Structural evidence for product stabilization
by the ribosomal mRNA helicase
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ABSTRACT

Protein synthesis in all organisms proceeds by stepwise translocation of the ribosome along messenger RNAs (mRNAs),
during which the helicase activity of the ribosome unwinds encountered structures in the mRNA. This activity is known
to occur near the mRNA tunnel entrance, which is lined by ribosomal proteins uS3, uS4, and uS5. However, the mecha-
nism(s) of mMRNA unwinding by the ribosome and the possible role of these proteins in the helicase activity are not well
understood. Here, we present a crystal structure of the Escherichia coli ribosome in which single-stranded mRNA is ob-
served beyond the tunnel entrance, interacting in an extended conformation with a positively charged patch on ribosomal
protein uS3 immediately outside the entrance. This apparent binding specificity for single-stranded mRNA ahead of the
tunnel entrance suggests that product stabilization may play a role in the unwinding of structured mRNA by the ribosomal

helicase.
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INTRODUCTION

The ribosome carries out templated protein synthesis in
all cells by reading the genetic information in messenger
RNAs (mRNAs) (decoding), catalyzing the addition of ami-
no acids to nascent polypeptide chains (peptidyl transfer),
and moving mRNA and tRNA moleculesin concert through
its internal binding sites (translocation). Concomitant with
these major activities are a host of coordinated ribosome
functions at different stages of translation. Key among
them is the intrinsic ability of the ribosome to actively
unwind structured mRNAs prior to the decoding step
(Takyar et al. 2005; Qu et al. 2011). This is to ensure unhin-
dered translation on mRNA, a molecule capable of forming
secondary and tertiary structures, in its single-stranded
state. Challenging the helicase, highly stable structures in
the mRNA can stall the ribosome, and in the right sequence
context, shift the translational reading frame (Baranov et al.
2002; Giedroc and Cornish 2009; Tholstrup et al. 2012).
This frameshifting can occur endogenously, or it can be in-
duced by viruses, some of which are potent human and an-
imal pathogens (Brierley 1995; Namy et al. 2004).

The path of mRNA on the ribosome has been observed
by crystallography to wrap around the neck of the small ri-
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bosomal subunit (Yusupova et al. 2001). The mRNA enters
the ribosome through a tunnel between the head and
shoulder of the subunit, the entrance of which is lined by
ribosomal proteins uS3, uS4, and uS5. The electron densi-
ty for the ~5-nt MRNA segment inside the tunnel (between
the entrance and the A-site codon) is typically weak in crys-
tal structures of the ribosome and is rarely seen to continue
outside of the tunnel (Yusupova et al. 2006; Jenner et al.
2010b). Similarly, in cryo-electron microscopy (cryo-EM),
structures of classical-state ribosome-mRNA complexes
(Fischer et al. 2016; Zhang et al. 2018), the local resolution
for the mRNA in the vicinity of the tunnel entrance is
typically low. Notably, the crystal structure of the chimeric
hybrid-state ribosome shows a longer stretch of mRNA,
~8 nt, inside an elongated tunnel formed as a result of
small subunit head rotation (Zhou et al. 2014).

It is not clear how a translating ribosome interacts with
an encountered mRNA structure such as a hairpin. One
possibility (Yusupova et al. 2001) is that the head domain
of the small subunit (which contains protein uS3) interacts
with one strand of the duplex, while the body domain (con-
taining proteins uS4 and uS5) interacts with the other
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Product stabilization by ribosomal mMRNA helicase

strand. During translocation, the head domain moves rela-
tive to the body (Ratje et al. 2010; Guo and Noller 2012),
and this could physically pry apart the two strands as a re-
sult. In this scheme, the geometry of the tunnel entrance in
the classical state would complement that of encountered
mRNA structures such as duplexes. However, for a helicase
that encounters base-paired segments only sporadically,
such a strategy might be counterproductive because bind-
ing to a duplex would favor its formation and disfavor its
opening. Indeed, the opposite strategy is used by RNA
helicases of the DEAD-box family, which have a higher
binding affinity for the helicase product (i.e., single-strand-
ed RNA) than for the substrate (e.g., a duplex) if they bind
the latter at all (Jarmoskaite and Russell 2011; Linder and
Jankowsky 2011). If product stabilization is also used by
the ribosomal helicase, it seems more likely that the geom-
etry of the tunnel entrance in the classical state evolved not
to fit common mRNA structures such as duplexes, but to
preferentially bind single-stranded mRNA.

We have determined the crystal structure of a classical-
state E. coli ribosome-mRNA complex in a novel packing
arrangement, in which single-stranded mRNA is seen to in-
teract, via its backbone and in an extended conformation,
with positively charged residues in protein uS3 immediate-
ly outside the tunnel. This strongly favors the involvement
of product stabilization in the mechanism of unwinding
structured mRNA by the ribosome, as described above.
In vitro assays with reconstituted ribosomes indicate that
mRNA binding to uS3 near the tunnel entrance is impor-
tant for MRNA-dependent tRNA binding on the ribosome.

RESULTS

Obtaining crystals with a novel crystal packing
arrangement

The structure presented here was obtained using wild-type
E. coli 70S ribosomes in complex with a hairpin-containing
mRNA. The pHO3H? mRNA contained a Shine-Dalgarno
(SD) sequence, a start (AUG) codon, three consecutive va-
line (GUA) codons, a spacer sequence, and a 4-bp hairpin
capped by a UUCG tetraloop (Fig. 1A; Supplemental
Table S1). The ribosome was first bound on the mRNA
at the start codon in the presence of charged initiator
tRNA. This was followed by in vitro translation in the pres-
ence of vaIyI—tRNAva'-EF—Tu-GTP ternary complex, EF-G,
and GTP. Only partial translocation appears to have taken
place at this stage (see below). The resulting elongation
complex was then used for crystallization, and X-ray diffrac-
tion data were collected to solve the structure by molecular
replacement at a resolution of 3.9 A (Table 1).

The complex crystallized in the P 24 21 24 space group,
with two ribosomes (A and B) in the asymmetric unit, both
in the classical state. This structure represents a new crystal
form, distinct from previously published structures of 70S

ribosomes in this space group that contained unstructured
MRNA or no mRNA (Schuwirth et al. 2006; Selmer et al.
2006; Jenner et al. 2010b; Dunkle et al. 2011). Compared
to those structures, we observe a large-scale rigid-body re-
arrangement of the ribosomes that opens up cavities on the
solvent side of protein uS3, near the 3’ end of the mRNA
where the hairpin is positioned (Fig. 1B; Supplemental
Fig. S1), suggesting that the rearrangement may have oc-
curred to accommodate the hairpin. Notably, crystal con-
tacts involving protein uS3, which are seen in other crystal
structures of 70S ribosomes in this space group, are absent
in both ribosomes in this structure.

Another major rearrangement of crystal contacts is
observed between the large subunit protein bL? in one ri-
bosome and 16S rRNA in the neighboring ribosome (Fig.
1C-E; Supplemental Fig. S2). In ribosome A in the present
structure, the C-terminal domain of bL9 forms new crystal
contacts by moving ~30 A toward the spur helix (hé) in
the neighboring 16S rRNA, while in ribosome B, it moves
by ~15 A toward the body of the neighboring 165 rRNA
(Fig. 1E). These results suggest that the presence of the
mRNA hairpin may influence ribosome-ribosome packing,
resulting in novel inter-ribosomal contacts not seen in com-
plexes with single-stranded mRNA.

Single-stranded mRNA interacts with
the ribosome inside and outside of
the downstream tunnel

With no mRNA in the initial structure model, unbiased
simulated-annealing mFo-DFc maps showed traceable
electron density for the mRNA from position —15 to +15
(where position +1 is defined as the first nucleotide of the
P-site codon) (Fig. 2A). After placing the mRNA model
(Fig. 2B; Supplemental Fig. S3A), the A- and P-site codons
(positions +1 to +6) show the strongest 2mFo-DFc electron
density compared to the rest of the mRNA. Upstream of the
E-site, the mRNA forms an imperfect SD helix in an orienta-
tion similar to the previously observed post-initiation state
(Supplemental Fig. S3B; Yusupova et al. 2006). The mRNA
tunnel downstream from the A-site houses five nucleotides
from position +7 to +11 (Fig. 2B), beyond which the mRNA
continues as a single strand up to position +15, interacting
mainly with protein uS3 (Fig. 2C).

Inside the downstream tunnel, mRNA bases at positions
+6 and +7 are stacked, and nucleotide C1397 of 16S rRNA
is tucked in away from the +7 base (Fig. 3), similar to what
was seen in elongation complexes previously (Jenner et al.
2010b). After position +9 or +10, the mRNA orientation
appears to flip such that its backbone is facing uS3 when
mRNA emerges at the tunnel entrance at position +12
(Fig. 3). The conserved positively charged residues Lys44
and Arg4é in protein uS4, and Arg131 in protein uS3,
interact with the mRNA backbone near the entrance
(Fig. 3).
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FIGURE 1. Crystal packing rearrangement in the presence of hairpin-containing mRNA. (A) Sequence of the hairpin-containing mRNA used to
obtain the new crystal form. Nucleotide positions are numbered according to the most likely mRNA register, in which the first valine codon oc-
cupies the ribosomal P-site in the crystal structure following in vitro translation (see Supplemental Fig. S5B for alternative possible registers). The
segment from —15 to +15 (highlighted in yellow) is ordered in the crystal structure. (B) The crystal packing of ribosomes in the hairpin complex
(right; this study) is compared to that in the classical/hybrid-state complex with single-stranded mRNA (left; PDB 4V9D) (Dunkle et al. 2011), when
aligned on 165 rRNA of ribosome B. Note that more space has become available in front of protein uS3 (red) in the expected location of the mRNA
hairpin, indicated by the thick arrow. (C) Contact between adjacent ribosomes in the crystal includes the docking of the protruding protein bL?
from one ribosome (A or B, in red and orange, respectively) on the 16S rRNA of the other. (D) In complexes formed with no mRNA or with single-
stranded mRNA (e.g., PDB 4V9D) (Dunkle et al. 2011), the bL? contacts are very similar for ribosomes A and B (pink and light orange, respectively),
when aligned on the 16S rRNA of the two ribosomes. The conserved interaction between A55 of 16S rRNA and Phe?1 of bL9 is indicated. (E) In
the hairpin complex, both bL9 contacts are significantly rearranged compared to panel D, as indicated by the arrows, and are markedly different

for ribosomes A and B (red and orange, respectively).

Outside of the tunnel, the mRNA interacts with the base
of the C-terminal a helix 3 (C-a3 helix) in uS3 (Fig. 3;
Supplemental Figs. S3D, S4). In ribosome A, nucleotides
+13 to +14 interact via their backbone with the conserved
positively charged residues Arg132 and Lys135 in the C-a.3
helix, while in ribosome B, the backbone of nucleotides
+14 and +15 interacts with Arg132 and Arg136 in the
same o helix (Fig. 3). The path of mRNA differs slightly in
ribosomes A and B (Fig. 2B, inset; Fig. 3, right panels), ap-
parently due to the close approach of crystal contacts in
front of the tunnel entrance in ribosome A but not ribo-
some B (Supplemental Fig. S3C). However, in both cases,
the mRNA segment outside the tunnel adopts an extend-
ed and straightened conformation that deviates signifi-
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cantly from the curvature of A-form geometry (Figs. 2B,
3). This conformation has a mean phosphate-phosphate
distance of ~6.5 A, which implies C2’-endo sugar puckers
for at least some nucleotides.

Despite ample space for a hairpin inside the cavities be-
tween ribosomes in this crystal form (Supplemental Figs.
S1, S5A), no clear electron density corresponding to the
3’-mRNA hairpin is observed, suggesting that the hairpin
is unwound or otherwise disordered.

The data resolution is insufficient to distinguish individu-
al bases and to directly establish the mRNA register relative
to the ribosome. However, only three registers are proba-
bly based on the structure (Supplemental Fig. S5B), none
of which correspond to full ribosome translocation after
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TABLE 1. Crystallographic statistics for the E. coli 70S-hairpin
complex

Data collection®

P22 2,
211.7 433.9 623.5
60-3.94 (4.04-3.94)

Space group
Cell dimensions (A)

Resolution (A)

Completeness (%) 99.9 (99.8)
<l/cl> 3.6 (0.9
CC1/2 99.4 (27.5)
Rim 61% (269%)
Redundancy 8.2 (6.1)

Number of unique reflections 501,982 (36,044)
Wilson B-factor (A% 137

Refinement®

Resolution (A) 60-3.94
Number of reflections 501,933
Number of atoms (ASU) 296,393
Ruori/ Rree (%) 24.9/26.9
R.M.S.D. bond lengths (A) 0.0045
R.M.S.D. bond angles (°) 0.97
Average B-factor (A? 137

“Data collection statistics were computed in XDS (Kabsch 2010).
PRefinement statistics were computed in PHENIX (Adams et al. 2010).

the in vitro translation step. Of these, the most likely regis-
ter corresponds to translocation by one codon, placing the
beginning of the hairpin at position +15 (Supplemental Fig.
S5B, possibility 2), although the other two possibilities can-
not be formally excluded.

uS3 mutations reduce tRNA-binding affinity
in an mRNA-dependent manner

It has been shown previously that mutation of conserved
uS3residues Arg131, Arg132, and Lys135 to alanine affects
the helicase activity of the ribosome (Takyar et al. 2005). In
the present structure, we observe these positively charged
residues in the binding site for single-stranded mRNA, sug-
gesting theirinvolvement not only in the helicase activity of
the ribosome, but also in its basic mMRNA binding activity.
To test the functional significance of uS3-mRNA binding,
we tested ribosomes reconstituted with the same uS3 triple
mutant for their ability to bind tRNA in an mRNA-depen-
dent manner, using the filter binding assay. This indirect
measure of mMRNA binding was used in order to exclude
the appreciable nonspecific mRNA binding that we ob-
serve when using a direct measure of total bound mRNA
(data not shown). 3°S-fMet-tRNAMet binding to ribosomes
at 10 mM Mg?" is indeed mRNA-dependent: Estimated
tRNA-binding affinity for wild-type reconstituted ribo-
somes in the presence of the single-stranded fMVVV

mRNA (at twofold molar excess; Supplemental Table S1)
is about 150-fold higher than in the absence of mRNA
(Table 2, rows 1 and 4).

Binding affinity for **S-fMet-tRNA™®t in the presence of
mRNA is lower by about 50-fold in ribosomes reconstituted
with the triple-mutant uS3 protein compared to those with
wild-type uS3 (Fig. 4A; Table 2, rows 1 and 2). Despite
lower affinity, the extent of tRNA-binding in the triple-
mutant approaches that of wild-type at saturating tRNA
concentrations, suggesting that the mutant ribosome pop-
ulation is not simply partially inactive. Reconstituted ribo-
somes lacking uS3 altogether show a more severe tRNA
binding defect of about 100-fold lower affinity and less
than half the extent of wild-type (Table 2, row 3; Fig. 4A).
tRNA binding affinities of the wild-type and triple-mutant
ribosomes are similar to each other in the absence of
mRNA (Table 2, rows 4 and 5), or under mRNA-indepen-
dent binding conditions (at 20 mM Mgz+) (Table 2, rows
6-9), suggesting that the mutation mainly affects specific
mRNA-dependent tRNA binding. In the absence of
mRNA or at 20 mM Mg?", the inferred binding stoichiome-
try ishigher (Table 2, right column), consistent with nonspe-
cific binding at multiple tRNA sites under those conditions.
Finally, in toeprinting assays (Hartz et al. 1988) using the
same mRNA, mutant ribosomes show weaker toeprints at
the start codon compared to wild-type ribosomes (Fig.
4B, lanes P), but are capable of translocation once bound
atthe start codon (Fig. 4B, lanes T). Together, these results
indicate that the triple-mutant ribosomes are defective in
mRNA-dependent P-site tRNA binding, and suggest that
efficient tRNA binding requires uS3—-mRNA interactions.

A-site tRNA bending is accompanied by A-site finger
interactions

In initial maps calculated before placement of mRNA and
tRNAs in our structure, strong difference electron density
for tRNA was observed in both the A-site and the P-site
of each ribosome (and the E-site of ribosome A only) (Fig.
5A). The A-site and P-site tRNAs in each ribosome are
base-paired with the mRNA codons and are present at ap-
proximately full occupancy (Supplemental Fig. S6A).
Flioping of 16S rRNA bases G530, A1492, and A1493 in
the decoding center of the small subunit, and closure of
the shoulder of the small subunit in the presence of cog-
nate A-site tRNA are observed, consistent with previous
reports (Supplemental Fig. S6B-D; Ogle et al. 2002). The
A-site tRNA is seen in a bent conformation due to an
~10° hinge motion near its 26—44 purine—purine pair.
This moves the tRNA acceptor arm by ~5 A to one side
(Fig. 5B), and widens the gap between the A- and P-site
tRNAs. The elbow of the A-site tRNA interacts with helix
H38 (A-site finger) of 23S rRNA, which has twisted and
moved toward the tRNA elbow compared to E. coli com-
plexes with a vacant A-site (Fig. 5C; Dunkle et al. 2011;

www.rnajournal.org 367


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1

Amiri and Noller

A
L
Ribosome B Ribosome A
B
P-site tRNA
Ribosome B
x 16S rRNA
]
=
a
wv
+7

N
+11)
e Downstream
3 tunnel
)

A-site tRNA

C

Downstream
tunnel

Tunnel
entrance

Outside

FIGURE 2. mRNA structure in the hairpin complex. (A) Difference electron density peaks (red) for mRNAs in simulated annealing mFo-DFc mRNA
omit maps for ribosomes A and B, contoured at 2.5¢ and blurred by 400 A%. The inset shows the map overlaid on the mRNA models. (B) The
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A- and P-site tRNAs are also shown. The inset compares the path of mRNA in ribosomes A and B (blue and red, respectively) after alignment
on the 165 rRNA. (C) mRNA path beyond the tunnel entrance between the head and the body (shoulder) of the small ribosomal subunit in ribo-

some B. The inset shows a close-up view of the entrance.

Noeske et al. 2015). Notably, the conserved bulged A896
in H38 is stacked on the G19:C56 tertiary base pair in the
elbow of the A-site tRNA (Fig. 5C; Supplemental Fig. S4E).

DISCUSSION

The crystal structure of the E. coliribosome presented here
reveals interaction of single-stranded mRNA (the helicase
product) with protein uS3 outside the mRNA tunnel (Fig.
3). The straightened path of the bound mRNA is incompat-
ible with curvature of the backbone in an A-form RNA
duplex, suggesting a binding specificity for the single-
stranded form of mRNA. This observation favors the possi-
bility that product stabilization contributes to the mecha-
nism of unwinding structured mRNAs by the ribosome.
The crystal form presented here has cavities between
adjacent ribosomes that provide sufficient space for the
mRNA hairpin (Fig. 1B; Supplemental Figs. S1, S5A). It
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also allows us to observe binding of single-stranded
mRNA to uS3, as it lacks the usual uS3 crystal contacts
(seen in previous crystals of wild-type ribosomes) that
could otherwise interfere with mRNA binding to uS3.

In a recent cryo-EM study of the T. thermophilus ribo-
some in complex with an mRNA containing a hairpin at po-
sition +12 (Zhang et al. 2018), a low-resolution envelope
for the hairpin was observed starting near GIn136 in the
C-03 helix of uS3 outside of the tunnel. This corresponded
to position ~+15 on the mRNA rather than +12 where the
hairpin started, indicating that the segment from +12 to
+15 may have become single-stranded. Indeed, SHAPE
probing of the ribosome-bound mRNA (Zhang et al.
2018) revealed high reactivity for the strand complementa-
ry to the +12-15 segment, as expected for single-stranded
RNA. However, the +12-15 segment itself showed little
SHAPE reactivity, suggesting that despite being unpaired,
its backbone may have been immobilized by binding to
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the ribosome, in agreement with the observations in the
present study. Taken together, the current evidence points
to the preferential binding of single-stranded mRNA to
protein uS3 outside the tunnel, i.e. the involvement of
product stabilization in MRNA unwinding by the ribosome.

Further insight into the mechanism of action of the ribo-
somal helicase during translocation comes from comparing
the current classical-state ribosome structure with the crys-

TABLE 2. Binding of fMet-tRNA™®t to reconstituted 70S ribosomes

tal structure of a translocation intermediate, the chimeric
hybrid-state ribosome in complex with EF-G, in which the
head domain of the small ribosomal subunit is rotated rel-
ative to the body domain (Fig. 6; Zhou et al. 2014). In the
classical state, mMRNA is held at the tunnel entrance via in-
teraction with conserved positively charged residues in
proteins uS3 (head) and uS4 (body) that lie directly across
from each other (Figs. 3, 6A). Mutation of these residues

Mg?*] mRNA Reconstituted ribosome Estimated Ky for tRNA binding® Estimated relative stoichiometry®
1 10 mM fMVW Wild-type uS3 6.7 3.5 nM (n=44) 1.0
2 Mutant uS3°¢ 36070 nM (n=37) 0.9
3 No uS3 680250 nM (n=10) 0.4
4 No mRNA Wild-type 1000+ 140 nM (n=11) 1.8
5 Mutant uS3 1700 nM £ 340 nM (n = 6) 2.1
6 20 mM fMVWV Wild-type 14+7.6 nM (n=5) 1.7
7 Mutant uS3 85+50 nM (n=5) 1.9
8 No mRNA Wild-type 39+21 nM (n=5) 1.8
9 Mutant uS3 90+27 nM (n=5) 1.8

“The standard error of the estimates are indicated. n denotes the number of data points.
PRelative stoichiometry is the saturation estimate for binding (Ciax) divided by that in the experiment in row 1; see Materials and Methods section.

“Mutant uS3 refers to the triple mutant (R131A, R132A, K135A).
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confers defects in the helicase activity of the ribosome
(Takyar et al. 2005). During translocation, the 30S head
domain rotates by 21°, pulling uS3 away from uS4 (Fig.
6B); mRNA interaction with uS3 is maintained, but the
uS4-mRNA interaction shifts from approximately+12 to
+15, effectively lengthening the mRNA tunnel by one co-
don (Fig. 6B). The tunnel is too narrow to accommodate a
helix, so any bulky structure in the intervening mRNA seg-
ment (+12 to +14) would have to be unwound prior to or
concomitant with head rotation. Our observation of inter-
action between uS3 and non-A-form single-stranded
mRNA up to position +15 in the classical state (i.e., product
stabilization) would predispose the MRNA segment +12 to
+14 to becoming single-stranded even before head rota-
tion takes place, providing a significant kinetic enhance-
ment of mMRNA unwinding (H Amiri, in prep.).

A role for protein uS3 in ribosome—mRNA interaction is
supported by biochemical studies. Mutation of uS3 resi-
dues Arg131, Arg132, and Lys135 to alanines was previ-
ously shown to significantly reduce the mRNA helicase
activity of the ribosome (Takyar et al. 2005). Our results
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show that mRNA-dependent tRNA binding activity is
also significantly compromised in the uS3 mutant (Fig. 4),
suggesting that these uS3 residues may help bind the
mRNA, thus favoring stable ribosome—tRNA-mRNA inter-
actions. Mutation of homologous residues in yeast uS3 has
also been shown to affect translation initiation in an mRNA-
dependent fashion in vivo (Dong et al. 2017).

The ribosome is commonly found to protect mRNA res-
idues up to position +15 or beyond (Steitz 1969; Beyeret al.
1994; Huttenhofer and Noller 1994; Mohammad et al.
2016). Given that mRNA emerges at the tunnel entrance
around position +12 (Yusupova et al. 2006; Jenner et al.
2010b), this implies that MRNA-ribosome interactions are
maintained outside of the tunnel up to at least position
+15, as observed in the present structure. The electrostatic
interaction observed here between the mRNA and protein
uS3 appears to extend even to the binding of an mRNA
mimic, the Stm1 protein, to yeast 80S ribosomes. This pro-
tein occupies the path of the mRNA inside yeast ribosomes
harvested under nutrient starvation. Remarkably, a nega-
tively charged o helix in Stm1 runs along the C-a:3 helix of
protein uS3 outside of the tunnel entrance (Ben-Shem
et al. 2011), following a path similar to that reported here
for the mRNA (Fig. 7).

Lastly, the A-site tRNA is seen here to bend near the
26-44 purine—purine base pair, a common hinge point for
tRNA flexing during translation (Korostelev et al. 2006;
Zhou et al. 2013). At the same time, the H38 helix of 23S
rRNA has moved to allow stacking of its conserved bulged
A896 on the G19:C56 tertiary base pair in the tRNA elbow
(Fig. 5C). Thisis analogous to stacking of the G2112:A2169
tertiary base pair of 23S rRNA (in the L1 stalk) on the G19:
C56 pair of the P/E and E/E tRNAs (Mohan and Noller
2017), suggesting a role for the universally conserved
G19:C56 pair as a stacking platform in tRNA interactions
with rRNA. A-site tRNA bending and H38 movement can
also be found in cryo-EM structures of classical-state
E. coli ribosomes (Fischer et al. 2016; Huter et al. 2017;
Loveland and Korostelev 2018). In contrast, in T. thermo-
philus ribosomes, H38 movement to the extent seen here
has not been detected (Jenner et al. 2010a), and the bent
A-site tRNA conformation has been observed only in the
presence of viomycin and capreomycin, antibiotics thought
to inhibit translocation by stabilizing A-site tRNA binding
(Fig. 3B; Supplemental Fig. S3F; Stanley et al. 2010). The
functional significance of A-site tRNA bending and the
H38-tRNA interaction thus remains to be understood.

MATERIALS AND METHODS

Ribosome preparation

Tight-couple ribosome preparation was performed essentially as
previously described (Moazed and Noller 1989). E. coli cells
(strain MRE600Q) were grown to mid-log phase at 37°C, and then


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.068965.118/-/DC1

Product stabilization by ribosomal mRNA helicase

Ribosome B

Ribosome B Ribosome A

E. coli A-site tRNA

— Free tRNAs

T. thermophilus
A-site tRNA

Anticodon
stem-loop

Ribosome A

CCA end

Ibow

-

Without A-site tRNA With A-site tRNA

FIGURE 5. tRNA structures in the hairpin complex. (A) Electron density peaks (orange) for tRNAs in mFo-DFc tRNA + mRNA omit maps for ribo-
somes A and B, contoured at 26 and blurred by 200 AZ. The insets show the map overlaid on the tRNA models. (B) Cartoon representation of the
A-site tRNA (red) viewed from the subunit interface (left) or from the large subunit (right). The A-site tRNA in the E. coli ribosome (red, this study) is
bent compared to unbound tRNA (light and dark blue, PDB 1EHZ and 4TRA, respectively) (Westhof et al. 1988; Shi and Moore 2000). The nonbent
As-site tRNA in the T. thermophilus ribosome (green, PDB 4V5D) (Voorhees et al. 2009) is also shown for comparison. Position of the 26:44 base
pair is indicated by a black dot. All tRNA structures are aligned by their anticodon stem—loop. (C) In the presence of A-site tRNA (yellow), the tip of
helix H38 of 23S rRNA (red) interacts with the tRNA elbow, moving by up to 5 Atoward it compared to when the A-site is vacant (faint green, PDB
4YBB) (Noeske et al. 2015). The stacking of A896 base of H38 on the G19:C56 tertiary base pair of the tRNA is shown. Note that the terminal loop

of H38 was not modeled in the vacant complex.

cooled on ice for 1 h. Clarified French-press lysates were layered
on a 38% sucrose cushion in 20 mM Tris-HCI (pH 7.0), 500 mM
NH4Cl, 15 mM MgCl,, 6 mM BME and centrifuged in a
Beckman Tié0 rotor at 40,000 rpm for 20 h at 4°C to pellet the ri-
bosomes. The pellets were salt-washed twice by resuspending in
the same buffer containing 500 mM NH,4Cl and centrifuging in a
Ti60 rotor at 55,000 rpm for 2 h at 4°C. Resuspended ribosomes
were then layered on a 10%—-35% sucrose gradient in 20 mM Tris-
HCI (pH 7.0), 100 mM NH,CI, 6 mM MgCl,, 6 mM BME and cen-
trifuged in a SW28 rotor at 19,000 rpm for 16 h at 4°C. The 70S
fraction was collected manually and pelleted by centrifugation
in a Ti45 rotor at 36,000 rpm for 22 h at 4°C, resuspended in
the same buffer (no sucrose) containing 10 mM MgCl; to a final
ribosome concentration of about 25 mg/mL, and flash frozen.
Analytical sucrose gradient centrifugations were performed to
confirm the purity (>95%) of the 70S particles.

mRNA, tRNA, and elongation factor preparations

The mRNAs (Supplemental Table ST) were made invitroby T7 RNA
polymerase transcription using DNA templates obtained from
plasmids pHO3H9 (by linearization) or pHO3_f{MVVV (by PCR).
About 100 pg of the DNA template was incubated in a 1 mL reac-

tion containing 80 mM K*-HEPES (pH 7.5), 50 mM NaCl, 2 mM
spermidine, 30 mM DTT, 20 mM MgCl,, and 12 mM of total
NTPs (4.8 mM ATP, 3.6 mM GTP, 2.4 mM UTP, 1.2 mM CTP,
adjusted for the base composition of the pHO3H9 mRNA) in the
presence of 100 pg of purified T7 RNA polymerase and 2.5 units
of inorganic pyrophosphatase (Fermentas) for 3 h at 37°C. The
RNA was then purified on an 8% denaturing polyacrylamide gel.
For charging of fMet and Val tRNAs, 10 nmol of each purified
tRNA (Subriden) was incubated in a 330 pL reaction containing
50 mM HEPES (pH 7.5), 50 mM KCI, 10 mM MgCl,, 5 mM DTT,
4 mM ATP, 80 nmol of the appropriate amino acid, and 60 pL
of DEAE-purified E. coli S-100 fraction (Moazed and Noller
1989) for 20 min at 37°C. For fMet, 300 nM of neutral N10-formyl-
tetrahydrofolate was also present in the mixture. The tRNAs were
phenol-chloroform extracted, ethanol precipitated, and passed
through a 1 mL Sephadex G25 spin column. Successful charging
was confirmed by acid PAGE analysis (Walker and Fredrick 2008).
For expression and purification of elongation factors, BL21
(DE3) cells expressing 6xHis-tagged EF-G or EF-Tu (Takyar et al.
2005) were grown to mid-log and then induced with IPTG at
1 mM for 3 h. Purification was performed at 4°C in buffers contain-
ing 50 mM Tris-HCI (pH 7.5), 60 mM NH4Cl, 7 mM MgCl,, 6 mM
BME, and 15% glycerol. All buffers for EF-Tu also contained 10 uM
GDP. Affinity purification of clarified French-pressed lysates was
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mRNA
tunnel

Classical state (Ribosome B)

Chimeric hybrid state (head-rotated)

FIGURE 6. Comparison with the head-rotated state. The contact region between mRNA and the mRNA tunnel becomes extended during trans-
location. (A) In the classical state (this work), three mRNA nucleotides (red) are held at the tunnel entrance formed by proteins uS3, uS4, and uS5
(pink) via interactions with six conserved positively charged residues in uS3 and uS4 (blue). (B) In the chimeric hybrid state (PDB 4W29) (Zhou et al.
2014), rotation of the 30S head domain during translocation results in elongation of the tunnel, thus allowing accommodation of an additional

three nucleotides, or one codon (orange), within the tunnel.

performed with Ni-NTA resin (Qiagen) and the proteins were elut-
ed in buffer containing 250 mM imidazole. Dialyzed fractions
were loaded on a Resource Q FPLC column (GE), eluted in the
same buffer plus 150 mM KClI (for EF-G) or 130 mM KClI (for
EF-Tu), and dialyzed to remove KCl prior to storage.

Complex formation and crystallization

To form the ribosome complex for crystallization, 400 pmol of
E. coli 70S ribosome (at 10 pM) were prewarmed at 37°C for
10 min. Separately, 800 pmol of the hairpin-containing mRNA
PHO3H9 (at 100 pM) in water were heated at 90°C for 3 min,
snap-cooled in an ice bath for 10 min, brought to 37°C, added
to the ribosome along with 800 pmol of charged fMet tRNA in a
total volume of 60 pL in 20 mM Tris-HCI (pH 7.0), 100 mM
NH4Cl, 10 mM MgCl,, 6 mM BME, and incubated at 37°C for
20 min for P-site tRNA binding. In parallel, 1800 pmol of the
E. coliEF-Tu protein (at 120 uM) was incubated in its storage buffer
plus 2mM GTP and 2 mM MgCl; at 37°C for 10 min. To this EF-Tu
mixture, 1600 pmol of charged Val-tRNA was added, and incuba-
tion was continued for another 5 min for ternary complex forma-
tion in the same buffer as in P-site binding. The ternary complex
was then added, plus 1200 pmol of EF-G and GTP to a final con-
centration of 1 mM, to the P-site binding reaction, and incubated
in a total volume of 100 pL at 37°C for 15 min for ribosome trans-
location. The complex was then brought to room temperature and
used for crystallization.

For sitting-drop crystallization with vapor diffusion, 0.5 pL of the
complex was mixed with 0.5 pL of the reservoir mix containing
100 mM Tris acetate (pH 7.0), 100 mM KSCN, 4.2% PEG 20,000
(Hampton), and 10%-12% pentaerythritol propoxylate 629 (17/
8 PO/OH) (Hampton) and equilibrated against 50 pL of the reser-
voir mixture in a 96-well plate at 16°C for up to 2 wk. Large rod-
shaped crystals (100 um in the smallest dimension) were then cry-
oprotected by stepwise addition of the reservoir mixture contain-
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ing 12%, 15%, and 20% pentaerythritol propoxylate 629 (17/8
PO/OH), respectively, and equilibration against the same mixture
for about 24 h at each step. The crystals were then harvested from
the drop through a layer of Paratone-N oil (Hampton), flash frozen
in liquid nitrogen, and screened for X-ray diffraction. The de-
posited structure was solved using data collected from a single
10-d-old crystal.

Data collection and refinement

Diffraction data were collected at Beamline 12.3.1 at the
Advanced Light Source (LBNL) and processed to obtain structure
factor amplitudes using the XDS package (Kabsch 2010), with 2%
of reflections designated as the free set. A previously published
structural model of the E. coli ribosome (Dunkle et al. 2011)

A

S. cerevisiae
(starvation conditions)

E. coli
(Ribosome B)

FIGURE 7. Comparison with the path of Stm1 in yeast 80S ribosomes.
(A) The straightened path of MRNA (red) along protein uS3 (green) in
ribosome B in this study resembles (B) the path of protein Stm1 in the
nutrient-starved yeast 80S ribosome (PDB 4V88) (Ben-Shem et al.
2011).
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(without tRNAs) was directly used for multiple rounds of rigid-
body refinement in PHENIX (Adams et al. 2010) with progressive-
ly smaller rigid bodies. Coordinates for proteins uL10, bL31, and
uS2 were obtained from PDB 4YBB, SNWY, and 4TOl, respective-
ly (Byrgazov et al. 2015; Noeske et al. 2015; Su et al. 2017). tRNA
models were placed into initial difference electron density peaks
at this stage. Further rounds of editing and refitting in COOT
(Emsley et al. 2010), restrained refinement of atomic coordinates,
isotropic B-factors, and TLS and group-occupancy parameters in
PHENIX and Refmac (Murshudov et al. 1997; Winn et al. 2011), as
well as multistart simulated annealing refinement (Korostelev
et al. 2009) and real-space coordinate refinement in PHENIX, im-
proved the electron density maps and the R-factors. The mRNA
was then built into the difference density peaks using KiNG
(Chen et al. 2009) and RCrane (Keating and Pyle 2012) with further
rounds of refinement using tight geometry restraints. Structural
alignments and image preparations were performed in PyMOL.

Mutant ribosome preparation

A triple mutant (R131A, R132A, K135A) version of the E. coli uS3
gene was generated using the Kunkel method (Kunkel et al.
1987). Mutant proteins were expressed, purified, and used for
in vitro 30S reconstitution and 70S preparation as previously de-
scribed (Culver and Noller 2000), except that the S protein mix-
ture (containing 3.5-fold molar excess of each of the proteins
uS2, uS4-uS21, and either wild-type, triple-mutant, or no uS3)
was added to 16S rRNA in a single step rather than sequentially.
Reconstituted 70S ribosomes were concentrated to about 1 uMin
buffer containing 20 mM Tris-HCI (pH 7.0), 100 mM NH,4CI,
20 mM MgCl,, and 6 mM BME. Successful assembly of triple-mu-
tant uS3 was confirmed by separating 8 pmol of reconstituted 70S
on a 15% SDS-PAGE gel, noting that the mutant protein shows a
higher electrophoretic mobility than wild-type.

Filter binding assay

Nitrocellulose filter binding assays were typically performed by
premixing 2 pmol of wild-type or mutant reconstituted 70S ribo-
somes and 4 pmol of fMVVV mRNA in buffer containing 20 mM
Tris-HCI (pH 7.0), 100 mM NHA4CI, 10 mM or 20 mM MgClI2,
6 mM BME, and 0.25 mg/mL BSA on ice, followed by the addition
of serial dilutions (0.6—-64 pmol) of 355-labeled fMet-tRNAfMet in
a total volume of 20 pL, and incubation at 37°C for 15 min for
P-site tRNA binding. After chilling on ice for 5 min, 10 pL of
each reaction was blotted on a presoaked nitrocellulose HA filter
(Millipore), which was then washed three times with a total of
15 mL ice-cold buffer without BSA, dried, and quantified using
a scintillation counter. Background filter binding in the absence
of ribosomes was subtracted. tRNA binding affinities (Kd) were
estimated in Origin (OriginLab) by least-squares minimization fit-
ting of the counts (count) at each total tRNA concentration (tRNA),
and total ribosome concentration (70S), to the hyperbolic formula
for equilibrium binding,

Count = Cpax

x [([705] + [tRNA] + Kg)/2 — \/ (([70S] + [tRNA] + Kq)/2) — [70S] x [tRNA]J,

where Ciax is the estimated maximum count per unit of ribosome

concentration (the product of tRNA specific activity, reaction vol-
ume, and binding stoichiometry). All counts were divided by the
value of C,,,., estimated for wild-type binding at 10 mM Mg®* to
obtain relative tRNA binding (Fig. 4A) and calculate relative stoi-
chiometry (Table 2).

Toeprinting assay

For toeprinting assays (Hartz et al. 1988), 10 pmol of E. coli 70S ri-
bosome were incubated in a 10 pL reaction containing 20 pmol of
the fMVVV mRNA and 20 pmol of fMet-tRNA™®t in 20 mM Tris-
HCI (pH 7.0), 100 mM NH4CI, 10 mM MgCly,, and 6 mM BME at
37°C for 15 min for P-site binding. For each translocation reaction,
40 pmol of Val-tRNAY?' were incubated with 45 pmol of EF-Tu-GTP
(prepared in the same way as described above for crystallization) at
37°C for 5 min, and the resulting ternary complex was added,
along with 30 pmol of EF-G and 1 mM of GTP and 1 mM MgCl,
to a P-site binding reaction and incubated at 37°C for 10 min to
perform translocation. Primer extension was carried out by addi-
tion of ~40 fmol of 3?P-end-labeled toeprinting oligonucleotide
(100 kepm radioactivity), 70 pM each dNTP, and 0.3 unit of AMV
reverse transcriptase (Seikagaku), and incubation at 37°C for
3 min. The mixture was then ethanol precipitated, resuspended
in urea loading dye, and run on an 8% polyacrylamide toeprinting
gel containing 8 M urea. The gel was dried and exposed to a phos-
phorimager screen overnight for quantification.

DATA DEPOSITION

Atomic coordinates and structure factors for the reported crystal
structure have been deposited with the Protein Data bank under
accession number 6BY1.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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