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ABSTRACT

The three-nucleotide mRNA reading frame is tightly regulated during translation to ensure accurate protein expression. Translation
errors that lead to aberrant protein production can result from the uncoupled movement of the tRNA in either the 5’ or 3’ direction
on mRNA. Here, we report the biochemical and structural characterization of +1 frameshift suppressor tRNAS“?, a tRNA known to
decode four, instead of three, nucleotides. Frameshift suppressor tRNAS“? contains an insertion 5’ to its anticodon, expanding the
anticodon loop from seven to eight nucleotides. Our results indicate that the expansion of the anticodon loop of either ASL**? or
tRNASY does not affect its affinity for the A site of the ribosome. Structural analyses of both ASL**" and ASL™ bound to the
Thermus thermophilus 70S ribosome demonstrate both ASLs decode in the zero frame. Although the anticodon loop residues
34-37 are superimposable with canonical seven-nucleotide ASLs, the single C31.5 insertion between nucleotides 31 and 32 in
ASLS" imposes a conformational change of the anticodon stem, that repositions and tilts the ASL toward the back of the A site.
Further modeling analyses reveal that this tilting would cause a distortion in full-length A-site tRNAS“? during tRNA selection
and possibly impede gripping of the anticodon stem by 16S rRNA nucleotides in the P site. Together, these data implicate tRNA
distortion as a major driver of noncanonical translation events such as frameshifting.
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INTRODUCTION mechanisms (Zaher et al. 2009; Rodnina 2012), how the ribo-
some maintains the mRNA reading frame is still poorly
understood.

Genetic suppressor experiments in Saccharomyces cerevisiae
and Salmonella typhimurium first demonstrated the three-nu-
cleotide genetic code could be altered (Riyasaty and Atkins
1968; Riddle and Roth 1970; Yourno 1970, 1972; Sherman
et al. 1974). Extragenic mutations in tRNAs were found to
compensate for insertions or deletions in the genetic code
by noncanonical decoding of a non-three-nucleotide codon
(for review, see Roth 1974). The first sequenced external sup-
pressor of a genetically encoded frameshift (sufD) was a cyto-
sine insertion immediately 5 of the tRNA®Y anticodon (5'-
CCC-3'; all codons and anticodons are shown 5'—3') between
position 33 and 34 (Riddle and Carbon 1973). Because this
particular frameshift suppressor expanded the glycine codon
to GGG-G (first three nucleotides denote a glycine codon
with the additional nucleotide preceded by a hyphen and
underlined), the Watson—Crick complementarity between
the cytosine insertion in the anticodon loop and the extra gua-
nine in the codon suggested a four-base interaction between
the tRNA-mRNA pair could form (Bossi and Roth 1981).

The accurate translation of the genetic code into properly
folded and active proteins is crucial to cellular survival.
Errors in protein synthesis can result in misfolded or truncat-
ed proteins that trigger protein degradation pathways and
even cellular apoptosis (Manley et al. 1978; Nangle et al.
2002; Lee et al. 2006). Translation of a triplet nucleic acid se-
quence on mRNA into 20 different amino acids is carried out
by the ribosome with high fidelity (107*~107") where mis-
sense errors, or tRNA misincorporation, account for the ma-
jority of this error rate (1 in 3000 residues) (Edelmann et al.
1977; Bouadloun et al. 1983; Kramer et al. 2007). While pro-
cessivity errors, such as changes in the mRNA reading frame,
occur much less frequently (1 in ~30,000 amino acids incor-
porated), they are considered to be more detrimental than
missense errors because they often prevent the production
of a full length, functional protein (Kurland 1992). In organ-
isms with a nearly equal genomic GC and AT nucleotide fre-
quency, like Escherichia coli, out-of-frame stop codons occur
roughly every 20 codons resulting in the rapid termination of
translation following a frameshift error (Jorgensen and
Kurland 1990; Kurland 1992). While much is known about

the prevention of missense errors by ribosomal proofreading
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Structure of ASL*" bound to the ribosomal A site

Many frameshift suppressor tRNAs were subsequently found
to contain similar complementarity between insertions in an-
ticodon stem—loops (ASLs) and suppressible four-nucleotide
codons, providing strong evidence for a quadruplet or four-
base decoding model (Fig. 1A; Riyasaty and Atkins 1968;
Riddle and Roth 1972; Yourno 1972; Prather et al. 1981; Cum-
mins et al. 1982). In addition, optimal frameshift suppression
resulting in higher frameshift efficiencies occurred from a
four-nucleotide Watson—Crick base-pair interaction (Yarus
1982; Gaber and Culbertson 1984; Curran and Yarus 1987;
Moore et al. 2000; Anderson et al. 2002).

The first exception to this quadruplet decoding model came
with the identification of frameshift suppressor tRNAS"7, a
modified tRNAI™ (GGU) containing a cytosine insertion in
the anticodon loop between nucleotides C31 and U32, rather
than adjacent to the anticodon (Fig. 2; Bossi and Smith 1984).
The C31.5 insertion allows tRNA®"7 to decode four nucleo-
tide codons (ACC-A, ACC-C, and ACC-U) as a single threo-
nine, to restore the correct reading frame in a number of
histidine biosynthesis gene derivatives such as hisA, hisC,
hisF, and hisG (Bossi and Roth 1981). While the variability
in the additional nucleotide of the codon that frameshift sup-
pressor tRNAS"T decodes strongly suggests that a direct inter-
action between the additional nucleotide of the tRNA is not
necessary for +1 suppression, it is unclear how an insertion
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FIGURE 1. Possible models for +1 frameshifting resulting from an
eight-nucleotide anticodon stem—loop. (A) The quadruplet decoding
model posits that insertions in the anticodon stem—loop of a frameshift
suppressor tRNA leads to a four-nucleotide anticodon capable of decod-
ingand translocating a four-nucleotide mRNA codon (with the extra nu-
cleotide shown in green). The numbering of the mRNA begins with the
first position in the P site. (B) An alternative model is that the nucleotide
insertion in the anticodon stem—loop causes a widening of the loop, al-
lowing the anticodon nucleotide 34 to interact with the fourth nucleotide
of the A-site codon (green; numbered as 7in A). (C) In the P-site slippage
model, normal decoding in the zero frame occurs in the A site; however,
the transition into the +1 frame occurs after translocation to the P site
due to a weakened interaction between the anticodon and codon.
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FIGURE 2. Frameshift suppressor tRNAY is a derivative of tRNA™™.
Secondary structure representation of the anticodon stem-loops of
tRNA™ and frameshift suppressor tRNAS interacting with their re-
spective codons. The C31.5 insertion (red) in ASL™ is 5/ to the antico-
don nucleotides 34, 35, and 36 causing the codon to increase from three
to four nucleotides (blue). The conserved U32-A38 interaction (green)
in tRNA™" may be altered in tRNA™? due to the insertion.

within the anticodon loop, but distant from the anticodon,
could expand the size of the codon. Because of the unique lo-
cation of the insertion and apparent lack of Watson—Crick
complementarity, it was proposed that tRNASY mediated
+1 frameshifting through a distinct mechanism (Bossi and
Smith 1984).

More recent work has resulted in two additional models
for +1 frameshifts. The first model was derived from X-ray
crystal structures of 30S bound to ASLs containing eight-nu-
cleotide loops. These ASLs were not identified by suppressor
studies but rather, were optimized for unnatural amino acid
incorporation exploiting +1 frameshift decoding (Hohsaka
et al. 2001). These structures revealed a noncanonical ASL
conformation where widening of the anticodon loop allows
for three nucleotides of the ASL to extend over four nu-
cleotides of the codon in the A site (Fig. 1B; Dunham et al.
2007). An additional model was proposed after the identifica-
tion of tRNA™ and other subsequent suppressors such as
tRNASYA® and sufl6 tRNA mutations, where the shift into
the new mRNA frame was not dependent upon forming
Watson—Crick interactions in the A site (Fig. 1C; Gaber
and Culbertson 1984; Qian et al. 1998). Instead, these studies
indicated that frameshift efficiencies were heavily influenced
by the next incoming tRNA, implying the frameshift in these
particular cases, occurs in the P site (Farabaugh 2000; Atkins
and Bjork 2009; Nasvall et al. 2009). Given these distinct
models, it has remained unclear whether a single, unified
model could explain all types of +1 frameshifting facilitated
by suppressor tRNAs.

Here, we present biochemical and structural studies of
frameshift suppressor tRNA™ to elucidate how this sup-
pressor decodes a four-nucleotide codon in the A site. We
performed affinity experiments to determine the effect of
the C31.5 insertion on the ability of either ASL®“Y or
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tRNA® to recognize an A-site codon. We next solved five
X-ray crystal structures of the ASLs of tRNAS*Y and tRNA™
bound to the A site of the Thermus thermophilus (Tth) 708S ri-
bosome. Our molecular insights reveal that the conforma-
tional distortions present in frameshift suppressor tRNAs
likely promote +1 frameshifting.

RESULTS

The nucleotide insertion 5’ of the anticodon minimally
alters affinity for the A site

Expanded ASLs containing insertions 5" of the anticodon
show lower affinities than wild-type tRNAs for the ribosomal
A site (Walker and Fredrick 2006). Therefore, as a first step in
understanding the behavior of tRNA®"Y on the ribosome, we
asked whether the expanded ASL of tRNAS"Y affects its ability
to form stable, high affinity codon—anticodon interactions in
the A site, typical of a canonical tRNA interacting with a cog-
nate codon. We performed affinity binding experiments with
ASL™ and ASL™ using E. coli 708 ribosomes programmed
with a P-site tRNA™® containing either an ACC-A, ACC-U
or ACC-C codon in the A site (Fig. 3). [*2P]-ASL"Y was in-
cubated with increasing amounts of 70S ribosomes and ap-
plied to nitrocellulose filters to determine the amount
of ASL*"Y bound. While ASL®"? bound to the A site of the ri-
bosome with an apparent dissociation constant (Kp) of
85 and 76 nM for the ACC-A and ACC-U codons, respective-
ly, ASL®*7 had a slight decrease in affinity for the ACC-C

codon (130 nM) (Fig. 3A-C; Table 1). These K, values are
all within the previously reported range for tRNA or ASL
binding to the A site (Kps between 33 and 500 nM) (von
Ahsen et al. 1997; Phelps et al. 2002; Walker and Fredrick
2006). The antibiotic paromomycin preferentially enhances
the affinity of cognate ASLs (~15 fold) while only modestly
enhancing the affinity of near-cognate ASLs (approximately
twofold) (Ogle et al. 2002). Our results indicate that paromo-
mycin increases the K approximately six- to eightfold for all
three +1 suppressible codons, consistent with a cognate inter-
action between the anticodon of ASL*"? and the +1 codons.
If the interaction in the A site was in the +1 mRNA frame,
then the addition of paromomycin should not affect the Kp,
for the ACC-A codon given that the interaction would be
noncognate (U36-C5 and G34-A7 mismatches) (Fig. 2).
These data provide initial support for a model where the in-
teraction between ASL®"? and all three +1 suppressible co-
dons is cognate suggesting ASL’* is bound in the zero or
normal frame.

To assess whether the 31.5 insertion in ASLS" affects A-site
binding, we next measured the binding of ASL™ to all three
+1 suppressible codons in the presence or absence of paromo-
mycin (Table 1). Similar K, trends were observed, with
ASL™ having a lower affinity for ACC-C (310 nM) compared
with the ACC-A and ACC-U codons (150 and 160 nM,
respectively) (Fig. 3D-F). These data indicate the C31.5 inser-
tion in ASL®"Y does not lower the affinity as might have been
expected of the ASL for the three codons, but instead, slightly
increases the affinity.
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FIGURE 3. A-site binding of ASL*?, ASL™", tRNAS"Y, and tRNA™". Increasing concentrations of 70S ribosomes were programmed with A-site co-
dons (A) ACC-A, (B) ACC-U, or (C) ACC-C and mixed with 2 nM [22P] ASL™" (/A; dashed lines) or ASL®"? (m/A; solid lines). The presence of the
antibiotic paromomycin is indicated by “+”. Similar binding experiments were also performed with tRNA™ (0/A; dashed lines) or tRNAS (m/A;
solid lines) with A-site codons (D) ACC-A, (E) ACC-U, or (F) ACC-C in the presence or absence of paromomycin (indicated by “+7).
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TABLE 1. Binding affinity of tRNAs or ASLs to the A site of
ribosomes programmed with different MRNA codons

Assite codon tRNA™  (RNASYY ASL™ ASLSYD

ACC-A 27,030 15,0.18 150,035 85, 0.44
ACC-A, +paro 10,034  9.2,0.31 18,0.84  14,0.90
ACC-C 58,0.24 32,020 310,027 130,033
ACC-C,+paro 13,039 12,031 23, 0.81 16, 0.85
ACC-U 35,025 19,0.21 160, 0.46 76, 0.49
ACC-U, +paro 13,042  10,0.32 17,0.89 11, 0.87

Values correspond to Kp (nM) and By, Binding experiments
were also performed in the presence of 100 uM paromomycin
and denoted as “+ paro.”

The binding of tRNA to the A site of the ribosome occurs
with slightly higher affinities than ASLs due to other tRNA
features that interact with the 50S subunit such as the TYC
loop, the D loop and the CCA tail (Jorgensen et al. 1985;
Khade and Joseph 2010). To test whether tRNASY exhibits
the same trends in A-site binding as ASL™"”, namely an affin-
ity indicative of a cognate codon—anticodon interaction
slightly higher than tRNA™, we again performed binding as-
says. Consistent with the observed ASL binding trends,
tRNA" binds to each of the ACC-A, ACC-C, and ACC-U co-
dons with approximately twofold tighter K, (15-32 nM) than
tRNA™" (27-58 nM) (Table 1). Also consistent with our ASL
binding studies, both tRNAs had similar dissociation con-
stants for ACC-A and ACC-U codons (tRNA"Y 15 and 19
nM, respectively; tRNA™" 27 and 35 nM, respectively), and
a slightly weaker affinity for the ACC-C codon (tRNAS*Y
32 nM; tRNAT"" 58 nM). These results in-
dicate that both suppressor ASL™Y and
tRNAS follow general trends previously
seen for other canonical tRNAs and pro-
vide further evidence that the expansion
of the anticodon loop to eight nucleotides
by the C31.5 insertion does not impede
binding to cognate codons in the ribo-
somal A site.

Structural determination of ASLS"?
bound to +1 suppressible codons in
the 70S A site

To determine how tRNA®*Y decodes a
four-nucleotide codon and understand
how an expanded ASL is accommodated
in the A site, we solved three X-ray crystal
structures of Tth 70S programmed with a
P-site tRNA™ and ASL""" bound to each
of the following +1 suppressible codons:
ACC-A, ACC-C, and ACC-U (Fig. 4A;
Supplemental Fig. S1; Table 2). The reso-
lutions of the three structures ranged from
3.5t03.6 A and, in all three structures, un-

biased F,—F, difference electron density maps showed a clear
signal for mRNA, P-site tRNAM™t and A-site ASLS"Y nucleo-
tides 29-42 (Supplemental Fig. S2).

In the 70S structure of ASL™*Y decoding an ACC-A codon
in the absence of paromomycin, the three-nucleotide antico-
don of ASLS"Y (34, 35, and 36) forms Watson—Crick base
pairs with the first three nucleotides of the ACC codon in
the zero frame (Fig. 4A). The structures of ASLS"Y bound
to the ACC-C and ACC-U codons in the presence of paromo-
mycin reveal the same three Watson—Crick base-pair interac-
tions between the codon and anticodon, indicating the
antibiotic does not alter the A-site conformations (paromo-
mycin was used to enhance the diffraction of these crystals)
(Supplemental Fig. S1). In all three structures, there are no
interactions with the fourth nucleotide of the A-site codon
(position 7 of the mRNA) (Figs. 1, 4A; Supplemental Fig.
S1). This lack of interaction is despite the potential to form
a Watson—Crick base pair between the codon nucleotide
A7 in the ACC-A codon and ASL nucleotide U33 (Fig. 2). Ad-
ditionally, the presence of either an A, C, or U 3’ to the codon
(fourth position of the A-site codon or denoted as A7, C7, or
U7) does not alter the mRNA path (Supplemental Fig. S3).
ASL" models in all three structures superimpose well,
with a root mean square deviation of 0.25 A, providing addi-
tional evidence that the ASL does not adopt different confor-
mations depending upon the identity of the fourth nucleotide
of the A-site codon. In summary, these structures confirm
that the +1 frameshift mediated by tRNA"? does not occur
during decoding in the A site and therefore, excludes the qua-
druplet decoding model (Fig. 1A).

FIGURE 4. Conformation of ASL™ in the 70S A site. (A) ASL®*? (blue) forms three Watson—
Crick base pairs with three nucleotides of the ACC-A codon (green) in the zero frame (no paro-
momycin). Although the C31.5 insertion (red) increases the anticodon loop to eight nucleotides,
the ASL is recognized as cognate with 23S rRNA nucleotide A1913 (tan) maintaining a hydrogen
bond interaction with the 2’-OH of A37. (B) Overlay of ASL*"? and ASL™" (gray) bound in the
70S A site shows the C31.5 insertion displaces the 5" and 3’ phosphate backbone by 4 A and 7 A,
respectively. This narrowing of the major and minor grooves of ASL™*Y also results in the entire
stem tilting 11.5° toward the back of the A-site decoding center. (C) Secondary structure repre-
sentation of ASL™ and ASL®"? shows that the 31.5 insertion changes the conserved interaction
between the U32-A38 (green) to C31.5 (red)-A38. The nucleotides that are gripped by 16S rRNA
residues G1338 and A1339 upon translocation to the P site are highlighted in gray.
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TABLE 2. Data collection and refinement statistics

tRNA ASLSH0 ASLT"
mRNA ACC-A? ACC-U ACC-C ACC-A ACC-C
Data collection

Space group P2:2:24 P2:2:24 P2:2:24 P2,2,2, P2,2,2,4

Cell dimensions

a, b, c (A) 209.4 450.7 622.3 210.8 448.9 621.6
o, B,y (©) 90 90 90 90 90 90
Resolution (A) 50-3.6 (3.7-3.6) 50-3.5 (3.6-3.5)
Rsym (%) 28.7 (125.1) 23.1 (114.7)
/ol 7.3 (1.6) 5.7 (1.2)
Completeness (%) 99.2 (99.6) 99.7 (98.6)
Redundancy 6.6 (6.4) 5.8 (4.8)
Refinement
Resolution (A) 50-3.6 50-3.5
No. of reflections 668,466 725,686
Ruwork/Riree (Yo) 21.4/25.3 21.4/25.0
No. of atoms 292,042 292,242
B-factors (A?)
RNA 104 99.6
Protein 126 113
Ligand/ion 66.4/62.6 71.4/48.3
RMS deviations
Bond lengths (A) 0.006 0.006
Bond angles (°) 0.959 0.923

210.5 450.7 621.1 209.0 448.7 621.0 209.0 444.6 616

90 90 90 90 90 90 90 90 90
50-3.6 (3.7-3.6) 70-3.6 (3.7-3.6) 70-3.6 (3.7-3.6)
187(908) 215(899) 187(905)

8(1.9) 8(1.8) 3(1.7)
99 9 (99.8) 98 0 (99. ) 96 8(97.7)
3.1 1(4.1 4(3.4)
50-3.6 70-3.6 70-3.6
674,544 656,584 636,863
20.5/24.4 20.8/25.2 21.7/25.9
292,106 292,311 292,320
103 79.7 96.0
120 93.4 112.4
71.5/49.2 45.7/27.2 51.8/40.7
0.006 0.006 0.006
0.983 1.007 1.002

Values in parentheses are for highest-resolution shell.

“This structure was solved without paromomycin whereas all other structures contain paromomycin.

During decoding, 16S rRNA nucleotides A1492, A1493,
and G530 monitor the minor groove of the codon—anticodon
helix to probe for Watson—Crick base-pair geometry (Ogle
et al. 2001; Demeshkina et al. 2013). These 16S rRNA resi-
dues form hydrogen bonds with the first and second nu-
cleotide pairs of the codon—anticodon helix during cognate
tRNA decoding (Ogle et al. 2001). In addition to canonical
interactions with 16S rRNA, 23S rRNA residue A1913 also
forms a hydrogen bond with the 2'-OH of ASL™” nucleotide
37. All of these interactions are seen upon ASL™? decoding
the ACC-A codon (in the absence of paromomycin), indicat-
ing the ribosome recognizes this interaction as cognate (Fig.
4A). The 708 structures of ASL™"? bound to the ACC-C and
ACC-U codons additionally contain paromomycin, which
was added to enhance the diffraction properties of these com-
plexes (Supplemental Fig. S1). As expected, the structures
containing paromomycin also display the same characteristic
cognate interactions as the 70S-ACC-A structure lacking
paromomycin. Therefore, since all three structures contain
the same A-site interactions between the ACC codon and
the anticodon, this provides strong evidence that all three
+1 suppressible codons are recognized as cognate by the
ribosome.

To accurately compare ASL™ to other ASLs that contain
seven nucleotide anticodon loops, we solved two additional
70S complexes containing ASL™" bound to either ACC-A
or ACC-C codons in the A site of the 70S Tth ribosome to
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3.6 A resolution (Supplemental Fig. S4; Table 2). Both struc-
tures also contained paromomycin. These two codons were
selected because of the approximately twofold higher affinity
of both ASL™ and ASL™ for the ACC-A codon as com-
pared with the ACC-C codon (Fig. 3; Table 1). Unbiased
F,—F. difference electron density maps showed a clear signal
for mRNA, P-site tRNA™®C and A-site ASL™ nucleotides
28-43. Structural analyses revealed that ASL™" recognizes
both ACC-A and ACC-C codons in the zero frame as cog-
nate, with A1492, A1492, and G530 interacting with the first
two base pairs of codon—anticodon helix.

The C31.5 insertion in ASL"? results in conformational
rearrangements in the stem of the ASL

The C31.5 insertion in tRNAS"Y was previously predicted to
form a new stacking interaction with U32 allowing a wid-
ening of the unpaired loop of the ASL, while preserving the
anticodon structure (Bossi and Smith 1984). Our results in-
dicate that the anticodon loop nucleotides 33-37 are super-
imposable with other ASLs containing seven nucleotides,
including ASL™" (Fig. 4B). The C31.5 insertion neither forc-
es a bulge in the stem to allow for stacking with U32 nor
causes a widening of the loop; in fact, the loop of ASLSY s
narrower than normal ASLs (Figs. 4B, 5A). In contrast, large,
concerted movements of both the 5" and 3’ phosphate back-
bone of the anticodon stem facilitate accommodation of the
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FIGURE 5. Narrowing of ASL" alters anticodon stem base-pair inter-
actions. (A) Both the major (as measured by C31.5-G39 phosphate—
phosphate distances; purple spheres) and minor grooves (as measured
by C31.5-G39 C2-C2’ distances; green spheres) are narrowed in
ASL™ as compared with canonical major and minor groove distances
of 18.4 A and 14.2 A, respectively (e.g., ASL™). The C31.5 insertion is
shown as red. (B) The C31.5 insertion (red) causes C31 in ASLS*Y (blue)
to shift in the 5" direction; however, the interaction with G39 (blue) is
maintained via a 25° rotation of its base around the glycosidic bond.
The canonical C31-G39 interaction of a canonical seven-nucleotide
ASL™ is shown for comparison (gray). (C) The 5’ phosphate backbone
movement shifts U32 (blue) closer to the opposite RNA stem while A38
rotates 8° to form a bifurcated hydrogen bond with the inserted C31.5
(red). This new interaction prevents the formation of the conserved
U32-A38 base pair of ASL™ (gray).

C31.5 insertion (Fig. 4B). The 5’ stem, in which C31.5 is lo-
cated, displaces the phosphate backbone by ~4 A toward the
3’ ASL stem (Fig. 4B). Likewise, the 3’ stem undergoes an
even larger displacement of ~7 A in the same direction
away from the 5" stem. These combined conformational re-
arrangements result in the tilting of the anticodon stem
~11.5° away from the P-site tRNAmet, toward the back of
the 30S A site (Fig. 4B).

The concerted movement of the anticodon stems of AS
narrows the major groove from 18.4 to 17.4 A (phosphate—
phosphate distances) and the minor groove from 14.2 to
9 A (C2'—C2’ distances) (Fig. 5A). Collectively, these changes
cause a reduction in the average base-pair incline (or the angle
between the base pairs) and the helical axis from 14° in ASL™"
to 11.5° in ASL®"Y with a concomitant increase in the overall
helical twist (29° in ASL™" versus 33° in ASL*"Y). An addi-
tional consequence of the ASL stem rotation toward the
back of the A site, is that this movement prevents a conserved
interaction between Lys121 of ribosomal protein S13 and the
2'-OH of G40. While the electron density of the Lys121 side
chain is not interpretable, the conformational rearrangement
of nucleotide G40 of ASL"? would prevent any possibility of
forming a hydrogen bonding interaction with this residue giv-
en the larger distance.

LSuﬂ

Anticodon stem register is maintained in ASLS"? despite
alteration of the conserved 32-38 base pair

The C31.5 nucleotide occupies the physical position of C31
in the 70S-ASL™" structures, thereby shifting the 5’ side of
the ASL®"Y stem by one nucleotide (Fig. 5A). However, the
base-pair register is maintained with the opposite side of
the stem via a rotation of the G39 base (25°) about its N-gly-
cosidic bond (Fig. 5B). While this change in torsion angle
preserves the C31-G39 interaction of the stem, it disrupts
the conserved U32-A38 base pair (Fig. 5C). Although the po-
sition of U32 is largely consistent between the 70S-ASL™"
and 70S-ASLS") structures, A38 rotates 8° to form a new bi-
furcated hydrogen bond between its N6 position and both the
N3 and O2 atoms of the inserted C31.5 (Fig. 5C). The C31.5
insertion in ASL®"Y structurally replaces the U32 in the
U32-A38 interaction as seen in ASL'™, therefore forming a
new C31.5-A38 pair (Fig. 5C).

Projection of tRNAS? in the A and P sites indicates
potential rearrangements due to steric clashes

Previously determined 70S and 30S structures containing A-
site tRNAs or ASLs, all contain anticodon stem—loops that
adopt a conformation that closely approximates an accom-
modated or pre-peptidyl transferase state (Voorhees et al.
2009). However, in special cases such as an insertion in the an-
ticodon or modifications at nucleotide 34, the A-site ASL can
adopt an alternate conformation but only at the anticodon or
the unpaired anticodon loop (Murphy et al. 2004; Phelps et al.
2006; Cantara et al. 2013). The conformational changes of the
anticodon stem that we observe in ASL®"” have never been
seen previously in any 70S structure. To understand how
the 11.5° tilt would affect the position of ASL™" in the context
of a full-length tRNA, we aligned the anticodons of ASLS""
and tRNA"" (PDB code 2WDH) and then projected a full-
length tRNAS"Y using fully accommodated Phe-tRNA™® as
a guide (Fig. 6A; Voorhees et al. 2009). This alignment re-
vealed the tilted stem domain of ASLS*? repositions the accep-
tor arm >20 A distant from the position of a canonical
accommodated state tRNA. Moreover, tRNAS" would clash
with components of the 508 (Fig. 6A). Clearly tRNAS"Y does
not bind in this manner to the 70S and must instead undergo
structural remodeling to be positioned properly for tRNA
accommodation and peptide bond formation. In summary,
the 11.5° tilt of the anticodon stem of ASL™"? suggests that
the C31.5 insertion changes the energetic landscape that gov-
erns the transition of tRNA between its various functional
conformations.

In the 30S A site, the ribosome exclusively interacts with the
anticodon of the tRNA to ensure high fidelity tRNA selection.
Upon translocation to the P site by EF-G, the anticodon is
no longer closely monitored. Instead, the ribosome interacts
with the anticodon stem and other regions of the tRNA
body to optimally orient the acceptor arm for peptide bond

1949

www.rnajournal.org



Fagan et al.

G1338

G39

ASLS

FIGURE 6. Modeling tRNAY interactions in the A and P sites. (A) Modeling studies extending
our structure of ASLY (blue) to a full-length tRNAS (white outlined with blue) reveal that the
tilting position of the stem region would result in the CCA end of tRNAS"Y >20 A distant from the
position of an accommodated A-site tRNA (gold) (arrow at the CCA end indicates the difference).
We predict that conformational rearrangements of tRNAS" are required to prevent this interac-
tion with the ribosome. (B) The P-site tRNA™¢" (purple) is gripped by 165 rRNA G1338 and
A1339 (gray) by the formation of A-minor interactions with both C40-G30 and C41-G29
(PDB code 2J02). (C) Superposition of ASL™"Y on the anticodon of tRNA™® in the P site suggests
that the deformation of the stem domain would prevent the formation of canonical G1338 and
A1339 interactions. A semitransparent overlay of the superpositioning of ASL™ is shown for

comparison (light gray).

formation. It has been proposed that the P site has evolved to
tightly grip the tRNA in order to maintain the proper mRNA
reading frame (Selmer et al. 2006; Atkins and Bjork 2009;
Nasvall et al. 2009; Jager et al. 2013). For example, initiator
tRNA™¢ s “gripped” by 16S rRNA residues G1338 and
A1339 through A-minor motif interactions with anticodon
stem base pairs (Fig. 6B; Lancaster and Noller 2005; Selmer
et al. 2006). Superpositioning of A-site ASL>"? into the P
site by alignment of the anticodon to tRNA™* reveals the 5’
stem adjacent to the insertion site and the C31.5 phosphate
would sterically clash with 16S rRNA residue A1339. How-
ever, the twist in the ASLS" stem prevents the formation
of A-minor interactions with 16S rRNA nucleotide G1338
(Fig. 6C). This predicted lack of interaction indicates that
either the gripping of the anticodon stem of tRNA" is differ-
ent from wild-type tRNAs or a conformational rearrangement
of the stem occurs. The remodeling of the anticodon stem
could possibly occur during translocation or after transloca-
tion into the P site, which in turn, facilitates the movement
of mRNA by one nucleotide into the +1 frame.

DISCUSSION

Extragenic +1 frameshift suppressors were predominately
identified as nucleotide insertions in the anticodon loops of
tRNAs (for review, see Atkins and Bjork 2009). Although
one interpretation of this phenomenon was that efficiency of
+1 frameshifting was dependent on the Watson—Crick com-
plementarity between the insertions located in both the
tRNA and codon, the identification of tRNASY necessitated
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alternative hypotheses (Bossi and Smith
1984; Farabaugh 2000). While tRNAS"Y
does contain an insertion in its anticodon
loop, the extra nucleotide is located ad-
jacent to the anticodon stem, distal from
the anticodon and therefore it was unclear
whether this insertion actually expanded
the anticodon to more than three nu-
cleotides. The structures here reveal that
ASLS"Y binds to three +1 suppressible
codons in the zero frame allowing only a
three-nucleotide codon—anticodon cog-
nate interaction in the A site. The C31.5
insertion does not appear to alter the
structural integrity of the ASL in the same
manner as other frameshift suppressors
where disordering of the conserved U
turn, the entire 5’ stem or nucleotide 32
occurs (Phelps et al. 2006; Dunham
et al. 2007; Maehigashi et al. 2014).
Instead, ASL"Y accommodates the inser-
tion through concerted movements of
both the 5" and 3’ phosphate backbones
of the anticodon stem, causing a reorgani-
zation of key nucleotide interactions in
the anticodon loop. These results indicate that insertions ei-
ther 5" or 3’ of the anticodon that result in +1 frameshifting
may adopt different structural changes with an underlying
theme being that tRNA plasticity, rather than the codon—anti-
codon interaction, drives +1 frameshifting.

Our 708-A-site ASLS*Y structures reveal that the C31.5 in-
sertion does not widen the anticodon loop but, rather, causes
a narrowing of both the major and minor grooves of the ASL.
Narrowing of the anticodon loop was also observed in a re-
cent 70S structure containing an A-site +1 frameshift sup-
pressor tRNASUAC (Macehigashi et al. 2014). In this case,
tRNAS® contains an insertion 3’ to the anticodon between
nucleotides 37 and 38, on the opposite side of the loop to
C31.5 in tRNASYY, In contrast, a previously solved 308 struc-
ture bound to a +1 frameshift suppressor ASL shows an in-
sertion at 33.5 causes a widening of the loop (Dunham
etal. 2007). It remains unclear whether a narrowing or a wid-
ening of frameshift suppressor tRNA anticodon loops indi-
cates a different mechanism by which a +1 reading of the
mRNA occurs. However, a common emerging theme is
that insertions in the anticodon stem-loops of tRNAs are ac-
commodated in different ways thus reinforcing the idea of
structural plasticity as a driver of +1 frameshifting.

Although the reorganization of the anticodon loop interac-
tions allows for maintenance of the base-pair registry in the
anticodon stem, the major consequence of this preservation
and the C31.5 insertion is that the identity of the 32-38 inter-
action is altered from U32-A38 to C31.5-A38. Anticodon
stem nucleotides 32 and 38 are important for tRNA affinity
and selection on the ribosome with the identity of this pair
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directly correlated to both the Watson—Crick base-pair
strength of the codon—anticodon interaction and the amino-
acyl group attached to the CCA 3’ end (Olejniczak and
Uhlenbeck 2006; Ledoux and Uhlenbeck 2008). A strong
C32-A38 interaction is predicted to counteract a weak co-
don—-anticodon interaction such as in the case of tRNA"®
(UUU), whereas a weak U32-A38 interaction is normally
paired with a strong codon—anticodon interaction such
as in the case of tRNAP™ (GGG) (Olejniczak and Uhlenbeck
2006). This correlation of the 32—38 identity and the codon—
anticodon strength allows for the fine tuning of tRNA selec-
tion by the ribosome. Surprisingly, compensatory mutations
of the rare A32-U38 pair in tRNA™? to the more common
U32-A38 displayed no effects on tRNA binding or incorpora-
tion when decoding cognate codons (Ledoux et al. 2009).
However, tRNA? with the common U32-A38 pair is more
rapidly accommodated when a near-cognate codon is present
in the A site, indicating a loss of fidelity. Additional evidence
for the importance of the 32-38 pairing comes from tRNA
suppressor experiments using an amber stop codon. Here,
stop codon readthrough efficiencies were increased when
32-38 was mutated to a strong C32-A38 pair, again strongly
suggesting a loss of fidelity (Yarus et al. 1986a,b; Kleina
et al. 1990; McClain et al. 1998; Tsai et al. 1998). We predict
that, in general, the insertion of a nucleotide within an anti-
codon loop reduces its binding affinity to the ribosomal
A site. However, in the case of ASLS"Y where the insertion
results in the formation of a new, strong C31.5-A38 interac-
tion, our interpretation is that the predicted lower affinity re-
sulting from expanding the ASL to eight nucleotides is
counterbalanced by the increased strength of the 31.5-38 in-
teraction. Indeed, our affinity measurements with ASL/
tRNA®"Y indicate that the C31.5 insertion slightly increases
A-site affinity as compared with wild-type ASL/ARNA™,
Likewise we would predict that if C31.5 were mutated to an
uridine resulting in a U31.5-A39 pairing, the binding affinity
for this weaker pairing in the ribosomal A site would be
reduced.

Our results examining ASL’"? in light of our recent studies
of ASLSufA® (Macehigashi et al. 2014) lead us to propose that
+1 frameshifting by these suppressors does not occur by qua-
druplet decoding in the A site. Although the structures of
ASL™ and ASL>™° indicate the insertions alter the antico-
don loops in distinct manners, both structures involve either
the rearrangement or disruption of the 32—38 pair. This re-
organization of the 32-38 pairing occurs despite ASLS"Y
forming a cognate interaction while ASL>"™® forms a near-
cognate interaction with their +1 suppressible codons in
the A site. What remains unclear is if the frameshift occurs
during translocation or after translocation of the mRNA-
tRNA pair to the P site. Unlike ASLSUA® the 5 ASLSY)
stem nucleotide 32 is ordered. Disordering may be an impor-
tant stimulus for the +1 frameshift event because EF-G
directly interacts with the 5" stem in the A site before translo-
cation (Brilot et al. 2013). Interestingly, the narrowing of the

stem and 11.5° tilting of ASLS"Y suggests that adjustment of
P-site interactions with conserved 16S rRNA nucleotides
G1338 and A1339 could occur upon translocation. Another
possibility is that ASLS"Y would be required to undergo a
conformational rearrangement of its anticodon loop to
maintain this important gripping interaction, which could
then facilitate the shifting into the new +1 mRNA reading
frame. Taken together, these results help to begin to unravel
mechanistic details of +1 frameshifting.

MATERIALS AND METHODS

E. coli ribosome purification

70S ribosomes were purified as previously described with a few
modifications (Powers and Noller 1991). Briefly, E. coli MRE600
cells were grown in LB to an ODgg of 0.6—0.8 and then cooled on
ice for 20 min to increase the concentration of run-off 70S ribo-
somes. Cultures were then pelleted and resuspended in buffer A
(20 mM HEPES pH 7.5, 100 mM NH,CI, 10.5 mM MgOAc, 0.5
mM EDTA, 0.1 mM benzamidine, 0.1 mM phenylmethanesulfonyl-
fluoride (PMSF) and 6 mM B-mercaptoethanol (f-Me)) and lysed
using a EmulsiFlex cell disruptor. The lysate was clarified by centri-
fugation (30 min at 70,000¢) and pelleted over a sucrose cushion
(1.1 M sucrose, 20 mM HEPES pH 7.5, 500 mM NH,CI, 10.5
mM MgOAc, 0.5 mM EDTA) for 17 h at 158,000¢ at 4°C. The ribo-
some pellet was resuspended in buffer C (20 mM Tris—Cl pH 7.5,
400 mM KCl, 10 mM MgOAc, 1.5 M (NH,),SO,, 0.1 mM benzami-
dine, 0.1 mM PMSF, and 6 mM p-Me) and purified over a Butyl-
650S HIC column (Toyopearl) using a reverse (NH,),SO, gradient.
70S ribosomes were further separated over a 10%—40% sucrose gra-
dient in buffer E (10 mM HEPES pH 7.5, 50 mM KCI, 10 mM
NH,CI, 10.25 mM MgOAc, 0.25 mM EDTA, 0.1 mM benzamidine,
0.1 mM PMSF and 6 mM B-Me). Fractions were pooled and con-
centrated by pelleting over a sucrose cushion, resuspended and dia-
lyzed overnight in buffer G (5 mM HEPES pH 7.5, 50 mM KCl, 10
mM NH,CI, 10 mM MgOAc, and 6 mM p-Me). Lastly, purified 70S
ribosomes were concentrated using an Amicon 100K molecular
weight cut-off concentrator (Millipore) and stored at —80°C.

In vitro transcription

Salmonella typhimurium tRNAS"Y, along with a 5 T7 promoter site,
were subcloned into a pUC19 vector using overlapping DNA oligos
(IDT). Plasmid overexpression, purification and in vitro transcrip-
tion reactions were performed as previously described using BstNI
(NEB) to linearize the plasmid (Linpinsel and Conn 2012). The 5’
triphosphate was removed by Calf Intestinal Phosphatase (NEB)
and purified by phenol-chloroform and chloroform extractions
followed by ethanol precipitation and stored in Tris~EDTA buffer
(10 mM Tris-HCl pH 8.0, 1| mM EDTA) at —20°C. For the
Salmonella typhimurium tRNA™ we encountered difficulties puri-
fying tRNA™ away from a contaminating RNA band of a similar
size after in vitro transcription. Therefore we PCR amplified the
tRNA" gene and a 5’ T7 promoter site from overlapping DNA oli-
gos (IDT) and purified the in vitro transcribed RNA product as pre-
viously described (Linpinsel and Conn 2012).
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RNA sequences

The mRNA sequence used in both the filter binding experi-
ments and crystallization trials was 5'-GGCAAGGAGGUAAAAA
UGACC HAAA-3', where H represents an A, U, or C nucleotide
(threonine codon is in bold and follows the italicized AUG start
site). ASL™ sequence was 5'-CACCCUUGGUAAGGGUG-3" and
for ASL™ was 5'-CACCCCUUGGUAAGGGUG-3' where the anti-
codon is underlined and nucleotide insertion in ASL™ is indicated
in bold (IDT).

5’-Labeling of ASLs and tRNAs

tRNAs or ASLs (1 uM) were incubated with [y—SZP]—ATP (1 pCi/pL,
3000 Ci/mmol, PerkinElmer) and T4 polynucleotide kinase (NEB)
for 1 h at 37°C. Free nucleotide was removed by purification over
a Sephadex G-25 spin column (GE Healthcare) and the labeling
efficiency was determined by scintillation counting (Beckman
LS-5000TD). A typical filter binding reaction contained 200,000—
700,000 cpm/pL of tRNA or ASL. Labeled tRNA or ASL were stored
at a concentration of 10 uM at —20°C.

70S binding assays

The affinity of tRNAs or ASLs for the 70S A site was measured using
filter binding assays as previously described (Olejniczak et al. 2005).
Briefly, purified E. coli 70S ribosomes (500 nM) were incubated with
mRNA (1 uM) in buffer G at 37°C for 5 min, followed by the addition
of P-site tRNAM®t (1 uM) at 37°C for 30 min. For some experiments
as indicated, paromomycin (100 uM) was incubated for an addition-
al 25 min at room temperature. Twofold dilutions were made, result-
ing in a range of ribosome concentrations from 0.98 to 1 uM which
was experimentally determined to provide full coverage of the equi-
librium dissociation curve; overall the ribosome concentration range
were measured from 5 nM to 1 pM. A-site tRNA (2 nM) or ASL
(2 nM) was added to each solution and the reaction was allowed to
come to equilibrium at room temperature. A 3-h incubation was re-
quired for tRNA binding to reach equilibrium, however with the ad-
dition of paromomycin only a 2 h incubation was necessary. The
ribosome reaction (30 pL) was then filtered through a 0.45 pm nitro-
cellulose membrane and washed with buffer G (1 mL). The nitro-
cellulose filters were dissolved in Filtron-X (National Diagnostics)
and counted using a Beckman LS-5000TD scintillation counter. Dis-
sociation constants (Kp) and By, values were obtained by fitting the
data to a one site specific binding nonlinear regression using Graph-
Pad Prism as has been done for previous equilibrium binding exper-
iments (Ledoux and Uhlenbeck 2008).

70S complex formation and crystallization

Thermus thermophilus ribosomes were purified and crystallization
trials were performed as previously described with a few minor
modifications (Selmer et al. 2006). Briefly, 70S ribosomes (4.4 uM)
were incubated with CC-puromycin (Dharmacon; 22 uM), an ami-
noacyl mimic consisting of the RNA dinucleotide CC covalently at-
tached to puromycin-5-monophosphate, for 30 min at 55°C. This
was followed by incubation with a two molar excess of mRNA
(IDT; 8.8 uM) for 5 min. Four molar excess of P-site tRNAMe!
(Chemical Block; 17.6 uM) was incubated for 30 min at 55°C and
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finally, five molar excess of the appropriate ASL (IDT; 22 pM) was
incubated for 30 min at 55°C. The complexes were cooled to
room temperature and then incubated with antibiotic paromomy-
cin (0.1 mM) for an additional 20 min at room temperature.
Deoxy BigCHAP (Hampton Research; 2.8 pM) was added just prior
to crystallization. Crystals were grown by sitting-drop vapor diffu-
sion in 4%-5% polyethylene glycol (PEG) 20K, 4%-5% PEG 550
MME, 0.1 M Tris—Acetate pH 7.0, 0.2 M KSCN and 10 mM
MgCl,, and cryoprotected by increasing PEG 550 MME in a stepwise
manner to a final concentration of 30%. Crystals were flash frozen in
liquid nitrogen for data collection.

X-ray data collection and structure determination

X-ray diffraction data were collected at the Southeast Regional
Collaborative Access Team (SER-CAT) 22-ID beamline and the
Northeastern Collaborative Access Team (NE-CAT) 24-IDC beam-
line at the Advanced Photon Source, Argonne National Laboratory.
Each data set was integrated and scaled using the XDS software
package (Kabsch 2010). A search model composed of the Tth 70S
ribosome (PDB codes 2WDG, 2WDH, 2WDI, and 2WD]J) with all
mRNA and tRNA ligands removed was used for crystallographic re-
finement with the PHENIX software suite (Adams et al. 2010).
Additional rounds of coordinate refinement were performed with
rigid groups defined by the head, body, platform, and 3’-minor
domain of the 30S subunit, along with mobile elements of the 50S
subunit: 55 rRNA, L1 arm, protein L9, A-site finger, and the central
protuberance. Modeling of mRNA, tRNA, and conformational
changes in rRNA and ribosomal proteins along with the placement
Mg** ions were performed using Coot (Emsley et al. 2010). Iterative
rounds of model building were followed by positional and group
atomic displacement parameter (ADP) refinement in PHENIX,
yielding a final model with the statistics reported in Table 2.
Figures were generated using PyMOL (www.pymol.org).

DATA DEPOSITION

The atomic coordinates and structure factors have been deposited in
the Protein Data Bank (www.pdb.org) under the PDB codes 4TUA,
4TUB, 4TUC, 4TUD, and 4TUE.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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