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ABSTRACT

During initiation of protein synthesis in bacteria, translation initiation factor IF2 is responsible for the recognition of
the initiator tRNA (fMet-tRNA). To perform this function, IF2 binds to the ribosome interacting with both 30S and 50S
ribosomal subunits. Here we report the topographical localization of translation initiation factor IF2 on the 70S
ribosome determined by base-specific chemical probing. Our results indicate that IF2 specifically protects from
chemical modification two sites in domain V of 23S rRNA, namely A2476 and A2478, and residues around position
2660 in domain VI, the so-called sarcin-ricin loop. These footprints are generated by IF2 regardless of the presence
of fMet-tRNA, GTP, mRNA, and IF1. IF2 causes no specific protection of 16S rRNA. We observe a decreased reac-
tivity of residues A1418 and A1483, which is an indication that the initiation factor has a tightening effect on the
association of ribosomal subunits. This result, confirmed by sucrose density gradient analysis, seems to be a
universally conserved property of IF2.
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INTRODUCTION

Three protein factors (initiation factors IF1, IF2, and
IF3) are required for the efficiency and fidelity of trans-
lation initiation in bacteria+ IF2 is the largest of the three
factors (97+3 kDa in Escherichia coli ) and belongs
to the same GTPase subfamily as EF-Tu and EF-G
(Bourne et al+, 1991)+ This factor specifically recog-
nizes the acceptor arm of fMet-tRNA (Guenneugues
et al+, 2000), which contains a blocked aNH2 group,
and promotes the binding of initiator tRNA at the ribo-
somal P-site (for review, see Gualerzi & Pon, 1990)+

The function and structure of IF2 have been the ob-
ject of extensive studies for many years, but the mech-
anism of its binding to and release from the ribosome
and its topographical localization are still obscure+
Protein–protein crosslinking experiments have identi-

fied ribosomal proteins S13 (Heimark et al+, 1976) and
L7/L12 (Boileau et al+, 1983) as IF2 neighbors on the
30S and 50S subunits, respectively+ Based on the find-
ing that all translational GTPases interact with protein
L7/L12, it has been proposed that elongation factors
EF-Tu and EF-G, initiation factor IF2, and termination
factor RF3 bind to overlapping sites on the ribosome
(e+g+, see Brock et al+, 1998, and references therein;
Tomsic et al+, 2000, and references therein)+ This over-
lap has been clearly demonstrated for the elongation
factors by chemical probing with base-specific reagents
(Moazed et al+, 1988)+ In fact, EF-Tu, bound to ribo-
somes in a ternary complex with aminoacyl-tRNA and
GTP in the presence of kirromycin, was found to pro-
tect the a-sarcin region of 23S rRNA strongly shielding
G2655 and G2661 and,more weakly,A2660 and A2665+
EF-G, on the other hand, was found to protect strongly
A2660, G2655, and G2661 in a ribosomal complex sta-
bilized by fusidic acid or by GTP analogs+ In addition,
EF-G was found to protect the so-called thiostrepton
region around position 1067 (Moazed et al+, 1988)+

Until now, attempts to identify the rRNA regions in
contact with IF2 have not been particularly successful+
When the interaction between IF2 and the 30S ribo-
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somal subunit was investigated by phosphate alkyl-
ation with ethylnitrosourea, a large number of 16S rRNA
bases distributed throughout the particle were found to
be either protected or more exposed in the presence of
the factor, leading to inconclusive results (Wakao et al+,
1990)+ More recent attempts to identify the IF2 binding
site using base-specific chemical probes have also been
unsuccessful (Moazed et al+, 1995)+

Information about the topographical localization of
IF2 on the ribosome is necessary to understand the
mechanism of action of this factor and, in particular, its
GTPase activity and recycling+ To identify the location
of IF2 on the ribosome, we have taken advantage of
the functional interchangeability between E. coli and
Bacillus stearothermophilus IF2 (Brombach et al+, 1986)
and the stronger affinity displayed by the thermophilic
factor for the E. coli ribosome (e+g+, La Teana et al+,
1996)+ Here we present evidence that IF2 can interact
with the 23S rRNA and that its binding site partially
overlaps that of elongation factors EF-Tu and EF-G+
Chemical probing of the 16S rRNA and sucrose density
gradient analysis support earlier reports (Grunberg-
Manago et al+, 1975; Pestova et al+, 2000) that IF2
enhances the association between ribosomal subunits+

RESULTS

IF2 binding to 23S rRNA in 70S ribosomes

During initiation of protein synthesis, IF2 binds to both
ribosomal subunits+ It has been assumed but not dem-
onstrated that the localization of IF2 on the ribosome
overlaps that of EF-Tu and EF-G+ To obtain evidence of
a direct interaction between IF2 and ribosomal RNA,
complexes were formed between B. stearothermophi-
lus IF2 and E. coli 30S or 70S ribosomes in the pres-
ence or absence of fMet-tRNA, GTP, poly(AUG), and
IF1+ These complexes were then treated with base-
modifying reagents; DMS to probe A at N1, C at N3,
and G at N7, kethoxal to probe G at N1 and N2, and
1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-
p-toluene sulphonate (CMCT) to probe U at N3 and G
at N1 (Merryman & Noller, 1998)+ The results demon-
strate that in “loose couple” 70S ribosomes (see Ma-
terials and Methods), IF2 protects two regions within
the 23S rRNA, namely the loop around position 2660
(Fig+ 1A) and nt 2476 and 2478 (Fig+ 1B)+ The same
effects of IF2 on 23S rRNA modification were observed
in IF2-70S binary complexes (Fig+ 1) and in complete
initiation complexes formed in the presence of IF1 and
GTP and containing both fMet-tRNA and poly(AUG)
(data not shown)+ The rRNA was extracted from these
complexes, and in all cases it displayed the typical
pattern of P-site protections for both 16S and 23S rRNA,
confirming that fMet-tRNA was correctly placed in the
P-site in these initiation complexes+

The loop around position 2660 corresponds to the
so-called sarcin-ricin domain (SRD; Wool et al+, 2000,
and references therein), a universally conserved re-
gion and the target of two toxins that abolish protein
synthesis, namely a-sarcin, which cleaves the G2661-
A2662 phosphodiester bond, and ricin, which removes
A2660 by an N-glycosidase reaction+ Within the SRD,
which also constitutes a binding site for elongation fac-
tors EF-Tu and EF-G (Wool et al+, 2000), IF2 protects
residues G2655 and G2661 from kethoxal modification
and A2665 from DMS modification while enhancing the
reactivity of A2660 towards DMS (Fig+ 1A)+ This pattern
obtained with IF2 is similar but not identical to that
observed with EF-Tu and EF-G (Moazed et al+, 1988)+

The second site of IF2-50S interaction is in the loop
at the end of helix 89, which emerges from the central
loop of domain V+ Both A2476 and A2478 are protected
by IF2 from DMS modification (Fig+ 1B)+ These nucle-
otides are not part of the binding sites of the other
factors+ Nevertheless, because hydroxyl radical prob-
ing by Fe(II)-EDTA tethered to a cysteine in position
700 of EF-G cleaves several residues of the same helix
(Wilson & Noller, 1998), the binding site of EF-G in its
“fusidic acid stalled state” should be in the proximity of
the IF2 binding site+ Furthermore, the same loop has
been implicated in an interaction with 5S rRNA since
RNA–RNA crosslinking experiments have indicated a
close proximity between residue U89 of 5S RNA and
the conserved residue C2475 (Sergiev et al+, 1998)+

We also investigated the possibility of an interaction
between IF2 and the thiostrepton region around posi-
tion A1067, which is protected by EF-G+ However, IF2
was found to cause no changes in the pattern of chem-
ical probing in this rRNA region (data not shown)+ Thus,
taken together, our data indicate that IF2 interacts with
the 50S ribosomal subunit in a fashion similar to but not
identical to that of elongation factors EF-G and EF-Tu
(Moazed et al+, 1988)+

IF2 binding to 16S rRNA in 30S subunits
and 70S ribosomes

The effect of IF2 on the reactivity of 16S rRNA to chem-
ical probes was then examined in 30S subunits and
70S ribosomes+ An IF2-dependent decrease in DMS
reactivity was found at A1418 and A1483 in the 16S
rRNA of 30S subunits within loose couple 70S ribo-
somes (Fig+ 2, cf+ lanes 4 and 5, black arrows) but not
in isolated 30S subunits (Fig+ 2, cf+ lanes 9 and 10)+ The
protected bases are located opposite each other in a
bulge in helix 44 and are exposed to DMS modification
in isolated 30S subunits (Fig+ 2, lanes 9–11) but are
protected from modification by the addition of 50S sub-
units (Moazed & Noller, 1990; Merryman et al+, 1999)+
Under the conditions used by these authors, the two
bases in the 30S were reported to retain some reac-
tivity within loose couple 70S ribosomes, and this find-
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ing is in agreement with our data (Fig+ 2, lane 4)+
However, because IF2 has no effect on the modifica-
tion of A1418 and A1483 in isolated 30S subunits (Fig+ 2,
cf+ lanes 9 and 10) and because these bases are not
exposed to the modifying agent in “tight coupled” 70S
(Fig+ 2, lanes 12–14), we conclude that one of the ef-
fects of IF2 (like that of the tRNAs) is to strengthen the
association between the two ribosomal subunits+ This
conclusion is supported by the finding that IF1, which
can accelerate the rate of subunit exchange (van der
Hofstad et al+, 1978, and references therein), can partly
reverse the IF2 effect (Fig+ 2, cf+ lanes 5 and 6) and
by the finding that the reactivity of A1418 and A1483
decreases upon either A- or P-site binding of tRNA
(Moazed & Noller, 1990)+ A direct demonstration of an
increased association of the subunits upon addition of
IF2 comes from the results, shown in Fig+ 3, of the
sucrose density gradient analysis of “loose couple” 70S
ribosomes incubated in the absence (panel A) and in
the presence (panel B) of IF2+ These ribosomes were
free of mRNA, tRNA and other translation factors+

Examination of the chemical probing results of Fig-
ure 2 (lane 11) reveals that there are several bases

(A1408, A1413, A1492, A1493), indicated by the white
arrows, whose reactivity is affected by IF1+ These re-
sults confirm the known topographical localization of IF1
in the A-site (Moazed et al+, 1995; Dahlquist & Puglisi,
2000)+ Furthermore a single base,A1429, located in the
lower portion of helix 44 of 16S rRNA, is exclusively ac-
cessible to DMS in loose couple 70S ribosomes (Fig+ 2,
lanes 4–6) regardless of the presence of IF2, and is un-
modified in both isolated 30S subunits (Fig+ 2, lanes 9–
11) and tight couples (Fig+ 2, lanes 12–14)+

DISCUSSION

Protection from chemical modification of specific sites
in 23S rRNA by IF2 is shown here for the first time, and
defines more precisely the interaction between IF2 and
23S rRNA+ The protection of residues A2476 and A2478
in helix 89 and enhancement of A2660 are unique to
IF2, but protection of G2655, G2661, and A2665 in the
SRL is similar to that for the elongation factors+ EF-Tu
protects G2655 and G2661 and weakly protects A2660
and A2665 whereas EF-G protects G2655,A2660, and
the 1067 region of domain II+

FIGURE 1. Footprinting of B. stearothermophilus IF2 on E. coli 23S rRNA in loose couple 70S ribosomes (see Materials
and Methods)+ A: Protection of bases in the sarcin-ricin domain+ B: Protection of bases in the loop of helix 89+ G, A, U, C:
dideoxy sequencing lanes; lane K: unmodified RNA+ Modified nucleotides are identified by arrows in right-hand margin+
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The overlap between the ribosomal binding sites of
elongation factors EF-G and EF-Tu was originally pro-
posed on the basis of the inability of the two factors to
bind simultaneously to the ribosome (Richman & Bod-
ley, 1972) and further confirmed by their topographical
localization (Moazed et al+, 1988)+ A similar overlap be-
tween the binding sites of IF2, EF-G, and EF-Tu has
never been convincingly demonstrated+ Indeed, the as-
sumption that such overlap exists was based mainly on
evidence derived from protein–protein crosslinking ex-
periments (Heimark et al+, 1976; Boileau et al+, 1983)+

Under the same conditions, which allow P-site pro-
tection of 23S rRNA by tRNA, IF2 did not affect the
reactivity of any nucleotides in 16S rRNA+ In fact, the
effects seen on A1418 and A1483 are likely indirect
and, as mentioned above, indicate that IF2 favors sub-
unit association, a conclusion supported by the su-
crose density gradient experiment shown in Figure 3+
The lack of protection of 16S rRNA in 70S ribosomes

FIGURE 2. Footprinting of B. stearothermophilus IF2 and E. coli IF1 on E. coli 16S rRNA in 30S subunits, loose couple and
tight couple 70S ribosomes+ G, A, U, C are dideoxy sequencing lanes+ Lanes 1, 2, and 3: unmodified 16S rRNA from loose
couple 70S alone (1), in the presence of IF2 (2) and in the presence of IF1 and IF2 (3)+ Lanes 4, 5, 6: DMS-modified RNA
from loose couples 70S alone (4), in the presence of IF2 (5) and in the presence of IF1 and IF2 (6)+ Lanes 7, 8: unmodified
RNA from 30S (7) and from tight couple 70S (8)+ Lanes 9, 10, 11: DMS-modified RNA from 30S alone (9), in the presence
of IF2 (10), in the presence of IF1 and IF2 (11)+ Lanes 12, 13, 14: DMS-modified RNA from tight couple 70S alone (12), in
the presence of IF2 (13), and in the presence of IF1 and IF2 (14)+

FIGURE 3. Effect of B. stearothermophilus IF2 on subunit associa-
tion+ Heat activated loose couple 70S ribosomes incubated in the
absence (A) and in the presence (B) of B. stearothermophilus IF2
were separated by sucrose density gradient centrifugation as de-
scribed in Materials and Methods+ The subunits and ribosomes are
indicated by 30S, 50S, and 70S+
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can be explained by the fact that, in the presence of
50S subunits, IF2 may lose its contact(s) with the 30S
subunits or the IF2-30S interaction may be weakened+
However IF2 does not protect 16S rRNA in isolated
30S subunits, and this finding raises the question of
how IF2 interacts with the 30S subunits, namely via
contacts with ribosomal proteins or through several weak
interactions with 16S rRNA+ The latter possibility is sug-
gested by the results of Wakao et al+ (1990), who found
changes of chemical reactivity of 16S rRNA caused by
IF2 to be scattered throughout the entire molecule and
concluded that IF2 does not protect specific regions
but induces allosteric transition in the rRNA+

The three-dimensional structure of the Haloarcula
marismortui 50S subunit was solved recently at a res-
olution of 2+4 Å (Ban et al+, 2000)+ This allows us to

localize in space the IF2 binding site+ Figure 4 shows
the crystal structure of H. marismortui 23S rRNA from
Ban et al+ (2000), as seen from the subunit interface
side+ In this structure, the H. marismortui residues cor-
responding to those of E. coli involved in IF2 binding
have been highlighted: Residues protected from DMS
modification,A2511 and A2513 (corresponding to A2476
and A2478 in E. coli ) in helix 89 and A2702 (A2665 in
E. coli ) in the a-sarcin domain, are shown in red; res-
idue A2697 (A2660 in E. coli ), whose reactivity is en-
hanced, is shown in yellow, and residues protected from
kethoxal modification, G2692 and G2698 (G2655 and
G2661 in E. coli ), are shown in blue+ These 23S rRNA
bases are located just below L11, on the right edge of
the subunit interface side of the 50S particle+ The po-
sitions affected by IF2 are relatively close to each other

FIGURE 4. Crystal structure of H. marismortui 23S rRNA from Ban et al+ (2000) as seen from the subunit interface side+
Residues protected by IF2 from DMS modification, A2511 and A2513 (corresponding to A2476 and A2478 in E. coli ) in
helix 89 and A2702 (A2665 in E. coli ) in the SRD, and residues protected from kethoxal modification, G2692 and G2698
(G2655 and G2661 in E. coli ), are shown in red and blue, respectively;A2697 (A2660 in E. coli ) at the tip of the SRD, whose
reactivity towards DMS is enhanced by IF2, is highlighted in yellow+ Residue A2486 (A2451 in E. coli ) is shown in green+
The structural coordinates of the 50S subunit (Ban et al+, 2000) have been taken from the Protein Data Bank and the colors
modified using the Swiss-PDB Viewer 3+7 program+ Positions of L1 and L11 ribosomal proteins are marked; CP: central
protuberance; SRD: sarcin-ricin domain+
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but fairly distant from the peptidyl transferase center+ In
fact, the latter, which has been identified by Nissen
et al+ (2000) as residue A2486 (A2451 in E. coli ), shown
in green in Figure 4, is located 53+5 Å from A2476 and
74+7 Å from position A2660 (R+ Brimacombe, pers+
comm+)+ On the other hand, the peptidyl transferase
center is the site where the acceptor end of initiator
tRNA (fMet-ACC) must bind to allow the formation of
the initiation dipeptide+ It has been shown recently that
IF2 C-2, the C-terminal domain of IF2, contains all mo-
lecular determinants for the binding of initiator tRNA
(Meunier et al+, 2000; Spurio et al+, 2000)+ Thus the
C-terminal domain of IF2, which does not bind auton-
omously to any ribosomal subunit (Gualerzi et al+, 1991),
must reach the peptidyl transferase center, which is
located in a central point of the particle, whereas the
contacts of IF2 with the 23S rRNA must be established
by parts of the G-domain that retain ribosomal binding
capacity+ Thus we conclude IF2 must be a rather elon-
gated molecule spanning at least from the center to the
edge of the 50S subunit+ This prediction is supported
by the three-dimensional structure of the archaeal ho-
molog of bacterial IF2 recently elucidated (Roll-Mecak
et al+, 2000)+

Recent fluorescence stopped-flow experiments have
demonstrated that an EF-Tu-GTP-Phe-tRNA ternary
complex binds to the ribosomal A-site of 70S initia-
tion complexes with the same kinetics in the pres-
ence or absence of IF2-dependent GTP hydrolysis
(Tomsic et al+, 2000)+ The results shown in the present
article indicate that, upon interaction with the 70S ribo-
somes, IF2 establishes contacts with the 23S rRNA
that are, at least in part, the same as those made by
elongation factors EF-G and EF-Tu, indicating that
the binding sites of these factors are indeed overlap-
ping+ In turn, this result allows us to conclude that
the ejection of IF2 from the ribosome or its recycling
off the ribosomes does not require the GTPase ac-
tivity of the initiation factor as recently reported (Luchin
et al+, 1999)+ In fact, overlapping IF2/EF-Tu sites should
have resulted in an inhibition of EF-Tu binding in the
absence of IF2-dependent GTP hydrolysis, a result in
contrast to that actually obtained (Tomsic et al+, 2000)+
The function of IF2 GTPase, therefore remains ob-
scure+ However recent data have shown that the eu-
karyotic (and presumably archaeal) homolog of
bacterial IF2 (initiation factor eIF5B), promotes sub-
unit association and is endowed with a ribosome-
dependent GTPase activity that is necessary for this
function (Lee et al+, 1999; Pestova et al+, 2000)+ Our
chemical probing and sucrose density gradient re-
sults, along with previous light-scattering studies
(Grunberg-Manago et al+, 1975) indicating that IF2 fa-
vors the association of bacterial subunits, are partic-
ularly interesting given the universal structural
conservation of this factor and its functional homol-
ogy with other translation factors+

MATERIALS AND METHODS

General preparations

30S and 50S ribosomal subunits, 70S ribosomes (called loose
couple 70S ribosomes), and fMet-tRNA were prepared and
purified according to standard procedures (Ohsawa & Gual-
erzi, 1983) and are free of tRNA, mRNA, and translational
factors+ Tight couple 70S ribosomes were purified in sucrose
density gradients (10%–30%) in 10 mM Tris-HCl, pH 7+7,
6 mM Mg acetate, 60 mM NH4Cl, 1 mM DTT (described
below)+ Bacillus stearothermophilus IF2 was prepared from
an overproducing strain and purified as described (Brombach
et al+, 1986)+

Preparation of ribosome-IF2 complexes

For the preparation of the complexes, 50 pmol of 70S ribo-
somes were preactivated by incubation for 20 min at 42 8C in
80 mM K-cacodylate, pH 7+2, 10 mM MgCl2, 100 mM NH4Cl,
1+5 mM DTT+ The 70S-IF2 complexes were then prepared
incubating (10 min at 37 8C), in the same buffer, the 70S
ribosomes in the presence of 200 pmol of B. stearothermo-
philus IF2+ “70S initiation complexes” were prepared under
the same conditions with the additional presence of 100 pmol
IF1, 100 pmol fMet-tRNA, 5 mg random poly (AUG) and 1 mM
GTP+

Chemical probing

The modification reactions were carried out according to
Moazed et al+ (1986) using dimethylsulphate (DMS, Kodak),
kethoxal (Research Organics) and CMCT (Sigma)+After mod-
ification, ribosomal RNA was extracted (Moazed et al+, 1986)
and the modified residues identified by primer extension
analysis+

Primer extension

Two picomoles of the selected primer, 59-32P labeled with T4
kinase, were incubated with 2 mg of the modified rRNA for
3 min at 70 8C in 10 mL of 50 mM Tris-HCl, pH 8+3, 40 mM KCl
and then slowly cooled to 40 8C+ After addition of 2 U of AMV
Reverse Transcriptase (Life Science; diluted in 50 mM Tris-
HCl, pH 8+3, 40 mM KCl, 6 mM Mg2Cl) 2 mL of each anneal-
ing reaction were mixed with 2 mL of a 23 extension mixture
(100 mM Tris-HCl, pH 8+3, 80 mM KCl, 12 mM Mg2Cl, 4 mM
of each deoxynucleotide triphosphate) and incubated for
30 min at 45 8C+ The extension reaction was stopped by ad-
dition of 2 mL formamide/dye buffer and 2+5 mL were loaded
on a 10% sequencing gel+

Subunit association analysis

Heat-activated (20 min at 42 8C) E. coli 70S ribosomes (22
pmol) were incubated for 10 min at 37 8C in 100 mL of 10 mM
Tris-HCl, pH 7+7, 100 mM NH4Cl, 3 mM Mg acetate, 1 mM
DTT, in the presence and absence of B. stearothermophilus
IF2 (135 pmol)+ The samples were then loaded onto sucrose
gradients (10%–30% in the same buffer) and centrifuged in a
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SW40 Beckman rotor at 20,000 rpm for 17 h at 3 8C+ Gradi-
ents were collected using an ISCO gradient fractionator+

ACKNOWLEDGMENTS

We thank Mark Bayfield, Dale Cameron, Steven Gregory,
Michael O’Connor, G+Q+ Pennabble, Cynthia Pon, Jill Thomp-
son, and Anton Vila for many interesting and stimulating dis-
cussions and Sunthorn Pond-Tor for technical assistance+
We are also indebted to Paola Londei for comments on the
manuscript and for the use of the ISCO gradient fractionator
and to Richard Brimacombe for making available the ERNA
3D program+ The financial support of the Italian Consiglio
Nazionale delle Richerche (PS “Biotecnologie”) and Con-
siglio Nazionale delle Richerche–Ministero dell‘Universita’ e
della Ricerca Scientifica e Tecnologica (95/95) to COG, of
the MURST (PRIN “Translation initiation of leadered and lead-
erless mRNA in bacteria and archea: comparative analysis of
the functions of IF2, an essential and universally conserved
translation initiation factor”) to COG and ALT and the U+S+
National Institutes of Health (GM19756) to AED are gratefully
acknowledged+

Received March 16, 2001; returned for revision
April 19, 2001; revised manuscript received
May 18, 2001

REFERENCES

Ban N, Nissen P, Hansen J, Moore PB, Steitz TA+ 2000+ The com-
plete atomic structure of the large ribosomal subunit at 2+4 Å
resolution+ Science 289:905–920+

Boileau G, Butler P, Hershey JWB, Traut RR+ 1983+ Direct cross-links
between initiation factors 1, 2 and 3 and ribosomal proteins pro-
moted by 2-iminothiolane+ Biochemistry 22:3162–3170+

Bourne HR, Sanders DA, McCormick F+ 1991+ The GTPase super-
family: Conserved structure and molecular mechanism+ Nature
348:125–132+

Brock S, Szkaradkiewicz K, Sprinzl M+ 1998+ Initiation factors of pro-
tein biosynthesis in bacteria and their structural relationship to
elongation and termination factors+ Mol Microbiol 29:409–417+

Brombach M, Gualerzi CO, Nakamura Y, Pon CL+ 1986+ Molecular
cloning and sequence of the B. stearothermophilus translation
initiation factor IF2 gene+ Mol Gen Genet 205:97–102+

Dahlquist KD, Puglisi JD+ 2000+ Interaction of translation initiation
factor IF1 with the E. coli ribosomal A site+ J Mol Biol 299:1–15+

Grunberg-Manago M, Dessen P, Pantaloni D, Godefroy-Colburn T,
Wolfe AD, Dondon J+ 1975+ Light-scattering studies showing the
effect of initiation factors on the reversible dissociation of Esch-
erichia coli ribosomes+ J Mol Biol 94:461–478+

Gualerzi CO, Pon CL+ 1990+ Initiation of mRNA translation in pro-
karyotes+ Biochemistry 29:5881–5889+

Gualerzi CO, Severini M, Spurio R, La Teana A, Pon CL+ 1991+ Mo-
lecular dissection of translation initiation factor IF2+ Evidence for
two structural and functional domains+ J Biol Chem 266:16356–
16362+

Guenneugues M, Caserta E, Brandi L, Spurio R, Meunier S, Pon CL,
Boelens R, Gualerzi CO+ 2000+ Mapping the fMet-tRNAf

Met bind-
ing site of initiation factor IF2+ EMBO J 19:5233–5240+

Heimark RL, Hershey JWB, Traut RR+ 1976+ Cross-linking of initia-
tion factor IF2 to proteins L7/L12 in 70S ribosomes of Escherichia
coli+ J Biol Chem 251:7779–7784+

La Teana A, Pon CL, Gualerzi CO+ 1996+ Late events in translation
initiation+ Adjustment of fMet-tRNA in the ribosomal P-site+ J Mol
Biol 256:667–675+

Lee JH, Choi SK, Roll-Mecak A, Burley SK, Dever TE+ 1999+ Univer-

sal conservation in translation initiation revealed by human and
archaeal homologs of bacterial translation initiation factor IF2+
Proc Natl Acad Sci USA 96:4342–4347+

Luchin S, Putzer H, Hershey JWB, Cenatiempo Y, Grunberg-Manago
M, Laalami S+ 1999+ In vitro study of two dominant inhibitory
GTPase mutants of Escherichia coli translation initiation factor
IF2+ J Biol Chem 274:6074–6079+

Merryman C, Moazed D, McWhirter J, Noller HF+ 1990+ Nucleotides
in 16S rRNA protected by the association of 30S and 50S ribo-
somal subunits+ J Mol Biol 285:97–105+

Merryman C, Noller HF+ 1998+ Footprinting and modification-
interference analysis of binding sites on RNA+ In: Smith CWJ, ed+
RNA: Protein interaction, a practical approach. Oxford, UK: Ox-
ford University Press+ pp 237–253+

Meunier S, Spurio R, Czisch M,Wechselberger R, Guenneugues M,
Gualerzi CO, Boelens R+ 2000+ Solution structure of the
fMet-tRNAfMet-binding domain of B. stearothermophilus initiation
factor 2+ EMBO J 19:1918–1926+

Moazed D, Noller HF+ 1990+ Binding of tRNA to the ribosomal A and
P sites protects two distinct sets of nucleotides in 16 S rRNA+
J Mol Biol 211:135–145+

Moazed D, Robertson JM, Noller HF+ 1988+ Interaction of elongation
factors EF-G and EF-Tu with a conserved loop in 23S RNA+
Nature 334:362–364+

Moazed D, Samaha RR, Gualerzi C, Noller HF+ 1995+ Specific pro-
tection of 16 S rRNA by translational initiation factors+ J Mol Biol
248:207–210+

Moazed D, Stern S, Noller HF+ 1986+ Rapid chemical probing of
conformation in 16 S ribosomal RNA and 30 S ribosomal subunits
using primer extension+ J Mol Biol 187:399–416+

Nissen P, Hansen J, Ban N, Moore P, Steitz T+ 2000+ The structural
basis of ribosome activity in peptide bond synthesis+ Science
289:920–930+

Ohsawa H,Gualerzi CO+ 1983+ Chemical modification in situ of Esch-
erichia coli 30 S ribosomal proteins by the site-specific reagent
pyridoxal phosphate+ Inactivation of the aminoacyl-tRNA and
mRNA binding sites+ J Biol Chem 258:150–156+

Pestova TV, Lomakin IB, Lee JH, Choi SK, Dever TE, Hellen CUT+
2000+The joining of ribosomal subunits in eukaryotes requires
eIF5B+ Nature 403:332–335+

Richman N, Bodley JW+ 1972+ Ribosomes cannot interact simulta-
neously with elongation factors EF-Tu and EF-G+ Proc Natl Acad
Sci USA 69:686–689+

Roll-Mecak A, Cao C, Dever TE, Burley SK+ 2000+ X-ray structure of
the universal translation initiation factor IF2/eIF5B: Conforma-
tional changes on GDP and GTP binding+ Cell 103:781–792+

Sergiev P, Dokudovskaya S, Romanova E, Topin A, Bogdanov A,
Brimacombe R, Dontsova O+ 1998+ The environment of 5S rRNA
in the ribosome: Cross-links to the GTPase-associated area of
23S rRNA+ Nucleic Acid Res 26:2519–2525+

Spurio R, Brandi L, Caserta E, Pon CL, Gualerzi CO, Misselwitz R,
Kraft C,Welfle K,Welfle H+ 2000+ The C-terminal sub-domain (IF2
C-2) contains the entire fMet-tRNA binding site of initiation factor
IF2+ J Biol Chem 275:2447–2454+

Tomsic J, Vitali L, Daviter T, Savelsbergh A, Spurio R, Striebeck P,
Wintermeyer W, Rodnina MV, Gualerzi CO+ 2000+ Late events of
translation initiation in bacteria: A kinetic analysis+ EMBO J 19:
2127–2136+

van der Hofstad GAJM, Buitenhek A, van den Elsen P, Voorma HO,
Bosch L+ 1978+ Binding of labeled initiation factor IF1 to ribosomal
particles and the relationships to the mode of IF1 action in ribo-
some dissociation+ Eur J Biochem 89:221–228+

Wakao H, Romby P, Laalami S, Ebel JP, Ehresmann C, Ehresmann
B+ 1990+ Binding of initiation factor 2 and initiator tRNA to the
Escherichia coli 30S ribosomal subunit induces allosteric transi-
tion in 16S rRNA+ Biochemistry 29:8144–8151+

Wilson SK, Noller HF+ 1998+ Mapping the position of translational
elongation factor EF-G in the ribosome by directed hydroxyl rad-
ical probing+ Cell 92:131–139+

Wool IG, Correl C, Chan YL+ 2000+ Structure and function of the
sarcin-ricin domain+ In:Garrett RA,Douthwaite SR, Liljas A,Mathe-
son AT, Moore PB, Noller HF, eds+ The ribosome: Structure, func-
tion, antibiotics, and cellular interactions+ Washington, DC: ASM
Press+ pp 461–473+

Ribosomal localization of IF2 1179


