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Significance

Translational fidelity underlies 
cellular fitness by ensuring that 
proteins are synthesized as 
encoded. Although maintenance 
of the correct reading frame is 
critical to protein synthesis, 
programmed ribosomal 
frameshifting is a well- studied 
process enabling the production of 
distinct polypeptides from a single 
mRNA. The occurrence of 
nonprogrammed ribosomal 
frameshifting producing aberrant 
polypeptides is less well 
understood. Using genetics and an 
unbiased proteomic approach, we 
investigate the spectrum of 
slippage products for two 
unrelated mRNAs in bacteria. We 
observe significant frameshifting 
implicating numerous sites along 
the mRNAs, many of which do not 
correspond to typical “slippery” 
sites, indicative of an unexpected 
degree of mechanistic diversity. 
Our findings suggest that the 
prevalence of frameshifted 
products in the proteome is 
greater than generally assumed.
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The synthesis of proteins as encoded in the genome depends critically on translational 
fidelity. Nevertheless, errors inevitably occur, and those that result in reading frame 
shifts are particularly consequential because the resulting polypeptides are typically 
nonfunctional. Despite the generally maladaptive impact of such errors, the proper 
decoding of certain mRNAs, including many viral mRNAs, depends on a process 
known as programmed ribosomal frameshifting. The fact that these programmed 
events, commonly involving a shift to the –1 frame, occur at specific evolutionarily 
optimized “slippery” sites has facilitated mechanistic investigation. By contrast, less 
is known about the scope and nature of error (i.e., nonprogrammed) frameshifting. 
Here, we examine error frameshifting by monitoring spontaneous frameshift events 
that suppress the effects of single base pair deletions affecting two unrelated test 
proteins. To map the precise sites of frameshifting, we developed a targeted mass 
spectrometry–based method called “translational tiling proteomics” for interrogating 
the full set of possible –1 slippage events that could produce the observed frameshift 
suppression. Surprisingly, such events occur at many sites along the transcripts, involv-
ing up to one half of the available codons. Only a subset of these resembled canonical 
“slippery” sites, implicating alternative mechanisms potentially involving noncognate 
mispairing events. Additionally, the aggregate frequency of these events (ranging from 
1 to 10% in our test cases) was higher than we might have anticipated. Our findings 
point to an unexpected degree of mechanistic diversity among ribosomal frameshifting 
events and suggest that frameshifted products may contribute more significantly to 
the proteome than generally assumed.

ribosome | frameshifting | translation | proteomics | E. coli

Translational fidelity is fundamental to cellular fitness, ensuring the production of a 
properly functioning proteome. Nonetheless, errors inevitably occur and the frequency 
at which different types of errors occur presumably reflects an evolutionary trade- off 
between the costs of achieving greater accuracy and the costs of mitigation (e.g., by protein 
quality control systems) (1). Among the types of errors that can occur, ribosomal 
frameshifting is particularly consequential because it typically results in the production 
of a nonfunctional polypeptide. Although the occurrence of such errors was inferred early 
on by establishing the leakiness of a collection of lacZ frameshift mutants (2), estimates 
in the literature suggest that the frequency of spontaneous frameshifting is low, at <10–5 
per codon translated (3, 4). However, these estimates are based on limited data, and 
systematic attempts to measure the frequency of these events are lacking.

Moreover, despite the detrimental effects of ribosomal frameshifting, the proper decod-
ing of certain mRNAs depends on a process known as programmed ribosomal frameshift-
ing. For these processes to have evolved, a less than perfectly accurate translation apparatus 
would seem to have been a prerequisite (1). This decoding strategy, whereby a targeted 
shift in reading frame augments the coding capacity of a single mRNA transcript, is 
particularly prevalent in the context of viruses and most often involves a shift to the –1 
frame (4–9). However, both prokaryotic and eukaryotic organisms also employ pro-
grammed ribosomal frameshifting in decoding endogenous genes (9–11). Although many 
documented examples involve mobile genetic elements, including bacterial insertion 
sequence (IS) elements (12), some involve chromosomal genes that are not associated with 
mobile elements. In Escherichia coli, the dnaX gene (13–15), encoding the γ and τ subunits 
of DNA polymerase III, the prfB gene (16), encoding release factor 2 (RF2), and the copA 
gene (17), encoding a copper ion transporter, provide well- characterized examples involv-
ing a shift to the –1 frame in two cases (dnaX and copA) and a shift to the +1 frame in the 
third (prfB).D
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The analysis of programmed ribosomal frameshifting—specif-
ically, –1 frameshifting—supports the existence of two general 
mechanisms whereby these events can occur (4). Both depend on 
the presence of a so- called “slippery” nucleotide sequence that is 
minimally required to enable efficient frameshifting (18). In one 
scenario, requiring a slippery heptamer with the pattern X_XXY_
YYZ, where the same nucleotide (X or Y) serves as the third posi-
tion of one codon and the first two positions of the next, a pair 
of tRNAs in the P-  and A- sites of the ribosome slips in tandem 
during translocation such that the codon entering the now vacant 
A- site is in the –1 frame (Fig. 1A) (19). In the second scenario, 
requiring minimally a slippery tetramer with the pattern X_XXN 
followed by a codon for which the cognate aminoacyl- tRNA is in 

scarce supply (dubbed a “hungry” codon), a single tRNA in the 
P- site slips while the A- site remains vacant such that an alternative 
(–1) codon becomes accessible in the A- site (19, 20). Relevant to 
this mechanism is the demonstration that when translocation is 
hindered, frameshifting efficiency on a slippery sequence depends 
on the free- energy difference between the codon–anticodon base 
pairing interactions in the two frames (21). A variant single- tRNA 
slippage scenario that also requires a slippery tetramer (specifically, 
A_AAG) but lacks an adjacent hungry codon has been described 
as well; in such cases, it is the tRNA in the A- site that slips and 
the slippage is facilitated when the preceding codon is read by a 
tRNA that is wobble- prone (i.e., a tRNA with a greater tendency 
to unpair from the base at the third position of the codon) (22).
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Fig. 1. Frameshift suppression of single base pair deletion mutants and effect of disrupting six candidate slippery heptamers. (A) Model depicting hypothetical 
sequence of events enabling a –1 slippage event given a “slippery” heptamer motif. Ribosomal A (aminoacyl), P (peptidyl), and E (exit) sites are shown with 
tRNAs in A and P sites, initially paired with cognate codons. Following peptide bond formation, a tandem –1 slip occurs during translocation, such that the A 
site codon now specifies the first –1 frame residue. (B) Western blot showing that cells producing the indicated frameshift mutants contain full- length protein 
(FL) as detected with an anti- His antibody. Lower molecular weight bands correspond to internal start products initiating at wild- type frame ATG or GTG codons 
(SI Appendix, Fig. S2B). The blot was also probed with anti- RpoB as a loading control (Bottom strip). Extract prepared from cells producing the wild- type fusion 
protein (CgSSB WT) was diluted 1:625 and probed on the same blot (cut vertically to remove intervening lanes) as the undiluted frameshift mutant extracts. We 
note that this comparison provides an underestimate of the efficiency of frameshift suppression due to a significant difference in protein stabilities (SI Appendix, 
Fig. S4). (C) Schematic of pathway for frameshift suppression. The continuous purple bar (Top) depicts native CgSSB cPrD- YFP fusion protein with C- terminal 
hexahistidine tag (6X His). Interrupted purple bar (Bottom) depicts FS67 fusion protein. Single bp deletion at codon 67 results in shift to +1 frame (frame 2, 
green). Absent a compensatory slippage event, translation will terminate prematurely at the indicated TGA stop codon; because the strain harbors an amber 
suppressor, translation can proceed past the upstream TAG stop codon. Restoration of the native frame can occur by virtue of a –1 slippage event at one of the 
six candidate slippery heptamers (SS1–SS6) or elsewhere within the green segment, resulting in a full- length mixed- frame protein detectable with an anti- His 
antibody. (D) Representative western blot showing comparison between FS67 and a mutant derivative (SSmut1- 6) bearing disruptive mutations in each of the six 
candidate slippery heptamers (SI Appendix, Fig. S2E). Full- length and native- frame internal start products were detected with anti- His. The blot was also probed 
with anti- RpoB as a loading control (Bottom strip). (E) Quantification based on nine biological replicates of the samples shown in B. Slippage efficiency of FS67 
was set to 100% and internal start product GTG- 2 (asterisk; see SI Appendix, Fig. S2B legend) was used for normalization to control for any effect of the SSmut1- 6 
mutations on transcript stability. Error bars represent SEM; statistical significance was determined by the t- test: P < 0.0001 (****).D
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In addition to the slippage- mediated mechanisms for frameshift-
ing, a possible third mechanism has been proposed, which involves 
neither a canonical slippery site nor a hungry codon. In this sce-
nario, originally described in the context of the translation of the 
bacteriophage MS2 synthetase and coat protein genes (23, 24), 
the shift occurs when a noncognate tRNA with an out- of- register 
match to the target codon enters the A- site and engages only the 
first two nucleotides of the resident codon, thus effecting the shift 
to the –1 frame following translocation (25) (SI Appendix, Fig. S1). 
The efficiency of frameshifting in these cases depends on the rel-
ative concentrations of the relevant charged tRNAs, such that an 
excess of the noncognate aminoacyl- tRNA drives frameshifting. 
A recent molecular dynamics study suggests that in one of the 
cases studied, this noncognate tRNA- mediated frameshifting may 
occur via a network of canonical and noncanonical interactions 
involving all three anticodon bases, with a canonical base pair 
linking the base at the 5′ end of the anticodon and the middle 
base of the codon (26). Although more speculative and perhaps a 
special case, this third scenario is mechanistically distinct because, 
unlike the first two, it does not involve transient anticodon- codon 
dissociation.

Much has been learned about the mechanistic underpinnings 
of programmed ribosomal frameshifting, which typically include 
a stimulatory role for certain structural features of the mRNA (9, 
11, 27, 28). However, considerably less is known about the scope 
of error (nonprogrammed) frameshifting events, which have been 
detected in diverse settings (see, for example, ref. 29). An analysis 
of the distribution of two particularly frameshift- prone sequences 
(A_AAA_AAG, which facilitates –1 frameshifting, and CCC_
TGA, which facilitates +1 frameshifting) within the coding regions 
of E. coli suggests that neither is under strong negative selection 
despite supporting frameshifting at frequencies of >1%, at least 
for genes that are not among the most highly expressed in the 
genome (30). However, the overall distribution of sites at which 
error frameshifting events occur has not been investigated, and 
thus, it is not known to what extent such errors are confined to 
particular sequence motifs.

Here, we begin to explore this question by examining the full 
set of spontaneous –1 frameshift events that suppress the effect of 
a single base pair deletion in an overexpressed fusion gene in E. 
coli. We thus monitored the production of the full- length fusion 
protein, which was dependent on the occurrence of a frameshift 
event to enable circumvention of multiple premature stop codons 
in the nonnative (+1) frame that the ribosome enters by virtue of 
the single base pair deletion. To map the precise sites of frameshift-
ing, we developed a targeted mass spectrometry–based method 
referred to as “translational tiling proteomics” for interrogating all 
possible –1 slippage events that could lead to the observed 
frameshift suppression. The method depends on the identification 
of diagnostic mixed- frame peptides that are not detected by con-
ventional mass spectrometry–based protein database searches, 
which use canonical translational reading frames. Our findings 
indicate that such events occur at numerous sites along the tran-
script, implicating one half of the available codons, of which only 
about one third could be identified as plausible “slippery” sites. 
Moreover, the aggregate frequency of these events was higher than 
we might have anticipated, at about 1% (corresponding to an error 
frequency of ~10–4 per codon). Extension of the approach to an 
unrelated test protein emphasizes the generality of our findings 
with respect to both the diversity of slippage sites and also the 
relatively high aggregate frequency of –1 slippage events (~10% in 
this case, corresponding to an error frequency of >10–3 per codon).

Our findings i) have implications for the interpretation of over-
expression studies, ii) suggest that frameshifted products may 

contribute more significantly to the proteome than generally 
appreciated, iii) suggest that certain pseudogenes may specify 
functional proteins, and iv) point to greater mechanistic diversity 
among instances of ribosomal frameshifting than has previously 
been documented.

Results

Genetic Screen Leads to Identification of Frameshift Mutations. 
The genesis of our study was an incidental finding made in the 
context of a genetic screen. Specifically, we set out to evaluate the 
prion- forming potential of a candidate bacterial prion- forming 
domain (cPrD) – that of the Corynebacterium glutamicum 
(Cg) single- stranded DNA- binding protein (SSB). To perform 
this analysis, we were working with a plasmid- encoded fusion 
protein consisting of the Cg SSB cPrD fused to YFP bearing a 
C- terminal hexahistidine (His) tag produced under the control 
of a strong inducible promoter. Although this fusion protein was 
able to access an aggregated prion- like conformation under certain 
conditions in the E. coli cytoplasm, these aggregates were not 
heritably transmitted over multiple generations, as inferred based 
on the failure to detect blue colonies using a previously described 
genetic assay (31).

In an effort to identify amino acid substitutions that might 
confer heritability on the aggregates, we introduced random muta-
tions into the cPrD moiety of the fusion gene and screened for 
blue colonies (indicative of heritably transmitted prion- like aggre-
gates) after transforming our E. coli reporter strain with a plasmid 
library encoding the mutant fusion proteins. Sequencing of plas-
mid DNA from four clones exhibiting the blue colony- color 
phenotype in each case revealed a single base- pair deletion within 
the portion of the fusion gene specifying the C- terminal region 
of the PrD moiety, such that codons 67, 68, 74, and 81 are the 
first out- of- frame codons (SI Appendix, Fig. S2A). We refer to 
these as frameshift (FS) mutants FS67, FS68, FS74, and FS81, respec-
tively. The basis for the blue colony- color phenotype will be 
addressed in a separate study. In brief, we found that the frameshift 
mutants specify a prematurely terminated product that forms 
heritable aggregates and hence gives rise to the blue colony- color 
phenotype.

Evidence for Frameshift Suppression: –1 Slippage Events. While 
characterizing the proteins encoded by these frameshift mutants, 
we were surprised to observe a significant amount of full- length 
protein, as assessed by western blot analysis with an anti- His 
antibody, in each case (Fig. 1B). We note that most of the faster 
migrating bands detectable on the blot correspond to internal start 
products initiating at ATG or GTG codons present in the wild- 
type frame within the YFP moiety (SI Appendix, Fig. S2 B–D).  
From this apparent nonprogrammed frameshift suppression 
resulting in the generation of full- length polypeptide products, 
we inferred that some compensatory slippage event(s) must be 
occurring during the translation of the mRNAs encoding the 
frameshift mutants, resulting in restoration of the wild- type frame 
(defined as frame 1) before the first stop codon is encountered in 
the shifted frame (hereafter frame 2). Specifically, a “–1” slippage 
event would be required to compensate for a single base pair 
deletion.

Given both the efficiency of production of a full- length product 
resulting from an apparent –1 slippage event and an incomplete 
understanding of nonprogrammed frameshifting, we sought to 
determine the basis for the frameshift suppression through detailed 
analysis of one of the frameshift mutants (FS67), which would 
provide the largest sequence window for a –1 slippage event to D
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occur prior to the first stop codon in- frame 2 (Fig. 1C). Because 
previous analyses of programmed ribosomal frameshifting (–1 
frameshifting, in particular) indicate that a slippery heptanucleo-
tide is often present and required to enable efficient frameshifting 
(Fig. 1A), we examined the relevant portion of FS67 sequence for 
potential slippery heptanucleotide motifs resembling the X_XXY_
YYZ consensus (where X is any nucleotide, Y is typically A or U, 
and Z is typically A, U, or C) (9, 11, 18). As there are two frame- 2 
stop codons immediately upstream of the site of the FS67 single 
base pair deletion (precluding productive slippage events upstream 
of codon 67), we looked for potential slippage sites between codon 
67 and the first premature stop codon in- frame 2. Moreover, 
because we were working with a strain that contains an amber 
suppressor (resulting in the insertion of a glutamine at the site of 
TAG stop codons) and the first frame 2 stop codon downstream 
of codon 67 is a TAG at codon 115 (TAG115), we extended the 
region of interest to the next stop codon, a TGA at codon 158 
(TGA158) (Fig. 1C).

We identified six potential slippery heptanucleotide sites 
(SS1- SS6) with a reasonable match to the X_XXY_YYZ consensus 
(though we allowed for Y/Z = G) within the relevant 91- codon 
window (Fig. 1C and SI Appendix, Fig. S2E). To test whether or 
not the production of the full- length fusion protein was dependent 
on the functional integrity of one or more of these sites, we first 
constructed a FS67 variant (called SSmut1- 6) bearing mutations 
predicted to disrupt all of these sites. In general, we did this by 
mutating positions #1 and #4 of each heptamer (X_XXY_YYZ, 
mutated nucleotides in italics), thus minimally disrupting the FS67 
coding sequence (SI Appendix, Fig. S2E). Consistent with the 
occurrence of frameshift- suppressing slippage events at one or 
more of these sites, we detected far less full- length protein in cells 
containing SSmut1- 6 than in cells containing the FS67 parent con-
struct (Fig. 1D). By using one of the faster migrating bands cor-
responding to an internal start product (which we termed 
“GTG- 2”; SI Appendix, Fig. S2 A and B) for normalization, we 
were able to control for any possible effects of the mutations pres-
ent in SSmut1- 6 on overall transcript stability (see SI Appendix, 
Fig. S2B legend). Quantification with normalization indicated 
that the mutations resulted in an ~10- fold decrease in the amount 
of full- length protein (Fig. 1E), suggesting that slippage at one or 
more of these sites accounts for ~90% of the full- length 
frameshift- suppressed product detected. To investigate the possi-
bility that the unusual amino acid composition of the Cg SSB 
cPrD moiety might in some way facilitate the observed frameshift 
suppression, we replaced the cPrD sequence upstream of codon 
67 (the site of the frameshift mutation) with an unrelated sequence 
(encoding portions of the SUMO protein). The extent of 
frameshift suppression was unaffected by this replacement 
(SI Appendix, Fig. S2 F and G). We also tested the effect of growth 
phase on frameshift suppression efficiency. We found that the 
extent of frameshift suppression was similar whether the cells were 
harvested during log phase or after overnight growth (our standard 
procedure) (SI Appendix, Fig. S2 H and I).

Localization of Slippage Sites. To begin to localize the site(s) of 
significant slippage, we introduced a series of wild- type frame 
stop codons across the 91- codon region of interest in the context 
of FS67 (Fig.  2A). With this “STOP- SCAN” series, we could 
determine for any given stop- codon mutant whether the majority 
of the slippage events occurred upstream or downstream of that 
site. That is, slippage events that occur upstream of a given wild- 
type frame stop codon will no longer result in the production of 
full- length protein, whereas slippage events that occur downstream 
of a wild- type frame stop codon will still result in the production 

of full- length protein. As illustrated in Fig. 2A for the STOP- SS3 
construct (wild- type frame stop codon introduced just upstream 
of SS3), a truncated mixed- frame product results when a slippage 
event occurs upstream of the introduced stop codon (e.g., at SS2, 
as shown in the middle diagram). However, a full- length mixed- 
frame product results when a slippage event occurs downstream of 
the introduced stop codon (e.g., at SS3, as shown in the bottom 
diagram). The results of this analysis indicated that the majority 
of the slippage events occur at or in the vicinity of SS3 (Fig. 2 B 
and C; compare STOP- SS4 with STOP- SS3).

To further evaluate the individual contributions of the six can-
didate slippery sites to the observed frameshift suppression, we 
made two additional series of mutants. On the one hand, we tested 
the effect of mutating each site individually in the context of FS67 
and, on the other hand, we tested the effect of restoring each site 
individually in the context of SSmut1- 6. The results of this recip-
rocal analysis supported our inference that SS3 is largely (though 
not exclusively) responsible for the observed frameshift suppres-
sion in FS67 (SI Appendix, Fig. S3 and Fig. 2 D and E).

In order to estimate the efficiency of the frameshift suppression 
in aggregate, we initially compared the amount of full- length pro-
tein in cells containing the wild- type fusion gene with the amount 
of full- length protein in cells containing the FS67 fusion gene. 
However, this comparison does not take into account any differ-
ences in the stabilities of the respective proteins (or the corre-
sponding mRNAs), one of which contains only wild- type (frame 
1) amino acid sequence whereas the other contains a stretch of 
nonnative (frame 2) residues. We controlled for this by construct-
ing a mutant series with compensatory single base pair insertions 
mimicking the effects of slippage at each of the six candidate 
slippery sites (termed the “SS1- SS6 frameshift repair” series) 
(SI Appendix, Fig. S4A). In particular, we found that the mutant 
with the same amino acid sequence as that resulting from a SS3 
slippage event (accounting for the bulk of the slippage) was present 
in an amount that was approximately eightfold lower than the 
fully wild- type frame fusion protein (SI Appendix, Fig. S4B). We 
therefore estimated the efficiency of frameshift suppression by 
comparing the amount of full- length, frameshift- suppressed pro-
tein in cells containing FS67 with the amount of full- length protein 
in cells containing the SS3 frameshift repair mutant. Based on 
this comparison, we estimate that the aggregate frameshift effi-
ciency in the context of FS67 is ~1% (SI Appendix, Fig. S4C).

Frameshift Suppression In Vitro. To investigate whether or not 
the observed frameshift suppression reflects an inherent property 
of the bacterial ribosome, we took advantage of a commercially 
available reconstituted protein synthesis system (PURExpress; 
New England Biolabs, USA) in which all the components needed 
for translation have been purified from E. coli. Transcription in 
this cell- free system is carried out by the T7 RNA polymerase. 
Accordingly, we generated constructs directing the synthesis 
of the wild- type PrD- YFP fusion protein, FS67, and three 
mutant derivatives (SSmut1- 6, SSmut3, and SSmut1- 6 with SS3 
restored) under the control of the T7 promoter. Because multiple 
components of the PURExpress system bear a His- tag, we replaced 
the C- terminal His- tag on our constructs with a C- terminal FLAG 
tag (also in the wild- type frame).

Western blot analysis of the products of the in vitro transcrip-
tion/translation reactions revealed that frameshift suppression was 
at least as efficient in vitro as in cells (i.e., a bulk efficiency of 
approximately 4%; Fig. 3A). We note that for the in vitro reac-
tions, we do not need to correct for potential differences in protein 
stability, as the reactions contain no detectable nuclease or protease 
activities. Similar to what we observed in vivo, mutation of the D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 I

ST
 A

U
ST

R
IA

 -
 L

IB
R

A
R

Y
; I

N
ST

IT
U

T
E

 O
F 

SC
IE

N
C

E
 &

 T
E

C
H

N
O

L
O

G
Y

 o
n 

Ja
nu

ar
y 

29
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

81
.2

23
.1

4.
21

0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317453121#supplementary-materials


PNAS  2024  Vol. 121  No. 6  e2317453121 https://doi.org/10.1073/pnas.2317453121   5 of 12

B

A

D

C

FL

RpoB

FL

RpoB

35

55

ST
OP

-S
S2

ST
OP

-S
S3

ST
OP

-S
S4

ST
OP

-S
S5

ST
OP

-S
S6

FS
67

25

15

250
kDa

35

55

25

15

250
kDa

FS67 SSmut1-6 +SS1 +SS2 +SS3

SSmut1-6 with SSX restored

+SS4 +SS5 +SS6

FS
67

ST
OP

-S
S2

0

50

no
rm

al
iz

ed
 s

lip
pa

ge
 e

ffi
ci

en
cy

 (%
)

100

10
0

93

ST
OP

-S
S3

76

ST
OP

-S
S4

18

ST
OP

-S
S5

5 1

ST
OP

-S
S6

*
**** E

FS
67

0

50

no
rm

al
iz

ed
 s

lip
pa

ge
 e

ffi
ci

en
cy

 (%
)

100

10
0

****
***

SS
m

ut
1-

6

10

+S
S1

8

+S
S2

10

+S
S3

74

+S
S4

15

+S
S5

11

+S
S6

7

ST
OP-

SS
3

ST
OP-

SS
2

ST
OP-

SS
3

ST
OP-

SS
4

ST
OP-

SS
5

ST
OP-

SS
6

SS
2

FS67

STOP-SCAN series:
positions of native-frame
stop codon mutations

1
67

6X
His

SS
5

SS
6

SS
4

SS
3

SS
2

SS
1

1
67

FS67

full-length mixed-frame product
obtained when –1 slip occurs at
SS3, downstream of STOP-SS3
mutation

1
67

6X
HisSS

3

SS
2

SS
1

FS67
truncated mixed-frame product
obtained when –1 slip occurs at
SS2, upstream of STOP-SS3 mutation1

67

SS
1

ns

*

*

Fig. 2. Identification of SS3 as site of significant slippage. (A) Schematic illustrating logic of STOP- SCAN series. Top indicates the position of each of five native- 
frame stop codons that were individually introduced into FS67. Middle and Bottom depict examples using the STOP- SS3 mutant. A –1 slippage event occurring 
at SS2 (upstream of the STOP- SS3 mutation) results in the truncated mixed- frame product shown in the middle, whereas a –1 slippage event occurring at SS3 
(downstream of the STOP- SS3 mutation) results in the full- length mixed- frame product shown at the bottom. (B) Representative western blot showing STOP- SCAN 
series together with FS67. Full- length protein (FL) and native- frame internal start products were detected with an anti- His antibody. The blot was also probed with 
anti- RpoB as a loading control (Bottom strip). (C) Quantification based on three biological replicates of the samples shown in B. Slippage efficiency of FS67 was 
set to 100% and internal start product GTG- 2 (asterisk; see SI Appendix, Fig. S2B) was used for normalization. Error bars represent SEM. Statistical significance 
was determined by one- way ANOVA followed by Dunnett’s multiple comparisons test; P- values: <0.0001 (****); 0.0128 (*). (D) Western blot showing the effect 
of restoring each candidate slippery heptamer individually in the context of SSmut1- 6 (duplicate samples represent biological replicates). FL and native- frame 
internal start products were detected with an anti- His antibody. The reference samples (FS67 and SSmut1- 6) were prepared at the same time as the set of single- site 
restoration mutants and run in parallel on a separate gel. The blots were also probed with anti- RpoB as a loading control (Bottom strip). (E) Quantification based 
on three biological replicates of the sample set shown in D, which was not used for the quantification. Quantification performed as in C. Error bars represent 
SEM. Statistical significance was determined as in C; P- values: <0.0001 (****); 0.0001 (***).D
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six candidate slippery sites resulted in a major reduction in the 
amount of full- length (FLAG- reactive) frameshift- suppressed 
fusion protein, and a substantial fraction of this decrease was 
attributable to mutation of SS3 (Fig. 3 A and B). Nonetheless, as 
was observed in vivo, mutation of the six candidate slippery sites 
did not fully eliminate frameshift suppression.

Effects of Transcription–Translation Coupling and Ribosomal 
Protein L9 on Frameshift Suppression. Our in  vitro findings 
indicate that frameshift suppression does not depend on 
transcription by the E. coli multisubunit RNA polymerase (RNAP), 
as the results are qualitatively similar to those obtained in vivo 
despite the use of the single subunit T7 RNAP for the in vitro 
reactions. Consistently, we found that the extent of frameshift 

suppression in vivo was similar regardless of whether FS67 was 
produced under the control of our standard promoter (Ptac, which 
is recognized by E. coli RNAP) or a T7 promoter (recognized by T7 
RNAP), an experiment we performed using an E. coli strain that 
encodes T7 RNAP polymerase under the control of an inducible 
promoter (NiCo21 [DE3] from NEB, USA) (SI Appendix, Fig. S5 
A and B). In fact, the quantification (with normalization to the 
GTG- 2 internal start product; SI Appendix, Fig. S2B) suggested 
that the extent of frameshift suppression was modestly higher 
when FS67 was produced under the control of the T7 promoter 
(SI Appendix, Fig. S5B). We considered the possibility that the 
relevant difference is that transcription and translation are coupled 
in E. coli (via connection between the multisubunit RNAP and the 
lead ribosome mediated by the elongation factor NusG) (32–34), 
whereas no such coupling occurs with the T7 RNAP. Experiments 
with a strain encoding a coupling deficient NusG mutant (32, 
34) revealed a modest increase in frameshift suppression when 
coupling was disrupted (~1.7- fold; SI Appendix, Fig. S5 C and D), 
suggestive of a small hindrance of coupling on –1 frameshifting.

We also performed an experiment to test the effect on frameshift 
suppression of deleting the gene encoding ribosomal protein L9 
(rplI), mutations in which have been shown previously to affect 
both frameshifting and another slippage- related phenomenon 
known as ribosomal hopping that is required during translation 
of bacteriophage T4 gene 60 in E. coli (35–37). Consistent with 
the previous studies, which have documented an increase in –1 
frameshifting in the absence of L9, we observed a modest increase 
in frameshift suppression (~1.5- fold) with our construct when the 
strain carried an rplI deletion (SI Appendix, Fig. S5 E and F).

Translational Tiling Proteomics Identifies Diverse Mixed Frame 
Translation Products. We next turned to mass spectrometry to 
determine the precise identities of the mixed- frame polypeptides 
that were present in cells containing the FS67 mutant and in 
our in vitro transcription–translation reactions. We anticipated 
detecting products corresponding to a SS3 slippage event; however, 
because even SSmut1- 6 supported the production of some residual 
full- length protein, we attempted to take an unbiased approach for 
identifying any mixed- frame products that might be present. To 
do this, we developed a method we refer to as translational tiling 
proteomics wherein all possible mixed- frame products arising from 
–1 slippage events occurring at sequential codons in the region 
between the site of the frameshift mutation at codon 67 and the 
first TGA stop at codon 158 were incorporated into the search 
process for peptides identified by mass spectrometry (Fig. 4 and 
Dataset S1). We note that such diagnostic mixed- frame products 
would not be detected using conventional mass spectrometry–
based searches that rely on canonical reading frames. Having 
generated a mixed- frame database, we used two complementary 
experimental methods to purify and subsequently identify mixed- 
frame peptides that corresponded to our list of hypothetical 
mixed- frame slippage products.

First, we prepared extracts from cells producing FS67 and iso-
lated His- tagged full- length frameshift- suppressed product by 
means of Ni- NTA affinity chromatography, followed by separation 
from shorter fragments (SI Appendix, Fig. S2B) and other con-
taminating species via excision from SDS- PAGE. Excised 
full- length species were subjected to in- gel digestion with either 
chymotrypsin or Asp- N to liberate peptides for analysis by trans-
lational tiling proteomics. To increase the number of potentially 
diagnostic peptides generated by Asp- N, we replaced the Gln 
residue at position 66 (immediately preceding the site of the 
frameshift mutation) with Asp and we also replaced either Val 117 
or Gly 121 with Asp. Thus, we carried out a parallel analysis with 
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Fig.  3. Detection of frameshift suppression in  vitro. (A) Representative 
western blot showing translation products obtained using an E. coli- based 
reconstituted protein synthesis system (PURExpress; New England Biolabs) 
(SI Appendix, Fig. S2J). Constructs were generated directing the synthesis of the 
indicated proteins (provided with a C- terminal FLAG tag) under the control of a 
T7 promoter because transcription in the PURExpress system is carried out by 
the T7 RNA polymerase. The duplicate samples represent technical replicates. 
The reaction directing the synthesis of the wild- type fusion protein (WT) was 
diluted 1:25. Plasmid- encoded E. coli dihydrofolate reductase (DHFR), one of 
the components provided with the PURE system, serves as an internal control 
for the functionality of the PURE system. DHFR (His- tagged) was probed as a 
separate strip with anti- His. (B) Quantification based on three experimental 
replicates, including the experiment shown in A. As in A, technical replicates of 
each sample were loaded on the gel and the values for the technical replicates 
were averaged. Slippage efficiency of FS67 was set to 100% and error bars 
represent SEM. Statistical significance was determined by one- way ANOVA 
followed by Dunnett’s multiple comparisons test; P- values: <0.0001 (****); 
0.0082 (**).
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the two resulting variants bearing substitutions Q66D/V117D or 
Q66D/G121D (Dataset S2), both of which displayed comparable 
amounts of full- length product as the parental FS67 mutant 
(SI Appendix, Fig. S6A).

With this method, we detected mixed- frame peptides diagnostic 
of slippage at five of the six candidate slippery sites we had origi-
nally identified based on their resemblance to the X_XXY_YYZ 
motif (i.e. SS1, SS2, SS3, SS4, and SS6) (SI Appendix, Table S1 
[columns 1 & 2]; Dataset S3). The majority of mixed- frame pep-
tides we detected were derived from the chymotrypsin digestions. 
However, in the case of SS4, a single diagnostic peptide was 
detected following Asp- N digestion of FS67/Q66D/V117D (Dataset S3). 
Consistent with our genetic analyses, peptides diagnostic of slip-
page at SS3 and an adjacent position were represented by higher 
numbers of peptide spectral matches (PSMs) (7–12) than the 
peptides diagnostic of slippage at SS1, SS2, SS4, or SS6 (3 PSMs 
or less) (Dataset S3). Strikingly, we also identified peptides diag-
nostic of slippage at multiple additional sites (for a total of 27 sites 
out of the 91 possible sites that were sampled based on the trans-
lational tiling search space; SI Appendix, Table S1 and Dataset S3). 
Peptides diagnostic of several of these additional slippage sites were 
represented by 4 or 5 PSMs. Moreover, for 8 of the 27 detected 
slippage sites (including slippage at SS3 and the adjacent position), 
two or more unique mixed- frame diagnostic peptides were iden-
tified (Dataset S3). Although only semiquantitative, PSM count-
ing suggests that numerous slippage sites can be identified using 
this method, but with SS3 yielding somewhat higher recovery of 
diagnostic peptides.

The power of the gel excision approach is the ability to uniquely 
isolate full- length products, which have necessarily undergone 
frameshift suppression. However, in order to ensure that in- gel 
digestion did not bias detection of potential frame- shifted prod-
ucts, we sought to circumvent the gel electrophoresis step. 

Additionally, having identified multiple mixed- frame products 
that were not associated with a motif resembling the X_XXY_YYZ 
consensus, we sought to increase the possibility of detecting 
low- abundance mixed- frame peptides that might be inefficiently 
liberated from the gel matrix. Thus, we created a set of truncated 
constructs with the wild- type frame His- tag positioned immedi-
ately after the first TGA stop in the FS67 frame (i.e., for both the 
Q66D/V117D and the Q66D/G121D variants). The removal of 
the remaining YFP sequences eliminated the production of con-
taminating wild- type frame internal start products, allowing us 
to purify the His- tagged frameshift- suppressed products by 
Ni- NTA affinity chromatography for direct in- solution digestion 
with chymotrypsin or Asp- N. For this set of experiments, we 
extended our analysis to SSmut1- 6 and to SSmut1- 6 with SS3 
restored (SSmut1- 6 [+SS3]) in the context of the Q66D/G121D 
variant. This set of 4 samples was digested and subjected to mass 
spectrometry in two independent experiments (Dataset S2). 
Through this approach, we again detected mixed- frame peptides 
diagnostic of slippage at SS1, SS2, SS3, SS4, and SS6 (SI Appendix, 
Table S1 [columns 1, 3, 4, & 5]; Dataset S3). The majority of 
peptides were detected as chymotryptic products, with the excep-
tion of a single Asp- N- derived peptide diagnostic of slippage at 
SS4 with FS67/Q66D/V117D (as before), and a single Asp- N- derived 
peptide diagnostic of slippage at SS6 with both FS67/Q66D/V117D 
and FS67/Q66D/G121D in the two replicate experiments (Dataset S3). 
Also, as before, the peptides diagnostic of slippage at SS3 and the 
adjacent position were represented by higher numbers of PSMs 
than the peptides diagnostic of slippage at SS1, SS2, SS4, or SS6, 
though in one instance, a similar number of PSMs was found for 
a peptide diagnostic of slippage at SS1 (Dataset S3).

Like the in- gel digestion protocol, the in- solution digestion 
protocol resulted in the identification of slippage at multiple addi-
tional sites—an even greater number than with the in- gel digestion 
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Fig. 4. Translational tiling proteomics scheme for identifying mixed- frame translation products. (Upper portion) The first three of a nested set of hypothetical 
mixed- frame products arising from –1 slippage events occurring at sequential codons in the target region between codon 67 and the frame- 2 TGA stop at codon 
158; this set comprised the database that was used to identify peptides detected by mass spectrometry. Depicted just below these is the truncated mixed- frame 
product that results in the absence of any frameshift- suppressing slippage event. (Lower portion) Depiction of the expected full- length mixed- frame product 
arising if a –1 slippage event occurs at SS3. Shown below are sample cleavage patterns generated by two different proteases. Circled are two mixed- frame 
peptides (with amino acid sequence) identified by mass spectrometry that are diagnostic of the SS3 slippage event.
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protocol. Considering only FS67/Q66D/V117D and FS67/Q66D/G121D, 
we detected mixed- frame peptides diagnostic of slippage at a total 
of 39 sites out of the 91 possible sites that were sampled 
(SI Appendix, Table S1 [columns 1 & 3]). Moreover, this number 
increased to 46 when we included mixed- frame peptides detected 
with the SSmut1- 6 sample and the SSmut1- 6 [+SS3] sample 
(SI Appendix, Table S1 [columns A, C, D, & E]).

As expected, when we subjected the SSmut1- 6 sample to 
in- solution digestion and mass spectrometry, we no longer detected 
any mixed- frame peptides diagnostic of slippage at SS3 or the adja-
cent position, whereas these peptides were again detected with the 
SSmut1- 6 [+SS3] sample (SI Appendix, Table S1 [columns 1, 4 & 
5]; Dataset S3). Moreover, neither of these samples yielded 
mixed- frame peptides diagnostic of slippage at the other mutated 
sites with one exception. In the case of SS2, a unique diagnostic 
peptide (represented by one PSM) was detected with both the 
SSmut1- 6 and the SSmut1- 6 [+SS3] samples (Dataset S3). We note 
that the SS2 heptamer is followed by a rare arginine codon, a 
potential “hungry” codon (Introduction), with codon usage fre-
quency serving as a proxy for cognate tRNA abundance (38). Thus, 
slippage at SS2 may involve a single P- site tRNA (19, 20), and the 
presence of the rare arginine codon may permit some residual slip-
page even when a disruptive base pair substitution is introduced 
into the X_XXN tetramer that precedes the rare codon.

Translational Tiling Proteomics Identifies In Vitro Frameshift 
Products. Having determined that frameshift suppression also 
occurs when translation is performed in vitro using the bacterial 
PURExpress transcription/translation system, we analyzed 
the products of these reactions by mass spectrometry, as well. 
FS67/Q66D/G121D harboring a C- terminal FLAG tag in the wild- 
type frame was employed, thereby allowing purification of full- 
length frameshift- suppressed product without copurification of 
His- tagged components in the PURExpress system. α- FLAG 
antibody- purified full- length products were isolated after gel 
electrophoresis and subjected to in- gel digestion and translational 
tiling proteomics.

In total, we detected mixed- frame peptides diagnostic of slip-
page at 12 different codon positions (the majority of which were 
detected following chymotrypsin digestion), including SS2 and 
SS3 (SI Appendix, Table S1 [columns 1 & 6]; Dataset S3). As in 
other experiments, the peptides diagnostic of slippage at SS3 and 
the adjacent position were represented by higher numbers of PSMs 
than other diagnostic peptides (in this case, 9 and 5 PSMs, respec-
tively, compared with 1- 3 PSMs for the other diagnostic peptides) 
(Dataset S3). Among the 12 codon positions we identified in this 
experiment, 11 were positions that were also identified by 
mixed- frame peptides detected in one or more of the experiments 
involving samples prepared from cell extracts (SI Appendix, 
Table S1).

Overall, these data indicate the presence of multiple slippery 
sites that conform at least loosely to previously identified –1 
frameshift sequences, but also by tiling across all possible codons, 
we identified many additional peptides that are diagnostic of 
frameshifts at unexpected sites (Discussion).

Direct Validation of Mixed Frame Peptides Identified by 
Translational Tiling. We next sought to verify the identities of 
selected mixed- frame peptides by mass spectrometry. Specifically, 
we selected seven mixed- frame peptides for validation that were 
identified frequently within the data described above, but whose 
presence could not be explained by obvious slippery sequences 
(SI  Appendix, Fig.  S7A). Synthetic peptides were subjected to 
proteomic analysis and fragment ions compared with those 

obtained from E. coli or in vitro translation (SI Appendix, Fig. S7 
B–H). In each case, there was a strong correspondence between the 
major b and y fragment ions identified in the synthetic peptide and 
ions present in frameshift- suppressed samples. These data strongly 
support the occurrence of extensive nonprogrammed frameshift 
suppression of FS67 both in E. coli and in vitro.

Overview of Translational Tiling Results. To provide an overview 
of our findings with FS67, we tabulated the diagnostic mixed- 
frame peptides we detected across all experiments according 
to the number of samples that yielded each particular peptide 
“envelope.” We define a given peptide envelope as those 
(overlapping) mixed- frame peptides that are diagnostic of slippage 
at a specific codon position, but reflect distinct cleavage events 
produced by chymotrypsin or Asp- N. With FS67/Q66D/V117D and 
FS67/Q66D/G121D, we analyzed a total of seven samples (six obtained 
from cell extracts and one from the in vitro reaction), each of 
which was digested with either chymotrypsin or Asp- N. Thus, the 
peptide sets were classified as Tier 1- 4 according to the following 
scheme: Peptide envelopes that were detected in six or seven of 
the samples (whether following chymotrypsin digestion or Asp- N 
digestion or both) were designated Tier 1, peptide envelopes 
that were detected in four or five samples were designated Tier 
2, peptide envelopes that were detected in two or three samples 
were designated Tier 3, and peptide envelopes that were detected 
in 1 sample only were designated Tier 4. With this classification, 
there were 7, 10, 20, and 8 peptide envelopes designated Tier 1, 
2, 3, and 4, respectively, corresponding to a total of 45 distinct 
codon positions (Table 1).

We also categorized these 45 slippage sites according to whether 
they were associated with a plausible match to a slippery heptamer 
or tetramer motif (16/45) and whether they were in principle 
compatible with one or more previously described mechanisms 
for a –1 frameshift event (SI Appendix, Table S2). Among the 29 
sites that were not associated with a plausible match to a slippery 
motif, three were associated with a rare codon appropriately posi-
tioned to support a P- site slippage event (though in one of those 
cases, slippage would seem to be maximally unfavorable, leading 
to mismatches at each codon–anticodon position). Thus, well over 
half of the –1 frameshift events we detected were not readily expli-
cable based on the understanding of programmed ribosomal 
frameshifting. We considered one alternative mechanism that 
involves a near- cognate mispairing event followed by slippage 
(Discussion). Such events could in principle occur if the tRNA that 
would normally read the first shifted- frame codon (which is the 
wild- type frame in the case of FS67) is a near- cognate match to 
the 3′ overlapping original- frame codon (i.e., the FS67 frame). 
Inspection of the relevant overlapping codon sequences associated 
with the 29 slippage sites that lacked any recognizable slippery 
motif revealed that 12 (~40%) satisfied this criterion (SI Appendix, 
Table S2).

High Efficiency Frameshift Suppression with a Bacteriophage 
Lambda Protein. To begin to explore the generality of our 
observations with the Cg SSB PrD- YFP fusion protein, we sought 
to investigate the occurrence of frameshift suppression (–1 slippage 
events) in the context of one of the most well- studied proteins 
from the bacterial domain of life—the CI protein of bacteriophage 
lambda (λ). To do this, we first generated two λCI frameshift 
mutants, each of which bore a single base pair deletion (one within 
codon 8 and the other within codon 58) and a C- terminal His- tag 
in the wild- type frame (Fig. 5A). As we had seen with the Cg SSB 
PrD- YFP frameshift mutants, production of the λCI frameshift 
mutants (λCI FS8 and λCI FS58) resulted in a significant amount D
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of full- length frameshift- suppressed protein, as assessed by western 
blot analysis. In fact, the efficiency of frameshift suppression was 
~10% for each of the mutants (even without correcting for any 
possible decrease in the stabilities of the frameshift- suppressed 
proteins relative to the wild- type parent protein), considerably 
more efficient than for the Cg SSB PrD- YFP FS67 mutant (Fig. 5 
B and C).

We again turned to mass spectrometry to identify the sites at 
which the –1 slippage events were occurring. As before, we define 
the wild- type frame as frame 1 and the shifted frame as frame 2. 
In the case of λCI FS8, the generation of a full- length 
frameshift- suppressed product would require a slippage event 
within a 56- codon window before the first frame- 2 stop codon is 
encountered, whereas in the case of λCI FS58, a slippage event 
within a 77- codon window would be required (Dataset S4). (Note 
that in each case, the window extends several codons upstream of 
the site of the frameshift mutation, where a slippage event could 
preemptively restore the correct reading frame without stop codon 
interference.)

For λCI FS8, we detected mixed- frame peptides diagnostic of 
slippage at ten different sites within the target window (SI Appendix, 
Table S3 and Datasets S5 and S6). Peptides diagnostic of slippage 
at one of these sites were represented by a peak of PSMs (26 to 
34 across three technical replicates) and peptides diagnostic of 
slippage at three of the remaining nine sites were represented by 
4- 8 PSMs (SI Appendix, Table S3 and Dataset S6). Nucleotide 
sequence inspection revealed the presence of a particularly favora-
ble slippery heptamer motif (A_AAA_AAG) (18, 39) that could 
explain slippage at the peak site, as well as an overlapping heptamer 
(A_AAG_AAA) that would explain slippage at the adjacent codon 
(SI Appendix, Table S4). To test the overall contribution of these 
overlapping heptamers to the observed frameshift suppression, we 
introduced mutations predicted to disrupt slippage at the first 
heptamer (c_AAc_AAG, termed mut2,3) or at both heptamers 
(c_AAc_AAc, termed mut2,3,4). Western blot analysis revealed that 
these mutations decreased the production of the full- length 

frameshift- suppressed product substantially (by a factor of ~7 with 
both heptamers disrupted) (Fig. 5 D and E).

As for FS67, we categorized all the identified λCI FS8 slippage 
sites according to whether they were associated with a plausible 
match to a slippery heptamer or tetramer motif (5/10) and 
whether they were in principle compatible with one or more pre-
viously described mechanisms for a –1 frameshift event 
(SI Appendix, Table S4). Among the five sites that were associated 
with a plausible match to a slippery motif, two were also associated 
with a rare arginine codon appropriately positioned to support a 
P- site slippage event (SI Appendix, Table S4). Among the remain-
ing five sites, none of which were associated with a rare codon, 
one was in principle capable of supporting a near- cognate mis-
pairing event that could lead to the observed –1 frameshift event 
(Discussion).

For λCI FS58, we detected mixed- frame peptides diagnostic of 
slippage at 39 different sites within the target window (SI Appendix, 
Table S5 and Datasets S5 and S6). Peptides diagnostic of slippage 
at two of these sites were represented by similar PSM peaks (11 
to 21 and 17 to 19 across three technical replicates, respectively); 
other peptides were represented by up to 7 PSMs (SI Appendix, 
Table S5 and Dataset S6). Neither of these preferred sites appeared 
to be defined by a candidate slippery heptamer motif, though one 
of them was associated with a slippery tetramer motif (T_TTT) 
(SI Appendix, Table S6). To test the overall contribution of each 
of these two sites to the observed frameshift suppression, we intro-
duced single base pair substitutions predicted to create a severe 
mismatch at position 1 of the tetramer involved in the slippage 
(G_AGA to c_AGA, termed mut86 and T_TTT to g_TTT, 
termed mut106). The latter mutation decreased the production of 
the full- length frameshift- suppressed product modestly, whereas 
the former mutation had no detectable effect (Fig. 5 F and G). 
These results raise the possibility that, in the case of λCI FS58, 
slippage at multiple sites may contribute incrementally to the 
overall efficiency of frameshift suppression.

Among the 39 identified slippage sites, 11 were associated with 
a plausible match to a slippery heptamer or tetramer motif and 
one of these was also associated with a rare codon appropriately 
positioned to support a P- site slippage event (SI Appendix, 
Table S6). Among the remaining 28 sites, two were associated 
with an analogously positioned rare codon (though in one of these 
cases slippage would seem to be maximally unfavorable), seven 
were in principle capable of supporting a near- cognate mispairing 
event that could lead to the observed –1 frameshift event, and one 
had a sequence resembling that described in the context of bacte-
riophage MS2 that supports a noncognate tRNA- mediated –1 
frameshift not involving slippage (23, 24) (see Introduction). 
Thus, 18 of the 39 frameshift events we detected with λCI FS58 
occurred in the absence of any readily identifiable sequence fea-
tures suggestive of one or another frameshift mechanism.

Frameshift Suppression in Two Other Bacteria. Having performed 
our experiments in E. coli (or in vitro with E. coli ribosomes), we 
wondered whether other bacteria would support similar levels of 
apparently promiscuous (i.e., nonprogrammed) –1 frameshifting. 
To begin to investigate this, we selected another gram- negative 
bacterium, Pseudomonas aeruginosa (Pa) and one gram- positive 
bacterium, Bacillus subtilis (Bsu). We tested the two λCI frameshift 
mutants, λCI FS8 and λCI FS58, in these bacteria. When produced 
in Pa, λCI FS8 supported efficient frameshift suppression (at 
an efficiency of ~5%), whereas we detected no frameshift 
suppression with λCI FS58 (SI  Appendix, Fig.  S8A). However, 
when produced in Bsu, λCI FS8 supported only very inefficient 
(barely detectable) frameshift suppression, and we again detected 

Table 1. Overview of FS67- derived mixed- frame products 
ranked by tier*

Transl. Tile # Tier Transl. Tile # Tier Transl. Tile # Tier

5 4 40 3 63 3

6/7 (SS1) 3 41 4 65 4

8 4 42 3 68 3

9 3 43 3 73

15 3 44 2 77/78 3

20 2 45 2 79 3

25 1 46 81

27 2 47 4 82 3

28 3 50 2 83 1

30 3 51 3 84 1

31 52 2 85 3

31/32 (SS2) 1 53 2 86 (SS6) 2

33 4 55 3 87 4

34 57/58 3 88 4

36/37 1 59 1 89 3

38 (SS3) 1 60/61 (SS4) 3 93 3

39 2 62 2
*See SI Appendix, Table S1 for a list that includes the compiled results for the three separate 
experiments that were tabulated to assign each tier number. Tier 1 entries are highlighted 
in blue font. Entries lacking a tier number (31, 34, 46, 73, 81) designate mixed- frame prod-
ucts that were detected only with a mutant variant of FS67 (SI Appendix, Table S1).
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no frameshift suppression with λCI FS58 (SI Appendix, Fig. S8B). 
From these findings, we infer that the biochemical determinants 
for frameshifting are distinct in different bacteria. We note 
that another form of translational infidelity—mistranslation—
is known to function as an adaptive stress response in certain 
situations, with organism- specific differences (40).

Discussion

Here, we investigate the occurrence of nonprogrammed ribosomal 
frameshifting—specifically, –1 slippage events—during translation 
in E. coli. Specifically, we studied slippage events that restored the 
native frame to frameshift mutants. In the examples we studied, 
these restoration events occurred at frequencies ranging from 1 to 
10%, corresponding to error frequencies of ~10–4 per codon and 
>10–3 per codon, respectively. To enable an unbiased approach to 
the detection of restorative slippage events, we developed a tar-
geted mass- spectrometry method that we call translational tiling 
proteomics. With this method, we were able to interrogate all 
possible –1 slippage events that could lead to the observed 
frameshift suppression.

Diverse –1 Frameshift Events Detected by Mass Spectrometry. 
Our findings indicated that slippage could occur at a remarkably 
high fraction of the available sites. In fact, we detected slippage 
events at approximately one half of the target codons in two 
of the three examples we studied (at 45 out of 91 codons 
surveyed in one case and at 39 out of 77 codons surveyed in the 
other). The identified slippage events included those occurring 
at sites that we had identified and validated genetically based 
on their resemblance to canonical “slippery” heptanucleotide 
motifs defined through the study of programmed ribosomal 
frameshifting. We also detected slippage events coincident 
with the presence of slippery tetranucleotide motifs (X_XXY), 
which have also been found to support programmed ribosomal 
frameshifting (18). However, approximately two thirds of the 
slippage events we detected occurred at sites that bore little or 
no resemblance to slippery heptamers or tetramers (SI Appendix, 
Tables  S2, S4, and S6), indicative of greater mechanistic 
diversity than might have been inferred based on the study of 
programmed ribosomal frameshifting. Importantly, we tested 
seven synthetic peptides corresponding to identified mixed- frame 
peptides whose presence was not explained by obvious slippery 
sequences. In every case, diagnostic fragment ions matched the 
spectra obtained from E. coli samples, thereby experimentally 
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Fig. 5. Frameshift suppression of single base pair deletion mutants of λCI. (A) 
Continuous purple bar (Top) depicts wild- type λCI with C- terminal hexahistidine 
tag (6X His). Interrupted purple bars depict frameshift mutants FS8 and FS58. 
Single bp deletion at codon 8 or codon 58 results in shift to +1 frame (frame 
2, green). Absent a compensatory slippage event, translation will terminate 
prematurely at the indicated TAA stop codon. Restoration of the native frame 
by virtue of a –1 slippage event within the green segment results in a full- 
length mixed- frame protein detectable with an anti- His antibody. (B) Western 
blot showing that cells producing frameshift mutants FS8 and FS58 contain 
full- length protein as detected with anti- His antibody. Biological triplicates 
of extracts prepared from cells producing wild- type λCI were diluted 1:10. 

The blot was also probed with anti- RpoB as a loading control (Bottom strip). 
FS8 runs as a doublet, likely due to an N- terminal proteolytic cleavage event 
that is facilitated by the frameshift mutation, as mutations that reduce the 
amount of the full- length protein cause a proportional reduction in the 
amount of the faster migrating species (see below). (C) Quantification of the 
biological triplicates shown in B. The amounts of frameshift- suppressed FS8 
(both bands) and FS58 were compared to the amount of wild- type λCI, which 
was set to 100% (taking into account the 10- fold dilution). Error bars represent 
SEM. Statistical significance was determined by one- way ANOVA followed by 
Dunnett’s multiple comparisons test; P- values: <0.0001 (****). (D) Western 
blot (biological triplicates) showing comparison between FS8 and mutant 
derivatives (mut2,3,4 and mut2,3) bearing disruptive mutations in overlapping 
slippery heptamers. Detection of λCI and RpoB was as described for B. (E) 
Quantification of the biological triplicates shown in D. Slippage efficiency of 
FS8 was set to 100% and error bars represent SEM. Statistical significance 
was determined as in C; P- values: <0.0001 (****). (F) Western blot (biological 
triplicates) showing comparison between FS58 and mutant derivatives (mut106 
and mut86) bearing mutations in two preferred slippage sites as identified by 
mass spectrometry. Detection of λCI and RpoB was as described for B. (G) 
Quantification of the biological triplicates shown in F. Slippage efficiency of 
FS58 was set to 100% and error bars represent SEM. Statistical significance was 
determined as in C; P- values: 0.0001 (***).D
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validating the occurrence of –1 frameshifting in the absence of 
recognizable slippery sites.

We propose one alternative mechanism to explain frameshift 
events that occurred in the absence of obvious slippery site 
motifs. Specifically, we hypothesized that the cognate tRNA 
corresponding to the first shifted- frame codon (i.e., frame- 1 
codon in our examples) might initially pair with the overlap-
ping original- frame codon (i.e., frame- 2 codon) and then 
undergo an A- site slippage event (SI Appendix, Fig. S9). This 
mechanism would presumably be favored in cases where the 
tRNA in question is a near- cognate match (41) to the 
original- frame codon it initially engages. Examination of the 
relevant sequences for the 62 cases (including FS67 and both 
λCI FS8 and λCI FS58) lacking obvious slippery site motifs 
revealed that 20 (~1/3) could in principle occur via such a 
mechanism (SI Appendix, Tables S2, S4, and S6). We note that 
such events might be particularly favorable in cases where the 
near- cognate aminoacyl- tRNA is in significant excess over the 
competing cognate aminoacyl- tRNA.

Among all the –1 frameshift events we detected (a total of 94 
for FS67, λCI FS8, and λCI FS58), we observed the presence of an 
appropriately positioned rare codon to support a P- site slippage 
event in 10 cases, of which 5 were associated with a plausible 
match to a slippery tetramer motif (SI Appendix, Tables S2, S4, 
and S6). We also noted 4 cases that could in principle be explained 
by a noncognate tRNA- mediated event analogous to those 
described in the context of bacteriophage MS2, which do not 
involve slippage but rather an out- of- register A- site pairing result-
ing in the shift to the –1 frame upon translocation (23, 24) 
(Introduction). In the documented cases of this mechanism, the 
incoming aminoacyl- tRNA is either tRNASer3, which mispairs 
with an alanine codon, or tRNAThr3, which mispairs with a proline 
codon. Among the 4 cases in our data that could be explained by 
this mechanism, two would involve an incoming tRNASer3 and 
the other two an incoming tRNAThr3 (SI Appendix, Tables S2, S4, 
and S6). Whether or not any other tRNA- codon combinations 
might mediate nonslippage dependent frameshifting by a similar 
mechanism is unclear. But if so, then this class of event might 
explain at least some of the events we detected at sites that were 
not associated with any obvious slippery motif.

In addition to the presence of a slippery heptanucleotide or 
tetranucleotide, which appears to play an essential role in diverse 
examples of programmed –1 frameshifting across organisms, 
mRNA structural features (e.g., stem- loop structures and pseudo-
knots) can significantly augment the effect of the slippery sequence 
(9, 11, 27, 28). Further studies are necessary to understand the 
contribution of mRNA sequence or structure to the occurrence 
of basal ribosomal frameshifting.

Potential Impact of Translation Errors that Result in Frameshift 
Events. Although we are not aware of previous attempts to look in a 
systematic manner for ribosomal slippage events resulting in mixed 
frame polypeptides, translation errors resulting in frameshift events 
have been described previously. A particularly dramatic example 
involves the isolation of a viable strain of E. coli containing a single 
base pair insertion in an essential gene that encodes the β subunit of 
RNA polymerase (RpoB) (42). In this case, frameshift suppression 
was shown to occur via a specific +1 slippage event facilitated by the 
presence of a particularly favorable sequence (consisting of a rare 
AGG codon preceded by a slippery CCC codon) unveiled by the 
frameshift mutation, resulting in a full- length polypeptide with just 
three nonnative amino acids that confer resistance to rifampicin. 
Although the efficiency of the frameshift suppression was 5%, the 

protein was produced at near wild- type levels due to a feedback 
loop causing translational upregulation in response to insufficient 
RpoB. In our examples, involving –1 slippage events, the proteins 
were produced in a manner that was devoid of autoregulation, but 
the example of RpoB highlights a mechanism whereby the effects 
of frameshift suppression can be dramatically amplified regardless 
of whether the events in question occur at a unique site or at an 
ensemble of sites.

Organism- Specific Differences in Translational Fidelity. Whereas 
our detailed analyses were carried out with proteins produced in 
E. coli or in E. coli- based in vitro reactions, we also selected two 
other bacteria, P. aeruginosa (a gram- negative organism) and  
B. subtilis (a gram- positive organism) for comparison. We found 
that the overall efficiency of ribosomal frameshifting differed among 
the three bacteria. With one of the two frameshift mutants that we 
tested, we observed efficient frameshift suppression in both E. coli 
and P. aeruginosa (though the efficiency was somewhat higher in  
E. coli), suggestive of some mechanistic conservation between the two 
organisms. In contrast, B. subtilis supported only barely detectable 
frameshift suppression in the case of the same mutant. However, 
with the other frameshift mutant, which was efficiently suppressed 
in E. coli, we observed no detectable frameshift suppression in the 
other two bacteria. It will be interesting to investigate the basis for the 
apparently greater translational fidelity in P. aeruginosa and especially 
B. subtilis. We speculate that there may be evolutionary trade- offs 
that dictate these differences, depending on the physiological 
requirements imposed by the environments experienced by the 
different organisms.

Conclusions

Our findings suggest that basal levels of ribosomal frameshifting are 
higher than might have been anticipated and that the sites at which 
such events occur exhibit an unexpected diversity. The mechanistic 
implications of this diversity remain to be explored and could also 
inform studies of programmed ribosomal frameshifting. This form 
of translational infidelity highlights the need for caution in making 
assumptions about the relationship between genotype and pheno-
type (e.g., pseudogenes containing frameshift mutations cannot 
necessarily be assumed to behave as null alleles). The impact of these 
occurrences of frameshifting is likely to be particularly significant 
in the context of highly expressed genes, as modeled here in the 
context of an inducible promoter. A major unanswered question 
raised by our findings is the extent to which frameshifted products 
shape the proteome and potentially augment the functional pro-
teome. Finally, our findings and others point to basal ribosomal 
frameshifting as an underappreciated source of evolutionary plas-
ticity, setting the stage for the evolution of programmed frameshift-
ing at specific sites.

Materials and Methods

Detailed procedures related to bacterial strains and growth conditions, plasmid 
construction, random and directed plasmid mutagenesis, western blotting, in vitro 
protein synthesis, mass spectrometry (sample preparation, data acquisition, and 
data analysis) are described in SI  Appendix, Materials and Methods. Statistical 
analyses were performed using GraphPad Prism (v. 9.4.1). All error bars represent 
SEM and statistical significance was determined by one- way ANOVA followed by 
Dunnett’s multiple comparisons test or by the t- test, as specified in the correspond-
ing figure legends.

Data, Materials, and Software Availability. Key plasmids developed in 
this work will be deposited with Addgene; all other plasmids developed in 
this work will be made available upon request with no restrictions. Proteomic 
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data (.RAW files) and SDRF (sample and data relationship format) files are 
available via ProteomeXchange with identifier  PXD047675 (43).
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