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C A N C E R

Two diphosphorylated degrons control c-Myc 
degradation by the Fbw7 tumor suppressor
Markus Welcker1,2†, Baiyun Wang3,4†, Domniţa-Valeria Rusnac3,4, Yasser Hussaini1,2, 
Jherek Swanger1,2, Ning Zheng3,4‡, Bruce E. Clurman1,2*‡

c-Myc (hereafter, Myc) is a cancer driver whose abundance is regulated by the SCFFbw7 ubiquitin ligase and proteasomal 
degradation. Fbw7 binds to a phosphorylated Myc degron centered at threonine 58 (T58), and mutations of Fbw7 
or T58 impair Myc degradation in cancers. Here, we identify a second Fbw7 phosphodegron at Myc T244 that is 
required for Myc ubiquitylation and acts in concert with T58 to engage Fbw7. While Ras-dependent Myc serine 62 
phosphorylation (pS62) is thought to stabilize Myc by preventing Fbw7 binding, we find instead that pS62 greatly 
enhances Fbw7 binding and is an integral part of a high-affinity degron. Crystallographic studies revealed that 
both degrons bind Fbw7 in their diphosphorylated forms and that the T244 degron is recognized via a unique mode 
involving Fbw7 arginine 689 (R689), a mutational hotspot in cancers. These insights have important implications 
for Myc-associated tumorigenesis and therapeutic strategies targeting Myc stability.

INTRODUCTION
The Myc oncoprotein is a basic helix-loop-helix transcription factor 
(TF) that dimerizes with Max and controls both specific target genes 
and global transcriptional amplification (1, 2). Myc has far-reaching 
biologic activities in cellular processes such as proliferation, differ-
entiation, metabolism, stem cell biology, and apoptosis (2, 3). A 
network of Myc-binding proteins regulates Myc’s various functions, 
and normal cells use many mechanisms to tightly control Myc 
activity and abundance (4). Myc is a potent oncoprotein that drives 
numerous hallmarks of tumorigenesis. Tumors disrupt Myc regula-
tion in several ways, including genomic alterations (e.g., translocations 
and amplification), mutations of Myc itself, and post-translational 
controls such as Myc degradation (2, 5, 6). Murine and human cell 
models have shown that Myc-associated cancers remain highly 
dependent on Myc activity, which has led to numerous therapeutic 
strategies that seek to antagonize Myc function (7–9).

Phosphorylation-dependent Myc degradation driven by the 
SCFFbw7 ubiquitin ligase is commonly targeted by mutations in 
cancers. Fbw7 is a substrate receptor of an SCF (Skp1/Cul1/F-box 
protein) ubiquitin ligase that binds to phosphorylated substrates via 
its -propeller WD40 domain and to the rest of the SCF complex 
through its F-box motif (10). Fbw7 thus brings substrates into prox-
imity with ubiquitin-conjugating enzymes that attach polyubiquitin 
chains to substrates to signal their proteasomal degradation. Fbw7 
targets ~30 known substrates for degradation, most of which are TFs 
and key oncoproteins (e.g., Myc, Notch, and Jun) (11, 12). Fbw7 is 
one of the most mutated tumor suppressor genes and exhibits an 
unusual mutational spectrum. Most common are heterozygous 
missense mutations, targeting one of three arginine residues 
(termed Fbw7ARG) that directly interact with phosphorylated 
substrates (11, 13).

Fbw7 forms homodimers with important functional consequences. 
First, dimers can potentially interact with two substrate degrons 
simultaneously, which enables high-avidity binding between Fbw7 
and substrates with low-affinity suboptimal degrons (14, 15). Next, 
Fbw7 dimerization can expand the range of substrate lysines that 
are accessible for ubiquitin conjugation (16, 17). Last, dimerization 
may explain the predominance of heterozygous Fbw7ARG mutations 
in cancer, which are thought to dominantly inhibit wild-type (WT) 
Fbw7 by forming impaired Fbw7wt/Fbw7ARG heterodimers (10, 13, 18).

Fbw7 substrates contain a consensus degron motif that must be 
phosphorylated in its central position to bind Fbw7. Most Fbw7 
substrate degrons are also phosphorylated in their +4 position, which 
is sometimes replaced by a negatively charged amino acid (10). The 
Myc threonine 58 (T58) region is a consensus Fbw7 degron in 
which T58 and serine 62 (S62) are the central and +4 residues, 
respectively (19, 20). T58 phosphorylation is catalyzed by glycogen 
synthase kinase 3 (GSK3) and requires a priming phosphorylation 
at S62 (21–23). Previous studies found that oncogenic Ras signaling 
appeared to increase S62 phosphorylation and Myc stability, which led 
to the hypothesis that opposing degron phosphorylations regulate 
Myc turnover: S62 phosphorylation stabilizes Myc by preventing 
Fbw7 binding, whereas T58 phosphorylation triggers Fbw7 binding 
and Myc degradation (24–27). The notion that a “stabilizing” S62 
phosphorylation in Myc is required to prime a “destabilizing” T58 
phosphorylation is paradoxical and has been reconciled by a model 
in which S62 must be dephosphorylated before Fbw7 binding to 
T58 monophosphorylated Myc (28, 29). However, this model differs 
markedly from how phosphorylation regulates other Fbw7 substrates, 
in which +4 phosphorylation increases degron affinity (16, 30, 31).

Here, we dissected the Fbw7-Myc interaction with an array of 
methodologic approaches. We identify a second diphosphorylated 
degron in Myc, which synergizes with the T58 phosphodegron to bind 
Fbw7, and we elucidate a critical positive role of S62 phosphoryl
ation in forming a high-affinity complex with the F-box protein. 
We show that the two Myc degrons are simultaneously recognized 
by dimeric Fbw7, which drives Myc turnover. Our data provide 
mechanistic insights into the complex interactions between the 
Myc oncoprotein and the Fbw7 tumor suppressor that have important 
implications for both tumorigenesis and cancer therapy.

1Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, WA 
98109, USA. 2Human Biology Division, Fred Hutchinson Cancer Research Cen-
ter, Seattle, WA 98109, USA. 3Department of Pharmacology, University of Washington, 
Seattle, WA 98195, USA. 4Howard Hughes Medical Institute, University of Washington, 
Seattle, WA 98195, USA.
*Corresponding author. Email: bclurman@fredhutch.org
†These authors contributed equally to this work as co–first authors.
‡These authors contributed equally to this work as co–senior authors.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:bclurman@fredhutch.org﻿


Welcker et al., Sci. Adv. 8, eabl7872 (2022)     28 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 12

RESULTS
Identification of a second Fbw7 phosphodegron in Myc
We and others previously identified the Myc T58 phosphorylation 
site as an essential part of an Fbw7 phosphodegron that regulates 
Myc protein stability (19, 20). Although T58 phosphorylation is re-
quired for Fbw7 recognition, Myc containing an alanine mutation 
at T58 (T58A) still binds to coexpressed Fbw7 lacking the F-box 
(F to uncouple binding from turnover). This interaction was 
dependent on phosphorylation, because it was lost with a cancer-
associated arginine mutation (∆FARG) (Fig. 1A), which compromises 
the Fbw7 arginine triad responsible for binding degron phosphates. 
This unexpected result strongly suggested the presence of a second 
phosphorylation-dependent Myc motif that directs Fbw7 binding. 
Myc contains a potential second phosphodegron at amino acid 

T244 near a cancer-associated minor hotspot in lymphomas (32), 
and this region is also mutated in some transforming v-Myc 
oncogenes found in avian retroviruses (Fig. 1B). These findings 
prompted us to test whether this motif constitutes a second Fbw7 
binding element. Figure 1C shows that, in cotransfection assays, 
Myc binds to Fbw7 when either T58 or T244 are mutated, but that 
binding is lost only when both sites are disabled, suggesting that 
either can mediate Fbw7 binding. As expected for canonical Fbw7 
degrons, binding via the T244 degron required T248 (the +4 posi-
tion) and was impaired by mutating the central threonine to serine, 
which reduces binding affinity (Fig. 1D) (33). These data suggested 
that both T244 and T248 are phosphorylated in vivo, because bind-
ing of a phosphodegron typically depends on phosphorylation of 
both sites.
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Fig. 1. Identification of the T244 degron. (A) HEK293 cells were cotransfected with HA-Myc and FLAG-Fbw7, and lysates were immunoprecipitated (IP) with FLAG antibody 
and blotted with HA antibody. F-box deletion (∆F) uncouples binding from turnover. (B) Alignment of the T58 and T244 degrons. (C and D) Assays as in (A). To isolate the T244 
degron, all mutants were made in a T58A mutant background in (D). S252 was tested for its potential role as a priming site for degron phosphorylations. (E) Quantitative 
peptide competition analysis of Myc peptides with a cyclin E pT380/pS384 degron peptide for Fbw7 binding as measured in arbitrary fluorescent units (AFU). (F) Myc or 
mutants were immunoprecipitated from transfected HEK293 cell lysates, and washed beads were subjected to in vitro ubiquitylation. Fbw7 was omitted in lane 4 (−Fbw7) 
as negative control. Reactions were analyzed by Western blotting. (G) HeLa and U2OS cell lines were treated with proteasome inhibitor Velcade for 4 hours (lanes 2 and 4), 
and lysates were immunoprecipitated against Myc and blotted as indicated. While Myc levels increase upon proteasome inhibition, pT244 appears to be increased relative 
to total Myc levels. (H) Isogenic DLD1 WT cells or their homozygously mutated cell lines (T244A or Fbw7 deletion) were treated with MLN4924 (right lanes only), and lysates 
were immunoprecipitated against Myc and blotted as indicated. Asterisk marks an antibody cross-reaction of the IP antibody heavy chain. (I) DLD1 cells or isogenic derivatives 
homozygously deleted for Fbw7 or T244A Myc mutated were treated with cycloheximide (CHX) and blotted for Myc steady-state abundance. Proliferating cell nuclear 
antigen (PCNA) serves as loading control. Bands were quantitated and plotted on the right.
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To validate this idea, we quantified the in vitro binding affinity 
between Fbw7 and the T244 degron in its three phosphorylation 
states using the amplified luminescent proximity homogeneous assay 
(ALPHA) (Fig. 1E). In this assay, untagged T244 degron phospho-
peptides were used to compete with a biotinylated cyclin E pT380/
pS384 degron peptide for Fbw7 binding. The diphosphorylated 
T244 degron (pT244/pT248) interacts with Fbw7 with an affinity of 
about 260 nM, whereas the T244 monophosphorylated peptide 
(pT244) had a 24-fold reduction in its affinity toward Fbw7. We did 
not detect any competition with a T248 monophosphorylated peptide 
(pT248). These data directly support the notion that phosphorylation 
at both sites is required for high-affinity Fbw7 binding.

We next tested whether the putative T244/T248 degron directs 
Myc ubiquitylation. Figure 1F shows that, compared with WT Myc, 
mutation of either T58 or T244 compromised in vitro Myc ubiqui-
tylation by SCFFbw7 and completely abolished ubiquitylation when 
both sites were mutated. Therefore, although each degron may alter-
natively bind to Fbw7 upon coexpression, as shown in Figure 1C, the 
efficiency of in vitro Myc ubiquitylation is maximized when both 
degrons are present.

To study the role of endogenous Myc T244 phosphorylation, we 
developed an anti–phospho-T244 Myc mouse monoclonal antibody, 
which readily demonstrated T244 phosphorylation on ectopic Myc 
(fig. S1). Endogenous Myc T244 phosphorylation was harder to detect 
but was specifically enriched (compared to total Myc abundance) 
upon proteasome inhibition, which is consistent with a role in Myc 
turnover (Fig. 1G). We next generated endogenous Myc T244A 
homozygous knockin DLD1 colorectal carcinoma cells, in which 

T244 was mutated to alanine (T244A) and thus cannot be phos-
phorylated (fig. S2). Myc abundance was elevated in T244A cells 
(compared to isogenic WT cells) and mirrored Myc abundance in 
isogenic Fbw7-deleted cells (Fig. 1H). Endogenous Myc T244 phos-
phorylation was undetectable in WT cells but strongly increased in 
Fbw7 knockout cells and upon inhibition of Fbw7 function by a 
pharmacologic Cullin neddylation inhibitor, MLN4924. Thus, like 
rate-limiting degron phosphorylations in other Fbw7 substrates, the 
amount of T244-phosphorylated Myc was dependent upon Fbw7 and 
proteasome function. Myc half-life was extended in T244A cells to 
a similar degree as seen in Fbw7 knockout DLD1 cells, as shown by 
its slowed decay upon cycloheximide (CHX) treatment (Fig. 1I). 
In summary, these data identify a second Fbw7 phosphodegron in 
Myc at T244/T248 that regulates Fbw7 binding and Myc stability.

Structural analysis of the T244 degron
To further verify that the T244 degron acts as a canonical phospho-
degron for Fbw7 binding, we determined the crystal structure of 
Fbw7 in complex with the diphosphorylated degron peptide at 2.55 Å 
resolution (Fig. 2A and table S1). The Myc T244 degron is anchored 
to the top surface of the Fbw7 WD40 domain. Its core region (resi-
dues 244 to 248) adopts the same conformation as the cyclin E T380 
degron, where the two phosphorylated residues make a network of 
hydrogen bonds and electrostatic contacts with a host of Fbw7 amino 
acids, including three hallmark cancer hotspot arginine residues 
(R465, R479, R505, and Y519 for Myc pT244; and S462, T463, R441, 
and R479 for Myc pT248). Unlike the cyclin E T380 degron, however, 
the Myc T244 degron can only be traced up to the −3 position 
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Fig. 2. Structure analysis of the T244 degron. (A) Close-up view of the interface formed between Fbw7 and the Myc T244 degron. Fbw7 is colored in cyan with its 
Myc-interacting residues shown in sticks. The Myc T244 degron is colored in salmon. Hydrogen bonds and electrostatic interactions are indicated by yellow dashed lines. 
(B to D) HEK293 cells were transfected as indicated, immunoprecipitated against FLAG-Fbw7 (∆F), and blotted for associated Myc with HA antibody. (E) Alignment of the 
Fbw7 region centered at R689 (red). Bird, chicken; fish, zebrafish; frog, Xenopus; worm, Caenorhabditis elegans; fly, fruitfly; and polyp, Hydra vulgaris. Polyp Fbw7 was as-
sembled from predicted partial transcripts. (F) Alignment of the T244 degron. The central 0 and +4 position phosphorylations are in black and bold, and the conserved 
negative charge in −1 is in red. Fruitflies lack the T58 degron entirely and contain two versions of the T244 degron instead, while hydra’s Fbw7 degrons are reversed such 
that the T244-type degron is located at the N terminus.
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upstream of the central threonine. Such a binding mode could be 
associated with two glutamate residues (E242 and E243), which are 
immediately upstream of T244 and are distinct from the hydrophobic 
residues that are favored in these positions for other degrons. In the 
crystal structure, the side chain of E243 at the −1 position makes 
electrostatic interactions with the guanidinium group of Fbw7 R689, 
whereas E242 at the −2 position is in close vicinity to Fbw7 tyrosine 545 
(Y545). Together, they deviate the N-terminal region of the Myc 
T244 degron from the hydrophobic interactions cyclin E’s T380 
degron makes with Fbw7.

Consistent with the crystal structure, and in contrast to the T58 
degron, Fbw7 binding to the T244 degron exhibited strong R689 
dependence as evidenced by the inability of T58A Myc (which uses 
the T244 degron) to bind to an Fbw7 R689W mutant (Fig. 2B). R689 
is a mutational hotspot in cancer and is most commonly converted 
to either tryptophan (W) or glutamine (Q) (fig. S3A). Fbw7 binding 
via the Myc T244 degron was also dependent on E243, as a cancer-
derived E243G mutant was severely compromised in Fbw7 binding 
(Fig. 2C). The residual binding of the E243G mutant is likely due to 
additional water-mediated backbone contacts made by R689, which 
may explain the more severe effect upon R689 mutation. Converting 
the Myc T244 degron glutamates in the −1 and −2 positions (E242 
and E243) to hydrophobic leucine residues, as found in cyclin E and 
other substrates, restored binding to Fbw7 R689W (Fig. 2D), likely 
due to compensatory interactions of these residues with Fbw7’s 
hydrophobic groove, as described for cyclin E. Both Fbw7 R689 and 
Myc E243 are highly conserved throughout evolution (Fig. 2, E and F). 
These findings expand the Fbw7 degron consensus motif and suggest 
a critical role for R689 in substrate binding. We also determined 
how additional tumor-derived T244 degron mutations affect Fbw7 
binding and Myc T244 phosphorylation. While not as crucial as the 
core degron phosphorylation sites (T244 and T248), other proximal 
mutations also decreased T244 phosphorylation and Fbw7 binding, 
suggesting that they result in intermediate disruption of Fbw7-
mediated Myc turnover in cancers (fig. S3, B and C).

S62 phosphorylation stimulates Myc-Fbw7 binding
Because the T244 degron and other Fbw7 degrons use two phosphates 
to bind Fbw7, we reexamined how phosphorylation regulates the 
Myc T58 degron interaction with Fbw7. We used the ALPHA-based 
competition assay to determine the binding affinity of T58 degron 
peptides in different phosphorylation states with Fbw7. The affinity 
of the diphosphorylated pT58/pS62 Myc peptide for Fbw7 was about 
150-fold higher than monophosphorylated pT58 Myc (9.8 versus 
1320 nM) (Fig. 3A). Thus, S62 phosphorylation greatly increases, 
rather than decreases, the affinity of Myc for Fbw7. Accordingly, an 
S62A mutation prolonged Myc’s half-life in proliferating cells 
(fig. S4), although it is not possible to determine a role of pS62 in-
dependent of its priming function for T58 phosphorylation.

To further elucidate the role of S62 phosphorylation in Fbw7 
binding, we determined the crystal structure of a pT58/pS62 Myc 
peptide bound to Fbw7. The core region (residues 58 to 62) aligns 
perfectly with the corresponding region of the Myc T244 degron and 
the cyclin E T380 degron (Fig. 3, B and C). Notably, pS62 forms 
hydrogen bonds with the side chains of Fbw7 S462, T463, R441, and 
R479 in the exact same manner as the +4 phosphorylations of the 
Myc T244 degron (pT248) and the cyclin E T380 degron (pS384). 
This is consistent with the enhanced Fbw7 binding affinity by the 
phosphorylation of S62 as measured in our peptide competition 

assay. The upstream region (residues 53 to 57) of the T58 degron 
packs against the hydrophobic groove of Fbw7 analogous to the 
cyclin E T380 degron, but the conformation of this region varies 
considerably. Binding of the T58 upstream region is accompanied 
by water-mediated hydrogen bonds formed between the backbone 
carbonyl group of proline 57 (P57) and the hydroxyl group of Fbw7 
Y545. Together, the extensive contacts between the Myc T58 degron 
and Fbw7 are in accordance with their high binding affinity in 
the single-digit nanomolar range and hinges on phosphorylation of 
both T58 and S62.

We also determined the role of S62 phosphorylation in Fbw7-Myc 
binding in vivo. T58 monophosphorylated Myc was proposed to be 
the preferred Myc species for Fbw7 binding in cells (26), but the 
dependence of T58 phosphorylation on prior S62 priming phos-
phorylation makes it difficult to produce the T58 monophosphorylated 
Myc needed to test this model that is not also S62 phosphorylated. 
Enforced GSK3 expression overcame this limitation, because it was 
able to phosphorylate T58 in an S62A mutant and to a similar ex-
tent as seen with WT Myc (Fig. 3D). We generated T58 monophos-
phorylated Myc S62A and also isolated Fbw7 binding via the T58 
degron by using Myc T244A. As shown in Fig. 3E, binding of T58 
monophosphorylated Myc to Fbw7 is severely compromised com-
pared with WT Myc. In contrast, a Myc S62E mutation that mimics 
S62 phosphorylation restored Fbw7 binding (Fig. 3F). In agreement 
with our in vitro and structural results, S62 phosphorylation in-
creased binding of Myc to Fbw7 also in a cellular context.

S62 is phosphorylated in Fbw7 complexes
To determine whether pS62 must be dephosphorylated for Fbw7 
binding (26), we assessed Myc’s phosphorylation status in Fbw7 
complexes. We functionally isolated the T58 degron by using a 
T244A mutant and disabled Myc turnover with Fbw7 (∆F) (Fig. 4A). 
Both pT58 and pS62 were detected in Myc T244A bound to Fbw7 
F, indicating that pS62 Myc is not excluded from Fbw7 complexes 
mediated via the T58 degron. The specificity of the commercial 
phospho-antibodies was confirmed with transfected mutant HA 
(hemagglutinin)-Myc versions of the respective phosphorylation 
sites (fig. S5). We next used two-dimensional (2D) phosphopeptide 
mapping and phospho–amino acid analyses to show that T58 and 
S62 were both phosphorylated on the same Myc T244A molecule 
bound to Fbw7 (Fig. 4B and fig. S6). This analysis only detected di-
phosphorylated pT58/pS62 Myc bound to Fbw7. We did not detect 
T58 monophosphorylated Myc in Fbw7 complexes or otherwise. 
Endogenous S62-phosphorylated Myc also bound exogenous Fbw7 
when its turnover was prevented by either an Fbw7 F-box deletion 
or by coexpression of dominant-negative Cul1 (dnCul1) (Fig. 4C). 
Last, endogenous Myc S62 phosphorylation was readily detected in 
endogenous Fbw7 immunoprecipitates from DLD1 cells treated with 
MLN4924 (to allow stable Fbw7-Myc binding) (Fig. 4D). Therefore, 
S62 phosphorylation does not prevent Myc from binding to Fbw7 
and does not need to be dephosphorylated for this interaction.

We also examined how Fbw7 function regulates pS62 Myc abun-
dance. Analogously to total Myc, pS62 Myc was eliminated by coex-
pressed Fbw7 (Fig. 4E). Conversely, pS62 Myc accumulated in Fbw7 
complexes with similar kinetics as pT58 Myc in MLN4924-treated 
cells to inhibit the ubiquitin ligase (Fig. 4F and fig. S7) and was 
rapidly lost from Fbw7 complexes upon reactivation of the ligase via 
drug washout (Fig. 4G). pS62 Myc was also stabilized to the same 
extent as total Myc in Fbw7-deleted cells (∆Fbw7), as shown by its 



Welcker et al., Sci. Adv. 8, eabl7872 (2022)     28 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 12

slowed decay after CHX treatment, compared with WT cells (Fig. 4H). 
Last, in vitro Myc ubiquitylation by recombinant SCFFbw7 revealed 
S62 phosphorylation in high–molecular weight Myc-ubiquitin conju-
gates (Fig. 4I). Collectively, these data show that S62 phosphorylation 
does not prevent Fbw7 binding or Myc turnover in cells or inhibit 
Fbw7-mediated Myc ubiquitylation. Rather, S62 phosphorylation 
increases Myc’s affinity for Fbw7 and binds to the +4 phosphate-
binding pocket analogously to the high-affinity cyclin E T380/S384 
degron. The binding of the Myc T58 degron to Fbw7 thus exhib-
its the same dependence on two degron phosphates as found in 
other substrates.

The T58 and T244 degrons cooperatively drive  
Fbw7 binding
Fbw7 is a dimeric protein, and the presence of two Myc degrons 
suggested that they may potentially cooperate to recruit Fbw7 dimers 
(14). We thus tested this idea and found that Myc degron coopera-
tion and a binding requirement for Fbw7 dimers depended on the 
abundance of Myc and whether we studied exogenous or endogenous 
Myc. In the case of overexpressed Myc, each degron independently 
mediated stable Fbw7 binding (Fig. 1C), and therefore binding did 
not require Fbw7 dimerization, as shown by similar amounts of Myc 

binding to either Fbw7 dimers (∆F) or monomers (∆FD) (Fig. 5A). 
In contrast, the endogenous Myc-Fbw7 interaction requires Fbw7 
dimers. We used HCT116 cells that we previously engineered to only 
express endogenous Fbw7 monomers due to homozygous deletion 
of the Fbw7 dimerization domain (D) (14). Endogenous Myc bind-
ing to endogenous Fbw7 was severely impaired in Fbw7D cells 
(Fig. 5B), supporting the idea that, in a physiologic context, endog-
enous Myc uses endogenous Fbw7 dimers, likely to engage two degrons. 
Notably, endogenous Myc from DLD1-T244A cells did not bind to 
endogenous Fbw7 (Fig. 5C), explaining its prolonged half-life (Fig. 1I). 
Therefore, Myc regulation by Fbw7 appears to require both of its 
degrons and Fbw7 dimers. These data also suggest that the Myc T58 
degron alone is insufficient to drive stable Fbw7 binding.

We hypothesized that the different binding requirements for 
endogenous versus overexpressed proteins might be explained by 
the high concentration of overexpressed Myc and/or Fbw7, which 
may overcome normal affinity requirements and allow either degron 
to bind to Fbw7 monomers independently. Endogenous Myc bound 
poorly to ectopic Fbw7 monomers (FD) compared with Fbw7 dimers 
(F), indicating that low Myc levels are critical for Fbw7 dimer–
dependent interactions (Fig. 5D). We thus reduced the amount 
of exogenous Myc expression to physiologic levels, which faithfully 
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Fig. 3. S62 phosphorylation increases the affinity for Fbw7. (A) Quantitative peptide competition assay of T58 degron phosphopeptides with a cyclin E pT380/pS384 
peptide for Fbw7 binding. IC50, median inhibitory concentration. (B) Close-up view of the interface formed between Fbw7 and the Myc T58 degron. Fbw7 is colored in 
cyan, with its Myc-interacting residues shown in sticks. The Myc T58 degron is colored in magenta. Hydrogen bonds and electrostatic interactions are indicated by yellow 
dashed lines. Water is shown in red sphere. (C) Superimposition of the Myc T58, Myc T244, and cyclin E T380 degrons in complex with Fbw7 WD40 domain. (D) Enforced 
GSK3 expression omits the need for pS62 priming. HEK293 cells were transfected with Myc (or phosphosite mutants) and GSK3, and lysates were blotted as indicated. 
This experiment also indicates that S62A mutation preserves the epitope of the phospho-T58 antibody. (E) Lysates of transfected HEK293 cells were immunoprecipitated 
with FLAG antibody against Fbw7 and blotted for Myc and pT58 Myc. All Myc constructs contained a T244A mutation to isolate the T58 degron (see the main text). 
(F) Assay as in (E), except that HA-tagged GSK3 was used and detected along with Myc in the HA blot.



Welcker et al., Sci. Adv. 8, eabl7872 (2022)     28 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 12

recapitulated the dimer-dependent Fbw7 binding seen with endogenous 
Myc (Fig. 5E and fig. S8). These “dimer-dependent” transfection 
conditions enabled us to directly test whether the T58 and T244 
degrons cooperatively recruit Fbw7 dimers. As shown in Fig. 5 
(F, for exogenous Fbw7, and G, for endogenous Fbw7), mutation of 
either degron abolished the Fbw7 interaction, demonstrating that 
the T58 and T244 degrons are simultaneously required for Fbw7 
binding, as are dimers.

Heterozygous Fbw7ARG mutations are thought to act as dominant 
negatives that poison WT Fbw7 through dimerization (10). However, 
the oncogenic consequences of these missense mutations on Fbw7 
function remain poorly understood. We used sequential immuno-
precipitation of differentially tagged Fbw7 constructs to generate 

Fbw7wt/Fbw7ARG heterodimers, consisting of one WT protomer and 
one Fbw7ARG mutant protomer, to prove that Fbw7 binding to 
endogenous Myc requires two functional protomers in the Fbw7 
dimer. HA-tagged Fbw7∆F was coexpressed with either FLAG-
Fbw7F or FLAG-Fbw7∆FARG in human embryonic kidney 
(HEK)293 cells, sequentially immunoprecipitated to specifically pull 
down Fbw7wt/Fbw7ARG heterodimers (see legend) and blotted for 
associated endogenous Myc (Fig. 5H). As expected, Fbw7wt/Fbw7wt 
dimers bound to endogenous Myc (lane 3). However, Fbw7wt/
Fbw7ARG heterodimers failed to bind Myc (lane 4). We further ex-
amined the importance of Fbw7 dimerization on endogenous Myc 
stability by measuring Myc turnover in HCT116 cells with engineered 
homozygous D or heterozygous Fbw7+/ARG mutations, which 

   

E

Fig. 4. S62 is phosphorylated in cellular Fbw7 complexes. (A) HEK293 cells were transfected with Myc T244A (to isolate the T58 degron) and Fbw7 (∆F) and lysates 
analyzed as indicated. (B) HEK293 cells transfected as in (A) were radiolabeled, and Fbw7-associated Myc was subjected to 2D phospho-peptide analysis. Only pT58/pS62 
diphosphorylated peptides were identified in Fbw7 complexes (for details, see fig. S6). (C) Coimmunoprecipitation of endogenous (endo) Myc with transfected Fbw7 
from HEK293 cell lysates. The interaction was stabilized either by F-box deletion (∆F) or with dominant-negative Cul1 (dnCul1). (D) Coimmunoprecipitation of endogenous 
Myc with endogenous Fbw7 from DLD1 cells treated with MLN4924 (4 hours). Isogenic DLD1 ∆Fbw7 cells serve as “no bait” control. (E) HEK293 cells were cotransfected and 
blotted as indicated (PCNA: loading control). (F) HEK293 cells were transfected with Fbw7, treated with MLN4924, and analyzed as indicated (PCNA: loading control). (G) Assay 
similar to (F). Samples in lanes 3 and 4 were treated with MLN4924 (4 hours). The last sample (lane 4) was washed and incubated in fresh media for one additional hour. 
(H) Isogenic HCT116 cells (WT or ∆Fbw7) were treated with CHX for the indicated times, and lysates were blotted for endogenous Myc or pS62 (PCNA: loading control). 
Quantification on the right. (I) Myc immunoprecipitated from transfected HEK293 cells (left) or endogenous Myc from DLD1 ∆Fbw7 cells (right) was subjected to in vitro 
ubiquitylation (Ub) for the indicated times and blotted for Myc or pS62. Fbw7 was omitted in the last lane (−Fbw7) as a control.



Welcker et al., Sci. Adv. 8, eabl7872 (2022)     28 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 12

either eliminate or reduce the amount WT Fbw7 dimers, respectively. 
Myc was stabilized in both backgrounds, although somewhat less so 
in Fbw7+/ARG cells, because of residual WT Fbw7 homodimers 
produced by the remaining Fbw7 WT allele (presumably ~25%) 
(fig. S9). Collectively, these data strongly support our model that 
the two Myc degrons cooperatively engage the two promoters of 
an Fbw7 dimer (Fig. 6).

DISCUSSION
While several Myc ubiquitylation pathways are known (26), 
phosphorylation-dependent Myc degradation involving the T58 
degron and Fbw7 is the most studied, largely because of its critical 
role in tumorigenesis. This pathway first came to light with the 
realization that v-Myc genes in avian retroviruses and translocated 
Myc alleles in Burkitt lymphomas share T58 mutations that 

deregulate Myc activity and impair its turnover (34–37). The identifi-
cation of Fbw7 as a tumor suppressor that targets T58-phosphorylated 
Myc demonstrated that this pathway is also disrupted by Fbw7 muta-
tions in tumors (11).

Ras-driven mitogenic pathways stabilize Myc, and this has been 
linked to increased S62 phosphorylation (24, 25). Moreover, studies 
in transgenic mouse and cell models have found different pheno-
types associated with T58A and S62A mutations, lending additional 
support to the idea that these phosphorylations have distinct func-
tions (22, 28, 38–40). However, the precise role of S62 has remained 
confusing in that the proposed stabilizing function of S62 phos-
phorylation seems inconsistent with its priming function for the 
destabilizing T58 phosphorylation by GSK3. Resolution of this 
conundrum is relevant to understanding normal and oncogenic Myc 
regulation, for instance, via oncogenic Ras signaling (41). It is also 
critical for the ongoing development of therapeutic approaches seeking 

A

E F

G H

B C D

Fig. 5. Myc degrons cooperate to recruit Fbw7 dimers. (A) HEK293 cells were cotransfected with FLAG-Fbw7 and HA-Myc and analyzed as indicated. ∆FD has a deletion 
in the Fbw7 dimerization domain in addition to the F-box (∆F). (B) HCT116 or their isogenic gene-targeted cell lines were treated with MLN4924 (4 hours) and lysates were 
analyzed by reciprocal immunoprecipitations. (C) DLD1 cells or their isogenic gene-targeted derivatives were treated with MLN4924 (4 hours) and lysates were analyzed 
by reciprocal immunoprecipitations. (D) HEK293 cells were transfected with the indicated Fbw7 constructs and analyzed for associated endogenous Myc. (E and F) Assay 
as in (A), except cells were cotransfected with 50 ng (E) or 100 ng (F) of Myc DNA per 6-cm dish [as compared with 1.5 g in (A)]. Exogenous HA-Myc migrates just above 
endogenous Myc. Myc was blotted with anti-Myc antibody to detect both endogenous and exogenous proteins. (G) HA-Myc and its phosphorylation site mutants were 
transfected at physiologic levels (300 ng of DNA per 10-cm dish), and cells were treated with MLN4924 (4 hours) and analyzed as indicated. (H) HEK293 cells were cotransfected 
with differentially tagged Fbw7 (∆F), and lysates were first immunoprecipitated anti-FLAG, eluted with FLAG peptide and subjected to a second immunoprecipitation 
anti-HA to specifically isolate heterodimers, and analyzed by Western blotting.
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to provoke Myc degradation in tumors via altered phosphorylation. 
Here, we describe new functions for Myc regulatory phosphorylations, 
including the following: (i) the identification of the T244 degron as 
a signal that is essential for Fbw7-mediated Myc turnover, (ii) the 
finding that S62 phosphorylation promotes Fbw7-mediated Myc 
ubiquitylation and degradation and greatly increases the affinity of 
the T58 degron for Fbw7, and (iii) that cooperative interactions of 
both Myc degrons with dimeric Fbw7 is required for Fbw7-mediated 
Myc ubiquitylation. Our study uncovers the complex circuitry 
underlying phosphorylation-induced degradation of Myc and 
demonstrates that S62 phosphorylation plays an integral role in 
driving this degradation.

How do we reconcile these findings with previous studies indi-
cating that pS62 stabilizes Myc and must be dephosphorylated for 
Fbw7 binding? While most previous studies correlated S62 phos-
phorylation with Myc stability (27, 28), we directly determined how 
pS62 affects Fbw7 binding. The previously reported stabilizing as-
pects of pS62 could thus reflect pathways associated with S62 phos-
phorylation that do not involve Fbw7 binding, such as nuclear pore 
association (42). The finding that oncogenic Ras stabilizes Myc, in 
part, through an Fbw7-independent pathway supports this possibility 
(41). T58 degron phosphorylations also affect Myc in other ways, such 
as altered transcriptional activity, which may contribute to the 
reported unique S62A phenotypes, compared with T58A (43–46). 
The many experimental systems used to study Myc stability could 
also lead to discordant results regarding the functions of these phos-
phorylations. For example, we show here that specific Myc-Fbw7 
interactions depend highly upon their relative abundances. In sum-
mary, our data do not exclude Fbw7-independent roles for S62 phos-
phorylation in Myc stability. Instead, they demonstrate that, rather 
than oppose Fbw7 binding, S62 phosphorylation forms an integral 
part of the Fbw7 recognition signal.

The essential role of the T244 degron in Fbw7-mediated Myc 
ubiquitylation adds new complexity to the control of Myc stability 
by yet unidentified signaling pathways. While it shares features of 
canonical Fbw7 degrons such as the central and +4 phosphates, its 
affinity is reduced, and its interaction mode with Fbw7 differs from 
other reported structures. The crystal structure shows that, while the 
T244 core degron interacts with Fbw7 almost identically to both the 
Myc T58 degron and cyclin E T380 degrons, the upstream interac-
tions differ significantly in each structure. For the T244 degron, we 
demonstrate a crucial role for a negative charge in the −1 position 
and Fbw7 R689. While not as common as mutations of the arginine 
residues of the central phosphate-binding triad (Fbw7ARG), R689 is 

a mutational hotspot in cancers that we speculate may be selected 
by the stabilization of substrates with degrons that resemble the 
T244 degron in their −1 upstream position.

The essential role of the T244 degron is compatible with other 
studies of Myc degradation that have focused solely on the T58 
degron. Moreover, its role was only revealed by studying endogenous 
levels of Myc and Fbw7, and this may partly explain why it has gone 
largely unnoticed to date. The large and acidic nature of the tryptic 
peptide containing T244 and T248 likely prevented detection of 
these phosphorylations in 2D phospho-peptide analysis and in pub-
lished proteomic surveys. One other report also found that T244 
phosphorylation may contribute to Myc stability in tumors and 
that this region (especially P245) represents a minor mutational 
hotspot in Burkitt’s and other lymphomas (32). This study noticed 
that P245 mutation phenocopied T58 mutations, and we provide 
the mechanism for this observation here with our model of degron 
cooperation.

The use of Fbw7 dimerization mutants allowed us to ascertain 
that Fbw7 dimers are required for Myc binding via the cooperative 
interactions of the two degrons. We isolated Fbw7 dimers to demon-
strate the importance of a fully functional Fbw7 dimer in Myc bind-
ing, which revealed that Fbw7 heterodimers consisting of Fbw7wt 
and Fbw7ARG protomers cannot bind Myc. This finding has important 
implications for tumorigenesis involving heterozygous Fbw7ARG 
mutations, because their oncogenic phenotypes are thought to be 
different from Fbw7 null mutations and may involve substrate-
specific activities (47). Fbw7+/ARG tumors presumably express a mix-
ture of Fbw7wt/Fbw7wt, Fbw7wt/Fbw7ARG, and Fbw7ARG/Fbw7ARG 
dimers. The finding that the Fbw7wt/Fbw7ARG heterodimers cannot 
bind to Myc shows one way in which these mutations dominantly 
inhibit Fbw7 and suggests that Myc may be a critical target of 
Fbw7ARG mutations in cancers.

Loss of degron cooperation with Fbw7 dimers likely represents 
the underlying reason for the frequent cancer-associated selection 
of heterozygous Fbw7ARG mutations. Two cooperating phospho-
degrons allow for additional control of substrate degradation by the 
signaling pathways that mediate phosphorylation of each degron 
but consequently rely on fully functional Fbw7 dimers for turnover. 
While many substrates may contain a single degron with sufficient 
affinity for Fbw7, cooperating degrons likely have suboptimal affinity 
and synergistically recruit the ligase through their combined avidity. 
Other substrates have been noted to contain secondary degrons, but 
their role in cooperatively binding to Fbw7 dimers is not yet known. 
Substrates may also provide two cooperating degrons via homo- or 
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heterodimerization. For instance, sterol regulatory element–binding 
protein (SREBP) dimers contain a degron in each of its protomers (14). 
Other dimeric ubiquitin ligases also use two degrons to bind to 
substrates. For example, the binding of Nrf2 to Keap1 uses both a 
high- and a low-affinity degron simultaneously (48).

It is perhaps unexpected that the high-affinity T58 degron is 
insufficient to recruit Fbw7 and relies on the cooperation with the 
T244 degron. We thus assume that, at physiologic levels, the T58 
degron somehow cannot use all of the contacts it makes with Fbw7 
in vitro, perhaps due to a binding partner of Myc’s transcriptional 
activation domain that overlaps with a portion of the Fbw7 degron 
and thereby renders the degron ineffective and reliant on the coop-
eration with the T244 degron. This idea might explain the increased 
affinity of the T58 degron upon overexpression if a degron-masking 
binding partner is out-titrated by transfection or perhaps by cancer-
associated overexpression or amplification. If correct, there might 
be physiologic conditions in which the T58 degron may function 
independent of T244 in the absence of this putative binding partner. 
Perhaps this is the case for N-Myc and L-Myc regulation by Fbw7, 
as neither contains a recognizable second Fbw7 degron. In case of 
N-Myc, the partial occupancy of the T58 degron by Aurora kinase 
A leads to N-Myc stabilization (49, 50). The possibility that the T58 
degron may suffice for Fbw7 binding in some conditions, perhaps 
in tumors with high Myc expression, might explain the observation 
that the T244 degron is mutated less frequently than the T58 degron 
in cancers. That is, autonomous T58 degron function might remove 
the selective pressure for T244 mutations. Some degron mutations 
may also have consequences other than just Fbw7 binding, whereas 
others may be deleterious, which may also affect the frequency of 
degron mutations.

Myc degradation has also been linked to its function as a TF, and 
an engineered stable version of Myc that lacks all lysine residues 
(and cannot be ubiquitylated) is unable to stimulate transcription 
(51, 52). These data are also consistent with findings that T58A Myc 
has decreased transactivation potential and fails to induce Bim 
(44, 46). Fbw7-mediated Myc degradation may thus be a crucial 
activator of Myc-induced transcription. Because some Myc turn-
over must be maintained for Myc-induced tumorigenesis, this 
model may help to explain why heterozygous Fbw7ARG mutation is 
favored over complete loss of Fbw7, as cells still contain some WT 
Fbw7 dimers.

While the therapeutic potential of Myc inhibition in cancer is 
clear, TFs are notoriously difficult pharmacologic targets, and Myc 
is often considered “undruggable” (9). Some approaches have 
targeted Myc’s functions as a TF by preventing its association 
with Max (53). Others have targeted Myc abundance, rather than 
activity. For example, bromodomain inhibitors that down-regulate 
Myc transcription are in clinical trials (54–56). Another emerging 
strategy attempts to prevent Myc stabilization in Ras-associated 
cancers by inhibiting kinases that phosphorylate and stabilize Myc, 
including S62 kinases (e.g., ERK5 and CDK9) (41, 57). While the 
mechanism through which these kinase inhibitors destabilize Myc 
is thought to involve pS62 and Fbw7 binding, our data question 
the presumed role of S62 phosphorylation in Myc stabilization and 
show that this is not likely to involve Fbw7. Moreover, our data 
suggest that inhibiting S62 phosphorylation could even be detri-
mental in some cases. A deeper understanding of how phospho
rylations control Myc stability will thus help to advance these 
promising approaches.

MATERIALS AND METHODS
Cell cultures
HEK293, DLD1, HCT116, U2OS, C33A, HeLa, and RPE-1 (Retinal 
Pigmented Epithelial-1) (hTERT) cells were grown in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal calf serum 
and penicillin-streptomycin in standard incubator conditions 
(humidified at 37°C with 5% CO2).

Cell line manipulation and generation
All transfections were done in HEK293 cells using calcium phos-
phate precipitation overnight. Cells were washed and incubated for 
an additional 24 hours before harvest. For CHX treatments, identi-
cally seeded cell dishes were grown to about 75% confluence and 
incubated in CHX (50 g/ml) for the indicated time points. Cell 
treatments with Velcade (500 nM) or MLN4924 (500 nM) were typ-
ically done for 4 hours, unless indicated otherwise. DLD1-T244A 
homozygous knockin cells were generated by adeno-associated virus 
gene targeting as previously described (58). Homozygous deletions 
of Fbw7  in DLD1 and HCT116 cells as well as homozygous 
HCT116-∆D and heterozygous HCT116+/ARG cells were described 
previously (14, 58, 59).

Plasmids and antibodies
Myc and all mutants thereof are in pCS2+ vector containing a single 
HA tag at the N terminus. Fbw7 and all mutants thereof are in 
p3xFLAG-CMV24 (Sigma-Aldrich), except HA-Fbw7, which was 
cloned into pCS2+ with a single N-terminal HA tag. All mutations 
were generated by the QuikChange method (Stratagene) and verified 
by sequencing. Fbw7 ∆F has the entire F-box deleted, while Fbw7 
∆D has a deletion of five critical amino acids in the dimerization 
domain (14). The following antibodies were used: FLAG: M2 
(Sigma-Aldrich), HA: Y11 (Santa Cruz Biotechnology), Myc: D3N8F 
(Cell Signaling Technology), pT58: EPR17923 (Abcam ab185655), 
pS62: ERP17924 (Abcam ab185656), pT244: in-house mouse 
monoclonal, Fbw7: A301-720A and A301-721A (Bethyl Laboratories), 
proliferating cell nuclear antigen (PCNA): PC-10 (Santa Cruz Bio-
technology), and GSK3: 368662 (Calbiochem).

Immunoprecipitation
Cells were harvested on ice in radioimmunoprecipitation assay 
(RIPA) lysis buffer containing protease and phosphatase inhibitors 
and sonicated for 10 s, and lysates were cleared by centrifugation. 
Supernatants were equalized for protein concentration after Bradford 
analysis and added to protein A/G Sepharose beads precoupled with 
the respective antibody. Samples were rotated at 4°C for 90 min, 
and beads were washed and denatured in 2× Laemmli sample buffer by 
heating for 5 min. Samples were then analyzed by immunoblotting.

Immunoblotting
Cells were lysed on ice in RIPA buffer containing protease and 
phosphatase inhibitors and sonicated and cleared by centrifugation. 
Protein concentration was determined by Bradford analysis, and 
supernatants were equalized. Lysates were then used for immuno-
precipitation and/or direct denaturation in 2× or 4× Laemmli sample 
buffer, followed by 5 min of heating at 95°C. Samples were run 
on SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gels for 
separation and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore) by semi-dry electroblotting. Membranes 
were blocked for 10 min in 5% milk and probed with primary 
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antibodies for 1 hour to overnight. Blots were washed, incubated with 
horseradish peroxidase–conjugated secondary antibody, washed again, 
and analyzed by enhanced chemiluminescence either on film (Kodak) or 
by an imager (ChemiDoc Touch Imaging System). Signal quantifica-
tions were performed by digital band analysis using Image Lab software.

In vitro ubiquitylation
Overexpressed or endogenous Myc was immunoprecipitated from 
cells to obtain phosphorylated Myc species. Washed beads were then 
subjected to enzymatic reactions containing E1 (50 ng), E2 (hCDC34 
and UBCH5, both at 500 ng), Fbw7 copurified with Skp1 (40 ng), 
neddylated Cul1 copurified with Rbx1 (50 ng), ubiquitin (5 g), 5 mM 
adenosine 5´-triphosphate, and 2 mM dithiothreitol (DTT) in 
buffer containing 50 mM tris (pH 8), 50 mM NaCl, and 5 mM MgCl2. 
Reactions were incubated at 30°C for the indicated times while 
shaking in the thermal mixer at 1500 revolutions per minute (Boekel 
Scientific), terminated with 4× Laemmli sample buffer, heated for 
5 min, and analyzed by immunoblotting.

2D phospho-peptide mapping and phospho–amino 
acid analysis
Phospho-peptide analysis was essentially performed as in (30). Briefly, 
transfected HEK293 cells were incubated with orthophosphate for 
2 hours (1 mCi/ml), washed, and lysed. Cleared supernatants were 
immunoprecipitated for Myc (with HA antibody) or Fbw7 (with 
FLAG antibody), separated by SDS-PAGE, transferred to PVDF 
membranes, and exposed on film. Radioactive markers were used to 
determine the precise locations of Myc on the membrane, which 
was then excised and trypsinated overnight. Peptides were separated 
on thin layer chromatography (TLC) plates by electrophoresis 
(pH 1.9) and chromatography (isobutyric buffer). Plates were ex-
posed using radioactive markers to precisely locate spots for elution 
of phosphopeptides for phospho–amino acid analysis by acid hydro-
lysis and 2D separation by electrophoresis along with a mix of cold 
phospho–amino acid standards (pS, pT, and pY). Phospho–amino 
acids were visualized with ninhydrin spray, and TLC plates were 
exposed on a PhosphorImager.

Protein purification and crystallization
Glutathione S-transferase (GST)–tagged Fbw7 (residues 263 to 707) 
and a truncated version of Skp1 were coexpressed in BL21 (DE3) 
Escherichia coli (16). The bacteria were lysed using a microfluidizer 
in buffer containing 20 mM tris-HCl (pH 8.0), 200 mM NaCl, 5 mM 
DTT, leupeptin (1 g/ml), pepstatin (1 g/ml), and 100 M phenyl-
methylsulfonyl fluoride. The Fbw7-Skp1 complex was isolated from 
the soluble cell lysate with Pierce Glutathione Agarose (Thermo 
Fisher Scientific). For the peptide competition assay, the complex 
was further purified by a HiTrap Q HP anion exchange column and 
a Superdex 200 increase gel filtration column. For crystallization, the 
GST tag was removed by TEV protease. The complex was further 
purified with anion exchange and gel filtration chromatography 
and concentrated to 13 mg/ml. The crystals of the Fbw7-Skp1 
complex were grown at 25°C using hanging drop vapor diffusion. 
One microliter of the Fbw7-Skp1 complex was mixed with 0.5 l of 
reservoir solution containing 0.1 M bicine (pH 6.5) and 1.6 M 
Li2SO4. Four days later, crystals were harvested and soaked with 
either 1 mM Myc T58 degron peptide or 1 mM Myc T244 degron 
peptide in cryoprotectant [0.1 M bicine (pH 6.5) and 2.2 M Li2SO4] 
for 1 hour before flash freezing in liquid nitrogen. The Myc T58 

peptide sequence is EDIWKKFELLP(pT)PPL(pS)PSRR. The Myc T244 
peptide sequence is PEPLVLHEE(pT)PPT(pT)SSDSEEEQEDEEIDVV.

Data collection and structure determination
X-ray diffraction data were collected at Advanced Light Source 
Beamline 8.2.1. The dataset was integrated and scaled using the 
HKL2000 package (60). The structure was solved by molecular 
replacement and Phaser from the Phenix suite of programs. The 
models were built and refined with COOT and Phenix.

Quantitative peptide competition assay
Synthetic biotinylated cyclin E peptide was captured by streptavidin-
coated AlphaScreen donor beads, while GST-tagged Fbw7 was 
captured by anti-GST AlphaLISA acceptor beads. The donor and 
acceptor beads were brought into proximity by the interactions be-
tween Fbw7 and cyclin E peptides. Upon excitation at 680 nm, the 
donor beads generate singlet oxygen, which will interact with the 
thioxene derivatives on the acceptor beads to emit light at 615 nm. 
Nonbiotinylated Myc T58 or Myc T244 degron peptides were added 
in the reaction to compete with the biotinylated cyclin E peptide to 
bind to Fbw7. The reaction volume is 100 l with 0.3 nM GST-Fbw7, 
3 nM biotinylated cyclin E peptide, donor beads (5 g/ml), acceptor 
beads (5 g/ml), and the indicated concentrations of Myc peptides. 
The assay buffer is composed of 20 mM tris-HCl (pH 8.0), 200 mM 
NaCl, 0.02% Tween 20, and bovine serum albumin (50 ng/ml).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7872

View/request a protocol for this paper from Bio-protocol.
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