Articles
https://doi.org/10.1038/s41589-020-00704-3

Molecular basis for arginine C-terminal degron
recognition by Cul2FEM1 E3 ligase
Xinyan Chen 1,3, Shanhui Liao 1,3, Yaara Makaros2,3, Qiong Guo1, Zhongliang Zhu1, Rina Krizelman2,
Karin Dahan2, Xiaoming Tu1, Xuebiao Yao1, Itay Koren 2 ✉ and Chao Xu 1 ✉
Degrons are elements within protein substrates that mediate the interaction with specific degradation machineries to control
proteolysis. Recently, a few classes of C-terminal degrons (C-degrons) that are recognized by dedicated cullin-RING ligases
(CRLs) have been identified. Specifically, CRL2 using the related substrate adapters FEM1A/B/C was found to recognize C
degrons ending with arginine (Arg/C-degron). Here, we uncover the molecular mechanism of Arg/C-degron recognition by
solving a subset of structures of FEM1 proteins in complex with Arg/C-degron-bearing substrates. Our structural research,
complemented by binding assays and global protein stability (GPS) analyses, demonstrates that FEM1A/C and FEM1B selectively target distinct classes of Arg/C-degrons. Overall, our study not only sheds light on the molecular mechanism underlying
Arg/C-degron recognition for precise control of substrate turnover, but also provides valuable information for development of
chemical probes for selectively regulating proteostasis.

U

biquitin-dependent protein degradation is orchestrated by
ubiquitin proteasome system (UPS), in which the ubiquitin is transferred to the substrate protein via the E1-E2-E3
cascade1,2. E3 ligase (E3) mediates protein ubiquitination and subsequently directs the target protein to the proteasome through recognizing a specific sequence within it, termed a degron3,4. Within
the cullin-RING E3 ligases (CRL) complex, cullins function as scaffolds and recruit substrates through adapter proteins5,6. Adapter
protein–degron interaction determines the specificity of CRLs,
thereby precisely regulating a broad range of cellular events, including cell cycle7, DNA replication8, signal transduction9 and more6.
Perturbation of proteolysis results in many severe diseases, such as
cancer, neurodegenerative and autoimmune diseases10–13.
The first characterized degron was the N-degron that hallmarks the destabilizing residues at the N terminus of short-lived
proteins3,14–16. Recently, the C-terminus of full-length proteins,
protein fragments generated after proteolytic cleavage and
nascent polypeptides from premature termination were also
found to serve as destabilizing residues, termed C-degrons17–20.
Pioneering work at the Elledge and Yen laboratories identified a
series of C-degrons that are recognized by distinct adapter proteins in CRL complexes and regulate the stability of a wide variety
of proteins in vivo17,18,20,21.
Using the global protein stability (GPS) method, all three mammalian FEM1 proteins, FEM1A, FEM1B and FEM1C, were demonstrated to serve as CRL2 adapters recognizing the Arg/C-degron17,18.
Although all FEM1 proteins contain an N-terminal ankyrin domain
followed by tetratricopeptide repeats (TPRs), a C-terminal ankyrin
domain22 and a von Hippel–Lindau box for Cul2 binding23,24 (Fig. 1a),
FEM1A/C and FEM1B were found to selectively target C-degrons of
nucleotide exchange factor SIL125,26, and Cyclin-dependent kinase 5
activator 1 (CDK5R1, also known as p35), respectively17. The molecular mechanism underlying distinct recognition of Arg/C-degrons
of SIL1 and CDK5R1 by FEM1 proteins was not addressed.

Using an isothermal titration calorimetric (ITC) assay, we
found that FEM1A/C binds to C-degrons ending with -K/R-X1-2-R
(X denotes any residue), including those of Olfactory receptor
51B2 (OR51B2)27 and SIL1, whereas FEM1B selectively recognizes
the C-degron of CDK5R1 ending with -G-L-D-R. By solving several C-degron-bound structures of FEM1C, we unraveled a bipartite mechanism for recognition of the -K/R- X1-2-R C-degron. To
uncover the distinct substrate binding properties of FEM1A/C and
FEM1B, we further determined the structure of CDK5R1-bound
FEM1B. Furthermore, by using an in vivo protein stability assay,
we show the interactions between FEM1s and the Arg/C-degron
efficiently control the turnover of substrates via the UPS pathway.
Overall, our structural approach, complemented by biochemical, biophysical and cell biology experiments, provides structural
insights into the selectivity of Cul2FEM1A/B/C E3 machinery toward the
Arg/C-degron.

Results

FEM1A/B/C directly interact with Arg/C-degron. To study the
binding properties of FEM1 proteins, we first cloned, expressed
and purified the recombinant proteins FEM1A1–442, FEM1C1–390
and FEM1B1–356 spanning their N-terminal ankyrin repeats and
TPRs (Fig. 1a). We then synthesized several peptides bearing
Arg/C-degron recognized by FEM1 proteins17,18, including SIL1452–461
(YSVNSLLKELR), OR51B2303–312 (YRLLSKHRFSR), NS11
(YQERGPTWDKNLR), Clone13(PTQGRAR)17 and CDK5R1298–307
(YKKRLLLGLDR), and examined their FEM1-binding properties
by ITC binding assay.
We noticed that FEM1A1–442 and FEM1C1–390, but not FEM1B1–356,
bind to peptides ending in -K/R-X-X-R or K/R-X-R, including
SIL1452–461, OR51B2303–312, NS11 and Clone13 with apparent dissociation constants (Kd) in the range of 6.2–13 and 3.5–20 μM,
respectively. The binding of FEM1A or FEM1C to SIL1 is abolished by the terminal Arg to Ala mutation (R-1A), underscoring
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the essential role of terminal arginine in FEM1A/C binding
(Fig. 1b–e and Supplementary Table 1). FEM1B1–356 selectively
binds to a peptide derived from the CDK5R1 C-degron with a Kd of
6.0 μM, roughly 4–6-fold stronger than those of FEM1A and FEM1C
(Kd = 25–36 μM) (Supplementary Table 1). We also expressed and
purified recombinant full-length FEM1C and FEM1B proteins, and
found that full-length FEM1C binds to the Clone13 peptide with
a Kd comparable with that of FEM1C1–390 (Kd of 4.9 versus 3.5 μM),
and similarly, full-length FEM1B and FEM1B1–356 display comparable binding affinities toward the CDK5R1 peptide (Kd of 10 versus 6.0 μM) (Supplementary Table 1). In summary, our binding
data unambiguously demonstrate that although all FEM1 proteins
directly interact with the Arg/C-degron, FEM1A/C and FEM1B
exhibit distinct binding properties.
Structure of FEM1C bound to SIL1 Arg/C-degron peptide. To
uncover the molecular basis for C-degron recognition by FEM1C,
we sought to solve the structure of SIL1-bound FEM1C. Although
the cocrystallization of FEM1C with the SIL1 peptide failed, we
succeeded in the crystallization of a fusion construct by fusing
FEM1C1–390 and the SIL1 C-degron (−10SVNSLLKELR−1) with a
(GGGS)4 linker and solved its crystal structure at a 2.9 Å resolution
(Supplementary Table 2). There are two molecules in one asymmetric unit, which are almost identical to a root-mean-square deviation
(r.m.s.d.) of 0.43 Å over 370 Cα atoms.
Overall, FEM1C1–390 adopts a crescent-shape architecture,
which consists of seven ankyrin repeats (ANK1-7) immediately
followed by three TPRs (TPR1-3) (Fig. 1f). Most of residues in
FEM1C1–390 are visible except residues at the N or C terminus, or
in flexible loop regions. The seven ankyrin repeats spanning residues 1–240 of FEM1C, are well aligned and spaced uniformly, with
each repeat folding into a helix–loop–helix structural motif (Fig. 1f
and Extended Data Fig. 1a). However, some unique structure features exist within the FEM1C ankyrin repeats. First, there is a helix
insertion (α3) between ANK1 and ANK2; second, ANK2 is connected with ANK3 by antiparallel beta strands (β1–β2) rather than
a hairpin loop, with β1–β2 packing with the first helix of ANK2 and
ANK3 (Fig. 1f and Extended Data Fig. 1a). Three TPRs are connected with ankyrin repeats via the short linker between ANK7
and TPR1. TPR1 and TPR3, but not TPR2, adopt a canonical TPR
fold, given that the first helix of TPR2 (α18) is much shorter. The
TPRs stabilize the ankyrin repeats primarily via the contact between
TPR1 and ANK7 (Fig. 1f and Extended Data Fig. 1a).
Bipartite recognition of the SIL1 C-degron by FEM1C. The last
seven residues of the fusion protein, −7SLLKELR−1, corresponding
to the C terminus of SIL1, are visible in the electron density map
(Extended Data Fig. 2a), which folds into a 310 helix and is positioned into a concave formed by β1, β2 and ANK3-6 of FEM1C
(Figs. 1f and 2a). The C-terminal Arg (R−1) is inserted into a
negatively charged pocket of FEM1C, named p1 pocket hereafter,
comprising F76, D77, W88, S117, R121, F125 and D126 (Fig. 2b).
The guanidino group of R−1, which forms hydrogen bonds with
the side chains of D77 and D126, is sandwiched between F76 and
F125, stacking with the ring plane of F125 via cation–π interaction
(Fig. 2b,c). R−1 also forms two main chain hydrogen bonds with the
side chains of S117 and R121, respectively, and makes hydrophobic
contacts with W88 via its aliphatic chain (Fig. 2b,c). Taken together,
the cation–π and hydrogen-bonding interactions constitute the R−1
specific recognition.
We found that the K−4 of SIL1 is accommodated into another
negatively charged pocket of FEM1C, named p2 pocket hereafter,
with its Nε group forming three hydrogen bonds with the side
chains of N183, D188 and E191, respectively. The aliphatic chain
of K−4 stacks with the side chains of H150 and Y158 (Fig. 2b,c). In
addition to R−1 and K−4, the L−2 of SIL1 also makes hydrophobic
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contact with T115 and H148, with its main chain carbonyl group
hydrogen bonded to R121; the E−3 forms salt bridge with K159,
while the L−5 makes hydrophobic contact with H148 (Fig. 2b,c). In
contrast to −5LKELR−1, neither L−6 nor S−7 directly interacts with
FEM1C residues, and this is supported by ITC binding data showing that peptides spanning the last 5–10 residues of SIL1 bind to
FEM1C with comparable affinities (Kd = 7–13 μM) (Supplementary
Tables 1 and 3).
To pinpoint key residues within the SIL1 C-degron that are
essential for FEM1C binding, we generated several single mutants
of the SIL1 peptide, including R-1K, R-1A, K-4R and K-4A, and
tested their FEM1C-binding affinities by ITC. ITC data showed
that R-1K, R-1A and K-4A disrupt the binding, whereas K-4R demonstrated slightly reduced FEM1C-binding affinity (Kd = 19 μM)
(Supplementary Table 3). Given that the FEM1C p1 pocket accommodates R−1 rather than K−1, it is the nature of the R−1 guanidino
group rather than its positive charge that governs the Arg/C-degron
recognition by FEM1C (Fig. 2b). Moreover, the p2 pocket of FEM1C
favors a basic residue at the −4 position, such as K−4 or R−4.
Next, to define the FEM1C residues involved in SIL1 recognition, we made several mutants for FEM1C1–390, including R121A,
F125A, H148A, the double mutant D77A/D126A and the triple
mutant N183A/D188A/E191A. By ITC binding assay, we found
that H148A weakened the FEM1C-binding affinity by roughly sixfold (Kd of 68 versus 11 μM), whereas the other mutants abolished
the binding (Supplementary Table 3). The mutagenesis and ITC
binding assay further confirmed the bipartite recognition of SIL1
by FEM1C.
FEM1C–C-degron complexes define a -K/R-X-X-R consensus.
To determine whether the bipartite recognition mode also applies
for other FEM1C-binding C-degrons, we further solved two more
structures of FEM1C1–390, fused with NS11 and OR51B2 C-degrons,
at resolutions of 2.38 and 2.51 Å, respectively (Supplementary
Table 2). Overall, the two structures are similar to that of SIL1-bound
FEM1C, with r.m.s.d.s in the range of 0.4–0.9 Å (Extended Data
Fig. 3a,b). The last six residues of NS11 (−6WDKNLR−1) and the last
five residues of OR51B2 (−5HRFSR−1) are visible in the two structures, respectively (Extended Data Fig. 2b,c).
In both structures, the R−1 is inserted into p1 via cation–π and
hydrogen-bonding interactions, and the K−4 (NS11) or R−4 (OR51B2)
is positioned into p2 via hydrogen-bonding interactions (Fig. 3 and
Extended Data Figs. 4a,b and 5a,b), demonstrating a similar bipartite
recognition mechanism to that observed in the FEM1C–SIL1 structure. In the structure of FEM1C–OR51B2, while the R−4 of OR51B2
maintains the electrostatic interactions with the p2 pocket of FEM1C,
the F−3 of OR51B2 partially occupied p2, with its aromatic ring sandwiched between side chains of Y158 and R−4, thereby forming π–π
and cation–π interactions with Y158 and R−4, respectively (Extended
Data Figs. 5a,b and 6a). However, the alanine substitution of F−3 only
slightly reduces the FEM1C-binding affinity (Kd of 11 versus 7.4 µM,
Supplementary Table 3), suggesting that the F−3 is dispensable for the
FEM1C binding. In contrast, p1 pocket mutants of FEM1C, including R121A, F125A and D77A/D126A bind to the OR51B2 peptide
roughly 12–31-fold weaker than the wild-type protein (Kd of 7.4 versus 91–230 µM), underscoring the critical role of the p1 residues in
R−1 recognition (Supplementary Table 3). Overall, the two structures
further define the bipartite recognition of the -K/R-X-X-R consensus by FEM1C (Extended Data Fig. 1b).
Unveiling the -R-X-R binding mode by FEM1C. In above solved
structures, R−1 and K/R−4 binding pockets are spaced by two residues.
To study the impact of the special distance on the FEM1C-binding
affinity, we synthesized a SIL1 peptide variant ending with KAR
(YSVNSLLKAR−1) and examined its FEM1C-binding affinity
by ITC. The binding data show that the variant binds to FEM1C
Nature Chemical Biology | www.nature.com/naturechemicalbiology
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Fig. 1 | FEM1C1–390 specifically recognizes peptides containing a C-terminal -K/R-X1-2-R motif. a, Domain architecture of FEM1C1–390, with the ankyrin
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roughly 4.7-fold stronger than the wild-type SIL1 (Kd of 2.3 versus
11 µM) (Supplementary Table 3). Consistently, the Clone13 peptide
ending with RAR binds to FEM1C roughly threefold stronger than
the SIL1 peptide (Kd of 3.5 versus 11 µM) (Supplementary Table 3).
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In sum, our findings suggest that FEM1C favors -K/R-X-R over
-K/R-X-X-R.
To better understand an enhanced binding affinity between
-K/R-X-R C-degron and FEM1C, we determined the structure
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of FEM1C fusion protein ending with the Clone13 peptide
(Supplementary Table 3 and Extended Data Fig. 3c). The last six
residues, −6TQGRAR−1 are visible in the solved structure (Extended
Data Fig. 2d). The R−1 and R−3 are recognized by the p1 and p2 pockets of FEM1C, respectively, indicating that the bipartite recognition
also applies for the RAR−1 motif (Fig. 3 and Extended Data Figs. 4c
and 5c,d). Superposition of the FEM1C-Clone13 structure with that
of SIL1-bound one indicates that the R−3 of Clone13 is closer to the
aromatic ring of Y158, demonstrating stronger cation–π interaction
(Extended Data Figs. 5d and 6b). Presumably, the replacement of

R−3 with K reinforces cation–π and the hydrogen-bonding interactions, accounting for the preference of FEM1C for peptides ending
with -K/R-X-R.
By using ITC binding assay, we found that Y158A mutant of
FEM1C severely weakened the binding to SIL1 and Clone13 by
roughly 13-fold (Kd of 150 versus 11 μM) and 68-fold (Kd of 240
versus 3.5 μM), respectively (Supplementary Table 3), confirming
the critical role of Y158 in maintaining the higher binding affinity with K/R−3. Further superposition of all four FEM1C structures
show that the R−1 recognition by p1 pocket is absolutely conserved,
Nature Chemical Biology | www.nature.com/naturechemicalbiology
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whereas the recognition of a basic residue at the −3 or −4 position by p2 reflects the structural plasticity for the bipartite binding
(Fig. 3b,c). Collectively, the p1 and p2 pockets of FEM1C coordinately confer the preference for -K/R-X1-2-R (Extended Data
Fig. 1b). It is noteworthy that both FEM1C pockets are conserved in
FEM1A (Extended Data Fig. 1a), suggesting that the bipartite binding mode also applies for FEM1A.
On the basis of the uncovered bipartite recognition mode, we
identified >20 proteins that contain a C-terminal -K/R-X1-2-R
as potential substrates for Cul2FEM1C based on our previous work17
(Supplementary Table 4). Two olfactory receptors, OR13J1
(-RASR−1) and OR2T33 (-RSR−1)27, were also found to contain
a -R-X1-2-R motif, suggesting that they might be regulated by
Cul2FEM1C (ref. 17). Future work is needed to validate that full-length
proteins corresponding to the C-terminal peptides that scored as
CRL substrates are indeed FEM1C substrates.
Tolerance of FEM1C for residues downstream to C-Arg. By analyzing all degron-bound FEM1C structures, we found that although
one of terminal carboxyl group of R−1 is hydrogen bonded to the
Nature Chemical Biology | www.nature.com/naturechemicalbiology

FEM1C S117, R−1 might still use the other carboxyl group to connect a downstream residue (Fig. 3b). Consistently, the ITC binding data show that FEM1C binds weakly to another SIL1 peptide
variant ending with RG−1 (−11SVNSLLKELRG−1) (Kd = 30 μM)
(Supplementary Table 3).
To understand how FEM1C tolerates an extra residue downstream of Arg/C-degron, we further solved the structure of a FEM1C
fusion proteins ending with −11SVNSLLKELRG−1 (Supplementary
Table 3 and Extended Data Fig. 3d). In the structure, the last seven
residues of the variant are visible in the density map (Extended
Data Fig. 2e), with its R−2 and K−5 positioned into the p1 and p2
pockets, respectively. Comparing the RG-bound structure with
the SIL1-bound one, we found that besides R−2 and K−5, G−4 and
L−6 also maintain their conformations (Extended Data Fig. 5e,f).
However, the RG-bound structure is different from the SIL1-bound
one in two aspects. First, G−1, the extra C-terminal residue, forms
two hydrogen bonds via its terminal carboxyl groups with the
side chains of T115 and N146, respectively (Extended Data Figs.
4d and 5f). Second, L−3 alters its conformation to avoid potential
steric clash with G−1, resulting in not only the disruption of main
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chain hydrogen bonds with R121, but also the loss of the hydrophobic contacts with the T115 and H148 of FEM1C (Extended Data
Figs. 5f and 6c). The unfavorable conformational change of L−3 of
the SIL1 variant might account for its weaker FEM1C-binding affinity (Supplementary Table 3).
Consistently, we found that addition of Ala at C terminus of
SIL1 decreases the FEM1C-binding affinity by roughly 4.5-fold (Kd
of 52 versus 11 μM), whereas addition of Val or Lys at its C terminus abolishes the binding. An Arg downstream of the SIL1 reduced
the binding affinity by roughly eightfold (Kd of 89 versus 11 μM) by
converting the C-degron to -K-X-X-X-R (Supplementary Table 3).
Additionally, the addition of diglycine at the SIL1 C terminus further weakened the FEM1C-binding affinity by more than eightfold
(Kd of 94 versus 11 μM) (Supplementary Table 3). Taken together,
our structure analysis, supported by mutagenesis and biochemical
experiments, is consistent with the work from Lin et al.18, and demonstrates that although FEM1C tolerates residues downstream of
Arg/C-degron, the degree of tolerance is negatively correlated with
the number and the size of the amino acid added.
Recognition of CDK5R1 Arg/C-degron by FEM1B and FEM1C.
ITC binding data show that FEM1B selectively binds to the
CDK5R1 C-degron sixfold stronger than FEM1C (Kd of 6.0 versus 36 μM); however, in contrast with FEM1A/C, it does not bind
to other Arg/C-degrons tested here (Extended Data Fig. 7a,b and
Supplementary Table 1). To unveil the recognition mechanism of
CDK5R1 by FEM1B, we first solved a fragment of FEM1B (1–356)
at a resolution of 3.25 Å (Supplementary Table 2 and Supplementary
Fig. 1a). In this structure, FEM1B1–337, spanning N-terminal ankyrin
repeats (ANK1-7) and TPRs (TPR1-2), represents the minimal
structured region. The last six residues of FEM1B1–356, 351GAVYAD356,
are found to occupy a concave pocket that represents the counterpart of the p1 pocket of FEM1C, probably due to the crystal packing
(Supplementary Fig. 1b).
Inspired by the successful crystallization of FEM1C fusion
proteins, we fused FEM1B1–337 and the CDK5R1 C-degron
(−10KKRLLLGLDR−1) with a (GGGS)2 linker, and solved the
structure of the fusion protein at a 3.50 Å resolution (Fig. 4a and
Supplementary Table 2). In the solved structure, the last eight residues of CDK5R1 are visible and exhibit an extended conformation,
contacting with the ANK3-7 of FEM1B (Fig. 4b and Extended Data
Fig. 2f). Similar to the bipartite recognition of Arg/C-degron by
FEM1C, the R−1 of CDK5R1 interacts with the p1 pocket of FEM1B
mainly through cation–π and hydrogen-bonding interactions,
while the L−3 is positioned into a hydrophobic pocket of FEM1B
composed of Y163, F193 and L−6 (Fig. 4c). The CDK5R1 residues
upstream of −3LDR−1 also interact with FEM1B. Especially the G−4,
whose main chain is hydrogen bonded to N151, makes van der
Waals interaction with the Y153 of FEM1B. The side chains of L−5
and L−7, which are invisible due to lower resolution of the structure,
likely make hydrophobic contacts with Y153, and C186 and H218,
respectively; R−8 forms a salt bridge with the side chain of E196
(Fig. 4c and Extended Data Fig. 4e).
To validate the FEM1B–CDK5R1 interface, we generated
several CDK5R1 mutants and examined their FEM1B binding
affinities by ITC. The binding data show that R-1K, R-1A and
L-3A abolished or reduced the FEM1B binding, underscoring the
important roles of R−1 and L−3. While the G-4A mutant decreased
the binding affinity by 11-fold (Kd of 66 versus 6.0 μM), G-4V
disrupt the binding (Supplementary Table 3), suggesting that any
bulky residue at the −4 position is disfavored because of potential
steric clash with the FEM1B Y153 (Fig. 4c). Additionally, L-6A,
L-7A and the double mutant L-5A/R-8A decrease the FEM1B
binding affinity by roughly 3–7.5-fold (Kd of 18–45 versus 6.0 μM)
(Supplementary Table 3), confirming the contribution of the residues upstream of −4GLDR−1 in FEM1B binding. Next, we generated

NAtuRE CHEMIcAL BIOLOGy
a

b

–8

RLLLGLDR–1(CDK5R1)

TPR2

C
N

R-1

N

K1

6
NK

G-4 L-5 L-7
L-3 L-6
R-8

R1

C

TP

K7

AN

D-2

AN

A
K5
ANK2 ANK3 NK4 AN
A
FEM1B––8RLLLGLDR–1(CDK5R1)

c

N151

S122
W93

Y153

R126
G-4

C186

L-5
F193

R-1

F81

D-2

H218

R-8

L-3
L-6

F130
D131

L-7

Y163

E196

D82

Fig. 4 | FEM1B selectively binds to the C-degron of CDK5R1. a, Overall
structure of FEM1B1–356 fused with a CDK5R1 C-degron, with the ankyrin
repeats and TPRs shown in blue and red cartoon representations,
respectively. Invisible loop regions are indicated with red dashes. CDK5R1
are shown in yellow sticks. b, The electrostatic surface of the FEM1B ankyrin
repeats (1–243) bound with CDK5R1, with CDK5R1 shown in yellow sticks.
c, Detailed interactions between FEM1B and CDK5R1. CDK5R1 and CDK5R1
binding residues of FEM1B, are shown as blue and yellow sticks, respectively.

several FEM1B mutants and examine their CDK5R1 binding affinities by ITC. F130A and the double mutant D82A/D131A abolished the binding, whereas another double mutant Y163A/F193A
reduced the binding affinity by >50-fold (Kd > 300 versus 6.0 μM)
(Supplementary Table 3), further validating the FEM1B–CDK5R1
interface. Collectively, our data indicate that FEM1B prefers the
Arg/C-degron ending with -G-L-X-R and interaction requires an
additional upstream sequence.
We also solved the structure of FEM1C fused with the C-degron
of CDK5R1 at a 2.35 Å resolution (Supplementary Table 2 and
Extended Data Figs. 2g and 3e). In the structure, CDK5R1 binds
to FEM1C in a way similar to that in the FEM1B–CDK5R1 structure, with its R−1 and Leu−3 positioned into the p1 and p2 pockets, respectively (Extended Data Fig. 5g,h). Mutagenesis and ITC
assay also confirmed the essential role of R−1 in FEM1C binding
(Supplementary Table 3).
p2 pocket governs the distinct FEM1-binding properties.
Superposition of two CDK5R1-bound FEM1 structures indicates
that despite the conserved p1 pockets (Fig. 5a), FEM1B and FEM1C
possess distinct p2 pocket residues. While the Y158 and E191 of
FEM1C are conserved in FEM1B, H150, N183 and D188 of FEM1C
are replaced in FEM1B by N155, A188 and F193, respectively (Fig.
5b and Extended Data Fig. 1a). The N183 and D188, and H150 of
FEM1C make hydrogen-bonding and van der Waals interactions
with the K/R at the −3 or −4 position, respectively (Fig. 3c). The
corresponding FEM1B replacements would not only disrupt the
binding, but also cause the steric clash with the aliphatic chain of
K/R (Fig. 5b), well accounting for the nondetectable FEM1B binding affinity to -K/R-X1-2-R degrons (Supplementary Table 3).
As for CDK5R1, the last four residues (−4GLDR−1) were superimposed very well in the two structures, whereas conformations of
Nature Chemical Biology | www.nature.com/naturechemicalbiology
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CDK5R1 structure is superimposed with that of FEM1C–CDK5R1 to indicate
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RLLL−5 deviate (Fig. 5c). In the FEM1B–CDK5R1 structure, the
L−3 side chain slides roughly 1.7 Å deeper into p2, resulting in an
increased hydrophobic interaction with F193 and Y163. In contrast,
the access of L−3 to p2 is restricted by the side chain of H150 in the
FEM1C–CDK5R1 structure (Fig. 5c).
To convert the p2 of FEM1C into its FEM1B counterpart, we
generated a FEM1C triple mutant, H150N/N183A/D188F, and
examined its C-degron-binding affinities. ITC binding data show
that the FEM1C mutant binds to SIL1 roughly 12.5-fold weaker
than wild type (Fig. 1b and Extended Data Fig. 7c), and binds to
CDK5R1 roughly 6.5-fold stronger than wild type (Extended Data
Fig. 7b,d), highly reminiscent of the C-degron-binding properties
of FEM1B (Extended Data Fig. 7a,d). Collectively, we confirmed
that the distinct binding properties of FEM1C and FEM1B result
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from their p2 pockets by altering the preference of FEM1C from
the C-degron of SIL1 (-K-X-X-R) to that of CDK5R1 (-G-L-X-R)
with a triple mutant of FEM1C(H150N/N183A/D188F) (Extended
Data Fig. 7c,d).
Comparison of FEM1 structures with relevant complexes.
Previously, the structures of the p62 ZZ domain with N–Arg28,29, and
the SND1 extended tudor domain with arginine were reported30,31,
enabling us to compare their arginine recognition modes with that by
FEM1s. Like FEM1C, the SND1 recognizes arginine via both cation–π
and hydrogen-bonding interactions (Extended Data Fig. 8a,b),
whereas the ZZ domain of p62 recognizes N–Arg via main chain
hydrogen bonds and side chain salt bridges (Extended Data Fig. 8c).
Recently, the solved structure of KLHDC2 with Gly/C-degron
has uncovered the recognition of diglycine by KLHDC2
(refs. 17,18,32). By comparing the FEM1C–SIL1 structures with that
of diglycine-bound KLHDC2 we found that the two C-degron recognition modes are different in several aspects. (1) FEM1C and
KLHDC2 bind to degrons via ankyrin repeats and Kelch domain,
respectively. (2) FEM1C recognizes the Arg/C-degron via a bipartite
mechanism (Extended Data Fig. 9a), whereas KLHDC2 recognizes
GG−1 via a diglycine-specific cavity, which is too small to accommodate any bulky residues (Extended Data Fig. 9b). (3) FEM1C
tolerates residues downstream of Arg/C-degron, albeit with weaker
binding affinities, because only one terminal carbonyl group of R−1
is hydrogen bonded to FEM1C residues (Extended Data Fig. 9a). In
the KLHDC2 complex structures, both terminal carbonyl groups
of G−1 are locked by intermolecular hydrogen bonds, indicating the
intolerance of extra C-terminal residues (Extended Data Fig. 9b).
GPS assay with FEM1s and their degron-binding mutants. To validate the functional roles of the C-degron-binding residues in FEM1s,
we constructed a series of FEM1 mutants in lentiviral expression vector and tested their activities in cell-based system, called GPS17,18,33,34.
GPS is a fluorescent-based reporter system that examine changes
in protein stability in live cells. This system is based on a lentiviral
expression vector that encodes for DsRed, serving as internal expression reference for the lentiviral cassette and a green-fluorescent
protein- (GFP-) fusion that is translated from an internal ribosome
entry site. In this method, the GFP to DsRed ratio serves to readout
the effect of the fusion partner on the stability of GFP17.
To this end, we engineered a few representative GPS reporters
encoding 10mer C-degron peptides of various motifs. GPS-SIL1
(-R-X-X-R), GPS-OR51B2 (-K-X-X-R) and GPS-Clone13
(-R-X-R) were chosen as FEM1C representative substrates, while
GPS-CDK5R1 (-G-L-X-R) was chosen as a FEM1B substrate. For
each C-degron, we constructed both wild type and mutant peptides,
in which the critical C-degron-binding residues identified by the
structural analysis and ITC binding assay were substituted to alanine.
To generate cells stably overexpressing FEM1C and FEM1B,
wild-type or degron-binding-pocket mutants, we transduced
human embryonic kidney 293T (HEK293T) cells with lentiviral
constructs encoding FEM1s (Supplementary Fig. 2a and 3). The
expression levels of various exogenously expressed FEM1s were
comparable judged by immunoblots (Supplementary Fig. 2b). Then,
we individually introduced with lentiviruses the GPS peptides into
FEM1s cells (Supplementary Fig. 2a). In each case, we compared the
stability of the GFP-fused C-degron between wild-type and mutant
FEM1s, with APPBP2 serving as a negative control CRL2 adapter.
In agreement with the solved structure and ITC experiments, for
FEM1C, among the residues directly interacting with the C-degron
in the p1 pocket, single alanine mutation of R121 and double alanine mutation of D77/D126 as well as the triple mutation of N183/
D188/E191 in the p2 pocket, all failed to induce the degradation of
all three substrates tested (Fig. 6a, upper panel). For FEM1B, the
p1 pocket mutant F130A and the p2 pocket mutant Y163A/F193A
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Fig. 6 | GPS assay to dissect critical residues in FEM1 protein degron-binding pocket. a,b, GPS assay to monitor stability of GFP-fused C-end degrons
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OR51B2 and Clone13 (a) or the FEM1B substrate, GFP-fused CDK5R1 (b). c, Proposed model for bipartite recognition of Arg/C-degrons by Cul2FEM1.

lost their function in degrading CDK5R1 (Fig. 6b, upper panel).
Another p1 pocket mutant of FEM1B, R126A, was only partially
silent (Supplementary Fig. 2c) indicating that R126 is important, but
not essential for FEM1B–CDK5R1 interaction. This is also in agreement with ITC results that F130A disrupted the binding and Y163A/
F193A double mutant severely impaired the binding, whereas R126A
only diminished the interaction (Supplementary Table 3).
As expected, mutation of the identified critical residues in all
tested C-degrons greatly impairs or abolishes the Cul2FEM1-mediated
degradation (Fig. 6a,b, lower panel), underscoring the bipartite

recognition of Arg/C-degron by Cul2FEM1 E3 machinery (Fig. 6c).
Overall, the in vivo cell-based assays validate the functional roles of
Arg/C-degron-binding residues of FEM1 proteins that were identified in structural experiments and in vitro ITC assays.

Discussion

In higher eukaryotes, UPS serves as the main route to guide specific proteolysis to maintain proteostais10,35. The specificity of
the UPS system is dictated by the interactions between E3s or
adapter proteins within the E3 complexes and the degrons within
Nature Chemical Biology | www.nature.com/naturechemicalbiology
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substrates16,36–38. Previous work identified FEM1A/B/C,
KLHDC2/3/10 and APPBP2 as the adapter proteins in different
Cul2 complexes that recognize distinct substrates via targeting specific C-degrons17,18. Our structure-guided analyses delineate the
binding modes and sequence selectivity underlying recognition of
Arg/C-degrons by FEM1 ankyrin repeats, which extends early findings on recognition of ankyrin via its concave inner surface39–42.
Our structural work, complemented by biochemical experiments
and GPS assays, demonstrates that FEM1A/C and FEM1B prefer
Arg/C-degrons ending with -K/R-X1-2-R and -G-L-X-R, respectively. In contract with the recognition of -K/R-X1-2-R by FEM1C,
the FEM1B–CDK5R1 interaction requires upstream residues of
GLDR−1, suggesting that it would be more challenging to identify
potential substrates for Cul2FEM1B. However, the role of FEM1B in
mediating the turnover of CDK5R1 and other unknown regulators
of cell fate might facilitate the understanding of the FEM1B function in stimulating apoptosis43. In the future, it would be important
to delineate how Cul2FEM1B controls proteolysis in space and time
during cell division and cell cycle44.
In sum, our study provides structure insights underlying the
Arg/C-degron recognition and the substrate selectivity accounting for the C-degron pathways. The selectivity of FEM1A/B/C
revealed in this study not only provides an insight into the classic
view that selective degradation orchestrates spatiotemporal regulation in different contexts, but also sheds light on the future design of
chemically antagonizing molecules for Cul2FEM1A/B/C to advance our
understanding of their relevance in health and disease.
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Methods

Cloning, mutations, protein expression and purification. Gene encoding
FEM1B1–356 was amplified by PCR from a complementary DNA library and cloned
into a modified pET28a vector fused with the open reading frame of yeast SMT3
gene. FEM1C1–403 and FEM1A1–442 were amplified by PCR from cDNA library and
cloned into pET28a-MHL vector (NCBI txid433626)46. Plasmids for expressing
fusion proteins, including FEM1C1–390-(Gly-Gly-Gly-Ser)4–peptide and FEM1B1–337(Gly-Gly-Gly-Ser)2–CDK5R1298–307, were constructed by overlap extension PCR and
were cloned into the pET28a-MHL and pET28a-SUMO vectors, respectively.
All recombinant proteins were over-expressed in Escherichia coli BL21
(DE3). Cells were grown in LB medium at 37 °C until the optical density
(OD600) reached roughly 0.8. Protein expression was induced with 0.2 mM β-d1-thiogalactopyranoside for 20 h at 16 °C. Cells were gathered by centrifuge at
3,600g for 10 min at 4 °C, and pellets were resuspended in lysis buffer containing
20 mM Tris, 400 mM NaCl, 2 mM imidazole, pH 7.5. Recombinant proteins were
purified by Ni-NTA (GE healthcare), columns were then washed by 20 mM Tris,
400 mM NaCl, 50 mM imidazole, pH 7.5 and proteins were eluted by 20 mM
Tris, 400 mM NaCl, 500 mM imidazole, pH 7.5. Gel filtration and ion exchange
experiments were used for further purification. FEM1B1–356 and FEM1C1–403 were
further purified by size exclusion using a HiLoad 16/600 Superdex 75 column
(GE healthcare) in a buffer containing 20 mM Tris, 200 mM NaCl, pH 7.5, the
corresponding fractions were then subjected to Hitrap Q HP (1 ml) and Hitrap SP
HP (1 ml), respectively. Other peptide-fusion proteins were further purified by size
exclusion using a HiLoad 16/600 Superdex 75 column (GE healthcare) in buffer
containing 20 mM Tris, 400 mM NaCl, pH 7.5. Seleno-methionine (SeMet) labeled
FEM1B1–356 was purified in the same way, except that cells were cultured in M9
medium supplied with 50 mg l−1 of SeMet.
Site-specific mutations were performed using two reverse and complement
primers containing the mutation codon. Primer sets used for mutations are
listed in Supplementary Table 5. All mutants were purified in the same way as
purification of wild-type proteins.
To express FEM1s in mammalian cells, plasmid vectors encoding cDNAs for
FEM1B, FEM1C and APPBP2 were obtained from the Ultimate Open Reading
Frame Clone collection (Thermo Fisher Scientific) and were subcloned into the
lentiviral pHAGE-Flag-HA Gateway Destination vector via an LR recombination
reaction (Thermo Fisher Scientific). Mutations of key residues in degron-binding
pocket of FEM1s were generated by PCR-mediated site directed mutagenesis,
using the QuikChange Lightning kit (Agilent) according to the manufacturer’s
protocol. All mutations were confirmed by Sanger sequencing. Primers sets used
for mutations are listed in Supplementary Table 6.
Crystallization data collection and structure determination. All crystals were
grown by using sitting drop vapor diffusion method at 18 °C. For crystallization,
1 μl of protein solution was mixed with 1 μl of crystallization buffer. All protein
samples used for crystallization were in the same buffer containing 20 mM
Tris-HCl, pH 7.5 and 400 mM NaCl and were concentrated in a concentration of
10–15 mg ml−1. Crystals were obtained as follows:
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)

FEM1C1–390-(GGGS)4–SIL1452–461 was cloned into pET28a-MHL vector and
crystallized in a buffer containing 0.3 M lithium sulfate, 0.1 M Tris-HCl,
pH 8.5, 5% (v/v) polyethylene glycol 400.
FEM1C1–390-(GGGS)4–OR51B2303–312 was cloned into pET28a-SUMO vector
and crystallized in a buffer containing 0.1 M tris-HCl, pH 7.0, 0.8 M lithium
sulfate.
FEM1C1–390-(GGGS)4–LNLPTQGRAR was cloned into pET28a-SUMO
vector and crystallized in a buffer containing 0.1 M bis-tris propane, pH 6.4,
0.6 M lithium sulfate.
FEM1C1–390-(GGGS)4–CDK5R1298–307 was cloned into pET28a-SUMO vector
and crystallized in a buffer containing 0.1 M tris-HCl, pH 7.9, 0.2 M lithium
sulfate.
FEM1C1–390-(GGGS)4–QERGPTWDKNLR(NS11) was cloned into
pET28a-SUMO vector and crystallized in a buffer containing 0.1 M Tris-HCl,
pH 8.2, 0.2 M sodium citrate tribasic dehydrate.
FEM1C1–390-(GGGS)4–SIL1452–461(R/RG) was cloned into pET28a-MHL vector
and crystallized in a buffer containing 1.0 M sodium phosphate monobasic
monohydrate, potassium phosphate dibasic, pH 6.9.
FEM1C1–403 was cloned into pET28a-MHL vector and crystallized in a buffer
containing 0.1 M tris-HCl, pH 7.3, 0.2 M lithium sulfate.
FEM1B1–356 was cloned into pET28a-SUMO vector and crystallized in a
buffer containing 0.1 M tris-HCl, pH 8.5, 0.1 M guanidine hydrochloride,
0.8 M potassium sodium tartrate tetrahydrate, 0.5% (w/v) polyethylene glycol
monomethyl ether 5,000.
FEM1B1–337-(GGGS)2–CDK5R1298–307 was cloned into pET28a-SUMO vector
and crystallized in a buffer containing 0.1 M bis-tris propane, pH 6.7, 1.6 M
magnesium sulfate hydrate.

All protein crystals appeared in 4 d. Before flash freezing crystals in liquid
nitrogen, all crystals were soaked for a short period in cryo-protectant containing
glycerol and precipitant to about 30% (v/v). The diffraction data were collected
on beamline BL17U1 and BL18U1 at Shanghai Synchrotron Facility at 0.9791 or
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0.9792 Å (ref. 47). The statistic details about data collection are summarized in
Supplementary Table 1. Data sets were processed using HKL2000/3000 (refs. 48,49)
or XDS50. The low-resolution model of SeMet FEM1B1–356 was solved by CRANK2
(ref. 51), built manually by COOT (Wincoot v.0.8.9.2)52, and refined by Phenix
1.14–3260 (ref. 53). Structure of native FEM1B1–356 and FEM1C1–403 were solved
by Phenix 1.14–3260 (ref. 53) using the SeMet structure as the search model for
molecular replacement. Other peptide bound structures were solved by molecular
replacement with FEM1C1–403 as the search model and were further refined by
Phenix 1.14–3260 (ref. 53).
After iterative rounds of refinement, the structure of FEM1C1–390(GGGS)4-SIL1452–461 was refined to 2.90 Å (favored 96.5%, allowed 3.5%); the
structure of FEM1C1–390-(GGGS)4-OR51B2303–312 was refined to 2.51 Å (favored
96.5%, allowed 3.5%); the structure of FEM1C1–390-(GGGS)4-LNLPTQGRAR
was refined to 2.33 Å (favored 96.6%, allowed 3.4%); the structure of FEM1C1–390(GGGS)4-CDK5R1298–307 was refined to 2.35 Å (favored 98.2%, allowed 1.8%);
the structure of FEM1C1–390-(GGGS)4-QERGPTWDKNLR(NS11) was
refined to 2.38 Å (favored 97.1%, allowed 2.9%); the structure of FEM1C1–390(GGGS)4-SIL1452–461(R/RG) was refined to 2.39 Å (favored 95.4%, allowed 4.6%);
the structure of FEM1C1–403 was refined to 2.11 Å (favored 97.8%, allowed 2.2%)
and the structure of FEM1B1–356 was refined to 3.25 Å (favored 93.5%, allowed
6.5%). The structure of FEM1B1–337-(GGGS)2-CDK5R1298–307 was refined to 3.50 Å
(favored 94.0%, allowed 6.0%). Structure figures were made using PyMOL v.1.7
(The PyMOL Molecular Graphics System, Schrödinger).
ITC. All proteins were purified using a Ni-NTA column as described above, and
further purified by gel filtration using HiLoad 16/600 Superdex 75 pg column
(GE Healthcare). Proteins were dialyzed against ITC buffer (20 mM Tris, 400 mM
NaCl, 1 mM EDTA, pH 7.5). Peptides were solved in H2O to a final concentration
of 30 mM, and were diluted in ITC buffer to the required concentration for each
ITC trial. ITC assays were carried out on a MicroCal iTC200 calorimeter (GE
Healthcare) at 25 °C. ITC experiments were performed by titrating 2 μl of peptides
(1–2 mM) into cell containing 30–50 μM proteins, with a spacing time of 120 s and
a reference power of 5 μCal s−1. Control experiments were performed by titrating
peptides (1–2 mM) into buffer, and were subtracted during analysis, respectively.
Binding isotherms were plotted, analyzed and fitted based on one-site binding
model by MicroCal PEAQ-ITC Analysis software (Malvern Panalytical). Peptide
Sequences used for ITC experiments are listed in Supplementary Table 2. The
dissociation constants (Kd) and peptide sequences used for ITC experiments were
also tabulated in Supplementary Table 2. Representative ITC binding curves are
shown in Supplementary Data.
Cell lines. HEK293T (ATCC CRL-3216) cells were maintained at 37 °C and 5%
CO2 in Dulbecco’s modified Eagle’s medium (Life Technologies) supplemented
with 10% fetal bovine serum (HyClone), 100 units ml−1 of penicillin and 0.1 mg ml−1
of streptomycin (Thermo Fisher Scientific).
Transfection and lentivirus production. Lentiviral stocks were generated through
the transfection of HEK293T cells with the lentiviral transfer vector plus plasmid
encoding Gag-Pol, Rev, Tat and VSV-G using PolyJet in vitro DNA Transfection
Reagent (SignaGen Laboratories) as recommended by the manufacturer. Lentiviral
supernatants were collected 48 h later, passed through a 0.45-mm filter and applied
to target cells in the presence of 8 mg ml−1 of hexadimethrine bromide (Polybrene).
GPS assay. The GPS assay using GFP-fused C-degron reporter cell lines was
described previously (Koren et al.17). Briefly, the last ten amino acids of SIL1,
OR51B2, CDK5R1 or Clone13 C-degron peptides (referred as 10mer) were
encoded as oligonucleotides (gBlocks Gene Fragments, Integrated DNA
Technologies) and cloned into the GPS vector using the BstBI and XhoI sites. To
test the activity of FEM1s mutants using the GPS assay, lentivirus vectors encoding
wild-type or mutant versions of FEM1s were packaged and introduced into
HEK293T, following by selection with puromycin (1 μg ml−1) for 3 d to generate
cells stably expressing the FEM1 proteins. FEM1 stable cells were then used in a
second round of transduction with the GPS reporters. The GPS reporters were
packaged and used to transduce FEM1 protein stable cells followed by Blasticidin
(20 μg ml−1) selection for 3 d. Flow cytometry was used to record the fluorescence
signal of GFP and DsRed from cells transduced with the GPS reporters. Analysis of
the GFP to DsRed ratio was done using FlowJo.
Western blotting analyses. Total cell extracts were made from cells growing
in six-well plates. Cells were washed twice in cold PBS and lysed in a cold lysis
buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 5 mM EDTA, pH 8.0, 0.5% NP-40)
supplemented with a protease inhibitor cocktail (Roche, no. 4693159001), 1 mM
phenylmethylsulfonyl fluoride, phosphatase inhibitor cocktail (Sigma-Aldrich nos.
P5726, P0044), 10 mM NaF, 20 mM β-glycerophosphate, 1 mM Na3VO4 and 20 mM
P-nitrophenylphosphate. Protein extracts were incubated on ice for 30 min and
the nonsoluble components were pelleted by centrifugation for 45 min at 14,000g.
Protein concentration was determined by a standard Bradford assay (Bio-Rad no.
500-0006), a linear bovine serum albumin (BSA) calibration curve and an Epoch
microplate spectrophotometer.
Nature Chemical Biology | www.nature.com/naturechemicalbiology
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SDS–PAGE sample buffer (Laemmli buffer) was then added to 30 μg of lysate
from each sample, following denaturing (5–10 min, 95 °C). Proteins were separated
on freshly made 8–10% acrylamide gels using a Tris-glycine running buffer.
Proteins were then electro-transferred onto a nitrocellulose membrane (Bio-Rad
no. 162-0115) using Trans-Blot Turbo transfer system (Bio-Rad). Transfer quality
was verified by Ponceau S Solution (Sigma-Aldrich no. 81462). Membranes were
washed, blocked (5% skimmed milk in TBS-T) and incubated overnight (4 °C)
with antibody solution (2.5% BSA and 0.05% sodium azide in PBS). The following
primary antibodies were used: anti-Tubulin 1:1,000 (MS581P1, Fisher Scientific)
and anti-Flag 1:1,000 (F3165, Sigma-Aldrich). Following three washes with
TBS-T, the membrane was incubated with secondary antibody 1:20,000 (Jackson
ImmunoResearch (no. 111-035-144, no. 115-035-003)) for 1 h at room temperature,
washed a further three times in TBS-T and incubated with SuperSignal West
Femtochemiluminescence substrate (Pierce no. 34095) or an EZ-ECL (Biological
Industries, no. 20-500-171) for 5 min. Reactive bands visualized using the
ImageQuant TL software v.8.2 on Amersham Imager 680 (Cytiva).
Flow cytometry. HEK293T cells were detached with trypsin, washed once with
PBS and then analyzed on a LSR Fortressa instrument (Becton Dickinson). Flow
cytometry data were collected using BD FACS Diva software v.8.0.2 (Becton
Dickinson) and analyzed using FlowJo software v.10.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The crystal structures of FEM1C and FEM1B were deposited into Protein Data
Bank under accession codes 6LBN, 6LBG, 6LE6, 6LDP, 6LEN, 6LEY, 6LF0, 6LBF
and 7CNG.
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Extended Data Fig. 1 | Sequence alignment of FEM1 proteins and C-degrons, respectively. a, Sequence alignment of human FEM1C (NP_064562.1),
FEM1A (NP_061178.1), and FEM1B (NP_056137.1). The secondary structures of FEM1C and FEM1B are labelled at the top and bottom of the sequences,
respectively. In the structure of SIL1-bound FEM1C, R-1 and K-4 binding residues of FEM1C, as well as their counterparts in FEM1B, are labelled in blue and
orange, respectively. Their counterparts in FEM1B are also labeled accordingly. b, Sequence alignment of Arg/C-degrons, including those of SIL1, NS11,
OR51B2, Clone13, and CDK5R1. The residues at -1 and -4 positions of SIL1 and their counterparts are marked.
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Extended Data Fig. 2 | The 2|Fo|–|Fc| omit maps of the fused C-degron peptides in the FEM1C structures contoured at 1.0 σ. a, SIL1 (-7SLLKELR-1); b, NS11
(-6WDKNLR-1); c, OR51BP2 (-5HRFSR-1); d, Clone13 (-6TQGRAR-1); e, SIL1_R/RG (-7LLKELRG-1); f, The 2|Fo|–|Fc| omit map of CDK5R1 (-8RLLLGLDR-1) bound to
FEM1B; g, The 2|Fo|–|Fc| omit map of CDK5R1 (-9KRLLLGLDR-1) bound to FEM1C.
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Extended Data Fig. 3 | Structures of C-degron-bound FEM1C. a, Overall structure of NS11-bound FEM1C; b, Overall structure of OR51BP2-bound FEM1C;
c, Overall structure of Clone13-bound FEM1C; d, Overall structure of SIL1_R/RG-bound FEM1C; e, Overall structure of CDK5R1-bound FEM1C. The ankyrin
repeats and TPR repeats of FEM1C are shown in blue and red cartoon representations, respectively, and the C-degron peptides are shown in yellow cartoon.
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Extended Data Fig. 4 | Schematic of the detailed interactions between FEM1 proteins and degrons. a, FEM1C and NS11; b, FEM1C and OR51B2;. c, FEM1C
and Clone13; d, FEM1C and SIL1_R/RG; e, FEM1B and CDK5R1; f, FEM1C and CDK5R1. Intermolecular hydrogen bonds and hydrophobic interactions are
indicated by black dashes and black arrows, respectively.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Detailed interactions between FEM1C and C-degrons. a, The electrostatic surface of the FEM1C ankyrin repeats (1-240) bound
with OR51B2, with the peptides shown in yellow sticks and labelled. b, Recognition of −4RFSR−1 (R-X-X-R) by FEM1C. The peptide residues and FEM1C
residues involved in the intermolecular interactions are labelled, and shown in yellow and blue sticks, respectively. c, The electrostatic surface of the
FEM1C ankyrin repeats (1-240) bound with the Clone13 −6TQGRAR−1, d, Recognition of −4GRAR−1 (R-X-R) by FEM1C. e, The electrostatic surface of the
FEM1C ankyrin repeats (1-240) bound with the peptide −7LLKELRG−1. f, Recognition of −5KELRG−1 (K-X-X-RG) by FEM1C. g, The electrostatic surface of the
FEM1C ankyrin repeats (1-240) bound with CDK5R1. (h) Recognition of −9KRLLLGLDR−1 by FEM1C. (c), (e), and (g) are shown in a manner similar to that
shown in Extended Data Fig. 5a, while (d), (f), and (h) are shown in a way similar to that shown in Extended Data Fig. 5b.
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Extended Data Fig. 6 | Comparison of the binding of K-X-X-R binding mode (SIL1) with that of a, R-F-S-R binding mode (OR51B2), b, G-R-A-R (Clone13),
and c, K-X-X-RG (SIL1_R/RG). In (a)–(c), the SIL1 peptide is shown in yellow ribbon, with key reisdues shown in sticks. The SIL1 interaction residues of
FEM1C are shown in blue sticks. The peptides of OR51B2, Clone13, and SIL1_R/RG are shown in gray ribbon, with key residues shown in sticks. The FEM1C
residues that interact with OR51B2, Clone13, or SIL1_R/RG are shown in grey sticks. Different conformations of key residues are highlighted by red circles.
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Extended Data Fig. 7 | Distince binding properties of FEM1B and FEM1C. a, b, ITC binding curves of CDK5R1 binding to FEM1B1-356 (a) and FEM1C1-390 (b).
c, d, ITC binding curves of FEM1C1-390 triple mutant H155N/N183A/D188F titrated with SIL1452-461 (c) and CDK5R1298-307 (d).
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Extended Data Fig. 8 | Comparison of the Arg−1 binding pocket of FEM1C with other arginine binding modules. a, Recognition of Arg−1 (yellow)
by FEM1C (blue). b, Recognition of Rme2 (yellow) of PIWIL1 by SND1 (red) (PDB: 3OMC). c, Recognition of Arg/N-degron (yellow) by p62 ZZ domain
(red) (PDB: 6MIU).
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Extended Data Fig. 9 | Comparison of the Arg/C-degron recognition by FEM1C with that of Gly/C-degron by KLHDC2. The electrostatic surface of
FEM1C and KHLDC2 are shown. a, SIL1 binding surface of FEM1C. The SIL1 peptide is shown in yellow ribbon, with Arg-1 and Lys-4 sown in sticks. FEM1C
residues involved in the interaction with Arg-1 and Lys-4 are also shwon in sticks. b, di-glycine binding surface of KHLDC2 (PDB: 6DO3). The di-glycine are
shown in yellow sticks, and the KLHDC2 residues involved in binding to di-glycine are also shown in sticks.
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Data collection

Western blot data were imaged by Amersham Imager 680 (Cytiva) using ImageQuant TL software v8.2.
Flow data were collected using LSRFortessa cell analyzer (BD Biosciences) using BD FACSDiva software v8.0.2.
ITC binding experiments were carried out on a MicroCal iTC200 calorimeter (GE Healthcare)

Data analysis

Crystallographic data processing and refinement was done using HKL2000/3000 or XDS56. The low resolution model of SeMet FEM1B
(1-356) was solved by CRANK2, built manually by COOT (Wincoot 0.8.9.2), and refined by Phenix 1.14-3260. Other peptide bound
structures were solved by molecular replacement with FEM1C(1-403) as the search model and were further refined by Phenix 1.14-3260.
Structure figures were made with PyMOL 1.7.
ITC binding data were analyzed by MicroCal PEAQ-ITC Analysis software (Malvern Panalytical, UK).
Flow data were analyzed with FlowJo v.10 (Becton Dickinson).
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The structure data were deposited into PDB (http://www.rcsb.org/) under accession codes 6LBN, 6LBG, 6LE6, 6LDP, 6LEN, 6LEY, 6LF0, 6LBF and 7CNG. Source data
are provided with this paper.
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Flag (F3165, Sigma-Aldrich), Tubulin (MS581P1, Fisher Scientific), Peroxidase AffiniPure Goat Anti-Rabbit (111-035-144) and Goat
Anti-Mouse (#115-035-003) (Jackson ImmunoResearch )
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All antibodies are commercial and were validated by the manufacturer for the purpose used in this study, i.e. immunoblotting
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