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ABSTRACT
Translation begins at AUG, GUG, or UUG codons in bacteria. Start codon recognition occurs in the P site,
which may help explain this first-position degeneracy. However, the molecular basis of start codon
specificity remains unclear. In this study, we measured the codon dependence of 30S�mRNA�tRNAfMet

and 30S�mRNA�tRNAMet complex formation. We found that complex stability varies over a large range
with initiator tRNAfMet, following the same trend as reported previously for initiation rate in vivo (AUG >

GUG, UUG > CUG, AUC, AUA > ACG). With elongator tRNAMet, the codon dependence of binding differs
qualitatively, with virtually no discrimination between GUG and CUG. A unique feature of initiator tRNAfMet

is a series of three G-C basepairs in the anticodon stem, which are known to be important for efficient
initiation in vivo. A mutation targeting the central of these G-C basepairs causes the mRNA binding
specificity pattern to change in a way reminiscent of elongator tRNAMet. Unexpectedly, for certain
complexes containing fMet-tRNAfMet, we observed mispositioning of mRNA, such that codon 2 is no
longer programmed in the A site. This mRNA mispositioning is exacerbated by the anticodon stem
mutation and suppressed by IF2. These findings suggest that both IF2 and the unique anticodon stem of
fMet-tRNAfMet help constrain mRNA positioning to set the correct reading frame during initiation.
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Introduction

Initiation of translation entails the assembly of a ribosome
complex at the start codon of mRNA. In bacteria, this process
is facilitated by three initiation factors (IF1, IF2, and IF3) and
occurs in two major steps (reviewed in1,2). The first step is for-
mation of the 30S initiation complex (IC), which contains all
three factors and initiator tRNA [N-formyl-methionyl-tRNAf-

Met (fMet-tRNAfMet)] bound to the peptidyl (P) site and paired
to the start codon of mRNA. There is no obligate order of
ligand binding during 30S IC formation, although the factors
bind before fMet-tRNAfMet in the predominant pathway.3 The
second step is docking of the 50S subunit and concomitant
release of the initiation factors, resulting in the 70S IC, which is
competent to enter the elongation phase of translation. The fac-
tors kinetically control the process to increase speed and accu-
racy.4-11 The largest factor, IF2, is a GTPase that binds the 30S
shoulder and stimulates both steps of the process. IF2 also plays
a key role in tRNA selection, by forming specific contacts with
the acceptor end of fMet-tRNAfMet. IF3 binds the 30S platform
and negatively regulates both steps of initiation to ensure accu-
rate start codon selection. IF1 binds the 30S aminoacyl (A) site
and enhances the activities of the other two factors.

In all cells, a dedicated tRNA—initiator tRNA—is responsi-
ble for decoding the start codon during translation initiation.
There are several unique features of initiator tRNA that ensure
this specific role (reviewed in12). In bacteria, the initiator
tRNAfMet is charged with methionine and then formylated,

yielding fMet-tRNAfMet. Critical for formylation are conserved
identity elements in the acceptor end of tRNAfMet, particularly
a mismatch between nucleotide (nt) 1 and nt 72 (C1£A72 in E.
coli) (Fig. 1). The formyl group is a positive determinant for
IF2 binding and a negative determinant for EF-Tu binding,11,13

shunting fMet-tRNAfMet to the initiation pathway. Another
unique feature of initiator tRNAfMet is a series of three G-C
basepairs in the anticodon stem (Fig. 1). These basepairs are
important for efficient initiation in the cell,14 presumably by
contributing to P-site binding.

Natural start codons in bacteria include AUG, GUG, and
UUG. This first-position degeneracy presumably stems from
the fact that the start codon is decoded in the ribosomal P site,
whereas all other codons are decoded in the A site. The 30S P
site is formed by a number of 16S rRNA nucleotides, which
occupy similar relative positions in the absence and presence of
tRNA.15-17 Nucleotides m2G966 and C1400 interact with nt 34
of tRNA, the latter stacking “beneath” codon-anticodon base-
pair 3:34. A790 interacts with the backbone of P-site tRNA (P-
tRNA) at nt 38, and G926 contacts the phosphate of nt 1 of the
P-site codon (P codon). A1339 and G1338 dock into the minor
groove of the anticodon stem of P-tRNA, forming Type I and
II interactions, respectively. Recent structural studies suggest
that, during initiation, A1339 and G1338 interact initially with
G29-C41 and G42 of fMet-tRNAfMet, and then “slide down” by
one basepair to interact with G30-C40 and C41 at later stages
of the process.18 The importance of G29-C41 and G30-C40 in
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initiation is well established, as basepair substitutions at these
positions reduce translation in the cell by 7- and 20-fold,
respectively.14

The molecular basis of start codon recognition remains
unclear. In this work, we measure the stabilities of
30S�mRNA�tRNAfMet complexes with various cognate and
near-cognate start codons. We find that the codon depen-
dence of tRNAfMet binding mirrors that of translation initia-
tion in vivo and differs from that of elongator tRNAMet. For
certain complexes containing fMet-tRNAfMet, we observe
mispositioning of mRNA, such that codon 2 is no longer
programmed in the A site. This mispositioning is exacer-
bated by mutations in the anticodon stem and suppressed by
IF2. These findings suggest that both IF2 and the unique
anticodon stem of tRNAfMet help set the correct reading
frame during initiation.

Results

Codon dependence of initiator tRNAfMet binding
to the 30S P site

Using toeprinting, we measured the effect of the start codon
sequence on the overall equilibrium association constant for
30S�mRNA�tRNAfMet1 ternary complex formation (KTC) in
the absence of initiation factors, as described previously.19

Complex stability varied over a wide range (>3 orders of
magnitude), following the trend AUG > GUG, UUG > CUG,
AUC, AUA > ACG (Fig. 2A, Table 1). Previously, Simons
and coworkers measured rates of translation initiation from
these codons in E. coli cells and observed the same trend.20

This correlation suggests that fMet-tRNAfMet is fundamentally

responsible for the codon dependence of initiation observed in
vivo.

In the NUG cases, we also assessed complex stability by
measuring the mRNA dissociation rate (koff) (Fig. 3A, Table 1).
In these experiments, the ternary complex (carrying radiola-
beled primer annealed to the 30 end of the mRNA) was formed,
an excess of competitor mRNA lacking the primer-binding site
was added at time t D 0, and portions of the reaction were
removed at various times and subjected to primer extension
analysis. The toeprint signal decreased as a function of time,
and the data were fit to a single-exponential function to obtain
koff. Values for koff varied over a 70-fold range, with mRNA
binding tightest in the presence of AUG (koff D 0.001 min¡1),
intermediate in the presence of GUG (koff D 0.014 min¡1) and
UUG (koff D 0.032 min¡1), and loosest in the presence of CUG
(koff D 0.074 min¡1). These data are in line with the equilib-
rium binding data described above.

Codon dependence of elongator tRNAMet binding
to the 30S P site

The anticodon loops of tRNAfMet and tRNAMet have identical
nucleotide sequences and differ only in their posttranscriptional
modifications (Fig. 1). Elongator tRNAMet harbors N4-acetylcyti-
dine (ac4C) and N6-threonylcarbamoyladenosine (t6A) at posi-
tions 34 and 37, respectively, modified nucleotides which prevent
misreading and frameshifting during translation.21-23 We mea-
sured the codon dependence of 30S�mRNA�tRNAMet formation,
as described above for tRNAfMet1. Complexes containing tRNAMet

were generally less stable than those containing tRNAfMet1, as
expected from earlier studies.24 30S�mRNA�tRNAMet was most
stable with AUG (KTC D 55 mM¡2), less stable with UUG (KTC
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Figure 1. Transfer RNA molecules used in this study. Secondary structures of E. coli tRNAfMet1 (A) and tRNAMet (B) are shown, with mutations M1 and M3 of the anticodon
stem of tRNAfMet indicated. Isoacceptor tRNAfMet2 is identical to tRNAfMet1 except that nucleotide 46 is A rather than m7G. D, dihydrouridine;C, pseudouridine; s4U, 4-thio-
uridine; Cm, 20-O-methylcytidine; Gm, 20-O-methylguanosine; m7G, 7-methylguanosine; ac4C, N4-acetylcytidine; acp3U, 3-(3-amino-3-carboxypropyl)uridine; t6A, N6-
threonylcarbamoyladenosine.
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D 3.4 mM¡2), and even less stable with GUG or CUG (KTC �
0.5 mM¡2) (Fig. 2B, Table 1). Messenger RNA dissociation rate
(koff) measurements gave congruent results (Fig. 3B, Table 1).
These data show that the codon dependence of tRNAMet and
tRNAfMet1 binding differs qualitatively. Favorable pairing to GUG

appears to be a unique property of tRNAfMet, as tRNAMet fails to
distinguish GUG from CUG.

Effects of mutations in the anticodon stem of tRNAfMet

on codon discrimination

A unique feature of initiator tRNA is a series of three G-C pairs
in the anticodon stem, which are important for efficient initia-
tion.14 To investigate the role of these G-C pairs in P codon rec-
ognition, we generated and purified variants of tRNAfMet2 with
either one (M1) or three (M3) basepair changes in the stem
(Fig. 1). Isoacceptor fMet2 is nearly identical to fMet1 (differing
by one nucleotide) and was chosen for the practical reason that
it can be overexpressed in E. coli B cells and purified using a
one-step electrophoretic method.25,26 The three-basepair
change of M3 was originally designed for another study24 and
converts the anticodon stem sequence to that of tRNAGlu. The
basepair substitution G30C / C40G, common to both tRNAf-

Met2 variants, was shown previously to reduce translation by
20-fold.14 When tested in 30S�mRNA�tRNA formation / sta-
bility assays, the two mutant tRNAs behaved similarly to one
another and differently than wild-type tRNAfMet1 (Fig. 2C, D,
Fig. 3C, D, Table 1). Complex stability varied over a narrower
range, suggesting reduced codon specificity. Discrimination
against CUG was diminished, as reflected by larger KTC (and
Fmax) values, and smaller koff values. Moreover, recognition of
the alternative cognate start codons UUG and GUG was com-
promised, based on the »10-fold smaller KTC values and »2-
fold larger koff values. Indeed, the codon dependence of the
mutant tRNAfMet2 resembled that of tRNAMet, in that little dis-
tinction between UUG, GUG, and CUG was seen.

Figure 2. Effects of the start codon and tRNA sequence on the thermodynamic stability of the 30S�mRNA�tRNA complex. 30S subunits (1 mM) were incubated with
mRNA (0.01 mM; with indicated start codon and preannealed radiolabeled primer) and various concentrations of tRNAfMet1 (A), tRNAMet (B), tRNAfMet2M1 (C), or tRNAf-
Met2M3 (D) for 2 h at 37�C, and then complexes were analyzed by toeprinting. Fraction of bound mRNA (F) was quantified as [toeprint signal / (toeprint C run-off signal)]
and plotted versus input tRNA concentration. Data were fit to the equation FD Fmax[bc/(bcC1/KTC)], where b is the input tRNA concentration, c is the input 30S concentra-
tion, KTC is the equilibrium association constant, and Fmax is the maximal level of detected complex. For the ACG case of panel A, the Fmax parameter was set arbitrarily at
1.0 prior to fitting the curve shown. All KTC and Fmax values are listed in Table 1.

Table 1. Binding parameters for various 30S complexes.

tRNA Start codon KTC
a Fmax

b koff
c

tRNAfMet1 AUG 390 § 60 0.96 § 0.01 0.0010 § 0.0002
GUG 67 § 2 0.98 § 0.01 0.014 § 0.002
UUG 80 § 7 0.95 § 0.01 0.032 § 0.003
CUG 1.9 § 0.2 0.61 § 0.02 0.074 § 0.006
AUC 2.6 § 0.2 0.61 § 0.01 ND
AUA 0.77 § 0.13 0.41 § 0.03 ND
ACG » 0.1 d set d ND

tRNAMet AUG 55 § 5 0.92 § 0.01 0.014 § 0.003
GUG 0.45 § 0.04 0.39 § 0.02 0.13 § 0.03
UUG 3.4 § 0.7 0.43 § 0.03 0.11 § 0.02
CUG 0.49 § 0.05 0.30 § 0.02 0.093 § 0.018

tRNAfMet2M1 AUG 230 § 20 0.94 § 0.01 0.005 § 0.001
GUG 6.4 § 0.3 0.93 § 0.01 0.025 § 0.003
UUG 8.5 § 0.6 0.87 § 0.02 0.061 § 0.007
CUG 2.7 § 0.2 0.89 § 0.02 0.040 § 0.003

tRNAfMet2M3 AUG 150 § 10 0.95 § 0.01 0.004 § 0.002
GUG 3.9 § 0.1 0.97 § 0.01 0.026 § 0.002
UUG 5.9 § 0.2 0.91 § 0.01 0.038 § 0.004
CUG 2.9 § 0.1 0.95 § 0.01 0.025 § 0.003

Reported values and their standard errors derive from the curve fits shown in Figs. 2
and 3. ND, not determined.

a Overall equilibrium association constant in units of mM¡2.
bMaximal fraction of toeprint signal, defined by the horizontal asymptote of the
tRNA titration curve (Fig. 2). Fmax presumably reflects the probability that the
complex resists disruption by reverse transcriptase.

c Messenger RNA dissociation rate in units of min¡1.
d In this case, the best-fitting curve returned an unreasonable Fmax value of 2.6.
Arbitrarily setting the Fmax parameter to 1.0 and 0.5 yielded KTC values of 0.07
and 0.17 mM¡2, respectively.
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Effects of the anticodon stem sequence on positioning
of mRNA in the ribosome

The toeprinting technique can accurately map the position of
mRNA on the 30S subunit, with the first nucleotide of the P
codon (C1) fifteen nucleotides upstream of the toeprint posi-
tion (C16) (Fig. 4A). In the course of these experiments, we
noticed an altered toeprint pattern in the presence of CUG,
which was strongly exacerbated by the anticodon stem muta-
tions (Fig. 4). In 30S complexes containing tRNAfMet1 paired to
AUG, UUG, or GUG, toeprint bands at C16 and C17 were
observed, the former being »2-fold stronger. In the presence of
CUG, a shift in the toeprint pattern was observed, which was
more evident with tRNAfMet2 than tRNAfMet1. Higher signal
was seen at downstream positions (C17, C18) concomitant
with reduced signal at C16. With the mutant forms of tRNAf-

Met2, a further shift in the toeprint pattern was seen, with loss of
signal at C16 and highest signal at C18 (Fig. 4B, C). The most
straightforward interpretation of these data is that the mRNA
at the entrance channel of the subunit is being drawn inward
toward the P site, by 1–2 nt.

For 30S complexes containing tRNAMet paired to AUG,
UUG, or GUG, the predominant toeprint observed was C16, as
expected (Fig. 4B, C). In the presence of CUG, a broader distri-
bution of signal was seen, although no obvious directional shift
in the overall signal (upstream or downstream) was observed.

We next analyzed analogous 70S complexes by toeprint-
ing and obtained highly similar results (Fig. 4D, E). Again,
complexes containing tRNAfMet2M1 or tRNAfMet2M3 paired

to CUG gave the shifted toeprint pattern, with the strongest
band at C18 and additional bands at C15, C17, and C19.
These data indicate that the interactions responsible for the
anomalous toeprint pattern occur in the context of the 30S
subunit or 70S ribosome.

The 30 shift of toeprint pattern raised the possibility that the
mutant tRNAfMet2 interacts in some way with nucleotide fol-
lowing CUG, which is G (C4) in these model mRNAs. Hence
we changed this nucleotide to C and repeated the toeprinting
analysis. This substitution largely eliminated the 30 shift, sub-
stantially reducing the signal intensity at C18 in both 30S and
70S contexts (Fig. 5A, B). These data are consistent with an
unconventional interaction between mutant tRNAfMet2 and nt
C4 of mRNA, which is more favorable in the G (C4) case.

In the 70S ribosome, deacylated tRNA spontaneously fluctu-
ates between the P/P and P/E sites.27,28 To test whether P/E
occupancy had any bearing on mRNA positioning, we made
charged (N-formyl-methionyl) and 30-truncated (lacking CCA-
30 or CA-30) tRNAs, which are unable to bind the P/E site,29,30

and repeated the experiment. Similar toeprint patterns were
seen for all forms of the tRNA (Fig. 5C), suggesting that the
interactions responsible for the aberrant C18 toeprint can take
place with P/P-bound tRNAfMet.

It is possible that the anomalous C18 toeprint corre-
sponds to a frameshifted complex—e.g., with tRNAfMet2M1
paired to GGU in the P site (C2 frameshift). An alternative
possibility is that codon 2 lies in the A site but adopts a
distorted conformation in the presence of P-site tRNAf-

Met2M1, resulting in the shortened (C18) toeprint. We

Figure 3. Effects of the start codon and tRNA sequence on the kinetic stability of the 30S�mRNA�tRNA complex. Complexes were pre-formed by incubating 30S subunits
(1 mM), mRNA (0.05 mM; with indicated start codon and preannealed radiolabeled primer), and 1.5 mM tRNAfMet1 (A), tRNAMet (B), tRNAfMet2M1 (C), or tRNAfMet2M3 (D) for
2 h at 37�C. At time t D 0, an excess of chase mRNA (containing start codon AUG and lacking the primer binding site) was added, and aliquots were removed at various
time points and subjected to primer extension analysis. Fraction of toeprint signal (F) was quantified and plotted as a function of time. Data were fit to a single exponen-
tial function to obtain the mRNA dissociation rate, koff, for each complex (listed in Table 1).
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reasoned that, in either case, the A site would not be func-
tionally programmed with codon 2 (GUA). To test this, we
non-enzymatically formed 70S initiation complexes
(70S ICs) with f[35S]Met-tRNAfMet2 in the P site, and then
measured dipeptide formation upon addition of EF-
Tu�GTP�Val-tRNA (Fig. 6, Table 2). In the presence of
AUG, fMet-Val formation was rapid, regardless of the P-
site tRNA (Fig. 6B). In the presence of CUG and wild-type
fMet-tRNAfMet2, fMet-Val formation was rapid but the reac-
tion amplitude was reduced by >2-fold. In the presence of
CUG and fMet-tRNAfMet2M1, dipeptide formation was
barely detected and its apparent rate was small (Fig. 6B).
Thus, as predicted from the toeprinting data, this complex
does not have codon 2 (GUA) functionally positioned in
the A site.

We repeated the decoding experiments using initiation fac-
tors (IFs) to increase the efficiency of 70S IC formation prior to
EF-Tu�GTP�Val-tRNA addition (Fig. 6C, Table 2). Remark-
ably, the IFs largely rescued the functional defects caused by
the start codon substitution and anticodon stem mutation.

Dipeptide formation was rapid and efficient in all cases,
although the amplitude in the fMet-tRNAfMet2M1-CUG case
was »20% lower than the others.

Suppression of mRNA mispositioning by initiation factors

To directly test the impact of IFs on mRNA positioning, we
used fMet-tRNAfMet2M1 to form 30S complexes in the presence
of IF1, IF2�GTP, and IF3 (alone and in combination), and ana-
lyzed the complexes by toeprinting (Fig. 7A, B). On its own,
the fMet group had no bearing on mRNA positioning, as 30S
complexes containing fMet-tRNAfMet2M1 and CUGG exhibited
the same altered toeprint pattern (with strong C18 band) as
described above. However, in the presence of all three factors,
or IF2 and IF1, one predominant toeprint at C16 was observed.
Thus, these factors can suppress the effects of the anticodon
stem / start codon substitutions and restore normal mRNA
positioning. In the presence of IF2 alone, or IF2 and IF3, nor-
mal mRNA positioning is largely restored, whereas reactions
lacking IF2 show no such activity. Hence we conclude that IF2

Figure 4. Positioning of mRNA in various ribosomal complexes. (A) Model mRNAs used in this study. The Shine-Dalgarno element (SD) is underscored and position C1 of
the start codon is highlighted in bold text. Various base substitutions made at positions C1 and C4 are shown. 30S (B-C) or 70S (D-E) complexes containing P-site tRNA
(as indicated) paired to start codon (as indicated) were analyzed by toeprinting. Complexes were formed in the absence of factors by incubating ribosomes or subunits
(1 mM), mRNA (0.01 mM, with preannealed radiolabeled primer), and tRNA (1.5 mM) for 2 h at 37�C, prior to primer extension analysis. Top gel panels show the relative
intensities of the full-length cDNA products (Run off). Bottom gel panels show the toeprint bands, withC16 indicated. Histograms show the distribution of toeprint signal
versus toeprint position for each 30S (C) and 70S (E) complex. Data were quantified for each complex as (specific toeprint / all toeprints) £100% and correspond to the
mean § SEM from � 3 independent experiments. The dotted red line benchmarks position C16.
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is primarily responsible for this activity and aided by IF1. When
the experiment was repeated with deacylated tRNA, the ability
of IF2 to influence mRNA positioning was lost (Fig. 7C), indi-
cating that interaction between IF2 and the acceptor end of
fMet-tRNAfMet2M1 is required for this activity. IF3 had no
appreciable effect on the toeprint pattern but uniformly
reduced the toeprint intensities (Fig. 7A, C), consistent with
earlier evidence that the factor destabilizes near-cognate
complexes.5,11,19

Effects of the IFs were also seen in 30S complexes containing
fMet-tRNAfMet2M1 paired to AUGG (Fig. 7A, B) and in

complexes with wild-type fMet-tRNAfMet2 paired to AUGG or
CUGG (Fig. 7D, E). In the absence of factors, these complexes
gave toeprint bands at both C16 and C17. With IFs present,
the C17 band was specifically reduced, yielding one predomi-
nant toeprint at C16 (Fig. 7). These data suggest that the ability
of IFs to constrain mRNA positioning in the 30S IC also applies
to cognate and/or wild-type contexts.

Figure 5. Contribution of nucleotide C4 of mRNA to anomalous toeprint patterns.
Toeprints of 30S (A) or 70S (B) complexes containing P-site tRNA (as indicated)
paired to mRNA with CUGG or CUGC (as indicated). (C) Comparison of toeprints of
70S complexes carrying acylated, deacylated, or 30 truncated tRNAfMet2 (as indi-
cated) bound to the P site and paired with AUGG or CUGG (as indicated). Experi-
mental conditions as in Fig. 4, except that incubation time for complex formation
was 30 min for the experiments of panel C.

Figure 6. Functional assessment of various 70S ICs with respect to decoding of
codon 2. (A) Example of an experiment measuring dipeptide formation. A 70S IC
containing f[35S]Met-tRNAfMet2 paired to AUG in the P site and codon GUA in the A
site was rapidly mixed with EF-Tu�GTP�Val-tRNA at time t D 0, and samples
quenched at various time points were analyzed by electrophoretic TLC. Ox-fMet,
oxidized fMet. (B) 70S complexes containing P-site fMet-tRNAfMet2 (WT) or fMet-
tRNAfMet2M1 (M1) paired to AUG or CUG mRNA (as indicated) were formed non-
enzymatically. Each was rapidly mixed with EF-Tu�GTP�Val-tRNA, and the rate of
fMet-Val formation was quantified as a function of time. Data points represent
mean § range values (n D 2), which were used to fit to a signal exponential equa-
tion, generating the curves shown. (C) Experimental setup as in panel B except
that the 70S ICs were formed enzymatically, in the presence of initiation factors
and GTP.
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We also compared the effects of IFs on mRNA positioning
in 70S complexes (Fig. 8). 70S�CUGG�fMet-tRNAfMet2M1
formed in the absence of factors showed a 30-shifted toeprint
pattern, reminiscent of that seen for the analogous 30S complex
under identical conditions. In the presence of all IFs, or IF2 and
IF3, normal mRNA positioning is largely restored (as indicated
by C16/17 toeprints) (Fig. 8), consistent with the factor depen-
dence of fMet-Val formation in analogous complexes (Fig. 6).

Notably, little-to-no enhancement of mRNA positioning is
seen in the absence of either IF2 or IF3 (Fig. 8). It is well known
that IF3 promotes dissociation of the ribosomal subunits.31,32

By shifting the 30S C 50SÐ 70S equilibrium leftward, IF3 may
give IF2 access to the subunit interface and fMet-tRNAfMet2M1.
This would explain why both IF3 and IF2 are needed in the
context of the 70S ribosome to facilitate mRNA repositioning.

Table 2. Apparent rates and amplitudes of fMet-Val formation in various 70S
complexes.

Factors P-site tRNA Start codon kapp, s
¡1 A

Absent fMet-tRNAfMet2 AUG 0.99§ 0.21 0.21§ 0.02
fMet-tRNAfMet2 CUG 0.74§ 0.10 0.087 § 0.004
fMet-tRNAfMet2M1 AUG 0.78§ 0.17 0.20§ 0.02
fMet-tRNAfMet2M1 CUG 0.014 § 0.008 0.028 § 0.004

Present fMet-tRNAfMet2 AUG 0.61§ 0.07 0.54§ 0.02
fMet-tRNAfMet2 CUG 0.71§ 0.05 0.52§ 0.01
fMet-tRNAfMet2M1 AUG 0.74§ 0.12 0.47§ 0.03
fMet-tRNAfMet2M1 CUG 0.80§ 0.05 0.40§ 0.01

Reported values and their standard errors derive from the curve fits shown in Fig. 6.

Figure 7. Initiation factors rectify mRNA positioning in various 30S complexes. 30S subunits (2 mM, CUGG; 1 mM, AUGG) were incubated with fMet-tRNAfMet2M1 (A-B,
2 mM), tRNAfMet2M1 (C, 2 mM), or fMet-tRNAfMet2 (D-E, 2 mM) in the presence of mRNA (CUGG, 1 mM; AUGG, 0.1 mM), GTP (100 mM), and in the absence or presence of ini-
tiation factors (3 mM each, as indicated) at 37�C for 5 min, and complexes were analyzed by toeprinting. Histograms show the distribution of toeprint signal versus toe-
print position for complexes containing mutant (B) or control (E) tRNA. Data represent the mean § SEM from � 3 independent experiments. The dotted red line
benchmarks position C16.

Figure 8. Initiation factors rectify mRNA positioning in 70S complexes. Ribosomes
(2 mM, CUGG; 1 mM, AUGG) were incubated with fMet-tRNAfMet2M1 or fMet-tRNAf-
Met2 (2 mM, as indicated) in the presence of mRNA (CUGG, 1 mM; AUGG, 0.1 mM),
GTP (100 mM), and in the absence or presence of initiation factors (3 mM each, as
indicated) at 37�C for 5 min, and complexes were analyzed by toeprinting.
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Discussion

Here, we provide evidence that both IF2 and the unique anticodon
stem of fMet-tRNAfMet play a role in the positioning ofmRNAdur-
ing initiation. Ribosome complexes (30S or 70S) containing tRNAf-

Met2M1 and CUGG exhibit an irregular toeprint pattern, with the
prominent bands shifted downstream (to C18). We suspect that
this stems from some type of noncanonical interaction between
tRNAfMet2M1 andmRNA, because theC18 toeprint depends on G
(C4) of mRNA and 30S�CUGG�tRNAfMet2M1 is more stable than
30S�CUGG�tRNAfMet1. The anomalous toeprints might reflect a
frameshifted complex—i.e., positioning of UGG or GGU in the P
site, which would entail codon-anticodon mismatches. Alterna-
tively, the conformation of the A-codon nucleotidesmay be altered,
such that the 30 end of the mRNA is drawn toward the P site by
1–2 nt. In any case, codon 2 (GUA) is not appropriately positioned
in the A site, based on the reduced reactivity of corresponding 70S
complexes toward EF-Tu�GTP�Val-tRNA. Remarkably, initiation
factors IF2 and IF1 completely restore normal mRNA positioning
in 30S complexes containing fMet-tRNAfMet2M1 and CUGG. IF2
is primarily responsible for this activity, since IF1 alone or in com-
bination with IF3 has virtually no effect. IFs enhance mRNA posi-
tioning in 30S complexes containing fMet-tRNAfMet2 (WT) and/or
AUG as well. Complexes containing fMet-tRNAfMet2 and AUGG
give toeprint bands at C16 and C17 in the absence of IFs and the
signal shifts almost exclusively to C16 in the presence of IFs.
Together these findings suggest that IF2 and the unique anticodon
stem of fMet-tRNAfMet help constrain mRNA in the 30S IC to set
the correct reading frame.

Structural studies of initiation complexes indicate that IF2 and
basepair G30-C40 of fMet-tRNAfMet lie some distance from the
mRNA,18,33 so the observed effects on mRNA positioning are pre-
sumably indirect. Domain II of IF2 binds the shoulder domain of
the 30S subunit while domain IV of the factor extends out to inter-
act with the fMet group and 30 end of fMet-tRNAfMet. These inter-
actions constrain fMet-tRNAfMet in the P/I orientation, which
resembles the P/P position except that the elbow region is displaced
toward the E site. Notably, the 50S subunit, which constrains fMet-
tRNAfMet in the P/P site, fails to restore normal mRNA positioning
in various complexes (Fig. 4). This raises the possibility that the P/I
configuration imposes constraints on tRNA-mRNA interactions in
the complex, thereby increasing the stringency of mRNA position-
ing. Consistent with this idea, the ability of IF2 to influence mRNA
positioning depends on the presence of the fMet group (Fig. 7C).
G30-C40 represents the middle of three G-C pairs characteristic of
the anticodon stem of initiator tRNA, and 16S rRNA nucleotides
A1339 and G1338 dock into the minor groove of fMet-tRNAfMet

precisely in this region.18 Mutation M1 (G30C / C40G) alters these
contacts, which may enable formation of an aberrant tRNA-
mRNA interaction that causes mRNA mispositioning. Alterna-
tively, this basepair substitution may act intra-molecularly to alter
the structure and/or dynamics of the anticodon loop. Support
for this possibility comes from earlier evidence that the three G-C
pairs of tRNAfMet can allosterically influence the anticodon
loop.26,34,35 Future experiments will be needed to better understand
how IF2 and the unique stem of fMet-tRNAfMet restrict mRNA
positioning in the ribosome.

Comparison of complexes containing tRNAfMet1 versus tRNAf-

Met2 revealed some toeprint-pattern differences, even though these

two isoacceptors differ by only one nucleotide (m7G vs. A at posi-
tion 46).25 Previous studies comparing the two isoacceptors have
shown that m7G46 helps stabilize the tertiary structure of tRNAf-

Met through interactions with the D stem.36,37 It is possible that
the less rigid fold of A46-containing tRNAfMet2 reduces its mRNA
pairing constraints in some way, causing the more anomalous toe-
print pattern observed. Another possibility is that the functional
difference stems from hypo-modification of tRNAfMet2, as only
this tRNA was overexpressed prior to purification. The only mod-
ified nucleotide in the anticodon step loop is 20-O-methylcytidine
at position 32. This modification is predicted to stabilize the C30-
endo conformation of the nucleotide,23 hence loss of this modifi-
cation would likely increase the flexibility of the anticodon loop.

Mutations of the anticodon stem of tRNAfMet reduce the
codon dependence of P-site binding (Fig. 2, Fig. 3, Table 1).
Based on this observation alone, one might predict such muta-
tions would decrease the accuracy of start codon selection (e.g.,
increase spurious initiation from CUG). However, it is impor-
tant to keep in mind that the complexes containing fMet-
tRNAfMet2M1 paired to CUG are incompetent for in-frame
elongation, due to mispositioning of codon 2 (Fig. 6). Although
IFs can restore codon 2 positioning, how mutation M1 affects
the rate of initiation from CUG versus AUG in the cell remains
to be determined. Notably, the stringency of start codon
selection is increased by mutations of the 30S P site that desta-
bilize tRNAfMet and decreased by the one mutation (G1338A)
that stabilizes tRNAfMet.38,39 By analogy, mutation M1 probably
reduces the relative rate of in-frame initiation from near-cog-
nate start codons (e.g., CUG versus AUG), although may
increase other types of errors (e.g., frame establishment errors).

Finally, our data suggests that the P site exhibits consider-
able plasticity. For several complexes, multiple toeprints are
observed, which may reflect dynamic equilibria between alter-
native tRNA-mRNA pairing states. This view seems at odds
with that of Yusupova and coworkers.40 They have proposed
that the P site is highly restrictive, constraining the codon-anti-
codon basepairs in Watson-Crick geometry, even though no
ribosomal residues are positioned to “monitor” this geometry
(as in the A site). Future comparative studies of these various
near-cognate complexes, using both structural and biochemical
methods, should resolve this apparent discrepancy and lead to
a deeper understanding of the ribosomal P site.

Materials and methods

Ribosomes and translation factors

70S ribosomes and 30S subunits were purified from E. coli
strain MRE600 as described previously.38,41 Untagged IF1 and
His6-tagged factors IF2 (a form), IF3, and EF-Tu were overex-
pressed and purified as described.39,42,43

tRNA and mRNA

Native tRNAfMet1, tRNAMet, and tRNAVal of E. coli were pur-
chased from Chemical Block Ltd. (Moscow, Russia). Wild-type
tRNAfMet2 and its mutant derivatives were overexpressed in
E. coli strain B105 and purified using native gel electrophore-
sis.25,26 Mutations M1 (G30C, C40G; Fig. 1) and M3 (U27C,
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G30C, G31C, C39G, C40G, A43G; Fig. 1) were introduced into
pUC13-trnfM, using QuikChangeTM mutagenesis, yielding
plasmids to overexpress tRNAfMet2, tRNAfMet2M1, and tRNAf-

Met2M3. E. coli B105 was transformed with each of these plas-
mids, and transformants were grown in LB with ampicillin
(100 mg/mL). Cells from 1L culture were pelleted, washed with
PBS [10 mM phosphate (pH 7.4), 137 mM NaCl, 3 mM KCl],
resuspended in 10 mL TM buffer [20 mM Tris-HCl (pH 7.6),
20 mM MgCl2], and extracted several times with phenol [satu-
rated with 25 mM NaOAc (pH 5.2), 50 mM NaCl]. Crude
tRNA was precipitated from the aqueous phase by adding
one-tenth volume 3M NaOAc (pH 5.2) and one volume isopro-
panol. The RNA pellet was washed with 70% ethanol and dis-
solved in 4 mL 200 mM Tris-acetate (pH 9.0), and the solution
was incubated at 37�C for 30 min to deacylate tRNA. The RNA
was re-precipitated with ethanol, pelleted, washed with 70%
ethanol, and dissolved in water. Approximately 60 A260 units of
crude tRNA was loaded per 12% polyacrylamide gel containing
1X TBE buffer, and subjected to electrophoresis in the same
buffer for 12 h at 400V and 4�C. The band corresponding to
tRNAfMet2 was identified by UV shadowing and excised. The
gel slice was crushed and added to 4 mL of elution buffer
[300 mM NaOAc (pH 5.2), 0.1% SDS, 1 mM EDTA] in a
capped tube, which was rotated overnight. The eluate was
extracted with water-saturated phenol and then with CHCl3 /
isoamyl alcohol (24:1), and finally the purified tRNA was etha-
nol precipitated, pelleted, washed with 70% ethanol, and dis-
solved in water. Purified tRNAs were charged and formylated
as described.44 30-truncated tRNAs were prepared using snake
venom phosphodiesterase as described.45

The mRNAs used are variants of m292,46 a model mRNA
based on gene 32 of phage T4. All mRNAs were made by in
vitro transcription and gel purified.

Analysis of ribosomal complexes by toeprinting

30S�mRNA�tRNA and 70S�mRNA�tRNA complexes were
detected by toeprinting.47 Typically, 50[32P]-labeled primer
#132 (50-CTTTATCTTCAGAAGAAAAACC-30) was annealed
to mRNA (variable concentration, as indicated in legends) in
50 mM Tris-HCl (pH 7.6), 150 mM NH4Cl, and 30 mM KCl.
MgCl2 (7 mM), DTT (1 mM), GTP (0.1 mM), ribosomes or
heat-activated 30S subunits (1 mM), and tRNA (1.5 mM) were
then added, and the reaction was incubated at 37� C (for 5–
120 min, see legends). Reverse transcriptase (2 U, Life Sciences
Advanced Technologies, Inc.) and dNTPs (0.2 mM each) were
then added to extend the primer, and the cDNA products were
resolved using 7% PAGE under denaturing (8M urea) condi-
tions. Gel imaging and quantification were performed using a
Typhoon FLA 9000 phophorimager (GE Healthcare) and asso-
ciated software (ImageQuant 5.2).

Overallequilibriumassociationconstantsfor30S�mRNA�tRNA
formation (KTC) were measured using toeprinting as
described previously.19 In these experiments, the concentra-
tion of subunits (1 mM) and tRNA (variable, 0.05–4 mM)
always exceeded that of mRNA (0.01 mM) by >5-fold.
Hence the data were fit to the equation F D Fmax [bc/(bcC1/
KTC)], where b is the input tRNA concentration, c is the
input 30S concentration, and KTC is the equilibrium

association constant. Fmax corresponds to the maximal level
of detected complex and presumably reflects the probability
that the complex resists disruption by reverse transcriptase.

The rate of mRNA dissociation (koff) from a given complex
was measured as follows. The 30S complex was formed by incu-
bating heat-activated 30S subunits (1 mM) with mRNA
(0.05 mM, containing preannealed radiolabeled primer) and
tRNA (1.5 mM) for 2 h at 37� C. Then, at time t D 0, the reac-
tion was diluted by 5-fold in the presence of an excess of chase
mRNA (containing start codon AUG and lacking the primer
binding site; 5 mM final concentration), and aliquots were
removed at various times and subjected to primer extension
analysis. Loss of the toeprint signal as a function of time was
quantified, and the data were fit to a single-exponential func-
tion to obtain koff.

Decoding assay

To assess the ability of various 70S complexes to enter the elon-
gation phase, a single-turnover decoding assay was employed
as described.10
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