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Blocking an N-terminal acetylation-dependent
protein interaction inhibits an E3 ligase
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Vladislav O Sviderskiy', Deepak Bhasin3, Yizhe Chen3°®, Su-Sien Ong?, Sergio C Chai3, Asli N Goktug?,
Guochang Huang?, Julie K Monda', Jonathan Low3, Ho Shin Kim3®, Joao A Paulo*®, Joe R Cannon?,
Anang A Shelat?*®, Taosheng Chen?, lan R Kelsall*®, Arno F Alpi’, Vishwajeeth Pagala®, Xusheng Wang?,
Junmin Peng'8, Bhuvanesh Singh®, J Wade Harper?, Brenda A Schulman'?* & R Kip Guy3°*

N-terminal acetylation is an abundant modification influencing protein functions. Because ~80% of mammalian cytosolic pro-
teins are N-terminally acetylated, this modification is potentially an untapped target for chemical control of their functions.
Structural studies have revealed that, like lysine acetylation, N-terminal acetylation converts a positively charged amine into a
hydrophobic handle that mediates protein interactions; hence, this modification may be a druggable target. We report the devel-
opment of chemical probes targeting the N-terminal acetylation-dependent interaction between an E2 conjugating enzyme
(UBE2M or UBC12) and DCN1(DCUN1D1), a subunit of a multiprotein E3 ligase for the ubiquitin-like protein NEDD8. The inhibi-
tors are highly selective with respect to other protein acetyl-amide-binding sites, inhibit NEDD8 ligation in vitro and in cells, and
suppress anchorage-independent growth of a cell line with DCN1 amplification. Overall, our data demonstrate that N-terminal
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acetyl-dependent protein interactions are druggable targets and provide insights into targeting multiprotein E2-E3 ligases.

ence the interactions and homeostasis of many proteins!.

A widespread conserved eukaryotic modification is N-terminal
acetylation. Approximately 80% of mammalian cytosolic pro-
teins are subject to either co- or post-translational modification
by N-terminal acetyltransferases (NATs)?*?. N-terminal acetyla-
tion plays essential roles in cell proliferation, apoptosis, chromatin
remodeling, protein trafficking, and other fundamental biological
processes>*~’. Mutations in some NAT enzymes have been linked
to devastating human diseases®®. At the molecular level, acetylation
transforms the positively charged N terminus into a hydrophobic
handle by capping the amino group as an amide containing an addi-
tional methyl group’. N-terminal acetylation status can influence
protein properties including folding, oligomerization, and inter-
molecular interactions®. Potentially therapeutically relevant roles
of protein interactions regulated by N-terminal acetylation include
assembly of an E2-E3 ubiquitin-like protein-ligation complex,
nucleosome binding by an epigenetic regulator, cytoskeletal organi-
zation, integrity of the anaphase-promoting complex, and E3 ligase-
substrate interactions!~'2.

Given the prevalence and importance of N-terminal acetylation,
we sought to determine whether chemical disruption of a protein-
protein interaction controlled by this modification might be useful
for manipulating processes regulated by this modification. To our
knowledge, there are no small molecules targeting binding pockets
for acetylated N termini. The recent development of small mol-
ecules targeting binding pockets for acetylated lysines suggests that
inhibiting interactions mediated by acetylated N termini would be
possible!3-15, To address this possibility, we focused on the interaction

Protein N termini are hotbeds for modifications that influ-

between the N-terminally acetylated E2 conjugating (UBE2M, also
known as UBC12) and E3 ligase (DCN1, also known as DCUN1D1,
DCNLI, and SCCRO) enzymes for the ubiquitin-like protein NEDD8
(Fig. 1a). The molecular role of UBE2M’s acetylated N terminus is
structurally understood, and the acetyl group contributes approxi-
mately two orders of magnitude to the binding energy™.

The N-terminal acetylation-dependent interaction of UBE2M
with DCNI regulates assembly of a multiprotein complex catalyz-
ing NEDDS ligation to cullin proteins (Supplementary Results,
Supplementary Fig. 1a). This process, termed ‘neddylation;, controls
the activities of the cullins in ubiquitin-ligation cascades. During
neddylation, the acetylated N-terminal methionine from UBE2M
docks into a pocket in DCNI, which was named on the basis of
its loss of function in yeast and worms, causing defective cullin
neddylation!®!®-2. Within the multiprotein NEDD8 E3 ligase com-
plex, the RING E3 RBX1 (which has multiple functions in neddyla-
tion and ubiquitination) binds both the E2 catalytic domain from
UBE2M and the cullin substrate. DCN1 stabilizes the catalytic com-
plex by binding the cullin’s substrate WHB domain and UBE2M’s
acetylated N terminus on a flexibly tethered helix!**-2! (Fig. 1a).
Mammals express five DCN paralogs with 30-80% sequence iden-
tity over their E3 ‘potentiation of neddylation’ (PONY) domains,
which combinatorially regulate the neddylation of six homologous
cullin proteins via distinct but overlapping expression patterns
and cellular locations!®!®1%2223 Although downstream targets that
are regulated by the human DCN1 pathway remain unknown, the
DCNI gene is amplified along the 3q26.3 region in most squamous
cell carcinomas?. DCNI amplification negatively correlates with
cause-specific survival, and high DCN1 protein levels have been
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associated with anchorage-independent growth in soft agar, thus
suggesting that targeting DCN1 may be of clinical utility'2*-2.

Herein, we report the discovery of potent and selective small-
molecule inhibitors of the interaction of N-acetyl-UBE2M with
DCNI1. Overall, the data demonstrate that N-terminal acetylation
is a druggable target, establish paradigms for selectively inhibiting
N-terminal acetylation-dependent protein interactions, and pro-
vide routes for inhibiting a specific E2-E3 ubiquitin-like protein-
ligase complex.

RESULTS

Antagonizing the N-acetyl-UBE2M-DCN1 complex

We developed a ligand competition assay on the basis of prior map-
ping of the motifs mediating interactions between DCN1 (PONY
domain alone) and UBE2M (acetylated N-terminal peptide)!®!51
(Supplementary Fig. 1b). The time-resolved fluorescence energy
transfer (TR-FRET) signal between a biotinylated version of DCN1
(recognized by terbium-linked streptavidin) and a stapled peptide
corresponding to N-terminally acetylated UBE2M (C-terminally
labeled with Alexa Fluor 488) was used to screen a library contain-
ing 601,194 unique chemicals at a fixed concentration of 30 uM
for each test article (Supplementary Table 1 and Supplementary
Fig. 2). The primary screen yielded an average final 2’ of 0.56, and
the fidelity of the assay for selecting true positives, determined by
receiver operating characteristic analysis, demonstrated good dis-
criminatory power (area under the curve ~0.74) and indicated that
a cutoff of >45% activity would retain >80% of the true positives
(Supplementary Fig. 2). 856 hits (0.15% hit rate) were tested for
dose-dependent responses in the TR-FRET assay (Supplementary
Data Set 1), thus yielding 182 validated hits with half-maximal
inhibitory concentration (IC,,) <15 uM. Chemical-structure analysis
through topology mapping and clustering? revealed several chemo-
types, including multiple scaffolds with promising structure-activity
relationships (SARs) (Supplementary Fig. 3a). Scaffolds were pri-
oritized on the basis of dose-response potency, SAR range (ten-fold
or more), solubility (=10 uM), permeability (=200 x 10-° cm/s), and
low cytotoxicity toward untransformed BJ fibroblasts. Scaffolds that
contained PAINS? motifs or were noncompliant with Lipinski’s rule
of five?® were deprioritized.

Three structural clusters sharing a pharmacophore element con-
sisting of an N-benzyl (or benzoyl) piperidine could be grouped
into a single series of compounds represented by the inhibitor
compound NAcM-HIT (1) (Supplementary Figs. 1c and 3b). The
unifying feature among the three scaffolds is a piperidine ring that
adds 3D character. Resynthesized NAcM-HIT inhibited DCN1
binding to the N-terminally acetylated UBE2M peptide (IC,, of
7 uM) (Supplementary Fig. 1c). We tested whether NAcM-HIT
inhibited the neddylation reaction catalyzed by the larger multi-
protein complex containing this E2-E3 subcomplex (Fig. 1a). To
isolate the E2-E3-dependent step in NEDD8’s E1-E2-E3 cascade
(Supplementary Fig. la), we used a pulse-chase assay, as pre-
viously described!®®. First, the UBE2M~NEDDS8 intermediate
(in which ~ denotes thioester linkage) is generated in a ‘pulse’
reaction catalyzed by the NEDD8 El in the presence of UBE2M,
fluorescent NEDD8, and Mg-ATP. After quenching of this pulse
reaction, neddylation is monitored by tracking the ‘chase’ of fluores-
cent NEDD8 from UBE2M to the acceptor lysine on a cullin-RBX1
complex in the presence or absence of DCNI1 (ref. 10). NAcM-HIT
blocked DCN1-dependent cullin neddylation with an IC,, of 4 uM
in this assay (Fig. 1b and Supplementary Fig. 1c). Importantly,
NAcM-HIT did not inhibit the much slower DCN1-independent
NEDD8 ligation reaction, which does not depend on acetylation of
UBE2M’s N terminus' (Fig. 1b).

To aid in compound optimization and to determine mechanisms
by which NAcM-HIT inhibits DCN1-UBE2M interactions and
DCNI1-dependent neddylation, we sought to obtain structural data.
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Figure 1| Discovery of small-molecule inhibitors targeting the interaction
of N-acetyl-UBE2M with DCN1. (a) Model of a neddylation complex,
highlighting DCN1 (pink) interactions with the acetylated N terminus

of UBE2M (cyan), including structures of CUL1 (green)-RBX1 (red) and SKP1
(pale cyan)-FBXL3 (magenta)-substrate (CRY2, light blue)?°. Although it is
~40 A from the CUL1 neddylation site, the interaction between DCN1and
N-acetyl-UBE2M (AcUBE2M) accelerates neddylation?°. (b) Pulse-chase
assays monitoring effects of the indicated concentrations of NAcM-HIT on
DCN1-dependent (top, timescale O-1 min) or DCN1-independent (bottom,
timescale 0-12 min) neddylation from AcUBE2M to the CUL2 C-terminal
domain. The gel scans are representative of a single experiment that

was repeated three independent times. (¢) Structure of DCN1 (surface
colored on the basis of electrostatic potential) bound to NAcM-HIT
(spheres, orange) aligned to DCN1 (omitted for clarity)-AcUBE2M (cyan),
demonstrating that NAcM-HIT binds to DCN1's NAcM-binding pocket.

Initial crystal forms were hindered by the small molecule occupy-
ing crystal-packing interfaces. To identify crystal forms suitable for
structure-based-inhibitor design, we tested 16 different versions of
DCNI. Ultimately, a fusion of a mutant T4 lysozyme immediately
N terminal of DCN1’s PONY domain allowed us to obtain crystals
with DCN1’s N-acetylmethionine (NAcM)-binding pocket oriented
toward solvent (Supplementary Fig. 4aand Supplementary Table 2).
The 2.0-A-resolution co-crystal structure with NAcM-HIT demon-
strated that the lysozyme fusion did not perturb DCNT1’s fold (r.m.s.
deviations of 1.0 A and 1.2 A compared with structures of DCN1
bound to acetylated peptide or full-length versions of UBE2M,
respectively'®?) (Supplementary Fig. 4b). Importantly, NAcM-HIT
occupies the targeted NAcM-binding pocket in DCN1 (Fig. 1c).

Structure-based optimization of NAcM inhibitors

Our screening collection contained >300 compounds related to
NAcM-HIT but with varying potency, thus allowing for initial cap-
ture of SAR (Supplementary Data Set 2). The screening-set SAR
together with structural data for DCN1 binding to NAcM-HIT
or N-terminally acetylated UBE2M!*2 revealed five subpockets
within DCN1 that could be targeted to improve compound affinity
(Fig. 2a). The isoleucine, N-acetyl, and leucine subpockets repre-
sent areas of the binding pocket occupied by those moieties from
UBE2M, and the urea and hinge pockets represent areas populated
by those substructures of NAcM-HIT (Fig. 2a). The SAR revealed
the following trends: (i) the solvent-exposed isoleucine pocket toler-
ated a wide range of substituents; (ii) the central piperidine core was
critical to activity, and alterations in its size or substitution pattern
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decreased potency; (iii) a hydrogen-bond donor in the urea pocket
was important, but the urea itself could be replaced with either an
amide or a benzothiazole; (iv) the hinge pocket tolerated only a
narrow range of substituents, and even minor deviations from the
meta-substituted six-membered aromatic ring caused substantial
decreases in activity.

We used iterative structure-based optimization to select moi-
eties to fill the subpockets, paying particular attention to hydrogen-
bonding and electrostatic interactions. We generated more than
300 analogs and tested them in TR-FRET assays, and collected and
refined X-ray crystallography data to the point of being able to view
F, - F. density showing more than 20 of these analogs bound to
DCNI. A key observation was that a moderately sized hydropho-
bic group filling the leucine pocket significantly increased affinity.
Opverall, iterative examination of the TR-FRET-based dose-response
curves, together with electron density maps, indicated four key driv-
ers of potency: (i) the piperidine linker that orients the ends of the
molecule into the hydrophobic isoleucine and hinge subpockets,
(ii) a hydrogen bond between the urea aryl N-H and the backbone
from DCNI’s Gln114, which anchors the inhibitor into the bind-
ing site, (iii) tight steric packing of the hinge pocket around the
substituted phenyl ring, and (iv) hydrophobic interactions of the
benzyl substituent within the leucine region. Ultimately, an opti-
mized inhibitor, NAcM-OPT (2), was designed to exploit all four
interactions. NAcM-OPT (IC,, of 80 nM) showed 100-fold-en-
hanced potency relative to NAcM-HIT in inhibiting the interaction.
The improved inhibition of the isolated E2-E3 interaction translated
into a 25-fold-increased potency toward the neddylation reaction
carried out by a fully assembled neddylation complex (Fig. 2c and
Supplementary Fig. 5).

A 1.4-A-resolution co-crystal structure showed consolidation of
numerous structural elements from DCN1 contributing to the high-
affinity interaction with NAcM-OPT (Fig. 2d and Supplementary
Fig. 6a-d). First, side chains from two internal aromatic residues,
Phel09 and Phell7, are displaced relative to their positions in pre-
vious DCNI1 structures, thus establishing a substantially deeper
hydrophobic pocket for the substituted phenyl ring to access. Second,
several hydrophobic residues from DCN1 (Ile86, Phe89, Alalll,
Phell7, Phel22, and Phel64) coalesce around the phenyl ring
and consequently produce the tightly fitting hinge pocket. Third,
the internal rearrangements of DCN1’s hinge pocket appear to be
necessary to place the urea aryl N-H for hydrogen-bonding with
the backbone of GIn114 from DCNI, thus effectively positioning
the compound (Supplementary Fig. 6¢,d). The four-carbon alkyl
linker anchors snugly into the isoleucine pocket through hydro-
phobic interactions with DCN1 Ala98 and Leul84, and through
stacking with the aromatic ring of Tyr181. DCNT1’s Ile83 and Ile86
contact the benzyl substituent in the leucine subpocket and stabilize
the interaction.

These structural principles guided development of additional
NAcM probes (Fig. 2b). First, we developed the inactive control
molecule NAcM-NEG (3) by mimicking the electrostatic repulsion
driven by the positive charge of unacetylated UBE2M’s N terminus
by replacing the hydrophobic dichlorophenyl ring with a polar pyri-
dine ring. (Supplementary Fig. 6e). As predicted, NAcM-NEG had
no effect on the interaction between DCN1 and UBE2M, as moni-
tored by TR-FRET, and no effect on neddylation, as monitored by
enzyme assays, even at concentrations of 100 uM (Fig. 2¢).

Second, wedesignedacovalentinhibitortargeting DCN1’s Cys115,
located within 10 A of the benzyl substituent (Supplementary
Fig. 6f). We used TR-FRET to profile 12 analogs of NAcM-OPT
with well-characterized cysteine-reactive electrophilic warheads,
including chloroacetamides and acrylamides®, installed onto the
benzyl ring (Supplementary Table 3). The results revealed that
warhead positioning was critical. Introduction of electrophiles
onto ortho or meta positions of NAcM-OPT’s benzylic ring pro-
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Figure 2 | Structure-based optimization and development of a toolkit of
small-molecule probes inhibiting DCN's interaction with UBE2M.

(a) Close-up view of DCN1's UBE2M-binding site with NAcM-HIT
(orange) superimposed on N-terminally acetylated UBE2M (AcUBE2M,;
cyan, PDB 3TDU). The subpockets targeted during structure-based
compound optimization are highlighted. (b) Chemical structures,
nomenclature, and class of chemical probes targeting DCN's NAcM-
binding pocket. NAcM-COV was synthesized and tested as a racemic
mixture. Synthetic procedures and characterization data are in
Supplementary Note. (c) Inhibition of DCN1 binding to an AcUBE2M
peptide (TR-FRET assay, left) or DCNT1 activation of AcUBE2M-dependent
neddylation (pulse-chase enzyme assay, right). TR-FRET values represent
averages * 1s.d. of an experiment performed in triplicate and the
pulse-chase values are averaged from three independent experiments.

(d) Comparison of co-crystal structures of DCN1 (surface electrostatic)
bound to AcUBE2M (cyan, PDB 3TDU), NAcM-HIT (orange), NAcM-OPT
(green), and NAcM-COV (light blue).

duced potent inhibitors (TR-FRET IC,, <250 nM; Supplementary
Table 3; compounds 4-7). Similar compounds including a methy-
lene linker between the aromatic ring and the warhead were also
potent inhibitors (Supplementary Table 3; compounds 8-11).
However, replacing the benzyl substituent with more flexible two- or
three-carbon alkyl chains connecting the urea and the electrophile
attenuated activity (Supplementary Table 3; compounds 12-15).
LC/MS analysis of covalent-adduct formation after a 24-h incu-
bation with DCNI1 indicated that the ortho-N-acrylamide NAcM-
COV (4) was most effective (Supplementary Fig. 7a). Therefore,
we focused on NAcM-COV containing the acrylamide warhead,
which affords selectivity for cysteine over other endogenous nucleo-
philes and is well tolerated in cells®*. In agreement with irrevers-
ible binding, the apparent potency of NAcM-COV increased over
time (Supplementary Fig. 8b). Although covalent inhibitors do
not provide an equilibrium IC,,, preincubation of NAcM-COV
with DCN1 overnight before the TR-FRET binding assay yielded
an apparent IC;, of <40 nM (Fig. 2c¢ and Supplementary Fig. 8b).
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Figure 3 | Optimized NAcM inhibitors display exquisite selectivity for
N-acetyl pockets of DCN1and DCN2. (a) Structure of complex containing
NAcM peptide (purple), N-terminal acetyltransferase (hNaa50/NatA
(gray), and CoA (pink) (PDB 4X5K). (b) Effects of NAcM-NEG (red),
NAcM-OPT (green), and NAcM-COV (light blue) on human (Hs),
Saccharomyces cerevisiae (Sc), or Schizosaccharomyces pombe (Sp) Nat
enzymes. K, values inferred from enzymatic assays (Supplementary
Fig. 10) are plotted on a similarity-based dendrogram. (¢) Structural
superimposition of DCN family members: DCN1 (100% identity, O r.m.s.
deviation, pink)-N-acetyl-UBE2M (AcUBE2M; cyan, PDB 3TDU),

DCN2 (82% identity, 0.46 r.m.s. deviation, magenta)-AcUBE2M (pale
cyan, PDB 4GAO), DCN3 (36% identity, 1.35 r.m.s. deviation, violet)-
AcUBE2F (teal, PDB 4GBA), and DCN4 (34% identity, 1.57 r.m.s.
deviation, purple). (d) Effects of probes on DCN1 neddylation activity. K,
values inferred from pulse-chase assays (Supplementary Fig. 11)
plotted as in b. (e) Subtle variations in the targeted binding pocket
determine NAcM selectivity profiles. Coloring as in ¢, with residues
potentially contributing to selectivity surrounding NAcM-OPT shown

in stick representation.

In our enzymatic assay, performing the preincubation overnight
yielded an apparent IC,, of 150 nM for blocking the neddylation
reaction (Fig. 2c). The importance of the covalent warhead was
confirmed with a matched control (NAcM-COVCTRL, 16) with a
propionamide substitution incapable of covalent linkage to Cys115
replacing the electrophile (Supplementary Fig. 8a). Comparison of
the properties of NAcM-COV and NAcM-COVCTRL revealed that
the noncovalent inhibitor retained some activity, whereas the elec-
trophile increased potency by >30-fold in the TR-FRET assay and
2.5-fold in the neddylation experiment (Supplementary Fig. 8b-e).
Indeed, covalent linkage to the targeted Cys115 was observed in an
X-ray co-structure of NAcM-COV bound to DCN1 (Fig. 2d and
Supplementary Fig. 6f) and in MS analysis of DCN1 immunopre-
cipitates from NAcM-COV-treated cells (Supplementary Fig. 8f,g).
Thus, formation of the covalent linkage between NAcM-COV and
Cys115 is a critical driver of biochemical potency.

Selectivity for N-acetylmethionine-driven interactions
Because acetyl-dependent protein interactions are prevalent in
cells, we broadly examined selectivity by testing whether our com-
pounds inhibited five classes of such interactions. First, we exam-
ined interactions by using acetylated lysines as drivers of binding,
including more than 50 histone acetylases, bromodomains, and
histone deacetylases?'® (Supplementary Fig. 9a). Screening at a
fixed concentration of 10 uM and interrogating putative hits with
dose-response studies to 100 UM revealed that our inhibitors did
not significantly affect any of these interactions (Supplementary
Fig. 9b and Supplementary Data Sets 3-5). Our results indicated a
selectivity of >100-fold against tested acetyl-lysine-binding sites.
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Figure 4 | NAcM inhibitors are on target and disrupt the N-acetyl-UBE2M
interaction network. (a) NAcM-OPT and NAcM-CQV, but not NAcM-
NEG, disrupt coimmunoprecipitation (IP) of DCN1 with N-acetyl-UBE2M.
Experiments were performed with 293T cells expressing UBE2M with a
C-terminal FLAG-HA tag at near-endogenous levels. Immunoblots of input
and eluates from anti-FLAG immunoprecipitations were probed with the
indicated antibodies (full gels shown in Supplementary Fig. 14).

(b) N-acetyl-UBE2M interactions decreased by >1.5-fold with P <0.05
(calculated using the moderated t statistic (two-sided) with Benjamini-
Hochberg false discovery rate adjustment; n = 3 independent experiments)
by NAcM-OPT (DCNT, red; CANDT, orange) or by association with a
particular CRL (CUL1, pink; CUL2, green; CUL3, blue; CUL4A, purple;
CULS5, cyan) (Supplementary Data Set 6). The fold decrease in binding

is indicated for each protein.

To further interrogate selectivity, we tested activity toward NAT
enzymes, which catalyze acetyl transfer from acetyl-CoA to cognate
protein N-terminal sequences. UBE2M’s methionine-isoleucine
N terminus conforms to a substrate of NatC. Even at 25 UM, our
NAcM compounds did not inhibit recombinant trimeric human
and yeast NatC enzymes or NatA, NatE, or NatF from various
organisms'®*'-* (Fig. 3a,b and Supplementary Fig. 10).

Finally, to test for selectivity among the most homologous
systems, we examined activity against the five human DCN fam-
ily members, which have highly similar PONY domains (Fig. 3c)
and share overlapping in vitro activities of stimulating N-terminally
acetylated UBE2M during cullin neddylation'**2. Using our enzy-
matic assay, examining neddylation in the presence of NAcM-
OPT or NAcM-COV at 10 uM (>50-fold above the IC,, with
DCN1), NAcM-OPT inhibited only DCN2, whose PONY domain
is 82% identical to that of DCN1 (100% identical in the NAcM-
binding pocket). NAcM-OPT showed no activity toward DCN3,
DCN4, or DCNS5, despite high structural similarity (Fig. 3c-e
and Supplementary Fig. 11). Side chain differences explained the
selectivity of NAcM-OPT (Fig. 3e).

The partial activity of extremely high concentrations (50 pHM)
of NAcM-COV toward DCN3 and DCN4 was rationalized by
the conservation of the targeted cysteine in DCN3 but was unex-
pected for DCN4, which has a glycine in this location (Fig. 3d
and Supplementary Figs. 7b,c and 11). A 1.55-A-resolution crys-
tal structure of the DCN4 PONY domain bound to its partner
domain from CULI revealed Cys219 on the neighboring side of
the pocket as having the potential for reactivity with NAcM-COV
(Supplementary Table 2 and Supplementary Fig. 7b-d). Notably,
the DCN5 sequence lacks cysteines corresponding to Cys115 in
DCNI or Cys219 in DCN4, thus potentially explaining the lack
of inhibition by NAcM-COV. We confirmed that the correlation
between inhibition by NAcM-COV and the presence of a cysteine in
the UBE2M-binding pocket involves covalent modification, by per-
forming TOF-based mass spectrometry after incubating 30 uM of
the PONY domain from each DCN family member overnight with
60 UM NAcM-COV (Supplementary Fig. 7a,e-h). The predomi-
nant species of DCN1, DCN2, and DCN3 corresponded to adducts
with NAcM-COV. Both modified and unmodified forms of DCN4
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were detected, with no evidence of covalent linkage to DCNS5.
Replacement of Cys115 in DCN1 by either alanine or glycine resi-
dues prevented covalent-adduct formation with NAcM-COV, thus
confirming the essential role of Cys115.

Retrospective inspection of previous DCN1 structures indicated
that Cys115’s side chain is located between N-acetyl-Met1 and Leu4
from acetylated UBE2M!*2° (Supplementary Fig. 7k). Furthermore,
DCNT1’s massive stimulation of cullin neddylation was essentially
eliminated after mutation of Cys115 to alanine, glycine, isoleucine,
leucine, threonine, or valine (Supplementary Fig. 7l m). Thus,
although the capacity for the binding pocket to undergo structural
rearrangement may be exploited for developing small molecules
(Supplementary Fig. 6b-d), the structural requirement of Cys115
for catalytic activity provides a natural constraint that may prove
useful in future covalent-inhibitor development.

Together, our results indicated that our toolkit for probing DCN1
interactions with N-terminally acetylated UBE2M includes: a revers-
ible inhibitor (NAcM-OPT), an irreversible inhibitor (NAcM-COV),
and a structurally matched but inactive control compound (NAcM-
NEG; Fig. 2). These compounds are straightforward to synthesize
at high yield and purity (Supplementary Note; compounds 17-23),
and are highly specific for DCN1 and DCN2, even across the highly
structurally and functionally conserved DCN family (Fig. 3). Thus,
it is possible to develop small-molecule inhibitors selectively target-
ing an extraordinarily prevalent protein interaction motif.

NAcM:s inhibit DCN1 binding to UBE2M in cells

We tested whether our small molecules inhibit DCN1-UBE2M
interactions in cells by using lentivirally expressed UBE2M with
a C-terminal FLAG-hemagglutinin (HA) tag at near-endogenous
levels in 293T cells (Fig. 4a). C-terminal tagging of UBE2M in
293T cells allowed for its essentially complete N-terminal acety-
lation, and affinity-purified UBE2M binds endogenous DCNI1
(refs. 10,34). Accordingly, the UBE2M-DCNI1 interaction was
observed after affinity purification from cells treated for 24 h with
DMSO or the inactive control compound NAcM-NEG (Fig. 4a).
However, treatment with the reversible (NAcM-OPT) or irrevers-
ible (NAcM-COYV) inhibitors blocked coprecipitation of DCN1 with
UBE2M (Fig. 4a,b and Supplementary Data Set 6). Therefore, the
inhibitors that disrupt interaction of UBE2M and DCNI1 in recon-
stituted systems also disrupt complex formation in cells. Thus, the
formation of large cellular signaling complexes can be inhibited by
disruption of binding of an N-acetylated N terminus.

Having shown that inhibitors disrupted DCN1 binding to
UBE2M, we examined effects on coassociation with other proteins
by AP-MS with a quantitative tandem mass tagging (TMT)-based
proteomic method*. Cells were treated with either negative con-
trols (DMSO or NAcM-NEG) or active compounds (NAcM-OPT
or NAcM-COV), affinity-purified complexes were processed for
decaplex TMT, and summed intensities for reporter ions were used
to quantify components present within the complexes. Importantly,
the interaction most affected by NAcM-OPT was UBE2M bind-
ing to DCN1, which was decreased eight-fold relative to controls
(Fig. 4b and Supplementary Data Set 6). The majority of other pro-
teins whose interactions with UBE2M were substantially decreased
were also part of the cullin-RING ligase (CRL) network, including
1.9- and 3.2-fold decrease of two cullins (CUL3 and CULS5, respec-
tively), and several CRL-substrate receptors. The 7.7-fold to 1.8-fold
decrease in UBE2M association with a cohort of BTB proteins that
serve as CUL3-substrate receptors was particularly striking (Fig. 4b)
and suggested that, in this cell line, inhibition of UBE2M binding to
DCN1 might especially affect CUL3. A drastic decrease in DCN1
binding to cullins was further implicated by the 5.9-fold decrease in
association of CANDI, a protein previously shown to associate with
DCNI in a cullin-dependent manner'®?2. CAND1 marks inactive
cullins that are neither neddylated nor bound to substrate receptors,
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Figure 5 | NAcM inhibitors decrease CUL neddylation in cells and mimic
effects of sShRNA knockdown of DCN1. (a) HCC95 and CAL-33 have high
levels of DCN1, as demonstrated by immunoblotting of total cell extracts

of the indicated cell lines (full gels shown in Supplementary Fig. 15a).

(b) Effects of NAcM-NEG, NAcM-OPT, NAcM-COV, and NAcM-COVCTRL
on cullin neddylation in HCC95 cells treated with DMSO, MLN4924 (single
dose, 1 M), or the indicated compounds (10 uM, dosed at O and 24 h).
Cells were harvested at 48 h, processed for immunoblotting, and probed
with the indicated antibodies (full gels shown in Supplementary Fig. 15b).
() NAcM-OPT mimics shRNA knockdown of DCNT. Immunoblot of total
cell extracts from HCCO5, or a line stably expressing a DCN1shRNA,
treated and processed as in b (full gels shown in Supplementary Fig. 15¢).
(d) Probe effects vary among cell lines. Immunoblot of total cell extracts
from the indicated cell lines, treated and processed as in b. WT,

wild type; DAD, DAD mutant. For all blots, asterisk indicates nonspecific
bands in CUL1, CUL4A, and CUL5 immunoblots (full gels shown in
Supplementary Fig. 15d-h).

thus raising the possibility that steady-state UBE2M recruitment
to CANDI1-bound cullins may be DCN1 dependent and perhaps
indicating a mechanism for the rapid neddylation of cullins after
CAND1 displacement. We did not observe any significant changes
in the levels of acetylated UBE2M or any other acetylated peptides
detected by our proteomics experiments (Supplementary Fig. 12
and Supplementary Data Set 7).

NAcMs inhibit DCN1-dependent cellular neddylation

In lower eukaryotes that express only a single Denl family mem-
ber, elimination of Dcnl or Ubcl2 N-terminal acetylation leads to
a 90% or 50% decrease, respectively, in the steady-state level of ned-
dylated cullins!®!¢?!; however, in many mammalian cell lines, DCN1
knockdown or knockout has relatively subtle effects on steady-state
levels of cullin neddylation!7?23>%. One possibility is that the other
DCN family members, or other regulators, may compensate for loss
of DCNI (refs. 19,22,37,38). Given the greater effects of deleting the
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single yeast DCN1 (ref. 16), and prior findings that high-level expres-
sion of exogenous human DCN1 modulates cullin neddylation and
anchorage-independent growth of human cells cultured on soft
agar?, we sought to identify a cell line with high levels of endogenous
DCNI1 for testing the effects of our inhibitors. Immunoblotting
in various human cell lines revealed elevated levels of DCN1 in
non-small-cell lung and tongue carcinoma cell lines HCC95 and
CAL-33, in agreement with amplification of the DCUNI1DI gene in
most human squamous cell carcinomas (Fig. 5a).

Treatment of HCC95, the cell line expressing the highest levels of
DCN1, with NAcM-OPT or NAcM-COV decreased the levels of ned-
dylated cullins detected by immunoblotting to an extent comparable
to that observed after knockdown of DCNI1 through short hairpin
RNA (shRNA) expression (Fig. 5b,c). Combining DCN1 knockdown
and treatment with NAcM-OPT resulted in similar decreases in cullin
neddylation to those observed after either treatment alone, in agree-
ment with the effects of NAcM-OPT depending on increased levels of
DCNI (Fig. 5b,c). As observed previously for other cell lines!7-22353,
inhibition of DCN1 activity did not affect all cullins equally. In HCC95
cells, inhibition of DCNT1 activity either with NAcM compounds or
shRNA primarily affected the steady-state levels of neddylated CUL1
and CUL3 and had lesser effects on CUL4A. Importantly, the inac-
tive NAcM-NEG had no effect on cullin neddylation status. In con-
cordance with our in vitro studies, NAcM-COV exhibited the most
potent inhibition of cellular neddylation, whereas NAcM-COVCTRL
exhibited relatively decreased potency, thus supporting our hypoth-
esis that covalent linkage with Cys115 drives increased potency of
NAcM-COV. Together, these results further support that the suite of
NAcM compounds are on target in cells.

To determine whether sensitivity to the inhibitors correlated with
DCNI1 expression levels, we examined the effects of NAcM com-
pounds in multiple cell lines (Fig. 5a), two with DCN1 amplifica-
tion (HCC95 and CAL-33), two that have not been reported to have
amplification of the DCNI gene (HCT116 and 293T), and Flp-IN
293T cell lines bearing doxycycline-inducible transgenes express-
ing either wild-type DCN1 or a cullin-binding DAD-patch mutant?!
defective in cullin binding (Fig. 5d). The effects of the NAcMs on
steady-state levels of cullin neddylation ranged from subtle effects
on levels of neddylated CUL3 and CUL4A in HCT116 and CULL1
and CULS3 in the parental 293T line to striking decreases in neddy-
lated CULI and CUL3 in CAL-33 and HCC95. Levels of neddylated
CUL2 and CUL5 were not obviously affected in any experiment.
These differences suggested that DCNI1 levels did correlate to some
extent with sensitivity to the NAcMs but also that the DCN1 depen-
dency of a particular cullin family member was cell-type specific. In
support of this possibility, induction of WT DCN1 in Flp-IN 293T
cells, but not the cullin-binding-defective DAD mutant, mildly sen-
sitized the levels of neddylated CUL4A to our inhibitors (Fig. 5d).

The effects of inhibiting DCN1-UBE2M interactions markedly
differed from those resulting from treatment of cells with the inhibi-
tor of the NEDD8 E1 enzyme MLN4924, which blocks upstream
reactions, prevents formation of the UBE2M~NEDDS8 intermedi-
ate®, and eliminates all observable neddylation in cells (Fig. 5b-d).
DCN1 inhibitors and MLN4924 showed the most pronounced cel-
lular effects at concentrations above their respective biochemical
IC,; (MLN4924, biochemical IC,, = 5 nM; cell-based activity pen-
etrant at 0.3-1 uM (ref. 39); NAcM, biochemical IC, = 150-170 nm
and in cell based studies, IC,, = 10 uM). Thus, our NAcM inhibitors
of DCN1-UBE2M interactions disrupt the function of the targeted
multiprotein neddylation-catalyzing complex in cells.

Given the sensitivity of HCC95 cells to DCN1 inhibition, we
soughtto characterize cellular phenotypes induced by treatment with
the suite of NAcM compounds. Although some roles of neddylated
CRLs in nondegradative ubiquitination are emerging, neddylation is
largely recognized for activating ubiquitin-dependent proteasomal
degradation. Indeed, total blockade of neddylation by treatment
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Figure 6 | In a DCN1-amplified cell line, NAcM-OPT inhibits neddylation
and prevents anchorage-independent growth without affecting protein
homeostasis. (a) Neither NAcM-OPT treatment nor DCN1shRNA
stabilizes cullin-RING ligase substrates in HCC95 cells. Cells treated and
processed as in Figure 5¢, with antibodies to the indicated proteins (full
gels shown in Supplementary Fig. 16). (b) NAcM-OPT does not globally
change protein homeostasis in HCC95 cells. TMT quantification of the
total proteome after treatment with DMSO, MLN4924 (left, 1 uM), or
NAcM-OPT (right, 10 uM) for 24 h. MLN4924 causes more than two-fold
stabilization of 136 proteins (P <0.05, calculated by ANOVA in the LIMMA
program.), whereas NAcM-OPT treatment does not stabilize any protein
(Supplementary Data Set 8). Substrates examined in a are highlighted in
red. (¢) NAcM-OPT and NAcM-COV treatment blocks growth of HCC95
cells in soft agar. Representative images showing anchorage-independent
growth of HCCO95 cells treated with NAcM-OPT (10 uM), NAcM-COV
(10 uM), or NAcM-NEG (10 uM). (d) Quantification of results from c.

with MLN4924 decreases total cellular ubiquitination by 10-20%,
thereby leading to the stabilization of hundreds of CRL substrates®.
Such a role has not been reported for DCN family members. We
compared levels of several well-recognized proteasomal targets of
cullin-RING ligases after E1 or DCN1 inhibition by immunoblot-
ting. Although control experiments with MLN4924 caused high-
level accumulation of CRL substrates, there were no obvious effects
on the levels of these substrates after either NAcM inhibition of
DCNI or its knockdown by shRNA (Fig. 6a). Likewise, in an unbi-
ased proteome-wide search, inhibition of DCN1-dependent ned-
dylation starkly contrasted with MLN4924, in that we observed no
obviously increasing levels of any proteins measured by TMT-based
mass spectrometry (Fig. 6b and Supplementary Data Set 8).

NAcM effects on DCN1-amplified cells

Human DCNI1 was originally discovered because of its overex-
pression in tumor cells, in which amplification confers anchorage-
independent growth?!. Therefore, we examined the effects of our
DCN1/2-specific NAcM probes on the growth of HCC95 cells in
3D culture. Indeed, in the presence of active NAcMs at doses not
growth inhibitory toward monolayer cultures (Supplementary
Fig. 13), colony formation in soft agar was completely eliminated,
whereas treatment with the inactive control had no effect on colony
formation (Fig. 6¢,d). Thus, inhibiting cell proliferation in soft agar
correlates with the functional blockade of DCNI1 activity.
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DISCUSSION

We showed that selective small-molecule probes can be devel-
oped that competitively inhibit protein interactions mediated by
N-terminal acetylation. Both the reversible (NAcM-OPT) and irre-
versible (NAcM-COV) inhibitors were highly specific for block-
ing the targeted N-terminal acetylation-dependent interaction of
UBE2M with DCNI.

Potency was achieved by both populating the pockets normally
occupied by the N-terminal methionine side chain of UBE2M and
engaging adjacent sites. Unexpected structural rearrangement of
residues buried within the targeted pocket enabled our inhibitors to
penetrate deeper into a remodeled groove that normally accommo-
dates UBE2M’s methionine side chain. Because this deeper groove
was not observed in six prior structures of DCN family members in
complex with N-terminally acetylated NEDD8 E2s!*, our data
underscore the value of empirical screening to harness cryptic pro-
tein conformations.

We fortuitously discovered that a cysteine in DCN1’s binding
pocket is structurally crucial for binding N-terminally acetylated
UBE2M. Although our intent was to validate targeting and increase
potency, we note that covalent capture of structurally important
cysteines has been proposed as an approach to drug targeting*. We
anticipate that covalent targeting of nonmutable cysteines might
also prove useful in mitigating potential resistance mutations

The specific proteins targeted by inhibiting this N-terminal
acetylation-dependent interaction are subunits of an ubiquitin-like
protein ligase—conjugating enzyme complex. Despite great interest
in targeting ubiquitin and ubiquitin-like protein cascades, discovery
of such inhibitors has been hindered by the high homology of E2
and E3 catalytic domains. We demonstrate that exploiting nonho-
mologous auxiliary E2-E3 interactions within such ligation com-
plexes enables the development of specific molecules that effectively
inhibit ligase activity.

The effects of inhibiting this specific NEDD8 E2-E3 interaction
are substantially different from those of MLN4924, which obliterates
all neddylation by inhibiting the E1 enzyme initiating the NEDD8
cascade. Whereas blocking binding to DCN1 clearly perturbs the
UBE2M interactome, there are minimal effects on protein turnover.
Perhaps the relatively lower level of neddylation seen with DCNI
inhibition in HCC95 and CAL-33 cells—particularly for CUL1 and
CUL3—is sufficient to sustain the CRL network and ubiquitina-
tion activity required for CRL-substrate degradation®”*%. It remains
unknown when cellular neddylation of a particular cullin would
involve DCNI activity?.

Alternatively, DCN1 may specifically associate with a subset of
CRLs that catalyze nondegradative ubiquitination. In this regard,
it is intriguing that the NAcM inhibitors most strongly impaired
neddylation of CUL3, as well as UBE2M interactions with CUL3-
associated substrate receptors (Figs. 4 and 5). Notably, proteasome-
independent functions of neddylation are beginning to emerge
from studies of CUL3 (ref. 41). Challenges in finding nondegrada-
tive CRL targets may explain why specific downstream targets of
DCN1-dependent cullin neddylation remain unknown. Our find-
ing that inhibition of the DCN1-UBE2M interaction both decreases
neddylation and anchorage-independent growth of HCC95 cells
with DCUNI1DI gene amplification highlights the importance of
identifying such substrates. In the long term, developing DCN1
inhibitors may prove clinically relevant for treatment of cancers with
amplification of the DCUNIDI gene, in settings requiring more
nuanced regulation of neddylation than that afforded by MLN4924
(pevonedistat) or using combination treatment with MLN4924 as
an orthogonal means to inhibit the NEDD8 pathway.

Over the past 20 years, there has been widespread interest in
discovering inhibitors of protein-protein interactions through tar-
geting ‘hotspots” with small molecules mimicking the clusters of
side chains that drive the protein interactions, and several potential
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drugs have entered clinical trials. Our development of potent selec-
tive inhibitors blocking UBE2M interactions with DCNI1, without
apparently influencing the N-terminal acetylation status, provides
what is, to our knowledge, the first demonstration that these inter-
actions are druggable. Notably, our NAcM inhibitors contrast with
Nat enzyme inhibitors, which globally affect protein N-terminal
acetylation®'*242, Although specific interactions involving acety-
lated protein N termini are only beginning to emerge, some poten-
tially therapeutically relevant targets include ubiquitin E3 ligases,
cytoskeletal assemblies, epigenetic regulators, and protein traffick-
ing and quality-control pathways!-7!1124344 Distinct hydrophobic N
termini may also prove to be useful targets for novel therapeutics
against devastating pathogens, given that formylmethionine at the
N termini of bacterial proteins plays crucial roles in host-pathogen
interactions®, and some proteins exported from malaria parasites
into erythrocytes during infections undergo processing and post-
translational N-terminal acetylation®. We predict that these or
other pathways mediated by acetylation of protein N termini or
other nonhistone sites may also be targeted selectively.
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METHODS

Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online ver-
sion of the paper.
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ONLINE METHODS

Constructs, protein preparation, and antibodies. Expression constructs
were prepared through standard molecular biology techniques, with cod-
ing sequences entirely verified. Mutant versions were generated with a
QuikChange kit (Stratagene). DCN proteins used for in vitro assays corre-
spond to the isolated PONY domain. For biotinylation of DCNI, an AviTag
sequence (GSMSGLNDIFEAQKIEWHEGS) and flanking Gly-Ser linkers
between the TEV-cleavage site and the DCN1 PONY domain (DCN1PONY)
open reading frame were inserted into a pGEX-based GST-TEV-DCNI vec-
tor. Fusion between a mutant T4 lysozyme (C54T C97A A146T) and DCN1
was generated by overlap PCR and cloned as a histidine-tobacco etch virus
(His-TEV fusion in a pRSF-DUET-based vector. Where indicated, two addi-
tional mutations (D127A R154A) were further incorporated into lysozyme
to prevent inadvertent crystal-packing contacts observed in initial crystals
between some inhibitors and a lysozyme symmetry mate. For expression of
the trimeric human NatC complex, Naa38 was cloned as a His-TEV fusion
into pFastbac-HTB, and Naa30 and Naa35 were cloned untagged into pFast-
bacl. hNaal0 was cloned as an N-terminal His-maltose-binding protein-
TEV fusion in a pRSFDUET-based vector. hNaa50 was cloned with an
N-terminal glutathione S-transferase (GST)-TEV tag in a pGEX4T1-based
vector. Vectors for expression and purification of hNaa60 and the S. pombe
NatA complex were kind gifts from R. Marmorstein®32,

The heterodimeric NEDD8 E1 complex (NAE1-UBA3), NEDDS8, CUL1
WHB domain (CULIYHE), PONY domains of DCN1, DCN2, DCN3,
DCN4, DCN5, yNatC, hNaal0, hNaa50, hNaa60, S. pombe NatA, and CUL2
(C-terminal domain)-RBX1 were expressed in Escherichia coli and purified as
previously described!®!?!3242, N-terminally acetylated UBE2M and full-length
CUL3-RBXI1 were expressed in insect cells as previously described!*+”. Avi-Tag
DCNI1 was expressed as a GST-TEV fusion and purified as previously described
for GST-TEV-DCNI (ref. 10). Lysozyme-DCNI1 fusions were expressed with
an N-terminal His-TEV tag in E. coli and purified by nickel-affinity chroma-
tography. Eluted protein fractions from the nickel column were further puri-
fied by ion-exchange and gel-filtration chromatography into 25 mM HEPES,
200 mM NaCl, and 1 mM DTT, pH 7.5. The heterotrimeric human NatC
complex was expressed in insect cells and purified by nickel-affinity chroma-
tography, liberated by TEV cleavage on beads, and further purified by HiTrap
Q ion-exchange and gel-filtration chromatography.

Antibodies to the following proteins were used in this study: CUL1
(sc-17775), actin (sc-1615), CDT1 (sc-365305), DCN1 (sc-81835), DCN1/2
(sc-398218), and p21 (sc-397) from Santa Cruz Biotechnology; CUL3
(A301-109A), Cul4A (A300-739A), and CCNE1 (A301-566A) from Bethyl
Laboratories; CUL2 (ab166917), CUL5 (ab184177), and NFE2L2 (ab62352)
from Abcam; p27 (610242) from BD Transduction Laboratories; DCN1 (clone
3D7) from Sigma. All commercial antibodies were used according to the
manufacturers’ instructions, and validation information is available on the
manufacturers’ websites. Antibodies against UBE2M and DCN1 have been
previously described?*#.

Sample sizes. The number of replicates used in each study represents the min-
imum number of samples required to obtain statistically reliable results, on
the basis of our historical experience and power analysis. Briefly, the included
experiments were largely exploratory and were designed for the determina-
tion of gross changes in response (more than five-fold) at a power of 95% and
a P value of 5%, taking into account the s.d. observed in similar studies
conducted in the laboratories of both R.K.G. and B.A.S. (over 100 similar
experiments over 15 years).

Preparation of biotinylated DCN1 and AcUBE2M,_,,-Alexa Fluor 488 for
TR-FRET. Reaction conditions for biotinylation of DCN1 were initially estab-
lished in small-scale pilot experiments, and the efficiency of Avi-DCNI1 bioti-
nylation was assessed on the basis of supershift of biotin-DCNI in SDS-PAGE
after the addition of a stoichiometric excess of avidin (Sigma-Aldrich A9275).
Biotinylation reactions contained 90 uM Avi-DCN1 and 4 uM BIRA in 10 mM
Tris, 10 mM ATP, 10 mM magnesium acetate, and 2 mM biotin, pH 8.0, and
were incubated at room temperature for 2 h. Reaction mixtures were diluted
four-fold into 25 mM Tris and 1 mM DT, pH 8.0, and purified over a HiTrap
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Q ion-exchange column. Fractions containing biotin-DCN1 were pooled, con-
centrated, and further purified by size-exclusion chromatography in 25 mM
HEPES, 200 mM NaCl, and 1 mM DTT, pH 7.5.

The hydrocarbon-stapled acetyl-UBE2M,_, peptide corresponding to
N-terminally acetylated residues 1-12 of human UBE2M with an additional
C-terminal cysteine residue (sequence acetyl-MIKLZ*SLKZ*QKKC, where
Z* is 2,4'-pentenylalanine closed after synthesis to create the hydrocarbon
staple), was synthesized and purified as previously described!. For labeling
with Alexa Fluor 488 C5 maleimide (Invitrogen A10254), acetyl-UBE2M
peptide (7 mg) was dissolved in 5 mL of reaction buffer (50 mM HEPES,
pH 7.5,200 mM NaCl, and 10 mM TCEP) and was then incubated 15 min on
ice to allow TCEP to completely reduce the C-terminally appended cysteine
residue. The peptide was added dropwise to 0.25 mL of a 26 mM solution of
Alexa Fluor dye in DMSO. The mixture was incubated at room temperature
overnight, and cold acetone was added (~25 mL) until the solution became
turbid. The mixture was spun at 4,000 r.p.m. for 3 min to remove unreacted
dye. The precipitated orange residue was dissolved in water and purified by
preparative HPLC (Waters 4000, in water/acetonitrile, 0.1% formic acid, with
a 5-50% acetonitrile gradient and a flow rate or 15 mL/min, in a 27-min run
on a Gemini-NX 5-im C18 110-A 50 mm x 30 mm column (Phenomenex).
The purified sample was lyophilized, thus yielding ~5 mg of yellow powder
with ~90% purity.

TR-FRET assay. TR-FRET assays were carried out in black 384-well micro-
titer plates at a final volume of 20 UL per well. To screen library compounds,
the assay cocktail was prepared as a mixture of 50 nM biotin-DCN1, 20 nM
AcUBE2M12-Alexa Fluor 488, and 2.5 nM Tb-streptavidin (Thermo Fisher)
in assay buffer (25 mM HEPES, 100 mM NaCl, 0.1% Triton X-100, and 0.5 mM
DTT, pH 7.5). The assay cocktail was incubated for 1 h at room temperature and
distributed with a WellMate instrument (Matrix). Compounds to be screened
were added to assay plates from DMSO stock solutions by pin transfer with
50SS pins (V&P Scientific). The assay mixture was incubated for 1 h at room
temperature before measurement of the TR-FRET signal with a PHER Astar FS
plate reader (BMG Labtech) equipped with modules for excitation at 337 nm
and emission at 490 and 520 nm. The integration start was set to 100 ps, and
the integration time was set to 200 ps. The number of flashes was fixed at 100.
The 520/490 ratio was used as the TR-FRET signal in calculations. Assay
endpoints were normalized from 0% (DMSO only) to 100% inhibition (unla-
beled competitor peptide) for hit selection and curve fitting. Data curves in
Figure 2c and Supplementary Figures 1c, 2b and 8b,c are fits to an average of
n = 3 independent experiments.

HTS campaign. Initial screening was performed at a single point concentration
of 30 uM with alibrary of approximately 600,000 compounds. The HTS endeavor
was implemented on a fully automated system (HighRes Biosolutions) with an
integrated robotic arm (Statibli). The protein and peptide master mixture were
kept chilled at 4 °C and were dispensed into solid black 384-well assay plates
(20 pL/well) with Matrix Wellmate bulk dispensers (Thermo Fisher), and plates
were then centrifuged with a V-Spin plate centrifuge (Agilent Technologies).
Test articles and controls (stored as 10 mM solutions in DMSO donor plates)
were transferred to the assay plates with a pin tool (V&P Scientific) equipped
with FP1S50 pins, thus resulting in final compound concentrations of 30 uM.
The TR-FRET signal was acquired after the plates were incubated for 1 h at room
temperature in dedicated incubators (Liconic Instruments). Dose-response
curve fitting and chemical-structure network graph analysis were performed
as previously described®. Compound solubility, permeability, and inhibition of
proliferation were performed as previously described®.

Enzyme assays in pulse-chase format monitoring DCN1-dependent cullin
neddylation. Enzymatic neddylation of cullins was monitored with pulse-
chase assays isolating the reaction stimulated by DCNI from upstream reac-
tions in the E1-E2-E3 NEDDS transfer cascade!®’. NEDD8 was labeled with
fluorescein-5-maleimide on an N-terminal cysteine-containing tag, as previ-
ously described?, and was thioester-linked to N-terminally acetylated UBE2M
in a pulse reaction with 10 uM UBE2M, 15 uM labeled NEDDS8, and 400 nM
APPBP1-UBA3 in 25 mM HEPES, 200 mM NaCl, 2.5 mM MgCl,, and 1 mM
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ATP, pH 7.5 for 15 min at room temperature. After this reaction was quenched
for 5 min on ice with 50 mM EDTA, NEDD8 was chased from AcUBE2M
to a cullin, either CUL2 C-terminal domain in complex with RBX1 or full-
length CUL3 in complex with RBX1. Our default assays generally used CUL2
as the neddylation substrate because (i) cullin proteins are generally expressed
at low levels, but our yields for recombinant CUL2 were ~20 fold better, thus
making it most practical to perform experiments with CUL2; (ii) DCN1 has
a higher affinity for CUL2 (K; ~500 nM)", thus allowing for a higher per-
centage saturation of CUL2 with DCN1 under the low protein concentration
conditions of our chase assay. This aspect was important for sensitizing the
assays to allow for detection of DCNI1-dependent neddylation rather than
reactions in the absence of DCN1, without having to use very high concen-
trations of DCN1. Chase reactions were performed by diluting the thioester-
linked UBE2M~NEDDS conjugate to 0.04 uM in 50 mM Tris, 50 mM NaCl,
50 mM EDTA, and 0.5 mg/mL BSA, pH 6.8, on ice. Reactions were initiated
by the addition of CUL-RBX complex alone or in a 1:1 mixture with the indi-
cated DCN family member to a final concentration of 125 nM. Aliquots were
removed at the indicated times and terminated with 2x SDS-PAGE sample
buffer. Reaction products were separated on 4-12% NuPAGE gels (Invitrogen).
Fluorescent gels were visualized by scanning on a Typhoon imager (GE).

Assaying N-terminal acetyltransferase activity. Synthetic peptide substrates
NH,-MIKLFSLKQQKKEEESAGGTKGSSKK, NH,-EEEIAALRWGRPVGRR
RRPVRVYP, NH,-SESSSKSRWGRPVGRRRRPVRVYP, NH,-MLGPEGGRW
GRPVGRRRRPVRVYP, and NH,-MAPLDLDRWGRPVGRRRRPVRVYP were
synthesized and HPLC purified to >98% purity by the Hartwell Center at
St. Jude. N-terminal acetylation of peptide substrates was monitored with
an assay using 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)*. Purified Nat
enzyme (100 nM S. pombe NatA, 200 nM yNatC, hNatC, hNaal0, hNaa50, or
hNaa60) was mixed with 500 UM substrate peptide and 500 pM acetyl-CoA
(Sigma) in acetylation buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, and
1 mM EDTA) in a final reaction volume of 50 uL. Reactions for yNatC, hNatC,
S. pombe NatA, and hNaalO were carried out at room temperature, whereas
assays with hNaa50 and hNaa60 were at 37 °C. At the indicated times, the
reactions were quenched by the addition of 100 uL 3.2 M guanidinium HCI,
100 mM sodium phosphate dibasic, and 10 mM EDTA, pH 6.8. 20 uL of a
freshly made 10 mg/mL DTNB solution in 100 mM sodium phosphate dibasic,
10 mM EDTA, pH 6.8 was added to the quenched samples and incubated for
5 min at room temperature. Samples were further diluted to a final volume
of 510 puL with 2.13 M guanidinium HCI, 66.6 mM sodium phosphate diba-
sic, and 6.66 mM EDTA, pH 6.8. The absorbance of the samples at 412 nM
was recorded, and the amount of product formed was calculated by using the
extinction coefficient of 13,700 M~! cm™.

Crystallography. Crystals were grown by the hanging-drop vapor-diffusion
method. For lysozyme-DCN1-compound complex structures, mixtures were
prepared by dilution oflysozyme-DCN1 to 50 uM in 50 mM HEPES and 150 mM
NaCl, pH 7.5. Compounds were subsequently added to a final concentration of
75 UM from concentrated DMSO stock solutions (1-2% DMSO final concen-
tration) and incubated on ice for 1 h to equilibrate binding. The mixture was
then concentrated approximately 10- to 12-fold with an AmiconUltra concen-
trator before crystal screens. For the DCN4-CULI""® complex structure, the
purified proteins were mixed in stoichiometric levels, incubated on ice for 1 h,
and concentrated to a final complex concentration of approximately 700 LM.
For lysozyme-DCN1-NAcM complex structures, we first crystallized apo-
lysozyme-DCNT1 at 4 °C in 11-13% PEG 3350, and 0.2 M NH,Br, thus resulting
in large clumped crystals. Clusters of apo crystals were crushed and used as
seed stocks for generating diffraction-quality lysozyme-DCN1-NAcM crys-
tals by streak seeding into 6-9% PEG 3350 and 0.2 M NH,Br. Crystals were
harvested in mother liquor supplemented with 25% MPD before being flash
frozen in liquid nitrogen. Reflection data were collected at beamline 8.2.1 at
the Advanced Light Source. The crystals belonged to space group P2, and had
one lysozyme-DCNI1-inhibitor complex in the asymmetric unit. Phases for all
structures were obtained by molecular replacement with PHASER®! with the
following search models: one copy each of (i) residues 6-158 from a prior struc-
ture of lysozyme (PDB 2LZM) and (ii) residues 65-250 from a prior structure
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of DCN1 (PDB 3TDU). After initial rounds of building and refinement,
small molecules were fit into the density with COOT*? by using compound
restraint files generated with the PRODRG server®. In all cases, manual build-
ing was performed with COOT, and refinement was performed with Phenix>.
Additional details of the refinement are provided in Supplementary Table 2.
The final Ramachandran statistics are as follows: lysozyme-DCN1-NAcM-
HIT, 99% favored, 0% outliers; lysozyme-DCNI1-NAcM-OPT, 99% favored,
0% outliers; lysozyme-DCN1-NAcM-COV, 98% favored, 0% outliers.

Crystals of DCN4ONY-CUL1WYHE grew at 4 °C in 25% PEG 3350, 0.2 M
LiSO,, 10 mM TCEP, and 0.1 M BTP, pH 6.5 as sea-urchin-like needle clusters.
Single diffraction-quality crystals were obtained by streak seeding into 19%
PEG 3350, 0.2 M LiSO,, 10 mM TCEP, and 0.1 M BTP, pH 6.3. Crystals were
harvested from mother liquor and soaked in step gradients for 5 min, with
sequential soaks in well solution supplemented with 12% and 24% glycerol
before flash freezing in liquid nitrogen. Reflection data were collected at the
SERCAT 22-ID beamline at the Advanced Photon Source. The crystal belonged
to space group C2 with one copy of the DCN4-CULI1 complex in the asym-
metric unit. Phases were obtained by molecular replacement with PHASER®!,
with the following search models: one copy each of (i) residues 65-250 from
a prior structure of DCN1 (PDB 3TDU) and (ii) residues 705-770 from a
prior structure of CUL1 (PDB 3TDI). The electron density surrounding the
CUL1WHE was weak, presumably because of a lack of participation in crys-
tal packing. Therefore we modeled and built this chain largely from a prior
high-resolution and high-quality structure of CUL1WH®, PDB 3TDU. Manual
rebuilding was performed with COOT, and refinement was performed with
Phenix®>*. Additional details of the refinement are provided in Supplementary
Table 2. The final Ramachandran statistics were as follows: CUL1WHB-DCN4,
99% favored, 0% outliers.

Bromodomain profiling. Compound profiling against a panel of 32 BRDs
was performed by DiscoveRX Corp. at a single concentration of 10 uM. The
amount of BRD captured on an immobilized ligand in the presence or absence
of compound was measured with a qQPCR method detecting the associated
DNA label tagged to the BRD. Any targets that demonstrated >40% inhibition
at 10 UM were subjected to dose-response profiling for K; determination. An
11-point three-fold serial dilution of each test compound was prepared in 100%
DMSO at 1,000x final test concentration (top concentration 120 uM), such
that the final concentration of DMSO was 0.09% in the assay (Supplementary
Data Set 4).

Histone deacetylase, sirtuin, and histone acetyltransferase profiling.
Compound profiling against a panel of 11 histone deacetylases, 4 sirtuins,
and 7 histone acetyltransferases was performed by Reaction Biology Corp.
at a single concentration of 10 UM in triplicate. The results are reported as
percentage enzyme activity compared with that of DMSO-treated controls
(Supplementary Data Sets 3 and 5).

Cell culture. HCC95, a squamous cell lung carcinoma line; BJ, a normal
human foreskin fibroblast cell line; HEK293T, an embryonic kidney line; and
HCT116, a human colon cancer cell line were purchased from the American
Type Culture Collection (ATCC). CAL-33, a tongue squamous cell carcinoma
line, was purchased from the Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures. B cells were cultured as recommended.
HCT116 cells were cultured in McCoy’s 5a medium with 10% FBS and 2 mM
L-glutamine. HCC95 cells were cultured in RPMI-1640 medium supplemented
with 10% FBS and 2 mM L-glutamine. HEK293T and CAL-33 cells were cul-
tured in DMEM (Thermo Fisher) supplemented with 10% FBS (Hyclone). Cell
culture media were purchased from ATCC, and FBS was purchased from GE
Healthcare Hyclone. Cells were routinely tested for mycoplasma contamina-
tion with a MycoAlert Mycoplasma Detection Kit (Lonza).

Stably transfected human embryonic kidney (HEK) 293 Flp-In T-Rex
cells (Thermo Fisher) were cultured in DMEM supplemented with 10% FBS,
2 mM L-glutamine, and antibiotics (100 units/mL penicillin and 0.1 mg/mL
streptomycin), and in the presence of selection with 100 pg/mL hygromycin
and 15 pg/mL blasticidin. HA-tagged DCNLI expression vectors (pcDNA5-
FRT/TO+HA-DCNLI1 or pcDNA5-FRT/TO+HA-DCNL1(D211A A235R
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D241)) were stably transfected into HEK293 T-Rex with Invitrogen’s Flp-In
T-Rex system, according to the manufacturer’s instructions. Protein expression
was induced for the times indicated with 1 pg/mL doxycycline.

Sequence validated, C-terminally FLAG-HA tagged UBE2M? was trans-
fected with TransIT-293 transfection reagent (Mirus Bio) in combination with
viral helper constructs (VSVG, TAT1B, MGPM2, and CMV-Rev1B). Viral par-
ticles were harvested, and a stable cell line was created by infection of HEK293T
cells and subsequent selection with puromycin (Life Technologies).

SMARTvector lentiviral shRNA was obtained from Dharmacon (source clone
ID V3SVHS00_5390398; microRNA sequence TAGTCTGCGCTTACCTTAC).
Lentivirus particles were transduced into HCC95, and a stable clone was
selected according to the manufacturer’s recommendations.

Soft-agar colony-formation assays were conducted according to previously
described protocols®. Colonies were visualized with a nitroblue tetrazolium
chloride solution and imaged with a Nikon DSLR camera and light box.
Colonies were defined as groupings of more than 20 cells and were counted
manually. Shown are representative well images from individual experiments
that were individually repeated at least three times.

Western blot analysis. Exponentially growing cells were plated in six-well
plates at 0.4 x 10° cells/well in 2 mL of medium and incubated overnight at
37 °C in a humidified 5% CO, incubator. 24 and 48 h after plating, the medium
was aspirated and replenished with 2 mL fresh medium containing either 4 uL
of DMSO or a 500x compound DMSO stock solution. The cells were harvested
after 72 h via trypsinization, thoroughly washed with PBS, pelleted, flash frozen
in liquid N,, and stored at =80 °C. Cell pellets were thawed on ice and lysed by
harvested resuspension in 30-40 UL of lysis buffer (50 mM Tris, 150 mM NaCl,
0.5% NP-40, 0.1% SDS, 6.5 M urea, 2 mM 1,10-orthophenanthroline, 1x Halt
protease- and phosphatase-inhibitor cocktail (Thermo Fisher), and 0.25 kU
Universal Nuclease (Thermo Fisher), pH 7.5). Cell suspensions were incubated
on ice for 25 min with occasional mixing by pipetting up and down. Lysates
were cleared by centrifugation at 13,000 r.p.m. for 20 min, and the supernatant
was collected. The protein concentration of total cell lysate was determined
with BCA assays (Pierce) by using BSA as a control. Cell lysates were diluted
into 2x SDS-PAGE sample buffer, such that 25 g of total protein was loaded
per well. Samples were heated at 95 °C for 2 min, briefly cleared by pulse cen-
trifugation, separated on 4-12% NuPAGE gels (Invitrogen), and transferred
to PVDF membranes (Bio-Rad) at 100 V for 90 min at 4 °C. Membranes were
blocked for 1 h in blocking buffer consisting of 1x Tris-buffered saline, 0.1%
Tween-20, and 5% blotting-grade nonfat dry milk (Bio-Rad). Primary antibod-
ies were prepared in blocking buffer and incubated with membranes overnight
at 4 °C with rocking, and membranes were then extensively washed in 1x Tris-
buffered saline and 0.1% Tween-20. Secondary antibodies were prepared in
blocking buffer according to the manufacturer’s recommendations and incu-
bated with membranes for 1 h at room temperature. After being extensively
washed, membranes were developed with SuperSignal West Pico chemilumi-
nescent substrate (Thermo Fisher) and developed by film exposure (HyBlot
CL, Denville Scientific). Shown are representative results from one experiment
that was repeated independently three times.

Whole-proteome profiling by tandem mass tagging (TMT) and mass spec-
trometry. The experiment was performed with a previously published protocol
with slight modifications®*¥. Briefly, proteins were extracted from cell pellets
and digested with LysC (Wako) and trypsin (Promega). The resulting peptides
were desalted with C18 cartridges (Harvard Apparatus) and chemically labeled
with decaplex TMT reagents (Thermo Fisher). The labeled samples were mixed
equally, desalted, and fractionated through offline basic pH reversed-phase liq-
uid chromatography (RPLC, pH 8.0, XBridge C18 column, 4.6 mm x 25 cm,
3.5-um particle size, Waters). The fractions were then analyzed by acidic-pH
RPLC-MS/MS analysis (75 um x ~40 cm, 1.9-pm C18 resin from Dr. Maisch,
Q-Exactive HF from Thermo Fisher).

Peptide and protein identification from MS/MS raw data was carried out
with JUMP, a newly developed tag-based hybrid search engine that combines
pattern matching and de novo sequencing to score putative peptides for high
sensitivity®. The data were searched against the UniProt human database

NATURE CHEMICAL BIOLOGY

concatenated with a reversed decoy database to evaluate the false discovery
rate (FDR) and were then filtered on the basis of mass accuracy and matching
scores to decrease the FDR to ~1%. The quantitative analysis was proc-
essed by the JUMP software suite as previously described® (Supplementary
Data Set 8).

TMT interaction proteomics data analysis. Mass spectra were processed
with a Sequest-based in-house software pipeline®. Searches were performed
against all entries from the human UniProt database (11 March 2014) includ-
ing all protein sequences in reverse order. The precursor tolerance was set
to 50 p.p.m., and the product-ion tolerance was set to 1.0 Da. TMT tags on
lysines and N termini (+229.163 Da) and carbamidomethylation of cysteine
residues (+57.021 Da) were set as static modifications, and oxidation of
methionine residues (+15.995 Da) was set as a variable modification. Peptide-
spectrum matches (PSMs) were adjusted to a 2% FDR through linear discri-
minant analysis®. For each peptide, a total minimum signal-to-noise value
of 100 was required®. Changes in protein abundance were determined from
reporter-ion intensities averaged across all peptides for a given protein. Data
analyses for TMT-immunoprecipitation were carried out with the R statisti-
cal package (version 3.2.3). TMT channel intensities were normalized to the
bait-peptide intensity and then quantile normalized. The data were log trans-
formed, and FDR-adjusted P values were determined through an empirical
Bayes approach. Differential interactors were determined on the basis of a
fold-change threshold of 1.5 and an FDR threshold of 0.05 (Supplementary
Data Set 6).

IP-MS to examine N-terminal acetylation of UBE2M. Cells expressing
UBE2M FLAG-HA were treated for 24 h with 10 uM of NAcM-COV dissolved
in DMSO or with DMSO alone. Cells were lysed in 50 mM Tris, pH 7.5, 150 mM
NaCl, and 0.5% NP-40 with protease inhibitors (Roche) to generate whole cell
lysates. Clarified lysates were immunoprecipitated with anti-FLAG magnetic
beads (Sigma). Complexes were washed four times with lysis buffer and twice
with PBS, then eluted with FLAG peptide at room temperature. Eluted proteins
were reduced with DTT and alkylated with iodoacetamide, then TCA precipi-
tated. TCA-precipitated proteins were digested with Glu-C (Thermo Fisher),
then cleaned up with C-18 stage tips. Eluted peptides were resuspended in
5% formic acid and 5% acetonitrile. Data were collected with a Q Exactive
mass spectrometer (Thermo Fisher) coupled with a Famos autosampler (LC
Packings) and an Accela600 liquid chromatography (LC) pump (Thermo
Fisher). Peptides were separated on an ~18-cm column with 100 wm inner
diameter. For each analysis, we loaded ~1 g onto the column. Peptides were
separated with a 70-min gradient of 5-29% acetonitrile in 0.125% formic acid
with a flow rate of ~300 nL/min. For the MS1 scan, resolution was set to 70,000
with an automatic gain control (AGC) target 1 x 10° and a maximum injection
time of 250 ms. We selected the top 20 precursors for HCD MS2 analysis with
the following parameters: resolution, 17,500; AGC 1 x 10°% maximum injection
time, 60 ms; isolation window, 2 Th; normalized collision energy (NCE), 25;
and centroid spectrum data type. In addition, unassigned and singly charged
species were excluded from MS2 analysis, and dynamic exclusion was set
to automatic.

Data availability. Structural data have been deposited in the Protein Data
Bank under accession numbers PDB 5V83 (DCN1-NAcM-HIT), PDB 5V86
(DCN1-NAcM-OPT), PDB 5V88 (DCN1-NAcM-COV), and PDB 5V89
(DCN4FONY_CUL1WHE). All other data generated or analyzed during this study
are included in this published article (and its supplementary information files)
or are available from the corresponding author on reasonable request.
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