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FIG. 3. Binding of mRNA to the 30S ribosomal subunit. (4) Binding of a canonical mRNA to the 30S ribosomal subunit. Two alternative
pathways are shown where either the mRNA or the fMet-tRNAM¢! binds first, followed by the other component. The mRNA is bound via the
SD-ASD interaction as well as the codon-anticodon interaction. (B) Binding of a leaderless mRNA to the 30S ribosomal subunit. The mRNA is
bound to the ribosome mainly via the codon-anticodon interaction. IF2 stimulates the binding of leaderless mRNAs, presumably by recruitment

of fMet-tRNAM®! to the subunit.

tural data for the interaction between mRNA and the ribo-
some are now available from X-ray crystallographic studies
(156, 258). The new data confirm the general features of the
previous models. Interaction between the ASD and SD se-

quences is located at a large cleft between the head and the
back of the platform on the 30S ribosomal subunit (Fig. 4). The
mRNA wraps around the 30S ribosomal subunit while it passes
through the up- and downstream tunnels (38). A latch-like

FIG. 4. mRNA bound to the 30S ribosomal subunit. (4) A 36-nucleotide mRNA is bound to the 30S ribosomal subunit. rRNA is shown in grey,
mRNA is shown in yellow, and protein is shown in cyan. The ASD sequence of the 16S rRNA is shown in red to indicate the SD-ASD interaction.
The P-site initiation codon is shown in green, and the A-site codon is shown in magenta. Note the kink in the mRNA between the two codons.
(B) Close-up of the region indicated in panel 4. The upstream and downstream tunnels are marked by arrows. Colors are the same as in panel
A. The structure is derived from PDB entry 1JGQ, prepared using the program Ribbons (25), and rendered in Pov-Ray.
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closure between the head and body on activation of the subunit
forms the tunnels (195). Early studies indicated that binding of
mRNA to the ribosome through the SD interaction melts the
mRNA secondary structure in the TIR of the mRNA (161).
The mRNA is probably unwound by mRNA helicases before
entering the downstream tunnel, since an RNA helix is too
large to pass.

Initiator tRNA

The first amino acid of a polypeptide chain is always a
methionine that enters the ribosome bound to the initiator
tRNAM®!, Methionine incorporated internally in the polypep-
tide is bound to elongator tRNAM®* and carried to the ribo-
some by elongation factor EF1A. The role of the initiator
tRNA is to ensure correct initiation of translation at the TIR
of the mRNA. In bacteria as well as chloroplasts and mito-
chondria, the methionine bound to the tRNAM®' is N- formy-
lated, which selectively excludes the fMet-tRNAM®! from the
elongation phase of translation (95, 178, 179). As mentioned in
the previous section, alternative initiation codons related to
AUG by a single base change are found in some genes. These
codons are all decoded by the initiator fMet-tRNAM®" and
translated as formylmethionine.

Two genes in the E. coli genome encode tRNAM®' (83). The
major fraction of cellular initiator tRNA (tRNAN®Y) is en-
coded by the metZ gene. Three identical copies of the gene
occur in tandem repeats within the operon known as the metZ
operon (90). A relatively small fraction of tRNAMe
(tRNA}*") is encoded by the merY gene, located at the begin-
ning of the nusA/infB operon (83). The presence of adenosine
instead of 7-methylguanosine at position 46 is the only differ-
ence between tRNAM® and tRNANM! (84).

Initiator tRNAs bind directly to the P-site of the small sub-
unit of the ribosome, whereas elongator tRNAs enter the ri-
bosome at the A-site and subsequently translocate to the P-
site. Binding of tRNAs to the P-site and the A-site is controlled
by the initiation and elongation factors, respectively. There-
fore, the initiator tRNAs have structural features that are
recognized by initiation factors and discriminated against by
elongation factors. The initiator tRNA determinants are lo-
cated in the anticodon stem, the acceptor stem, and the dihy-
drouridine (D)-stem (Fig. 5). The significant features include
(i) absence of a Watson-Crick base pair between positions 1
and 72 in the acceptor stem, (ii) three conserved consecutive
GC base pairs in the anticodon stem, and (iii) the presence of
a purine-11-pyrimidine-24 in contrast to the pyrimidine-11-
purine-24 base pair found in other tRNAs (235). The GC pairs
make the anticodon loop less flexible compared to the antico-
don loop in elongator tRNAs and are important for targeting
the initiator tRNA to the ribosomal P-site (199, 201).

Methionine-isoaccepting initiator and elongator tRNAs are
both aminoacylated by methionyl tRNA synthetase. Two iden-
tical subunits form the dimeric native enzyme, which binds two
tRNAM®! molecules in an anticooperative manner (125, 178).
MetRS interacts with part of the acceptor stem and the anti-
codon loop of the tRNA (Fig. 6). The major determinant for
MetRS in tRNAM** binding is the anticodon. Aminoacylation
with methionine is not possible if this triplet is mutated,
whereas other tRNAs provided with a CAU anticodon can be
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FIG. 5. Initiator and elongator methionine-accepting tRNAs. Clo-
verleaf representation of methionine-accepting tRNAs: (A) initiator
tRNA and (B) elongator tRNA. The regions important for initiator
tRNA identity are highlighted. Details are given in the text.

methionylated by MetRS. Recognition of the anticodon by
MetRS occurs through the helical C-terminal region of the
synthetase (125).

Aminoacylated initiator tRNA is formylated by methionyl-
tRNA transformylase (MTF). The enzyme catalyzes the trans-
fer of a formyl group from N'°-formyltetrahydrofolate to the
a-amino group of the methionine of Met-tRNAM¢, The most
important determinant for formylation of the initiator tRNA is
the absence of a 1:72 base pair. This provides the tRNA with
a S-nucleotide single-stranded 3’ end of the acceptor arm just
long enough to reach the active site of MTF (197). Both the
initiator tRNA and MTF undergo structural changes in an
induced-fit mechanism upon binding (122, 181). The regions
on Met-tRNAM¢* that interact with MTF are shown in Fig. 6.

Peptidyl-tRNA hydrolase (PTH) is a 21-kDa monomeric
enzyme that recycles all N-blocked aminoacyl-tRNA molecules
accumulating from abortive translation. Initiator fMet-
RNAM®! is not a substrate for PTH. The presence of a 5'-
terminal phosphate at the end of a fully base-paired acceptor
stem is crucial for hydrolase activity (197). Therefore, the ab-
sence of a base pair between nucleotides 1 and 72 protects
fMet-RNA}M<! against hydrolytic cleavage by PTH. The amino
acid attached to tRNAMe' is also important since fMet-
tRNAM" is completely resistant to hydrolysis by PTH whereas
fGIn-tRNAM®! is not (228).

In most cases, the formyl group and the methionine residue
are removed posttranslationally or even as the nascent
polypeptide chain emerges from the ribosomal exit tunnel (94).
Formylation of Met-tRNA}®! is important for protein synthe-
sis in E. coli. Mutant initiator tRNAs defective in formylation
are extremely poor in initiation of protein synthesis, and a
strain of E. coli carrying disruptions in the fimt gene encoding
MTF has severe growth defects (69, 126, 236). Formylation is,
however, not necessary for translation initiation in all bacteria,
as exemplified by Pseudosomonas aeruginosa (144).
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component of the translational machinery are highlighted in red, and the nucleotide positions on the tRNA are indicated next to the structure.
The structure of the initiator tRNA is derived from PDB entry 2FMT. (B) Detailed view of the interaction between the initiator tRNA and the
ribosome. On the left is a surface representation showing the important sites of interaction in red. On the right is the initiator tRNA on the 70S
ribosome. The tRNA is shown in red, the mRNA is shown in yellow, and the 16S and 23S rRNA are shown in cyan and grey, respectively. The
codon-anticodon interaction is shown (the structure is derived from PDB entries 1GIX and 1GIY, prepared using the program Ribbons [25], and

rendered in Pov-Ray).

Formylation favors selection of the fMet-tRNAM®' by IF2
(223), and blocks binding to the elongation factor EF1A and
thus the function as elongator tRNA (71, 147, 202). The nature
of the amino acid attached to the tRNA is less important for
IF2 binding than is formylation. Hence, IF2 is able to bind to
fVal-tRNA and fGIn-tRNA but not to the unformylated
tRNAs (251). However, moderate overexpression of IF2 leads
to translation initiation without formylation of Met-tRNAM®!,
and IF2 stimulates the binding of unformylated Met-tRNAM¢*
to 30S ribosomal subunits in vitro (68, 250).

IF2 protects the ester bond in fMet-tRNAM®* against spon-
taneous hydrolysis but does not protect the unformylated Met-
tRNAM" (167). Discrimination by IF2 against the unformy-
lated Met-tRNAM®' has also been demonstrated by
footprinting experiments performed with Met-tRNAM<* and
fMet-tRNAM<" in the presence of IF2. The experiments indi-
cate binding of IF2 to the acceptor stem, position 12 to 13 in
the D-stem, two sites in the anticodon stem, and parts of the
T-loop and the minor groove of the fMet-tRNAM®' T-stem
(Fig. 6) (166, 243). Based on a similar cleavage pattern of
RNase VI in the anticodon stem of Met-tRNAM** bound to
MTF, it was proposed that the interaction between fMet-
tRNAM® and IF2 induces a conformational change in the
anticodon stem (122). However, site-directed mutagenesis and

nuclear magnetic resonance (NMR) spectroscopy studies re-
veal that essentially all thermodynamic determinants govern-
ing the stability and specificity of the interaction are located
within the fMet-3" ACCAC part of fMet-tRNAM®" (66).

Original proposals suggested that IF2 carries fMet-tRNAM®!
to the ribosome by analogy to EF1A for aminoacyl-tRNAs and
elF2 for Met-tRNAM®! (reviewed in reference 94). A specific
binary complex can be formed between fMet-tRNAM¢' and
IF2 in vitro, but the interaction is weak, with a K, of 1.8 uM,
and the complex dissociates readily in the presence of magne-
sium ions (113, 118, 119, 167, 251). Most evidence suggests that
IF2 performs its interactions with fMet-tRNAM®' on the 30S
ribosomal subunit (251).

IF3 appears to inspect the anticodon stem of the P-site
bound tRNA (73). However, this inspection may occur through
indirect and not direct interactions, as discussed in the section
on IF3 (see below).

Binding of fMet-tRNAM®" to the P-site of the 30S ribosomal
subunit is highly influenced by the conformation of the anti-
codon stem. Site-directed mutagenesis has shown that the
three consecutive GC base pairs in the anticodon stem influ-
ence the unique conformation of fMet-tRNAM< as well as
P-site binding (202). The structure of the 70S ribosome in
complex with P-site-bound fMet-tRNAM®" maps the interac-
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tions with 16S rRNA primarily to the anticodon stem and loop,
whereas the 23S rRNA interacts with the CCA acceptor arm
and part of the D-stem of fMet-tRNAM<". The T-loop interacts
with ribosomal protein L23 (256) (Fig. 6). A conformational
change of the rRNA on P-site tRNA binding similar to that
observed for A-site tRNA binding has not been found. How-
ever, C1400 of the 16S rRNA appears to stabilize the wobble
base pair of the codon-anticodon interaction by stacking on
base 34 of the tRNA (256). Thus, the ribosome itself does not
seem to perform as stringent a proofreading of the codon-
anticodon interaction in the P-site as in the A-site. As de-
scribed in the following sections, the initiation factors play a
key role in the selection and adjustment of the initiator tRNA
in the P-site.

Translation Initiation Factors

Initiation factor IF1. Initiation factor IF1 is the smallest of
the three bacterial translation initiation factors with a molec-
ular mass of 8.2 kDa in E. coli. IF1 is encoded by the inf4 gene.
Two promoters control the transcription of the E. coli gene as
monocistronic mRNAs, both ending at the same transcrip-
tional terminator. infA transcription is not physically linked to
any other genes as are infB and infC (the genes encoding IF2
and IF3) (40). Proteins with IF1-like structure and function are
present in all three phylogenetic domains. The archaeal and
eukaryotic homologues are referred to as alF1A and elF1A,
respectively (98, 209). One model suggests that the bacterial
initiation factors evolved from an ancestral IF1-type protein
through consecutive duplication and fusion events (35).

The structure of IF1 in solution has been determined by
NMR spectroscopy (204). IF1 belongs to the family of oligo-
nucleotide binding (OB) fold proteins. It consists of a five-
strand beta barrel with the loop between strands 3 and 4,
capping one end of the barrel (Fig. 7). Structures of the ar-
chaeal and eukaryotic IF1 homologues (alF1A and eIF1A)
have also been determined (6, 111). These structures are highly
similar with respect to the OB fold (Fig. 7). The C terminus,
however, contains a-helical structures that are important for
the archaeal and eukaryotic scanning mechanism and interac-
tions with the small ribosomal subunit.

The OB fold proteins include RNA binding proteins such as
ribosomal protein S1, the cold shock proteins CspA and CspB
(20), domain IT of eIF5A (91), eIF2« (151), and aspartyl-tRNA
synthetase (187). It has been shown that the cellular defects
resulting from a double deletion in the genes encoding cold
shock proteins CspB and CspC in Bacillus subtilis can be com-
plemented by heterologous expression of E. coli IF1 (244).
This confirms the structural resemblance and functionality be-
tween IF1 and the cold shock proteins.

The binding of IF1 to the 30S ribosomal subunit has been
extensively mapped. IF1 binds in a cleft between the 530 loop
and helix 44 of 16S rRNA and ribosomal protein S12 (Fig. 8).
Cleavage of 16S rRNA with cloacin DF13 between A1493 and
A1494, two positions located in the 30S ribosomal A-site, spe-
cifically disrupts the function of IF1 (2a). Binding of IF1 to the
30S ribosomal subunit protects A1492 and A1493 from modi-
fication by dimethyl sulfate and protects G530 from attack by
kethoxal (132). These positions are protected by A-site-bound
tRNA, strongly supporting the notion that IF1 is located at an
overlapping binding site. Mutational analysis demonstrated
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FIG. 7. Initiation factor IF1 and structural homologues. (4) Struc-
tures of IF1 and homologues: IF1 from E. coli (PDB entry 1AHY);
human eIF1A, residues 40 to 125 (PDB entry 1D7Q); alF1A from
Methanococcus jannaschii (PDB entry 1JT8); and cold shock protein A
(CspA) from E. coli (PDB entry 1IMJC). eIF1A and alF1A have an
additional helix located at the C terminus. (B) Sequence alignment of
selected IF1 sequences. Abbreviations: eco, E. coli; tth, T. thermophilus;
hsa, H. sapiens; mja, M. jannaschii. Positions with 100% identity are
shown in blue. If more than 50% are identical or highly similar, the
residues are highlighted in red; if more than 50% of the residues are
weakly similar, they are highlighted in orange.
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that the C1408-G1494 base pair and the three adenosines
A1408, A1492, and A1493 are required for optimal IF1 bind-
ing, and it appeared that the internal loop of helix 44 is more
important for IF1 binding than the identity of the nucleotide
present at a certain position in the interacting part of helix 44
(41).

The structure of the 30S ribosomal subunit from 7. thermophi-
lus in complex with IF1 agrees well with most biochemical and
mutagenesis data. A1492 and A1493 are buried in the part of
the IF1 surface responsible for 16S rRNA interaction. In ad-
dition, C519 and G530 of the 530 loop and the amino acids
V40 and W42 of ribosomal protein S12 are important for the
interaction. A number of amino acids crucial for IF1 function
were identified by site-directed mutagenesis (37, 65, 216). More-
over, specific signal changes in NMR spectroscopy experiments
on titration of IF1 with 30S ribosomal subunits have been used
to identify positions on IF1 involved in the interaction (204)
(Fig. 8). As IF1 binds to the 30S ribosomal subunit, it inserts
the loop containing residues 17 to 25 into helix 44 and thereby
flips out the bases A1492 and A1493 (Fig. 8). This induces a
conformational change over a long distance in the subunit that
may represent a transition state in the equilibrium between
subunit association and dissociation (180). Biochemical data
support the conformational change in 16S rRNA. IF1 binding
alters the reactivity of sites in 16S rRNA protected by tRNA,
50S ribosomal subunits, or aminoglycoside antibiotics (41).

Several functions have been attributed to bacterial IF1. It
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FIG. 8. IF1 bound to the 30S ribosomal subunit. (4) Structure of IF1 on the 30S ribosomal subunit. IF1 is shown in blue, helix 44 is shown in
magenta, the 530 loop is shown in yellow, and protein S12 is shown in green. The structure is derived from PDB entry 1HRO. (B) Close-up of the
interaction of IF1 with the 30S subunit. IF1 is shown in a surface representation colored according to the electrostatic potential (positive charges,
blue; negative charges, red). Helix 44 and the 530 loop of 16S rRNA are shown in magenta and yellow, respectively. Protein S12 is shown in a green
ribbon representation. Bases A1492 and A1493 of the 16S rRNA are indicated in red. Note that they have flipped out of helix 44 and are buried

in a pocket in IF1 and a pocket between IF1 and S12, respectively.

enhances the dissociation and association rate for 70S ribo-
somes (46, 59), primarily through the stimulating effect on the
activity of IF2 and IF3 (174). Interaction between IF2 and the
30S ribosomal subunit is favored when IF1 is bound, and the
release of IF2 is indirectly promoted when IF1 is ejected (27,
136, 222). IF1 cooperates with IF2 to ensure that only the
initiator tRNA binds to the P-site and that it interacts with the
initiation codon of the mRNA (24, 73, 127, 251). IF1 occlude
tRNAs from the A-site until the 70S initiation complex has
formed. Ejection of IF1 consequently opens the A-site for
incoming aminoacyl-tRNAs. In vivo studies have shown that
IF1-depleted cells have low growth rates and short polysomes
(39). These data demonstrate that IF1 is essential for cell
viability and suggest that one or more of its functions are
crucial. However, no clear function has been assigned to the
initiation factor yet (37).

Initiation factor IF2. IF2 is the largest of the initiation fac-
tors. It is encoded by the infB gene. The infB gene is part of the
polycistronic nusA operon containing metY (minor form of the
initiator tRNA), yixC (protein of unknown function), nusA (a
transcriptional termination factor), infB (translation initiation
factor IF2), rbfA (ribosome binding factor A), truB (tRNA
pseudouridine 58S synthase), rpsO (ribosomal protein S15), and
pnp (polynucleotide phosphorylase). All these genes are tran-
scribed from metY toward pnp on a part of the DNA that
contains several transcriptional promoters (172, 173, 189, 193).
Transcription of the nusA/infB operon occurs primarily from a
promoter separated by three genes upstream from infB. This
promoter is autogenously controlled by the translation product
of nusA (143, 171). The organization of nus4 and infB in
bacteria reveals that they are simultaneously present in oper-
ons. The rather conserved distribution of the genes within the
operon leads to the proposal that this organization may be
important for regulation (241).

Three isoforms of the initiation factor, named IF2-1 (97.3

kDa), IF2-2 (79.7 kDa), and IF2-3 (78.8 kDa), exist in E. coli
and other members of the family Enterobacteriaceae (107, 154).
Bacillus subtilis is the only organism that does not belong to the
Enterobacteriaceae where more than one isoform of IF2 has
been experimentally demonstrated (81). IF2-1, IF2-2, and
IF2-3 are translated from three independent but in-frame
translational start sites of the infB mRNA. This feature has
been referred to as tandem translation. Hence, IF2-2 and 1F2-3
differ from IF2-1 only by the absence of the first 157 and 164
amino acid residues, respectively (Fig. 9) (139). The presence
of both the large and smaller isoforms is required for optimal
growth of E. coli. The cellular content of IF2-2 and IF2-3 is
close to the level of IF2-1 at optimal growth conditions (79,
191), but the ratio of IF2-2 and IF2-3 to IF2-1 increases as a
response to cold shock (53). An open single-stranded structure
is present in the intracistronic TIR of the infB mRNA. We
suggest that this structure is required for the translation of
IF2-2 and IF2-3 (107).

IF2 can be divided into domains based on interspecies ho-
mology. The domain nomenclature differs somewhat among
species. Throughout this review, the nomenclature for E. coli
suggested by Mortensen et al. is used (Fig. 9) (140). Domain
VI was subsequently divided into two subdomains, designated
VI-1 and VI-2.

The factor can be divided into a conserved C-terminal re-
gion consisting of domains IV to VI and a less highly conserved
N-terminal region corresponding to domains I to III (209,
217). Homologues of IF2 have been found in archaeabacteria
and eukaryotes, where the factor is referred to as alF5B and
eIF5B, respectively (98). Remarkable interspecies homology in
the C-terminal region is present among the homologues (209).
The homologues have functions similar to those of bacterial
IF2, including GTPase activity, promotion of ribosomal sub-
unit association, and probably interaction with the initiator
tRNA (30, 165).
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FIG. 9. IF2 and structural homologues. (4) Schematic representation of the E. coli IF2 primary structure. The domain boundaries and the lengths
of the three IF2 isoforms are indicated. Ribbon diagrams of the structures of the IF2N domain from E. coli (PDB entry 1IND9) and the IF2
homologue alF5B from M. thermoautotrophicum (PDB entry 1G7T) are shown. The domains are indicated in different colors, and the E. coli domain
nomenclature is used. (B) Sequence alignment of selected bacterial IF2 and archaeal and eukaryotic homologues. Only a small part of the
N-terminal nonconserved region is shown. Abbreviations: tth; T. thermophilus, bst, B. stearothermophilus; eco, E. coli; mth, M. thermoautotrophicum; hsa,
H. sapiens. Secondary-structure elements defined from the structure of alF5B from M. thermoautotrophicum are indicated by cylinders for helical
segments and arrows for segments in B-strand conformation. The domain boundaries are indicated by yellow arrows. Color codes are as in Fig. 7.
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No direct tertiary-structure information is available for do-
mains IV to VI of E. coli IF2, but the structure of the homol-
ogous protein alF5B from the archaeon Methanobacterium
thermoautotrophicum has been solved (Fig. 9) (185). Amino
acid sequence homology predicts a similar structure for do-
mains IV to VI of bacterial IF2, although there are two addi-
tional helical segments at the C-terminus of the archaeal factor
(Fig. 9).

The conserved C-terminal region of the protein begins with
the domain responsible for GTP binding: the G-domain (E.
coli domain IV). Overall homology among bacterial, eukary-
otic, and archaeabacterial IF2, eIF5B, and alF5B is highest in
the G-domain area of the factor (Fig. 9). Significant sequence
homology to other proteins is found only for this domain. The
GTP binding motif is shared with at least four other proteins
involved in translation, namely, EF1A, EF2, RF3, and SelB
(184, 238). Following the G-domain is an EF1A-like B-barrel
(domain V) and a novel aBa sandwich (domain VI-I) con-
nected via a long a-helix to the C-terminal domain (domain
VI-2). The structure of the C-terminal domain of Bacillus
stearothermophilus 1F2 has been solved by NMR spectroscopy
methods (128). It is similar to domain VI-2 from M. thermo-
autotrophicum with the exception of the two C-terminal helices
found in the M. thermoautotrophicum factor. These helical
segments are not present in any of the bacterial sequences
(Fig. 9).

In contrast to the C-terminal region, the N-terminal region
of IF2 is highly variable in both primary structure and length.
The region can be divided into three separate domains in E.
coli IF2 based on sequence and biochemical data (Fig. 9) (140).
Domain I contains a small subdomain of approximately 50
residues, found in all bacterial and some plastid IF2s. We
solved the structure of the domain by NMR spectroscopy
methods (105). The subdomain is now designated IF2N in the
protein families database (PFAM). IF2N has homology to the
stem contact fold domains of the methionyl- and glutaminyl-
tRNA synthetases and the B5 domain of the phenylalanine-
tRNA synthetase. However, no specific function has been as-
signed to the IF2N domain (105). NMR spectroscopy of the
full-length E. coli TF2-1 revealed that the IF2N domain is
connected to domain IV by a highly flexible linker region
(104). Domain I is extremely soluble and has been applied as
a solubility-enhancing fusion partner for the expression of pro-
teins prone to aggregate in the E. coli cytoplasm (211).

Macromolecular interactions of the domains in the N-termi-
nal region of IF2 has been demonstrated only in E. coli, where
a fragment consisting of the combined domains I and II, but
not a fragment of isolated domain I, binds to the 30S ribosomal
subunit (136, 137). Furthermore, we have identified domains I
and II of E. coli IF2 as an interaction partner for the infB
mRNA (107).

B. stearothermophilus and T. thermophilus IF2 possess a sin-
gle domain in the region N-terminal to the G-domain, whereas
myxobacterial IF2, which has the longest N-terminal regions
characterized in bacteria, is composed of several domains with
a highly unusual amino acid composition. The latter is a gen-
eral feature of the N-terminal regions of IF2 (16, 64, 225, 230).
Regions N-terminal to the G-domain of eukaryotic IF2 homo-
logues are generally long, up to ~700 amino acids, whereas the
regions of the archaeal IF2 homologues are generally short.
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Conclusively, the functional importance of the N-terminal re-
gion of IF2 and its homologues remains unresolved.

The role of the GTPase activity of IF2 has been a matter of
debate for decades. Available structures of alF5B in the nu-
cleotide free form, the inactive form with GDP bound, and the
active form with GTP bound reveal that binding of Mg**-GTP
induces movements in domains V and VI-2 over a distance of
more than 90 A (185, 186).

Elongation factor EF1A associates approximately 100-fold
more strongly with GDP than with GTP, whereas IF2 associ-
ates only 10-fold more strongly with GDP (163, 175). A gua-
nine nucleotide exchange factor may therefore not be required
for IF2 as in the case of EF1A, where nucleotide exchange
involves the factor EF1B. Hydrolysis of GTP by IF2 depends
on the presence of ribosomes, and the factor has no intrinsic
GTPase activity by itself. However, B. stearothermophilus 1F2
can hydrolyze GTP in the absence of ribosomes when 20%
ethanol is included in the reaction mixture (64). GTP hydro-
lysis in translation initiation has been suggested to be impor-
tant for the release of IF2 from the 70S initiation complex
(108, 114), and for the adjustment of initiator tRNA in the
ribosomal P-site (103). The crucial importance of GTP hydro-
lysis in translation initiation and its direct relation to cell via-
bility have been confirmed by several studies of G-domain
mutants of IF2 (98a, 100, 106, 115).

The G-domains of IF2 and EF1A are thought to have over-
lapping binding sites. Fluorescence stopped-flow experiments
showed that binding of EF1A to ribosomes probed with IF2
was independent of the bound nucleotide. It was thus con-
cluded that neither the ejection of IF2 from the ribosome nor
its recycling requires GTP hydrolysis (102, 231). A recent study
of initiation complex formation by using stopped-flow experi-
ments with light scattering gave contradictory results. The con-
clusions from these experiments are that the GTP-bound form
of IF2 accelerates association of the ribosomal subunits and
that GTP hydrolysis accelerates ejection of IF2 from the 70S
ribosome (2). Further studies are needed to achieve a detailed
understanding of the role of GTP hydrolysis in the translation
initiation event.

Early cross-linking experiments show that parts of IF1 and
IF2 are in close proximity on the ribosome (13). The interac-
tion between the two factors maps to a region between do-
mains III and V of E. coli IF2 (136). Interactions between the
eukaryotic homologues eIF5B and eIF1A have been mapped
by using the yeast two-hybrid system, coimmunoprecipitation,
in vitro binding assays, and NMR spectroscopy (31, 120, 159).
The C-terminal unstructured region of eIF1A, which is not
present in bacterial IF1, interacts with the C terminus of
elF5B. Domain V of bacterial IF2 was suggested to interact
with IF1 on the ribosome (120, 136).

As mentioned above, the interactions between fMet-
tRNAM<! and IF2 have been studied extensively. Formation of
the binary complex is strongly dependent on the formylation of
Met-tRNAM® (223) but independent of GTP (175). The C-
terminal domain VI-2 of IF2 has been suggested to contain the
entire binding site for fMet-tRNAM®* (215). The interaction of
the domain with fMet-tRNAMe has been studied using mu-
tagenesis as well as Raman and NMR spectroscopy (66, 96,
130, 225). Functionally essential residues of the B. stearother-
mophilus domain are C668, K699, R700, Y701, K702, E713,
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FIG. 10. IF2 Interactions with fMet-tRNAM<* and the ribosome. (4) The 30S ribosomal subunit from 7. thermophilus (PDB entry 1J5E) in
complex with a P-site fMet-tRNAM®" (derived and docked based on PDB entry 1GIX). The fMet-ACC region of the tRNA that interacts with the
C-terminal region of IF2 is shown in red. The corresponding region is red on the alF5B structure shown at the bottom part (PDB entry 1G7T).
Two residues in domain V of IF2 (V451 and S520 of B. stearothermophilus 1F2) are shown in yellow and magenta, respectively. A nuclease at
position V451 cleaves positions 38 to 40 and 498, and a nuclease at position S520 cleaves positions 538 to 540 of the E. coli 16S rRNA in a 70S
ribosomal complex. The corresponding positions are indicated in yellow and magenta on the ribosomal subunit. Note that these cleavages are
absent in a 30S-IF2 initiation complex. (B) The 50S ribosomal subunit from H. marismortui (PDB entry 1JJ2) is shown along with alF5B. Red
indicates the position of the fMet ACC in the decoding center of the ribosomal subunit and the corresponding region on a IF5B that interacts with
the fMET ACC. Pale blue and light green on the subunit indicate two positions in helix 89 of the 23S rRNA (U2474 and A2482 in E. coli
numbering) that are cleaved by nucleases attached at the residue located at the interface between domains VI-1 and VI-2 of IF2 (shown in dark
green on the alF5b structure) (E644 of the B. stearothermophilus IF2). A nuclease attached to a residue in domain VI-1 of IF2 (dark blue) (E632
of the B. stearothermophilus 1F2) cleaves both the C1076 (cyan) and G1068 (cyan) positions in the L11 region. The nuclease (shown in purple) on
alF5B (position Y625 of the VI-1 domain) cleaves weakly at C1076 (cyan) and U2474 (light blue). Data were derived from reference 121. Another
study showed that IF2 protects residues in the sarcin-ricin domain (SRD) (G2655, A2665, and G2661) against chemical modification (100). These
residues are indicated in yellow on the subunit. No attempt was made to dock IF2 on the ribosomal subunit, since it is likely that conformational

changes occur in the subunit as a result of IF2 binding.

C714, and G715 (Fig. 10). Cross-linking experiments indicate
interactions between E. coli residues N611-R645 (belonging to
domain V) and the T-stem of fMet-tRNA}® as well as resi-
dues W215-R237 (domain IT) and the anticodon stem of fMet-
tRNAM®* (243, 257). Finally, fMet-tRNAM®* protects a posi-
tion in domain IV and weakly in domain V of B.
stearothermophilus 1F2 against digestion by trypsin (205). A
stable interaction between the archaeal and eukaryotic IF2
homologues and Met-tRNAM¢" has not been observed in vitro,
but overexpression of the gene encoding tRNAM®' partially
suppresses the severe slow-growth phenotype of yeast strains
lacking the IF2 homologue (30).

IF2 is the only one of the three initiation factors that displays
a relatively high and specific affinity for both ribosomal sub-
units. However, structures of IF2 in complex with the ribosome
or the fMet-tRNAM®! remain absent. Models in which IF2 and
IF1 in concert mimic the anticodon loop, anticodon stem,
D-loop, and D-stem of A-site-bound tRNA have been sug-
gested (17, 138). However, these models were proposed prior
to the elucidation of the structure of the IF2 homologue from
M. thermoautotrophicum (185). The new structural knowledge

and recent biochemical data reveal that the macromolecular
mimicry model for IF2 and IF1 is inaccurate.

The GTPases involved in translation probably occupy partly
overlapping binding sites on the ribosome. A site located on
the 50S ribosomal subunit, termed the factor binding site, is
composed of the a-sarcin loop, the L11-binding region, and the
L7-L12 stalk. EF1A, EF2, and IF2 all interact with the ribo-
some at the factor binding site (23, 131, 182). An additional
constraint to place IF2 on the ribosome is the interaction with
fMet-tRNA", which places domain VI-2 of IF2 in proximity
of the fMet-CCA end of the P-site-bound initiator tRNA.

IF2 has been cross-linked to S13, L7-L12, IF1, and IF3 (13),
as well as S1, S2, S11, S12, and S19 on the ribosome (14).
Chemical probing experiments with 23S rRNA indicated that
IF2 protects A2476 and A2478 in helix 89 of domain V as well
as G2655, A2660, G2661, and A2665 of the sarcin-ricin domain
positioned in domain VI (Fig. 10) (102). These footprints were
generated regardless of the presence of GTP, IF1, mRNA, and
fMet-tRNA}M<, Unfortunately, the results are unclear with
respect to the 30S ribosomal subunit, since IF2 affects the
reactivity of residues spread all over the subunit. This is con-
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sistent with an observed rearrangement of the subunit induced
by IF2 (242). Recently, a model of IF2 binding to the ribosome
was presented, based on cleavage of the rRNA by chemical
nucleases tethered to cysteine residues introduced at specific
sites of IF2 (121). No cleavage of the 16S rRNA was observed
when IF2 was bound to 30S ribosomal subunits or to the
complete 30S initiation complex. However, cleavage of the 16S
rRNA was observed when IF2 was bound to the 70S initiation
complex (Fig. 10). These data indicate that domain V of IF2 is
localized toward the 30S subunit in the 70S initiation complex.
As described above, cross-linking data of the 30S complex and
footprinting data on the binary fMet-tRNAM'-IF2 complex
place domain V of IF2 in proximity to the elbow of the P-site-
bound fMet-tRNAM<, The distance between the 16S rRNA
and the elbow of the fMet-tRNAM" appears to be too far for
domain V of IF2 to establish contact with both simultaneously.
Conclusively, IF2 changes localization during the transition
from the 30S to the 70S initiation complex (121). The cleavage
experiments were performed in the presence of excess GTP.
Large domain movements take place in IF2 during GTP hy-
drolysis (185), and the cleavage patterns in the rRNA might be
dependent on whether IF2 is in the GTP- or GDP-bound form.
To fully understand the function of IF2 during translation
initiation, detailed atomic resolution structures of both the 30S
and 708 initiation complexes as well as a better understanding
of the timing and not least the consequences of GTP hydrolysis
are needed.

Besides the function as a translation factor, IF2 has the
properties of a chaperone. It promotes functional folding of
proteins and forms stable complexes with unfolded proteins
(22). Furthermore, the expression of IF2 is upregulated during
the cold shock response (3), and the factor is important for the
translation of leaderless transcripts (57). Finally, we have in-
troduced the use of IF2 sequence data for the classification of
organisms of closely related organisms (75-77, 152, 209, 226).

Initiation factor IF3. E. coli IF3 is a 20.4-kDa protein com-
posed of 180 amino acids encoded by the essential infC gene
(160, 190). The infC-rpmI-rplT operon contains the genes en-
coding IF3 and the two ribosomal proteins L35 and L20 (28,
110). These genes are transcribed from four promoters and
terminated by two transcriptional terminators (110, 245). At
the translational level, the expression from the operon is reg-
ulated by two different control circuits, discussed further in the
last section of this review. Whereas IF1 and IF2 are universally
present and important for the function of all living cells, IF3 is
limited to a number of bacterial species and has been found in
some plastids (112, 254, 255). The human mitochondrial IF3,
has short extensions in the N and C termini surrounding a
region homologous to bacterial IF3. It promotes initiation
complex formation on mitochondrial ribosomes (92).

IF3 is composed of two structural domains of approximately
equal size (Fig. 11) (48, 97). The two domains, called the IF3N
and IF3C, are separated by a ~ 45-A lysine-rich flexible linker
(80, 135). The IF3N domain consists of a globular «/B-fold,
with helix a1 packed against a mixed five-strand B-sheet (Fig.
11). This fold is followed by helix a2, which connects IF3N to
IF3C. The length of a2 was found to be different in the struc-
tures derived from NMR spectroscopy (51) and X-ray diffrac-
tion (11) experiments and has been the subject of debate (re-
viewed in reference 12). The linker is essential for IF3
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FIG. 11. IF3 structure and alignment. (4) Structures of the IF3N
domain from B. stearothermophilus (PDB entry 1TIF) and the IF3C
domain from E. coli (PDB entry 2IFE). The side chains of the arginine
residues in the IF3C domain are shown and labeled with the residue
number. Mutations in the arginine residues that affect binding to the
30S ribosomal subunit are residue numbers 99, 112, 116, 147, and
possibly 168. These roughly define the surface that binds to the 30S
ribosomal subunit. Mutations of arginine residues reducing IF3 activity
involved in mRNA-related functions define a surface comprising res-
idues 129, 131, and 133. (B) Sequence alignment of selected sequences
of IF3. Abbreviations, color codes, and secondary-structure nomencla-
ture are as in Fig. 7. Secondary-structure elements are as defined in
reference 203. Black vertical arrows indicate residues that have been
identified as interacting with the 30S ribosomal subunit by mutagenesis
and/or chemical modification. Grey triangles indicate residues whose
intensity was most strongly affected by titration with 30S ribosomal
subunits in NMR spectroscopy studies (reference 203 and references
cited therein). Yellow triangles indicate approximate domain bound-
aries.

function, but variation of its length and composition does not
considerably change the activity (43).

The structure of IF3C has been solved by NMR spectros-
copy and X-ray diffraction (11, 51). It consists of a two-layer
o/B sandwich fold composed of a four-strand mixed B-sheet
packed against two parallel a-helices (a3 and a4), leading to a
BaBaBP topology (Fig. 11). The structure is similar to U1A
(RNA binding protein involved in RNA splicing) (51) and
YppH (a protein involved in cell division) (88).

IF3 perform several different functions. (i) It prevents asso-
ciation of the ribosomal subunits by binding to the 30S subunit,
thereby blocking binding of the 50S subunit (59, 188). (ii) It
monitors the codon-anticodon interaction by promoting the
dissociation of fMet-tRNAM®' from initiation complexes
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formed at the 5’ initiation codon of leaderless mRNAs (227).
Likewise, initiation complexes with an incorrectly bound ami-
noacyl-tRNA (noninitiator tRNA) (73, 74) and complexes with
triplets other than AUG, GUG, and UUG in the P-site are
dissociated by IF3 (70, 127, 224). (iii) It stimulates the rapid
formation of codon-anticodon interaction at the ribosomal P-
site (60, 250). (iv) It is involved in the adjustment of the mRNA
from the standby site to the decoding P-site of the 30S ribo-
somal subunit (101). Finally, a role for IF3 in recycling of
subunits has been proposed. It was observed to enhance the
dissociation of deacylated tRNAs from posttermination com-
plexes and to dissociate 70S ribosomes into subunits (78, 87).

All functions of the native IF3 can be accomplished by the
isolated IF3C domain in vitro, while the IF3N domain proba-
bly serves the purpose of modulating the thermodynamic sta-
bility of the IF3-30S complexes (169). Site-directed mutagen-
esis of the eight arginine residues in the IF3C domain has been
used to map the active sites (168). The arginines at positions
99, 112, 116, 147, and 168 are important for the binding to the
30S ribosomal subunit (Fig. 11). The ability of IF3 to dissociate
the ribosome into subunits was affected mainly by mutations of
R112 and R147 (and less extensively by mutations of R99 and
R116). The stimulation of the pseudoinitiation complex disso-
ciation (with a noninitiator tRNA bound) was affected by mu-
tations of R99 and R112 (and less extensively of the arginine
residues at positions 116, 129, 133, and 147). Dissociation of
noncanonical initiation complexes (initiation codons other
than AUG, GUG, and UUG) was not affected in any of the
mutants. Stimulation of translation was affected by mutations
of R116 and R129 (and less extensively of the arginine residues
at positions 99, 112, and 131), whereas inhibition of nonca-
nonical mRNA translation was affected by mutations of R99,
R112, and R168 (and less extensively of the arginine residues
at positions 116, 129, and 131). Finally, the repositioning of the
mRNA from the standby site to the P-decoding site was weakly
affected by mutations of the arginine residues at positions 129,
131, 133, 147, and 168. The data indicate that IF3C contains at
least two active surfaces, one embedded in the 30S subunit and
the other facing the mRNA (Fig. 11) (168).

Both IF3 domains are RNA binding and interact indepen-
dently with the 30S ribosomal subunit. IF3C interacts with the
highest affinity through a large surface of symmetrically dis-
tributed residues in loops and a-helices, whereas IF3N inter-
acts mainly via a small number of asymmetrically distributed
residues (203). Results of mapping of IF3 residues implicated
in binding to the 30S ribosomal subunit by NMR spectroscopy,
site-directed mutagenesis, and other chemical methods are in
excellent agreement (203) (Fig. 11).

The localization of IF3 on the 30S ribosomal subunit has
been studied by various methods, with conflicting results. Im-
muno-EM located the factor at the cleft of the 30S ribosomal
subunit (220). The ribosomal proteins S7, S11, S12, S13, S18,
S19, and S21 have been cross-linked to IF3 but are spread over
a wide area of the 30S subunit (13, 33, 34, 117). Helices 26
(central domain) and 45 (3’ minor domain) of the 16S rRNA
have been cross-linked to IF3 (47). Chemical probing revealed
IF3 contacts to helices 23 and 24 in the central domain of the
16S rRNA (132, 141), and NMR spectroscopy indicated that
IF3 interacts with the 3" end of the 16S rRNA (246). Cryo-EM
located the IF3C domain to the interface side of the small
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ribosomal subunit (124). However, X-ray diffraction of 30S
ribosomal subunit crystals soaked with IF3C places the domain
at the solvent side of the platform (170).

A model based on hydroxyl radical footprinting and directed
probing from Fe(II)-derivatized IF3 has been presented (42).
This model is in agreement with the cryo-EM data, and the
results are summarized in Fig. 12. It was suggested that the
observations in the crystallographic studies represent binding
to a secondary site in the crystal-soaking experiments as a
result of blockage of the primary binding site by crystal con-
tacts. IF3C is located in the same area as helix 69 of the 23S
rRNA in the 70S ribosome, which explains why IF3 blocks
subunit association.

The two domains of IF3 were shown to be on opposite sides
of the fMet-tRNAM* (42). IF3 has been thought to interact
with the anticodon stem and loop of fMet-tRNAM<! (73). How-
ever, IF3 is unable to reach the three conserved discriminator
GC base pairs in the anticodon stem of fMet-tRNAM! in the
current model. Hence, discrimination against elongator tRNAs
promoted by IF3 is probably indirect (42).

REGULATION OF TRANSLATION INITIATION

Bacteria must be able to adjust to environmental changes in
temperature, the availability of nutrients and water, presence
of toxic molecules, etc. A prerequisite for induction of an
appropriate stress response is precise monitoring of internal
and external parameters. Although transcriptional regulation
is the primary mechanism in stress responses, regulation of
translation is faster and consequently important. Post-tran-
scriptional regulation occurs at different stages including
mRNA stability and translation initiation. Here we focus on
responses involving the translation initiation phase.

Regulation occurs by a variety of events that control the
formation of elongation-competent translation initiation com-
plexes. The only variable component in translation initiation is
the mRNA. The sequence and structure of the mRNA deter-
mine its interaction with the translational machinery and hence
the efficiency and frequency of translation. A highly expressed
mRNA contains some or all of the following elements at the
RBS: (i) a cognate initiation codon for interaction with the
fMet-tRNA" (183, 237); (ii) an SD sequence complementary
to the ASD sequence of the 16S rRNA (207); (iii) a pyrimidine
tract for interaction with ribosomal protein S1 (15, 232, 260);
and (iv) base-specific enhancer elements upstream (155) or
downstream (213, 214) of the initiation codon. The interde-
pendence and relative importance of these mRNA elements
are poorly understood (234). Translational regulation can in-
volve cis-acting elements of the mRNA that form secondary or
tertiary structures which sequester the ribosomal binding site.
trans-Acting elements include protein, antisense RNA, and
other factors that control the alternative structures of the RBS
and thus affect the efficiency of initiation complex formation. A
recent review describes the translational repression mecha-
nisms (194).

Initial binding of the mRNA RBS to the ribosome occurs
primarily through interactions with the ribosomal protein S1
and the ASD sequence of the 16S rRNA. Both interactions
require local single-stranded mRNA (reference 194 and refer-
ences cited therein). Secondary structures in the RBS can

1sanb Ag 2T0Z ‘v AN uo /B0 wse iquiw//:dny woly papeojumod


http://mmbr.asm.org/

116 LAURSEN ET AL. MICROBIOL. MOL. BiOL. REV.

IF3N domain

FIG. 12. Interaction of IF3 with the 30S ribosomal subunit. The interactions between IF3 and the 30S ribosomal subunit identified by hydroxyl
radical footprinting and directed probing are shown (data from reference 42). (4) 30S ribosomal subunit from 7. thermophilus with P-site-bound
tRNA (derived from PDB entries 1J5E and 1GIX). The tRNA is shown in yellow. (B) Close-up of the ribosomal subunit. Sites in the 16S rRNA
and on the tRNA that are cleaved by nucleases attached to IF3 are indicated. The IF3N and IF3C domains (PDB entries 1TIF and 2IFE) are shown
in a ribbon representation, with the modified cysteines indicated by spheres. Orange spheres on the IF3 domains indicate residues where an
attached nuclease does not cleave the 16S rRNA or tRNA. The magenta spheres in the IF3C domain indicate residues K97 and MI35 from where
nucleases cleave in the 790 loop of the 16S rRNA (magenta) seen below the acceptor arm of the tRNA. Nucleases at these positions also cleave
the side of the tRNA marked in blue (residues 3 to 5 and 12 to 24). The cyan sphere in the IF3C domain indicates E104 from which nucleases
cleave in the 790 loop (magenta) and at residues 1482 to 1487, indicated in cyan on the 30S subunit. Green spheres in the linker region on the
IF3N domain indicate residues (E76 and S80) on which nucleases cleave on the other side of the tRNA, marked in green (residues 26 to 29 and
35 to 37), the 790 loop region (magenta), and the 690 loop region (red) of the 16S rRNA. A nuclease attached to position R11 in the IF3N domain
(red) cleaves at positions in the 690 loop (red). No attempt was made to dock IF3 on the ribosomal subunit, since conformational changes most

probably take place in the subunit as a result of IF3 binding.

lower the translational efficiency of an mRNA. Figure 13 sum-
marizes some mechanisms for translational repression and ac-
tivation caused by changes in the secondary structure of the
mRNA. The thermodynamic stability of secondary structures
in the RBS plays a crucial role, but the kinetics of the mRNA
folding is also an important factor (reference 194 and refer-
ences cited therein). This was demonstrated for the phage MS2
maturation protein. The mRNA contains a leader sequence
forming a cloverleaf structure, which inhibits translation initi-
ation. The effects of mRNA renaturation time on translation
initiation were studied, and it was observed that the formation
of the cloverleaf structure is slower than the formation of
initiation complexes on the mRNA (176).

The interactions involved in forming the secondary and ter-
tiary structures of mRNA are sensitive to temperature. Struc-
tural changes of the mRNA as a consequence of temperature
changes may regulate the translational activity of mRNAs. This
is especially seen for the mRNAs involved in the expression of
heat shock genes. The E. coli heat shock factor o*? is the
best-characterized example (reference 194 and references
cited therein). The structure of the RBS of this mRNA is
extremely sensitive to changes in temperature near 42°C.

Regulation is also mediated by trans-acting factors that sta-
bilize or destabilize mRNA structures. A typical example is the
autoregulation of the S10 operon mediated by the ribosomal
protein L4. L4 is encoded by the S10 operon and stabilizes a
hairpin in the mRNA, which represses translation (45). A
protein is usually responsible for the regulation, but recent
examples show that other molecules can control the expression
of an mRNA. For example, thiamine (also known as vitamin

B,) controls the expression of the genes involved in thiamine
biosynthesis via the thi box of the mRNA (129). Similar models
have been proposed for cobalamin and vitamin B,,, indicating
that regulation can be conferred not exclusively by proteins but
also by small molecules (142, 221). The mRNA elements that
directly monitor environmental conditions have been termed
riboswitches and are involved in several metabolic pathways
(for example, biosynthesis of vitamins and metabolism of me-
thionine, lysine, and purines) (240). Intermolecular RNA in-
teractions also play an important regulatory role. For example,
the translation initiation site of the mRNA of outer membrane
protein F (OmpF) in E. coli can be blocked by a natural
antisense RNA that is transcribed from the micF gene in re-
sponse to changes in osmolarity (142, 221).

Protein synthesis needs to be tightly coupled to the nutri-
tional conditions met by the cell. The cellular content of GTP
is an indicator of the overall nutritional conditions. GTP levels
have been proposed to be directly coupled to the activity of
IF2, which is active only in the GTP-bound form (12). mRNA-
mediated detection of environmental conditions has been re-
viewed previously (32, 153, 240).

Regulation by competition is also a common method of
regulation. For example, the threonyl-tRNA synthetase re-
presses its own expression by binding to the RBS of the mRNA
(214). The homodimeric tRNA synthetase recognizes two do-
mains in the mRNA that structurally mimic the anticodon arm
of tRNA™", Thus, if excess threonyl-tRNA synthetase is
present it binds to its own mRNA and represses expression,
whereas if excess tRNAT is present the synthetase binds to
the tRNA™ instead of the mRNA and translation will be
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FIG. 13. Examples of translational regulation mechanisms. (4) Repression of translation by binding of a metabolite that stabilizes an alternative
mRNA secondary structure and leaves the SD sequence and initiation codon (AUG) in a base-paired region. (B) Activation of translation by
binding of a metabolite that stabilizes an alternative mRNA secondary structure and leaves the SD sequence and initiation codon (AUG) in an
unpaired region, thus providing ribosomal access. (C) Repression of translation by the formation of an alternative mRNA secondary structure as
a result of a change in temperature. (D) Activation of translation by an increase in temperature, causing a local melting of the mRNA secondary

structure covering the SD and AUG region.

promoted. The mechanism of the repression caused by pro-
teins that bind to their own mRNA is in some cases more
complicated. Ribosomal protein S15 selectively binds to its
own mRNA when it is in a pseudoknot conformation; an in-
active ternary complex of S15, the mRNA, and the 30S ribo-
somal subunit is then formed. This prevents the formation of
active translation initiation complexes (8).

Bacterial translation initiation can occur at multiple sites on
a polycistronic mRNA. Translation of the individual cistrons is
often coupled by base pairing between the TIR of a down-
stream cistron and part of the preceding coding sequence. The
base pairing is disrupted when the ribosome advances toward
the TIR of the downstream cistron that, as a consequence,
becomes activated (109). Translational coupling also occurs by
a reinitiation mechanism in which a ribosome translating a
cistron reinitiates at the next cistron when a stop codon is
reached (54, 192). Overlapping between the end of the first
cistron and the beginning of the second cistron is often in-
volved in reinitiation. When the terminating ribosome loosens,

it may slip forward or backward to locate a reinitiation site in
a process with potential modulating roles for the termination
factors (1, 36, 85).

Other features including the initiation and even termination
codons are involved in translational control. Expression from
the infC-rpmI-rplT operon, which contains the genes encoding
IF3, L35, and L20, is regulated at the translational level by two
different control circuits. The initiation codon on the infC
mRNA is the unusual AUU codon. As discussed above, 1F3
discriminates against non-cognate initiation codons and hence
represses the expression of its own gene (19). The second
control circuit in the infC-rpmI-rplT operon concerns L.20. L20
directly represses the translation of rpml and indirectly re-
presses that of its own gene via translational coupling (109).
The L20-mediated repression requires a base-pairing interac-
tion between nucleotides within infC and nucleotides in the
TIR of rpml (28, 29). The result is a pseudoknot recognized by
L20. An irregular stem located upstream from rpml is also
recognized by L20, and it was suggested that L.20 binds to its
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mRNA and rRNA partners in a similar manner (67). Recently
it was suggested that the stop codon could influence the initi-
ation process (86). An inefficient termination codon was sug-
gested to cause ribosomal pausing and queuing along the up-
stream mRNA region, thus blocking the translation initiation
of short genes.

The examples mentioned above are concerned mostly with
regulation of translation from specific mRNAs. However,
more nonspecific control mechanisms also exist. These primar-
ily involve regulation of a whole class of genes in response to,
for example, environmental changes. A temperature downshift
causes a transient inhibition of protein synthesis, which results
in a growth lag called the acclimation phase, where protein
synthesis is arrested. However, a certain class of cold shock
proteins is synthesized during this phase. The most extensively
induced genes have an unusually long 5 UTR in common
(229). This 5" UTR contains a conserved cold-box sequence
that stabilizes the mRNA at low temperature. Moreover, the 5
UTR has a remarkably high affinity for ribosomes at low tem-
perature (252). After the acclimation phase, ribosomes be-
come cold adapted, presumably by the binding of RbfA, a 30S
ribosomal subunit-associated protein, and CsdA, a member of
the DEAD box family of helicases. Subsequently, synthesis of
non-cold-shock proteins is induced (229). This induction is
caused in part by the cold shock proteins of the CspA family,
which are able to destabilize mRNA secondary structures at
low temperature (reference 148 and references cited therein).

The relative levels of the initiation factors may also play a
role in regulation. Expression from leaderless mRNAs is sup-
pressed by IF3 and stimulated by IF2 (58). This led to the
proposal that the relative IF3 deficiency present when an in-
crease in growth rate alters the ribosome/IF3 ratio could favor
an increased translational rate of leaderless mRNAs. More-
over, the stoichiometry of the three translation initiation fac-
tors relative to ribosomes is more than doubled during the
acclimation period of the cold shock response. These factors
selectively stimulate translation of cold shock mRNAs at low
temperature (62).

CONCLUDING REMARKS

During the last few years, a vast amount of structural and
functional knowledge about the components involved in initi-
ation of protein synthesis have accumulated. The interactions
between some of the components have been mapped at atomic
resolution, whereas other interactions have been mapped at
low resolution. Binding of tRNA, mRNA, and initiation fac-
tors to the small ribosomal subunit as well as subunit associa-
tion are associated with conformational changes of the ribo-
some. To fully understand the mechanism of translation
initiation and its regulation, atomic-resolution structures of
functional states of the initiation complexes, along with sup-
porting biochemical data, are necessary. This task is the next
challenge in the elucidation of the exact mechanism of trans-
lation initiation.
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