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SUMMARY

tRNAs reading four-codon families often have
a modified uridine, cmo5U34, at the wobble
position of the anticodon. Here, we examine
the effects on the decoding mechanism of a
cmo5U modification in tRNA1B

Ala, anticodon
C36G35cmo5U34. tRNA1B

Ala reads its cognate
codons in a manner that is very similar to that
of tRNAPhe. As Ala codons are GC rich and
Phe codons AU rich, this similarity suggests
a uniform decoding mechanism that is indepen-
dent of the GC content of the codon-anticodon
duplex or the identity of the tRNA. The presence
of cmo5U at the wobble position of tRNA1B

Ala

permits fairly efficient reading of non-Watson-
Crick and nonwobble bases in the third codon
position, e.g., the GCC codon. The ribosome
accepts the C-cmo5U pair as an almost-correct
base pair, unlike third-position mismatches,
which lead to the incorporation of incorrect
amino acids and are efficiently rejected.

INTRODUCTION

The ribosome selects its substrates, aminoacyl-tRNAs

(aa-tRNA), according to the match between their antico-

dons and the codons presented in the ribosomal decoding

center. The genetic code is degenerate. Most amino acids

are specified by more than one codon, and in some cases,

up to six codons define the same amino acid. In Escheri-

chia coli, a set of 46 aa-tRNAs is sufficient to read all 61

sense codons. In many cases, codon degeneracy is con-

fined to the third codon position, where a number of non-

Watson-Crick pairs between codon and anticodon, called

wobble pairs (Crick, 1966), are tolerated. This is possible

because the decoding center is relative insensitive to the

geometry of base pairs in the wobble position (Murphy

and Ramakrishnan, 2004; Murphy et al., 2004). At the

same time, combinations of aa-tRNAs with mRNA codons
Molecul
that differ from correct ones by a single mismatch in any

position, including the third, called near cognate, must

be avoided. The thermodynamic differences between

codon-anticodon duplexes containing only correct (Wat-

son-Crick or wobble) base pairs and those containing

single mismatches are too small to explain the low error

frequency of aa-tRNA selection, which is 10�4–10�3 in

prokaryotes (Parker, 1989). Certain single mismatches

can stabilize, rather than destabilize, RNA-RNA duplexes

(Kierzek et al., 1999), and conventional Watson-Crick

helices may differ in stability, depending on the content

of G-C and A-U base pairs (Xia et al., 1998). The ribosome

recognizes correct codon-anticodon complexes accord-

ing to their geometry (Ogle et al., 2001; Ogle et al., 2002)

and stabilizes cognate mRNA$aa-tRNA complexes,

whereas mismatched near-cognate complexes are unsta-

ble and dissociate rapidly (Gromadski et al., 2006).

Modified nucleosides in tRNAs modulate the codon-

anticodon interaction and influence the fidelity of tRNA se-

lection (Curran, 1998; Agris, 2004; Fahlman et al., 2004;

Konevega et al., 2004; Murphy et al., 2004). Some tRNAs

with modified nucleosides at the wobble position of the

anticodon (position 34) have decoding capacities that

exceed the wobble rules (Nishimura, 1979). One of these

modified nucleosides is uridine-5-oxyacetic acid (cmo5U34;

Figure 1A) (Murao et al., 1970). In E. coli, tRNAs read-

ing four-codon families, such as tRNA1B
Ala, tRNA3

Pro,

tRNA1
Val, tRNA4

Thr, tRNA1
Ser (Näsvall et al., 2004), and

tRNA3
Leu (Sorensen et al., 2005), have cmo5U34 or

mcmo5U34 at the wobble position 34. It has been shown

that tRNA1
Val (anticodon C36A35cmo5U34) not only reads

the Val codons ending with A and G, as dictated by the

wobble rules, but also the codon ending with U (Mitra

et al., 1977, 1979). According to the wobble rules, U34

or cmo5U34 should not base pair with C. However,

tRNA1
Val(C36A35cmo5U34) and tRNA3

Pro(G36G35cmo5U34)

read codons ending with C (Mitra et al., 1977; Näsvall

et al., 2004), albeit possibly with low efficiency (Mitra

et al., 1979). Cells expressing only one of the two alanine

isoacceptors, tRNA1B
Ala(C36G35cmo5U34), are viable,

suggesting that tRNA1B
Ala is able to read the GCC codon

(Gabriel et al., 1996). However, it is unclear how this is

achieved mechanistically.
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Figure 1. tRNA1B
Ala and Modified Nucleotide 34

(A) Uridine 5-oxyacetic acid (cmo5U).

(B) tRNA1B
Ala. The three anticodon bases are in bold. tRNA1B

Ala differs from tRNA2
Ala in seven positions, which are indicated by numbers.

(C) Primer-extension analysis of tRNA1B
Ala. Primers ending at position 44 (left) (primer sequence 50-TCGAACCGCAGACCT-30) or position 52 (right)

(50-ATGCGGGATCGAACC-30) of the tRNA were used. Primer extension stopped at the first nucleotide of the type indicated on top of each lane,

because the complementary nucleotide was added as ddNTP. Sequences of tRNA1B
Ala are shown, and the bases that are present in tRNA2

Ala at

the positions where the sequences are different are given in brackets.
In the present work, we analyzed the kinetic mechanism

of A site binding of tRNA1B
Ala, anticodon C36G35cmo5U34

(Figure 1B), on two alanine codons, GCA and GCC, read-

ing of which involves a C-cmo5U base pair at the third co-

don position. Control experiments were performed with

a near-cognate codon, CCA, introducing a C-C mismatch

in the first position. The questions we ask are the follow-

ing: (1) does the G-C content of the codon-anticodon helix

influence tRNA selection, and (2) is the GCC codon cog-

nate or near-cognate for tRNA1B
Ala?

RESULTS

tRNA1B
Ala

There are two alanine-accepting tRNAs in E. coli, tRNA1B
Ala

(Figure 1B) and tRNA2
Ala, of which tRNA1B

Ala is the major

species (Dong et al., 1996). In the present experiments,

we used native, fully modified tRNA1B
Ala isolated from

E. coli cells. The identity of tRNA1B
Ala was checked by

primer-extension analysis (Figure 1C). In total, four out of

seven nucleotides that differ between tRNA1B
Ala and

tRNA2
Ala were probed (U34, C38, G42, and U49 in tRNA1B

Ala).

Two nucleotides (C28 and A65) are constrained by base

pairing to probed nucleotides (G42 and U49). The analysis

confirmed that the purified tRNA1B
Ala did not contain sig-

nificant amounts of tRNA2
Ala.

Codon-Recognition Complex

The kinetic analysis was based on the model established

for A site binding (Rodnina and Wintermeyer, 2001;

Gromadski and Rodnina, 2004; Gromadski et al., 2006)
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(Figure 2A). The ternary complex of EF-Tu$GTP$aa-tRNA

forms a labile initial complex with the ribosome (rate con-

stants k1 and k�1). Subsequent codon recognition (k2 and

k�2) triggers GTPase activation of EF-Tu (k3), which is rate

limiting for GTP hydrolysis (kGTP). Release of inorganic

phosphate (kPi) induces the conformational transition of

EF-Tu from the GTP to the GDP form (kconf), and the factor

releases aa-tRNA and dissociates from the ribosome (k6).

The aa-tRNA accommodates in the 50S A site (k5) and

takes part in rapid peptide-bond formation (kpep). Alterna-

tively, aa-tRNA may be rejected from the ribosome (k7).

To determine the stability of the codon-recognition

complex of Ala-tRNA1B
Ala (C36G35cmo5U34), the mutant

EF-Tu(H84A) was used, which is inactive in GTP hydroly-

sis but behaves normally in initial binding and codon

recognition (Daviter et al., 2006). Binding of the EF-

Tu(H84A)$GTP$Ala-tRNA1B
Ala complex to the ribosomes

presenting the GCA or GCC codons in the A site was mon-

itored by nitrocellulose filtration (Figure 2B). For both co-

dons, the binding of the ternary complex was complete

at ribosome concentrations of 40 nM or lower, indicating

high-affinity binding. The binding was somewhat weaker

on the GCC codon, with Kd = 6.4 ± 1.0 nM, compared to

the GCA codon, Kd = 0.9 ± 0.4 nM. The latter affinity is

the same as measured for tRNAPhe on its cognate UUU

codon (Daviter et al., 2003; Gromadski and Rodnina,

2004) and much higher than that of tRNAPhe on near-cog-

nate codons with third-position mismatches (Kd �400–

1000 nM at the same conditions) (Gromadski et al., 2006).

The kinetics of codon recognition were investigated

by fluorescence stopped flow using tRNA1B
Ala (Prf17),
vier Inc.
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Figure 2. Codon Recognition

(A) Kinetic scheme of A site binding.

(B) Affinity of the codon-recognition complex on GCA (-) and GCC (C) codons. Binding of 2 nM ternary complexes EF-Tu(H84A)$GTP$[3H]Ala-

tRNA1B
Ala to initiated ribosomes (IC) was measured at increasing ribosome concentration.

(C) Fluorescence stopped flow. Ternary complex EF-Tu$GTP$Ala-tRNA1B
Ala(Prf17) (0.2 mM after mixing) and initiated ribosomes (2.5 mM) were rapidly

mixed in a stopped-flow apparatus, and the fluorescence changes were monitored.

(D) Concentration dependence of the rate of GCA (-) and GCC (C) codon recognition. Error bars represent standard deviation of measured

values.

(E) Affinity of the near-cognate codon-recognition complex. Titration of initiated ribosomes presenting the near-cognate codon CCA in the A site

(1 mM) with the ternary complex EF-Tu(H84A)$GTP$Ala-tRNA1B
Ala(Prf17) was monitored by proflavin fluorescence. Smooth lines represent fits

(Experimental Procedures). Error bars represent standard deviation of measured values.
Molecular Cell 25, 167–174, January 12, 2007 ª2007 Elsevier Inc. 169
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Table 1. Rate Constants of Aminoacyl-tRNA Selection for tRNA1B
Ala and tRNAPhe

tRNA tRNA1B
Ala tRNAPhe a

Codon GCA GCC UUC UUG (Third-Position Mismatch)

k2, s�1 140 ± 30 90 ± 10 180 ± 20 190 ± 30

k�2, s�1 0.2 ± 0.1 1 ± 0.2 0.12 ± 0.05 120 ± 20

k3, s�1 60 ± 10 25 ± 10 120 ± 20 1.3 ± 0.2

k5, s�1 12 ± 3 1.6 ± 0.6 7 ± 1 NDc

k7, s�1 � 1.1 ± 0.4 � NDc

Fproof
b 1.0 0.6 1.0 0.1

a From Gromadski et al. (2006).
b Efficiency of aa-tRNA accommodation during the proofreading step. Fproof = k5 / (k5 + k7).
c The rate constant cannot be determined, because the rate of reaction is limited by k3.
containing proflavin at position 17 in the D loop. Upon

rapid mixing of the ternary complex EF-Tu$GTP$Ala-

tRNA1B
Ala(Prf17) with initiated ribosomes, a biphasic fluo-

rescence change was observed (Figure 2C) that closely

resembled the fluorescence changes observed previously

with tRNAPhe(Prf16/17) (Rodnina et al., 1994). By analogy,

the rapid fluorescence increase was assigned to codon

recognition and the fluorescence decrease to a later con-

formational change related to accommodation, as sup-

ported by further analysis (see below). The time courses

of tRNA1B
Ala binding on GCA and GCC codons were al-

most indistinguishable in the initial rapid phase, whereas

both rate and amplitude of the second step were reduced

with GCC compared to GCA (Figure 2C).

To determine rate constants of codon recognition, time

courses were measured at increasing ribosome concen-

tration. Apparent rate constants, kapp, were plotted as a

function of ribosome concentration, and the value of

kapp2 at saturation was obtained by hyperbolic fitting (Fig-

ure 2D). The codon-recognition complex with tRNA1B
Ala is

stable on both GCA and GCC codons, as suggested by

the low Kd values (Figure 2D); hence, k�2 must be small

for both codons. When k�2 is small, saturation of kapp2

gives the rate constant of codon recognition, k2, which

was 140 ± 30 s�1 and 90 ± 10 s�1 for GCA and GCC, re-

spectively (Table 1). The dissociation rate constant, k�2,

of the codon-recognition complex was calculated from

the elemental rate constants k1, k�1, and k2 and the Kd

value; k�2 values were 0.2 ± 0.1 s�1 and 1 ± 0.2 s�1 for

the GCA and GCC codons, respectively (Table 1).

To estimate the stability of a near-cognate codon-rec-

ognition complex with Ala-tRNA1B
Ala, we used the CCA

codon, which introduces a first-position C-C mismatch

with Ala-tRNA1B
Ala (C36G35cmo5U34) (studying third-position

mismatches was not possible, because the two remaining

codons, GCG and GCU, are cognate for tRNA1B
Ala). The

CCA-containing complex was too unstable to be retained

on nitrocellulose filters, and the Kd was determined by

equilibrium titrations monitoring the fluorescence change

of Ala-tRNA1B
Ala(Prf17) in the presence of EF-Tu(H84A).

Binding of EF-Tu(H84A)$GTP$Ala-tRNA1B
Ala(Prf17) to
170 Molecular Cell 25, 167–174, January 12, 2007 ª2007 Elsevi
ribosomes with the CCA codon in the A site resulted in

fluorescence increase (Figure 2E). The hyperbolic concen-

tration dependence saturated at concentrations >5 mM

and yielded a Kd = 2.7 mM of the codon-recognition com-

plex. On the basis of the values of k1, k�1, and k2 reported

for Phe-tRNAPhe (Gromadski et al., 2006) or Ala-tRNA1B
Ala

(see above), an extremely high value for k�2, about

450 s�1, was calculated. This dissociation rate is too

high to be measured reliably by standard stopped flow.

Furthermore, the observed rates of codon recognition,

kapp2, are expected to be even higher (kapp2 = k2 + k�2 at

saturation); hence, the rate constants of elemental steps

of A site binding with the near-cognate CCA codon were

not calculated.

GTP Hydrolysis

Time courses of GTP hydrolysis were measured by

quench flow. At 2.5 mM ribosomes, GTP hydrolysis on

both GCA and GCC codons was rapid, with apparent

rate constants of 30 s�1 and 20 s�1, respectively, and

much faster than on the near-cognate CCA codon,

0.15 s�1 (Figure 3A). To determine the rate constants of

GTPase activation, k3, on GCA and GCC, the rate of

GTP hydrolysis was determined at saturating ribosome

concentration (Figure 3B). Hyperbolic fitting yielded

kapp3 = 40 ± 6 s�1 (GCA) and 20 ± 6 s�1 (GCC). These

values are lower than those measured by fluorescence

stopped flow at ribosome saturation (Figure 2D), suggest-

ing that GTP hydrolysis follows the step monitored by fluo-

rescence and assigned as codon recognition. If this is the

case, then the rate constant of GTPase activation, k3, is

given by the transit time between codon recognition (k2)

and kapp3 (Experimental Procedures). The analysis yielded

rate constants of GTPase activation of k3 = 60 ± 10 s�1

(GCA) and 25 ± 10 s�1 (GCC) (Table 1). These values are

of the same order of magnitude as those observed for

tRNAPhe on its cognate UUC codon and significantly

higher than the k3 value observed with tRNAPhe on the

near-cognate UUG codon, which introduces a third-

position mismatch (Gromadski et al., 2006).
er Inc.
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tRNA Accommodation and Rejection

Finally, rate constants of tRNA1B
Ala accommodation (k5)

and rejection (k7) during the proofreading phase of aa-

tRNA selection were determined on both GCA and GCC

codons. Time courses of fMetAla dipeptide formation

were measured by quench flow at saturating ribosome

concentration (1 mM) (Figure 3C). Exponential fitting

of the time courses yielded apparent rate constants,

kapp5 = 12 s�1 (GCA) and 3 s�1 (GCC). The extent of

fMetAla formation on GCC was about 60% of that on

GCA. Similar differences in rates and amplitudes were ob-

served for the slow phase of the time courses monitored

by fluorescence stopped flow (Figure 2C), which reflects

accommodation. By contrast, the extent of GTP hydroly-

Figure 3. GTP Hydrolysis and Peptide Bond Formation

(A) Time courses of GTP hydrolysis on GCA (-), GCC (C), or CCA (:)

codon.

(B) Concentration dependence of the rate of GTP hydrolysis. Error bars

represent standard deviation of measured values.

(C) Time courses of dipeptide formation. Ternary complex EF-

Tu$GTP$Ala-tRNA1B
Ala (0.2 mM after mixing) was rapidly mixed with

initiated ribosomes (2–2.5 mM in [A]; 1.0 mM in [C]) in the quench-flow

machine. Smooth lines are fits (Experimental Procedures).
Molec
sis with EF-Tu$GTP$Ala-tRNA1B
Ala was the same on

GCA and GCC. This indicates that, during proofreading,

a larger fraction of Ala-tRNA1B
Ala is rejected on GCC, com-

pared to GCA, indicating that Ala-tRNA1B
Ala is less stably

bound to GCC in the proofreading phase than in the

codon-recognition complex. The final level of dipeptide

formation and the apparent rate constant of peptide bond

formation, kapp5, were used to calculate the rate constants

of accommodation and rejection of Ala-tRNA1B
Ala on

GCC, k5 = 1.6 ± 0.6 s�1 and k7 = 1.1 ± 0.4 s�1, respectively

(Table 1). On the cognate GCA codon, rejection was insig-

nificant, and the final level of kapp5 of dipeptide formation

yielded k5 = 12 ± 3 s�1. These values indicate that, in anal-

ogy to GTPase activation, tRNA1B
Ala accommodates on

both GCA and GCC codons as rapidly as tRNAPhe on the

two cognate UUC or UUU codons (Table 1). In contrast,

80% of Ala-tRNA1B
Ala was rejected on the near-cognate

CCA codon.

DISCUSSION

The present kinetic analysis shows that the rate constants

of the crucial steps of cognate codon reading are very sim-

ilar for tRNA1B
Ala and tRNAPhe (Gromadski and Rodnina,

2004; Gromadski et al., 2006), suggesting identical

decoding mechanisms for the two tRNAs (Table 1). Similar

data were obtained with two other tRNAs: tRNATrp reading

the cognate UGG codon (Cochella and Green, 2005) and

tRNALeu2 specific for CUC and CUU (Daviter et al.,

2006). In all cases, codon recognition (k2) was fast, and

cognate codon-anticodon interaction led to a strong sta-

bilization of the ternary complex on the ribosome. Forma-

tion of the cognate codon-recognition complex resulted in

high rate constants of GTPase activation and accommo-

dation, indicating that in all cognate cases the induced-

fit mechanism (Rodnina and Wintermeyer, 2001) works

efficiently to accelerate the two forward steps. The disso-

ciation of aa-tRNAs from their cognate codons during

proofreading is not measurable. Thus, the mechanistic

details of initial selection and proofreading appear to be

very similar for aa-tRNAs binding to their respective cog-

nate codons.

The comparison of the decoding of GCA by tRNA1B
Ala

and UUC by tRNAPhe (Table 1) suggests that the GC

content of the codon-anticodon duplex has no influence.

Although GC-rich duplexes are stronger than AU-rich

ones (Xia et al., 1998), the comparison of tRNAPhe and

tRNA1B
Ala revealed no significant differences with respect

to the dissociation rate constants of the ternary complex

from the ribosome or the affinity of the codon-recognition

complex. The decoding center of the ribosome discrimi-

nates between cognate and noncognate codon-antico-

don complexes by specific recognition of the geometry

of Watson-Crick base pairs in the first and second codon

positions by A1492 and A1493 forming A-minor interac-

tions in the minor groove of the codon-anticodon duplex

(Ogle et al., 2001, 2002). Because A-minor interactions

are sequence independent (Battle and Doudna, 2002),
ular Cell 25, 167–174, January 12, 2007 ª2007 Elsevier Inc. 171
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the GC content of the codon-anticodon duplex is unlikely

to alter the pattern of the interactions with the ribosome,

and the stability of tRNA binding appears to be deter-

mined by the interactions of the tRNA-mRNA complex

with the ribosome, rather than by the intrinsic stability of

the codon-anticodon duplex. This suggests that the selec-

tion mechanism, which relies on the geometry of the co-

don-anticodon complexes, is general for cognate tRNAs

and enables the ribosome to accept different cognate

tRNAs with similar efficiency, irrespective of differences

in sequence and structure.

Individual tRNAs are idiosyncratically tuned for uniform

binding to the ribosome (Yarus, 1982; Yarus et al., 1986;

Fahlman et al., 2004; Olejniczak et al., 2005). Recently,

the A32-U38 intraloop base pair in tRNA2
Ala(C36G35G34)

was proposed to be crucial to offset the tight binding of

this tRNA to its cognate GCC codon to a level comparable

to other codon-anticodon duplexes (Olejniczak et al.,

2005). Here, we analyzed tRNA1B
Ala that contains the con-

ventional U32-C38 pair and forms two C-G base pairs in the

first two codon-anticodon positions as tRNA2
Ala but has

a modified U at the wobble position. We show that

tRNA1B
Ala binds to its cognate codons with the same affin-

ity as tRNAPhe that forms AU-rich codon-anticodon com-

plexes. Thus, the rare A32-U38 pair, which is also present

in tRNA2
Pro(GGG), seems to be utilized in cases where

G-C base pairs are formed in all three codon-anticodon

positions. However, exactly how the sequence of the

anticodon stem loop modulates the interaction with the

codon remains to be elucidated.

Several features of the decoding of GCC by tRNA1B
Ala

characterize the interaction as cognate, even though it in-

volves a noncanonical C-cmo5U34 interaction in the wob-

ble position. In fact, tRNA1B
Ala forms a codon-recognition

complex that is only 7-fold less stable than the cognate

complex with GCA. The rate of GTP hydrolysis is only

2.5-fold lower than with a cognate codon and is much

higher than typical rates for near-cognate codons

(Gromadski et al., 2006) (Table 1). Accommodation of

tRNA1B
Ala is six times slower on GCC, compared to GCA,

but results in substantial peptide-bond formation. The

only important difference between GCC and GCA is the re-

jection of 40% of Ala-tRNA1B
Ala during proofreading. This

finding, together with somewhat lower rates of GTP hydro-

lysis and accommodation, suggests that the ribosome ac-

cepts C3-cmo5U34 as an almost-correct base pair, which

leads to the incorporation of the correct amino acid, ala-

nine, into the nascent peptide in contrast to mismatched

pairs in the third position, which result in the incorporation

of incorrect amino acids (Gromadski et al., 2006).

Differential reading of third-position mismatches may

depend on the combination of the GC content of the

codon-anticodon duplex and individual features of the

tRNA, including base or sugar modifications. Notably, all

codons with G or C in the first and second position belong

to four-codon families (Pro, Ala, Arg, and Gly). However, it

is unlikely that the GC content alone is responsible for the

differential reading of third-position mismatches, because
172 Molecular Cell 25, 167–174, January 12, 2007 ª2007 Elsev
for tRNA2
Ala(C36G35G34), which usually reads its cognate

codons GCC and GCU, the two other alanine codons

(GCA and GCG) are near cognate (S. Ledoux and

O. Uhlenbeck, personal communication), although the

respective codon-anticodon duplexes comprise GC

base pairs in the first two positions, exactly as tRNA1B
Ala

on GCC. The tRNA body may contribute to the accep-

tance of the C-cmo5U34 mismatch in the wobble position.

The presence of cmo5U34 may enhance the interaction

indirectly, for instance by stabilization of the anticodon

structure, as was observed for other modifications, such

as N6-threonylcarbamoyladenosine (t6A37) and 5-methyl-

aminomethyluridine (mnm5U34) in tRNALys, which induce

a canonical anticodon loop structure and allow pairing with

AAA and AAG codons (Benas et al., 2000; Sundaram et al.,

2000; Murphy et al., 2004).

The presence of cmo5U34 in several tRNAs suggests

that decoding of C-ending codons by modified uridine

may be a common phenomenon. In all these cases, an-

other isoacceptor containing a G in the third position is

available for the efficient decoding of the C-ending codon.

This raises the question whether tRNA isoacceptors with

the cmo5U34 modification read the C-ending codons

in vivo, i.e., in competition with the isoacceptor containing

G34. The latter ensures rapid and efficient decoding of

C-ending codons, whereas isoacceptors containing

cmo5U34 may be slower and be rejected frequently before

they can accommodate and take part in peptide-bond

formation. This may explain why reading of C-ending co-

dons by tRNA1
Val and tRNA3

Pro has only been observed

in the absence of competing isoacceptor containing G in

the third position (Lund and Dahlberg, 1977; Mitra et al.,

1977; Näsvall et al., 2004). On the other hand, the interac-

tion of cmo5U34 with C does not cause translational errors,

which is probably the reason why it persisted during

evolution. The modification may have evolved to extend

decoding to U-ending codons and simultaneously also

enhanced decoding of C-ending codons by the same

mechanism. Thus, differential reading of noncanonical

pairs in the third codon position, as modulated by tRNA

modifications, might be the result of evolutionary adjust-

ments driven by the advantage of reading codons in fam-

ilies of four or six codons with comparable efficiencies.

EXPERIMENTAL PROCEDURES

Buffers and Reagents

All measurements were performed in high-fidelity (HiFi) buffer

(50 mM Tris-HCl [pH 7.5], 70 mM NH4Cl, 30 mM KCl, 3.5 mM MgCl2,

0.5 mM spermidine, 8 mM putrescine, and 2 mM DTT). Buffer A was

50 mM Tris-HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl, and 7 mM MgCl2,

buffer B was 50 mM Tris-HCl (pH 7.5), 70 mM NH4Cl, 30 mM KCl,

and 3.5 mM MgCl2. mRNAs (28 nt) were from Curevac, Germany

and contained GCA, GCC, or CCA codon following the AUG initiation

codon and otherwise had the sequence of MFF-mRNA (Rodnina and

Wintermeyer, 1995). All experiments were carried out at 20�C.

Biochemical Procedures

For primer extension analysis, two 32P-labeled primers were used that

were fully complementary to the T arm sequence of tRNA1B
Ala and had
ier Inc.
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a single mismatch to tRNA2
Ala. Primer extension by AMV reverse

transcriptase was carried out at 50�C for 15 min in buffer (25 mM

Tris-HCl [pH 8.3], 30 mM NaCl, 5 mM DTT, and 3 mM MgCl2). Labeling

of tRNA1B
Ala at the single dihydrouridine in position 17 was carried out

according to procedure described for yeast tRNAPhe (Rodnina et al.,

1994). Ribosomes, EF-Tu, initiation factors, and fMet-tRNAfMet from

E. coli were prepared as described (Rodnina et al., 1994; Rodnina

and Wintermeyer, 1995; Gromadski and Rodnina, 2004). Initiation

complexes (IC) were purified by ultracentrifugation (Gromadski et al.,

2006); more than 90% of the ribosomes carried fMet-tRNAfMet in the

P site. Ternary complexes were prepared and purified by gel filtration

(Gromadski et al., 2006). Affinity of the codon-recognition complex

was measured as described (Daviter et al., 2003). The dissociation

constant, Kd, of the codon-recognition complex was determined by fit-

ting to the following equation: [TC bound] = Amp3((Kd + [TC] + [IC]) /

2 � [(Kd + [TC] + [IC])2 / 4 � [IC] 3 [TC]]0.5) (equation 1), where [TC

bound] is the concentration of the EF-Tu$Ala-tRNA$ribosome com-

plex, [TC] and [IC] are the added concentrations of the ternary and

initiation complexes, respectively, and Kd is the equilibrium dissocia-

tion constant of the EF-Tu$Ala-tRNA$ribosome complex.

Fluorescence Titrations

Steady-state fluorescence was measured in a PTI QuantaMaster

C-61/ 2000 T-Format scanning spectrofluorometer. Excitation and

emission wavelengths were 470 and 500 nm, respectively. The initial

concentration of the ribosome complex was 1.0 mM. Fluorescence

was measured upon addition of increasing amounts of ternary com-

plex; as a control, the fluorescence of the ternary complex upon addi-

tion to HiFi buffer without ribosomes was measured. After correction

for dilution and subtraction of the fluorescence increase without ribo-

somes, the data were evaluated by nonlinear fitting to equation 1.

Kinetic Experiments

Codon recognition was monitored by the fluorescence changes of

tRNA1B
Ala(Prf17) in a stopped-flow apparatus (SX-18MV spectrome-

ter, Applied Biophysics) (Gromadski et al., 2006). Quench-flow exper-

iments were performed in a KinTek apparatus. The extent of

[g-32P]GTP hydrolysis was determined by thin-layer chromatography

using Polygram CEL300 TLC plates followed by quantitative analysis

using a phosphoimager (Personal Molecular Imager FX, Biorad)

(Gromadski et al., 2006). For the quantification of fMetAla dipeptide

formation, [3H]Ala-tRNA1B
Ala and [14C]fMet-tRNAfMet were utilized. The

extent of dipeptide formation was determined by analytical HPLC on

a LiChrospher 100 RP-8 column (Merck) using a gradient from 0% to

65% acetonitrile in 0.1% TFA. Free alanine eluted in the void volume

of the column and fMetAla coeluted with free fMet. The ratio of fMetAla

to the sum of fMetAla and free Ala (as determined by 3H radioactivity)

was taken as the fraction of dipeptide formed.

Determination of Rate Constants

Time courses measured by fluorescence stopped flow were evaluated

by exponential fitting using Table Curve software (Jandel Scientific).

The equations included apparent rate constants, kapp, and amplitude

factors for each phase in the time course and one variable for the final

signal. The hyperbolic concentration dependence of codon recogni-

tion and GTP hydrolysis was fitted to obtain the apparent rate constant

at saturation (kapp2 and kapp3 for codon recognition and GTPase acti-

vation, respectively). The rate constants of initial binding were k1 =

140 mM�1s�1 and k�1 = 85 s�1, as determined for tRNAPhe (Gromadski

et al., 2006) and tRNA1B
Ala(Prf17) (data not shown).

The rate constant of GTPase activation, as determined from time

courses of GTP hydrolysis, was calculated from the difference be-

tween the times required for GTP hydrolysis and codon recognition,

k3 = 1 / (1 / kapp3� 1 / k2) when k�2 is small (Cleland, 1975). The extent

of amino acid incorporation is given by k5 / (k5 + k7), and the apparent

rate constant of peptide-bond formation is given by the sum of the

accommodation and rejection rate constants, kapp5 = k5 + k7.
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