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STRUCTURAL BIOLOGY

Mechanistic insights into the roles of the UFM1 E3 ligase
complex in ufmylation and ribosome-associated
protein quality control

Ryosuke Ishimura't, Sota Ito?t, Gaoxin Mao’, Satoko Komatsu-Hirota', Toshifumi Inada?*,
Nobuo N. Noda3**, Masaaki Komatsu'*

Ubiquitin-fold modifier 1 (UFM1) is a ubiquitin-like protein covalently conjugated with intracellular proteins
through ufmylation, similar to ubiquitylation. Ufmylation is involved in processes such as endoplasmic reticu-
lum (ER)-associated protein degradation, ribosome-associated protein quality control (RQC) at the ER (ER-RQC),
and ER-phagy. However, it remains unclear how ufmylation regulates such distinct ER-related functions. Here,
we provide insights into the mechanism of the UFM1 E3 complex in not only ufmylation but also ER-RQC. The E3
complex consisting of UFL1 and UFBP1 interacted with UFC1, UFM1 E2, and, subsequently, CDK5RAP3, an
adaptor for ufmylation of ribosomal subunit RPL26. Upon disome formation, the E3 complex associated with
ufmylated RPL26 on the 60S subunit through the UFM1-interacting region of UFBP1. Loss of E3 components or
disruption of the interaction between UFBP1 and ufmylated RPL26 attenuated ER-RQC. These results provide

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

insights into not only the molecular basis of the ufmylation but also its role in proteostasis.

INTRODUCTION

Posttranslational modifications (PTMs) amplify limited genomic
information and extend the functions of single proteins to enable
their participation in diverse cellular processes. The best character-
ized PTM is protein modification by ubiquitin or ubiquitin-like
modifiers (UBLs) (1—4). There are numerous modification process-
es in which single or multiple ubiquitins or UBLs bind to proteins,
and these act as signal converters that regulate various cellular func-
tions. Protein modifications by ubiquitin and UBLSs are catalyzed by
a highly regulated and elaborate cellular system and are carried out
by sequential reactions of multiple enzymes comprising an activat-
ing enzyme (E1), a conjugating enzyme (E2), and a ligase enzyme
(E3). Initially, the specific E1 for each ubiquitin or UBL forms a
high-energy thioester bond with the ubiquitin or UBL via adenyla-
tion in an adenosine triphosphate—dependent manner. The ubiqui-
tin or UBL activated by an E1 is then transferred to a specific E2 via
thioester bonds. In some cases, E2s can directly transfer ubiquitins
or UBLSs to substrate proteins in an isopeptide linkage. However, an
E2 generally requires the participation of an E3 to achieve substrate-
specific ubiquitylation or UBL conjugation in cells. An E3, which
contains a core domain such as RING, HECT, or U-box domain,
is defined as the enzyme required to recognize the target proteins,
and it plays a central role in ubiquitination or UBL conjugation (5).
While there are only 2 Els and approximately 30 E2s in humans, the
number of E3s is estimated to exceed 600 for ubiquitination. Ubiq-
uitination and most UBL conjugation reactions are reversible, with
deubiquitinating enzymes removing ubiquitin and UBLs from
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target proteins and regulating ubiquitination and UBLs binding.
Covalent modification of intracellular proteins by ubiquitin medi-
ates selective protein degradation, mainly by the 26S proteasome
and autophagy, while modification of intracellular proteins by
UBLs regulates protein localization, protein-protein and protein-
DNA interactions, and biochemical activity.

Ubiquitin-fold modifier 1 (UFM1) is a UBL covalently bound to
intracellular proteins by ufmylation, a reaction similar to ubiquiti-
nation (6, 7). UFM1 is synthesized as a pro-form, and the two amino
acids at the C terminus of pro-UFM1 are cleaved by specific prote-
ases, UFSP1 and UFSP2 (8, 9). The result is a mature form in which
the glycine residue essential for conjugation is exposed. The mature
form of UFM1 is activated by forming a high-energy thioester bond
with UBAS5, a UFM1-specific E1 enzyme. Activated UFM1 is trans-
ferred to the UFM1-specific E2 enzyme, UFC1, which is covalently
bound to the target protein via a UFMI-specific E3 enzyme
complex comprising UFL1, UFBP1 (also called DDRGK1 or
C200rf116), and CDK5RAP3 (10-13). Of these E3 components,
UFLI and UFBP1 are essential for ufmylation (14, 15), while
CDK5RAP3 may be involved in the regulation of E3 activities
such as polyufmylation and direction of ufmylation on the ribosom-
al protein RPL26 (13). This reaction is reversible, as covalently
bound UFML1 is cleaved by the cysteine protease UFSP2 (8, 16).
In mice, disruption of the UFM1 system results in abnormalities
in erythroid differentiation (11, 12, 17, 18), liver development
(12), and neurogenesis (19, 20). Genetic mutations in human
UFM1, UBAS5, and UFCI result in reduced ufmylation and heredi-
tary paediatric encephalopathy (19, 21-23). Mutations in UFSP2
also cause the autosomal dominant disorders Beukes hip dysplasia
(24) and vertebral epiphyseal dysplasia (25).

UFBP1 has a signal peptide at its N terminus that anchors it to
the endoplasmic reticulum (ER) and a transmembrane helix, local-
ized on the ER (10, 26, 27), and UFL1 forms a stable complex with
UFBP1 (13, 28), suggesting that the UFM1 system may play roles
involving the ER. The UFMI1 system has long been associated
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with ER stress and ER-associated degradation (ERAD) (7). Further,
growing lines of evidence indicate that ufmylation plays important
roles in ribosome-associated protein quality control at the ER (ER-
RQC) and/or nascent peptide quality control on the ER (29-31), as
well as in selective autophagy of the ER (ER-phagy) (27, 32, 33). The
protein quality control at ER seems to be mediated by the ufmyla-
tion of ribosomal proteins, such as RPL26 (29, 30), and the ER-
phagy by the ufmylation of the UFM1 E3 component, UFBPI,
and an ER-anchoring protein, CYB5R3 (10, 27, 34). However,
besides the x-ray crystal structures of UFM1 (35), UBA5 (36),
UFC1 (37), and their complex (38, 39), the structure of the UFM1
E3 complex is unknown, and the UFM1 E3 components have no
similarity to any previously identified E3 of ubiquitin or UBLs,
making it difficult to infer the structure. Therefore, the molecular
mechanisms through which the UFM1 E3 complex regulates
diverse functions on the ER, such as ER-RQC and ER-phagy, are
largely unknown. While it has been suggested that ER-RQC prod-
ucts might undergo non-ERAD non-proteasomal degradation (31),
a recent study proposed that ufmylation is required for the LTN1-
mediated proteasomal degradation of ER-RQC substrates and not
cytosolic substrates (40). Hence, the precise orchestration of ER-
RQC substrates by the UFM1 system remains largely elusive.

Here, we provide mechanistic insights into the role of the UFM1
E3 ligase complex in ufmylation and its association with the 608 ri-
bosomal subunit through biochemical analyses and structure pre-
diction using AlphaFold2 (AF2) (41, 42) with the AlphaFold-
Multimer mode (43). We found that while UFL1 and UFBP1 are
the main constituents of the UFM1 E3-ligase, CDK5RAP3, an ac-
cessory component of the E3 complex, alters the specificity of the E3
complex from UFBP1 to RPL26, thereby switching from ER-phagy
to ER-RQC. Further, we showed that upon treatment with anisomy-
cin, an inducer of disome formation, the UFM1 E3 complex binds
to ufmylated RPL26 on the 60S ribosomal subunit through the
UFMI-interacting region of UFBP1, which is indispensable for
ER-RQC. Our findings indicate that the UFM1 E3 complex is a
ligase and also acts as an essential factor for ER-RQC.

RESULTS

Prediction of the UFL1-UFBP1-CDK5RAP3 E3 complex
structure

Highly accurate protein structure prediction by AF2 is radically
changing life science research. Although the structure of the three
components constructing the E3 ligase for ufmylation (UFLI,
UFBP1, and CDK5RAP3) has never been determined experimen-
tally, we can download their predicted structure from the AlphaFold
Protein Structure Database (fig. S1) (44). UFLI is composed of two
N-terminal o helices, five tandem winged-helix (WH) domains, and
a C-terminal helical domain that contains an intrinsically disor-
dered region (IDR), whereas UFBP1 is composed of one N-terminal
transmembrane helix, an IDR containing a coiled-coil, one WH
domain, and two C-terminal a helices. CDK5RAP3 is mainly com-
posed of a helices. Two a helices (residues 109 to 168 and 427 to
493) form an antiparallel coiled-coil with each other, which is as
long as ~10 nm, and two globular domains are located at both
ends of the coiled-coil, creating a dumbbell-like shape. One globular
domain is composed of ~120 N-terminal residues and ~30 C-termi-
nal residues and, thus, is named the terminal dumbbell (T-dumb-
bell), whereas another globular domain is named the central
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dumbbell (C-dumbbell). The C-dumbbell has an IDR composed
of 80 residues.

Although AF2 was initially not good at predicting the structures
of heterocomplexes, the recent implementation of the AlphaFold-
Multimer mode in AF2 (43) now enables us to predict their struc-
ture with much greater accuracy. Using AF2 with the AlphaFold-
Multimer mode (all AF2 predictions mentioned henceforth were
performed using this mode), we predicted the structure of the
UFL1-UFBP1-CDK5RAP3 E3 complex. It has been reported that
UFLI interacts with the proteasome-COP9-initiation factor
domain—containing region of UFBP1 (229 to 273 amino acids),
while UFC1 and UFBP1 interact with the N-terminal region of
UFLL1 (1 to 212 amino acids) (10, 33, 45). Therefore, we initially
used truncated forms of UFLI (residues 1 to 302) and UFBP1 (res-
idues 209 to 314) and obtained a well-converged predicted model of
the UFL1(1-302)-UFBP1(209-314)-CDK5RAP3 complex (fig.
S2A). After that, we superimposed the full-length AF2 structures
of UFL1 and UFBP1 on each truncated form and obtained the
full-length UFL1-UFBP1-CDK5RAP3 E3 complex model
(Fig. 1A). Upon complex formation, the second N-terminal a
helix of UFL1 and the two C-terminal o helices of UFBP1 fold
into one WH domain, thus forming a complex with seven consec-
utive WH domains. The UFBP1 WH domain is named WHI, the
five WH domains of UFL1 are named WH3 to WH?7 (counted from
the N terminus), and the WH domain formed upon complex for-
mation is named WH2. These predictions are consistent with the
structure of the UFL1-UFBP1 complex recently predicted using
AF2 (13, 28). In the predicted ternary complex, CDK5RAP3 inter-
acts with the six tandem WH domains (WH1 to WH6) of the UFL1-
UFBP1 complex and the N-terminal helix of UFL1 so that the long
axis of CDK5RAP3 and the WH1-WHS6 portion of the UFLI-
UFBP1 complex become approximately parallel (Fig. 1A).

Interactions leading to construction of the UFM1

E3 complex

As described above, UFL1-UFBP1 interaction results in creation of
the WH2 domain, which is composed of three a helices (one from
UFL1 and two from UFBP1) and a three-stranded B sheet (two
strands from UFL1 and one from UFBP1). In detail, Cys™, Tle’”,
Val®®, Leu®, Leu®, Val¥’, and Tylr5 6 of UFL1 form hydrophobic in-
teractions with Leu®’®, Val*”?, Ala®®, 11e**’, 11e*”!, Leu®”, and
Ala®* of UFBPI, and these interactions form the hydrophobic
core of the WH2 domain (Fig. 1B). The WH2 domain closely inter-
acts with the WH1 domain via hydrophobic interactions formed
between Leu®” and Ile®® of UFL1 and Val*®!, 1le*®, Tle*”", Tle**?,
and Trp®* of UFBPI. In addition to hydrophobic interactions,
four possible salt-bridge pairs are observed between UFLI (Glu*?,
Arg®, Glu™, and Glu®’) and UFBP1 (Asp>®*, Lys*”’, and Arg®®®).
Besides these, dozens of hydrogen bonds are formed between
UFL1 and UFBP1. These hydrophobic and hydrophilic interactions
bury a 1350-A? surface area of each protein.

Both the C- and T-dumbbells of CDK5RAP3 interact with the
UFL1-UFBP1 complex. The C-dumbbell binds to the WH4,
WHS5, and WH6 domains of UFL1 (Fig. 1C). Eight possible salt-
bridge pairs are observed between UFL1 (Glu'*® and Asp'*® from
WH4; Arg'®, Arg'®', Arg'®’, and Arg’® from WHS5; and Arg™'
from WH6) and CDK5RAP3 (Glu*'”, Glu*?!, Asp355, Glu**,
Glu”, Asp*®, Arg**®, and Arg*?). Besides these, dozens of hydro-
gen bonds are formed between UFL1 and the C-dumbbell. In

20of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 1. Structure and interaction
modes of the UFM1 E3 complex. (A)
Predicted three-dimensional structure
of the full-length UFL1-UFBP1-
CDK5RAP3 E3 complex. (B and C)
Predicted recognition mode of UFL1
by UFBP1 (B) and by CDK5RAP3 (C).
The side chains involved in the in-
teractions are shown with a stick
model, where oxygen and nitrogen
atoms are colored red and blue, re-
spectively. Broken lines indicate pos-
sible salt bridges. (D) Direct
interaction of UFL1 with UFC1, UFBP1,
and CDK5RAP3. Glutathione S-trans-
ferase (GST), GST-UFC1, GST-UFBP1, or
GST-CDK5RAP3 was immobilized on
glutathione Sepharose column. The
Sepharose and recombinant MBP-
UFL1 were incubated, and the pulled-
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addition, several hydrophobic interactions are observed, including
those between Ile***, Tyr**®, Thr**?, GIn*>*, Trp**®, and Leu®’® of
the WH6 domain and Phe*'*, Val*'®, Val’”’, and Leu”® of
CDK5RAP3 and between Leu'”’, Tyr*'%, and Phe*'? of WH5 and
1le*®* of CDK5RAP3. These interactions bury a 1780-A* surface
area of each protein. In addition to the C-dumbbell-mediated inter-
actions, CDK5RAP3 uses the T-dumbbell to bind to the N-terminal
helix of UFL1 and the WH1 domain of UFBP1, mainly through hy-
drophilic interactions, which buries 630- and 490-A? surface areas,
respectively (fig. S2B). These observations suggest that CDK5RAP3
binds to the UFL1-UFBP1 complex mainly via recognition of UFL1
WH4 to WH6 by the C-dumbbell.

A central role of UFL1 in E3 complex formation

To first establish whether UFL1 binding to UFBP1, CDK5RAP3, or
UFC1 is direct, we purified recombinant UFL1, UFBPI,
CDK5RAP3, and UFCI from Escherichia coli and confirmed the
direct interaction between UFL1 and each protein in in vitro pull-
down assays (Fig. 1D). Next, to confirm the recognition mode bio-
chemically, we constructed UFL1 and UFBP1 mutants in which
amino acids involved in the hydrophobic interactions were replaced
with Ala (UFL1W7A C32A 1354 L39A  (jpy jUFBPL mutant 4
UFBP11271A L276A 13024 W304A {7pppj UFLL mutanty o o Jude the
effect of endogenous UFL1, we generated UFLI-deficient human
embryonic kidney (HEK) 293T cells (fig. S3A). FLAG-tagged
wild-type UFL1 and UFL1YFPP! ™U@t yere expressed in the
UFLI-deficient HEK293T cells, and we verified that the expression
levels were similar (Fig. 1E). An immunoprecipitation assay with
anti-FLAG antibody revealed that wild-type UFLI, but not
UFL1VFBPL mutant fipteracted with endogenous UFBP1 (Fig. 1E).
In addition to UFBP1 and CDK5RAP3 (10-13), UFL1 directly in-
teracts with UFC1 (10). The immunoprecipitant from cells express-
ing the UFL1VFPP! ™u@t contained endogenous UFCI and
CDK5RAP3, but the levels of both were less than those from
wild-type UFL1-expressing cells (Fig. 1E). FLAG-tagged wild-
type UFBP1 and UFBP1YF"! ™" wwere expressed into UFBPI
knockout (KO) HEK293T cells (27), and the cell lysates were immu-
noprecipitated with anti-FLAG antibody. The immunoprecipitant
prepared from wild-type UFBP1-expressing cells contained endog-
enous UFL1, UFCI1, and CDK5RAP3 (Fig. 1F). UFL1, UFC1, and
CDK5RAP3 were not detected in the immunoprecipitants of cells
expressing UFBP1VF! ™2t (Fig 1F).

In the next series of experiments, to biochemically investigate the
interaction of UFL1 with CDK5RAP3, we constructed UFL1 and
CDK5RAP3 mutants in which the amino acids involved in the elec-
trostatic interaction between the two proteins were substituted with
Ala (UFL1P!294 RIS5A RI9IA RI9A R251A {7py ] CDKSRAPS mutant o q
CDK5RAP3F217A D355A E359A E373A R432A CK5R AP3UFLL mutanty
FLAG-tagged wild-type UFL1 and UFL]CPKRAP? mutant yere ey
pressed in the UFL1 ™'~ HEK293T cells, and we verified that both
wild-type and mutant UFL1 were expressed at similar levels
(Fig. 1G). The amount of endogenous CDK5RAP3 increased
when wild-type UFL1, but not UFL1CPKSRAPS mutant soa g jntro-
duced into UFLI-defeicient cells (Fig. 1G). Immunoprecipitation
with anti-FLAG antibody showed that wild-type UFLI, but not
UFL]CPRoRAPS mutant 404 to  endogenous CDK5RAP3
(Fig. 1G). Like wild-type UFLI1, the UFL1 mutant showed the
ability to bind to UFCI and UFBP1 (Fig. 1G). The UFL1“PKRAP3
mutant has mutations in the WH4, WH5, and WH6 domains. To
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clarify which domain contributes most to the interaction between
UFL1 and CDK5RAP3, we constructed FLAG-tagged WH4
(UFLIP'2A), WH5 (UFLIR'SSA RISIA RI9A) 4 WHe
(UFL1®*°') mutants then expressed each in UFLI-deficient cells
and carried out immunoprecipitation assays with anti-FLAG anti-
body. As shown in Fig. 1H, only immunoprecipitants prepared
from UFLI-deficient cells expressing the WH5 mutant did not
contain endogenous CDK5RAP3. To investigate the effect of
CDK5RAP3 mutant on the interaction with UFLI, we used
CDK5RAP3 KO HEK293T cells (27) and expressed FLAG-tagged
wild-type CDK5RAP3 and CDK5RAP3YFM! MUt The cell lysates
were immunoprecipitated with anti-FLAG antibody, and the im-
munoprecipitants were subjected to immunoblot analysis with
anti-UFL1 and anti-CDK5RAP3 antibodies. The expression levels
of wild-type CDK5RAP3 and the mutant were comparable
(Fig. 1I). The immunoprecipitation assay showed that wild-type
but not mutant CDK5RAP3 interacted with endogenous UFL1
(Fig. 1I). The immunoprecipitants from cells expressing the
CDK5RAP3 mutant contained hardly any UFC1 or UFBP1
(Fig. 1I). These results indicate that UFL1 plays a central role in
the interactions between UFC1, UFBP1, and CDK5RAP3 (Fig. 1]).

Structural basis of UFC1-UFL1 interaction

E3 promotes ubiquitylation-like conjugation reactions through
direct interaction with E2. We next used AF2 to predict how E3
components recognize UFC1. Structural prediction of the full-
length UFL1-UFCI binary complex suggests that UFC1 is mainly
recognized by the N-terminal a helix (residues 1 to 21) of UFLI,
which we hereafter refer to as the UFC1-binding sequence (UBS)
(fig. S4A). All of the top five prediction models showed similar in-
teraction between UFL1Y"® and UFC, although the relative orien-
tation between UBS and the other region of UFL1 was variable (fig.
$4B). Structural prediction of the UFL1V®S-UFC1 binary complex
gives us almost the same interaction model (Fig. 2A and fig. S4C).
These predictions are consistent with our previous report that UFL1
directly recognizes UFC1(Fig. 1D) (10). In addition, AF2 predicted
the direct interaction of UFBP1 with UFC1 (the best model is shown
in fig. S4D); however, the top five prediction models each show dis-
tinct UFBP1-UFC1 interactions (fig. S4E), suggesting that these
models are unreliable. Structural prediction of the UFL1-UFBP1-
UFC1 ternary complex provides us a combined model of the
UFL1-UFC1 and UFBP1-UFC1 complexes (Fig. 2B and fig. S4F),
in which UFL1-UFC1 and UFBP1-UEFCI interactions bury 961-
and 555-A* surface areas of each protein, respectively. UFC1
binding did not affect the UFL1-UFBP1 complex structure in
these two proteins, including the formation of the WH2 domain,
but changed the location of the UBS so that the UBS-bound
UFC1 could interact with UFBP1. UFBP1 interacts with UFC1 via
WHI1, mainly through hydrophilic interactions that include salt
bridges between UFBP1 Arg*®®, Lys*®” and UFC1 Asp®® and
between UFBP1 Glu*** and UFC1 Lys'®* (fig. $4D). These structural
predictions suggest that UFL1Y®® plays a central role in recruiting
E2 to the E3 complex, and this recruitment is enhanced by
UFBP1 WHI.

Detailed interaction between UFL1Y"® and UFCI1 is shown in
Fig. 2C. Previous crystallographic studies revealed that UFC1 is
composed of three B strands (B1 to B3), four a helices (al to a4),
and one 3, helix (37), which together fold into a canonical E2
fold, although this fold has an additional o helix at the N terminus
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Fig. 2. Structure of the UFM1 E3 compo-
nent UFL1 and the E2 UFC1 complex. (A)
Structural prediction of the UFL1Y85-UFC1
binary complex. Catalytic Cys''® of UFC1 is
shown with a space-filling model. (B)
Structural prediction of the UFL1-UFBP1-
UFC1 ternary complex. (C) Recognition
mode of UFL1Y®® by UFC1. The side chains
involved in interactions are shown with a
stick model, where oxygen and nitrogen
atoms are colored red and blue, respec-
tively. Broken lines indicate possible elec-
trostatic interactions. (D and E) Biochemical
characterization of the binding between
UFL1 and UFCT. (D) FLAG-UFL1 and UFC1
interaction—defective UFL1YFC" mut@nt yere
transfected into UFL1-KO cells. (E) FLAG-
UFC1 and UFL1 interaction—defective
UFC1YFE! mutant \yere transfected into UFCT-
KO cells. Forty-eight hours after transfec-
tion, cells were lysed and immunoprecipi-
tated with anti—-FLAG-M2 gel; then, the
immunoprecipitants were subjected to im-
munoblot with the indicated antibodies.

UFBP1KO
Data shown are representative of three Crude IP:FLAG
separate experiments. (F and G) Integrity of FLA%EBF'F‘,: Lo
UFBP1 and CDK5RAP3 within the E3 .
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Structural comparison between UFL1Y85-
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complexes. The side chains of the three
hydrophobic residues of UFL1"® and
UBAS5YB® that are important for UFM1
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complexes. (J) Binding affinity of UFL1Y to
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and lacks the two C-terminal o helices observed in other E2 pro-
teins. The predicted structure of UFC1 alone is essentially similar
to the crystal structure, except for the six C-terminal residues, and
is also similar to the predicted structure of UFCI complexed with
UFL1 (fig. S4G). This suggests that the prediction of the UFC1
structure is accurate in principle and that UFL1 binding has little
effect on UFCI folding. UFL1Y™ is bound to a2 and B1 of UECI,
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which are located at opposite sides of the catalytic cysteine (Cys''®);
hence, UFL1Y"® has no apparent effect on the catalytic site structure
or its accessibility (Fig. 2A). The UFL1YS-UFC1 interaction arises
mainly from hydrophobic interactions (Fig. 2C). The side chains of
Trp’, Tle®, Leu'!, Ala'?, and Phe'® of UFLI interact with those of
Val®®, Leu®®, Tyr*®, Leu®, 1le*’, and Val** of UFCI1. In addition,
UFLI Glu’ forms a salt bridge with UFC1 Lys’® and the side
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chains of UFL1 GIn'%, and GIn'® forms three hydrogen bonds with
the main chain of UFC1 Leu®. These interactions bury the 770-A>
surface area of each protein.

Structural mechanism of CDK5RAP3 recruitment to the

E3 complex

To verify the interaction mode of UFL1 with UFC1 biochemically,
we constructed UFL1 and UFC1 mutants, in which amino acids in-
volved in the hydrophobic interactions of each other were substitut-
ed with Ala (UFL1W5A F7A EI6A EI9A FISA {ypy JUFCL mutant , 0 q
UFC1K334 Y364 10A (ypcy UFLL mutanty BT AG_tagged wild-type
UFLIL or UFL1YFC! ™7 yyas expressed in the UFLI KO cells,
and cell lysates were subjected to immunoprecipitation assay with
anti-FLAG antibody followed by immunoblots with anti-UFL1,
anti-UFCI1, anti-UFBP1, and anti-CDK5RAP3 antibodies. Both
wild-type and mutant UFL1 were expressed at similar levels in the
UFL1-deficient cells (Fig. 2D). As expected, wild-type UFL1 but not
mutant UFLI interacted with endogenous UFC1 (Fig. 2D). While
UFL1YFC! ™unt hag the ability to bind to UFBPI, it showed lower
binding affinity for CDK5RAP3 (Fig. 2D). Next, we expressed
FLAG-tagged wild-type UFCI or UFC1YF!! ™@" iy UFC] KO
HEK293T cells (23). As shown in Fig. 2E, the expression levels of
wild-type and mutant UFC1 were comparable. The immunopreci-
pitant prepared from the UFCI-deficient cells expressing wild-type
UFC1 contained endogenous UFL1 (Fig. 2E) but not that prepared
from the mutant-expressing cells (Fig. 2E). Endogenous
CDK5RAP3 was present in immunoprecipitants of cells expressing
wild-type UFC1 but not the UFLI-interaction defective UFC1
mutants (Fig. 2E). To investigate whether the integrity of UFBP1
and/or CDK5RAP3 affected the interaction of UFL1 with UFC1,
we investigated this interaction in UFBPI- and CDK5RAP3 KO
cells. When FLAG-tagged UFL1 was coexpressed with UFBPI in
UFBP1 KO cells, endogenous UFCI was found in the immunopre-
cipitants of FLAG-UFL1 cells (Fig. 2F). Even when only FLAG-
UFL1 was expressed in UFBP1 KO cells, endogenous UFC1 was de-
tected in the immunoprecipitants of FLAG-UFLI1 cells but in
smaller amounts than when coexpressed with UFBP1 (Fig. 2F).
Similar results were also observed in CDK5RAP3 KO cells. When
FLAG-tagged UFL1 was coexpressed with CDK5RAP3 in
CDK5RAP3 KO cells, endogenous UFC1 was found in the immu-
noprecipitants of FLAG-UFLL1 cells (Fig. 2G). Even when FLAG-
UFL1 was solely expressed in CDK5RAP3 KO cells, endogenous
UFCI was detected in the immunoprecipitants of FLAG-UFL1
cells but in smaller amounts than when coexpressed with UFBP1
(Fig. 2G). These results suggest that while UFL1 is mainly respon-
sible for UFC1 binding, both UFBP1 and CDK5RAP3 in the E3
complex also contribute to the interaction with UFCL1. This is sup-
ported by AF2 models showing that UFBP1 interacts with UFC1
(fig. S4D), and CDK5RAP3 interacts with both UFC1 and UFM1
(most probably a UFMI-UFC1 intermediate) (refer to fig.
S6) (Fig. 2H).

Structural mechanism of switching from the E1-E2 to the
E2-E3 complex

Analysis of the crystal structure of UFCI complexed with the
UBA5"YP® suggests that UFL1 and UBAS5 interact with UFCI in
very similar ways (Fig. 2I) (39). In both UBSs, one a helix binds
to a2 and B1 of UFCI1, mainly through hydrophobic interactions.
Binding to UFCI is quite similar between the side chains of L394,
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L397, and M401 of UBA5Y®S and those of I8, L11, and F15 of
UFL1Y®5, The helix of UBA5"®® is shorter than that of UFL1""®
and thus has fewer interactions with UFC1, which is partly compen-
sated for by the interactions mediated by the N-terminal loop of the
UBS helix (39). Since there is complete overlap between UFL1 and
UBAS5 in terms of their binding sites on UFC1 (Fig. 2I), it is obvious
that the E1 (UBA5) and E3 (UFL1-UFBP1) enzymes compete with
each other for E2 (UFC1) binding. This competitive binding is also
conserved in other Ub/Ubl conjugation systems and enables the
switch from the E1-E2 complex to the E2-E3 complex to allow con-
jugation reactions to proceed (46, 47). To confirm the binding of
UFL1Y"S to UFC1 and compare its affinity with that of UBA5""S,
we performed isothermal titration calorimetry (ITC) between UFC1
and UFL1Y®S, As indicated in Fig. 2], the dissociation constant (Ky)
value between UFL1YPS and UFC1 was 0.41 uM, confirming that
UFL1Y®S binds to UFCI, and its affinity was 2- to 2.5-fold higher
than that of full-length UBA5 (36) and 6-fold higher than that of
UBAS5Y™® (39). These observations suggest that during ufmylation,
UFC1 changes its binding partner from UBAS5 to UFL1 to complete
the conjugation reaction.

Structural mechanism of substrate specificity switching by
CDK5RAP3

RPL26 is a major target of ufmylation, and the UFL1-UFBP1-
CDK5RAP3 complex plays a critical role in this process (13, 29,
30). RPL26 ufmylation is enhanced by treatment with anisomycin,
which prevents protein synthesis by inhibiting the peptidyl transfer-
ase center A site (30, 48). We confirmed that anisomycin treatment
increased the levels of both di- and mono-ufmylated RPL26
(Fig. 3A). To investigate the effect of UFL1 mutants characterized
by defective interaction with UFCI1, UFBP1, or CDK5RAP3 during
anisomycin-induced RPL26 ufmylation, we expressed each mutant
in UFL1 KO HEK293T cells. While ufmylation was completely sup-
pressed by UFL1 ablation, it was restored by expression of wild-type
UFL1 (Fig. 3A). This restoration was not observed following the ex-
pression of any of the mutants (Fig. 3A), indicating that UFL1 in-
teractions with UFC1, UFBP1, and CDK5RAP3 are required for the
ufmylation of RPL26. UFBP1 is also ufmylated at Lys**”, which en-
hances its ligase activity toward two other UFM1 substrates, ASC1
(45) and CYB5R3 (27). Unlike RPL26, ufmylation of UFBP1 was
not enhanced by the treatment of anisomycin (Fig. 3A). We
noticed that UFL1“PRoRAP3 mutant i ch showed defective interac-
tion with CDK5RAP3, promoted the ufmylation of UFBP1
(Fig. 3A), which occurred even following anisomycin exposure
(Fig. 3A). These results suggest that CDK5RAP3 may change the
substrate specificity of the E3 enzyme. To study the role of
CDK5RAP3 in substrate specificity, we predicted the structure of
the UFL1-UFBP1-CDK5RAP3-UFC1 complex using AF2. In the
absence of CDK5RAP3, UFBPI Lys**” was exposed, and UFCI1
bound to UFL1Y"® was identified near UFBP1 Lys*®’ (Fig. 3B).
On the other hand, CDK5RAP3 binding markedly changed the lo-
cation of UFCI so that it was distal to UFBP1 Lys*®’ by (i) narrow-
ing the space around UFBP1 Lys**’ via the T-dumbbell and (ii)
binding to UFC1 using the IDR (Fig. 3C).

We constructed CDK5RAP3 mutants lacking the C-dumbbell,
T-dumbbell, or IDR (AC-dumbbell, AT-dumbbell, and AIDR, re-
spectively) and then performed an immunoprecipitation assay. As
expected, the AIDR mutant hardly bound to UFCI (fig. S5A). While
the AT-dumbbell mutant still had the ability to bind to UFCI, the
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Fig. 3. Substrate specificity switching by the UFM1 E3 component CDK5RAP3. (A) The role of CDK5RAP3 in the ufmylation of RPL26 and UFBP1. Wild-type UFL1 and
UFC1 interaction—defective (UFL1YFC! mutanty 'yFBP1 interaction—defective (UFL1YFBP! mutanty 5nd CDK5RAP3 interaction—defective (UFL1CPKORAPS mutanty yE| 1 mytants
were transfected in UFLT-deficient HEK293T cells. Forty-eight hours after transfection, the cells were treated with 200 nM anisomycin (Ans) for 1 hour and then lysed. The
cell lysates were subjected to SDS-PAGE followed by immunoblot analysis with the indicated antibodies. Bar graphs show the results of quantitative densitometric
analysis of ufmylated RPL26 (mono- and di-ufmylated RPL26) relative to free RPL26 (n = 5) and of ufmylated UFBP1 relative to free UFBP1 (n = 5). Data are means +
SE. Statistical analysis was performed by Welch's t test. Data shown are representative of five separate experiments. (B and C) Predicted structures of the UFL1(1-302)-
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flexible nature of UFL1Y%%. The side chains of UFBP1 Lys*®” and UFC1 Cys''® are shown with a space-filling model. The inlet in (C) indicates the detailed interactions
between the CDK5RAP3 IDR and UFCT.

AC-dumbbell mutant showed decreased binding (fig. S5A). This is
because the C-dumbbell is essential for interaction with UFL1
(Fig. 1, A, C, and I), and UFL1 is primarily responsible for interac-
tion with UFCI1. An in vitro pull-down assay showed that recombi-
nant CDK5RAP3, but not the UFCl-interacting defective mutants
(CDK5RAP3!267A W269A oK 5R AP3YECE mutanty 'hy1ind to recom-
binant UFCI (fig. S5B). In addition, while the immunoprecipitant
prepared from CDK5RAP3-deficient cells expressing FLAG-tagged
CDK5RAP3 contained endogenous UFC1, the level was much
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lower in the case of CDK5RAP3YFC! man_expressing cells (fig.
S5C). These structural models, together with biochemical analyses,
suggest that CDK5RAP3 impairs the ufmylation of UFBP1 Lys**” by
positioning UFC1 away from the residue and driving the ufmylation
toward RPL26.

Interaction of CDK5RAP3 with UFM1
We recently showed that UFBP1 has a UFM1-interacting motif
(UFIM) at the IDR N-terminal of the WH1 domain and binds to
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UFM1 in a manner similar to UBA5YF™ (fig. S6, A and B) (27, 49).
Unexpectedly, the E3 component CDK5RAP3, but not UFL1, was
also predicted by AF2 to bind to UFM1 using the IDR inserted in
the C-dumbbell (fig. S6C). This binding process is similar to that of
UFBP1Y"™ and UBA5Y™™, forming an intermolecular B sheet
with UFM1 B2 and inserting two hydrophobic residues into the hy-
drophobic pockets of UFM1 (fig. S6D). Thus, this binding sequence
in CDK5RAP3 was also named UFIM. An in vitro pull-down assay
revealed that recombinant CDK5RAP3, but not the UFIM mutants
(CDK5RAP3"2'A, CDK5RAP3VF™ M) 'hound to recombinant
UFMI (fig. S6E). To investigate the interaction of CDK5RAP3 with
UEFML1 in cells, we expressed wild-type CDK5RAP3 or CDK5RA-
p3VFIM mutant 3, CDK5RAP3-deficient cells and then performed
an immunoprecipitation assay. As shown in fig. S6F, the immuno-
precipitants from the cells expressing wild-type CDK5RAP3, but
not CDK5RAP3VF™ m™unt™ contained both free UFM1 and
UFC1. We hypothesized that in addition to the interaction of
CDKS5RAP3 with UFCI (Fig. 3C and fig. S5), an intermediate con-
sisting of a UFC1-UFM1 thioester binds to CDK5RAP3. To prove
this, we used UFC1<''%%, in which the active site cysteine is substi-
tuted with serine. Instead of the thioester bond, the UFC1¢®
formed an O-ester bond with UFM1, which was stable even
under reducing conditions (6). When MYC-tagged UFC1°''%®
and green fluorescent protein (GFP)-tagged UFM1 were coex-
pressed with wild-type or UFIM mutant CDK5RAP3 in
CDK5RAP3 KO cells, CDK5RAP3 interacted with GFP-UFM1-
MYC-UFC1"® (fig. $6G). The binding affinity was lower in the
case of the CDK5RAP3YFM mutant (fig. S6G).

CDK5RAP3 has the ability to interact with both UFC1 and
UFM1-charged UFC1 (figs. S5 and S6). These interactions may
have a positive effect on the RPL26 ufmylation. However, both
UFC1- and UFMI1-binding mutants of CDK5RAP3 promoted di-
and tri-ufmylation of RPL26 upon anisomycin treatment (fig.
S6H). This suggests that excessive stabilization of the UFLI1-
UFBP1-CDK5RAP3-UFM1-UFC1 pentameric complex via
CDK5RAP3 UFIM-UFM1 interaction may make the complex too
stable and thereby lower the turnover frequency. This hypothesis
is consistent with the results of an in vitro ufmylation assay of
RPL26 (13).

Association of the E3 UFM1 complex with the 60S
ribosomal subunit

Next, to test the interaction of UFBP1 with UFMI in cells, we gen-
erated UFBP1 UFSP2 double knockout (DKO) HEK293T cells (fig.
S3B) and used them to express wild-type UFBP1 and the UFIM
mutant (UFBP1F!964 VI98A yEppUHIM mutanty “goth proteins
were expressed at a similar level (Fig. 4A). The ufmylated proteins
accumulated in cells lacking UFSP2 (16). When wild-type UFBP1
was expressed in the UFBP1 UFSP2 DKO HEK293T cells, we ob-
served ufmylated RPL26 even without anisomycin treatment
(Fig. 4A). An immunoprecipitation assay showed that wild-type
UFBP1, but not the UFBP1Y"™ ™" ‘interacted with di- and
mono-ufmylated RPL26, particularly di-ufmylated RPL26
(Fig. 4A). Both wild-type UFBP1 and the UFBP1YFM mutant
bound to free RPL26 (Fig. 4A), suggesting that UFBP1 originally
had an affinity for the ribosome that was strengthened when
RPL26 was ufmylated. We therefore sought to determine the
effect of the UFBP1 UFIM mutant on ufmylation of RPL26 and
UFBP1. When this mutant was overexpressed in UFBPI-deficient
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cells, UFBP1 ufmylation was impaired, and this enhanced the ufmy-
lation of RPL26 (Fig. 4B). This suggests that UFBP1 UFIM has two
opposing functions: promoting the ufmylation of UFBP1 and in-
hibiting the ufmylation of RPL26. The former is predicted by the
AF2 structure of the UFL1-UFBP1-UFC1-UFM1 complex, in
which UFM1 binding to UFBP1 UFIM restricts the localization of
UFM1 (and the UFM1-UFC1 intermediate) to the vicinity of
UFBP1 Lys>®, thereby promoting its ufmylation (Fig. 4C). The
latter function cannot be predicted by AF2 because it fails to
predict the E3-RPL26 complex structure. The stable association of
UFBP1 with ufmylated RPL26 via UFIM may trap the UFM1 E3 on
the ribosome and then suppress further RPL26 ufmylation.

What is the significance of the interaction between UFBP1 and
ufmylated RPL26? We examined the role of the UFL1-UFBP1-
CDK5RAP3 E3 complex in RQC-mediated degradation of
nascent polypeptides derived from stalled ribosomes. Ribosome
stalling during the translation of XBPIu mRNA contributes to the
efficient targeting of XBP1u mRNA to the ER membrane (50, 51).
Ribosome stalling at the XBPIu stalling sequence induces ER-RQC,
and nascent polypeptides derived from stalled ribosomes are de-
graded in an LTN1-dependent manner (52). To evaluate the role
of the UFL1-UFBP1-CDK5RAP3 E3 complex in ER-RQC, we in-
vestigated LTN1-mediated degradation of nascent XBP1u polypep-
tides in UFM1 E3 KO cells. The levels of these polypeptides were
increased in UFL1, UFBPI, CDK5RAP3, and UFMI KO cells
(Fig. 4D), and the polypeptides were stabilized in those KO cells
(fig. S7A). In contrast, the levels of cytosolic RQC substrate were
not increased in any of the cells lacking E3 components (fig.
S7B). These results indicate that ufmylation is required for ER-
RQC but not for cytosolic RQC, as previously reported (31, 40).

We next asked whether the association of the UFL1-UFBP1-
CDK5RAP3 E3 complex with the 60S ribosomal subunit is facilitat-
ed by anisomycin treatment, which increases both ribosome colli-
sions (53) and the levels of di- and mono-ufmylated RPL26
(Fig. 3A). To verify the interaction of the subunits of the UFM1
E3 complex with ribosomes, we performed polysome analysis.
The association of E3 components with the 60S subunit was esti-
mated by Western blotting using the factions obtained after centri-
fugation in sucrose gradients. Without anisomycin treatment, UFL1
and CDK5RAP3 were distributed mainly in the ribosome-free frac-
tion, whereas UFBP1 was found in both the ribosome-free and 60S
fractions, probably due to its affinity for non-ufmylated RPL26
(Fig. 4A). Upon anisomycin treatment, the distribution of these
factors in the 60S fraction was substantially increased (Fig. 4E).
Given that the interaction of UFL1 with CDK5RAP3 was observed
even without anisomycin treatment (Figs. 1 and 2), and UFL1
formed a stable complex with the ER-localizing protein UFBP1
(13, 28), we propose that the E3 UFM1 complex associates with
the 60S subunit and that this association is facilitated by anisomycin
treatment.

A crucial role of the UFBP1-UFM1 interaction in ER-RQC

We next investigated which component of the UFM1 E3 complex is
indispensable for the anisomycin-induced association of E3
complex with the 60S ribosome. Polysome analysis revealed that de-
letion of one of the three E3 components disrupted the association
of the other components with the 60S subunit (Fig. 5, A to D). In
UFL1 KO cells, the expression level of CDK5RAP3 was substantially
reduced, as was the association of UFBP1 with the 60S subunit
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Fig. 4. The association of the E3 complex with the 60S ribosome. (A) The interaction of UFBP1 with both non-ufmylated and ufmylated RPL26. FLAG-UFBP1 or UFM1
interaction—defective UFBP1YFM mutant \yas transfected into UFBP1- and UFSP2-DKO cells. Forty-eight hours after transfection, cells were lysed and immunoprecipitated
with anti-FLAG-M2 gel; then, the immunoprecipitants were subjected to immunoblot with the indicated antibodies. Data shown are representative of three separate
experiments. (B) Increased ufmylation of RPL26 by UFBP 1" mutant MyC-UFBP1 or UFBP1YF™M ™utant \yas transfected into UFBP1-KO cells. Forty-eight hours after trans-
fection, cells were lysed, and the lysates were subjected to immunoblot with indicated antibodies. Bar graphs show the results of quantitative densitometric analysis of
mono- and di-ufmylated RPL26 relative to free RPL26 (n = 3) and of ufmylated UFBP1 relative to free UFBP1 (n = 3). Data are means =+ SE. Statistical analysis was performed
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lysates were subjected to neutral PAGE followed by immunoblot with indicated antibodies (left). The free peptide and the peptidyl-tRNA (pep-tRNA) arrest products were
detected by immunoblot with indicated antibodies. Samples treated with ribonuclease (RNase) to digest the tRNA moiety of pep-tRNA are indicated by (+) (right). The bar
graph shows the results of quantitative densitometric analysis of the arrest products relative to NeoR (n = 3). Data are means * SE. Statistical analysis was performed by
Welch's t test. (E) Cells were treated with anisomycin (Ans, 0.1 pg/ml) for 30 min and then lysed. Ribosomes were separated by ultracentrifugation through sucrose density
gradients. Protein samples prepared from gradient fractions were analyzed by immunoblot with indicated antibodies.
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Fig. 5. UFBP1 is indispensable for the association of E3 components with the 60S ribosomal subunit upon anisomycin treatment. Parental HEK293T cells (A) or
UFL1- (B), UFBPI- (C), and CDK5RAP3- (D) KO cells were treated with anisomycin (Ans, 0.1 pg/ml) for 30 min and then lysed. Ribosomes were separated by ultracentri-
fugation through sucrose density gradients. Protein samples were prepared from gradient fractions and analyzed by Western blotting using antibodies against RPL26,

UFM1, UFL1, UFBP1, and CDK5RAP3.

(Fig. 5B). In UFBPI KO cells, neither UFL1 nor CDK5RAP3 was
associated with the 60S subunit (Fig. 5C). In CDK5RAP3 KO
cells, the association of UFBP1 and UFL1 with the 60S subunit
was reduced (Fig. 5D), suggesting that ufmylation by the E3
complex facilitates the interaction of the E3 complex with the 60S
subunit. Since UFBP1 associates with ufmylated RPL26 via
UFBP1VF™_UFM1 interaction, we next examined whether the
defect of the interaction affects the association of the UFM1 E3
complex with the 60S subunit. Compared with wild-type UFBP1 ex-
pression, the association of UFL1 and CDK5RAP3 with the 608

Ishimura et al., Sci. Adv. 9, eadh3635 (2023) 18 August 2023

subunit was substantially reduced in UFBPI-deficient cells express-
ing UFBP1YF™ muant (Big 6A) indicating that the interaction of
UFBP1 with ufmylated RPL26 via the UFIM contributes to the as-
sociation of the E3 complex with the 60S subunit. We assessed the
role of binding of UFBP1 to ufmylated RPL26 in RQC and found
that UFBPI-deficient cells expressing UFBP1VF™ ™0t exhibited
elevated levels of nascent XBP1u polypeptides (Fig. 6B). Meanwhile,
UFBPI KO cells expressing UFBP1*?*’? mutant, which does not
undergo ufmylation, did not show such increase (Fig. 6B). These
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Fig. 6. The interaction of UFBP1 with ufmylated RPL26 is indispensable for ER-RQC. (A) UFBP1 KO cells were transfected with wild-type UFBP1 or UFM1 interaction—
defective UFBP1. Twenty-four hours after transfection, the cells were treated with anisomycin (Ans, 0.1 pg/ml) for 30 min and then lysed. Ribosomes were separated by
ultracentrifugation through sucrose density gradients. Protein samples prepared from gradient fractions were analyzed by immunoblot with indicated antibodies. Data
shown are representative of three separate experiments. (B) UFBP1-KO cells expressing wild-type UFBP1, UFBP1YFM mutant o |jpgp1K267R mutant \yara transfected with the
HA-XBP1u-V5. Twenty-four hours after transfection, the cells were lysed. Top: The cell lysates were subjected to neutral PAGE followed by immunoblot with indicated
antibodies. The free peptide and the peptidyl-tRNA (pep-tRNA) arrest products were detected by immunoblot with an anti-hemagglutinin (HA) antibody. Samples
treated with RNase to digest the tRNA moiety of pep-tRNA are indicated by (+). Bottom: The relative levels of the HA-XBP1u arrest products with P values were determined
by five independent experiments. (C) Schematic model of the enzymatic cascades during RPL26 ufmylation. Each protomer within the UBA5 homodimer binds UFM1 and
UFC1 via UFIM and UBS, respectively, and catalyzes the formation of the UFM1-UFC1 thioester intermediate. UFL1-UFBP1 anchored to the ER recruits the UFM1-UFC1
intermediate via UFL1"®° binding to UFC1. Last, CDK5RAP3 is recruited to the E3 complex to complete the organization of the pentameric E3 complex on the ER. (D)
Schematic model of substrate switching of the UFM1 E3 ligase. In the absence of CDK5RAP3, the UFM1-UFC1 intermediate can freely change its position and thereby
access and ufmylate UFBP1 K267. Upon CDK5RAP3 binding, the position of the UFM1-UFC1 intermediate is locked away from UFBP1 K267, preventing its ufmylation and
promoting RPL26 ufmylation instead. (E) Schematic model of ER-RQC through the UFM1 E3 ligase.
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results indicate that interaction of UFBP1 with ufmylated RPL26 is
essential for ER-RQC, while ufmylation of UFBP1 is not.

DISCUSSION

On the basis of multiple structural analyses of the ternary UFM1 E3
complex, E2, and UFM1 using AF2, as well as biochemical analyses,
we propose a sequential organization model of the E3 complex on
the ER as follows. A complex consisting of UBA5 and UFCI, which
are the E1 and E2 enzymes associated with UFM1, respectively, ini-
tially generates a UFMI1-UFCI thioester intermediate. Next, a
complex composed of the E3 components UFL1 and UFBP1 re-
ceives the UFM1-UFCI intermediate from UBAS5 at the ER by com-
petitive binding of UFL1Y"® to UFCI. Last, the UFL1-UFBP1
complex with the UFM1-UFC1 intermediate recruits CDK5RAP3
to create the UFL1-UFBP1-CDK5RAP3-UFM1-UFCI pentameric
complex on the ER, which relocates the UFM1-UFCI intermediate
away from UFBP1 Lys**” to promote ufmylation of RPL26 (Fig. 6C).
On the other hand, if CDK5RAP3 is unavailable to bind to the
UFL1-UFBP1 complex, then the UFM1-UFCI intermediate can
freely change its position relative to the E3 complex to ufmylate
UFBP1 Lys*”. This model suggests that CDK5RAP3 functions as
an accessory component of the E3 complex and switches the E3
complex specificity from UFBP1 to RPL26 (Fig. 6D). While the uf-
mylation of RPL26 is involved in ER-RQC and/or nascent peptide
quality control on the ER (29-31), that of UFBP1 participates in ER-
phagy (27). It is possible that when a certain ER-RQC threshold is
exceeded, ER-phagy removes portions of the ER that contain a
number of stalled ribosomes.

In plants and mammals, the ufmylation of collided ribosomes is
followed by autophagic trafficking of substrates to the lysosome (29,
30, 32). Recent studies demonstrated that ufmylation of the ribo-
somal protein RPL26 mediates ER-RQC but not cytosolic RQC
(40). Depending on whether ribosome stalling is present or not,
RQC components are recruited to the ER membranes, and sub-
strates with various topologies are targeted for degradation by
LTN1. The LTN1 RING domain provides access for ubiquitination
of the target lysine residue of the nascent chain on the 60S ribosom-
al subunit. It has been proposed that C-terminal alanine and thre-
onine tail exposes buried lysine residues, thereby facilitating LTN1-
mediated ubiquitination (54). The gap between the 60S subunit and
the translocon should be sufficiently large to enable access (55), and
RPL26 ufmylation is thought to expand the gap for LTN1-mediated
ubiquitination by recruiting a UFMI-interacting protein (40). In
this study, we found that the UFL1-UFBP1-CDK5RAP3 E3
complex stably bound to ufmylated RPL26 via UFBP1""™, a func-
tion of this complex that occurred in addition to its ligase activity.

What is the significance of the stable association of UFBP1 with
the 608 ribosomal ribosome? In UFBPI-deficient cells expressing
the UFBP1YF™ ™ the impairment of LTN1-mediated degrada-
tion of products by ribosome stalling on XBP1u mRNA was evident
(Fig. 6B). However, an interesting observation was made in Fig. 6A,
where the ufmylation of RPL26 in the 60S subunit was actually pro-
moted. These results indicate that the stable association of the E3
complex with the 60S subunit via UFBP1 binding to UFM1-
RPL26, but not the ligase activity of this complex, is crucial for
ER-RQC (Fig. 6E). The mechanism by which the LTN1-mediated
degradation of the polypeptide on the 60S subunit depends on
the interaction of UFBP1 with the 60S subunit remains unknown.

Ishimura et al., Sci. Adv. 9, eadh3635 (2023) 18 August 2023

Given that RPL26 is located close to the translocon (56), the recruit-
ment of NEMF and/or LTNI1 to the 60S subunit may require the
interaction of the UFBP1 with the 60S subunit through ufmylated
RPL26. The ufmylation of the 60S subunit containing peptidyl-
tRNA, an LTN1 substrate, leads to the interaction of UFBP1 with
ufmylated RPL26 through the UFIM, resulting in a stable associa-
tion between the UFM1 E3 complex with the 60S ribosome as well
as the binding of LTN1 to the 60S subunit for the ubiquitination of
the peptidyl-tRNA on this subunit. Structural analysis of the 60S-
UFM1 E3 complex will provide fundamental information to
clarify the crucial role of UFM E3 in quality control that eliminates
aberrant products derived from ribosome collision.

MATERIALS AND METHODS

Structural prediction using AF2 with the AlphaFold-
Multimer mode

Complex structures were predicted using AF2 v2.2.0 (downloaded
on 16 May 2022 from https://github.com/deepmind/alphafold) in-
stalled on a local computer (Sunway Technology Co. Ltd., Tokyo,
Japan) (57). The predictions were run using the AlphaFold-Multi-
mer mode (43), with five models and a single seed per model, and
default multiple sequence alignment generation using the
MMSeqs2 server (58). The unrelaxed predicted models were sub-
jected to an Amber relaxation procedure, and the relaxed model
with the highest confidence based on predicted LDDT scores was
selected as the best model and used for figure preparation (57).
Structural figures were prepared using PyMOL (http://pymol.
org/pymol).

Cell culture

HEK293T cells (American Type Culture Collection CRL-
3216) were grown in Dulbecco’'s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 2 mM L-glutamine,
penicillin (5 U/ml), and streptomycin (50 pug/ml). To introduce
expression vectors, HEK293T cells were transfected with
PEI MAX (Polysciences Inc., Warrington, PA, USA). UFLI
(5'-CCAGCGGGCGCAGTTCGCCG-3') or UFBPI (5'-
GTAGCGGCGGCTCTGCTAGT’) guide RNA was designed using
the CRISPR Design tool (https://crispr.dbcls.jp/) and subcloned
into pX330-U6-Chimeric_BB-CBh-hSpCas9 (Addgene, #42230), a
human codon—-optimized SpCas9 and chimeric guide RNA
expression plasmid. To generate UFL1, UFCI, CDK5RAP3, and
UFBP1 UFSP2 KO HEK293T cells, HEK293T or UFSP2 KO
HEK293T cells (16) were transfected the aforementioned pX330
vectors together with pEGFP-C1 (#6084-1, Clontech Laboratories,
Mountain View, CA, USA) and cultured for 2 days. GFP-positive
cells were sorted and expanded. Ablation of UFLI, UFCI, or
CDK5RAP3 was confirmed by a heteroduplex mobility assay fol-
lowed by immunoblot analysis with anti-UFLI, anti-UFCI, or
anti-CDK5RAP3 antibody. UFMI- (23), UFCI1- (23), UFBPI-
(27), CDK5RAP3- (27), and UFSP2-deficient HEK293T cells (16)
were used in this study. HEK293T and HeLa cells were
authenticated by short-tandem repeat profile. All cell lines were
tested for mycoplasma contamination.

Immunoblot and immunoprecipitation analysis
Following procedures previously described in (27), we performed
immunoblot and immunoprecipitation analyses. Briefly, cells
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were lysed with ice-cold TNE (50 mM tris-HCI [pH7.5], 150 mM
NaCl, ImM EDTA) buffer containing 1% NP-40, 1% TX-100, and
protease inhibitors. The lysates were centrifuged at 20,000g for 10
min at 4°C, and the resulting supernatants were used as samples
for immunoblot analysis. Samples were subjected to SDS—polyacryl-
amide gel electrophoresis (SDS-PAGE) and then transferred to a
polyvinylidene difluoride (PVDF) membrane (IPVH00010, Merck
Millipore, Burlington, MA, USA). Antibodies against UFMI
(ab109305, Abcam, Cambridge, UK; 1:1000), UFL1 (A303-456A;
Bethyl Laboratories, Montgomery, TX, USA; 1:1000), UFBP1
(21445-1-AP, Proteintech, Rosemont, IL, USA; 1:1000),
CDK5RAP3 (H00080279-M01; Novus Biologicals, Englewood,
CO, USA; 1:500), UFSP2 (ab185965, Abcam; 1:1000), PRL26
(ab59567, Abcam; 1:1000), ACTIN (A1978; Sigma-Aldrich, Bur-
lington, MO, USA; 1:2000), and FLAG (M185-3 L, Medical & Bio-
logical Laboratories, Tokyo, Japan; 1:1000) were purchased from the
indicated suppliers. Blots were incubated with horseradish peroxi-
dase—conjugated goat anti-mouse immunoglobulin G (IgG) (H + L)
(115-035-166, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA; 1:10,000) or goat anti-rabbit IgG (H + L) (111-
035-144, Jackson ImmunoResearch Laboratories Inc.; 1:10,000)
and visualized by chemiluminescence. Band density was measured
using the software Multi Gauge V3.2 (FUJIFILM Wako Pure Chem-
ical Corporation, Osaka, Japan). For immunoprecipitation analysis,
cells were lysed in 300 pl of immunoprecipitation (IP) buffer [20
mM tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40,
and 1% TX-100] containing protease inhibitor cocktail (Roche,
Basel, Switzerland), and the lysates were then centrifuged at
20,000g for 10 min at 4°C to remove debris. In the next step, 200
ul of IP buffer and 10 pl of anti-FLAG M2 Affinity Agarose Gel
(A2220, Merck Millipore) were added to the 200 pl of lysate, and
the mixture was mixed under constant rotation for 3 hours at
4°C. The immunoprecipitates were washed five times with ice-
cold IP buffer. The complex was boiled for 5 min in SDS sample
buffer in the presence of B-mercaptoethanol to elute proteins.

Isothermal titration calorimetry

For ITC experiments, UFC1 prepared for pull-down assay and syn-
thesized UFL1 (‘"MADAWEEIRRLAADFQRAQFA?!, from Toray
Research Center, Tokyo, Japan) were subjected to size exclusion
chromatography with 20 mM Hepes (pH 6.8) and 150 mM
sodium chloride using a Superdex 200 column (Cytiva, Tokyo,
Japan). ITC experiments were performed using a Microcal
iTC200 calorimeter (Malvern Panalytical, Malvern, Worcestershire,
UK), with stirring at 750 rpm at 25°C. The cell and syringe were
filled with 30 uM UFC1 and 300 uM UFL1 (I1-21), respectively.
The titration involved 18 injections of 2 pl of the syringe sample
at intervals of 120 s into a cell after one injection of 0.4 ul of
syringe sample. MicroCal Origin 7.0 software was used for data
analysis. Thermal measurement data of the first syringe sample in-
jections were removed from the analysis. Thermal titration data
were fit to a single-site binding model, which determines thermo-
dynamic parameter the enthalpy (AH), Ky, and stoichiometry of
binding (N). The error of each parameter shows the fitting error.

Pull-down assay
Recombinant maltose-binding protein (MBP)-fused UFL1 and glu-
tathione S-transferase (GST)-fused UFMI1, UFC1, UFBPI,

UFBP1F19°A  VI98A CDK5RAP3, CDK5RAP3"2'4  and
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CDK5RAP3'2674 W2694 wyere produced in E. coli and purified by
chromatography on glutathione-Sepharose 4B resin (Amersham
Biosciences, Arlington Heights, IL, USA) and amylose resin (New
England Biolabs, Ipswich, MA, USA), respectively. GST-UFM1 and
GST-UFCI1 were cleaved the GST tag by precision protease (Amer-
sham Biosciences). The purified proteins were mixed in TNE buffer
[50 mM tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM EDTA] con-
taining 1% NP-40 for 1 hour at 4°C and then precipitated with glu-
tathione Sepharose. The mixtures were washed five times with ice-
cold TNE. The bound proteins were analyzed by SDS-PAGE fol-
lowed by Ponceau S staining or immunoblot analysis.

RQC assay using XBP1u-staller sequence

RQC activity was monitored by the detection of the arrest product
derived from a reporter HA-XBPIu-V5 plasmid (52). The UFLI,
UFBP1, CDK5RAP3, and UFM1 KO cells were transfected with
HA-XBP1u-V5 plasmid, and cell lysates were prepared after 24
hours. A retrovirus expression system was used to express wild-
type UFBP1 and the mutants in the UFBPI1 KO cells. HEK293T
cells were plated on six-well plates at 8 x 10> cells per well. Gag-
Pol, VSV-G, and retroviral vector (pMRX-IRES-puro-UFBP1,
PMRX-IRES-puro-UFBP1YF™  mutant’™ o MRX-IRES-puro-
UFBP1"*%7%) were transfected into HEK293T cells using Lipofect-
amine LTX (Thermo Fisher Scientific, Waltham, MA, USA,
15338100). Twenty-four hours after transfection, the medium was
replaced with 1 ml of DMEM containing 10 mM Hepes. Twenty-
four hours after medium change, virus-containing medium was
harvested. The filtered viral supernatant was used to infect
HEK293T UFBPI-deficient cells with polybrene (8 pug/ml), and in-
fected cells were selected using puromycin (1 pg/ml). Protein
samples of cell lysates with or without ribonuclease (RNase) treat-
ment were separated by neutral PAGE followed by Western blotting
to detect the HA-XBP1u arrest products using the anti-hemagglu-
tinin (HA) antibody to detect peptidyl-tRNAs (52, 59). The levels of
the HA-XBP1u arrest products and the control NeoR proteins were
quantified using dilution series. The relative levels of the HA-
XBP1u arrest products with P values were calculated by three inde-
pendent experiments.

For a cycloheximide chase assay, parental HEK293T, UFLI-,
UFBPI-, CDK5RAP3-, and UFMI-deficient HEK293T cells were
transfected with HA-XBPIu-V5 plasmid. After 24 hours, the cells
were treated with cycloheximide (100 pg/ml) for 0, 30, 60, 90, or
120 min and then lysed. The cell lysates were treated with RNase,
and the samples were then subjected to neutral PAGE followed by
immunoblot analysis with antibodies against HA and NeoR. The
relative levels of the HA-XBP1u arrest products with P values
were calculated by five independent experiments.

Lentivirus production and infection in a cytosolic RQC assay

Following procedures previously described in (59), we performed
lentivirus production and infection. Briefly, 293FT cells were
grown to around 60% confluency on 6-cm plates. A transfection
mixture [14.7 pl of Lipofectamine 2000 (Thermo Fisher Scientific,
11668-019), 1.2 pg of pCAG-HIVgp (RDB04394), 1.2 pg of pCMV -
VSVG-RSV-Rev (RDB04393), and 2.5 pg of CSII-CMV-MCS-
IRES2-Bsd (RDB04385)] containing V5-EGFP-K(AAA)O or 20-
RFP-HA reporter was prepared in 500 pl of Opti-MEM-reduced
serum medium (Thermo Fisher Scientific, 31985-062). The
mixture was incubated at room temperature for 15 min and
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gently added to the 293FT cells for 48-hour incubation (37°C, 5%
CO,). Forty-eight hours after the start of the transfection, lentivi-
rus-containing cell culture supernatants were collected and filtered
(Merck Millipore, MILLEX GV 0.45 pm). On the day before infec-
tion, the resultant virus solution (4.5 ml) was supplemented with
polybrene (Sigma-Aldrich, H9268, 5 pg/ml) and added to
HEK293T cells that were seeded at 4 x 105 cells per 6-cm dish.
Forty-eight hours after infection, one-fifth of the infected cells
was seeded on new 10-cm plates following trypsinization and
further incubated in the presence of blasticidin-S (FUJIFILM
Wako Pure Chemical Corporation, 029-18701, 10 pg/ml) for 48
hours to select infected cell populations. Cells were washed with
phosphate-buffered saline (PBS) and lysed with radioimmunopre-
cipitation assay buffer [20 mM tris-HCI (pH 7.5), 150 mM NaCl, 2
mM EDTA, 10 mM sodium fluoride, 10 mM p-glycerophosphate,
1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate].
Protein samples were separated by SDS-PAGE and were transferred
to a PVDF membrane (#IPVH00010, Merck Millipore).

Sucrose density gradient ultracentrifugation and Western
blotting

Following procedures previously described in (59), we performed
sucrose density gradient ultracentrifugation and Western blotting.
Briefly, cells were treated with or without anisomycin at the indicat-
ed concentrations for 30 min (37°C, 5% CO,). Cells were washed
with PBS twice and lysed with lysis buffer [50 mM tris-HCI (pH
6.8), 100 mM NaCl, 10 mM MgCl,, 1% NP-40, 2 mM 2-mercaptoe-
thanol, and 1 mM phenylmethylsulfonyl fluoride] supplemented
with protease inhibitors (Thermo Fisher Scientific) and centrifuged
at 1500¢ for 5 min at 4°C. The HEK293 cell extracts were layered on
top of the sucrose gradients and centrifuged at 201,000g in a SW40
rotor for 1.5 hours at 4°C. The gradients were then fractionated with
a BioComp Piston Gradient Fractionator. The polysome profiles
were generated by continuous absorbance measurement at 260
nm using a single-path UV-1 optical unit (ATTO Biomini UV
monitor, ATTO, Tokyo, Japan) connected to a chart recorder
(ATTO digital mini recorder). For the Western blots, 500 pl of
each fraction was mixed with 55.6 ul of 100% trichloroacetic acid
and incubated for 20 min at 4°C. After centrifugation (15,000g, 15
min, 4°C), the supernatant was removed, and the pellet was washed
with acetone and dissolved in 30 pl of 2x SDS sample buffer [100
mM tris (pH 6.8), 4% (w/v) SDS, 20% glycerol, 0.02% bromophenol
blue, and 50 mM dithiothreitol (DTT)]. Protein samples were sep-
arated by SDS-PAGE and transferred to a PVDF membrane
(#IPVH00010, Merck Millipore).

For neutral PAGE, cells were lysed with lysis buffer and centri-
fuged at 20,000¢ for 10 min. Supernatants were collected, and equal
amounts of total proteins were used as protein samples. For
RNase(+) samples, RNase A (QIAGEN, Hilden, Germany) was
added at a final concentration of 0.05 mg/ml and incubated on
ice for 30 min; for RNase(—) samples, Milli-Q water was added
instead. After incubation, 1x sample buffer [50 mM tris (pH 6.8),
2% (w/v) SDS, 10% glycerol, 0.01% Bromophenol Blue (BPB), and
50 mM DTT] was added and heated for 5 min at 70°C. Proteins were
separated by 15% PAGE under neutral pH conditions (pH 6.8) for 5
hours with a 150-V constant voltage in MES-SDS buffer (50 mM
MES, 50 mM tris base, 3.465 mM SDS, and 1 mM EDTA) and
were transferred to a PVDF membrane (#IPVH00010, Merck
Millipore).
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Statistical analysis

Values, including those displayed in the graphs, are presented as
means * SE. Statistical analysis was performed using the unpaired
t test (Welch's test) or Sidék's multiple comparisons test with
GraphPad Prism version 9.2.0 software (GraphPad software,
Boston, MA, USA). A P value less than 0.05 was considered to in-
dicate statistical significance.

Supplementary Materials
This PDF file includes:
Figs. S1to S7
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