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Bacterial Ribosome Regulation

ABSTRACT In every organism, translation of the genetic information into
functional proteins is performed on the ribosome. In Escherichia coli up to 40%
of the cell’s total energy turnover is channelled toward the ribosome and protein
synthesis. Thus, elaborate networks of translation regulation pathways have
evolved to modulate gene expression in response to growth rate and external
factors, ranging from nutrient deprivation, to chemical (pH, ionic strength) and
physical (temperature) fluctuations. Since the fundamental players involved in
regulation of the different phases of translation have already been extensively
reviewed elsewhere, this review focuses on lesser known and characterized
factors that regulate the ribosome, ranging from processing, modification and
assembly factors, unusual initiation and elongation factors, to a variety of stress
response proteins.
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A. FACTOR-MEDIATED RIBOSOME REGULATION

Ribosomes are macromolecular machines of more than 2.3 MDa that
translate the genetic information into functional proteins (Nierhaus and Wilson,
2004). Because up to 40% of an Escherichia coli cell’s total energy turnover
goes toward protein synthesis, the translational apparatus must be strictly
regulated. In bacteria, an elaborate network of translation regulation pathways
has been identified that modulates gene expression in response to growth rate
or to environmental stimuli, such as nutrient deprivation, chemical (pH, ionic
strength), and physical (temperature) fluctuations.

One fundamental way of modulating gene expression is by regulating the
biogenesis of the translational apparatus itself. In bacteria, the 70S ribosome
is composed of two subunits, a small 30S subunit and a large 50S subunit.
Each subunit is composed of ribosomal RNA (rRNA) and ribosomal proteins
(r-proteins). In E. coli, for example, the 30S subunit contains a single 1542
nucleotide (nt) 16S rRNA and 21 r-proteins, whereas the 50S subunit contains
two RNAs, a 115 nt 5S rRNA and 2904 nt 23S rRNA, together with 33 r-proteins.
Therefore, the challenge for the cell is to ensure the coordinated synthesis
and binding of r-proteins to the rRNA in the correct manner so as to form
an active ribosomal particle. An ever increasing number of protein factors
has been identified as being associated with the assembly process, ranging
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from processing and modification enzymes, such as
RNases and methylases, to unwinding and chaperoning
factors, such as helicases and highly specific GTPases.
Protein synthesis itself occurs on the 70S ribosome,
and can be divided into three distinct phases: initiation,
elongation, and termination/recycling. Each of these
phases has a specific set of translation factors that
regulate the process. Iz witro translation systems have
demonstrated that a complement of three initiation
factors (IF1, IF2, and IF3), three elongation factors (EF-
G, EF-Tu, and EF-Ts), and three of the four termination
factors (RF1 or RF2, RF3, and RRF) are necessary and
sufficient for synthesis (Shimizu et al., 2001), although
RF3 does not appear to be essential 7 vivo and is
missing from 72 of the 191 available bacterial genomes
(Margus ez al., 2007). However, it appears that iz vivo
many additional factors may be required, for example,
EF-P seems to stimulate the first peptide bond during
initiation (Ganoza and Aoki, 2000; Swaney et al., 2006),
and LepA (EF4) appears to have a role in counteracting
mistranslocated ribosomes (Qin ez al., 2006). Indeed,
additional factors and regulation systems appear to be
particularly important for efficient translation under
certain “stress” conditions, such as the RelA mediated
stringent response system that is activated in response
to nutrient deprivation (Wendrich et al., 2002), and the
numerous factors that bind and protect the ribosome
upon entering stationary phase (Ueta ez al, 2005) or
under conditions of cold shock (Weber and Marahiel,
2003; Wilson and Nierhaus, 2004) and shifts in pH
and/or ionic strength (Qin e al, 2006; Karim and
Nierhaus, unpublished data). Since the fundamental
players involved in the different phases of translation
have already been reviewed elsewhere (Gualerzi and
Pon, 1990; Hirokawa ef al., 2006; Laursen et al., 2005;
Nierhaus and Wilson, 2004; Ramakrishnan, 2002;
Vesper and Wilson, 2006; Wilson ez al., 2002), the focus
here is on lesser known and characterized factors that
regulate the ribosome. We have tried to classify factors
as best as possible, but we recognize that some factors
may fall into multiple categories. For example, RbfA
appears to play a role in small subunit assembly, but
whether this is general or in response to cold shock is
as yet unclear. Furthermore, while we have tried to be
as thorough as possible, we acknowledge that the list of
protein factors discussed here is likely to be incomplete,
especially with the discovery of new functions for
unknown proteins occurring more frequently.
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B. IN THE BEGINNING ...: PROTEIN
FACTORS INVOLVED IN RIBOSOME
BIOGENESIS

The synthesis of ribosomes is one of the major tasks
of the cell, particularly in actively growing bacteria,
where ribosomes can constitute up to 30% of the dry
mass of the cell, whereas in eukaryotes they represent no
more than 5% (Nierhaus, 1991). Therefore the ability
to rapidly regulate the synthesis of nascent ribosomal
particles provides an important advantage to the cell. As
mentioned, one of the challenges for the E. coli cell is to
coordinate both the synthesis of r-proteins and rRNA as
well as the binding of the >50 r-proteins to the >4500
nts rRNA in the correct manner and order to ensure
formation of active particles. Indeed, the binding order
is governed by a strict hierarchy: (i) Specific r-proteins
act as so-called assembly initiator proteins, for example
S4 and S7 on the 30S and L3 and L24 on the 508,
which bind directly to the rRNA and coordinate the
binding of other r-proteins to the particle; and (ii)
the second line of the assembly sequence for the large
ribosomal subunit is seen in the r-proteins essential for
the early assembly, z.e., the proteins L4, L13, L20 and
122, which bind exclusively to the 5'-end of 23S rRNA.
These proteins are essential and sufficient to form the
first assembly intermediate particle, which cannot be
circumvented during the course of assembly. It follows
that iz vivo, where the rRNA synthesis is coupled to
the assembly of ribosomes (Lewicki er al., 1993), the
assembly process i1s much simpler than during total
reconstitution, where the addition of the mature rRNA
simultaneously offers all rRNA binding sites to the
r-proteins. In contrast, iz vivo the first intermediate
of the large ribosomal subunit can already be formed
shortly after the onset of rRNA synthesis, when only
a few binding sites are available for those r-proteins
essential for formation of this first intermediate. This
entropic advantage of iz vivo assembly over i witro
reconstitution underlies the term “assembly gradient,”
whereby the progress of IRNA synthesis determines the
progress of assembly. The necessity of maintaining the
entropic advantage is hitherto the only explanation as
to why in all eukaryotes, ribosome assembly occurs in
the nucleoli, the locus of rRNA synthesis (Nierhaus,
1991).

Although bacterial ribosomal subunits can be re-
constituted 7z vitro from purified rRNA and r-protein
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components, the conditions required to do this, namely
high magnesium and long incubations at elevated
temperatures, are far from physiological (see Nierhaus,
1991; Nomura et al., 1984). Instead, it is likely that
a plethora of protein factors are involved iz vivo to
facilitate the assembly process. Indeed, the assembly
process of eukaryotic, particularly yeast, ribosomes
has been well characterized, revealing that nearly 200
auxiliary proteins are associated with pre-ribosomal
particles (reviewed by Dez and Tollervey, 2004; Dlakic,
2005; Fatica and Tollervey, 2002; Fromont-Racine
et al., 2003). In bacteria, a number of protein factors
have been identified that are involved in processing,
such as RNases and helicases, or modification of the
ribosomal components by methylases, acetylases and
pseudouridinylases; however, accumulating evidence
suggests that there are in fact many more protein factors
that appear to be directly involved in the assembly
process. These include factors that bind to the small
30S subunit, such as RimM, RbfA, Era, as well as to the
large 508 ribosomal subunit, including Obg, Der and
YlgF. Since many of these factors appear to be highly
conserved and in many cases specific for bacteria, they
are considered as emerging targets for new antimicrobial
drugs (Comartin and Brown, 2006).

Bl. Processing and Modification,
Unwinding and Chaperoning
During Assembly

In bacteria, the small and large rRNAs are transcribed
together in a single transcript, which is processed by
a number of endonucleases, in particular RNase III,
which releases the pre-16S and pre-23S rRNAs from
the transcript (Bram ez al., 1980; Ginsburg and Steitz,
1975; Young and Steitz, 1978; see Deutscher and Li,
2001; Apirion and Miczak, 1993 for review of RNases).
The pre-23S rRNA contains 3 to 7 and 8 nucleotides
(nts) at the 5 and 3’ ends, respectively (Liiv and
Remme, 2004; Sirdeshmukh and Schlessinger, 1985a),
while the pre-16S, termed 17S, contains 115 and 33
nts at the 5 and 3’ ends respectively (Young and
Steitz, 1978). Whereas processing of the 5’ end has
been well characterized, consisting of the sequential
action of RNase E and G (Li e al., 1999), the RNase
responsible for processing of the 3’ end has not yet
been identified. It has been known since the early
1970s that 17S precursor containing 30S particles are
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inactive in translation, probably because they cannot
associate with the 50S subunit (Lindahl, 1973; Lindahl,
1975; Wireman and Sypherd, 1974). Since the 5" and
3’ ends of the 16S rRNA in the mature 30S particle
are located far apart, whereas in the precursor the extra
nucleotides are basepaired, this additional secondary
structure may either directly prohibit binding of the
50S subunit, or induce conformational changes in
the 30S subunit that indirectly prohibit large subunit
association. Additionally, the 3’ end of the 16S rRNA
contains the anti-Shine-Dalgarno (anti-SD) sequence
that base-pairs with the SD sequence present in many
mRNAs. Blocking this interaction could also prevent
mRNA recruitment and thus translation. In contrast,
processing of the pre-23S rRNA does not appear to be
as important since the pre-23S is found in polysomes
(Sirdeshmukh and Schlessinger, 1985b). Structurally
this can be rationalized, since in the mature 50S
subunit (Harms et al., 2001), the 3’ and 5" ends remain
base-paired, and are displaced relative to the active site
(interface side) of the ribosome.

Modification of the rRNA occurs predominantly
post-transcriptionally and consists of two main types,
methylation and pseudo-uridinylation. The E. coli
ribosome contains 24 methylated nucleosides, 10 in the
16S and 14 in the 23S rRNA, and 10 pseudo-uridines
(W), one in the 16S and nine in the 23S rRNA (Table
1). In addition, there are a number of positions that can
be modified to confer resistance to specific antibiotics,
such as the dimethylation of A2058 to confer macrolide
resistance, or methylation of G1408 of the 16S rRNA
to confer resistance to some aminoglycosides. While
all of the pseudouridine synthase genes have been
identified in E. coli (Del Campo et al., 2001), a number
of methylases responsible for rRNA modification have
yet to be identified (Table 1). The largest question
remaining unanswered, however, is the exact role of
the modifications. Many of the modifications are
dispensable for cell viability, with little observable
effect on cell growth or ribosome function. There are
some exceptions, which include the loss of G2251
modification in yeast mitochondrial ribosomes, which
leads to defects in subunit assembly (Sirum-Connolly
and Mason, 1993), and the absence of 2’-O-methylation
of U2552 affects subunit association (Biigl ez 4/., 2000;
Caldas ez al., 2000). Of the 11 pseudouridine synthases
in E. coli, only strains lacking RluD exhibit reduced
growth rates and defects in ribosome biogenesis, such
as accumulation of subunits (Gutgsell e al., 2005).
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TABLE 1 Summary of the modifications in 16S and 23S rRNA*!

Location Enzyme Modifies Modification*? Resistance

A. 16S rRNA modifications

516 RsuA (YejD) W
527 m’G
966 RsmD (yhhF) 30S m2G Lesnyak et al., 2007
967 RsmB (RrmB) 16S m>C
1207 RsmC (yjjT) 30S m2G
1402 m*Cm
1405 m’G Aminogly.*
1407 RsmF (YebU) 30S m>C Andersen and Douthwaite, 2006
1408 m'A Aminogly.*
1498 RsmE (yggJ) 30S m3U
1516 m2G
1518 RsmA (KsgA) 30S mé,A Kasugamycin**
1519 RsmA (KsgA) 305 mé,A Kasugamycin*
B. 23S rRNA Modifications
745 RImA(I) (RrmA and yebH) m'G
746 RIUA (YabO) v
747 RumB (YbjF) m°U (T)
748 RImA(II) (TIrB) m'G Tylosin*>
955 RIuC (YceQ) v
1618 meA
1835 RImG (YgjO) m2G Sergiev et al., 2006
1911 RIuD (YfilL) v
1915 RluD (YfiL) m3w
1917 RIuD (YfiL) v
1939 RumA (YgcA) m>U (T)
1962 m>C
2030 méA
2058 Erm (TIrD) meA MLSg*®
2069 m’G
2251 RImB (YjfH) Gm
2445 RImL (YcbY) m2G Lesnyak et al., 2006
2449 D
2457 RIUE (YmfQC) \
2479 AviRb Um Avilamycin*’
2498 Cm PhLOPIS*8
2503 Cfr m2A
2504 RluC (YceQ) v
2535 AviRa* m'G Avilamycin*’
2552 RrmJ (FtsJ) Um
2580 RIuC (YceCQ) v
2604 RIUF (YjbC) v
2605 RIuB (Ycil) v

*1 Data taken from http:/medlib.med.utah.edu/RNAmods/ (Rozenski et al., 1999) and http://medlib.med.utah.edu/SSUmods/ (McCloskey and Rozenski,
2005), and Del Campo et al., 2001, unless otherwise indicated.

*2 m*N refers to methylation (m) of rRNA nucleotide N at the x position of the base, whereas Nm indicates methylation of the sugar at the 2 position
of nucleotide N.

*3 Methylation of A1408 and G1405 leads resistance to some aminoglycosides (Beauclerk and Cundliffe, 1987).

*4 Lack of dimethylation of A1518 and A1519 confers modest resistance to kasugamycin (Helser et al., 1971; Helser et al., 1972).

*> Methylation of G748 confers tylosin resistance (Douthwaite et al., 2004).

*6 (Di-)Methylation of A2058 confers resistance to the macrolide, lincosamide and streptogramin B classes of antibiotics (Poehlsgaard and Douthwaite,
2003)

*/ Methylation of U2479 and G2535 confers resistance to avilamycin in Streptomyces (Treede et al., 2003)

*8 Absence of C2498 methylation causes resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics in
Staphylococcus aureus and Escherichia coli (Kehrenberg et al., 2005; Long et al., 2006)
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Figure 1 Methylation and pseudouridinylation sites on the E. coli ribosome. Sites of methylation (red) and pseudourindinylation
(yellow) are shown as space filled nucleotides on the (A) small and (B) large ribosomal subunits. rRNA and r-protein are shown as
ribbons in light and dark blue, respectively. In (A) a green ribbon indicates the path of the mRNA through the small subunit, whereas in
(B) the antibiotic chloramphenicol (green) acts as a reference for peptidyltransferase centre on the large subunit. This figure was
assembled from PDB accessions humbers 2AW4/7 (30S and 50S; Schuwirth et al., 2005), 1YL3 (mRNA; Jenner et al., 2005) and 1K01
(antibiotic, Schliinzen et al., 2001) and is based on figure from Decatur and Fournier, 2002.

RluD is responsible for converting uridine to W at the
highly conserved positions 1911, 1915, and 1917 in
23S RNA (Table 1). The location of these nucleotides
in the loop of helix 69, which forms part of universally
conserved intersubunit bridge B2, is consistent with
their influence on subunit association. Mapping all the
methylations and pseudouridinylations onto the crystal
structures of the 30S and 50S subunits reveals that they
cluster around active sites of the ribosome, namely,
the tRNA-mRNA binding site on the 30S subunit and
the peptidyltransferase center and intersubunit bridge
areas on the 50S subunit (Decatur and Fournier, 2002;
Figure 1A and B). This has led to the suggestion that
the modifications provide structural support to flexible
regions in order to optimize ribosomal function. In
some cases however, it appears that the modification
enzymes themselves play a role in ribosome biogenesis
independently of the modifications they catalyse, as
exemplified by RImA(I) (RrmA, Table 1), which is itself
essential for cell viability, whereas the modification
of m!G in the 23S rRNA is not (Liu et al, 2004).
It should also be noted that a number of r-proteins
are also modified, a classic example being the dis-
covery that r-protein L12 is in fact just an acetylated
version of L7. R-protein L11 is another example,
which in E. coli is trimethylated at three positions

Bacterial Ribosome Regulation

(Metl, Lys3, and Lys29) by the methylase PrmA,
however the roles of these modifications have yet to
be elucidated (see Cameron et al., 2004 and references
therein).

E. coli cells have five DEAD-box genes, so-called
because they contain nine conserved motifs, one of
which is Asp-Glu-Ala-Asp (D-E-A-D). Of these five
DEAD-box proteins, two have been shown to be
involved in ribosome biogenesis, SrmB and CsdA,
and a possible third is DbpA (reviewed by lost and
Dreyfus, 2006; Table 2). These families of proteins are
ATP-dependent RNA helicases, although the specificity
of the reaction differs among the members. Unlike
CsdA and SrmB, DbpA requires a specific sequence
present in the 23S rRNA, namely helix 92, to stimulate
its unwinding activity. The region responsible for this
specificity appears to be located in the C-terminal
region of the protein, since for the DbpA homologue
in Bacillus subtilis YxiN, deletion of the C-terminal
domain removes all sequence specificity and appending
this region to the catalytic core of the non-sequence
specific RNA helicase, StmB, confers sequence speci-
ficity (Karginov er al., 2005). This suggests that the
C-terminal tethers the helicase to H92 in the pre-
50S subunit, allowing the catalytic core to unwind
neighboring RNA duplexes to facilitate proper folding
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TABLE 2 Summary of the unusual protein factors that regulate ribosome biogenesis and protein synthesis

Factor* Possible functions

CsdA (DeaD) Cold shock DeaD A (CsdA) is an ATP-dependent RNA helicase that binds to large ribosomal
subunit to mediate unwinding of 23S rRNA during assembly. Previously called DeaD.

DbpA DEAD box protein A (DbpA) is an ATP-dependent RNA helicase that mediates unwinding
of 23S rRNA during assembly. Termed YxiN in Bacillus subtilis.

Der See EngA

EF-3 (yeast)
EF4
EF-P (IF-4)

EngA (Der/YphQ)

EngB (YihA, YsxC)
Era

Hsp15

LepA (EF4)

Obg (CgtA)

pY (YfiA, RaiA)

RbbA(YhiH, W)

RbfA (P15B)

RbgA (YIgF)
RelA

RelE

RimM (21K, YfjA)
RimN (YrdC)
RMF

RsgA (YjeQ/YloQ)

SRA (522)
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Elongation Factor 3 is a yeast specific ATPase that promotes release of the E-tRNA from the
ribosome, upon binding of the ternary complex EF1-aa-tRNA-GTP to the A site.

(see LepA)

Elongation Factor P structurally mimics tRNA, binds to the ribosome to facilitate
translation initiation by stimulating formation of the first peptide bond; is a homologue
of elF5A and has been proposed to be renamed as IF-4

Unique G-protein with tandem G-domains and RNA binding KH domain. Probably involved
in assembly of the large ribosomal subunit. Also known as Der/YfgK (E. coli) or YphC
(B. subtilis).

E. coli YihA and the B. subtilis homologue YsxC are essential proteins that appear to have a
role in assembly of the large ribosomal subunit.

E. coli Ras-like protein is a GTPase that binds to (pre-)30S subunit to facilitate processing of
the 3’ end of the 16S rRNA precursor. Ortholog in B. subtilis termed Bex.

Heat shock protein 15 (Hsp15) is encoded by the yrfH/hsIR gene and is involved in recycling
of nascent polypeptide containing free large ribosomal subunits.

Leader peptidase A, renamed to Elongation Factor 4 (EF4). Shown to bind to POST state
ribosomes and induce back-translocation.

SpoOB-associated GTP-binding protein (OBG) binds ppGpp and appears to monitor levels
of G-nucleotides in the cell. Obg also binds the large ribosomal subunit and may provide
a link the stress response, DNA replication and ribosome assembly. Also known as CgtA
or YhbZ.

protein Y binds and inactivates ribosomes under conditions of cold shock. Previously
known as YfiA and Ribosome-associated inhibitor A (RaiA).

Ribosome-bound ATPase has been proposed to facilitate ejection of E-tRNA from the
ribosome, analogous to yeast EF-3. The yhiH gene encodes RbbA and the truncated form
was originally termed W.

Ribosome binding factor A binds to 30S subunit to facilitate subunit assembly.
Overexpression suppresses cold sensitive C23U mutation in the 16S rRNA. Previously
termed P15B.

Ribosome biogenesis GTPase A is involved in a late assembly step of B. subtilis 50S
subunits. Previously called YlgF. Not present in E. coli.

The stringent factor RelA binds to ribosomes containing uncharged or deacylated tRNA at
the A site and synthesizes the alarmone (p)ppGpp.

RelE is a toxin that binds to ribosomes and cleaves mRNA in the A site. The antitoxin RelB
inactivates RelE.

Ribosome maturation factor M binds to head of small ribosomal subunit to facilitate
assembly. Previously called 21K or YfjA.

Ribosome maturation factor N has been suggested to bind the 16S rRNA to promote
proper processing.

Ribosome modulation factor (RMF) binds to stationary phase 70S ribosomes to induce
dimerization (100S formation).

Ribosome small subunit-dependent GTPase A (RsgA) has a putative role in small subunit
ribosomal assembly. Previously called YjeQ (E. coli). Homologues include YloQ/YqeH (B.
subtilis) or YawG (yeast).

Stationary phase induced ribosome-associated protein (SRA) binds to ribosomes in
stationary phase. Previously identified as ribosomal protein S22.
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TABLE 2 Summary of the unusual protein factors that regulate ribosome biogenesis and protein synthesis (Continued)

Factor* Possible functions

SmpB Small protein B (SmpB) binds tmRNA and is involved in the trans-translation system for
rescue of ribosomes stalled on truncated mRNAs.

SrmB Suppressor of temperature-sensitive mutation in ribosomal protein L24. SrmB is a DEAD
box RNA helicase involved in ribosome biogenesis.

Tet(O) A ribosomal protection protein (RPP) that binds to tetracycline-stalled ribosomes to release
the drug and allow translation to continue.

YciH Bacterial ortholog of elF1/SUI1. Not present in many bacterial genomes.

YhbH Found bound to 100S ribosome dimers in stationary phase cells. Putative role in
stabilization and preservation of ribosomes.

YihA (YsxC) See EngB

YhbY Has a similar fold to the C-terminal domain of IF3, suggesting potential interaction with

RNA. Reported to associate with 50S subunits.

*E. coli nomenclature given unless indicated.

or interaction with r-proteins. Indeed, deletion of the
either the srmB or csdA gene leads to accumulation
of a pre-50S particles, which in former case (AsrmB)
are lacking r-protein L13, an early assembly protein
(Charollais ez al., 2003), whereas in the latter (AcsdA)
only late assembly proteins are absent. This suggests
that SrmB acts earlier in the assembly pathway than
CsdA (Charollais ez al., 2004). It should be noted that
CsdA is induced by cold shock and therefore may be
more important under these stress conditions (Jones
et al., 1996).

Another set of protein factors that have been
implicated in ribosome biogenesis are the chaperones
DnaK/DnaJ/GrpE  (Alix and  Guerin, 1993),
GroEL/GroES (El Hage er al, 2001). DnaK and
GrpE have been shown to be stably associated with
pre-30S assembly particles and their presence has been
thought to overcome the need for a high temperature
activation step required for iz vitro reconstitution of
308 particles at 37°C or lower temperatures (Maki et al.,
2002). In contrast, strains bearing temperature sensitive
DnaK mutants do not display ribosomal assembly
defects iz vivo, except at non-permissive temperatures
above 35°C (Alix and Guerin, 1993). This suggests that
DnaK is only important for ribosomal assembly at high
temperatures. Indeed, this finding is supported by the
recent iz vitro analysis monitoring the reconstitution
of 30S particles in the presence and absence of DnaK
at 30°C, where in both cases a dependence on the heat
activation step remained (Alix and Nierhaus, 2003).
Further investigation will be required to decipher
the role and importance of chaperones for ribosomal
assembly.

Bacterial Ribosome Regulation

Bll. The Hierarchy of Small Subunit
Assembly

In addition to modification, processing enzymes,
helicases and chaperones, an increasing number of non-
ribosomal proteins have been found to be associated
with the 30S (or pre-30S) subunit, and implicated in
ribosomal assembly; RimM, RbfA, Era, RsgA, and
RimN (Table 2).

I. RimM

RimM (ribosome maturation factor M) is found
associated with free 30S subunits, but not with 70S
ribosomes (Bylund et al., 1997). The first indication
that RimM plays a role in assembly of the 30S
subunit was the fact that deletion of the rimM gene
(ArimM) effects translational efficiency (Bylund ez al.,
1997) and leads to an accumulation of the precursor
to the 16S rRNA, termed 17S (Bylund ez al., 1998).
RimM, previously termed 21K since it is a 21 kD
protein, has a two domain structure, with the N- and
C-terminal domains (NTD and CTD, respectively)
exhibiting PRC B-barrel-like topologies (Figure 2A).
Conserved aromatic residues located at positions 106-
108 (E. coli numbering) within the interdomain linker
region (Figure 2A) have been proposed to be involved
in protein binding (Anantharaman and Aravind, 2002).
A double mutation, Y106A-Y107A, in RimM creates
a strain with a phenotype similar to that seen for
ArimM (Lovgren et al., 2004). Suppressor mutations
for the RimM mutant were identified as alterations in
r-protein S13 (A89 to 99), S19 (H83Y) or in helices
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31 and 33b of the 16S rRNA (Lévgren et al., 2004). Ill. RbfA

In the ma.ltufe 30S structure,.these r1boso.mal elemepts Ribosome binding factor A (RbfA) was first dis-
cluster within the head region on the interface side covered as a multicopy suppressor for a dominant

(Figure ZB)'.A GST-RimM fusion protein. has been cold-sensitive C23U mutation located in the 5 end
shown to bind to S19 in the 30S subunit, whereas of the 16S rRNA (Dammel and Noller, 1993, 1995).

the RimM mutant did not (Lévgre.n et al., 2004). The Consistently, deletion of the 754 gene results in
fact that most of the rRNA mutations, as well as S19 a cold-sensitive phenotype for growth, a reduction

(H83Y) mutant, were more .efﬁdent suppressors of the in polysomes/70S ribosomes and a corresponding
rRNA deficiency in the RimM mutant, but not the increase in 30S and 50S subunits (Dammel and

ArimM strain, might be thought to indicate that the Noller, 1995; Xia et al, 2003). Similar to the ArimM

suppressor mutations restore binding of the mutant phenotype, ArbfA also displays an accumulation of the

RimM to the ribosome. Surprisingly, this was not 17S rRNA (Bylund ez al, 1998; Inoue et al., 2003).

observed to be the case, at least fo'r the S19 Suppressor Interestingly, overexpression of RbfA complements,
(Lovgren et al., 2004), although this may only indicate at least partially, the slow growth phenotype of the

that the interaction is very weak and/or transient. ArimM strain, whereas the converse is not true, ze.,

Certainly, it is easy to envisage how alterations in S13, RimM overexpression cannot complement a ArbfA

Whic}t’bint.eracsti directll}(ri Wlilth 811)9’ or I]'DRI\LA nuc}ef({)itid;; phenotype (Bylund et al., 1998). RbfA has been shown
neighboring 519, could allow better binding of Rim to associate specifically with the 30S subunits iz vivo,

by indirectly affecting the conformation of S19. Al- and proposed to bind to the 5 terminal helix 1 of
ternatively, the suppressor mutations may mediate the 165 rRNA (Dammel and Noller, 1995). NMR
conformati.onal changes withip the 305 that promote and crystal structures reveal that RbfA has a single
more efficient rRNA processing or 305 maturation, characteristic RNA binding helix-turn-helix (HTH)
in the ab;ence of RimM Or presence O_f the .R1mM containing KH-domain (Figure 2C), with a flexible C-
mutant. Either way, the direct interaction with the terminal extension that was not fully visualized in any

head of the 308 subunit supports a role for .RimM in of the available structures (Huang ez a/., 2003). The C-
the correct maturation of this region. An important

step to understanding the action of RimM will be
the identification of the substrate for RimM. Initial
experiments using the GST-RimM fusion protein as a
bait to pull out interaction partners in a cellular extract

terminal extension may be important for RNA binding
since E. coli RbfA lacking the C-terminal 25 amino
acids, cannot bind stably to the 30S, nor complement
the cold-sensitive Arfb.A phenotype, although it can
correct for the deficiency in rRNA processing (Xia

suggest that a number of r-proteins' are absent in the et al., 2003). If helix 1 of the 16S rRNA is really the
complex and that mature 16S rRNA is present (Lovgren binding site for RbfA, then this would require that

el al.,.2094); however, these results require further either RbfA binds before r-protein S6, since this protein
nvestigation. blocks access to the 5’ end of the 16S rRNA from

Figure 2 The hierarchy of small subunit assembly. (A) Structure of RimM homologue from Pseudomonas aeruginosa (PDB2F1L),
showing N- and C-terminal domains (NTD and CTD) with Y106 and Y107 indicated as sticks. (B) Location of RimM suppressor mutations
in the E. coli 30S subunit (PDB2AW4; Schuwirth et al., 2005). G1015A in h33b (orange), DA974 in h31 (green), D89-99 in S13 (cyan) and
R81 in S19 (blue) are shown with stick representation. On the 30S subunit, the 5’ and 3’ termini of the 16S rRNA are indicated in blue and
red, respectively. (C) An ensemble of ten NMR structures of RbfA (PDB1KKG; Huang et al., 2003), with the helix-turn-helix (HTH) motif
indicated in the KH-domain, as well as the flexible C-terminus. Note the 24 C-terminal residues were not visualized, probably due to their
flexible and unstructured nature. (D) Helix 1 (blue) and nucleotide C23 (blue spacefill) in the 5’ end of the 16S rRNA occupy a pivotal
position being sandwiched between the head (H, green), body (B, cyan), platform (P, magenta) and 3’ minor domain (h44, orange) on the
E. coli 30S subunit (PDB2AW4; Schuwirth et al., 2005). (E) Model for the binding site of Era on the 30S subunit derived from cryo-EM
reconstructions (Sharma et al., 2005). In this model, the G-domain of Era (red) interacts with r-protein S2 (purple), whereas the KH domain
of Era (blue) contacts S11 (orange), S18 (yellow) and S7 (not shown for clarity). In addition, the helix-turn-helix motif in the KH domain
approaches the 3’ end of the 16S rRNA. The relative positions of A1518 and A1519 in helix 45 are also indicated. Note: the position of
the 5’ end of the 16S rRNA (blue) is covered by r-protein S2 (cyan) in the mature 30S subunit. (F) Comparison of the crystal structures
of E. coli nucleotide-free (apo) form of Era (orange; Chen et al., 1999) and Thermus thermophilus Era in complex with GDPNP (magenta).
(G) Structure of RsgA (YjeQ from Thermotoga maritima; Shin et al., 2004) highlighting the N-terminal OB-fold domain (blue), G-domain
(green) and C-terminal zinc finger domain (orange). The Zn ion is shown as a gray sphere.
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the solvent side of the mature 30S subunit (compare
position of nucleotide C23 in Figure 2D and 2E), or
that the domain arrangement of the (pre-)30S subunit
is different when RbfA is bound. In this regard it is
interesting to note that helix 1 is pivotally positioned,
located directly behind the 3’ minor domain (h44)
and sandwiched between the body (B), head (H) and
platform (P) regions (Figure 2D). Thus, the role of RbfA
may be during a late assembly step, to facilitate bringing
these domains together.

lll. Era

Era (E. coli ras-like protein) is a highly conserved
GTPase, essential in E. colz, which binds to 30S subunits
in vitro (Sayed et al, 1999; Sharma et al, 2005).
Depletion of Era from the cell produces phenotypes
reminiscent of the ArimM and ArbfA strains, namely
a reduction in 70S ribosomes and an accumulation
of subunits and 17S precursor rRNA (Inoue e al.,
2003). The crystal structure of E. coli Era reveals a
two domain protein, with GTP-binding and KH RNA-
binding domains located at the N- and C-terminus of
the protein, respectively (Chen ez al., 1999). A recent
cryo-electron microscopy reconstruction of Thermus
thermophilus Era bound to the 30S subunit reveals that
Era binds in a cavity formed by r-proteins S2, S7,
S11, and S18, located between the head and platform
(Figure 2E) (Sharma ez al., 2005). Docking of the crystal
structures for Era and the 30S subunit into the cryo-EM
density suggests that Era contacts four of the five rRNA
domains, with the RNA-binding helix-turn-helix motif
located in the KH-domain in close proximity to the
3" end of the 16S rRNA. This localization is also
consistent with the fact that overexpression of KsgA,
which dimethylates A1518 and A1519 located in the
penultimate h45 of the 16S rRNA (Figure 2E), leads
to suppression of a cold-sensitive Era mutant (Lu and
Inouye, 1998). Since the methylation state of A1518
and A1519 has been shown to affect the conformation
of the 3’ end of 16S rRNA (Micura e al, 2001), it
seems likely that methylation promotes formation of an
optimal RNA secondary structure for the Era mutant to
function. Collectively, these data led to the suggestion
that Era may act as an RNA chaperone, facilitating the
correct positioning of the rRNA for processing by the
maturation RNase (Sharma ez al., 2005).

The GTPase activity of Era appears to be essential for
Era function (Lerner ez al., 1992), although it cannot
be ruled out that this is related to the role of Era in
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many other cellular processes, such as cell division
(Britton ez al., 1998) and carbon metabolism (Pillutla
et al., 1996), rather than ribosome assembly. Certainly,
the G-nucleotide appears to influence Era stability on
the ribosome, since only the non-hydrolysable GTP
form of Era could prevent association of 30S and
50S subunits zz vitro (Sharma et al., 2005; D.N.W,
unpublished results). Thus it is tempting to speculate
that processing of the rRNA could trigger the GTPase
activity of Era, but this remains to be tested. The
best fitting of the E. coli Era crystal structure into
the cryo-EM density requires flexibility between the
KH (CTD) and G-domains (NTD). This is supported
by a recent crystal structure of 7. thermophilus Era in
the GTP form (GDPNP), which reveals an even more
dramatic difference in the relative domain arrangement
when compared to the nucleotide-free (apo) E. coli Era
structure (Figure 2F). Therefore it is easy to envisage
how GTP hydrolysis could alter the conformation of
Era to destabilize and release it from the ribosome.
Alternatively (or additionally), r-protein S1 may play
a role in recycling of Era from the 30S, since the
binding position of Era on the 30S subunit overlaps
significantly with that determined for S1 (Sharma ez al.,
2005). Since S1 is involved in mRNA recruitment to the
308, Era may act as a control checkpoint, ensuring that
only mature 30S subunits can enter into the translation
initiation cycle, z.e., Era would prevent binding of S1 to
precursor containing 30S subunits. This model would
suggest Era is involved in one of the last steps in 30S
assembly. However, it should be noted that while Era
can complement the ArffA strain at high temperature
(Inoue et al., 2006), it cannot suppress ArimM or
the cold sensitive C23U strains (Inoue et al., 2003).
Determination of the binding sites of RbfA and RimM
on (pre-)30S particles will go someway to providing
further insight in the relationship between these factors.

IV. RsgA (YloQ/YjeQ)

Another GTPase that associates with the 30S subunit
is E. coli YjeQ (Daigle et al, 2002) (YloQ in B.
subtillus; Campbell et al., 2005), recently renamed as
RsgA (ribosome small subunit-dependent GTPase A)
(Himeno ez al., 2004). RsgA has a low intrinsic GTPase
activity that is stimulated by 30S subunits and 70S
ribosomes, but not 50S subunits (Daigle and Brown,
2004; Himeno et al., 2004). RsgA is found associated
with ribosomes at very low stoichiometry (1:200) iz
vivo (Daigle and Brown, 2004), and iz vitro binds stably

D. N. Wilson and K. H. Nierhaus

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

to 30S subunits in the presence of GDPNP, but not
GTP or GDP (Daigle and Brown, 2004; Himeno et al.,
2004). In the presence of GDPNP, all 70S ribosomes
were dissociated into subunits by RsgA, suggesting
an intersubunit localization of the factor (Himeno
et al., 2004). Indeed, aminoglycoside antibiotics such
as neomycin, paromomycin and gentamycin, which
bind in the decoding center on the interface side
of the 30S subunit, inhibit the ribosome-dependent
GTPase of RsgA (Campbell er al, 2005; Himeno
et al., 2004), possibly by preventing binding of RsgA
to the ribosome (Himeno ef al., 2004). In contrast,
chloramphenicol, which binds to the 50S subunit, as
well as other 30S binding antibiotics, e.g., tetracycline,
kasugamycin and streptomycin, had no effect (Himeno
et al., 2004). The structure of RsgA is composed
of three highly conserved domains, an N-terminal
oligosaccharide/oligonucleotide-binding (OB)-fold, a
central GTPase (G) domain that is circularly permutated
(G4-G1-G2-G3 rather than G1-G2-G3-G4) and a C-
terminal domain with a zinc (Zn) binding motif
(Levdikov et al., 2004; Shin et al., 2004) (Figure 2G).
N-terminal truncations indicate that the OB domain is
important for interaction of RsgA with the 30S (Daigle
and Brown, 2004). Since the initiation factor IF1 con-
sists of an OB-fold domain and binds in the A site of the
30S subunit (Carter et al., 2001), it will be interesting to
investigate the interrelationship between these factors
on the ribosome. Although RsgA is dispensable for
viability of E. coli cells, loss of RsgA protein results
in a slow growth phenotype and an altered ribosome
profile (Campbell ez al, 2005). Surprisingly, in the
absence of RsgA most of the 70S ribosomes are present
as subunits, the 30S subunits contain 17S precursor
rRNA and stimulate RsgA GTPase less efficiently than
wild-type 30S subunits (Himeno ez al., 2004). Clearly,
further experiments are required to understand whether
RsgA is really involved in assembly of the 30S subunit,
or in some other regulatory pathway.

V. YrdC (RimN)

Selection of suppressors of a strain bearing a
temperature-sensitive termination release factor 1 (RF1)
mutation identified a 12-nucleotide deletion that
removed the initiation codon from the yrdC gene
(Kaczanowska and Rydén-Aulin, 2004). Characteriza-
tion of the AyrdC strain revealed an accumulation
of immature 30S subunits containing 17S rRNA. The
structure of YrdC exhibits a large concave surface
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with positive electrostatic potential and the protein
preferentially binds to dsRNA (Teplova er al., 2000);
however, no direct evidence for stable binding of YrdC
to 30S particles has been forthcoming (Kaczanowska
and Rydén-Aulin, 2005). Nevertheless, incubation of
cell extracts from the AyrdC strain with YrdC protein
led to maturation of the 16S rRNA, implicating YrdC
in the assembly process and prompting the renaming of
this protein to RimN (Kaczanowska and Rydén-Aulin,
2005). Other members of the same protein family as
YrdC include yeast homologue Sua5, which has been
suggested to be involved in translation re-initiation (Na
et al., 1992).

Blll. GTPases That Affect Large
Subunit Assembly

In light of the large amount of fully sequenced
genomes, database analysis has revealed that bacteria
contain 11 universally conserved GTPases (Caldon
et al., 2001). While this list includes canonical trans-
lation factors such as EF-G, EF-Tu, IF2, the recently
characterized elongation factor LepA (EF4; Qin et 4l.,
2006), and the signal sequence recognition pathway
proteins Ffth and FtsY, the list also identified new fam-
ilies of proteins, members of which, EngA (Der), EngB
(YihA), and Obg (see Table 2), have been implicated
in assembly of the large 50S subunit (Brown, 2005). In
addition, although the GTPase YIqF is not present in
E. coli, it is widely distributed in gram-positive bacteria
and has been shown to be essential for growth in B.
subtilis (Morimoto et al., 2002). Two proteins implicated
in 60S biogenesis in yeast, Nog2p and Nuglp, exhibit
similarity to YlqF that extends beyond the G-domain
(Bassler ez al., 2001; Saveanu et al., 2001). Furthermore,
humans contain several homologs for YlgF, GTPBP7
and the nucleolar GTPases nucleostemin and GNL2
(Uicker ez al., 2006). Two recent publications addressing
the role of YIqF nicely complement each other to reveal
a role for this protein in a late assembly step of the large
50S ribosomal subunit (Matsuo et al., 2006; Uicker et al.,
2006), thus appearing to support the renaming of YlgF
to RbgA (ribosome biogenesis GTPase A) (Uicker ez al.,
2006).

I. Obg (CgtA/YhbZ)

Homologues to the obg gene have been identified
in all genomes sequenced so far, ranging from the
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smallest free living bacteria, to archaea (usually two
genes, Noglp and Rbglp) and eukaryotes (usually
four copies, including nucleolar Noglp). The structure
of the full-length Obg from T. thermophilus reveals
three domains, a central G domain flanked by N-
and C-terminal domains, termed OBG and OCT
(Obg-C-terminal), respectively, that are unique to Obg
(Figure 3A) (Kukimoto-Niino ez4l., 2004). Obg has been
implicated in many different cellular processes, ranging
from DNA replication, protein synthesis and cellular
differentiation (reviewed by Bénédicte, 2005; Brown,
2005; Czyz and Wegrzyn, 2005). Indeed, the name Obg
derives from SpoOB-associated GTP-binding protein,
since the B. subtilis protein was shown to co-express
with SpoOB and be involved with sporulation (Trach
and Hoch, 1989).

RrmJ is a methyltransferase that modifies position
U2552 of the 23S rRNA (see Table 1), and loss of this
modification in a Arrm/ strain leads to a reduction
in 70S ribosomes as well as an accumulation of both
30S and 508 subunits (Tan ez al., 2002). Overexpression
of Obg (or EngA, but not Era) can rescue the slow-
growth phenotype and restore the polysome profile
resulting from an rrm/-knockout, without leading to
modification of U2552 (Tan e al., 2002). Direct binding
of Obg to 508 subunits has been observed for bacteria;
E. coli (Sato et al., 2005; Wout et al., 2004), Caulobacter
crescentus (Lin et al., 2004) and Vibrio harvey: (Sikora et al.,
2006b), as well as Obg homologs from yeast, namely,
mitochondrial Mtg2p (Datta et al., 2005) and nucleolar
Noglp (Jensen et al, 2003; Kallstrom et al., 2003).
Obg has a moderate affinity for G-nucleotides, exhibits
slow GTP hydrolysis rates and exchanges G-nucleotides
rapidly (Lin ez al., 1999; Sikora et al., 2006 a; Wout et al.,
2004). The nucleotide requirement of Obg for ribo-
some binding is unclear: B. subtilis Obg co-fractionates
with ribosomes in a G-nucleotide-dependent fashion,
exhibiting strongest interaction with GTP over GDP
(Zhang and Haldenwang, 2004), whereas E. coli and
C. crescentus Obg seem to migrate with 50S subunits
regardless of the presence or absence of G-nucleotide
(Lin et al., 2004; Wout et al, 2004). Interestingly,
when subunits from purified 70S ribosomes were used
instead of lysates, E. coli Obg bound both to 30S and
50S subunits, but only strongly in the presence of
GDPNP (Jiang ez al., 2006). Similarly, E. coli Obg was
found to interact with naked 16S and 23S rRNA in
a nucleotide-specific manner, binding in the presence
of GTP, but not GDP or absence of nucleotide (Sato
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et al., 2005). Therefore, the G domain does appear
to play a role in the binding of Obg to the ribo-
some, and furthermore, that under some conditions
binding to the 30S subunit is also possible. However
the significance of this latter finding is unclear at
present.

Depletion of Obg from the cell leads to a decrease
in 70S ribosomes, an increase in both 30S and 50S
subunits, as well as the appearance of an intermediate
pre-50S particle (Jiang ez al., 2006; Sato et al., 2005).
Furthermore, precursors to both the 16S and 23S
rRNA are significantly increased, suggesting that RNA
processing is impaired (Jiang ez al., 2006). It should be
noted that defects in processing of the 16S can arise
as secondary events due to from defects in 23S rRNA
maturation (Charollais et al., 2003 ; Gutgsell ez al., 2005),
which may well be the case here. Analysis of the pre-50S
particle reveals reduced levels of r-proteins L33, L34,
and to a lesser extent L16 (Jiang e al., 2006). These three
proteins are late assembly proteins, suggesting that Obg
is involved in a late step in 50S biogenesis, analogous to
Rrm] (Hager ezal., 2002), CsdA (see section BI), EngA/B
and RbgA (see section BIII, II to IV, respectively). In
addition, RrmJ and RluC (a pseudouridinylase that
modifies U955 of the 23S rRNA; Table 1) were also
found in the pre-50S particle (Jiang et al., 2006).

Pull-down assays using his-tagged E. coli Obg as
bait, identified many interaction partners such as r-
proteins from both 30S and 50S subunits, as well as
CsdA, ClpA, hypothetical protein 274#5, and RNA
polymerase B and B’ subunits (Sato er al, 2005).
This latter finding is interesting since Obg interacts
with RsbT, RsbW, and RsbX, regulators that mediate
stress activation of o® (Scott and Haldenwang, 1999),
as well as SpoT (Wout er al, 2004; Raskin et al.,
2007), a (p)ppGpp synthetase/hydrolase involved in
the stringent response (see section EI). Interestingly,
in the crystal structure of B. subtilis Obg, one of the
two molecules in the asymmetric unit was bound with
ppGpp in the active site (Buglino ez al., 2002). Since
ppGpp was not included in the crystallization condi-
tions, the suggestion is that the molecule binds tightly
to Obg and co-purifies with the protein. Comparing
the conformations of nucleotide-free and GTP bound
forms of Obg reveals a dramatic rearrangement of the G
domain relative to the OBG domain (Figure 3B and C),
supporting the suggestion that Obg senses and responds
to the G-nucleotide state of the cell (Bénédicte,
2005).
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Il. EngA (Der/YphC)
The EngA family of GTP-binding (G) proteins is

unique in that it contains two consecutive G-domains
(G1 and G2), located at the N-terminus of the protein,
followed by a C-terminal RNA binding KH domain
(Muench ez al., 2006; Robinson et al., 2002) (Figure
3D). E. coli EngA (also known as Der [double Era-like
GTPase]) as well as many homologs, such as Bacillus
subtilis YphC, have been shown to be essential for
cell viability (Bharat ez al., 2006; Hwang and Inouye,
2006; Morimoto et al, 2002). Consistently, EngA
homologues are highly conserved in bacterial, but not
archaeal or eukaryotic genomes (with the exception
of Arabidopsis thaliana; Leipe et al., 2002). Perhaps
the first hint that EngA was involved in ribosome
biogenesis was the report that overexpression of EngA,
like that of Obg (see previous section), could rescue the
slow-growth phenotype of a rrm/-knockout strain (Tan
et al., 2002). Indeed, similar phenotypes are observed
when the EngA itself is depleted from the E. coli
cell (Bharat et al., 2006; Hwang and Inouye, 2006;
Schaefer ez al., 2006), with the growth rate correlating
with the amount of EngA present (Hwang and Inouye,
2006). Furthermore, the accumulating 50S subunits in
the EngA-depleted strain are unstable at low Mg?*
concentrations, had reduced levels of r-proteins L9 and
L18 (and to a lesser extent L2 and L6) and contain
pre-23S rRNA (with seven additional 5" nucleotides)
(Hwang and Inouye, 2006). In contrast, the 30S subunit
had the full complement of r-proteins, and while the
precursor 17S rRNA was also present, this is likely to
be a secondary effect due to the defect in 23S rRNA
maturation (Hwang and Inouye, 2006). Surprisingly,
an independent study analysing the content of the 455
peak from EngA-depleted cells found that r-proteins
L16, L27, and L36 were absent, reminiscent of the
particles accumulating in the YsxC- and RbgA-depleted
strains (Schaefer ez al., 2006).

E. coli EngA has been shown to associate with
50S subunits, rather than with 70S ribosomes or 30S
subunits (Bharat e al, 2006; Hwang and Inouye,
2006; Schaefer et al., 2006). Furthermore, the binding
was dependent on the presence of non-hydrolysable
GDPNP, whereas little or no binding was observed
with GDP or GTP (Hwang and Inouye, 2006; Schaefer
et al., 2006). Both G-domains of EngA appear to
be important for function and cell viability. EngA
with either mutation S16A in GDI1, or K216A (or
S217A) in GD2, has reduced GTP binding activity
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and is not able to rescue a AengA strain (Bharat
et al., 2006). Similarly, mutations N118D in GDI,
or N321D in GD2, cannot rescue a AengA strain at
low temperature (30°C). However, complementation is
possible at higher temperatures (42°C), but not with
a double N118D/N321D EngA mutant (Hwang and
Inouye, 2006). Consistently, binding of the double
mutant to 50S subunits is significantly diminished
compared to wild-type and N118D/N213D mutants
(Hwang and Inouye, 2006). This suggests that at high
temperature, a single G-domain is sufficient for EngA
function.

Two structures for EngA are available, from T.
maritima with GDP bound in G2 and two phosphate
molecules bound to G1 (Robinson et al., 2002), and
B. subtilis, with GDP in both G1 and G2 active sites
(Muench ez al, 2006). Aligning the two molecules on
the basis of the C-terminal KH domain, reveals that G2
is in the same relative orientation in the two structures,
whereas G1 has undergone a dramatic conformational
change (Figure 3E). The two phosphates in G1 of T.
maritima EngA have been suggested to mimic the 8
and y phosphates of GTP, inducing an “on” state
in the factor, whereas the GDP in B. subtilis EngA
represents the “off” state (Muench ez al., 2006). This
is consistent with the open conformation representing
the “on” state, such that the highly basic surface of the
KH domain, which is responsible for RNA interaction,
remains exposed (Figure 3F), whereas in the closed
“off” state, G1 has shifted position to cover this region
(Figure 3G) (Muench ez al, 2006). This model is in
agreement with the idea that EngA binds to the pre-50S
in the GTP state, and that hydrolysis to the GDP
state could provide a mechanism for dissociating the
factor from the mature subunit. Now it is important to
determine whether EngA binds to the pre-50S particles
and what the trigger for GTPase activation is.

lll. EngB (YihA/YsxC)

The genes encoding EngB family of proteins, ysxC
in B. subtilis and yih A in E. coli, have been shown to be
essential for cell viability (Arigoni ez al., 1998; Dassain
et al., 1999; Prigai and Harwood, 2000). In Bacillus,
ysxC is located within a bicistronic operon, downstream
of the lonA gene, which encodes protease involved
in protein degradation in response to environmental
stress. YsxC has been shown to bind to 70S ribosomes
and 50S, but not 30S subunits, with the strength of
the interaction being increased by the presence of G
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nucleotides (Schaefer ez al., 2006). The structure of YsxC
in complex with GDPNP (Ruzheinikov ez al., 2004)
reveals a single domain protein (Figure 3H), which,
however lacks any classic RNA binding domains, such
as the KH domains seen in Era or EngA. The highly
basic C-terminal alpha helix could potentially mediate
interaction with rRNA (Figure 3H), but this has yet to
be confirmed (Ruzheinikov ez al., 2004). Depletion of
YsxC from the cell leads to a reduction in the level of
70S ribosomes as well as a concomitant accumulation
of subunits. Interestingly, the migration of the large
ribosomal subunit migrates at 44.5S, rather than the
usual 508 position (Schaefer ez al., 2006). A comparative
analysis of the 44.5S particle reveals the absence of
r-proteins L16, 127, and L36, analogous to the 45S
particles that accumulate in cells depleted of EngA
or RbgA (Schaefer er al., 2006). These proteins are
clustered together adjacent to the peptidyltransferase
center of the mature 50S subunit, and are linked
through common contacts with 23S rRNA: L16 and
L36 both interact with H89, while .27 and 116 contact
different regions of H38 (Figure 3I). Since these three
proteins are late assembly proteins, the function of
YsxC may be to convert the inactive 44.5S particle into
an active 50S particle by recruiting these final group of
late assembly proteins.

IV. RbgA (YIqF)

Gradual depletion of RbgA from B. subtils cells leads
to a corresponding decrease in growth rate (Matsuo
et al., 2006; Uicker et al., 2006) and is characterized by
a change in gene expression, namely an upregulation
of genes involved in protein synthesis and downregu-
lation of metabolic genes (Uicker ef al., 2006). Similar

responses are observed during conditions of nutrient
starvation (see section EI) as well as when sub-lethal
concentrations of translation inhibitors are given to
cells (Sabina et al, 2003). The ribosome profiles of
RbgA-depleted cells show greatly reduced levels of 70S
ribosomes and concomitant accumulation of subunits
(Matsuo et al., 2006; Uicker et al., 2006). In addition the
large ribosomal subunit migrates at 45S, rather than
508, suggesting it is an assembly intermediate (pre-50S)
(Matsuo etal., 2006; Uicker et al., 2006). The appearance
of the 458 particle is directly related to growth rate and
the level of RbgA expression, as well as being specific
for RbgA depletion since no 458 peak is observed when
EF-Tu and IF2 are depleted (Uicker ez al., 2006).

RbgA has been shown to bind stably to the precursor
45§ particles (Uicker et al., 2006), however binding
to the 50S subunit requires the presence of a non-
hydrolysable GTP analogue (GDPy S), since no binding
is detected in the presence of GTP or GDP (Matsuo
et al., 2006). Consistently, the GTPase activity of RbgA
is stimulated by the presence of the 50S subunit; how-
ever, no comparison was made using 45S precursors.
Analysis of the 45S particles reveals that r-protein L16,
L27, and L36 are absent (Matsuo et al., 2006; Schaefer
et al., 2006; Uicker et al., 2006), and yeast two-hybrid
and pull-down assays demonstrate that RbgA directly
interacts with only one r-protein, namely L25 (Matsuo
et al., 2006). Binding of RbgA to the 50S subunit led
to protection from DMS of C928 and C942 (H38),
A2301 (H81), and A2354 (H85) in the 23S rRNA.
In the mature 50S subunit, both L16, L25, and L27
interact with H38 and are in close proximity to C928
(Figure 3I). In addition, an extension from L16 reaches
toward A2301. The crystals structure of B. subtilis RbgA
(PDB1PUJ) has two domains, an N-terminal G-domain

Figure 3 GTPases involved in large subunit assembly. Structures of Obg from (A) T. thermophilus (PDB1UDX; Kukimoto-Niino et al.,
2004) and (B) B. subtilis (PDB1LNZ; Buglino et al., 2002) with (C) a superposition of both structures aligned on the basis of the unique
OBG domain (green). In (A) the OCT domain (orange) was also visualized, whereas in (B) the signalling molecule, ppGpp was found
in the G domain. The arrow in (C) indicates the different positions of the G domains relative to the OBG domain in the two structures.
(D) Structure of T. maritima Der (PDB1MKY; Robinson et al., 2002) coloured to highlight the C-terminal KH domain (blue) and the two
G-domains (green and orange), which have GDP (pale blue) in the active sites. (E) Alignment of T. maritima Der with B. subtilis homologue
(PDB2HJG; Muench et al., 2006) on the basis of KH domain, revealing the dramatically different position of the G1 domains (arrowed). (F)
Structure of Der in “open” conformation, shown as ribbons (above) and surface representation (below), highlighting regions of positive
and negative electrostatic potential in blue and red, respectively. (G) Ribbons (above) and surface representation (below) of Der in the
“closed” conformation, with coloring as in (D). Note the rearrangement of the G1 domain in the closed conformation covers the highly
basic KH domain seen in the open conformation. (H) Structure of YsxC (rainbow coloured from N-terminal (blue) to C-terminal (red)
in complex with GDPNP (magenta) (PDB1SVW; Ruzheinikov et al., 2004). Note, the highly basic Lys and Arg residues located in the
C-terminal (C-term) helix are also shown. (/) Binding site of RbgA (YIqF) on the large ribosomal subunit with enlargement of boxed area
of inset subunit (with L1 (magenta) and L11 (cyan) included for reference). Ribosomal proteins L16 (orange), L25 (green) and L27 (blue)
are highlighted, as are nucleotides C928 and C942 (magenta) in H38 (pink), A2301 (red) in H81 and A2354 (cyan) in H85. Figure uses B.
subtilis numbering on D. radiodurans 50S structure (Wilson et al., 2005) as outlined by Matsuo et al., 2006. (J) Crystal structure of RbgA
indicating two domain arrangement, with N-terminal G-domain (blue) with GTP molecule (magenta) and C-terminal acidic domain (green).
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connected through a conserved linker to an acidic
C-terminal domain (CTD) (Figure 3]). Therefore it is
tempting to speculate that it is the CTD of RbgA that
interacts with the highly basic r-protein L25 and RbgA
may even be involved in recruiting L16 and L27 to
the ribosome. L16 and L27 are both late assembly
proteins (Nierhaus, 1991) confirming that RbgA is
involved in a late assembly step. The addition of L16
during assembly results in large conformational changes
within the ribosome (Teraoka and Nierhaus, 1978),
which is consistent with the conversion of the 45S to
50S particle. The inability of 45S to interact with 30S
subunits to form 70S ribosomes suggests that RbgA may
act as a control checkpoint, ensuring only mature 50S

particles enter into the translation cycle (Uicker et al.,
2006).

C. ON YOUR MARKS, GET SET, GO:
FACTORS INFLUENCING
TRANSLATION INITIATION

Compared with eukaryotic translation initiation that
involves many multi-subunit factors (Hinnebusch et al.,
2004), the initiation process in bacteria appears by
comparison to be relatively simple having only three
essential factors IF1, IF2, and IF3. Indeed, i witro
translation systems using purified factors revealed that
these three factors were necessary and sufficient for
translation initiation (Shimizu e al., 2001). However,
in vivo other bacterial factors appear to be necessary
for this process, such as elongation factor P (EF-P), and
possibly YciH and YhbY.

I. EF-P May Stimulate Formation
of the First Peptide Bond

EF-P was originally identified in the 1970s by Ganoza
and coworkers as a soluble protein factor in E. coli
that stimulated the peptidyltransferase activity of 70S
ribosomes (Glick and Ganoza, 1975, 1976). Specifically,
it has been reported that EF-P stimulates iz witro
dipeptide formation between fMet-tRNA in the P site
and puromycin in the A site of the ribosome, suggesting
it is involved in the formation of the first peptide
bond (Ganoza and Aoki, 2000; Ganoza et al., 1985;
Swaney et al., 2006). Although EF-P does not appear
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to be essential for iz vitro translation, the ¢fp gene is
universally conserved in bacteria (Kyrpides and Woese,
1998) and is essential for cell viability in E. coli (Aoki
et al., 1997).

E. coli EF-P is 188 amino acids and shares significant
homology with eukaryotic initiation factor 5A (eIF-5A),
although elF-5A is generally shorter in length. Crystal
structures of 7. thermophilus EF-P (Hanawa-Suetsugu
et al., 2004) and three archaeal elF-5As (Kim et al.,
1998; Peat et al., 1998; Yao et al., 2003) have been
determined. EF-P and eIF-5A consist of three and two
B-barrel domain proteins, respectively. Domain I of
EF-P is topologically similar to the N-terminal domain
of elF-5A, whereas domain II and III of EF-P appear
to have arisen by duplication and are equivalent to
the C-terminal domain of elF-5A (Hanawa-Suetsugu
et al., 2004) (Figure 4A and B, respectively). The
N-terminal domain of eIF-5A contains a conserved
lysine residue at the tip of the loop, which is modified
post-translationally to hypusine (Figure 4B) (Park ez al.,
1993). The enzyme that modifies lysine to hypusine is
essential for viability in yeast (Park ez 4/, 1993). While
hypusine is not present in bacteria (Magdolen ez al.,
1994), the strict conservation of either lysine or arginine
at the equivalent position in EF-P (Figure 4A) hints at
an important functional role for this residue.

The three domains of EF-P are arranged in an L-shape
with 65 A and 56 A arms at an angle of 95°, which is
reminiscent of overall dimensions of a tRNA (compare
Figure 4A and C) (Hanawa-Suetsugu ez al., 2004). The
data on the binding site of EF-P are inconclusive. EF-P
has been reported to bind to the both 30S and 50S
subunit, near the streptomycin binding site on the
30S, and interacting with domains II and V of the
23S rRNA near the peptidyltransferase centre on the
50S subunit (Aoki ez al., 1997; Ganoza et al., 2002).
Furthermore, L16 or at least the N-terminal 47 amino
acids appear to be important for EF-P mediated peptide
bond formation (Baxter et al, 1987; Ganoza et al.,
1985). If the structurally homology to tRNA is used
as a guide, then EF-P may bind within the E site,
since the A and P sites would be occupied by tRNA to
form the first dipeptide. However, it should be noted
that the ribosome-recycling factor (RRF) also exhibited
structural similarities with tRNA (Selmer et al., 1999)
and was found to bind in a quite different orientation
than would be expected from the mimicry (Vesper and
Wilson, 2006).
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Figure 4 Factors involved during initiation of protein synthesis. Structures of (A) EF-P (PDB1UEB; Hanawa-Suetsugu et al., 2004), (B)
elF-5A (PDB1EIF; Kim et al., 1998), and (C) tRNA (PDB1TTT; Nissen et al., 1995). The conserved Arg (or Lys) residue in EF-P and Lys
residue that is hypusine modified in elF-5A are shown as sticks. Superposition of structures for (D) YciH (blue, PDB1D1R; Cort et al.,
1999) and elF1 (green, PDB2IF1; Fletcher et al., 1999), and (E) YhbY (blue; PDB1LN4; Osthelmer et al., 2002) and C-terminal domain of

initiation factor 3 (IF3 C, green; PDB1TIG; Biou et al., 1995).

Il. A Role for YciH and YhbY in
Bacterial Translation Initiation?

Sequence alignments suggest that YciH is an or-
tholog of yeast SUI1, the human homologue of which
is eukaryotic initiation factor 1 (eIF-1; note that eIF-1 is
not related to bacterial IF1). Yeast eIF1 is essential, and
plays an important role in assembly of translation ini-
tiation complexes as well as AUG start codon selection
(reviewed by Hinnebusch ez al., 2004). The structures
of both elF1 (Fletcher e al., 1999) and YciH (Cort
et al., 1999) have been determined and are remarkably
similar (Figure 4D). The topology is consistent with an
oligonucleotide-binding fold, although neither YciH

Bacterial Ribosome Regulation

nor elF1 has been shown to bind RNA (or DNA)
specifically. Other proteins with similar folds include
r-protein S6, EF-G, and a number of DNA binding
proteins, such as polymerases and transcription factors
(Cort et al., 1999). YhiH is present in all completely
sequenced archaeal genomes, and although this factor
is not found in many bacterial genomes, the role it
plays in E. coli may help to understand the function in
higher organisms.

In at least two archaeal lineages, the y44Y homo-
logues are found within operons encoding r-proteins
(L20, L31, and L39), elF6 and RNase P subunit
(Osthelmer et al., 2002). Although in E. coli yhbY is most
likely monocistronically transcribed, the growth rate
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dependence of y46Y mRINAs parallels those of mRNAs
for translational components, and YhbY has been
shown to co-sediment with 50S subunits (Osthelmer
et al., 2002). Indeed, YhbY was detected in 40S
precursors to the 50S subunit that accumulate when
Obg is depleted from the cell (Jiang et al, 2006).
The crystal structure of E. coli YhbY reveals extensive
similarity with the CTD of IF3 (Figure 4E) despite
no detectable sequence homology, as well as with
many other oligonucleotide-binding proteins involved
in intron-splicing or RNA modification (Osthelmer
et al., 2002). Much work needs to be done to elucidate
whether this protein is involved in biogenesis, initiation
or has another role during translation.

D. AT THE HEART OF THE MATTER:
SPECIAL FACTORS THAT ENTER INTO
THE ELONGATION PHASE
OF TRANSLATION

The elongation cycle entails the ribosome moving
between two main states: The pre-translocational state
(PRE), with tRNAs at the A and P sites, and the
post-translocation state (POST), where the tRNAs have
moved together with the mRNA from the A and P
sites to the P and E sites, respectively. Both states are
separated by high energy barriers of about 120 kJ/mol
(Schilling-Barteztko et al., 1992), which are reduced
by two universal elongation factors, EF-Tu (EF1) and
EF-G (EF2) (seen in Figure 5A and B, respectively).
Thus, the transition between PRE and POST states is
catalyzed by these two elongation factors, with EF-G
pushing the equilibrium towards the POST state, and
EF-Tu, which forms a ternary complex with aa-tRNA
and GTP, pushing the equilibrium to the PRE state
by delivering the next tRNA to the A site of a POST
state ribosome on the basis of the codon of the mRNA
displayed there. Binding of ternary complex at the A
site leads to concomitant release of the E-tRNA, thus
maintaining two tRNAs on the ribosome (see Wilson
and Nierhaus, 2006). The elongation cycle is univer-
sally conserved, with eukaryotes and archaea having
homologous factors to EF-G and EF-Tu, termed EF2
and EF1, respectively. However, an exception exists:
Yeast have an additional elongation factor EF-3, which
is a necessary prerequisite for release of E-tRNA rather
than causing the release (Triana-Alonso ez al.,, 1995). In
addition, there are a number of factors that utilize their
high sequence similarity to elongation factors to enter

204

into the elongation cycle, such as LepA and Tet(O).
LepA (EF4) is a protein present in all bacteria (with
three exceptions, see below), including mitochondria
and chloroplasts. LepA appears to improve the fidelity
of translation by back-translocating mistranslocated
ribosomes (Qin ef al, 2006). Lastly, some bacteria
have additional ribosomal protection proteins (RPPs),
such as the Tet(O) family of proteins. Tet(O) binds to
ribosomes stalled during translation due to the presence
of the antibiotic tetracycline, and chases the drug from
the ribosome, allowing protein synthesis to continue
unhindered (reviewed by Connell ez al., 2003a; Roberts,
2002, 2005).

I. LepA (EF4) is an Elongation Factor
that Back-Translocates the Ribosome

LepA is one of the most conserved proteins known,
ranging from 55% to 68% amino acid identity between
bacterial homologs. Such conservation is higher than
that observed for other essential translation factors,
such as IF3 or exchange factor EF-Ts. LepA is not found
in archaea, nor in eukaryotic 80S systems, but is present
as one copy in all bacteria with three exceptions: (i)
Streptococcus pyogenes MGAS8232 NC 003485, which
has no lepA gene, whereas four other Streptococci pyogenes
as well as other Streptococci strains do have a lepA gene,
(i) Carsonella ruddii, an obligate symbiont living in
lice with the smallest genome (182 genes) known to
date (Nakabachi et al, 2006) also contains no lepA
gene, and (iii) Pirellula, which has two copies (Margus
et al., 2007). LepA has been retained in Mycoplasma,
which has a reduced genome of only ~500 genes, in
the small free-living bacteria Rickettsia, as well as being
found in chloroplasts and all mitochondria from yeast
to human. Despite this conservation, deletion of the
lepA gene in E. coli, as well as yeast mitochondria
appears to have little effect on viability (Dibb and
Wolfe, 1986; Kiser and Weinert, 1995). However,
recently it could be shown that at a low pH of
<6.5 exaggerated by higher concentrations of K* and
Mg?* LepA becomes essential for growth (Karim and
Nierhaus, unpublished data). These observations are
in agreement with a systematic randomized knock-out
study of Helicobacter pylori demonstrating that the intact
lepA gene is essential for survival of this strain at low
pH (Bijlsma et al., 2000). Therefore, at least for some
bacterial species LepA could be an attractive target for
new classes of antibiotics.
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¥ ¢ EF3-bound
: EF3-unbound

Figure 5 Unusual factors in translation elongation. Comparison of the structures of (A4) the ternary complex aa-tRNA.EF-Tu.GTP
(PDB1TTT; Nissen et al., 1995) with that of (B) EF-G (PDB1WDT) and (C) a homology model for E. coli LepA (Qin et al., 2006). The domains
of EF-G are indicated with roman numerals, except the G’ subdomain of domain I. Note that the EF-G domain IV corresponds to the
anticodon stem-loop (ASL) of the aa-tRNA within the ternary complex and that LepA lacks the G’ domain and domain IV, but has a LepA
specific C-terminal domain (CTD). (D) Model for EF3 (red) bound to the yeast 80S ribosome (rRNA and r-proteins in pale blue and dark
blue, respectively) based on cryo-EM reconstruction (PDB2IX8; Andersen et al., 2006). R-proteins L1 (magenta) and L11 (cyan), and A-
(yellow) and P-tRNAs (orange) are highlighted for reference. (E) Model for EF3 action. Binding of EF3 to the ribosome involves a shift
in the chromodomain from the “unbound” (pale red) to the “bound” (red) position, and induces movement of the L1 stalk from the “in”
position (dark blue), where it contacts the E-tRNA (green), to the “out” position (pale blue), where the E-tRNA can be released from the
ribosome upon binding of tRNA at the A site. Figure constructed from PDB2IX8 (Andersen et al., 2006), PDB1S1l (Spahn et al., 2004) and
1GIX (Yusupov et al., 2001).

Sequence comparison suggests that LepA is a G-
protein with high homology to EF-G, having equiv-
alents to domains I-V of EF-G, with the exception of
domain IV and the absence of the G’ domain within
domain I (compare Figure 5B and C). LepA binds to
ribosomes 7z vivo (Colca et al., 2003) and % vitro (Qin
etal., 2006), and has a low intrinsic GTPase activity that
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is stimulated by 70S ribosomes, to levels paralleling
those of EF-G (Qin ef al, 2006). Overexpression of
LepA in wivo is toxic to the cell, and consistently
addition of increasing amounts of LepA protein pro-
gressively inhibits 7z witro translation. Surprisingly,
however, addition of low amounts of LepA increases
the fidelity of translation iz vitro, and can counteract the
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translation misreading induced by increased Mg?* ion
concentration, but not the inaccuracies resulting from
the presence of misreading antibiotics such as paro-
momycin, streptomycin or edeine (Qin et al., 2006).
Multiple biochemical experiments, such as puromycin
reaction, footprinting, toeprinting and Pb** cleavage,
reveal that binding of LepA to a POST ribosome,
induces a back-translocation, moving the P and E
site tRNAs back into the A and P sites, respectively.
Collectively, the results suggest that LepA is a stress
response elongation factor. Under conditions of low
pH (<6.5) or high ionic strength (K* or Mg?*), translo-
cation on the ribosome becomes defective. This leads
to incorrect display of the A site codon, which in turn
promotes binding of near-cognate tRNAs and therefore
misincorporation of amino acids. In the current model,
LepA detects these defective POST ribosomes and
induces a back-translocation, thus providing EF-G
another chance to translocate the ribosomes correctly.
Cryo-electron microscopy reconstructions of EF-G-70S
complexes reveal that domain IV occupies the position
of the A-site, supporting the suggestion that EF-G may
act as a doorstop to prevent back-movement of the
tRNAs. The back-translational ability of LepA and the
absence of an equivalent to domain IV are certainly
consistent with this proposal.

Il. Is the Function of RbbA Really
Analogous to That of EF3?

The discovery of a third elongation factor in yeast
was a surprise, especially considering that this factor,
termed EF3, could hydrolyze ATP, unlike other trans-
lational factors that have a strict requirement for GTP.
In vitro studies to determine the function of this factor
revealed that EF3 is an E site factor, the presence of
which is necessary for release of the E-tRNA upon
binding of ternary complex EFla-GTP-aa-tRNA to the
A site (Triana-Alonso et al., 1995). In these experiments,
ternary complex of EFla-GTP-aa-tRNA can only bind
in the absence of EF3 to ribosomes with a free E site, z.e.,
to initiation-type (Pi) ribosomes (fMet-tRNA in P site
only), but not to POST state ribosomes (tRINAs at both
P and E sites). However, the presence of EF3 stimulates
ternary complex binding to the A site with concomitant
release of the E-tRNA. This reaction is dependent on
ATP hydrolysis, since no stimulation by EF3 is observed
in the presence of ADP or a non-hydrolysable ATP
analog (AMPPNP). EF3 directly affects the binding
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stability of E-tRNA, since radiolabelled E-tRNA can be
chased by unlabelled tRNA cognate to the E-tRNA, but
only in the presence of EF3 and ATP (Triana-Alonso
etal., 1995). The fact that the E-tRNA cannot be chased
by non-cognate tRNA suggests that codon-anticodon
interaction must exist at the E site, as has been proposed
for bacteria (see Blaha and Nierhaus, 2001). A recent
article presenting the crystal structure of Saccharomyces
cerevisiae EF3 as well as a cryo-EM reconstruction of
EF3 bound to POST state 80S ribosome has provided
structural insight into the mechanism of EF3 action
(Andersen et al, 2006). Elongation factor 3 (EF3)
belongs to the family of ABC (ATP-binding cassette)
proteins, together with proteins involved in membrane
transport and DNA repair. The crystal structure of
Saccharomyces cerevisiae EF3 comprises five structural
domains, an N-terminal HEAT repeat domain linked
by a flexible linker to a four-helix bundle, with the
C-terminal region containing two ABC cassettes, ABC1
and ABC2, into the latter of which a chromodomain is
inserted. In the cryo-EM reconstruction, EF3 binds at
novel site on the 80S, distinct from the binding sites of
EFla and EF2, with the HEAT domain contacting the
head of the small 40S subunit and the ABC2 domain
interacting with the central protuberance of the large
60S subunit (Figure 5D and E). Comparison of the
ribosome-bound and free forms of EF3 suggest that
EF3 undergoes dramatic conformational change upon
binding to the ribosome. In particular, it appears likely
that a switch in the chromodomain position correlates
with an opening of the L1 stalk from a closed to an
open position, which would unlock the E site and allow
release of the E-tRNA upon A site binding (Andersen
et al., 2006) (Figure 5E).

A homologue for EF-3 has been proposed to exist
in E. coli, termed ribosome-bound ATPase (RbbA)
and encoded by the yhiH gene (Kiel ez al, 1999).
The sequence of the RbbA gene indicates that it
has two ATP-motifs in the N-terminal region and an
RNA-binding motif (Kiel ez al., 1999). RbbA has a low
intrinsic ATPase activity, which is stimulated in the
presence of 70S ribosomes (Xu ez al., 2006). Indeed,
RbbA has been shown to bind to both 30S subunits
and 70S ribosomes, and to stimulate iz vitro poly(Phe)
synthesis (Kiel and Ganoza, 2001; Xu et al., 2006). A
truncated stable form of RbbA, lacking the C-terminal
transmembrane domain, has been demonstrated to
function similar to full-length RbbA by promoting
binding of ternary complex EF-Tu-GTP-aa-tRNA to
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the A site of ribosomes, as well as stimulating release
of deacylated tRNA from the E site (Xu ez al., 2006).
However, these experiments were performed with mini-
mRNAs such as AUGU3, therefore it will be important
in the future to analyze more physiological mRNAs
as well. Binding of RbbA to the ribosome leads to
strong protection of A937 against DEP treatment, and
lesser protection at A915 and A949, in contrast to the
protections observed around G889, G890, or G925,
on the naked 16S rRNA (Xu ez al., 2006). Both A937
and A949 are located in close proximity to where the
anticodon stem-loop of an E-tRNA binds, suggesting
that RbbA may indeed bind within the ribosomal E
site, consistent with the competition with E-tRNA.
However, A915 is totally inaccessible, being located
behind h44 within the body of the 30S subunit. It still
remains unclear as to which conditions necessitate the
presence of RbbA, since it is not required for i vitro
translation systems using purified factors (Shimizu ezal.,
2001) and release of the E-tRNA from E. coli ribosomes
has been shown to occur upon binding of the ternary
complex to the A site in the absence of RbbA (Dinos
et al., 2005). Furthermore, the homology with EF3 may
be a “red herring,” since it is predominantly to the
ABC cassettes located in the C-terminal of EF3. In
fact, RbbA exhibits no homology with the N-terminal
HEAT domain region of EF3, which has been shown by
cryo-EM to be the main site of contact with the head of
the 40S (Andersen et al., 2006). This does not exclude
that RbbA plays an analogous role to EF-3 but in a
different manner; however, further experiments will be
required to confirm this.

lll. Tet(O) Enters the Elongation Cycle
to Confer Tetracycline Resistance

The tetracycline conferring resistance RPPs represent
one of the subfamilies known to be derived from the EF-
G family (Roberts, 2005). These RPPs are likely to have
originated from o#rA4, an RPP-determinant found in the
producer of tetracycline, Streptomyces rimosus (Connell
et al., 2003a). A recent genome analysis identified
Tet-coding genes in only 20 genomes, predominantly
in bacterial lineages that are likely to have been exposed
to the drug and therefore have acquired the resistance
genes, such as symbionts in the mammalian gut or
mammalian pathogens (Margus er al, 2007). RPPs
confer resistance to tetracycline by binding to the
drug-inhibited ribosomes, for example, the addition
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of purified Tet(O) to a tetracycline inhibited 7 witro
poly(Phe) system can shift the half-inhibitory concen-
tration (ICs0) from 100 uM to over 500 uM (Trieber
etal., 1998). A cryo-EM reconstruction of Tet(O) bound
to the E. coli 70S ribosomes reveals Tet(O) binds in
a common site with EF-G and has an overall similar
shape, differing in the vicinity of domain IV (Spahn
etal.,2001). In EF-G, domain IV contacts h44 of the 16S
rRNA and is important for the translocation activity of
EF-G (see LepA section above), whereas the equivalent
region of Tet(O) approaches h34 instead, consistent
with the lack of translocation ability of this factor.
Protection experiments suggest that binding of Tet(O)
induces long-range conformational changes in the ribo-
some that release tetracycline from it’s primary binding
site in minor groove of h34 (Connell et al., 2003b;
Connell ez al., 2002). Interestingly, this conformational
change persists after GTP hydrolysis and dissociation
of Tet(O) from the ribosome, thus protecting the
ribosome from rebinding of tetracycline and providing
an advantage for ternary complex binding (Connell
et al., 2003b).

E. COPING WITH STRESS:
TRANSLATION REGULATION UNDER
DIVERSE ENVIRONMENTAL
CONDITIONS

I. RelA, RelBE and tmRNA: A Three
Pronged Response to Nutrient
Deprivation

The three regulatory systems RelA, RelBE, and
tmRNA form an intricate network representing a very
efficient “SOS” system for the bacterial cell under a
variety of emergency situations (reviewed by Condon,
2006; Wilson and Nierhaus, 2005). The most com-
plicated component of this network is the stringent
reponse governed by RelA, which will be discussed
first followed by a description of the astonishing RelBE
toxin-antitoxin system. After mentioning the function
of the tmRNA system, we will comment on how these
three systems are interwoven.

One of the most important regulatory circuits in
bacteria is the stringent response. This term means
a tight coupling of protein and RNA synthesis: If
protein synthesis stops due to a curtailment in nutrient
supply, the synthesis of rRNA is stopped within a
fraction of a minute. In contrast, relaxed mutants
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continue to synthesize tRNA for >1 hour following
a translational block (Yang and Ishiguro, 2001), thus
destroying the finely tuned balance between synthesis
of r-proteins and rRNA that normally exists in the
cell. Even if the growth conditions improve, the cell
has serious difficulties in recovering and—dependent
on the strength of the starvation period—might even
fail to recover at all. The stringent response provides
the cell with a prominent regulatory means to control
gene expression (for review see Iskakova et al., 2004).
The effect is twofold: (i) transcriptional repression of
genes associated with the translational apparatus, for
example genes encoding tRNAs, rRNAs, ribosomal
proteins, translational factors, and synthetases; (ii) and
up-regulation of genes encoding metabolic enzymes,
especially those involved in amino acid biosynthesis.
Activation of the stringent response initially stems
from the shortage of one (or more) amino acid(s),
which in turn produces a significant increase in the
pool of uncharged-tRNA (termed deacylated-tRNA) for
the corresponding amino acid(s). In log-phase bacterial
cells, deacylated-tRNA constitutes ~15% of the total
tRNA, the majority of which is present in a bound state,
viz. bound either to ribosomes or synthetases. Under
conditions of amino acid starvation, the deacylated-
tRNA fraction can increase to >80% of the total
tRNA. The scarcity of the specific aminoacylated-
tRNA, compounded by the large pools of the free
deacylated-tRNA, enables the deacylated-tRNA to bind
to the empty ribosomal A site, conditional to presence
of a cognate codon in the A site (Jenvert and Schiavone,
2005). The presence of a deacylated-tRNA in the A
site triggers RelA-dependent synthesis of guanosine 5’
triphosphate 3’ diphosphate (pppGpp) and guanosine
3’, 5 bisphosphate (ppGpp) from ATP and GTP or
GDP, respectively (Haseltine and Block, 1973; Hasel-
tine et al., 1972; Sy and Lipmann, 1973). The products,
collectively referred to as (p)ppGpp, most likely exert
a regulatory effect on transcription via an interaction
with the B-subunit of the transcriptase (Chatterji ez al.,
1998; Travers, 1976; van Ooyen et al., 1976). (p)ppGpp
is a more general effector also being important for
general stress conditions, e.g., when pathogenic bacteria
attack their host as well as for bacterial multicellular
behavior (reviewed by Braeken et al., 2006). The relaxed
phenotype that removes the stringent coupling between
translation and transcription arises from mutations in
either relA, the gene encoding the stringent factor RelA
(Block and Haseltine, 1975; Stent and Brenner, 1961),
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or in relC, the gene for ribosomal protein L11 (Friesen
etal., 1974; Parker et al., 1976; relC = rplK). Early studies
demonstrated that binding of RelA to 70S ribosomes
is essential for the production of (p)ppGpp synthesis
(Ramagopal and Davis, 1974; Richter, 1976; Richter
et al., 1975) and that RelA binding is enhanced by the
presence of a poly(U)-mRNA (Wagner and Kurland,
1980). The synthesis of (p)ppGpp has been shown
to be dependent on a deacylated-tRNA at the A site
(Haseltine and Block, 1973) and inhibited % vivo when
L11 is absent (Friesen et al, 1974). The binding of
RelA to the ribosome is predominantly influenced by
mRNA and not by deacylated-tRNA or L11 (Wendrich
et al., 2002). In contrast, RelA-catalyzed (p)ppGpp
synthesis is strictly dependent on L11 and is coupled
to RelA release from the ribosome. Furthermore, it is
the release of RelA, not deacylated-tRNA, from the
ribosome that is concomitant with (p)ppGpp synthesis.
The resulting model describing the mode of action of
RelA during the stringent response shows RelA hopping
between blocked ribosomes (Figure 6A; Wendrich
et al., 2002), providing an explanation for how low
intracellular concentrations of RelA (1/200 ribosomes)
can synthesize (p)ppGpp at levels that accurately reflect
the starved ribosome population. There also appears to
be a link between the stringent response and ribosome
biogenesis, since the Obg gene (section BIII), which is
normally essential, can be deleted in a RelA-knock-out
strain (Raskin ez al, 2007). Furthermore, depletion
of Obg leads to global changes in gene expression
reminescent of the stringent response (Raskin ez al.,
2007) and Obg has been shown to interact with SpoT,
an enzyme that degrades ppGpp (Wout et al., 2004;
Raskin et al., 2007),

The second regulatory circuit present in bacteria, and
at least some archaea, belongs to the astonishing “sui-
cidal systems.” Each system consists of a stable toxin
and an unstable anti-toxin that neutralizes the killing
effect of the toxin. As long as the toxin exists in the
cell at a significant concentration, the anti-toxin must
be synthesized to prevent cell death. Both proteins are
encoded in a single operon with the toxin gene located
downstream of the anti-toxin gene. Both the toxin, as
well as the anti-toxin/toxin complex, negatively regulate
the promoter of the operon, thus providing a feedback
autoregulation control. What could be the importance
for such a seemingly exotic system? One explanation
is the maintenance of plasmids: When plasmid born
products do not provide a selective advantage, random
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mutations of the plasmid replication apparatus causes
loss of the replicon, thus leaving most bacteria on this
planet without plasmids. However, the presence of an
toxin/anti-toxin system ensures survival of the plasmid,
since the initial loss of the plasmid leaves the cell with
the stable toxin and no way to continue production
of the labile antitoxin. In fact, the pem locus on the
plasmid R100 encoding the E. coli chromosomal homo-
logue chpBIK is responsible for the stable maintenance
in the host cell (Masuda et al., 1993) and in lambda
phage an antitoxin has also been found serving the
same function (Engelberg-Kulka ez al., 1998). The term
“addiction module” for such a system seems therefore
to be an appropriate name. Linking such a system with
antibiotic resistance genes would provide a devilish
combination. However, these systems are also present
in the genome of archaea and bacteria, and in E. coli
five such systems have been identified including the
relBE systems, in addition to ¢hpBIK (Bech et al., 1985;
Gotfredsen and Gerdes, 1998; Pedersen et al., 2003). The
crystal structure of an archaeal RelBE complex at 2.3 A
resolution derived from the archeon Pyrococcus horikishii
provides insight into the mechanism of action of the
complementary partners (Takagi ef al., 2005). Both the
toxin and anti-toxin are small proteins (8 and 11 kDa,
respectively) and their structures bear no resemblance
to known RNases or RNase inhibitors. Indeed, the
RelBE complex presents a bundle of surprises relating
to both the structure and function of these proteins.
The toxin RelE contains a single domain with an
unusual BasB4 fold, whereas the anti-toxin has no
hydrophobic core and is wrapped around the toxin
by more than one turn (Figure 6B). It follows that
the antitoxin has a defined structure only in complex
with the toxin, thus when unbound is an easy prey for
the ATP-dependent Lon protease, explaining the short
half-life of this protein. The toxin has an overall shape
of a prolate ellipsoid with the dimension of 40A x 26A
x 30A composed of three a-helices and a five stranded
B-sheet. The toxin thus mimics, in overall dimension
and folding topology, domain IV of the EF-G (Figure
6C-E) that interacts with the decoding center at the
ribosomal A site (dimensions of 46A x 32A x 25°A).
This feature implies how RelE might interact with
mRNA at the ribosomal A site. The RelE toxin mediates
a highly specific cleavage of the codon of the mRNA
located at the ribosomal A site, predominantly after the
second nucleotide (Pedersen ef al., 2003) (Figure 6F).
There is a preference for stop codons with UAG being
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the most efficient to be cleaved and UGA the worst,
and with strong cleavage also observed with the sense
codons CAG and UCG. When a deacylated tRNA is
at the P site then cleavage at A and E sites is observed
with comparable efficiency, and without ribosomes the
mRNA is not cleaved (Pedersen ez al., 2003). A standard
way of blocking nucleases by their respective inhibitors
is by binding to the active center of the enzyme, as
is true for barnase (Buckle ez al., 1994) and the colicins
(Graille ezal., 2004; Kolade et al., 2002), but the structure
and inhibition mechanism of the aRelBE complex is
different: RelE has to “sneak” into the A site in order
to attack the A-site codon. Therefore, RelB may block
the action of RelE by wrapping around the toxin and
thus making the toxin too large to enter the A site. This
prevents the toxin binding to the target, the ribosome,
and thus there is no need for the antitoxin to interact
directly with the active site of the toxin. One remaining
question for the future is how RelE mediates cleavage of
the mRNA: Since RelE does not exhibit RNase activity
per se, this prompts the question as to what extent the
ribosome is involved in the cleavage process.

The main player of the third system is tmRNA (SsrA
RNA or 10S RNA), a small stable RNA, which is
present in all eubacteria as well as in some chloroplasts
and mitochondria. The 3’- and 5-ends of tmRNA
are folded into a tRNA-like structure with an amino-
acid acceptor stem that possesses identity elements of
tRNAAR and enables specific aminoacylation of the
tmRNA by the alanyl-tRNA synthetase. tmRNA has a
short open reading frame in the middle of the molecule
that encodes a degradation signal (fag-peptide) (Fig-
ure 6F), which is recognized by certain cellular pro-
teases (ClpXP, CIpAP). The combination of properties
of both tRNA and mRNA results in an unusual
translational mechanism for this molecule known as
“trans-translation”—switching translation from cellular
mRNAs lacking stop codons to the coding part of
tmRNA, thus adding the t4g-peptide to the truncated
polypeptide chain and targetting it for degradation
(reviewed by Haebel et al., 2004; Saguy et al., 2005).
Several proteins have been shown to function during
initiation of tmRNA-mediated trans-translation. EF-Tu
is important for the initial binding of tmRNA to
the ribosome and may also facilitate the structural
arrangement of the tmRNA molecule. In addition,
ribosomal protein S1 may bind to the mRNA part
of tmRNA in a manner similar to cellular mRNA:s.
Small protein B (SmpB) is the only key protein known
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to be essential and specific for frans-translation. Both
in vivo and in vitro studies have shown that trans-
translation cannot occur in the absence of SmpB
(Hanawa-Suetsugu et al, 2002; Karzai et al., 1999).
SmpB also facilitates tmRNA aminoacylation. One
ribosome can bind two SmpB molecules, one on
the small subunit and a second on the large. Binding to
the large subunit appears to be weaker in comparison
to the small subunit (see also for references Gillet ez al.,
2007). Furthermore, SmpB has been shown to remain
on the ribosome during translation of the mRNA
module of tmRNA (Shpanchenko ez al., 2005).

So how do these three layers of regulation, the RelA-
mediates stringent response, the RelBE toxin/anti-
toxin and tmRNA rescue systems, combine to form
a larger stress response? Let us, for example, consider
amino acid starvation that generates a pool of free
uncharged tRNA and allows deacylated tRNA to bind
at the A site, triggering the stringent response. The
increased concentration of (p)ppGpp synthesized by
the stringent factor can completely use up the cellular
content of GTP and GDP, reducing the activities of
processes requiring these G nucleotides, which involves
all steps of translation, initiation (IF2), elongation
(EF-G, EF-Tu, and EF-Ts) and termination (RF3). This
is in addition to the aforementioned upregulation of
metabolic enzymes and downregulation of translation
components. Furthermore, if the inhibition of trans-
lational activity leads to a marked reduction in the
concentrations of the termination release factors, the
second layer of regulation is invoked: With the halt
of translation, the labile antitoxin RelB is no longer

produced and the levels of RelB drop due to the
Lon protease (Christensen et al., 2001). The remaining
RelE toxin binds to the stalled ribosomes and cleaves
the A site stop-codon (Figure 6F). This generates a
ribosome-mRNA-peptidyl-tRNA complex that is ready
for third level of regulation, wiz. the action of the
monster tmRNA that tags the nascent peptide chain
with a protease signal (Figure 6F) and allows recycling
of the stalled ribosomes via a canonical termination
procedure. The overall result of this intricate network
is a strikingly increased degradation of the nascent
peptide chains present on stalled ribosomes and thus
improves the supply of amino acids, which in turn
improves the survival chance of the cell in such harsh
conditions.

Il. Entering Stationary Phase: The
role of RMF, SRA, pY, and YhbH

A number of protein factors have been identified that
are specifically expressed as the cell moves from expo-
nential growth phase into the stationary phase, and that
several of them, such as ribosome modulation factor
(RMF), stationary phase-induced ribosome-associated
protein (SRA), YfiA and YhbH, are ribosome binding
proteins. RMF is a very small basic protein that is
found in E. coli, but has been identified in only a
few other enterobacteria (Wada e al, 2000). RMF
stimulates the dimerization of 70S ribosomes to form
100S dimers (Wada er al, 1990). The 100S particles
exhibit no translational activity (Wada ez 4l., 1995) and
therefore are thought to represent a protection and/or

Figure 6 Factors that bind to the ribosome during stress conditions. (A) Model for mechanism of RelA-mediated (p)ppGpp Synthesis.
Amino acid starvation generates large pools of deacylated tRNAs (green fork), which bind to the ribosomal A site with low affinity and
block the ribosome. RelA detects a blocked ribosome with a 3’ extension of the mRNA, mediates the conversion of ATP and GTP(GDP)
to AMP and (p)ppGpp- Release of RelA, but not the A site-bound deacylated tRNA, occurs simultaneously with RelA-mediated (p)ppGpp
synthesis. RelA “hops” to the next blocked ribosome, and the synthesis of (p)ppGpp is repeated. High levels of (p)ppGpp activate the
stringent response. Aminoacylated tRNAs are replenished following post-stress conditions. The higher affinity of an aminoacylated tRNA
over deacylated tRNAs for the A site enables displacement of the deacylated tRNAs, which rescues blocked ribosomes and reactivates
translation. (B) Crystal structure of the RelB- (red) RelE (blue) complex (C) Structures of RelE compared with (D) domain IV of elongation
factor G (EF-G) aligned to illustrate their similarity. (E) The region of EF-G in (D) is boxed in red on the complete EF-G structure. (F) RelE
binds to stalled ribosomes and cleaves at the second position of the A site codon of the mRNA, in this case, CAG. Blocked ribosomes with
truncated mRNAs in the A site are the substrate for the tmRNA rescue system. The tmRNA molecule binds to the A site, initially without
codon-anticodon interaction, and the tRNA-like part of the molecule (green) accepts the nascent chain (purple) from the P site tRNA (cyan).
Translation then proceeds of the mRNA-like part (black) of the tmRNA, thus tagging the nascent chain for degradation. Figures B-F are
modified from Wilson and Nierhaus, 2005. (G) Ribbon structure of Hsp15 (blue to red from N- to C-terminus, respectively), with conserved
Arg and Lys residues on the putative RNA-binding surface highlighted (PDB1DM9; Staker et al., 2000). (H) Surface representation of
Hsp15 (same orientation as [G]) showing electrostatic potential, in particular the highly positive (b/lue) RNA-binding surface. (l) Protein
Y (pY, red) binds to the interface side of the 30S subunit (rRNA and r-protein, light blue and dark blue, respectively) of a 70S ribosome
(PDB1VOQ; Vila-Sanjurjo et al., 2004). The A- (green) and P-tRNA (orange) positions are shown for reference. (J) Relative position of pY
(red ribbons) compared to A- and P-tRNA (taken from PDB1GIX; Yusupov et al., 2001).
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storage state, a process termed “ribosome hibernation”
(Yoshida ezal., 2002). Indeed, Armf strains lose viability
in the stationary phase earlier than wild-type strains,
particularly in low pH (3.5) medium (El-Sharoud
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and Niven, 2005, 2007), and transfer of stationary
phase cells into fresh medium leads to release of
RMF from the 100S particles, which rapidly dissociate
into translationally active 70S ribosomes (Yamagishi
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et al., 1993). Chemical footprinting and crosslinking
assays suggest that RMF binds to the 50S subunit in
the vicinity of the peptidyltransferase center (PTC)
(Yoshida ez al., 2002; Yoshida et al., 2004). Specifically,
RMEF crosslinks to r-proteins L2, L13 and S13 (Yoshida
et al., 2002) and protects nucleotides, such as A2451 in
the heart of the PTC but also nucleotides located in the
ribosomal tunnel, adjacent to the PTC, such as A2058,
A2059, and A2062 (Yoshida ez al., 2004). This suggests
that RMF directly prevents binding of the tRNAs at
the PTC, explaining the observed inhibition. However,
it raises the question as to whether RMF could bind
to an elongating ribosome that contains tRNAs and
a nascent polypeptide chain in the tunnel? It would
also be interesting to analyze the effect of antibiotics
that bind at the PTC, such as chloramphenicol, or in
the tunnel, such as erythromycin, on 100S formation,
since the binding sites appear to overlap with RMF.
Early reports indicate that 100S dimerization occurs
through a 30S:30S interaction (Yoshida ez al., 2002),
which raises the question as to how RMF binding at
the PTC on the 50S subunit can induce dimerization
through the 30S?

Ribosome hibernation appears to be linked to the
stringent control mechanism (see previous section on
RelA), since expression of RMF requires the signaling
molecule (p)ppGpp (Izutsu ef al, 2001a). Further-
more, RMF is expressed in exponential phase when
growth rates are reduced due to transfer into minimal
medium (Yamagishi ez al., 1993). However, under these
conditions no evidence for 100S dimer formation
was observed. Indeed, the role of dimerization for
protection has been questioned, at least under stress
conditions such as heat (Niven, 2004) or acidity
(El-Sharoud and Niven, 2005, 2007).

SRA was transiently called r-protein S22 because
of its small size (5 kDa) and its strong association
with ribosomes (Wada, 1998). In exponentially growing
cells, low levels (0.1) of SRA are found associated with
ribosomes indicating that this protein is a translational
factor rather than a ribosomal protein; however, this
increases (to 0.4) as the cells enter stationary phase
(Izutsu et al., 2001b). The role of SRA has remained
elusive. Asra strains appear similar to wild-type strains
in terms of growth rate, and the levels of 100S
ribosomes are also similar. Like RMF, SRA is not widely
spread, so far being identified only in enterobacteria,

such as E. coli and Salmonella typhimurium (Izutsu et al.,
2001b).
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Two other E. coli proteins found associated prefer-
entially with stationary-phase, rather than log-phase,
ribosomes are YhbH and YfiA (Maki ez al, 2000).
Although both proteins are related in terms of amino
acid sequence (40% sequence homology), they have
different ribosome localizations and functions. While
YhbH is detected exclusively on 100S dimers, YiA
is found more on 70S ribosomes rather than 100S
(Maki et al., 2000). Deletion of yhbH or yfiA genes
or a double deletion (AyhbH-AyfiA) exhibits very little
difference in terms of growth rate compared to the
wild-type, or viability during stationary phase (Ueta
et al., 2005). However, the AyfiA strain shows elevated
levels of YhbH binding and more 100S particles than
the wildtype, whereas the AyhbH strain shows the
presence of 90S particles, which are considered as
immature 100S particles. This led to the conclusion
that RMF promotes dimerization of 70S particles to
form 90S precursors, which are converted by YhbH into
mature 100S particles (Ueta et al., 2005). In contrast,
YfiA prevents dimerization by RMF, hence the absence
of the factor leads to elevated levels of 100S. Thus YHGA
and YhbH seem to have antagonistic actions, and have
been proposed to occupy the same binding site on
the ribosome, with the former blocking the binding of
RMF, whereas the latter promotes it (Ueta ez al., 2005).

lll. Hsp15 Is a Ribosome-Associated
Heat Shock Protein

The yrfH gene encoding heat shock protein 15
(Hsp15) is the fifth most highly inducible gene in
E. coli, being more responsive to heat shock than
many well characterized Hsp genes, such as groEL/ES,
dnaJ/K, cpA/P, rpoD/H, and lon (Richmond et al.,
1999). Hspl15 is highly conserved among eubacteria
and the structure of Hsp15 reveals a highly basic novel
RNA-binding motif, termed «L, which is also found
in r-protein S4 and threonyl-tRNA synthetase (Staker
et al., 2000) (Figure 6G and H). Hsp15 has been shown
to bind specifically to the free large ribosomal subunit,
but only with high affinity when the 50S subunit
bears a nascent polypeptide chain (Korber ez al., 2000).
However, Hsp15 cannot bind to 70S ribosomes or
polysomes, suggesting that the binding site is located to
the subunit interface (Korber ez al., 2000). The current
model suggests that under heat shock conditions Hsp15
binds to erroneously dissociated nascent polypeptide
chain bearing large subunits and mediates removal of
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the nascent chain, enabling the free 50S subunit to
re-enter the translation cycle (Korber ez 4/., 2000).

IV. Cold Shock Inhibition of
Translation by YfiA/pY

In addition to the abovementioned role during sta-
tionary phase, YfiA, also known as protein Y (pY), has
also been identified as a cold shock protein (Agafonov
et al., 2001; reviewed by Wilson and Nierhaus, 2004).
Protein Y is not found associated with ribosomes at
37°C, however appears in the ribosomal fraction when
cells are chilled to 15°C. Ir vitro analysis reveals that pY
associates with 30S subunits or 70S ribosomes, but not
with 50S subunits. In fact, the presence of pY on 70S
ribosomes stabilizes the ribosomes against dissociation
at low Mg?* ion concentrations (Agafonov et al., 1999).
pY has been proposed to interfere with translation
by decreasing the accuracy of translation and by
preventing binding of amino-acyl tRNAs to the A site,
prompting the suggestion to rename pY as ribosome-
associated inhibitor A (RaiA) (Agafonov et al., 2001;
Agafonov and Spirin, 2004). NMR structures of pY (Rak
etal.,2002; Ye et al., 2002) and the pY homologue from
Haemopbhilus influenzae (Parsons et al., 2001), reveal a sin-
gle N-terminal globular domain, adopting a topology
reminiscent of dsRNA binding proteins, with a flexible
C-terminal tail. Crystal structures of pY bound to the
70S ribosome at 11 A determine the binding site of pY
to be on the interface side of the 30S (Vila-Sanjurjo
et al., 2004) (Figure 6I), consistent with earlier tritium
bombardment experiments (Agafonov et al., 1999). In
this location, pY would be predicted to overlap with
anticodon stems of A- and P-tRNAs (Vila-Sanjurjo
et al., 2004) (Figure 6]). Consistently, footprinting and
binding assays demonstrate competition between pY
and tRNAs at both A and P sites, with pY being much
more competitive at lower temperatures when chasing
the initiator fMet-tRNA from the ribosomal P site (Vila-
Sanjurjo et al., 2004). The initiation factor IF3 binds to
the 30S subunit and prevents 70S formation, and under
certain conditions IF3 can even promote 70S dissocia-
tion. Interestingly, in the presence of polyamines, pY
can also counteract the dissociate effects of IF3 (and
[F1), collectively suggesting that pY prevents translation
initiation under stress conditions. Therefore the model
is that the pY regulatory pathway is stimulated by cold
shock or stationary phase conditions resulting in pY
overexpression. pY binds and stabilizes 70S ribosomes,
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effectively inactivating them by preventing binding
of IFs and tRNAs. When the stress conditions are
relieved, the initiation machinery overcomes the pY
effect since under these conditions, IFs and tRNAs are
better competitors for ribosome binding. Moreover, the
levels of pY are lower in exponentially growing cells
than cold shock or stationary phase cells, providing an
additional advantage to translation initiation.
Homologues for pY have also been found in
chloroplasts and some cyanobacteria. The spinach pY
homologue was originally assigned as r-protein S22
of plastid ribosomes, but later reassigned as plastid-
specific ribosomal protein 1 (Psrpl) (Yamaguchi ez al.,
2000). Interestingly, when mature spinach chloroplast
Psrpl protein was overexpressed in E. coli cells, the
protein was found bound to 30S subunits and 70S
ribosomes, but not present in polysomes (Bubunenko
and Subramanian, 1994). Thus it seems likely that
Psrpl is a chloroplast homologue of pY and not an
r-protein at all. However, the C-terminal extensions of
chloroplast and cyanobacterial pY homologs are much
longer than those of E. coli pY and thus may confer
additional functions. Indeed, the pY homologue from
the cyanobacterium Synechococcus, termed LrtA (light
repressed transcript A), has been shown, as its name
suggests, to be repressed by light, z.e., the LrtA protein
would operate in dark stress conditions, where the
translational machinery is less active (Tan et al., 1994).

F. THE TIP OF THE ICEBERG OF
RIBOSOME REGULATION

Here we have merely touched the tip of the iceberg
in terms of the complexity of regulating the ribosome;
however; we hope to have at least illustrated the diverse
array of protein factors, mechanisms and regulatory
pathways that exist to modulate translation. The focus
here has been on novel protein factors that bind to
the bacterial ribosome and that exert their action in
a more or less mRNA-independent manner. However,
it should be recognized that a vast area of research
into various mRNA-specific regulatory systems exist
that operate directly on ribosomes, ranging from
autoregulatory feedback mechanisms, such as that seen
for r-protein S15 (Springer and Portier, 2003), effector-
mediated translational arrest, for example, TrpC and
SecM systems as well as antibiotic protection and
peptide inhibition systems, such as the ermC and
cat-86 (reviewed by Tenson and Ehrenberg, 2002),
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translational recoding mechanisms such as frameshift-
ing, hopping and bypassing to incorporation of unusual
amino acids (Baranov et al., 2002). Indeed, it appears
that the deeper we delve, the more we find, illustrating
the central role, importance and complexity of the
ribosome and the process of translation.
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