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SUMMARY

During eukaryotic evolution, ribosomes have consid-
erably increased in size, forming a surface-exposed
ribosomal RNA (rRNA) shell of unknown function,
which may create an interface for yet uncharacter-
ized interacting proteins. To investigate such protein
interactions, we establish a ribosome affinity purifi-
cation method that unexpectedly identifies hundreds
of ribosome-associated proteins (RAPs) from cate-
gories including metabolism and cell cycle, as well
as RNA- and protein-modifying enzymes that func-
tionally diversify mammalian ribosomes. By further
characterizing RAPs, we discover the presence of
ufmylation, a metazoan-specific post-translational
modification (PTM), on ribosomes and define its
direct substrates. Moreover, we show that the
metabolic enzyme, pyruvate kinase muscle (PKM),
interacts with sub-pools of endoplasmic reticulum
(ER)-associated ribosomes, exerting a non-canoni-
cal function as an RNA-binding protein in the transla-
tion of ER-destined mRNAs. Therefore, RAPs inter-
connect one of life’s most ancient molecular
machines with diverse cellular processes, providing
an additional layer of regulatory potential to protein
expression.
INTRODUCTION

Although the ribosome plays a universal role in translating the

genome across all kingdoms of life, mammalian ribosomes

have substantially increased in size during eukaryotic evolution.

In particular, ribosomes of higher eukaryotes have a unique

solvent-accessible outer rRNA shell (Noeske and Cate, 2012),

which may act as a platform for additional unknown interacting

proteins. A few well-characterized examples suggest the impor-

tance of such ribosome-interacting proteins in control of transla-

tion specificity and fidelity. For instance, the RNA-binding
protein (RBP) FMRP appears to bind directly to the assembled,

80S ribosome (Chen et al., 2014) and represses the translation

of specific subsets of mRNAs (Darnell et al., 2011). Another

example is the ubiquitin ligase Listerin, which associates directly

with the ribosomal large subunit as part of a quality-control

pathway to regulate the degradation of nascent proteins when

translation is interrupted (Shao et al., 2015). Although additional

ribosome-interacting proteins may endow ribosomes with func-

tional diversity and the potential for ribosome heterogeneity in

subcellular space, we lack a comprehensive identification of

such proteins within the complex cellular milieu of mamma-

lian cells.

The major challenge in addressing this problem is the lack of

methods to selectively isolate cytosolic mammalian ribosomes.

While mass spectrometry (MS) of sucrose gradient fractions

following ultracentrifugation has been attempted (Figure S1A)

(Reschke et al., 2013), this approach carries many caveats. First,

although this approach does enrich for ribosomes, complexes

that are not bona fide components of the ribosome co-migrate

in sucrose gradient fractions due to similar centrifugation proper-

ties. In fact, similar cytoplasmic lysis and centrifugation methods

are used to isolate membrane fractions or centrosomes (Girard

et al., 2005; Reber, 2011). Indeed, we have observed clathrin

complexes and ribonucleoprotein particles such as vault-

complex components present within polysome fractions inde-

pendently of ribosomes (Figure S1B). Second, the long durations

of ultracentrifugation and sucrose gradient fractionation (4–20 hr)

used may not preserve functional states of ribosomes and may

cause the loss of weaker yet biologically meaningful interactions.

Here, to determine the magnitude and the components of the

mammalian ‘‘ribo-interactome,’’ we endogenously tagged both

the small and large ribosomal subunits in mouse embryonic

stem cells (ESCs) and performed affinity enrichment for each

of the tagged ribosomal subunits to define the intersection of

the two separate ribosomal subunit datasets. This has led to

the identification of what we term ribosome-associated proteins

(RAPs), which fall under unexpected functional categories such

as energy metabolism, cell cycle, and key protein- and RNA-

modification enzymes. We further concentrate on two examples

of RAPs and define their biological functions. Our findings

show that UFL1 is an enzyme that leads to a metazoan-specific
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post-translational modification (PTM) on ribosomes. Our data

also reveal that PKM is a RAP found enriched at endoplasmic

reticulum (ER) ribosomes, and PKM controls the translation of

ER-destined mRNAs. These findings highlight the potential

diversity in ribosome composition at the level of RAPs within

key subcellular locations. Together, this study identifies hun-

dreds of RAPs with the potential to expand the functional role

of the ribosome in diverse cellular processes and to define new

layers of control to protein expression.

RESULTS

A Ribosome Tagging Method to Define the ESC
Ribo-interactome
To precisely purify mammalian ribosomes from cytoplasmic ex-

tracts, we aimed to tag ribosomal proteins (RPs) endogenously

as tagged RPs, when overexpressed, do not efficiently incorpo-

rate into translating ribosomes and can exist in free complexes

(unpublished data). To date, the only endogenously tagged RP

is eL22-HA, which has been used to isolate ribosome-bound

mRNAs in a mouse model (Sanz et al., 2009). However, when

we generated embryonic stem cells (ESCs) from these mice,

eL22-HA is also found present in free fractions that do not

contain assembled ribosomes (Figure S2A), consistent with

the reported extra-ribosomal functions of eL22 (Battle et al.,

2006). In order to overcome this caveat, we taggedmultiple, sur-

face-accessible candidate RPs in ESCs using CRISPR/Cas9-

mediated genome editing (Doudna and Charpentier, 2014).

This enabled the addition of a small FLAG-tag to the large ribo-

somal subunit gene eL36 and the small ribosome subunit gene

eS17 seamlessly at their native 30 C termini. Unlike eL22-HA,

FLAG-tagged eL36 and eS17 RPs are not found in free, non-ri-

bosomal pools and are incorporated into functional ribosomes

(Figure S2B). To assess potential background, cells stably ex-

pressing FLAG-tagged GFP at similar levels to either of the

RPs were also generated (Figure 1A). We initially performed a

cytoplasmic enrichment under physiological salt concentrations

followed by higher salt washes and FLAG peptide elution (Fig-

ure 1B). FLAG-immunoprecipitation (IP) samples from two

distinct large and small subunit RP FLAG-tagged cells as well

as FLAG-GFP cells were analyzed by LC/MS-MS and evaluated

using SAINT analysis (Mellacheruvu et al., 2013), with ribosome

interactors defined as proteins with SAINT score R0.56 (false

discovery rate [FDR] % 0.08) and a second cutoff of R4-fold

change (FC) enrichment, which encompassed all of the detect-

able RPs that make up the two ribosome subunits (Figure 1C;

Table S1).

The MS analysis using eS17-FLAG cells resulted in the enrich-

ment of small and large subunits to the same degree as eL36-

FLAG cells did, indicating that the cytoplasmic isolation and

MS are mainly covering fully assembled, translationally compe-

tent 80S ribosomes (Figure 1B). In addition, this dataset also

contains 60S and 40S exclusive interactors (Figure 1D; Table

S1), including important regulators of translation previously

ascribed to individual subunits. For instance, eIF6, which is iden-

tified specifically within the eL36-MS data, prevents ribosomal

subunit association by binding to the 60S subunit (Brina et al.,

2015). RIO2 kinase, which is identified specifically by eS17-
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MS, is known to block the ribosomal mRNA exit channel to pre-

vent premature translation initiation (Strunk et al., 2011).

The overlap between eL36-FLAG and eS17-FLAG datasets re-

sulted in the identification of�400 proteins that in addition to the

RPs include components of the canonical translation machinery

such as translation initiation and elongation factors (Figure 1D;

Table S2). To characterize the representative functional features

of the RAPs identified, gene ontology (GO) analysis was per-

formed using the mouse ESC whole-cell proteome as a back-

ground (Graumann et al., 2008). Surprisingly, in addition to the

canonical translation machinery and protein-folding functional

categories, there is an enrichment of proteins controlling meta-

bolism and cell cycle that may functionally interconnect the

mammalian ribosome to diverse and important cellular pro-

cesses (Figure 1D; Table S2; see below). Moreover, this dataset

contains multiple RNA helicases that can unwind secondary

mRNA structures and also proteins involved in mRNA process-

ing such as mRNA transport, splicing, and microRNA-mediated

gene silencing. Together, these findings reveal a new landscape

of RAPs that either directly associate with mammalian ribo-

somes or indirectly via mRNA-mediated interactions.

Classification of Direct, mRNA-Dependent, or Nascent
Peptide-Dependent RAPs
We next systematically delineated how many of the identified

RAPs (1) directly bind to the ribosome, (2) are brought to the

ribosome by interactions mediated with mRNAs, or (3) reflect

nascent peptide chains. To this end, FLAG-IPs using eL36-

FLAG cells were compared to IPs that were performed after

RNase digestion or puromycin treatment (Figure 2A). RNase A

digestion on FLAG beads resulted in the efficient footprinting

of the ribosome by digesting the mRNAs between multiple

assembled, 80S subunits (Figures S3A and S3B). Although

RNase A was chosen as a nuclease as it largely preserved the

integrity of ribosomes compared to RNase I (Figure S3A), we

cannot formally exclude that RNase A may still partially cleave

rRNA segments and disrupt interactions that are rRNA medi-

ated. To delineate nascent peptide-independent RAPs, cells

were treated with puromycin, a tRNA analog that is incorporated

into the C termini of nascent peptides, leading to their release

from the ribosome (Pestka, 1971), at conditions previously

shown in vivo to release nascent peptides (Wu et al., 2016;

Yan et al., 2016). Under these conditions, terminated peptides

that are puromycylated were detected in the cytoplasmic lysate

but could not be detected after ribosome IP (Figure S3B). A10-

plex TMT strategy was used to label peptides from untreated,

RNase A-digested, and puromycin-treated samples, three bio-

logical replicates each, with different TMT tags (Thompson

et al., 2003). For the quantification of the data, an additional

peptide isolation and fragmentation event (MS3 scan), which

leads to a more accurate estimate of relative protein levels

than MS2-based quantification, was used (Ting et al., 2011).

Using this strategy, a high correlation between biological

replicates (r = 0.93–0.99) was achieved (Figures 2A and S3C;

Table S3).

To accurately classify mRNA-dependent and independent

RAPs, we empirically modeled the null distribution of the test

statistics in the RNase treatment, which revealed �14% of the



Figure 1. Affinity Enrichment of Mammalian Ribosomes Defines the Ribo-interactome in ESCs

(A) In mouse ESCs, eL36 and eS17 are endogenously tagged with FLAG using CRISPR-Cas9 endonuclease system denoted by scissors. In addition to the

endogenously FLAG-tagged RPs, cells stably expressing different levels of GFP-FLAG transgenes were generated using PiggyBac transposon-mediated stable

integration. GFP-FLAG transgene clone 3, expressing FLAG at similar levels to the tagged RPs, was chosen for further analyses.

(B) Strategy to define the mammalian ribo-interactome. GFP-FLAG cells are used to assess the background of the ribosome affinity enrichment strategy.

Cytoplasmic lysates from eL36-FLAG, eS17-FLAG, and GFP-FLAG cells are subjected to FLAG IP under similar conditions, and IPs are analyzed by LC/MS-MS.

Average, normalized spectral abundance factor (NSAF) of RPs from three biological replicates of either eL36-FLAG or eS17-FLAG are shown. See Table S1.

(C) Maximum SAINT probability scores and fold enrichment of eL36 and eS17 experiments are shown. SAINT probability of 0.56 corresponds to 0.08 FDR. 60S

RPs, blue; 40S RPs, yellow.

(D) eL36-specific interactors are defined as those present in all eL36 biological replicates with at least two unique peptides but not present in any of the eS17

biological replicates. The overlap between eL36 and eS17 datasets is defined as the proteins present at the intersection of at least one eL36 and one eS17

replicate with a SAINT scoreR 0.56. For GO biological process analysis, Benjamini–Hochberg FDR cutoff of 5% and fold enrichmentR 5 are used. Examples of

enrichedGOcategories are shown; for a full list, see Table S2. The number of identified genes in eachGO category is shown in comparison to the number of genes

in each GO category.
total RAPs that lose ribosome interaction upon mRNA digestion

(50 proteins at FDR < 0.15 versus 438 RAPs that are insensitive

toRNase digestion at negative predictive value [NPV] > 0.99) (Fig-

ures 2B and S4A). Although it is possible that proteins that lost

ribosome interaction upon RNA digestion are interacting with

mRNAs independent of the ribosome, they include previously es-

tablished, translation-related proteins such as poly(A)-binding
proteins, LARP1, LARP4, and eIF2AK3 (Figure 2B). RNase-inde-

pendent interactors included all detectable RPs, and they en-

compassed the majority of the dataset. Unlike the RNase exper-

iment, puromycin treatment resulted in only a minor fraction of

the RAPs to lose their interaction (3% compared to 14% upon

RNase treatment), suggesting that nascent peptides were rarely

falsely identified as RAPs in our dataset (Figures 2C and S4A).
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Figure 2. The Quantitative TMT Experiment

to Determine RNase- and Puromycin-

Dependent RAPs

(A) Overview of the quantitative-MS experiment

approach. Three biological replicates (BR) are

used for each control, RNase, and puromycin

treatment. Pearson correlation coefficients for

each BR within a treatment are calculated using

normalized log2 TMT intensities.

(B) Scatterplot of normalized log2 RNase/control

ratios versus p values. FDR and negative predic-

tive values (NPV) are estimated by mixture

modeling of test statistics (Efron, 2004). 14% of

the interactions are estimated to be RNase

dependent (Figure S4). At 99% NPV, 438 in-

teractions are estimated to be RNase indepen-

dent. Representative examples of RNase-depen-

dent ribosome interactions are highlighted. See

Table S3.

(C) Scatterplot with normalized log2 puromycin/

control ratios versus p values. Representative

examples of puromycin-dependent interactions

are highlighted.
This is in agreement with the N- to C-terminal coverage of MS-

identified peptides that do not show any bias toward the N termi-

nus (Figure S4B). In total, four puromycin-treatment-dependent

proteins were identified at FDR < 0.15, which include HSPA8

and DNAJC21 chaperones and proteins that are known to

make functional contacts with ribosomes that are dependent

on tRNAs or nascent peptides. For instance, recruitment and

further interactions of NEMF to the large ribosomal subunit, which

is critical for protein quality control, is dependent on its interaction
1054 Cell 169, 1051–1065, June 1, 2017
with the peptidyl-tRNA (Shao et al., 2015).

Therefore, these quantitative-MS experi-

ments investigating mRNA and nascent-

peptide dependency permit us to gain

preliminary insights into the mechanisms

of potential translation regulation by

the RAPs.

Landscape of Direct Ribosome
Interactors
Wedefined the intersection of the RNase-

independent (NPV R 0.99) and puromy-

cin-independent (NPV R 0.99) proteins

as the ribo-interactome, which is com-

prised of �430 proteins including RPs

and translation initiation and elongation

factors (Figure 3A). Moreover, RBPs that

have known roles, such as reading cis-

regulatory elements in mRNAs, unwind-

ing mRNA structures, and/or controlling

mRNA stability, interact with ribosomes

directly, independent of mRNAs. For

instance, the ribo-interactome contains

the RNA helicase DDX1, which can

interact with the mammalian tRNA ligase

RTCB to mediate cytoplasmic splicing
of the Xbp1 mRNA (Jurkin et al., 2014; Popow et al., 2011).

Another example is CNOT1/3, components of the CCR4-NOT

complex that have diverse roles in mRNA metabolism (Shirai

et al., 2014), which could act as anchor points on the ribosome

by recruiting mRNA-dependent RAPs (e.g., components of the

miRNA machinery) to integrate post-transcriptional mRNA regu-

lation with translation. This dataset also encompasses the well-

characterized RBP FMRP (Chen et al., 2014; Darnell et al.,

2011), loss of which leads to fragile X syndrome, as well as



Figure 3. The Ribo-interactome Consists of Diverse Functional Groups of Proteins

(A) The ribo-interactome is defined as the intersection of RNase-independent and puromycin-independent interactions. The number of identified proteins related

to canonical translation machinery in the MS experiments is presented along with the known number of factors in each class.

(B) The ribosome as a hub for interactions with a multitude of proteins with diverse functions. Representative examples of direct ribosome interactors found in

each functional group are presented. In the schematic, the pink circles represent the nascent peptides; red circles on the mRNA represent mRNA modifications.

(C) Validation of representative examples from ribo-interactome. Western blots of the interactors from control, RNase-treated, and puromcyin-treated ribosome

IP samples, along with the cytoplasmic lysates, which are used as input control for these IPs.

(D) PKM is endogenously tagged with HA within eL36-FLAG ES cells. Untagged GFP and HA-tagged GFP are further transfected into these cells. GFP does not

interact with ribosomes and is used as a negative control for possible ribosome interactions. GFP nascent chains are depicted by green circles. Western blots of

the cell lysates and ribosome IPs are shown alongside Coomassie stained fractions. 0.01% of cytoplasmic lysates are used as input, and 20%of the IPs are run in

the western blot.
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FMRP-binding proteins with much less explored functions in

translation. VCP and FUS are other examples of disease-related

RBPs and are involved in the pathogenesis of the neurological

disease amyotrophic lateral sclerosis (ALS) (Lagier-Tourenne

and Cleveland, 2009). Future studies are needed to determine

whether they could link ribosomes to the emerging dysfunction

of translation control in ALS (Coyne et al., 2014).

The ribo-interactome includes enzymes that modulate revers-

ible, post-transcriptional mRNA modifications that are sug-

gested to affect translation, as well as proteins that can read

these modifications (Dominissini et al., 2016; Wang et al.,

2015) (Figure 3B). For instance, our dataset includes two spe-

cific readers (YTHDF1 and YTHDF3) but not any of the writers

of N6-methyladenosine modifications and also includes TET2,

which hydroxymethylates RNA, resulting in differential transla-

tion of such modified mRNAs (Delatte et al., 2016) (Figure 3B).

In addition to RNA-modification enzymes, enzymes that cata-

lyze or reverse diverse protein modifications (e.g., acetylation,

O-GlcNAcylation, phosphorylation, and ubiquitylation) are direct

RAPs and could modify nascent proteins and/or the translation

machinery itself. Indeed, PTMs on the ribosomes are emerging

as dynamic events in response to multiple stimuli and stress,

although enzymes that could facilitate these modifications

remain largely unknown (Simsek and Barna, 2017). Therefore,

the PTM enzymes such as ubiquitin ligases and deubiquitylating

enzymes as well as kinases and phosphatases that directly

interact with the ribosome may link translation specificity

with upstream signaling pathways and contribute to ribosome

heterogeneity.

Last, the ribo-interactome contains proteins belonging to

functional categories such as cell cycle, cell redox homeostasis,

and metabolism (Figure 3B). One of the most unanticipated

categories of proteins within the ribo-interactome is glucose

metabolism enzymes, which have the potential to generate

metabolic intermediates of cellular building blocks such as nu-

cleic acids and amino acids (Shyh-Chang et al., 2013). The

metabolic enzymes in this category appear to be a specific sub-

set. For example, additional metabolism enzymes such as

ACOT1, FASN, and MDH2 are not present in the ribo-interac-

tome dataset and serve as negative controls (Figure 3C). To

further validate our initial findings from the RNase A and purom-

cyin-treated MS experiments, proteins in the categories

mentioned above were examined via immunoblotting following

eL36-FLAG IPs with either RNase or puromycin treatments (Fig-

ure 3C). Our findings were orthogonally validated by treating cell

lysates with EDTA or RNase A and comparing the sucrose

gradient fractionation profiles of the tested RAPs to those of

RPs (Figures S5 and S6). RAPs tested that are mRNA depen-

dent upon RNase A digestion no longer accumulated at the

80S, consistent with the fact that mRNAs were digested

away. To further assess whether an abundant protein can be

falsely detected as a RAP, the PKM protein, one of the meta-

bolism-related RAPs, was endogenously tagged at its N termi-

nus with HA in eL36-FLAG cells (Figure 3D). To use the same

antibody for detection, HA-GFP was transiently expressed at

higher levels than HA-PKM in the HA-PKM; eL36-FLAG cells.

Although HA-GFP could be observed within cell lysates at

higher levels than HA-PKM, HA-GFP could not be detected in
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the ribosome IP (Figure 3D). This is an independent experiment

that is consistent with the puromycin results, suggesting that

although nascent peptides are present at translating ribosomes,

they are far less abundant compared to the RAPs and that, even

if proteins are highly overexpressed, they are unlikely to be

falsely identified.

A New PTM at the Ribosome: Ufmylation
As part of the ribo-interactome, we identified UFL1, which is

the only known enzyme that determines the target specificity

for the metazoan-specific PTM, ufmylation (Zhang et al.,

2015). Ufmylation is a ubiquitin-like PTM in which UFM1, an

85-amino acid (9.1 kDa) protein, is conjugated to target

proteins via a single enzyme cascade (Figure 4A). Although

the significance of ufmylation is underlined by its essential

roles in embryonic development and erythroid differentiation,

research on this modification is still in its infancy (Tatsumi

et al., 2011; Yoo et al., 2014; Zhang et al., 2015). By using

N-terminally HA-tagged UFL1 and an antibody that detects

UFL1 at its C terminus, we find full-length UFL1 present in

control, RNase, and puromycin-treated IPs (Figure 4B). To

determine whether any RAPs are ufmylated, we blotted the

eL36 ribosome IP samples with a ufmylation modification-spe-

cific antibody. In comparison to the control GFP IP, specific

bands corresponding to ufmylated proteins were observed

(Figure 4B). Moreover, the ufmylation signal is not detectable

at non-ribosome-containing, free fractions but is exclusively

enriched at fractions corresponding to the 60S and 80S

(Figure 4C).

Although prior studies have attempted to identify ufmylated

proteins, these studies did not contain any RPs or proteins in

the ribo-interactome (Tatsumi et al., 2010; Yoo et al., 2014).

To selectively identify only the ufmylated RAPs but not proteins

that can recognize and bind to ufmylated proteins, His-UFM1

was expressed in eL36-FLAG cells to perform a subsequent

IP step under denaturing conditions (Figure 4D; Table S4). The

LC/MS-MS analyses of the two-step purification strategy led

to the identification of two small subunit RPs, uS3 and uS10,

as well as a large subunit protein uL16. The translation initiation

factor, eIF6, that exclusively interacts with the 60S ribosome to

regulate subunit joining (and is part of our eL36-exclusive data-

set [Table S1]) was also identified (Brina et al., 2015). The molec-

ular weights of the proteins identified in the MS analysis

matched the expected molecular weights of ufmylated proteins

observed by blotting the ribo-interactome for ufmylation (Fig-

ure 4D). Interestingly, on the cryoelectron microscopy structure

of the human ribosome (Anger et al., 2013), the uS3 and uS10

small subunit RPs are immediately next to each other on the sol-

vent exposed surface of the 40S, in close vicinity of the mRNA

entry channel (Figure 4D). Identification of these small subunit

RPs, even though the ufmylation signal is absent in 40S frac-

tions, implies that ufmylation of these RPs is likely to occur on

assembled 80S ribosomes. uL16 is also on the same interface

with uS3 and uS10 (Figure 4D), suggesting that the ufmylation

of uS3, uS10, uL16, and eIF6 may work in concert to coordinate

subunit joining and mRNA interactions. Future studies are

required to further dissect the functional consequences of this

specific modification on the ribosome.



Figure 4. The Ufmylation Enzyme UFL1 Interacts with Ribosomes and Modifies Key Components of the Translation Machinery
(A) Schematic of the ufmylation cascade.

(B) UFL1 is tagged endogenously with HA at its N terminus. The UFL1 antibody recognizes the C-terminal portion of human UFL1 protein. FLAG IPs for both

control GFP-FLAG and eL36-FLAG cells are performed. Both the GFP-FLAG input and IP as well as the eL36-FLAG input and IP are blotted with HA, UFL1, and

UFM1-specific antibodies.

(C) Sucrose gradient fractionation is performed, and fractions are blotted for either the UFM1modification or the E3 ligase enzyme, UFL1. UV signal at 260 detects

RNA and indicates rRNA abundance across fractions.

(D) Schematic that outlines the two-step affinity enrichment to identify ufmylated substrates at the ribosome. Fold changes (FC) of each His-UFM1 IP compared to

background IP is shown. 4-fold FC is used as a cutoff, and proteins above this cutoff are marked. See Table S4. 80S human ribosome structure with the positions

of uS3 (green), uS20 (orange), uL16 (dark blue), mRNA (red), E-site tRNA (dark gray), and EEF2 (black) are indicated. The ribosomal RNAs are shown in light blue

(60S) or yellow (40S). PDB: 4V6X with mRNA superimposed are from PDB: 4KZZ.
Pyruvate Kinase: A Critical Metabolism Regulator and a
Direct Ribosome Interactor
From the metabolism-related RAPs, we chose to functionally

analyze PKM, which catalyzes the last step in glycolysis by con-

verting phosphoenolpyruvate (PEP) and ADP to pyruvate and

ATP (Figure 5A) (Israelsen and Vander Heiden, 2015). Multiple

studies have underscored PKM’s importance in cancer and

cellular differentiation (Israelsen and Vander Heiden, 2015).

Alternative splicing of two mutually exclusive exons of the

Pkm gene results in two different isoforms, PKM1 and PKM2,

and PKM2 is the dominant isoform in ESCs as well as tumor

cells (Shyh-Chang et al., 2013). We generated mouse ESCs

that allowed inducible Cre-recombinase-mediated deletion of

the PKM2 isoform-specific exon (Israelsen et al., 2013) (Figures

S7A and S7B). Using these cells, when PKM2 levels were low-

ered, PKM1 levels were increased overall, and the presence of

PKM1 at ribosome pools was increased as well (Figure S7B),

suggesting that both PKM2 and PKM1 can bind to the

ribosome.
To gain further mechanistic insight into PKM binding to ribo-

somes, sucrose gradient fractionation experiments in the

presence of specific translation inhibitors were performed.

Cycloheximide (CHX) blocks the exit of uncharged tRNAs by

binding to the E-site of the ribosome (Garreau de Loubresse

et al., 2014) and thereby ‘‘freezes’’ ribosomes along mRNAs in

the act of translation. PKM2 is present in the free subunits,

80S, and polysome fractions under these conditions (Figure 5B).

Lactimidomycin (LTM) binds to the E-site of the ribosome simi-

larly to CHX (Garreau de Loubresse et al., 2014); however,

LTM will act only on the first 80S positioned at the start codon

due to the presence of a bulky side group. In the presence of

LTM, PKM accumulates at the 80S peak and decreases at the

polysomes, revealing that PKM2 interacts with translating ribo-

somes. Finally, upon harringtonine (HAR) treatment, which binds

and prevents entry of the charged tRNA at the A-site (Garreau de

Loubresse et al., 2014), PKM is instead depleted from the 80S

fractions, suggesting that blocking the A-site prevents PKM2

interaction with the ribosome (Figure 5B). These studies suggest
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Figure 5. Characterization of Ribosome Binding by the Metabolism Enzyme PKM2

(A) Schematic of the glycolysis pathway.

(B) Sucrose gradient fractionation for PKM2. ESCs are treated with translation elongation inhibitors that act at different stages of translation (inhibitors denoted by

yellow geometric shapes). As the duration of the HAR treatment increases, the characteristic polysome UV signal decreases, since uninhibited ribosomes will

‘‘run-off’’ the mRNA as depicted by the lighter blue shaded ribosome cartoon. Drug treatments were performed for short durations to capture immediate effects.

CHX treatment was for 2 min; LTM treatment was for 10 min; and HAR treatments were for 10 or 40 min. Protein levels of PKM2 are shown in each fraction.

(C) Endogenous homozygous knock-in mutations are generated using the CRISPR-Cas9 endonuclease system as denoted by scissors. Sequencing chro-

matograms of the wild-type and mutated Pkm loci confirm mutations are in homozygosity. Sucrose gradient fractions are precipitated and blotted for PKM2.

(legend continued on next page)
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unexpected specificity for PKM interactions with elongating ribo-

somes in proximity to the A-site.

Next, to determine whether PKM2’s catalytic activity is impor-

tant for its interaction with the ribosome, we generated ES cells

with a homozygous PKM-K367M knock-in mutation that mu-

tates the ADP-binding site of PKM necessary for its enzymatic

activity (LeMellay et al., 2002). K367Mdid not affect PKM’s inter-

action with the ribosome (Figure 5C). PKM has also been shown

to bind amino acids, and mutating the residue H464 to alanine

abrogates any amino acid binding (Chaneton et al., 2012).

PKM-H464A knock-in mutations did not affect overall PKM2

protein stability and did not change its interaction with the trans-

lating ribosomes (Figure 5C). These findings demonstrate that

neither PKM’s catalytic activity nor its ability to bind amino acids

is critical for its interaction with the ribosome.

PKM Is a Translational Activator that Binds to Specific
mRNAs and Regulates Their Translation
To examine PKM’s potential role in translation uncoupled from

its role in metabolism, we used a tethered function assay that

brings PKM2 in close proximity to a reporter mRNA 30 untrans-
lated region (UTR). The PP7 coat protein was fused to the N ter-

minus of PKM2 and was expressed alongside the FLB-PP7bs

reporter, allowing PKM2 to be recruited to reporter mRNA

through PP7-PP7bs interactions. When PKM2 was tethered to

the FLB-PP7bs reporter, luciferase activity was increased

�2.5-fold, whereas the steady-state mRNA levels did not

change (Figure 5D). Importantly, this effect only occurred when

PKM2 was localized to the reporter and not when the FLB re-

porter lacking the PP7bs was used (Figure 5D). These findings

suggest that tethered PKM functions as a translation activator,

unconstrained by PKM’s metabolic function. This prompted us

to test whether PKM can bind to specific classes of endogenous

mRNAs. Recently, metabolic enzymes, particularly glycolysis

enzymes, have been found to bind mRNAs in high-throughput

screens of RBPs (Castello et al., 2012; Liao et al., 2016; Matia-

Gonzalez et al., 2015), although their physiological function has

remained largely unknown.

To identify possible PKM2-associated RNAs systematically

in vivo, we endogenously tagged the PKM2 protein with FLAG-

HA employing CRISPR/Cas9 (Figure S7C) and performed

FAST-iCLIP (Flynn et al., 2015) (Figure 6A). Tagging the Pkm

gene at either the N or C terminus with FLAG-HA did not affect

PKM2 polysome association (Figure S7C), and we employed

cells in which PKM2 was tagged at the C terminus for further

analysis. iCLIP identifies direct protein-RNA complexes by

combining ultraviolet (UV) crosslinking, IP, and high-throughput

sequencing (Huppertz et al., 2014). PKM2 iCLIP captured only

the in vivo crosslinked, physiological RNA targets, such that if

UV crosslinking was not used, stringent washes following two

consecutive IPs resulted in almost no RNA capture (Figure S7D).

PKM iCLIP analyses revealed that the two largest classes of

PKM2RNA targets are rRNAs (29%of reads) and protein-coding
(D) Schematic representation of FLB and FLB-PP7bs reporters. Firefly luciferase a

relative to PP7 alone, while Pat1b serves as a positive control. Northern blots are

are normalized to Renilla control. Rps7 is the loading control. The plots of luciferas

by northern blots are the mean of four biological replicates. Error bars in both re
RNAs (23% of reads) (Figures 6B and S7E). Consistent with our

MS analysis, the PKM2 iCLIP reads mapped to specific sites on

18S and 28S mature rRNA. Interestingly, a specific signal is

observed at the tip of Helix 38 of 28S rRNA, which is known as

the ‘‘A-site finger’’ (ASF) since it protrudes into the A-site and

during the decoding process interacts directly with the A-site

tRNA, making it a significant site for translation regulation (Bud-

kevich et al., 2011) (Figure 6B). Thereby, the iCLIP results in

conjunction with the LTM/HAR sucrose gradient fractionation

experiments (Figure 5B), suggest that PKM2 binds to a specific

location in the vicinity of the A-site on the ribosome.

The second-most enriched class of RNAs in the PKM2 iCLIP

dataset is protein-coding genes. Further classification of the

protein coding reads into intron, 50 UTR, CDS, and 30 UTR,

suggest that PKM2 is enriched at the CDS and 30 UTRs of

mRNAs (Figure S7E). To understand the functional significance

of PKM2-mRNA interactions, we next performed ribosome

profiling (Ingolia et al., 2012) upon siRNA-mediated Pkm knock-

down to monitor PKM-dependent translational efficiency (TE)

changes (Figures 6C and S7F). Ribosome profiling, which in-

volves the deep sequencing of ribosome-protected mRNA frag-

ments (ribosome footprints), is a means to monitor translation

efficiency genome-wide (Ingolia et al., 2012). We determined

translational changes of PKM2 iCLIP mRNA targets upon partial

Pkm knockdown (�70%) by performing ribosome profiling at

early time points (within 36 hr of knockdown) (Figure S7F). Strik-

ingly, there is a negative correlation (r = �0.327) between TE

change upon Pkm knockdown and PKM2 iCLIP enrichment

scores as reflected by the fact that the strongest PKM2 mRNA

binders exhibited the greatest decrease in TE upon Pkm

knockdown (Figures 6D and 6E; Table S5). In other words, ribo-

some occupancy of PKM2-bound mRNAs tends to be lower in

Pkm-depleted cells compared to that in control siRNA-treated

cells. These results suggest that PKM2 acts as a translational

activator of its direct, physiological mRNA targets.

Direct PKM2 mRNA targets are strongly enriched for genes

encoding for the cellular components of the ER and cell mem-

brane (Figure 6F; Table S2). Furthermore, GO analysis for biolog-

ical processes reveals significant enrichment for genes encoding

for secretory enzymes promoting cell adhesion and enzymes

involved in phospholipid and sterol synthesis for which ER is

the principal production site (Holthuis and Menon, 2014) (Fig-

ure 6F). Interestingly, these mRNAs encoding for membrane

and ER-localized proteins are commonly translated by ER-

bound ribosomes. Thus, PKM2 surprisingly binds key classes

of mRNAs that are commonly translated at the ER.

PKM Is Enriched at the ER-Ribosomes and Localizes
mRNAs to the ER
Since mRNAs that directly interact with PKM2 are enriched for

putative ER-translated transcripts, we next characterized the

specific subsets of ribosomes that interact with PKM2. PKM-

containing 80S ribosomes were isolated and analyzed by
ctivity is normalized to cotransfected Renilla luciferase control and represented

performed with an exon-junction probe crossing the rabbit b-globin intron and

e activity show themean of six biological replicates. ThemRNA levels detected

present the standard deviation.
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Figure 6. PKM2 Directly Binds and Regulates Translation of Target mRNAs that Are Commonly Translated at the ER

(A) PKM1/2 is endogenously tagged seamlessly with a C-terminal tandem FLAG-HA tag. Schematic of PKM2-FAST iCLIP experimental flow.

(B) Percentage of the total iCLIP reads for various RNA classes. Positions of PKM2 crosslinks on the mature rRNA region is shown. ‘‘Others’’ refers to U1, U2, U6,

and other snoRNAs. Diagram for the A-site finger is taken from Comparative RNA Web (http://www.rna.ccbb.utexas.edu). Canonical base pairs are depicted

with (-), GU wobble base pairs with (.). The nucleotide corresponding to the highest peak in the mature rRNA region, signifying the PKM2 crosslinking site on the

A-site finger, is highlighted with yellow.

(C) Overview of ribosome profiling workflow for control and Pkm knockdown experiments.

(D) Scatterplot showing the correlation between PKM2 iCLIP enrichment and translational efficiency change upon PKM depletion. Spearman coefficient (r) is

presented.

(E) Cumulative distributions of translational efficiency change upon PKM depletion. PKM2 iCLIP targets are divided into four groups according to the degree of

their iCLIP enrichment. Strong binders have lower translational efficiency in PKM-depleted cells relative to weak binders (p value < 2.23 10�16 between top 5%

and bottom 50% iCLIP targets, Mann-Whitney U test). See Table S5.

(F) GO analysis for cellular compartment and biological process for PKM2 iCLIP targets. Adjusted p values (Benjamini–Hochberg) are shown.
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Figure 7. PKM2 Is Enriched at ER Ribosomes and Localizes mRNAs to the ER

(A) Quantitative-MS experiment to characterize PKM2 containing ribosomes. Scatterplot with normalized log2 heavy/light ratios comparing eL36 and PKM2-

enriched ribosomes (n = 2). Mean: 0.61; SD: 0.50; cut off values for enriched proteins was 2.5 SD from themean and is shown as the gray line lines. See Table S6.

Green denotes ER-related components.

(B) Subcellular ER-ribosome enrichment. eL31 is tagged endogenously with Avitag at the C terminus. ER- or cytoplasmic-biotin ligase is expressed from an

inducible promoter. ER-biotin ligase is attached to the Sec61 Beta protein, and cytoplasmic biotin ligase contains a nuclear export signal (NES). PKM2 enrichment

is shown relative to known ER-resident proteins.

(C) Subcellular localization of PKM2 iCLIP targets. The fraction of mRNAs within subcellular fractions normalized to total mRNA are shown. Each fraction value is

initially determined by normalizing to an exogenous spike-in RNA control. Data are mean and error bars represent SD of two biological replicates. CYT, cytosol;

ER, endoplasmic reticulum; NUC, nucleus; CSK, cytoskeleton.
quantitative-MS experiments using SILAC (stable isotope label-

ing by amino acids in cell culture) optimized for ESCs (Bendall

et al., 2008) (Figure 7A). The highest enriched protein specific
to PKM2-containing ribosomes was PKM2 itself, highlighting

that the enrichment was successful, as well as two addi-

tional metabolism enzymes aldolase and thymidylate synthase.
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Moreover, this analysis also revealed that PKM2-ribosomes are

enriched for ER membrane proteins as well as the Sec61 trans-

locon complex, the docking site for ER-bound ribosomes (Voo-

rhees et al., 2014) (Figure 7A; Table S6).

To test the hypothesis that PKM2 is enriched at ER-bound ri-

bosomes, a two-component BirA proximity labeling strategy to

selectively label ER-bound ribosomes for further MS analysis

was employed (Figure 7B). We endogenously tagged eL31 with

Avitag that is positioned close to the contact site of the ribosome

with the Sec61 complex in ES cells (Voorhees et al., 2014). ES

cells expressing a biotin ligase that is either localized to the ER

or to the cytoplasm were generated, such that proximity of

eL31 to either ligasewill enable enrichment of biotin-tagged ribo-

somes by streptavidin IP. An analogous system, albeit with a

distinct RP, has been previously employed in yeast for the pur-

pose of ribosome profiling (Jan et al., 2014). Our current analysis

revealed a marked enrichment of Sec61 components and PKM

as well as additional RAPs within ER-bound ribosomes (unpub-

lished data). These findings suggest that PKM2 interacts with

sub-pools of ribosomes at the ER and reveals heterogeneous ri-

bosomes within the subcellular space.

To understand whether PKM2 has a role in the localization of

mRNAs to the ER, we further compared the localization of a sub-

set of PKM2 iCLIP target mRNAs in the ER in comparison to

other subcellular compartments upon Pkm knockdown. As ex-

pected, ER-translated mRNAs such as mRNAs encoding ER

chaperones (Calx and Grp78), lipid metabolism enzymes

(Dhcr24, Scd2), and glucose transporter (Glut3) were highly en-

riched at the ER fraction. Notably, upon Pkm knockdown,

PKM2 iCLIP target mRNAs were decreased at the ER fraction

relative to other compartments. In contrast, a control mRNA

that is localized to the ER but is not a PKM2 iCLIP target was un-

affected upon PKM2 knockdown (Figure 7C). These results sug-

gest that PKM2 may help localize its target-binding mRNAs to

the ER fraction.

DISCUSSION

The mammalian ribo-interactome as evident from the directed

studies of UFL1 and PKM2 yields unexpected potential regula-

tors of translation and reveals that the ribosome is a dynamic

hub of interacting proteins that may link the ribosome with

diverse cellular functions and imbue regulatory potential in trans-

lating the genome. Further studies will be required to elucidate

the functional significance of RAPs from diverse categories,

including those such as cell redox homeostasis, and from cell

cycle. Recent ribosome profiling studies suggest that a special

program of translational control operates during the mammalian

cell cycle (Stumpf et al., 2013; Tanenbaum et al., 2015), and the

cell-cycle-related RAPs may, at least in part, help to implement

this program. Among the RAPs in the cell redox homeostasis

category, PRDX1 has been suggested to act as a chaperone

under oxidative stress conditions (Jang et al., 2004). Proteins

in the cell redox category may represent chaperones directly

associated with the mammalian ribosome that could further

link protein folding to the cellular redox environment. The ribo-in-

teractome also containsmultiple classes of kinases and ubiquitin

ligases. This may suggest, akin to the multiple, dynamic PTMs
1062 Cell 169, 1051–1065, June 1, 2017
that make up the histone code, ribosome PTMs may similarly

endow greater heterogeneity and dynamics in translation regula-

tion upon cellular stimuli.

Our studies establish a metazoan-specific PTM, ufmylation,

on mammalian ribosomes. Future studies are needed to eluci-

date whether ufmylation of critical substrates impacts ribosome

subunit joining or contributes to transcript-specific translation.

Interestingly, the available knockout mouse models for the en-

zymes of the ufmylation cascade show specific defects in eryth-

rocyte differentiation and result in embryonic lethality (Tatsumi

et al., 2011; Zhang et al., 2015). Notably, haploinsufficiency in

multiple RPs results in defects in erythrocyte differentiation as

a common phenotype, highlighting the sensitivity of hematopoi-

etic cells to defects in protein production (Narla and Ebert, 2010)

and raising the question of whether ufmylation of ribosomes

plays a causative role in the phenotypes associated with bone

marrow failure.

While metabolism enzymes have been identified in genome-

wide screens aimed at identifying RBPs, their functional roles

as RBPs have largely been unknown. The independent results

from many integrated approaches provide complementary lines

of evidence, suggesting that PKM is present at sub-pools of ER-

ribosomes, binds directly to themRNAs translated at the ER, and

acts as a translation activator for its target mRNAs. In addition to

PKM2, multiple other metabolism enzymes directly interact with

the ribosome, and future studies will be required to determine

whether these metabolism enzymes can work independently or

coordinately to regulate ribosome activity. It is intriguing to

consider why a glucose metabolism enzyme such as PKM2 is

enriched at ER ribosomes in ESCs. ESCs are highly proliferative,

and it is therefore possible that PKM2 can couple metabolism to

the phospholipid and ER chaperone production that is necessary

for the expansion of cellular membranes associated with cellular

proliferation. Similar to ESCs, cancer cells also have increased

biosynthetic needs compared to differentiated adult tissues

(Shyh-Chang et al., 2013), and PKM is in fact found mutated in

multiple human cancers (Israelsen et al., 2013). As direct inhibi-

tors of protein synthesis hold promise in the treatment of cancers

(Bhat et al., 2015), it will be interesting to determine whether PKM

mutations found in human cancers may sensitize these cells to

specific translational inhibitors.

As highlighted by the example of PKM’s role in ER ribosomes,

our studies reveal that RAPs can complement and diversify the

translating potential of subcellular pools of ribosomes. For

example, although the ER is a critical subcellular compartment,

to our knowledge there are few known examples of RBPs that

can affect the translation of ER-targeted messages in mamma-

lian cells with the exception of the translational repressor

LIN28A (Cho et al., 2012). In this respect, it will be important

to determine whether the translation of spatially localized

mRNAs at distinct subcellular environments (e.g., cell mem-

brane, mitochondria, and ER) may be facilitated by a different

set of RAPs.

Finally, the characterization of the ribo-interactome within

ESCs serves as a foundation for numerous lines of additional

research. For example, ESCs with the endogenously tagged ri-

bosomes can be readily differentiated into additional cell types

to determine the selective and dynamic association of RAPs



during the course of cellular differentiation. Also, the different

strategies utilized here can be further applied in combination,

for instance to study PTMs on ribosomes at different subcellular

locations. Thereby, the ribo-interactome dataset along with

important functional examples presented in this study paves

the way for connecting one of life’s most ancient molecular

machines with more intricate control of gene expression.
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Rabbit polyclonal anti-CLATHRIN1 Abcam Cat#ab21679; RRID: AB_2083165
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Biotechnology

Cat#sc-32318; RRID: AB_628097

Rabbit polyclonal anti-SRSF3 Abcam Cat#ab125124; RRID: AB_10971360
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Rabbit monoclonal anti-UFM1 (EPR4264(2)) Abcam Cat#ab109305; RRID: AB_10864675

Rabbit polyclonal anti-UFM1 Santa Cruz Biotechnology Cat#sc-366565

Rabbit monoclonal anti-AGO2 (C34C6) Cell Signaling Technology Cat#2897; RRID: AB_2096291
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Rabbit polyclonal anti-ZNF622/ZPR Bethyl Cat#A304-075A; RRID: AB_2621324

Rabbit polyclonal anti-YTHDF1 Proteintech Group Cat#17479-1-AP; RRID: AB_2217473

Rabbit polyclonal anti-OGT Abcam Cat#ab96718; RRID: AB_10680015
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Rabbit polyclonal anti-NSUN2 Proteintech Group Cat#20854-1-AP; RRID: AB_10693629

Rabbit polyclonal anti-ACOT1 Abcam Cat#ab100915; RRID: AB_10672166

Rabbit polyclonal anti-FASN Cell Signaling Technology Cat#3189; RRID: AB_10692675

Rabbit polyclonal anti-MDH2 Abcam Cat#ab96193; RRID: AB_10679348

Mouse monoclonal anti-Puromycin (12D10) EMD Millipore Cat#MABE343; RRID: AB_2566826
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Rabbit polyclonal anti-RPS3/uS3 Bethyl Cat#A303-840A; RRID: AB_2620191

Rabbit polyclonal anti-EIF3H Sigma-Aldrich Cat#HPA023117; RRID: AB_1848076

Rat monoclonal anti-Mouse IgG-HRP (eB144) Rockland Cat#18-8817-31; RRID: AB_2610850

Horse anti-Mouse IgG-HRP Cell Signaling Technology Cat#7076; RRID: AB_330924

Mouse monoclonal anti-Rabbit IgG-HRP (eB182) Rockland Cat#18-8816-31; RRID: AB_2610847

Goat anti-Rabbit IgG-HRP Cell Signaling Technology Cat#7074; RRID: AB_2099233

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide Sigma-Aldrich Cat#C7698-1G

Harringtonine Abcam Cat#ab141941

Lactimidomycin EMD Millipore Cat#506291

Puromycin dihydrochloride Sigma-Aldrich Cat#P8833

RNase A Invitrogen Cat#AM2270

RNase T1 Invitrogen Cat#AM2283

LIF EMD Millipore Cat#P8833

CHIR99021 Stemgent Cat#04-0004

PD0325901 Stemgent Cat#04-0006

RNA Clean and Concentrator-5 columns Zymo Research Cat# R1016

FLAG peptide Sigma-Aldrich Cat#F3290

Dynabeads M-270 Epoxy beads Life technologies Cat#14301

Critical Commercial Assays

Ribo-Zero Gold rRNA Removal Kit (Human/

Mouse/Rat)

Illumina Cat# MRZG126

ProteoExtract Protein Precipitation Kit EMD Millipore Cat#539180

ProteoExtract Native Membrane Protein Extraction Kit Calbiochem Cat#444810

Dynabeads antibody coupling kit Life technologies Cat#14311D

Dual-Luciferase Reporter Assay System Promega Cat#E1910

Deposited Data

Raw and analyzed data This paper GEO: GSE96998

Mouse reference transcriptome mm9 knownGene UCSC Genome Browser https://genome.ucsc.edu/cgi-bin/hgTables

Mouse mm9 knownCanonical annotation UCSC Genome Browser https://genome.ucsc.edu/cgi-bin/hgTables

Experimental Models: Cell Lines

E14Tg2a.4 mouse ESCs Smith and Hooper, 1987 N/A

eL36-FLAG mouse embryonic stem cells This paper N/A

GFP-FLAG (Tg) mouse embryonic stem cells This paper N/A

eS17-FLAG mouse embryonic stem cells This paper N/A

eL36-FLAG; HA-PKM mouse embryonic stem cells This paper N/A

HA-UFL1 mouse embryonic stem cells This paper N/A

FLAG HA-PKM1/2 mouse embryonic stem cells This paper N/A

PKM1/2-FLAGHAH464Amouse embryonic stem cells This paper N/A

PKM1/2-FLAG HA K367M mouse embryonic

stem cells

This paper N/A

PKM1/2-FLAG HA mouse embryonic stem cells This paper N/A

eL22-HA (MGI:4355967); ROSA26 CAGGs CRE/ WT

mouse embryonic stem cells

This paper N/A

PKM flox/wt (MGI:5547750); ROSA26 CRE-ERT2/wt

(MGI:3699244) mouse embryonic stem cells

This paper N/A

Oligonucleotides

ON-TARGETplus Non-targeting Pool Dharmacon Cat# D-001810-10-05

ON-TARGETplus PKM Pool Dharmacon Cat# L-062711-00-0005
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Oligonucleotides for genome editing, for q-PCR

analysis to determine pluripotency of ESCs, ribosome

profiling, tethering assays, and for q-PCR analysis to

determine subcellular fractions of mRNAs see Table S7

This paper N/A

Recombinant DNA

pX330-U6-Chimeric_BB-CBh-hSpCas9 Cong et al., 2013 Addgene: 42230

eL36_FLAG_pX330-U6-Chimeric_BB-CBh-hSpCas9 This paper N/A

eS17_FLAG_pX330-U6-Chimeric_BB-CBh-hSpCas9 This paper N/A

PKM1/2_Nterminus_HA_pX330-U6-Chimeric_BB-

CBh-hSpCas9

This paper N/A

UFL1_ HA_pX330-U6-Chimeric_BB-CBh-hSpCas9 This paper N/A

PKM1/2_Cterminus_FLAG_HA_pX330-U6-Chimeric_

BB-CBh-hSpCas9

This paper N/A

PKM1/2_Nterminus_FLAG_HA_pX330-U6-Chimeric_

BB-CBh-hSpCas9

This paper N/A

PKM1/2_H464A_pX330-U6-Chimeric_BB-CBh-

hSpCas9

This paper N/A

PKM1/2_K367M_pX330-U6-Chimeric_BB-CBh-

hSpCas9

This paper N/A

pcDNA3-FLB Ozgur et al., 2010 N/A

pcDNA3-FLB-PP7bs Ozgur et al., 2010 N/A

pcDNA3-HA-PP7cp-Pat1b Ozgur et al., 2010 N/A

pCIneo-RL Pillai et al., 2005 N/A

pcDNA3-HA-PP7cp Ozgur et al., 2010 N/A

pcDNA3-HA-PP7cp-PKM2 This paper N/A

pCAGGs-6X His UFM1 This paper N/A

pCAGGs-rtTA-PB-GFP-FLAG This paper N/A

pCAGGs-HA-GFP This paper N/A

Software and Algorithms

Cutadapt Martin, 2011 http://cutadapt.readthedocs.io/en/stable/

SAINT v2.5.0 Choi et al., 2012 http://saint-apms.sourceforge.net/

Main.html

FASTX-Toolkit Cold Spring Harbor Lab http://hannonlab.cshl.edu/fastx_toolkit/

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

FastQC Babraham Bioinformatics http://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Locfdr Efron, 2007 https://CRAN.R-project.org/package=

locfdr

LIMMA Ritchie et al., 2015 https://bioconductor.org/packages/

release/bioc/html/limma.html

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

Samtools Li et al., 2009 http://samtools.sourceforge.net/

RStudio R Studio https://www.rstudio.com/

FAST-iCLIP Flynn et al., 2015 https://github.com/ChangLab/FAST-iCLIP
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Maria Barna (mbarna@

stanford.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse E14 embryonic stem cells (ESCs) (male) is a gift from Barbara Panning’s lab (UCSF) and were authenticated using q-PCR

primers against ESC-specific pluripotencymarkers:Nanog,Oct4, andRex1. qPCR primers used are detailed in Table S7. E14mouse

ESCs were cultured on 0.1% gelatin-coated dishes in 5% CO2-buffered incubators at 37�C using media comprised of Knockout-

DMEM (Life Technologies, catalog no. 10829018), 15% Embryomax FBS (EMDMilipore, catalog no. ES-009-B), 2 mM non-essential

amino acids (EMD Milipore, catalog no. TMS-001-C), 2 mM L-Glutamine (EMD Milipore, catalog no. TMS-002-C), 0.055 mM 2-mer-

captoethanol (GIBCO, catalog no. 21985023), and 103 U/ml LIF (EMD Millipore, catalog no. ESG1107). Cells were split every other

day to have�5X106 cells/10 cm dish and were used up to passage 35. For SILAC labeling, ESCs were grown four passages in heavy

SILAC media comprised of DMEM without arginine and lysine (GIBCO, catalog no. A1443101), 15% Knockout Serum Replacement

(GIBCO, catalog no. 10828010), 2 mM non-essential amino acids, 2 mM L-Glutamine, 0.055 mM 2-mercaptoethanol, 103 U/ml LIF,

3 mM CHIR99021 (Stemgent, catalog no. 04-0004), 1 mM PD0325901 (Stemgent, catalog no. 04-0006), 0.8 mM isotope-coded L-

Lysine (13C6, 15N2, Cambridge Isotope Labs, catalog no. CNLM-291-H), 0.4 mM isotope-coded L-Arginine (13C6, 15N4, Cam-

bridge Isotope Labs, catalog no. CNLM-539-H). Pluripotency of ESCs that have undergone SILAC labeling were analyzed using

q-PCR primers against ESC-specific pluripotency markers: Nanog, Oct4, and Rex1.

Genome editing of E14 ESCs were achieved by using CRISPR/Cas9 nuclease-mediated recombination (Doudna and Charpentier,

2014). sgRNA guide sequences were cloned into the BbsI-digested expression plasmid bearing both sgRNA scaffold backbone (BB)

and Cas9 nuclease, pX330-U6-Chimeric_BB-CBh-hSpCas9 (Cong et al., 2013). sgRNA guide sequences and ssODN repair tem-

plates used are detailed in Table S7.�1X106 ESCs were plated onto a single 6-well plate, 4 hr prior to the transfection of the relevant

sgRNAs cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid and the ssODN template. 500 ng of sgRNA plasmid and

100 pmols of ssODN (�1660 ng) were transfected using 7.5 mL Lipofectamine 2000 (Thermo scientific, catalog no. 11668027).

24 hr after transfections, cells were trypsinized and plated at a dilution to obtain �1000 cells/10 cm plate. 10 days later, single

ESC colonies were picked and replica-plated into two 96 well plates. One of the two plates was used for subsequent genotyping

and sequencing analyses. Primers used for genotyping are detailed in Table S7. Stable GFP-FLAG (Tg) cells were generated using

a piggyBac transposon-mediated stable integration system. 5 mg of pCAG-rtTA-PB-GFP-FLAG plasmid, 0.25 mg of piggyBac trans-

posase, and 0.5 mg of linear Puromycin resistance cassette (Clontech, catalog no. 631626) were transfected into �1X106 ESCs that

were plated on a single well of a 6-well plate, using 7.5 mL Lipofectamine 2000. Stable clones were selected with 0.5 mg/ml Puromycin

dihydrochloride (GIBCO, catalog no. A1113803) for 10 days. Stable GFP-FLAG (Tg) clones were initially scored by GFP median in-

tensity and then were analyzed by FLAG western blotting along with the FLAG-tagged RPs.

ESCs for the eL22-HA; ROSA26 CAGGs CRE/WT, and PKM flox/wt; ROSA26 CRE-ERT2/wt were generated from embryonic

day (E) 3.5 blastocysts from relevant mouse crosses by the Stanford transgenic facility. eL22-HA; ROSA26 CAGGs CRE/WT cells

(male) ESCs were expanded on Mitomycin C-treated mouse embryonic fibroblasts (MEFs) (EMD Millipore, catalog no. PMEF-CF)

and were taken off MEFs prior to experiments. PKM flox/wt; ROSA26 CRE-ERT2/wt (male) ESCs were expanded on Mitomycin

C-treated MEF and were taken off MEFs prior to experiments. PKM flox/wt; ROSA26 CRE-ERT2/wt (male) ESCs were treated

with 1 mM 4-hydroxytamoxifen (Sigma-Aldrich, catalog no. T176) for 24 hr to induce Cre-mediated recombination of PKM flox allele.

All animal work was performed in accordance with protocols approved by Stanford University’s Administrative Panel on Labora-

tory Animal Care.

METHODS DETAILS

Polysome Analysis
�10 X106 ESCswere passaged approximately 16 hr prior to the polysome analysis. For various drug treatments, cells were incubated

with the following drugs at the indicated concentrations and incubation durations at 37�C. For Cycloheximide treatment (CHX)

(Sigma-Aldrich, catalog no. C7698-1G), ESCs were treated at 100 mg/ml for 2 min. For Harringtonine (Abcam, catalog no.

ab141941) treatment, ESCs were treated at 2 mg/ml for 10 min or for 40 min. For Lactimidomycin (EMD Milipore, catalog no.

506291) treatment, ESCs were treated at 25 mM for 10 min. ESCs were lysed in buffer A (25 mM Tris-HCl pH 7.5 (Ambion, catalog

no. AM9850G, and Ambion, catalog no. AM9855G), 150 mM NaCl (Ambion, catalog no. AM9759), 15 mM MgCl2 (Ambion, catalog

no. AM9530G), 1 mM DTT (Ambion, catalog no. 10197777001), 8% glycerol (Sigma-Aldrich, catalog no. G5516), 1% Triton X-100

(Sigma-Aldrich, catalog no. T8787), 0.5% sodium deoxycholate (Sigma-Aldrich, catalog no. D6750), 100 mg/ml Cycloheximide

(CHX) (Sigma-Aldrich, catalog no. C7698-1G), 100 U/ml SUPERase In RNase Inhibitor (Ambion, catalog no. AM2694), 25 U/ml

TurboDNase (Ambion, catalog no. AM2238), Complete Protease Inhibitor EDTA-free (Sigma-Aldrich, catalog no. 11836170001) in

nuclease-free water (Thermo Fisher Scientific, catalog no. 10977015)). For �10 X106 ESCs, 400 mL of buffer A was used to lyse

the cells. After lysis, nuclei were removed by two consecutive centrifugations at 800 g, 5 min at 4�C followed by one centrifugation

at 8000 g, 5 min, and one centrifugation at 20817 g, 5 min. RNA concentrations were measured using Nanodrop UV spectrophotom-

eter (Thermo Fisher Scientific) and normalized amounts of RNA were layered onto a linear sucrose gradient (10%–45% sucrose

(Fisher Scientific, catalog no. S5-12) (w/v), 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 15 mM MgCl2, 1 mM DTT, 100 mg/ml CHX in

nuclease-free water and centrifuged in a SW41Ti rotor (Beckman) for 2.5 hr at 40,000 rpm at 4�C. Typically, 600-1000 mg RNA

was used for each sucrose gradient fractionation experiment. Fractions were collected by Density Gradient Fraction System
Cell 169, 1051–1065.e1–e10, June 1, 2017 e4



(Brandel). For RNase treatment, SUPERase In RNase Inhibitor was omitted from buffer A. After lysis, and after centrifugations at

800 g, 8000 g, and 20817 g, RNase A (Invitrogen, catalog no. AM2270) and RNase T1 (Invitrogen, catalog no. AM2283) were added

and incubated at 25�C for 30min. For�600 mg RNA, 1 mg RNase A and 2000 U RNase T1 were used to footprint ribosomes and 180U

SUPERase In was added subsequently. For EDTA treated samples, cell lysates were layered on a linear sucrose gradient (10%–45%

sucrose (w/v), 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM EDTA (Ambion, catalog no. AM9260), 1 mM DTT). Polysome fractions

were precipitated using Proteoextract Protein Precipitation Kit (EMD Milipore). For each 750 mL fraction, 450 mL precipitant 1 was

added and incubated at �20�C for at least 1 hr. Precipitated fractions were resolved in 4%–15% (Biorad, catalog no. 3450028)

SDS-PAGE gels. For western blots antibodies were diluted in PBS-0.1% Tween 20 at 1:1000 dilution either in 5% BSA (w/v) or

5% non-fat milk.

Mass spectrometry and Data Analysis
For each FLAG immunoprecipitation (IP), five �80% confluent 15 cm plates of (�150 X106 cells) eL36-FLAG, eS17-FLAG, or GFP-

FLAG ESCs were lysed in the lysis buffer A. After lysis, nuclei were removed by two consecutive centrifugations at 800 g, 5min at 4�C
followed by one centrifugation at 8000 g, 5 min, and one centrifugation at 20817 g, 5 min as discussed in the polysome analysis

above. Protein concentrations were measured using BCA assay (Pierce, catalog no. 23228) and input protein concentrations

were normalized to 15 mg/ml with the lysis buffer A. 8 mg of total protein was used for each IP and 400 mL of FLAG-Dynabeads

was used and incubated with the input for 0.5 hr on rotation at 4�C.
FLAG-Dynabeads were prepared as follows: 30 mg of FLAG antibody (Sigma-Aldrich, catalog no. F3165) was covalently coupled to

1 mg of Dynabeads M-270 Epoxy beads (Life technologies, catalog no. 14301) using Dynabeads antibody coupling kit (Life technol-

ogies, catalog no. 14311D). For each IP, 150 mg FLAG M2 antibody was covalently coupled to 5 mg Dynabeads, and was resus-

pended in 400 mL SB buffer contained in the Dynabeads coupling kit. Even though anti-FLAG M2 agarose beads (Sigma-Aldrich,

catalog no. A2220) had IP efficiencies that were �4-6 fold higher, FLAG-Dynabeads were used to minimize background due to

the agarose beads.

After 0.5 hr incubation at 4�C on rotation, IP samples were first washed 3 times each for 5 min in 5 mL volume at 4�C with buffer B

(25 mM Tris-HCl pH 7.5, 150 mM NaCl, 15 mM MgCl2, 1 mM DTT, 1% Triton X-100, 0.5% sodium deoxycholate, 100 mg/ml CHX).

Afterward, beads were washed 3 times for 5 min each at 4�C using buffer C (25 mM Tris-HCl pH 7.5, 300 mM NaCl, 15 mM MgCl2,

1 mM DTT, 1% Triton X-100, 0.5% sodium deoxycholate, 100 mg/ml CHX). Samples were then eluted off the anti-FLAG beads using

450 mL competitive FLAGpeptide elution (25mMTris-HCl, pH 7.5, 150mMNaCl, 0.5mg/ml 1X FLAGpeptide (Sigma-Aldrich) at 25�C
for 0.5 hr. For IPs that investigated the relative abundance of a highly translated protein (HA-GFP) compared to that of a protein

potentially interacting with the ribosome (HA-PKM1/2), 30 mg pCAGGs-HA-GFP plasmid were transfected into �150 X106 eL36-

FLAG; HA-PKM ESCs using 45 mL Lipofectamine 2000 (Thermo Scientific, catalog no. 11668027), and FLAG-ribosome IP was per-

formed as described above.

For RNase A-treated IP samples, the following conditions were adopted from a previous publication (Klass et al., 2013) and for the

subsequent experiments, SUPERase In was omitted from buffer A. After FLAG-bead incubation, beads were washed 3 times for

5 min each at 4�C with buffer B, and then were split into two batches. For the RNase A-treated sample, the sample was washed

3 more times for 10 min each at 25�C with buffer C containing 2 ng/ml RNase A (Invitrogen, catalog no. AM2270) for a total of

10 mg. Afterward, beads were washed once more using buffer C containing 200 U/ml SUPERase In. For Puromycin treated IP sam-

ples, 200 mM Puromycin dihydrochloride (Sigma-Aldrich, catalog no. P8833) was prepared in 1X D-PBS (Thermo scientific, catalog

no. 14190250) the same day of the experiment and was incubated with cells at 37�C for 10 min at a final concentration of 200 mM.

For unlabeled MS experiments, each IP from eL36-FLAG, eS17-FLAG, or GFP-FLAG ESCs was dried using a speedvac, was re-

suspended in 30 mL SDS sample buffer with reducing agent (Alfa Aesar, catalog no. AAJ61337AC), and was incubated at 99�C for

10min. Samples were run in 4%–12%Bis-Tris gel (Thermo scientific, catalog no. NP0321BOX) at 120 V for 10min usingMOPSbuffer

(Thermo scientific, catalog no. NP0001). For in-gel digestion of the IP samples, the protein gel was rinsed twice with HPLC water

(Fisher scientific, catalog no. W5SK-1L), and fixed with 10% acetic acid (Fisher scientific, catalog no. A38500), 45%methanol (Fisher

scientific, catalog no. A452SK-1) for 15 min. The gel was stained with SimplyBlue (Life technologies, catalog no. LC6060) for 0.5 hr

and bands were cut and incubated with 100 mM Ammonium bicarbonate (Sigma-Aldrich, catalog no. 09830) for 15 min. Gel pieces

were treated with 5 mM DTT (Thermo Scientific, catalog no. 20291) in 50 mM ammonium bicarbonate at 55�C for 30 min. Afterward,

the DTT solution was discarded and gel pieces were treated with 25 mM IAA (Thermo Scientific, catalog no. 90034) in 50 mMAmmo-

nium bicarbonate at 25�C for 30 min. Gel pieces were shrunk using 50% Acetonitrile (51101) in 50 mM ammonium bicarbonate and

were dried using speedvac for 15 min. 1 mg Trypsin/Lys-C (Promega, catalog no. V5071) per gel sample was added in 0.01%

ProteaseMAX (Promega, catalog no. V2071) in 50 mM ammonium bicarbonate for �16 hr at 37�C. Two consecutive peptide extrac-

tions were performed using the same digestion volume of 70% acetonitrile (Thermo Scientific, catalog no. 51101), 29%HPLCwater,

and 1% formic acid (Fisher scientific, catalog no. A117-50) at 37�C. Digested peptides were dried using speedvac and were resus-

pended in 8 mL of 0.1% formic acid. 2 mL of each sample was analyzed on an Orbitrap Elite mass spectrometer. Peptides were sepa-

rated using a gradient of 5 to 21%acetonitrile over 90min. MS2 spectra were searched using the Byonic (v2.12.0) algorithm against a

Uniprot database derived from the mouse proteome containing its reversed complement and known contaminants. Peptide spectral

matches were filtered to a 1% false discovery rate (FDR) using the target-decoy strategy combined with linear discriminant analysis.

Precursor mass tolerance was set to 10 ppm and fragment mass tolerance was set to 0.4 Dalton allowing 2 miscleavages.
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Normalized spectral abundance factor (NSAF) is described previously in (Florens et al., 2006), and is calculated as the number of

spectral counts (SpC) identifying a protein divided by the length of the protein (L), that is divided by the sum of SpC and L ratios of all

the proteins in the MS experiment. For calculation of SAINT scores, spectral counts were analyzed by SAINT (v2.5.0) (Choi et al.,

2012) using the following parameters: lowmode = 1, minfold = 1, and norm = 0. Fold change (FC) is the ratio of the sum of SpC across

IP experiments to the sum of SpC across background control experiments plus pseudocount of 1. For the analysis of the enrichment

of GeneOntology (GO) terms, thewhole cell mESCproteome data from (Graumann et al., 2008) was used as the background andwas

analyzed using DAVID (https://david.ncifcrf.gov). P values were corrected using Benjamini–Hochberg and an initial cutoff of 0.05 was

used. Then, the data were ranked by fold enrichment and a minimum 4 fold change enrichment was used as a threshold.

For the TMT experiments that compared control, RNase-treated, and Puromycin-treated IP samples, after FLAG peptide elution,

RNA levels weremeasured using NanodropUV spectrophotometer and FLAGpeptide elution buffer was used to normalize IPs. Sam-

ples were dried by speedvac overnight and dried samples were resuspended in 50ml of LDS sample buffer (Thermo scientific, catalog

no. NP0007) with reducing agent and incubated at 60�C for 10 min. One half of each sample was run in 10% Bis-Tris gel (Thermo

scientific, catalog no. NP0301BOX) at 120 V for 10 min using MES buffer (Thermo scientific, catalog no. NP0002). Gel bands were

cut out, destained, reduced, and alkylated. In-gel trypsin digestion was performed. Extracted peptides were labeled with TMT-

10plex isobaric label reagent Set (Thermo scientific, catalog no. 90110). Labeling reactions were combined, cleaned, and dried

down. Peptides were resuspended in 5% acetonitrile, 5% formic acid and half of the sample was analyzed on an Orbitrap Fusion

mass spectrometer. Peptides were separated using a gradient of 6 to 28% acetonitrile in 0.125% formic acid over 180 min. Peptides

were detected (MS1) and quantified (MS3) in the Orbitrap (Ting et al., 2011). Peptides were sequenced (MS2) in the ion trap. MS2

spectra were searched using the SEQUEST algorithm against a Uniprot composite database derived from themouse proteome con-

taining its reversed complement and known contaminants. Peptide spectral matches were filtered to a 1% false discovery rate (FDR)

using the target-decoy strategy combined with linear discriminant analysis. The proteins were filtered to a < 1% FDR. Proteins were

quantified only from peptides with a summed SN threshold of > = 200 and MS2 isolation specificity of 0.5 which was determined

empirically in (Ting et al., 2011). Protein quant data is included as an excel spreadsheet. Quantitative data is provided in two forms:

1) total summed intensity of peptides assigned to each protein and 2) Log2 relative abundance.

For the comparison of PKM-FLAG enriched ribosomes to eL36-FLAG ribosomes, for each experiment, five�80% confluent 15 cm

plates of SILACmedia-fed mESCs (�150 X106 cells) were collected in D-PBS and treated with 0.05% formaldehyde (Sigma-Aldrich,

catalog no. F8775) in D-PBS for 15 min at 25�C for 15 min on rotation. Buffer A without SUPERase In was used to lyse the cells and

RNase A was used to footprint the ribosomes as described above. For each experiment, five sucrose gradient fractionations were

performed over a linear sucrose gradient of 10%–45%sucrose as described above. 80S fractions from five experiments were pooled

together and used as input for the FLAG IP which is described in detail above. Eluted proteins were digested overnight using the in-

gel digestion protocol described above and analyzed in Orbitrap Elite mass spectrometer. Data was analyzed using MaxQuant pro-

gram (v.1.2.2.5).

For the two-step enrichment of the Ufmylated ribo-interactome, 6XHis tagged UFM1 at its N terminus was transfected into eL36-

FLAGESCs. Specifically, to each of 20X15 cmeL36-FLAG cells, 30 mg of pCAGGs-6X His UFM1was transfectedwith 45 mL Lipofect-

amine 2000. As a negative control, eL36-FLAG cells that were not transfected with the 6XHis-UFM1 expression plasmid were used.

After 18 hr, FLAG IP was performed as described above. The subsequent Ni-NTA pulldown under denaturing conditions were per-

formed as follows: 9M Urea, Tris-HCl pH 8.0, 15 mM imidazole 1.5 X FLAG elution buffer without FLAG peptide was prepared and

added to the FLAG elution samples to have a final concentration of 6M urea and 10mM imidazole. The FLAG elutionwith 6M ureawas

then incubated with 60 mL of Ni-NTA agarose slurry (Thermo scientific, R90101) for 2 hr at 25�C. Ni-NTA wash buffer consists of

100 mM sodium phosphate, 10 mM imidazole, 10 mM Tris base, 1M urea, pH 8.0. Ni-NTA elution buffer contains 300 mM imidazole.

His purifications were in-gel digested as described above and analyzed in Orbitrap Elite mass spectrometer. MS2 data was searched

using Mascot (v2.4), and for the analysis of two experiments compared to the background, FC was calculated as described above.

iCLIP and Data Analysis
FAST-iCLIP was performed (Flynn et al., 2015) on PKM2-FLAG-HA cells by UV crosslinking cells to a total of 0.35 J cm�2.Whole-cell

lysates were generated in iCLIP lysis buffer (50 mM HEPES, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, 0.2% Triton

X-100, 0.5%N-lauroylsarcosine) and briefly sonicated using a probe-tip Branson sonicator to solubilize chromatin. Each iCLIP exper-

iment was normalized for total protein amount, typically 1 mg, and partially digested with RNase I (ThermoFisher Scientific, catalog

no. AM2294) for 10 min at 37�C and quenched on ice. PKM2-FLAG-HA was isolated with anti-FLAG agarose beads (Sigma-Aldrich)

for 1 hr at 4�C on rotation. Samples were washed sequentially in 1 mL for 5 min each at 4�C: 23 high stringency buffer (15 mM Tris-

HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 120 mMNaCl, 25 mMKCl), 13 high salt buffer

(15 mM Tris-HCl pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 1 M NaCl), 13 NT2 buffer (50 mM

Tris-HCl, pH 7.5, 150mMNaCl, 1 mMMgCl2, 0.05%NP-40). Purified PKM2-FLAG-HA was then eluted off anti-FLAG agarose beads

using competitive FLAG peptide elution. Each sample was resuspended in 500 mL of FLAG elution buffer (50 mM Tris-HCl, pH 7.5,

250 mM NaCl, 0.5% NP-40, 0.1% sodium deoxycholate, 0.5 mg/ml FLAG peptide) and rotated at 4�C for 30 min. The FLAG elution

was repeated once for a total of 1mL elution. PKM2-FLAG-HAwas then captured using anti-HA agarose beads (Pierce) for 1 hr at 4�C
on rotation. Samples were then washed as previously in the anti-FLAG agarose beads.
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After the NT2 wash, HA-bound RNA-protein complexes were dephosphorylated with T4 PNK (NEB, cat# M0210) for 30 min in an

Eppendorf Thermomixer at 37�C, 15 s 1400rpm, 90 s rest in a 30 mL reaction, pH 6.5, containing 10 units of T4 PNK, 0.1 mL

SUPERase-IN, and 6 mL of PEG-400 (16.7% final). After 30 min, beads were rinsed once with NT2 buffer and 30 end ligated with

T4 RNA Ligase 1 (NEB, cat# M0204) overnight in an Eppendorf Thermomixer at 16�C, 15 s 1400rpm, 90 s rest in a 30 mL reaction

containing 10 units T4 RNA Ligase, 1pmole pre-Adenylated-DNA-adaptor, 0.1 mL SUPERase-IN, and 6 mL of PEG400 (16.7% final).

The following day, samples were again rinsed with NT2 buffer and 50 radiolabeled by adding 1 mL of T4 PNK, 0.5 mL g32-ATP (Perkin

Elmer), 2 mL 10x T4 PNK Buffer, and 0.5 mL SUPERase-In, and 16 mL of water for 15 min at 37�C. To this reaction, 1 mL of 100mMDTT

and 6uL of 4x LDS Buffer (ThermoFisher Scientific) was added, and samples were heated to 75�C for 10min. Released RNA-protein

complexes were separated on SDS-PAGE using NuPAGE 4%–12% Bis-Tris Gels (1.0mm X 12 well) at 180V for 45 min. Resolved

RNP complexes were wet-transferred to nitrocelluose at 400 mA for 60 min at 4�C.
RNA was recovered and processed for library preparation as in the irCLIP protocol (Zarnegar et al., 2016). Membranes were cut

into �0.5x1mm narrow strips that easily come to rest in the bottom of a siliconized 1.5mL eppendorf tube. To each tube, 0.2 mL of

Proteinase K reaction buffer (100 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.2% SDS) and 10 mL of Proteinase K (Thermo Fisher

Scientific, cat# AM2546) was added. The reaction was then incubated for 60 min at 50�C in an Eppendorf Thermomixer. Next, 200mL

of saturated-phenol-chloroform, pH, 6.7 was added to each tube and incubated for 10 min at 37�C in an Eppendorf Thermomixer,

1400 rpm. Tubeswere briefly centrifuged and the entire contents transferred to a 2mLHeavy Phase LockGel (5Prime, cat# 2302830).

After 2min centrifugation at > 13000 rpm, the aqueous layer was re-extracted with 1mL of chloroform (invert tube 10 times tomix; do

not vortex, pipet or shake) in the same 2 mL Phase Lock Gel tube and centrifuged for 2 min at > 13000 rpm. The aqueous layer was

then transferred to a new 2 mL Heavy Phase Lock Gel tube and extracted again with an additional 1 mL of chloroform. After 2 min

centrifugation at > 13000 rpm, the aqueous layer was transferred to a siliconized 1.5 mL eppendorf tube and precipitated overnight

at �20�C by addition of 10 mL 5M NaCl, 3 mL Linear Polyacrylamide (Thermo Fisher Scientific, cat# AM9520) and 0.8 mL ethanol.

cDNA synthesis primers were purchased from IDT: cDNA-barcode1 (6 bp TruSeq barcode in ‘bold’):

/5phos/WWWNNNXXXXXXNNNNNTACCCTTCGCTTCACACACAAG/iSp18/GGATCC/iSp18/TACTGAACCGC. P3short (cDNA

elution oligo): CTGAACCGCTCTTCCGATCT. PCR1 primers, P3tall: GCATTCCTGCTGAACCGCTCTTCCGATCT, P6tall: TTTCCC

CTTGTGTGTGAAGCGAAGGGTA. PCR2 primers (PAGE purified). P3solexa: CAAGCAGAAGACGGCATACGAGATCGGTCTCGG

CATTCCTGCTGAACCGCTCTTCCGATCT, P6solexa: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCCTTGTGTGTGAAG

CGAAGGGTA.

P6 sequencing primer (For Illumina Sequencing): CACTCTTTCCCCTTGTGTGTGAAGCGAAGGGTA.

RNA fragments were pelleted at > 13000 rpm for 45 min at 4�C, washed once with 1mL of ice cold 75% ethanol and air-dried. Pel-

lets were resuspended in 12 mL water. 12 mL of RNAwasmixed with 1 mL of 1 mMcDNA and 1 mL of 10mM dNTPs and heated to 70�C
for 10 min then rapidly cooled to 4�C. Six microliters of cDNA Master Mix (4 mL 5x SSIV Buffer, 1 mL 100mM DTT, 1 mL SSIV) was

added to the annealed RNA and incubated for 30min at 55�C. cDNA:RNA hybrids were captured by addition of 5 mL of MyOne Strep-

tavidin C1 Dynabeads (Thermo Fisher Scientific, cat# 65001) that had been rinsed and suspended in 30 mL of Biotin-IP buffer (100mM

Tris, pH 7.5, 1M NaCl, 1mM EDTA, 0.1% Tween), and end over end rotated for 30 min at room temperature. Beads were placed on a

96-well magnet and washed sequentially with 0.1 mL of Biotin IP buffer and PBS. Beads were resuspended in 10 mL of cDNA elution/

RNA degradation buffer (8.25 mL water, 1 mL of 1 mM P3short oligo, and 0.7 5 mL of 50 mMMnCl2) and placed in a thermocycler with

the program: 5 min 95�C, 1 min 75�C, ramp 0.1 deg/s to 60�C forever. After 15 min, tubes were removed and mixed with 5 mL of Cir-

cligase-II reaction buffer (3.3 mL water, 1.5 mL 10x Circligase-II buffer, and 0.2 mL of Circligase-II, Epicenter, cat# CL9021K). cDNA

was circularized in a thermocycler for 1.5hrs at 60�C. cDNA was captured by addition of 30 mL of Ampure XP beads (Beckman

Coulter, cat# A63880), 75 mL of isopropanol and 15 min of incubation (the solution was remixed after 7.5 min). Beads were washed

once with 80% ethanol, dried for 5 min and resuspended in 14 mL of water. For maximal elution, tubes were placed in a 95�C ther-

mocycler for 2 min and immediately transferred to a 96-well magnet. The 14 mL eluate was transferred to a new 0.2mL PCR tube

containing 15 mL of 2X Phusion HF-PCR Master Mix (NEB, cat# M0531), 0.5 mL of 30 mM P3/P6 PCR1 oligo mix and 0.5 mL of 15X

SYBR Green I (Thermo Fisher Scientific, cat# S7563). The tubes were then placed in a Stratagene MX3000P qPCR machine with

the following program: 98�C 2 min, 15 cycles of 98�C 15 s, 65�C 30 s, 72�C, 30 s, with data acquisition set to the 72�C extension.

PCR1 reactions were then subjected to one round of magnetic bead size selection by addition of 4.5 mL of isopropanol, 54 mL of

Ampure XP beads and incubation for 10min. Beadswere washed oncewith 80%ethanol, dried for 5min and eluted in 10 mL of water.

PCR1 products were subjected to a second round of size selection by addition of 1.5 mL of isopropanol, 18 mL of Ampure XP beads

and incubation for 10min. Beads werewashed oncewith 80%ethanol, dried for 5min and eluted in 10 mL 500 nMP3solexa/P6solexa

oligo mix. 10 mL of 2X Phusion HF-PCR Master was added to each tube and placed in a thermocycler with the following program:

98�C 2 min, 3 cycles of 98�C 15 s, 65�C 30 s, 72�C, 30 s seconds. Final libraries were purified by addition of 36 mL of Ampure XP

beads and incubation for 5 min. Beads were washed twice with 70% ethanol, dried for 5 min and eluted in 20 mL of water. 1-2 mL

of libraries were quantitated by HS-DNA Bioanalyzer.

Samples were sent for deep sequencing on the Illumina NextSeq machine for single-end 75-bp cycle run. FAST-iCLIP data was

processed using the FAST-iCLIP analysis pipeline (https://github.com/ChangLab/FAST-iCLIP). PCR duplicates were removed using

unique molecular identifiers (UMI) in the RT primer region. Adaptor and barcode sequences were trimmed, and reads were mapped

stepwise to repetitive and non-repetitive genomes. Specific parameters used are as follows: -f 18 (trims 17nt from the 50 end of the

read), -l 15 (includes all reads longer than 15nt),–bm 25 (minimum MAPQ score from bowtie2 of 25 is required for repeat element
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mapping), –sr 0.08 (STARmismatch-per-base ratio; 0.08 corresponds to 2mismatches per 25 bases), and –tr 2,3 (repetitive genome)

and –tn 2,3 (nonrepetitive genome) RT stop intersection (n,m; where n = replicate number and m = number of unique RT stops

required per n replicates) (Dobin et al., 2013). Using the –tr/tn 2,3 parameters, a minimum of 6 RT stops are required to support

any single nucleotide identified as crosslinking site. For the tRNA alignment, reference index was generated by appending CCA

tail sequence to tRNA gene predictions accessed from gtRNAdb (http://gtrnadb.ucsc.edu/). All possible tRNA alignments were re-

ported using bowtie2 -a mode, but each mapped read was counted once for calculating total proportion of tRNAs in the library.

siRNA Transfection
For Pkm knockdown experiments, E14 ESCs were transfected for 36 hr with either control (Dharmacon) or PKM targeting siRNAs

(Dharmacon) using RNAiMAX (Invitrogen, catalog no. 13778). For �10X106 cells, either 100 pmol PKM targeting siRNA or control

siRNA were transfected using 30 ml RNAiMAX. PKM1/2 siRNAs target both PKM1 and PKM2 isoforms. The final concentrations of

siRNAs were 20 nM.

Ribosome Profiling and Data Analysis
Ribosome profiling was performed as described before (Ingolia et al., 2012) with modifications. Details are described below.

Control and Pkm knockdown ESCs were passaged 16 hr prior to sucrose cushion purification. ESCs were treated with 100 mgml-1

CHX for 2 min at 37�C. CHX-treated cells were lysed using the buffer A in the polysome analysis without SUPERase RNase Inhibitor.

RNA for RNA-Seq was isolated using TRIzol (Invitrogen, catalog no. 15596-018). For ribosome profiling, after lysis, nuclei were

removed by three consecutive centrifugations (800 g, 5 min at 4�C). For �600 mg RNA, 1 mg RNase A (Invitrogen, catalog no.

AM2270) and 2000 U RNase T1 (Invitrogen, catalog no. AM2283) were used to footprint ribosomes for 30 min at 25�C and subse-

quently quenched with 180 U SUPERase In. Ribosomes were enriched by adding the lysate onto sucrose cushion buffer (33%

sucrose (w/v), 25 mM Tris-HCl pH 7.5, 150 mMNaCl, 15 mMMgCl2, 1 mMDTT, 100 U/ml SUPERase In RNase Inhibitor), and centri-

fuging in a TLA 120.2 rotor (Beckman) for 4 hr at 70,000 rpm at 4�C. The ribosome pellet containing the ribosome footprinted Ribo-

Seq library was resuspended in TRIzol.

Library preparation was adapted from a previous protocol (Ingolia et al., 2012) and the ARTseq Ribosome Profiling Kit manual

(Epicenter). In summary, total RNA and ribosome footprints were extracted using sequential TRIzol and acid-phenol:chloroform

extraction. Briefly, 200 mL of chloroform was added to 1 mL of TRIzol resuspended sample, mixed, and centrifuged at 12,000 g,

15 min, 4�C. The aqueous phase was removed and added to 500 mL of acid-phenol:chloroform, pH 4.5 (with IAA) (Invitrogen, catalog

no. AM9722), mixed, and centrifuged at 21,000 g, 5 min, RT. From this step on, nonstick RNase-free tubes were used (Invitrogen,

catalog no. AM12450). The subsequent aqueous phase was removed and precipitated overnight at �80�C with 600 mL isopropanol

and 1.5 mL GlycoBlue Coprecipitant (Invitrogen). The samples were then centrifuged at 21,000 g, 30 min, 4�C, supernatant was

removed, and the RNA pellet was washed twice with 500 mL cold 75% ethanol. Pellets were dried for 15 min, RT and resuspended

in nuclease free water.

After extraction and precipitation, both ribosome footprinting and total RNA samples were depleted of rRNA using the Ribo-Zero

Gold rRNA Removal Kit (H/M/R) (Illumina, catalog no. MRZG126). Briefly, magnetic beads were washed with nuclease free water and

resuspended in resuspension solution with 1 mL RiboGuard RNase inhibitor. 5 mg of RNA was then probe-hybridized by incubating

with Ribo-Zero rRNA Reaction Buffer and Removal Solution in a 40 mL reaction. The probe-hybridized RNA samples were then trans-

ferred to the magnetic beads and incubated at room temperature for 5 min. The recommended 50�C incubation was not performed.

The supernatant was then removed and column purified (RNA Clean & Concentrator 5, Zymo Research, catalog no. R1016). Ribo-

some protected fragment samples were adjusted to 100 mL with nuclease free water and mixed with 200 mL RNA binding buffer and

450 mL 100%ethanol. Total RNA sampleswere adjusted to 100 mLwith nuclease freewater andmixedwith 200 mLRNAbinding buffer

and 300 mL 100% ethanol. Sample was then transferred and bound to column, washed, and eluted in 12 mL nuclease free water.

Total RNA samples were then fragmented by partial alkaline hydrolysis. The samples were diluted to 100 mL with 5 mM Tris-HCl,

pH 7.5 and incubated with 100 mL 2x alkaline fragmentation buffer (100 mM Na2CO3 pH 9.2, 2 mM EDTA) for 20 min at 95�C. The
reaction was neutralized with 440 mL STOP Buffer (70 mL 3M NaOAc pH 5.5, 2 mL Glycoblue, and 370 mL nuclease free water) and

isopropanol precipitated overnight at �80�C.
Ribosome protected fragments and total RNA samples were then size selected by running the samples out on a 15% TBE-Urea

polyacrylamide gel. Ribosome protected fragments were size selected between 28-nt and 34-nt as marked by RNA oligonucleotides

oNTI199 and oNTI265, respectively (Ingolia et al., 2011). Total RNA samples were size selected between 40-70 nt as marked by a

10 bp DNA ladder (Invitrogen, catalog no. 10821015). Gel slices were crushed and extracted at room temperature overnight in

400 mL RNA extraction buffer (300 mM NaOAc pH 5.5, 1 mM EDTA, 0.25% SDS). The eluate was then purified by acid-phenol:chlo-

form extraction and isopropanol precipitation (see above).

Samples were then 30dephosphorylated by denaturing at 80�C for 90 s and incubatingwith 1 mL T4 PNK (NEB, catalog no.M0201S)

in a 50 mL reaction at 37�C for 1 hr. The fragmented total RNA and ribosome protected fragments were then purified using Zymo RNA

Clean & Concentrator 5 columns using a protocol in which 100 mL sample, 200 mL RNA binding buffer, and 450 mL 100%ethanol were

used for binding (see above). Samples were eluted with 8.5 mL nuclease free water and incubated with 1.5 mL of 0.5 mg/mL Universal

miRNACloning Linker (NEB, catalog no. S1315S) and denatured at 80�C for 90 s. The denatured sample was then incubatedwith 1 mL

T4RNA Ligase 2, truncated (NEB, catalog no.M0242S), 2 mL 10x buffer, 1 mLSUPERase In, and 6 mL 50%PEG8000 for 2.5 hr at room
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temperature. Samples were then purified using Zymo RNA Clean & Concentrator 5 columns (100 mL sample, 200 mL RNA binding

buffer, 450 mL 100%ethanol). Linker ligated ribosome protected fragments and total RNA fragments were subsequently size selected

on 10% TBE-Urea polyacrylamide gels and gel extracted and acid-phenol:chloroform extracted as described above.

To perform reverse transcription, samples were incubated with 2 mL of 1.25 uM RT primer (see Table S7) and denatured for 2 min at

80�C. Reverse transcription was performed with SuperScript III (Invitrogen, catalog no. 18080-044) in a 20 mL reaction (48�C, 30 min).

RNAwas then hydrolyzed by adding 2.2 mL of 1NNaOHand incubating for 20min at 98�C.Sampleswere then purified using ZymoRNA

Clean&Concentrator 5 columns (100mL sample, 200mLRNAbinding buffer, 300mL100%ethanol). RTproductswere size selected and

gel extracted from 10% TBE Urea polyacrylamide gels as described above instead that DNA extraction buffer was used for overnight

extraction (300mMNaCl, 10mMTris-HCl pH 8, 1mMEDTA, 0.1%SDS). Eluatewas then isopropanol precipitated overnight at�80�C.
Samples were then circularized with CircLigase (Illumina, catalog no. CL4115K) in a 20 mL reaction (15 mL cDNA, 2 mL 10x

CircLigase Buffer, 1 mL 1 mM ATP, 1 mL 50 mM MnCl2, 1 mL CircLigase) for 12 hr at 60�C and subsequently purified by Zymo

RNA Clean & Concentrator 5 columns (100 mL sample, 200 mL RNA binding buffer, 300 mL 100% ethanol) and eluted with 12 mL

nuclease free water.

1 mL of library was used for PCR amplification with Phusion High-Fidelity DNA Polymerase (Thermo Fisher, catalog no. F530S)

(98�C 30 s, 98�C 10 s, 65�C 10 s, 72�C 5 s) for 10-11 cycles using the ribosome profiling library PCR forward primer and indexed

reverse primers (see Table S7).

PCR product was PAGE purified from 8% TBE polyacrylamide gels, extracted overnight using DNA extraction buffer, and isopro-

panol precipitated overnight at �80�C. DNA was measured and quality controlled on the Agilent 2100 Bioanalyzer (High-Sensitivity

DNA) by the Stanford Protein andNucleic Acid Facility. Libraries were sequenced by the Stanford Functional Genomics Facility on the

Illumina NextSeq 500 (1x75nt).

For analysis pre-processing, the 30 adaptor sequences from reads were removed using cutadapt (Martin, 2011). The 50 end of each

read was then removed using fastx_trimmer from FASTX-Toolkit. To remove reads that aligned to rRNA, tRNA, and snRNAs, reads

were first aligned to these sequences using bowtie2 (bowtie2 parameters: -L 18) and subsequently discarded. Filtered reads that did

not align to rRNA/tRNA/snRNAs were then aligned to an mm9 transcriptome reference derived from UCSC knownCanonical using

bowtie2 (bowtie2 parameters:–norc -L 18). Ribo-Seq reads were then parsed for uniquely aligned reads, separated into read length

groups, and ribosome A site positions were determined by offsetting the distance of the 50 end of each read to canonical start sites in

each length group and adding 4 nucleotides (Ingolia et al., 2012). RNA-Seq reads were also parsed for uniquely aligned reads and

were assigned to particular nucleotide positions using the above parameters. Ribo-Seq andRNA-Seq readswere then counted using

UCSC mm9 knownCanonical annotations.

To remove lowly expressing genes, genes with < 150 reads in the CDS of any of the Ribo-Seq or RNA-Seq libraries were removed.

Translational efficiency for each gene is defined as the library size normalized counts of Ribo-Seq reads divided by normalized RNA-

Seq read counts aligning to the CDS (with the first 15 codons and last 5 codons removed). Raw aligned iCLIP reads from the FAST-

iCLIP analysis described above were then obtained prior to merging replicate RT stops. Alignments were assigned to the 50 ends of
reads and counted using UCSC mm9 knownCanonical annotations. The counts over the total mature transcript from each replicate

were averaged to obtain the mean CLIP read count for each gene. To calculate iCLIP enrichment scores for each gene, a pseudo-

count of 1 was added to the mean iCLIP read count for each gene, normalized to aligned library size, and divided by the library size

normalized RNA-Seq counts from the control library.

Translational efficiency changes between the Pkm knockdown and control samples were calculated and plotted against PKM2

iCLIP enrichment. Spearman’s rho was calculated in R. Correlation was also analyzed by binning genes based on iCLIP enrichment

scores and analyzing the resulting empirical cumulative density function of translational efficiency change between PKM1/2 knock-

down and control for each group. Differences between the strong iCLIP binding (top 5 percentile) group and the weakly binding

(50-100 percentile) group were quantified with the Mann-Whitney U test in R.

iCLIP GO term enrichment was performed using the set of iCLIP enriched genes, defined as genes with log2(total mature transcript

iCLIP normalized read count) > 5 and log2(iCLIP enrichment) > 1, compared to a background set of genes with CDS read count > 150

inmouse ESCRNA-seq and Ribo-Seq experiments. Enrichments were calculated using DAVID (https://david.ncifcrf.gov). 0.05 cutoff

of Benjamini–Hochberg P values and a minimum 2 fold enrichment were used.

Tethered Function Assay
The following plasmids have been described previously: pCIneo-RL (p2443) (Pillai et al., 2005), pFLB (p2524), pFLB-PP7bs (p2646),

pcDNA3-HA-PP7cp-Pat1b (p2634), pcDNA3-HA-PP7cp (p2211) (Ozgur et al., 2010). Tethering reporter assays were performed by

transfecting 2 mg of the reporters (FLB or FLB-PP7bs) with 2 mg of PP7 fusion proteins along with the normalization control, 0.16 mg

pCIneo-RL reporter, into 1X106 E14 ESCs cells using 7.5 mL Lipofectamine 2000 (Thermo Fisher). After 24 hr, cells were collected and

one third of a 6 well dish of transfected E14 ESCs was used for parallel luciferase activity, western and Northern blot analysis. Sub-

sequently, total RNA was extracted from cell pellets using the GeneMatrix Universal RNA Purification Kit (EurX). For Northern blot

analysis, 2-10 mg of total RNA was resolved by 1.1% agarose/2% formaldehyde/MOPS gel electrophoresis using 1x MOPS running

buffer and blotted over night with 8x saline-sodium citrate (SSC) buffer (1x contains 0.15 M NaCl and 0.015 M sodium citrate) onto

Hybond-N+ Nylonmembranes (Amersham, GEHealthcare). Membranes were hybridized overnight at 55�Cwith digoxigenin-labeled

RNA probes synthesized in vitro using Sp6 polymerase (Ambion) and DIGRNA labelingmix (Roche). 500 ng RNA probewas diluted in
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10 mL hybridization buffer containing 50% formamide, 5x SSC, 5x Denhard’s solution, 5 mM EDTA, 10 mM PIPES pH 7.0 at 25�C,
0.4mg/ml torula yeast RNA (USBiological) and 1%SDS.Membraneswerewashed twicewith 2x SSC/ 0.1%SDS for 5min, and twice

with 0.5x SSC/ 0.1%SDS for 20min at 65�C. Alkaline phosphatase-coupled anti-digoxigenin Fab fragments and CDP-Star substrate

(both Roche) were used for detection using digoxigenin-labeled RNA probes against Rluc (pCIneo-RL), rabbit b-globin and Rps7

mRNAs, which were generated by PCR using the primers listed in the Key Resource Table. The corresponding signals were quan-

tified using ImageJ software. For luciferase assays, cells were lysed in 60 ml of 1x passive lysis buffer of the Dual-Luciferase Reporter

Assay System (Promega) and frozen at �80�C. After thawing, cell debris and nuclei were removed by centrifugation for 1 min at

13,000 rpm. 20 ml of supernatant was assayed for luciferase activity in technical replicates by mixing with 50 ml of Dual-Luciferase

Reporter Assay System substrates. Firefly and Renilla luciferase activities weremeasured on aGloMax-Multi (Promega) plate reader.

Luciferase reporter activity is expressed as a ratio between Fluc and Rluc which was normalized to the ratio of Fluc to Rluc mRNA

levels based on the corresponding quantified Northern blot signals.

Subcellular Fractionations and qPCR
Sequential detergent extraction was used to isolate subcellular fractions as described previously (Jagannathan et al., 2011). Subcel-

lular fractions from �2 X106 cells were isolated using Native Membrane Extraction Kit (Calbiochem, catalog no. 444810). To each

isolation, exogenous 50 pg Luciferase mRNA was added as a control to normalize for the RNA isolation procedure and the fractions

were collected in 500 ml TRIzol (Invitrogen). 1/10th of the initial lysate was used to isolate total RNA. RNAwas isolated by adding 250 ml

isopropanol to the cell fractions in TRIzol and incubating at 25�C for 15 min. Afterward, fractions were centrifuged at 12000 g at 4�C
for 10 min. The pellet was washed twice with 1000 ml 75% ethanol and resuspended in RNase-free water. 0.4 mg of RNA was con-

verted to cDNA using iScript Supermix (Bio-Rad, catalog no. 1708840). cDNA was diluted ten-fold and 1 mL was used to run SYBR

green detection qPCR assay using SsoAdvanced SYBRGreen supermix (Bio-Rad, catalog no. 1725270) on a CFX384 machine (Bio-

rad). Each fraction was normalized to the Fluc values for that fraction and was shown as a fraction of the total RNA collected from the

samples before they went through the fractionation protocol. qPCR primers are detailed in Table S7.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the analysis of TMT data, log2 total summed SN intensities were quantile normalized and t-statistics were calculated using voom/

LIMMA method (Ritchie et al., 2015). The distribution of the statistics indicated that the theoretical null is substantially narrower. We

thus performed empirical null estimation by mixture model fitting using the locfdr framework (Efron, 2004). Since we are interested in

defining proteins that only lose their interaction upon treatment and call proteins that increase their interaction with the ribosome still

direct ribosome interactors, a one-sided distribution was used. We used the maximum likelihood probability densities fitted by locfdr

to estimate empirical p values, false discovery rates, and negative predictive values. Controlling the FDR at 15% and using the effect

size cutoff, we classified RNase-dependent or Puro-dependent proteins as those whose levels are decreased upon treatment.

Controlling the Negative predictive value (NPV) at 99%, we classified RNase-independent or Puro-independent proteins as those

whose levels are not decreased upon treatment.

In all figures, data is presented as mean, SD and *p < 0.05. Blinding and randomization were not used in any of the experiments.

Number of independent biological replicates used for experiments are listed in the figure legends. Tests and specific p-values used

are indicated in the figure legends.

DATA AND SOFTWARE AVAILABILITY

Raw and analyzed data for Ribosome profiling and iCLIP have been deposited under GEO: GSE96998. MS files will be submitted to

massIVE database.
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Supplemental Figures

Figure S1. Complexes that Are Not Bona Fide Components of the Ribosome Are Present in Sucrose Gradient Fractions Due to Similar

Centrifugation Properties, Related to Figure 1

(A) Density gradient centrifugation has been used to separate ribosomes as well as membrane fractions, centrosomes, and subcellular organelles. The sucrose

gradients are prepared and lysates are layered on top of the gradient. Cellular components migrate through the gradient and separate based on their density.

Subsequent fractionation of sucrose gradients allows isolation of these components.

(B) Representative UV absorbance at 260 nm helps monitor abundant RNAs such as ribosomal RNA within fractions. Incubating the cellular lysate with EDTA

before layering the lysate on the sucrose gradient dissociates the 80S and polysomes into 40S and 60S, therefore results in the accumulation of 40S and 60S

fractions and moves the ribosome subunits to earlier fractions. 40S, 60S, and 80S indicate the positions of the respective ribosomal subunits and the assembled

monosome on the gradient. Distributions of the indicated proteins across the gradient are assessed by precipitating the fractions and were analyzed by western

blotting.



Figure S2. FLAG-Tagged eL36 and eS17 Are Incorporated into Functional Ribosomes, Related to Figure 1

(A) ESCswere generated from eL22-HAmice intercrossed to Cre recombinase-expressingmice resulting in deletion of thewild-type exon 4 and replacement with

the HA tagged exon 4. This targeting strategy as previously described (Sanz et al., 2009) is shown. The distribution of eL22-HA across sucrose gradient fractions

was analyzed by blotting for the HA antibody.

(B) eL36-FLAG, eS17-FLAG ESCs and untagged ESCs were analyzed by sucrose gradient fractionation. UV absorbance at 260 nmwas used to assess 40S, 60S,

80S, and polysomes traces. The UV traces of the FLAG tagged RPs shows proper ribosomal assembly demonstrating the non-perturbative nature of the small

FLAG tags. Incorporation of the tagged RPs into polysomes analyzed by FLAG antibody shows that it is similar to the distribution of the endogenous untagged

RPs analyzed by primary antibodies, showing that tagged RPs belong to functional ribosomes.



Figure S3. Control, RNase-Treated, and Puromycin-Treated Ribosome IPs Result in the Identification of Direct RAPs, Related to Figure 2

(A) RNase A treatment preserves ribosome integrity and effectively cleaves polysomes. RNase A digestion was optimized by titrating the enzyme. Unlike RNase I

digestion, RNase A resulted in complete cleavage of polysomes and a substantial increase in the 80S fraction. Shown are western blots of the fractions using an

antibody against a RP. The lowest RNase A concentration as detailed in the methods was used.

(B) Schematic of the RNase A and puromycin treatments. After FLAG IP, RNase treatment is performed before FLAG peptide elution. Cytoplasmic lysates, -RNase

FLAG elution aswell as +RNase elution are loaded onto sucrose gradients to determine the relative ratios of different ribosome pools, such as 80S, and polysomes.

Upon RNase A digestion, if IPs are elutedwith FLAGpeptides, polysomes are decreased, and 80S fraction is increased, consistent with RNase digestion ofmRNAs

resulting in ribosome footprints. For thepuromycinexperiment, anantibodydetectingpuromycin isused. 0.01%ofcytoplasmic lysatesareusedasan inputand40%

of the IPs are run in the western blot. Since puromycin is incorporated into nascent peptides, proteinswith different sizes are detectedwithin the cytoplasmic lysate.

(C) Coomassie stains of control, RNase treated, and puromycin-treated ribosome IPs are shown with each biological replicate (BR).



Figure S4. Histograms of Test Statistics from RNase- and Puromycin-Treatment Experiments and Peptide-Coverage Metaplots, Related to

Figure 2

(A) Histograms and mixture models of the test statistics (t-statistic) from the RNase A or puromycin-treatment experiments. The observed distribution of

t-statistics are substantially wider than N(0, 1), prompting the use of empirical modeling approaches to implement a tenable null hypothesis. Green line indicates

themixture density and dashed blue lines indicate the empirical null density estimated by locfdrmethod. The vertical red line indicates the 15%FDR cutoff and the

vertical blue line indicates the 99% NPV cutoff.

(B) Metaplot of peptide coverage in eL36-MS. Abundance-normalized coverage of peptides across 10 bins of protein length is plotted for RPs and non-RPs

separately.



Figure S5. Sucrose Gradient Validations for the Select Direct and mRNA-Dependent Ribosome Interactors Using RNase A Digestion,

Related to Figure 3

After cytoplasmic lysate preparation, control and RNase A lysates are analyzed via sucrose gradient fractionation. Collected fractions are precipitated and blotted

for indicated the proteins. ACOT1, FASN, MDH2 metabolism enzymes are used as negative controls.



Figure S6. Sucrose Gradient Validations for the Select Direct and mRNA-Dependent Ribosome Interactors Using EDTA Treatment, Related

to Figure 3

After cytoplasmic lysate preparation, control and EDTA lysates are analyzed via sucrose gradient fractionation. Collected fractions are precipitated and blotted

for the indicated proteins.



Figure S7. Both PKM1 and PKM2 Can Interact with the Ribosome, and PKM Is an RNA-Binding Protein, Related to Figure 5 and 6

(A) Generation of conditional PKM2 knock-out mouse ESCs. PKM2flox/flox mice are crossed to mice carrying inducible Cre recombinase (Cre-ER) to pro-

duce ESCs.

(B) Treatment of conditional heterozygote PKM2flox/wt mouse ESCs with 4-hydroxytamoxifen results in excision of PKM exon 10 in PKM2flox/wt cells, andWestern

Blot analysis showed a decrease of PKM2 protein as analyzed by an antibody that recognizes the PKM2 exclusive region. The same fractions were run on a

separate gel and blotted with a PKM1 specific antibody. The * denotes non-specific bands recognized by the PKM1 specific antibody.

(C) Endogenous PKM tagging does not affect its polysome localization. PKM1/2 was endogenously tagged either at the N or C terminus with FLAG-HA tag. Each

tagged ESCs shows similar PKM2 distribution at polysomes compared to the PKM2 distribution detected by primary antibodies in untagged cells, showing that

the FLAG-HA tag does not affect PKM2 localization to polysomes.

(D) PKM2 is an RBP. Autoradiogram of 32P-labeled RNA crosslinked to PKM2-FLAG-HA. RNA-protein complexes were seen in the purifications from PKM2-

FLAG-HA cells, but not from control, untagged cells. High and low RNase I concentrations were used to confirm the signal is RNA. To validate whether the IP

washing conditions after the FLAG-HA tandem IP are stringent, we used non-UV crosslinked PKM2-FLAG-HA cells. In the absence of UV crosslinking, RNA signal

(legend continued on next page)



was not present, indicating that in vivo RNA targets that were crosslinked to PKM2 were isolated. Western blotting with HA on the right, showing that the RNA

signal was above the molecular weight of PKM2.

(E) Total counts of PKM2-iCLIP reads for protein-coding RNAs across introns, 50UTRs, CDS, or 30UTRs, normalized by total length of each annotation type. Values

above the dashed line indicate enrichment.

(F) PKM siRNA treated cytoplasmic lysates are blotted with antibodies that recognize PKM2 exclusively, PKM1 exclusively, and both PKM1 and PKM2.
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