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Ribosomes in RNA Granules Are Stalled on mRNA
Sequences That Are Consensus Sites for FMRP Association
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Local translation in neurons is partly mediated by the reactivation of stalled polysomes. Stalled polysomes may be enriched
within the granule fraction, defined as the pellet of sucrose gradients used to separate polysomes from monosomes. The
mechanism of how elongating ribosomes are reversibly stalled and unstalled on mRNAs is still unclear. In the present study,
we characterize the ribosomes in the granule fraction using immunoblotting, cryogenic electron microscopy (cryo-EM), and
ribosome profiling. We find that this fraction, isolated from 5-d-old rat brains of both sexes, is enriched in proteins impli-
cated in stalled polysome function, such as the fragile X mental retardation protein (FMRP) and Up-frameshift mutation 1
homologue. Cryo-EM analysis of ribosomes in this fraction indicates they are stalled, mainly in the hybrid state. Ribosome
profiling of this fraction reveals (1) an enrichment for footprint reads of mRNAs that interact with FMRPs and are associated
with stalled polysomes, (2) an abundance of footprint reads derived from mRNAs of cytoskeletal proteins implicated in neu-
ronal development, and (3) increased ribosome occupancy on mRNAs encoding RNA binding proteins. Compared with those
usually found in ribosome profiling studies, the footprint reads were longer and were mapped to reproducible peaks in the
mRNAs. These peaks were enriched in motifs previously associated with mRNAs cross-linked to FMRP in vivo, independently
linking the ribosomes in the granule fraction to the ribosomes associated with FMRP in the cell. The data supports a model
in which specific sequences in mRNAs act to stall ribosomes during translation elongation in neurons.
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Significance Statement

Neurons send mRNAs to synapses in RNA granules, where they are not translated until an appropriate stimulus is given.
Here, we characterize a granule fraction obtained from sucrose gradients and show that polysomes in this fraction are stalled
on consensus sequences in a specific state of translational arrest with extended ribosome-protected fragments. This finding
greatly increases our understanding of how neurons use specialized mechanisms to regulate translation and suggests that
many studies on neuronal translation may need to be re-evaluated to include the large fraction of neuronal polysomes found
in the pellet of sucrose gradients used to isolate polysomes.
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Introduction
In neurons, the local translation of mRNAs at distal synaptic
sites is essential for neuronal development (Cioni et al.,
2018), maintaining the local proteome (Glock et al., 2017),
homeostasis of excitability (Mori et al., 2019), and synaptic
plasticity (Sossin and Costa-Mattioli, 2019). Local translation
requires the transport of mRNAs from the soma to distal sites
in a translationally repressed state, followed by their reactiva-
tion, either when the mRNA reaches its correct location or af-
ter an appropriate stimulus (Anadolu and Sossin, 2021). Two
major forms of mRNA transport have been defined in neu-
rons, the transport of mRNAs that are repressed at translation
initiation and the transport of mRNAs for which elongation
has begun but then stalled (Sossin and DesGroseillers, 2006).
The mRNAs repressed before elongation lack large ribosomal
subunits and are often transported in dedicated mRNA trans-
port particles. In contrast, the mRNAs repressed at elonga-
tion are transported as stalled polysomes in RNA granules
(Krichevsky and Kosik, 2001; Sossin and DesGroseillers, 2006).
The local reactivation of translation from mRNAs transported as
stalled polysomes can be distinguished from mRNAs blocked at
initiation using drugs such as homoharringtonine that specifi-
cally block the first step of translation elongation, thus blocking
translation from mRNA transport particles but not RNA granules
(Anadolu and Sossin, 2021). Using this tool, several physiological
processes have been shown to be supported by initiation-inhibitor
resistant protein synthesis, such as the local production of micro-
tubule-associated protein 1B (Map1B) and the induction of a
form of long-term depression (LTD) stimulated by the activation
of metabotropic glutamate receptors (mGluRs; mGluR-LTD) in
vertebrates, as well as the induction of a type of intermediate
term synaptic plasticity in the invertebrate model system Aplysia
californica (Graber et al., 2013; McCamphill et al., 2015; Graber
et al., 2017).

Stalled polysomes are transported in neuronal RNA gran-
ules, which are large liquid–liquid phase separated structures
(Anadolu and Sossin, 2021). These were first described in oli-
godendrocytes, where they transported myelin basic protein
mRNA to myelin synthesis sites (Barbarese et al., 1995). The
term neuronal RNA granule was first used to describe a sedi-
mented fraction containing ribosomes and repressed mRNAs
lacking initiation factors (Krichevsky and Kosik, 2001). These
large collections of ribosomes can be separated from normal
polysomes based on their sedimentation in sucrose gradients
(Krichevsky and Kosik, 2001; Kanai et al., 2004; Aschrafi et al.,
2005; Elvira et al., 2006; El Fatimy et al., 2016). The proteomic
characterization of these structures is consistent with the pos-
sibility that they are stalled polysomes (Kanai et al., 2004;
Elvira et al., 2006; El Fatimy et al., 2016). Indeed, they are
enriched in mRNAs such as Map1B that undergo initiation-
inhibitor resistant protein synthesis (El Fatimy et al., 2016).

Stalled polysomes may also be necessary for neuronal de-
velopment and the regulation of developmentally expressed
mRNAs through association with the fragile X mental retar-
dation protein (FMRP), a protein that when lost results in
the neurodevelopmental disorder fragile X syndrome (Garber
et al., 2008). UV cross-linking of FMRP to mRNA in neurons
showed that FMRP was mainly associated with the coding
region of mRNAs (Darnell et al., 2011), consistent with the
possibility of FMRP associating with ribosomes. Indeed, FMRP
has been shown to be associated with stalled ribosomes in several
studies (Ceman et al., 2003; Aschrafi et al., 2005; Darnell et al.,
2011; El Fatimy et al., 2016; Shah et al., 2020). Several mRNA

sequences enriched in the regions of mRNAs cross-linked with
FMRP have been identified (Ascano et al., 2012; Anderson et al.,
2016) suggesting that specific mRNA sequences may be necessary
for determining which mRNAs are recruited to FMRP-containing
stalled polysomes. FMRP was also shown to be enriched in RNA
granules (El Fatimy et al., 2016), consistent with the idea that the
RNA granule fraction contains stalled polysomes.

The mechanism for stalling polysomes during elongation in
neurons is unknown. The nonsense-mediated decay factor Up-
frameshift mutation 1 (UPF1) homologue was implicated in this
process. Decreasing levels of UPF1 reduced initiation-inhibitor
resistant protein synthesis, the local production of Map1B, and
disrupted the induction of mGluR-LTD (Graber et al., 2017). As
UPF1 is known to be attracted to ribosomes when they reach the
stop codon through association with eukaryotic release factors
(Kim and Maquat, 2019), this suggests that stalled mRNAs within
RNA granules may be blocked at the release step of translation
termination. To test this, we used ribosome profiling, also known
as ribosome footprinting, to elucidate the position of ribosomes
on mRNAs through sequencing the ribosome-protected frag-
ments (footprint reads) after nuclease treatment (Ingolia, 2014).
We took advantage of the enrichment of RNA granules in the pel-
lets of sucrose gradients (El Fatimy et al., 2016) to create an
enriched granule fraction and identified the sites occupied by
ribosomes in this fraction. Cryogenic electron microscopy (cryo-
EM) analysis of the ribosomes in the pellet revealed that most of
the ribosomes were stalled in the hybrid position and were loaded
with two tRNA molecules, one in the A/P configuration and the
second in a P/E configuration. The footprint reads from these
ribosomes were larger than expected and produced reproducible
peaks, highly enriched in motifs previously associated with FMRP
target mRNAs (Ascano et al., 2012; Anderson et al., 2016), and
consensus sites for m6A modifications in the brain (Zhang et al.,
2018). Contrary to our prediction, the footprint reads were not
enriched at the stop codon but were slightly biased toward the
first half of the open reading frame of transcripts. We propose a
stochastic model in which stalling of ribosomes at specific
motifs in mRNAs in neurons attracts FMRP, starting a pro-
cess of RNA granule assembly that allows transport of stalled
ribosomes to distal sites in neurons that will later be reacti-
vated for local translation.

Materials and Methods
Reagents used

Antibodies used. The following antibodies were used: rabbit
anti-S6 (catalog #2217, Cell Signaling Technology), rabbit anti-FMRP
(catalog #4317, Cell Signaling Technology), rabbit anti-eEF2 (catalog
#2332S, Cell Signaling Technology), rabbit anti-Upf1 (catalog
#ab133564, Abcam), mouse anti-Stau2 (catalog #MM0037-P,
MediMabs), rabbit anti-PurA (catalog #ab79936, Abcam), mouse
anti-hnRNPA2B1 (catalog #NB120-6102, Novus Bio), mouse anti-
SMN (catalog #NB100-1936, Novus Bio), rabbit anti-IGF2BP1
(ZBP1; catalog #NBP2-38 956, Novus Bio), rabbit anti-TIA1 (cata-
log #12133-2-AP, Proteintech), rabbit anti-eIF4E (catalog #9742,
Cell Signaling Technology), mouse anti-G3BP (catalog #H00010146-
M01, Abnova), anti-PNRC2 (catalog #NBP-1-74252, Novus Bio),
anti-YT521-B homology domain containing protein (YTHDF1; cat-
alog #17479-1-AP, Proteintech), anti-phosphoS6 (catalog #4858T,
Cell Signaling Technology), and HRP-conjugated secondary anti-
bodies (catalog #31430 and #31460, Thermo Fisher Scientific).

Enzymes used. The enzymes used were RNase I (catalog
#AM2294, Ambion), SuperaseIN (20 U/ml; catalog #AM2696,
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Invitrogen) and T4 polynucleotide kinase (catalog #M0201,
New England Biolabs).

Kits used. The following kits were used: enhanced chemolu-
minescence kit (catalog #NEL105001EA, PerkinElmer), Western
Blot Stripping Buffer (catalog #S208070, ZmTech Scientifique),
Ribo-Zero Gold (Human/Mouse/Rat) Kit (Illumina), NEBNext
rRNA Depletion Kit (Human/Mouse/Rat; catalog #E6350, New
England Biolabs), NEXTflex Small RNA Sequencing Kit version 3
(catalog #NOVA-5132-06, PerkinElmer), and RiboCop rRNA
Depletion Kit HMR V2 (catalog #144, Lexogen).

Specialized equipment included the following: Bio Rad
ChemiDoc digital imager, Biocomp Gradient Master; Agilent
Small RNA chip (Agilent Technologies), NovaSeq S1/2 flow
cells, Tecnai F20 electron microscope, Gatan Ultrascan 4000
4 k� 4 k CCD Camera System, Density Gradient Fractionation
System (BR-188, Brandel) with Syringe Pump (Syr-101, Brandel),
and Fraction Collector (Foxy R1, Teledyne ISCO) with UA-6
Absorbance Detector (Brandel).

Biological and computational resources. Sprague Dawley rats
were purchased from Charles River Laboratories. For computa-
tional resources, see below, Ribosome sequencing and RNA
sequencing data analysis.

Statistical analysis. To determine significant enrichment and
abundances of particular sets of mRNAs in the stalled polysomes
compared with the overall mRNAs, t tests with Bonferroni correc-
tion were used. Significance of motifs and Gene Ontology (GO)
terms were determined by the programs used for this task
(HOMER, gProfileR) and edgeR (Robinson et al., 2010) (see
below, Ribosome sequencing and RNA sequencing data analysis).

Purification of RNA granules
RNA granules were purified from whole-brain homogenate
harvested from postnatal day (P)5 Sprague Dawley rats of
both sexes, using a protocol adapted from a previous study
(El Fatimy et al., 2016). Five P5 rat brains were homogenized
in RNA Granule Buffer (20 mM TRIS-HCl, pH 7.4; catalog
#BP152-1, Thermo Fisher Scientific), 150 mM NaCl (catalog
#BP358-212, Thermo Fisher Scientific), 2.5 mM MgCl2 (cata-
log #M33-500, Thermo Fisher Scientific) supplemented with
1 mM DTT (catalog #D9163, Sigma-Aldrich), 1 mM EGTA
(catalog #E8145 Sigma-Aldrich), and EDTA-free protease
inhibitor (catalog #04693132001, Roche). Note that cyclo-
heximide (catalog #ab120093, Abcam) was not added to the
homogenization buffer unless explicitly stated. Homogenate
was centrifuged 15min in a Thermo Fisher Scientific T865
fixed-angle rotor at 6117 � g at 4°C to spin down cellular de-
bris. The supernatant was treated with 1% IGEPAL CA-630
(catalog #I8896, Sigma-Aldrich) for 5min at 4°C on a rocker.
The sample was then loaded onto a 2 ml 60% sucrose (catalog
#8550, Calbiochem) cushion (dissolved in supplemented RNA
Granule Buffer) in a Sorvall 36 ml tube (Kendro, catalog #3141,
Thermo Fisher Scientific), filled to the top with additional RNA
Granule Buffer and centrifuged for 2 h in a Thermo Fisher
Scientific AH-629 swing-bucket rotor at 56,660 � g at 4°C to
achieve the polysome pellet. The pellet was resuspended in RNA
Granule Buffer, gently dounced, and loaded over a 15–60% linear
sucrose gradient (gradient was made with RNA Granule Buffer)
that was prepared in advance using a gradient maker (Biocomp
Gradient Master) and centrifuged for 45min at 56,660 � g at
4°C in a Thermo Fisher Scientific AH-629 swing bucket rotor.
Fractions of 3.5 ml were then collected from the top, and the
remaining pellet was rinsed once and then resuspended using
RNA Granule Buffer. For experiments measuring UV absorbance,

sucrose gradients were centrifuged using an SW40 rotor
(Beckman Coulter) and fractionated using an ISCO density
gradient fractionation system, optical density was continu-
ously recorded at 254 nm, and fractions were collected with
a Foxy Jr Fractionator (Teledyne ISCO). For some experi-
ments, such as for electron microscopy, the resuspended
pellet was used directly or treated with salt and nuclease to
break up the ribosome clusters into monosomes (see below). For
some experiments, such as ribosome footprinting (see below,
Nuclease and salt treatments), the fractions were precipitated
overnight at�20°C by adding two volumes of chilled 100% etha-
nol. The precipitated samples were then centrifuged for 45min
at 2177 � g at 4°C in an Eppendorf 5810/5810 swing bucket
rotor before collection using RNA Granule Buffer.

Nuclease and salt treatments
We treated the pellet fraction with salt and nuclease to break up
the polysomes in the RNA granule into monosomes for ribo-
some footprint analysis. The pellet was incubated with RNA
Granule Buffer containing 400 mM NaCl for 10min at 4°C on a
rocker (El Fatimy et al., 2016). Before nuclease treatment, the
NaCl concentration was reduced to 150 mM by diluting the sam-
ple with a NaCl-free RNA Granule Buffer. The sample was
then treated with 100 U of Ambion RNase I (100 U/ml; cata-
log #AM2294, Thermo Fisher Scientific) for 30min at 4°C on
a rocker. The nuclease was quenched with 100 U of Invitrogen
SuperaseIN (20 U/ml; catalog #AM2696, Thermo Fisher
Scientific), and the samples were rerun on a fresh 15–60%
sucrose gradient to separate monosomes. Fraction 2 was pre-
cipitated overnight at �20°C by adding 7 ml of chilled 100%
ethanol. The precipitated samples were then centrifuged for
45min at 2177 � g at 4°C in an Eppendorf 5810/5810 swing
bucket rotor, and pellets were resuspended in RNA Granule
Buffer. For ribosome profiling (see below, Footprint sequenc-
ing library construction and sequencing), the Fraction 2 pel-
lets were stored in isopropanol before analysis.

Transmission and cryo-electron microscopy
In experiments where samples were imaged by negative staining,
the untreated pellet fraction and polysome fraction, the pellet
fractions after treatment with either high-salt or nuclease or
both, or the monosome fraction after sucrose gradients were de-
posited on the EM grids. The ribosome concentration of each
sample was adjusted to;80ng/ml (;25 nM) using RNA Granule
Buffer before applying them to the grids. In the case of the sam-
ple treated with both nuclease and high salt, the concentration of
the sample applied to the grid was 9.2 ng/ml (2.9 nM). For these
experiments, we used 400 mesh copper grids freshly coated with
a continuous layer of thin carbon. Grids were glow discharged at
15mA for 15 s and then floated on a 5 ml drop of the diluted
sample for 2min. Excess of the sample was blotted away with fil-
ter paper (Whatman #1), and to stain them, they were subse-
quently floated on a 5 ml drop of a 1% uranyl acetate solution for
1min. Excess stain was blotted away, and the grids were dried in
air and stored in regular grid boxes. The EM images were
acquired on a Tecnai F20 electron microscope operated at
200 kV using a room temperature side entry holder. Images
were collected in a Gatan Ultrascan 4000 4 k � 4 k CCD
Camera System Model 895 at a nominal magnification of
60,000�. Images produced by this camera had a calibrated
pixel size of 1.8 Å/pixel. The total electron dose per image
was ;50 e-/Å2. Images were collected using a defocus of
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approximately �2.7mm. Images were prepared for figures
using the Adobe Photoshop program.

For samples imaged by cryo-EM, the pellet fraction was
treated with nuclease before being deposited on the cryo-EM
grids. The ribosome concentration in the sample applied to the
grid was 160 nM. Cryo-EM grids (c-flat CF-2/2-2C-T) used for
these samples were washed in chloroform for 2 h and treated
with glow discharged in air at 15mA for 20 s. A volume of 3.6ml
was applied to the grid before vitrification in liquid ethane using
a Vitrobot Mark IV (Thermo Fisher Scientific). The Vitrobot pa-
rameters used for vitrification were blotting time 3 s and a blot
force 11. The Vitrobot chamber was set to 25°C and 100% rela-
tive humidity.

Cryo-EM datasets were collected at FEMR-McGill using a Titan
Krios microscope at 300kV equipped with a Gatan BioQuantum
K3 direct electron detector. The software used for data collection
was SerialEM (Schorb et al., 2019). Images were collected in count-
ing mode according to the parameters described in Table 1.

To calculate the cryo-EM structures, cryo-EMmovies obtained
in the Titan Krios were corrected for beam-induced motion using
the RELION implementation of the MotionCor 2 algorithm
(Zheng et al., 2017). Contrast Transfer Function (CTF) parameter
estimation was done using the CTFFIND-4.1 program (Rohou and
Grigorieff, 2015). The remaining processing steps were done using
RELION-3 (Zivanov et al., 2018). Individual particles in the images
were identified using autopicking. These particles were extracted
and subjected to two cycles of reference-free 2D classification to
remove false-positives from the autopicking process. The cleaned
dataset was subjected to three layers of 3D classification. In each
layer, each class was split into three new classes. The initial 3D refer-
ence used for the 3D classification was a 60Å low-pass-filtered map
of the 80S human ribosome created from Electron Microscopy
Data Bank (EMD)-2938 (Khatter et al., 2015). The 3D classifications
did not use masks. To speed up the computer calculations, the 2D
and 3D classifications were performed using particle images binned
by four. However, we use full-size images (1.09Å/pixel) in the
refinement steps. Particles assigned to maps representing the same
conformation were pooled together and used for 3D autorefine.
The numbers of particles assigned to each class and included in
each refinement are described below. Refinement was performed in
four stages: In the first stage, the 3D autorefine was performed with-
out a mask. The resulting map was used to create a mask and was
also used as the initial reference for a second stage refinement that
included one additional 3D autorefine cycle. Masks were created
with the relion_mask_create command extending the binary mask
by four pixels and creating a soft edge with a width of four pixels.
The initial threshold for binarization of the mask varied depending
on the structure. In the third step, we used the output of the last 3D
autorefine job as the input for CTF refinement. In this process, we
selected Estimate (anisotropic) magnification as yes in the first cycle.
In the second cycle of CTF refinement, we selected Perform CTF
parameter fitting as Yes and selected Fit defocus as Per-particle and
Fit astigmatism as Per-micrograph. We selected No for Fit B-factor,
Fit phase-shift, Estimate trefoil, and Estimate fourth order aberra-
tions. However, we selected Yes for Estimate beam tilt, as our data
were collected using this approach. We also selected Yes for
Estimate trefoil and Estimate fourth order aberrations. In the fourth
step, we used the output from the CTF refinement job to perform
Bayesian polishing to correct for per-particle beam-induced motion
before subjecting these particles to the last cycle of 3D autorefine.
Bayesian polishing was performed using sigma values of 0.2Å/dose,
5000Å and 2Å/dose for velocity, divergence and acceleration,
respectively. The map from the last cycle of the 3D autorefine

(80S consensus map) was used to perform multibody refinement
by dividing the 80S structure into two major bodies (body1, 60S;
body2, 40S). Sharpening of the final cryo-EM maps was done
with RELION (Zivanov et al., 2018). The average resolution for
the 80S consensus maps and for those obtained for each one of
the subunits through the multibody refinement was estimated by
gold-standard Fourier shell correlation (FSC). Resolution estima-
tion is reported using an FSC threshold value of 0.143. Local re-
solution analysis in the 80S consensus and composite maps was
done with RELION (Zivanov et al., 2018). In each class, the com-
posite map of the 40S and 60S subunits was obtained from the
refinement of the 40S and 60S subunits through multibody refine-
ment and subsequently merging the two subunits into a single map
using the vop add command in Chimera. Cryo-EM map visualiza-
tion was done by UCSF Chimera (Pettersen et al., 2004) and
Chimera X (Goddard et al., 2018; Pettersen et al., 2021).

Immunoblotting and quantification of enrichment
For immunoblotting, SDS sample buffer was added to each
sample before loading onto a 10% or 12% acrylamide gel. The
resolved proteins were either stained with Coomassie Brilliant
Blue (catalog #821616, Thermo Fisher Scientific) or transferred
onto a 0.45mm nitrocellulose membrane (catalog #1620115,
Bio-Rad Laborartories) for immunoblotting. The membranes
were blocked with 5% BSA (catalog #9647, Sigma-Aldrich) in
Tris-buffered saline with Tween (TBS-T; catalog #BP152-1,
Thermo Fisher Scientific; NaCl, catalog #BP358-212 Thermo Fisher
Scientific; Tween, catalog #BP337, Thermo Fisher Scientific) before
incubation with primary antibodies (see above, Reagents) all at
1:1000 dilution. Membranes were washed with TBS-T after incuba-
tion. Detection was done using HRP-conjugated secondary anti-
bodies (catalog #31430 and #31460, Thermo Fisher Scientific)
followed by ECL (catalog #NEL105001EA, PerkinElmer) reaction
and imaging using the Bio-Rad ChemiDoc digital imager. For
quantification of RNA binding protein (RBP) enrichment, mem-
branes were stripped with a Western Blot Stripping Buffer (catalog
#S208070, ZmTech Scientifique) and reprobed with rabbit anti-S6
(catalog #2217, Cell Signaling Technology) antibody, followed by

Table 1. Data acquisition parameters for cryo-EM dataset

80S Class 1 (A/P & P/E tRNAp) 80S Class 2 (P/P tRNAp)

Data collection
Microscope Titan Krios Titan Krios
Detector Gatan BioQuantum LS K3 Gatan BioQuantum LS K3
Nominal Magnification 81,000x 81,000x
Voltage (kV) 300 300
Total exposure (e-/Å2) 45 45
Number of frames 36 36
Defocus range (mm) �1.25 to �2.75 �1.25 to �2.75
Calibrated physical pixel
size (Å/px)

1.09 1.09

Reconstruction and refinement
Particle number 1,630,390 269,103
Resolution (Å) Consensus map (CM):

80S (2.4Å)
Multi-body refinement
(MBR): 40S (2.5Å) &
60S (2.3 Å)

CM: 80S (2.6Å)
MBR: 40S (3Å) &
60S (2.6 Å)

Data Deposition
EMDB code CM: 80S (EMDB-29538)

MBR: 40S (EMD-28726)
& 60S (EMD-28727)

CM: 80S (EMDB-29539)
MBR: 40S (EMD-26517)
& 60S (EMD-26518)

*A/P tRNA: Aminoacyl / Peptidyl transfer RNA; P/E tRNA; Petidyl/Exit transfer RNA; P/P tRNA: Peptidyl /
Peptidyl transfer RNA.
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detection with HRP-conjugated secondary antibodies (catalog
#31430 and #31460, Thermo Fisher Scientific).

Quantification of signal intensity was done using ImageJ soft-
ware. We selected full-lane ROIs and quantified single bands cor-
responding to the observed kilodalton size of each protein. We
then used the corresponding anti-S6 signal intensity to quantify
the amount of examined protein per S6 ribosomal protein for
each fraction. For each experiment, the protein/S6 value was nor-
malized to the protein/S6 value from the starting material.
Following this normalization, biological replicates were averaged.
For salt and nuclease experiments, we calculated the proportion
of Granule Fraction Polysomes (Pellet) digested into monosomes
(Fraction 2) by doing the following calculation: Fraction 2/
(Fraction 21 Pellet).

Footprint sequencing library construction and sequencing
Fraction 2 from the monosome purification was centrifuged at
4444 � g at 4°C for 60min, the isopropanol was removed, and
the pellet was air-dried and resuspended in 10 mM Tris-HCl,
pH 7. We then proceeded with a standard hot phenol-acid
extraction (Acid Phenol/Chloroform mix 125:24:1; catalog
#AM9722, Invitrogen). The samples were resuspended in nu-
clease-free water and quantified on a Spectrophotometer. All
samples were depleted of ribosomal RNA using the Ribo-Zero
Gold (Human/Mouse/Rat) Kit [Illumina; granule fraction
(GF) replicates 1–3 and GF cycloheximide treated 1–3] or the
NEBNext rRNA Depletion Kit (Human/Mouse/Rat; catalog
#E6350, New England Biolabs; GF replicates 4–5, total poly-
somes 1–4, and no salt treatment 1–2) or the Ribocop rRNA
depletion Kit HMR V2 [GF replicates 6–8 and polysome frac-
tion (PF) 1–3]. The three last replicates (6–8) are used for size
distribution analysis, and the analysis comparing GF to PF as
these fractions are from the same purification as the PF but
were not used in other analyses that used GF replicates (1–5).
The footprint samples were size selected using the 17 and 34 nt
markers as a guide on a 15% TBE-Urea polyacrylamide gel
(Thermo Fisher Scientific), whereas total RNA samples were
randomly heat fragmented by incubating at 95°C in an alkaline
fragmentation solution (50 mM NaCO3, pH 9.2, 2 mM EDTA)
for 40min, yielding comparably sized fragments to footprints.
All samples were dephosphorylated using PNK (T4, New
England Biolabs). The quality and concentration of samples
were assessed by running an Agilent Small RNA chip, and
sequencing libraries were generated using the NEXTflex
Small RNA Sequencing Kit v3 (catalog #NOVA-5132-06,
PerkinElmer), according to instructions from the manufac-
turer. Samples were balanced and pooled for sequencing
with Edinburgh Genomics or the McGill University Genome
Center on NovaSeq S1/2 flow cells yielding 50 (Edinburgh)
or 100 (McGill) bp paired-end reads.

Ribosome sequencing and RNA sequencing data analysis
Adaptor sequences and low-quality score containing bases (Phred
score , 30) were trimmed from reads using Cutadapt version 2.8
(-j 8 -u 4 -u �4 -Z -o; Martin, 2011). Noncoding RNAs were
removed by custom scripts following mapping these contaminant
reads using Bowtie2 version 2.3.5 (–phred33 –very-sensitive;
Langmead and Salzberg, 2012). The unmapped reads were aligned
to reference rat genome (Rnor_6.0.94) using STAR version 2.7.3a
(Dobin et al., 2013) with options previously described (Biever
et al., 2020; –twopassMode Basic –twopass1readsN �1
–seedSearchStartLmax 15 –outSJfilterOverhangMin 15 8 8 8
–outFilterMismatchNoverReadLmax 0.1). QuantMode with

STAR was used to obtain genomic and transcript coordinates
(Dobin et al., 2013). Assigning ribosome protected reads to
genomic features [coding sequence (CDS), UTRs] was based on
genome annotation (Rnor_6.0.94). Only a single transcript iso-
form, with the highest APPRIS score (Rodriguez et al., 2013), was
considered per gene. All sequence data analyzed during the study
are publicly accessible through the National Center for
Biotechnology Information (BioProject ID PRJNA931294).

Raw counts obtained using featurecounts version 2.2.0
(Liao et al., 2014) were analyzed using the R package edgeR
(Robinson et al., 2010). From this package, transcript abun-
dance was obtained for ribosome sequencing (riboseq) and
RNA sequencing (RNAseq) data in reads per kilobyte of
mRNA (RPKM). Ribosomal occupancy was determined for
each transcript by dividing riboseq RPKM by RNAseq RPKM.
False discovery rates (FDRs) and p values were determined for
ribosomal occupancy in the package, and nominal p values
were corrected for multiple testing using the Benjamini–
Hochberg method. For enrichment, Trimmed Mean of M-val-
ues (TMM) as implemented in edgeR; adjusted p values and
FDR were calculated as described in the package (Robinson et
al., 2010).

GO enrichment analysis was performed with gProfileR
(Reimand et al., 2016). Enrichment p values were based on a
hypergeometric test using the set of known Rat genes as
background. Sample correlation based on normalized read
count was obtained using the R package edgeR (Robinson et
al., 2010) We used Ribowaltz (Lauria et al., 2018) to assign
length-dependent P site correction and periodicity assign-
ment to each read. Codon usage statistics was calculated
using coRdon bioconductor package (https://github.com/
BioinfoHR/coRdon). RNA secondary structure prediction
was done by calculating minimum of free energy using
MFOLD (Zuker, 2003).

Identification of consensus peaks
Sites enriched with ribosomal footprints were identified using
normalized riboseq profiles using peak identification function
within IDPmisc, an R package (https://CRAN.R-project.org/
package=IDPmisc). Peak width of minimum 18nt and peak
height above the mean peak height within the transcript was
used as the criteria to define a region with significant enrichment
of ribosome protected reads. Only peaks region that overlap (at
least 90% nt overlap) in at least three of five samples were consid-
ered using BEDtools version 2.29.2 (Quinlan and Hall, 2010)

Motif analysis
The peak regions were scanned for known human RNA-binding
protein motifs using the FIMO program (Grant et al., 2011)
which is part of the MEME Suite (Bailey et al., 2009). Only search
results with a p value less than the threshold of 0.05 were consid-
ered. De novomotif finding was performed using peak from ribo-
some protected reads. The HOMER tool (Heinz et al., 2010) was
used for this analysis (findMotifs. pl -rna). Background sequences
were randomly selected from transcripts with no peaks.

Data availability
All sequence data analyzed during the study are publicly accessi-
ble through the National Center for Biotechnology Information
(BioProject ID PRJNA931294). All Microsoft Excel files with
complete numbers are attached as supplemental data. The cryo-
EM maps obtained in this study have been deposited in the
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Electron Microscopy Data Bank; the accession codes are pro-
vided in Table 1.

Results
Isolation of the granule fraction
RNA granules are found in the pellet of sucrose gradients used to
purify polysomes from monosomes (Krichevsky and Kosik,
2001; Kanai et al., 2004; Aschrafi et al., 2005; Elvira et al., 2006;
El Fatimy et al., 2016). Our protocol to enrich for RNA granules
is based on a previous study (El Fatimy et al., 2016) that involves
a high-velocity spin over a 60% sucrose pad to enrich for all poly-
somes (Total polysomes), followed by short spin on a 15–60%
sucrose gradient to separate polysomes (PF) from the GF (Fig.
1A). The short sedimentation time allows for clear separation of
two populations of ribosomal proteins as can be seen from
Coomassie staining and immunoblotting for the ribosomal pro-
tein S6 (Fig. 1B). The ribosomal proteins peak in fraction 5–6
(PF), and very few ribosomal proteins are found in fractions 8–9
(Fig. 1B) in contrast with the large number of ribosomal proteins
in the pellet (GF; Fig. 1B). A UV absorption plot also confirms
that very few A254 absorbing structures are present in the last
fractions before the pellet (fractions 9–10) before the GF (which
was not resuspended in this case; Fig. 1C). EM of the GF and PF
shows ribosomal clusters in transmission EM pictures (Fig. 1D).
Counting of ribosomes in the clusters from the GF and the PF
using transmission EMmicrographs (Fig. 1D) revealed no differ-
ence in the number of ribosomes/cluster between the two frac-
tions suggesting that the granule fraction is not simply made up
of larger polysomes (106 4.2 ribosomes in the GF; n = 219 clus-
ters, 14 micrographs, 2 preparations) and 10 6 5.2 ribosomes in
the PF (N = 240 clusters, 14 micrographs, 2 preparations).

FMRP is known to be associated with stalled polysomes
(Ceman et al., 2003; Darnell et al., 2011; Graber et al., 2013;
Chen et al., 2014; El Fatimy et al., 2016). If stalled polysomes are
enriched in the GF, FMRP should be enriched in the GF com-
pared with the PF. To examine which markers are enriched in
the GF, we performed Western blot analysis on the starting ma-
terial, PF and GF. For quantification, we standardized the levels
of the proteins to the levels of the ribosomal protein S6 to nor-
malize for the number of ribosomes in each fraction. As
expected, FMRP is enriched in the GF (Fig. 1E,F). Similarly, Pur-
alpha (PURA), a protein that marks RNA granules in neurons
(Kanai et al., 2004; El Fatimy et al., 2016) and whose loss leads to
neurodevelopmental disorders (Reijnders et al., 2018), was also
enriched in the GF compared with the PF (Fig. 1E,G). UPF1 is
required for the efficient formation of RNA granules (Graber et
al., 2017) and is enriched in the GF (Fig. 1E,H), Interestingly, we
could not detect the eukaryotic elongation factor 2 (eEF2) in the
polysome or the granule fraction (Fig. 1E,I). This argues against
a previous model where phosphorylation of eEF2 trapped in
stalled polysomes was proposed to be a key step in the reactiva-
tion of stalled polysomes (McCamphill et al., 2015; Sossin and
Costa-Mattioli, 2019). Although UPF1 is a major component on
the nonsense-mediated decay (NMD) pathway, PNRC2, another
major marker of the NMD pathway, was not enriched in the GF
(Fig. 1E,J), consistent with UPF playing a role in RNA granules
independent of its role in NMD (Graber et al., 2017). UPF1 inter-
acts with Staufen 2 (STAU2), and this interaction is important
for the formation of stalled polysomes (Graber et al., 2017).
However, although STAU2 was present in the GF, it was not
enriched compared with the PF (Fig. 1E,K). All the other RBPs
examined (ZBP1, G3BP1, hnRNPA2B1), which have also been
associated with RNA granules in previous studies (Elvira et al.,

2006; Fallini et al., 2011), showed similar results to STAU 2 (Fig.
1E,L–N), suggesting that many RBPs are equally distributed
between the two fractions and emphasizing the enrichment of
FMPR, PURA, and UPF1 in the GF, specifically. Neither the pol-
ysome nor the pellet fraction was enriched for eIF4E, consistent
with the lack of ribosomes in the process of initiation (Fig. 1E,
O). In contrast, SMN and TIA, RBPs particularly implicated in
stress granules (Waris et al., 2014) but not present in RNA gran-
ule proteomics (Kanai et al., 2004; Elvira et al., 2006; El Fatimy et
al., 2016), were not enriched in either of the two fractions (Fig.
1E,P,Q), indicating that stress granules are not an abundant con-
stituent in these preparations. The GF was also not enriched for
S6 phosphorylation (Fig. 1E,R), nor for YTHDF1 (Fig. 1E,S), an
m6A reader, despite the abundance of m6A sites under ribo-
somes in the GF (see below).

Overall, the protein composition of the GF demonstrates dis-
tinctions in ribosome associated proteins compared with the PF
(fractions 5–6), suggesting a distinct subset of ribosomes are
enriched in the GF.

Cleavage of pelleted ribosomes into monosomes
Ribosome profiling is based on nuclease digestion of mRNA that
is not protected by ribosomes, isolation of monosomes contain-
ing the protected mRNA, followed by library construction and
sequencing. Stalled ribosomes have been reported to be resistant
to cleavage by nucleases (Darnell et al., 2011). Based on the previ-
ous observation that high-salt conditions cause the unpacking of
the ribosomes in the pellet (El Fatimy et al., 2016), we treated the
granule fraction with 400 mM sodium chloride for 10min before
dilution to reduce the salt concentration back to physiological
levels (150 mM) followed by incubation with RNase I (Fig. 2A).
We found that this treatment could cleave the ribosome clusters
to monosomes (Fig. 2B–F). The effect of the high-salt and nucle-
ase treatments was visualized using negative staining EM (Fig.
2B). Samples either untreated or treated with the high-salt buffer,
nuclease (low concentration, 0.5ml:50 U) or both were deposited
on the EM grids and negatively stained. When applied separately,
we observed that the high-salt and nuclease treatments induced
partial unpacking of the ribosome clusters. Only when both
treatments were applied to the sample did the EM images show
that the ribosome clusters had dissociated into monosomes (Fig.
2B).

We also examined cleavage by resedimentation after cleavage.
After RNase digestion, we resedimented the fractions on a su-
crose gradient and measured the movement of S6 ribosomal pro-
tein immunoreactivity from the GF to fraction 2 of the sucrose
gradient (Fig. 2C–F). We observed that the high-salt treatment
improved the digestion by nuclease at low nuclease concentra-
tions. However, some preparations of nuclease led to complete
cleavage even without the need for salt (Extended Data Fig. 2-1).
At the higher concentration of nuclease (1ml:100 U), there was
no difference in digestion in the presence or absence of salt (Fig.
2C; Extended Data Fig. 2-1), consistent with previous results sug-
gesting that high concentrations of nuclease can cleave stalled
polysomes (Darnell et al., 2011).

Cryo-EM analysis of ribosomes reveals ribosomes are stalled
in the hybrid position
To examine the state of the ribosomes in the pelleted fraction,
the RNase I–treated RNA granules were deposited in cryo-EM
grids and vitrified for analysis using single-particle approaches.
We used the nuclease-treated fraction as single-particle analysis
is simplified by the separated monosomes. The 400 mM sodium
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Figure 1. Characterization of the granule fraction. A, Summary of protocol for isolating the GF from P5 rat whole-brain homogenate using sucrose gradient fractionation. B,
Top, SDS-PAGE stained with Coomassie Brilliant Blue showing enrichment of the characteristic distribution of ribosomal proteins in Fractions 5–6 (PF) and Pellet (GF). Bottom,
Immunoblot analysis (from a separate purification) of S6 ribosomal protein showing peaks in Fractions 5–6 (PF) and Pellet (GF). Top, Lanes are described (M, Molecular weight
marker). C, Top, SDS-PAGE stained with Coomassie Brilliant Blue showing the distribution of proteins from Fraction 1 to Fraction 10, excluding the pellet. Bottom, UV absorption
plot (A254) of the same experiment collected fractions 1–10 showing enrichment of polysomes in the PF. D, Negative stained electron micrograph of the GF and PF shows clus-
ters of ribosomes of approximately the same size. E, Immunoblot analysis of starting material (PF; Fraction 5/6) and GF (Pellet) stained for RBPs implicated in RNA granules and
stalled polysomes and other factors, FMRP, PURA, UPF1, eEF2, PNRC2, STAU2, ZBP1, G3BP, HNRNPA2B1, eIF4E, SMN, TIA1, p-S6, YTHDF1. One representative blot for each RBP is
shown, each blot is normalized to the S6 staining from that blot, and the S6 blot is shown below each separate blot. F–P, Quantification of Western blots. The fold enrichment
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chloride treatment of the RNA granules was eliminated for these
samples to prevent the dissociation of stalling factors potentially
bound to these ribosomes. Individual ribosomes in the cryo-EM
micrographs were selected and subjected to 2D and 3D classifica-
tion. Images were collected in counting mode according to the
parameters described in Table 1, and the imaging process work-
flow is shown in Extended Data Figure 3-1.

We found that two classes of the 80S ribosomes coexisted in
the RNA granules (Fig. 3). Class 1 was more populated and con-
tained 85% of the particles in the dataset. A consensus map cryo-
EM map for class 1 was obtained and refined to 2.4Å resolution
and refined further using a multibody refinement approach. In
this approach each subunit defined one body, and the 40S and
60S subunits refined to 2.5Å and 2.3Å resolution, respectively
(Extended Data Fig. 3-2). In this class 1, the 80S ribosomes
exhibited tRNA molecules in hybrid A/P and P/E state (Fig. 3A).
Particles in class 2 represented the 15% remaining of the

population and contained a tRNA in the P-site (Fig. 3B) but an
empty A site. We also obtained a consensus map for this class
that refined to 2.6Å resolution, and the multibody refinement
approach of their 40S and 60S subunits produced maps that
refined to 3Å and 2.6Å resolution, respectively (Extended Data
Fig. 3-2).

The hybrid structures are consistent with ribosomes stalled in
the elongation process, such as the following ribosomes in col-
lided ribosome structures (Juszkiewicz et al., 2018). Although we
do not believe that these structures emanate from collided ribo-
somes (see below), the structures are consistent with the presence
of stalled ribosomes in the pellet fraction. Despite the absence of
salt and the high resolution of these structures, no additional
large densities were observed in these structures.

A feature observed in the two classes of 80S ribosomes found
in the GF was the absence of cryo-EM density in the 60S P stalk
(Fig. 3, bottom). A closer analysis revealed a complete lack of
density for r-protein uL10 (Rplp0) and uL11 (Rpl12) and the
rRNA loops connecting both proteins. uL10 is an essential pro-
tein for the stability of the P stalk and together with uL11 form
the base of the P stalk. Therefore, these structures suggest that
the P stalk is highly flexible in the two classes of ribosomes. uL10
is also one of the binding sites of the elongation factor eEF2, and
it participates in the formation of the GTPase-associated center
(Naganuma et al., 2010). Consequently, the absence of P stalk

Figure 2. Cleavage of compacted stalled polysomes into monosomes. A, Schematic of nuclease digestion of polysomes from GF into monosomes. B, Electron micrographs of negatively
stained GF following treatment with and without RNase I, and with and without pretreatment with Salt (–Nuclease –Salt, top left; –Nuclease1Salt, top right;1Nuclease –Salt, bottom left;
1Nuclease1Salt, bottom right). Scale bar, 100 nm. Note that EM images represent the GF treated with nuclease and salt before the second sucrose gradient and not the purified monosomes
in Fraction 2 obtained from the second sucrose gradient. C–E, Western blot analysis for S6 ribosomal protein in sucrose gradient fractions. The GF was resuspended, treated with 0 ml (c), 0.5 ml
(D) and 1 ml (E) RNase I, with or without pretreatment of 400 mM NaCl (–Salt, top;1Salt, bottom), followed by a 15–60% sucrose gradient run for 45 min, after which fractions were collected
and run on Western blot (see above, Materials and Methods). F, Quantification of digestion measured as the ratio of mean S6 intensity of digested monosomes compared with pellet [Fraction 2/
(Fraction 21 Pellet)] represented as percentage of digestion to monosomes; N = 4 biological replicates. Error bars indicate SEM. Images where nuclease caused complete cleavage in the absence
of salt as shown in Extended Data Figure 2-1.

/

compared with starting material normalized to levels of S6 (see above, Materials and
Methods) is shown for each RBP, FMRP (N = 3), PURA (N = 3), UPF1 (N = 6), eEF2
(N = 3), PNRC2 (N = 4), STAU2 (N = 4), ZBP1 (N = 4), G3BP (N = 3), hnRNPA2B1 (N = 3),
eIF4E (N = 4), SMN (N = 3), TIA1 (N = 4), p-S6 (N = 4), and YTHDF1 (N = 4). Error bars indi-
cate SEM.
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density in these structures suggests that
halting translation in these ribosomes
involves the prevention of binding of
elongation factors such as eEF2.

Characterization of the ribosome-
protected fragments of mRNAs in the
granule fraction
To ensure that the ribosome profiling
was done on monosomes, the cleaved
ribosomes (treatment with high con-
centrations of RNase I (1 U) from the
GF, PF, or the total ribosomes (Fig. 1A)
were loaded onto a second 15–60% su-
crose gradient and centrifuged to separate
the monosomes before RNA extraction,
library preparation, and sequencing of the
footprint reads (Figs. 4A–C, 5A). UV ab-
sorbance (A254) shows a peak in fraction
2 (Fig. 4B), and EM of fraction 2 (which
was the fraction used for ribosome
profiling) confirms that it contains
mainly 80S monosomes (Fig. 4C). As we
are interested in stalled polysomes, no
attempt was made to prevent ribosome
run-off, and cycloheximide was not pres-
ent during the tissue homogenization. We
tested whether the presence or absence
of cycloheximide has an impact on ribo-
some footprints from the GF (Extended
Data Fig. 5-1). There was little effect of
the omission of cycloheximide on the
mRNAs detected by footprint reads, as
seen by a high Pearson’s correlation and
clustering by principal components anal-
ysis (PCA) between relative numbers of
footprint reads in the presence or ab-
sence of cycloheximide (Extended Data
Fig. 5-1). Similarly, nuclease digestion
was performed after a brief treatment
with high salt; although this treatment slightly improved the
digestion (Fig. 2), the mRNAs detected by footprint reads from
the GF were very similar to the salt-untreated sample, again
determined by a high Pearson’s correlation and clustering by
PCA (Extended Data Fig. 5-1).

Ribosome profiling reads are usually generated from ca-
nonical fragment sizes between 28 and 34 nt (Ingolia, 2014).
Surprisingly, the peak read size (34–37 nt) from the ribosome-
protected reads in the GF was longer than this canonical ribo-
some-protected fragment and longer than the distribution of
reads in the PF ribosome population, although these were also
larger than expected (33–35 nt; Fig. 5A,B). It has been previ-
ously reported that classical ribosomes produce medium size
27–29 nt footprints and small 20–22 nt footprints should the
ribosome have an open A site (Wu et al., 2019). The longer reads
we observed may be because of (1) an altered state of the stalled
polysome, (2) increased protection because of associated RBPs, or
(3) incomplete digestion. The longer reads from the GF map bet-
ter to the CDS than shorter reads (Fig. 5C). The presence of reads
in the 39UTR probably represents contamination from RBP com-
plexes on the 39UTR that comigrate on the sucrose gradient with
monosomes. Alignment at the start and stop codons showed that
the 59 end of the reads has an offset of;14–15bp, consistent with

the ribosomes sitting on the A site as expected for hybrid-state
stalled ribosomes, as opposed to 12bp offset for ribosomes resting
on the P site (Ingolia et al., 2009; Martens et al., 2015). Most of the
excess length of the longer reads is because of extension at the 39
end of the footprint reads (Fig. 5D; Extended Data Fig. 5-2).
The extension at the 39 end increased with the read length giv-
ing a diagonal line on a plot of read length versus distance
from start or stop codon (Fig. 5D), and this variable extension
at the 39 end of reads is also seen in other studies (Martens et
al., 2015). Ribosome footprint reads should show periodicity
because of the three-nucleotide code in the mRNA and reads
over 32 nt showed higher periodicity than the shorter reads
(Fig. 5E). We had predicted that footprint reads from stalled
polysomes would be most enriched at the stop codon and the
39 end of the message because of the requirement of UPF1 for
the formation of stalled polysomes and the recruitment of
UPF1 at the stop codon. However, we did not observe a bias
for footprint reads near the stop codon. Instead, there was
some bias in the large footprint reads for the first half of the
message (Fig. 5F). Together, ribosome profiling of dissociated
monosomes derived from the granule fraction from P5 rat brain
reveals enrichment in large ribosomal footprints (.32nt), dis-
plays a preference for the first part of the mRNA CDS, and does
not display a bias for the stop codon.

Figure 3. Cryo-EM analysis of the digested ribosomes in the GF. A, B, Side view of the cryo-EM maps of class 1 (A) and class
2 (B) 80S ribosomes (top) found in the GF after nuclease digestion. The workflow used in defining the classes is shown in
Extended Data Figure 3-1. The tRNA molecules observed in each of the maps are indicated. Bottom, A top view of the same cryo-
EM maps. The resolution of these maps is shown in Extended Data Figure 3-2. The 40S and 60S subunits are shown as transpar-
ent densities for easier viewing of the position of the tRNA molecules in each class. The atomic model of the rRNA and r-protein
components (uL10 and uL11) of the P stalk are indicated to show the lack of density existing for this structural motif. The atomic
model of the P stalk components was obtained from Zhou et al. (2020; Protein Data Bank (PDB) ID 6XIQ) and shown in the same
position and orientation that the P stalk would have adopted should this motif show density in these maps.
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Analysis of mRNAs that are abundant and enriched in
footprint reads from the granule fraction
We were interested in identifying which mRNAs represent the
most abundant constituent of the GF, which mRNAs have
increased ribosomal occupancy in the GF, and which mRNAs have
more protected reads in the GF compared with total polysomes or
the PF. We calculated the Abundance (RPKM) of footprint reads to
determine the most abundant constituents of the granule fraction
(Extended Data Table 6-1). To determine which mRNAs have
more polysomes/mRNA, we calculated what is characteristically
called the translation efficiency (abundance of ribosome footprints/
abundance of total mRNA as determined by conventional RNA seq
of the starting fraction) for each mRNA (Extended Data Table 6-1).
However, in the context of presumed stalled ribosomes, translation
efficiency may be a misleading term, so we use a more conservative
term, ribosomal occupancy. We also determined the footprint reads
of the GF that were enriched relative to the footprint reads from the
total polysomes or the PF (see above, Materials and Methods;
Extended Data Table 6-1).

GO analysis of the 100 mRNAs with the largest abundance
showed a significant over-representation of mRNAs encoding
cytoskeletal proteins (Table 2) that are expressed developmen-
tally in neuronal projection and synaptic compartments (Fig.
6A), including Map1b (Table 2), an mRNA we had previously
shown to be translated in dendrites through reactivation of
stalled polysomes (Graber et al., 2013, 2017). Although cytos-
keletal mRNAs dominate the most abundant GO category and
also show increased ribosome occupancy (Table 2), they are also
relatively abundant in the total mRNA population and also are
present in the footprint reads of the total polysomes and PF frac-
tions. The GO analysis for mRNAs with increased ribosome oc-
cupancy showed a significant over-representation of mRNAs
encoding RNA binding proteins or proteins involved in RNA
metabolism (Fig. 6B), including the gene mutated in amyotro-
phic lateral sclerosis, FUS (fused in sarcoma; Table 3). Finally,
the GF footprint reads that were enriched compared with the
footprint reads from the total polysomes and PF represented
mRNAs involved in neuronal development and synapse forma-
tion, particularly microtubule-associated proteins such as motor
proteins (Tables 4, 5; Extended Data Table 6-1). The GF foot-
print reads were also enriched in mRNAs from the endomem-
brane system and endoplasmic reticulum compared with
footprint reads from total polysomes, suggesting that the GF also
enriched for secretory mRNAs compared with total polysomes

(Tables 4, 5; Extended Data Table 6-1). These results were similar
regardless of whether the 50, 200, or 500 most abundant or
enriched mRNAs were selected for the analysis (Extended Data
Table 6-2).

We next determined whether mRNAs previously reported to
be regulated by elongation or initiation in the nervous system
were over-represented in our samples (Fig. 7; Extended Data Fig.
7-1). Strikingly, mRNAs, whose translation is regulated by elon-
gation through eEF2 phosphorylation (Kenney et al., 2016), were
significantly abundant; had larger ribosomal occupancy and
were enriched in the GF compared with total polysomes (Fig.
7A–C; Extended Data Fig. 7-1). In contrast, neuronal mRNAs
regulated by signaling pathways that mainly affect initiation, ei-
ther through eIF4E phosphorylation (Amorim et al., 2018), TOR
(target of rapamycin) activation (including terminal oligopyrimi-
dine tract (TOP) mRNAs; Thoreen et al., 2012), or eIF2 alpha
phosphorylation (Di Prisco et al., 2014), did not have larger ribo-
somal occupancy and were not enriched in the preparation ((Fig.
7A–C; Extended Data Fig. 7-1). Although TOP mRNAs, mainly
encoding ribosomal subunits are relatively abundant and known to
be transported in neurons, we observed a significant de-enrich-
ment of ribosome occupancy from TOPmRNAs in footprint libra-
ries in the GF, and they were also enriched in the PF compared
with the GF (Fig. 7A; Extended Data Fig. 7-1), consistent with the
notion that transported mRNAs blocked at initiation are not
enriched in this preparation.

We next determined whether mRNAs previously reported to
be enriched in stalled polysomes are particularly enriched/abun-
dant in the footprint reads of the GF. A publication identified
mRNAs protected by ribosomes resistant to ribosomal run-off in
neuronal slices (Shah et al., 2020). Although this study focused
on the proportion of each mRNA for which ribosomes ran off,
the data also identified the mRNAs with the most protected frag-
ments remaining after a long period of run-off (60min). The 200
run-off-resistant mRNAs with the most reads remaining at 60min
were significantly abundant, had increased ribosome occupancy,
and were enriched in the GF compared with total polysomes and
the PF (Fig. 7D–F; Extended Data Fig. 7-1). FMRP, an RBP highly
enriched in the sedimented pellet, has been associated with stalled
polysomes (Ceman et al., 2003; Darnell et al., 2011). The mRNAs
associated with FMRP in neurons, identified through cross-linking
immunoprecipitation (CLIP), are also more resistant to ribosome
run-off (Darnell et al., 2011). We examined the abundance and
enrichment of two separate FMRP CLIP studies from brain tissue

Figure 4. Purification of monosomes for ribosome footprinting. A, Schematic of the procedure, where the GF is treated with nucleases, and then sucrose gradient fractionation is used to iso-
late 80S monosomes. B, UV A254 absorbance of the sedimentation shows major peak in fraction 2. This is also the major fraction where S6 is found (Fig. 2E). C, Negative stained electron
micrograph of Fraction 2 shows the presence of 80S monosomes in this fraction.
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(Darnell et al., 2011; Maurin et al., 2018), and both were signifi-
cantly abundant, had increased ribosome occupancy, and were
enriched in the GF, particularly compared with the polysome frac-
tion (Fig. 7D–F; Extended Data Fig. 7-1).

We also examined several other datasets to evaluate the
mRNAs with footprint reads in the GF. Secreted mRNAs are
stalled by their signal peptide and then cotranslationally inserted
into the endoplasmic reticulum (ER). The transport of secreted

mRNAs stalled at elongation would also involve the transport of
ER in ribosome-associated vesicles (Carter et al., 2020). Secreted
mRNAs are less abundant and have decreased ribosome occu-
pancy compared with other mRNAs in the GF (Fig. 7G,H).
However, they are also enriched in the GF compared with the
total polysomes and the PF (Extended Data Fig. 7-1). Recently,
mRNAs that are preferentially translated from monosomes in
neuronal processes were identified (Biever et al., 2020). Although

Figure 5. Ribosome footprinting of the GF. A, Diagram summarizing the footprinting procedure. B, Size distribution of footprint reads from GF (blue circles; N = 8 biological replicates) com-
pared with polysome fraction (PF; orange squares; N = 3 biological replicates). Error bars indicate SEM. C, Read coverage of different size footprints from GF (small 32 nt) to 39UTR, 59UTR, and
CDS. D, The number of read extremities (shading) for each read length (y-axis) based on distance from start (left, 0 on x-axis is A in ATG) and stop (right, 0 on x-axis is last nucleotide of stop
codon) with the beginning of the read (59) on top and the end of the read (39) on bottom for GF. Data are shown for one biological replicate, but results are similar for all replicates. Similarity
between replicates based on heat maps and principal component analysis are shown in Extended Data Figure 5-1. Replicates of the read extremities are shown in Extended Data Figure 5-2. E,
Periodicity statistics for GF indicate that long reads (33–40) in frame 0 have significantly more periodicity than frame 1 and frame 2 for long reads, or any frame for short (21–24) and medium
reads (25–32; ANOVA, F(261,8) = 13.9, p, 0.001; post hoc Tukey’s HSD test, long reads in 0 frame; *p, 0.001 against long reads in frame 1 and frame 2 and other reads in frame 0); Error bars
indicate SD, n = 39 long, 40 medium, 11 short (N is based on each read length in each biological replicate; not all read lengths are present in all biological replicates). Error bars indicate SD. F,
Distribution of large reads for GF with the CDS of all transcripts normalized to the same length shows that reads are biased to the first half of the transcripts. The x-axis is the relative position in the
transcript, and the y-axis is the average number of reads for that relative position. Data are shown for one biological replicate, but results are similar for all replicates.
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we predicted that these mRNAs would also be depleted
from our preparation, they had higher ribosome occupancy
and were significantly enriched in the GF, particularly com-
pared with the polysome fraction (Fig. 7G–I; Extended Data
Fig. 7-1), whereas mRNAs preferentially transported in pol-
ysomes were not enriched in the GF; indeed they were
enriched in the PF compared with the GF (Extended Data
Fig. 7-1), although both types of mRNA were abundant in
our preparation (Fig. 7H). This is despite the finding that
total mRNA levels for the preferentially polysomal trans-
ported mRNAs were significantly higher than the total
mRNA levels for the preferentially monosomal translated
mRNAs at this developmental time point (158 6 17 poly-
some RPKM, n = 327 vs 72 6 4 monosome RPKM, n = 458;
SEM, p , 0.001, Student’s t test).

Because translation from stalled polysomes is implicated in
neurodevelopmental disorders, we examined whether pro-
tected reads from autism-related genes from the Simons
Foundation Autism Research Initiative (SFARI) database were
enriched and abundant in the protected reads. Compared with
all mRNAs, these mRNAs had higher ribosome occupancy and
were significantly enriched in the GF from our data (Fig. 7J–L;
Extended Data Fig. 7-1). There is a significant overlap with FMRP
CLIPped mRNAs in this dataset, but both FMRP CLIPped SFARI
mRNAs and non-CLIPped SFARI mRNAs were enriched in the
protected reads (Fig. 7G,H; Extended Data Fig. 7-1).

Finally, some of the increases in abundance and ribosomal
occupancy we observed may be because of our preparation
being specifically from the nervous system. To account for
this bias, we repeated this analysis using only mRNAs known
to be transported in neuronal processes (Biever et al., 2020).
Although the mRNAs known to be transported in neuronal
processes were significantly enriched and abundant in our
preparation (Extended Data Fig. 7-2), when we restricted the
total set of mRNAs to only include this set, all the results for
abundance and ribosome occupancy above were replicated
(Extended Data Fig. 7-3).

The ribosome-protected reads are enriched in sequences
matching FMRP CLIPs
If stalled polysomes are indeed enriched in the ribosome-con-
taining pellet, the footprint reads should help identify where on
the mRNA ribosomes are stalled. Examination of the distribution
of the large reads (.32 nt) on individual messages revealed
highly nonuniform distribution of reads on mRNAs (Fig. 8A).
As peaks in ribosome-protected fragments are often nonrepro-
ducible (Liu et al., 2019), we used stringent criteria to identify
peaks. First, peaks were defined for each mRNA in each library
based on a maximum value higher than the average RPKM for
the mRNA and a minimum width of 18 nt at the half-maximum
height. Second, the peak had to be present in at least three of the
5 biological replicates (Fig. 6B; Extended Data Fig. 8-1). Using
these stringent criteria, we identified 766 peaks in 524 mRNAs
(Extended Data Table 8-1). Although 90% of the mRNAs had
only one or two peaks, the mRNA most associated with stalled
polysomes, Map1b, had the largest number of identified peaks (10;
Fig. 8A). Only 15% of the peaks in the GF were also peaks in ribo-
some-protected reads from the PF (Extended Data Table 8-1).

Contrary to our initial hypothesis that peaks representing
stalled footprint reads would be clustered around the stop codon,
only 6 of the 766 total peaks were at the stop codon, and, similar
to the overall coverage of footprint reads, the peaks were biased
to the first half of the message with an average position of 0.376
0.26 (SD) where 0 is the start codon, and 1 is the stop codon
(Extended Data Table 8-1). The average length of the sequence
within a peak was 36 6 6 nt, similar to the most common foot-
print read size (Fig. 5B). We also identified peaks in the smaller
reads, but only 65% of these peaks were in the CDS, and there
was little overlap with the peaks in the long reads. In contrast,
94% of the peaks from large reads were in the CDS. Although se-
cretory proteins are enriched in the GF (Extended Data Fig. 7-1),
only 5% of the peaks were from secreted mRNAs (Extended
Data Table 8-1), suggesting the presence of these mRNAs in the
pellet may be more because of association with membranes than
with their enrichment in stalled polysomes. GO analysis of the
mRNAs with peaks match many of the GO terms identified earlier
for abundant and ribosome-occupied mRNAs in the GF including
enrichment for the molecular function mRNA binding (1x10E-
15), the cellular component of neuron projection (2x10E-19), and
the cytoskeleton (1x10E-12; Extended Data Table 6-2).

We next examined whether consensus sequences were in
these peaks of footprint reads from the large fragments. We used
an unbiased sequence motif search approach with the HOMER
program (Heinz et al., 2010). HOMER uses relative enrichment
and requires a background sequence. To remove usage bias for
mRNA sequences, we used similarly sized fragments frommRNAs
with no peaks as our background selection. The HOMER program
identified three highly significant consensus sequences in the peaks
above the false discovery rate determined by the program (Fig.
8C). Notably, the most significant consensus sequence (p =
1e-67) included the consensus sequence (WGGA) previously
derived from analyzing FMRP CLIP sequences (Ascano et al.,
2012; Anderson et al., 2016), which also overlapped with the
consensus sites for m6A methylation (RGACH or RRACT) in
the nervous system (Zhang et al., 2018; Fig. 8D–F). The motif
was not biased to the start or end of the protected reads (aver-
age position of the motif in reads was 19 6 9 bases) and thus
did not represent sequences selected because they were diffi-
cult for nucleases to digest as sequences selected because of re-
sistance to digestion would be at the end or beginning of the
read. Analysis of 36 nt in front of the peaks or 36 nt behind the

Table 2. Top 20 most abundant mRNAs

Gene Name logFC p-value FDR Total RNA RPKM
Footprints
RPKM

ACTB 1.940985547 1.53E-08 9.23E-07 3311.57669 9408.327001
TUBB5 1.033645345 1.37E-05 1.55E-04 3698.919325 7404.359382
TUBB2B 1.63257495 4.98E-07 1.13E-05 1913.684313 5570.961651
YWHAE 1.711033554 7.60E-09 5.65E-07 1688.064086 4751.885604
TUBB3 1.244833653 2.40E-07 6.48E-06 2052.960915 4594.904687
YWHAZ 1.05722464 1.71E-06 2.96E-05 2004.358037 4216.85062
STMN2 1.400937863 2.81E-06 4.44E-05 1692.26231 3719.643634
CALM1 0.154694995 4.87E-01 6.19E-01 3093.888941 3625.962055
DPYSL2 1.24010485 2.46E-09 2.57E-07 1568.286012 3524.363783
YWHAG 1.82197446 1.01E-09 1.32E-07 1166.611045 3340.758587
CALM3 �0.309008441 7.89E-02 1.58E-01 3403.092834 2994.609636
CALM2 0.862970381 7.06E-04 3.78E-03 1549.807564 2953.038226
UCHL1 1.003234991 4.34E-05 3.93E-04 1439.792879 2647.37674
DPYSL3 2.223810027 1.16E-10 2.71E-08 698.2863694 2518.842074
ZWINT 0.887865185 8.91E-04 4.56E-03 1426.858532 2492.284205
MAP1B 1.865404024 1.12E-10 2.71E-08 755.4364087 2259.892443
STMN1 0.273922938 2.08E-01 3.31E-01 1722.323579 2160.340529
GAP43 0.569199253 1.27E-03 6.09E-03 1409.864902 2067.364803
CRMP1 1.496025361 3.20E-09 3.00E-07 882.8247474 1959.479377
YWHAB 1.791487719 8.44E-09 6.04E-07 578.6707707 1808.787351

Top 20 most abundant mRNAs sorted on the footprint RKPMs compared with total RNA RPKM. Also shown
are the log-fold change (footprint RPKM compared with total RNA RPKM). Also shown are evaluations of the
significance of the fold change (the p value and the FDR). mRNAs bolded match the GO term for cytoskele-
ton constituent of cytoskeletal binding.
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peaks did not result in a HOMER consensus sequence above
the false discovery rate determined by the program. Neither
did a HOMER search using just the 39 extension of the large
reads. Similarly, peaks identified using small- or medium-size
reads also did not result in a HOMER consensus sequence
above this cutoff.

Stalling can occur on rare codons, and thus we examined
whether peaks were enriched in rare codons (Athey et al., 2017).
In fact, the opposite was true, and peaks had significantly fewer
rare codons than the background mRNAs, presumably as they
represent abundantly translated mRNAs (Extended Data Fig. 8-2;
Extended Data Table 8-2). We also examined amino acid usage in
the peaks compared with background sequences and note the two
highest enriched amino acids are the two acidic amino acids, as-
partic acid (1.8�; GAC and GAT) and glutamic acid (1.6�; GAA
and GAG); Extended Data Table 8-2). Whether this is because of
the enrichment of GA sequence in the HOMERmotif, or whether
the HOMER motif is found because of the enrichment of these
two amino acids encoded by the peak sequence is not clear.

We also performed a directed search of the peaks for
sequences matching consensus binding sites of RBPs (Van
Nostrand et al., 2020) using the FIMO program (Grant et al.,
2011). Consistent with the nonbiased search, FMRP CLIP
consensus sites had the most matches (Fig. 8D,E; Extended
Data Table 8-3). Strikingly, these motifs mainly recognized
purine-rich sequences (Fig. 8E; 76% of nucleotides in the top
10 RBP motifs are purines). However, the overall peak nucle-
otides are not enriched in purines compared with the back-
ground sequences (both at 57% purines). The abundance of
purines in the consensus peaks suggests a possible role for
the RBP PURA, a protein enriched in the granule fraction
but without a known consensus binding site. Of the 766
peaks, there were 415 peaks with a WGGA site and many
peaks with multiple WGGA sites in the peak, making a total
of 615 WGGA sites in consensus peaks (Fig. 8E; Extended
Data Table 8-1). The number of multiple matches (39% of
peaks with a WGGA have multiple WGGA sites) was more
than those found in the corresponding background sequences

Figure 6. GO Analysis of footprint mRNAs. A–D, GO terms of selected comparisons for most abundant (A), most ribosomally occupied (B), most enriched in GF compared with Total
Polysomes (C) and most enriched in GF compared with the PF. Terms highlighted in red represent terms involved in cytoskeleton (A), RNA binding (B), and terms also found in A and B (C and
D). The abundance, level of ribosome occupancy, and enrichment to PF or total polysomes for all mRNAs are shown in Extended Data Table 6-1. GO analysis using different numbers of the
top-ranked mRNAs is shown in Extended Data Table 6-2.
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(11 6 1%, from 10 separate selections of 750 background
sequences with a WGGA peak). Of the 615 WGGA sites found
in the peaks, 182 WGGA sites overlapped with an m6A site
(Fig. 8F, examples). This percentage of WGGA sites overlap-
ping with an RGACH site (30%) was significantly more than
the number of overlaps seen in WGGA sites in our background
samples (191 1.3%; 10 separate selections of 1300 WGGA sites
from background sequences). Moreover, there were also many
examples where m6A sites and WGGA sites were in the same
peak but did not overlap. Of the 415 peaks with a WGGA site,

315 (76%) had an m6A consensus site in the same peak signifi-
cantly more than were found in the background sample (39 6
4%, 10 separate selections of 750 background sequences with a
WGGA peak).

There were also many matches to other FMRP CLIP consen-
sus sites (Fig. 8D). After including GVAGAW and GACAAG,
more than 80% of the 766 consensus peaks contained an FMRP
CLIP sequence or m6A consensus sites, suggesting a strong
sequence bias for these sites in the regions of the mRNA
enriched in footprint reads (Extended Data Table 8-1).

Discussion
The granule fraction is an enriched preparation for stalled
ribosomes
Neuronal RNA granules containing ribosomes are found in the
pellet of sucrose gradients (Krichevsky and Kosik, 2001; Aschrafi
et al., 2005; Elvira et al., 2006; El Fatimy et al., 2016). However,
previous studies did not show that ribosomes in these fractions
are stalled. There has been an association between stalled poly-
somes and FMRP association (Darnell et al., 2011); however, the
RNA granules were not isolated by sedimentation in that study.
Here, we show that the GF is not only enriched for FMRP (as
had been previously shown; El Fatimy et al., 2016), but also for
UPF1, an additional protein functionally implicated in stalled
polysomes (Graber et al., 2017). Moreover, we find that
mRNAs that were previously shown to resist ribosomal run-
off by initiation inhibitors (Shah et al., 2020), or to be regu-
lated at the elongation stage of translation (Kenney et al.,
2016), were over-represented in the footprint reads gener-
ated from this fraction. Finally, cryo-EM of the monosomes
derived from the ribosome clusters in the GF demonstrates
that they are mainly stalled in the hybrid position. These
findings are consistent with the GF enriching for ribosomes
that were stalled in neurons.

The distinction between the GF and the PF (i.e., the reason
the clusters of ribosomes found in the GF pellet under these con-
ditions) remains unclear. This distinction is unlikely to be that

Table 3. Top 20 most ribosomally occupied mRNAs

Gene Name logFC p-value FDR Total RNA RPKM
Footprints
RPKM

FUS 3.16434772 6.49E-10 9.56E-08 69.7831423 337.199324
FAM168A 2.94304308 7.81E-07 1.60E-05 52.1322914 130.2335745
PRRT1 2.89433174 1.85E-06 3.16E-05 26.2478904 55.2638004
NCL 2.87065155 4.50E-13 4.21E-10 63.0689626 366.6690471
RBM25L1 2.67673894 5.59E-08 2.27E-06 4.69685407 22.57140369
HNRNPD 2.63687085 5.04E-10 8.14E-08 135.136829 590.9433885
GATAD2B 2.55905455 1.39E-08 8.75E-07 34.7720695 118.9687961
SOX9 2.45296112 1.01E-05 0.00012227 25.4556107 59.89774259
UBQLN2 2.43529701 4.11E-11 1.25E-08 101.635634 385.068685
HNRNPA2B1 2.43013679 5.74E-10 8.95E-08 158.368037 668.3078643
PRR36 2.41730546 1.44E-06 2.58E-05 23.624002 46.51721335
ZMIZ1 2.37502673 7.30E-07 1.53E-05 38.2509104 89.47685878
LOC103694210 2.3707282 2.29E-07 6.30E-06 16.8011259 76.08347195
TAF15 2.36234981 2.89E-07 7.61E-06 10.1106776 38.79032835
MNT 2.36190606 3.14E-08 1.55E-06 10.7221613 28.72871691
AHCYL1 2.36154326 3.68E-08 1.70E-06 59.2481984 150.2720528
HNRNPA3 2.35579919 1.63E-10 3.46E-08 53.2766435 197.1313486
LOC108348151 2.35324232 1.93E-05 0.00020574 11.6881118 46.27995067
VAMP2 2.30892138 4.34E-07 1.00E-05 473.446629 912.2714551
SF3A2 2.29351137 3.99E-07 9.54E-06 20.2483045 41.1681424

Top 20 most ribosomally occupied mRNAs sorted on the fold change (FC) in global footprint RKPM compared
with total RNA RPKM. mRNAs were excluded if the RPKM was predominantly because of reads .32 bp
(.2-fold) or if the total RPKM was less than five. Also shown are two evaluations of the significance of the
fold change, the p value, and the FDR. mRNAs bolded match the GO term mRNA or RNA binding.

Table 4. Top 20 enriched mRNAs (GF vs total polysomes)

Gene Name logFC p-value FDR Total RNA RPKM
Footprints
RPKM

SERPINH1 3.87821322 1.7482E-20 2.11E-16 21.35559866 29.5776924
SPARCL1 2.72379212 4.0426E-20 2.44E-16 146.8722825 539.919411
CALR 2.60652091 1.0738E-19 4.31E-16 209.7628381 620.511117
SPARC 2.67436166 4.3759E-17 1.32E-13 102.3624738 176.837391
APP 2.31326947 6.6713E-17 1.61E-13 163.4599344 406.451856
HSPA5 2.66552106 2.5119E-16 5.05E-13 104.3345854 280.863798
SEZ6L2 2.46702429 3.6932E-15 6.36E-12 41.97642077 124.383366
PSAP 2.45671513 5.4444E-15 8.20E-12 161.5793278 466.425669
ATP1A1 2.25209345 7.6418E-15 1.02E-11 50.78040656 134.152296
NID1 2.61060508 1.2912E-14 1.56E-11 13.19980312 26.1929588
CANX 2.40105361 5.1822E-14 5.68E-11 113.2738531 333.020044
SCG2 3.1889417 7.3676E-14 7.40E-11 34.83363966 140.788045
SEL1L 2.24886243 9.3227E-14 8.65E-11 26.16975963 39.1194405
NAGA 3.66492475 1.088E-13 9.37E-11 13.51255504 17.9210508
SCG3 2.25323361 1.4784E-13 1.19E-10 57.64432418 171.702159
CALU 2.6969945 3.3898E-13 2.55E-10 37.74949933 80.3314381
ATP6AP1 2.37888154 5.0146E-13 3.56E-10 82.8607294 177.832033
ATAD1 2.78822573 8.4821E-13 5.63E-10 28.89743758 44.8815723
CLSTN3 1.93217251 8.8675E-13 5.63E-10 58.76860305 147.779829
COL4A2 2.92258412 1.3002E-12 6.40E-10 9.153559176 15.5993146

Top 20 most enriched mRNAs sorted on the p value, compared with total polysome total RNA RPKM. Also
shown are the log-fold change (footprint RPKM compared with total RNA RPKM). Also shown are evaluations
of the significance of the fold change (the p value and the FDR). All bolded mRNAs match GO terms for se-
cretory proteins.

Table 5. Top 20 enriched mRNAs (GF vs PF)

Gene Name logFC p-value FDR

MAP1B 2.234080008 5.22E-19 7.67E-15
KIF5A 1.088763812 3.50E-16 1.72E-12
PEG3 1.019557644 2.21E-15 6.49E-12
KIF1A 1.144835265 1.55E-15 5.69E-12
NISCH 1.109966285 5.89E-13 1.07E-09
ATP1A3 2.679645591 1.32E-12 1.94E-09
DYNC1H1 2.731081951 6.53E-13 1.07E-09
PGM2L1 1.239410546 3.13E-12 4.18E-09
SPTAN1 1.193764883 3.63E-12 4.45E-09
SNRNP200 1.502363167 1.30E-11 1.47E-08
APP 2.094484769 4.40E-11 4.04E-08
MYH10 1.920596711 5.52E-11 4.63E-08
WDR6 1.300931232 5.67E-11 4.63E-08
NCAM1 2.613794808 1.21E-10 8.92E-08
FASN 1.812974307 1.00E-10 7.75E-08
AP3B2 1.718476607 2.72E-10 1.82E-07
ANAPC2 1.926071287 2.98E-10 1.82E-07
NEXMIF 1.211370067 7.60E-10 4.30E-07
AKAP11 1.921655251 9.15E-10 4.80E-07
HSP90B1 2.734470929 3.09E-10 1.82E-07

Top 20 most enriched mRNAs in GF compared with PF sorted on the p value. Also shown are evaluations of
the significance of the fold change (the p value and the FDR). mRNAs bolded are the ones with consensus
peaks.
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Figure 7. Correlation analysis of most abundant and ribosomally occupied mRNAs in ribosome footprints. A, B, Comparison of footprint reads of most abundant (A) and most ribosomally
occupied (B) mRNAs (Extended Data Fig. 7-1), enrichment to the total polysomes and GF), to mRNAs regulated by translation elongation (58), upregulated by mGluR with upstream open read-
ing frames (61), eIF4E phosphorylation (59), mTOR (60), and TOP mRNAs (60). C, D, Comparison of most abundant (C) and most ribosomally occupied (D) mRNAs to run-off-resistant mRNAs
(19) and mRNAs that are CLIPped by FMRP (17, 62). E–F, Comparison of most abundant (E) and most ribosomally occupied (F) mRNAs to mRNAs translated preferentially by monosomal and
polysomal ribosomes in the neuropil (36) and secretory mRNAs (secretory proteins with reviewed annotation from UNIPROT), compared with all mRNAs. G, H, Comparison of most abundant
(G) and most ribosomally occupied (H) mRNAs to autism-related mRNAs from the SFARI database (syndromic and levels 1–3). The total SFARI group was also divided into ones that are also in
the FMRP CLIP group (17, 62) and ones that are not. For all groups there was a cutoff of 5 RPKM to avoid mRNAs not expressed in the nervous system; p values from comparison to all mRNAs
(Students t test with Bonferroni correction for multiple tests; n = 14 for all comparisons in figure). Only significant p values (p, 0.01 after correction) are shown; log(FCl), Log (base 10) fold
change. The dotted line shows y = 0 value. Bottom, N for each comparison group is shown. Comparison of abundance and ribosome occupancy between mRNAs in neuronal dendrites and other
mRNAs is shown in Extended Data Figure 7-2. Similar correlation analysis seen in this figure using only mRNAs found in neuronal dendrites is shown in Extended Data Figure 7-3. Correlation of foot-
print read abundance with length of mRNAs is shown in Extended Data Figure 7-4.
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Figure 8. Sequences underlying ribosome-protected fragments are enriched in sequences matching FMRP CliPs. A, mRNA profiles of Map1b, b -actin, and Tubulin 2b showing reproducible
consensus peaks in the CDS; circles represent consensus peaks of footprint reads mapping to the same sequence, blue lines represent reproducible consensus peaks across biological replicates,
red shading represents CDS. All replicates are shown in Extended Data Figure 8-1. The list of all peaks and their positions in the mRNAs can be found in Extended Data Table 8-1. Analysis of
the codon frequency of the codons in the peaks is shown in Extended Data Figure 8-2. Codon analysis of the peaks can be found in Extended Data Table 8-2. B, Diagram summarizing how
motif analysis is done. C, Results from the HOMER program show the only three consensus sequences above the cutoff provided by HOMER. D, HOMER identified motifs overlapped with match-
ing interaction motifs for RBPs listed in brackets. Residues that do not match are given in smaller font. Right, Code key for residue annotation. E, Table of top 10 RBPs with RNA interaction
motifs present in consensus peaks. The number of peaks with multiple hits is also shown as Frequency of Motifs per Consensus Peak; n = x represents the number of motifs per consensus
peak. All RBPs motifs examined are shown in Extended Data Table 8-3. F, Top-ranked consensus sequence from HOMER showing overlapping sites for interaction motifs WGGA (*) and RGACH
(**), and their corresponding residues on a single peak from Map1b, b -actin, and Tubulin 2b. Both sequences given for each protein are identical, but they have been annotated to show clus-
ters of motifs that map to the same consensus sequence. Right, Numbers indicate the location of the sequence in each mRNA that correspond to a consensus peak (blue) on the mRNA profiles
shown in A.
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the polysomes in the GF are larger than ones in the PF. First,
there are very few ribosomes in the fractions preceding the
pellet, inconsistent with a gradual running off of large poly-
somes. Second, there is no correlation between the abundance or
enrichment of mRNAs in the GF based on their length (total tran-
script or ORF; ExtendedData Fig. 7-4), as would be expected if these
were simply larger polysomes. Third, counting ribosomes in the
cluster did not reveal a larger number of ribosomes/cluster com-
pared with the polysome fraction. The GF may represent aggre-
gates of ribosomes/polysomes. However, the question would
remain why these would show specific enrichment of both spe-
cific types of mRNA (particularly those known to be stalled in
neurons) and proteins (FMRP, UPF1). It is possible that RNA
granules containing stalled polysomes may be more likely to ag-
gregate than normal polysomes. Given the role of RNA granules
in mRNA transport to distal sites in the neuron, it is likely that
the aggregation of stalled polysomes may aid in the protection of
the stalled mRNAs and nascent peptides during transport.

The GF was also enriched in reads from secretory proteins,
and major GO terms for enrichment were endomembrane, endo-
plasmic reticulum, and vesicles (Fig. 6). The 20 most enriched
mRNAs for GF compared with Total polysomes are all mRNAs
encoding secreted proteins (Table 4). However, compared with
total mRNA, there was decreased abundance and decreased ribo-
somal occupancy of secreted mRNAs (Fig. 7) despite their enrich-
ment in the GF (Extended Data Fig. 7-1). It is possible that most
ribosomes translating secretory proteins are lost because of their
association with ER during the sedimentations to enrich for poly-
somes (Fig. 1A) explaining their decreased abundance. However,
the ER-associated ribosomes that are found in the polysome pellet
appear to preferentially sediment in the second sucrose gradient.
As these mRNAs are neither abundant nor have high ribosomal
occupancy, only 5% of the peaks emanate from secreted mRNAs
(Extended Data Table 8-1). We conclude that although ribosomes
in the process of translating secretory mRNAs are enriched in the
pellet, they are not a major constituent of the RNA granules con-
taining stalled polysomes.

Although UPF1 is enriched in the GF, there is no evidence
that the stalling involves a process related to NMD. Other NMD
proteins, such as PRNC2 are not enriched in the GF (Fig. 1).
Also, neuronal NMD-regulated mRNAs (Kurosaki et al., 2021)
show decreased abundance, no difference in ribosome occu-
pancy, and no enrichment in the protected reads (Extended Data
Table 6-1).

It should be noted that this preparation represents a snapshot
of P5 brains. This sedimentation protocol is complicated by the
presence of myelin at later stages of development (El Fatimy et
al., 2016). Still, if feasible, the mRNAs found in the granule frac-
tion would likely be different at the adult stage as many of the
mRNAs with the most abundant footprint reads that we saw in
this fraction are developmentally implicated in neuronal out-
growth. A related protocol developed for embryonic day 18 rat
brains showed fewer ribosomes when performed in adults (Elvira
et al., 2006). However, stalled polysomes and some of the mRNAs
isolated here (notably Map1b) are implicated in mGluR-LTD, a
plasticity present mainly in mature brains (Nosyreva and Huber,
2005). Thus, it is plausible that the role of stalled polysomes, or the
mRNAs that they regulate, may change as the brain develops.

Cryo-EM analysis reveals two populations of stalled
ribosomes
The ribosomes in the GF are mainly stalled in the hybrid state,
and this result has also been seen in a recent cryo-EM analysis of

polysomes found in RNA granules isolated using a distinct proto-
col (Kipper et al., 2022). Collided ribosomes appear when a trail-
ing ribosome encounters a slower or paused leading ribosome in a
polysome. The paused leading ribosome contains a peptidyl-tRNA
in the P-site, and the trailing collided ribosome adopts the rotated
state with A/P and P/E hybrid tRNAs (Juszkiewicz et al., 2018).
Thus, at first glance, our structural studies resemble those of col-
lided ribosomes. However, we did not observe other signs of col-
lided ribosomes, such as periodic peaks or the size of peaks
corresponding to two or more ribosomes. Indeed, ribosomes
that are stalled because of collision with a downstream ribo-
some recruit specific factors to resolve the stall and rescue the
ribosomes (Buskirk and Green, 2017). These factors are not
present in the proteomics of RNA granules (Kanai et al., 2004;
Elvira et al., 2006; El Fatimy et al., 2016), including proteomics
of RNA granules containing ribosomes in the hybrid position
(Kipper et al., 2022). Indeed, if these stalled ribosomes are
meant to be transported and reactivated, they need to be pro-
tected from the surveillance mechanisms that normally target
prematurely stopped or collided ribosomes, which results in
the unstalling and/or degradation of the proteins (Buskirk and
Green, 2017). Finally, collided ribosomes protect a 58 nt frag-
ment, even after extensive RNAase I treatment (Zhao et al.,
2021), which is not the size of the fragments we observed in
this study. Thus, although collided ribosomes are also found
stalled in the hybrid state, the ribosomes studied here are
unlikely to be from collided ribosomes.

In addition, it is unlikely that the longer protected fragments
are because of the 15% of the structures with a tRNA in the P site
and an empty A site as the majority of protected reads are large.
The consensus site underneath ribosome clusters were only
found using sequences from the large fragments, not the small
fragments. Thus, the large reads and the peaks of protected frag-
ments are presumably coming from the ribosomes blocked in
the hybrid position before eEF2 mediated translocation. Again,
this differs from what would be expected from collided ribo-
somes where the paused ribosome has an empty A site, and the
following ribosomes are stalled in the hybrid position.

We found no additional densities that could be assigned to pu-
tative stalling factors at the tRNA interface region of the ribosome
or other regions of the ribosome. This is despite the enrichment
of FMRP in this fraction and its proposed role as a ribosome
binding stalling factor. Thus, these structures are more consistent
with stalling being encoded by the consensus mRNA sequences
instead of a specific protein factor. However, mobile binding pro-
teins are difficult to identify with cryo-EM, and a more focused
examination will be required to identify small molecules, post-
translational modifications, or other mechanisms that may deter-
mine how stalling occurs. We observed a mobile or absent P stalk
(Fig. 3). A similar finding was made for polysomes stalled by K63
ubiquitination after oxidative damage in yeast (Zhou et al., 2020).
Because the P stalk is important for eEF2 binding (Naganuma et
al., 2010), altering the P stalk could help explain the absence of
eEF2 and the stalling in the hybrid state. Moreover, the P stalk
proteins were identified in a recent screen for ribosomal proteins
that can exchange with newly synthesized proteins locally in neu-
ronal dendrites (Fusco et al., 2021) consistent with the possibility
that the P stalk proteins dissociate from ribosomes in neurons.
However, what causes the loss or increased mobility of the P stalk
and its relationship to the consensus sequences detected under
the ribosome is not clear. It is also possible that nuclease treat-
ment removed stalling factors located on the mRNA outside
the protected fragments, although we did not find consensus
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sequences immediately before or after the peaks of protected frag-
ments or in the 39 extended sequences. Further studies will be
required to provide more insight into the stalling mechanism.

Cytoskeletal and RNA binding proteins represent abundant
mRNAs and mRNAs with high ribosome occupancy,
respectively
Axon and dendrite outgrowth, coupled with synapse formation,
occur at high rates in P5 rat brains (Semple et al., 2013). Indeed,
the most abundant footprint reads are on cytoskeletal mRNAs
and mRNAs encoding proteins that are highly enriched in
growth cones (such as 14-3-3 proteins; Kent et al., 2010). The
most abundant number of footprint reads is found on b -actin,
whose local translation in both axons and dendrites is important
for neuronal outgrowth (Eom et al., 2003; Leung et al., 2006).
Cytoskeletal encoding mRNAs are also enriched in the mRNAs
with peaks (Extended Data Table 6-2). However, they are not
particularly enriched in the GF compared with the PF or total
polysomes and cytoskeletal mRNAs are abundant in all these
fractions. More surprising was the high ribosome occupancy for
RNA binding proteins in the footprint reads (Fig. 6; Table 3),
and mRNA binding proteins are also enriched in the mRNAs
with peaks (Extended Data Table 6-2). This suggests an impor-
tant homeostatic aspect for translation from stalled polysomes,
in which the increased translation of RBPs will have critical
effects on the translation of other messages not necessarily pres-
ent in stalled polysomes.

Identification of conserved motifs enriched in footprint read
peaks from pelleted ribosomes
The finding that the footprint reads derived from the GF are dis-
tributed mainly in large peaks is consistent with the enrichment
of stalled ribosomes in this fraction. These peaks are strikingly
enhanced in sequences previously defined as enriched in FMRP
CLIPs (Fig. 7). This is consistent with the strong enrichment of
FMRP in the granule fraction (Fig. 1) and the abundance and
enrichment of mRNAs previously identified as associated with
FMRP using CLIP experiments (Fig. 6). Although most FMRP
CLIP consensus sequences have not been directly shown to bind
to FMRP, the WGGA sequence can be directly bound by FMRP
(Ascano et al., 2012). However, the major FMRP binding sites (G
quadruplex and Kissing sequence) are not enriched in FMRP
CLIP consensus sites (Anderson et al., 2016). Moreover, if ribo-
somes protect this sequence, it is unclear how FMRP would gain
access to these sequences. However, it is possible that FMRP ini-
tially binds this sequence, and this is followed by ribosome occu-
pation and stalling. It is also possible that these sequences are
enriched in FMRP CLIPs because FMRP is specifically associated
with stalled ribosomes, and these sequences specify where ribo-
somes would be stalled independently of FMRP. In this scenario,
the sequences would not be directly bound by FMRP. Instead,
FMRP would be cross-linked to sequences near to but not pro-
tected by the ribosome. Because the CLIP sequences are ;100bp,
this is entirely consistent with both the CLIP and ribosome foot-
print read data.

GGA was also identified as a consensus site in the 39UTRs of
mRNAs whose transport to distal sites in neurons was decreased
in the absence of FMRP (Goering et al., 2020). However, in this
case, the GGA sites were involved in forming G quadruplexes
and binding to the RGG domain of FMRP, whereas the WGGA
CLIP sites in the open reading frame are not associated with G
quadruplexes (Anderson et al., 2016). Moreover, the lack of
transport was largely rescued by the I304N mutant of FMRP that

does not bind ribosomes (Goering et al., 2020). Although this ar-
ticle compared ribosome footprints of a cell line differentiated
into a neuron-like cell in the presence or absence of FMRP, there
was no indication that footprints from RNA granules were meas-
ured as the average size of the protected fragments examined was
the standard 28–32 bp long.

The consensus sites in the peaks are also enriched in a consen-
sus motif for m6A modification. Interestingly, mRNAs with m6A
sites are selectively transported in neurons (Merkurjev et al.,
2018), and this methylation plays an important role in neurodevel-
opment (Widagdo and Anggono, 2018). Moreover, mRNAs that
are associated with FMRP by CLIP experiments have previously
been shown to be highly enriched for m6A modifications in neu-
rons (Zhang et al., 2018), and this has been proposed to play a role
in FMRP-mediated nuclear export (Hsu et al., 2019; Westmark et
al., 2020). Nevertheless, the peak sequence motifs we identify with
m6A sites are not enriched in m6A modification sites based on
another study (Zhang et al., 2020; Extended Data Table 8-1), and
the m6A reader YTDHF1 is not enriched in the GF (Fig. 1).
However, whether FMRP directly binds to m6A, interacts with
m6A readers, or is associated with m6A through some other indi-
rect interaction is unclear. There has been some indication that
m6A directly leads to the stalling of ribosomes (Choi et al., 2016),
or it may be that some m6A reader in neurons is important for
the stall. Again, it is unclear how the reader would access the
mRNA sequences protected by the ribosome; but similar to
FMRP, the sequence may be recognized first and then later occu-
pied by the ribosome. It will be interesting in the future to deter-
mine the specific relationship between m6A methylation and
stalled polysomes and whether initial findings of specific roles for
m6Amethylation in the developing brain are linked to their possi-
ble role in stalling translation in RNA granules.

Are stalled monosomes components of RNA granules?
Our data are consistent with a model in which a controlled form
of stalling attracts specific factors in neurons, such as FMRP, that
likely play a role in the packaging of the stalled polysomes into a
granule for transport before collisions occur. Indeed, this may
even occur before multiple ribosomes are initiated on an mRNA
because the mRNAs preferentially translated by monosomes in
dendrites are highly enriched in the GF compared with the PF
(Extended Data Fig. 7-1), suggesting that monosomes that have
already started translation are also packaged into the granules.
The packaging of many distinct mRNAs in the same mRNA
granule is consistent with the finding that in situ RNA granules
containing stalled polysomes probably contain many distinct
mRNAs (Langille et al., 2019) and recent data on purified RNA
granules suggesting multiple polysomes in an RNA granule
(Kipper et al., 2022).

Conclusions
Although there have been assumed links between the ribosomes
that sediment in sucrose gradients, stalled polysomes identified
by resistance to ribosomal run-off in neuronal dendrites, and the
association of FMRPs with stalled polysomes, there were pre-
viously no direct connections between these various lines of
research. Identifying an enrichment for FMRP CLIP consen-
sus sequences in protected reads in ribosomes from the pellet
of sucrose gradients establishes these links. Notably, most
investigations of translation regulation in neuronal tissues do
not consider the pellet fraction after separating polysomes
using sucrose gradients. Thus, they are not accounting for this
pool of translationally repressed mRNAs. For ribosome profiling
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from the initial polysome pellet, the use of translation efficiency
needs to be re-evaluated because many of the ribosomes in this
initial pellet are presumably stalled. Moreover, some studies only
include footprints of the canonical size and may exclude the
larger size footprints that we observed in this preparation. Thus,
these results have large implications for the interpretation of
many studies on neuronal translation.

Our data strongly support a model in which mRNAs of cytos-
keletal and RNA binding proteins important for neurodevelop-
ment are regulated through ribosomes stalled in elongation that
are packaged into RNA granules and transported to distal sites,
where they, on stimulation, would be reactivated to result in fast
and local protein synthesis. RNA granule proteins such as FMRP
that interact with these mRNAs either directly by binding to
stalling sequences on the mRNA or to stalled ribosomes occupy-
ing these sequences, would thus act as master regulators of the
fate of many mRNAs through regulating reactivation of mRNAs
from stalled polysomes.
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