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The ubiquitin (Ub)–proteasome system (UPS) is a critical pro-
tein degradation pathway that maintains protein homeostasis 
by eliminating damaged, misfolded or unnecessary proteins1,2. 

Aberrations in UPS-associated proteins contribute to various 
human diseases, including neurodegeneration, abnormal aging and 
cancers3,4. In the canonical UPS, ubiquitination of target substrates 
is achieved through a cascade of enzymes, including Ub-activating 
(E1), Ub-conjugating (E2) and Ub ligase (E3) enzymes. The ubiqui-
tinated substrates are subsequently degraded into short peptides by 
the 26S proteasome5,6. In particular, the E3 Ub ligases serve to rec-
ognize substrates’ degradation signals (degrons), which, in general, 
are specific sequence motifs located in their cognate substrates7,8. 
One group of degrons are identified at the N termini of proteins, 
called N-degrons, which are targeted by the N-end rule pathways 
(recently renamed the ‘N-degron pathways’)9–11. The N-degron 
pathways govern the in  vivo half-lives of proteins based on the 
destabilizing N-terminal residues of the substrates10. All 20 natural 
amino acids have been characterized as destabilizing N-terminal 
residues and classified into distinct branches of N-degron path-
ways, namely, the Arg/N-degron10, Ac/N-degron12, Pro/N-degron13, 
Gly/N-degron14 and fMet/N-degron pathways15. These N-degron 
pathways participate in a broad spectrum of biological functions in 
eukaryotes10,11,16,17. The different N-degrons are specifically recog-
nized by their respective E3 Ub ligases or other recognition com-
ponents (N-recognins), such as UBR proteins, p62 and GID4, and 
their substrate recognition mechanisms have been elucidated by 
means of structural biology18–23.

In addition to the N-degron pathways, recent studies have 
discovered a new large set of C-degron pathways in which the 
degrons are located at the extreme C termini of proteins, called 
C-end degrons, in a pathway termed destruction via C-end degrons 
(DesCEND)11,24–26. The C-degron is generally a motif of fewer than 

ten residues and can be present in full-length proteins, truncated 
proteins or proteolytically cleaved forms24,25. Multiple distinct 
C-degrons are identified and targeted by CRLs, including the CRL2 
and CRL4 complexes. In these complexes, a variety of CRL substrate 
receptors are responsible for recognizing their specific C-degrons. 
For instance, the Kelch domain-containing proteins (KLHDC2, 
KLHDC3 and KLHDC10) recognize C-terminal glycine residues, 
the ankyrin (ANK)-repeat proteins (FEM1A, FEM1B and FEM1C) 
recognize C-terminal arginine residues and the WD40-repeat pro-
tein DCAF12 recognizes C-terminal glutamic acid24–27.

The FEM proteins act as substrate recognition subunits of the 
CRL2 E3 ligases28–30, which play important roles in the sex deter-
mination pathway and mediate apoptosis in mammalian cells as 
well as in malignant colon cancer cells31–34. However, the molecu-
lar mechanisms underlying FEM-mediated recognition in the 
C-degron pathways remain largely unknown. Here we provide 
crystal structures of FEM1C in complex with a C-terminal arginine 
degron (Arg/C-degron). Our structural analysis coupled with bio-
chemical studies sheds light on the substrate recognition specificity 
for Arg/C-degrons of FEM1C, which would be an attractive target 
for the development of small-molecule inhibitors.

Results
The N-terminal portion of FEM1C binds Arg/C-degron. 
CRL2FEM1A/FEM1B/FEM1C is responsible for degradation of proteins with 
an arginine residue at their C termini, and SIL1 has been identified 
as a substrate of CRL2FEM1C (ref. 24). FEM1C, as a substrate receptor, 
contains nine ANK repeats (ANK1–ANK9), with two predicted TPR 
repeats inserted between ANK7 and ANK8 followed by C-terminal 
BC and Cul2 boxes that are involved in elongin BC and cullin 2 
binding, respectively29 (Fig. 1a). The ANK and TPR repeats are 
known as scaffolds for mediating protein–protein interactions35,36.  
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To validate which region of FEM1C contributes to binding of 
Arg/C-degron, we purified several truncated FEM1C proteins and 
performed glutathione S-transferase (GST) pull-down assays using 
GST fused with an undecapeptide derived from the C terminus of 
SIL1 (hereafter referred to as GST–SIL1 degron) as bait (Fig. 1a,b). 
Among these FEM1C fragments, the fragment of FEM1C consist-
ing of amino acids 1–246 was not stable after removal of the SUMO 
tag, so we used SUMO-tagged FEM1C1–246 in the GST pull-down 
assay. Our results showed that the following C-terminal trunca-
tions were capable of binding the SIL1 degron: FEM1C1–574 con-
taining ANK1–ANK9, FEM1C1–371 containing ANK1–ANK7 and 
TPR1-2, and FEM1C1–246 containing ANK1–ANK7. In contrast, 
the N-terminally truncated FEM1C82–556, which lacks the first two 
ANK repeats, failed to bind to the SIL1 degron, indicating that an 
intact N-terminal fragment covering the first seven ANK repeats of 
FEM1C is essential for the recognition of Arg/C-degron.

C terminus of FEM1C1–244 acts as an Arg/C-degron. Attempts to 
co-crystallize different FEM1C fragments with the SIL1 degron 
were unsuccessful, but we could obtain crystals of FEM1C1–244 
alone, which contains the first seven ANK repeats (ANK1–ANK7) 
ending with an arginine residue at position 244, and deter-
mined its structure at 2.0-Å resolution (Supplementary Table 1). 
Intriguingly, in this structure, each asymmetric unit contained 
six FEM1C molecules, which formed two trimers where the three 
symmetry-related molecules interacted with each other through 
their C termini (Fig. 1c). Specifically, the 11 C-terminal residues 
(Thr 234–Arg 244) of one molecule nestled into the groove of 
another molecule through a series of intermolecular interactions 
(Fig. 1d,e). Therefore, we hypothesize that this arginine-ended 
polypeptide could act as an Arg/C-degron of FEM1C. To support 
this, we fused the 11 C-terminal residues of FEM1C1–244 to the C 
terminus of GST (referred to as the GST–FEM degron) and per-
formed a GST pull-down assay (Fig. 2a,b). Given that FEM1C1–244 
could recognize its own C terminus from another molecule as 
observed in the crystal packing, we used the FEM1C1–371 construct 
ending with asparagine (Asn 371) as prey. The pull-down results 
suggested that the GST–FEM degron could apparently pull down 
FEM1C1–371. To further confirm this interaction, we synthesized an 
undecapeptide derived from FEM1C (Thr 234–Arg 244, termed 
the FEM peptide) and performed isothermal titration calorim-
etry (ITC) assays. The FEM peptide bound to FEM1C1–371 with a 
Kd value of 15 μM (Fig. 2c). As a substrate of CRL2FEM1C, the SIL1 
C-terminal undecapeptide (referred to as the SIL1 peptide) dis-
played a comparable affinity for FEM1C1–371 with a Kd value of 
41 μM (Fig. 2d), indicating that the FEM peptide serves as a potent 
artificial Arg/C-degron, which might aid in the identification of 
more natural substrates.

Characterization of a more potent Arg/C-degron. Previous stud-
ies have indicated that substrate recognition by FEM1C is consid-
erably more complex than that of other substrate receptors in the 
C-degron pathways24,25. Therefore, we sought to find a more potent 
Arg/C-degron sequence based on the electrostatic complementarity 
of the complex interface from the FEM1C1–244 structure. Within the 
mixed-charge substrate-binding groove, the extreme C-terminal 
arginine fits well into the negatively charged binding pocket at the 
end of the groove (P–1). The penultimate position, P–2, is more suit-
able for accommodating a negatively charged residue, whereas the 
upstream binding cleft (P–3 to P–10) is a wide acidic path favoring 
positively charged residues (Fig. 1d,e). Indeed, arginine scanning 
mutagenesis of the FEM peptide (P–3 to P–10) strengthened the 
binding to FEM1C1–371 (Supplementary Table 2). Thus, we selected 
an eligible undecapeptide (NRRRRWRERQR) corresponding to 
the human immunodeficiency virus type 1 (HIV-1) REV protein 
(amino acids 40–50; ref. 37) as a candidate (Fig. 2b). As expected, 

our GST pull-down assay showed that the GST–REV degron bound 
tightly to FEM1C1–371 (Fig. 2a). Additionally, the REV peptide exhib-
ited a significant increase in binding to FEM1C1–371 with a Kd value 
of 0.5 μM (Fig. 2e). In line with these results, the REV peptide was 
competitive with the SIL1 peptide in binding to FEM1C in a GST 
pull-down competition assay (Extended Data Fig. 1a). In addition, 
our global protein stability (GPS) assay (see below) showed that 
the REV degron was more unstable than the SIL1 degron in vivo 
(Extended Data Fig. 1b). Therefore, the REV degron is a more 
potent Arg/C-degron for FEM1C.

To map the minimal length of the Arg/C-degron for FEM1C 
recognition, we synthesized a series of peptides based on the REV 
peptide that retained the extreme C-terminal arginine and ranged 
from 2 to 11 residues in length (Fig. 2f). Our ITC results showed 
that the 7-residue degron had almost the same binding affinity as 
the 9-residue or 11-residue degron, with a low-micromolar affin-
ity. The shorter peptides bearing five to three amino acids showed 
reduced binding affinities. Nevertheless, the three-residue degron 
was still able to bind FEM1C, albeit with a 30-fold-reduced affin-
ity, while the two-residue degron displayed much weaker binding to 
FEM1C than the three-residue degron. Overall, our results suggest 
that FEM1C recognizes Arg/C-degrons of a certain length, and the 
seven-residue degron is sufficient for high-affinity binding.

Molecular recognition of Arg/C-degron by FEM1C. To eluci-
date the molecular details governing Arg/C-degron recognition by 
FEM1C, we solved the crystal structure of FEM1C1–371 in complex 
with an 11-mer REV peptide (Supplementary Table 1). FEM1C1–371 
contains seven consensus ANK repeats followed immediately by 
two TPR repeats (Fig. 3a). In addition to common features, sev-
eral unique elements were found. First, the loop linking ANK2 and 
ANK3 (finger 2) adopted a β-hairpin fold unlike other finger-like 
hairpin loops. In addition, finger 2 bent upward and was in par-
allel with α-helices of ANK3, forming a slanted, U-shaped struc-
ture instead of a typical L-shaped structure as is often seen in ANK 
repeats38. As a result, the finger 2 loop was the key participant in 
binding the Arg/C-degron (see below). Second, a slight topologi-
cal difference occurred at the N terminus, where the long loop of 
ANK1 preceding the hairpin loop formed a helix, not an extended 
loop. Third, the C terminus includes two canonical TPR motifs, 
and each was composed of a pair of antiparallel α-helices. In addi-
tion, a TPR-like motif consisting of two non-parallel α-helices was 
inserted between TPR1 and TPR2. A long hairpin loop connecting 
TPR1 and the TPR-like motif extended to TPR2 along the periph-
ery, forming a compact six-helix bundle structure.

Like the FEM degron, the REV degron interacted tightly with a 
conserved, concave inner face of the first seven ANK repeats (Fig. 
3b). Specifically, finger 2 and the C-terminal inner helix of ANK4 
created an acidic, circle-shaped binding pocket shielding the guani-
dine group of the extreme C-terminal arginine (R–1; Fig. 3c). The 
carboxyl group of R–1 and the penultimate glutamine (Q–2) were 
subsequently anchored at a basic ditch. The long side chains of the 
succeeding R–3 as well as R–7 extended to the next acidic patch 
(Fig. 3c and Extended Data Fig. 1c). Structural analysis revealed 
that R–1 was involved in multiple interactions. First, the guanidine 
group of R–1 was coordinated by hydrogen bonds and a salt bridge 
from the carboxyl groups of Asp 126 and Asp 77. Simultaneously, 
the guanidinium moiety of R–1 was sandwiched by Phe 76 and 
Phe 125 through cation-π interactions (Fig. 3d). Interestingly, when 
R–1 was inserted between the parallel aromatic moieties of Phe 76 
and Phe 125, it constituted a tandem cation-π interaction as Lys 1
59-Phe 125-(R–1)-Phe 76-Arg 50-Tyr 51 (Fig. 3e). Second, the free 
carboxyl group of R–1 was further stabilized by two hydrogen bonds 
with the hydroxyl group of Ser 117 and the side-chain NH group 
of Arg 121 (Fig. 3d). As a result, R–1 fit tightly into this conserved 
binding pocket created by ANK3 and ANK4 (Fig. 3b–e).
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Despite the fact that Q–2 was positioned at the basic ditch, only 
the main-chain O atom of Q–2 formed two hydrogen bonds with 
the side chain of Arg 121. In contrast, in the basic patch, the gua-
nidinium of R–3 formed two hydrogen bonds and one salt bridge 
with the side chains of Asn 183, Asp 188 and Glu 191, respectively 
(Fig. 3d). Interestingly, both the FEM and SIL1 degrons carried a 
lysine at the –4 position (Fig. 2b), and in the FEM degron struc-
ture, K–4 mimicking R–3 of the REV degron occupied the same 

positively charged binding pocket of FEM1C (Extended Data Fig. 
1d–f). As with Q–2, only the main-chain O atom of E–4 in the 
REV degron was bound by Arg 121 and Asn 146 through hydro-
gen bonds. The following R–5 and W–6 were not involved in any 
apparent interactions with FEM1C. R–7 associated with Glu 191 
and Asp 211, which was mediated by electrostatic interactions. The 
residues upstream of R–7 turned away from the concave binding 
groove and, therefore, did not contribute directly to Arg/C-degron 
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recognition, which helps to explain why FEM1C confers selectivity 
against the C-terminal seven-residue degron for high binding affin-
ity as observed in our ITC assays.

Key residues of FEM1C in Arg/C-degron binding. To further 
validate the key residues of FEM1C in mediating Arg/C-degron 
binding, we generated a series of point mutants of FEM1C and per-
formed ITC assays to examine their binding affinities toward the 

REV peptide. As expected, the alterations caused variable reduc-
tions in binding affinity, ranging from mild effects to apparent loss 
of binding ability (Fig. 3f and Supplementary Table 3). Notably, 
six residues of FEM1C (Phe 76, Asp 77, Ser 117, Arg 121, Phe 125 
and Asp 126) were involved in direct interactions with R–1 (Fig. 
3d) and are absolutely conserved in the FEM family of proteins 
(Supplementary Fig. 1), implicating the strict conservation in recog-
nition of Arg/C-degrons by the FEM family. Substitution of the R–1 
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guanidinium-interacting Asp 77 or Asp 126 with alanine reduced 
the binding affinity by ~2-fold. The F125A and F76A mutants, in 
which the cation-π interaction was impaired, showed dramatically 
decreased binding affinity by ~15-fold or abolished degron binding, 
suggesting a critical role of cation-π interactions in R–1 recognition. 
Not surprisingly, the FEM1C82–556 construct, lacking the two crucial 
residues Phe 76 and Asp 77, could not bind to the SIL1 peptide in 
the GST pull-down assay (Fig. 1b). Additionally, the S117A substi-
tution, which would disrupt the hydrogen bond with the carboxyl 
group of R–1, abrogated degron binding, highlighting the impor-
tance of this hydrogen bond in mediating C-end degron recognition.  

Likewise, the R121A mutant only weakly bound to the REV peptide, 
which is in agreement with our structural observations that Arg 121 
is involved in multiple interactions with R–1, Q–2 and E–4. Alanine 
mutation of Glu 191 or Asp 188 diminished the binding affinity by 
2- to 3-fold, whereas mutating the negatively charged residues to 
lysine resulted in 20-fold-decreased binding (E191K) or an almost 
complete loss of degron binding (D188K), suggesting that this 
acidic patch is favored by the positively charged residues embedded 
in the upstream sequence of the Arg/C-degron.

To further corroborate whether recognition of R–1 in the SIL1 
degron by FEM1C is required for SIL1 degradation, the in  vivo  
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stability of the SIL1 peptide was examined by GPS technology39–41. 
We introduced the SIL1 peptide at the C terminus of green fluores-
cent protein (GFP) in the lentiviral GPS vector and assessed deg-
radation of the GFP fusion protein by monitoring the GFP/DsRed 
ratio using DsRed as an internal reference (Fig. 4a). Overexpression 
of Flag-tagged wild-type FEM1C dramatically reduced the GFP/
DsRed ratio and promoted the degradation of the GFP-fused 
SIL1 degron. In contrast, the degron-binding-deficient mutants, 
including D77A, D126A, F76A, F125A, S117A and R121A, did 
not promote the degradation of the GFP-fused SIL1 degron (Fig. 
4b,c), further confirming the essential role of R–1 recognition in 
FEM1C-mediated SIL1 degradation.

R–1 serves as the principal recognition determinant. To 
explore the key elements required for FEM1C recognition within 
Arg/C-degrons, we synthesized a series of mutant peptides derived 
from the REV peptide and examined their binding affinities to 
FEM1C by ITC (Supplementary Table 2). Not surprisingly, amida-
tion of the C-terminal carboxyl group resulted in 14-fold-decreased 
binding affinity, further confirming that FEM1C favors a free C 
terminus. Replacement of R–1 with alanine substantially weak-
ened the binding by 34-fold, and even mutating R–1 to positively 
charged lysine also reduced the binding affinity by 20-fold, suggest-
ing that FEM1C specifically recognizes arginine at the –1 position. 
Accordingly, in the complex structure, the –1 position binding cage 
consisted of a pair of aspartate residues (Asp 126 and Asp 77) and a 
pair of phenylalanine residues (Phe 76 and Phe 125; Fig. 3d), which 
preferentially recognize the guanidinium group by a combination 
of hydrogen bonding and salt bridge and cation-π interactions. 
Consistent with previous studies, lysine is disfavored at the –1 posi-
tion25, probably due to the fact that arginine forms stronger cation-π 
interactions with phenylalanine as well as more extensive electro-
static interactions with aspartate owing to its geometric structure 
compared to lysine42,43. This is reminiscent of N-terminal arginine 
recognition by the UBR proteins in which lysine substitution failed 
to form hydrogen bonds with arginine-interacting residues due 
to its shorter side chain18, although lysine in the N-degron could 
occupy the arginine degron-binding site.

The important role of the –3 position of the Arg/C-degron. 
Unlike substitution of R–1, peptide with substitution of Q–2 with 
alanine had a comparable binding affinity to the wild-type REV 
peptide (Supplementary Table 2), in agreement with our findings 
that only the main chain of Q–2 participates in the interactions (Fig. 
3d). However, replacement of R–3 with alanine in the REV peptide, 
which disrupts electrostatic interactions, greatly decreased the 
binding affinity by tenfold. Conversely, arginine substitution of T–3 
in the FEM peptide or E–3 in the SIL1 peptide increased the bind-
ing affinity by around fourfold. The E–3R mutant peptide of SIL1 
was less stable in the GPS assay (Extended Data Fig. 2a), support-
ing the importance of R–3 in mediating interactions with FEM1C. 
In contrast to R–1 and R–3, other alanine mutations of the REV 
degron spanning from positions –4 to –10 had minor or no effects 
on degron binding. Intriguingly, in vivo, FEM1B is responsible for 
the selective degradation of CDK5R1 (ref. 24), which carries a leu-
cine at the –3 position (Supplementary Table 2). We hypothesize 
that L–3 is important for recognition of the CDK5R1 C-degron 
by FEM1B. Based on the FEM1C–REV complex structure, R–3 is 
located in a negatively charged pocket created by Asn 183, Asp 188 
and Glu 191 (Extended Data Fig. 2b), which prefers binding to the 
positively charged R–3. In contrast to FEM1C and FEM1A, FEM1B 
has hydrophobic alanine and phenylalanine residues instead of the 
hydrophilic asparagine and aspartic acid residues of FEM1C and 
FEM1A at positions 188 and 193, respectively (Extended Data Fig. 
2c). The resultant hydrophobic pocket in FEM1B is more suitable 
for binding to a hydrophobic residue in the –3 position, such as L–3 

of CDK5R1. Indeed, our ITC binding results showed that FEM1B 
had more than tenfold greater selectivity toward wild-type CDK5R1 
than the L–3R or L–3A mutant (Supplementary Table 2). Therefore, 
FEM1B might primarily eliminate proteins with a hydrophobic resi-
due located at the –3 position of the Arg/C-degron. Nevertheless, 
FEM1C was still able to bind the CDK5R1 peptide in vitro, albeit 
with threefold-reduced affinity compared to FEM1B. But the L–3R 
alteration strengthened the binding affinity of FEM1C by tenfold, 
converting it to a FEM1C-selective Arg/C-degron (Supplementary 
Table 2). Thus, Arg/C-degrons can be targeted for degradation by 
FEM1A, FEM1B and FEM1C, and the upstream sequence context 
of R–1 further fine-tunes substrate selectivity to achieve exquisite 
regulation of protein turnover in vivo.

Effects of Arg/C-degron capping. FEM1C functions as the 
receptor for the extreme C-terminal arginine of substrates24,25. 
Furthermore, FEM1C was shown to recognize substrates carrying 
an arginine at the –2 or –3 position25. In our crystal structure, we 
found that the side chain of R–1 inserted into the semi-open bind-
ing pocket, but the terminal carboxyl group of R–1 was not buried 
in this pocket. One O atom of the carboxyl group was pointing out 
toward a shallow groove formed by finger 2 and finger 3 (Fig. 4d). In 
other words, the otherwise free carboxylate of R–1 might be capped 
by an additional residue in a hypothetical 0 position. Indeed, our 
ITC analysis showed that FEM1C could bind REV peptide with an 
additional capping residue at the 0 position. Specifically, capping 
with the small alanine residue caused a mild reduction in FEM1C 
binding, whereas leucine capping reduced the binding affinity by 
fivefold (Fig. 4e). Leucine capping also resulted in a more stable 
peptide in our degradation assay (Extended Data Fig. 2d). In addi-
tion to the REV peptide, we also examined the effects of capping 
the FEM and SIL1 peptides with a single residue at the 0 position. 
ITC binding results revealed that capping the FEM or SIL1 peptide 
with alanine could be tolerated, but serine, leucine or phenylala-
nine capping caused an almost complete loss of binding to FEM1C 
(Supplementary Table 2). In contrast, capping of the REV peptide 
with two or three serine residues could be tolerated, although there 
was a 50- to 100-fold reduction in FEM1C binding (Extended Data 
Fig. 2e,f). This is possibly due to the fact that the REV peptide has a 
low-micromolar affinity, which is 100-fold stronger than that for the 
SIL1 or FEM peptide; therefore, the REV peptide capped with 1–3 
residues could still be detected with modest binding. Collectively, 
our data suggest that the free R–1 acts as the principal recognition 
determinant for FEM1C. Adding any additional residues following 
R–1 would weaken the binding to FEM1C. The residues upstream 
of R–1 are not strictly conserved and substitutions can be tolerated, 
although the presence of arginine at the –3 position is preferred 
and the intramolecular interaction networks are required for robust 
binding of an Arg/C-degron to FEM1C.

Discussion
In the UPS, the E3 Ub ligases specifically recognize their degrons 
through a sophisticated interaction network44. In this study, we 
characterized the interactions of FEM1C with its Arg/C-degron. 
This degron-binding model is considerably different from that of 
the Gly/C-degron. Specifically, KLHDC2 recognizes Gly/C-degron 
through a deep binding pocket45, similar to Pro/N-degron recogni-
tion by GID4 (refs. 22,23). However, FEM1C utilizes a concave groove 
to capture its Arg/C-degron.

Virtually all proteins have unique N- and C-terminal sequence 
contexts, which can become degradation signals and be recog-
nized by respective E3 ligases for degradation through distinct 
N- and C-degron pathways11. In this sense, arginine can act as a 
destabilizing residue no matter whether it is located at the N ter-
minus or C terminus of proteins. When it is present at the N ter-
minus, the resulting Arg/N-degron can be recognized by the UBR 
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proteins18,19, while at the C terminus, the resulting Arg/C-degron 
can be recognized by the FEM proteins24,25. In both cases, the 
substrate-binding pockets use an acidic binding surface to engage 
the arginine degron, and either the free α-amino group or the 
free carboxyl group is oriented by hydrogen-bonding interac-
tions (Extended Data Fig. 3a–d). Remarkably, FEM1C further 
stabilizes the C-terminal arginine via specific cation-π interac-
tions. Moreover, the side chain of the C-terminal arginine is 
inserted into a semi-open binding pocket of FEM1C, while the 
whole N-terminal arginine lies on a shallow binding groove of 
UBR proteins (Extended Data Fig. 3a,b). Besides the arginine resi-
due, the UBR proteins favor a hydrophobic residue at the second 
position of the Arg/N-degron, whereas FEM1C does not exhibit 
an analogous preference at the penultimate position but favors a 
positively charged residue at the antepenultimate position in the 
Arg/C-degron. Additionally, the UBR proteins mainly interact 
with the first two residues of their degrons, whereas FEM1C recog-
nizes a relatively long degron sequence context. Thus, the unique 
degron recognition mechanisms of these proteins may boost their 
substrate selectivity and fine-tune protein turnover by the UPS.

The human proteome includes more than 2,000 different proteins 
with arginine as their last or penultimate residue at the C terminus. 
In addition to full-length proteins, Arg/C-degrons could be exposed 
by proteolysis, suggesting that FEM1C could have many potential 
substrates and participate in a very broad spectrum of biological 
processes. Multiple somatic mutations of FEM1C occur in various 
cancer samples46,47. Importantly, the cancer-associated alterations 
D77Y, D77G, D126N, N146S and E191Q of FEM1C are located in 
the degron-binding groove, and our binding results reveal that these 
cancer-associated substitutions impair FEM1C binding to the REV 
peptide (Supplementary Table 3).

In summary, the UPS is the primary mechanism for protein 
turnover, and the proper proteasome-mediated removal of abnor-
mal cellular proteins is an evolutionarily conserved mechanism for 
maintaining human health and well-being. Unsurprisingly, defects 
associated with the UPS and its upstream substrate recognition 
pathways are frequently associated with disease predisposition. 
Therefore, our study not only elucidates the substrate recognition 
mechanism of Arg/C-degron by FEM1C, but may also facilitate the 
identification of physiological substrates and development of thera-
peutic inhibitors.
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Methods
Cloning, expression and purification of human FEM1C and FEM1B. The 
sequences encoding human FEM1C1–574, FEM1C82–556, FEM1C1–246 and FEM1B1–357 
were subcloned into the pET28-MKH8SUMO expression vector with an 8×His–
SUMO tag followed by a TEV cleavage site. The sequence encoding FEM1C1–244 was 
cloned into a pET28GST-LIC vector containing a GST tag and a thrombin cleavage 
site. The sequence encoding FEM1C1–371 was cloned into a pET28-MHL vector with 
a 6×His tag followed by a TEV cleavage site. These plasmids were transformed into 
Escherichia coli BL21 (DE3) cells under kanamycin selection. The cells were grown 
in Terrific Broth medium at 37 °C until an OD600 of ~1.0 was reached, and then the 
temperature was reduced to 18 °C. The proteins were expressed by induction with 
0.2 mM IPTG overnight. The cells were harvested by centrifugation and were lysed 
by sonication in lysis buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 5% (vol/vol) 
glycerol and 2 mM β-mercaptoethanol). The lysate was cleared by centrifugation, and 
the supernatant containing FEM1C1–244 was loaded onto a GST column and washed 
with lysis buffer. The GST tag was removed by the addition of 60 U thrombin protease 
(Sigma) to the column at 4 °C overnight. The other fusion proteins were applied 
to Ni-NTA columns, washed with 25 mM imidazole in lysis buffer and then eluted 
with 250 mM imidazole in lysis buffer. The samples were digested by homemade 
TEV protease with a molar ratio of 1:20 in dialysis buffer (20 mM Tris-HCl pH 7.5 
and 500 mM NaCl) at 4 °C overnight to remove the SUMO tag or His tag and were 
then reloaded onto the Ni-NTA column. All proteins were further purified using a 
Superdex 200 size exclusion column (GE Healthcare) equilibrated with gel-filtration 
buffer (20 mM Tris-HCl pH 7.5, 250 mM NaCl and 1 mM DTT). The peak fractions 
were collected and concentrated to 8 mg ml–1 using an Amicon Ultra centrifugal filter. 
Purity was assessed by SDS–PAGE. The purified proteins were flash frozen in liquid 
nitrogen and stored at –80 °C. The mutants were generated by QuikChange using the 
sequence encoding FEM1C1–371 as a template and verified by DNA sequencing. The 
mutant proteins were expressed and purified similarly to the wild-type proteins.

Cell culture and viral transduction. Human HEK293T cells (ATCC) were 
maintained in DMEM (Cellgro) supplemented with 10% (vol/vol) FBS 
(Sigma). pMD2.G (Addgene) and psPAX2 (Addgene) were cotransfected 
into HEK293T cells with either pCDH-puro-cMyc (Addgene, 46970) or 
pHAGE-GPS3.0-DEST lentiviral transfer vector (gifted by S.J. Elledge, Howard 
Hughes Medical Institute). Viral supernatants were harvested after 48 h and used to 
infect HEK293T cells in the presence of 8 µg ml–1 polybrene.

Global protein stability assay. The oligonucleotide encoding the 11-mer SIL1 or 
REV peptide was cloned into pENTR3C and subsequently cloned into the lentiviral 
vector pHAGE-GPS3.0-DEST using Gateway techniques (Invitrogen). The DsRed- 
and GFP-fused C-degron proteins can be coexpressed by the pHAGE-GPS3.0-DEST 
vector carrying a single promoter and an internal ribosome entry site. The stability 
of the GFP-fused C-degron was determined by measuring the cellular GFP/DsRed 
ratio, which can be analyzed by flow cytometry with DsRed as an internal control. 
To test the activity of FEM1C mutants, human FEM1C cDNA was cloned into 
pENTR3C and subsequently cloned into pCDH-Flag destination vectors using 
Gateway techniques (Invitrogen). pCDH-Flag Gateway Destination vector was 
constructed based on pCDH-puro-cMyc by adding a Flag tag and Gateway cassette. 
The wild-type and mutant FEM1C were overexpressed in GPS reporter cells by 
lentivirus infection after selection with blasticidin (10 µg ml–1) for 4 d. Cells were 
analyzed by flow cytometry using a Beckman Coulter CytoFLEX S (CytExpert 2.3 
software). Expression of wild-type and mutant FEM1C in HEK293T GPS reporter 
cell lines was examined by western blot with anti-Flag M2 (1:5,000; Sigma-Aldrich, 
F3165); anti-actin (1:5,000; Sigma-Aldrich, A1978) was used as an internal control.

Protein crystallization. The crystallization trials were performed at 18 °C using the 
sitting drop vapor diffusion method by mixing 1 μl of protein and 1 μl of reservoir 
solution. The FEM1C1–244 crystals were crystallized in solutions consisting of 15% 
(wt/vol) PEG3350 and 17% (vol/vol) Tacsimate pH 8.0. For crystallization of the 
FEM1C1–371–REV peptide complex, FEM1C1–371 was mixed with the REV peptide 
at a molar ratio of 1:1.5 for 1 h on ice. The crystals were obtained in precipitant 
conditions consisting of 16% (vol/vol) Jeffamine M-600 pH 7.0 and 0.1 M HEPES 
7.0. The crystal was mounted in the respective reservoir solution with the addition 
of 20% (vol/vol) glycerol as a cryoprotectant and flash frozen in liquid nitrogen.

Data collection and structure determination. Diffraction images of FEM1C1–244 
were collected at beamline 24-ID-C of the Advanced Photon Source (APS) and 
processed with HKL3000 (ref. 49). The initial structure was solved by molecular 
replacement with Phaser50 and the search model from Protein Data Bank 
entry 5MA4 (amino acids 13–165; ref. 51). Iterations of phase improvement 
were performed with Parrot52, automated building was performed with 
Buccaneer53, additional phase modification was performed with RESOLVE 
inside phenix.autobuild, manual building was performed in Coot54, further 
iterations of rebuilding were performed in Coot and refinement was performed 
in autoBUSTER. The diffraction data of the FEM1C–REV peptide complex 
were collected at APS beamline 24-ID-E and processed with HKL3000 (ref. 49). 
The structure was solved by molecular replacement with the program Phaser 
and coordinates from the FEM1C1–244 structure. The model was refined with 
REFMAC55 and rebuilt with Coot.

Isothermal titration calorimetry. ITC measurements were performed at 25 °C 
using a MicroCal Auto-iTC200 instrument (GE Healthcare). All proteins and 
peptides were prepared in an ITC buffer consisting of 20 mM Tris-HCl pH 7.5, 
250 mM NaCl and 1 mM DTT with concentration ranges from 20 to 60 μM and 
0.2 to 1 mM, respectively. For each experiment, the peptide was titrated into the 
protein with 20 injections of 2 μl each spaced by 180 s with a reference power of 
10 μcal s–1. The titration data were processed using Origin 7.0 software, and the Kd 
error was the fitted error in a one-site binding model.

Glutathione S-transferase pull-down and competition binding assays. 
GST-fusion C-degrons were produced in E. coli BL21 cells and purified using GST 
and Superdex 200 size exclusion columns (GE Healthcare). Approximately 90 μg 
of purified GST or GST-fusion degrons was applied to 20 μl of GST bead slurry, 
washed with binding buffer (20 mM Tris-HCl pH 7.5, 300 mM NaCl and 3 mM 
DTT) and resuspended in 180 μl of binding buffer. Purified FEM1C fragments were 
added to the reaction solutions and incubated on a rotating wheel for 30 min at 4 °C. 
After washing three times with binding buffer, the pulled-down samples were eluted 
with 10 mM glutathione and subjected to SDS–PAGE followed by Coomassie blue 
staining. For the competition binding assay, after immobilization of GST-tagged 
SIL1 peptide on 20 μl of GST beads, the beads were incubated with 80 μg of purified 
FEM1C1–371 and different amounts of REV peptide with final concentrations of 0, 
0.15, 0.3, 0.4 and 0.5 mM. After incubation at 4 °C for 30 min, the beads were washed 
three times with binding buffer. The captured proteins were eluted with 10 mM 
glutathione and analyzed by SDS–PAGE followed by Coomassie blue staining.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The atomic coordinates and structure factors of FEM1C and the FEM1C–peptide 
complex have been deposited in the Protein Data Bank (https://www.rcsb.org/) 
with the accession codes 6XKC and 7JYA, respectively. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Comparison of different C-degrons recognition by FEM1C. a, GST fusion SIL1 peptide immobilized on GST beads, and the 
pull-down was performed by incubating purified FEM1C (aa 1-371) in the presence of increasing concentrations of REV peptide. b, Stability comparison 
of the GFP-fused SIL1 and REV degrons by global protein stability assay (GPS experimental design in Fig. 4a). c, Cross-section view of the Arg/C-degron 
binding pocket. d, Overlay of REV degron (−3RQR−1) and FEM degron (−4KTER−1) binding pockets. The FEM peptide and its interacting residues of FEM1C 
are shown as cyan and gray sticks, respectively. Hydrogen bonds between FEM peptide and FEM1C are indicated as blue dash lines. The representation of 
REV-binding mode is same as Fig. 3d. e,f, The electrostatic potential surfaces of the FEM degron (cyan) and the REV degron (yellow) binding pockets. The 
K-4 of FEM degron and R-3 of REV degron share the same negatively charged binding pocket.
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Extended Data Fig. 2 | the effects of C-degron sequence contexts on the binding of FEM proteins. a, Stability comparison of the GFP-fused SIL1 and its 
E-3R mutant by global protein stability assay. b, The electrostatic properties of R-3 binding pocket in FEM1C (red, negative; blue, positive). R-3 of REV 
degron is shown as yellow stick, and its hydrogen-bonding residues in FEM1C are indicated. c, Sequence alignment of FEM1C (aa 182-191), FEM1B (aa 
187-196) and FEM1A (aa 183-192). The R-3 interacting residues are colored in red. d, Stability comparison of the GFP-fused REV degron and REV degron 
capped with a leucine by global protein stability assay. e, f, ITC curve of FEM1C (aa 1-371) binding to the REV degron capped with two serine (e) or three 
serine residues (f).
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Extended Data Fig. 3 | Structural comparison of arg/C-degron and arg/N-degron recognitions. a, The electrostatic potential surface of the UBR 
domain (PDB: 3NIH) bound to an Arg/N-degron plotted at ± 5 kT/e (red, negative; blue, positive). b, The electrostatic potential surface of FEM1C bound 
to an Arg/C-degron plotted at ± 5 kT/e. c, Interaction of the UBR domain with a Arg/N-degron. The N-terminal arginine is shown as yellow stick and its 
interacting residues in UBR are shown as salmon sticks. d, Interactions of FEM1C with an Arg/C-degron. The C-terminal arginine is shown as yellow stick 
and its interacting residues in FEM1C are shown as green sticks.
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

No statistical methods were used to predetermine sample sizes.

No data were excluded.

Each assay was performed at least twice. All attempts at replication were successful.

N/A

N/A

Monoclonal ANTI-FLAG® M2 antibody produced in mouse, clone M2, Sigma-Aldrich, catalog number F3165; Monoclonal Anti- -Actin
antibody, catalog number A1978, lot number 043M4840V, Sigma-Aldrich.

Anti Flag M2 antibody is used for the detection of Flag fusion proteins. This monoclonal antibody is produced in mouse and
recognizes the FLAG sequence at the N-terminus, Met N-terminus, and C-terminus, and also recognizes FLAG at an internal site. In
our experiment, Flag tag is fused to FEM1C at N-terminus. The western blot data shows this antibody recognized flag-fused WT and
mutants FEM1C but not control sample.

Anti- -Actin antibody recognizes an epitope located on the N-terminal end of the -isoform of actin. Monoclonal anti-beta-actin
antibody can be used for microarray, indirect immunofluorescence, and immunohistochemical analyses. Furthermore, the product
has been used for immunocytochemistry at 10-40 g/mL using human foreskin fibroblasts. The antibody has also been used for
western blot at 0.5-1 g/mL using cell extract of human foreskin fibroblasts or chicken fibroblasts. Monoclonal mouse anti-actin
antibody was used as a loading control for western blot analysis of FEM1C expression in our manuscript.

HEK293T cells from ATCC

HEK293T was authenticated by STR Fingerprinting Service at MD Anderson Characterized Cell Line Core Facility.

HEK293T was tested negative for mycoplasma contamination.
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