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SUMMARY

During ribosome-associated quality control, stalled
ribosomes are split into subunits and the 60S-housed
nascent polypeptides are poly-ubiquitinated by Lis-
terin. How this low-abundance ubiquitin ligase targets
rare stall-generated 60S among numerous empty 60S
is unknown. Here, we show that Listerin specificity for
nascent chain-60S complexes depends on nuclear
export mediator factor (NEMF). The 3.6 A cryo-EM
structure of a nascent chain-containing 60S-Listerin-
NEMF complex revealed that NEMF makes multiple
simultaneous contacts with 60S and peptidyl-tRNA
to sense nascent chain occupancy. Structural and
mutational analyses showed that ribosome-bound
NEMF recruits and stabilizes Listerin’s N-terminal
domain, while Listerin’s C-terminal RWD domain
directly contacts the ribosome to position the adja-
cent ligase domain near the nascent polypeptide
exit tunnel. Thus, highly specific nascent chain target-
ing by Listerin is imparted by the avidity gained from a
multivalent network of context-specific individually
weak interactions, highlighting a new principle of
client recognition during protein quality control.

INTRODUCTION

Quality control is a pervasive aspect of every biosynthetic pro-
cess ranging from DNA replication and transcription, to mRNA
translation, protein folding, and subcellular localization (Ro-
drigo-Brenni and Hegde, 2012; Wolff et al., 2014). Failure of
any of these quality control pathways is invariably detrimental
to cellular fitness and is the basis for a wide range of human dis-
eases. To be effective, quality control pathways must be tuned
appropriately to maximize the targeting of aberrant products
while minimizing engagement of normal counterparts. Thus, a
central issue for any quality control pathway is the mechanistic
basis of high-fidelity target selection.

During protein quality control, aberrant polypeptides are typi-
cally marked for degradation by ubiquitin ligases that must be
preferentially targeted to their clients. Accurate identification of
aberrant proteins poses several challenges to the cell including
their high similarity to normal biosynthetic intermediates, the
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need to accommodate a diverse client range, and their relative
rarity under normal conditions. The precise features that are
recognized to identify an aberrant protein and the mechanistic
basis of their accurate recognition are poorly understood for
most protein quality control pathways.

One of the earliest points of protein quality control is a ribo-
some-associated pathway for stalled translation products.
Ribosomes can stall during translation elongation for a number
of reasons, each of which triggers protein and mRNA quality con-
trol pathways (Lykke-Andersen and Bennett, 2014; Shoemaker
and Green, 2012). The two main pathways, first recognized in
the context of mMRNA degradation, are no-go decay and nonstop
decay. No-go decay occurs when translation halts within an open
reading frame (due to mMRNA truncation, secondary structure, or
rare codons), while nonstop decay occurs when ribosomes read
into and stall within the poly(A) tail (Doma and Parker, 2006;
Frischmeyer et al., 2002; van Hoof et al., 2002). The protein prod-
ucts of these translational stalls are degraded via the ubiquitin-
proteasome system (Dimitrova et al., 2009). While some stalled
polypeptides may be prematurely terminated (Chiabudini et al.,
2014), a predominant pathway for their ubiquitination occurs at
the ribosome (Bengtson and Joazeiro, 2010), committing them
to degradation before release into the bulk cytosol.

In yeast, nascent chain ubiquitination requires the ubiquitin
ligase Ltn1 (Bengtson and Joazeiro, 2010; Brandman et al.,
2012; Defenouillere et al., 2013). In vitro analysis in lysate-based
and purified reconstituted systems showed that its mammalian
homolog Listerin was both necessary and sufficient for ubiquiti-
nation of stalled translation products (Shao and Hegde, 2014;
Shao et al., 2013). Nascent chain ubiquitination in these studies
required splitting of the 80S ribosome-nascent chain (RNC) into
subunits by the ribosome recycling factors Pelota, Hbs1, and
ABCE1 (Shao and Hegde, 2014; Shao et al., 2013). While very
short peptidyl-tRNAs drop off the ribosome upon splitting (Pisar-
evaetal.,2011; Shao et al., 2013; Shoemaker et al., 2010), longer
polypeptide-tRNAs remain within the 60S subunit to generate
60S-RNCs (Shao et al., 2013). Ubiquitination assays with iso-
lated 60S- versus 80S-RNCs showed that Listerin strongly fa-
vors the former complex (Shao and Hegde, 2014). These obser-
vations, together with cofractionation of Listerin with 60S-RNCs,
argue that Listerin accesses stalled RNCs only after 40S subunit
removal. This model is consistent with studies in yeast showing
Ltn1 copurification with 60S (Bengtson and Joazeiro, 2010;
Brandman et al., 2012; Defenouillere et al., 2013) and stabiliza-
tion of nascent chains in strains lacking the Pelota homolog
Dom34 (Izawa et al., 2012; Verma et al., 2013).
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In addition to Ltn1 and ribosome splitting factors, genetic
studies in yeast have identified additional components in the
ribosome-associated quality control (RQC) pathway. The ribo-
some-associated proteins Asc1 (Brandman et al., 2012; Kuroha
et al., 2010) and Hel2 (Brandman et al., 2012) facilitate stalling at
poly-basic residues, such as lysines encoded by poly(A) tails. Af-
ter stalling, genes needed for efficient nascent chain degradation
include Rqgc1, Tae2, and the Cdc48 complex (Brandman et al.,
2012; Defenouillere et al., 2013; Verma et al., 2013). All of these
components were isolated together with 60S and Ltn1 (Brand-
man et al., 2012; Defenouillere et al., 2013), defining an RQC
complex.

Structural analyses of the RQC complex by electron cryo-mi-
croscopy (cryo-EM) have begun to reveal its overall architecture.
The structure of a functional Listerin-60S-RNC complex recon-
stituted from purified components showed that Listerin’s posi-
tion clashes with 40S, explaining why it prefers 60S over 80S
(Shao and Hegde, 2014). Ltn1 was observed in a similar position
in the cryo-EM reconstruction of a native RQC complex affinity
purified from yeast (Lyumkis et al., 2014). This structure con-
tained additional density that appeared to bridge Ltn1 and a
tRNA bound at the P-site. Absence of the bridging density in re-
constructions of the RQC complex isolated from Tae24 yeast
suggested the intriguing possibility that Tae2 may sense 60S oc-
cupancy via P-site tRNA (Lyumkis et al., 2014). However, it was
not possible to unambiguously assign Tae2 or resolve its interac-
tions in this moderate-resolution structure. Furthermore, the
biochemical function of Tae2 remains uncertain, as TAE2 dele-
tion has yielded contradictory effects on Ltn1 association with
60S RNCs (Brandman et al., 2012; Defenouillere et al., 2013;
Lyumkis et al., 2014). Thus, the assembly pathway and molecular
basis for high-fidelity target selection by the RQC complex
remain poorly understood.

Here, we show that Listerin acts in concert with NEMF (the
mammalian Tae2 homolog) to select its targets. NEMF functions
by sensing nascent chain occupancy of 60S, preventing subunit
reassociation, and stabilizing Listerin on 60S. Structural analysis
provided a mechanistic explanation for each of these three activ-
ities by revealing the network of interactions made by 60S-RNCs
with NEMF and Listerin. An exposed P-site tRNA was the deci-
sive feature used by NEMF to discriminate between occupied
and empty 60S. The aberrancy of 60S-RNCs is therefore recog-
nized by the juxtaposition of two normal elements, a tRNA and
the 60S ribosomal subunit, neither of which is individually suffi-
cient. Thus, the avidity from multiple context-dependent interac-
tions is exploited for quality control recognition in the RQC
pathway.

RESULTS AND DISCUSSION

NEMF Facilitates Listerin Recruitment to Stalled RNCs

In a purified reconstituted system, Listerin alone is sufficient to
ubiquitinate 60S-RNCs after splitting of 80S-RNCs (Shao and
Hegde, 2014). In a physiologic setting however, 60S-RNCs
would be rare relative to 60S generated by the recycling of empty
ribosomes. To determine if Listerin has strong specificity for
nascent chain-containing 60S in vivo, we used translation inhib-
itors to generate 60S subunits containing or lacking nascent

chains. Cycloheximide (CHX) stalls ribosomes during elongation,
with ribosome splitting factors converting at least some of the
RNCs into nascent chain-containing 60S subunits (Shao et al.,
2013). Puromycin also interrupts translation elongation, but by
premature chain release; this results in 80S ribosomes that are
recycled by splitting factors to generate empty 60S subunits (Pi-
sareva et al., 2011). We found that while Listerin was efficiently
recruited to the 60S fraction upon CHX treatment, no recruitment
was observed with puromycin (Figure 1A), despite these cells
containing several-fold more 60S subunits (as judged by Asgo;
Figures 1B and S1A). Thus, in vivo, Listerin displays high target
specificity for occupied 60S over the more abundant polysomes,
80S ribosomes, and empty 60S subunits.

However, Listerin was not stably associated with ribosomes
isolated from ubiquitination reactions reconstituted with purified
factors (Figure S1B available online). The 60S-RNC was itself a
transient species; it was efficiently converted to 80S via subunit
reassociation (Figure S1C) unless excess elF6 was present
to bind the intersubunit interface (Gartmann et al., 2010; Shao
and Hegde, 2014). This indicates that while Listerin can dynam-
ically associate with 60S-RNCs for sufficiently long to poly-ubig-
uitinate the nascent chain (Shao and Hegde, 2014), Listerin
binding and subunit reassociation are strong competing reac-
tions in the purified reconstituted system. By contrast, Listerin
is stably bound to 60S-RNCs in cells or lysate-based in vitro re-
actions (Bengtson and Joazeiro, 2010; Brandman et al., 2012;
Defenouillere et al., 2013; Shao et al., 2013), suggesting that
the purified system lacks factor(s) that stabilize the Listerin-
60S complex.

Candidates for this factor should be found in native 60S-RNC
complexes together with Listerin. Analysis of the 60S RQC com-
plex in yeast had revealed Rqc1, Tae2, Asc1, and the Cdc48
complex as abundant constituents (Brandman et al., 2012; Defe-
nouillere et al., 2013). Of these, the Tae2 homolog NEMF was the
highest hit (comparable to Listerin) in our mass spectrometry
analysis of native mammalian 60S-RNC complexes (Shao and
Hegde, 2014). By contrast, the Rqc1 homolog was not detected,
the Asc1 homolog associates with 40S, and the Cdc48 homolog
was not selective to nascent chain-containing complexes.

NEMF is poorly characterized in metazoans, having been
linked to colon and lung cancers and implicated indirectly in
mediating nuclear export (Bi et al., 2005; Carbonnelle et al.,
1999). Studies in yeast clearly implicate Tae2 in non-stop protein
degradation (Brandman et al., 2012; Defenouillere et al., 2013),
and the recent cryo-EM reconstruction of native yeast RQC
complex suggests that Tae2 binds both Ltn1 and P-site tRNA
(Lyumkis et al., 2014). However, its mechanistic role in the
RQC pathway remains poorly characterized. While one study
found impaired Ltn1 association with 60S subunits in Tae24
yeast (Defenouillére et al., 2013), other studies could efficiently
recover Ltn1-60S complexes without Tae2 (Brandman et al.,
2012; Lyumkis et al., 2014), instead implicating a role for Tae2
in signaling heat shock stress (Brandman et al., 2012).

Given its strong genetic and physical interactions with Listerin,
we examined NEMF’s function. We observed that acute treat-
ment of cultured cells with CHX selectively converted most
cellular NEMF from a soluble to a ribosome-associated state,
mirroring Listerin (Figure 1C). By contrast, neither puromycin
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Figure 1. NEMF Is Required for Listerin
Recruitment to Stalled Ribosomes
(A) HEK293T cells treated for 30 min with DMSO
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corresponds to 60S, fraction 6 to 80S, and frac-
tions 7-11 to polysomes.

(C) Immunoblotting of the samples from (A) for
NEMF recruitment to ribosomes.

(D) Cytosolic extract from CHX-treated cells as in
(A) were size fractionated on a high-resolution
10%-30% sucrose gradient and immunoblotted
for the indicated components. The positions of
60S and 80S are indicated. L9 (uL6) and S16 (uS9)
are small and large subunit proteins, respectively.
T indicates total lysate. Asterisk indicates back-
ground band. The plus symbol indicates multiple
fractions were pooled (e.g., 5+ is fractions 5-8).
(E) HEK293T cells transfected for 30 hr with mock
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See also Figure S1.
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nor pactamycin (a translation initiation inhibitor) stimulated
NEMF recruitment to ribosomes (Figure 1C; data not shown).
Higher resolution sucrose gradients confirmed that both NEMF
and Listerin were recruited to 60S subunits, while the splitting
factor ABCE1 was on 80S (Figure 1D). Importantly, siRNA knock-
down of NEMF to ~25% (Figure S1D) resulted in diminished
recruitment of Listerin to stalled ribosomes (Figure 1E), suggest-
ing that NEMF facilitates Listerin recruitment to mammalian RQC
substrates.

NEMF Is Necessary and Sufficient for Listerin
Recruitment to 60S-RNCs

To examine this hypothesis rigorously, we analyzed NEMF in our
recently characterized purified reconstituted system for RNC
ubiquitination (Shao and Hegde, 2014). Recombinant NEMF
purified from HEK293T cells (Figure S2A) was titrated into a
reaction containing *°S-labeled 80S-RNCs, ribosome splitting
factors, Listerin, E1 and E2 enzymes, ubiquitin, and energy.
Ubiquitination of the radiolabeled nascent chain-tRNA substrate,
monitored by the production of a heterogeneous high-molecu-
lar-weight product, was ~3- to 5-fold higher with NEMF addition
(Figure 2A). NEMF alone had no ubiquitination activity (Fig-
ure 2B), and its stimulatory effect reached near-maximal
amounts at concentrations equimolar to Listerin. Ubiquitination

Listerin blots

in the presence of NEMF was rapid (Figure S2B) and more
processive than with Listerin alone (Figure S2C). Isolation of ribo-
somal complexes from these samples revealed Listerin recruit-
ment preferentially in reactions containing NEMF (Figure 2B),
consistent with the results in cells (Figure 1C). Thus, NEMF
stimulates Listerin-mediated ubiquitination and stabilizes the
Listerin-ribosome interaction.

NEMF associates with 60S-RNCs even in the absence of
Listerin (Figure 2C, top panel); Listerin binding under identical
conditions depends on NEMF (Figure 2C, bottom panel), even
though its transient interaction with 60S-RNCs could be inferred
from the observed ubiquitination (Figure 2B). This transient
versus stable interaction presumably explains the increased
processivity of ubiquitination seen with NEMF (Figure S2C).
When added in excess of RNCs, NEMF together with splitting
factors was sufficient to redistribute most RNCs from the 80S
to 60S fractions (Figure 2D), suggesting that NEMF binding to
60S-RNCs effectively precludes 40S reassociation. Importantly,
ubiquitinated nascent chains migrate exclusively in 60S fractions
when NEMF is present (Figure 2E), whereas 40S reassociation
into 80S complexes was prevalent in its absence (Figure S1C).
Taken with our observations in mammalian cells, these results
indicate that NEMF is both necessary and sufficient for stable
Listerin association with 60S-RNCs. NEMF appears to be
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Figure 2. NEMF Is Sufficient to Stabilize Listerin on 60S RQC Complexes

(A) Purified NEMF was titrated into ubiquitination reactions containing 5 nM affinity-purified 3°S-labeled stalled 80S-RNCs and 1.2 nM Listerin. All reactions
contained splitting factors (50 nM Hbs1, 50 nM Pelota, and 50 nM ABCE1), ubiquitination reagents (75 nM E1, 250 nM UbcH5, and 10 pM ubiquitin), and an energy
regeneration system. Reactions were incubated at 32°C for 10 min before analysis by SDS-PAGE and autoradiography. The amount of poly-ubiquitination was
quantified and normalized to that seen without NEMF (set arbitrarily to 1).

(B) Radiolabeled 80S-RNCs were subjected to ubiquitination reactions containing or lacking NEMF and Listerin as indicated. Reactions were at 32°C for 3 min.
Reaction products were analyzed by SDS-PAGE and autoradiography. The tRNA-attached nascent chain (NC-tRNA) and its poly-ubiquitinated species (poly-Ub)
are indicated. A parallel aliquot of the reaction was separated by centrifugation to isolate ribosomes. Listerin was detected by immunobilot in the total (middle
panel) and ribosome fraction (bottom panel). Asterisk indicates position of a background band.

(C) Reactions as in (B) were separated on 10%-30% sucrose gradients and the indicated fractions analyzed by SDS-PAGE and immunoblotting for NEMF or
Listerin. The fractions corresponding to 60S and 80S are indicated.

(D) 80S-RNCs were incubated with splitting factors and energy without (gray) or with (black) 50 nM NEMF and separated on 10%-30% sucrose gradients. The
profiles of the NC-tRNA are displayed. Note that Listerin was not included in these reactions so that NC-tRNA could be visualized as a single band.

(E) Ubiquitination reaction of radiolabeled 80S-RNCs with 1.2 nM Listerin and 1.2 nM NEMF were separated on a 10%-30% sucrose gradient and analyzed by
autoradiography. Unmodified NC-tRNA, its poly-ubiquitinated species, and the positions of 60S and 80S are indicated. Note that essentially all 60S-RNCs are
poly-ubiquitinated, while 80S-RNCs remain largely, if not completely, unmodified.

See also Figure S2.

recruited to 60S-RNCs first, where it prevents 40S subunit reas-
sociation and stabilizes the Listerin-60S interaction to enhance
nascent chain ubiquitination.

Architecture of 60S-RNCs Bound to NEMF and Listerin
To understand the mechanistic basis of NEMF’s functions, we
turned to single-particle reconstruction of this complex using

cryo-EM. Purified stalled 80S-RNCs were incubated with ribo-
some splitting factors, NEMF, Listerin, and energy to produce
ubiquitination-competent 60S-RNCs (Figure S3A). The resulting
complexes were analyzed by cryo-EM leading to the identifica-
tion and initial interpretation of the major structural features. A
later data set was collected on a similar specimen that also
included TCF25 (the mammalian Rgc1 homolog) in the reaction.
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Table 1. Refinement and Model Statistics

Data Collection

Particles 63,826
Pixel size (A) 1.34
Defocus range (1m) 1.5-3.5
Voltage (kV) 300
Electron dose (e-A™2) 35
Model Composition

Nonhydrogen atoms 138,980
Protein residues 6,725
RNA bases 3,938
Ligands (Zn®*/Mg?>*) 5/159
Refinement

Resolution (A) 3.60
Map sharpening B factor (A2) —99.3
Average B factor (A2 65.5
FSCaverage 0.88
Rms deviations (RMSD)

Bonds (A) 0.008
Angles (°) 1.44

Validation (proteins)

3.09 (85™ percentile)
10.6 (97" percentile)

Molprobity score
Clashscore, all atoms

Good rotamers (%) 83.1
Ramachandran plot

Favored (%) 87.2
Outliers (%) 2.6
Validation (RNA)

Correct sugar puckers (%) 94.7
Good backbone conformations (%) 63.2

Chains that were placed in the density by rigid body fitting were not
included during final refinement and are annotated as “docked” in the
deposited coordinate file. See also Tables S1 and S2.

However, the resulting reconstruction was indistinguishable
from the initial data set, and biochemical experiments showed
that TCF25 neither associated with 60S-RNCs nor stimulated
ubiquitination (data not shown). We therefore combined the
two data sets to maximize the resolution of the reconstructed
map (Figure S3B).

The combined data set containing 117,461 particles was pro-
cessed through RELION (Scheres, 2012). After initial 3D refine-
ment, movie processing was performed to adjust for drift and
radiation damage (Bai et al., 2013), resulting in an initial map
that showed extraribosomal density we provisionally assigned
to Listerin and NEMF. These particles were then subjected to
further 3D classification with a mask around the presumed Lis-
terin and NEMF densities to enrich for their occupancy. The en-
riched class, containing 63,826 particles, was refined (Table 1) to
produce our final map of a 60S-RNC in complex with Listerin and
NEMF (Figure 3). Gold standard FSC curve analysis indicated an
overall resolution of 3.6 A (Figure S3C). The ribosome displayed
the highest resolution, while local resolution for the associated

factors decreased relative to the core of the ribosome
(Figure S3D).

Examination of the extra density in this map relative to empty
60S reconstructions revealed the presence of Listerin (orange),
a ~200 A long sinuous structure snaking from the intersubunit
face of 60S to near the ribosome exit tunnel (Figure 3A). The in-
tersubunit surface (Figure 3B) also contained density that we
assigned to a P-site tRNA (purple) and NEMF (teal). Confidence
in these assignments came from the characteristic shape, po-
sition, and size of the tRNA (e.g., Figure 3C) and from NEMF
being the only unaccounted 60S-associating component in
our purified reaction. This placement of NEMF is consistent
with the proposed location of Tae2 in the yeast RQC complex
(Lyumkis et al., 2014). Density for segments of the specific
nascent polypeptide inside the ribosomal exit tunnel could be
visualized and modeled at atomic resolution (Figure 3D), veri-
fying that the reconstruction represented a substrate-occupied
60S complex.

Several insights could be derived from the particle distribu-
tion and overall architecture of this data set. First, the majority
of 60S particles in the data set contained both Listerin and
NEMF. This contrasts with the reaction lacking NEMF, where
detection of 60S particles by EM required inclusion of excess
elF6, and only half of these particles contained Listerin (Shao
and Hegde, 2014). Thus, consistent with the biochemical
analysis, NEMF plays a major role in preventing subunit reas-
sociation. Second, Listerin density in the NEMF-containing
map was much better resolved than without NEMF. Indeed,
key functional regions near the exit tunnel and intersubunit
interface are sufficiently well resolved to permit building of
atomic models (Table S1; e.g., Figures S3E and S3F). The
improved Listerin density is consistent with its biochemical
stabilization by NEMF (Figure 2B). Third, the peptidyl-tRNA
was visualized in the NEMF-containing map (Figures 3C and
3D), but not in an earlier map lacking NEMF (Shao and Hegde,
2014). Thus, NEMF appears to stabilize the P-site tRNA via
both direct contacts and interactions with the 60S subunit
(Figures 3B and 3C), allowing it to effectively take the place
of the 40S subunit.

Structural Analysis of Listerin

The improved resolution of our map permitted the interpreta-
tion of several key functional domains with atomic models
(Tables 1, S1, and S2). Although high-resolution structural
information is not available for any part of Listerin, sequence
analysis predicts extensive HEAT repeats (residues 1 to
1,550, using human numbering), an RWD domain (residues
1561 to 1699), and a C-terminal RING domain (residues 1,715
to 1,766). Using a combination of secondary structure predic-
tion and homology searches of structural databases, we gener-
ated starting models that were fit and adjusted to the observed
Listerin density. The RWD domain could be modeled into a
well-resolved region of Listerin density near the ribosome exit
tunnel (Figures 4A and S4A-S4C). The position of the RWD
domain is unambiguous, with clearly identifiable density for
six a helices and four B strands consistent with other RWD
domains (Figure S4D), permitting a high-confidence atomic
model. Placement of the RWD domain definitively orients
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Density corresponding to the C-terminal RING domain, while
of insufficient resolution to build an atomic model, can be confi-
dently localized near the RWD domain at the precipice of the exit
tunnel (Figure 4A). The relatively weak density for the RING
domain implies that it may not interact tightly with the ribosome,
consistent with its deletion not affecting ribosome binding
(Bengtson and Joazeiro, 2010; Brandman et al., 2012). A dy-
namic RING, anchored mainly by the adjacent RWD, may pro-
vide the requisite flexibility to ubiquitinate diverse clientele at
the exit tunnel. From this position, the RING domain can recruit
the E2 and position its thioester-linked ubiquitin at an ideal loca-
tion for attack by primary amines on the nascent polypeptide.
The RING domain is ~90° clockwise around the ribosomal exit
tunnel from ul23 and ul29, a common docking site for
numerous protein biogenesis factors (Beckmann et al., 2001;
Kramer et al., 2002; Pool et al., 2002). This implies that nascent
chain ubiquitination may be compatible with stalls that occur
during certain processes such as protein translocation into the
endoplasmic reticulum.

The RWD domain is the primary point of ribosome contact for
Listerin in this region, although direct interactions are limited. The
helix formed by residues W1676 to Y1686 closely approaches
two loops on the surface of eL22 (Figure 4B, left). On the other
side, the most N-terminal B strand of the RWD domain appears
to interact with the C-terminal tail of eL31 (Figure 4B, right),
where conserved basic residues (K1627 and R1629) on the B
strand probably interact with acidic residues at the C terminus
of eL.31 (Figure S4E).

Interface View

Figure 3. Architecture of 60S-RNCs Bound
to NEMF and Listerin

(A) Back view of a cryo-EM reconstruction of
the 60S-RNC complex showing the ribosome in
gray, Listerin in orange, NEMF in teal, and the
P-site peptidyl-tRNA in purple. The nascent
polypeptide exit tunnel and the ribosomal L1
stalk are indicated for orientation. The map is
low-pass filtered to 5 A and displayed at a
threshold to visualize continuous density of the
factors.

(B) View from the subunit interface of the 60S-RNC
complex. The central protuberance (CP) and L1
stalk are shown for orientation. The P stalk of the
ribosome is in dark gray. The N-terminal lobe (N),
C-terminal lobe (C), and Middle domain (M) of
NEMF are labeled.

(C) Cut-away view of the 60S-RNC complex
showing that the N- and C-lobes of NEMF contact
the tRNA and a region of Listerin poised at the exit
tunnel.

(D) Example of the fit of a docked tRNA (purple),
showing the 3' CCA end, and the de novo model of
the defined nascent chain (green) into the EM map
density.

See also Figure S3.

Listerin

The direct interaction of the RWD domain with the ribosome
probably explains its comparatively high-resolution density in
our map. Regions N-terminal to the RWD domain were of suffi-
cient resolution to visualize the characteristic helices of HEAT re-
peats (Figure 4A). These helices were modeled with a simple
poly-alanine backbone, since side-chain information could not
be confidently assigned. Regions further N-terminal to this, while
clearly HEAT repeats, dropped off in resolution due to presumed
flexibility in this area. This entire region of Listerin, which does not
contact either the ribosome or other factors, appears to act as a
structural spacer, since the overall length is well conserved
despite substantial sequence divergence.

By contrast, the far N-terminal HEAT repeats of Listerin are
well-conserved, and our map displayed sufficient resolution to
clearly identify helices (Figure 5A). Secondary structure predic-
tions aided the modeling of a poly-alanine backbone throughout
this domain, revealing a secondary point of Listerin contact with
the ribosome (Figure 5A). The Listerin N-domain appears to
make direct contacts with the ribosome and NEMF (see below),
which likely stabilize this region of Listerin, as evidenced by its
comparatively high resolution in our map.

NEMF Makes Multivalent Interactions within the RQC

The density corresponding to NEMF can be divided into four
prominent domains: the N- and C-lobe connected by a coiled-
coil to the middle (M) domain (Figure 3B). By masking only the
density for the 60S subunit and NEMF during 3D refinement of
our RQC data set, we generated a map that permitted building
of an atomic model of the NEMF coiled-coil, its M-domain, and
an N-terminal helix of Listerin (Figures 5A and S5A-S5C). This
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Figure 4. Structural Features of Listerin Bound to the 60S-RNC

(A) View of the exit tunnel side of the 60S ribosomal subunit depicting EM
density filtered to 5 A at a threshold that displays secondary structure. The
density for Listerin is orange and fit with structural models of HEAT repeats, the
RWD domain, and the RING domain. Models for the following ribosomal
protein are also fit in position: eL22 (dark blue), eL31 (light blue), uL23 (gray),
and ul29 (gray). The exit tunnel is shown as a dashed circle.

(B) Atomic model of Listerin’s RWD domain with the neighboring ribosomal
proteins eL22 (dark blue) and eL31 (light blue), depicting possible sites of
interaction (arrows).

See also Figure S4.

region of NEMF is intimately sandwiched between the P stalk of
the ribosome, the sarcin-ricin loop (H95), and two N-terminal he-
lices of Listerin (Figures 5B-5D). These interactions effectively
pin Listerin’s N-terminal helix, comprising residues 13-27, to
the 60S subunit (Figures 5B and 5C). This configuration explains
why 60S-bound NEMF facilities Listerin recruitment: it provides
an additional point of contact that cooperates with the RWD-
ribosome interaction to tether Listerin at both ends.

NEMF makes three contacts with the ribosome in this area
(Figure 5B). The N-terminal helix of the coiled-coil interacts
with uL11 before it bends sharply (90°) into the M-domain. The
globular M-domain, comprising of three short helices and two
B strands (Figures S5A and S5B), contacts 28S rRNA. In partic-
ular, W375 of NEMF interacts with the sarcin-ricin loop (Fig-
ure 5D). The C-terminal helix of NEMF’s coiled-coil contacts
the loop regions of both H43 and H44 of the P stalk, stabilizing
it in a defined position. The beginning of this helix is rich in aro-
matic and basic residues that could form stacking interactions
with rRNA bases and electrostatic interactions with the rRNA
backbone, respectively (Figure S5B).

The P stalk is ordinarily dynamic and not visualized by cryo-EM
unless it is stabilized by a translation-associated GTPase such

as eEF2 (Anger et al., 2013; Voorhees et al., 2014). The NEMF
interaction with the P stalk, via uL11 and the 28S rRNA, positions
it at a site ~15 A away from that seen with eEF2 (Figure 5E). The
stabilization of the P stalk at this site might contribute to Listerin
recruitment by preventing its ability to block the adjacent region
occupied by the Listerin N-domain.

Based on the directionality of the coiled-coil helices of NEMF,
we could distinguish between and position the N- and C-terminal
globular domains of NEMF (Figure 3). The N-lobe of NEMF con-
tains an NFACT-N domain, which has known structural homo-
logs (Burroughs and Aravind, 2014). We therefore created a
comparative model using the structure of a fibrinogen binding
protein from Staphylococcus aureus (PDB ID: 3DOA) and
adjusted its fit into the observed density. In this position, the
NFACT-N domain appears to contact the anticodon loop of the
peptidyl-tRNA via two basic loops (Figure S6A). Sequence anal-
ysis has suggested that this domain may have RNA glycosidase
activity (Burroughs and Aravind, 2014); whether it in fact does
have catalytic activity that participates in NEMF function remains
to be determined.

Density for the C-lobe of NEMF is predicted to house two
domains of unknown function, NFACT-R and NFACT-C
(Burroughs and Aravind, 2014). The resolution of this region is
limited, preventing meaningful atomic modeling. Nevertheless,
the C-lobe is seen to cup the other side of the tRNA anticodon
stem and appears to contact the ribosome at eL5 and 28S
rRNA near the central protuberance (Figures 3C and S6B).

This structural analysis not only provides an overall architec-
ture of the mammalian RQC complex, but also identifies the
extensive network of interactions among all of the compo-
nents. NEMF contacts the 60S subunit at multiple distinct
sites, most of which are completely inaccessible when the
40S is bound. This, together with two different P-site tRNA in-
teractions, explains how 40S reassociation is efficiently pre-
vented by NEMF (Figure 2D). With the 40S unable to bind,
the N-terminal half of Listerin is unobstructed from its eventual
position, allowing its recruitment. Listerin’s direct contact with
NEMF, along with two different ribosome contacts at either
end of the molecule, collectively hold Listerin in an optimal
position for nascent polypeptide ubiquitination. Thus, no fewer
than eight points of contact between 60S, NEMF, tRNA, and
Listerin stabilize the RQC complex.

Biochemical Analyses of RQC Assembly and Function
With a defined reconstituted system for RQC assembly and
ubiquitination, together with structural information for each fac-
tor and their interactions, we tested key predictions using func-
tional assays. We first examined the NEMF-tRNA interaction
and its importance in sensing occupancy. One implication from
the 60S-RQC structure is that NEMF stabilizes the position of
P-site tRNA (Figure 3C). This was probed using puromycin,
whose reactivity with peptidyl-tRNA occurs at the peptidyl trans-
ferase center. 60S-RNCs containing NEMF were reactive with
puromycin at levels comparable to intact 80S-RNCs, while
60S-RNCs lacking NEMF were significantly less reactive (Fig-
ure 6A). Thus, the peptidyl-tRNA is stabilized from slipping out
of the P-site by NEMF, supporting their interaction in the config-
uration seen in our structure (Figure 3C).
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Figure 5. Structural Analysis of NEMF Interactions on the 60S-RNC
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(A) Side view of the N terminus of Listerin (orange) contacting NEMF (teal) and the 60S subunit (gray) with density for the P stalk in dark gray. De novo models of
NEMF’s M-domain and Listerin’s N-terminal helix, along with a poly-alanine model of the helices of Listerin’s N-terminal HEAT repeats is superimposed into the

density (filtered at 5 A).

(B) Atomic models of the middle domain of NEMF (NEMF-M, teal), the N-terminal helix of Listerin (orange), eL40 (light blue), uL11 (dark blue), and interacting

portions of the 28S rRNA (dark gray).

(C) De novo built models of the NEMF-M domain and Listerin’s N-terminal helix fit to map density, illustrating a likely interaction.

(D) Models fitted to map density illustrating a stacking interaction of W375 of the NEMF-M domain with A4605 of H95/sarcin-ricin loop of the 28S rRNA

(E) View of the M-domain of NEMF (teal) with corresponding positions of the P stalk proteins uL11 (dark blue) and uL10 (light blue) in the map of the 60S subunit in
complex with NEMF and Listerin (blue) or of the same proteins in a map of an 80S ribosome bound to eEF2 (gray).

See also Figure S5 and Figure S6.

We next tested whether stable NEMF-60S interaction requires
the peptidyl-tRNA. This was accomplished by comparing NEMF
recruitment under conditions where the peptidyl-tRNA would
either remain on the 60S or drop off to a substantial extent during
ribosome splitting. We found that NEMF recruitment was sub-
stantially reduced for the drop-off substrate (Figure 6B), with
the residual binding being explained by incomplete (~50%)
drop-off. Thus, the peptidyl-tRNA plays a key role in recruiting
NEMF, and in turn Listerin, selectively to nascent chain-contain-
ing 60S subunits.

This predicts that free tRNA should compete for NEMF-
dependent Listerin recruitment to reduce nascent chain ubiquiti-
nation. Indeed, titration of purified total liver tRNA inhibited
NEMF-dependent RNC ubiquitination (Figure 6C) but not
NEMPF-independent ubiquitination (in which subunit reassocia-
tion was artificially prevented with excess elF6). Importantly,
the levels of free tRNA needed to see appreciable (~50%) inhibi-
tion was ~1,000-fold in excess of RNCs, indicating that this

would not be a relevant competitor under physiologic conditions.
Thus, while NEMF critically depends on tRNA for occupancy
sensing and 60S recruitment, this interaction is tuned to preclude
competition by free pools in vivo.

We next turned our attention to Listerin-NEMF-60S interac-
tions that could be visualized at sufficient resolution to permit
structure-guided mutagenesis. We first analyzed the Listerin-
60S interaction near the exit tunnel. Here, two basic residues
in the RWD domain (K1627 and R1629) appear to contact the
acidic C-terminal residues of eL31. Mutation of both basic resi-
dues to aspartates (Table S3) completely abolished Listerin’s
ability to ubiquitinate elF6-stabilized 60S RNCs (Figure 6D, top
panel). Approximately 50% activity could be restored by
including NEMF in the reaction (Figure 6D, bottom panel),
consistent with NEMF interacting with and facilitating Listerin-
60S stability (Figures 2B and 3B). To test this, we deleted or
mutated the very N-terminal helix of Listerin predicted to contact
NEMF. While these mutants had very little effect on their own,
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Figure 6. Biochemical Analysis of RQC
Assembly and Function

(A) Affinity-purified 80S-RNCs were left untreated
(black) or incubated with splitting factors in the
presence of either NEMF (teal) or elF6 (purple).
Puromycin was then added, the reaction was
analyzed by SDS-PAGE at the indicated time
points, and the amount of nascent chain released
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RNCs is reduced for the drop-off substrate.

(C) 80S-RNCs were subjected to ubiquitination
reactions with 1.2 nM Listerin, splitting factors,
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ence of various amounts of free tRNA. One set of
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other contained 250 nM elF6 (purple) to prevent
40S reassociation. Samples were analyzed by
SDS-PAGE, autoradiography, and phosphor-
imaging. The relative amount of poly-ubiquitina-
tion compared to the sample without added tRNA
was quantified from three independent experi-
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(D) 80S-RNCs were subjected to ubiquitination
reactions with ubiquitination reagents, energy,
splitting factors, either 50 nM elF6 (top) or 1.2 nM
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NEMF (bottom), and either 1.2 nM wild-type Lis-
terin or increasing amounts of the KR-DD mutant
Listerin predicted to abolish the interaction be-
tween the RWD domain and eL31 (see Figures 4B
and S5D). Reactions with NEMF were for 2 min,
while reactions with elF6 were for 5 min. Autora-
diography depicting the nascent chain-tRNA (NC-
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Listerin

poly-Ub { |’

+ NEMF

NC-

tRNA - | e~ NC-

tRNA -

tRNA) and poly-ubiquitinated species (poly-Ub),
and Coomassie staining showing the relative
amounts of purified Listerin are shown.

(E) Autoradiography of 5 min ubiquitination re-
actions containing 80S-RNCs, ubiquitination re-
agents, energy, splitting factors, either 1.2 nM
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Listerin

NEMF (top) or 50 nM elF6 (bottom), and 1.2 nM of
different Listerin mutants showing nascent chain-
tRNA (NC-tRNA) and poly-ubiquitinated substrate
(poly-Ub).

(F) Autoradiography of 2 min ubiquitination reactions containing 80S-RNCs, ubiquitination reagents, energy, splitting factors, 1.2 nM of either wild-type (WT) or
KR-DD Listerin, and either 1.2 nM wild-type or increasing amounts of a NEMF containing four point mutations in the residues predicted to interact with the P stalk.
Nascent chain-tRNA (NC-tRNA) and poly-ubiquitinated substrate (poly-Ub) are indicated.

See also Table S3.

they markedly attenuated ubiquitination when combined with the
RWD mutation (Figure 6E). Thus, Listerin contains two sites that
interact with the 60S ribosomal subunit—one via its C-terminal
RWD domain and another via its N terminus that depends on
NEMF.

We also tested the importance of NEMF interactions with the P
stalk by mutating residues predicted to mediate this interaction

and testing its function using either wild-type or RWD mutant Lis-
terin. Ubiquitination was completely abolished when combined
with the RWD mutant and inhibited by ~50% with wild-type Lis-
terin (Figure 6F). The mutant analyses collectively illustrate that
NEMF’s interaction with the P stalk facilitates stable Listerin
recruitment to this site via its N-terminal helix. This stabilization
is minimally sufficient for Listerin-mediated ubiquitination of the
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Figure 7. Working Model for Step-Wise Assembly of RQC Ubiquitination Complex

Translationally stalled 80S ribosomes, which are inaccessible to both Listerin (orange) and NEMF (teal) binding, are split into subunits by the factors Pelota, Hbs1,
and ABCE1 (not displayed). Ribosome splitting exposes the peptidyl tRNA of a trapped nascent chain within the 60S subunit. At this stage, Listerin can potentially
bind, but is competed by 40S reassociation and a dynamic P stalk (P). By contrast, NEMF specifically recognizes and binds the peptidyl tRNA-60S interface via its
globular N- and C-terminal lobes. Upon binding the 60S-tRNA interface, the coiled coil and M-domain of NEMF bind and stabilize the P stalk in a defined position.
This generates an improved binding site for the N terminus of Listerin between NEMF and the 60S, facilitating docking of its C-terminal RWD domain. The
ribosome-bound RWD domain positions the ligase domain at the nascent chain exit tunnel, leading to a productive ubiquitination complex.

nascent chain but is enhanced by the additional RWD interaction
near the exit tunnel. Thus, the importance of the P stalk-NEMF-
Listerin interaction network is most clearly revealed when the
RWD interaction is crippled, while the RWD interaction becomes
critical in the absence of NEMF interaction. Even though the
individual mutants show subtle effects in these assays, they
probably become biologically significant in the context of high
deubiquitination activity in vivo (Zhang et al., 2013).

Working Model and Implications
The cellular, biochemical, and structural experiments described
here lead to a mechanistic model for how the Listerin ubiquitin
ligase accesses its clients with high fidelity and efficiency during
the quality control of stalled translation products (Figure 7). A
critical first step is removal of the 40S subunit from 80S-RNCs
(Shao and Hegde, 2014; Shao et al., 2013). Our structure reveals
the reason for this: essentially all of the contacts made by NEMF
and Listerin with the ribosome are obscured on 80S ribosomes.
This architecture is similar to that seen in a recent moderate-res-
olution cryo-EM reconstruction of the yeast RQC complex
(Lyumkis et al., 2014). The only accessible site, a contact be-
tween Listerin’s RWD domain with eL31 and elL22, is ineffectual
for 80S-RNC ubiquitination due to steric clashes of the Listerin
N-terminal domain with the 40S subunit. Even with Listerin’s po-
tential flexibility (Lyumkis et al., 2013), this single contact is
apparently too transient to permit nascent chain ubiquitination,
since isolated 80S-RNCs cannot be ubiquitinated by purified
Listerin (Shao and Hegde, 2014). This explains why translating ri-
bosomes are not at risk of promiscuous ubiquitination despite
displaying a ligase binding site near the ribosome exit tunnel.
Once the 40S subunit has been removed by ribosome recy-
cling factors, exposure of the intersubunit surface of 60S

together with a P-site peptidyl-tRNA efficiently recruits NEMF.
This recruitment does not appear to be tightly coordinated with
splitting, since a short peptidyl-tRNA is efficiently released
from the ribosome during splitting even in the presence of 25-
fold excess NEMF (data not shown). This suggests that NEMF
binding is a separate event after splitting, since splitting-coupled
assembly would lock the tRNA in place and preclude its drop-off.
A sequential mechanism ensures that NEMF is loaded only onto
those RNCs whose polypeptide has protruded sufficiently from
the exit tunnel to access the ligase. Conversely, shorter nascent
chains that would be inaccessible for ubiquitination are not trap-
ped, allowing their degradation by other means.

NEMF interaction with 60S-RNCs involves two regions that
contact the tRNA and three that contact the ribosome. The
tRNA contacts, which appear to be required for RQC complex
recruitment in vitro and in cells, explains how 60S occupancy
is sensed by NEMF. It is noteworthy that despite three indepen-
dent contact sites with the 60S, stable NEMF association is
nevertheless dependent on P-site tRNA. One attractive explana-
tion may be that the N- and C-lobes of NEMF are normally dy-
namic in solution, which, together with a dynamic P stalk, would
disfavor a productive encounter. The P-site tRNA, by binding to
both lobes, may help orient them to permit each lobe’s ribosome
interaction. Once these regions of NEMF are bound, the M-
domain can then capture the dynamic P stalk and hold itin place.

Stabilization of the P stalk in this location probably minimizes
obstruction of the binding site for Listerin’s N-terminal domain.
Listerin interaction at this site is stabilized by contacts with
both NEMF and the ribosome, which together sandwich Lister-
in’s N-terminal helices. This sequence of events would explain
why NEMF stabilizes Listerin-60S association, while Listerin is
not required for NEMF recruitment. The interaction between
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the RWD domain at the opposite end of Listerin with eL31 and
elL22 orients the C terminus such that the RING domain is close
to the exit tunnel, optimally positioned for nascent chain ubiqui-
tination. Listerin’s two direct ribosome contacts near its N and C
termini, facilitated by its interaction with ribosome-stabilized
NEMF, explains its highly stable binding to 60S-RNCs. This is
presumably why NEMF enhances processivity of Listerin-medi-
ated ubiquitination.

Thus, the high specificity of Listerin targeting to its clients is
encoded at multiple levels. First, the architecture of Listerin itself
essentially prevents its ability to access 80S ribosomes. Second,
its efficient ribosome interaction requires a second binding site
formed by both the ribosome and NEMF, making it strongly
dependent on the latter. Even though ubiquitination is clearly
possible without NEMF in vitro, the strong competing reactions
of subunit reassociation, Listerin dissociation, and possibly deu-
biquitination would further reduce efficiency in vivo. This may
explain why in yeast, the effect of TAE2 deletion on this pathway
is muted relative to LTN17 deletion, with variable effects on Ltn1
ribosome association (Brandman et al., 2012; Defenouillere
et al., 2013). Third, by coupling Listerin recruitment to NEMF,
the ligase effectively senses nascent chain occupancy via a
proxy whose ribosome interaction depends on the peptidyl-
tRNA. In this manner, exposure of the intersubunit interface of
an RNC can be communicated to the opposite side of the ribo-
some to cue ubiquitination.

It is remarkable that all of the interactions within the functional
ubiquitination complex, while very stable in sum, are individually
extremely weak. For example, Listerin and NEMF have no
detectable interaction in solution, tRNA interacts with NEMF so
weakly that it is an insignificant competitor, and empty 60S
does not seem to prevent NEMF recruitment to bona fide targets.
Thus, the avidity gained from an extensive network of interac-
tions stabilizes this complex without interference from any of
its constituent parts. This means that quality control in this sys-
tem is carried out entirely on the basis of context, rather than a
single aberrant recognition motif.

This contrasts sharply with quality control of mislocalized
secretory pathway proteins, where recognition is based on a
single and clearly aberrant parameter: exposure of a long hy-
drophobic domain intended for burial inside a membrane
(Hessa et al., 2011). Quality control during protein folding in
the ER or cytosol is more nuanced; the recognition feature(s)
of misfolded proteins and the mechanisms that link these fea-
tures to the ubiquitination machinery are not fully understood
despite extensive study. In a process such as ER-associated
degradation, numerous weakly interacting factors have been
implicated in client selection (Hegde and Ploegh, 2010), but
a cohesive picture of their individual roles has yet to emerge.
Whether the principle of multiple context-specific weak inter-
actions summing into high-fidelity recognition described here
will help explain this and other pathways of quality control re-
mains to be seen.

While our results provide a mechanistic framework into the
core ubiquitination steps of the RQC pathway, the events pre-
ceding and following these steps remain to be explained. For
example, the mechanism by which splitting factors differentiate
stalled from translating ribosomes is unclear. Similarly, the exact

role of the Cdc48 complex and the mechanism of poly-ubiquiti-
nated nascent chain extraction from 60S is unknown. These are
outstanding questions for future studies of this pathway.

EXPERIMENTAL PROCEDURES

In Vivo and In Vitro Analyses

Drug treatments of HEK293T cells were with 50 ug/ml CHX, 1 mM puromycin,
or DMSO for 30 min followed by extraction of the cytosol with 0.1% digitonin
for biochemical analyses. siRNA knockdowns were performed according to
standard protocols. In vitro transcription and translation, affinity purifications,
recombinant protein production, sucrose gradient analyses, and ubiquitination
assays were as before (Shao and Hegde, 2014; Shao et al., 2013). Final con-
centrations of components in purified reactions were as follows: 5 nM 80S
RNC complexes, 1.2 nM Listerin, 1.2-50 nM NEMF as described in individual
figure legends, 50 nM splitting factors, 75 nM E1, 250 nM E2, 10 uM ubiquitin,
and 1 mM ATP and GTP. Reactions were performed at 32°C for 2-15 min as
indicated. See the Supplemental Experimental Procedures for further details.

Cryo-EM, Image Processing, and Modeling

Affinity purified 80S stalled RNCs were incubated with equimolar amounts of
splitting factors, Listerin, NEMF, and 1 mM ATP and GTP for 5 min at 32°C.
Ribosomes were isolated via centrifugation and resuspended in a mixture of
Listerin and NEMF before being vitrified on EM grids. Automatic data acquisi-
tion was conducted on a Titan Krios operated at 300 kV at a magnification of
104,478 x. Semiautomated particle picking was conducted with EMAN2 (Tang
et al., 2007) before the data sets were processed through RELION (Scheres,
2012; Shao et al., 2013). Homology models were obtained using I-TASSER
(Zhang, 2008). Modeling was done with Coot (Emsley et al., 2010) and refined
with REFMAC optimized for EM maps (Amunts et al., 2014). Details can be
found in the Supplemental Experimental Procedures. Chimera (Pettersen
et al,, 2004) and PyMOL (http://www.pymol.org) were used to visualize
maps and models and to generate figures.
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number 2832. Combined atomic coordinates of corresponding structural
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Fig. S1. Additional analysis of Listerin and NEMF (related to Fig. 1)

(A) HEK293T cells were treated with 1 mM puromycin or 0.2 uM pactamycin for 15 min at 37°C and then lysed as in Fig. 1a-1c.
After lysis, the puromycin-treated lysate was divided and one half was adjusted to 17.5 mM EDTA (2.5 mM in excess of the MgAc2
present). All lysates were then size fractionated on a 10-50% sucrose gradient. A260 measurements were taken and plotted to
assay for migration of ribosomes throughout the gradient. Both puromycin and pactamycin cause a distinct shift in the A260 profile
from polysomes to smaller fractions (compare to Fig. 1b). Puromycin inhibits translation elongation by releasing nascent chains,
allowing for ribosome splitting to generate 60S and 40S subunits. Pactamycin inhibits translation initiation, trapping initiation
complexes on 80S monosomes. Thus, the sharp peak in fraction 6 with pactamycin is a marker for 80S. Relative to this standard,
the puromycin sample has a clear shoulder in fraction 5, where 60S would migrate. This was verified by a greater shift to fraction 5
upon EDTA treatment, which dissociates ribosomal subunits. (B) 5 nM of affinity purified stalled radiolabeled 80S ribosome-nascent
chains (RNCs) were incubated for 10 min at 32°C with either total high salt wash isolated from native rabbit reticulocyte ribosomes,
or purified factors (50 nM Hbs1, 50 nM Pelota, 50 nM ABCE1, and 1.2 nM Listerin). Both reactions contained 75 nM E1, 250 nM
UbcH5a, 10 yuM ubiquitin, 1 mM ATP, 1 mM GTP, 12 mM creatine phosphate, and 20 pug/mL creatine kinase. The reactions were
centrifuged to sediment ribosomal particles, and equal amounts of the total reaction (T), supernatant (S) and ribosomal pellet (P)
were analyzed by SDS-PAGE and immunoblotting for Listerin. Note that while both reactions can mediate stalled RNC ubiquitina-
tion (Shao and Hegde, 2014), only the total ribosome salt wash results in efficient Listerin recruitment to the ribosomal pellet. This
supports the hypothesis that the salt wash contains a factor not present in the purified system that stabilizes Listerin on ribosomes.
(C) Affinity purified stalled radiolabeled 80S ribosome-nascent chains (RNCs) were incubated for 10 min at 32°C with purified
splitting factors (50 nM Hbs1, 50 nM Pelota, 50 nM ABCE1), ubiquitination reagents (75 nM E1, 250 nM UbcH5a, 10 uM ubiquitin),
energy (1 mM ATP, 1 mM GTP, 12 mM creatine phosphate, and 20 ug/mL creatine kinase) and 1.2 nM Listerin. The reaction was
separated on a 10%-30% sucrose gradient and the resulting fractions analyzed by SDS-PAGE and autoradiography. The unmodi-
fied tRNA-linked nascent chain (NC-tRNA) and poly-ubiquitinated products (poly-Ub) are indicated. Fractions corresponding to 60S
and 80S are indicated. Although Listerin-mediated ubiquitination in a purified system requires 40S removal (Shao and Hegde,
2014), the resulting ubiquitinated products end up migrating in 80S fractions. This suggests that 40S re-association in the purified
system is a strong competing event, and that Listerin by itself is unable to prevent this even though it can associate with 60S
subunits sufficiently long to mediate ubiquitination. (D) HEK293T cells were treated with 10 nM control or NEMF siRNA for 30 h.
Serial dilutions of cytosol from control cells were compared to cytosol from NEMF knockdown cells by immunoblotting for the
indicated proteins. NEMF was reduced to ~25% of control. Ponceau staining displays total protein content in the extracts.
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Fig. S2. Effect of NEMF on ubiquitination (related to Fig. 2)

(A) Coomassie stain of fractions from the purification of Flag-tagged human NEMF from transiently transfected HEK293T
cell lysates. FT is flow-through, and Elu is eluate. (B) Reactions containing radiolabeled 80S-RNCs, 1.2 nM Listerin, 1.2
nM NEMF, 50 nM splitting factors, 75 nM E1, 250 nM E2, 10 uM ubiquitin, and energy were assembled on ice and
incubated for the indicated times at 32°C. The unmodified tRNA-linked nascent chain (NC-tRNA) and poly-ubiquitinated
products (poly-Ub) are indicated, revealing that ubiquitination in the purified system containing both Listerin and NEMF is
very fast and processive. Note that ubiquitination is detectable even at the zero time point where the aliquot was taken
directly from ice without further incubation. (C) In vitro ubiquitination reactions as in panel B were incubated for 2 min at
32°C without or with 1.2 nM NEMF. Shown is the autoradiograph of the products (left) and densitometry of the entire lane
above the non-modified NC-tRNA substrate. Peaks in the graph moving towards the right correspond to progressively
longer ubiquitin chains. Note that the reaction containing NEMF (teal) results in much more processive ubiquitination, as
evidenced by the marked shift toward longer ubiquitin chains.
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Fig. S3. 60S-RNC cryo-EM specimen preparation and analysis (related to Fig. 3)

(A) Coomassie stained gel of the reaction analyzed by cryo-EM containing stalled RNCs, splitting factors, energy, Listerin
and NEMF. The individual proteins are indicated. Note that while splitting factors are included in reaction to generate the
RQC complex, they act only on 80S ribosomes and are therefore not visualized in the final map of the 60S-nascent
chain-NEMF-Listerin complex. (B) Flowchart of the data analysis scheme to generate the final EM map of the 60S-RNC
in complex with Listerin and NEMF. The number of ribosomal particles after each step that were carried forward in the
workflow is indicated. Two datasets, collected on separate days as described in the Extended Experimental Procedures
were subjected to initial 2D and 3D classification separately to isolate 60S ribosomal particles. These were combined,
refined and reclassified to enrich for populations containing Listerin and NEMF. The refinement of these 60S ribosome
particles enriched for Listerin and NEMF occupancy generated the final map presented. (C) FSC curve of the EM map,
demonstrating an overall resolution of 3.6 A according to gold-standard FSC criteria. (D) Local resolution of the 60S-RNC
map. Locations of NEMF, peptidyl tRNA, Listerin and the ribosomal exit tunnel are indicated. Note that the core of the
ribosome is very well-resolved, while the associated factors are at lower resolution. (E) Cryo-EM density (orange mesh)
corresponding to Listerin’s RWD domain superimposed on the backbone of the resulting atomic model, demonstrating
clear visualization of secondary structural features, including the register of a-helices and the separation of B-strands.

(F) Cross-validation was used to monitor overfitting. Fourier shell correlation (FSC) curves were calculated between the
refined model and the final map (black), and with the self (blue) and cross-validated (red) correlations.
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Fig. S4. Atomic model of Listerin RWD domain (related to Fig. 4)

(A) Atomic model of the RWD domain of Listerin with a-helices (h1-6) and B-strands (s1-s4) numbered from the N- to C-terminus.
(B) Sequence alignment of the C-terminal region of Listerin from yeast, C. elegans, fruitfly, zebrafish, mouse, and human.
Secondary structure elements from the atomic model of the RWD domain from panel C and the C-terminal RING domain are
labeled (top). Secondary structure prediction of the sequence (psipred) is displayed for comparison (below). Residues likely to
interact with eL31 (light blue) and eL22 (dark blue), as visualized in Fig. 4b, are highlighted. (C) Demonstration of the fit of the de
novo model of Listerin’s RWD domain to map density, illustrating the assignment of bulky residues. (D) Overlay of the de novo
model of Listerin’s RWD domain with the solution structure of the RWD domain from RNF25 (PDB ID: 2DAY), predicted by
PDBeFold to be the most structurally similar model. (E) Representation of potential interaction between K1627 and R1629 of
Listerin’s RWD domain with the C-terminus of eL31 (E124).
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Fig. S5. Atomic model of the NEMF-M domain (related to Fig. 5)

(A) Atomic model of the coiled-coil and M domain of NEMF with a-helices (h1-h4) and 3-strands (s1-s2) numbered from N-
to C-terminus. Helices 1 and 4 form the long coiled coil region that connects the globular M-domain with the N- and C-lobes
of NEMF. (B) Sequence alignment of the coiled-coil and M-domain region of NEMF from yeast, fruitfly, mouse, and human.
Secondary structure elements from the atomic model in panel A are labeled for reference. Secondary structure prediction of
the sequence (psipred) is displayed for comparison (below). Residues that are likely to make interactions with uL11 (dark
blue) and rRNA of the large ribosomal subunits (gray) as depicted in Fig. 5b are highlighted. (C) Fit of the de novo model of
Listerin’s N-terminal helix into map density, illustrating assignment of individual residues.
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Fig. S6. Interactions of NEMF N- and C-terminal lobes (related to Fig. 5)

(A) Models for the relative positions of the peptidyl-tRNA (purple) and the NFACT-N domain in the N-terminal globular
lobe of NEMF (NEMF-N, teal). (B) Cut-away view of the 60S-NEMF-Listerin map depicting peptidyl-tRNA density
(purple) and density for the globular N- and C-terminal domains of NEMF (teal). Atomic models for the tRNA and the
NFACT-N domain of NEMF are superimposed into the density, demonstrating how the NFACT-N domain is likely to
directly contact the anticodon stem and loop of the P-site tRNA. On the other side of the tRNA, the density for the
C-terminal lobe of NEMF is poorly resolved, but also clearly contacts the tRNA stem and the central protuberance (CP)
of the ribosome, potentially making specific contacts with rRNA and uL5 (blue).



Supplemental Tables

Table S1. Factors included in the final model. All other chains are from the mammalian
ribosome (PDB ID: 4W1Z and 4W20) (related to Table 1)

Factor Uniprot Chain Built Residues Source of model
1D 1D
ul10 P05388 s 5-202 PDB ID: 3J3B
ul11 P30050 t 1-163 PDB ID: 3J3B
NEMF N domain 060524 u 39-168 I-TASSER comparative
model
NEMF M domain 060524 v 306-386; 394-  Built de novo
411;461-501
Listerin N-terminal 094822 w 13-27 Built de novo
helix
Listerin N-terminal 094822 x Unassigned Modeled as idealized
HEAT repeats helices
Listerin C-terminal 094822 'y Unassigned Modeled as idealized
HEAT repeats helices
Listerin RWD 094822 z 1561-1615; Built de novo
1623-1656;
1659-1670;
1676-1688;
1694-1709
Listerin RING 094822 0 1730-1765 I-TASSER comparative
model
Stalled peptide - 1 10-24 Built de novo

tRNA - 2 1-76 PDB ID: 2J00




Table S2. Refinement statistics for the M domain from NEMF and the RWD domain from
Listerin that were modeled de novo into the map density. To validate the fit, the registry was
shifted by one residue in both directions and the statistics recalculated (related to Table 1)

NEMF M domain Listerin RWD
Registry -1 0 +1 -1 0 +1
FSCaverage 0.73 0.77 0.72 0.66 0.77 0.68

RMSD bonds (A) 0.017 0.012 0.019 0.016 0.012 0.016
RMSD angles (°) 2.12 1.76 2.22 2.28 1.80 2.27

Table S3. Listerin and NEMF mutants (related to Fig. 6)

Name Mutation

Listerin DD K1627D, R1629D
Listerin DN deletion of residues 13-27
Listerin NMut P15A, N17A, S18A

NEMF P stalk Mut ~ Y470A, K474A, Y477A, R481A




Extended Experimental Procedures

Plasmids, siRNAs, and antibodies

SP64-based constructs encoding non-tagged and epitope tagged versions of VHP-f3 and
Sec61p, mammalian expression constructs for Hbs1, Hbs1-DN, ABCE]1, and Listerin, and
bacterial expression constructs for elF6 and Pelota have been described (Shao and Hegde,
2014; Shao et al., 2013). The open reading frames of TCF25 and NEMF were cloned into a
pcDNA3.1 mammalian expression vector containing an N-terminal 3X Flag tag using
standard methods. Listerin and NEMF mutants were generated using Phusion mutagenesis
according to established protocols. Silencer Select control and NEMF siRNAs were obtained
from Life Technologies. Anti-Listerin (Abcam), anti-L9 and anti-S16 (Santa Cruz) have been
described (Shao et al., 2013; Shao and Hegde, 2014). TRC40 antibody was generated as
described (Stefanovic and Hegde, 2007); antibodies against Hbs1 and ABCE1 have been
described; rabbit polyclonal antibody against NEMF was generated with a KLH-conjugated
peptide antigen (PGKVKVSAPNLLNVKRK, Cambridge Research Biomedicals). Hbs1,
ABCEI, and NEMF antibodies were further affinity purified using the corresponding peptide
epitope obtained from Genscript according to standard protocols. Anti-Flag resin and 3X Flag
peptide were from Sigma.

Tissue culture analyses

Drug treatments (mock treatment with DMSO, 50 ug/ml cycloheximide, 1 mM puromycin,
or 0.2 uM pactamycin) were for 15 minutes at 37°C on actively growing (~50% confluent)
HEK293T cells. Cells were washed once with PBS, the cytosol extracted in 25 mM Hepes
pH 7.4, 125 mM KAc, 15 mM MgAc,, 100 pg/mL digitonin, 50 pg/mL cycloheximide ,
40U/mL RNasin (Promega), | mM DTT, 1X EDTA-free protease inhibitor cocktail (Roche),
clarified, and subjected to sucrose gradient fractionation as previously described (Shao et al.,
2013). siRNA treatments with 10 nM siRNA was performed with Lipofectamine RNAiMax
(Life Technologies) according to vendor-recommended procedures for 30 hours at 37°C
before drug treatments, lysis, and processing as described above.

Purification of recombinant proteins

Purification of eIF6, Pelota, Listerin, ABCE1, and Hbs1 have been described (Shao and
Hegde, 2014; Shao et al., 2013). Listerin mutants were purified exactly the same as wildtype
Listerin. 3X Flag-tagged NEMF (and mutants) and TCF25 were transfected into HEK293T
cells, which were passaged once and cultured for 3 days before harvest. Cells were lysed in
50 mM Hepes pH 7.4, 150 mM KAc, 4 mM MgAc,, 1% Triton X-100, I mM DTT, and 1X
protease inhibitor cocktail (Roche). The clarified supernatant was incubated with anti-Flag
resin at 4°C for 1 hour before being washed sequentially in lysis buffer, lysis buffer
containing 400 mM KAc, and elution buffer (50 mM Hepes pH 7.4, 100 mM KAc, 5 mM
MgAc,, 1 mM DTT). Two sequential elutions were carried out with 100 pg/mL 3X Flag
peptide in elution buffer at room temperature for 30 min each.

In vitro transcription, translation, and affinity purifications

Transcript preparation of stalled and drop-off substrates were as before (Shao and Hegde,
2014; Shao et al., 2013). In vitro translation reactions in RRL were performed as previously
described. Translation reactions were typically for 15-20 min at 32°C supplemented with
either **S-methionine or 40 uM cold methionine. To generate stalled 80S-nascent chains, ~50
nM of dominant negative Hbs1 was added 7 minutes into the translation reaction to prevent
splitting. Affinity purification of salt-washed 80S-nascent chain complexes were as before
(Shao and Hegde, 2014). For most assays and reactions for cryo-EM analysis, eluted RNCs



were concentrated by centrifugation and resuspended in 1/10"™ the original elution volume,
yielding a final concentration of ~100 nM.

Ubiquitination assays and sucrose gradient analyses

Unless otherwise indicated, ubiquitination reactions were with 5 nM affinity purified 80S
ribosome-nascent chain complexes, 1.2 nM each of Listerin and NEMF; 50 nM each of Hbsl,
ABCE], and Pelota; 75 nM E1, 250 nM E2 (UbcH5a), 10 uM tagged ubiquitin (Boston
Biochem), and 1X energy regenerating system (1 mM ATP, 1 mM GTP, 12 mM creatine
phosphate, 20 pg/mL creatine kinase) in 50 mM Hepes pH 7.4, 100 mM KAc, 5 mM MgAc,,
1 mM DTT. Total tRNA isolated from pig liver as described (Sharma et al., 2010) was
titrated into reactions at concentrations ranging from 120 ng/mL to 1.2 mg/mL.
Centrifugation to isolate ribosomes was at 70,000 rpm for 30 min in a TLA 120.1 rotor.
Sucrose gradient analysis for total ribosome association was either with 200 pl reactions
layered onto a 2 mL 10-50% sucrose gradient spun for 1 hr at 55,000 rpm in a TLS-55 rotor
or with 20 pl reactions on a 200 pul 10-50% sucrose gradient spun for 30 min at 55,000 rpm in
a TLS-55 rotor (Beckman Coulter) to yield eleven fractions. High-resolution sucrose
gradients were performed with 200 pl reactions on 4.8 mL 10-30% sucrose gradients spun for
2 hr at 50,000 rpm in a MLS-50 rotor to yield 25 fractions. For samples that required
additional concentration, individual fractions were subjected to TCA precipitation according
to established protocols (Shao et al., 2013) prior to SDS-PAGE and immunoblotting analyses.

Electron cryo-microscopy and image processing

Samples for cryo-EM were prepared by translating a truncated mRNA encoding a 3X tandem
Flag tag followed by the open reading frame of Sec61f containing the autonomously folding
domain of villin headpiece (VHP) as previously described (Shao and Hegde, 2014; Shao et
al., 2013). An excess of dominant negative Hbs1 was added 7 min after the start of the
translation reaction to prevent ribosome splitting and the reaction allowed to proceed for an
additional 18 minutes. Reactions were adjusted to 750 mM KAc and spun through a high salt
sucrose cushion for 1 hr at 100,000 rpm in a TLA100.3 rotor (Beckman Coulter). Ribosomal
pellets were resuspended in 50 mM Hepes, pH 7.4, 100 mM KAc, 5 mM MgAc;, | mM DTT
and subjected to affinity purification with anti-Flag resin as previously described. After
washing and elution with Flag peptide, the eluted ribosome-nascent chains (RNCs) were
directly incubated with equimolar amounts of Hbs1, Pelota, ABCEI, Listerin, NEMF, in the
presence of | mM ATP and GTP for 5 min at 32°C before being centrifuged for 30 min at
75,000 rpm in a TLA120.2 rotor to re-isolate ribosomes. The ribosomal pellet was
resuspended in buffer supplemented with Listerin and NEMF, adjusted to 120 nM, and
directly frozen onto glow-discharged R2/2 EM grids (Quantifoil) coated with a continuous
layer of carbon. Samples containing TCF25 were prepared identically except for the inclusion
of TCF25 at levels equimolar to Listerin and NEMF in all incubation steps.

Automated data collection (EPU software, FEI) was conducted on a Titan Krios operated at
300 kV at 104,478X magnification. One second exposures yielding a total dose of 35
electrons/A” were collected with defocus values ranging from 1.5 to 3.5 um. Semi-automated
particle picking was performed with EMAN2 (Tang et al., 2007). All datasets were
subsequently processed through RELION (Scheres, 2012). Initial datasets as described in Fig.
S3b were subjected to 2D classification to pick clear ribosomal particles. These particles
were then subjected to 3D classification. Classes containing clear 60S ribosomes were then
independently refined and corrected for movement and radiation damage with movie
processing (Bai et al., 2013). Individual datasets containing polished particles after movie
correction were then subjected to additional 3D classification without or with masks around



either Listerin density only or around both Listerin and NEMF density to enrich for
occupancy of the factors. Enriched classes resulting from this round of classification were
then refined again to produce initial maps. Initial modeling was done on maps generated from
the dataset resulting from the reaction containing only Listerin and NEMF. Secondary
structure for the N- and C-terminal HEAT repeats of Listerin was assigned and an initial
model of the RWD domain was built using the map produced from the enriched class after
classification using a mask around Listerin only. Secondary structure of the NEMF M-
domain was assigned from the map generated from the particles enriched by classification
after masking both Listerin and NEMF densities.

To improve resolution, 60S particles identified after initial 3D classification of two datasets
were combined, yielding a total of 117,461 particles for 3D refinement and movie correction.
The resulting polished particles were subjected to another round of 3D classification with a
mask around both NEMF and Listerin density to enrich for occupancy. The resulting
enriched class containing 63,826 particles was refined to produce the final map displayed in
all figures and used for modeling. Atomic models of the NEMF-M domain was improved
using a map that was refined using the same particles with a mask around the 60S and the
NEMF density only.

Structural modeling

Initially, the model of the 60S ribosomal subunit from Sus scorfa (PDB ID: 4W1Z and
4W20) was placed into the density map of rabbit 60S using Chimera (Pettersen et al., 2004).
The ribosomal protein eL41, which spans the interface between the large and small subunits,
is absent from our reconstructions and was deleted from the model. Due to the binding of
NEMF and Listerin, the P stalk occupies a different position from that in the porcine model
and was fit as a rigid body into the density using Coot (Emsley et al., 2010). Density
corresponding to the P stalk proteins uL10 and uL.11 was also present in our reconstruction
and were interpreted with models from the human ribosome (PDB ID: 3J3B) (Anger et al.,
2013). The tRNA bound at the P site was modeled using PDB ID: 2J00. Density for the
stalled peptide within the exit tunnel was well-resolved and was built manually using Coot.

To avoid over-interpretation of the density, we have utilized three different types of atomic
models that are selected to reflect the resolution apparent in that region. For well-resolved
regions of density where side chain information is present we have built all-atom models; for
less well-resolved density, but where homologous structures have been solved to high-
resolution, we have generated comparative models and docked these into the density, and for
regions where no high-resolution structural information is present we have modeled idealized

fragments of secondary structure with poly-alanine backbones. All comparative models were
generated using I-TASSER (Zhang, 2008).

The density for Listerin is highly heterogeneous, with the N- and C-termini that contact the
ribosome best resolved. A full-atom model of the N-terminal helix was built, with the
remaining N-terminal HEAT repeats modeled as idealized helices. The central HEAT repeats
were not modeled, but the C-terminal HEAT repeats were again modeled with idealized
helices. To help identify helices, we low-pass filtered the map to SA. Density for the RWD
domain is well resolved and an all-atom model was built using a comparative model as an
initial template. Registry was assigned using side chain information and predictions of
secondary structure. The RING domain was modeled by docking a comparative model.



A comparative model of the NEMF N-terminal domain was generated and fit to the density in
Coot. The NEMF-M domain was built de novo into the density using secondary structure
predictions to help guide model building. The positions of bulky side chains were used both
for determination and validation of the correct assignment. The C-terminal domain of NEMF
could not be interpreted with a model.

Refinement

Restrained all-atom refinement for the 60S subunit bound to the NEMF-M domain and
Listerin RWD domain was performed in REFMAC v5.8 optimized for fitting to EM density
maps (Brown et al., 2015) Models that were placed into lower resolution regions of the
reconstruction were subjected to rigid body refinement only (Table S1). Secondary structure
restraints were generated with ProSMART (Brown et al., 2015) and base pairing and plane
parallelization restraints with LIBG (Brown et al., 2015). The fit-to-density was monitored
through the FSCjyerage, and the final model was validated using MolProbity (Chen et al.,
2010). The absence of over-fitting was confirmed using cross-validation (Brown et al., 2015).
Model building and refinement statistics are given in tables S1-S3.
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