were based on our in vitro
characterization. β-galactosidase activity derived from these fusions was measured both
in the presence and absence of added tryptophan in the growth medium. Since TRAP
only binds trp leader RNA tightly when tryptophan is in excess, expression values in the
presence of added tryptophan were the most useful for characterizing the TRAP-5’SL
interaction (Fig. 2.6). Deletion of the gene encoding TRAP (mtrB) abolished all
tryptophan-dependent regulation of the trpE’-‘lacZ fusion. As previously observed
(Sudershana et al. 1999), deletion of the 5’SL had the largest effect of the trp leader
mutants investigated, exhibiting both increased trpE’-‘lacZ fusion expression in the
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presence of added tryptophan and decreased regulation, as compared with wild-type
values. In agreement with the in vitro results, increased expression was observed with the
G7A, A9G, A19U, and G20A mutant fusions when grown in the presence of excess
tryptophan. Likewise, no measurable effect on expression was observed with the A17U
and A30U mutations, as would be predicted on the basis of their Kd values. The one
exception for in vitro-in vivo correlation was A8G. Despite manifesting a modest 3.3-fold
binding defect in vitro, no detectable change in expression was observed with this
mutation when cells were grown in the presence of tryptophan. It is worth noting that
because expression of the mutants with no effect in the presence of added tryptophan
(A8G, A17U and A30U) and the wild-type 5’SL are below detectable levels, it cannot be
firmly concluded that these mutations have no effect on expression; however, any such
effect would likely be small.
While the effect of the 5'SL mutations on expression in the presence of
exogenously added tryptophan generally correlated with the effect on binding in vitro, all
of the 5'SL mutations resulted in a two- to six-fold increase in trpE’-‘lacZ expression in
the absence of added tryptophan (Fig 2.6). Furthermore, expression levels without added
tryptophan in the 5’SL deletion strain (∆5’SL) were virtually identical to that of the
TRAP null strain (∆mtrB). It is not clear why several 5’SL mutations result in elevated
expression under tryptophan-limiting conditions but not in the presence of excess
tryptophan. Perhaps even slight perturbations of the 5'SL negatively influence TRAP
binding at tryptophan concentrations in which TRAP is only partially activated.
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The distance between the 5’SL and the first triplet repeat is only three nucleotides
(nt). To determine whether this short distance is critical for 5’SL function, 5, 7, or 10 A
residues were inserted between positions +32 and +33 of the trp leader (Fig. 1.7). The
effects of these insertions were examined as integrated trpE’-‘lacZ translational fusions.
These inserted A residues were predicted to be single-stranded and to not influence the
structure of the 5’SL or the antiterminator. In all three cases, expression was increased
about twofold, both in the absence and presence of added tryptophan (data not shown).
The finding that lengthening the distance between the 5’SL and the first triplet repeat
from 3 to 13 nt had only a slight effect on expression of the trp operon indicates that the
3-nt spacing is not critical for 5’SL function, providing further support that interactions
with the 5’SL are not triplet repeat-like.
2.4.4 The 5’SL is evolutionarily conserved
A BLAST (Altschul et al. 1990) search identified 14 organisms containing a
likely TRAP binding site in the leader region of the trp operon. Eleven of these leaders
contained a predicted 5'SL (Fig. 2.7), which fell into one of three phylogenetic groups.
Group 1 organisms have thermodynamically weak 5’SL structures that contain a
relatively large number (4-5) of putative triplet repeats with near-optimal spacing (2 nt)
(Babitzke et al. 1995, 1996; Baumann et al. 1997), suggesting that these sequences are an
extension of the triplet repeat region of the TRAP binding site rather than a 5’SL per se.
Groups 2 and 3 5'SL structures are more stable than those from Group 1 and contain a
short lower stem, an asymmetric internal loop and a longer, more stable upper stem.
Group 2 organisms are thermophilic, as is reflected in the high G+C content of their 5’SL
structures. Group 3 organisms, which include B. subtilis, have purine-rich internal loops
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Figure 2.7. Phylogenetic comparison of the trp operon in 5’SL-containing organisms. The
phylogenetic tree reflects evolution of the trp operon rather than the entire genome (GutierrezPreciado et al. 2007). Bootstrapping values (%) are listed next to each node. The vertical scale bar
is in units of substitutions/position. Numbers adjacent to an organism’s name corresponds to the
predicted 5’SL structure and free energy value (kcal/mol) at 37oC shown above. Each 5’SL falls
into one of three categories: thermodynamically weak structures with several internal triplet
repeats (Group 1; repeats shown in bold), G+C rich structures with pyrimidine-rich loops and
bulges (Group 2), and structures with purine-rich loops and bulges (Group 3). Nucleotides in the
B. subtilis 5’SL that our studies indicate are important in TRAP-trp leader RNA interaction are
boxed (also shown in other Group 3 structures). The 5’SL structure shown for B. halodurans has
a near equal free energy to the one shown in Szigeti et al. 2004, but yields a trp leader more
structurally reminiscent of the remaining organisms. Many organisms contain several singlestranded nucleotides upstream of the 5’SL (not shown in all cases).
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and hairpin loops. Interestingly, the only single-stranded 5’SL nucleotides completely
conserved in sequence and positioning across Group 3 organisms (G7, A8, A9, A19, and
G20) are the ones we have shown to be important for TRAP binding in B. subtilis. These
nucleotides are not conserved in the Group 2 organisms, which have pyrimidine-rich
single-stranded regions, or Group 1 organisms, which are missing a GAA-containing 5’side of the internal loop.
Caldicellulosiruptor saccharolyticus, one of the three organisms identified that
did not have a 5’SL, appears to utilize a translation control mechanism in which the
TRAP binding site overlaps the trpE SD sequence and start codon, instead of a
transcription attenuation mechanism (data not shown). This regulatory strategy is used to
inhibit translation initiation of other tryptophan metabolism genes in B. subtilis (Fig. 1.9)
(Du et al. 1997; Yakhnin et al. 2004; H. Yakhnin et al. 2006; Yakhnin et al. 2007).
Escherichia coli and Salmonella typhimurium use a trp repressor protein to regulate
transcription initiation and a leader peptide/stalled ribosome attenuation mechanism to
regulate expression of their trp operons (Yanofsky and Crawford 1987), and are included
to show the evolutionary distance between Gram-positive and Gram-negative bacteria.
2.4.5 The 5’SL increases the termination efficiency in the trp leader region at fast
transcription rates
Single-round in vitro transcription experiments were performed at varying
ribonucleoside triphosphate (NTP) concentrations to further characterize how the 5’SL
affects the rate of TRAP binding, and therefore the efficiency of transcription
termination. It was previously shown that decreasing the rate of transcription by
decreasing the NTP concentration increased TRAP’s ability to promote transcription
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termination (Barbolina et al. 2007). Thus, we postulated that slowing the rate of
transcription by decreasing the NTP concentration would allow more time for TRAP to
bind to the nascent trp leader transcript, thereby negating the influence of the 5'SL. At
faster transcription rates (high NTP concentrations) however, TRAP would have less time
to bind the transcript and the contribution from the 5’SL would become increasingly
important.
To test this hypothesis, the termination efficiencies of elongation complexes
initiated on templates containing G7A, G20A, or the 5’SL deletion (∆5'SL) were
compared to the wild-type template. These mutant constructs were chosen for analysis
because they exhibited the largest effects on TRAP affinity and on in vivo expression
(Fig. 2.6). The termination efficiency of the ∆5’SL template was reduced threefold
relative to the wild-type template at the highest NTP concentration investigated (Fig.
2.8). This difference in termination efficiency was reduced as the NTP concentration was
reduced. Indeed, the termination efficiencies of the wild-type and ∆5’SL templates were
essentially identical at the lowest NTP concentrations, indicating that transcription was
sufficiently slow that TRAP had time to bind to the nascent transcript without assistance
from the 5’SL. Templates carrying the G7A or G20A mutation had an intermediate effect
at high NTP concentrations, but again showed no effect at low NTP concentrations (Fig.
2.8.B). Due to changes in termination kinetics (McDowell et al. 1994), the termination
efficiency at high or low NTP concentrations without TRAP varied by about twofold
(data not shown). This effect occurred equally with all templates and therefore did not
affect comparisons between templates at a given NTP concentration.
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Figure 2.8. The effect of transcription rate and the 5’SL on termination efficiency.
(A) In vitro transcription assays are shown for WT and ∆5’SL templates at varying NTP
concentrations. The key showing NTP and TRAP concentrations pertains to both gels.
Positions of readthrough (RT) and terminated (T) transcripts are shown. Percent
termination is reported beneath each lane. (B) The percent termination observed with
wild-type (●), ∆5’SL (○), G7A (□), and G20A (∆) templates as a function of NTP
concentration. Error bars are standard deviations of three independent experiments.

2.5 Discussion
The importance of RNA secondary structure in regulating gene expression is
well-known (Yanofsky 2000; Merino and Yanofsky 2005). The experiments presented
here have shown that in addition to the antiterminator and terminator hairpins, the 5’SL is
important for proper transcription attenuation control of the B. subtilis trp operon. Since
the first terminator for transcripts originating from the upstream aroF promoter lies
within trp leader RNA, it is apparent that expression from this promoter is controlled by
the TRAP-dependent transcription and translation control mechanisms; however, the
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relative contribution of the aroF and trp promoters to trp operon expression is not
known. Furthermore, as the 5’SL is predicted to form in transcripts originating from both
promoters, it is likely that this structure participates in attenuation of both transcripts.
The 5’SL increases the affinity of TRAP-trp leader RNA interaction with
transcripts containing three to nine downstream repeats, but has no effect when 10 or 11
downstream repeats are present (Fig. 2.1). Single-stranded nucleotides in the 3’ side of
the hairpin loop and the 5’ side of the internal loop are the most critical for TRAP-5’SL
interaction (Figs. 2.4, 2.6). These nucleotides are conserved in certain other Bacillus
species (Fig. 2.7), suggesting that at least some of the organisms containing a trp leader
5’SL utilize this structure in the same fashion as in B. subtilis. Single-round in vitro
transcription experiments suggest that the contribution of the 5’SL to TRAP binding is
manifested kinetically as an increase in the rate of TRAP binding, resulting in an increase
in termination efficiency (Fig. 2.8).
2.5.1 TRAP-5’SL interaction
Footprinting and mutant studies show that the 5’ side of the internal loop and 3’
side of the hairpin loop are the most important single-stranded regions for 5’SL-TRAP
interaction (Figs. 2.2, 2.3, 2.4, 2.6). While additional 5’SL nucleotides are probably
important to maintain the structure of this hairpin, G7, A8, A9, A19, and G20 are the
nucleotides most likely to form direct contacts with TRAP. Consistent with this
interpretation, structure prediction showed no expected structural changes for the
mutations used to characterize these nucleotides. Mutations in each of these positions
reduced the transcript’s affinity for TRAP, and with the exception of A8G, each of these
mutant leaders led to elevated in vivo expression in the presence of added tryptophan
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(Fig. 2.6). These nucleotides are the only residues completely conserved across the Group
3 organisms (Fig. 2.7), strengthening the argument that they play an important role in
TRAP-5’SL interaction for B. subtilis and closely related species. Since the A30U, G18A
and A6C mutations have no effect on affinity, it is unlikely that the (G/U/A)AG
sequences within the 5’SL interact with TRAP’s KKR motifs, as is the case for the
downstream triplet repeats; however, the -2a motif has not yet been experimentally
excluded. Note that the A17U and A30U mutations also did not affect in vivo expression
in the presence of added tryptophan. The most plausible model is one where singlestranded nucleotides in the loop and bulge of the 5’SL contact specific regions of the
protein outside of the KKR motifs. Since no enhancements in nucleolytic cleavage were
observed in the presence of bound TRAP (Figs. 2.2, 2.3), it is unlikely that the 5’SL
undergoes a structural rearrangement upon binding.
An interesting result from the footprinting experiments is that cleavage of
residues A8, A9, A28, and A29 by RNase T2 was not observed, even though these
nucleotides are predicted to be single-stranded (Figs. 2.4, 3.1.C). Because the single
strand-specific RNase T2 did not cleave at these positions, combined with the finding that
the double strand-specific RNase V1 cleaved several residues in the internal loop, it is
possible that the internal loop is structured. The UAA/GAN internal loop motif has been
identified in numerous RNAs where it contains a non-canonical G-A base pair and a
cross-strand stacking of the three A residues (Lee et al. 2006). It is possible that U27,
A28, A29, and G7, A8 and A9 form this (or a similar) structure that prevents RNase T2
cleavage. This motif creates a bend between the two helices of up to 60o (Lee et al. 2006),
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which could be helpful in having an otherwise linear RNA secondary structure bind a
toroid-shaped protein.
In most cases each triplet repeat contributes favorably to TRAP-RNA interaction.
This is reflected in the largely linear dependence of log Kd on the number of triplet
repeats (Fig. 2.1.A). However, the addition of the 6th triplet repeat has no effect on
affinity (Fig. 2.1.A). The lack of an energetic contribution by this particular repeat may
be due to the two G residues separating the 5th and 6th triplet repeats. RNase T1 cleavage
of these nucleotides is enhanced in the presence of TRAP (Fig. 2.2). The fact that these
nucleotides are more accessible to RNase T1 when bound to TRAP suggests that they
buckle outward upon binding, reflecting the unfavorable nature of their positioning. The
destabilizing effect associated with this suboptimal spacer (Babitzke et al. 1996) may
negate the energetic contribution imparted by an additional triplet repeat; however, these
G residues are vital for stabilizing the base of the antiterminator, which sequesters the
four nucleotides that overlap with the terminator hairpin (Fig. 1.7).
2.5.2 Implications for in vivo function
The number of TRAP molecules was estimated to be 200-400 per cell, and this
number did not change appreciably with growth phase or in the absence or presence of
tryptophan (McCabe and Gollnick 2004). While the number of TRAP target transcripts at
any given time is not known, overexpression of trp leader RNA on a plasmid leads to
titration of TRAP (Gollnick et al. 2002, 2005). Thus, it appears that TRAP levels are
balanced with the number of target transcripts to ensure tight control of gene expression
in response to changes in the intracellular concentration of tryptophan.
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It was recently shown that the rate of TRAP binding to RNA is a critical
component of the trp operon attenuation mechanism (Barbolina et al. 2007). While the
5’SL does not appear to directly increase the rate of TRAP binding (Fig. 2.5), by
increasing the affinity of TRAP for the nascent trp leader transcript (Fig. 2.1) the 5’SL
reduces the number of downstream triplet repeats needed for tight binding. Thus, the
5’SL allows TRAP to bind the nascent RNA molecule earlier during transcription. Since
the decision to terminate transcription is a time-sensitive process, the 5’SL may thereby
lengthen the window of time in which TRAP can bind and promote termination. This
effect was observed in our single-round transcription experiments, where mutation or
deletion of the 5’SL resulted in a significant decrease in termination efficiency when
transcription rates were fast (Fig. 2.8). Under these conditions, the 5’SL becomes critical
for proper attenuation control. Since it is known that in vivo transcription rates are
approximately fivefold faster than in vitro transcription rates with bacterial RNA
polymerases (Uptain et al. 1997), this assay may understate the importance of the 5’SL.
Once bound, the interaction between TRAP and full-length trp leader RNA is
relatively strong (Kd ~1 nM), suggesting that TRAP would not readily dissociate from
the RNA to allow its participation in another attenuation cycle if the intracellular
tryptophan levels remain high. Indeed, the dissociation rate of TRAP complexed with
RNAs containing the full 11 triplet repeats is very slow under these conditions (Baumann
et al. 1996; Fig. 2.5.A). Because of this slow off-rate, exonucleolytic degradation of the
terminated transcript by PNPase is required to recycle TRAP (Deikus et al. 2004). When
TRAP is bound to all 11 triplet repeats, the 5’SL is probably not needed and may
passively dissociate from the protein, or it might be displaced by the last few triplet
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repeats. This interpretation would explain the observations that protection of the 5’SL
was lost with 10 or 11 downstream repeats (Figs. 2.2, 2.3) and that the 5’SL had no effect
on affinity with RNA containing 10 or 11 repeats (Fig. 2.1).
Organisms that are more distantly related to B. subtilis do not share the conserved
G7, A8, A9, A19, and G20 nucleotides, raising the possibility that the mode of
interaction between TRAP and the 5’SL in these organisms is different (or nonexistent).
The Group 1 organisms, for example, have thermodynamically weak 5’SL structures that
are rich in internal triplet repeats (Fig. 2.7). Since these internal repeats are appropriately
spaced, it is possible that these organisms do not contain authentic 5’SL structures, and
instead, the sequences function by providing additional triplet repeats with which TRAP
can associate. Group 2 organisms have 5’SLs that are structurally similar to those in
Group 3 but have pyrimidine-rich single-stranded regions, particularly in the internal
loop. However, this does not exclude the possibility that the loop and bulge in Group 2
5’SLs interact with their respective TRAP molecules. It is important to note that
tryptophan biosynthesis genes are considered poor markers for characterizing an
organism’s overall evolutionary pathway (Brown and Doolittle 1997; Merkl 2007), and
the phylogenetic relationships discussed here do not necessarily reflect genomic
evolution (Gutierrez-Preciado et al. 2007).
While the absence of TRAP (∆mtrB) abolished tryptophan-dependent regulation,
deletion of the 5’SL in the ∆mtrB background showed a further threefold increase in
expression (Fig. 2.6). This phenomenon was observed previously (Sudershana et al.
1999), where it was proposed that the 5’SL could play a role in message stability in a
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TRAP-independent pathway. If, for example, the 5’SL acts as a signal for transcript
degradation, loss of the 5’SL would lead to the observed increase in expression. In some
instances it was shown that message stability is directly related to the 5’ regions of B.
subtilis transcripts (Melin et al. 1990; Condon et al. 1996; Bechhofer and Wang 1998).
Furthermore, it was recently shown that B. subtilis may utilize a 5’ to 3’ exonuclease to
degrade transcripts (Mathy et al. 2007). If this enzyme participates in the degradation of
trp leader RNA, the 5’SL might stimulate this process.
2.6 Conclusions
The experiments described here have allowed us to refine the model of TRAPRNA interaction during trp operon attenuation. As the 5’ end of the transcript emerges
from RNAP, the 5’SL folds. Once a sufficient number of triplet repeats emerge from the
transcribing polymerase (e.g., three or four repeats), TRAP binds to the nascent trp leader
transcript by contacting the top of the hairpin, the 5’ side of the internal loop, and the
emerging triplet repeats (i.e., it appears that the initial stable interaction requires both the
5’SL and the first few triplets). The nature of these contacts presumably orients the
protein so that the RNA can easily wrap around its periphery as transcription continues.
TRAP would continue to bind the remaining repeats in a 5’ to 3’ directionality as they
emerge from RNAP (Barbolina et al. 2005). As the 10th and 11th repeats bind,
dissociation of the TRAP-RNA complex before the terminator forms would be virtually
impossible, and the 5’SL is displaced as a consequence of the geometry of the TRAPRNA complex, in which TRAP is completely encircled by RNA. After the transcript
terminates, PNPase (and possibly other nucleolytic factors) turn over the TRAP-RNA
complex, allowing the protein to function in another cycle of transcription attenuation.
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Chapter 3
Molecular Basis of TRAP-5’SL Interaction

[Published, in part, as a paper entitled “Molecular basis of TRAP-5’SL interaction in the
Bacillus subtilis trp operon transcription attenuation mechanism” By Adam P. McGraw,
Ali Mokdad, François Major, Philip C. Bevilacqua, and Paul Babitzke in RNA (Accepted
on September 19th, 2008).]

3.1 Abstract
Expression of the Bacillus subtilis trpEDCFBA operon is regulated by the
interaction of tryptophan-activated TRAP with 11 (G/U)AG trinucleotide repeats that lie
in the leader region of the nascent trp transcript. Binding of TRAP prevents folding of an
antiterminator structure and favors formation of an overlapping intrinsic terminator
hairpin upstream of the trp operon structural genes. A 5’ stem-loop (5’SL) structure that
forms just upstream of the triplet repeat region increases the affinity of TRAP-trp RNA
interaction, thereby increasing the efficiency of transcription termination. Single-stranded
nucleotides in the internal loop and in the hairpin loop of the 5’SL are important for
TRAP binding. We show here that altering the distance between these two loops suggests
that G7, A8, A9 from the internal loop and A19 and G20 from the hairpin loop constitute
two structurally discrete TRAP-binding regions. Photochemical crosslinking experiments
also show that the hairpin loop of the 5’SL is in close proximity to the flexible loop

81
region of TRAP during TRAP-5’SL interaction. The dimensions of B. subtilis TRAP and
of a 3-dimensional model of the 5’SL generated using the MC-Sym and MC-Fold
pipeline imply that the 5’SL binds the protein in an orientation where the helical axis of
the 5’SL is perpendicular to the plane of TRAP. This interaction not only increases the
affinity of TRAP-trp leader RNA interaction but also orients the downstream triplet
repeats for interaction with the 11 KKR motifs that lie on TRAP’s perimeter, increasing
the likelihood that TRAP will bind in time to promote termination.
3.2 Introduction
Protein-RNA interactions are important components of a large number of
regulatory mechanisms. Expression of the Bacillus subtilis trpEDCFBA operon is
regulated by interaction of the RNA binding protein TRAP with the nascent trp operon
leader transcript in a transcription attenuation mechanism (Fig. 1.7) (reviewed in
Gollnick et al. 2005). A hallmark of this attenuation mechanism is the presence of
overlapping antiterminator and terminator structures that can form in the nascent trp
leader transcript. When a sufficient level of intracellular tryptophan is present, TRAP is
activated and binds to 11 equivalently spaced (G/U)AG triplet repeats, six of which lie
within the antiterminator structure. Thus, bound TRAP prevents formation of the
antiterminator, thereby favoring formation of the overlapping intrinsic terminator hairpin
that halts transcription before RNA polymerase (RNAP) reaches the downstream
structural genes. Under limiting tryptophan conditions, TRAP is not activated and does
not bind to the nascent trp transcript. In this case, the antiterminator hairpin forms and
promotes transcription readthrough into the trp operon structural genes by preventing
formation of the terminator hairpin. RNAP pausing at U107, the nucleotide just preceding
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the critical overlap between the antiterminator and terminator structures, participates in
the attenuation mechanism, presumably by providing additional time for TRAP to bind to
the nascent trp leader transcript (Yakhnin and Babitzke 2002; Yakhnin et al. 2006).
TRAP also regulates translation of trpE, the first gene in the trp operon. TRAP
binding to trp operon readthrough transcripts promotes formation of a trpE ShineDalgarno (SD) sequestering hairpin (Fig. 1.8); formation of this structure inhibits TrpE
synthesis by preventing ribosome binding (Merino et al. 1995; Du and Babitzke 1998). In
the absence of bound TRAP, an alternative RNA secondary structure forms such that the
trpE SD sequence is single-stranded and available for ribosome binding. Interestingly,
RNAP pausing at U144, which is 3-4 nt downstream from the sites of transcription
termination, participates in this translation control mechanism, presumably by providing
a second opportunity for TRAP to bind to the nascent transcript. As translation of trpE
and trpD are coupled, formation of the trpE SD-sequestering hairpin regulates trpD
expression as well. Formation of the trpE SD-sequestering hairpin also results in
transcriptional polarity, leading to reduced expression of the downstream genes (Yakhnin
et al. 2001). In addition, the anti-TRAP protein is expressed when the cellular level of
charged tRNATrp is low (Valbuzzi et al. 2002; Chen and Yanofsky 2003). As this protein
blocks the interaction between tryptophan-activated TRAP and the trinucleotide repeats,
anti-TRAP could influence both the attenuation and trpE translation control mechanisms.
TRAP consists of 11 identical subunits arranged in a ring structure, with the
hydrophobic tryptophan binding pockets positioned between adjacent subunits (Fig. 1.7)
(Antson et al. 1995; Babitzke and Yanofsky 1995). The loop region above the tryptophan
binding pocket is known to be flexible (McElroy et al. 2002; Heddle et al. 2007). Binding
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of tryptophan induces a structural reordering of 11 KKR RNA-binding motifs in TRAP,
allowing each motif to interact with a single trinucleotide repeat in the leader transcript
(Yang et al. 1997; Antson et al. 1999; McElroy et al. 2006). The interaction between
these triplets and TRAP has been well-characterized. The crystal structure of Bacillus
stearothermophilus TRAP complexed with a synthetic RNA target indicates that Lys37,
Lys56 and Arg58 (KKR) form hydrogen bonds with the A and the G residues in the
second and third positions of the triplet repeat (Antson et al. 1999; Elliott et al. 1999).
Gly18 and Asp39 form additional hydrogen bonds with the triplet repeats, and Phe32
likely participates in a stacking interaction (Hopcroft et al. 2004). Few contacts form
between TRAP and the first nucleotide of the triplet, which explains the sequence
variability at this position. No direct interactions occur between TRAP and the
nucleotides separating the triplet repeats, although the sequence of these spacers can
influence TRAP binding (Babitzke et al. 1995; Babitzke et al. 1996; Hopcroft et al.
2004). Since the KKR motifs encircle TRAP, the single-stranded triplet repeat region
wraps around the perimeter of the protein upon binding (Fig. 1.7). The triplets at the 5’
end of the full-length TRAP binding site have been shown to associate first (Barbolina et
al. 2005), and the crystal structure suggests that this interaction proceeds in a clockwise
direction (Antson et al. 1999), with the flexible loop region of TRAP considered to be the
top of the protein.
A 5’ stem-loop (5’SL) RNA structure that forms just upstream of the triplet repeat
region (Fig. 1.7) also interacts with TRAP (Sudershana et al. 1999; Du et al. 2000). The
5’SL functions in the attenuation mechanism by increasing the affinity of TRAP for trp
leader RNA when the transcript contains nine or fewer repeats, thus increasing the
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likelihood that TRAP will bind to the nascent transcript in time to promote termination
(Chapter 2). Deletion or mutation of the 5’SL results in decreased termination efficiency
and, therefore, higher expression of the trp operon. Nucleotides G7, A8 and A9 from the
internal loop, as well as A19 and G20 from the hairpin loop, have been implicated in the
mechanism of TRAP-5’SL interaction (Chapter 2). These nucleotides are strongly
conserved in 5’SL structures among organisms closely related to B. subtilis, raising the
possibility that the 5’SL participates in the trp operon attenuation mechanisms in these
organisms as well. However, with the exception of Bacillus pumilus (Hoffman and
Gollnick 1995) and Bacillus halodurans (Szigeti et al. 2004), the presumed transcription
attenuation mechanisms of these other organisms have not been experimentally
characterized.
Although 5’SL nucleotides important to TRAP binding have been identified in B.
subtilis, little is known about the mechanism of TRAP-5’SL interaction. All available
crystal structures of the TRAP-RNA complexes have been solved with synthetic RNA
targets lacking the 5’SL. To develop a detailed mechanistic model of TRAP-5’SL
interaction in B. subtilis, we characterized a set of 5’SL mutants. Footprinting and filter
binding assays performed on these mutant transcripts suggest that the important
nucleotides from the hairpin loop and the internal loop comprise two distinct TRAPbinding regions, and that the spacing between these regions is critical for TRAP-5’SL
interaction. Results from photochemical crosslinking experiments indicate that during
TRAP-5’SL interaction, the hairpin loop is near His34 and His51, which are in the
flexible loop region of the protein. Additionally, the MC-Fold and MC-Sym structure
prediction algorithms (Parisien and Major 2008) allowed us to develop a 3-dimensional
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model of TRAP-5’SL interaction. This model has mechanistic implications for how the
5’SL increases the efficiency of TRAP-dependent transcription termination in the trp
operon leader region.
3.3 Materials and methods
3.3.1 TRAP purification and RNA synthesis
TRAP was purified as previously described (Yakhnin et al. 2000). No
modifications to the purification protocol were required for the production of the TRAP
mutants. RNA transcripts for in vitro analyses were generated using the RNAmaxx kit
(Stratagene). BamHI-linearized plasmid pPB1105 was used as template for the transcript
containing the wild-type 5’SL with five downstream repeats. Plasmids pAM2, pAM20,
pAM4, and pAM17 (Chapter 2) were used to generate transcripts containing the G7A,
A9G, A19U, and G20A mutants, respectively. Since these transcripts were produced
from BamHI-linearized templates, they contain three additional nucleotides at the 3’ end.
RNAs with modifications in the upper stem of the 5’SL and five downstream repeats
were generated by Milligan transcription (Milligan and Uhlenbeck 1989). This technique
was also used to generate the G7A:G20A mutant transcript. After transcription, reaction
mixtures were treated with 1 U of RNase-free DNase (Ambion), followed by
phenol/chloroform extraction and ethanol precipitation. Transcripts were resuspended,
treated with calf intestinal phosphatase (New England Biolabs), and 5’-end labeled with
[γ-32P]ATP (Perkin-Elmer). Labeled RNAs were purified on 12% denaturing gels and
quantified by scintillation counting. Prior to analysis, all RNAs were renatured in 50 mM
NaCl by heating to 90oC for 1 min, followed by slow cooling to room temperature.
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3.3.2 Filter binding, RNA structure mapping, and RNA footprinting assays
Filter binding and footprinting assays were performed as described previously
(Chapter 2). Briefly, 0.5-0.01 nM 5’-end labeled RNA was renatured by heating to 90oC
for 1 min followed by slow cooling to room temperature. Renatured transcripts were
incubated for 25 min at 37oC with various concentrations of TRAP in reaction buffer
containing 1 mM L-tryptophan, 40 mM Tris-HCl (pH 8.0), 250 mM KCl, 4 mM MgCl2,
7.5-10% glycerol, and 0.2 mg/mL E. coli tRNA. For RNA structure mapping and
footprinting, the reaction buffer contained 20 µg/µL bovine serum albumin and 6.5 ng/µL
yeast RNA, instead of E. coli tRNA. 0.04 U of RNase T1 (Roche) or 0.1 U of RNase T2
was added to the reaction mixtures, followed by incubation at 37oC for 15 min. The
previously reported structure mapping experiments using chemical cleavage reagents (Du
et al. 2000) were also conducted at 37oC. Reactions were halted with the addition of 2x
loading buffer (95% formamide, 0.2% SDS, 20 mM EDTA, 0.025% bromophenol blue,
and 0.025% xylene cyanol). Samples of each reaction were electrophoresed on 12%
denaturing sequencing gels and imaged using a Phosphorimager (Typhoon 8600 Variable
Mode Imager, Molecular Dynamics). After incubation, filter-binding reactions were
blotted onto 0.2 µm nitrocellulose (Whatman) and Hybond N+ (Amersham) membranes
and imaged using phosphorimagery. Spots corresponding to each protein concentration
were integrated using ImageQuant 5.2 (Molecular Dynamics) and fit to the binding
equation fbound = fmax[TRAP]/([TRAP]+Kd), where fmax is the maximum fraction bound
and Kd is the dissociation binding constant. The addition of a Hill coefficient did not
significantly alter the Kd values or improve the quality of the fit, and was excluded.
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3.3.3 Photochemical crosslinking
RNAs containing five downstream triplet repeats and the 5’SL with a 5-iodouracil
(5IU) substitution at U5 or U21 were purchased from Dharmacon. All manipulations
prior to UV exposure were performed in reduced light. A total of 10 nmol of RNA was
renatured by heating to 90oC for 1 min in 50 µL of 1x TEN50 buffer (1 mM Tris-HCl (pH
7.5), 0.1 mM EDTA, 50 mM NaCl), followed by slow cooling to room temperature. An
additional 5 µL of 0.1 µM 5’ end-labeled RNA was included in the reaction as a tracer.
The reaction volume was increased to 800 µL with the addition of 25 mM sodium
cacodylate (pH 7.5) and a 1.2 molar excess of T30V TRAP. The T30V mutant, which
binds trp leader RNA in the absence of tryptophan (Yakhnin et al. 2000; Payal and
Gollnick 2006), was used in the crosslinking procedure because free tryptophan quenched
the crosslinking reaction. The final concentrations of RNA (12.5 µM) and T30V TRAP
(15 µM) were well above the Kd of the T30V-trp leader RNA complex (~15 nM). The
reaction mixture was incubated at 37oC for 25 min, then placed on ice and exposed to UV
light. Irradiation was conducted with a handheld UV lamp equipped with an 8-watt
Spectroline UV-B bulb (λmax = 312 nm) at a distance of ~2 cm for 30 min. A polystyrene
petri dish was placed over the samples to filter out stray radiation, since wavelengths of
less than 300 nm can lead to nonspecific crosslinking. The reaction mixture was
concentrated using a 10 kDa molecular weight cutoff (MWCO) Nanosep spin column
(Pall Life Sciences) and electrophoresed through a 15% denaturing polyacrylamide gel.
The crosslinked fragment was isolated and dialyzed into 100 mM Tris-HCl (pH 8.0)
containing 4 M urea using a 3 kDa MWCO Nanosep spin column. This reaction mixture
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was denatured by heating to 94oC for 5 min and plunging on ice, then brought to a final
concentration of 2 M urea with the addition of 100 mM Tris-HCl (pH 8.0). A total of 20
µg of proteomics grade trypsin (Sigma) was added, and the reaction was incubated at
37oC for 4 h. After digestion, the reaction mixture was electrophoresed through a 15%
denaturing polyacrylamide gel to isolate the digested peptide-RNA fragment. The
extracted sample was concentrated and dialyzed into DEPC-treated water using a 3 kDa
MWCO Nanosep column, then submitted for N-terminal sequencing at The Pennsylvania
State University Macromolecular Core Facility. Since the amino acids that were
crosslinked to the photoionizable nucleotide were covalently linked to a large (~20 kDa)
RNA fragment, they appeared as blank cycles during the sequencing reaction.
3.3.4 Molecular modeling
Intramolecular protein distances in B. subtilis TRAP (PDB ID 1WAP) were
determined by measuring the distance between backbone nitrogen atoms of various
amino acids using DeepView 3.7 (Guex and Peitsch 1997). RNA secondary structures
were modeled with MC-Fold, using data from RNase T1 and RNase T2 structure mapping
assays (Chapter 2) as experimentally determined structural constraints. The most
favorable (best free-energy in the context of enzymatic data) B. subtilis 5’SL structure
predicted among 1000 suboptimals by MC-Fold is very similar to the experimentally
determined structure (Du et al. 2000; Chapter 2), although the MC-Fold structure
includes a non-canonical A-A basepair in the internal loop region. We performed this
procedure for each of the four related sequences: B. subtilis, B. pumilus, B.
amyloliquefaciens, and B. licheniformis. For each, the best 100 suboptimal predictions

89
were input to MC-Cons (Parisien and Major 2008), a program that identifies the closest
secondary structure in each set that minimizes the overall structural distance. The
secondary structure topology of all four MC-Cons selected structures is alike, but the B.
licheniformis structure differs from the others by the absence of the A-A non-canonical
base pair, and the presence of a longer lower stem (+2 basepairs) and a longer bulge loop
(+1 nucleotide).
The MC-Cons selected B. subtilis secondary structure is also the best free-energy
structure in the context of the enzymatic data. It was input into MC-Sym, resulting in a
computer-predicted 3-dimensional model of the 5’SL. The dimensions of the RNA
structure were measured between phosphorus atoms of the desired nucleotides. The
model of the 5’SL was then merged with the crystal structure of B. subtilis TRAP in
DSviewer Pro 5.0 (Accelerys Software Inc. 2007) and manually positioned to show the
mode of TRAP-5’SL interaction that is most consistent with all known experimental data.
The unstructured sugar-phosphate backbone downstream of the 5’SL was added
manually and positioned near the KKR motifs to mimic binding of the triplet repeats to
TRAP.
3.4 Results
3.4.1 The length of the 5’SL upper stem is critical for TRAP binding
The B. subtilis 5’SL consists of a 4-bp lower stem, a 4x1 asymmetric internal
loop, a 7-bp upper stem, and a 4-nt hairpin loop at the apex of the structure (Fig. 3.1.A).
that these closing basepairs breathe, which is reasonable given that they are A-U
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Figure 3.1. In vitro characterization of 5’SL upper stem mutants. (A) Secondary structures of
the wild-type (WT) and mutant 5’SL structures with an insertion (+2bp) or deletion (-2bp) of two
basepairs in the upper stem. The predicted free energy value (kcal/mol) at 37oC (Zuker 2003) is
shown below each structure. The potential non-canonical A-A basepair within the internal loop is
represented by a dashed line. (B) RNase T1 footprinting of the WT 5’SL and of the upper stem
length mutants at various TRAP concentrations. The transcripts contained five downstream triplet
repeats. Compared to the WT transcript, G18 and G20 are two nucleotides longer or shorter in the
+2bp and -2bp mutant transcripts, respectively. A densitometry analysis of the bands

corresponding to G7, G18 and G20 from each of the three 5’SL structures is included
below each of the panels. Gray lines represent the relative intensity of the annotated
nucleotides in the absence of TRAP, while black lines show the relative intensity of these
nucleotides at the highest TRAP concentration that was investigated (2500 nM). (C)
RNase T2 footprinting of the WT 5’SL with eight downstream triplet repeats. Nucleotides
corresponding to (G/U)AG triplet repeats and the 5’SL are indicated by enclosed arrows. Band
assignments are numbered relative to the WT 5’SL. Denaturing RNase T1 digestion (T1) and base
hydrolysis (OH-) ladders are also shown.
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basepairs. The U5-A29 and A16-U21 basepairs are included in the 5’SL secondary
structures shown here.
Previous mutagenesis studies showed that single-stranded nucleotides in the
internal loop and the hairpin loop are important for TRAP binding (Chapter 2). To
develop a structural model for TRAP-5’SL interaction, transcripts containing additional
5’SL mutations were characterized. Filter binding assays were used to measure apparent
dissociation constants (Kd) of TRAP-RNA interaction with mutant transcripts (Table
3.1). The downstream sequence contained five triplet repeats, as this was previously
shown to be the number of repeats in which the 5’SL has its greatest influence on TRAPtrp leader RNA interaction while maintaining moderate affinity (Chapter 2). As
previously observed, the G7A and A9G mutations in the internal loop and the A19U and
G20A mutations in the hairpin loop decreased the affinity of TRAP-RNA interaction by
three- to sixfold (Table 3.1). Moreover, the affinity of TRAP for the G7A:G20A double
mutant RNA, with changes in the internal and hairpin loops, was lower than either
mutation alone, suggesting that these nucleotides are part of two discrete TRAP-binding
regions.
The length of the upper stem is strongly conserved among organisms containing a
trp leader 5’SL, particularly those with B. subtilis-like 5’SL structures (Chapter 2). To
examine the importance of the upper stem length in the B. subtilis 5’SL, RNAs
containing the 5’SL with deletion or insertion of two basepairs in the upper stem (denoted
as +2bp and -2bp, respectively) were generated and characterized in vitro (Fig. 3.1.A).
These mutant transcripts were designed such that the remainder of the 5’SL structure,
including the identity of the closing basepairs of the internal and hairpin loops, was
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maintained, which was confirmed experimentally (see below). Strikingly, shortening or
lengthening the upper stem by only two basepairs—corresponding to a helical rise of
Table 3.1. Effect of 5’SL mutations on TRAP binding affinity.
a

The downstream sequence contains the first five triplet repeats of the trp leader.

b

Kd mut denotes the dissociation constant of the corresponding mutant transcript.

RNA

Effect of mutation(s)

Kd (nM)

Kd mutb
Kd WT

WT
∆5’SL
G7A
A9G
A19U
G20A
G7A:G20A
+2bp
-2bp

none
5’SL
internal loop
internal loop
hairpin loop
hairpin loop
internal loop, hairpin loop
upper stem
upper stem

4.5 ± 1
83 ± 10
23 ± 3
26 ± 4
18 ± 6
15 ± 2
32 ± 8
62 ± 10
59 ± 10

18
5.0
5.7
3.9
3.3
7.1
14
13

a

~6.6 Å in A-form dsRNA—reduced the affinity of TRAP-RNA interaction by 13- to 14fold (Table 3.1). The effect of the +2bp and -2bp mutations were comparable to the 5’SL
deletion, which resulted in an18-fold decrease in affinity. Taken together, our filter
binding results suggest that nucleotides in the hairpin loop and internal loop form two
distinct TRAP-binding regions that need to be properly spaced and/or oriented.
To gain further insight into the importance of the 5’SL upper stem in TRAP
interaction, footprinting assays using RNase T1, which cleaves RNA on the 3’ side of
single-stranded G residues, were conducted on the upper stem mutants (Fig. 3.1.B). This
nuclease was chosen because G7 and G20 are unpaired and each lies within one of the
two predicted TRAP-binding regions of the 5’SL. In the absence of TRAP, only
nucleotides that were predicted to be single-stranded were cleaved, consistent with the
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expected secondary structures for WT and the mutants shown in Figure 3.1.A. While G7,
G18 and G20 were protected by bound TRAP in the WT 5’SL, no protection of the
corresponding nucleotides was observed for the +2bp and -2bp mutant transcripts. Lack
of RNA protection by TRAP is consistent with their greatly decreased affinity for TRAP
(Table 3.1). Lastly, TRAP-dependent protection of the downstream triplet repeat region
was observed in all three cases, confirming that TRAP was bound to each of these
transcripts, even when protection of the 5’SL was lost. However, compared to the WT
transcript, protection of the triplet repeat region was not as strong for either mutant RNA,
which reflects weaker binding that results from loss of TRAP-5’SL interaction in the
background of five triplet repeats.
3.4.2 The hairpin loop is in close proximity to His34 and His51 of bound TRAP
While the results described above indicate that two discrete regions of the 5’SL
are important for TRAP interaction, it was unknown how they might interact with the
protein. These two regions comprise G7, A8, and A9 from the internal loop and A19 and
G20 from the hairpin loop. To determine where these nucleotides are positioned when the
5’SL is bound to TRAP, we conducted photochemical crosslinking experiments with trp
leader RNAs in which U5 or U21, which are adjacent to the internal loop or the hairpin
loop, respectively, was replaced with 5-iodouracil (5IU). This photoionizable uridine
analog has been shown to crosslink to proteins with high specificity and typically has
minimal effects on affinity (Willis et al. 1993; Stump and Hall 1995; Meisenheimer and
Koch 1997). Moreover, the conservative U to 5IU substitution ensured that the mutant
5’SL structures were as close to WT as possible.
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The modified RNAs were incubated with TRAP and then exposed to UV light
(Fig. 3.2). Free tryptophan was found to quench the crosslinking reaction (data not
shown); thus, the T30V mutant of TRAP, which binds trp RNA in the absence of
tryptophan (Yakhnin et al. 2000; Payal and Gollnick 2006) was used. Crosslinking was
not observed with the RNA containing the 5IU substitution at U5. However, a
crosslinking efficiency of 56% was achieved with the RNA containing the 5IU
substitution at U21 (Fig. 3.2), which was well above the nonspecific background

Figure 3.2. Denaturing PAGE separation of crosslinked macromolecules. Lane 1, U5
5IU-substituted RNA incubated with T30V TRAP; lane 2, U5 5IU-substituted RNA
exposed to UV light; lane 3, U5 5IU-substituted RNA incubated with T30V TRAP and
exposed to UV light; lane 4, purified crosslinked protein-RNA complex; lane 5, partial
trypsin digest of the purified crosslinked fragment. As TRAP is highly stable, trypsin
digests of the purified crosslinked fragment under standard reaction conditions yielded
incomplete cleavage of the peptide fragment (lane 5, primary trypsin product band). When
the reaction was conducted under more denaturing conditions (not shown; see Materials
and Methods), the secondary trypsin product became the predominant species (lane 5,
secondary trypsin product band). This secondary trypsin product fragment was used in the
N-terminal sequencing reaction.
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Figure 3.3. N-terminal sequencing of the crosslinked peptide fragment. The sequence
of TRAP is shown broken into tryptic fragments. Amino acids involved in chemical
crosslinks appear as blank cycles (underscored) during the sequencing reaction because
the large RNA molecule covalently attached to the side chain interferes with the
sequencing analysis. The results indicate that instead of crosslinking to a single residue,
the photoactive nucleobase reacted with two separate amino acids (asterisks). These
residues are His34 in Fragment 1 and His51 in Fragment 2. As the N-terminal sequencing
reaction is indiscriminant, the instrument defaulted to amino acids in the more abundant
fragment (Fragment 1) at a given position. When one of these amino acids was crosslinked
(His34), the residue from the less abundant fragment (Fragment 2) was detected instead
(Val43). When the end of the shorter fragment (Fragment 1) was reached, the instrument
detected amino acids from the less abundant but longer fragment (Fragment 2). The
crosslinked amino acid in this region (His51) appeared as a blank cycle. The C–terminal
amino acids (shown in parentheses) of each fragment were not detected in the sequencing
reaction.
crosslinking (~5%) observed with the unmodified transcript. The crosslinked material
was purified by denaturing PAGE, digested with trypsin, and re-purified by denaturing
PAGE. N-terminal sequencing of the gel-purified material revealed that it was a mixture
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of two crosslinked peptide fragments; the modified U21 residue had crosslinked to His34
and His51 (Fig. 3.3). Both of these histidine residues lie in the flexible loop region above
the tryptophan binding pocket (Fig. 3.4, yellow spacefill). These results suggest that
neighboring A19 and G20, the two nucleotides in the hairpin loop that are known to be
important for TRAP binding, are positioned near His34 and His51. A second point of
protein-RNA contact can be inferred between the first triplet repeat, which is separated
from the base of the 5’SL by three nucleotides, and a KKR motif on the perimeter of
TRAP (Fig. 1.7).
In an effort to identify specific amino acid-nucleotide (AA-NT) contacts formed
during TRAP-5’SL interaction, we constructed a series of TRAP mutants and measured
their affinity for transcripts containing a WT or mutant 5’SL. Based on phylogenetic
conservation, 3-dimensional location, and chemical favorability for interaction, certain
amino acids that could be capable of interacting with 5’SL nucleotides were mutated to
alanine. WT and mutant proteins were analyzed in a double mutant cycle with WT and
mutant RNAs by filter binding. The AA-NT pairs investigated were G7-Glu60, G7Glu69, A19-Thr28, G20-Asp29, and G20-Glu50; however, the corresponding Kd values
did not support these specific interactions (data not shown). As other amino acids that lie
in regions suspected of interacting with the 5’SL are important for binding of tryptophan
or the downstream triplet repeats, many other potential TRAP-5’SL AA-NT pairs could
not be experimentally characterized.
3.4.3 Molecular modeling of the 5’SL suggests a perpendicular interaction with TRAP
The secondary structure of the B. subtilis 5’SL has been extensively characterized
using a combination of enzymatic and chemical probing techniques (Du et al. 2000;
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Chapter 2). The data afforded by these assays agree well; however, there is a discrepancy
regarding the structure of the internal loop in the absence of bound TRAP. Even though
A6, A8, A9, A28, and A29 were modified by dimethyl sulfate (DMS) at N1 (Du et al.
2000), which suggests that they are unpaired, none of these nucleotides were strongly
cleaved by the single-stranded, A-specific RNase T2 (Fig. 3.1.C). On the other hand, A17
and A19, the two unpaired A residues in the hairpin loop, were modified by DMS and
strongly cleaved by RNase T2. In addition, A16 in the hairpin loop was only weakly
cleaved by RNase T2, despite being modified by DMS. Thus, it appears that the A16-U21
closing basepair is only partially formed.
To gain further insight into the structure of the 5’SL and to generate a model for
how the 5’SL docks with TRAP, we made use of the MC-Fold and MC-Sym structure
prediction algorithms (Parisien and Major 2008). These differ from Mfold in that rather
than relying on thermodynamic parameters, they assign and score small RNA building
blocks observed in NMR and crystallographic data that best accommodate the sequence
of interest. Matching motifs are compiled into 2- and 3-dimensional structures.
Using our enzymatic T1 and T2 reactivity data as folding constraints, MC-Fold
predicted a B. subtilis 5’SL secondary structure identical to that of the experimentally
determined structure, except for the addition of a non-canonical basepair between A6 and
A28 (Fig. 3.1.A). Multiple-sequence predictions among four related 5’SLs were obtained
using MC-Cons (Parisien and Major 2008) (see Methods), and reveal that the GAA bulge
is conserved, although in one case (Bacillus licheniformis) it is a UGAA bulge. In
addition to B. subtilis, these predictions suggest that the non-canonical A-A basepair is
also present in Bacillus amyloliquefaciens. In one of the other two sequences (B.
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pumilus), a suboptimal structure was selected by MC-Cons that contains the A-A
basepair and an AGU bulge sequence, which preserves most of the exposed
electronegative atoms of the GAA bulge (data not shown). Since there are no unpaired A
residues within the 3’ side of the internal loop from the remaining organism (B.
licheniformis), the 5’SL from B. licheniformis does not have the capacity to form the A-A
basepair.
The A6-A28 basepair in the B. subtilis 5’SL involves the Hoogsteen faces of both
bases, with hydrogen bonding of A6N6 to A28N7 and A28N6 to A6N7. Interestingly, the
unconventional geometry associated with this Hoogsteen trans basepair may explain the
apparent discrepancies between the enzymatic and chemical cleavage data. As this
basepair leaves the N1 of both A residues exposed to solvent, they are susceptible to
DMS modification (Du et al. 2000); however, Hoogsteen basepairing between these
nucleotides would appear to prevent cleavage by RNase T2 (Fig. 3.1.C). In addition, with
the A6-A28 basepair, a compact internal loop could make A8 and A9 inaccessible to the
larger ribonuclease, but accessible to the small DMS molecule. Taken together, the
biochemical probing and computer modeling suggest that the internal loop region of the
5’SL is more structured than anticipated. Instead of a 4x1 asymmetric internal loop, it is
possible that this region consists of a 3-nt GAA bulge, as also predicted in B.
amyloliquefaciens and the best free-energy structure of the 5’SL from B. pumilus.
The MC-Fold-predicted secondary structure was imported into MC-Sym to build
a 3-dimensional model of the 5’SL (Fig. 3.4). The dimensions of this computer-generated
RNA tertiary structure were calculated and compared to those of the B. subtilis TRAP
crystal structure (Table 3.2) (Antson et al. 1995). This structural information, along with
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Figure 3.4. Three-dimensional model of TRAP-5’SL interaction. The MC-Sym-predicted
tertiary structure of the 5’SL was merged with the crystal structure of B. subtilis TRAP (PDB ID
1WAP) and manually positioned. The two histidine residues that crosslinked to U5 are shown in
yellow spacefill, four KKR motifs are shown in white spacefill, and the two TRAP-binding
domains of the 5’SL are shown in standard spacefill. While the histidine crosslinking site is

highlighted in only one of the subunits, TRAP contains 11 equivalent 5’SL binding sites.
The unstructured sugar-phosphate backbone downstream of the 5’SL was constructed manually
and positioned to mimic binding of the triplet repeat region, as observed in the B.
stearothermophilus TRAP-RNA co-crystal structure (PDB ID 1GTF). Specific modeling of
KKR-triplet repeat interactions was not attempted. (A) Side view of the TRAP-5’SL complex.
The three nucleotides within the internal loop that are known to be important for TRAP binding
(G7, A8 and A9) are shown stacked inside the RNA duplex. These nucleotides are unpaired,
however, and are free to flip outwards and interact with the protein. (B) Top-down view of the
TRAP-5’SL complex.
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our biochemical data, were used to exclude or support possible modes of TRAP-5’SL
interaction. As shown in Figure 3.4, our photochemical crosslinking data places U21 in
close proximity to His34 and His51. In addition, the ~180o helical rotation about the 7-bp
upper stem of the 5’SL places important nucleotides in the hairpin and internal loops on
the same face of the RNA structure, suggesting that these two regions interact with amino
acids on the same general surface of TRAP. These constraints, combined with fixing the
first triplet repeat to a KKR motif, leaves only a few possible modes of TRAP-5’SL
interaction.
A first scenario wherein the 5’SL stretches across the top surface of the protein is
unlikely because the upper diameter of the center hole (39 Å) is too large to maintain
contacts with both TRAP-binding regions of the 5’SL simultaneously, which are
separated by just 30 Å (Table 3.2). The lower diameter of the center hole of TRAP is
small enough to allow simultaneous interaction with both TRAP-binding regions;
however, this second possible orientation would place the hairpin loop on the lower edge
of the protein opposite the crosslinking site, which is on the upper edge of TRAP. A third
possibility wherein the 5’SL binds amino acids within or near the KKR motifs also seems
unlikely. Mutagenic studies showed that potential triplet repeats within the hairpin loop
(A16-G18) and internal loop (U5-G7 and A29-G31) do not function as such.
Furthermore, spacer insertions after the 5’SL do not support this type of interaction
(Chapter 2). These nucleotides are therefore not likely positioned near a KKR motif
during TRAP-5’SL interaction. This third model would also occlude a large number of
KKR motifs from triplet repeats in the downstream RNA sequence. A fourth model
where the 5’SL is positioned in the center hole of TRAP is also unlikely, as the high
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concentration of acidic residues in this region of the protein makes this interaction
electrostatically unfavorable.
A final model of TRAP-5’SL interaction is consistent with the experiments
presented here. This model orients the helical axis of the upper stem perpendicular to the
plane of TRAP (Fig. 3.4), and is supported by the fact that the intramolecular distance
between the two TRAP binding regions in the 5’SL (30 Å) is roughly equivalent to the
height of the TRAP molecule (29 Å) (Table 3.2). Moreover, this model positions the
downstream triplet repeat region in an orientation that is favorable for interaction with the
KKR motifs (Fig. 3.4), and is also supported by other experimental observations.

Table 3.2. Intramolecular dimensions of TRAP and 5’SL structures. aIntramolecular
protein distances were measured between main chain nitrogen atoms of representative
amino acids. Similarly, intramolecular RNA distances were measured between
phosphorous atoms of representative nucleotides.

Macromolecule
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
5’SL
5’SL
5’SL

Parameter
Distancea (Å)
height
29
bottom diameter of center hole
30
top diameter of center hole
39
bottom diameter
73
top diameter
61
histidine crosslinking site to KKR motif
10-15
height
49
upper stem
30
helical diameter
20

3.5 Discussion
While the function of the 5’SL in the trp operon transcription attenuation
mechanism had been established, little was known about the mechanism of TRAP-5’SL
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interaction. The experiments described here have allowed us to define a model for this
key interaction. It is important to note that the proposed model is based on biochemical
data and does not have the same resolution as a co-crystal structure. Nonetheless, this
model agrees with all of the experimental data.
The 5’SL contains two discrete TRAP-binding regions that comprise G7, A8 and
A9 from the internal loop and A19 and G20 from the hairpin loop. Altering the distance
between these two regions by adding or subtracting two basepairs essentially abolished
the contribution of the 5’SL to TRAP binding (Table 3.1, Fig. 3.1). Computer modeling
showed that the nucleotides in these two regions that are important to TRAP binding are
on the same face of the 5’SL (Fig. 3.4), and that the distance between them matches the
height of the TRAP molecule (Table 3.2). The +2bp and -2bp mutant transcripts not only
altered the distance between the two 5’SL regions, but also altered the phasing such that
they were no longer on the same face of the 5’SL. Also, photochemical crosslinking
experiments indicated that the hairpin loop is in close proximity to His34 and His51
(Figs. 3.3, 3.4). Additional points of protein-RNA contact are provided by interaction
between a KKR motif and the first triplet repeat (Fig. 1.7), as well as between an
unidentified protein surface and the 5’ side of the internal loop. These data suggest that
the helical axis of the 5’SL is oriented perpendicular to the plane of the protein (Fig. 3.4),
allowing the two TRAP-binding regions of the 5’SL to interact with amino acid residues
that are distinct from the KKR motifs. This model is also supported by a number of
previously unexplained experimental observations.
The G7A:G20A double mutant disrupts important nucleotides in both TRAPbinding regions of the 5’SL (Table 3.1), since the effects of the two individual mutations
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are cumulative. As these are not the only two nucleotides that interact with TRAP, it is
not surprising that this double mutation does not completely negate the effect of the 5’SL
on TRAP binding. Remarkably, altering the spacing, and hence the phasing, between the
two TRAP-binding regions by deleting or inserting two basepairs reduced the affinity of
TRAP-RNA interaction by 13- or 14- fold, respectively (Table 3.1). These mutations
were several times more destabilizing than any of the single point mutants investigated
and were similar to the effect of deleting the entire 5’SL (an 18-fold reduction in
affinity). Furthermore, RNase T1 footprinting assays showed that these mutations lead to
a complete loss of protection of nucleotides in the internal and hairpin loops (Fig. 3.1.B).
Thus, altering the spacing and phasing between the two discrete TRAP-binding regions
essentially eliminates TRAP-5’SL interaction and, therefore, 5’SL function. Weaker
protection of the triplet repeat region in these two mutant transcripts also underscores the
importance of the 5’SL to TRAP binding (Fig. 3.1.B).
It is interesting to note that among 5’SL structures from organisms closely related
to B. subtilis (Chapter 2), the number of unpaired nucleotides in the internal loop is
inversely related to the length of the upper stem, suggesting that a shorter stem can be
accommodated if the internal loop region is more flexible. For example, while the B.
subtilis 5’SL contains a 7-bp upper stem and a 4x1 asymmetric internal loop, the 5’SL
from B. pumilus contains an 8-bp upper stem and a 3-nt bulge. This correlation suggests
that the distance between the two independent TRAP-binding regions in the 5’SL is
strongly conserved, despite variations in upper stem length. As suggested by the
prediction of a non-canonical A-A basepair within the internal loop of the B. subtilis
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5’SL, it is possible that the 5’SL internal loops from these related organisms are also
structured.
Photochemical crosslinking experiments indicate that U21, which is adjacent to
the functionally important nucleotides A19 and G20, is in close proximity to His34 and
His51 during TRAP-5’SL interaction (Figs. 3.2, 3.3). These histidines are 10 to 15
angstroms from the KKR motifs, excluding the possibility of G18, A19 and G20 acting as
a triplet repeat, consistent with earlier biochemical data (Chapter 2). Instead, it is likely
that A19 and G20 interact with amino acids from an RNA binding surface near the two
crosslinked histidine residues (Fig. 3.4). Unfortunately, attempts to identify these amino
acids using site-directed mutagenesis were unsuccessful.
All attempts to crosslink the U5 5IU-substituted RNA to TRAP were
unsuccessful. This is most likely caused by the lack of a suitable amino acid in the
vicinity of U5, rather than lack of interaction with TRAP. Consistent with this
interpretation, none of the amino acids that commonly crosslink with 5IU (histidine,
tyrosine, methionine, and phenylalanine) are found near U5 in the proposed model of
TRAP-5’SL interaction shown in Figure 3.4 (data not shown). Also, U5 is pointed away
from the protein in this model (Fig. 3.4.A). Another point of protein-RNA contact occurs
between U36, A37, and G38, which make up the first triplet repeat just downstream from
the 5’SL, and Lys37, Lys56, and Arg58, which are the three amino acids that form the
KKR motifs (Fig. 1.7) (Antson et al. 1999). As the triplet repeat-KKR interaction is
responsible for preventing formation of the antiterminator, it is likely that the lower stem,
which is separated from the first triplet repeat by only three nucleotides, is in the vicinity
of the KKR region of TRAP.
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On the basis of the intramolecular dimensions of TRAP and the MC-Sym-derived
5’SL tertiary structure, a model of TRAP-5’SL interaction was generated. In this model,
the helical axis of the 5’SL is perpendicular to the toroidal plane of TRAP (Fig. 3.4). As
the two TRAP-binding regions of the 5’SL lie on the same face of the RNA structure, this
orientation allows both regions to bind the protein simultaneously. Moreover, the
distance between the two TRAP-binding regions is sufficient to span the side of the
protein (Table 3.2). Although not probed experimentally, nonspecific interactions
between phosphate groups in the upper stem of the 5’SL and the abundant lysine and
arginine residues on the side of TRAP could also stabilize this perpendicular orientation
(Fig. 3.4.A). Downstream, the 3-nt spacer between the 5’SL and the first triplet repeat
(UAG) may loop upward to allow the triplet to easily dock with a KKR motif. Although
GAG repeats are preferred, UAG repeats, such as in the first triplet repeat, occur when
additional flexibility of the RNA is beneficial (Hopcroft et al. 2004). This correlation is
also observed with the 5th (UAG) and 6th (UAG) triplet repeats, which flank a suboptimal
GG spacer. Flexibility for the first triplet repeat is supported experimentally in that G38
in the first triplet repeat is not as strongly protected by TRAP as the other triplet repeat
nucleotides (Fig. 3.1.B, WT panel). In addition, the trp leaders from organisms closely
related to B. subtilis contain a slightly longer spacer (4 to 5 nt) and a non-GAG triplet
repeat following the 5’SL (Table 3.3), further suggesting the flexibility of this region.
A perpendicular interaction between TRAP and the 5’SL is also supported by
experimental observations that previously could not be explained mechanistically
(Chapter 2). Since the proposed 5’SL binding site overlaps one or two KKR motifs (Fig.
3.4.A), the 5’SL would have to dissociate from the protein to accommodate the last few
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triplet repeats. In agreement with this interpretation, when the downstream sequence
extends to 10 or 11 triplet repeats, the 5’SL no longer affects TRAP affinity, and a
complete loss of TRAP-mediated protection of the 5’SL is observed (Du et al. 2000;
Chapter 2). These observations suggest that the 5’SL is displaced by the 3’ end of the
triplet repeat region, which support the model in Figure 3.4. Importantly, the models in

Table 3.3. Comparison of spacer region and triplet repeats in B. subtilis and close
relatives.
a

All organisms are of the Bacillus genus.

b

The spacer length refers to the nucleotides separating the base of the 5’SL and the first

triplet repeat.
c

(G/U/A/C) pertains to the number of GAG, UAG, AAG, and CAG triplet repeats,

respectively, that are found in the trp leader TRAP binding site of the corresponding
organism. As the other TRAP binding sites in B. subtilis do not have a 5’SL, they were
not considered in this comparison.

Organisma
B. subtilis
B. amyloliquefaciens
B. licheniformis
B. pumilus

spacer length (nt) b
3
4
4
5

first repeat
UAG
AAG
UAG
CAG

all repeats (G/U/A/C)c
7/4/0/0
5/4/2/1
8/3/1/0
7/3/1/1

which the 5’SL binds across the top or bottom surface of TRAP or binds in the center
hole of TRAP cannot explain these displacement data. In addition, Footprinting of the trp
leader with RNase T2 showed that TRAP protects most of the unpaired A residues in the
5’SL and triplet repeat region. However, A33 and A34, which lie in the 3-nt spacer
between the 5’SL and the first triplet, exhibit enhanced cleavage by this nuclease (Fig.
3.1.C). Enhanced cleavage in the presence of TRAP is consistent with looping of these
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nucleotides away from the 5’SL and the protein to allow the first triplet repeat to bind a
nearby KKR motif (Fig. 3.4). Similarly, it was shown that increasing the length of this
linker region up to 13 nucleotides had no effect on trp operon expression (Chapter 2),
which is consistent with a simple tethering role.
Surface plasmon resonance (SPR) studies were also conducted to determine
whether the 5’SL directly influenced the kinetics of TRAP binding to trp leader RNA.
The rate of association between TRAP and RNA was the same with and without the 5’SL
for a given number of downstream repeats (Chapter 2). These studies thus suggest that
the 5’SL does not directly affect the on-rate of TRAP; however, the 5’SL increases the
affinity of TRAP for trp leader RNA, thereby increasing the efficiency of termination
(Chapter 2). This observation is consistent with the finding that the rate of TRAP binding
is critical for the attenuation mechanism (Barbolina et al. 2007). Since the on-rate is
unaffected by the 5’SL, the 5’SL appears to function by allowing TRAP to bind to shorter
transcripts, and therefore earlier during transcription.
What mechanistic details of TRAP-5’SL interaction are responsible for the
increased termination efficiency afforded by the 5’SL? One advantage is that the helical
twist about the lower stem orients the downstream single-stranded region tangentially to
TRAP (Fig. 3.3.B), placing the first few triplet repeats near KKR motifs. Binding of the
5’SL also positions the triplet repeats in the required clockwise orientation and favors
association with the repeats in the requisite 5’ to 3’ direction (Barbolina et al. 2005).
Association of TRAP with the full-length triplet repeat region appears to be
mechanistically complex due to self-structure and looping of the RNA (Murtola et al.
2008; Chapter 2). By ensuring that the first few triplet repeats more easily find the KKR
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motifs through increased affinity and proper positioning of the RNA, the 5’SL allows the
triplet repeats to interact with TRAP as they emerge from RNAP during transcription.
The 5’SL therefore increases the likelihood that TRAP will bind the nascent trp transcript
in time to promote termination.
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Chapter 4
The 5’SL is involved in the trp mRNA decay pathway

4.1 Abstract
As the steady-state level of mRNA is dictated by the rate of its synthesis and
degradation, mRNA decay is an important component of gene regulation. In Bacillus
subtilis, the trp operon transcript encodes six of the seven genes involved in tryptophan
biosynthesis and is rapidly degraded in vivo (t1/2 = ~1 min). RNase J1 introduces the
initiating endonucleolytic cleavage event in the trp transcript decay pathway at ~+100.
The downstream fragment is degraded by the 5’ to 3’ exonucleolytic activity of RNase
J1, while the TRAP-bound upstream fragment is processively degraded by the 3’ to 5’
exonucleolytic activity of PNPase. Here we show that a 5’ stem-loop (5’SL) that forms in
the trp leader also participates in the trp transcript decay pathway. We found that the
5’SL destabilizes the downstream mRNA sequence by a TRAP-independent mechanism.
This behavior is in contrast to that of several bacterial 5’-terminal RNA secondary
structures, which are known to stabilize the corresponding transcript. Mutations altering
the 5’SL structure or sequence led to an increase in mRNA half-life, indicating that the
mechanism of 5’SL-mediated destabilization is highly specific. Similarly, chimeric
transcripts containing the trp leader 5’SL fused to an unrelated downstream gene showed
that the 5’SL alone is not sufficient to induce destabilization, suggesting that other
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components of the trp leader may be necessary to produce this effect. Even though it is
involved in the initial stages of the trp transcript decay pathway, it appears that RNase J1
is not responsible for 5’SL-mediated destabilization of the trp transcript. Further
experimentation will be required to determine the details of this decay mechanism.
4.2 Introduction
While mechanisms that regulate transcription initiation, transcription elongation,
and/or translation are universally recognized as important factors in controlling gene
expression in bacteria, mRNA decay pathways are often overlooked. The stability of a
transcript can vary dramatically in vivo, with reported mRNA half-lives of less than 1
min to more than 30 min (Hambraeus et al. 2002, 2003), suggesting that mRNA decay is
a carefully regulated process, and therefore should be considered an important component
of gene regulation. Most studies characterizing mRNA turnover have been performed
with Escherichia coli. The decay process typically begins with one or more rate-limiting
endonucleolytic cleavage events (Condon 2007). RNase E, an essential 5’ end-dependent
endonuclease, is the principle enzyme responsible for this action (Mackie 1998;
Carpousis 2007). This nuclease prefers to cleave RNA internally at AU-rich sequences
within a transcript containing a monophosphorylated 5’ end. Recent findings have
suggested that the enzyme RppH hydrolyzes the 5’ triphosphate group of primary
transcripts in vivo, yielding a 5’ monophosphate, which accelerates RNase E-mediated
degradation by generating a preferred substrate (Deana et al. 2008). The RNA fragments
resulting from RNase E activity are processively degraded into smaller fragments of two
to five nucleotides by 3’ to 5’ exonucleases, which primarily include the hydrolytic
enzymes RNase II and RNase R (Condon 2007). The final step in mRNA turnover in E.
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coli is the breakdown of these short fragments into mononucleotides by
oligoribonuclease.
The overall RNA degradation pathway in Bacillus subtilis is thought to be similar
to that of E. coli, although there are a number of distinctions between the two organisms
(Condon 2003). For example, while RNase E is considered to be a global regulator of
mRNA decay in E. coli, B. subtilis does not contain an RNase E homolog. Instead, RNase
J1 appears to play a substantial role in RNA decay in B. subtilis. RNase J1 is an essential
endonuclease with a substrate specificity similar to that of RNase E (Even et al. 2005).
RNase J1 also senses the phosphorylation state of the 5’ end of the transcript, preferring a
5’ monophosphate or 5’ hydroxyl group (de la Sierra-Gallay et al. 2008), over a 5’
triphosphorylated transcript. Unlike RNase E, however, RNase J1 also contains a 5’ to 3’
exonucleolytic activity (Mathy et al. 2007), and thus can act as the initiating
endonuclease, as well as the enzyme responsible for processive degradation of the
remaining mRNA fragments.
The 5’ to 3’ directionality of RNase J1 and other factors lead to a strong 5’ end
dependence of mRNA stability in B. subtilis (Mathy et al. 2007). The presence of stalled
ribosomes or bound proteins near the 5’ end of the transcript, for example, can lead to a
significant stabilization of the downstream mRNA, leading to greater expression of the
encoded gene product(s) (Bechhofer and Dubnau 1987; Condon 2003). Secondary
structures at the 5’ end of a transcript also stabilize mRNA; virtually all 5’ terminal RNA
hairpins with a free energy of less than -5 kcal/mol and fewer than six unpaired
nucleotides at the 5’ end have been shown to stabilize the downstream RNA sequence
(Condon 2003; Sharp and Bechhofer 2005). This effect appears to be equally true for B.
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subtilis and E. coli. The lack of structural or sequence-specific requirements for
stabilization suggests that 5’-terminal secondary structures block RNase access to the 5’
end of the transcript.
Despite having a 5’-terminal RNA secondary structure, the trp operon transcript
in B. subtilis has a relatively short half-life (t1/2 = ~1 min) (Deikus and Bechhofer 2007).
The trpEDCFBA operon encodes six of the seven tryptophan biosynthesis genes and is
regulated by a transcription attenuation mechanism (Fig. 1.7) in response to changes in
intracellular tryptophan levels (reviewed in Gollnick et al. 2005). When a sufficient level
of tryptophan is present, the TRAP protein is activated and binds to 11 equivalently
spaced (G/U)AG triplet repeats in the nascent trp leader transcript, six of which lie within
an antiterminator hairpin. Thus, binding of TRAP prevents formation of the
antiterminator and favors formation of an overlapping intrinsic terminator hairpin that
halts transcription before RNA polymerase (RNAP) reaches the downstream structural
genes. When tryptophan is limiting, TRAP is not activated and therefore does not bind to
the nascent trp transcript, favoring formation of the antiterminator hairpin and allowing
transcription readthrough, which results in increased expression of the tryptophan
biosynthesis genes. The trp leader 5’SL (Fig. 1.7) also participates in the transcription
attenuation mechanism. This structure increases the affinity of TRAP-trp leader RNA
interaction when only a few triplet repeats have been synthesized by RNAP, thereby
increasing the likelihood that TRAP will bind in time to promote termination (Chapter 2).
Also, the orientation of TRAP-5’SL interaction places the downstream triplet repeat
region in an optimal position for interaction with the remaining KKR RNA binding
motifs in TRAP (Chapter 3).
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Recent work by Bechhofer and coworkers has uncovered a number of details
regarding degradation of trp mRNA. In vitro and in vivo experiments showed that RNase
J1 first cleaves the transcript near +100 of the trp leader. When tryptophan-activated
TRAP is bound to the transcript, this initial cleavage event removes the terminator
hairpin and leaves a short, TRAP-bound upstream fragment. The TRAP-bound upstream
fragment is processively degraded by polynucleotide phosphorylase (PNPase), which
frees bound TRAP such that it can bind to another transcript containing a TRAP binding
site (Deikus et al. 2004). Under conditions of limiting tryptophan, however, RNase J1
cleavage leaves a TRAP-free upstream fragment and a longer downstream fragment that
contains the coding sequences of the trp genes (Deikus and Bechhofer 2007, 2008). The
endonucleolytic cleavage activity of RNase J1, which has not yet been mechanistically
defined, likely leaves a 5’ hydroxyl or a 5’ monophosphate on the downstream fragment,
both of which are ideal substrates for the 5’ to 3’ exonucleolytic activity of the enzyme
(de la Sierra-Gallay et al. 2008).
It was previously observed that in a ∆mtrB (TRAP-deficient) genetic background,
deletion of the trp leader 5’SL resulted in a threefold increase in expression of a trpE’‘lacZ translational fusion (Sudershana et al. 1999; McGraw et al. 2007). Because this is a
TRAP-independent effect, the increased expression observed when the 5’SL is deleted
cannot be attributed to the trp operon transcription attenuation mechanism. Here, we
show that this effect results from 5’SL-dependent destabilization of trp operon mRNA.
This behavior is in contrast to virtually all characterized 5’ terminal RNA secondary
structures in bacterial transcripts, which typically stabilize the downstream mRNA
coding sequence. The effects of various 5’SL mutations on mRNA half-life demonstrate
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that 5’SL-mediated destabilization depends on the RNA sequence. Interestingly, some of
the single-stranded nucleotides involved in 5’SL-mediated destabilization of trp mRNA
are also important for TRAP binding, providing an interesting example of two
independent regulatory mechanisms having evolved to specifically recognize the same
RNA structure. In vitro RNA degradation assays suggest that RNase J1 is not responsible
for 5’SL-dependent destabilization of trp mRNA. Regardless of the mechanism, the 5’SL
allows more rapid turnover of trp mRNA, thereby allowing the cell to respond more
quickly to environmental changes in tryptophan levels.
4.3 Materials and methods
4.3.1 Bacterial strains and plasmids
All B. subtilis strains and plasmids that were used in these studies and their
corresponding genotypes are listed in Table 4.1 and Table 4.2, respectively. Strain
PLBS470 (Yakhnin et al. 2004) is a prototrophic derivative of 168 that contains a
deletion of the gene encoding TRAP (mtrB). This strain was transformed with
chromosomal DNA isolated from PLBS44 and PLBS104, which contain the
chloramphenicol resistance gene and an associated trpE’-‘lacZ translational fusion
containing the WT or ∆5’SL trp leader, yielding PLBS613 and PLBS614, respectively.
Selection was for chloramphenicol resistance (5 µg/mL). In BG626 (Deikus and
Bechhofer 2007), the trp promoter and leader region were deleted (designated here as
∆trpL) and replaced with the spectinomycin resistance gene. Chromosomal DNA was
isolated from BG626 and transformed into PLBS613 and PLBS614 to generate PLBS615
and PLBS616, which carry the WT or ∆5’SL trpE’-‘lacZ translational fusions,
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Table 4.1. B. subtilis strains used in this study.
a

Bacillus subtilis genetic stock center, Ohio State University, Columbus, OH

Strain

Description

168

trpC2

Source or Reference
BGSCa
r

r

BG578

Pspac-rnjA mls Em [pMAP65 Nm ]

D. Bechhofer

BG626

trpC2 thr-5 ∆trpL (-201 to +322) Spr

D. Bechhofer

PLBS44

amyE ::[trpP (-412 to +203) trpE'-'lacZ Cmr]

PLBS104

amyE ::[trpP (-412 to +203) ∆(+3 to +32) trpE'-'lacZ Cmr]

Sudershana et al. 1999
r

Sudershana et al. 1999

PLBS259
PLBS470

amyE ::[trpP (-412 to +203) G7A trpE'-'lacZ Cm ]
∆mtrB

Sudershana et al. 1999
Yakhnin et al. 2004

PLBS605

amyE ::[trpP (-412 to +203) G20A trpE'-'lacZ Cmr]

McGraw et al. 2007

PLBS613

∆mtrB amyE ::[trpP (-412 to +203) trpE'-'lacZ Cmr]

This study
This study

PLBS614

∆mtrB amyE ::[trpP (-412 to +203) ∆(+3 to +32) trpE'-'lacZ Cmr

PLBS615

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) trpE'-'lacZ Cmr]

This study

PLBS616

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) ∆(+3 to +32) trpE'-

This study

-'lacZ Cmr]
PLBS617

∆mtrB ∆trpL (-201 to +322) Spr

This study

PLBS618

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) ∆(+1 to +5) trpE'-

This study

-'lacZ Cmr]
PLBS619

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) ∆(+6 to +9)U

This study

r

trpE'-'lacZ Cm ]
PLBS620

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) G7A:G20A trpE'-

This study

-'lacZ Cmr]
PLBS621

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) G7A trpE'-'lacZ Cmr]

This study

PLBS622

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) G20A trpE'-'lacZ Cmr]

This study

PLBS623

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) U33ins trpE'-'lacZ Cmr]

This study

PLBS701

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) trpE'-'lacZ Cmr]

This study

[pMAP65 Nmr]
PLBS702

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203) ∆(+3 to +32) trpE'-

This study

-'lacZ Cmr] [pMAP65 Nmr]
PLBS704

Pspac-rnjA mls Emr ∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203)
r

This study

r

trpE'-'lacZ Cm ] [pMAP65 Nm ]
PLBS705

Pspac-rnjA mls Emr ∆mtrB ∆trpL (-201 to +322) Spr amyE ::[trpP (-412 to +203)

This study

∆(+3 to +32) trpE'-'lacZ Cmr] [pMAP65 Nmr]
PLBS707

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[ermP (-70 to -4) G11A ermC'-'lacZ Cmr]

This study

PLBS708

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[ermP (-70 to -4)–CCATG–trpL (+2 to +32)

This study

r

G41A ermC'-'lacZ Cm ]
PLBS709

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[ermP (-70 to -4)–CCATGG–(+16) ermC'

This study

-'lacZ Cmr]
PLBS710

∆mtrB ∆trpL (-201 to +322) Spr amyE ::[ermP (-70 to -4)–CCATG–trpL (+2 to+33)–
(+16) G57A ermC'-'lacZ Cmr]

This study
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respectively. Selection was for spectinomycin resistance (200 µg/mL). These ∆mtrB
∆trpL strains were used to measure the in vivo half-life of WT or ∆5’SL trpE’-‘lacZ
mRNA.
Table 4.2. Plasmids
Plasmid
pAC5
pAM49
pAM50
pAM52
pAM61
pAM62
pAM63
pAM64
pAM65
pAM66
pHD52
pHD53
pMAP65
pPB22
ptrpBGI-PLK
pYH250
pYH321

Description
integration vector
ptrpBGI-PLK/trpP (-412 to +203) G7A:G20A trpE'-'lacZ
ptrpBGI-PLK/trpP (-412 to +203) U33ins trpE'-'lacZ
pYH250/G11A
ptrpBGI-PLK/∆ermC'-'lacZ
ptrpBGI-PLK/∆ermC (+16)'-'lacZ
pAM52/trp 5'SL-∆ermC
pAM52/trp 5'SL-∆ermC (+16)
ptrpBGI-PLK/5'SL-∆ermC'-'lacZ
ptrpBGI-PLK/5'SL-∆ermC (+16)'-'lacZ
ptrpBGI-PLK/trpP (-412 to +203) ∆(+1 to +5) trpE'-'lacZ
ptrpBGI-PLK/trpP (-412 to +203) ∆(+6 to +9)U trpE'-'lacZ
pUB110 penP-lacI
WT trp promoter and leader region
integration vector
∆ermC leader and ermC coding sequence
∆ermC (+16) leader and ermC coding sequence

Source
Weinrauch et al. 1991
This study
This study
This study
This study
This study
This study
This study
This study
This study
Du et al. 2000
Du et al. 2000
Petit et al. 1998
Babitzke and Yanofsky 1993
Merino et al. 1995
Sharp and Bechhofer 2005
Sharp and Bechhofer 2005

Plasmid ptrpBGI-PLK is a vector that allows integration of cloned DNA
sequences into the amyE locus of the B. subtilis chromosome (Merino et al. 1995).
Plasmids pHD52 and pHD53 are derivatives of ptrpBGI-PLK that contain trpE’-‘lacZ
translational fusions with the 5’SL ∆(+1 to +5) or ∆(+6 to +9)U mutations, respectively
(Du et al. 2000). PLBS617, which contains the ∆mtrB and ∆trpL modifications but lacks
an integrated trpE’-‘lacZ translational fusion, was generated by transforming PLBS470
with chromosomal DNA from BG626 and selecting for spectinomycin resistance.
PLBS618 and PLBS619, which are identical to PLBS615 except that the trpE’-‘lacZ
translational fusions in these strains contain the ∆(+1 to +5) or ∆(+6 to +9)U mutations,
were generated by transforming PLBS617 with PstI-linearized pHD52 or pHD53,
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respectively. Selection was for chloramphenicol resistance. Similarly, PLBS620 and
PLBS623, which contain trpE’-‘lacZ translational fusions carrying the G7A:G20A or
U33insert mutations, were generated by transforming PLBS617 with PstI-linearized
plasmids pAM49 or pAM50, respectively. PLBS621 and PLBS622, which contain trpE’‘lacZ translational fusions carrying the G7A or G20A mutations, were constructed by
transforming PLBS617 with chromosomal DNA from PLBS259 (Sudershana et al. 1999)
or PLBS605 (McGraw et al. 2007), respectively, and selecting for chloramphenicol
resistance. For all strains carrying a trpE’-‘lacZ translational fusion, integration into
amyE was verified by the starch-iodine test, and retention of the ∆mtrB phenotype was
verified by blue-white screening at low (20 µM) and high (1 mM) tryptophan
concentrations. ∆mtrB strains were also tested for 5-fluorotryptophan resistance, which is
conferred by deletion of mtrB.
To determine whether the trp leader 5’SL could destabilize a transcript other than
trp mRNA, the 5’SL was inserted into the unrelated ∆ermC and ∆ermC(+16) leaders. The
in vivo half-lives of the resulting chimeric transcripts were measured (see Results). The
32-nt ∆ermC leader contains a strong SD sequence followed by a 186-nt open reading
frame and a terminator hairpin (Drider et al. 2002; Hue et al. 1995). The ∆ermC(+16)
leader is identical to ∆ermC except that the ∆ermC(+16) leader contains an additional 16
nt between the 5’ end of the transcript and the SD sequence (Sharp and Bechhofer 2005).
Chimeric transcripts were constructed from plasmids pYH250 and pYH321,
which contain the ermC coding sequence preceded by the ∆ermC or ∆ermC(+16) leader,
respectively (Sharp and Bechhofer 2005). To ensure that competing secondary structures
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that were predicted to form within the chimeric leader regions did not form, the HindIII
site in pYH250 was mutated from AAGCTT to AAACTT by QuikChange (Stratagene),
yielding pAM52. Annealed oligos containing the trp leader 5’SL or the trp leader 5’SL
followed by the ∆ermC (+16) sequence were ligated into the NcoI and BglII sites of
pAM52 to yield pAM63 and pAM64, respectively. To prevent formation of a predicted
competing secondary structure, the oligos used to generate pAM64 contained an
additional A residue immediately downstream of the 5’SL. Using pAM63 and pAM64 as
templates, DNA fragments containing the ermC promoter and chimeric leader regions
were amplified by PCR. Primers were designed such that an EcoRI restriction site was
added to the 5’ end of the fragment and a BamHI restriction site was added to the 3’ end
of the fragment. The DNA fragments containing the ermC promoter and 5’SL-∆ermC or
5’SL-∆ermC(+16) leaders were digested with EcoRI and BamHI, then ligated into the
same sites of the pAC5 integration vector (Weinrauch et al. 1991) to yield pAM65 and
pAM66, respectively. pAM65 and pAM66 were linearized with PstI and transformed into
PLBS617 to yield PLBS708 and PLBS710, respectively. Selection was for
chloramphenicol resistance. PLBS708 and PLBS710 therefore contain the chimeric 5’SL∆ermC’-‘lacZ or 5’SL-ermC(+16)’-‘lacZ translational fusion, respectively, integrated
into the amyE locus of the B. subtilis chromosome in the ∆mtrB ∆trpL genetic
background. In these two strains, the native 5’ end of the trp transcript (a single unpaired
nucleotide) was preserved, except that the initiating nucleotide was G (instead of A) as a
result of the cloning process.
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To generate strains corresponding to PLBS708 and PLBS710 that did not contain
the trp leader 5’SL within the ∆ermC’-‘lacZ translational fusions, DNA fragments
containing the ermC promoter and ∆ermC or ∆ermC(+16) leader region flanked by
EcoRI (upstream) and BamHI (downstream) restriction sites were generated by PCR
using plasmid pAM52 or pYH321 as template, respectively. The PCR products
originating from pYH52 or pYH321 were digested with EcoRI and BamHI and ligated
into the same sites of pAC5 to yield plasmids pAM61 and pAM62, respectively. pAM61
and pAM62 were linearized with PstI and transformed into PLBS617, yielding PLBS707
and PLBS709, respectively. PLBS707 and PLBS709 therefore contain the ∆ermC’-‘lacZ
or ∆ermC(+16)’-‘lacZ translational fusion, respectively, integrated into the amyE locus of
the B. subtilis chromosome in the ∆mtrB ∆trpL genetic background.
BG578 contains rnjA (RNase J1) under control of the spac promoter. Plasmid
pMAP65 contains lacI, the gene encoding the E. coli LacI repressor (Petit et al. 1998).
Thus, expression of rnjA can be induced by the addition of IPTG and pMAP65. RNase J1
depletion strains were constructed by transforming PLBS615 and PLBS616 with
pMAP65 and selecting for neomycin resistance (6 µg/mL), thereby generating PLBS701
and PLBS702, respectively. PLBS701 and PLBS702 were transformed with
chromosomal DNA from BG578 and selecting for erythromycin resistance (3 µg/mL),
resulting in PLBS704 and PLBS705. Thus, PLBS704 and PLBS705 contain the WT and
∆5’SL trpE’-‘lacZ fusions, respectively, as well as the gene encoding RNase J1 (rnjA)
under the control of an IPTG-inducible spac promoter, in the ∆mtrB ∆trpL genetic
background.
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4.3.2 Purification of RNase J1and RNA synthesis
His6-tagged RNase J1 was overexpressed in the E. coli strain EG822, which is a
BL21 CodonPlus (Strategene) strain containing the gene encoding RNase J1 (rnjA) on a
pET28-derived plasmid, pET28-YkqC (Britton et al. 2007). In pET28-YkqC, expression
of rnjA is driven by an IPTG-inducible promoter such that addition of IPTG to the growth
medium leads to production of RNase J1. Cultures of EG822 were grown at 30oC in 200
mL of terrific broth containing 25 µg/mL neomycin and 10 µg/mL chloramphenicol.
Once the culture reached an OD600 of 0.6, IPTG was added to a final concentration of 1
mM, and the culture was incubated at 30oC for an additional 20 h. Cells were harvested
by centrifugation, washed twice with lysis buffer (50 mM sodium phosphate, pH 8.0, 300
mM NaCl, 10% glycerol, and 10 mM imidazole), resuspended in 32 mL lysis buffer, and
lysed by sonication. Cell debris was removed by centrifugation. The supernatant was
incubated while shaking with 2 mL Ni-NTA agarose (Qiagen) at 4oC for 1 h, and
subsequently loaded into a 5 mL chromatography column. The column was washed with
10 column volumes of wash buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl,
10% glycerol, 0.1% triton-X, and 10 mM imidazole), followed by successive 10-mL
washes with wash buffer containing 10 mM, 20 mM, and 50 mM imidazole. His6-tagged
RNase J1 was eluted with triton-X-free wash buffer containing 250 mM imidazole.
Fractions (1.5 mL each) were analyzed by 12% SDS-PAGE, and those containing the
desired protein were pooled and dialyzed with dialysis buffer (50 mM sodium phosphate,
pH 7.0, 10% glycerol, and 75 mM NaCl) and subsequently loaded onto a 1-mL Hi-TRAP
heparin column (Amersham Biosciences). The column was washed with dialysis buffer
and His6-tagged RNase J1 was eluted with a NaCl step gradient. Fractions were collected
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and analyzed by 12% SDS-PAGE. RNase J1 eluted from the heparin column with 450
mM NaCl; this fraction was dialyzed into storage buffer (50 mM sodium phosphate, pH
7.0, 300 mM NaCl, and 25% glycerol) and concentrated in a 3kDa MWCO centriprep
(Centricon). The concentration of RNase J1 was determined spectrophotmetrically (Gill
and von Hippel 1989).
Plasmid pPB22 contains the WT B. subtilis trp promoter and leader (Babitzke and
Yanofsky 1993). DNA Templates for RNA synthesis were generated by PCR
amplification of pPB22 using a common bottom-strand primer that ended at position
+187 of the trp leader. Top-strand primers contained a T7 promoter sequence at the 5’
end and a 3’ region complementary to either the WT or G7A:G20A double mutant 5’SL.
PCR templates were gel purified and used for in vitro transcription with the RNAmaxx
kit (Stratagene). To ensure a sufficient yield of RNA with T7 RNAP, the DNA templates
were generated such that the transcripts contained a single G residue added to the 5’ end.
After transcription, reaction mixtures were treated with 1 U of RNase-free DNase
(Ambion), followed by phenol/chloroform extraction and ethanol precipitation.
Transcripts were resuspended, treated with calf intestinal phosphatase (New England
Biolabs), and 5’-end labeled with [γ-32P]ATP (Perkin-Elmer). Labeled RNAs were
purified on 12% polyacrylamide denaturing gels and quantified by scintillation counting.
4.3.3 mRNA decay studies
100-mL cultures of the appropriate strains were grown at 37oC to late exponential
phase (110 Klett, No. 54 green filter) in minimal medium containing 0.2% acid casein
hydrolate (ACH) and 0.5% glucose. Rifampicin (0.1 µg/mL) was added while shaking.
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After 1 min, 6-mL aliquots of the cultures were removed at various times and added to 6
mL of a crushed-ice TM buffer (10 mM Tris-HCl, pH 7.2, 5 mM MgCl2, 25 mM sodium
azide, and 0.5 mg/mL chloramphenicol, and 12.5% ethanol). Cells were harvested by
centrifugation, washed with 500 µL ice-cold TM buffer, and transferred to 1.5 mL
microfuge tubes. RNA was isolated with the RNeasy kit (Qiagen) using the bacterial
protocol without modification. The RNA isolates were then treated with 2 U of Turbo
DNase (Ambion), phenol/chloroform extracted and ethanol precipitated. The resulting
pellets were resuspended in 50 µL of 1x TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM
EDTA). The RNA concentrations were determined by UV/Vis spectrometry (Varian).
For dot-blot analysis, RNA was denatured by heating to 65oC for 15 min in 1x
denaturation buffer (58% formamide, 21% formaldehyde, 40 mM MOPS, pH 7.0, 100
mM NaOAc, 0.2 mM EDTA), followed by plunging on wet ice. Multiple aliquots (8 µg
each) of RNA isolated from each time point were loaded onto Hybond N+ membranes
(Amersham) using a Dot Blot apparatus (Schleicher & Schuell). After filtering, the wells
were washed with 500 µL of 2x SSC (0.3 M NaCl, 30 mM NaOAc, pH 7.5). The
membranes were then fixed by heating to 80oC for 2 h under vacuum. Fixed membranes
were treated for 5 h with 25 mL hybridization buffer (7% SDS, 0.5 M NaOAc, pH 7.2, 10
mM EDTA, and 0.0125% nonfat powdered milk) at 45oC. 5’-end labeled probe
complementary to either the trp leader or the lacZ coding sequence was added to a final
concentration of 2x106 cpm/mL, followed by incubation for another 12 h at 45oC. After
hybridization, membranes were washed three times for 20 min each with Buffer 1 (2x
SSC, 0.1% SDS) at 35oC, followed by three 20-min washes with Buffer 2 (1x SSC, 0.1%
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SDS) at 40oC. Membranes were imaged on a Typhoon 8600 Variable Mode Imager
(Molecular Dynamics) and quantified using ImageQuant 5.2 (Molecular Dynamics). As
needed, membranes were stripped by boiling in 0.2% SDS for 5 min and re-probed as
described above. Data were normalized to the cpm observed in the t = 0 sample, plotted
as fraction of mRNA remaining versus time and fit to the equation f(t) = A·e-kt, where A
is the amplitude, k is the rate of decay, and t is time. Data points that were only severalfold higher than the background cpm value were excluded in the fit. mRNA Half-life
values were calculated as ln(2)/k.
For Northern blot analysis, 5 µg of denatured RNA was electrophoresed on 2%
agarose gels containing 0.7 M formaldehyde in MOPS running buffer (0.2 M MOPS, pH
7.0, 0.5 M NaOAc, and 1 mM EDTA) for 5 h at 40 mV. The gel was then washed three
times for 20 min each in 10x SSC. RNA was transferred to a Hybond-N+ membrane by
capillary action in 10x SSC at room temperature overnight. Membranes were then fixed
and probed as previously described for dot blotting. The size of the trpE’-‘lacZ transcript
was estimated to be 4.1 kb, based on a logarithmic migration pattern and the band’s
migration distance relative to the 16S and 23S rRNA bands.
4.3.4 β-galactosidase assays
β-galactosidase assays were performed as previously described (Sudershana et al.
1999). Cultures were grown to late exponential phase (Klett 110, no. 54 green filter) in
minimal medium containing 0.2% ACH, 0.5% glucose and 50 µg/mL L-tryptophan.
Samples were assayed for β-galactosidase activity as described by Miller (Miller 1972).
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4.3.5 RNase J1 assays
RNase J1 assays were performed in vitro as previously described (Deikus and
Bechhofer 2008), with slight modifications. Prior to analysis, RNAs were renatured in 50
mM NaCl by heating to 90oC for 1 min, followed by slow cooling to room temperature.
100-µL reaction mixtures were assembled at room temperature and contained 10 nM
renatured 5’ monophosphorylated RNA, of which 10% was 5’ end-labeled, 50 mM TrisHCl, pH 8.0, 150 mM NaCl, 1 mM DTT, 5 mM MgCl2, and 1.4 µM RNase J1. Reactions
were incubated at 22oC, and 10 µL aliquots were removed at various times. A control
reaction without RNase J1was also performed. Each aliquot was added to 10 µL of stop
buffer (95% formamide, 0.02% SDS, 20 mM EDTA, 0.025% bromophenol blue, and
0.025% xylene cyanol) and plunged on powdered dry ice. Samples from each timepoint
were electrophoresed through denaturing 10% polyacrylamide sequencing gels and
imaged by phosphorimagery. For the kinetic assays, the band corresponding to full-length
RNA was integrated in ImageQuant 5.2 (Molecular Dynamics). Counts were plotted on a
logarithmic axis as a function of incubation time.
In vivo RNase J1 assays were conducted as previously described (Britton et al.
2007). Briefly, overnight 5-mL cultures grown in 2x YT at 30oC with 1 mM IPTG were
pelleted, washed twice with IPTG-free growth medium, then cell pellets were
resuspended in 5-mL IPTG-free growth medium. The OD600 was measured, and 50-mL
cultures +/-IPTG were grown from a starting OD600 of 0.1 at 30oC. The growth rate of the
-IPTG culture slowed around an OD600 of ~0.4. Once the cultures reached an OD600 of
0.6, total RNA was isolated and mRNA half-life assays were conducted as described
above. mRNA half-lives determined from cultures grown in minimal medium containing
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0.2% ACH and 0.5% glucose were slightly shorter (< twofold) than those determined
from cultures grown in 2x YT, although the trends were the same.
4.4 Results
4.4.1 The 5’SL destabilizes trp mRNA
It was previously shown that deletion of the 5’SL leads to increased expression of
a trpE’-‘lacZ translational fusion in a ∆mtrB (TRAP-deficient) genetic background
(McGraw et al. 2007; Sudershana et al. 1999). To determine if this TRAP-independent
effect was due to the 5’SL affecting transcript stability, we determined the in vivo halflife of trpE’-‘lacZ mRNA with and without the 5’SL in a ∆mtrB background. Total RNA
extracts collected at various time points after the addition of rifampicin were blotted onto
a membrane, followed by hybridization with a radiolabeled oligonucleotide probe
complementary to the lacZ coding sequence. Strikingly, the half-life of the transcript
lacking the 5’SL was 3.6-fold longer than the WT transcript (Fig. 4.1), which is
essentially identical to the 3.6-fold increase in β-galactosidase expression that was
observed in the ∆mtrB strain when the 5’SL was deleted. This finding indicates that the
trp leader 5’SL destabilizes the downstream mRNA sequence. This mRNA destabilizing
effect of the 5’SL is in stark contrast to virtually all other characterized 5’ terminal
secondary structures, in which these structures stabilize the corresponding transcripts
(Condon 2003; Sharp and Bechhofer 2005).
To identify the functional elements of the trp leader 5’SL that are responsible for
transcript degradation, we engineered a series of mutations within this structure and
examined their effects on trp mRNA half-life (Fig. 4.1). These mutations were analyzed
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Figure 4.1. 5’SL derivatives used to characterize trp mRNA destabilization. The
secondary structures of WT and three mutant 5’SL constructs are shown (top), with the
predicted free energy values (kcal/mol) as calculated by Mfold (Zuker 2003) at 37oC
included above each structure. In the WT structure, G7 and G20 are shown in bold.
Corresponding mRNA half-lives (min) and β-galactosidase activities (bottom) are also
included. atrpE’-‘lacZ mRNA half-life determined by dot blot assays. bThe probe for trp
leader mRNA was complementary to a segment of the RNA immediately downstream of
the 5’SL. cThe probe was complementary to the lacZ coding sequence. dtrpE’-‘lacZ
mRNA half-life as determined by Northern blotting. eβ-galactosidase activity reported in
Miller units. fNot applicable. gNot determined.
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in a ∆mtrB strain that also lacked the chromosomal copy of the trp leader (∆trpL),
allowing the trpE’-‘lacZ transcript to be probed to the lacZ coding sequence and the
leader region immediately downstream of the 5’SL. Both probes yielded similar mRNA
half-life values for each of the strains examined, suggesting that the initial nucleolytic
cleavage event was the rate-limiting step in degradation of the fusion transcript. Similar
to the results obtained with the ∆mtrB strains, deletion of the 5’SL yielded a threefold
increase in transcript stability in the ∆mtrB ∆trpL genetic background. Strikingly, each of
the 5’SL mutations that were examined reversed the destabilizing effect of this structure.
For example, deletion of the first five nucleotides in the transcript (∆(+1 to +5)), which
generates a smaller hairpin with a 5’ overhang of four unpaired nucleotides, stabilized the
downstream mRNA by approximately 4.5-fold. The ∆(+6 to +9)U mutation that yields a
longer, contiguous hairpin was the most stabilizing, with an 8- to 12-fold increase in
stability, relative to the WT 5’SL. The U33insert mutation sequesters the single unpaired
nucleotide at the 5’ end of the transcript in a basepair. This mutation stabilized the
downstream sequence by approximately fivefold, suggesting that the mechanism of trp
mRNA destabilization also requires access to the 5’ nucleotide. The G7A, G20A and
G7A:G20A point mutations all stabilized the transcript three- to fivefold. Interestingly,
these mutations were not predicted to alter the secondary structure of the 5’SL. The halflives of trpE’-‘lacZ transcripts from several strains were also characterized by Northern
blotting (Figs. 4.1, 4.2). The half-life values obtained from this technique are in good
agreement with those obtained from dot blot assays (Fig. 4.1).
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Figure 4.2. Northern blotting analysis of selected 5’SL derivatives. (A) RNA from
strains carrying the WT, ∆5’SL, or ∆(+6 to +9)U trpE’-‘lacZ fusion collected at various
timepoints after the addition of rifampicin (shown above each lane in min). The probe
was complementary to the lacZ coding sequence. The major band is the full-length trpE’‘lacZ transcript and was estimated to be 4.1 kb (see Materials and Methods). (B) The
same membrane as in panel (A) stripped and probed to 16S rRNA as a loading control.
(C) Bands corresponding to the full-length transcript were integrated and normalized to
the counts of the 16S rRNA bands in panel (B). The percent of full-length WT (circles),
∆5’SL (squares), and ∆(+6 to +9)U (triangles) mRNA remaining plotted as a function of
time. Half-life values are included in Figure 4.1.
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To determine whether the effect of the 5’SL mutations on mRNA stabilization
resulted in a corresponding increase in expression of the trpE’-‘lacZ fusion, βgalactosidase assays were performed with the ∆mtrB ∆trpL strains containing each of the
5’SL mutations (Fig. 4.1). Deletion of the 5’SL led to a 4.7-fold increase in βgalactosidase expression, which is similar to the observed threefold increase in mRNA
half-life. Similarly, all of the 5’SL mutations that exhibited increased half-lives, relative
to the WT trpE’-‘lacZ fusion, also resulted in higher β-galactosidase expression. The
expression values in the mutant strains were at least comparable to the 5’SL deletion
strain, if not slightly higher. The lone deviation from this trend is between the mRNA
half-life and β-galactosidase expression in the ∆(+6 to +9)U mutation. While expression
in this strain is significantly higher than the WT fusion (4.7-fold), it is not as high as
would have been predicted based on the half-life ratios (8- to 12-fold).
4.4.2 5’SL-mediated mRNA destabilization is specific to the trp transcript and is RNase
J1-independent
The results described above demonstrate that in addition to augmenting TRAP
binding, the 5’SL also functions as a signal for trp mRNA decay. To determine if this
unusual destabilization activity is a general feature of the 5’SL or whether it is specific
for trp leader RNA, we engineered chimeric transcripts that contained the trp leader 5’SL
flanked by a truncated ermC leader (∆ermC) and ermC coding sequence, an unrelated
gene involved in erythromycin resistance. This transcript was chosen because ∆ermC
constructs were previously used in an extensive characterization of 5’ RNA hairpins with
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stabilizing effects in B. subtilis (Sharp and Bechhofer 2005), and provided a good basis of
comparison for the destabilizing effect of the trp leader 5’SL.
The chimeric leader was integrated into the B. subtilis chromosome as a lacZ
translational fusion, and the half-life of the resulting transcript was measured. The
corresponding transcript lacking the 5’SL was also characterized. In this case, the 5’SL
had a slight stabilizing effect on the downstream ermC mRNA (Fig. 4.3). This is in
contrast to the effect of the 5’SL in trp mRNA, where this structure led to an
approximately threefold decrease in mRNA half-life (Figs 4.1, 4.2). A second pair of

Figure 4.3. Chimeric mRNAs containing the trp leader 5’SL. The predicted structure of
the chimeric transcript is shown on the left. Transcripts lacking the 5’SL originate at
position (1) and include two additional G residues on the 5’end of the transcript. A second
set of transcripts where an additional nucleotide sequence (+16) was inserted at position
(1) were also characterized. The (+16) sequence shown above contains an additional A
residue (bold) that was included to prevent formation of a competing RNA secondary
structure (see Methods). The ermC Shine-Dalgarno sequence is shown in bold. The
corresponding half-lives of these chimeric transcripts are shown at the right. Values were
determined by dot blotting, using a probe complementary to the lacZ coding sequence.
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transcripts in which the distance between the 5’ end of the transcript and the ermC SD
sequence was increased by16 nt were also tested. As was observed for the ∆ermC
transcript pair, the presence of the 5’SL caused a slight stabilization of the downstream
∆ermC+16 mRNA (Fig. 4.3). These data suggest that the 5’SL is not the only element of
the trp leader responsible for destabilization of trp mRNA. Thus, the trp leader 5’SL does
not appear to function as a general mRNA destabilizing element.
It was recently shown that RNase J1was involved in turnover of trp mRNA.
Interestingly, the studies characterizing this process identified a secondary RNase J1
cleavage site around +40 of the trp leader, which is located just downstream of the 5’SL
(Deikus and Bechhofer 2008). These data, combined with the fact that the 5’SL
destabilizes trp mRNA, raised the possibility that the 5’SL functions as an RNase J1
recognition element. To test this hypothesis, the in vivo half-life of trpE’-‘lacZ mRNA
was measured under conditions of RNase J1 depletion. In these strains, expression of
RNase J1 was placed under the control of an IPTG-inducible promoter (Britton et al.
2007). Inclusion of IPTG in the growth media ensured that the protein was expressed,
while lack of IPTG led to low levels of RNase J1. The mRNA half-life values of the WT
and ∆5’SL transcripts were 4.6±2 and 4.6±1 min in the presence of IPTG, and 14±6 and
11±1 min in the absence of IPTG, respectively. While -IPTG cultures exhibited half-lives
approximately threefold higher than the +IPTG cultures, which is consistent with RNase
JI being involved in trp mRNA turnover, deletion of the 5’SL did not lead to a further
increase in transcript half-life. Moreover, the 5’SL also did not appear to affect transcript
stability under IPTG+ conditions. As the half-lives of trpE’-‘lacZ mRNA from the RNase
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J1 depletion strains are significantly higher than in the WT background (Fig. 4.1), it
appears that expression of RNase J1 from the IPTG-inducible promoter is not as efficient
as the WT RNase J1 promoter, even in the presence of IPTG. Lower basal expression of
RNase J1 may therefore mask the destabilizing effect of the trp leader 5’SL.
As the results from the RNase J1 depletion strains were inconclusive, we utilized
an alternative approach to determine whether RNase J1 is involved in the 5’SL-mediated
destabilization of trp mRNA. His6-tagged RNase J1 was purified and used in a number of
in vitro characterizations. Transcripts containing +1 to +187 of the trp leader and either
the WT or G7A:G20A mutant 5’SL were incubated with RNase J1 for varying amounts
of time. Although the G7A:G20A mutation led to a three- to fivefold increase in the halflife of trpE’-‘lacZ mRNA (Fig. 4.1), the RNase J1 cleavage pattern and the rate of the
disappearance of full-length RNA were essentially identical for the WT and mutant
transcripts (Fig. 4.4). These data suggest that a decay factor other than RNase J1 is
responsible for the 5’SL-mediated destabilization of trp operon mRNA.
4.5 Discussion
One of the major advantages of having an RNA intermediate between DNA and
proteins is that the transitory nature of RNA allows for additional gene regulation, such
as through mRNA decay pathways. In the absence of other post-transcriptional regulatory
mechanisms, a transcript will continue to be translated until it is degraded. Thus, a
transcript with a short half-life allows an organism to more rapidly adjust the
concentration of the gene product in response to environmental changes (Deutscher
2006). For example, nutrient levels can vary over a wide range in a cell’s environment,
and as a result, transcripts encoding biosynthesis genes frequently have short half-lives.
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Figure 4.4. In vitro characterization of RNase J1. (A) The decay pattern of WT and
G7A:G20A mutant trp leader RNA. 5’-end labeled transcripts were incubated with an
equal amount of RNase J1 for various times (shown above each lane). Full-length RNA is
indicated by a large arrow, while bands of interest are indicated by smaller arrows. T1,
denaturing T1 ladder; OH-, base hydrolysis ladder. For RNase J1 cleavage products, bands
were assigned assuming that the enzyme leaves a 2’-3’-cyclic phosphate on the upstream
RNA fragment. Cleavage may leave a 5’ phosphate, however, and the numbering may be
slightly different than shown. (B) Counts of the full-length WT (●) and G7A:G20A (○,
dashed line) RNAs plotted as a function of time.
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This allows the organism to quickly downregulate expression of a particular biosynthesis
gene when it is not needed.
The experiments described here have identified an unusual aspect of mRNA
decay that contributes to the ability of B. subtilis to quickly adapt to variations in
tryptophan levels. Unlike virtually all other 5’-terminal RNA secondary structures, the
trp leader 5’SL destabilizes the downstream mRNA sequence (Figs. 4.1, 4.2). This
destabilization is sequence-specific and likely requires additional features of the trp
transcript (Fig. 4.3), indicating that the trp leader 5’SL is unable to serve as a general
mRNA destabilizing element. Also, it appears that 5’SL-dependent acceleration of trp
mRNA decay does not involve RNase J1 (Fig. 4.4), and instead requires an additional
nucleolytic factor that has yet to be identified. Clearly, further experimentation will be
required to uncover the details of this mRNA destabilization mechanism.
As shown in Figure 4.1, trpE’-‘lacZ mRNA from a B. subtilis ∆mtrB strain with a
fusion lacking the 5’SL decayed 3.6-fold slower than RNA from a strain carrying the WT
fusion. This 5’SL-dependent decrease in mRNA half-life is identical to the observed 3.6fold increase in β-galactosidase expression that was observed when the 5’SL was deleted
(Fig. 4.1) (McGraw et al. 2007), and indicates that the trp leader 5’SL destabilizes the
downstream RNA sequence. Interestingly, almost all other characterized 5’-terminal
RNA hairpins have been shown to stabilize the downstream mRNA, with little
dependence on sequence or overall structure (Condon 2003; Sharp and Bechhofer 2005).
The only other known exception to this trend is with the 5’-terminal hairpins from the
hrcA (Homuth et al. 1999) and groES (Yuan and Wong 1995) transcripts in B. subtilis.
These two hairpins are almost identical, and differ only in the sequence of part of their 9-
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nt hairpin loops. The inverted repeat sequences (termed CIRCE, or controlling inverted
repeat of chaperone expression) that encode the stems of these hairpins act as DNA
binding sites for the HrcA regulatory protein. Since the CIRCE element is adjacent to the
promoter, binding of HrcA represses transcription initiation. When transcribed, however,
the RNA hairpins corresponding to the CIRCE sequence have been shown to yield a
threefold decrease in mRNA stability of these two transcripts. Since the CIRCE hairpins
are in close proximity to the Shine-Dalgarno (SD) sequence, and increasing the distance
between the hrcA hairpin and the SD sequence leads to a loss of 5’SL-mediated mRNA
destabilization (Homuth et al. 1999), it appears that this decay pathway involves the
ribosome. Conversely, the trp leader 5’SL is 158 nucleotides upstream of the trpE SD
sequence, which strongly suggests that destabilization of trp mRNA by the 5’SL occurs
through a mechanism that is distinct from that of the hrcA and groES transcripts. It
should also be noted that a CIRCE RNA hairpin has been shown to function as a
stabilizing element in other organisms (Jager et al. 2004).
The ∆(+1 to +5) and ∆(+6 to +9)U mutations stabilized trp mRNA by four- to
fivefold and eight- to twelvefold, respectively (Fig. 4.1). Since deletion of the 5’SL only
leads to a threefold increase in mRNA half-life, these two mutations convert the
destabilizing trp leader 5’SL to a stabilizing hairpin, a behavior more typical of 5’
terminal secondary structures. The fact that the ∆(+1 to +5) mutation is not as stabilizing
as the ∆(+6 to +9)U mutation may be due to the fact that the 5’ hairpin in the former case
is approaching the experimentally determined requirements for providing a stabilizing
effect in B. subtilis. Studies have shown that a hairpin must have a free energy of less
than approximately -5 kcal/mol and contain five or fewer unpaired nucleotides at the 5’
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end to impart stability to a transcript (Sharp and Bechhofer 2005). The hairpin resulting
from the ∆(+1 to +5) mutation has four unpaired nucleotides at the 5’ end and a free
energy of -5.5 kcal/mol, as well as a breathable A-U closing basepair at the base of the
stem, and therefore may be insufficient to provide substantial protection of the transcript.
The U33insert mutation, which sequesters the single unpaired A residue upstream
of the 5’SL in a basepair, yielded a fivefold increase in mRNA half-life (Fig. 4.1),
suggesting that the mechanism of 5’SL-dependent destabilization also requires access to
the 5’ nucleotide. An interesting alternative to this hypothesis is that B. subtilis utilizes an
enzyme similar to E. coli RppH. In vivo, this protein converts a triphosphorylated
primary transcript to a monophosphorylated transcript, which is a preferred substrate for
both RNase E and RNase J1. As the activity of RppH is inhibited when the 5’ nucleotide
of a transcript is sequestered in structure (Deana et al. 2008), the U33insert mutation
could prevent RppH from generating the preferred 5’ monophosphate, thereby reducing
the rate of trp mRNA cleavage by RNase J1. However, B. subtilis does not contain a
known RppH homologue, and RppH-like activity has not yet been reported.
The G7A and G20A point mutations, which alter single-stranded nucleotides in
the internal loop and the hairpin loop of the 5’SL, respectively, led to a four- to fivefold
increase in mRNA half-life (Fig. 4.1). The G7A:G20A double mutant led to a similar
three- to fivefold increase in stability, indicating that the effect of these two mutations are
not cumulative. Since these mutations are not predicted to affect the secondary structure
of the 5’SL, the finding that they destabilize trp mRNA is somewhat surprising, although
not unprecedented. In an autoregulatory mechanism in E. coli, RNase E has been shown
to recognize specific single-stranded nucleotides in a hairpin within its own leader and
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cleave the downstream RNA sequence (Diwa and Belasco 2002). It is possible that a
similar recognition event occurs between the trp leader 5’SL and an unknown RNA
decay factor. Indeed, since ~98% of total cellular RNAs are stable RNAs (Deutscher
2006), specificity in mRNA decay is beneficial to the organism, if not required.
In addition to their involvement in recruiting an unknown decay factor,
nucleotides G7 and G20 in the 5’SL are also specifically recognized by TRAP in the trp
operon transcription attenuation mechanism (Chapter 2). This is an interesting example
where two independent regulatory elements (TRAP and the unidentified mRNA decay
factor) have evolved to specifically recognize the same RNA structure, including certain
features of the primary sequence. Both of these 5’SL functions lead to reduced expression
of the trp genes; however, this reduction occurs via two distinct mechanisms. A dual role
for an RNA structure is also observed with the conserved 26-nt 3’ stem-loop (3’SL)
found in histone coding mRNAs in Xenopus laevis (Ingledue et al. 2000). The 3’SL is
specifically recognized by a nuclear protein that participates in mRNA processing, as
well as by a second cytosolic protein that regulates stability and translation of the
corresponding mRNAs. The fact that small RNA secondary structures can participate in
multiple independent mechanisms reflects the level of complexity that can be achieved
within a given regulatory network, both in prokaryotic and eukaryotic organisms.
Placing the trp leader 5’SL on the unrelated ∆ermC and ∆ermC(+16) transcripts
did not destabilize the chimeric RNAs (Fig. 4.3), suggesting that the 5’SL alone is not
sufficient to augment mRNA decay. Instead of contributing to transcript degradation, the
5’SL led to a slight stabilization (~1.5-fold) of the chimeric transcripts. Similarly, when a
trpE’-‘lacZ transcript contained a 5’SL structure other than WT, the mRNA was
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stabilized by ~1.5- to 3-fold above the ∆5’SL trpE’-‘lacZ transcript (Fig. 4.1). Thus, it
appears that in the absence of all the components of the 5’SL-dependent decay pathway,
the trp leader 5’SL becomes a slightly stabilizing 5’-terminal hairpin. The remaining
elements of the 5’SL-mediated destabilization mechanism have yet to be identified.
Based on in vitro activity assays, it appears that RNase J1 is not the 5’SLdependent decay factor (Fig. 4.4); however, it cannot be excluded that a secondary
protein specifically binds the 5’SL and recruits RNase J1. This scheme has been observed
in eukaryotes, where some AU-rich element (ARE)-binding proteins do not directly
exhibit nuclease activity. Instead, these proteins bind the 3’ end of a transcript and assist
other enzymes in the transcript’s degradation (Barreau et al. 2005).
As a more rapid decay rate leads to reduced expression of the encoded trp genes,
this novel decay activity of the 5’SL occurs in parallel with its function in the trp operon
transcription attenuation mechanism, where the 5’SL reduces expression of the trp genes
by aiding in TRAP binding. Although not determined experimentally, it is possible that
the 5’SL-mediated destabilization of trp mRNA also occurs in mtrB+ strains. If so, the
5’SL would also ensure that bound TRAP is rapidly recycled, allowing a greater fraction
of the TRAP molecules to remain active. Thus, the 5’SL reduces expression of the trp
genes by aiding in TRAP binding, trp mRNA decay, and possibly the recycling of TRAP.
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Chapter 5
Conclusions and future directions

5.1 Conclusions drawn from this work
The number and diversity of regulatory mechanisms controlling tryptophan
biosynthesis and expression of the associated genes in B. subtilis is astounding. Why does
this organism use such a seemingly redundant array of biological switches to control the
same pathway? This complex regulatory network allows the cell to constantly fine-tune
the intracellular levels of tryptophan. The availability of tryptophan varies widely in a
bacterium’s environment, and deactivating the internal synthesis pathway of the most
structurally complex amino acid allows the bacterium to conserve and reallocate vital
cellular resources. All of the mechanisms shown in Figure 5.1 work together to ensure
that during this regulatory process, the cellular concentration of this essential compound
remains relatively constant.
TRAP plays a major role in controlling expression of the tryptophan biosynthesis
genes in B. subtilis. Indeed, activation of this protein leads to a several thousand-fold
reduction in expression of the trpE’-‘lacZ translational fusion (Merino et al. 1995). The
work described here has demonstrated that the trp leader 5’SL plays a significant role in
recruiting TRAP in the trp operon transcription attenuation mechanism. The 5’SL
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Figure 5.1. An updated diagram of the B. subtilis tryptophan regulatory network.
In addition to the regulatory features that are described in Section 1.4 and Figure 1.9,
the work presented here has demonstrated that the 5’SL participates in recruiting
tryptophan-activated TRAP during the trp operon transcription attenuation
mechanism, and also affects turnover of trp mRNA by an unknown decay mechanism
(red arrows).
preferentially increases the affinity of TRAP-trp RNA interaction during the initial stages
of transcription, when only a few triplet repeats have exited RNAP (Chapter 2). In doing
so, the 5’SL increases the probability that tryptophan-activated TRAP will bind the
nascent trp transcript in time to promote termination (and/or inhibit translation of trpE).
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This is an important aspect of TRAP-trp RNA interaction, given that the window of time
in which the system can terminate is relatively small. In addition, there are a wide variety
of RNA transcripts in the cell at any given time. How does TRAP know which transcript
to bind? Since the 5’SL sequence is the first part of the TRAP binding site to emerge
from RNAP, it may act as a molecular beacon for TRAP, making trp operon transcripts
more easily identifiable in the background of total cellular RNA.
TRAP appears to recognize two nucleotides in the hairpin loop and three
nucleotides in the internal loop (Chapter 2). Specific recognition of single-stranded
nucleotides in small groups is commonly observed in protein-RNA interactions
(Shulman-Peleg et al. 2008). Relative to a binding pocket that recognizes only a single
nucleotide, simultaneous recognition of adjacent bases allows increased specificity and
affinity. Since the nucleotides in the 5’SL that TRAP appears to bind are all purines,
stacking interactions between the bases within the binding pocket may partially offset the
entropic penalty associated with loss of conformational degrees of freedom upon binding.
The particular amino acids forming these two binding pockets in TRAP are still
unknown, although it appears that the binding site that associates with the two hairpin
loop nucleotides is in the flexible loop region of TRAP, while the pocket that recognizes
the three internal loop nucleotides is near the bottom edge of the protein, below the KKR
motifs (Chapter 3). Combined, these interactions contribute approximately the same free
energy to TRAP-trp RNA interaction as binding of two triplet repeats (Chapter 2).
In addition to increasing the affinity and the specificity of TRAP-trp RNA
interaction, binding of the 5’SL places the remaining unbound triplet repeats in an
optimal orientation for association with the KKR motifs (Chapter 3). The helical rotation

150
about the lower stem of the 5’SL projects the single-stranded triplet repeat region
tangentially to the protein, which favors binding in the requisite clockwise direction. By
associating with TRAP first, the 5’SL reduces the length of single-stranded RNA
required for binding, reducing misfolding that would otherwise slow the association
between the KKR motifs and the remaining triplet repeats.
The TRAP binding sites within the trpP (Yakhnin et al. 2004), ycbK (Yakhnin et
al. 2006), and trpG (Yakhnin et al. 2007) transcripts in B. subtilis, as well as the binding
site in the C. saccharolyticus trp operon transcript (Chapter 2), do not contain a 5’SL
structure. These other TRAP binding sites overlap the SD sequence and/or start codon;
thus, TRAP binding reduces expression of the associated gene(s) by blocking ribosome
binding. Since this alternative mechanism does not exclusively function within the short
window of time that is required to promote transcription termination, it appears that the
additional contribution of the 5’SL to TRAP binding is not required to successfully
suppress expression of these genes.
Relative to its role in TRAP binding, much less is known about the mRNA
destabilization activity of the 5’SL (Chapter 4). The TRAP-independent increase in
expression of trpE’-‘lacZ translational fusions upon deletion of the 5’SL was first
observed a number of years ago (Sudershana et al. 1999), but the cause of this increased
expression remained undetermined. The experiments presented in Chapter 4 show that
the 5’SL acts as an mRNA instability determinant. Thus, deletion of this structure
increases the half-life of the mRNA and, therefore, increases expression of the encoded
genes. Not only is this destabilizing activity atypical of a 5’ terminal secondary structure,
it appears to be unique to the trp operon, or at least requires other structural elements to
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induce destabilization. Mutation of several nucleotides downstream of the terminator
hairpin did not affect trp mRNA half-life (H.Yakhnin, personal communication),
suggesting that at least the sequence of this region is not important to the destabilization
mechanism.
Mutations altering single-stranded nucleotides within the 5’SL also increased
trpE’-‘lacZ mRNA half-life beyond the stabilization induced by deletion of the structure.
Thus, it appears that the unknown decay factor (or an intermediary protein that recruits a
known nuclease) specifically recognizes the trp leader 5’SL. The sequence specificity of
the trp mRNA decay mechanism may explain the tryptophan-independent increase in βgal activity that is observed when the 5’SL is mutated (Figure 2.6, -Trp column). It was
originally postulated that altering certain 5’SL nucleotides reduced basal TRAP binding,
therefore resulting in higher background expression; however, considering the sequencespecific requirements for 5’SL-mediated destabilization of trp mRNA, it is likely that the
increased β-gal activity is in part due to stabilization of the mutant trpE’-‘lacZ transcripts.
Interestingly, in the absence of added tryptophan in the growth medium, the A17U and
A30U mutations led to an increase in β-gal activity, despite having no significant effect
on TRAP binding in vitro or in vivo when added tryptophan was present (Fig. 2.6). It is
possible that A17 and A30 are important to 5’SL-mediated destabilization of trp mRNA
but are not involved in TRAP-5’SL interaction.
As demonstrated by the characterization of RNase J1 activity on trp mRNA,
cleavage events at U36 lead to an accumulation of a 5’SL-containing RNA fragment (Fig.
4.4). Accumulation of the 5’SL structure is not surprising, as most ribonucleases are
inhibited by RNA secondary structure. If this phenomenon also occurs in vivo, it raises
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the possibility of the cleaved 5’SL fragment performing other cellular functions. Even
though the trp leader appears to be transcribed at relatively constant levels, bound TRAP
could affect the decay rate of trp mRNA, leading to altered levels of the 5’SL-containing
fragment in response to changes in tryptophan concentration. Currently, no evidence
supports or excludes the existence of this speculative pathway, although it is an
interesting (albeit remote) possibility.
5.2 Future directions
Many of the questions regarding TRAP-5’SL interaction and how this interaction
contributes to the trp operon transcription attenuation mechanism have been answered. A
TRAP-RNA co-crystal structure with a transcript containing the 5’SL could greatly
improve our understanding of this interaction; however, even though TRAP has been
crystallized with several different synthetic RNA targets, the WT trp transcript is
considerably less symmetric, and therefore may be more difficult to crystallize. Based on
our model of TRAP-5’SL interaction, the RNA target would also need to contain nine or
fewer triplet repeats, and while the affinity of this complex would be high, the lack of a
complete triplet repeat region adds another level of asymmetry and complexity. Solving
the solution structure of the 5’SL by NMR may be a more reasonable goal, and would
allow for a more detailed investigation into TRAP-5’SL interaction using computer
modeling. An NMR structure could also provide useful with regards to potential proteinRNA interactions involved in the 5’SL-mediated decay pathway of trp mRNA, especially
if the unknown decay factor can be identified.
In contrast to TRAP-5’SL interaction, much has yet to be uncovered regarding the
mechanism of 5’SL-mediated destabilization of trp mRNA. The determination of mRNA

153
half-lives of chimeric transcripts containing the trp leader 5’SL (Chapter 4) suggests that
the 5’SL alone is not sufficient to destabilize a transcript. This experimental strategy
could be expanded upon, where other components of the trp leader could be included in
the chimeric transcripts. For example, it is possible that the antiterminator hairpin is also
involved in the mRNA destabilization mechanism. By characterizing additional chimeric
transcripts that contain different elements of the trp leader, it should be possible to
elucidate the minimum structural requirements for 5’SL-mediated destabilization. One
obstacle to overcome with this approach is that alteration of the antiterminator hairpin
would likely increase basal termination levels, even in a TRAP-deficient background.
This effect would make the already low-abundance trp transcript even more difficult to
detect. It may be possible to counterbalance this drop in signal intensity by including
compensatory mutations that reduce termination efficiency, such as alteration of the polyU stretch that follows the terminator hairpin.
Interestingly, nucleotides 104-108 and 150-154 of the trp leader are
complementary to the 5’ side of the internal loop and to the hairpin loop, respectively. As
shown in Figure 4.1, mutating single-stranded nucleotides in these two regions of the
5’SL led to an increase in mRNA half-life. One possible explanation for the surprisingly
specific destabilizing effects of the 5’SL is that these complementary sequences form a
complex tertiary structure that is involved in trp mRNA decay. However, this potential
tertiary interaction between the 5’SL and the downstream RNA sequence conflicts with a
second tertiary structure that forms in the full-length leader (Schaak et al. 2003). This
second tertiary structure interferes with the TRAP-mediated translation control
mechanism of trpE, but does not appear to affect trp mRNA stability.
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In vitro experiments suggest that RNase J1 alone is insufficient to destabilize trp
mRNA in the presence of the 5’SL. While there are currently 15 known nucleases in B.
subtilis (Condon et al. 2007) (Table 1.1), several are specific to rRNA or tRNA, and thus
are not likely involved in trp mRNA decay. The effect of the 5’SL on the remaining
nucleases could be determined using a combination of in vitro and in vivo techniques,
and may identify which nuclease is responsible for this destabilization.
Alternatively, it is possible that a secondary protein that itself does not possess
nucleolytic activity binds to the 5’SL and recruits RNase J1 (or another existing nuclease)
to degrade the transcript. One possible scheme to identify such a protein would be to affix
a transcript containing the minimal components of the trp leader that are required for
destabilization to a surface and incubate with cellular extracts in order to “fish out” the
unknown protein. For example, an RNA transcript containing the 5’SL and other
elements of the trp leader could be easily biotinylated and affixed to streptavidinfunctionalized magnetic beads. Subsequent washing steps could then be used to purify
and elute the bound decay factor. An alternative approach would be to functionalize the
RNA transcript at the 3’ end with a thiol group to construct self-assembled alkane-thiol
monolayers on a gold surface (Love et al. 2005). A washing strategy could then be used
to isolate and purify any bound protein(s). One of the advantages of this technique is that
the gold surface could serve as a substrate for characterization of the protein by matrix
assisted laser desorption ionization (MALDI) mass spectrometry. Portions of the surface
could also be functionalized with polyethylene glycol or other chemical groups to
minimize the non-specific adsorption of unrelated proteins, although it is still possible
that general RNA binding proteins will be retained. Pre-incubation of the cellular extracts
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with a surface designed to remove such proteins might increase the signal of the 5’SLspecific decay factor, aiding in its identification. Since most nucleases utilize divalent
cations during catalysis, including chelating reagents would likely prevent degradation of
the tethered transcript and loss of the protein.
The importance of protein-RNA interactions in gene regulation is well-known.
The work described here has shed light on a very small part of one of thousands of
regulatory networks within a single species of bacteria, reflecting the complexity and
sheer number of molecular interactions that comprise a living organism. While it seems
impossible to fully understand this complexity, what is known about these interactions
provides a greater appreciation for the workings of the natural world.
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