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ABSTRACT: Ribosomal frameshifting is a rare but ubiquitous
process that is being studied extensively. Meanwhile, frameshifting
motifs without any secondary mRNA structures were identified but
rarely studied experimentally. We report unambiguous observation
of highly efficient “—1” and “—2” frameshiftings on a GA,G slippery
mRNA without the downstream secondary structure, using force-
induced remnant magnetization spectroscopy combined with unique
probing schemes. The result represents the first experimental
evidence of multiple frameshifting steps. It is also one of the rare
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reports of the “—2” frameshifting. Our assay removed the ambiguity

of transcriptional slippage involvement in other frameshifting assays. Two significant insights for the frameshifting mechanism
were revealed. First, EF-G-GTP is indispensable to frameshifting. Although EFG-GDPCP has been shown to prompt
translocation before, we found that it could not induce frameshifting. This implies that the GTP hydrolysis is responsible for the
codon—anticodon re-pairing in frameshifting, which corroborates our previous mechanical force measurement of EF-G-GTP.
Second, translation in all three reading frames of the slippery sequence can be induced by the corresponding in-frame aminoacyl
tRNAs. Although A-site tRNA is known to affect the partition between “0” and “—1” frameshifting, it has not been reported that
all three reading frames can be translated by their corresponding tRNAs. The in vitro results were confirmed by toe-printing assay

and protein sequencing.

B INTRODUCTION

Frameshifting is a process in which the ribosome decodes
mRNA in an alternative grouping of consecutive nucleotide
triplets." Random frameshiftings are translational errors that
often encounter stop codons shortly afterward, whereas
programmed frameshiftings decode overlapping genes and
regulate both mRNA stabilities and protein expression levels.”
Despite the varying motifs for “—1” and “+1” frameshiftings,
cis-acting mRNA elements generally induce this process in the
thermodynamically favored direction.”” Frameshifting is mostly
studied in viral mRNAs for its association with infectiousness,
although it occurs in both prokaryotic and eukaryotic cellular
mRNAs. The putative “—1” frameshifting motif includes a
slippery sequence in the form of “X XXY YYZ” (the blanks
define the “0” reading frame), a downstream secondary
structure, and a spacer between the two elements; less often
upstream Shine—Dalgarno (SD) sequences can replace the
downstream secondary structures." However, bioinformatics
analysis identified frameshifted open reading frames (ORFs)
that were not associated with proximal secondary structures.”®
These ORFs were attributed to transcriptional slippage”® or
trans-acting protein factor.” Similar motifs were also identified
in bacteria." However, frameshiftings without mRNA secondary
structures are rarely experimentally studied.

The single nucleotide (nt) difference between the three
reading frames makes it difficult to directly and precisely resolve
them. The conventional dual luciferase assay measures the ratio

-4 ACS Publications  © 2017 American Chemical Society

1629

of the proteins translated in the “0” and “—1” reading frames
inside the cell.'"’ It cannot rule out the roles of transcription
slippage and trans-acting factors as mentioned above.”® In
addition, dual luciferase assay or mass spectrometry cannot
distinguish different frameshifting pathways, such as multiple
frameshifting steps and sizes that lead to the same peptides.''
Recently, single molecule and fast kinetic fluorescence signals
have been tracked to deduce the ribosome reading frame, but
the actual ribosome position was not directly probed.'>'?
Optical trap cannot identify the frameshifting positions because
of the intrinsic ribosome fluctuation on the slippery site."' The
toe-printing assay usually exhibits multiple-bands even for
homologous ribosome complexes,'* making it difficult to
quantify mixtures of frameshifting Sproducts unless a single
frameshifting product dominates.'”"

Here, we report a new assay of using systematically designed
DNA probes labeled with magnetic beads to precisely reveal the
ribosome positions on mRNA with single nt resolution. This
assay consists of force-induced remnant magnetization spec-
troscopy (FIRMS) that we invented and two novel probing
schemes that are first reported here. The position of the
ribosome was determined by precisely identifying the mRNA
nucleotides adjacent to the ribosome entry site, which is 11-13
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Figure 1. Schemes of the ribosome complexes and the FIRMS assay. (a) Ribosome complexes. Starting from the initiation complex, the
pretranslocation complex was produced, followed by three consecutive steps of translocation going through the GA,G motif. (b) The FIRMS
scheme of using different magnetically labeled DNAs for probing different translocation step. In each step, the formation of 12-, 13-, and 14-bp

DNA-mRNA duplexes indicate normal translocation, “—1” frameshifting, and “

a single nt difference to confirm the reading frame.

—2” frameshifting, respectively. (c) Scheme of using probe DNAs with

nucleotides away from the first nucleotide of P-site codon.'” ™"

The FIRMS measures the dissociation forces of nucleic acid
duplexes formed with the mRNA and DNA probes with high
resolution. Using this assay, we tracked three consecutive
translocation steps to unambiguously identify nine possible
ribosome positions on the mRNA under in vitro conditions.
High-yield ribosomal “—1” and “—2” frameshiftings were
revealed on a short slippery mRNA without a secondary
structure, which was confirmed by the conventional toe-
printing assay and in vitro mRNA-translations. Mechanistic
studies were carried out by modifying the mRNA motif,
introducing a secondary structure, and varying other exper-
imental conditions.

Bl RESULTS AND DISCUSSION

Translocation Probing Strategies. Figure la displays the
ribosome complexes studied in this work that tracked the
ribosome movements over the slippery sequence “GAA AAA
AAG” (GA,G), from “AAA” at the A-site to “AAG” at the E-
site. The overall displacement is 9 nt. The pretranslocation-
complex-1 (Pre;) carried tRNA™ and MFEK-tRNA"" at the
peptidyl-tRNA-binding site (P-site) and aminoacyl-tRNA-
binding site (A-site), respectively. The mRNA sequence
starting from the P-site to downstream was “GAA AAA
AAG". Then the EF-G-GTP complex was added to promote
the first translocation step to form the post-translocation-
complex-1 (Post, ), which potentially possesses all three reading
frames, “0”, “—17, and “—2” (denoted as Post;(0), Post,(—1)
and Post;(—2), respectively). The second translocation step
proceeded by adding EF-G-GTP and Lys-tRNA“* ternary
complex, to form Post, complexes that also potentially
contained all three reading frames of Post,(0), Post,(—1) and
Post,(—2). The Post; complexes were generated in one-pot
from the ribosome initiation complex with EF-G-GTP, total
tRNAs, and only the corresponding set of amino acids for each
specific frame. In addition, Post;(0) was also prepared from
Post, in the presence of the “0” frame substrate (Tyr-tRNA™"
ternary complex) and EF-G-GTP.

1630

Figure 1b,c shows two probing schemes using multiple
magnetically labeled DNAs. For each scheme, FIRMS was used
to determine the dissociation forces of the resulting DNA-
mRNA duplexes by measuring the magnetic signal as a function
of centrifugal force; the magnetic signal will show a decrease
when the duplexes dissociate because of the removal of the
associated magnetic beads (Figure S1). Specifically, in Figure
1b, three DNA oligomers were designed to have 3-nt shift in
between, so that each one will probe one of the three
translocation steps. In Figure lc, to improve the precision of
frameshifting assignments, a series of probing DNAs withl-nt
difference in between and aligned at their 5’-termini were used
to probe the same translocation step (details in the Supporting
Information). Therefore, the reading frames can be precisely
determined from the DNA—mRNA binding patterns, and
multiple frameshiftings can be unambiguously assigned.

High-Yield Frameshiftings on the GA,G Motif without
a Secondary Structure. In the first translocation step, we
observed 55% “—1" and 45% “—2” frameshiftings but no “0”
frame translocation. This observation was confirmed with two
probing schemes and extensive control sequences.

Figure 2 shows the results of the first translocation step. The
dissociation of the DNA—mRNA duplexes is indicated by a
sharp decrease in the magnetic signal. A calibration curve of
dissociation force versus bp for a series of DNA—mRNA
duplexes has been obtained (Figure S2). Using probe P1Sa,
Pre, complex exhibited 15-bp binding force (Figure 2a, blue
trace). Post; yielded two binding forces of 13- and 14-bp,
respectively (Figure 2a, red trace). No 12-bp binding force was
observed. This result indicates both “—1” and “-2”
frameshiftings for the GA;G motif but no normal translocation.
When the slippery motif was replaced by a nonslippery (NS)
“GAA AGU AAG”, normal translocation occurred for its first
translocation product, Post NS; (Figure 2a, dark gray trace).
This was indicated by the binding force for 12-bp. For
comparison, its pretranslocation complex, Pre NS, yielded
binding force of 15-bp (Figure 2a, light gray trace).
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Figure 2. Probing the three reading frames of the first translocation
step. (a) FIRMS profiles of Pre, and Post, for the GA,G motif, in
comparison with those for a nonslippery (NS) motif. (b)
Confirmation of the “—1” and “~2” frameshiftings for GA,G using a
series of NDA probes. (c) FIRMS profiles for the stem loop (SLP), the
GGA motifs, and GA,;G motif promoted by EF-G-GDPCP, showing
different translocation behaviors.

The unusual “—1” and “—2” frameshiftings of the GA,G
motif were confirmed in Figure 2b, using the probing scheme
depicted in Figure 1c. The P12, P13, and P14 exhibited binding
forces for Post; of 12-, 13-, and a combination of 13- and 14-bp,
respectively. This indicated that the 13-bp DNA-mRNA duplex
was limited by the ribosome front. The 13-/14-bp combination
persisted when using P15a, but no 15-bp duplex appeared. This
result again indicated that the ribosome front limited the
duplexes to be 13 and 14 bps. Together, the two results
conclusively determined the exact ribosome positions. Similarly,
the exact ribosome front in Pre; was confirmed to form exactly
15-bp duplex with P15a and a longer DNA probe (Figure S3).
Therefore, our assay unambiguously revealed that only
Post,(—1) (~55%) and Post,(—2) were present after the first
round of translocation.

To elucidate the unusual frameshifting mechanism, three
approaches were used (Figure 2c). The first experiment was to
reveal the role of GTP. When EF-G-GTP was replaced by its
nonhydrolyzable analogue, EF-G-GDPCP, which also promotes
translocation,”” mostly normal translocation occurred to
produce Post;(0) of 32 pN binding force (cyan trace). The
12-bp complex was the major product, different from those in
the EF-G-GTP experiments. These results indicate that GTP
energy is indispensable to frameshifting.
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The second experiment was to change the slippery sequence.
We modified the GA,G sequence to GGAG (denoted as GGA
for simplicity). The post complex (Post GGA,) formed only
12-bp duplexes with P15a, indicating only normal translocation
(Figure 2c, purple trace). This result agrees with the
literature,>*! showing the critical role of the P-site codon—
anticodon interaction in stimulating frameshifting. It also means
the SD-sequence was probably too far to play a significant role
(13 nt away from AAA). Similarly, no significant frameshifting
(less than ~10%, our current detection limit) was detected in
the following two translocation steps to form Post_ GGA, and
Post_ GGA; (Figure S4ab). Even in the presence of the
downstream aminoacyl tRNA of the “—1” reading frame, no
Post_ GGA;(—1) was induced. This result is consistent with the
literature that A AAA AAG needs a downstream secondary
structure to cause frameshifting.“’22 In addition, because the
frameshifting has occurred on the GAA AAA sequence, we
studied the mRNA that replaced the following AAG to CGC.
As shown in Figure S4c¢,d, no frameshifting occurred for two
translocation steps that led to Post CGC, and Post CGC,.
This result suggests that GAA AAA alone is insufficient to
induce the frameshifting. Again, this result agrees with the
literature.”*

The third experiment was to determine the frameshifting
with the authentic dnaX stem loop structure.”> The post
complex (Post SLP) formed both 12- and 13-bp duplexes with
SLP1Sa, respectively (Figure 2c, red trace). The assignments
were confirmed using the scheme in Figure 1c (Figure S3). The
“—2” frameshifting was absent. Instead, Post_SLP,(—1) was the
major product at 63 + 12%, and the remaining was
Post_SLP;(0). This result agrees with the literature that
showed approximately 70% frameshifting efficiency.'”*"** The
Post_SLP; was studied, and the frameshifting yield was
preserved (Figure S4e,f).

Toe-Printing Assay and Protein Expressions Con-
firmed the “—1” and “—2" Frameshiftings on the GA,G
Motif. The FIRMS results were confirmed with conventional
biochemical assays. First, the ribosome toe-printing was
conducted on an mRNA with GA,G motif implemented.”
The ribosomes were paused after synthesizing the “MFEKK”
peptide. Two control mRNAs, one with a downstream stem-
loop after GA,G and the other with “GAA AGU AAG” in place
of GA,G, were assayed side-by-side. The sequences were
named “GA,G” (Figure 3, Lane 3), “SLP” (Lane 2) and “AGU”
(Lane 4), respectively. The standard protocol was followed,
except that CyS-labeled primers were used instead of **P-
labeled primers. Given the weak processivity of reverse
transcriptase, toe-printing patterns are always present with
discrete multibands because of enzyme drop-off. Therefore, this
assay has limitations in quantifying frameshifting efficiencies.
Regardless, the nonrandom multibands patterns supported the
frameshifting processes. In the nonframeshifting sequence
(Lane 4), the ribosome carrying MFESK was 16-nt away
from the P-site codon “AAG”, generating a 47 nt cDNA.
Meanwhile, the “GA;G” sequence exhibited both “—1” and “—
2” frameshifted bands near 47-nt. In the presence of the stem
loop, only “—1” frameshifting was observed. The pattern for
“GA,G” was more diffuse because of the more branches of
frameshifting pathways, similar to other reports.”*

Second, the GA,G motif was tested with recombinant
protein expression in the E. coli cells. The “GA;G” motif
without the downstream stem loop was incorporated into three
constructs that were inserted in the pET20b (+) vectors. The
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Figure 3. Toe-printing assays verified the frameshifting. The toe-
printing assays of the cDNAs that were reverse transcribed with CyS-
labeled primer. Lane 1: markers of 32 and SS nt in lengths; Lanes 2, 3,
and 4: toe-printing of SLP, GA;G, and AGU sequences, respectively.
The right panel was a close-up view that was obtained by averaging
four repeated scans. In Lane 4, the distinct bands were consistent with
the decoding of K, S, E, and M, respectively. The bands near 106-nt at
the top of the plots were the cDNAs reverse transcribed to the 5'-of
the mRNAs.

constructs were shown in Table S1. The 8.5 kDa protein
sequence was modified from a shorter peptide sequence of
ribosomal protein 127> Proteins were approximately 8.5, 6.5,
and 4.6 kDa (Table S2). These constructs were expressed and
purified via the Ni-NTA columns (Supporting Information).
The constructs I and II generated the 8.5 kDa proteins with
similar yields, via “0” and “—1” translocation processes,
respectively (Figure SSa). The proteins were identified by N-
terminal Edman sequencing (Figures SSb,c). The time-course
of the IPTG induced protein synthesis was monitored with
SDS-PAGE (Figure S6). Conversely, we did not isolate the
similar protein in construct III, probably due to plasmid
instability or protease digestion. However, the “—2” frameshift-
ing protein was successfully isolated when the 28.8 kDa
mCherry protein sequence was placed in the “—2” reading
frame of construct II (Figure S7). However, no protein bands
for the 6.5 or 4.6 kDa were observed. The 6.5 kDa protein
sequence was further implemented in the same vector without
the slippery site, and it was not isolated. Therefore, the proteins
in the other two frames were not stable. Because the proteins
decoded in the other two frames were fixed, we could not
design a sequence which decodes for three stable proteins in all
three reading frames simultaneously.

Although we cannot directly estimate the frameshifting
efficiencies because not all of the proteins in the three reading
frames were expressed simultaneously, the preparation protocol
was exactly the same (Supporting Information) and 500—1000
pmol of the 8.5 kDa protein (for construct I and II) or
mCherry protein was obtained, suggesting the similar partition
in all three reading frames.

Third, the “GA,G” motif was tested in the PURExpress kit
with mRNAs instead of DNAs. As shown in Table S3, four
mRNA constructs were synthesized by in vitro transcription,
which incorporated with the mCherry protein in the 0, —1, =2,
and 0 (without slippery site) reading frames, respectively.
Construct IV and V were the positive control and background,
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respectively. The proteins were synthesized for 2 h and
fluorescence were measured. The measurements for experi-
ments I-III were normalized with experiment IV after
subtracting background from experiment V. The relative yields
for the “0”, “—1”, and “—2” frameshiftings were then calculated
to be 34%, 35%, and 31%, respectively. These results were
consistent with the FIRMS observations and agreed with the
relative yields deduced from the recombinant protein synthesis
results. Although in vitro transcribed mRNA still could not rule
out transcriptional slippage, the very high yield of the
frameshifting efficiencies compared to the 1-2% yield of the
transcriptional ~slippages”® strongly favored the ribosome
slippage in our observations.

Post, Complexes Maintain the Same Reading Frames
as in Post; but Can Form Post;(0) with the Next “0”
Frame Substrate. After confirming the FIRMS results with
conventional biochemical means, we tracked the second
translation step with P1Sb by incubating Post; with Lys-
tRNAY* ternary complex and EF-G-GTP. Therefore, 12-, 13-,
and 14-bp still, respectively, refer to the “0%, “~17, and “—2”
reading frames (Figure 1b). The result showed only the “—1”
and “—2” products (Figure 4a). The overlay of the traces for
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Figure 4. Products of the second- and third-step translocations. (a)
FIRMS profile showing the formation of Post,(—1) and Post,(—2),
indicated by the 13-bp dissociation at 42 pN and the 14-bp
dissociation at 57 pN, respectively. (b) FIRMS profiles showing the
formation of Post;(0) via Post, only in the presence of EF-G-GTP,
indicated by the 12-bp duplex. YWG: mix of Y-tRNA®", Tu-GTP, and
EF-G-GTP. YOG: mix of Y-tRNA"" and Tu-GTP only, without EF-G-
GTP.

Post; and Post, showed that these two traces were almost
identical (Figure S8), implying that frameshifting may occur
only at the translocation of the “AAA” codon, and normal
translocation proceeds from Post, to Post,, However, we
cannot rule out the possibility of a second frameshifting step
that result in the same distribution of “—1” and “—2”
frameshiftings, as indicated by the toe-printing experiments.
Nevertheless, a second frameshifting step was indeed observed
to form Post;(0) when the Post, complexes were incubated
with the next “0” frame substrate Tyr-tRNA™" ternary complex
(decodes “UAC”) and EF-G-GTP. This complex was probe
with P15c. Figure 4b shows the existence of 12-bp duplexes at

DOI: 10.1021/acschembio.7b00028
ACS Chem. Biol. 2017, 12, 1629-1635


http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.7b00028/suppl_file/cb7b00028_si_001.pdf
http://dx.doi.org/10.1021/acschembio.7b00028

ACS Chemical Biology

27 pN, corresponding to Post;(0) (red trace). Both Posty(—1)
and Post;(—2) were absent. The 15-bp binding force was due
to residual Post, complex in which the ribosome front did not
reach the probe. The “+1” or “+2” frameshifting to restore the
“0” readin§ frame is probably via the “hungry codon”
mechanism™® to form Pre;(0), which exhibited only 15 bp
binding force in the absence of EF-G-GTP (green trace).

Post; Complexes in All Three Reading Frames Are
Formed in the Presence of the In-Frame Aminoacyl
tRNAs. To explain the lack of the “0” frame product in Post,
and Post,, the Post; complexes were prepared in one-pot from
the initiation complex, in which the ribosome had completed
the slippery sequence. Under these conditions, Post;(0) was
formed, which suggested that the “0” frame translocation may
be favored kinetically in the presence of the in-frame aminoacyl
tRINAs, without pausing on the slippery site. In addition, when
aminoacyl tRNAs for the other reading frames were provided
exclusively, the ribosome was biased to the corresponding
frame efficiently, indicating the powerful decoding roles of
tRNAs.

The initiation complex was incubated with total tRNA and
one set of amino acids to form the Post; complexes in the three
frames separately: Phe, Glu, Lys, and Tyr for “0” frame; Phe,
Glu, Lys, and Val for “—1” frame; Phe, Glu, Lys, and Ser for “—
2” frame. Using probe P15c, the FIRMS results were expected
to contain two transitions for each complex: the Post; of one
specific reading frame and the stalled Post, of the other two
frames. Post;(0), Post;(—1), and Posty(—2) will form 12-, 13-,
and 14-bp duplexes with P15c, respectively (Figure Sa). All
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Figure S. Frameshifting products after three continuous translocation
steps from the initial complex. (a) Detection scheme of the three
reading frames using P15c. (b) FIRMS profiles. Post; in all three
reading frames were formed, indicated by the 12-bp duplex for
Post;(0), 13-bp for Post;(—1), and 14-bp for Post;(—2), respectively.

Post, complexes will form 15-bp duplexes only. Figure Sb
shows that under each condition, approximately 50% ribosome
formed Post; complex of the specific reading frame, and the
remaining was Post,. The high-yield formation of Post;(—1)
and Post; (—2) demonstrated that the frameshiftings of Post,
on GA,G motif are intrinsic, not due to in vitro artificial
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pausing, which could induce “~1” and “+1” frameshiftings.”®
However, it is possible that the frameshifting yields in Figure 2
were higher in our experiments than in the cell because of the
pausing and more complicated factors in the cell.

On the other hand, the absence of the “0” product in Post,
and Post, may be because the prolonged pausin% has weakened
the kinetic advantage of normal translocation.”” To examine
this hypothesis, under Post;(0) formation condition (blue trace
of Figure Sb), the composition of the residual post, complexes
were studied with the P15b. Post;(0) would form 9-bp duplex
with this probe, which is unstable to be detected by FIRMS.
Figure S9 showed that Post, complexes in all three reading
frames were formed. The “0” frame ribosomal complexes at
Post,(0)/Pre,;(0) were the major products (indicated by the 12
bp binding force), while Post,(—1) and Post,(—2) complexes
were also formed with significant percentages (indicated by the
13- and 14-bp binding forces, respectively). Note that Pre;(0)
could form, but it would be indistinguishable from Post,(0).
Therefore, Figure S9 showed that the ribosome preferred the
“0” frame if it was not halted at the slippery site. Our study
implies that the “0” frame product is either the kinetically
favored product in the cell (Figures S and S7) or the
accumulating outcome of multistep frameshiftings (Figure 4).

Both “—1” and “—2" Frameshiftings Were Observed
on GA;G-Only Motif. We have unambiguously revealed the
intrinsic frameshifting on GA,;G motif without entangling with
the other factors, such as the downstream aminoacyl tRNAs
and stimulators. To our best knowledge, this is the first time
that high-efficiency “—2” frameshifting was observed without a
stimulator, a trans-acting factor, or transcriptional slippage,
although the slipper sequence alone is known to induce “~1”
frameshifting.* Compared to the common 1—3% frameshifting
efficiencies, the frameshifting percentages observed here are
substantially higher. This is probably due to the lack of the
stimulator because similar high efficiencies were reported
elsewhere in the absence of stimulators.”**”**

Extensive ribosome pausing over the poly(A) sequences was
observed that could lead to translational frameshiftings.”*
Meanwhile, “—17, “—4”, and “+2” frameshiftings were observed
simultaneously on a similar mRNA."" A systematic bioinfor-
matics and experimental analysis also indicated that the poly(A)
sequence was slippery to induce “—1” frameshifting.* In this
report, we further found “—2” frameshifting occurred at
comparable efficiency as “—1” frameshifting, probably due to
the ambiguities of codon-anticodon re-pairing over the poly(A)
motifs.

Frameshifting Occurs When “GAA AAA” Moves from
“P- and A-" to “E- and P-" Sites. The exact codon may vary
at which frameshifting can occur,”® and frameshifting can occur
at multiple sites with multiple slipping-distances.'' The
prevailing view is that frameshifting occurs during the “YYZ”
translocation when the mRNA secondary structure clashes with
the ribosome entry site. However, our results have shown that
frameshifting occurs when “XXY” translocates, either with or
without the secondary structure. It appeared that the location of
the mRNA secondary structure did not matter. However,
Figure 4b showed that Post, complex, which lacked the 0-frame
ribosomes, has been pulled into the 0-frame to form Post;(0)
with the O-frame Tyr-tRNA™" substrate. This result suggests
that a second “+1” frameshifting step is possible on the YYZ
codon. The multiple frameshifting sites agreed with the GC/
LC-MS study."' However, in the MS study, the fundamental
slippery sequence has to be replaced (AAA AAG to AAC
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AAG); in our study, it was intact. Because the slippery site is
the major motif under investigation, our method is more
applicable. In addition, multiple frameshifting pathways were
proposed,'”>*” but multiple steps of frameshifting has not
been reported before. Our method is unique in this regard
because other methods cannot distinguish multiple steps from a
single large step that generates the same peptide.

Finally, frameshifting at the “XXY” codon is not inconsistent
with a single-molecule study showing that a noncanonical,
ratcheted, and long-lived ribosome conformation emerged after
decoding the “XXY” codon, although the ribosome movement
on the mRNA was not directly determined in that study."”

tRNAs Can Define the Ribosome Translation Frame
on the Slippery Site. We observed two tRNA effects in
governing the frameshifting. The first one is the suppression of
frameshifting when the P-site codon is changed from “GAA” to
“GGA”, probably because of the stronger codon—anticodon
interaction for an “A—G” than a “T—A” pair. The second one is
the induction of the ribosome into any of the three reading
frames with the corresponding set of substrates, showing the
role of the A-site tRNA. These two observations suggest that
frameshifting is the synergistic outcome of P-site tRNA re-
pairing and A-site tRNA sampling, which corroborate a
previous model.’® The A-site tRNA has been suggested to
decode with only two nucleotides at a hungry codon, which can
prompt frameshifting in both the “+1” and “~1” directions.” In
addition, changing the codon at the slippery site or its
proximity has changed the frameshifting efficiencies.'>'
However, to our best knowledge, this report is the first time
to show that all three reading frames can be translated by their
in-frame tRNAs. Therefore, our results showed more
prominent active role of tRNAs in guiding the ribosome into
certain ORFs.

GTP Energy Is Essential to Frameshifting. We have
shown that translocation on the “GA,G-only” motif with EF-G-
GDPCP generated normal translocation, on the contrary to the
EF-G-GTP experiments; A-site substrate without EF-G cannot
drive Post, into Post;, on the contrary to when EF-G-GTP is
present. Some recent kinetics studies have revealed transient
translocation intermediates (67—280 ms lifetime) in which the
mRNA has moved three nucleotides while the ribosome is in
the process to form the canonical post-translocation config-
uration.””** However, it is unlikely that the lack of
frameshifting with EF-G-GDPCP observed here is due to this
intermediate state because of the very different time scale in
this study. On the other hand, EF-G-GDPCP is competent in
translocation at 0.5 s™! turnover rate,>*** which means that
under our experimental conditions, most ribosomes were
turned into the post-translocation configuration. Therefore,
these results indicate that the GTP energy is essential to
overcome the frameshifting reaction barrier, whereas without
GTP translocation the process proceeds via alternative
pathways. This conclusion is consistent with our previous
report that an 89 pN mechanical force accompanies the GTP
hydrolysis by EF-G."” A Cryo-EM study has revealed significant
tRNA deformation induced by EF-G, which also implies the
involvement of mechanical force.”> An X-ray structural study
observed the ribosome-EF-G complex in the midtranslocation,
showing that while the P-site tRNA moved precisely along the
30S-head swiveling, the A-site tRNA moved 0.65 nm further to
avoid clash with the EF-G domain IV.*® This structure implied
that the EF-G exerted its force on the A-site tRNA. Then the
mRNA moves accordingly via its interactions with the tRNAs.
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In fact, on the basis of the 89 pN force measurement, we have
estimated the EF-G catalyzed translocation has a transition-
state distance of approximately 0.5 nm,'” which agreed well
with the 0.65 nm displacement in this structure. During
frameshifting, the mechanical force exerted on the A-site tRNA
can disrupt the weaker codon—anticodon interaction on the
slippery site, giving the ribosome an opportunity to re-pair the
tRNA—mRNA in a different frame. Therefore, we expect the
power stroke on the slippery sites will be smaller because of the
weaker force transmission from the tRNA to the mRNA,
compared to normal translocation. We are currently testing this

hypothesis.

B METHODS

The MREG600 ribosomes were purified according to the literature.*”
The plasmids of His-tagged IF1, IF3, EF-Tu, EF-G were provided by
Drs. Yale Goldman and Barry Cooperman at the University of
Pennsylvania. The IF2 plasmid was provided by Dr. Rachel Green at
the Johns Hopkins University. The total aminoacyl-tRNA synthetases
were purified from the S100 extract of E. coli cells.*® The tRNA™M®,
tRNA™®, and tRNAY* were purchased from Chemical Block or Sigma-
Aldrich. The biotinylated mRNAs and DNA oligos were purchased
from Integrated DNA Technologies. The sequence of the mRNA
containing the GA;G motif was 5’-Bio-C AAC UGU UAA UUA AAU
UAA AUU AAA AAG GAA AUA AAA AUG UUU GAA AAA AAG
UAC GUA AAU CUA CUG CUG AAC UC-3'. Other sequences are
provided in the Supporting Information.

The in vitro ensemble of ribosome complexes was similar to the
previous procedure.”® The FIRMS measurements were similar to those
in our recent reports.'”** The mRNAs for toe-printings were
transcribed and purified in vitro using the HiScribe T7 Quick High
Yield RNA Synthesis Kit (NEB). Details are provided in the
Supporting Information.
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