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SUMMARY

Although the roles of initiation factors, RNA binding proteins, and RNA elements in regulating
translation are well defined, how the ribosome functionally diversifies remains poorly understood.
In their human hosts, poxviruses phosphorylate serine 278 (S278) at the tip of a loop domain

in the small subunit ribosomal protein RACKZ1, thereby mimicking negatively charged residues

in the RACK1 loops of dicot plants and protists to stimulate translation of transcripts with 5
poly(A) leaders. However, how a negatively charged RACK1 loop affects ribosome structure and
its broader translational output is not known. Here, we show that although ribotoxin-induced stress
signaling and stalling on poly(A) sequences are unaffected, negative charge in the RACK1 loop
alters the swivel motion of the 40S head domain in a manner similar to several internal ribosome
entry sites (IRESs), confers resistance to various protein synthesis inhibitors, and broadly supports
noncanonical modes of translation.
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In brief

How ribosomes functionally diversify to selectively control translation is only beginning to be
understood. Rollins et al. show that negative charge in a loop domain of the small subunit
ribosomal protein RACK1 increases the swiveling motion of the 40S head and broadens the
translational capacity of the human ribosome.

INTRODUCTION

There is growing evidence that the ribosome can structurally and functionally diversify to
regulate translation (Gilbert, 2011; Sulima and Dinman, 2019; Xue and Barna, 2012). For
example, cell-type-specific expression of the large ribosomal subunit protein L38 (RPL38)
(Kondrashov et al., 2011; Xue et al., 2015) and ribosomal expansion segments (Leppek

et al., 2020) regulate homeobox (Hox) mRNA translation during cytoskeletal patterning.
Ribosomal protein (RP) paralogs diversify ribosome activity during gonad development
(Hopes et al., 2021), and intracellular heterogeneity in ribosomes regulates translation (Shi
etal., 2017). However, the structural basis by which these subunit differences alter ribosome
specificity remains unclear.

Beyond subunit differences, post-translational modifications (PTMs) to RPs control
ribosome activity. Several RPs are mono- or polyubiquitinated during cell stress and
ribosome quality control (RQC) (Higgins et al., 2015; Matsuo et al., 2017; Saito et al.,

2015; Silva et al., 2015). RQC senses aberrant translation events or mis-processed transcripts

Cell Rep. Author manuscript; available in PMC 2021 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rollins et al.

Page 3

(Sitron and Brandman, 2020). For example, ribosomes are inherently designed to stall

on poly(A) stretches to detect mMRNAS that are erroneously internally polyadenylated:;
therefore, poly(A) tracts are heavily selected against outside of the 3" untranslated region
(UTR) (Arthur et al., 2015; Koutmou et al., 2015). Upon encountering poly(A) stretches,
ribosomes stall, collide, and activate stress signals, along with destruction of the mMRNA
and nascent peptide (Brandman and Hegde, 2016; Brandman et al., 2012; Komander and
Rape, 2012; Wu et al., 2020). In the earliest stages of stalling, the ubiquitin E3 ligase zinc
finger protein 598 (ZNF598), with the aid of receptor for activated C kinase 1 (RACK1),
monoubiquitinates several small RP subunits (RPSs) (Garzia et al., 2017; Juszkiewicz

et al., 2018; Juszkiewicz and Hegde, 2017; Matsuo et al., 2017; Simms et al., 2017;
Sundaramoorthy et al., 2017). RACK1 also prevents stalled ribosomes from frameshifting
and enables endonucleolytic cleavage on mRNA lacking stop codons (Ikeuchi and Inada,
2016; Wang et al., 2018; Wolf and Grayhack, 2015). Structures of stall-inducing sequences
(Chandrasekaran et al., 2019; Tesina et al., 2020) and ribosomes in various RQC stages
have been solved (Sitron and Brandman, 2020), and extensive polyubiquitination traps the
ribosome in a rotated and inactive state (Zhou et al., 2020). However, beyond the broad
inactivation effects of ubiquitination during RQC, how other PTMs to RPs affect ribosome
structure and customize its output remains unknown.

Beyond its role in RQC, RACK1 regulates several other aspects of translation. RACK1 is

a conserved Trp-Asp (WD) repeat protein that largely consists of seven p-propeller blades
that mediate protein binding (Murzin, 1992; Xu and Min, 2011). RACK1 is a core RP that is
located on the head domain of the 40S subunit near the mRNA exit channel, with much of its
surface solvent exposed (Coyle et al., 2009; Sengupta et al., 2004). This enables RACK1 to
act as a docking site for eukaryotic translation initiation factors (elFs) and kinases, thereby
integrating signaling with translational output (Gandin et al., 2013; Nielsen et al., 2017).
There is strong evidence that in many cell types and like other RPs, extra-ribosomal RACK1
is degraded to restrict its signaling and other activities to the ribosome (DiGiuseppe et al.,
2020; Dobrikov et al., 2018a, 2018b; Gallo et al., 2019; Jha et al., 2017; Nielsen et al.,
2017; Rollins et al., 2019; Sung et al., 2016). In terms of effects on translation, RACK1

can stimulate overall rates of protein synthesis (Nielsen et al., 2017), as well as control
translation of specific mMRNA subsets (Kim et al., 2017; Thompson et al., 2016). RACK1
also contributes to noncanonical cap-independent initiation by viral internal ribosome entry
sites (IRESSs) (Jackson, 2013; Johnson et al., 2019; LaFontaine et al., 2020; Majzoub et al.,
2014; Qin and Sarnow, 2004).

RACKT1 also contains a short interconnecting loop between blades six and seven that is not
required for ribosome binding and whose amino acid sequence varies across species (Coyle
etal., 2009; Jha et al., 2017; Rollins et al., 2019; Sengupta et al., 2004). The human loop
sequence consists of uncharged amino acids, but during poxvirus infection, a viral kinase
introduces negative charge into the loop through single-site phosphorylation at serine 278
(S%78) to enhance translation of viral MRNAs that harbor unusual 5 poly(A) leaders (Jha et
al., 2017; Rollins et al., 2019). This phosphorylation of human RACK1 mimics negatively
charged amino acids that are present in the RACK1 loops of dicot plants and protists (Jha
etal., 2017; Rollins et al., 2019), which unlike mammals also encode adenosine-rich 5’
UTRs (Guo et al., 2016; Steel and Jacobson, 1991). Expression of RACK1 in which $278
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is replaced with a glutamic acid (S2"8E), which mimics poxvirus phosphorylation of human
RACKZ1, as well as the negatively charged loops of many other species, is sufficient to
enhance translation of mMRNAs with adenosine-rich 5° UTRs (Jha et al., 2017; Rollins et
al., 2019). But beyond this, how a charged RACK1 loop affects ribosome structure and
translational output remains unknown. Here, we show that negative charge in the RACK1
loop does not affect its ability to transmit ribotoxin signals but alters the swivel motion

of the 40S head domain and enables the human ribosome to broadly support noncanonical
modes of translation.

WT and S278E RACK1 ribosomes form stable interactions with eEF2, SERBP1, and Ebp1

Understanding how S278E RACK1 influences ribosome structure and function necessitated
the development of a new cell system. Our prior approaches involved expression of
exogenous forms of RACK1 against a background of competition with endogenous RACK1
for ribosome binding and protein stabilization, which results in a 50:50 expression ratio

in primary normal human fibroblasts (Jha et al., 2017; Rollins et al., 2019). Although

this was sufficient to study enhancer effects of S278E RACK1 on the specific 5 poly(A)
transcripts of interest, the continued presence of endogenous RACK1 confounded attempts
to understand its broader impact on translation. Indeed, in this system, negatively charged
RACK1 does not impair overall translation as measured by 35S-methionine/cysteine pulse
labeling or luciferase expression from a p-actin reporter; yet RiboTag as-says, specifically
isolating green fluorescent protein (GFP)-tagged wild-type (WT) or S2/8E RACK1 forms
away from endogenous RACK1, suggested that S278E RACK1 had reduced affinity for
B-actin mMRNA compared with WT RACK1. However, commonly used ribosome profiling
and RiboTag RNA affinity assays do not discern transcripts associated with active versus
inactive ribosomes. Moreover, our subsequent studies revealed that negative charge in the
loop weakens RACK1’s association with the ribosome in a buffer-dependent manner, which
further confounds the interpretation of such /n vitro RiboTag assays while hinting at the
potential structural impact of a charged RACK1 loop (Jha et al., 2017; Rollins et al., 2019).
Stemming from these biochemical observations, clash modeling suggested that negatively
charged RACKZ1 loops create electrostatic repulsive interactions with the negatively charged
phosphate backbone of the 18S rRNA (Rollins et al., 2019). From this, we hypothesized
that these electrostatics may alter local contacts that RACK1 makes on the 40S. As such,
key questions as to whether S278E RACK(1. truly affects ribosome structure and regarding its
broader effects on translation remain unanswered.

To address this, we developed a HAP1 cell-based knockout and rescue system to enable

both global analysis of effects on translation in the absence of endogenous RACK1 and
large-scale ribosome isolation for cryoelectron microscopy (cryo-EM). We chose HAP1
cells because they are fibroblast-like, are not as translationally hyper-activated as many
commonly used cell lines, and recapitulate the strict ribosome association and homeostatic
control of RACK1 expression that we observe in primary fibroblasts (DiGiuseppe et al.,
2020; Jha et al., 2017; Rollins et al., 2019) (Figure S1A). Moreover, we previously generated
RACK1 knockout HAP1 cells (Jha et al., 2017) that have been shown by others to be
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phenotypically rescued using FLAG-tagged RACK1 (Johnson et al., 2019, 2020; LaFontaine
et al., 2020). We therefore generated RACK1 knockout rescue pools expressing FLAG-
tagged WT or S278E forms of RACK1 (Figure S1B). The minimal impact of RACK1
knockout, here called no-rescue cells, on polysome profiles (Figure S1C) validates the
nonessentiality of RACK1 to global translation and mirrors phenotypes reported by others
(Johnson et al., 2019; LaFontaine et al., 2020). Furthermore, the rescue lines reproduce
known phenotypes of primary fibroblasts expressing GFP-tagged forms of RACK1 (Rollins
et al., 2019), such as monosome and disome accumulation induced by S278E RACK1, which
we observe in both polysome profiles (Figure S1C) and cryo-EM micrographs (Figures S1D
and S1E). Finally, both WT and S278E RACK1 forms are restricted to the ribosome, being
detectable, together with other RPs on the 40S subunit, monosomes, and disomes, but not

in free fractions (Figure 1A). As expected, translation factors like elF4G and eukaryotic
elongation factor 2 (eEF2), as well as RNA binding proteins like Serpine mRNA binding
protein 1 (SERBP1) and ErbB3-binding protein 1 (Ebpl), are present in both ribosomal and
free fractions (Figure 1A).

We first determined effects on the large-scale ratcheting rotation of the 40S relative to

the 60S that occurs during elongation (Cornish et al., 2008; Frank and Agrawal, 2000;
Zhang et al., 2009). Cryo-EM structure analysis revealed that of the FLAG-RACK1-bound
ribosome particles recovered, an expected balance of 40S rotated (40%) and 40S nonrotated
(60%) ribosomes was observed in WT RACK1 cells (Figures 1B and S2). In contrast,

78% of S278E RACK1-bound ribosomes were found to be in a 40S rotated state (Figures

1B and S3). Additional focused subclassification of particles did not reveal heterogeneous
mixtures of particles with other translation factors (Figure S4). 40S rotated ribosomes were
associated with eEF2, E-site tRNA, and Ebp1l (Figure 1C), with well-defined SERBP1
density also observed on both WT and S278E RACK1 ribosomes (Figure S5A). In line

with this, polysome analyses suggested that SERBP1, Ebpl, and eEF2 shifted distribution
from free fractions to ribosome fractions (Figure 1A). Previous reports classify SERBP1-
eEF2-Ebp1-80S complexes as inactive because SERBP1 obstructs the 40S aminoacyl (A)
and peptidyl (P) tRNA binding sites, as well as the mRNA entry channel, making them
incompatible with elongation (Anger et al., 2013; Ben-Shem et al., 2011; Brown et al.,
2018; Wells et al., 2020). Although loss of tRNA and mRNA in our rapid purification
approach prevents us from distinguishing translationally active versus inactive ribosomes, or
further subclassifying ribosome states, we do observe nascent chain density in our ribosome
reconstructions (Figure 1C). This suggests that these ribosomes were translationally active
at or near the time of isolation. Furthermore, increased levels of these ribosome populations
did not correlate with translational suppression, because 3°S-methionine/cysteine labeling
demonstrated that rescue of RACK1 knockout cells with either WT or S278E RACK1
stimulates overall translation and that each form does so in proportion to the level of RACK1
expression (Figure 1D). In addition, despite modest differences in overall translation rates,
there were no significant differences in the steady-state levels of housekeeping proteins
tested, although elevated heat shock protein 40 (HSP40) levels in the S278E RACK1-
expressing cells hinted that negative charge in the loop may selectively regulate certain
transcripts (Figure 1E). Moreover, SERBP1 depletion did not stimulate translation in either
cell line, suggesting that it does not have a substantial repressive effect (Figure S5B).
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Although SERBPL1 can repress translation /in vitro in some contexts, it does not do so in
others (Abaeva et al., 2020; Balagopal and Parker, 2011; Hayashi et al., 2018; Zinoviev

et al., 2015). By contrast, SERBP1 is required for translation in living yeast and can help
create ribosome pools that are rapidly reactivated during stress recovery (Balagopal and
Parker, 2011; Coppolecchia et al., 1993; Van Dyke et al., 2006, 2009, 2013). SERBP1 is also
abundant on mammalian ribosomes and acts as an oncogene (Muto et al., 2018), suggesting
that its function /n vivois likely to modulate ribosome availability rather than purely
inactivate translation. Although our structures align with previously described structures of
inactive ribosomes, our functional data suggest that in at least some contexts, these inactive
states may be dynamic intermediates in resolving, for example, termination events but

have little impact on overall translational output. As such, the increased abundance of this
ribosome pool is likely an indirect consequence of broader changes in ribosome dynamics,
also evident in changes in polysome versus disome abundance (Figure S1C), that are caused
by RACK1 loop charge as part of how it modulates translation.

Negative charge in the RACK1 loop remodels the ribosome A and E sites

To explore the extent to which RACKZ1 loop charge alters ribosome activity, we determined
the sensitivity of these cells to ribosome-targeting drugs (Figure 2A). We first treated

cells with anisomycin, an elongation inhibitor that binds to the 60S A site. 3S-methionine/
cysteine labeling showed that anisomycin effectively repressed translation in our no-rescue
and WT RACKU1 rescue cells (Figure 2B). In the S278E RACK1 rescue cells, anisomycin
treatment similarly impaired the synthesis of most proteins (Figure 2B). However, the
translation of a subset of cellular transcripts was sustained even with a ten-fold increase

in drug concentration (Figure 2B). Similar results were obtained using cycloheximide, an
elongation inhibitor that binds to the 60S E site (Figure 2C), and emetine, another E-site-
targeting elongation inhibitor that binds to the 40S subunit (Figure 2D). The continued
sensitivity of many proteins to all three inhibitors, along with the insensitivity of specific
proteins to a ten-fold increase in drug concentration, demonstrates that this phenomenon

is not simply an inhibitor-dosing effect or a reflection of modest differences in RACK1
expression but rather is a specific and selective effect of S278E RACK1 on ribosome activity.
In line with earlier data suggesting that increases in SERBP1-associated ribosome pools
are reflective rather than causal of effects of S2/8E RACK1, depletion of SERBP1 did

not affect the synthesis of cycloheximide-resistant proteins (Figure S5C). Furthermore,
cells expressing either WT or S278E RACK1 exhibited a similar ribotoxic stress response
(RSR) that is activated to varying extents by 60S- and 40S-targeting drugs, resulting in
phosphorylation of stress kinases p38 and JNK (lordanov et al., 1997; Laskin et al., 2002;
Vind et al., 2020; Wu et al., 2020). We find that the RSR is not activated in RACK1
knockout cells (Figures 2B-2D), which is in line with studies in other cell types (Kim et
al., 2019) and demonstrates that RACK1 mediates these ribosome-centric stress signals. The
RSR was restored in WT or S278E RACK1 rescue lines, and in line with prior studies, the
most potent response was elicited by anisomycin and to a lesser extent by cycloheximide
(Figures 2B and 2C). Further in line with other systems (Wu et al., 2020), only lower
concentrations of emetine induced modest activation of p38 above the effects of solvent
controls (Figure 2D). In the absence of differential effects on RSR signaling, these results
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suggested that inhibitor resistance likely resulted from effects of RACK1 loop charge on the
ribosome.

To test this, we performed rigid-body fitting of emetine- and anisomycin-bound ribosome
structures into our reconstructions. For emetine fitting, densities of unknown origin at
guanine 961 (G961) of 18S rRNA, a key residue of the 40S E-site binding pocket

(Meng et al., 2010), partially occlude the emetine binding pocket through a pronounced
interaction with the E-site tRNA compared with the reconstruction of WT RACK1-bound
ribosomes (Figure 3A). Anisomycin fitting also reveals unidentified densities at uridine 4452
(U4452) and pseudouridine 4531 (y4531) of the 60S subunit 28S rRNA that overlaps with
anisomycin in the A-site binding pocket (Figure S5D). U4452 and 4531 are also key
functional residues of the 60S peptidy! transferase center (PTC) (Dao Duc et al., 2019;
Shanmuganathan et al., 2019; Yanshina et al., 2015). To examine PTC activity, we treated
cells with puromycin, which is incorporated into nascent chains in the PTC. Puromycin
treatment effectively halted translation in all lines tested, as represented by the smear of
puromycin-terminated peptides in samples treated with lower concentrations (Figure 3C).
However, a persistent protein roughly 72 kDa in size continued to be synthesized in the
puromycin-treated S278E RACK1 samples. Densities, including that of the nascent chain,
may also affect puromycin binding to some extent (Figure S5E), which may explain the
continued synthesis of this specific protein. However, S2’8E RACK1-bound ribosomes are
mostly puromycin sensitive and PTC activity is not grossly altered. Given the competitive
nature by which these elongation inhibitors operate, certain mMRNAs and nascent peptides
likely escape their effects because of the altered densities we observe in the A and E sites of
S278E RACK1-containing ribosomes that likely reduce inhibitor efficacy.

Negative charge in the RACK1 loop alters ribosome behavior toward poly(A) sequences
and enables elF4A-independent translation

Given its effects on A-site inhibitors, to determine whether S278E RACK1 also influences
stall resolution on poly(A) tracts that interact with the A site (Chandrasekaran et al., 2019;
Tesina et al., 2020), we transfected our no-rescue and rescue cells with dual fluorescence
translational stall reporters (Juszkiewicz and Hegde, 2017; Sundaramoorthy et al., 2017).
The reporter contains an N-terminal GFP and C-terminal red fluorescent protein (RFP)
flanked by 2A protease sites to generate individual as opposed to fusion proteins, which are
separated by either a control linker or a 60 adenosine stall sequence (Figure 3D). Normally,
both GFP and RFP are made from the control reporter, but due to ribosome stalling, more
GFP than RFP is made from the poly(A) construct. Densitometry of GFP and RFP detected
by western blotting revealed that as expected, the poly(A) stall reporter produced less RFP
relative to GFP than the control linker reporter in both no-rescue and WT RACK1 rescue
lines (Figure 3D). Although we do not explore the potential for differences in frameshifting
on these poly(A) constructs, prior studies using the same reporter and readouts found a
requirement for RACKL in regulating RFP levels from this stall reporter in HEK293T cells.
However, these studies also showed that stalling depended on the levels of poly(A) reporter
expression and is more reliant on ZNF598 than RACK1 (Juszkiewicz and Hegde, 2017;
Sundaramoorthy et al., 2017). As such, our failure to observe a significant requirement for
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RACKL1 in HAPL1 cells likely reflects differences in translation rates or cell-type-specific
differences in requirements for RACKZ1 for robust stalling on poly(A) sequences.

By contrast, the difference in GFP to RFP expression with the poly(A) reporter and between
control linker and poly(A) linker transfections was notably smaller in S2/8E RACK1 rescue
cells (Figure 3D). To explore this in more detail, we performed single-cell fluorescence
analysis of GFP and RFP intensity. Presented as violin plots, we observe that WT and S278E
RACKU1 increase GFP and RFP expression from the control reporter plasmid compared

with no-rescue cells (Figure 3E), which aligns with the increased translation detected using
353-methionine/cysteine labeling earlier. Results also confirm that the relative expression

of RFP to GFP is reduced in no-rescue and WT RACK1 rescue cells with the poly(A)
reporter. However, although GFP and RFP levels were more equivalent in S278E RACK1
cells transfected with the poly(A) reporter, in line with densitometry-based assessment of
overall GFP:RFP ratios, this effect appeared to at least partly result from reduced GFP
expression (Figure 3E). Presenting each cell as a single data point based on its GFP and

RFP fluorescence intensity would suggest that the S278E RACK(1 cells behave normally in
stalling, because we observe a reduced slope in plots in all three lines transfected with the
poly(A) reporter (Figure 4A). This is similar to results observed in other cell types using
fluorescence-activated cell sorting (FACS) analysis and is indicative of stalling (Juszkiewicz
and Hegde, 2017; Sundaramoorthy et al., 2017). However, more detailed analysis of this data
showed that although some cells expressed high levels of GFP and low levels of RFP in line
with conventional stalling, a larger fraction of S278E RACK1-expressing cells produced RFP
with relatively little or no GFP (Figures 4B, S6A, and S6B). Altogether, these data suggest
that although S278E RACK1 does not affect ribotoxin signaling or poly(A)-based stalling,

it may favor internal initiation on the poly(A) sequence. Several viruses that infect dicot
plants encode long poly(A) sequences that support internal initiation (Dorokhov et al., 2006;
May et al., 2017; Vérallyay et al., 2010). However, unlike mammalian IRESs, these poly(A)
elements are unstructured, and their ability to act in an IRES-like manner may relate to dicot
plant RACK1 loops being negatively charged.

Because these GFP:RFP assays are indirect measures of translation and are limited in

scope, to determine whether negative charge in the loop more broadly facilitates alternative
initiation, we treated cells with either hippuristanol or silvestrol, two inhibitors that block
elF4A activity in distinct manners (Cencic and Pelletier, 2016; Liu et al., 2012). elF4A

is an RNA helicase essential for cap-dependent scanning, the primary mode of initiation

in eukaryotes (Hinnebusch, 2011, 2014; Pestova and Kolupaeva, 2002). Both inhibitors
repressed translation in the no-rescue and WT RACK1 rescue cells (Figures 4C and

4D), exhibiting a dose-dependent profile that would be expected for increasingly impaired
elF4A activity. Synthesis of many proteins was equivalently suppressed in a dose-dependent
manner in S278E RACK 1-expressing cells. However, S2/8E RACK1 sustained the synthesis
of several proteins even at higher inhibitor concentrations (Figures 4C, 4D, and S6C). These
results indicate that negative charge in the RACK1 loop fundamentally alters the ribosome to
enable elF4A-independent translation of subsets of cellular mMRNAs.
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Negative charge in the RACK1 loop affects 40S head rotation

We analyzed our cryo-EM datasets to determine whether other structural changes to

S278E RACK1-bound ribosomes occur and potentially explain the ability to support
elF4A-independent initiation. The structures of our WT RACK1-bound 80S particles are
consistent with published structures of the human 80S ribosome in rotated (PDB: 6Z6M)
and nonrotated states (PDB: 4UG0) (Khatter et al., 2015; Wells et al., 2020). In addition,
ribosomes in the rotated state are structurally superimposed between WT and S278E RACK1
datasets (Figure 5A). As such, the addition of negative charge to the RACKZ1 loop does not
alter the normal trajectory of ribosome ratcheting, because the rotated states of both WT and
S278E RACK(1 80S are superimposable and consistent with published structures of the 80S
ribosome (Brown et al., 2018). However, within nonrotated datasets, an overlay of the WT
and S278E RACK1-bound ribosomes revealed striking differences. The structures overlaid
well at the 60S subunit and 40S body, but not at the 40S head region (Figure 5B). The
nonrotated S278E RACK(1 reconstruction exhibits an unusually greater degree of swiveling,
in which the 40S head shifts toward the 60S subunit and altered contacts with other RPs
could be detected (Figures 5B-5D).

Intriguingly, the type 111 or IV IRES elements of RNA viruses such as hepatitis C virus
(HCV), Israeli acute paralysis virus (IAPV), or cricket paralysis virus (CrPV) manipulate
40S head rotation to enable cap- and scanning-independent initiation (Acosta-Reyes et al.,
2019; Murray et al., 2016; Quade et al., 2015; Spahn et al., 2001; Yamamoto et al., 2015).
These IRESs also interact with RACK1 and require RACKZ1 for their translation (Jackson,
2013; Johnson et al., 2019; LaFontaine et al., 2020; Majzoub et al., 2014; Qin and Sarnow,
2004). Given that IRESs are not widely prevalent in cellular mRNAs and elF4A-independent
translation was specific to S278E RACK1-expressing cells, we examined whether the 40S
head rotation induced by S278E RACK1 mimics that induced by IRES elements. Our
superimpositions revealed that the S278E RACK1 40S-only reconstructions are consistent
with the structures of 40S subunits bound to HCV, CrPV, and IAPV IRES (Figures 5D-5F).
Altogether, these data suggest that similar to certain IRESSs, negative charge in the RACK1
loop alters 40S head swivel, which may unlock atypical modes of initiation.

DISCUSSION

Although the finer structural and mechanistic details remain to be determined, our findings
reveal the broad extent to which a single phosphomimetic or charged residue in the RACK1
loop can alter ribosome structure, dynamics, and translational capacity.

The breadth of effects of S2/8E RACK1 on ribosome structure and function was somewhat
unexpected but likely originates from effects on the behavior of the 40S head, where
RACKU1 is positioned. Charge in the RACK1 loop altered local contacts in the latch and
increased 40S head swivel. This may destabilize the nonrotated state and drive the rate of
formation of SERBP1-eEF2-EBP1-associated rotated 80S ribosomes. Alternatively, broader
effects of RACK1 loop charge on ribosome dynamics may influence binding of eEF2

and indirectly drive 40S rotation, which is difficult to test experimentally given eEF2’s
essentiality. Beyond these direct or indirect effects on the levels of rotated 80S ribosomes,
RACKU1 loop charge specifically altered 40S head swivel on nonrotated 80S and free 40S
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subunits. This increase in 40S head swivel motion may alter 40S and 60S contacts that affect
the organization and function of A and E sites, leading to the inhibitor resistance that we
observe.

Viruses often evolve strategies to dysregulate tightly controlled processes, and in this

case, negative charge in the human RACK1 loop appears to dysregulate and broaden the
functionality of the human ribosome to support the noncanonical modes of translation that
many RNA viruses use. More directly related to effects on 40S head swivel, S2/8E RACK1
mimics the 40S remodeling induced by structurally complex HCV, CrPV, and IAPV IRES
elements that drive 80S assembly with minimal dependence on elFs (Acosta-Reyes et al.,
2019; Neupane et al., 2020; Quade et al., 2015; Spahn et al., 2001; Yamamoto et al.,

2015). By contrast, poxviruses are DNA viruses that generate mMRNAs with very short 5
poly(A) leaders (Meade et al., 2019a). Early studies reported that such leaders have reduced
dependence on elFs or scanning but lack the structural complexity of true IRES elements
(Chandrasekaran et al., 2019; Dhungel et al., 2017; Dorokhov et al., 2002; Mulder et al.,
1998; Shirokikh and Spirin, 2008; Tang and Passmore, 2019). Poly(A) leaders are foreign
to their mammalian hosts, and their maximal activity requires either poxvirus infection or
expression of phosphomimetic S278E RACK1 (Dhungel et al., 2017; Dorokhov et al., 2002;
Jha et al., 2017; Mulder et al., 1998; Rollins et al., 2019; Shirokikh and Spirin, 2008;
Sundaramoorthy et al., 2021; Tang and Passmore, 2019). Our findings suggest that S278E
RACK1 likely primes 40S subunits in a similar way to IRESs to initiate on mRNASs with
little to no scanning. Beyond our earlier focus on 5" poly(A) leaders, data here show that

a negatively charged RACKZ1 loop more broadly enables elF4A-independent translation of
many cellular mRNAs. Given that human mRNAs do not contain 5" poly(A) tracts and
bona-fide IRESs are rare, this suggests that poxviruses introduce negative charge to the
RACK?1 loop not to control a process unique to their poly(A) leaders but to maximize the
capacity of ribosomes to accommodate alternative modes of translation that benefit different
leader types. Overall, our findings suggest that in lieu of more complex IRES structures,
modifications to RPs such as RACKZ1 can achieve similar effects to unlock noncanonical
modes of translation by the human ribosome.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Please direct any requests for further information or reagents to the lead
contact, Derek Walsh (derek.walsh@northwestern.edu)

Materials availability—Plasmids and cell lines generated in this study are available upon
request from the lead contact.

Data and code availability—Electron microscopy maps and locally refined maps
generated in this manuscript have been deposited in Electron Microscopy Data Bank
(EMDB) and are publicly available. Accession numbers are listed in the Key resources
table.

All data reported in this paper will be shared by the lead contact upon request.
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This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is
available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture conditions—Parental HAP1 cells (Horizon, C859), HAP1
RACK1 knockout cells (Jha et al., 2017), HAP1 RACK1-WT-Flag rescue cells and HAP1
RACK1-S278E-Flag rescue cells were grown in Iscove’s Modified Dulbecco’s medium
with 4mM L-glutamine and HEPES (IMDM,; Fisher Scientific, SH3022801) that was
supplemented with 5% fetal bovine serum (FBS). 293T cells used to propagate lentivirus
were obtained from the ATCC. 293T cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM; Fisher Scientific, MT15017CV) supplemented with 2 mM L-glutamine
and 5% FBS. For maintenance of RACK1-WT-Flag and RACK1-S278E-Flag rescue HAP1
cells, IMDM was supplemented with 200 pg/ml Hygromycin B; however, Hygromycin

B was removed from the media for all experiments performed. All cell cultures were
maintained at 37°C with 5% CO and confirmed negative for mycoplasma using Hoechst
staining.

Generation of cell lines—Generation of HAP1 RACK1 knockout cells was previously
described (Jha et al., 2017). Plasmids for rescue with either WT or S278E phosphomimetic
RACK1 with a C-terminal Flag were generated by first PCR amplifying RACK1 forms from
existing pLVX-IRES hygro plasmids expressing wild-type RACK1 or S2/8E RACK1 (Jha et
al., 2017). Primers incorporated the appropriate restriction sites and the C-terminal Flag tag
(RACK1 Spel Forward: AAAAAACTAGTCTCAAGCTTATGACTGAGCAGATG;
RACK1-Flag Notl Reverse:
ACCGAGCGGCCGCCTACTTGTCGTCATCGTCTTTGTAGTCGCCGCTGCCGCGTGT
GCCAATGGT). Using standard cloning procedures, amplicons were purified (QIAGEN
PCR purification, 28104), digested with Spel and Notl (New England Biolabs), and ligated
into empty pLVX-IRES-Hygromycin vector (Takara Bio USA, Inc.) to generate the Flag-
tagged constructs. All constructs were verified by sequencing at ATGC, Inc.

Lentivirus vectors were produced by co-transfection of 293T cells with the Flag-tagged
constructs, together with p8.91 (gag-pol) and p-VSVG (envelope). Supernatants containing
lentivirus were then filtered and used to transduce the HAP1 RACK1 knockout cells. The
transduced cultures were then selected with 1mg/ml Hygromycin B to generate pools of
HAP1 RACK1 knockout cells rescued with C-terminally Flag-tagged WT RACK1 or S278E
RACK1.

METHOD DETAILS

Sucrose gradient centrifugation and TCA precipitation—Sucrose gradient
centrifugation and polysome analysis was performed as previously described (Jha et al.,
2017). Briefly, HAP1 RACK1 knockout and rescue cells were grown to confluency, pre-
treated with cycloheximide for 10 min and washed twice in ice-cold PBS containing 100
ug/ml cycloheximide prior to collection. Cells were harvested in ice-cold 1X polysome

Cell Rep. Author manuscript; available in PMC 2021 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rollins et al.

Page 12

lysis buffer (1% Triton X-100, 200 U/ml RiboLock RNase Inhibitor, complete EDTA-free
protease inhibitor tablet, 20 mM Tris-Cl pH 7.5, 10 mM MgCl,, 100 mM potassium acetate,
1 mM DTT, 100 pg/ml cycloheximide) and lysed for 20 min at 4°C. Lysates were clarified
by centrifugation (15,000xg for 5 min at 4°C) and 500 g total RNA were run through 10
mL of 5%-50% sucrose gradient prepared in 1X polysome buffer (20 mM Tris-Cl pH 7.5,
10 mM MgCl,, 100 mM potassium acetate, 1 mM DTT, 100 pg/ml cycloheximide) using a
Beckmann Coulter SW 41 Ti rotor at 36,000 rpm at 4°C for 2 h. Following centrifugation,
sucrose gradients were fractionated using an automated Density Gradient Fractionation
System (Brandel Biomedical Research & Development Laboratories, Inc.) with continuous
monitoring at 254nm using an UA-6 absorbance detector and recorded using PeakChart
software.

For western blot analysis, the 500 pl fractions were precipitated in TCA at a final
concentration of 10% at 4°C overnight. The precipitate was spun down at 10,000xg for

15 min. The supernatant was removed and the pellet was washed twice in a 1:4 solution of
1X polysome buffer:acetone followed by centrifugation at 10,000xg for 15 min. Following
removal of the supernatant, protein pellets were air-dried for 10 min, re-suspended in 1X
Laemmli buffer and boiled for 3 min. Total lysate samples were not TCA precipitated.

RNAi—Pre-designed siRNAs were acquired from Thermo Fisher Scientific: control
non-targeting siRNA (Cat No. AM4635), SERBP1 siRNA #1 (Cat No. 4392420, ID:
§25142), SERBP1 siRNA #2 (Cat No. 4392420, ID: s25143). When at approximately
60% confluency, cells were transfected with siRNA (100 pmol/ml) using Lipofectamine
RNAIMAX reagent (Thermo Fisher Scientific). Complete IMDM was added to the 500 pl
OptiMEM used for RNAI approximately 4 h post-transfection. At 48 h post-transfection,
cells were trypsinized and re-suspended in IMDM to minimize clumping. At 72 h post-
transfection, cells were metabolically labeled and harvested.

Inhibitor treatment—Inhibitor stocks were prepared as follows with the appropriate
vehicle noted in parentheses: 10 mM anisomycin (DMSO), 100 mg/ml cycloheximide (70%
ethanol), 10 mM emetine (dIH,0), 100 uM hippuristanol (DMSO), 100 pM silvestrol
(DMSOQ), and 100 mg/ml puromycin (PBS). Prior to metabolic labeling, cells were pre-
treated with the inhibitors for either 30 min (anisomycin, cycloheximide, emetine and
puromycin) or 2h (hippuristanol and silvestrol) and in all cases, inhibitors remained present
during labeling. The final concentrations of the inhibitors used for treatment are indicated in
the figures.

353-Methionine/Cysteine labeling and liquid scintillation counting—For
metabolic labeling, cells were incubated in methionine/cysteine (Met/Cys)-free DMEM
(Corning, 17-204-CL) supplemented with 40 mM HEPES, 2 mM L-glutamine and a 3°S-L-
methionine and 3°S-L-cysteine mix (PerkinElmer, NEG072007MC) for 30 min prior to cell
lysis. For each ml of labeling media prepared, 0.035 mCi of the 35S Met/Cys mix was added.
Where inhibitors were used, inhibitors were present during labeling. After in-well lysis in
Laemmli buffer, samples were resolved by SDS-PAGE and gels were then fixed in 10%
acetic acid/25% methanol solution for 30 min. The fixed gels were then dried at 80°C for 2 h
using a Model 583 Gel Dryer (Biorad) and exposed to audioradiography film.
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To quantify the radioactivity of 35S present in the label samples, 20 pl of radiolabeled
sample was incubated with 10 ul of 10 mg/ml BSA and 1 mL of ice-cold 10% TCA solution
for 30 min on ice. Precipitated proteins were vacuum filtered using a 1225 Sampling
Manifold (Millipore Sigma) onto glass microfiber filters (GE Life Sciences, 1822-025),

and washed twice each with ice-cold 10% TCA solution and 95% ethanol. Filter counting
was performed by immersing the filters into 3 mL of Complete Counting Cocktail 3a70B
(Research Products International Corp., 111154). The number of counts registered per
minute (CPM) was measured using a Beckman LS 6500 liquid scintillation counter with

a counting time of 5 min.

Western blotting—Western blotting was performed as previously described (Jha et al.,
2017). Briefly, whole cell lysates were resolved using 10% Trisglycine SDS-PAGE and
transferred to a 0.2 pm pore-size nitrocellulose membrane using a wet electroblotting
system. Membranes were blocked in 5% non-fat milk dissolved in 1X Tris-buffered saline
and 0.1% Tween (TBS-T) for 1 h at room temperature and then washed in 1X TBS-T
before incubation overnight at 4°C with primary antibody diluted in 3% BSA dissolved in
1X TBS-T. For primary antibodies used, please see the Key resources table; all antibodies
were used at a 1:1000 dilution except for a-tubulin (1:4000), B-actin (1:10,000), elF4G
(1:5000) and PABP (1:5000). Following primary antibody incubation, membranes were
washed and incubated with HRP-conjugated secondary antibody diluted 1:3000 in 5%
non-fat dry milk in 1X TBS-T for 1 h at room temperature followed by another washing.
For detection, membranes were incubated with Pierce ECL Western Blotting Substrate
for 2 min before exposure to audioradiography film. If standard ECL produced low

level protein detection, membranes were incubated with Pierce SuperSignal West Femto
Maximum Sensitivity Substrate for 2 min. Western blot were quantified using densitometry
as described previously (Procter et al., 2018).

Dual fluorescence translation stall assay—HAP1 cells were seeded onto 12-well
plates with or without coverslips, depending on downstream analysis. Dual fluorescence
reporter plasmids (1 ug) were transfected into cells using Lipofectamine 3000 (Thermo
Fisher) according to the manufacturer’s protocol. For transfection experiments where cells
were treated with either 300 nM hippuristanol or DMSO solvent control, the vehicle

or inhibitor were added 12 h post-transfection. 48 h post-transfection, cells seeded onto
plates without coverslips were harvested for western blotting and densitometry was used to
measure GFP and RFP levels, as previously described (Meade et al., 2019b). Cells seeded
onto plates with coverslips were used to measure cellular GFP and RFP fluorescence and
perform single-cell fluorescence analysis.

Fluorescence microscopy and single-cell fluorescence analysis—
Immunofluorescence microscopy was performed as previously described (Meade et al.,
2018). Briefly, glass coverslips were used to seed cells in a 12-well plate and transfection
was carried out as described above. Cells were rinsed in PBS and fixed in 4%
paraformaldehyde in PBS at room temperature for direct imaging of GFP and RFP signals.
Samples were rinsed in PBS and blocked (10% FBS and 0.25% saponin in PBS) for 1h

at 37°C. Samples were then washed (0.025% saponin in PBS) before and after staining
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with Hoescht 3342 (Thermo Fisher Scientific, 62249). Coverslips were mounted on glass
slides using FluorSave (Millipore Sigma, 345780). A Leica DMI6000B-AFC microscope
with 100X objective (HC PL APO 100x/1.44NA OIL), X-Cite XLED1 illumination, ORCA
FLAH 4.0 cMOS camera was used to acquire wide-field images. Metamorph software
using the multi-dimensional acquisition function ensured that acquisition settings remained
consistent for all acquired images. Image analysis was completed using Metamorph and
compiled using the Fiji distribution of ImageJ (Schindelin et al., 2012). All images within a
given dataset were processed equivalently.

For single cell RFP and GFP intensity measurements, randomized images were entered into
the CellProfiler pipeline (McQuin et al., 2018; Procter et al., 2020) and resized to 256x256
pixels. The pipeline was used to identify target objects using the images in the RFP channel.
Locations were marked based on RFP intensity relative to the background. Once the target
object locations were identified, CellProfiler measured the RFP and GFP frequency at the
location of each object. The mean intensity measurements of the object locations were used
to generate violin plots and single-cell scatterplots.

Ribosome purification for Cryo-EM—In brief, WT RACK1 or S278E RACK1 rescue
cells were cultured in IMDM supplemented with 10% (v/v) FBS and 1X penicillin-
streptomycin. Cells were grown to 80% confluency in 6 x 150mm plates before discarding
media by aspiration and washed with ice cold PBS thereafter. After aspiration, the residual
PBS was used to scrape the cells from the dishes and the collected cells were pelleted by
centrifugation at 2500 x g for 5 min. Freshly harvest cells were resuspended in IP buffer
(100 mM KOAc, 10 mM MgCl,, 25 mM HEPES-KOH pH 7.4, 5% glycerol, 0.2% lgepal
CA-630, 1 mM DTT, and a protease inhibitor cocktail comprising 0.5 ug/mL leupeptin, 0.5
pg/mL aprotinin, 0.7 pg/mL pepstatin, and 16.67 ug/mL PMSF) in a 4:1 (w/v) ratio and
supplemented with benzonase (2.5 U/mL). Cells were lysed using a Dounce homogenizer
submerged in ice with ~60 continuous strokes. Lysates were clarified by centrifugation, and
the supernatant was incubated with anti-FLAG M2 affinity resin (Sigma) for 1 hour at 4°C.
Resin was washed thoroughly with IP buffer followed by several washes using the same
buffer without detergent and glycerol. Ribosome complexes were recovered from the resin
by competitive elution with synthetic 3xFLAG peptide (APExBIO) for 1 hour at 4°C with
mild agitation. Eluted samples were immediately used for cryo-EM grid preparation.

Electron cryo-microscopy—UItrAuFoil R1.2/1.3 Au300 mesh grids (Quantifoil) were
glow discharged using a Pelco easiGlow (Ted Pella, Inc.) for 25 s at 25 mA. 3.5 pL of
sample were applied to the glow discharged grid, and grids were vitrified using a Mk. 11
Vitrobot (Thermo Fisher Scientific) operating at ~85% relative humidity, 4°C, and 2.5 s blot
time, and then plunge frozen into liquid ethane.

A total of 3,842 cryo-EM movies of S278E RACK1 samples were recorded using a 300kV
Titan Krios G3 (Thermo Fisher Scientific) equipped with a K2 Summit direct detector
(Gatan, Inc.) at a nominal magnification of 105K x, corresponding to 1.348 A pixel size.
Movies were recorded using SerialEM with a defocus range of —1.0 to —=3.0 um and at a dose
rate of 1.0 e/A2/frame with a total exposure of 40 frames and each movie recording time
was 8 s (Mastronarde, 2005).

Cell Rep. Author manuscript; available in PMC 2021 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rollins et al.

Page 15

For WT RACK1 samples, a total of 2,141 movies were recorded on a 300kV Titan Krios
G3 equipped with a K3 direct detector (Gatan) at a nominal magnification of 81,000x
corresponding to 1.058 A pixel size. Data were collected in super-resolution mode using
SerialEM with a defocus range of from —0.8 to —1.8 um and at a dose rate of 1.1 e /A2/
frame with a total exposure of 40 frames and each movie recorded for 2.53 s.

Image Processing—Cryo-EM movie frames were dose weighted, motion corrected and
summed using MotionCor2 (Zheng et al., 2017). All downstream steps were performed

in cryoSPARC, including CTF estimation, particle selection, 2D class averaging, 3D
classification, and 3D refinement (Punjani et al., 2017). Micrographs with poor CTF
estimates or crystalline ice were discarded. For RACK15278E jmages, a total of 191,242
particles were selected from 3,522 micrographs. A total of 103,133 particles were sorted into
well-defined classes after two rounds of 2D classification (K = 50) and used for ab-initio

3D reconstruction (K = 5). Resulting classes revealed the separation of 80S particles in 40S
rotated and nonrotated states (52,603 and 14,878 particles, respectively), a 40S class (16,758
particles), and two junk classes. The 80S and 40S classes were processed separately using
non-uniform refinement followed by local resolution estimation and local filtering. Final
resolution estimates were 3.1 A for the 80S rotated state, 4.0 A for the 80S nonrotated state,
and 5.2 A for the 408S particle.

For processing of WT RACK1 dataset, a total of 1,985 dose weighted, motion corrected,
and summed movie frames (generated using MotionCor2) were used after discarding poor
micrographs on the basis of CTF estimation and ice quality. A total of 30,650 particles
were resolved into clear 2D classes after two rounds of 2D classification from an initial
number of 73,284 boxed particles. Particles were subject to ab-initio 3D reconstruction

(K = 3). Resulting classes revealed the separation of 80S particles in 40S head rotated

and nonrotated states (10,413 and 15,813 particles, respectively) and one junk class. No
40S classes were recovered. The 80S classes were refined separately using non-uniform
refinement, as described above. Final resolution estimates were 4.2 A for the 80S rotated
state and 5.0 A for the nonrotated state.

In order to address variable local resolutions, local 3D refinement was performed on
RACK15278E and RACKWT 80S rotated particles as implemented in cryoSPARC (Punjani
et al., 2017). Separate soft-edged masks were generated for 60S, 40S body, and 40S head
components and signal subtraction was carried out to generate three new image stacks that
contain only signal from each component (Figures S2 and S3). The signal-subtracted image
stacks were then used as the basis for local 3D refinement, leading to maps with more
consistent local resolutions across the entire ribosome.

In order to probe for compositional heterogeneity within our dataset, we performed focused
3D classification as implemented in RELION (Scheres, 2012). The 52,603 images of S278E
RACK1 rotated 80S particles and 14,878 images of S2/8E RACK1 non-rotated 80S particles
were exported from cryoSPARC to RELION format using pyem (csparc2star.py) (Asarnow
et al., 2019). Separate soft-edged masks were generated over the P-site tRNA binding site
and the 40S head (Figure S4). Focused classification was performed by applying the masks
and disabling particle re-alignment (K = 3-5, tau factor = 6). In each classification run, most
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particles classified into a single, well-resolved class and remaining particles were classified
into low-resolution or junk classes.

Visualization and segmentation of density maps for both datasets were carried out in UCSF
Chimera (Pettersen et al., 2004). All models were fitted with published ribosome structures
using rigid-body fitting in UCSF Chimera.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to pre-determine sample size. Investigators were neither
blinded to sample treatment allocation during experiments nor outcome assessment.
GraphPad Prism 8 software was used for all statistical analyses. All scatter and bar plots
are displayed as the mean * standard error of the mean (SEM) unless otherwise noted.
Unpaired t tests or analysis of variance (ANOVA) were performed to determine statistical
significance (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001).
ANOVA was followed by Sidak’s multiple comparison post hoc test. Additional statistical
details can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Negative charge in the RACKL1 loop skews the rotation state of 80S ribosomes

RACK?1 loop charge does not affect ribotoxic stress response signaling or
poly(A) stalling

RACKT1 loop charge increases swiveling of the 40S head domain similar to
several IRESs

RACKZ1 loop charge enables human ribosomes to support elF4A-independent
translation
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Figure 1. Effects of S278E RACK1 on ribosome rotation and translational output
(A) Western blot analysis of free and ribosomal fractions. L, lysate; L.E., long exposure.

Representative of 3 independent biological replicates.

(B) Ab initio 3D classification of 80S ribosomes from WT RACK1 and S278E RACK1
purifications reveals a shift toward 40S-rotated, eEF2-bound particles in the presence of
S?78E RACK1.

(C) Reconstruction of rotated ribosomes from S278E RACK1 purifications reveal densities
ascribed to eEF2, E-site tRNA, EBP1, and a nascent chain.

(D) Quantification of RACK1 protein levels (n = 22) and 3°S-methionine/cysteine (3°S-Met/
Cys) incorporation (n = 4). Bars represent SEM; ****p < 0.0001; two-way ANOVA with
Sidak’s multiple comparison test.
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(E) Densitometry-based quantification of the indicated protein levels (n = 4). Bars represent
+ SEM; ***p = 0.0004; N.S., not significant; two-way ANOVA with Sidak’s multiple
comparison test.

See also Figures S1-S5.
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Figure 2. Negative charge in the RACK1 loop confers resistance to ribosome-targeting drugs
(A) Schematic of the ribosome and target sites of inhibitors used in (B)—(D).

(B-D) 35S-Met/Cys-labeling gels (top panel) and western blot analysis (bottom panels)

of cells treated with the indicated concentrations of anisomycin (ANS; B), cycloheximide
(CHX; C), or emetine (EME; D). Red bars/arrows highlight examples of proteins whose
synthesis is repressed by inhibitors. Green arrows highlight examples of proteins whose
synthesis is sustained. P-p38, phosphorylated p38; P-JNK, phosphorylated JNK; L.E., long
exposure. Representative of 3 independent biological replicates.

See also Figure S5.
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Figure 3. A negatively charged RACK1 loop affects the ribosomal E-site and RQC reporter

activity

(A and B) Views of the EME binding site WT RACK1 (A) and S2’8E RACK1 (B) 80S
reconstructions (rotated state shown). In S278E RACK1, an unidentified density connects
G961 of the 18S rRNA with the E-site tRNA (asterisk). EME modeling based on PDB: 3J7A

(Wong et al., 2014).

(C) 35S-Met/Cys-labeling gels (top panel) and western blot analysis (bottom panels) of cells
treated with the indicated concentrations puromycin (Puro). Representative of 3 independent

biological replicates.

(D) Top: schematic of control or poly(A) RQC reporters, with 2A protease and linker sites
indicated. Bottom: densitometry-based quantification of GFP and RFP from western blot
analysis of cells transfected with RQC reporters, presented as the RFP:GFP ratio. n = 3;
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no rescue **p = 0.002, WT rescue **p = 0.006, S278E rescue *p = 0.037; unpaired t test
between control and poly(A) reporter. The numeric difference in ratio between each reporter
is also shown.

(E) Fluorescence intensity measurements of GFP or RFP (reported as arbitrary units) in cells
transfected with RQC reporters, presented as violin plots. n = number of fluorescent cells
analyzed over 3 independent biological replicates.

See also Figures S5 and S6.
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Figure 4. A negatively charged RACK1 loop broadly enables elF4A-independent translation
(A and B) Fluorescence intensity measurements of GFP and RFP (reported as arbitrary

units) in cells transfected with control (Ctrl) or poly(A) RQC reporters as in Figure 3E. Each
cell is presented as an individual data point. n = number of fluorescent cells analyzed over 3
independent biological replicates. The whole dataset is shown in (A). The zoomed dataset in
(B) highlights the large population of cells in S?78E RACK1 rescue lines that express RFP

but little GFP.

(C and D) 35S-Met/Cys-labeling gels (top panel) and western blot analysis (bottom panels)
of cells treated with the indicated concentrations of hippuristanol (Hipp; C) or silvestrol
(Silv; D). Red bars/arrows highlight examples of proteins whose synthesis is repressed
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by inhibitors. Green arrows highlight examples of proteins whose synthesis is sustained.
Representative of 3 independent biological replicates.
See also Figure S6.
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Figure 5. The 40S head is displaced in S2’8E RACK1-containing ribosomes
(A) Rigid-body fits of the human 80S ribosome in the nonrotated state (PDB: 4UG0) show

agreement in the 60S and 40S body for both WT and S278E RACK1 reconstructions.

(B) In contrast, the fitting is inconsistent at the 40S head between the two reconstructions
(WT, gray; S278E, purple). Arrows indicate the direction of S278E 40S head displacement
toward the 60S.

(C) Closeup views of the RACK1-eS17 interface in WT (left) and S278E (right)
reconstructions of nonrotated 80S particles. eS17 contains a connecting helix between the
40S body and the 40S head, which is less pronounced in the S278E reconstruction (asterisk).
(D) Reconstruction of 40S particles isolated from S278E RACK1 purifications (left).
Zoomed-in view of the latch separating the 40S head and body. The distance between Q179
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of uS3 and G610 of the 18S rRNA is indicated and consistent with the 40S latch in the
closed conformation.

(E) Reconstruction of S278E 408S particles shows agreement with the rigid-body fit of the
40S ribosome bound to HCV IRES (PDB: 5A2Q).

(F) Overlaid models of IRES-bound 40S subunits are generally superimposable (HCV,
orange, PDB: 5A2Q; IAPV, purple, PDB: 6P4G; CrPV, blue, PDB: 7JQC; IRES models
removed for clarity).

See also Figures S2 and S3.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-HSP90 (C45G5)

Rabbit polyclonal anti-HSP40

Rabbit monoclonal anti-phospho-SAPK/INK (Thr183/Tyr185) (81E11)
Rabbit monoclonal anti-RACK1 (D59D5)

Rabbit anti-phospho-p38 MAPK (Thr180/Tyr182)

Rabbit anti-elF4G

Rabbit anti-PABP

Rabbit polyclonal anti-eEF2

Rabbit polyclonal anti-SERBP1

Rabbit polyclonal anti-Ebp1
Rabbit monoclonal anti-RPL11 (D1P5N)
Rabbit polyclonal anti-RPS2 (N2C3)

Rabbit monoclonal anti-GFP (D5.1) XP
Mouse monoclonal anti-RFP [6G6]

Mouse monoclonal anti-p-actin (8H10D10)
Mouse monoclonal anti-a-tubulin (DM1A)
Mouse monoclonal anti-GAPDH (0411)
Rabbit monoclonal anti-Raptor (24C12)

Mouse monoclonal anti-FLAG M2

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
(Walsh and Mohr, 2006)

(Walsh and Mohr, 2006)

Bethyl Laboratories

Bethyl Laboratories

Bethyl Laboratories
Cell Signaling Technology
GeneTex

Cell Signaling Technology
ChromoTek

Cell Signaling Technology
Sigma-Aldrich

Santa Cruz Biotechnology
Cell Signaling Technology
Sigma Aldrich

Cat# 4877, RRID: AB_2233307
Cat# 4868, RRID: AB_2094249
Cat# 4668; RRID: AB_823588
Cat# 5432; RRID: AB_10705522
Cat# 9211; RRID: AB_331641
N/A

N/A

Cat# A301-688A; RRID:
AB_1210953

Cat# A303-938A; RRID:
AB_2620287

Cat# A303-084A; RRID:
AB_10923145

Cat# 18163; RRID: AB_2798794

Cat# GTX114734; RRID:
AB_10620358

Cat# 2956, RRID: AB_2798794
Cat# 696-100; RRID: AB_2631395
Cat# 3700; RRID: AB_2242334
Cat# T6199; RRID: AB_477583
Cat# sc-47724; RRID: AB_627678
Cat# 2280; RRID: AB_561245
Cat# A2220; RRID: AB_10063035

Bacterial and virus strains

Subcloning Efficiency DH5a Competent Cells

Thermo Fisher Scientific

Cat# 18265017

Chemicals, peptides, and recombinant proteins

Hygromycin B
Hippuristanol

Silvestrol

Anisomycin from Streptomyces griseolus
Cycloheximide

Emetine hydrochloride hydrate

Puromycin, dihydrochloride

Lipofectamine 3000 Transfection Reagent
Lipofectamine RNAIMAX Transfection Reagent

Pierce ECL Western Blotting Reagent

SuperSignal West Femto Maximum Sensitivity Substrate
Diethyl pyrocarbonate

Dithiothreitol (DTT)

Thermo Fisher Scientific

Laboratory of Jerry
Pelletier

MedChemExpress
Millipore Sigma

Research Products
International

Cayman Chemical
Millipore Sigma
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
MP Biomedicals

Acros Organics
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Cat# 10687010; CAS: 31282-04-9
N/A

Cat# HY-13251; CAS: 697235-38-4
Cat# 9789; CAS: 22862-76-6

Cat# 81040; CAS: 66-81-9

Cat# 21048; CAS: 7083-71-8

Cat# 540222; CAS: 58-58-2

Cat# L3000-008

Cat# 13778-075

Cat# 32106

Cat# 34096

Cat# 02150902-CF; CAS: 1609-47-8
Cat# 32719-0100; CAS: 3483-12-3
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REAGENT or RESOURCE SOURCE IDENTIFIER
Triton X-100 Fisher Scientific Cat# BP151-500; CAS: 9002-93-1

RiboLock RNase Inhibitor
Pierce Protease Inhibitor Mini Tablets, EDTA-free
Acetone

Trichloroacetic acid

Thermo Fisher Scientific
Thermo Fisher Scientific
Fisher Scientific

Fisher Scientific

Cat# EO0382

Cat# A32955

Cat# A949-1; CAS: 67-64-1
Cat# A322-500; CAS: 76-03-9

FluorSave Reagent Millipore Sigma Cat# 345789
Hoescht 33342 Thermo Fisher Scientific Cat# 62249
Spel New England BioLabs Cat# R0133S
Notl-HF New England BioLabs Cat# R3189S
Cryo-EM data

WT 80S rotated state This paper EMD-24545
WT 80S nonrotated state This paper EMD-24548
S278E 80S rotated state This paper EMD-24541
S278E 80S nonrotated state This paper EMD-24542
S278E 40S This paper EMD-24544
Locally refined maps

WT 80S rotated state (60S) This paper EMD-24554
WT 80S rotated state (40S body) This paper EMD-24556
WT 80S rotated state (40S head) This paper EMD-24557
SZ78E 80S rotated state (60S) This paper EMD-24549
SZ78E 80S rotated state (40S body) This paper EMD-24552
S278E 80S rotated state (40S head) This paper EMD-24553
Experimental models: Cell lines

Human: HAP1 RACK1 knockout (no rescue) cells (Jhaetal., 2017) N/A

Human: HAP1 RACK1-WT-Flag rescue cells This paper N/A

Human: HAP1 RACK1-S278E- Flag rescue cells This paper N/A

Human: HEK293-T ATCC Cat# CRL-3216; RRID: CVCL_0063

Oligonucleotides

Primer: RACK1 Spel Forward
AAAAAACTAGTCTCAAGCTTATGACTGAGCAGATG

RACK1-Flag Notl Reverse ACCGAGCGGCCGCC
TACTTGTCGTCATCGTCTTTGTAGTCGCCGCTG
CCGCGTGTGCCAATGGT

Silencer Negative Control No. 1 siRNA
Silencer Select SERBP1 siRNA - #1
Silencer Select SERBP1 siRNA - #2

(Jhaetal., 2017)

This paper

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

N/A

N/A

Cat# AM4635
Cat# 4392420, 1D: s25142
Cat# 4392429, 1D: s25143

Recombinant DNA

pLVX-IRES-Hygromycin plasmid
WT-RACK1 FLAG
S?78E-RACK1-FLAG

PMGFP-P2A-K0-P2A-RFP
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Takara Bio USA, Inc.
This paper
This paper

(Juszkiewicz and Hegde,
2017)

Cat# 632185
N/A
N/A

RRID: Addgene_105686
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

PMGFP-P2A-K(AAA)20-P2A-RFP

(Juszkiewicz and Hegde,
2017)

RRID: Addgene_105688

Software and algorithms

Chimera or Chimera X

FlI

GraphPad Prism (version 8.0)

Metamorph Microscopy Automation and Image Analysis Software

CellProfiler Image Analysis Software

cryoSPARC

RELION

pyem

(Pettersen et al., 2004)

(Schindelin et al., 2012)

GraphPad Software Inc.

Molecular Devices

(McQuin et al., 2018)
(Punjani et al., 2017)

(Scheres, 2012)

Daniel Asarnow, Eugene
Palovcak, Yifan Cheng

RRID: SCR_004097 https://
www.cgl.ucsf.edu/chimera/

RRID: SCR_002285; https://fiji.sc/

RRID:SCR_002798;
https://www.graphpad.com/scientific-
software/prism/

RRID:SCR_002368; https://
www.moleculardevices.com/products/
cellular-imaging-systems/acquisition-
and-analysis-software/metamorph-
microscopy

RRID:SCR_007358; https:/
cellprofiler.org/releases

RRID:SCR_016501; https://
cryosparc.com

RRID:SCR_016274; https://
cam.ac.uk/relion

https://zenodo.org/record/3576630
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