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End-binding E3 ubiquitin ligases enable protease signaling

Matthew Ravalinl, Koli Basul, Jason E. Gestwickil2, Charles S. Craik?1:3

1Department of Pharmaceutical Chemistry, University of California at San Francisco, San
Francisco, CA, USA.

2Institute for Neurodegenerative Diseases, University of California at San Francisco, San
Francisco, CA, USA.

Abstract

Post-translational modifications (PTMs) direct the assembly of protein complexes. In this context,
proteolysis is a unique PTM because it is irreversible; the hydrolysis of the peptide backbone
generates separate fragments bearing a new N and C terminus. Proteolysis can “re-wire” protein-
protein interactions (PPIs) via the recruitment of end-binding proteins to new termini. In this
review, we focus on the role of proteolysis in specifically creating complexes by recruiting E3
ubiquitin ligases to new N and C termini. These complexes potentiate proteolytic signaling by
“erasing” proteolytic modifications. This activity tunes the duration and magnitude of protease
signaling events. Recent work has shown that the stepwise process of proteolysis, end-binding
by E3 ubiquitin ligases, and fragment turnover is associated with both the nascent N terminus
(7.e. N-degron pathways) and the nascent C terminus (/.e. the C-degron pathways). Here, we
discuss how these pathways might harmonize protease signaling with protein homeostasis (/.e.
proteostasis).

Keywords

End-binding: Specific recognition of the unique physiochemical properties of a protein terminus
by a protein or multiprotein complex.; Modular Recognition Element (MRE): The structural
feature in a protein that recognizes a PTM modified peptide; Terminal Recognition Element
(TRE): The structural feature of a protein of multiprotein complex responsible for end-binding.;
Post translational modification (PTM): A covalent chemical modification made to a polypeptide
following biosynthesis.; Protease: An enzyme that catalyzes the hydrolysis of a peptide bond.;
E3 ubiguitin ligase: An enzyme that mediates the ubiquitination of proteins; Degron: A protein
feature that is important for regulating protein turnover.; Proteostasis: The cellular pathways that
control protein fate.; Apoptosis: A form of programmed cell death that occurs in multicellular
organisms that avoids an inflammatory response.; Pyroptosis: A form of programmed cell death
that is lytic and pro-inflammatory.

I. Proteolytic control of PPIs

The biophysical underpinnings of protein-protein interactions (PPIs) are diverse.12 A
subset of important PPIs occur between a globular protein domain and a peptide. These

3Correspondence to: Charles.Craik@ucsf.edu.
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interactions have garnered significant interest because of the role they play in signaling

and their amenability to chemical modulation.3# This class of PPI is often regulated by
post-translational modifications (PTMs). In this way, the PPI is a composite readout of the
competing activities of enzymes that install the PTM (E) and those that remove it (E*), as
well the specificity of the binding domain that ultimately interacts with the modified peptide
(modular recognition element, MRE).® For example, in the field of chromatin modification,
PPIs are controlled by the interplay between “readers” (MRE), “writers” (E), and “erasers”
(E*).6’7

Proteolysis is a PTM involving the hydrolysis of an amide bond in a polypeptide chain.
Proteolytic activity is capable of transmitting biological signals by destroying entire
proteins, removing whole domains, facilitating the maturation of structural features, and
modulating PPIs (Figure 1).8 Proteolysis is a unique PTM because it is irreversible, and

thus represents a committed biological step. Given this irreversibility, proteolytic signals
exist in flux rather than in a dynamic equilibrium.®-10 Each proteolytic event generates two
products, a nascent N and C terminus with opposing charges (Figure 2, panel A). The only
way to recover the full-length protein is through re-synthesis, so the “eraser” function is
necessarily served by degrading the cleavage products. This feature positions the ubiquitin
proteasome system (UPS) to be a major contributor to protease signaling.1! Briefly, the UPS
involves a cascade of ubiquitin transfer steps that append a polyubiquitin chain to the protein
and enhance its affinity for the proteasome. In mammals, the specificity of ubiquitination

is controlled by the activity of 500 to 1000 different E3 ubiquitin ligases.12 Important for
this discussion, a subset of these E3 ubiquitin ligases recognize protein termini (i.e. are
end-binding) and, thus, are poised to regulate the stability of the products of proteolysis
(Figure 2, panel B and C).13.14

Il. Specificity links protease and E3 function

The unique features of proteolysis as a PTM have enabled the evolution of protease-driven
signaling cascades.1® Links between terminal recognition and protein degradation have been
characterized in bacteria, plants, yeast, and mammals.18 In eukaryotes, E3 ubiquitin ligases
that contain a terminal recognition element (TRE) couple the terminal chemical composition
of a polypeptide substrate to its degradation. An implicit connection between a protease

and E3 ligase arises from the physical interaction of each with a shared substrate (Figure 2,
panel D). Thus, the steps of proteolysis and turnover are driven by overlapping specificity

of the protease and the TRE for a common polypeptide sequence. For recognition of new

C termini, the TRE recognizes the same sequence motif that is N-terminal to the cleaved
bond (the non-prime sites). This is referred to as a C degron. Likewise, recognition at new

N termini depends on the complementarity between the TRE and the amino acids C-terminal
to the cleaved bond (the prime sites) (Figure 2, panel E). This motif is termed the N

degron. Thus, an understanding of the molecular recognition in these systems can emerge
from mapping the sequence specificity of the protease and the E3 ubiquitin ligase’s TRE.
Focusing on cleavage events that generate degrons is likely to facilitate the prioritization

of functional cleavages. With this framework in hand, we can leverage an understanding of
overlapping specificity /in vitroto illuminate biological signaling pathways /n vivo.

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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ll. The role of N degrons in protease signaling

The N-degron pathways broadly link the stability of a protein to the identity of its N
terminus.1’ In eukaryotes, these pathways were classically divided into two arms. In the
Ac/N-degron pathways, protein degradation is trigged by the recognition of an acetylated
N-terminal sequence by dedicated E3 ubiquitin ligases.18 The bulk of eukaryotic proteins
are irreversibly acetylated co-translationally.19:20 Acetylation can be preceded by the
removal of the N-terminal Met generated by the start codon via the activity of methionine
aminopeptidases (MetAPs).21:22 The propensity for an encoded N-terminal sequence to be
acetylated or demethionylated is dictated by the specificity of the MetAPs and N-terminal
acetyltransferases. In general, the removal of methionine from the N terminus is favored in
instances when a sterically small (Ala, Val, Ser, Thr, Cys, Gly, and Pro) residue is present
at the position directly adjacent to the N-terminal Met. N-terminal acetylation subsequent to
demethionylation is favored for all of these residues with the important exception of Gly and
Pro.23

The other classical arm of the N-degron pathways are the Arg/N-degron pathways. Here, N
termini bearing positively charged (Arg, Lys, His, e.g. Type | degrons) or large hydrophobic
(Leu, Phe, Trp, Tyr, lle, e.g. Type Il degrons) residues are ubiquitinated by a subset of

the UBR family of E3 ubiquitin ligases (UBR 1, 2, 4, and 5 in mammals).2* These E3
ligases depend on the specific recognition of the positively charged N-terminal amine to
bind to their substrates. Type 1 degrons are recognized by the UBR domain that contains

a binding site capable of coordinating the positive charges of both the N terminus and the
side chain of the N-terminal Arg, Lys, or His (Figure 3, panel A).25 The structural aspects
of the recognition of Type Il degrons is less understood, however a discrete recognition
domain in UBR1 and UBR?2 is responsible for binding these sequences.?® This domain is
homologous to a TRE found in bacteria, ClpS, which binds to N-terminal hydrophobic and
aromatic amino acids, directing degradation by ClpXP (Figure 3, panel B).2” Collectively, N
termini that are directly recognized and ubiquitinated by the UBR E3 ligases are referred to
as “primary” N degrons.

Some N termini require chemical modification prior to being shunted through the Arg/
N-degron pathways. For example, N-terminal Asp and Glu residues must first be modified
with an N-terminal Arg by the Ate family of Arg transferases.?8 Given the necessity for

an additional modification to sequences bearing terminal Asp and Glu residues they are
referred to as “secondary” degrons. N-terminal Cys residues require oxidation by nitric
oxide prior to argenylation by Ate.2? N-terminal Asn and Gln are converted to Asp and Glu
respectively via side chain deamidation by Ntaql before argenylation can occcur.30 As they
require two modifications prior to recognition by the Arg/N-degron E3 ligases, sequences
bearing terminal Cys, Asn, or Gln are referred to as “tertiary” degrons. In the context

of this discussion, the modifications that produce secondary and tertiary degrons provide

a bridge between proteolysis and binding to UBR domains. A poignant example of this
logic is evident in the processsing of the Ubiquitin specific peptidase 1 (USP1). USP1 auto-
proteolyzes to yield a nascent N terminus bearing a conserved GIn residue. The degradation
of this USP1 fragment requires the activity of both Ntag1 and Ate1.31 Therefore, although

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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USP1 does not generate a N-terminal Arg directly, its prime-side specificity still links it to
the UBR E3 ligases.

Although N-degron pathways were first described over thirty years ago, the biological
functions that they direct are still being uncovered. For example, N-terminal Gly and Pro
residues are generated by MetAP activity but resist acetylation and degradation by both

the Ac/N-degron and Arg/N-degron pathways. Recently it was discovered that GID4, a
component of the GID E3 ubiquitin ligase complex in S. cerevisiae, specifically binds
proteins bearing a N-terminal Pro.32 This pathway is critical for the rapid degradation of
gluconeogenic enzymes when S. cerevisiae are transitioned from acetate- or ethanol-based
growth media to glucose-based media. Structural and biophysical evidence demonstrated
that the human GID4 ortholog specifically recognized N-terminal proline and required a free
amine at the N terminus (Figure 3, panel C).33

An N-degron pathway for unacetylated Gly residues has also recently been described.
Briefly, a functional genomics screen identified Cul2ZYG110 and Cul2ZER1, as the E3
ubiquitin ligase complexes responsible for the degradation of polypeptides bearing a N-
terminal Gly.34 A proximal Phe, Gly, His, Leu, Met, or Tyr residue was found to further
favor degradation. These Gly/N degrons were relatively underrepresented in the human
proteome, suggesting that few full-length proteins use this pathway. In contrast these Gly/N
degrons were enriched in the N termini produced by caspase cleavages. Furthermore,

N myristoylation of N-terminal Gly was shown to compete with E3 ligase activity so

that proteins or protein fragments bearing N-terminal Gly which do not readily undergo
myristoylation and subsequent membrane localization are likely to be destroyed. When
considered in context with previous data indicating that N degrons are conserved in toxic
caspase-generated fragments, this data points to intricate crosstalk between caspase activity
and N-degron pathways.3°

Pathogens also employ proteolysis to hijack degradation pathways and these systems often
provide key insight into mechanism. For example, it was recently demonstrated that Anthrax
Lethal Factor (LF), a secreted metalloprotease from Bacillus anthracis, relies on the N-

end rule E3 ubiquitin ligases: UBR2 and UBRA4. It was known that cell killing by LF
depended on the activation of the NLRP1B inflammasome.3¢ More recently, it was shown
that, in the cytosol, LF cleaves NLRPB1 between Lys44 and Leu45, creating a type-I1
Arg/N degron.37:38 NLRP1B normally exists as an autoinhibited heterodimer. However,

the unmasking of Leu45 by LF destabilizes the autoinhibitory fragment, leading to the
oligomerization of the NLRP1B CARD (CAspase-Recruitment Domain) domain-containing
fragment, the activation of caspase-1, and pyroptosis. In essence, LF reprograms the stability
of a host NLRP1B protein via proteolysis to elicit a cellular response that favors cell death
and pathogenesis. Given that many pathogens have evolved secreted proteolytic effectors,

it seems probable that many of these could reshape the stability of host proteins through
N-degron pathways.

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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lll. Caspase regulation by IAP N-end-binding E3s

The regulation of protease activity is often redundant and multi-faceted. Many proteases
are produced in a zymogen form to restrict their activity.3° Thus, these proteases must
mature into an active enzyme prior to efficient cleavage of their biological substrates. This
maturation usually requires proteolysis, such that the active enzyme contains N and/or C
termini not present in the zymogen. The caspase family of cysteine proteases are well
understood in this respect. The inflammatory caspases (-1, —4, and -5 in humans) and
initiator caspases (-2, -8, -9, and —10), must dimerize in order to mature.?? Dimerization
is mediated by signaling events that cue the assembly of multicomponent complexes

(i.e. inflammasome, apoptosome, DISC complex, etc.) which facilitate dimerization. Upon
dimerization, autoproteolysis leads to the release of the mature enzyme bearing new N
and C termini on both the large and small subunits. While dimerization and activation of
the inflammatory and initiator caspases requires stimulation, the executioner caspases (-3,
-6, and —7) exist as constitutive homodimers in their zymogen form. For those caspases,
maturation is canonically induced by the upstream activity of the initiator or inflammatory
caspases.*!

The maturation of caspases-3, =7, and -9 yields a new N terminus on the small subunit

that engages in a regulatory interaction with the X-linked inhibitor of apoptosis (XIAP).
XIAP consists of three Baculovirus IAP Repeat (BIR) domains and a RING domain with
E3 ubiquitin ligase activity. BIR1 is devoid of caspase binding activity and seems to support
dimerization.*? In contrast, BIR2 binds and inhibits the active forms of caspases-3 and 7.
This activity further involves the peptide linker region between BIR1 and BIR2, which

acts as a substrate mimic to bind the caspase active site.#344 The structure of the BIR2
domain bound to the N terminus of the small caspase subunit (Figure 4, panel A) has shown
that Asp214 and Glu219 in the BIR2 domain are critical to recognition. Further, structural
and mutagenesis studies have confirmed that both the end-binding activity and substrate
mimicry are important for BIR2 inhibition of caspase-3 and caspase-7.4° Finally, the BIR3
domain inhibits caspase-9 in a similar fashion, with the distinction that binding of the
caspase N-terminus is sufficient to inhibit (Figure 4, panel B), without a role for the linker.
It should be noted that the role of XIAP’s ubiquitin-ligase activity in regulating caspase
degradation remains unclear, but it is clear that end-binding is functionally important.

N-terminal binding of caspases to XIAP needs to be neutralized during apoptosis. This
activity is achieved by the generation of nascent N termini that compete with caspases

for the N-end binding sites in XIAP. For example, pro-apoptotic proteins released from

the mitochondria, including Smac, HTRA2, and PGAMS5, contain IAP Binding Motifs
(IBMs) at their nascent N termini.4’ In a healthy mitochondrion, Smac is tethered

to the inter-membrane by an N-terminal transmembrane anchor. Upon outer-membrane
permeabilization, it is cleaved by the integral-membrane serine protease PARL, revealing an
N-terminal IBM capable of binding BIR2 and BIR3 in XIAP (Figure 4, panel C and D).48-50
Through this competition between N termini and XIAP, cell survival is carefully tuned.
Knowledge of this pathway has also facilitated creation of peptidomimetics with activity in
cells and mice. Specifically, these compounds act at distinct BIR domains to potentiate cell
death in cancer cells.>152 The competition between caspases and cleaved Smac for XIAP

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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effectively links the two signaling modules and creates a higher-order signaling network
(Figure 4, panel E).

IV. Cends: new opportunities in protease signaling

Until recently, knowledge of end-binding E3 ubiquitin ligases was largely restricted to the
N terminus. In 2018 Koren et a/and Lin ef alused global protein-stability (GPS) profiling
and CRISPR-based functional genomics screens to systematically identify C degrons and
match them to the components of the UPS that mediated their degradation.>3-5% This global
profiling effort led to the identification of eleven C-end binding E3 ubiquitin ligases with
unique specificities. The bulk of these E3 ligases were in the Cullin-RING E3 ligase family
(CRLs e.g. Cul2 or Cul4). These ligases do not bind the C terminus directly but rather

they use adaptors. Thus far, these adaptors all seem to contain repeats of protein-binding
domains, such as Kelch, Ankyrin, Tetratricopeptide, WD40, and armadillo-like repeats.
Structures of the Kelch domain adaptor, KLHDC?2, bound to C-degron sequences were
solved by Rusnac et af, showing that binding involves a Gly-Gly sequence at the C terminus
(Figure 5, panel A and B).56 Interestingly, one such Gly-Gly/C degron in USP1 arises

from the same autoproteolytic cleavage event that also generates a tertiary Type-1 N degron
(via an N-terminal Asn residue). This coincidence of N- and C-degron pathways on a
single cleavage site highlights the amount of information that can be unmasked by a single
proteolytic event (Figure 5, panel C).

The regulatory logic of C-degron pathways is likely quite different from N-degron pathways.
One reason is that free C termini are far more abundant than free N termini in the cell.
While C termini are sometimes modified by methylation, amidation and adenylation, most
seem to be free.>” Additionally, it seems likely that C degrons might be more likely than

N degrons to co-evolve with proteases because soluble, mammalian protease specificity is
often dominated by non-prime residues, particularly in serine and cysteine proteases, where
C-end binding would arise. However, this idea has not been rigorously tested and further
work is required to understand the molecular and cellular determinants of C-degron pathway
function.

V. Crosstalk between CHIP and caspases

N and C degrons link proteolysis with proteostasis. In that context, another recently
described C degron is particularly interesting. The carboxy terminus of Hsp70 interacting
protein (CHIP) is a dimeric, Ubox domain-containing E3 ubiquitin ligase.585% CHIP also
contains a tetratricopeptide repeat (TPR) domain, which is best known for binding to the
C terminus of cytosolic heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90).
Hsp70 and Hsp90 are molecular chaperones that facilitate protein folding, trafficking and
function. These chaperones end in similar C-terminal sequences: Hsp70s (IEEVD-CO,H)
and Hsp90s (MEEVD-CO5H). Binding of these sequences to CHIP facilitates transfer of
ubiquitin from E2 to the chaperone-bound client (Figure 6, panel A and B), likely serving
to remove misfolded proteins and maintain proteostasis. At a molecular level, CHIP binds
C-terminal Asp residues in Hsp70/Hsp90 through a conserved carboxylate clamp in its TPR
domain.80-62

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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It was previously assumed that the majority of CHIP functions are a result of its cooperation
with Hsp70 and Hsp90 chaperones. However, we recently reported that the CHIP TPR
domain interacts with a far broader range of C termini than previously thought.53 Briefly
we used a positional scanning synthetic combinatorial library (PSSCL) of peptides to assign
the subsite specificity of the CHIP TPR domain at the four positions (P2, P3, P4, P5)
preceding the C-terminal Asp (P1). This approach defined the specificity of the CHIP

TPR domain and led to development of a peptide optimized at all five residues (CHIPOpt,
Ac-LWWPD). Indeed, CHIPOpt exhibited superior binding properties to the previously
best-known sequences, such as Ac-IEEVD (Figure 6, panel C). Binding information from
the PSSCL library also created the opportunity to predict other interactors of CHIP in the
human proteome using a sequence-based approach. While we predicted that few C termini
in full-length proteins would bind well to CHIP, we found ~2,700 putative CHIP binding
sequences that were likely to arise from caspase activity. Two of these putative interactions,
with tau and caspase-6, were verified in follow-up binding studies. Tau cleaved at Asp 421
(tauP421) and caspase-6 cleaved at Asp179 (caspase-6P2179), are both known to accumulate
in Alzheimer’s disease, and we found that both bound directly to CHIP’s TPR domain.
Moreover, the direct binding to CHIP could rapidly ubiquitinate tauP42! in the absence

of a chaperone. This finding greatly expands the potential, chaperone-independent roles

for CHIP in regulating proteostasis. Interestingly, binding of CHIP to caspase-6P17° did
not lead to ubiquitination. Rather, this interaction inhibited caspase-6P179 enzyme activity,
reminiscent of how XIAP inhibits caspases-3, =7 and —9. For Alzheimer’s Disease these
observations suggest a key role for this axis in regulating tau accumulation. More broadly,
this C-degron pathway suggests a complex interplay among CHIP, caspases, and caspase
substrates (Figure 6, panel D).

It is interesting to consider the co-evolution of caspases and CHIP in the context of
multicellularity. The TPR family of co-chaperones and the corresponding C-terminal
interaction motif in Hsp70s and Hsp90s are absent in prokaryotes but present in yeast.
However, there is no yeast ortholog of CHIP. Yeast are also devoid of caspases or similar
proteases with specificity for a P1 Asp. It is enticing to consider that CHIP and caspases
evolved together in higher organisms to facilitate the transfer of information between
caspases and proteostasis networks.

VI. Implications of end-binding in the proteome

It has become clear that new protein termini are a hotspot for PPIs and that end-binding E3
ubiquitin ligases are intimately intertwined with protease signaling. The well characterized
proteases involved in this process to date include MetAPs and caspases, but further work

is essential to understanding which other endo- and exo- proteases might be involved.
These efforts will likely need to integrate modern proteomic methods for detecting protein
termini in cells, as well as activity-based protein profiling (ABPP) methods.54-69 Given the
relatively recent description of C-degron pathways, this might be a particularly fruitful area
of focus for future work because it seems likely that many other proteases will be involved.
At the same time, continued use of modern functional genomics (e.g. CRISPRi screens) is
poised to uncover which of the hundreds of E3 ubiquitin ligases and adapter proteins might
be involved.

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.
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We also suggest that the chemical biology community could additionally contribute to this
field through the development of high-quality probes for individual PPIs. Success in creating
potent, selective Smac mimetics provides motivation and a possible framework for this idea.
The interactions of N- or C-terminal peptides with TREs typically involve a relatively small
surface area, which is favorable for creating competitive inhibitors (Ran and Gestwicki,
2018 ref 4). However, to gain selectivity, any resulting inhibitors will likely need to mimic
the free amine or carboxylate. This constraint may require innovations in isosteres and/or
prodrugs to effectively mimic these moieties while maintaining favorable physiochemical
properties for cellular activity. However, this goal seems worthwhile because a broader
collection of N- and C-degron pathway inhibitors are expected to be useful in both
understanding biology and creating translational opportunities.
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Figurel.
Protease activity catalyzes the hydrolysis of a polypeptide. The structure of the protease

active site forms subsites (S1-S4, S1°-S4") with specificity for amino acids N terminal to the
cleaved bond (P1-P4, non-prime) and C terminal to the cleaved bond (P1’-P4’, prime). The
non-prime residues generate a new C terminus (C-end) and the prime side residues generate
a new N terminus (N-end). This specificity is coupled to biological function through

a variety of signaling mechanisms including degradation (e.g. the ubiquitin proteasome
system or UPS), domain liberation (e.g. shedding of TNFa by TACE), inducing maturation
(e.g. activation of TGFB by Furin), and modulating PPIs (e.g. sequestration of IAP’s by
Smac via PARL). The key challenge in understanding protease signaling is identifying the
determinants of protease specificity and connecting them to a signaling mechanism.

ACS Chem Biol. Author manuscript; available in PMC 2021 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ravalin et al.

Reversable PTMs

Translation

\_poq — Function

OIG

Proteolysis

Translation

\poq — Function

or

Page 13

Regulation of product stability

Translation

|
_Pq
or

A B & = B & =
v ¥ N il ¥ M il

Function Function Function Degradation Function Function Degradation
C
)
ATP (L) —» Q)@ :
SH A —> 2
S = ) —> g8
(=0 O
(0]
& ® S
- T = Substrate = Substrate w/ ( <
Q = E2 Binding element - specificity element @ binding element & (
D E Protease
Modules Minimal
Network S4 S3 S2 S1 S1' S2' S3' sS4
@ Protease — Physical
Interaction
=== Functional
S  Substrate Interaction

P4YPYC2)P)
0@

Terminus-bindinge3 ~ ( F F-=-----
Ubiquitin Ligase

Figure 2.

End-binding E3 ubiquitin ligases regulate protease product stability to enable signaling.
(a) The balance of activity between PTM placing (E) and PTM removing (E*) enzymes
controls the partitioning of function between modified and unmodified species for most
PTMs. The irreversibility of proteolysis requires a different regulatory mechanism. (b)
End- binding E3 ubiquitin ligases can degrade the products of proteolysis and control
proteolytic signal intensity and duration. (c) E3 ubiquitin ligases provide specificity to the
ubiquitin proteasome system by binding to degrons (yellow circles) and scaffolding substrate
ubiquitination and subsequent delivery to the proteasome. (d) When a protease (P) cleaves
a substrate (S) that is subsequently recognized by and end-binding E3 ubiquitin ligase
(E3), a functional interaction is created between protease and E3. These elements form a
minimal signaling network. (e) The strength of the functional link between a protease and
an end-binding E3 is related to the overlap in the specificity between the protease active
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site and the terminal recognition element (TRE) in the E3. This links S1-S4 subsites to
C-terminal TREs and S1’-S4’ to N-terminal TREs.
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Figure 3.
Specific determinants of N-end binding link protease and E3 function in signaling pathways.

(a) The X-ray crystal structure (PDB 3NY3, left panel) of the UBR N-end binding TRE
from UBR?2 (surface, grey) bound to a tetrapeptide (NH,-RIFS-CO5H, sticks, yellow).
Specificity for the N-terminal Arg is mediated by Asp150 and Asp 153 (middle panel).
UBR binds to the N degron at the nascent N terminus of a self-cleavage product of USP1
after the N-terminal GIn is deamidated and argenylated (right panel). (b) The X-ray crystal
structure (PDB 302H, left panel) of the £. co/i N-end binding TRE from ClpS (surface,
grey) bound to a peptide (NH,-LVKSKATNLLYC-COH, sticks, yellow). Specificity for
the N-terminal Leu is mediated by coordination of the amine by Asn34, Asp35, and His66
(middle panel). A homologous domain in human UBR 1 and 2 is thought to direct the
binding of Type Il N degrons. Generation of a Type Il N degron by Anthrax LF activity
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mediates NLRP1B inflammasome activation and cell death (right panel). (c) The X-ray
crystal structure (PDB 6CDC, left panel) of the GID4 N-end binding TRE from GID E3
ubiquitin ligase complex (surface, grey) bound to a tetrapeptide (NH,-PGLW-CO,H, sticks,
yellow). Specificity for the N-terminal Pro is mediated by coordination of the proline amine
by Glu237 and backbone contacts with GIn132, Ser253, Ser278, GIn282 (middle panel).
GI1D4 binds to the N degron at the nascent N terminus of a methionine aminopeptidase
cleavage product of gluconeogenic enzymes including Fbpl to mediate their rapid decay
(right panel).
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N-end binding is critical for the regulation of apoptosis. (a) The X-ray crystal structure
(PDB 1130) of the BIR2 domain of XIAP (grey, surface and cartoon) bound to caspase-3
dimer (yellow, surface and cartoon). BIR2 inhibition of caspase-3 activity depends on its
ability to occupy the active site (blue square) and bind the nascent N-terminal IBM motif
generated by maturation of the enzyme (red square). (b) The X-ray crystal structure (PDB
1INW9) of the BIR3 domain of XIAP (grey, cartoon) bound to caspase-9 monomer. BIR3
inhibition of caspase-9 depends on its ability to bind the nascent N-terminal IBM motif
generated by maturation of the enzyme (red square) but not the active site (blue square).
(c) The X-ray crystal structure (PDB 1G73) of Smac dimer (Second mitochondrial activator
of caspases, yellow, cartoon and surface) bound to BIR3 domain of XIAP (grey, cartoon
and surface). Cleavage of Smac by PARL and release form the mitochondria allows the
IBM motif generated by cleavage to sequester XIAP and relieve caspase inhibition. (d)
The N-terminal Ala in the IBM motif of Smac (NH»-AVPI) is specifically coordinated

by Glu314 and GIn319. () Complementary specificities of caspase-9, PARL, and XIAP
establish a network architecture that encodes the signaling function of this system.
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Figureb.
C-end binding adaptors to Cullin E3 ubiquitin ligases link degradation and non-prime

protease specificity. (a) The X-ray crystal structure (PDB 6DO5) the Cul2 adaptor KLHDC2
(grey, surface) bound to a C-terminal peptide derived form a self-cleavage event in USP1
(NH»-1IGLLGG-CO»H, yellow sticks, red square). (b) The C-terminal Gly is coordinated

by Arg236, Arg241, and Ser269. (c) Self-cleavage by USP1 generates coincident N and C
degrons with the potential to regulate USP1 function.
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Figure 6.
C-end binding by the E3 ubiquitin ligase CHIP links caspases and protein homeostasis.

(a) Canonical CHIP (grey) function stems from an ability to bind to ubiquitin charged E2s
(black) and cytosolic chaperones (/.e. Hsp70s, red) to mediate ubiquitination of chaperone
bound client (white). (b) This function is rooted in the ability of CHIP (PDB 2CI2, grey,
cartoon and surface) to bind a conserved C-terminal motif (IEEVD-CO,H in Hsp70s and
MEEVD-CO,H in Hsp90s, yellow, spheres) through its TPR domain (red square) and
bring it into the proximity of E2 bound to the Ubox domain (PDB 20XQ, black, cartoon).
(c) The C-terminal Asp of an optimized peptide bound to the CHIP TPR (PDB 6NSV)

is coordinated by Lys30, Asn34, Asn65 and Lys95. (d) Shared specificity with caspases
mediates direct binding and inhibition of active capsase-6 (caspase-6°179) and binding and
ubiquitination of caspase-cleaved tau (tauP421).
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