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SUMMARY

Programmed –1 ribosomal frameshifting (�1PRF) is
an mRNA recoding event utilized by cells to enhance
the information content of the genome and to regu-
late gene expression. The mechanism of –1PRF and
its timing during translation elongation are unclear.
Here, we identified the steps that govern –1PRF by
following the stepwise movement of the ribosome
through the frameshifting site of a model mRNA
derived from the IBV 1a/1b gene in a reconstituted
in vitro translation system from Escherichia coli. Fra-
meshifting occurs at a late stage of translocation
when the two tRNAs are bound to adjacent slippery
sequence codons of the mRNA. The downstream
pseudoknot in the mRNA impairs the closing move-
ment of the 30S subunit head, the dissociation of
EF-G, and the release of tRNA from the ribosome.
The slippage of the ribosome into the –1 frame accel-
erates the completion of translocation, thereby
further favoring translation in the new reading frame.
INTRODUCTION

Programmed ribosomal frameshifting (PRF) is a recoding event

that leads to a change of the translational reading frame and

allows the translation of messenger RNAs (mRNAs) with overlap-

ping open reading frames, often yielding two protein products

from one mRNA. PRF is particularly frequent in the decoding of

mRNAs from viral and mobile genes but is found also in some

cellular genes in all domains of life. During PRF, the reading

frame may shift in +1, –1, or even –2 direction. The mechanisms

of +1 and –1PRF appear to be quite different and require a

different set of stimulatory elements. The classic example of

�1PRF is slippage triggered by two elements in the mRNA, a

‘‘slippery sequence’’ (Jacks et al., 1988) and a downstream sec-

ondary structure element (Brierley et al., 1989). The slippery site

is made up by sequences such as X XXY YYZ, where XXY and

YYZ are codons in the original frame (0 frame) that presumably

favor tRNA sliding on the mRNA and anticodon misalignment,

changing the codons to XXX and YYY in the –1 frame. The
stimulatory secondary structure elements of the mRNA, which

usually consist of a stem loop or a pseudoknot located at a

particular distance downstream of the slippery sequence, may

enhance –1PRF by inducing pausing of the ribosome or by per-

turbing normal decoding. In some cases, –1PRF is additionally

stimulated by a Shine-Dalgarno (SD)-like sequence in the

mRNA located at a particular distance upstream of the slippery

sequence (Larsen et al., 1994). Sequence comparison and mo-

lecular genetic analysis of a variety of frameshifting sequences

identified canonical structures that can cause –1PRF in both

bacterial and eukaryotic systems, although details of how the

pro- and eukaryotic ribosomes respond to frameshifting signals

may be different (Brierley et al., 2010; Dinman, 2012; Farabaugh,

1997; Fayet and Prère, 2010; Gesteland and Atkins, 1996).

The mechanism of –1PRF is not clear, and there are at least

four groups of models as to when and why it occurs (Figure 1A).

The slippage can take place during translocation as the ribo-

some enters the slippery site, when deacylated tRNA is bound

at the codon (nnX) preceding the slippery sequence and pep-

tidyl-tRNA at the XXY codon (pept-tRNAXXY) (Bekaert and Rous-

set, 2005; Léger et al., 2007) (Figure 1A, pathway I). Alternatively,

the shift may occur during the accommodation of aminoacyl-

tRNAYYZ on the ribosome after reading the second slippery

codon YYZ by tRNAYYZ and/or following peptidyl transfer with

two tRNAs at the slippery site (Harger et al., 2002; Jacks et al.,

1988; Plant et al., 2003) (pathway II). Several models propose

cotranslocational shifting of pept-tRNAYYZ with or without

concomitant slippage of deacylated tRNAXXY as the ribosome

exits the slippery site (Farabaugh, 1996; Horsfield et al., 1995;

Namy et al., 2006; Weiss et al., 1989; Yelverton et al., 1994)—

i.e., when the XXY YYZ mRNA sequence moves from the P

and A to the E and P sites, respectively (pathway III). Finally, it

has been suggested that frameshifting might occur during the

accommodation of tRNA after the slippery sequence or as a

result of competition between the tRNAs decoding the 0 and

–1 frame codons (Léger et al., 2004; Yelverton et al., 1994)

(pathway IV). Although there is evidence for and against each

of these models, recent kinetic models predicted that –1PRF is

simultaneously accessible through several pathways governed

by the kinetic parameters of aa-tRNA binding, peptide bond

formation, and translocation (Liao et al., 2011). However, these

kinetic constants are not known for any –1PRF system. This

prompted us to establish a fully reconstituted in vitro translation
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Table 1. Efficiency of –1PRF In Vivo and In Vitro

Stimulatory Elements –1PRF Efficiency (%a)

SS/PKb in vitroc in vivod

+/+ 75 ± 10 78 ± 9

+/� 28 ± 4 23 ± 10

–/+ 60 ± 10 36 ± 9

See also Figure S2.
a–1PRF efficiency was calculated as the product of –1 frame translation

divided by the sum of the products of –1 and 0 frame translation.
bSS, slippery sequence; PK, pseudoknot.
cCalculated from the end levels (after 10–15 s) of –1 frame Val and 0 frame

Phe incorporation shown in Figures 1F–1H. SDs were calculated from six

to ten experiments.
dThe efficiency of –1PRF was calculated from the ratio of Rluc/Fluc activ-

ities in the –1 and 0 frames as described in the Extended Experimental

Procedures. SDs were calculated from three different cultures with at

least five independent extracts from each culture.
system to study real-time kinetics of –1PRF and to identify the

steps that control frameshifting. Here, we report the results of

the analysis, which include the kinetics of stepwise translation

of the slippery sequence, the kinetics of amino acid incorpora-

tion into 0 and –1 frame translation products, and the detailed

kinetics of the translocation reactions that govern –1PRF.

RESULTS

Kinetics of –1 Frameshifting In Vitro
To study the mechanism of –1PRF, we have chosen a minimal

fragment of the infectious bronchitis virus (IBV) 1a/1b gene for

which significant levels of –1 frameshifting were demonstrated

in vivo in both eukaryotic and bacterial systems (Brierley et al.,

1989, 1997; Napthine et al., 2003). The construct used for

in vitro translation contained codons for fMet and Tyr followed

by the slippery site and a pseudoknot (Figure 1B). The native

IBV 1a/1b slippery sequence, U UUA AAC, was replaced with U

UUA AAG, which results in a higher –1PRF efficiency in E. coli

(Brierley et al., 1997; Napthine et al., 2003). This slippery

sequence is decoded by tRNALeu (anticodon 30AAU50) and
Figure 1. Kinetics of Product Formation in 0 and –1 Frames
(A) Potential kinetic pathways leading to –1PRF (–1 frame). On pathway I, –1P

Pathway II, –1PRF after correct reading the 0 frame codon and upon accommo

Pathway III, during translocation of tRNAXXY and tRNAYYZ that exposes –1 frame

slippery sequence; 0 frame tRNA is shown in blue.

(B) Schematic of the frameshifting mRNA containing a modified IBV 1a/1b gene f

nucleotide sequence. As a result of –1PRF, Val is the first –1 frame amino acid in

(C) Schematic of the quench-flow experiment. 70S initiation complexes were mix

purified aa-tRNAs (Y, Tyr-tRNATyr; L, Leu-tRNALeu [anticodon AAU]; K, Lys-tRNAL

for desired times before quenching the reaction with KOH.

(D) Time courses of synthesis of fMetTyr (MY), fMetTyrLeu (MYL), fMetTyrLeuLy

translation of the mRNA without a slippery sequence or a pseudoknot (–/–). The

codon (Lys) indicated in bold for orientation.

(E) Same as (D), but mRNA contained a Val codon in the 0 frame. Symbols as in

(F) Same as (D) but with mRNA containing a slippery sequence (+/�).

(G) Same as (D) but with mRNA containing a pseudoknot (–/+).

(H) Same as (D) but withmRNA containing both slippery sequence and pseudokno

described in Extended Experimental Procedures.

See also Figures S1 and S3 and Tables 1, 2, and S1.
tRNALys (anticodon 30UUU50), resulting in the synthesis of

fMetTyrLeuLysPhe (MYLKF) in the0 frameand fMetTyrLeuLysVal

(MYLKV) in the –1 frame. In addition to the frameshifting mRNA

construct that contained both slippery sequence and pseudo-

knot (designated as +/+), a set of model mRNAs was generated

that had different combinations of stimulatory elements—i.e.,

had only the slippery sequence but lacked the pseudoknot

(+/�), no slippery sequence but the pseudoknot (–/+), or lacked

both stimulatory elements (–/–). Todisrupt the slippery sequence,

the UUA codonwas replacedwith UUG, which is decoded by the

same tRNALeu (3
0
AAU50). Additional mRNA constructs used as

controls are described in Extended Experimental Procedures.

To study –1PRF in vitro, we utilized a reconstituted translation

system consisting of purified components from E. coli. Transla-

tion of consecutive codons was measured after mixing 70S initi-

ation complexes programmedwith one of themodel mRNAs and

containing f[3H]Met-tRNAfMet in the P site with excess of ternary

complexes, EF-Tu–GTP–aa-tRNA, formed with purified individ-

ual Tyr-, Leu-, [14C]Lys-, Phe-, and Val-tRNA, and EF-G–GTP

(Figure 1C). The formation of translation products in 0 frame

or –1 frame was monitored using the quench-flow technique.

After the desired incubation time, the reaction was quenched,

and the products were analyzed by high-performance liquid

chromatography (HPLC) (Figure S1A available online). Concen-

trations of aa-tRNAs and Elongation Factor G (EF-G) were opti-

mized to achieve the maximum translation rate (Figures S1B–

S1H). With the control –/– mRNA, which lacked slippery

sequence and pseudoknot, the major end product was MYLKF,

which is consistent with the fifth codon of the 0 frame specifying

Phe (Figure 1D). Likewise, when the fifth codon in the 0 frame

specified Val, mostly MYLKV peptide was formed (Figure 1E).

In contrast, with mRNA constructs containing only the slippery

sequence (+/�), only the pseudoknot (–/+), or both elements

together (+/+), both 0-frame (MYLKF) and –1 frame (MYLKV)

peptides were produced (Figures 1F–1H), with –1PRF taking

place on up to about 75% of ribosomes on +/+ mRNA (Table 1).

Validation In Vivo
To validate the efficiency of the –1PRF construct in vivo, we used

a reporter assay in which the minimal IBV 1a/1b gene fragment
RF occurs during translocation (TL) of tRNAnnX (gray) and tRNAXXY (green).

dation (Acc) of tRNAYYZ (magenta); the following codon is read in –1 frame.

codon Zab in the A site. Pathway IV, upon decoding of the codon following the

ragment. The encoded amino acids in 0 and –1 frame are indicated above the

corporated into the peptide chain.

ed with EF-G–GTP and EF-Tu–GTP–aa-tRNA complexes with a defined set of
ys; F, Phe-tRNAPhe; V, Val-tRNAVal; EF-Tu was omitted for clarity) and incubated

s (MYLK), fMetTyrLeuLysPhe (MYLKF), and fMetTyrLeuLysVal (MYLKV) upon

sequence of the mRNA coding region is given above the graph with the fourth

(D).

t (+/+). Global fits (continuous lines) were performed by numerical integration as
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Table 2. Summary of Rate Constants of Elemental Translation Steps upon –1PRF on the IBV 1a/1b Construct

SS/PK Rates (s�1)

Tyra TlMY
b Leua Lysa Phea Vala

0 frame –1 frame

+/+ 10.1 ± 0.5 1.9 ± 0.1 11.1 ± 3.5 4.3 ± 0.5 0.09 ± 0.01 0.3 ± 0.05

+/– 9.8 ± 0.4 1.4 ± 0.1 14.9 ± 6.3 6.0 ± 0.9 5.9 ± 1.1 2.4 ± 0.5

–/+ 8.8 ± 0.4 3.1 ± 0.2 17.8 ± 5.6 4.2 ± 0.4 0.04 ± 0.02 0.06 ± 0.02

–/– 9.9 ± 0.5 2.7 ± 0.1 13.6 ± 3.2 5.1 ± 0.4 5.3 ± 0.6 0.2 ± 0.05

0 frame

–/– 11.1 ± 0.8 2.2 ± 0.1 14.4 ± 6 6.3 ± 1.2 NA 4.0 ± 0.4

See also Figures S1 and S3 and Table S1.
aRates of incorporation of the respective amino acid into peptide, as determined by global fitting of data shown in Figures 1D–1H.
bRates of the first translocation event (TlMY; translocation of MY-tRNATyr), which is manifested by a delay of Leu incorporation (Figures 1D–1H).
was cloned into a dual luciferase reporter plasmid coding for

firefly (Fluc) and renilla (Rluc) luciferases in such a way that trans-

lation ofRluc required –1PRF in the inserted 1a/1b fragment (Fig-

ure S2). The efficiency of –1PRF was calculated as the ratio of

relative Rluc/Fluc synthesis in –1 and 0 frames. The Rluc/Fluc ra-

tio for –1 frame translation in the absence of the two –1PRF stim-

ulatory elements was considered as background and subtracted

from all other –1 frame values obtained in the presence of stim-

ulatory elements; thus, by definition, the efficiency of –1PRF

in the –/– construct is set to 0, and the reported values for

the +/+, +/�, and –/+ constructs represent lower-limit estimates

for –1PRF. When both slippery sequence and pseudoknot were

present, the relative efficiency of Rluc synthesis in the –1-frame

was 78% (Table 1). This value is somewhat higher than the pre-

viously reported frameshifting efficiency of 40% on a similar

mRNA construct (Brierley et al., 1997) but is consistent with

our results obtained in vitro. For –1PRF in E. coli, the requirement

for a pseudoknot structure in IBV 1a/1b is not strict (Brierley

et al., 1997). In our construct, the removal of either the pseudo-

knot or the slippery sequence reduced –1PRF to 23% and 36%,

respectively, which is in reasonable agreement with the in vitro

results (Table 1).

Stepwise Kinetics of –1PRF
To obtain the rate constants that govern –1PRF, we evaluated

time courses of stepwise translation (Figures 1D–1H) by numer-

ical integration, using the combined data for the synthesis and

consumption of each peptide. The initial simplest kinetic model

included individual sequential steps for the incorporation of

Tyr, Leu, and Lys and a branch allowing for the alternative incor-

poration of Phe (0 frame) or Val (–1 frame) (Extended Experi-

mental Procedures). The MY peptide was formed rapidly in a

one-step fashion at a rate of about 10 s�1 (Table 2). Fitting the

time courses of MYL formation to a simple model with only two

steps (for the incorporation of Tyr and Leu, respectively) did

not yield a satisfactory solution and required including a delay

between the formation of the MY and the MYL peptides (Figures

1D–1H and S1G). This additional step presumably reflects the

first translocation event, which displaces tRNAfMet from the P

site and moves MY-tRNATyr from the A to the P site; the rate of

that translocation event was around 2 s�1 independent of the
1622 Cell 157, 1619–1631, June 19, 2014 ª2014 Elsevier Inc.
mRNA construct (Table 2), which is consistent with earlier re-

ports on the rate of translocation involving initiator tRNAfMet

(Dorner et al., 2006).We expect that, after the first round of trans-

location, the SD-aSD interaction is weakened or resolved, as it is

destabilized after the formation of the first peptide bond (Uemura

et al., 2007). The subsequent incorporation of Leu was rapid,

about 15 s�1. The next step, incorporation of Lys, followed a

one-step mechanism MYL/MYLK with a rate of around 5 s�1.

If –1PRF occurred through pathway I, one would expect that

translocation of tRNATyr and MYL-tRNALeu—and, consequently,

Lys incorporation—are affected by the frameshifting signals.

Similarly, if pathway II were operational, then frameshifting sig-

nals would change the kinetic characteristics of tRNALys accom-

modation, resulting in altered rates of Lys incorporation. The

kinetic analysis shows that the rates of Tyr, Leu, or Lys incorpo-

ration and the rate of the first translocation were independent of

the presence of –1PRF-stimulatory elements in the mRNA

(Table 2). Thus, it is unlikely that –1PRF takes place through path-

ways I and II. In contrast, the incorporation of Phe (0 frame) and

Val (–1 frame) was strongly affected by the presence of the slip-

pery sequence and the pseudoknot (Table 2), which is predicted

by the pathway III scenario in which slippage occurs during

translocation over the XXY YYZ sequence. In the absence of

–1PRF stimulatory elements (–/– mRNA), the rate of Phe or Val

incorporation in the 0 frame was 4–5 s�1, compared to 0.2 s�1

(Val) or 0.09 s�1 (Phe in the –1 frame), i.e., translation in 0 frame

was strongly favored kinetically. The pseudoknot inhibited trans-

lation in both –1 and 0 frames, whereas the slippery sequence

dramatically increased the rate of Val incorporation in the –1

frame. Together, the two stimulatory elements led to a faster

incorporation of Val in the –1 frame than of Phe in 0 frame

(Table 2). These results suggest that –1PRF is kinetically gov-

erned by the reactions that follow Lys incorporation into the

nascent peptide but precede the incorporation of Val or Phe.

Commitment to the Alternative Reading Frame
To address more directly whether pathway II was operational,

we followed the accommodation of the 30 end of Lys-tRNALys

on the 50S subunit using a fluorescent derivative of Lys-tRNALys,

BOP-Lys-tRNALys. The rates of tRNA accommodation or peptide

bond formation are similar with the modified and unmodified



Figure 2. Interaction of EF-G with the Ribo-

some

(A) Experimental design. POST complexes formed

with L12(Alx)-labeled ribosomes containing

MYL-tRNALeu in the P site were rapidly mixed with

EF-Tu–GTP–Lys-tRNALys and EF-G(QSY) with

GTP in a stopped-flow apparatus. EF-G binding

to the ribosome is manifested in the decrease of

Alx fluorescence due to FRET and the dissociation

of EF-G by the recovery of fluorescence.

(B) Time courses of EF-G binding and dissociation

upon translocation of MYLK-tRNALys on ribo-

somes programmed with –/– mRNA (blue)

together with the fit obtained by numerical inte-

gration (Extended Experimental Procedures)

(black smooth line). For comparison, an analo-

gous experiment is shown for translocation of

MYL-tRNALeu on –/– (black trace) or +/+ (gray

trace) mRNA; the respective fits could not be ob-

tained due to low amplitudes of fluorescence

change.

(C) Time courses of EF-G binding and dissocia-

tion upon translocation of MYLK-tRNALys on ri-

bosomes programmed with –/– (same trace as

in B), +/�; –/+; or +/+ mRNA. The data were fitted

by numerical integration, as described in Extended Experimental Procedures; fits are shown in black. The results for the –/– and +/+mRNAs are given in Table S3.

For –/+mRNA, the rates of the fluorescence decrease and increase, respectively, were 4.8 s�1 and < 0.1 s�1 (the latter value cannot be determined with precision

because the end level was not reached within the time of experiment). For +/�mRNA, the fit was ambiguous due to a low amplitude of the fluorescence change.
tRNALys (Mittelstaet et al., 2013). To study the A site binding of

Lys-tRNA, rather than the preceding steps, we prepared ribo-

some complexes with MYL-tRNALeu in the P site, and the reac-

tion was started by adding EF-Tu–GTP–BOP-Lys-tRNALys and

EF-G–GTP in a stopped-flow apparatus (Figure S3). Accommo-

dation of BOP-Lys-tRNALys was observed as a fluorescence

decrease with a rate of about 2 s�1, independent of the frame-

shifting signals (Figure S3). These results provide further support

to the notion that –1PRF via pathway II, involving accommoda-

tion, is unlikely.

Next,weasked thequestionwhether –1PRF tookplaceafter the

translocation over the XXY YYZ sequence, e.g., when Phe or Val

codons are decoded (pathway IV, Figure 1A). If slippage occurred

at that step, the presence and relative concentrations of Val-

tRNAVal and Phe-tRNAPhe should influence the efficiency of

–1PRF. This was tested by adding Val-tRNAVal and Phe-tRNAPhe

in different ratios (4:1 or 1:4) or omitting one of the two during

the translation of +/+ mRNA (Table S1). The data indicate that

the efficiency of amino acid incorporation in the 0 or –1 frames

was not affected by the presence or absence of the aa-tRNA de-

coding the alternative reading frame. This suggests that, at the

time of Phe or Val decoding, the fraction of ribosomes that have

switched to the –1 frame was already fixed. The slippage must

have occurred after decoding the Lys codon in the 0 frame but

before the Phe or Val codons are read. Themost likely explanation

for this observation is that –1PRF occurs during the translocation

of tRNALeu and MYLK-tRNALys which are both bound to their co-

dons in the slippery sequence, i.e., through pathway III.

Delayed Dissociation of EF-G
One potential reason for inaccurate translocation during –1PRF

may be an altered interaction of EF-G with the ribosome, which
could lead to prolonged pausing at the pseudoknot. To examine

this possibility, we measured the rate of EF-G binding to and

dissociation from the ribosome using a fluorescence resonance

energy transfer (FRET) reporter assay with a FRET donor (Alexa

488, Alx) placed on ribosomal protein L12, which is known to re-

cruit translation factors to the ribosome, and a nonfluorescent

FRET acceptor (QSY9) in the G domain of EF-G (Figure 2A).

The fluorescence labels did not affect the translation rates or

the efficiency of –1PRF (Table S2). To study specifically the

translocation of tRNAs bound to the slippery sequence, we pre-

pared L12-labeled ribosome complexes with MYL-tRNALeu in

the P site. The reaction was initiated by adding EF-Tu–GTP–

Lys-tRNALys and QSY-labeled EF-G–GTP in a stopped-flow

apparatus, and the recruitment of EF-G(QSY) was monitored

by a decrease of L12(Alx) fluorescence due to quenching upon

complex formation. The interaction is maintained until the end

of translocation when EF-G is released, which leads to fluores-

cence recovery (Figure 2B). The rate constants of EF-G binding

and dissociation estimated by numerical integration, which

took into account the Lys incorporation step preceding translo-

cation (Table S2), suggested that EF-G binding to the ribosomes

in the absence of the pseudoknot (–/– and +/� mRNA con-

structs) was rapid (>10 s�1) and limited by the preceding Lys de-

coding step; from experiments with simplified model systems,

the rate of EF-G binding is expected to be about 60 s�1 (C. da

Cunha, A. Lehwess-Litzmann, F.P., and M.V.R., unpublished

data). In the presence of the pseudoknot, EF-G binding was

somewhat slower, 4.8 s�1, regardless of the presence of the slip-

pery sequence but clearly not rate limiting for the following trans-

location steps. In contrast, EF-G dissociation was much slower

when the pseudoknot was present (Figure 2C); the dissociation

rate (3 s�1 from ribosomes translating –/– or +/� mRNAs) was
Cell 157, 1619–1631, June 19, 2014 ª2014 Elsevier Inc. 1623



Figure 3. Translocation on the 50S Subunit

as Monitored by Pmn Assay

(A) Experimental design. 70S initiation complexes

were mixed in a quench-flow apparatus with EF-

G–GTP and EF-Tu–GTP–aa-tRNA complexes with

Tyr-tRNATyr, Leu-tRNALeu, and Lys-tRNALys,

incubated for desired times (1), mixedwith Pmn (2),

and reacted for another 0.5 s before stopping the

reaction (3).

(B) Time courses of Pmn reaction with MYLK-

tRNALys upon translocation on ribosomes pro-

grammed with different mRNAs. The average rate

of the Pmn reaction for all mRNA constructs was

7 ± 4 s�1 with a delay of 4 ± 1 s�1; fit is shown in

black.
reduced >15-fold to 0.2 s�1 when both –1PRF stimulatory ele-

ments were present (Table S3). Furthermore, the latter rate

was very similar to the rate of Val incorporation in the –1 frame

(0.3 s�1), suggesting that decoding of the next codon in the –1

frame is rate limited by EF-G dissociation. Dissociation of EF-G

from ribosomes translating the –/+ mRNA was even slower

(<0.1 s�1; Figure 2C) and comparable to slow decoding of the

next codon both in –1 and 0 frames (Table 2). These data indicate

that (1) the pseudoknot causes delayed EF-G release and (2)

–1PRF is induced while EF-G is still bound to the ribosome. In

comparison, EF-G binding and dissociation upon translocation

of tRNATyr and MYL-tRNALeu were very similar on –/– and +/�
mRNAs (Figure 2B) and too fast to be resolved kinetically.

Movements of tRNALys and tRNALeu

Translocation is a dynamic process that entails movements of

two tRNAs together with the mRNA from the A to P to E site

coupled to the rotation of the 30S and 50S ribosomal subunits

relative to one another and to a movement of the 30S head. To

understand when exactly the change in the reading frame takes

place, we measured the rates of several individual motions

of tRNAs during translocation. We first examined whether

MYLK-tRNALys moved from the pretranslocation state (PRE) to

the posttranslocation state (POST) using a time-resolved puro-

mycin (Pmn) assay. High Pmn reactivity is indicative of the posi-

tioning of pept-tRNA in the POST state on the 50S subunit, as, in

comparison, the Pmn reactivity of pept-tRNA in both classical or

hybrid PRE states is very low (Semenkov et al., 1992; Sharma

et al., 2004). Translation was initiated in the quench-flow appa-

ratus as described above (Figure 3A). After different incubation

periods, Pmn was added in saturating concentration, and the re-

action was quenched after 0.5 s. This fixed time is sufficient for

the completion of the Pmn reaction of pept-tRNA in the POST

state; therefore, the increase of the Pmn reactivity over time re-

flects themovement ofMYLK-tRNALys from the PRE to the POST

state on the 50S subunit. The apparent reaction rate, as esti-

mated by numerical integration, was about 7 s�1, independent

of –1PRF elements (Figure 3B), suggesting that the movement

of the pept-tRNA from the A to P site on the 50S subunit is not

altered by frameshifting, and therefore, the slippage is likely to

occur later than the movement of MYLK-tRNALys into the Pmn-

reactive state. The value of 7 s�1 is the lower limit for the rate

constant of A to P site translocation because the rate of the

Pmn reaction itself contributed to the observed rate.
1624 Cell 157, 1619–1631, June 19, 2014 ª2014 Elsevier Inc.
Movement of MYLK-tRNALys to the POST state on the 50S

subunit implied that tRNALeu should have vacated the P site

on the 50S subunit and moved toward the E site. To test

this directly, we prepared ribosome complexes containing

MYL-tRNALeu labeled with fluorescein (Flu) at position 8 (Fig-

ure 4A). Introducing the fluorescence label did not affect the

rates of translation (Table S2). By adding EF-Tu–GTP–Lys-

tRNALys and EF-G–GTP, one round of Lys incorporation and

translocation was induced, which resulted in the displacement

of tRNALeu(Flu) from the P site, as manifested in a decrease of

fluorescence (Figure 4B). After the completion of this step,

tRNALeu(Flu) may reside in the E site or dissociate into solution

(Chen et al., 2013; Uemura et al., 2010). In comparison, when

Val-tRNAVal and Phe-tRNAPhe were added together with Lys-

tRNALys, decoding of two consecutive codons (regardless in

which frame) and two translocation events should completely

displace tRNALeu from the ribosome, thereby providing a mea-

sure for the maximum fluorescence change associated with

tRNALeu(Flu) movement from the P site to the solution. The

apparent rates of elemental reactions were estimated by numer-

ical integration, taking into account the rates of Lys incorporation

(Table S2) and EF-G binding steps (Figure 2 and Table S3), which

as such do not lead to fluorescence changes of tRNALeu(Flu). In

the absence of –1PRF stimulatory elements, the fluorescence of

tRNALeu(Flu) changed rapidly, with a predominant rate of about

9 s�1 (Figures 4B, 4D, and 4H and Table S3), reflecting rapid

tRNA movement toward the POST state. The additional step,

at 3 s�1, contributed relatively little to the fluorescence change

(Figure 4H) but was required to obtain satisfactory fits. The

dissociation of tRNALeu(Flu) from ribosomes translating –/–

mRNA was not monitored as a separate step, as the fluores-

cence changes observed after one or two translocation rounds

were not significantly different (Figures 4B and 4H).

In the presence of both –1PRF stimulatory elements (+/+

mRNA), the fluorescence change observed with tRNALeu(Flu)

was multiphasic (Figure 4C). Numerical integration (Table S3)

suggested that, following EF-G binding, there was a very fast

step (>10 s�1), followedbya slower step (0.9 s�1) that contributed

most of the fluorescence change (Figure 4I). The rapid step

likely reflects the movement of tRNALeu(Flu) concomitantly

with the movement of MYLK-tRNALys into the Pmn-reactive

POST state on the 50S subunit, which, in the following, we refer

to as POST1. The step with the rate of 0.9 s�1 was significantly

slower than the lower limit for the rate of movement into the



Pmn-reactive POST1 step (7 s�1) and therefore constitutes a

separate, second step during which tRNALeu moves further to a

POST2 state and the tRNALeu(Flu) fluorescence decreases. The

rate of tRNALeu dissociation from the ribosome was about

0.2 s�1, as estimated from the kinetic differences between one

and two rounds of translocation (Figures 4C, 4D, and 4I; see

also below).

Impeded Rearrangement of the 30S Subunit
In addition to recording the fluorescence change of tRNALeu

upon movement through the ribosome, we employed a FRET

assay monitoring the proximity between tRNALeu(Flu) and a

nonfluorescent acceptor (Atto540Q, denoted as AttoQ in the

following) attached to protein S13. The FRET assay measures

the timing of tRNALeu release from its P site position on the

30S subunit. Introducing the quencher did not affect the kinetics

of translation (Table S2). As in the experiments described above,

we prepared ribosome complexes carrying S13(AttoQ) (Cunha

et al., 2013) and MYL-tRNALeu(Flu) in the P site and mixed

them with Lys-, Val-, and Phe-tRNA bound to EF-Tu–GTP and

EF-G–GTP (Figure 4A). Translocation on the –/– mRNA resulted

in a fluorescence increase (reduced FRET) due to the movement

of tRNALeu away from S13 (Figure 4E). After Lys-tRNALys and

EF-G recruitment, there was a rapid small FRET change, taking

place at a rate of about 9 s�1, which coincided with the rate of

the transition reported by tRNALeu(Flu), and a major FRET

change that took place at 3 s�1, concomitantly with EF-G disso-

ciation (Figure 4H and Table S3). This suggests the following

mechanism of translocation when there is no –1PRF: following

EF-G binding to the PRE complex, tRNALeu and MYLK-tRNALys

moved at a rate of 9 s�1 through POST1 to POST2 states; those

two states cannot be distinguished in the experiments with –/–

mRNA. The extent of FRET between tRNALeu(Flu) and S13

(AttoQ) did not change at this stage, suggesting that the head

of the subunit moved together with the tRNA. The interaction be-

tween tRNALeu and the 30S head was released at a later step,

which proceeded at a rate of 3 s�1 and likely represented the

backward rotation of the 30S head. This movement coincided

with the dissociation of EF-G (Table S3) and resulted in the for-

mation of the POST3 state (Figure 5A).

Translation of the +/+ mRNA led to a much slower change of

FRET between tRNALeu and S13 (Figures 4F and 4G). The reac-

tion rates estimated by numerical integration suggested that,

after Lys incorporation (about 5 s�1; Table S3) and EF-G binding

(about 5 s�1; Figure 2 and Table S3), the FRET efficiency

changed in two steps with rates of 0.9 s�1 (to POST2) and

0.2 s�1 (to POST3), which coincided with the rates reported by

the fluorescence change of tRNALeu(Flu) and EF-G dissociation,

respectively (Figure 4I and Table S3). Thus, on +/+ mRNA, the

movement of the 30S head away from tRNALeu is delayed, and

the rates of the respective reactions are >10-fold slower than

in the absence of –1PRF stimulatory elements.

Taken together, the kinetic data lead us to the following model

of –1PRF (Figure 5B). The ribosomes are committed to either

0 or –1 frame during translocation of the two tRNAs bound to

the slippery sequence. Based on the assignment of the kinetic

steps (Figures 3 and 4), we assume the existence of the following

different intermediate positions of tRNALeu: POST1, which forms
by the movement of MYLK-tRNALys from PRE to POST on the

50S subunit (Pmn reaction); POST2, which leads to the major

change in tRNALeu(Flu) fluorescence; and POST3 corresponding

to the movement of protein S13 away from tRNALeu. Formation

of POST1 is rapid and takes place independent of frameshifting

signals (Figure 3). The rates of the following reactions are

different on the –/– and +/+ mRNAs, suggesting that partitioning

between the reading frames is likely to happen at this step, with

75%of ribosomes continuing translation in the –1 frame (Table 1).

For the partitioning model, the observed value of 0.9 s�1 ob-

tained by model-free fitting of individual time courses (Table

S3) represents the sum of the rate constants of ribosomes mov-

ing in the 0 and –1 frames, whereas the ratio between these two

rate constants defines the efficiency of –1PRF. This yields a rate

constant of 0.7 s�1 for the ribosomes, which shifted into the –1

frame, compared to 0.2 s�1 for those that remained in the 0 frame

(Figure 5B). The following movement of the 30S head away from

tRNALeu (transition from POST2 to POST3) was also slow, 0.2–

0.3 s�1 in the –1 frame. This transition coincided with the release

of EF-G (0.2 s�1) (Table S3) and limited the rate of Val-tRNAVal

incorporation (0.3 s�1, cf. Table 2). The rate of the POST2 to

POST3 transition in the 0 frame could not be measured directly

because the fraction of ribosomes remaining in the 0 frame

was too small. However, assuming that also Phe-tRNAPhe incor-

poration was limited by the transition from POST2 to POST3, the

rate of that transition should be about 0.1 s�1 (cf. Table 2). To

validate the rates of each elemental step and to ensure that all

data collectively are consistent with the model, we combined

the time courses reflecting the kinetics of EF-G binding and

dissociation (Figure 2 and Table S3), as well as tRNALeu move-

ment (Figure 4 and Table S3) with the kinetics of Lys, Val, and

Phe incorporation, and performed global fitting of the data on

the basis of the model depicted in Figure 5B using a unifying

set of rate constants. The results of global fitting yielded a solu-

tion that was in perfect agreement with all measured kinetic data

(Figure 4J) and provided the values for the rate constants that

determine the efficiency of –1PRF (Figure 5B).

DISCUSSION

Kinetic Model of Programmed –1 Frameshifting
The present kinetic analysis of –1PRF indicates that the –1 slip-

page occurs at a late step of tRNA translocation when two tRNAs

are still bound to the slippery sequence of the mRNA (Figure 5).

EF-G binding to the PRE complex with tRNALeu and MYLK-

tRNALys drivesa rapidmovement of both tRNAs into aPOSTstate

on the 50S subunit, rendering MYLK-tRNALys reactive with Pmn.

This notion is consistentwith the results of recent single-molecule

fluorescence studies that suggest that the translocation of the A

site tRNA, as monitored by FRET to ribosomal protein L11, is not

affected by the presence of a downstream pseudoknot (Chen

et al., 2013). Our data further suggest that the head of the 30S

subunit moves together with the tRNAs because the distance be-

tweenFRET labels in tRNALeu andprotein S13doesnot changeat

this stage. Thus, the conformation of the ribosome in the state

where –1PRF occurs may resemble a chimeric state with tRNAs

in pe/E and ap/P states (Ramrath et al., 2013), although the de-

gree of intersubunit rotation and 30S head swiveling/tilting may
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be different. A recent single-molecule study suggested that, in

the presence of the frameshift-inducing dnaX hairpin, the ribo-

somal subunits are driven into a hyperrotated state with the L1

stalk in a predominantly open conformation (Qin et al., 2014). In

our system, EF-G remains bound to the ribosome, engaged in

an attempt to complete translocation; however, the backward

rotation of the 30S head is inhibited by the pseudoknot, which

could also explain why the E site tRNA is not released (this paper

and Chen et al. [2013]). The action of EF-G and possibly the

chimeric state of the ribosome appear to destabilize codon-anti-

codon interactions (Fredrick and Noller, 2002), which can then

repair in either 0 or –1 frame. Apparently, slippage to the –1 frame

is favorable, as those ribosomes that switched to the –1 frame

can complete translocation and release EF-G about three times

faster than those remaining in the 0 frame, which determines

partitioning between the –1 and 0 frames and efficiency of

–1PRF (Figure 5).

The present model in principle is consistent with the notion

that –1PRF is achieved by simultaneous slippage of two tRNAs

bound to the codons of the slippery sequence (Jacks et al.,

1988). However, in contrast to the original simultaneous-slip-

page model, which proposed that –1PRF occurs prior to pep-

tide bond formation, our data suggest that the slippage takes

place during translocation, as originally suggested by Atkins

and Gesteland (Weiss et al., 1989), with EF-G bound to the

ribosome during pausing at the pseudoknot (Namy et al.,

2006). We note that, although simultaneous slippage during

translocation appears to be predominant in our model system,

other –1PRF pathways may be favored depending on the

length of the slippery sequence and the structure of the

mRNA secondary structure element. Furthermore, mutations

of the ribosome, translation factors, or tRNAs that alter the

kinetics of translation reactions or impairing ribosome functions

with antibiotics may also alter the rate-determining step of fra-

meshifting, thereby introducing alternative routes for –1PRF (for

reviews see Brierley et al., 2010; Dinman, 2012; Farabaugh,

1997; Fayet and Prère, 2010; Gesteland and Atkins, 1996).

Further kinetic analysis will be necessary to show which

pathway for –1PRF is predominant in other systems, such as

dnaX, HIV-1, or SARS-CoV.
Figure 4. Movement of tRNALeu

(A) Experimental design. 70S POST complexes (with protein S13 unlabeled or labe

with EF-G–GTP, EF-Tu–GTP, and either Lys-tRNALys alone, leading to one round o

and Phe-tRNAPhe, leading to two consecutive rounds of translocation (Lys/Val/P

(B) Time courses of movement upon translation of –/– mRNA monitored by chang

indicative of tRNALeu(Flu) moving out of the P site.

(C) Same as (B) with +/+ mRNA.

(D) Comparison of time courses with –/– and +/+mRNAs upon two rounds of trans

normalized with the maximum value in each curve set to 1 and the minimum set

(E) Time courses of the detachment of tRNALeu(Flu) from the 30S subunit upon tran

(F) Same as (E) with +/+ mRNA.

(G) Comparison of time courses with –/– and +/+ mRNAs upon two rounds of tran

rate constants of predominant reactions are indicated.

(H and I) Summary of the minimum set of apparent rate constants and fluorescenc

(I) frameshifting signals (tRNALys binding was included as the first step preceding

(J) Global fit of translocation kinetics on +/+ mRNA monitored by FRET between

protein S13 and tRNALeu during one round or two rounds of translocation.

See also Tables S2 and S3.
Our findings suggest that the pseudoknot stalls the ribosome

in a chimeric state with the 30 end of the pept-tRNA in the POST

state on the 50S subunit and an intermediate state on the 30S

subunit. This provides a biochemical interpretation for the cryo-

EM reconstruction of the eukaryotic frameshifting complex

stalled at the pseudoknot in the absence of the slippery

sequence. In that complex, a single tRNA apparently occupied

the P site (a chimeric position of the small ribosomal subunit

head could not be seen due to insufficient resolution), the

tRNA appeared to be deformed, and the translocase (eEF2,

the eukaryotic homolog of EF-G) interacted with the tRNA

(Namy et al., 2006). In contrast to that structure, we find that

the E site tRNA remains bound to the ribosome during

–1PRF, which is consistent with the recent single-molecule

(Chen et al., 2013) and previous biochemical studies (Horsfield

et al., 1995). In the POST2 state, the codon-anticodon interac-

tion in the E site may be weakened or dissolved (Lill and Winter-

meyer, 1987), which may contribute to the high efficiency of

–1PRF and explain why the E site tRNA appears to be bound

to a near-cognate codon after shifting into the –1 frame (this

paper and Brierley et al. [1997]) and dissociate upon sample

dilution in cryo-EM experiments (Namy et al., 2006). Our data

also predict that mutations of the E site should affect –1PRF

(Devaraj et al., 2009; Léger et al., 2007; McGarry et al., 2005;

Sergiev et al., 2005) by altering the kinetic parameters of slip-

page, e.g., by changing the stability of pe/E site tRNA binding

or affecting the dynamics of the ribosome subunits in the

chimeric state.

Role of the Slippery Sequence and the Pseudoknot
The present data shed light on the roles of the slippery sequence

and the pseudoknot in promoting –1PRF. The slippery sequence

alone can induce –1 frame decoding without significant ribo-

some pausing, increasing the rate of Val incorporation in the –1

frame about 100-fold. EF-G binding and the resulting destabili-

zation of codon-anticodon interactions may allow a portion of

the ribosomes to re-pair in the alternative frame within the short

EF-G residence time on the ribosome, thus resulting in a rapid

translation in either 0 or –1 frame. In the presence of the pseudo-

knot, the slippery sequence specifically enhances the –1 frame
led with AttoQ) withMYL-tRNALeu(Flu) in the P site. The complexes weremixed

f translocation (Lys; blue traces in B, C, E, and F), or Lys-tRNALys, Val-tRNAVal,

he; red in B, C, E, and F).

es in tRNALeu(Flu) fluorescence (unlabeled S13). The fluorescence decrease is

location (Lys/Val/Phe, fromB andC). For better comparison, time courses were

to 0. Apparent rate constants of predominant reactions are indicated.

slation of –/– mRNAmonitored by FRET between S13(AttoQ) and tRNALeu (Flu).

slocation (Lys/Val/Phe, from E and F); data were normalized as in (D). Apparent

e changes required to evaluate translocation time courses without (H) and with

translocation in all fittings; see also Table S3).

protein L12 and EF-G; fluorescence changes of tRNALeu and FRET between

Cell 157, 1619–1631, June 19, 2014 ª2014 Elsevier Inc. 1627



Figure 5. Kinetic Model of –1PRF

(A) Model of translocation in the absence of –1PRF. In the absence of –1PRF stimulatory elements (–/– mRNA), EF-G binds rapidly to the PRE complex (step 1).

Subsequently, the tRNAs move into a chimeric state in which both deacylated tRNA and pept-tRNA move relative to the 50S subunit into a Pmn-reactive state

(POST1/2), whereas their contacts with the 30S subunit are not disrupted (step 2). In step 3, tRNALeu detaches from the 30S head, probably during the backward

30S head rotation, and EF-G is released (POST3). Step 4, EF-Tu–GTP–Phe-tRNAPhe binds to the A site, and Phe is incorporated into the peptide.

(B) Kinetic partitioning during –1PRF. The slippage occurs during translocation of the two tRNAs bound to the slippery sequence (tRNALeu and MYLK-tRNALys).

Recruitment of EF-G (step 1) to the PRE complex facilitates rapid tRNA movement (step 2) into a chimeric state (POST1); however, the following steps are in-

hibited by the presence of the pseudoknot. Further movement of tRNALeu proceeds in two steps. First, tRNALeu moves on the 50S subunit into a POST2 state

while the distance to the 30S subunit is not changed (steps 3 and 6 in 0 frame and –1 frame, respectively). Second, tRNALeu and the 30S subunit move apart (steps

4 and 7) into a POST3 state. Steps 3 and 4 are particularly slow for the tRNA that remains in 0 frame, which limits the rate of the following Phe-tRNAPhe binding

(step 5). In contrast, tRNALeu movement on those ribosomes which switched to the –1 frame, is faster (step 6), followed by dissociation of tRNALeu from the 30S

subunit, 30S head rotation, and dissociation of EF-G (step 7) and binding of Val-tRNAVal (step 8).
translation due to faster (about 5-fold) completion of the translo-

cation step as monitored by EF-G release. These data suggest

that slippery sequences in genomes may provide a high, as-

yet-unappreciated potential for recoding and misreading.

The pseudoknot alone has a moderate inhibitory effect on

EF-G binding, but its main effect is to inhibit the backward rota-

tion of the 30S subunit head, which results in the retention of the

E site tRNA and EF-G, independent of the slippery sequence. In

the absence of the slippery sequence, the progression of the

ribosome is stalled dramatically; EF-G release is extremely

slow, which limits the rate of further decoding steps. The low

rate of spontaneous passage through the pseudoknot in the
1628 Cell 157, 1619–1631, June 19, 2014 ª2014 Elsevier Inc.
absence of slippage suggests that passive unwinding, which

is one of the two mechanisms employed by the ribosome to

handle mRNA secondary structures (Qu et al., 2011), is too

slow to promote further movement.

With both stimulatory elements present, the slippery sequence

provides the necessary freedom for the ribosome to change its

positionwith respect to the pseudoknot, allowing for the comple-

tion of translocation and continuation of translation in the new

frame. The position of the pseudoknot relative to the slippery

sequence appears to play a central role in –1PRF (Lin et al.,

2012).We note that realignment of the ribosome in the –1 reading

frame would place the pseudoknot at the ribosomal helicase



active site formed by ribosomal proteins S3, S4, and S5 at posi-

tion +11 of an mRNA bound to the ribosome (counting from the

first nucleotide of the P site codon) (Takyar et al., 2005). One

attractive hypothesis is that the precise ribosome positioning

allows the helicase to act on the mRNA roadblock. This mecha-

nism may work in both pro- and eukaryotic systems, as helicase

residues in S3 andS5 are evolutionary conserved. In line with this

hypothesis, frameshift efficiency is primarily determined by the

stability of base pairs positioned at the mRNA entrance channel

of the ribosome (Mouzakis et al., 2013). Our experiments sug-

gest that –1 slippage allows for a 3-fold faster movement of

the ribosome through the pseudoknot base. This suggests that

the exact position of the secondary structure element relative

to the translocating ribosome has a kinetic effect on unwinding,

underscoring the important role of an active helicasemechanism

in mRNA unwinding (Qu et al., 2011).

Implications for the Mechanism of Translocation
Translocation is a highly dynamic process that entails move-

ments of tRNAs, mRNA, and EF-G, rotation of the ribosomal

subunits relative to one another, 30S head swiveling and tilting,

and motions of ribosomal elements, such as proteins L1 and

L12. The present results provide insights into the nature of

the rate-limiting steps that govern the stepwise motion of the

tRNA-mRNA complex through the ribosome (Figure 5). In the

PRE state, the anticodons of the two tRNAs occupy the P

and A sites of the 30S subunit, whereas the tRNA 30 ends on

the 50S subunit are dynamic, allowing for different tRNA posi-

tions in classical, hybrid, or intermediate states. Binding of

EF-G accelerates the rate-limiting ribosome unlocking step,

which is followed by rapid translocation both on the 50S and

30S subunit to a state that is a Pmn-reactive POST state with

respect to pept-tRNA (analogous to POST2 in Figure 5) (Cunha

et al., 2013; Holtkamp et al., 2014; Savelsbergh et al., 2003).

The next kinetically distinct step of translocation is the back-

ward movement of the 30S head (Cunha et al., 2013; Guo

and Noller, 2012), which takes place concomitantly with the

dissociation of EF-G and the E site tRNA and results in the

movement of mRNA by one codon. mRNA secondary struc-

tures are usually resolved by the unwinding activity of the ribo-

some (Takyar et al., 2005; Wen et al., 2008). If the ribosome

mechanically pulls apart the mRNA strands of the closed junc-

tion (Qu et al., 2011), it is likely to do so at a late state of trans-

location when the 30S subunit head rotates backward.

EXPERIMENTAL PROCEDURES

Ribosome Complexes

Ribosomes, translation factors, and tRNAs were from E. coli. The experiments

were carried out in buffer A (50 mM Tris-HCl [pH 7.5], 70 mM NH4Cl, 30 mM

KCl, 7 mM MgCl2) supplemented with GTP (1 mM) at 37�C. To prepare initia-

tion complexes, 70S ribosomes (1–1.5 mM) or AttoQ-labeled 30S (0.5 mM) and

50S subunits (1 mM) were incubated with a 3-fold excess of mRNA and a 1.5-

fold excess each of IF1, IF2, IF3, and f[3H]Met-tRNAfMet in buffer A for 30min at

37�C. Initiation complexes were purified by centrifugation through a 1.1 M

sucrose cushion in buffer A. Ternary complexes were prepared by incubating

EF-Tu (2-fold excess over aa-tRNAs) with GTP (1 mM), phosphoenolpyruvate

(3 mM), and pyruvate kinase (0.1 mg/ml) for 15 min at 37�C and then with the

mixture of Tyr-tRNATyr, Leu-tRNALeu, Lys-tRNALys, Phe-tRNAPhe, and Val-

tRNAVal (1 mM) for 1 min. Posttranslocation complexes with MYL-tRNALeu in
the P site were prepared by incubating purified 70S initiation complexes

(1.5 mM) with ternary complexes EF-Tu–GTP–Tyr-tRNATyr and –Leu-tRNALeu

(3.5 mM each) and EF-G (3.5 mM) for 30 s at 37�C. Complexes were purified

on a Sephacryl-300 column in buffer A. Ternary complexeswith BOPwere pre-

pared at a 5-fold excess of EF-Tu–GTP over BOF-Lys-tRNALys to compensate

for the decreased affinity of the modified tRNA for the factor as described (Mit-

telstaet et al., 2013).

Rapid Translation Experiments

Translation experiments were performed by rapidly mixing initiation com-

plexes (0.2 mM) with the respective ternary complexes as indicated

(1.5 mM) and EF-G (2 mM) in a quench-flow apparatus. After neutralization

with acetic acid, the products were analyzed by HPLC (LiChroSpher100

RP-8 HPLC column, Merck). Fluorescence experiments were carried out

using a stopped-flow apparatus after mixing equal volumes of posttransloca-

tion complexes carrying MYL-tRNALeu in the P site (0.05 mM) with ternary

complexes as indicated (0.25 mM) and EF-G (1 mM). Alx488 and Flu fluores-

cence was excited at 470 nm and detected after passing a KV500 cut-off

filter (Schott). The time courses were evaluated by numerical integration

using the Micromath Scientist software as described in Extended Experi-

mental Procedures.

Frameshift Assay In Vivo

Vectors used for in vivo experiments contained Fluc and Rluc genes amplified

by PCR from vectors pGEM-luc and pRL (Promega), respectively, and ligated

into pET24a(+) (Novagen) (Figure S2). A synthetic fragment of the IBV 1a/1b

gene was cloned into pTZ18 and then used as a template for further PCR

amplification. All other vectors were generated by point mutation or deletion

using PCR.

Dual luciferase constructs were transformed into E. coli Tuner (DE3) cells

(Novagen), and cells were plated on LB with kanamycin (30 mg/ml). LBkan cul-

tures were inoculated from single colonies and grown at 37�C to OD600 = 0.5.

Expression was induced with IPTG (70 mM) and conducted for 30 min at 37�C.
Cells were harvested by centrifugation (2 min at 10,000 g). Cells were resus-

pended in lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 5 mg/ml lyso-

zyme; 1 ml buffer per OD600 unit) and lysed on ice for 10 min. Cell debris

was removed by centrifugation for 5 min at 10,000 g and 4�C. Fluc and Rluc

activities were measured separately in a luminometer (Sirius Single, Berthold)

with a delay time of 2 s and an integration time of 5 s. To measure Fluc activity,

5 ml of supernatant were mixed with 100 ml of Beetle Juice (PJK GmbH) and

incubated at RT for 5 min prior to the measurement. Rluc activity was

measured by mixing 5 ml of cell extract with 100 ml of Renilla Glow Juice

(PJKGmbH) following an incubation of 10min at RT. Frameshifting efficiencies

were calculated as follows: –1PRF = Rluc/Fluc–1 frame/(Rluc/Fluc–1 frame + Rluc/

Fluc0 frame). The Rluc/Fluc–1 frame value obtained with the –/– construct was

considered as background and subtracted from the Rluc/Fluc–1 frame values

obtained with all other mRNA constructs.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Ribosomes, mRNAs, tRNAs, and Translation Factors
Chemicals were from Roche, Sigma, or Merck. Radioactive compounds were from Hartmann Analytic. Ribosomes from E. coliMRE

600, fMet-tRNAfMet, Phe-tRNAPhe, EF-Tu, EF-G, and initiation factors were prepared as described (Cunha et al., 2013; Rodnina et al.,

1997, 1999; Savelsbergh et al., 2003). Fluorescein-labeled tRNALeu was prepared according to published protocols (Milon et al.,

2007; Wintermeyer et al., 1979). tRNATyr, tRNALeu (reading the UUA/UUG codon), tRNALys, and tRNAVal were prepared from bulk

E. coli tRNA by consecutive column chromatographies on Sepharose 4B (GE Healthcare), Phenyl Sepharose (GE Healthcare),

and DEAE Toyopearl (Tosoh Bioscience) (Holmes et al., 1975). Aminoacylation of purified tRNAs with 14C-labeled and unlabeled

amino acids was performed as described (Kothe et al., 2006), and aa-tRNAs were purified by reversed-phase HPLC on a WP 300

RP-18 HPLC column (250 mm x 10.5 mm, Merck) equilibrated with buffer (20 mM ammonium acetate, pH 5.0, 10 mM magnesium

acetate, 400 mM NaCl) using a gradient of 0%–15% ethanol. Aa-tRNAs were precipitated with ethanol, dissolved in water, and the

concentrations were determined photometrically.

We used amodified variant of the original IBV pseudoknot, with loop 2 shortened from 35 nucleotides to 8 nucleotides, and placed

it six nucleotides downstream of the slippery site, which ensured efficient –1PRF (Brierley et al., 1992; Napthine et al., 1999). The 50

leader of the mRNA had an SD sequence seven nucleotides upstream of the AUG start codon, which was necessary to achieve high

initiation efficiency. The following mRNA constructs were used (slippery sequence/pseudoknot are indicated by + or –, start codon

underlined):

+/+ mRNA: 5’GGGAAUUCAAAAAUUGUUAAGAAUUAAGGAGAUAUACAUAUGUAUUUAAAGUUUCGCGGGGUAUCAGU

CAGGCUCGGCUGGUACCCCUUGCAAAGCGAGCCGUAAUAA 30;
+/� mRNA: 50GGGAAUUCAAAAAUUGUUAAGAAUUAAGGAGAUAUACAUAUGUAUUUAAAGUUUCGCUAAUAA 30;
–/– mRNA, Phe in 0-frame: 50GGGAAUUCAAAAAUUGUUAAGAAUUAAGGAGAUAUACAUAUGUAUUUGAAGUUUCGCA 30;
–/– mRNA, Val in 0-frame, AAG codon for Lys: 5’GGGAAUUCAAAAAUUGUUAAGAAUUAAGGAGAUAUACAUAUGUAUUUGAAG

GUUUCGCA 30;
–/+ mRNA: 50GGGAAUUCAAAAAUUGUUAAGAAUCAAGGAGAUAUACAUAUGUA

UUUGAAGUUUCGCGGGGUAUCAGUCAGGCUCGGCUGGUACCCCUUGCAAAGCGAGCCGUAAUAA 30;
mRNAwithAAAcodon for Lys: 50GGGAAUUCAAAAAUUGUUAAGAAUUAAGGAGAUAUACAUAUGUAUUUGAAAGUUUCGCA30.
The mRNAs were prepared by T7 RNA-polymerase transcription and purified on a RNeasy Maxi Prep column (QIAGEN) according

to the manufacturer’s instructions. BOF-Lys-tRNALys was prepared as described (Mittelstaet et al., 2013). Expression, purification,

and refolding of S13 were carried out as described (Hickerson et al., 2005). Labeling of S13 with Atto540Q and reconstitution of 30S

subunits were performed according to published protocols (Cunha et al., 2013). The 30S subunits were labeled tomore than 90%, as

determined photometrically. 70S ribosomes carrying L12 labeled at position 118 with Alx488 were prepared as described (Mohr

et al., 2000; Savelsbergh et al., 2005). Labeling of EF-G with QSY9 was performed by incubating EF-G containing a His6-tag and

a single engineered Cys at position 209 (Wilson and Noller, 1998) with a five-fold excess of QSY9-maleimide in labeling buffer

(50 mM Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 7 mM MgCl2, 300 mM NaCl) in the dark at 4�C overnight. Affinity purification

of labeled EF-G by the C-terminal His-tag was carried out using a Protino gravity-flow column (Macherey-Nagel) (Cunha et al.,

2013). The protein was concentrated and stored in buffer A with 50% glycerol. The concentration of EF-G(QSY9) was calculated

from the absorbance at 280 nm.

Rapid Kinetics
Quench-flow experiments were performed in buffer A at 37�C using a KinTek RQF3 apparatus. Translation experiments were per-

formed by rapidly mixing initiation complexes (0.2 mM after mixing) with the respective ternary complexes as indicated (1.5 mM)

and EF-G (2 mM). Reactions were quenched by the addition of KOH (0.5 M), and peptides were released by hydrolysis for 30 min

at 37�C. After neutralization with acetic acid, samples were analyzed by HPLC (LiChroSpher100 RP-8 HPLC column, Merck) using

an adapted gradient of acetonitrile in 0.1% TFA. The elution positions of the reaction products were determined using a set of

peptides synthesized in vitro (f[3H]Met[14C]Tyr, f[3H]MetTyr[14C]Leu, f[3H]MetTyrLeu[14C]Lys, f[3H]MetTyrLeuLys[14C]Phe, or f[3H]

MetTyrLeuLys[14C]Val). The extent of product formation was determined from the ratio of f[3H]Met in the respective peaks to the total
3H-radioactivity in the eluate.

Time courses were evaluated by numerical integration using the Micromath Scientist software according to the following model:

A/
kTyr

B /
kTl MY

C/
kLeu

D/
kLys

E

kPhe G
b
a
kVal H

Where kTyr, kLeu, kLys, kPhe and kVal are rate constants of incorporation of the respective amino acids into the peptide and kTl MY is the

rate of the 1st translocation event. The fraction of ribosomes that did not react was taken into account by the respective concentration

correction parameters. Standard deviations of the values determined by global fitting are indicated in Tables 2, S1, S2, and S3.
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The Pmn assay was carried out in buffer A at 37�C. Initiation complexes (0.2 mM after mixing) were first incubated with ternary

complexes as indicated (1.5 mM; with 14C-labeled Lys) and EF-G (2 mM) for different times and then rapidly mixed with Pmn

(1 mM), incubated for another 0.5 s, and finally quenched with KOH (0.5 M) in the collection tube. After hydrolysis and neutralization,

samples were analyzed by HPLC.

Fluorescence experiments were carried out in buffer A at 37�C using a stopped-flow apparatus (SX-20MV; Applied Photophysics).

Labeled ribosomes, tRNAs, and EF-Gwere used as indicated. Alx488 and Flu fluorescence was excited at 470 nm and detected after

passing a KV500 cut-off filter (Schott). Equal volumes of post-translocation complexes carrying MYL-tRNALeu in the P site were

rapidly mixed with ternary complexes as indicated (0.25 mM) and EF-G (1 mM). At least seven individual traces were averaged and

evaluated by numerical integration using the Micromath Scientist software. Evaluation of individual time courses was carried out

by numerical integration as indicated in the caption of Table S3. Because such fitting requires that some values are fixed during fitting

(see caption of Table S3), we also performed global fitting of all time courses together, which does not require that any particular value

is fixed and validates the overall consistency of the calculated values. For the global fitting of translocation, the following time courses

were combined: FRET change upon interaction of EF-G(QSY9) with L12(Alx488) (Figure 2C); fluorescence intensity change upon

translocation of tRNALeu(Flu) (Figure 4C); and FRET change upon movement of tRNALeu(Flu) relative to S13(AttoQ) upon addition

of Lys-tRNALys alone or together with Phe-tRNAPhe and Val-tRNAVal (Figure 4E). The following kinetic model was used:

POSTLeu/
kLys

PRELys/
kEFG

PREEFG/
kTl1

POST1

kTl2 Phe POST2ð0Þ /
kTl3 Phe

POST3ð0Þ/kPhePREPhe

b
a

kTl2 Val POST2ð�1Þ /
kTl3 Val

POST3ð�1Þ/kVal PREVal

where kLys, kPhe, and kVal are the incorporation rates of the respective amino acid; kEFG is the rate of EF-G binding; kTl1 is the rate of

movement into the chimeric state where MYLK-tRNALys becomes Pmn-reactive; kTl2 for Phe and Val are the rates of rearrangements

reported by the label in tRNALeu; kTl3 for Phe and Val are the rates leading to completion of translocation; PRE andPOST states refer to

the respective pept-tRNA in the A site (PRE) or P site (POST) (Table S4). The relative fluorescence of each intermediate was

expressed by the respective F value.
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Figure S1. Optimization of the In Vitro Assay, Related to Figure 1 and Tables 1 and 2

(A) Peptide separation by HPLC. The composition of peptides is indicated.

(B) Dependence on EF-G concentration. Time courses of sequential Tyr, Leu and Lys incorporation on –/–mRNAwere obtained as in Figure 1C and the rates (kapp)

were evaluated by numerical integration (Extended Experimental Procedures).

(C) A representative experiment showing time courses of fMet-tRNAfMet consumption (M) and fMetTyr formation (MY).

(D) Concentration dependence of the observed kTyr rate (kapp) of MY formation.

(E) Same as (C) for fMetTyrLeu (MYL).

(F and G) (F) Concentration dependence of the rate (kapp) of MYL formation (G) Same as (C) for fMetTyrLeuLys (MYLK) fitted to a model A/
kTyr

B /
kTl MY

C/
kLeu

D/
kLys

E. An

alternative fit which does not take into account Tl MY as a separate step is shown for MYL for comparison (dashed line). Fitting the incorporation kinetics of Lys,

Phe and Val did not require that the respective preceding translocation steps were taken into account.

(H) Concentration dependence of the rate (kapp) of MYLK formation.

Error bars in (B), (D), (F), and (G) are SDs of rate constants obtained by global fitting.
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Figure S2. Dual Luciferase Construct, Related to Table 1

The genes coding for firefly (Fluc) and renilla (Rluc) luciferases were linked by a fragment of the frameshifting site of the IBV 1a/1b gene. The complete Fluc-Rluc

fusion protein was produced when the linker region was translated, which required the –1PRF. Frameshifting efficiency of –1PRF in vivo was calculated in the

same way as in the in vitro experiment, FS% = –1-frame product/(�1-frame + 0-frame products) 3 100%.
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Figure S3. Accommodation of BOP-Lys-tRNALys, Related to Table 2

(A) Ribosome complexes with MYL-tRNALeu (0.05 mM) were mixed with fluorescent BOP-Lys-tRNALys (2 mM) in the complex with EF-Tu–GTP (10 mM).

(B) Time courses of BOP-Lys-tRNALys accommodation on ribosome complexes prepared with –/– mRNA (blue) or +/+ mRNA (red). Fitting was done by numerical

integration using a two-step sequential model, where the first step includes all decoding events prior to accommodation followed to the accommodation step.

The first step led to a small fluorescence decrease (3%–5%); the estimated rate was about 20 ± 10 s�1. The major change (20%) was due to the accommodation;

the rates of accommodation were 2.0 ± 0.1 and 2.2 ± 0.1 for –/– and +/+ mRNAs, respectively.
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