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UBE20 is a quality control factor for
orphans of multiprotein complexes

Kota Yanagitani,* Szymon Juszkiewicz, Ramanujan S. Hegdet

Many nascent proteins are assembled into multiprotein complexes of defined stoichiometry.
Imbalances in the synthesis of individual subunits result in orphans. How orphans are selectively
eliminated to maintain protein homeostasis is poorly understood. Here, we found that the
conserved ubiquitin-conjugating enzyme UBE20 directly recognized juxtaposed basic and
hydrophobic patches on unassembled proteins to mediate ubiquitination without a separate
ubiquitin ligase. In reticulocytes, where UBE20 is highly up-regulated, unassembled a-globin
molecules that failed to assemble with g-globin were selectively ubiquitinated by UBE20. In
nonreticulocytes, ribosomal proteins that did not engage nuclear import factors were targets for
UBE20. Thus, UBE20 is a self-contained quality control factor that comprises substrate
recognition and ubiquitin transfer activities within a single protein to efficiently target orphans

of multiprotein complexes for degradation.

ells have evolved a wide range of quality
control pathways to monitor failures in
protein biogenesis and promptly target
defective products for degradation (7, 2).
Ineffective quality control is implicated in
aging and can cause neurodegeneration (3); con-
versely, robust quality control may be especially
crucial in cancer to support high rates of pro-

Fig. 1. UBE20 associates with an aberrant
nascent protein in the cytosol. (A) Experi-
mental strategy to identify quality control
factors through cross-correlation of native size,
physical interactors, and ubiquitination activity.
(B) ¥S-labeled Sec61p(3R) was translated in
reticulocyte lysate (RRL) for 15 min, which is just
long enough to synthesize the proteins but
before appreciable downstream ubiquitination.
The reaction was separated according to native
size on a sucrose gradient, and each fraction
was analyzed for ubiquitination competence
(middle) or physical interactions (bottom). Red
asterisks indicate fractions with peak ubiquiti-
nation activity, and red arrowheads indicate
cross-linked proteins with a peak in these same
fractions. (C) Sec61p wild type (WT) or mutants
lacking the transmembrane domain (ATM) or
containing 3R were translated in RRL, immuno-
precipitated under native conditions, and
analyzed by means of immunoblotting for
either BAG6 or UBE20. BAG6 interacts with
the intact TM domain, whereas UBE20
preferentially interacts with the 3R-disrupted
TM domain.
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tein synthesis in the face of an aberrant genome
and environmental stresses (4). The suite of protein
quality control pathways needed for cellular ho-
meostasis in metazoans is incompletely defined (7).

To identify additional cytosolic quality control
pathways, we sought an aberrant protein whose
ubiquitination in a cell-free cytosolic extract oc-
curs without engaging known quality control

factors. A transmembrane (TM) domain inter-
rupted by three basic residues (hereafter termed
3R) (fig. S1A) is not recognized by quality control
factors specialized for mislocalized membrane
proteins, such as BAG6 or the ubiquilin family
members (5-7); yet, 3R was ubiquitinated sim-
ilarly to a BAG6 substrate (fig. S1B). Although 3R
is an artificial mutant, we reasoned that mech-
anistic dissection of its ubiquitination pathway
might lead us to a quality control pathway and
provide tools that could be exploited to identify
physiological substrates.

In vitro-translated **S-labeled 3R immunopu-
rified under native conditions became modified
with His-ubiquitin in the presence of recombinant
El, E2 (UBCH5), and adenosine 5'-triphosphate
(ATP) (fig. S1, C and D), indicating that the im-
munopurified complexes contained a ubiquitin
ligase. The primary 3R-associated ubiquitination
activity had a native molecular weight of ~150 to
300 kD (Fig. 1, A and B). Cross-linking reactions
of the active fractions revealed interacting part-
ners of ~200, ~120, and ~100 kD (Fig. 1B). Mass
spectrometry identified UBE20 as the ~200-kD
product, Importin 5 (IPO5) and Importin 7 (IPO7)
as the 120-kD product, and Importin  as the
~100-kD product (fig. S2A). Although none of
these are ubiquitin ligases, UBE20 is a ubiquitin-
conjugating (E2) enzyme, with suspected ubiquitin
transfer capability (8). Furthermore, UBE20 is up-
regulated in cells in response to induced misfold-
ing of a cytosolic protein (9). We thus investigated
its potential role in recognition and ubiquitina-
tion of 3R and other aberrant proteins.
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Immunoblotting of natively immunopurified
3R verified its interaction with UBE20. By con-
trast, BAG6 interacted efficiently with an intact
TM domain but poorly with 3R (Fig. 1C), which is
consistent with its preference for long uninter-
rupted hydrophobic domains (5, 10). Immuno-
precipitation of cross-linking reactions verified
that the ~200-kD cross-linking partner from Fig.
1B was indeed UBE20, suggesting a direct inter-
action with 3R (fig. S2B). Furthermore, the small
globular protein KRAS did not interact with UBE20,
whereas mutants designed to disrupt its folding
(termed K1 and K2) showed increased ubiquiti-
nation and UBE20 interaction (fig. S3, A to C).
Given that UBE20 was observed prominently in
stained gels of affinity-purified samples (figs. S2A
and S3D), we conclude it is a major and relatively
stable interactor, with selectivity for aberrant pro-
teins such as 3R and misfolded KRAS.

Experiments with purified recombinant factors
demonstrated that UBE20 is sufficient for inter-
action with and ubiquitination of its clients. We
first synthesized 3R in a “PURE” (protein syn-
thesis using recombinant elements) in vitro trans-
lation system reconstituted from recombinant
Escherichia coli translation factors (11). Nascent
3R normally precipitates in this chaperone-free
PURE system but was prevented from aggrega-
tion by including Calmodulin (CaM) during the
translation (fig. S4A). CaM acts as a chaperone
for hydrophobic domains (72) and can be induced
to retain or release 3R by using Ca*>* or EGTA,
respectively. Cross-linking assays verified that
purified UBE20 (fig. S4B) engaged 3R released
from CaM with EGTA but not with the CaM-3R
complex (Fig. 2, A and B). In this system, UBE20
(together with E1, ubiquitin, and ATP) was suf-
ficient for 3R ubiquitination (Fig. 2C), whereas
the promiscuous E2 enzyme UBCHS5 was ineffec-
tive toward 3R on its own (Fig. 2C and fig. S5A).

Ubiquitination required the TM-3R region and
was markedly impaired if release from CaM was
inhibited with excess Ca®* (Fig. 2C). Other hydro-
phobic regions could also be directly recognized
and ubiquitinated by UBE20 in this purified sys-
tem (fig. S5B), even though they would be recog-
nized by other factors (such as BAG6) in a complete
cytosol (5, 7, 12). The maximal number of ubiquitins
added to the client corresponded to the number
of available primary amines and was not affected
appreciably by using methyl-ubiquitin incapable
of forming polyubiquitin chains (fig. S5C). C1040
in the E2 domain of UBE20 was essential for
ubiquitination activity (Fig. 2D) but not for inter-
action with a client. Of the conserved regions (CR)
of UBE20 (13), deletion of CR2, and to a lesser
extent CR1, reduced client ubiquitination without
affecting UBE20 activity, as judged by auto-
ubiquitination (Fig. 2D). Correspondingly, re-
combinant CR2, and to a lesser extent CR1, could
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Fig. 2. Reconstitution of
UBE20-mediated client
ubiquitination with purified
factors. (A) Experimental
strategy to test UBE20 inter-
action and ubiquitination in a
defined system. (B) *°S-labeled
3R in complex with CaM was
treated with either Ca®* or EGTA
in the presence or absence of
UBE20 and subjected to the
amine-reactive cross-linker
disuccinimidyl suberate (DSS).
Positions of the starting 3R sub-
strate and its cross-links to CaM
(xCaM) and UBE20 (xUBE20)
are indicated. (C) *S-labeled 3R
in complex with CaM was mixed
with E1, ATP, ubiquitin, and the
indicated E2 (UBCH5 or UBE20),
then treated with EGTA so as to
induce substrate release from
CaM. One sample was incubated
with Ca®" instead of EGTA.

(D) Ubiquitination reactions as in
(C), with the indicated UBE20O
variants. The purified UBE20 pro-
teins before and after the ubiqui-
tination reaction are also shown to
indicate auto-ubiquitination of
UBE20 in all reactions except with
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the C1040S mutant. (Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr;
V,Val; W, Trp; and Y, Tyr. In the mutants, other amino acids were substituted at certain locations; for example,
C1040S indicates that cysteine at position 1040 was replaced by serine.)

Fig. 3. Unassembled
a-globin is a target for
UBE20 ubiquitination.

(A) Wild-type a-globin (HBAL)
or two assembly mutants
(H104R and F118S) were
translated in RRL supple-
mented with His-tagged ubig-
uitin and either analyzed
directly (bottom; total) or after
ubiquitin-pulldown (Ub-PD) via
the His tag (top). (B) Hemag-
glutinin (HA)—-tagged HBAL or
the H104R mutant were trans-
lated in RRL, subjected to
sulfhydryl-reactive cross-
linking with bismaleimidohex-
ane, and affinity-purified via
the HA tag. The purified
products were denatured and
analyzed directly (input) or
further immunoprecipitated
with antibodies to either
UBE20 or GFP. The positions
of ubiquitinated H104R and its
cross-link to UBE20 are indi-
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cated. (C) 35S-labeled HBAI synthesized in the PURE translation system was incubated with E1, ATP,
ubiquitin, and either UBCH5 or UBE20 and analyzed for ubiquitination. (D) 3°S-labeled WT or H104R
mutant HBAL synthesized in the PURE system was incubated with or without UBE20 and AHSP as
indicated. The positions of unmodified and ubiquitinated HBA1 are indicated.
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Fig. 4. UBE20 facilitates degradation of cytosolic orphan ribosomal proteins. (A) Wild-type
KRAS or RPL8 was translated in RRL supplemented with His-tagged ubiquitin and either analyzed
directly (total) or after ubiquitin-pulldown (Ub-PD) via the His tag. (B) The indicated FLAG-tagged
proteins were translated in RRL, affinity-purified under native conditions, and analyzed for copurifying
proteins by means of SYPRO Ruby stain (Thermo Fisher Scientific). The asterisks indicate the primary
translation product, and the arrowheads indicate UBE20 (verified with immunoblotting and mass
spectrometry). (C) °S-labeled RPL8 was synthesized in the PURE system and incubated with
recombinant E1, ATP, ubiquitin, and UBE20. (Left) Aliquots of the reaction after different times

of incubation at 37°C. (Right) RPL8 was incubated for 60 min at 32°C with E1, ATP, ubiquitin, and

the indicated UBE20 variant. (D) HEK293 cells stably expressing GFP-RPL24 were treated with

three different siRNAs against UBE20 and analyzed by means of flow cytometry. The relative
GFP-RPL24 level, normalized to an internal expression control (fig. S10D), is plotted as a histogram.
The gray histogram is from cells treated with a control siRNA. (E) GFP-RPL24 cells were transiently
transfected with plasmids encoding UBE2O0, a catalytically inactive mutant (C1040S), or blue
fluorescent protein (BFP) (a negative control) and analyzed for GFP-RPL24 levels by means of
flow cytometry. (F) GFP-RPL24 cells were treated with the indicated siRNAs and analyzed for

GFP-RPL24 levels by means of flow cytometry.

directly interact with in vitro-translated 3R (fig.
S6). Thus, the CR regions of UBE20 directly rec-
ognize exposed hydrophobic patches on 3R and
other clients to mediate E2 domain-dependent
multimonoubiquitination.

In considering potential physiologic quality
control clients of UBE20, we were struck by its
marked up-regulation during erythrocyte differ-
entiation (4), hinting that the massive increase
in hemoglobin synthesis in pre-erythrocytes might
necessitate greater quality control. During adult
hemoglobin assembly (fig. S7, A and B), a-globin
(also called HBA1) uses o-hemoglobin-stabilizing
protein (AHSP) to temporarily shield the interface
that is eventually occupied by B-globin (75). Several
human mutations in a-globin impair interaction
with AHSP and cause a variant thalassemia-like
disease (I16). Two such mutants were ubiquiti-
nated at elevated levels compared with wild-type
o-globin when translated in a reticulocyte lysate
(Fig. 3A). These o-globin mutants interacted di-
rectly and specifically with UBE20, as judged by
cofractionation (fig. S7C) and cross-linking (Fig.
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3B). AHSP is abundant in reticulocyte lysate (the
native context for hemoglobin assembly) (15), ex-
plaining why nascent wild-type o-globin was not
ubiquitinated in this experiment. By contrast,
UBE20 ubiquitinated wild-type o-globin in the
chaperone-free PURE translation system (Fig. 3C).
Recombinant AHSP prevented UBE20-mediated
ubiquitination of wild-type o-globin but was less
effective for the mutant (Fig. 3D). Thus, UBE20
appears to recognize unassembled o-globin via
the region normally covered by AHSP. Consistent
with this, lower levels of ubiquitinated o-globin
are observed in reticulocytes from UBE20-null
mice (17).

Although unassembled o-globin represents a
physiologically important UBE20 client, a more
general client range is suggested by UBE20’s deep
conservation across eukaryotes and broad tissue
expression in mammals. We reasoned that as with
the a-globin-AHSP system, UBE20 may identify
other clients via elements that normally should
have engaged a protein biosynthesis factor. Major
factors engaged by 3R included IPO5, IPO7, and

4 August 2017

Importin B (fig. S2A), all of which are involved in
nuclear import of ribosomal proteins (18). Chang-
ing 3R to 3D strongly impaired interaction with
both UBE20 and IPO7 (fig. S8A), supporting the
idea that they recognize juxtaposed basic and
hydrophobic residues, a feature also seen on the
surface of a-globin recognized by UBE20 (fig. S8B).
We thus investigated whether nascent ribosomal
proteins—many of which would contain exposed
basic and hydrophobic surfaces—might be UBE20
clients.

We found that several (such as RPL3, RPLS,
and RPL24) but not all (such as RPS10) riboso-
mal proteins were highly ubiquitinated after syn-
thesis in reticulocyte lysate, and the ubiquitinated
products cofractionate with UBE20 (Fig. 4A and
fig. S9). Affinity purification of these nascent ribo-
somal proteins showed that UBE20 was a major
interactor of each protein that was ubiquitinated
but not of RPS10 (Fig. 4B). Reconstitution exper-
iments in the PURE system showed that RPL8
was efficiently ubiquitinated by UBE20, and that
its ubiquitination required the catalytic cysteine
of the E2 domain and the CR2 region for efficient
recognition (Fig. 4C).

We used a green fluorescent protein (GFP)-
tagged RPL24 (fig. S1I0A) that cannot assemble
into ribosomes for steric reasons and is degraded
in a proteasome-dependent manner (fig. S10B) to
verify its interaction with both UBE20 and IPO7
in cultured cells (fig. S10C). Immunoprecipitation
of UBE20 recovered unmodified and monoubi-
quitinated GFP-RPL24, but not IPO7, suggesting
that they do not form a ternary complex (fig.
S10D). Catalytically inactive UBE20(C1040S) also
recovered endogenous and exogenous RPL24
(but no detectable ubiquitinated forms), whereas
UBE20(ACR2) interacted poorly with RPL24: (fig.
S10D). Thus, in vitro and in cells, nascent un-
assembled ribosomal proteins engage either nu-
clear import factors or UBE20. The absence of
a ternary complex with IPO7 and UBE20O’s ca-
pacity to ubiquitinate bound clients suggest that
it recognizes the population of nascent riboso-
mal proteins that fail nuclear import or assembly
into the ribosome and targets it for proteasomal
degradation.

Using a quantitative flow cytometry assay for
GFP-RPL24 degradation (in which red fluores-
cent protein serves as an expression control) (fig.
S10A), we found that three independent small
interfering RNAs (siRNAs) that reduce UBE20
by ~90% stabilize GFP-RPL24 (Fig. 4D and fig.
S10E). By contrast, overexpression of UBE20
stimulated GFP-RPL24 degradation, whereas
overexpression of a catalytically inactive mutant
(C10408) acted as a dominant-negative to in-
crease GFP-RPL24 (Fig. 4E). Knockdown of IPO7
to reduce GFP-RPL24 nuclear import resulted in
its increased degradation, suggesting that cyto-
solic degradation is more efficient than a recently
described nuclear quality control pathway for
ribosomal proteins (19). Cytosolic degradation of
GFP-RPL24 was attributable to UBE20 because
GFP-RPL24 was stabilized by additionally knock-
ing down UBE20 (Fig. 4F). Thus, UBE20 targets
for degradation excess ribosomal proteins in the
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cytosol by recognizing elements that are ordinarily
bound by nuclear import factors or shielded in
assembled ribosomes. Whether the multimono-
ubiquitination mediated by UBE20 is sufficient
for proteasomal degradation, or requires another
ligase to build polyubiquitin chains, remains to
be determined.

We conclude that UBE20 represents a widely
expressed, conserved, and inducible quality con-
trol factor that can recognize juxtaposed basic
and hydrophobic patches on misfolded, unas-
sembled, and mislocalized proteins. Direct client
recognition by UBE20 is analogous to Sanlp, an
unrelated quality control ligase in fungi that also
engages clients without a chaperone intermedi-
ary (20). Whether they have converged on similar
mechanisms of client selection remains to be seen
(fig. S11). The generic recognition features of
UBE20 indicate a broad client range, a property
that is apparently exploited for degradation of
normal cellular proteins in some contexts (21, 22).
When expressed at very high levels, as during
erythrocyte differentiation, UBE20 can even drive
wide-scale proteome remodeling that includes
elimination of intact ribosomes (77). In most cells
under normal conditions, orphan proteins prob-
ably represent the predominant clients for qua-
lity control given the large number of abundant
multiprotein complexes (23, 24), the challenges
of precisely matching expression of different sub-
units (25), and inherent inefficiencies in complex

Yanagitani et al., Science 357, 472-475 (2017)

assembly (7). Indeed, proteomic analyses indicate
that ~10% of all newly made proteins may be
orphans that are rapidly degraded (26). It is likely
that many pathways exist to recognize orphans
(27) because no single biochemical feature would
universally define them. Considering that subunits
of many complexes are distributed between dif-
ferent chromosomes, aneuploidy increases the
cellular burden of orphans (28, 29), perhaps ex-
plaining why the 17q25 genomic region contain-
ing Ube20 is amplified in several human cancers,
and why UBE20-deficient mice are resistant to
multiple models of cancer (21, 22).
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Materials and Methods

Plasmids, antibodies, siRNAs

Constructs for in vitro translation in reticulocyte lysate (RRL) were in a pSP64-based vector.
Constructs for the human tail-anchored protein Sec61f and its derivatives and have been
described (5—6, 10, 30). Sec61pB(ATM) lacks the hydrophobic TM domain (see fig. S1A).
Sec61PB(3R) and Sec61B(3D) contain replacements of three residues within the TMD (see fig.
S1A) with Arg or Asp codons, respectively. All of these constructs contain a single native Cys
residue in the non-TM region that was exploited for sulthydryl-reactive crosslinking. Each of the
constructs also contains the autonomously folding villin head piece (VHP) domain (37) inserted
into the flexible N-terminal region of Sec61f to increase the molecular weight of the protein so it
migrates slower than the highly abundant hemoglobin present in RRL. Variants that were
untagged, tagged at the N-terminus with either a 3X-HA or 3X-FLAG tag, and containing or
lacking the VHP domain behaved indistinguishably by in vitro translation and ubiquitination
properties. The FLAG-tagged versions were used for affinity purification experiments.
Constructs for in vitro translation of Sec61f and Sec61B(3R) in the PURE system were similar,
but lacked the VHP domain and contained a C-terminal 3F4 epitope tag instead of an N-terminal
3X FLAG tag. These constructs are in a vector (provided with the PURE system kit from New
England Biolabs) that contains a T7 promoter and transcriptional terminator. Human KRAS and
rabbit HBA1 (encoding a-globin; 82% identical to human a-globin) were amplified by RT-PCR
from human and rabbit total RNA, respectively, and inserted into the SP64 and PURE expression
vectors, respectively. KRAS constructs contained the 3X-FLAG tag at the N-terminus, while
HBAI constructs in the SP64 vector contained the 3X-HA tag at the N-terminus. HBA1
constructs for the PURE system were untagged. Mutants of KRAS and HBA1 were generated by
site-directed mutagenesis and are described in figs. S3 and S7, respectively. Pre-pro-Cecropin
(ppCec) and its A6-12 mutant have been described (/2). These open reading frames were
transferred to the PURE vector for expression in that system. Human ribosomal protein coding
sequences were either amplified by RT-PCR and cloned into the SP64-based vector, or
synthesized as gBlocks (IDT) containing an SP6 promoter for direct use in transcription
reactions. These were tagged at the N-terminus with 3X-FLAG. A version of RPL8 was also
made in the PURE vector, while RPL24 was engineered into the previously described GFP-2A-
RFP mammalian expression plasmid (7) for analysis in cells (see fig. SI0A). The mammalian
UBE20 expression plasmid contains the human UBE20 sequence, amplified by PCR, inserted
into a pCDNA3.1-based vector containing a 3X-FLAG tag at the N-terminus. The C1040S
mutation was generated by site-directed mutagenesis, while deletion constructs were produced
using a PCR-based strategy. ACR1 deletes residues 2-450, ACR2 deletes residues 502-729, and
ACC deletes residues 811-882. For expression of domains in E. coli, the CR1 (residues 45-459),
CR2 (residues 502-729), and CC (residues 818-882) regions were amplified by PCR and inserted
into pGEX-6p1 to generate proteins tagged at the N-terminus with GST. The construct to express
recombinant CaM in E. coli has been described (/2). The coding region of rabbit AHSP was
amplified by RT-PCR from reticulocyte RNA and cloned into a pGEX-6p1 vector for
recombinant expression in E. coli. Commercial antibodies were from the following sources:
UBE20 (Bethyl #A301-873A), IPO7 (Bethyl #A302-727A), RPS20 (Abcam #ab133776),
RPL24 (Abcam #ab126172) Rabbit anti-BAG6 and anti-GFP have been described(/0, 30). GFP-
Trap (immobilized camelid nanobody against GFP) was from ChromoTek. Anti-GST was a gift




from M. Machner (NIH). Anti-FLAG and anti-HA affinity resins were from Sigma (#A2220 and
#A2095). Pre-designed and validated Silencer Select siRNAs for UBE20 and IPO7 knockdowns
were obtained from Thermo Fisher (UBE20 #1 s34219, UBE20 #2 s34220, UBE20 #3 534221,
IPO7 #1 520639, IPO7 #2 s20640).

Recombinant proteins

Full length UBE20, UBE20(C1040S), ACR1, ACR2, and ACC were produced by over-
expression in mammalian cells by transient transfection and purified from the cytosol fraction by
FLAG affinity chromatography using previously described methods (5, 6). Briefly, constructs
encoding Flag-tagged UBE2O variants were transfected into HEK293T cells using TransIT 293
(Mirus). The cells were split 1:2 the day after transfection and used for protein purification a day
later. Generally, eight 10 cm dishes of confluent cells were harvested in ice cold PBS and
swelled for 15 min in a total volume of 1.5 ml of hypotonic buffer [SO mM Hepes, pH 7.4, 10
mM KAc, | mM MgAc2, DTT, PMSF, 1X EDTA-free protease inhibitor cocktail (Roche)], and
lysed by mechanical disruption using a glass dounce and pestle. Lysates were spun for 10
minutes at maximum speed in a tabletop microcentrifuge at 4°C and the postnuclear supernatant
was adjusted to 50 mM Hepes, pH 7.4, 100 mM KAc, and 2 mM MgAc2. The sample was then
incubated with 250 ul of packed anti-Flag affinity resin for 1 hour at 4° C. The resin was washed
five times with wash buffer (50 mM Hepes, pH 7.4, 400 mM KAc, and 4 mM MgAc2). Elutions
were carried out with 150ul of 0.5 mg/ml 3X Flag peptide in elution buffer (50 mM Hepes, pH
7.4, 100 mM KAc, and 2 mM MgAc2). HA-CaM-TEV-His6 was expressed in the BL21(DE3)
strain of E. coli and purified using Ni-NTA (Qiagen) and hydrophobic interaction
chromatography (/2). Clarified bacterial lysate from a 1 L culture prepared in PBS supplemented
with 200 mM NaCl and 10 mM imidazole was bound to 4 ml of Ni-NTA resin. After extensive
washing with the binding buffer, the bound proteins were eluted with binding buffer containing
250 mM imidazole. The sample was adjusted to 0.25 mM CaCl,, then bound to a 4 ml column of
Phenyl-sepharose (GE Scientific). After washing with 100 mM KCI, 20 mM Hepes, pH 7.4, and
0.25 mM CacCl,, the bound CaM was eluted with the same buffer containing 1| mM EGTA. The
protein was then incubated with 0.3 mg TEV protease during dialysis against 100 mM KCI, 50
mM Hepes-KOH, pH 7.4, 10% glycerol, 7 mM 2-mercaptoethanol. The dialyzed sample was
passed through a 1.5 ml column of Ni-NTA and the flow though sample was collected. Total
yield was ~34 mg. GST and GST-tagged proteins were expressed in BL21(DE3) and purified via
Glutathione-sepharose (GE Scientific) as follows. Protein expression was induced with 0.5 mM
IPTG for 16 h at 16°C when cultures were ~0.4 to 0.6 ODggo. Bacterial lysate was prepared by
sonication in PBS containing 500 mM NaCl. After clarification by centrifugation, the lysate was
applied to a 5 ml column of Glutathione Sepharose (GE Healthcare), washed extensively with
the binding buffer, and eluted three successive times with 6 ml each with 0.2 M Tris, pH 8, 150
mM NaCl, and 10 mM reduced glutathione. The sample was dialyzed against 20 mM Hepes pH
7.4, 110 mM KAc, 2 mM MgAc,, and 5 mM 2-mercaptoethanol. The final protein was
concentrated by ultrafiltration. Recombinant human GST-UBEI (E1 enzyme), UBCHS,
Ubiquitin, and His-Ubiquitin were from Boston Biochem.

Mammalian in vitro translation

The RRL translation system was prepared as described previously in extensive detail (32). In
brief, crude reticulocyte lysate was obtained from Green Hectares, treated with micrococcal
nuclease (150 units/ml final concentration) for 12 min at 25°C in most cases, and supplemented
with total liver tRNA, free amino acids (except methionine), ATP, GTP, creatine phosphate,




creatine kinase, glutathione, spermidine, and Hepes pH 7.4. KAc, and MgAc, levels were titrated
to find the optimal levels for translation, and this pre-assembled mixture was aliquoted and
stored at -80 for subsequent use. Translation was initiated by addition of a total in vitro
transcription reaction and either *>S-methionine (500 wCi/ml) or unlabeled methionine (40 uM)
as needed. In vitro transcription was with SP6 polymerase as described, and utilized PCR
products as the template (32). The transcription reaction was directly used for translation
(constituting 1/20"™ the total volume) without further purification. Translation reactions were for
between 15-60 min depending on the experiment. In experiments where physical interactions
were being assessed or complexes were purified for post-translational ubiquitination reactions
(e.g., Fig. 1B and fig. S1D), translations were for 15-30 min at 32°C. In experiments where
substrate ubiquitination during the translation reaction was being assessed, translation was for 60
min at 32°C. Immediately after translation, the samples were place on ice, and further
manipulations (see below) were performed at 0-4°C unless otherwise indicated. In some cases,
translation reactions were flash-frozen in liquid nitrogen and stored at -80°C for further analysis
at a later time.

PURE in vitro translation

The PURE translation system (“Protein synthesis Using Recombinant Elements) described
previously (/7) was either obtained from New England Biolabs or prepared in-house (33) by
minor modifications of established procedures. In both cases, translation reaction assembly
followed the instructions provided by NEB, but with the inclusion of **S-methionine. In brief,
the translation components were assembled with the appropriate plasmid DNA at 10 ng/ul and
S-methionine at 1 mCi/ml. Where indicated CaM was included at a final concentration of
between ~20-35 uM (0.4 to 0.7 mg/ml), together with 0.2 mM CacCl,. After translation at 37°C
for between 30 min to 2 h, the reactions were chilled on ice, and processed for downstream
assays as described below. To isolate CaM-substrate complexes, translation reactions (10 ul
each) were diluted with an equal volume of ice-cold physiologic salt buffer (PSB: 100 mM KAc,
50 mM Hepes-KOH, pH 7.4, 5 mM MgAc,) and layered onto 50 ul of a 20% sucrose cushion in
PSB. The sample was centrifuged at 55,000 rpm in the TLS-55 rotor (Beckman Instruments) for
90 min at 4°C, and the top 30 ul was recovered for subsequent crosslinking and ubiquitination
assays. Soluble HBA1 was prepared similarly, although it could also be generated without CaM
due to its increased solubility. RPL8 was prepared without CaM as follows. After translation, the
10 wl reaction was diluted two-fold in high salt buffer to adjust the final conditions of the sample
to 575 mM KAc, 50 mM Hepes-KOH, pH7.4, 22.5 mM MgAc2. This was then layered on a 70
ul sucrose cushion containing 20% sucrose and PSB plus 500 mM KAc. After centrifugation at
55,000 rpm for 90 min at 4°C in the TLS-55 rotor, the top 30 ul was recovered and used directly
in further assays.

Fractionation and crosslinking

Where indicated, translation reactions were fractionated by sucrose gradient sedimentation at
4°C as described previously (30). In brief, samples were layered atop manually prepared 5-25%
sucrose gradients in PSB. The gradients were either 2 ml or 0.2 ml, on which either 200 ul or 20
ul of sample were layered. Spin conditions were 55,000 rpms in the TLS-55 rotor (Beckman
Instruments) for either 5 h or for 2 h 20 m for the large and small gradients, respectively. These
were found to equivalent for the respective sized gradients. 11 fractions (of 200 ul or 20 ul each)
were removed from the top and put on ice. Where indicated in the figures, samples were treated
with 250 uM bis-maleimido-hexane (BMH) for 30 min on ice to initiate sulfhydryl-mediated




crosslinks, or 250 uM di-succinimidyl-suberate (DSS) at 22°C for 30 min to initiate amine-
mediated crosslinks. Reactions were stopped with 20 mM 2-mercaptoethanol for BMH and 0.1
M Tris pH 8.0 for DSS before downstream processing.

Affinity purification

To identify factors associated with quality control clients, 600 ul translation reactions in non-
nucleased RRL were performed for 15 min (for Sec61p and variants) or 30 min (KRAS and
ribosomal proteins), chilled on ice, and centrifuged at 100,000 rpms for 30 min at 4°C in the
TLA100.3 rotor (Beckman Instruments). The supernatant was added to 30 ul of FLAG M2
affinity resin pre-washed in physiological salt buffer 2 (PSB2: 130 mM KAc, 25 mM Hepes-
KOH, pH7.4, 5 mM MgAc,) and gently mixed at 4°C for 2 h. The resin was washed four times
with 1 ml PSB2 and transferred to a new tube after the fourth wash. Residual wash buffer was
removed, and the bound samples were eluted two consecutive times with 60 ul of PSB2
containing 0.5 mg/ml 3X-FLAG peptide (Sigma). Each elution was for 45 min at 22°C. Proteins
in the pooled eluates were precipitated with trichloroacetic acid (TCA) and analyzed by SDS-
PAGE and SYPRO Ruby as indicated in the figure legends. Individual bands of interest were
excised and subjected to tryptic digestion and mass spectrometry to identify the protein(s).
Analytic reactions to assess interactions by immunoblotting were performed in the same manner
at a smaller scale (typically 100 ul translation reactions), with >>S-methionine to monitor
substrate synthesis and recovery. For affinity purification of native complexes for analysis of
ubiquitination (e.g., Fig. 1B and fig. S1D), the ribosome-free translation reaction or sucrose
gradient fraction of interest was affinity purified using 10 ul FLAG affinity resin as described
above, but left on the resin without elution for downstream on-bead ubiquitination reactions (see
below).

Ubiquitination reactions

To analyze ubiquitination of in vitro translated products from RRL (e.g., fig. SIB), the
translation reaction was supplemented with His-tagged Ubiquitin to 10 uM. Following
translation (typically for 60 min at 32°C), one-tenth of the reaction was reserved for analysis of
total products to verify equal translation levels. The remainder was denatured by 10-fold dilution
in 1% SDS, 0.1 M Tris, pH 8, heated to 95 °C for 5 min, cooled, and diluted in Ubiquitin-
pulldown buffer [PBS supplemented with 250 mM NaCl, 0.5% Triton X-100, and 20 mM
imidazole (or 50 mM for KRAS pulldowns)]. This was then applied to 20 ul Ni-NTA agarose
(Qiagen) and mixed for 1.5 h at 4°C. The resin was washed three times in Ubiquitin-pulldown
buffer and eluted with 30 ul of SDS-PAGE sample buffer supplemented with 50 mM EDTA).
The products were visualized by SDS-PAGE and autoradigraphy.

Ubiquitination reactions of affinity purified client complexes (e.g., Fig. 1B and fig. S1D) were
performed on the beads. The washed resin (10 ul) was drained of residual wash buffer and
incubated with 12.5 ul of a mixture containing PSB, 1 mM ATP, 10 mM creatine phosphate, 40
ug/ml creatine kinase, 10 uM His-Ubiquitin, 100 nM human GST-UBE]1, and 250 nM UBCHS.
The reaction was incubated for 30 min at 32°C and terminated by addition of 100 ul of 1% SDS,
0.1M Tris, pH 8. The samples were denatured for 3 min at 95°C, separated from the beads, and
subjected to ubiquitin pulldowns via the His tag as described above. An aliquot of the input
sample was reserved and analyzed in parallel.

Ubiquitination reactions of PURE system assembled client-CaM complexes were carried out in
PSB. One-fifth of the reaction volume was the client-CaM complex, and the remainder of the



reaction volume comprised 1 mM ATP, 10 mM creatine phosphate, 40 ug/ml creatine kinase, 10
uM His-Ubiquitin, and 100 nM human GST-UBEI. In addition, where indicated, E2 (UBCHS5
and/or UBE20) was included at 250 nM and the reaction initiated by adding EGTA to 1 mM and
incubating at 32°C for 1 h unless otherwise indicated in the figure legends. The reaction was
terminated by adding SDS-PAGE sample buffer and analyzed directly by gel electrophoresis and
autoradiography.

Cell culture analyses

To prepare the GFP-RPL24 cell line, the GFP-RPL24-2A-RFP coding region was engineered
into the pPCDNAS-FRT-TO vector (Invitrogen) and transfected into Flp-In HEK293 T-Rex cells
(Invitrogen). Stable integrants were selected as directed by the manufacturer and characterized
by flow cytometry for stable expression and doxycycline induction. Where indicated, siRNA
treatement was for 72 hours using Lipofectamine RNAiIMAX (Thermo Fisher). Transient
transfection of plasmids into these cells was with TransIt 293 (Mirus). Flow cytometry analysis
of GFP-RPL24 levels, normalized to RFP levels, was as before (34). Cell lysis and analysis of
protein interactions by co-immunoprecipitation under native conditions was as follows. Cells
were swelled on ice in hypotonic buffer containing 20 mM HEPES pH 7.4, 10 mM KAc, 1.5
mM MgAc,, | mM DTT, 1 x Protease Inhibitor Cocktail without EDTA (Roche) for 20 min and
lysed with 26G needle attached to a syringe. Lysates were clarified by 10 min centrifugation at
4°C at max speed in tabletop centrifuge. Supernatant was adjusted to 50 mM HEPES pH 7.4, 120
mM KAc and 2.5 mM MgAc,. IP was for 2h in cold room with anti-FLAG resin or GFP-Trap.
Beads were washed 4 times with 50 mM HEPES pH 7.4, 120 mM KAc and 2.5 mM MgAc,
changing tubes once before last wash. Elution from FLAG beads was performed with 0.25
mg/ml 3XxFLAG peptide in wash buffer for 20 min (two sequential elutions were combined).
Elution from GFP-Trap was performed with SDS-PAGE sample buffer with boiling for 5 min.
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Fig. S1. Sec61B(3R) is ubiquitinated in the cytosol. (A) The transmembrane (TM) domain region
of Sec61p and Sec61B(3R) are shown, along with their Kyte-Doolittle hydrophilicity profiles. (B)
Wild type (WT) Sec61p, a mutant lacking the TM domain (ATM), and Sec61B(3R) were translated
in reticulocyte lysate (RRL) containing His-tagged Ubiquitin and 35S-methionine. One aliquot of
each sample was either analysed directly by SDS-PAGE and visualized by autoradiography (total).
The remainder was subjected to ubiquitin pulldown (Ub-PD) via the His tag under denaturing
conditions, and the ubiquitinated population of the translation product was visualized by autoradi-
ography. (C) Experimental strategy to detect the presence of ubiquitination factors stably associated
with in vitro translated products. A FLAG-tagged product is translated in RRL for a short time (20
min), when protein synthesis has occurred, but appreciable downstream ubiquitination has not. The
translation product is then affinity purified via the FLAG tag under native conditions. The affinity
purified sample is then supplemented with ATP, E1, ubiquitin, UBCHS5 (E2), and His-Ubiquitin.
After incubation, the products are analysed for ubiquitinated client by autoradiography of His-
purified products. As a positive control for ubiquitination, cytosol is included in the reaction. (D)
Analysis of Sec61f, Sec61B(3R), and KRAS by the strategy outlined in panel c. As expected from
earlier studies, Sec61p associates with ubiquitination activity (presumably BAG6 and RNF126, as
shown before), while KRAS does not associate with appreciable ubiquitination activity as expected
for a normal folding protein. The efficient ubiquitination of Sec61B(3R) suggests that it is also
associated with ubiquitination machinery. The heterogeneity of ubiquitin bands in the samples with
cytosol is due to a mixture of endogenous and His-tagged ubiquitin in the reaction.
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Fig. S2. Identification of UBE20O as a major interaction partner of Sec61B(3R). (A) FLAG-tagged wild type (WT) Sec61p, Sec61B(3R), or
nothing was translated in RRL and subjected to affinity purification via the FLAG tag under native conditions. The products were analysed by
SDS-PAGE and SYPRO Ruby staining. The major bands observed in the WT and 3R samples were excised and identified by mass spectrom-
etry. Proteins specific to 3R (more than three-fold enriched over WT) are indicated in red. Proteins specific to WT are indicated in green, and
all represent components of the ER tail-anchored protein targeting pathway. The substrate is indicated in white, while proteins recovered in
both samples at comparable levels are indicated in black. (B) 35S-labeled Sec61B and Sec61B(3R) were translated in RRL and separated into
ten fractions by centrifugation through a 5-25% sucrose gradient under native conditions. The indicate fractions were divided in two, and one
was subjected to sulfhydryl-reactive crosslinking with BMH. Both substrates contain a single cysteine at the same position. Fractions 5-7 from
the crosslinked samples of each gradient were pooled and either analysed directly (input, right panel), or subjected to denaturing immunopre-
cipitation using antibodies directed against a control protein (GFP), BAG6, or UBE20. Sec61p crosslinks prominently with BAG6, but not
UBE20, while Sec61B(3R) crosslinks preferentially with UBE20, but not BAG®6.
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Fig. S3. Misfolded KRAS is ubiquitinated in the cytosol and interacts with UBE2QO. (A) Structure
of human KRAS (PDB 40BE) with residues 112-114 (encoding Val-Leu-Val) of the buried core indi-
cated in red. These residues were either changed to Arg (to generate mutant K1) or deleted (to generate
mutant K2). (B) Wild type (WT) KRAS and the mutants K1 and K2 were translated in reticulocyte
lysate (RRL) containing His-tagged Ubiquitin and 35S-methionine. One aliquot of each sample was
either analysed directly by SDS-PAGE and visualized by autoradiography (total). The remainder was
subjected to ubiquitin pulldown (Ub-PD) via the His tag under denaturing conditions, and the ubiquit-
inated population of the translation product was visualized by autoradiography. (C) FLAG-tagged wild
type (WT) or mutant (K1 and K2) KRAS were translated in RRL, affinity purified under native condi-
tions via the FLAG tag, and analysed by immunoblotting for UBE20. The 33S-labeled substrate was
visualized by autoradiography. (D) FLAG-tagged wild type (WT) or mutant (K1) KRAS were trans-
lated in RRL, affinity purified under native conditions via the FLAG tag, and analysed by SYPRO
Ruby staining. The band corresponding to UBE20 (identified by mass spectrometry only in the K1
sample) is indicated.
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Fig. S4. Preparation of 3R and UBE2O for in vitro ubiquitination assays. (A) Sec61B(3R)
was translated in the PURE in vitro translation system with 33S-methionine supplemented with no
additional factors or with 35 uM Calmodulin (CaM), and was analysed directly (total) or after
separation into 11 fractions on a 5-25% sucrose gradient. The 35S-labeled substrate was detected
by autoradiography, while CaM was detected by Coomassie staining. Note that Sec61B(3R)
quantitatively aggregates (i.e., migrates in the 11th fraction along with ribosomes) without CaM,
but is mostly soluble and co-fractionates with CaM when it is present. The peak fractions from
such a sucrose gradient fractionation, containing the 3R-CaM complex without any other eukary-
otic components, was used for the crosslinking assays in Fig. 2 to characterize the complex.
3R-CaM complexes prepared using a simplified variation of this strategy (see Methods) were
used for the ubiquitination assays in Fig. 2 and fig. S5. (B) Coomassie stained gel showing the
different fractions during the expression and purification of FLAG-tagged human UBE20 and the
C1040S mutant in the E2 domain that renders the protein inactive.
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Fig. S5. Characterization of UBE20-mediated ubiquitination. (A) 33S-labeled 3R in complex with CaM
was incubated with the indicated factors, ATP, and ubiquitin before analysis by SDS-PAGE and autoradiogra-
phy. EGTA was added at the beginning of the reaction to 1 mM to induce substrate release from CaM. (B) The
indicated substrates, prepared as 35S-labeled proteins in complex with CaM as in fig. S4A, were assayed for
ubiquitination as in panel A. Where indicated, Ca?* (at 5 mM) was included instead of EGTA to retain
substrate on CaM. Cec is pre-pro-cecropin, a secretory protein containing a hydrophobic N-terminal signal
peptide. CecA6-12 is a mutant that deletes the hydrophobic core of the Cec signal peptide. It is noteworthy
that in purified systems, UBE20 can recognize clients of other pathways (e.g., a BAG6 target like Sec61B)
that it would ordinarily not engage in cytosol (Fig. 1C). We have made similar observations for BAG6 and
Ubiquilins, indicating a considerable amount of plasticity and overlap in substrate range. This property prob-
ably provides cells with robustness in dealing with loss or saturation of any one factor, perhaps explaining
why cultured cells tolerate the absence of individual pathways surprisingly well (7). However, this robustness
poses a challenge to identifying the native client range of individual pathways by proteomics of knockout
cells, particularly given compensatory mechanisms such as stress response activation (7, 9). For similar
reasons, mammalian genetic screens using a quality control client may give muted signals even with bona fide
hits. The biochemical strategy of querying a complete cell lysate with tracer quantities of an aberrant protein
(e.g., Fig. 1) should provide a general route to identifying the quality control system(s) most optimized for
any given client. (C) Time course of ubiquitination reactions using 3R as the substrate performed as in panel
a. The reaction contained either wild type Ubiquitin or methylated Ubiquitin incapable of forming Ubiquitin
linkages. Note that ubiquitination is essentially unimpeded in both speed and number of ubiquitins added to
the client with methylated ubiquitin, suggesting that the ladder represents multi-mono-ubiquitination. The
substrate contains 6 lysines and the N-terminus, and the maximum number of ubiquitins observed is 7. The
slightly lower efficiency with methylated ubiquitin is likely a consequence of its slightly less efficient recog-
nition by E1 and transfer to E2.
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Fig. S6. Client interaction with different UBE20O domains. (A) Line diagram indicating the
location and amino acid positions of conserved structured regions (CR1, CR2, and CR3), a
predicted coiled-coil (CC) domain, and the UBC domain of UBE20. Under the diagram is a
summary of UBE2O constructs used in this study. (B) Coomassie stained gel of purified
GST-tagged domains used in the interaction analysis shown in the next panel. (C) Purified GST
or the indicated GST-tagged proteins were added to RRL at a level twice that of endogenous
UBE2O0. These supplemented lysates were used for translation of FLAG-tagged 3R, which was
affinity purified under native conditions and analysed by immunoblotting with antibodies against
GST. The CR2 region interacts most strongly with 3R, with CR1 showing a weaker interaction.
Consistent with this observation, ubiquitination assays shown in Fig. 2D show reduced client
ubiquitination when CR2 is deleted, and subtle but reproducible decrease when CR1 is deleted.
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Fig. S7. Characterization of a-globin assembly mutants. (A) Simplified schematic of the
adult haemoglobin assembly pathway thought to occur in pre-erythrocytes (e.g., reticulocytes).
Newly synthesized a-globin engages the highly abundant and reticulocyte-specific chaperone
a-hemoglobin stabilizing protein (AHSP) (15). B-globin displaces AHSP by binding to the same
interface (33), after which the a-3 associates with another copy of itself to form the mature
tetramer. (B) Structure of the human a-globin-AHSP complex (PDB ID 1Z8U; ref. 36) showing
globin in grey and AHSP in blue. The positions of two mutations (H104R and F118S) that have
been shown to disrupt the a-globin-AHSP interaction (/6), and thereby impede assembly, are
shown in orange and green, respectively. (C) HA-tagged wild type (WT) a-globin (also called
HBAL1) or each of two mutants were synthesized in reticulocyte lysate containing 35S-
methionine, separated on a 5-25% sucrose gradient, and visualized by autoradiography. Note
that the mutants, but not wild type, becomes ubiquitinated (red asterisks), and that these ubiquit-
inated products co-migrate in the same high-molecular weight fractions as UBE20 (primarily
fractions 6 and 7; see fig. SOA). The physical interaction with UBE2O in these fractions was
verified by crosslinking and immunoprecipitation in Fig. 3B.
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Fig. S8. Basic and hydrophobic residues in the client facilitate UBE2O recognition.
(A) In vitro translation reactions in RRL containing 35S-methionine and the transcript
coding for the indicated FLAG-tagged protein were analysed directly (total IVT) or after
affinity purification via the FLAG tag. The substrate was visualized by autoradiography,
while UBE20 and Importin 7 (IPO7) were detected by immunoblotting. Sec61B(3D) is
identical to 3R except that the three Arginine residues were changed to Aspartates. Note
that this substantially reduces interaction with both UBE20O and IPO7. Of note, 3D is still
perceived as aberrant in RRL, and is seen to be ubiquitinated. Preliminary analysis
suggests that this pathway is different than the UBE2O pathway, but we have not yet
identified the responsible machinery. (B) Structure of the human a-globin-AHSP complex
(PDB ID 1Z8U) showing globin in grey and AHSP in tan. The surface of a-globin
occluded by AHSP is colored to show hydrophobic residues in yellow and basic residues in
blue. This is the region that is apparently recognized by UBE2O since mutants that prevent
AHSP binding favor UBE20O-mediated a-globin ubiquitination (Fig. 3). Considered with
the result in panel A, it appears that juxtaposed basic and hydrophobic residues are a key
recognition element for UBE2O. Almost all ribosomal proteins are highly basic, and
before they are folded and incorporated into ribosomes, also would expose hydrophobic
patches. Thus, the artificial protein 3R, unassembled a-globin, and many unassembled
ribosomal proteins would share this property, making them targets for UBE20O.
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Fig. S9. Several nascent orphan ribosomal proteins co-fractionate with UBE2O. The indicated
ribosomal proteins were synthesized in reticulocyte lysate containing 35S-methionine, separated on a
5-25% sucrose gradient, and visualized by autoradiography. Note that RPL3, RPLS, and RPL24, but
not RPS10, become ubiquitinated to varying degrees (red asterisks), and that these ubiquitinated
products co-migrate in the same high-molecular weight fractions as UBE20 (primarily fractions 6
and 7). The physical interaction with UBE20 was verified by affinity purification and mass spec-
trometry (Fig. 4B). In the case of RPL24, whose interaction with UBE2O is remarkably robust (Fig.
4B), most of the synthesized protein is ubiquitinated and all of the ubiquitinated products co-migrate
with UBE20O. Reconstitution studies in a purified system showed that ribosomal proteins (such as
RPLS, shown in Fig. 4C) are very efficiently and heavily ubiquitinated by purified UBE2O. The
high number of ubiquitins (relative to 3R, for example; fig. S5) is presumably a consequence the
very large number of Lysine residues in RPLS8, and not indicative of poly-ubiquitin chains. This is
based on the observation that UBE2O in purified assays seems incapable of building ubiquitin
chains (fig. S5C).
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Fig. S10. Additional analysis of UBE2O in cultured cells. (A) Schematic diagram of the
construct for GFP-RPL24 expression. In this construct, GFP is appended to the N-terminus of
RPL24, which in an intact ribosome, would be buried. Thus, GFP-RPL24 cannot assemble into a
ribosome properly, and is therefore orphaned. The GFP-RPL24 coding sequence is fused to RFP,
but is separated by a viral 2A sequence that skips formation of a peptide bond. This results in
translation of two separated proteins from a single mRNA: GFP-RPL24 and RFP, permitting the
latter to serve as an expression control for the former. Thus, changes in degradation of GFP-
RPL24 will be observed as a change in the GFP:RFP ratio, permitting accurate assessment of
GFP-RPL24 levels on a single-cell basis using flow cytometry. (B) The GFP-RPL24 construct
from panel A was introduced into the FRT site of Flp-In HEK293 TRex cells. The resulting stable
cell line was induced for 24 h with doxycycline to drive GFP-RPL24 expression and analyzed by
flow cytometry without further treatments or after proteasome inhibition with 20 uM MG132 for 6
h. For comparison, the effect of over-expressing a catalytically inactive dominant-negative
UBE20 mutant (C1040S) is also shown. (C) The GFP-RPL24 stable cell line was either left
uninduced or induced with doxycycline to drive GFP-RPL24 expression. Cell lysates were then
subjected to affinity purification using GFP-trap and analzed by total protein staining to visualize
GFP-RPL24 (top panel) or immunoblotting for UBE20, Importin 7 (IPO7) or RPS20 (a negative
control verifying that GFP-RPL24 was not incorporated into and recovering whole ribosomes).
Earlier studies have shown that [PO7 and IPOS, in addition to acting as import factors, also play a
critical role in maintaining ribosomal protein solubility (37). Given that UBE20O appears to bind
the same regions (and hence, does not form a ternary complex with [IPO7 as shown in the next
panel), we believe it too is important for preventing aggregation of its clients. (D) GFP-RPL24
cells were transfected with the indicated FLAG-tagged UBE2O constructs (or nothing) and
subjected to anti-FLAG affinity purification. The recovered UBE20 was visualized by total



Fig. S10 legend, continued.

staining, while IPO7, GFP-RPL24, endogenous RPL24, and RPS20 were detected my immunob-
lotting. Note that GFP-RPL24 and endogenous RPL24 are recovered with both wild type and
C1040S UBE20, with only wild type UBE20 also recovering mono-ubiquitinated GFP-RPL24
and RPL24 (red asterisks). That these bands indeed represent mono-ubiquitination was verified by
their sensitivity to a viral de-ubiquitinase. Thus, as expected from biochemical analyses, UBE20O
interacts with unassembled RPL24 and mono-ubiquitinates it in a manner dependent on its catalyt-
ic E2 domain. Whether mono- or multi-mono-ubiquitination mediated by UBE2O is sufficient for
proteasomal degradation remains to be determined. This possibility seems plausible given earlier
studies demonstrating that many proteins can be degraded effectively without ubiquitin chain
formation (38-40). Notably, a proteomic analysis of proteins that are degraded without chain
formation showed enrichment for ribosomal proteins (40), consistent with the conclusions of our
study. (E) GFP-RPL24 cells were treated with the indicated siRNAs as for functional assays in
Fig. 4D-4F, and analysed for UBE20 and IPO7 by immunoblotting. Knockdown of UBE20 was
judged to be better than 90%, while IPO7 was reduced by ~70%. Ponceau S staining shows total
protein levels of the lysates as a loading control.
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Fig. S11. Comparison of UBE20O and Sanlp secondary structure predictions. The sequences of
human UBE20 and Saccharomyces cerevisiae Sanlp were analyzed for disordered regions using
DISOPRED?3 (41). As shown in the blue trace on the plots, the majority of Sanlp outside of its RING
ligase domain is predicted to be disordered. This feature is important for its ability to engage a broad
range of substrates (20). By contrast, UBE2O is less disordered overall, with the least disorder
observed in the three conserved domains (CR1, CR2, and CR3) and UBC domain. As CR1 and CR2
appear to be involved in substrate binding, it would seen that UBE20 and Sanlp use different mecha-
nisms of substrate binding. Nevertheless, CR3 and/or the large disordered regions between CR1, CR2,
and UBC domains might play a role in binding certain substrates, and this remains to be examined.
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