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ABSTRACT

Inducing tRNA +1 frameshifting to read a quadru-
plet codon has the potential to incorporate a non-
natural amino acid into the polypeptide chain. While
this strategy is being considered for genome expan-
sion in biotechnology and bioengineering endeav-
ors, a major limitation is a lack of understanding of
where the shift occurs in an elongation cycle of pro-
tein synthesis. Here, we use the high-efficiency +1-
frameshifting SufB2 tRNA, containing an extra nu-
cleotide in the anticodon loop, to address this ques-
tion. Physical and kinetic measurements of the ri-
bosome reading frame of SufB2 identify twice ex-
ploration of +1 frameshifting in one elongation cy-
cle, with the major fraction making the shift dur-
ing translocation from the aminoacyl-tRNA binding
(A) site to the peptidyl-tRNA binding (P) site and
the remaining fraction making the shift within the P
site upon occupancy of the A site in the +1-frame.
We demonstrate that the twice exploration of +1
frameshifting occurs during active protein synthesis
and that each exploration is consistent with riboso-
mal conformational dynamics that permits changes
of the reading frame. This work indicates that the ri-
bosome itself is a determinant of changes of the read-
ing frame and reveals a mechanistic parallel of +1
frameshifting with –1 frameshifting.

GRAPHICAL ABSTRACT

INTRODUCTION

A designer tRNA that induces +1 frameshifting at a
quadruplet codon is a potential tool for expansion of the
genome (1). This designer tRNA could carry a non-natural
amino acid and deliver it to protein synthesis by shifting
into the +1-frame within the quadruplet codon, allowing
site-specific incorporation of the non-natural amino acid
into the nascent polypeptide chain. While genome expan-
sion can also be achieved with suppressor tRNAs that de-
liver a non-natural amino acid to an internal stop codon
(2), the capacity is limited, due to the need to reserve one
of the three stop codons for termination of protein synthe-
sis. In contrast, genome expansion with +1-frameshifting
tRNAs has a much higher capacity, possibly allowing in-
sertion of non-natural amino acids to multiple quadruplet
codons at the same time. However, despite the high poten-
tial of genome expansion with +1-frameshifting tRNAs, the
yield of the shift at a given quadruplet codon has been poor,
due to a lack of understanding of where it can be explored
in an elongation cycle of protein synthesis. Lacking a clear
answer to this question, current efforts have focused on de-
signing +1-frameshifting tRNAs with an extra nucleotide
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inserted to the anticodon loop in an expanded anticodon–
stem–loop (ASL) structure for pairing with a quadruplet
codon (1). This design is based on known structures of
high-efficiency +1-frameshifting tRNAs that were isolated
from genetic studies (3). However, in vitro designed +1-
frameshifting tRNAs vary broadly in achieving successful
genome expansion (4).

Recent work has shed light on the mechanism of +1
frameshifting. In the terminology of bacterial protein syn-
thesis, each elongation cycle is defined by three key steps: (i)
delivery of an aminoacyl-tRNA (aa-tRNA) to the mRNA
codon at the ribosomal A site via a ternary complex (TC)
with the GTPase EF-Tu and GTP; (ii) synthesis of the
next peptide bond in the peptidyl transferase center on
the ribosome by transferring the nascent chain from the
P-site tRNA to the aa-tRNA at the A site to form a
pre-translocation complex (PRE) and (iii) translocation of
the mRNA and the P- and A-site tRNAs to the exit (E)
site and P site, respectively, to form a post-translocation
complex (POST) in a reaction catalyzed by the GTPase
EF-G and GTP. Interestingly, crystal structures of sev-
eral +1-frameshifting tRNAs show that, despite having
an expanded ASL, these tRNAs maintain the 0-frame
anticodon-codon pairing in the A site (5–8), but that they
occupy the +1-frame in the P site (9). These structures
emphasize that +1 frameshifting does not occur in the
A site. Indeed, a +1-frameshifting tRNA, having an ex-
panded ASL, in our recent study retains all of the ki-
netic features of a canonical tRNA up to and including
the formation of a PRE complex in the A site (10). In-
stead, we show that it is substantially slowed as it moves
from the A site to the P site (10), indicating that it un-
dergoes +1 frameshifting during translocation. This re-
sult is consistent with our recent cryo-EM structures of
Escherichia coli ProM tRNAPro(UGG) (UGG: the anti-
codon), which despite having a canonical ASL, is highly
prone to +1 frameshifting (11). In these structures, E. coli
tRNAPro(UGG) forms the canonical 0-frame anticodon-
codon pairing in the A site, but it shifts to the +1-frame
during translocation to the P site (12). Separately, we had
shown that the N1-methylation of G37 (m1G37) in a differ-
ent canonical E. coli ProL tRNAPro(GGG) is a major deter-
minant of maintaining the protein synthesis reading frame,
and that loss of m1G37 leads to +1 frameshifting when the
tRNA is stalled in the P site next to an empty A site (13).
However, to explore +1-frameshifting tRNAs for genome
expansion, we need to focus on dedicated tRNAs for trans-
lation of quadruplet codons, rather than canonical tRNAs,
to avoid off-target effects.

Here, we focus on the SufB2 tRNA as a model, which
was isolated from Salmonella (14) as a high-efficiency +1-
frameshifting tRNA derived from the canonical ProL
tRNAPro(GGG) by carrying an extra G37a nucleotide in-
serted next to m1G37 on the 3’-side of the anticodon GGG
(15) (Supplementary Figure S1). In Salmonella that had
an insertion of a single C to the Pro codon CCC, result-
ing in a CCC-C quadruplet codon, SufB2 exhibited a +1-
frameshfiting frequency 1–5% above background (14,16),
even in the presence of ProM and ProL that would compete
for reading of the triplet CCC within the quadruplet codon.
SufB2 is trackable model to study the mechanism of +1

frameshifting, because it has been expressed and confirmed
in E. coli with a well-characterized +1-frameshifting activ-
ity not only in ensemble and single-molecule kinetic assays,
but also in cell-based assays (10). However, SufB2 lacks
a ribosome-bound structure and, other than kinetic evi-
dence, it has no direct evidence for +1 frameshifting during
translocation. Additionally, whether SufB2 can undergo +1
frameshifting within the P site during active protein syn-
thesis is unknown. Further, given that +1 frameshifting is
achieved only partially at each step (10,13), whether the
shift can reach the full capacity in one elongation cycle re-
mains an open question, for example by occurring first dur-
ing translocation and second during occupancy within the
P site.

In this study, we address the open questions on SufB2
using two different methods. One method uses the force-
induced remnant magnetization spectroscopy (FIRMS) as
a physical measurement to map the reading frame of a
SufB2-bound ribosome on an mRNA, while the other uses
kinetic assays to monitor the reading frame of SufB2 after it
has translocated into the P site. The results show that SufB2
can twice explore +1 frameshifting in one elongation cycle,
with the major fraction making the shift during transloca-
tion and the remaining fraction making the shift within the
P site, so that it completely shifts to the +1-frame at the end
of the cycle. Additionally, we show by both in vitro and in
vivo experiments that the exploration of +1 frameshifting of
SufB2 in the P site is modulated by the reading frame of the
A-site tRNA during ongoing protein synthesis. The insight
that has emerged from this work is important for under-
standing the limitation of genome expansion and for draw-
ing a mechanistic parallel between +1 and –1 frameshifting.
It demonstrates that changes of the reading frame occur in
collaboration with the dynamics of the ribosome, indicating
that the ribosome itself is a determinant of frameshifting in
both the +1 and –1 direction.

MATERIALS AND METHODS

Translation reagents for in vitro experiments

Tightly coupled 70S ribosomes were purified by zonal cen-
trifugation as described (17). Briefly, E. coli cells CAN/20-
E12, derived from E. coli K12, deficient of RNases BN,
II, D and I, and grown in LB (with 20% glucose (w/v))
to A560 = 0.5, were harvested by centrifugation at 30 000
× g at 4◦C. Cells were resuspended in the ribosome buffer
(20 mM HEPES–KOH, pH 7.5, 6 mM Mg(OAc)2, 30 mM
NH4Cl, and 4 mM �-mercaptoethanol (�-Me), removed of
debris, and grounded in a pre-chilled mortar and pestle with
Alcoa A-305 (Serva, Heidelberg, Germany). The cell paste
was removed of Alcoa A-305 by centrifugation at 15 000
× g for 20 min, and then at 30 000 × g for 1 h. Crude
ribosomes were collected from the cleared supernatant by
centrifugation at 110 000 × g for 17 h, rinsed in the ribo-
some buffer, incubated in the ribosome buffer by shaking
for 1 h, and collected by centrifugation at 10 000 rpm for
5 min in an Eppendorf. The concentration of crude ribo-
somes is determined, typically at 300–400 A260 units per
gram of cells and 500–1000 A260 units/ml. The 70S of the
crude ribosomes were collected from a sucrose gradient (10–
30%, 48 000 × g, 16 h, 4◦C) in the ribosome buffer, pelleted



10048 Nucleic Acids Research, 2021, Vol. 49, No. 17

by centrifugation (47 000 × g, 4◦C, 24 h), resuspended in
the ribosome buffer by gentle shaking for 1 h, 4◦C, clari-
fied by a low-speed centrifugation, and the concentration
determined by A260. Over-expression clones of E. coli ini-
tiation factors IF1, IF2 and IF3, elongation factors EF-Tu
and EF-G, each fused with a His-tag, were gifts of Dr Barry
Cooperman and purified via binding to and elution from an
Ni-NTA column as described (18).

Native-state E. coli tRNAfMet(CAU), tRNAArg(ICG)
(I = inosine), and tRNAVal(*UAC) (*U = cmo5U ca-
pable of pairing with all four nucleotides (19)), were
over-expressed in E. coli and affinity-purified from to-
tal tRNA using biotinylated oligonucleotides attached
to streptavidin-sepharose (20). Unmodified transcripts of
SufB2 and ProL were synthesized by in vitro transcription
and purified by denaturing 12% PAGE/7M urea gels. Each
tRNA was charged using the respective cognate aminoacyl-
tRNA synthetase (aaRS) and stored in 25 mM NaOAc
(pH 5.0) at –70◦C. Initiator fMet-tRNAfMet was formylated
by including formyl methionyl transferase and 10-formyl-
tetrahydrofolate in the charging reaction (21).

Formation of ribosome complexes for FIRMS analysis

PRE and POST complexes were prepared as described
(22): four for SufB2 (fMP-SufB2-PRE, fMP-SufB2-POST,
fMPV-SufB2-POST and fMPR-SufB2-POST) and two for
ProL (fMP-ProL-PRE and fMP-ProL-POST). Reaction
components were prepared in 1X TAM buffer (20 mM Tris–
HCl, pH 7.5, 10 mM Mg(OAc)2, 30 mM NH4Cl, 70 mM
KCl, 0.5 mM EDTA, 7 mM �-Me and 0.05% Tween 20).
The molar ratio of Mg2+ to EDTA was maintained at 20:1
throughout the experiments to stabilize ribosome–mRNA–
DNA probe complexes. The ribosome 70S initiation com-
plex (70SIC) was prepared by mixing 1 �M 70S ribosome,
1.5 �M each IF1, IF2, and IF3, 2 �M mRNA, 4 �M
charged fMet-tRNAfMet, and 4 mM GTP. The factor mix-
ture contained 6 �M EF-Tu, 4 mM GTP, 4 mM phospho-
enol pyruvate (PEP), 0.02 mg/ml pyruvate kinase, and 3
�M EF-G for POST complexes or no EF-G for PRE com-
plexes. The mixture of aa-tRNAs contained 100 mM Tris–
HCl, pH 7.8, 20 mM Mg(OAc)2, 1 mM EDTA, 4 mM ATP,
0.1 mg/ml of a mixture of all aaRSs, one A260 units/ml of
requisite tRNAs and 0.25 mM of the corresponding amino
acids to form the respective TCs. The fMPV- and fMPR-
POST were made in the presence of tRNAs charged with
Pro, Val and Arg. The ribosome, factors and the mixture of
aa-tRNAs were incubated separately at 37◦C for 25 min, af-
ter which they were mixed in a 1:2:2 ratio and incubated 2
min at 37◦C to form PRE complexes, or 30 min at 37◦C to
form POST complexes. The resulting ribosome complexes
were purified by a 1.1 M sucrose cushion to remove trans-
lation factors and free mRNA.

Probing schemes and sample preparation for FIRMS analysis

The coding mRNA was 5′-biotin-GGC AAC UGU UAA
UUA AAU UAA AUU AAA AAG GAA AUA AAA AUG
CCC CGU AAG UAC GUA AAU CUA CUG CUG AAC
UC-3′, where the initiation codon AUG is in bold face. The
oligonucleotide used to probe fMP-PRE and fMP-POST

complexes, termed P16c, was 5′-biotin-teg-CAA GTC CAG
TAG ATT TAC GTA C-3′, where teg denotes an 18-atom
spacer. The oligonucleotide used to probe fMPV and fMPR
complexes, termed P16, was 5′-biotin-teg-CT CAA CAG
CAG TAG ATT TAC G-3′. Both probes were designed to
form duplexes of 12–16 bp with the mRNA downstream of
the mRNA entry into the ribosome. These duplexes were in
the resolvable range of FIRMS. The oligonucleotides were
purchased from IDT and used without further purification.

The sample well with dimensions of 4 × 3 × 2 mm3

(L × W × D) was coated with biotin on the bottom glass
surface. A streptavidin solution (0.30 mg/ml) of 20 �l was
loaded onto the sample well and incubated for 1 h. The
sample well was then rinsed with 1× TAM buffer three
times to remove excess streptavidin. A 20 �l ribosome com-
plex (0.1 �M) was immobilized on the surface via the 5′-
biotin on the mRNA by incubation for 1 h. After rinsing
the surface, 20 �l of a biotinylated oligonucleotide probe (1
�M) was added to hybridize overnight with the accessible
region of the mRNA. Streptavidin-coated magnetic beads
(0.7 mg/ml) (M280, Invitrogen) were then introduced to the
sample well and incubated for 2 h. After extensive washes,
the sample was magnetized for 2 min using a permanent
magnet (∼0.5 T), where T is tesla, a measurement unit for
the magnetic flux density. All workups and analyses were
carried out in 1× TAM buffer at room temperature.

FIRMS measurements

FIRMS has been used to identify accessible mRNA nu-
cleotides downstream from the entry of the mRNA into a
ribosome complex, with single nucleotide resolution of mul-
tiple reading frames (22,23). The FIRMS technique mea-
sures the magnetic signal of samples after applying cen-
trifugal force of increasing magnitude. When the force is
below that required to dissociate an mRNA-probe duplex,
a strong magnetic signal is obtained because the immobi-
lized magnetic beads are attached to the duplex. When the
force exceeds that required to dissociate the duplex, a de-
crease in magnetic signal is observed because the dissoci-
ated beads are subsequently removed from the sample well.
From the dissociation forces, the number of base pairs in
the duplex is obtained which in turn defines the location
of the ribosome and its reading frame. Magnetic detection
was conducted using an atomic magnetometer with ∼2–3
pT sensitivity. The force was provided by a centrifuge (Ep-
pendorf 5417R) operated at varying speeds. The force val-
ues were calculated according to F = mω2r, in which m is
the buoyant mass of M280 magnetic beads (4.6 × 10–15 kg),
ω is the centrifugal speed, and r is the distance of the mag-
netic beads from the rotor axis (8 cm for 5417R). FIRMS
profiles were obtained by normalizing the overall magnetic
signal (B0) as 100% and by plotting the decrease of the rel-
ative magnetic signal (B/B0) versus the external force. The
typical force resolution was 3–4 pN. Each profile reported
in this study was repeated at least three times to assure re-
producibility. Standard deviation was obtained by sending
a calibration signal of 100 pT to the atomic magnetometer
prior to sample measurements to allow calibration of the er-
ror. The percentage error was obtained by this error divided
by the amplitude of the sample magnetic signal before it was
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dissociated under force. The high sensitivity of the atomic
magnetometer throughout the entire trace of each experi-
ment results in a constant standard deviation, which varies
from experiment to experiment. Due to the robustness of
our isolation of the ribosome, FIRMS measurements have
been highly reproducible, reporting the same products and
yields of frameshifting that were performed four years apart
(22,24). Thus, all data in this work are reported as technical
replicates.

Formation and analysis of di- and tri-peptides

Peptide synthesis was carried out as described (10) in 50
mM Tris–HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 3.5
mM MgCl2, 1 mM dithiothreitol (DTT) and 0.5 mM sper-
midine at 20◦C (21,25). TCs were formed by incubating EF-
Tu with GTP for 15 min at 37◦C, followed by addition of one
or more aa-tRNAs and incubation for 15 min in an ice bath.
The 70SIC was prepared by incubating a 70 ribosome with
[35S]-fMet-tRNAfMet, IF1, IF2, and IF3, EF-G and GTP,
in the presence of mRNA for 25 min at 37◦C. The mRNA
was prepared by in vitro transcription with the sequence 5′-
GGG AAG GAG GUA AAA AUG CCC CGU UCU AAG
(CAC)7–3′, where the SD sequence is underlined, the initia-
tion codon in bold face, followed by a CCC-C codon motif.
The 70SIC and one or more TCs were mixed in a 1:1 molar
ratio to initiate peptide bond formation at the final concen-
trations (1×) of 70S ribosome (0.4 �M), each initiation fac-
tor (0.5 �M), [35S]-fMet-tRNAfMet (0.25 �M), mRNA (0.5
�M), each aa-tRNA (0.5 �M), EF-Tu (0.8 �M per tRNA),
EF-G (2 �M) and GTP (1 mM). Kinetics of tripeptide for-
mation were monitored on the bench or in a Kintek RQF-3
chemical quench apparatus in triplicate. Reaction aliquots
were quenched with KOH and peptide distribution deter-
mined by electrophoretic thin layer chromatography.

Cell-based assays of +1 frameshifting

The proL strain was the E. coli wt JM109 strain, while the
sufB2 strain was generated by replacing the proL locus with
sufB2 via P1 transduction from a previously constructed
sufB2 strain in MG1655 (10). The kanamycin marker was
removed by FLP recombination using pCP20. The isogenic
proL and sufB2 strains were each transformed with two
plasmids, one for expression of a lacZ reporter and the other
for an E. coli tRNA gene. The lacZ reporter was expressed
from the pZS2R vector (a gift of Roy Kishony) and car-
ried insertion of the 0-frame CCC or the +1-frame CCC-
C at the second codon position. Each reporter was previ-
ously created (13) in the pKK223-3 plasmid and was in-
troduced into pZS2R at the BspHI site together with the
tac promoter and the rrnB terminator. The plasmid for
over-expression of an E. coli tRNA gene was derived from
pKK223-3, where each gene was cloned between the EcoRI
and PstI sites and over-expressed upon induction for 4–6
h at 37◦C to allow synthesis of natural post-transcriptional
modifications. Biochemical assays have confirmed the pres-
ence of selected post-transcriptional modifications in tR-
NAs that have been over-expressed in this cell model, in-
cluding m1G37 (10), cmo5U34 (26), dihydrouridine D17

(27), and lysidine L34 (unpublished). The confirmation of
the expected post-transcriptional modifications at positions
34 and 37 is important, both of which are determinants of
the reading-frame. An overnight culture of the proL and
sufB2 strains, harboring both a lacZ reporter plasmid and
a tRNA plasmid, was inoculated into fresh LB at a 1:100
dilution and grown at 37◦C for 4 h in the presence of 0.4
mM IPTG to induce co-expression of both the reporter
and the tRNA gene. The control culture had cells harbor-
ing a lacZ reporter plasmid and the empty pKK223-3 plas-
mid and were induced with 0.4 mM IPTG at 37◦C for 4 h.
Cells were harvested and an aliquot of the cell lysate was
assayed for the frequency of +1 frameshifting by measur-
ing the lacZ activity in cells expressing the CCC-C reporter
plasmid relative to cells expressing the CCC control plasmid
(13). A separate aliquot of the cell lysate was quantified for
tRNA expression in a label-free aminoacylation assay (28),
in which total tRNA from cell lysates over-expressing hisT
or thrV was aminoacylated by the respective E. coli HisRS
and ThrRS, biotinylated with sulfo-NHS-biotin, ethanol
precipitated twice, and bound to streptavidin. Charged aa-
tRNA was separated from uncharged tRNA by a denatur-
ing 12% PAGE/7 M urea gel and quantified by SYBR Gold.
A control lane of the cell lysate without aminoacylation was
run in parallel to provide background for subtraction.

RESULTS

SufB2 occupies the 0-frame in the A site in FIRMS analysis

While we have used kinetic assays to investigate +1
frameshifting of SufB2 (10), here we applied FIRMS
(22,23,29) as a physical method to map the reading frame of
SufB2 on a translating mRNA. In FIRMS analysis, the 5′-
biotinylated mRNA is immobilized to a streptavidin-coated
surface (Figure 1A). The sequence downstream from the
mRNA entry site into the translating ribosome is mapped
for the accessibility to base-pairing with a complementary
DNA probe. The base-pairing accessibility of the sequence
determines the ribosome reading frame (Figure 1B). Mea-
surements of the number of base pairs are based on the mag-
netic dipoles of all duplexes, which are initially aligned with
the external magnetic field to produce an overall magneti-
zation (measured as B0). With an external force that dis-
sociates non-stable duplexes, the remaining magnetization
(measured as B) represents stable duplexes while the disso-
ciated probes have random magnetic dipoles and make no
contribution to the magnetization (Figure 1C). The force
profile of magnetization is shown from the maximum mag-
netic signal (B/B0 = 100%), where all beads are aligned, to
the minimum magnetic signal (B/B0 = 0%), where all beads
are dissociated (Figure 1D). A single transition from 100%
to 0% indicates a homogeneous state of the ribosome com-
plex. The force that causes the transition corresponds to the
probe hybridization to the mRNA entry point into the ribo-
some, from which 11 nucleotides upstream on the mRNA
defines the first nucleotide of the P site (30,31). In our design
of FIRMS experiments, the 0-frame placement of the AUG
start codon in the P site indicates formation of the 0-frame
complex, whereas a +1-frame placement indicates forma-
tion of the +1-frame complex due to +1 frameshifting at
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Figure 1. A general scheme of FIRMS experiments. (A) The mRNA carrying a translating ribosome is immobilized to the surface of a streptavidin-coated
sample well via its 5′-biotin (blue). The nucleotides downstream from the mRNA entry site into the ribosome are accessible to hybridization to a DNA
probe, whereas the nucleotides upstream inside the ribosome are not accessible. (B) Addition of a DNA probe to the immobilized mRNA allows formation
of an mRNA-DNA duplex. The DNA probe is conjugated with a magnetic bead, allowing for magnetization of the ribosome complex by a permanent
magnet, and showing magnetic ordering of the bead by the black arrow pointing up. The magnetic signal of the ribosome complex is measured by an
atomic magnetometer. Because the magnetic bead is immobilized to the surface via the mRNA-DNA duplex, its binding strength depends on the number
of base pairs of the duplex. Prior to the force-induced dissociation of the duplex, the ribosome complex gives a high strong magnetic signal. (C) When the
applied centrifugal force exceeds the dissociation force of the mRNA-DNA duplex, the DNA probe is dissociated from the duplex, leaving its magnetic
bead randomly orientated due to Brownian motion as indicated by the white arrow in the bead. A complete dissociation of the duplex gives a zero magnetic
signal. Because the dissociation force of the mRNA-DNA duplex is proportional to the number of base pairs, the position of mRNA is revealed by the
dissociation force as indicated by a decrease of the magnetic signal. Single base-pair resolution is routinely achieved by FIRMS to distinguish different
reading frames (22). (D) A representative force spectrum that illustrates the high magnetic signal prior to duplex dissociation and the low magnetic signal
after dissociation. The value of the dissociation force reveals the ribosome position on the mRNA, hence the reading frame.

the adjacent CCC-C codon motif. The fraction of each com-
plex is calculated as the fractional decrease of B/B0 from the
maximum signal. We have applied centrifugation as an ex-
ternal force and measured the force and the number of base
pairs in an mRNA-probe duplex up to the mRNA entry
into the ribosome, showing a linear correlation with a repro-
ducible slope of ∼13 pN between the force and the duplex
length in different experimental settings (22,23,29). These
FIRMS measurements have identified novel features of the
ribosomes, including –1 and –2 frameshifting (22), occur-
rence of an mRNA looping intermediate during transloca-
tion (29), and even movement of the ribosome by half of a
nucleotide in a PRE complex (32).

We began FIRMS analysis by determining whether
SufB2 maintains the 0-frame anticodon-codon pairing in
the A site as shown in our kinetic study (10). To allow
the possibility of +1 frameshifting, we prepared SufB2 in
the transcript form, lacking post-transcriptional modifica-
tions and eliminating m1G37 from maintaining the reading
frame. An E. coli 70SIC was programmed with the mRNA
template AUG-CCC-CGU-AAG to place the AUG start
codon and an initiator fMet-tRNAfMet at the P site and
the CCC-C quadruplet codon at the A site. We delivered a
SufB2-TC or a ProL-TC to the A site to enable transfer of
the formyl-methionyl (fM) group from the initiator tRNA
to the prolyl group of each TC, generating an fMP-SufB2-
PRE or an fMP-ProL-PRE. Each PRE complex was pro-
duced with a saturating concentration of the TC relative to
the 70SIC and in long enough time (2 min) relative to the
rate of fMP formation (1.2 and 0.9 s–1 for fMP-ProL and
fMP-SufB2, respectively) (10). Each PRE complex was then
immobilized to a streptavidin-coated well, incubated with a

DNA probe, and the dissociation force of the mRNA-probe
duplex was measured by an atomic magnetometer as a func-
tion of the centrifugal force.

The force profile of fMP-SufB2-PRE and of fMP-ProL-
PRE is virtually identical, showing a single magnetic tran-
sition from 100% to 0% occurring at 80 ± 3 pN (Figure 2A,
B). Based on our calibration of force versus the number of
base pairs in the duplex (22,23,29), this single transition cor-
responds to the force required to dissociate a 16-base-pair
duplex (Figure 2C). Because FIRMS analysis measured the
ribosome in the end-point complex, the single transition in-
dicates that each PRE was positioned at a specific frame on
the mRNA after it reaches an equilibrium of exploration
of different frames. This single transition required only one
minimal force to dissociate the mRNA-probe duplex of 16
base pairs. From the 3′-end of the probe, we found that the
position corresponding to 11 nucleotides upstream of the
mRNA was localized to the first nucleotide of the AUG
codon at the P site, indicating that each PRE was in the 0-
frame. Had a fraction of either complex shifted to the +1-
frame, FIRMS would have detected a force of 65 pN cor-
responding to dissociation of a 15-base-pair duplex (Fig-
ure 2D). Thus, consistent with our kinetic data (10), SufB2
reads the A-site codon in the 0-frame, without evidence
of +1 frameshifting.

SufB2 occupies the +1-frame in the P site in FIRMS analysis

We next used FIRMS to determine whether SufB2 occupies
the +1-frame in the P site and the level of this occupancy,
taking advantage of the ability of FIRMS to identify multi-
ple frames at the same time (22). An fMP-SufB2-PRE or an
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Figure 2. The force profile of fMP-PRE complexes in FIRMS analysis. (A) Formation of an fMP-SufB2-PRE complex by rapid delivery of SufB2-TC to
a 70SIC, and (B) formation of an fMP-ProL-PRE complex by rapid delivery of ProL-TC to a 70SIC. A single transition is observed for both (A) and
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fMP-ProL-PRE was formed as above and was converted to
the POST by adding EF-G and GTP. The conversion was
achieved in 30 min, based on the rate constant of each un-
der an ensemble experimental condition (kfMP-PRE→fMP-POST
of 0.09 and 0.04 s–1 for the SufB2 and ProL complex, re-
spectively) (10). Each POST was then purified through a
sucrose cushion, immobilized to a streptavidin bead, and
hybridized to a DNA probe. The force profile of fMP-SufB-
POST exhibited two transitions – the first occurring at the
force of 21 ± 2 pN and corresponding to a 12-base-pair du-
plex, while the second occurring at the force of 32 ± 4 pN
and corresponding to a 13-base-pair duplex (Figure 3A).
In contrast, the force profile of fMP-ProL-POST exhibited
only one transition, occurring at the force of 32 ± 4 pN and
corresponding to a 13-base-pair duplex (Figure 3B). The
13-base-pair duplex positioned the ribosome in the 0-frame,
placing the triplet CCC of the CCC-C codon in the P site,

whereas the 12-base-pair duplex positioned the ribosome in
the +1-frame, placing the quadruplet CCC-C codon in the
P site (Figure 3C, D). These results demonstrate that fMP-
SufB2-POST occupies both the 0-frame and the +1-frame,
whereas fMP-ProL-POST occupies only the 0-frame, con-
sistent with our kinetic data (10).

We found that the fractional distribution of fMP-SufB2-
POST in the +1 frame was 35%, which was lower than
the distribution at 90% in our kinetic data (10). We tested
whether the low occupancy in the +1-frame was due to the
high Mg2+ concentration in FIRMS analysis (10 mM) rela-
tive to that in our kinetic assay (3.5 mM). The 10 mM Mg2+

in FIRMS was required to stabilize the mRNA-probe inter-
action during centrifugation in an magnetic field, whereas
the 3.5 mM in kinetic assay was in the physiological range
to provide high-fidelity discrimination against near-cognate
tRNAs (33). Recent work has shown that higher Mg2+ con-
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Figure 3. The force profile of dipeptidyl-POST complexes in FIRMS analysis. (A) Formation of the fMP-SufB2-POST complex by rapid delivery of SufB2-
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centrations inhibit translation by preventing the ribosome
from conformational rearrangements necessary to com-
plete an elongation cycle (34). Indeed, in our kinetic mea-
surements of the fractional distribution of SufB2 in the +1-
frame as a function of Mg2+ concentration, we found a lin-
ear decrease (Supplementary Figure S2). In this decrease,
we found a distribution of 70% in the +1 frame at 10 mM
Mg2+, which is still higher than the observed 35% in FIRMS
analysis. Thus, although Mg2+ is a key determinant that
contributes to the discrepancy of the +1-frameshifting effi-
ciency between FIRMS and kinetic assays, it does not com-
pletely resolve the discrepancy.

Additional factors contribute to the discrepancy. A major
one besides Mg2+ is the physical method of measurements,
which is surface-based in FIRMS but solution-based in ki-

netic assays. The surface-based FIRMS measures the end
point of each reaction, after a long incubation time that
allows the ribosome to explore both the 0-frame and +1-
frame to establish an equilibrium between the two. The long
incubation time in FIRMS incurs other factors that con-
tribute to the discrepancy. First, FIRMS analysis is per-
formed with an overnight incubation of the mRNA-probe
complex and involves several steps of hour-long incuba-
tions (e.g. ribosome binding to the coated well (1 h) and
magnetic beads binding to the mRNA-probe complex (2
h)), followed by extensive washes, which could challenge
the stability of the SufB2-ribosome complex and reduce
the +1-frame fractional distribution. In contrast, kinetic as-
says capture the SufB2 reading frame instantaneously. Sec-
ond, the fMP-SufB2 complex in the P site is likely prone to
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drop-off, due to the instability of the expanded ASL. Pre-
vious structural work of a related SufA6 tRNA with an ex-
panded ASL demonstrates inefficient binding to the ribo-
some relative to a canonical tRNA (5). Additionally, our re-
cent cryo-EM structures of the +1-frameshift-prone E. coli
tRNAPro(UGG) demonstrates instability near the P site, in-
volving the bulge-out of the first nucleotide of the quadru-
plet codon after the tRNA has shifted to the +1-frame (12).
Third, the instability and propensity of drop-off of fMP-
SufB2 from the P site is consistent with additional FIRMS
data. For example, we showed that the tripeptidyl fMPV-
tRNAVal has a higher occupancy of the +1-frame (50%) rel-
ative to the dipeptidyl fMP-SufB2 (35%) (Figure 4A below),
indicating that fMPV-tRNAVal with a normal ASL is more
stably accommodated in the P site by the 30S subunit rela-
tive to fMP-SufB2 with an expanded ASL. Combined, the
high Mg2+ concentration required for FIRMS, and the as-
sociated long processing time, exacerbates the inherent in-
stability of SufB2 in the P site, providing a reasonable ex-
planation for the low occupancy in the +1-frame compared
to kinetic measurements.

SufB2 shifts to the +1-frame during translocation in FIRMS
analysis

We tested whether the shift of fMP-SufB2-POST to the +1-
frame in the P site occurred during translocation from the
A site to the P site. To test this possibility, we performed
FIRMS analysis by delivering a mixture of equal con-
centrations of SufB2-TC, Val-TC (tRNAVal(*UAC), where
*U = cmo5U) and Arg-TC (tRNAArg(ICG), where I = in-
osine), to a 70SIC in the presence of EF-G and GTP to
catalyze translocation. In this design based on the mRNA
sequence AUG-CCC-CGU-A, the fractional distribution
of SufB2 between the +1-frame and 0-frame that occurred
during translocation would be immediately captured in
the P site, because the simultaneous inclusion of all three
TCs would leave no time for SufB2 to shift in the P site.
As we showed recently (10), this capture would be repre-
sented by the fractional occupancy of Val-TC in the +1-
frame and Arg-TC in the 0-frame of the A site, generat-
ing tripeptides fMPV and fMPR, respectively. We chose
SufB2 in the transcript-state, but tRNAVal and tRNAArg in
the native-state with the full complement of natural post-
transcriptional modifications to prevent the latter two from
unwanted frameshifting.

FIRMS analysis of SufB2 showed two transitions, one
occurring at 21 ± 2 pN and corresponding to dissocia-
tion of a 12-base-pair duplex, while the other occurring at
32 ± 2 pN and corresponding to dissociation of a 13-base-
pair duplex (Figure 4A). The 13-base-pair duplex placed
the Arg CGU codon in the P site and the triplet CCC
codon in the E site, indicating a 0-frame POST, whereas
the 12-base-pair duplex placed the Val GUA codon in the
P site and the CCC-C codon in the E site, indicating a +1-
frame POST (Figure 4B, C). This result supports the notion
that +1 frameshifting had occurred during translocation.
Fractional calculation showed 50% occupancy in the +1-
frame during translocation, lower than the observed 90%
in our kinetic assay (10). We again attribute it to the high
Mg2+ concentration required to stabilize the mRNA-DNA

complex in FIRMS and to the technical differences from
the kinetic assay.

SufB2 can shift to the +1-frame after translocation to the P
site

We next asked if the fraction of SufB2 that remained in
the 0-frame after translocation could attempt to shift in
the P site. To quantify not only the yield but also the rate
of +1 frameshifting, the latter of which cannot be achieved
by FIRMS analysis, we used kinetic assays to monitor the
shift in the P site. In our recent kinetic assay with simulta-
neous delivery of all three TCs to a 70SIC, while the assay
isolated the fraction of SufB2 undergoing +1 frameshifting
during translocation (10) (Figure 5A), it was not designed
to determine whether the 0-frame fraction could shift in
the P site. Separately, in our kinetic assay with simultane-
ous delivery of only Val-TC and Arg-TC to a POST com-
plex of SufB2 (10) (Figure 5B), it was also not designed
to address the question. In the latter, the POST complex
of SufB2 is stalled over time to allow the distribution be-
tween the +1-frame and the 0-frame to reach an equilib-
rium. This equilibrium distribution is then monitored by
co-addition of Val-TC and Arg-TC to the A site. The ob-
servation of no change of the fractional distribution of the
two pairing frames in the P site, as reported in our previous
assay (10), indicates that the two sub-populations of SufB2
in the P site after translocation have reached an equilibrium
in the stalled POST complex. To capture +1 frameshifting
of the 0-frame SufB2 within the P site, before the equilib-
rium, we performed the kinetic assay in a modified form,
in which only Val- or Arg-TC was co-delivered with SufB2-
TC to a 70SIC in the presence of EF-G and GTP. If the
post-translocation fraction of SufB2 that remained in the
0-frame attempted +1 frameshifting in the P site, we would
expect an increase of the overall yield of the fMPV tripep-
tide relative to that observed during translocation.

We monitored the conversion from the dipeptidyl fMP
to the tripeptidyl fMPV or fMPR and calculated the frac-
tional distribution between the two tripeptides. With addi-
tion of only Val-TC and SufB2-TC, we showed that the en-
tire population of fMP was converted to fMPV at the rate
(kfMP→fMPV) of 0.088 ± 0.009 s–1. In contrast, with addi-
tion of only Arg-TC and SufB2-TC, the entire population
of fMP was converted to fMPR at the rate (kfMP→fMPR) of
0.011 ± 0.001 s–1 (Figure 5C, D). These results, when com-
pared with the distribution of SufB2 after translocation be-
tween fMPV at 90% and fMPR at 10% (Figure 5A), indi-
cate redistribution of SufB2 in the P site (Figure 5E). The
increase of fMPV from 90% to 100% upon delivery of only
Val-TC to the A site indicates that the fraction that arrived
in the 0-frame of the P site had shifted to the +1-frame.
Conversely, the increase of fMPR from 10% to 100% upon
delivery of only Arg-TC indicates that the fraction that ar-
rived in the +1-frame of the P site had shifted to the 0-
frame. Combined, these results demonstrate an unexpected
reading-frame flexibility of SufB2 in the P site, showing that
the sub-population that occupies the 0-frame after translo-
cation can shift to the +1-frame when the +1-frame Val-
TC is in the A site, whereas the sub-population that oc-
cupies the +1-frame after translocation can shift back to
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the 0-frame when the 0-frame Arg-TC is in the A site. To
account for some fMP that was not converted to tripep-
tides in these experiments, we showed that 78% of fMP was
converted to fMPV with addition of only Val-TC and that
71% was converted to fMPR with addition of only Arg-TC
(Supplementary Figure S3), indicating that approximately
the same amount of fMP was active in synthesis of either
tripeptide.

The reading frame of the A-site tRNA modulates +1
frameshifting of SufB2 in vivo

The results above demonstrate that the reading frame of the
A-site tRNA can modulate levels of +1 frameshifting, sug-
gesting a potential strategy to improve the yield of genome
recoding at the P site. Notably, +1 frameshifting that oc-
curs during translocation is a uni-molecular reaction that is
unlikely affected by the reading frame of the A-site tRNA.
We therefore tested if +1 frameshifting in the P site can be
modulated by the reading frame of the A-site tRNA in vivo

during active protein synthesis. We used a previously de-
veloped cell-based reporter assay (13), in which a CCC-C
codon motif was inserted into the second codon position
of the reporter lacZ gene. In this assay, a +1-frameshifting
event at the motif is necessary to maintain the natural Thr
ACC codon at the third codon position and enable full-
length synthesis of �-galactosidase (�-Gal), whereas lack
of +1 frameshifting would position the His CAC codon at
the third position and lead to premature termination of pro-
tein synthesis. The efficiency of +1 frameshifting was calcu-
lated as the ratio of �-Gal expressed in cells containing the
CCC-C insertion relative to cells containing a 0-frame CCC
insertion (Figure 6A).

We tested if increasing the cellular level of E. coli thrV
tRNAThr cognate to the +1-frame ACC codon, relative to
E. coli hisT tRNAHis cognate to the 0-frame CAC codon,
would modulate the frequency of +1 frameshifting (Figure
6B). We used plasmid expression of each tRNA to increase
its cellular level in an isogenic pair of E. coli strains that
we created recently (10). In this pair, the proL strain ex-
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presses the ProL tRNA from the natural chromosomal lo-
cus, while the sufB2 strain expresses the SufB2 tRNA from
the sufB2 gene that replaced the proL locus. We showed that,
upon induction, thrV tRNAThr was over-expressed above
background by 3.1-fold, and that hisT tRNAHis was over-
expressed by 2.2-fold (Figure 6C).

In control experiment without over-expression of any
tRNA, SufB2 showed an elevated +1 frameshifting fre-
quency at 2.64% relative to ProL at 0.77% by more than
3-fold (Figure 6D, bars for cells with an empty vector),
demonstrating its higher propensity of +1 frameshifting
that is consistent with the previous report in Salmonella
(16). While this elevated +1 frameshifting frequency is not
as high as that measured in kinetic assays (Figure 5D), it
is due to the presence of m1G37 in cell-based assay, which
inhibits +1 frameshifting (10,13), and due to the cellular co-
existence of SufB2 with competing ProM tRNAPro(UGG),
the latter of which can read the CCC codon in the CCC-
C codon motif. Upon over-expression of thrV tRNAThr,
SufB2 displayed an even higher +1-frameshifting frequency
relative to ProL (5.45 versus 0.87%) by more than 6-fold,
supporting the notion that increasing the A-site tRNA in
the +1-frame has elevated +1 frameshifting. Conversely,
upon over-expression of hisT tRNAHis, SufB2 and ProL ap-
peared to show a decrease in +1 frameshifting relative to the
control (2.07 versus 2.64% for SufB2, and 0.47 versus 0.77%
for ProL) (Figure 6D). Thus, consistent with the results of
kinetic assays (Figure 5D), the results of the cell-based as-
says support the notion that the frequency of +1 frameshift-
ing of SufB2 in the P site can be modulated by intracellular

levels of the aa-tRNA that enters the A site in the +1-frame
or in the 0-frame. This notion agrees with earlier genetic
work, which demonstrates that starvation of intracellular
aa-tRNAs alters the frequency of ribosome frameshifting
(35,36).

DISCUSSION

Recent advance in genome expansion has seen success in en-
gineering of a new bacterial genome with a minimal set of
codons for all amino acids (37). However, the exploration
of a +1-frameshifting tRNA for genome expansion has re-
mained an option, making the question relevant of where
the shift can occur in an elongation cycle of protein syn-
thesis. Answering this question would provide a better un-
derstanding of +1 frameshifting and its limitations, and im-
prove the yield of +1 frameshifting by targeting the specific
steps where the shift occurs. Here we use SufB2 to show
that it can shift to the +1-frame twice in one elongation
cycle, with the major fraction of the shift occurring during
translocation (90%) and the remaining fraction of the shift
occurring during occupancy in the P site (10%) (Figure 7).
The conceptual advance of this work to the field is on multi-
ple fronts. First, while the observation of +1 frameshifting
during translocation is consistent with that of our recent
kinetic study (10), we provide here physical evidence of the
shift by mapping the position of a translating ribosome on
its mRNA template. This is important to clarify the reading
frame of SufB2, given that it has no ribosome-bound struc-
ture to date. Second, while the observation of +1 frameshift-
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Figure 7. A model of twice exploration of SufB2 for +1 frameshifting in an elongation cycle. A PRE complex carrying fMP-SufB2 in the A site occupies
the 0-frame. Upon initiation of translocation catalyzed by EF-G-GTP, SufB2 makes the first exploration of +1 frameshifting and arrives in the P site in
a fractional distribution between the +1-frame (90%) and 0-frame (10%). While in the P site, in response to the entry of the +1-frame Val-TC in the A
site, the fraction SufB2 that remains in the 0-frame makes a second exploration of +1 frameshifting to move to the +1-frame, synthesizing fMPV-Val-PRE
in the A site. In contrast, the fraction that exists in the +1-frame in the P site readily reacts with Val-TC to synthesize fMPV-Val-PRE in the A site. This
model demonstrates that SufB2 twice explores +1 frameshifting in one elongation cycle of protein synthesis, with the potential to reach 100% occupancy
in the +1-frame.

ing in the P site is consistent with that of our previous ki-
netic study of a stalled ribosome (13), we show here that
the shift can occur during active protein synthesis, which
is demonstrated in both kinetic (Figure 5D) and cell-based
assays (Figure 6D). Third, while +1 frameshifting during
translocation and during P-site occupancy was shown pre-
viously, but in separate kinetic models (10,13), we show here
that it can occur consecutively and sequentially, first during
translocation and second within the P site, leading to a com-
plete shift of the tRNA into the +1-frame at the end of the
elongation cycle (Figure 7).

While we use SufB2 as a model in this study, which has
an expanded ASL, key features of the model are observed
in our recent cryo-EM structures of the canonical E. coli
tRNAPro(UGG) that is prone to +1 frameshifting (12). In
these cryo-EM structures, the tRNA anticodon UGG is in
a normal ASL and it pairs with the 0-frame codon during
decoding at the A site, but it undergoes +1 frameshifting
during translocation and pairs with the +1-frame codon
as it moves into the P site (12). Notably, as the tRNA oc-
cupies the +1-frame near the P site, the first nucleotide of
the quadruplet codon, within which the shift takes place,
is bulged out from the mRNA into the narrow space be-
tween the P site and E site (12), indicating a disruption
that would destabilize the codon-anticodon pairing inter-
action in the P site. This instability is expected to alter
the fractional distribution of the ribosome between the +1-
frame and the 0-frame in the thermodynamic equilibrium
of the two, which is readily captured in FIRMS analy-
sis of SufB2 (Figure 4A). Thus, the principles underlying
the mechanism of +1 frameshifting are consistent between
SufB2 and tRNAPro(UGG), validating that SufB2 is an in-
formative and meaningful model to study, particularly due
to its well-characterized activities both in kinetic assays and

in cell-based assays that provide experimental tractability
(10).

The twice exploration of +1 frameshifting is consis-
tent with the dynamics of the ribosome structure in an
elongation cycle. The lack of +1 frameshifting in the A
site is attributed to the tight structure of the 30S sub-
unit that uses movement of 16S rRNA nucleotides (G530,
C1054, A1492 and A1493) to select for the 0-frame triplet
anticodon-codon pairing scheme (38). In contrast, translo-
cation consists of a series of large conformational rear-
rangements that facilitates the PRE complex to move into
the POST complex (39). This series begins with thermally
driven rotation of the 30S subunit relative to the 50S sub-
unit of the A-site-bound PRE complex and closure of the L1
stalk to move the two tRNA acceptor stems in the A and P
sites into the P and E sites of the 50S subunit (40). Upon EF-
G binding to the A site, the PRE complex is transiently sta-
bilized, while EF-G promotes swiveling of the 30S head do-
main and opening of the L1 stalk (41,42) to translocate the
ASLs of the two tRNAs and the associated mRNA codons
in the A and P sites into the P and E sites of the 30S subunit,
respectively. While the ribosome dynamics in these late steps
of translocation maintains anticodon-codon pairings in a
canonical reaction, we showed by single-molecule analysis
that the SufB2-bound ribosome is severely impeded from
moving through these late steps (10), indicating a distinct
ribosome conformation that induces +1 frameshifting. Sub-
sequently, in the POST complex with a canonical tRNA in
the P site, the 30S subunit uses only one nucleotide (C1400)
to inspect the quality of the anticodon-codon pairing, but
three nucleotides (A790, A1338, A1339) to stabilize the
anticodon stem (43). In contrast, once a frameshift-prone
tRNA moves into the P site, the 30S head domain undergoes
a large swiveling-like rotation relative to the body domain
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to position the anticodon–codon pair in the +1-frame (44).
This large movement of the 30S head domain is similar to
that occurring during late steps of translocation and is ob-
served for both a natural ASL lacking post-transcriptional
modifications (44), and for an expanded ASL (9), indicat-
ing that it can provide a structural basis for the remaining
fraction of SufB2 in the 0-frame to shift to the +1-frame.
Thus, the two steps of the elongation cycle that allow SufB2
to explore +1 frameshifting are supported by the ribosome
dynamics at each, suggesting that the ribosome itself is a
determinant of +1 frameshifting.

While +1 frameshifting during translocation and during
P-site occupancy both involve swiveling of the 30S head do-
main, the mechanism is different, based on kinetic compar-
ison of SufB2 and a frameshift-prone ProL lacking m1G37
(13). While the ribosome dynamics during translocation ac-
companying SufB2 to move into the P site is significantly
slower relative to ProL by 2–3 orders of magnitude (10), the
trend is opposite within the P site. Compared to the rate of
SufB2 shifting into the +1-frame in the P site (kobs = 0.088
s–1, Figure 5C), the rate of ProL in our previous study with a
similar kinetic method is significantly slower (kobs = 0.001
s–1) by 1–2 orders of magnitude (13). This difference up-
holds even considering the rate of SufB2 shifting back to
the 0-frame in the P site (kobs = 0.011 s–1, Figure 5D).
Thus, while +1 frameshifting of SufB2 during translocation
is slow relative to ProL, it is accelerated in the P site, in-
dicating the distinct response of ribosome dynamics to the
expansion of ASL in SufB2.

The two steps of ribosome exploration of +1 frameshift-
ing have mechanistic parallel with –1 frameshifting (45).
While +1 frameshifting tRNAs often contain mutations of
the ASL (e.g. insertion of an extra nucleotide, and/or loss of
post-transcriptional modifications), previously isolated –1
frameshifting tRNAs from genetic studies also contain mu-
tations of the ASL. For example, one of the most efficient –1
frameshifting tRNAs isolated from genetic studies was de-
rived from Salmonella tRNAGly(UCC), by substituting the
wobble nucleotide mnm5U34 with C34 (46). Relative to the
insertion mutation in ProL that confers +1 frameshifting of
SufB2, this wobble mutation in tRNAGly(UCC) is different
in nature, but it still involves alteration of the ASL that re-
sults in re-pairing in the –1-frame. The –1 frameshifting of
the mutant tRNAGly(UCC) is thought to occur within the
P site (3), suggesting a parallel with the +1 frameshifting of
SufB2 in the P site. Importantly, previous studies (47–50)
have shown that the level of +1 or –1 frameshifting at the
P site, some of which are associated with ASL mutations,
can be successfully improved by modulating the codon-
anticodon interaction in the +1-frame or –1-frame of the A
site. This notion is supported by our cell-based assay in vivo
(Figure 6D). Separately, a different type of –1 frameshift-
ing, which is genetically programmed, is induced by specific
stimulatory signals outside of the ASL (51,52), such as a
slippery mRNA sequence (53) and a downstream mRNA
secondary structure that hinders the ribosome from mov-
ing forward and shifts the reading frame backward by one
nucleotide. Programmed –1 frameshifting occurs in all do-
mains of life but is most prevalent in viruses and mobile ge-
netic elements. Notably, the physical hindrance that induces
programmed –1 frameshifting occurs during the 30S head

domain swiveling in the translocation reaction (54–58), sim-
ilar to the involvement of the head domain swiveling dur-
ing +1 frameshifting (10). Thus, exploration of frameshift-
ing either in the +1 or –1 direction occurs in the same two
steps of the elongation cycle, supporting the notion that the
ribosome itself is a determinant of changes of the reading
frame.

This study of SufB2 improves our understanding of +1
frameshifting at a quadruplet codon. While it highlights the
potential of twice exploration of +1 frameshifting to reach
the full capacity of the shift, it also identifies limitations of
the approach for genome expansion. Specifically, the low
efficiency of +1 frameshifting in cell-based assays with the
native-state of SufB2 (Figure 6D) relative to the high ef-
ficiency in kinetic assays with the transcript form (Figure
5E) identifies the limitations. These limitations are due to
the presence of the post-transcriptional m1G37 modifica-
tion in SufB2, and due to the cellular competition of SufB2
with native isoacceptors that read a triplet of the quadruplet
codon. Because almost all native tRNAs contain a purine at
position 37 that is post-transcriptionally modified, it is un-
likely that evolution of native tRNAs into a +1 frameshift-
ing tRNA can readily escape the post-transcriptional purine
modification at position 37. Instead, a de novo approach
may be needed to generate designer +1 frameshifting tR-
NAs with an unmodified pyrimidine. Additionally, genetic
engineering is needed to construct host bacterial strains that
lack some or all of the non-essential isoacceptors to reduce
their competition with a designer tRNA. Finally, between
the two steps that permit +1 frameshifting, this work shows
that the exploration of the shift in the P site is promis-
ing, which can be achieved by increasing cellular levels of
tRNAs in the +1-frame for the A site. These considera-
tions, when taken together, should improve the yield of +1
frameshifting at a quadruplet codon and also guide the de-
velopment of strategies that improve –1 frameshifting for
genome expansion.
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