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ABSTRACT: Recognition of stop codons by class I release factors is a fundamental step in the termination phase
of protein synthesis. Since premature termination is costly to the cell, release factors have to efficiently
discriminate between stop and sense codons. To understand the mechanism of discrimination between stop
and sense codons, we developed a new, pre-steady state kinetic assay to monitor the interaction of RF1 with
the ribosome. Our results show that RF1 associates with similar association rate constants with ribosomes
programmed with stop or sense codons. However, dissociation of RF1 from sense codons is as much as 3
orders of magnitude faster than from stop codons. Interestingly, the affinity of RF1 for ribosomes
programmed with different sense codons does not correlate with the defects in peptide release. Thus,
discrimination against sense codons is achieved with both an increase in the dissociation rates and a decrease
in the rate of peptide release. These results suggest that sense codons inhibit conformational changes necessary
for RF1 to stably bind to the ribosome and catalyze peptide release.

Termination of protein synthesis is triggered when the nearly
universal UAA,UAG, andUGA stop codons enter the decoding
center of the small ribosomal subunit (1). Recognition of a stop
codon by class I release factors (RFs) leads to peptidyl-tRNA
hydrolysis and the release of the newly synthesized protein from
the ribosome (2). In bacteria, the stop codons in the mRNA
sequence are recognized by two release factors: RF11 and RF2.
RF1 recognizesUAAandUAG,while RF2 recognizesUAAand
UGA (3). In eukaryotes, a single release factor (eRF1) recognizes
all three stop codons (4). Stop codons are recognized byRFswith
remarkably high accuracy (error frequency of 1 � 10-3 to 1 �
10-6), even without a proofreading mechanism, indicating that
the RFs have a sophisticated mechanism for distinguishing the
three stop codons from the 61 sense codons (5, 6).

RF1 and RF2 consist of four domains (7, 8). Genetic and
biochemical studies identified a “tripeptide anticodon” motif in
domain 2 of RF1 and RF2 [P(A/V)T in RF1 and SPF in RF2]
that is important for stop codon recognition (9). Additionally, a
universally conserved GGQ motif located in domain 3 of RF1
and RF2 is important for peptide-tRNA hydrolysis, suggesting
thatRF1 andRF2 span the≈75 Å distance between the decoding
and peptidyl transferase centers (10). This was confirmed by
hydroxyl-radical probing experiments (11, 12), cryoelectron
microscopy (cryoEM) (13-15), and crystal structures of RF1
orRF2 bound to the ribosome (16). In contrast, crystal structures
of unbound RF1 and RF2 show the factors in a closed
conformation with the tripeptide anticodon and GGQ motif
only 25 Å apart (7, 8). This has led to the suggestion that RFs
bind to the ribosome in a closed conformation and extend into

the peptidyl transferase center after binding (14). Solution X-ray
scattering (SAXS) experiments show that RF1 and RF2 exist
in an ensemble of open and closed forms in solution (17, 18).
The form in which RFs exist when binding to the ribosome
and the conformational changes they undergo remain open
questions.

Recent X-ray crystal structures of RF1 or RF2 bound to the
ribosome have revealed in exquisite detail the structural basis for
stop codon recognition (19-21). The “anticodon tripeptide”
motif in RF1 and RF2 interact precisely with the stop codons
in the decoding center (Figure 1). Interestingly, the structures
showed that other residues in RF1 and RF2, in addition to the
tripeptide motif, are also important for stop codon recognition.
The first position of the stop codon (U1) interacts with a
conserved glycine in domain 2 of RF1 or RF2. Additionally,
specific hydrogen bonds are formed by U1 with conserved
residues in the tripeptide motifs of RF1 and RF2. These inter-
actions strongly discriminate against a purine and also explain
the preference for a uridine at the first position. The second
position of the stop codon (A2 or G2) stacks against conserved
residues in theRFs and forms hydrogen bonds with the threonine
or serine in the tripeptide motifs of RF1 or RF2, respectively.
However, it is not clear how the RFs discriminate against
pyrimidines at the second position, other than the loss of packing
interactions. Finally, the third position of the stop codon (A3 or
G3) is unstacked from the second position of the codon by a
histidine from RF inserted between the two bases and stacks
instead on G530 of the 16S rRNA. The third position forms
several hydrogen bonds with specific residues in RF1 or RF2,
which explains the preference for an adenine or a guanine byRF1
and the preference for an adenine by RF2.

While the X-ray crystal structures provide a rationale for
specific recognition of stop codons by RF1 and RF2, it is not
known how the dynamics ofRFbinding is influenced by stop and
sense codons in the ribosome. This is an important problem
because the kinetics of RF association and dissociation must be
finely tuned so that stop codons are efficiently recognizedwithout
inhibiting the elongation phase of protein synthesis by competing
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with aminoacyl-tRNAs for binding to the A site. A landmark
study with a variety of sense codons that differed by a single
nucleotide from the stop codon showed that the catalytic rate
constant (kcat) of peptide release was reduced 2-180-fold, while
theKM of RF1 increased 400-3000-fold (6). However, this study
did not monitor RF binding directly but relied on KM measure-
ments to distinguish between defects in binding from catalysis.
Recent studies suggest that the conformational changes induced
by RF1 with stop codons versus sense codons are different,
leading to differences in the kcat of peptide release (22). This
makes it difficult to interpret themolecular basis for the observed
changes inKMand kcat with ribosomes having sense codons in the
A site.

To directly monitor the interaction of RF1 with the ribosome,
we have developed a fluorescence-based, pre-steady state kinetic
assay for RF binding. Our kinetic studies show that the associa-
tion rate constant of RF1 is not significantly affected with a stop
or sense codon in the decoding center. In contrast, the dissocia-
tion rate constant of RF1 differs by as much as a 4000-fold
depending on whether a stop or sense codon is present in the
decoding center. Interestingly, the binding kinetics of RF1 does
not always correlate with the rate of peptide hydrolysis, suggest-
ing that conformational changes, following stop codon recogni-
tion, are important for preventing premature termination on
sense codons.

EXPERIMENTAL PROCEDURES

Buffers, Ribosomes, tRNA, mRNA, and RF1. All experi-
ments were performed in 20 mM Hepes-KOH (pH 7.6), 6 mM
MgCl2, 150 mM NH4Cl, 4 mM β-mercaptoethanol, 0.05 mM
spermine, and 2 mM spermidine (23). Tightly coupled 70S
ribosomes were isolated from Escherichia coli MRE600
cells, essentially as described previously (24). Native tRNAfMet

was purchased from Sigma. mRNAs were purchased from
Dharmacon and labeled with pyrene succinimide as previously
described (25). His-tagged RF1 was purified essentially as
described in the QIAexpressionist manual (Qiagen). Fractions
containing RF1 were pooled and concentrated in an Amicon

10 kDa cutoff filter. Buffer exchange was performed in the
Amicon filter to greater than 3000-fold dilution of the unretained
buffer. RF1 was then quantitated by the Bradford assay, flash-
frozen in liquid nitrogen, and stored at -80 �C.
Fluorescence Measurements of RF1 Binding. Release

complexes were formed by heat activation of 0.25 μM tightly
coupled 70S ribosomes at 42 �C for 10 min. Ribosomes were then
cooled to 37 �C for 10 min. Pyrene-labeled mRNA (0.33 μM) was
addedand themixture incubated for 10min at 37 �C. tRNAfMet (0.5
μM)was then added and themixture incubated at 37 �C for 30min.

Fluorescence emission scans were performed with a Fluoro-
max-P instrument (J. Y. Horiba, Inc.) using an excitation and
emission bandpass of 1 nm. Samples were excited at 343 nm, and
emission scans from 360 to 420 nm were taken before and after
the addition of 0.5 μM RF1 to termination complexes.

Equilibrium KD titrations were performed by mixing the
indicated amounts of RF1 with 0.25 μM release complexes in a
1mL fluorescence cuvette at 25 �C.The sampleswere excitedwith
343 nm wavelength light, and the emission at 376 nm was read 5
min after mixing. In parallel, the fluorescence emission of RF1
added to buffer was measured and subtracted from the data to
account for light scattering at high protein concentrations.
Experiments were repeated at least three times. Data were fit to
the equilibrium KD equation below using Graphpad Prism as
described previously (26).

Y ¼ mfK þRþX -½ðK þRþXÞ2 -4RX�1=2g=ð2RÞ
wherem is themaximum fluorescence signal,K isKD, andR is the
release complex concentration.

Stopped-flow measurements were performed at 25 �C on a
μSFM-20, BioLogic stopped-flow instrument. The samples were
excited at 343 nm (bandpass of 10 nm), and the fluorescence
emission wasmeasured at 376 nm after the light passed through a
long-pass filter 361 AELP (Omega Optical) installed in front
of the detector. Termination complexes (final concentration of
0.25 μM) were mixed with varying amounts of RF1. Individual
time courses were fit to the first-order rate equation Y = b þ C
exp(-kx).

FIGURE 1: Interaction of RF1 with the ribosome. (A) Kinetic model for RF1 binding to the ribosome followed by hydrolysis of the newly
synthesized protein attached to the P site tRNA: ribosome (gray), mRNA (orange), P site tRNA (black) with attached protein (blue hexagons),
andRF1 (purple). (B) Structure of RF1 bound to the ribosome: ribosome (gray), E site tRNA (yellow), P site tRNA (red), andRF1 (purple). (C)
Recognition of the stop codon in the decoding center by RF1: stop codon U1A2A3 (orange), RF1 residues (purple), and bases in 16S and 23S
rRNA (gray).
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Peptide Release Assay. Release complexes for peptide
release assays were formed by heat activation of 1.0 μM 70S at
42 �C for 10 min. Samples were then cooled to 37 �C for 10 min.
mRNA (1.3 μM) was added and the mixture incubated at 37 �C
for 10 min. In parallel, tRNAfMet was aminoacylated by mixing
2 μM tRNAfMet, 3 μM [35S]methionine, 0.4 mM N10-formyl-
tetrahydrofolic acid, 3 mM ATP, 10% (v/v) MetRS, and 10%
(v/v) MTF. MetRS and MTF were purified as previously
described (27). The aminoacylation reaction mixture was then
mixed with the 70S-mRNA complex, and the incubation was
continued for 30 min at 37 �C. Excess [35S]Met was washed away
by filtration in aMicroconYM-100 centrifugal filter to a dilution
of>1000-fold, and the volume was adjusted to yield pretermina-
tion complexes with a final concentration of 0.5 μM.

Peptide release time courses were performed by mixing 0.25
μM (final concentration) release complex with varying amounts
of RF1. Reactions were quenched with 25% formic acid, spotted
on a TLC plate, separated and analyzed as described pre-
viously (28). All experiments were repeated at least three times.

RESULTS

Fluorescence-Based Method for Measuring Binding of
RF1 to the Ribosome. Rapid kinetic methods have been very
valuable for understanding the mechanism of translation initia-
tion, tRNA selection, translocation, and ribosome recycling
(25, 29-31). However, no rapid kinetic methods for examining
the intermediates in the mechanism of stop codon recognition by
RF1 or RF2 have been developed (32). To determine the pre-
steady state kinetics of binding of RF1 to the ribosome, we
developed a fluorescence-based method. We attached the fluore-
scent probe, pyrene, to the 30 end of a short mRNA (Figure 2A).
The pyrene dye is located three bases from theA site codonwhere
the release factor binds. On the basis of crystal structures, the
probe would be located in the mRNA channel between the head
and shoulder of the 30S subunit, approximately 25 Å from the
middle position of the codon in the A site (33).

To monitor the binding of RF1 to the ribosome, we formed
release complexes (RC) by sequentially adding pyrene-labeled
mRNA and tRNAfMet to 70S ribosomes. The mRNA has a start
codon (AUG) at the first position and a stop codon (UAA) at the
second position. Binding of tRNAfMet to the P site will position
the stop codon in the A site. Upon addition of RF1 to release
complexes, an increase in the fluorescence intensity of the pyrene
probe was observed (Figure 2B). A likely explanation for the
increase in fluorescence intensity is the exclusion of solvent from
the ribosomal A site upon binding of RF1. Direct interactions
between the probe and RF1 appear unlikely on the basis of the
X-ray crystal structures (19-21).
Affinities of RF1 for Stop and Sense Codons. Four model

mRNAs were synthesized to investigate the mechanism of RF1
discrimination of stop and sense codons (Figure 2A). The sense
codons were selected on the basis of the interactions observed in
the crystal structure of RF1 bound to a UAA stop codon (19),
previous biochemical data for release factor discrimination (6),
and work done on tRNA selection (34) to facilitate comparison
between these processes. The UAA stop codon was chosen to
characterize the correct stop codon recognition pathway. The
second mRNA has a CAA codon in the A site. The single
incorrect C in the first position should not create any obvious
steric clashes with the release factor but will result in a loss of
hydrogen bonding with the release factor in this position. A third

mRNA with a UUU A site codon was chosen because the UUU
codon is by far the most commonly used codon for in vitro
ribosome experiments, and other than loss of packing inter-
actions with the release factor, it is unclear from crystallography
how RF1 discriminates against pyrimidines in the second and
third positions of the A site codon (19). The last mRNA tested
had a CUC codon in the A site, which is different from a stop
codon at all three positions, while still avoiding obvious steric
clashes with the ribosome or release factor.

Previous work addressing discrimination of sense codons from
stop codons by RF1 at the binding step was primarily done by
measuring the KM of peptide release (6). As KM measurements
are dependent on catalytic activity, discrimination of stop and
sense codons byRF1 at the binding step has never been addressed
in a manner independent of catalysis (32). To determine the
affinity of RF1 for stop and sense codons, we performed
fluorescence titrations of RF1 with ribosomes programmed with
each of the mRNAs mentioned above (Figure 2C). Increasing

FIGURE 2: Fluorescence assay for monitoring RF1 binding. (A)
Sequence of four model mRNAs used to measure binding of RF1
to stop or sense codons. The Shine-Dalgarno sequence, P site, and A
site codons are labeled. Changes from the UAA stop codon are
shown in bold and underlined. (B) Increase in fluorescence intensity
due to RF1 binding. Fluorescence emission scans before ( 3 3 3 ) and
after (;) addition of RF1 to the release complex with a UAA stop
codon in the A site. (C) Examples of fluorescence titrations for
determining the KD of RF1 for sense codons: UUU (9), CUC (1),
and CAA (b). Data were analyzed by being fit to a quadratic
equation (;) and normalized from0 to 1 based upon the best-fit line.
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amounts of RF1 were added to a fixed concentration of RC
programmed with each of the mRNAs. The fluorescence emis-
sion was measured after each addition of release factor. In
parallel, a blank titration was performed to account for the
increase in fluorescence due to light scattering at high protein
concentrations. The affinity of RF1 for a UAA stop codon-
programmed A site could not be accurately determined because
of the extremely tight binding affinity of the release factor for this
codon. Titrations at the lowest measurable concentration of
labeled termination complexes showed that the KD of RF1 for
UAA-programmed ribosomes was less than 3.5 nM (data not
shown). Fluorescence titrations performed on each of the sense
codons showed an at least 1000-fold increase in theKDofRF1 for
the A site. Among sense codons, RF1 was found to bind most
tightly to the UUU codon with a KD of 1.6 μM. Release factor
bound less stably to the CUC codon with a KD of 6.5 μM.
Surprisingly, RF1 bound least stably to the CAA codon, with a
KD of 15.4 μM, even though it varies by only one nucleotide from
a cognate stop codon.
Kinetics of Binding of RF1 to Stop and Sense Codons. To

investigate the kinetics of binding of RF1 to stop and sense
codons, we determined the time course of fluorescence change
with a stopped-flow fluorimeter. Release complexes were mixed
with varying amounts of RF1, and the increase in fluorescence
intensity was monitored over time. Time courses of the fluore-
scence change were described well by single-exponential fits,
whichwere used to determine the observed rate of binding ofRF1
to the ribosome (Figure 3A). Plotting the observed rate of
fluorescence change versus release factor concentration showed
a linear relationship (Figure 3B). The linear concentration
dependence indicates a second-order reaction with the slope of
the line equal to the association rate constant and the y-intercept
equal to the dissociation rate constant (35). RF1 bound toUAA-
programmed ribosomes with a rate constant of 34.4 μM-1 s-1.
This association rate constant was reduced by e2-fold in
the cases of sense codons CAA, UUU, and CUC, indicating
that the association of the factorwith theA site is not a significant
source of stop versus sense codon discrimination. Because of the
small value of the y-intercept of the concentration dependence
curves of binding of RF1 to the UAA stop codon and errors
magnified by extrapolation of the data back to the y-axis, the
values of the dissociation rate constants were calculated from
directly measured values of KD and kon (Table 1). Dissociation
rate constants were found to vary over a nearly 15-fold range
among sense codons and overall to be at least 250-fold faster than
the rate of dissociation from the UAA stop codon. Trends in
dissociation rate constants were the same upon comparison of
y-intercepts and calculations from KD measurements
Kinetics of Peptide Release on Stop and Sense Codons.

We performed peptide release time courses by forming release
complexes containing each mRNA to be tested and [S35]fMet-
tRNAfMet in the P site and then mixing release complexes with
saturating amounts of RF1. RF1-catalyzed release of [S35]fMet
was analyzed by separation of the released [S35]fMet by electro-
phoretic thin layer chromatogrphy (eTLC) and quantitated on a
phosphorimager. To verify that saturation had been reached,
time courses were also performed with half the concentration of
RF1with identical kinetics obtained.As expected, peptide release
was significantly slower on sense codons than on the stop codon;
however; the kinetics of peptide release surprisingly did not
follow the same trends as binding (compare Figure 3C and
Table 1). Peptide releasewas catalyzedwith a rate of 9.0� 10-2 s-1

FIGURE 3: Kinetics of binding of RF1 to stop and sense codons. (A)
Stopped-flow time course of RF1 (2 μM) binding to release com-
plexes (0.25 μM) with the UAA (black trace), CAA (green trace),
UUU (purple trace), or CUC (orange trace) codon in the A site. The
time courses were fit to a single-exponential equation (black line) to
determine the observed rate of RF 1 binding (kobs). (B) Concentra-
tion dependence of RF1 binding. Observed rates are plotted vs RF1
concentration forUAA (circles), CAA (diamonds),UUU(triangles),
and CUC (squares). The standard errors from at least three indepen-
dent experiments are shown. Plots were fit to a linear equation to
determine the association (kon) and dissociation (koff) rate constants.
In the case of UAA, the y-intercept was constrained to be a positive
value. (C) Examples of peptide release time course at saturating RF1
concentrations. Peptide release from release complexes with a UAA
(circles), CAA (diamonds), UUU (triangles), or CUC (squares)
codon in the A site is indicated. The concentration of RF1 was 9
μM for the stop codon and 200 μM for the sense codons. Data were
normalized and fit to a single-exponential equation (black line) to
determine the rate of peptide release (krelease).

Table 1: Kinetic and Thermodynamic Parameters for RF1 Binding

codon KD (μM) kon (μM
-1 s-1) koff (s

-1)a krelease (s
-1)

UAA <0.0035 34.4 <0.1 (9.0 ( 0.1) � 10-2

CAA 15.4( 4.6 22.6 348 (9.9 ( 0.9) � 10-4

UUU 1.6( 0.3 15.8 25.3 (9.4 ( 0.4) � 10-5

CUC 6.5( 3.1 19.6 127.4 (6.6 ( 1.4) � 10-5

akoff was calculated from KD and kon.
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on the cognate UAA stop codon, which is similar to previously
determined rates of release (22). Among sense codons, RF1 was
able tomost efficiently catalyze peptide release on the CAA sense
codon to which it bound least stably (krelease = 9.9 � 10-4 s-1).
Peptide release on the CAA sense codon was 10-15 times faster
than on the UUUorCUC sense codon (krelease= 9.4� 10-5 and
6.6 � 10-5 s-1 for UUU and CUC, respectively).

DISCUSSION

The simplest kinetic model for peptide release involves two
steps: (1) binding of RF1 or RF2 to ribosomes with a stop codon
in the A site and (2) release of the newly synthesized protein by
the catalytic activity of RF1 or RF2 (Figure 1A).Muchwork has
been done investigating the mechanism of peptide release, but
this work has focused exclusively on the catalytic step (32). To
differentiate the contribution of binding and catalysis to correct
stop codon selection by a release factor, we have developed a
fluorescence-based method to monitor binding of RF1 to the
ribosome. Fluorescence titrations on four model mRNAs de-
signed to disrupt interactions with RF1 in a variety of ways were
performed to examine the affinity of the release factor for sense
codons. As expected, RF1 bound best to the correct UAA stop
codon but, surprisingly, had the lowest affinity for the CAA
codon, which has only a single base change from a cognate stop
codon, compared to UUU and CUC which have two and three
base changes, respectively. The kinetics of binding of RF1 to the
A site was also determined. The association rate constant of
the release factor for the A site was only slightly affected by the
codon. In contrast, dissociation rate constants were found to
increase by at least 250-fold when a stop codonwas replacedwith
a sense codon (Table 1). Furthermore, dissociation from sense
codons varied over a 15-fold range. In agreement with the
equilibrium KD measurements, the rate of dissociation of RF1
was greater from ribosomes with the CAA codon than with the
CUC codon in the A site.

It is unclear why RF1 would bind less stably to CAA than to
CUC. Both have the first, and most sensitive, position of the
codon changed from U to C, but the two remaining nucleotides
are correct for a stop codon in CAA and incorrect for a stop
codon in CUC. The crystal structure of RF1 bound to a UAA
stop codon shows that the second and third nucleotides in the
codon are unstacked with a histidine residue from the release
factor inserted between them (Figure 1C) (19). It appears from
the structural data that this unfavorable event could at least be
partially offset by stacking of A in the second position of the
codon with H193 of RF1 and stacking of the third position A
with G530 of the 16S rRNA (Figure 1C). The difference in
stability of binding of RF1 to a CAA or CUC codon, however,
suggests that unstacking of the AA residues is not entirely offset
by these alternative interactions. Although thermodynamically
unfavorable, unstacking of the AA residues could be evolutio-
narily conserved if it plays an important role in conformational
changes associated with the catalytic step of peptide release. This
does appear to be the case as peptide release is catalyzed more
efficiently on aCAA codon than on aCUC codon despite the less
favorable binding interactions.

Consistent with our results, a previous study of release factor
fidelity showed that RF1 is most sensitive to changes in the first
position of the stop codon (CAA or CAG). A CAA codon in the
A site increased the KM of peptide release by 2000-fold and
decreased the kcat by 180-fold (6). We observed a >4000-fold

defect inKD and a 90-fold defect in peptide release. The difference
in the effect of CAA on the KD and KM is likely due to the fact
that the active state of peptide release is at least somewhat
induced on the CAA codon, resulting in less RF1 required to
complete hydrolysis. This agrees with our observation that a
lower concentration of RF1, relative to the KD, was required to
reach saturation on a CAA codon than the other sense codons
tested (data not shown).

Measurement of peptide release rates showed that the effi-
ciency of catalysis of peptide release on sense codons is not
directly related to the affinity of the release factor for the A site.
Among sense codons tested, peptide release was most efficiently
catalyzed on a CAA sense codon, which had the lowest affinity
for RF1 (Table 1). Especially interesting is the 10-fold higher rate
of peptide release on the CAA codon compared to the CUC
codon. A potential explanation for why this occurs comes from
X-ray crystallography (19). Stacking of the third residue in the
codon with G530 of 16S rRNA is more favorable with a purine
than a pyrimidine. When the third residue is unstacked from the
rest of the codon, the backbone of themRNA is distorted. A1492
comes out of its helix and packs against this distorted mRNA
backbone. Movement of A1492 is important for release factor
function as it opens up space for A1913 of the 23S rRNA to stack
with A1493 of the 16S rRNA, allowing RF1 to undergo its
putative extension into the peptidyl transferase center after
binding or to bind in the fully extended form (19). Without this
conformational change, A1913 would block binding of RF1. A
purine in the third codon position could be important for
precipitation of the conformational changes seen in the decoding
center, explaining why peptide release is better on a CAA codon
than on a CUC codon despite the greater binding defects.

It has often been suggested that release factors act asmolecular
mimics of tRNAs (32). However, there are clear differences in the
pathway of codon selection by release factors and tRNAs. First,
release factors are able to discriminate stop from sense codons
without a high-energy intermediate, which is required for tRNA
selection by the kinetic proofreading mechanism (6, 36). Second,
there appears to be no nonspecific binding intermediate limiting
the association or dissociation of RF1 from the ribosome, as has
been suggested in themechanism of tRNA selection (30, 37). This
is important as the uniformity in RF1 association rates indicates
that RF1 is able to scan each codon position and remains stably
bound only when a stop codon is encountered. If dissociation
rates of RF1 on sense codons were not sufficiently fast, an overall
inhibition of protein synthesis would be observed. Third, the
affinity of RF1 for all codons is not as predictable as Watson-
Crick base pairing between tRNAs and mRNA. We have seen
that single base changes from a cognate stop codon can result in a
10-fold lower affinity than when two bases are changed even in
the limited set of sense codons tested.

Decoding by release factors and tRNA selection does appear
to share an induced fit mechanism, however. In tRNA selection,
Watson-Crick base pairing between the anticodon of the tRNA
and the codon of themRNA in theA site of the ribosome induces
an acceleration of the forward rates of GTP hydrolysis by EF-Tu
and peptidyl transfer (38, 39). Modulation of these rates could be
achieved through acceleration of the conformational changes
leading to catalysis or improvement in the transition state
stabilization. Similarly, for codon selection by RF1, an increase
in the rate of peptide hydrolysis is independent of defects in the
binding step. It seems reasonable that an active site such as the
peptidyl transferase center would be dependent on conformational



Article Biochemistry, Vol. 48, No. 47, 2009 11183

changes caused by substrate binding because it must be able to
accept a variety of very distinct substrates and catalyze two
distinct reactions depending upon interactions 75 Å away in the
decoding center, while protecting the currently bound substrate
from spontaneous hydrolysis by solvent (40).

We have shown that steps after the simple recognition of the
codon by release factor are important in selection of the
correct stop codon. Changes in the measured value of the
krelease step could encompass conformational changes pro-
posed to occur after release factor binding such as full opening
of RF after binding, decoding center rearrangement, changes
in the peptidyl transferase center to accommodate the RF and
attacking water molecule, or misalignment of catalytic resi-
dues in the peptityl transferase center leading to poor transi-
tion state stabilization. Determination of relevant reaction
intermediates and their role in correct stop codon selection is
essential for understanding the early steps of termination of
protein synthesis.
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