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SUMMARY

Ribosomes undergo multiple conformational transi-
tions during translation elongation. Here, we report
the high-resolution cryoelectron microscopy (cryo-
EM) structure of the human 80S ribosome in the
post-decoding pre-translocation state (classical-
PRE) at 3.3-Å resolution along with the rotated
(hybrid-PRE) and the post-translocation states
(POST). The classical-PRE state ribosome structure
reveals a previously unobserved interaction be-
tween the C-terminal region of the conserved ribo-
somal protein uS19 and the A- and P-site tRNAs
and the mRNA in the decoding site. In addition to
changes in the inter-subunit bridges, analysis of
different ribosomal conformations reveals the dy-
namic nature of this domain and suggests a role in
tRNA accommodation and translocation during
elongation. Furthermore, we show that disease-
associated mutations in uS19 result in increased
frameshifting. Together, this structure-function
analysis provides mechanistic insights into the role
of the uS19 C-terminal tail in the context of mamma-
lian ribosomes.

INTRODUCTION

Ribosomes are the molecular machines that are at the heart of

protein synthesis. During the translation cycle, ribosomes adopt

a series of distinct structural conformations that enable the infor-

mation encoded within mRNAs to be translated into polypep-

tides (Agrawal et al., 1999; Anger et al., 2013; Behrmann et al.,

2015; Budkevich et al., 2014; Frank and Agrawal, 2000; Khatter
This is an open access article under the CC BY-N
et al., 2015; Natchiar et al., 2017; Shao et al., 2016; Spahn et al.,

2004; Stark et al., 1997; Voorhees et al., 2014). This coordinated

series of structural rearrangements is conserved in all kingdoms

and begins with decoding the A-site codon by the EF-Tu/eEF1A-

tRNA complex (decoding state) (Behrmann et al., 2015; Blan-

chard et al., 2004a; Green and Noller, 1997; Li et al., 2008;

Pape et al., 1998; Rodnina and Wintermeyer, 2001a; Schmeing

et al., 2009; Shao et al., 2016; Voorhees et al., 2010; Zaher and

Green, 2009). After a successful decoding event, the elongation

factor dissociates and the tRNA is accommodated into the A-site

in the large subunit, resulting in the formation of the classical pre-

translocation state (classical-PRE) with the tRNAs in classical

conformation (A/A and P/P) and transfer of nascent chain to

the A-site tRNA (Behrmann et al., 2015; Blanchard et al.,

2004a; Jenner et al., 2010; Rodnina and Wintermeyer, 2001b;

Voorhees et al., 2009; Whitford et al., 2010; Zaher and Green,

2009). Subsequently, the ribosome attains a ratcheted confor-

mation (hybrid-PRE) with the tRNAs in a hybrid conformation

(A/P andP/E) due to translocation of the large subunit (Behrmann

et al., 2015; Blanchard et al., 2004b; Cornish et al., 2008; Frank

and Agrawal, 2000; Moazed and Noller, 1989; Voorhees et al.,

2014). This is followed by binding of EF-G/eEF2, which stabilizes

the complex, prevents the P-site tRNA from frame shifting (Zhou

et al., 2019), and helps to resolve the ratcheted state of the ribo-

some and translocation of the small subunit (Agrawal et al., 1999;

Anger et al., 2013; Frank and Agrawal, 2000; Moazed and Noller,

1989; Rodnina et al., 1997; Spiegel et al., 2007; Valle et al., 2003;

Wintermeyer and Rodnina, 2000). After translocation, EF-G/

eEF2 dissociates from the ribosome, leading to formation of

the post-translocated state (POST state) with an empty A-site

and the P- and E-site tRNAs in classical conformation that is

ready for the next round of decoding.

Although the overall features of translation elongation are

highly conserved across all kingdoms of life (Agrawal et al.,

1999; Frank and Agrawal, 2000; Moazed and Noller, 1989;
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Figure 1. Distinct Conformations of Human

RibosomesObserved during the Translation

Elongation Cycle

(A) Overview of eukaryotic translation elongation

cycle. The classical-PRE conformation is indicated

by a magenta box, and the hybrid-PRE and POST

conformations are indicated by violet boxes.

(B–D) Structures of the active human ribosome in

classical-PRE (B), hybrid-PRE (C), and POST (D)

conformations. Large (60S, blue) and small (40S,

yellow) subunits are shown with uS13 (magenta),

uS19 (green), mRNA (brown), A-site (orange),

P-site (wheat), A/P-site (pink), and P/E-site (sand)

tRNAs.
Rodnina et al., 1997; Spiegel et al., 2007; Valle et al., 2003;

Wintermeyer and Rodnina, 2000), several variations, such as

mammalian-specific subunit rolling, have evolved in higher eu-

karyotes (Budkevich et al., 2014). Recently, high-resolution sin-

gle-particle cryoelectron microscopy (cryo-EM) structures of

mammalian ribosomes have enabled the visualization of multi-

ple intermediate states of ribosomes during elongation,

including the decoding state and the hybrid-PRE and the

POST states (Anger et al., 2013; Behrmann et al., 2015; Khatter

et al., 2015; Natchiar et al., 2017; Shao et al., 2016). These

structures have contributed toward a more detailed mecha-

nistic understanding of mammalian protein synthesis. Yet,

within the mammalian translation cycle, a high-resolution struc-

ture of the classical-PRE state, a key intermediate that forms

post-decoding and following eEF1A dissociation, has remained

elusive.

Here, we report structures of the human ribosome in the clas-

sical-PRE state along with the hybrid-PRE and the POST states.

A comparison of the ribosomes in these three distinct conforma-

tions shows that the C-terminal tail of uS19 (RPS15) stabilizes

A-site tRNA decoding interactions and points to its contribution
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in coordinating P-site tRNA movement

with ribosomal subunit rotation during

elongation. The C-terminal tail of uS19 is

highly conserved in eukaryotes and

archaea, mutations in this region correlate

with aggressive forms of chronic lympho-

cytic leukemia (CLL), and its phosphoryla-

tion is increased in Parkinson disease

(Bretones et al., 2018; Landau et al.,

2015; Ljungström et al., 2016; Martin

et al., 2014; Yu et al., 2017). The struc-

tures of the human ribosome in the clas-

sical-PRE and hybrid-PRE states provide

not only a structural framework for under-

standing the molecular basis for distinct

intermediate states occurring in the hu-

man ribosome during elongation but

also for their dysregulation in diseases.

Finally, an analysis of the interface be-

tween the 40S and 60S subunits in the

classical-PRE and the POST states sheds

light on the distinct inter-subunit bridges
present in these states. Together, these results highlight the

function of the uS19 C-terminal tail in the context of mammalian

ribosomes.

RESULTS

The C-Terminal Tail of uS19 Stabilizes the P- and A-Site
tRNAs and Decoding Interactions in the Classical-PRE
State Ribosome
We isolated translating ribosomes fromHEK293 cells in the pres-

ence of cycloheximide for single-particle cryo-EM analysis. The

2D and 3D classifications of the cryo-EM datasets collected on

this sample revealed the presence of ribosomes predominantly

in three conformations: the classical-PRE state, the hybrid-

PRE state, and the POST state (Figures 1A–1D, S1, and S2;

Table S1). The two structures of human ribosomes in the

hybrid-PRE and the POST states found in this study are similar

to the conformational states of the previously reported porcine

and human ribosomes (Behrmann et al., 2015; Khatter et al.,

2015; Natchiar et al., 2017; Voorhees et al., 2014). In addition,

we obtained a high-resolution structure of the classical-PRE



Figure 2. uS19 C-Terminus-Mediated Stabi-

lization of the Decoding Center in the Clas-

sical-PRE Conformation

(A) Structure of the human ribosome in the clas-

sical-PRE conformation and close-up view of the

decoding center. Region of uS12 (residues 54–69,

black) close to the decoding site with uS13

(magenta) and uS19 (green).

(B–D) Interactions of the C-terminal tail of uS19

(green) with the P-site tRNA (B, wheat), the A-site

tRNA (C, orange), and the mRNA (D, brown). Re-

gions of h44 of 18S rRNA (yellow) and H69 of 28S

rRNA (blue) are also shown. Polar interactions are

denoted by dotted lines.
state mammalian ribosome that contains the 40S subunit in a

rolled conformation bound to A- and P-site tRNAs in the classical

positions (A/A and P/P, rather than A/P and P/E intermediates)

(Figure 1B).

In the human classical-PRE state ribosome, we observe all the

interactions of universally conserved A1824, A1825 (of helix h44),

and G560 of the 18S rRNA and A3760 (of helix H69) of the 28S

rRNA with the codon-anticodon pairs (Figure 2A). Additionally,

we detected an unaccounted map density between the A- and

P-site tRNAs that extended into the decoding center. The well-

resolved features of the map enabled an unambiguous amino

acid sequence assignment and atomic model building of the

distal C-terminal tail of ribosomal protein uS19 (residues 136–

145) (Figures 2A and S3A). The C-terminal tail of uS19 consists

of residues 128–145 that can be divided into a proximal region

(residues 128–135) interacting predominantly with the 18S

rRNA and a distal region (residues 136–145) positioned between

the A- and P- site tRNAs. This distal region of the uS19 tail has

not been fully visualized in previous 80S ribosome structures,

but its location in the classical-PRE state is consistent with

crosslinking studies that detected an interaction between
Lys145 of uS19 and components of the

decoding center (Pisarev et al., 2008).

The uS19 C-terminal tail was found to

interact with the A- and P-site tRNAs,

rRNA helices h44 and H69, as well as

the +4 position of the mRNA (+1 position

being the first nucleotide of the codon in

the P-site). The interaction between the

uS19 C-terminal tail and the P-site tRNA

is mediated by residues 136–141 that

bind to the anticodon stem loop of the

P-site tRNA (Figures 2B and S3B). This

interface is dominated by hydrogen

bonds between Thr136, His137, and

Ser138 of uS19 and the phosphate

groups of the N28, N29, and N30 nucleo-

tides of the P-site tRNA. The precise

identity of the nucleotides could not be

determined because the ribosomes

were isolated from cellular extracts and

contain a mixture of tRNAs. Additionally,

the aromatic ring of Phe141 of uS19
partially stacks against the ribose of N36. The anticodon stem

of the A-site tRNA is also recognized by uS19 (Figures 2C and

S3C). Hydrophobic contacts are made by side chains of

Ile133 and Ile142 with the riboses of N40 and N39, respectively.

Additionally, the backbone carbonyl of Pro143 forms a

hydrogen bond with the 20 OH of the ribose of N38. In the

context of uS19-mRNA interactions, uS19 inserts the side chain

of Leu144 between the +3 and +4 nucleotides of the mRNA to

shield the codon-anticodon base-pairing interactions at this po-

sition (Figures 2D and S3D). Furthermore, the side chain of

Lys145 is involved in a hydrophobic contact with the ribose of

the +4 nucleotide of the mRNA (Figure 2D). Lys145 also forms

additional interactions with the extruded nucleotides A3760 of

helix H69 and G1826 of helix h44 (Figures 2D and S3D). It is

important to note that the interactions of the uS19 C-terminal

tail with the mRNA or A-site tRNA are not observed in the

eEF1A-bound decoding state (Shao et al., 2016). Therefore,

the stabilization of decoding interactions by the uS19 C-termi-

nal tail suggests a role in efficient accommodation of A-site

tRNA post eEF1A dissociation and kinetic proofreading of the

decoded tRNA.
Cell Reports 31, 107473, April 7, 2020 3



Figure 3. Interactions and Disease-Associ-

ated Mutations of uS19 C-Terminal Tail

(A) Position of the uS19 (green) C-terminal tail with

respect to tRNAs in classical-PRE state, hybrid-

PRE, and POST states are shown. mRNA (brown),

A-site (orange), A/P hybrid (pink), P-site (wheat),

and P/E hybrid tRNAs (sand) are displayed as

surfaces.

(B) Representative sequence alignment of the

C-terminal tail of uS19 from eukaryotes. The hinge

regions are indicated by colored boxes.

(C) Mutations found in the CLL cluster in the

C-terminal tail of uS19.

(D) Position of the uS19 C-terminal tail within the

decoding center. The hinge regions are indicated

by colored boxes. Residues that are frequently

mutated in case of CLL are represented as sticks.

(E) uS19 mutations increase PRF. Schematic of

dual-fluorescent reporter constructs for PRF

based on HIV-1 gag-pol and human antizyme 1

genes and quantification of PRF for uS19 C-ter-

minal tail mutations. The error bars represent

standard error of mean.
The C-Terminal Tail of uS19 Undergoes a Dynamic
Rearrangement during Translation Elongation
The structure of the classical-PRE state ribosome shows that the

C terminus of uS19 (residues 128–145) is highly ordered in this

conformation (Figures 2A and S3). In contrast to the classical-

PRE state, residues Gly132 and Ile133 of the uS19 C-terminal

tail become disordered in the hybrid-PRE state (Figure 3A).

Furthermore, residues Thr136 and His137 move with the P-site

tRNA to contact the P/E tRNA during ribosomal subunit rotation

(Figure 3A). The flexibility of Gly132 could be essential for the

maintenance of stable interactions between the uS19 C-terminal

tail and P/E tRNAs. Additionally, conformational changes in the

P-site tRNA and swiveling of the head domain of the 40S subunit

to form the hybrid-PRE conformation lead to the detachment of

the C-terminal tail from the 28S rRNA, A-site tRNA and the A-site

codon-anticodon stem. As a result, residues between 138 and

145 are disordered (Figure 3A). Similarly, in the POST state, the

C-terminal tail of uS19 is only ordered until residue 139 (Fig-

ure 3A). The coordinated change in conformation of the uS19

C-terminal tail and P-site tRNA in the classical-PRE, hybrid-

PRE, and the POST states suggests its contribution toward sta-

bilization of the P-site tRNA during translation elongation.
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Based on these data, we propose a

two-hinge and a latch model for the func-

tion of the C-terminal tail of uS19 during

elongation. Specifically, the first hinge

(residues 128–131) holds the tail in the

proximal region of the A- and P-site

tRNAs and the decoding site by

anchoring the tail onto the 18S rRNA,

which is maintained throughout the trans-

lation cycle. The second hinge, residues

134–139, functions to stabilize and coor-

dinate the movement of the P-site tRNA.

The region between these two hinge
points (residues 132–133) may entail flexibility to accommodate

the conformational changes of the P-site tRNA during elonga-

tion. Residues 143–145 interact with the A-site tRNA and

the mRNA at the decoding site and act as a final latch point

that may contribute to efficient accommodation of the A-site

tRNA.

Insights into Disease-Associated Mutations of the uS19
C-Terminal Tail
Mutations in the conserved uS19 C-terminal tail and its

increased phosphorylation have been observed in CLL and Par-

kinson disease, respectively (Figures 3B and 3C; Bretones et al.,

2018; Landau et al., 2015; Ljungström et al., 2016; Yu et al.,

2017). Thesemutations alter translation rates and fidelity in these

diseases and cluster predominantly within three regions of the

uS19 C-terminal tail. One region is within the first hinge position

(Gly129 and Pro131) that anchors the uS19 C-terminal tail during

the translation elongation cycle (Figures 3A and 3D). Also, muta-

tion of Gly132 could affect the dynamic nature of the tail during

the transition from the classical-PRE to the hybrid-PRE state.

Many of the uS19C-terminal tail mutations cluster within the sec-

ond hinge region (Gly134, Ala135, Thr136, His137, Ser138, and



Ser139), which contains residues that make critical interactions

with the P-site tRNA (Figures 3A and 3D). Mutations in this region

were also found to have the largest effects on amino acid mis-

incorporation and stop codon read-through (Bretones et al.,

2018). Interestingly, several members of Thermoprotei, a class

composed of predominantly thermophilic archaebacteria, have

a Lys in the position equivalent to Gly134, which is similar to

the Gly134Arg mutation observed in CLL (Figures 3B, 3C, and

S4). Finally, mutations in the latch region at the distal position

of uS19 C-terminal tail (Lys145) could affect the stability of de-

coding interactions during accommodation (Figures 3A–3D).

Although most of these mutations either decrease or have no

effect on the global rate of translation, the increased phosphor-

ylation of Thr136 by a mutant of the leucine-rich repeat kinase 2

(LRRK2) in Parkinson disease leads to increased protein produc-

tion (Bretones et al., 2018; Martin et al., 2014). These observa-

tions support a function for uS19 in modulating the rate and

fidelity of translation under normal physiological and disease

conditions.

To investigate the consequence of uS19 C-terminal tail muta-

tions on reading frame maintenance, we characterized their ef-

fects on programmed ribosomal frameshifts (PRFs) by using

dual-fluorescent reporters containing two different PRF se-

quences (Figure 3E). One reporter contained a region of the

HIV gag-pol gene that contains the slippery sequence and the

downstream pseudo-knot sequence that leads to a �1 frame-

shift (Harger and Dinman, 2003; Jacks et al., 1988). This PRF is

thought to occur by tRNA slippage either during translocation

or accommodation (Harger and Dinman, 2003; Jacks et al.,

1988). The second reporter contained the PRF from human anti-

zyme 1, where cellular concentrations of polyamines mediate

a +1 frameshift of human antizyme 1 through occlusion of the

first base of the A-site tRNA without necessarily involving tRNA

slippage in mammals (Kurian et al., 2011; Matsufuji et al.,

1995). In HEK293 cells, mutations of the second hinge region

(Gly134Arg and Thr136Ala) and the latch region (Lys145Asn) re-

sulted in an�2.5-fold increase in HIV�1 PRF compared with the

wild-type cells (Figure 3E). In comparison, the antizyme +1

sequence did not alter PRF. The increasedHIV�1 PRF observed

for the uS19 C-terminal tail mutants suggests a contribution of

this region toward the maintenance of the reading frame during

translation elongation.

Remodeling of Inter-subunit Bridges during the
Transition from POST to Classical-PRE states
In mammals, A-site tRNA accommodation after eEF1A dissoci-

ation is coupled to rolling of the 40S subunit toward the A-site

by �5� along the long axis (Figure 4A), which contributes to re-

modeling of many inter-subunit bridges (Figures 4B and 4C).

Although there are minimal changes in the conformation of

the small subunit (SSU) between the POST and decoding

states (Figure 4A), some inter-subunit bridges in the POST

and the classical-PRE states differ (e.g., bridges B6 and B8

are present only in the classical-PRE state) (Figures 4B and

4C; Table S2). Additionally, in contrast to the POST state,

bridges eB8, eB8b, and eB9 are not seen in the classical-

PRE state, all of which are located adjacent to the E-site of

the SSU (Figures 4B and 4C; Table S2). This results in widening
of the E-site by �5 Å (calculated between G4371 of 28S and

G970 of 18S), thereby facilitating the release of deacylated

tRNA. Additionally, the width of the factor binding site is

reduced by �6 Å (calculated between G4600 of 28S and

A464 of 18S), favoring efficient accommodation of the A-site

tRNA. Additionally, we suggest that the remodeling of inter-

subunit interactions could affect the stabilities of the clas-

sical-PRE and POST states. Indeed, a previous study has

showed that the classical-PRE state of human ribosomes is

metastable compared with other states (Ferguson et al.,

2015), and this could be a direct consequence of changes in in-

ter-subunit interactions.

DISCUSSION

The classical-PRE state human ribosome structure contains A-

and P-site tRNAs in the classical conformation and reveals the

complete structure of the C-terminal tail of ribosomal protein

uS19. Accommodation of aminoacyl tRNA in the A-site has

been shown to be one of the rate limiting steps in translation

(Blanchard et al., 2004a; Rodnina and Wintermeyer, 2001b;

Whitford et al., 2010; Wohlgemuth et al., 2010). In this study,

we show that the uS19 C-terminal tail stabilizes the interactions

in the heart of the decoding center by providing additional inter-

actions. This suggests a role of the uS19 C-terminal tail in effi-

cient accommodation of A-site tRNA, which could contribute

to kinetic proofreading post-decoding. Interestingly, the C-ter-

minal tail of uS19 is conserved in eukaryotes and archaea but

not in bacteria, with the exception of some bacteria, such as

Thermus thermophiluswhere the C-terminal tail of uS13 appears

to take over a similar function (Selmer et al., 2006; Shao et al.,

2016). However, in eukaryotes, this interaction has become

much more extensive between the P-site tRNA and uS19 C-ter-

minal tail (buried surface area of 267 Å2 in eukaryotes versus

77 Å2 in bacteria).

During translation, it is essential to coordinate the move-

ment of tRNAs during elongation to ensure the maintenance

of the correct reading frame. The structures presented here

provide insights into the mechanism by which uS19 interacts

with the tRNAs in different ribosomal states. Specifically, we

show that the uS19 C-terminal tail adopts distinct conforma-

tions in the classical-PRE, hybrid-PRE, and POST states.

These specific conformations of the uS19 C-terminal tail can

be attributed to its unique architecture that contains distinct

A- and P-site tRNAs and mRNA and 18S rRNA interacting re-

gions with interspersed flexible regions. This enables it to

maintain stable interactions with tRNAs to preserve the correct

reading frame during translation, as illustrated by our PRF ex-

periments that used uS19 mutants. Previously, it was reported

that additional residues within uS19 participate in stabilizing

the B1a inter-subunit bridge and mutations in these regions

are also associated with increased PRF (Bowen et al., 2015).

Our functional data supports a role of uS19 in coordinating

tRNA movement with ribosomal inter-subunit rotation during

translation elongation.

Our structural analysis of human ribosomes in the classical-

PRE and POST states shows that during aminoacyl tRNA ac-

commodation structural rearrangements occur due to rolling of
Cell Reports 31, 107473, April 7, 2020 5



Figure 4. Remodeling of Inter-subunit

Bridges Due to Rolling of the 40S Subunit

(A) Position of the 40S relative to the 60S subunit

(only 18S and 28S rRNA are shown for clarity) in

POST (magenta and purple), decoding (green and

light blue) (PDB: 5LZS), and the classical-PRE

(yellow and blue) states. The position of 40S in the

decoding and POST states are similar compared

with the position of 40S in the classical-PRE state.

(B) Regions of the 40S and 60S subunits contrib-

uting to inter-subunit bridges observed in the

classical-PRE state ribosomes.

(C) Regions of the 40S and 60S subunits contrib-

uting to inter-subunit bridges observed in the

POST state ribosomes. The bridges that are

unique to each state are boxed.
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the SSU. This could enhance aminoacyl tRNA accommodation

and facilitate subsequent translocation that may lead to the

maintenance of optimal translational rates. In this mammalian-

specific context, we speculate that the function of the uS19

C-terminal tail becomes important, as it has tomaintain stable in-

teractions with the aminoacyl tRNA during subunit rolling to

reduce the frequency of frame shifting and stochastic dissocia-

tion of aminoacyl tRNA during its accommodation.

Together, this first visualization of the mammalian ribosome in

the classical PRE-state at high resolution defines a crucial inter-

mediate, which fills a key gap in the mammalian translation elon-

gation cycle. Furthermore, the insights provided here contribute

to our understanding of the dynamic rearrangement of the uS19

C-terminal tail and support its role in facilitating aminoacyl tRNA

accommodation and coordinated peptidyl tRNA movements

within the mammalian ribosome during protein synthesis. In

addition, our findings are also relevant for understanding themo-

lecular basis of translational defects arising from uS19mutations

in human diseases.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents generated in this study should be directed to and will be fulfilled by the

Lead Contact, Jeffrey Chao (jeffrey.chao@fmi.ch). All unique/stable reagents generated in this study are available from the Lead

Contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adherent HEK293T cells were maintained in DMEM supplemented with 10% FBS and penicillin and streptomycin. Suspension HEK

expi293F cells were grown on FreeStyle media (Thermo Fischer Scientific).

METHOD DETAILS

Sample preparation
Adherent HEK293T cells were transfected with 45 mg HA-tagged Fmr1 plasmid per 15 cm dish using 175 mL of Lipofectamine 2000

(Thermo Fischer Scientific). Suspension HEK expi293F cells were transfected with 1 mg of HA-tagged Fmr1 per milliliter of culture

using 293fectin (Thermo Fischer Scientific). After 44 h of transfection, cells were treated with puromycin to a final concentration of

100 mg/mL. The cells were lysed in buffer A (50mMTris 7.6, 80mMPotassium acetate, 5mMMagnesium chloride, 2mM2-mercapto

ethanol, RNaseout, Protease inhibitor tablet (Bimake), 1 mM Spermidine and 100 mg/mL Cycloheximide) containing 0.5% NP40. The

lysate was cleared and was incubated with anti-HA beads (Thermo Fischer Scientific) for 4 h with mixing at 4�C. The beads were

washed 2X with buffer A and subsequently eluted with buffer A containing 2 mg/mL HA-peptide (Thermo Fischer Scientific).

400 mL of the elution was then spun down at 100000 g for 40 minutes at 4�C in S120-AT2 rotor (Thermo Fischer Scientific). The

ribosomal pellet was then resuspended in resuspension buffer (50 mM HEPES 7.6, 80 mM Potassium acetate, 5 mM Magnesium

chloride, 1 mM DTT and 100 mg/mL cycloheximide) to get a final concentration of ribosomes at 1 mg/mL. 4 mL of the sample was

applied on the Quantifoil R2/2 Cu 300 mesh grids (Quantifoil, Micro Tools GmbH, Germany). The grids were blotted for 3 s at 4�C
and 80% humidity and subsequently plunge frozen in liquid ethane using Leica EM GP plunge freezer (Leica Microsystems,

Germany).

Image acquisition and data processing
Cryo-EM data were acquired on a Cs-corrected (CEOS GmbH, Heidelberg, Germany) FEI Titan Krios microscope (Thermo Fischer

Scientific) operated at 300 kV equipped with a Gatan-K2 Summit direct detector (operated in counting mode) (Gatan Inc., USA) and

Quantum-LS Gatan Image Filter (GIF, slit width of 20 eV). A total of 8942 micrographs recorded as movies (40 frames/micrograph)

were acquired in three different datasets at a calibrated magnification of 58140x (corresponding to 0.86 Å/pixel) using the previously

published atomic model of the human ribosome (PDB: 6QZP; Natchiar et al., 2017) with a defocus range of 0.5 to 2.5 mm. For the first

dataset, 2536 micrographs were recorded with a dose of 35.7 e-/Å2. For the second dataset, 941 micrographs were recorded with a

dose of 40.4 e-/Å2. For the third dataset, 5465 images were recorded with a dose of 32.4 e-/Å2. CryoFLARE (www.cryoflare.org,

developed in house) was used for automation of initial micrograph processing. CryoFLARE automates initial processing by

combining MotionCor2, Gctf and Gautomatch for drift-correction and dose-weighting, CTF determination and particle picking

(5503 550 box size), respectively (Zhang, 2016; Zheng et al., 2017). All further processing was carried out in RELION-2.1 (Scheres,

2012). Initial 2D classification was performed for each dataset individually. Subsequently, the good particles were merged and used

for initial 3D refinement. After the 3D initial refinement, multiple rounds of 3D classification were performed including an initial unsu-

pervised classification followed bymasked 3D classifications and refinement (von Loeffelholz et al., 2017) (Figure S1). For themasked

classifications, the map segmentation was done in UCSF Chimera for obtaining the density for the region of choice followed by gen-

eration of the binary mask in RELION-2.1 (von Loeffelholz et al., 2017; Pettersen et al., 2004; Scheres, 2012). Subsequently, particles

belonging to specific conformation of ribosomes were refined. The resolution estimates of the maps are based on the Fourier Shell

Correlation (FSC) curve at the 0.143 criterion, calculated using two half datasets. The final maps were corrected for the modulation

transfer function (MFT) of the K2 camera and sharpened by a B-factor automatically determined in RELION-2.1 (Scheres, 2012). The

map was subsequently low-pass filtered with the resolution cut-off corresponding to the FSC value of 0.143 and was used for model

building. The variation in the local resolution for each map was calculated from the two independent half maps generated during

refinement using ResMap (Kucukelbir et al., 2014).

Refinement and model building
The previously published structure of the human ribosome (PDB: 5LKS) (Myasnikov et al., 2016) and (PDB: 6QZP) (Natchiar et al.,

2017) was chosen as the initial atomic model for the refinement. Since we isolated translating ribosomes, it is likely that the observed

densities for the mRNA and tRNAs are averaged over multiple different species. For modeling purposes, we used the tRNA and

mRNA models from the PDB 5AJ0 (Behrmann et al., 2015) and 3J7R (Voorhees et al., 2014). This initial model was docked into

themap using UCSF Chimera andwas subjected to initial round of rigid body refinement, and real-space refinement with global mini-

mization, local grid search, simulated annealing and ADP (B-factor) refinement using real-space refine in PHENIX suite (Adams et al.,
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2010; Pettersen et al., 2004). This refined model was inspected and manipulated in coot and subjected to real-space refinement with

global minimization, local grid search, and ADP (B-factor) refinement in PHENIX suite (Adams et al., 2010; Emsley et al., 2010). Parts

of model that were not present in the initial refined model were built in coot including the uS19 C-terminal tail and was subjected to

real-space refinement as mentioned above. This process of building and refinement was done iteratively. The model was subjected

to a final round of real-space refinement with global minimization, local grid search, and ADP (B-factor) refinement to obtain the final

model (Adams et al., 2010). Despite the initial purification using HA-Fmr1, density for Fmr1 was not observed in any of the ribosome

conformations we obtained suggesting that it may have been lost during subsequent stages of purification or freezing. Figures were

prepared using the UCSF Chimera (Pettersen et al., 2004) and Pymol (The PyMOL Molecular Graphics System, Version 2.0

Schrödinger, LLC) software. The color nomenclature used in figure legends are based on Pymol (except for Figures S3A). Analysis

of the interface was done using ‘Protein interfaces, surfaces and assemblies’ service PISA at the European Bioinformatics Institute.

(https://www.ebi.ac.uk/pdbe/prot_int/pistart.html).

Programmed ribosomal frameshift assay
HEK293T wild-type and mutant cells (uS19- G134R, T136A and K145N cells (Bretones et al., 2018)) were seeded in a 12-well plate in

antibiotic free DMEM supplemented with 10% FBS. The dual-fluorescent reporter plasmids (0.5 mg) were transfected in these cells

using Lipofectamine 2000. After 5 h of transfection, the cells were trypsinized and seeded in a new 12-well plate. The fraction of single

and of dual positive fluorescent cells was calculated after 24 h of transfection by fluorescent flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

A total of 30,000 events in fluorescent flow cytometry are used to calculate the percentage of single (Halo) and of dual-positive fluo-

rescent cells (Halo and mCherry). Fraction of dual-positive cells were calculated by dividing mCherry positive cells by Halo positive

cells. Further, fraction of dual-positive cells in all conditions were normalized to the fraction of dual-positive cells in the wild-type cells

which is shown as the normalized fold change in PRF. The results of PRF assay were evaluated using the Student’s t test. A p value

of < 0.05 (single asterisk) and < 0.01 (double asterisk) are considered to be significant.

DATA AND CODE AVAILABILTY

The cryo-EM maps and the corresponding atomic models for the classical-PRE, hybrid-PRE and POST state human ribosomes

generated in this study are submitted to the electron microscopy databank and the protein databank with accession numbers

EMD-10668 and 6Y0G, EMD-10690 and 6Y57, and EMD-10674 and 6Y2L, respectively.
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