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SUMMARY

RING-Between-RING (RBR) E3 ligases mediate ubiquitin transfer through an obligate E3-
ubiquitin thioester intermediate prior to substrate ubiquitination. While RBRs share a conserved
catalytic module, substrate recruitment mechanisms remain enigmatic and the relevant domains
have yet to be identified for any member of the class. Here we characterize the interaction between
the auto-inhibited RBR, HHARI (AriH1), and its target protein, 4EHP, using a combination

of XL-MS, HDX-MS, NMR, and biochemical studies. The results show that 1) a di-aromatic
surface on the catalytic HHARI Rcat domain forms a binding platform for substrates and 2) a
phosphomimetic mutation on the auto-inhibitory Ariadne domain of HHARI promotes release and
reorientation of Rcat for transthiolation and substrate modification. The findings identify a direct
binding interaction between a RING-Between-RING ligase and its substrate and suggest a general
model for RBR substrate recognition.
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HHARI is an auto-inhibited RING-Between-RING ubiquitin ligase involved in genotoxic stress,
signaling, and organogenesis. Reiter et al use integrated structural approaches to monitor the
conformational response of HHARI upon activation and substrate binding, revealing a non-
ubiquitin substrate binding platform in the HHARI Rcat domain.

INTRODUCTION

Covalent modification of proteins by ubiquitin (Ub) is a fundamental biological signal
involved in nearly all eukaryotic cellular processes. A highly varied and complicated Ub
code is generated through serial action of three enzymes (E1, E2, and E3) that require

tight regulation to ensure accurate execution of the signal. Attachment of single or multiple
Ub moieties (mono- vs. poly-ubiquitylation) are distinct outcomes that direct a substrate’s
fate, dictating proteasomal degradation of the target, changes in protein-protein interactions,
altered function, or protection from other post-translational modifications (Swatek and
Komander, 2016). Specific outcomes require careful targeting of substrates by E3s to avoid
potential pathological effects associated with cancer, neurodegeneration, and developmental
disorders. Consequently, there is great interest in substrate recognition and ubiquitin transfer
mechanisms as a nexus for therapeutic exploitation (Cowan and Ciulli, 2022; Jevti¢ et

al., 2021). Despite growing lists of ubiquitin targets, a lack of knowledge regarding how
substrates are recognized continues to impede progress and creates a situation in which

a vanishingly small number of E3s have their bona fide substrates identified and verified
(Iconomou and Saunders, 2016).

E3s are classified according to the mechanism by which they effect Ub transfer to substrate
and by the types of domains used to carry out the transfer. RING-Between-RING (RBR)
E3s share a three-domain catalytic module consisting of an E2-binding RING1 domain
and a catalytic cysteine-containing Rcat (also known as RING2) that are separated by a
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zinc-coordinating in-between-RING (IBR) domain. Additional idiosyncratic regions play
roles in auto-inhibition and in protein-protein interactions (Cotton and Lechtenberg, 2020;
Dove and Klevit, 2017). Although the targets of RBR E3s regulate critical processes,
including mitophagy, inflammation, and development, substrate binding domains have yet to
be identified for any of the 14 human RBRs (Aguilera et al., 2000; Eiyama and Okamoto,
2015; Elmehdawi et al., 2013; Haas et al., 2009; lwai et al., 2014; Pickrell and Youle, 2015;
Qiu and Fay, 2006; Tan et al., 2018, 2003).

HHARI is an essential RBR with roles in genotoxic stress signaling and organogenesis
(Dove et al., 2017a; Hart et al., 2015; Poush et al., 2018; von Stechow et al., 2015; Wang
et al., 2015). Several substrates have been identified as targets for HHARI-mediated mono-
ubiquitination, yet despite the overt requirement of an E3-substrate interaction, substrate
recognition domains have remained elusive (Dove et al., 2017a; Gradilla et al., 2011; Scott
et al., 2016; Tan et al., 2018; von Stechow et al., 2015). HHARI is a member of a subset
of RBRs that are auto-inhibited by a C-terminal Ariadne domain that occludes the Rcat
active site cysteine (Duda et al., 2013). Ubiquitin transfer by RBRs requires formation of
an Rcat~Ub intermediate (Wenzel et al., 2011), implying that Rcat must be released from
the Ariadne domain to expose the active site Cys for substrate ligation. While substrates
must ultimately interact with an activated RBR, how E3 domain rearrangements affect the
temporal accessibility of substrate recognition domains remains unclear.

Recent studies identified HHARI as a catalytic component of Cullin-RING ligase (CRL)
complexes, in which HHARI can be activated through direct interactions with Neddylated
Cul 1, 2, 3, or 4B (Dove et al., 2017a; Horn-Ghetko et al., 2021; Kelsall et al., 2013; Scott et
al., 2016). This association promotes HHARI-mediated mono-ubiquitylation of CRL-bound
substrates, which are subsequently poly-ubiquitylated by a CRL-bound E2. Thus CRL
complexes poise the HHARI Rcat domain for CRL substrate priming (addition of the first
Ub) without requiring HHARI to directly recruit a substrate. The Drosophila homolog of
HHARI, Ariadne-1, interacts with and mono-ubiquitinates substrates /7 vitro in the absence
of Cullin components, suggesting HHARI has CRL-independent substrates and, possibly,
CRL-independent modes of activation (Gradilla et al., 2011; Tan et al., 2018).

To investigate the determinants for substrate-level mono-ubiquitylation by HHARI in the
absence of CRLs, we studied its activity and interaction with the substrate, mammalian
translational repressor, 4EHP. Following genotoxic stress, 4EHP is mono-ubiquitylated at
detectable levels and its association with the mRNA 5’ cap is dependent on HHARI,
although its modification by HHARI has not been shown directly (von Stechow et al.,
2015). Here we use an integrated structural approach that combines cross-linking mass
spectrometry (XL-MS), nuclear magnetic resonance (NMR) spectroscopy, and hydrogen-
deuterium exchange mass spectrometry (HDX-MS) to investigate an alternative activation
mechanism for HHARI. We demonstrate that mimicry of a phosphorylation event observed
in cells activates HHARI robustly. We also characterize 4EHP as a bona-fide HHARI
substrate that requires neither a CRL nor its associated E2 and map the E3-substrate
interaction to a distinct surface on the HHARI catalytic Rcat domain. Together, these data
define a direct substrate binding site for an RBR E3 ligase suggesting a general model for
how RBR E3s recognize substrates.
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An Ariadne domain phosphomimetic mutation activates HHARI

Cellular modes for CRL-independent HHARI activation have yet to be identified. However,
phosphorylation modulates the activity of some RBRs, including Parkin and RNF216
(Aguirre et al., 2018, 2017; Condos et al., 2018; Cotton et al., 2021; Kumar et al., 2015;
Ordureau et al., 2015; Sauvé et al., 2018, 2015; Seenivasan et al., 2019). Two sites of
phosphorylation in HHARI, S427 and S517, were previously identified in a high throughput
phospho-proteomic analysis of human ovarian and xenograft breast tumors (Figure 1A—

B) (Mertins et al., 2014). Both serine residues are located in the auto-inhibitory Ariadne
domain, with S427 located on a helix implicated in activation by CRLs, and that forms the
interface with Rcat (Horn-Ghetko et al., 2021).

To test the possibility that a phosphorylation event might lead to activation of HHARI,

we introduced aspartic acid mutations to mimic serine phosphorylation at each site and
assessed the effects on intrinsic HHARI activity. As previously shown, wild-type HHARI
has almost undetectable auto-ubiquitylation activity, while a triple point mutant (F430A,
E431A, E503A; HHARIFEE) in the Ariadne domain previously shown to overcome auto-
inhibition exhibited robust activity (Figure 1C) (Duda et al., 2013; Kelsall et al., 2013).
HHARI auto-ubiquitylation was similarly enhanced with HHARIS427D while HHAR|S517D
showed minimal to no change in ubiquitylation levels (Figure 1C). HHARI S427 is adjacent
to residues F430 and E431, suggesting that changes at the Ariadne/Rcat interface can lead to
activation.

HHARI shares 35% overall sequence identity with the related Ariadne-containing RBR
Triadl (AriH2), and 43% comparing the C-terminal Rcat-Ariadne domains. Of the two
observed phospho-sites in HHARI, S427 is conserved as a serine in Triadl, but S517 is
not. A phosphomimetic mutation in the analogous Triadl residue S378 (equivalent position
to HHARI S427) also activated Triadl for auto-ubiquitylation (Figure S1A). Altogether the
data establish that S427D HHARI is activated for Ub transfer, at least to itself, and that its
mode of activation is shared by another Ariadne RBR, Triadl. The results strongly imply
that phosphorylation of HHARI at S427, a modification observed in cells, represents an
alternate mechanism for activation to the previously described CRL-dependent mechanism.
We therefore chose to use S427D HHARI as the proxy for activated HHARI in our studies.

HHARI mono-ubiquitylates 4EHP

Given that 4EHP is mono-ubiquitylated at detectable levels and associates with HHARI
following genotoxic stress in cells, we sought to evaluate its potential role as a CRL-
independent HHARI substrate. To assess whether HHARI associates directly with 4EHP, we
examined binding of recombinant, purified 4EHP to auto-inhibited- and active HHARIS427D
by comigration over gel filtration chromatography (Figure S1B). 4EHP coelutes with both
active and auto-inhibited E3 states, consistent with formation of a long-lived complex. 4EHP
also co-elutes with the E2/E3 HHARI/UbcH7 complex (with iso-peptide-linked UbcH7-Ub,
a stable proxy for E2~Ub). Such a ternary complex contains the minimal components

for an E3 ubiquitylation reaction (E2-Ub, E3, substrate). Thus, although not required
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mechanistically, the results show that the RBR E3 can bind E2~Ub and a putative substrate
simultaneously.

While auto-inhibited HHARI binds its E2~Ub with high affinity, this binding does not
release inhibition (Dove et al., 2017b; Yuan et al., 2017). How substrate binding might
affect RBR activity is not known. To assess whether substrate binding is sufficient to
release HHARI auto-inhibition, we reconstituted a 4EHP ubiquitylation reaction /n vitro.
4EHP was not modified by wildtype HHARI, indicating that neither E2~Ub nor substrate
(or both) are sufficient to activate HHARI. In contrast, 4EHP was ubiquitylated primarily
with a single ubiquitin in the presence of either active HHARI species (S427D and FEE)
(Figure 1C). Reactions performed with a lysine-less ubiquitin (K0), which does not form
lysine-linked chains, did not alter the ubiquitylation pattern of 4EHP, confirming that the
higher molecular weight bands represent multiple mono-ubiquitylation events (Figure S1C).
AEHP was also mono-ubiquitylated by Triad15378D, suggesting the two related E3s share a
conserved substrate-binding surface (Figure S1A). The ability of HHARIS#27D to robustly
ubiquitylate 4EHP in the presence of E1, E2, and Ub, but the absence of a CRL confirms
that 1) 4EHP is a CRL-independent HHARI substrate and 2) such substrates bind directly to
HHARI, in contrast to CRL-dependent substrates which bind to a CRL subunit.

XL-MS reveals Rcat mobility

The formation of an E3~Ub intermediate requires Ub transfer between domains that are > 50
A apart in auto-inhibited HHARI structures. Our data demonstrate that phosphorylation

of HHARI is sufficient to stimulate active HHARI conformations in the absence of

CRL scaffolds. While 4EHP binding does not increase HHARI reactivity, its presence

in a stable auto-inhibited complex may place additional restraints on active HHARI

domain architecture. To determine domain rearrangements and interdomain contacts due

to phosphomimetic activation and to direct substrate binding, we performed cross-linking
mass spectrometry of HHARI in the presence or absence of 4EHP. This approach relies on
the physical proximity of residues, providing information on the dynamics and topology of
cross-linked regions.

Extensive inter- and intramolecular HHARI and 4EHP cross-links were observed upon
incubation with the amine-reactive cross-linker disuccinimidyl suberate (DSS) (Merkley et
al., 2014). Several cross-links exceeded the distances expected for DSS cross-linking range
(< 30 A Ca-Ca), with a subset formed between distant N- and C-terminal domains in auto-
inhibited samples (Figure 2A-B). The detection of such cross-links involving Rcat residue
K346 and the UbaL domain in auto-inhibited HHARI implies that active conformations

may be visited without an ‘activating event’, albeit at low frequency. Such low frequency
events may account for the basal activity seen in auto-inhibited activity assays. Indeed, when
mapped onto a CRL-activated HHARI structure the observed cross-link distances fall within
the expected range (Figure 2A-B). We hypothesized that activation promotes an increase

in active state conformational sampling and/or maintains HHARI in a reactive state. To

test this, we performed a quantitative analysis of select HHARI-HHARI and HHARI-4EHP
cross-links (Figure 2C, Figure S2A). Of these, 6/11 intra-HHARI cross-links were consistent
with distances observed in both the auto-inhibited and CRL-activated HHARI atomic
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structures. Consistent with activation promoting N- and C-terminal domain proximity, an
increase in RING1-Rcat cross-links (K257-K346) are observed in HHARIS427D (Figure
2C). Several cross-links were observed between sites > 50 A apart (K168-K293; K257-
K398) in both auto-inhibited and CRL-activated structures. These pairs contain residues
within flexible linkers, suggesting our cross-linking reactions may detect conformations

not captured by static crystal or CryoEM structures currently available. These results
demonstrate that HHARI is dynamic even while auto-inhibited and that activating events,
such as phosphorylation, can enhance Rcat-RING1 proximity in the absence of an activating
CRL complex.

Rcat C-terminal residues form a substrate binding platform

Consistent with the long-lived HHARI/4EHP complexes observed by SEC, numerous
intermolecular cross-links were observed for both auto-inhibited and phosphomimetic E3
states (Figure S1B). In both cases, these cross-links predominantly localized between 4EHP
residue Lys83 and the HHARI Rcat region (Figure 3A). This was a surprising finding, as
we had anticipated that substrate specificity would probably arise from a domain that is
idiosyncratic to HHARI, rather than one that is shared among all RBRs.

We sought to further define the interaction implied by the preponderance of cross-links
observed between 4EHP and Rcat. The Rcat domain retains its native conformation when
expressed as an isolated domain and is amenable to solution NMR approaches (Dove et
al., 2016; Spratt et al., 2013). NMR titration experiments were carried out on °N-Rcat
with addition of 4EHP. A majority of Rcat peaks were unaffected by 4EHP, while a

subset broadened or disappeared completely (Figure S3A-B). Based on previous resonance
assignments for the HHARI Rcat domain, the broadened peaks correspond to residues
from the C-terminal end of Rcat: these form a contiguous surface that is adjacent to the
Rcat active-site cysteine (Figure 3B) (Spratt et al., 2013). Mapping the 4EHP-affected
residues onto structures of HHARI reveals that the surface is accessible for binding in both
auto-inhibited and CRL-activated high-resolution HHARI structures (Figure 3C-D). Thus,
although the NMR experiments were performed on isolated Rcat domain, the results are
congruent with relevant multi-domained structures, providing confidence that the surface
mapped is indeed the 4EHP binding site.

Co-purification of a ternary complex of HHARIS427D| 4EHP, and UbcH7-Ub implies that
4EHP can bind HHARI during the transthiolation step between the RING1-bound E2~Ub
and Rcat. Previously, we identified a Ub binding surface on Rcat that is important for E2-E3
transthiolation, begging the question: can both 4EHP and Ub bind to the small Rcat domain
simultaneously (Dove et al., 2016)? To address this, Ub was added to 1°N-Rcat/4EHP
complexes and NMR spectra were collected. Perturbations to the previously reported Rcat
Ub binding surface are observed, and these are distinct from the 4EHP binding site (Figure
S3C-D). The structure of a CRL-activated HHARI/UbcH7-Ub transthiolation complex was
recently captured by cryo-EM using a tripartite active site trap (Horn-Ghetko et al., 2021). In
this structure, the Ub C-terminus is poised for transfer to the Rcat catalytic cysteine through
interactions with the HHARI IBR-Rcat Ub guide helix. From our studies, the Rcat surface
perturbed by Ub binding (in the context of an isolated Rcat and 4EHP complex) aligns with
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the cross-linked Ub from the CRL-activated state (Figure 3E, Figure S3C-D). Altogether,
the results demonstrate that 1) HHARI’s Rcat has distinct binding surfaces for its substrate,
4EHP, and the donor Ub and 2) 4EHP that is bound to auto-inhibited HHARI can also
remain bound during the first step of Ub transfer, namely the transthiolation, after HHARI
becomes activated.

HDX reveals ternary complex conformational rearrangements

Our understanding of RBR mechanisms has been limited to snapshots of auto-inhibited or
activated states for a given RBR E3. The use of multi-functional probes allows the trapping
of distinct functional conformers, however gaps in understanding dynamic intermediate
states still remain. Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a
powerful approach for studying protein complexes and their dynamics in solution (Engen,
2009). The exchange of protein backbone amide hydrogen atoms with deuterium atoms from
2H,0 is followed as a function of time and read out by mass spectrometry as each deuteron
incorporated adds 1 Dalton to the mass. The rate at which exchange occurs depends on

local structure and stability: an amide that is involved in hydrogen bonds or that is less
accessible to solvent will exchange more slowly than one that is highly flexible and/or
exposed to solvent. Thus, the degree of protection from deuteration is indicative of local
structure and dynamics. While XL-MS and NMR identified domain rearrangements and
4EHP-Rcat interactions, local changes in structure and conformation associated with S427D
activation are not captured. Therefore, we performed HDX-MS on a variety of HHARI
complexes to assess the contribution of each protein state on HHARI domain structure. To
enable comparison of data between different protein states, every time point was taken in
triplicate and statistical significance was determined (see Methods, and Supplementary Table
2 HDXMS Summary, related to Figures 4-6, S4).

The HDX-MS profiles of auto-inhibited and activated HHARIS427D were compared to
assess changes in the E3 itself. Significant differences in deuterium uptake kinetics were
observed for peptides from the HHARI Rcat-Ariadne interface (Figure 4). By far, the largest
difference in deuterium uptake was observed for peptides in the Ariadne region surrounding
S427: the relevant peptides are strongly protected in auto-inhibited HHARI and exchange
much more readily in HHARIS#27D (Figure 4). This region of the Ariadne domain was
recently termed the “switch-helix” because HHARI binding to Cull is associated with

an allosteric kinking of Ariadne helical residues that is thought to induce the release of
Rcat (Horn-Ghetko et al., 2021). Notably, an exchange boundary is observed in which the
C-terminal portion of the switch-helix shows decreased exchange upon phosphomimetic
activation, suggesting changes in secondary structure stability. Alignment of auto-inhibited
and CRL-activated switch-helices reveal the boundary defined by exchange corresponds

to the helical transition pivot point, showing remarkable congruence of the HDX and
cryo-EM data (Figure 4). Additionally, peptides located on the Rcat surface that contains
the catalytic cysteine, normally occluded by the Ariadne domain by auto-inhibition, showed
an increase in deuterium uptake kinetics. No other significant changes in deuterium uptake
were observed throughout HHARI, suggesting that the activation for HHARIS427D arises
from conformational changes in the Ariadne switch helix and concomitant Rcat release.
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Thus, while HHARI activation is mediated in at least two ways, via CRL interactions and
phosphorylation, the mechanisms that effect Rcat release share common features.

Turning next to changes associated with binary complex formation, HDX profiles of HHARI
bound to its preferred E2-Ub conjugate, UbcH7-Ub, were compared to the apo-E3. The
differences in deuterium uptake associated with E2-Ub binding were isolated, with a
decrease in exchange at the known RING1/UbcH7-Ub binding site (Figure S4A-B) (Dove
et al., 2017b). Additionally, helix 1 of the UbaL domain shows increased exchange in

the presence of UbcH7-Ub. This helix sits atop a kinked RING1-IBR linker helix that
undergoes allosteric straightening upon Nedd8-Cull binding (Horn-Ghetko et al., 2021).

No significant changes in deuterium uptake are seen in the Rcat or Ariadne domains,
consistent with both crystal structures and in vitro auto-ubiquitylation assays which indicate
that association of UbcH7-Ub with HHARI does not induce HHARI activation (Dove et

al., 2017b; Yuan et al., 2017). Unlike canonical RING domains that keep E2-Ub conjugates
in a ‘closed state’ to promote aminolysis reactivity, HHARI RING1 promotes an open
conformation for transthiolation (Dove et al., 2017b). Two currently available auto-inhibited
HHARI/UbcH7-Ub x-ray structures have provided differing views of the location of the

Ub moiety (Dove et al., 2017b; Yuan et al., 2017). One structure has weak density for the
Ub, consistent with it being either dynamic or heterogeneous (Dove et al., 2017b). In the
other structure, the Ub is associated with the UbaL domain of HHARI (Yuan et al., 2017).
Our HDX results show no additional protection consistent with a long-lived association of
Ub with the UbaL. Ub interactions with the Rcat-IBR linker (Ub guide helix), however,

are required for transthiolation (Dove et al., 2016; Horn-Ghetko et al., 2021). A cryo-EM
structure of the CRL-HHARI/UbcH7-Ub complex was made possible by covalently trapping
the transthiolation species using a tripartite crosslinker. No significant change in deuterium
uptake was seen for peptides associated with this intermediate, although we were able

to detect Rcat/Ub interactions via NMR (Figure S3C-D). This suggests the Rcat/E2-Ub
interaction captured in the tripartite trap is transient in solution.

HDX-MS data provides insight into possible allosteric effects induced by complex formation
(Peacock and Komives, 2021; Ramirez-Sarmiento and Komives, 2018). To assess changes

in E3 and substrate upon binding, complexes of 4EHP bound to auto-inhibited and
HHARIS427D in the absence of UbcH7-Ub, were compared. The presence of 4EHP led

to a single region of HDX protection in the Rcat and Ariadne domains of both auto-inhibited
and HHARIS427D complexes (Figure 5A—C). Rcat C-terminal peptides exhibited a decrease
in deuterium uptake kinetics, as did the Rcat-Ariadne linker and the distal start of the
Avriadne switch helix (Figure 5C). This region of the switch helix shows variable density

in current high-resolution structures, with secondary structure starting between residues
R401-A410. These observed effects are consistent with both the XL-MS and NMR mapping.
Additionally, HHARIS427D complexes showed enhanced protection adjacent to the switch
helix, at the hinge region of Ariadne helices 2 and 3 at early timepoints (Figure 5C). Given
the high affinity association of 4EHP with Rcat in the absence of the Ariadne domain,

it remains unclear whether the decrease in deuterium on the Ariadne domain is due to
stabilization of the terminal switch helix residues, or to direct binding of 4EHP. Increased
protection was also observed within Rcat Ub guide helix and catalytic cysteine-containing
peptides in the AEHP/HHARIS#27D complex (Figure 5B). The Ub guide helix exists as an
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unstructured IBR-Rcat linker in the auto-inhibited HHARI state, but forms helical secondary
structure that positions Ub during transthiolation upon activation(Duda et al., 2013; Horn-
Ghetko et al., 2021). Helical formation is also detected in solution structures of isolated
Rcat, which were used in this study as a proxy for the activated state of HHARI (Spratt

et al., 2013). Our NMR results showed no significant perturbations to Ub guide helix
resonances upon addition of 4EHP, suggesting the changes in activated E3 HDX are due to
allostery rather than direct interactions with 4EHP.

Comparison of ternary complexes composed of HHARI, 4EHP, and UbcH7-Ub with each
of the binary complexes revealed no additional differences in HDX. This suggests the
driving force of activation is release of Rcat brought about by a conformational change in
the Ariadne switch helix. Furthermore, no significant changes in either UbcH7 (other than
RING1 binding) or Ub were observed in the ternary complexes. Although the HHARIS427D/
4EHP/UbcH7-Ub complex represents a fully primed transthiolation complex, requiring Rcat
and the E2-Ub catalytic sites to come into proximity for catalysis, these interactions are
likely short lived and do not result in detectable changes in HDX kinetics within the time
scale of our experiments (shortest time point of 3 s).

Finally, a distinct surface on 4EHP was protected in both binary and ternary complexes
(Figure 6A—C). The results provide further confirmation that 4EHP binds to HHARI in a
highly similar manner, whether HHARI is auto-inhibited, activated, or primed for catalysis
with its E2~Ub. The peptides that showed decreased deuterium uptake are located on a
surface that surrounds W95 and is opposite from the mRNA cap binding pocket of 4EHP. In
translation repression complexes, 4EHP interacts with proteins using a similar W95-centered
surface, suggesting HHARI and mRNA cap binding need not be mutually exclusive (Peter et
al., 2017).

Model of HHARI-4EHP complexes

To create a structural model for HHARI-substrate interactions, we combined our solution-
based insights with published crystallographic and cryo-EM structures. In separate runs,
restraints from the Rcat-4EHP NMR studies, with or without additional XL-MS restraints,
were input into the HADDOCK docking program along with the 4EHP structure (PDB:
2JGC) and auto-inhibited HHARI (PDB: 4KC9) (Honorato et al., 2021; van Zundert et
al., 2016). The resulting models converge on a complex that positions 4EHP helix 1

and 2 with the C-terminal surface of Rcat, leaving the 4EHP mRNA cap binding pocket
solvent accessible (Figure 7A). Haddock Cluster 4, with the second highest Haddock
score from runs that included XL-restraints, was selected as the top model, given that the
orientation of 4EHP relative to the Rcat-Ariadne domains is consistent with the pattern

of decreased deuterium uptake in HHARI-4EHP complexes (Figure S5A, Supplementary
Table 1). Additionally, the highest scoring Haddock Cluster from runs without XL-MS
restraints modeled 4EHP in a similar orientation (Figure S5B). Alignment of the Cluster
4 Rcat domain with activated Rcat (PDB: 7B5L) positions 4EHP in a cavity bounded by
the Ariadne domain and Rcat/UbaL domains during transthiolation (Figure 7B). Mutation
of HHARI Rcat residues within the modeled interface revealed W386 and Y387 as
important residues for Rcat-4EHP interaction, with disruption of this surface resulting in
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loss of complex formation on size-exclusion chromatography (Figure 8A-D). While W386A
dramatically reduced 4EHP ubiquitylation, HHARI Y387A maintained the ability to mono-
ubiquitylate 4EHP at near wildtype levels (Figure 8A-B). The identification of Rcat mutants
that weaken binding but are still able to ubiquitylate 4EHP is consistent with transient
E3:substrate interactions, and suggests that high affinity substrate interactions are not
required for HHARI-mediated ubiquitin transfer. Reciprocal attempts to identify individual
4EHP residues with similarly strong effects were unsuccessful. A common feature of 4EHP
complex assemblies is recognition of the 4EHP dorsal surface, including hydrophobic
interactions with W95, however, 4EHP W95A did not disrupt HHARI association or
ubiquitylation under the conditions tested (data not shown). In addition to dorsal surface
interactions, a subset of 4EHP-associated proteins interact via noncanonical motifs that
increase their affinity to 4EHP (Peter et al., 2017). Intriguingly, a similar noncanonical
surface was protected in 4EHP-HHARI HDX-MS complexes, however, a 4EHP mutational
scan proved inconclusive due to poor protein solubility. Our data support a model in which
positioning of 4EHP relative to auto-inhibited Rcat is still satisfied by tertiary restraints
defined by domain placement in activated transthiolation complexes (Figure 7C). Based on
current structural data, it is not clear which 4EHP lysine residues are accessible for ubiquitin
ligation. Additional conformational rearrangements of Rcat may be needed to fulfill the final
substrate ubiquitin ligation step.

DISCUSSION

The identification of RBR catalytic sites a decade ago ignited efforts to understand their
unique mechanistic strategies (Wenzel et al., 2011). While seminal works have identified
common themes in RBR transthiolation reactions, two major aspects remain ill-defined.
First, it is clear that the mechanisms by which RBRs are released from auto-inhibition differ
among family members, so each must be defined individually (Aguirre et al., 2017; Dove
etal., 2017a; Duda et al., 2013; Gladkova et al., 2018; Horn-Ghetko et al., 2021; Kelsall et
al., 2013; Lechtenberg et al., 2016; Liu et al., 2017; Riley et al., 2013; Sauvé et al., 2018;
Stieglitz et al., 2013; Trempe et al., 2013). Second, no substrate binding domains have been
identified for any of the RBR E3s. Here we identify a site-specific activation mechanism for
HHARI and map a substrate-binding domain for RBR E3s using HHARI and 4EHP as an
exemplary pair.

An Ariadne domain substitution (S427D) that mimics a phosphorylation event observed

in cells releases HHARI auto-inhibition and promotes both HHARI transthiolation and
substrate ligation /n7 vitro. Notably, S427 is conserved in the related RBR E3, Triadl,
suggesting the possibility that the mechanism of activation by phosphorylation is conserved
as well. S427 is in the interdomain interface between the Ariadne and Rcat domains. The
presence of negative charge in the form of either the phosphomimic, aspartate, or a bona
fide phosphoryl group is sufficient to disrupt the interface and enable release of Rcat and
its otherwise sequestered active site. S427 itself is also occluded in the auto-inhibited
conformation, raising the question of how its phosphorylation is achieved. Our quantitative
XL-MS results indicate that Rcat is released even in auto-inhibited HHARI, albeit at

low frequency. It is possible that a kinase can access and modify S427 during such an
event and, once modified, the Ariadne domain will remain disengaged from Rcat. An
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alternative possibility is that S427 may be phosphorylated while HHARI is bound to a
CRL, as the serine is accessible in this conformation. We propose that either mechanism is
possible and further investigations will be needed to define the phosphorylation mechanism.
Regardless of how phosphorylation is carried out, the RBR E3s shown to be activated by
phosphorylation now include Parkin (known previously), HHARI, and Triad1l (this study).

The mechanism revealed for activation by phosphorylation of HHARI has parallels with
that recently shown for CRL-activation of HHARI, in which direct interactions between
Neddylated-Cull and HHARI Ariadne and UbaL domains lead to the allosteric release

of Rcat (Horn-Ghetko et al., 2021). Importantly, the phosphomimetic model presented

here and the CRL-activated mechanism both involve allosteric changes in Ariadne helix 1,
termed the switch helix, although the outcome is achieved in different ways. We therefore
propose that disruption of the Rcat-Ariadne interface is a common mechanism for HHARI
activation and that this can be achieved in at least two ways: allosterically through a direct
protein-protein interaction or by direct phosphorylation of HHARI. There are also important
differences in the mode of action of HHARI in CRL-dependent versus CRL-independent
reactions. Although in both cases, HHARI is responsible for placing a single Ub on a target
protein, HHARI’s Rcat mediates ligation to CRL-bound substrates in the former case and
to HHARI-bound substrates in the latter. Whether the substrate-binding site defined by our
study plays a role during Ub transfer to a CRL-bound substrate remains to be determined.

While many E3-substrate interactions are transient, 4EHP forms a high affinity complex
with HHARI in both inhibited and activated conformations. The finding suggests a model
wherein upon activation, substrate-bound Rcat is released from its Ariadne binding site and
traverses the length of HHARI to the RING1-bound E2~Ub. The long-range journey is made
possible by the long, flexible linkers that connect Rcat to its neighboring domains. As shown
in Figure 7C, we envision this process akin to a trapeze (Rcat) and its artist (substrate)
swinging from one side of HHARI to another.

Our study identified a di-aromatic motif within Rcat as critical for substrate binding

to HHARI. A non-overlapping set of Rcat residues are involved in binding Ub and

form a surface for donor-Ub orientation during transthiolation (Dove et al., 2016; Horn-
Ghetko et al., 2021). Our results demonstrate that the two binding sites can be occupied
simultaneously, suggesting that 4EHP is poised for Ub ligation transfer. Notably, the C-
terminal region of Rcat has been implicated in Ub chain formation for RBR’s such as HOIP
and RNF216 (Cotton et al., 2021; Stieglitz et al., 2013). These RBRs contain a zinc finger
insert (ZF1) that positions an acceptor ubiquitin lysine (the substrate in a chain-building
reaction) for ligation to the Rcat-linked donor Ub C-terminus. Sequence alignment reveals
that these inserts, while unique to HOIP and RNF216, are located within the region of Rcat
that is protected by 4EHP binding, and adjacent to the Rcat catalytic cysteine (Figure 9A).
We propose that substrate binding, whether ubiquitin or non-ubiquitin in nature, may be a
general feature for C-terminal Rcat residues, and that sequence divergence in this region
may determine substrate specificity.

Intriguingly, virtually all human RBR E3s contain di-aromatic motifs within their Rcat
domains. Triadl, ANKIB1, and CUL-9 contain di-aromatics in analogous positions to
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HHARI, within the loop between the final two Zn ligands of Rcat (Figure 9A-B). In each
case, the surrounding residues are not conserved implying that the aromatic landing pad is
in a unique environment in each E3, perhaps providing substrate specificity. On this basis,
we posit that these four RBRs directly bind and modify their substrates and are likely not

poly-Ub chain building E3s.

Four E3s, parkin, Dorfin, RNF19B, and Triad2 have di-aromatics that are either observed
experimentally or are predicted by AlphaFold to reside near the active site Cys residue and
occlude it. In these cases, the aromatics are just past the final Zn ligand (Figure 9A-B).

In parkin, the WY motif is in the interface between Rcat and RO and will only become
accessible after release of Rcat in activated parkin.

The large domain rearrangements and the dynamic behavior that appear to characterize the
strongly auto-inhibited RBR E3 family pose challenges to understanding their mechanisms
in detail. Here, we illustrate how an integrated structural approach can provide new insights
regarding the conformational gymnastics of HHARI, a strategy that is proving impactful
for the study of dynamic E3s (Faull et al., 2019). Our work expands understanding of both
E3 activation and substrate interactions. Somewhat unexpectedly, the identified substrate-
binding domain, i.e., Rcat, is one of the shared domains within the RBR module rather
than a unique domain. We propose that sequence divergence in the relevant region of Rcat
domains supports substrate selection among RBR E3s. Manipulation of this region will
enable evaluation of other RBRs and could facilitate substrate identification—the remaining
aspect of RBR function to be conquered.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Rachel E. Klevit (klevit@uw.edu).

Materials availability—Plasmids generated in this study are available by request from the
Lead Contact, Rachel E. Klevit (klevit@uw.edu).

Data and code availability

. All raw and processed XL-MS data discussed in this paper are available via
the ProXL web application at: https://proxl.yeastrc.org/proxl/p/hhari(Riffle et al.,
2019, 2016). In addition, complete search algorithm configuration files, FASTA
search databases, raw search output and raw MS data files were deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD030849(Vizcaino et al., 2009). Full Skyline quantification data of
all XL-MS experiments were deposited to the ProteomeXchange Consortium via
Panorama Public and is available at: https://panoramaweb.org/hhari.url with the
dataset identifier PXD030871(Sharma et al., 2018). Data can also be requested
directly from the corresponding author.

. This paper does not report original code.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All purified proteins used in biochemical, biophysical, and structural experiments were
recombinantly expressed in £. Coli (see below). All genes are of human origin.

METHOD DETAILS

DNA manipulation and protein purification—The following constructs were

used in this study, and if not stated otherwise, are human and full-length:

HHAR|WT, HHAR|F430A/E431A/E503A, HHAR|S427D, or HHAR|S517D, HHARIAN-WT
HHARIAN-5427D (34 90-557), HHARI-Rcat (aa 325-396), Triad1WT or Triad15378D, 4EHP
(aa 45-225 or 45-234), UbcH7WT or UbcH7C86K  Ubal, UbWT, UbX0 or HA-Ub. HHARI,
HHARI-Rcat, and Triadl were cloned into pGEX-4T2 in- frame with TEV cleavable,
N-terminal Hisg-GST tag. HHARIAN and 4EHP (aa 45-225) were cloned into pGEX-6p1
in-frame with Precission Protease cleavable, N-terminal GST-tag. 4EHP (aa 45-234) was
cloned into pET28a in-frame with Hisg-T7 at the N-terminus. Point mutations were
introduced using standard Strategene QuikChange protocols.

Proteins were expressed in LB or minimal MOPS media supplemented with [15N]-
ammonium chloride in Escherichia Coli (BL21 DE3 cells) until optical density reached a
value of 0.6, at which point cells were induced with 200 uM IPTG and grown at 16°C for 18
hours unless otherwise stated. Media for E3s was supplemented with 0.2 mM ZnCl,. Human
Hisg-Ubal was purified as follows. Premade ubiquitin-conjugated resin was equilibrated
with 50 mM Tris HCI pH 8.0. A final concentration of 40 mM ATP pH 7.0, 40 mM MgCl,
was added to clarified £. Colilysate, and the mixture was incubated with the ubiquitin resin
for 1 hour at room temperature. The column was washed with 50 mM Tris pH 8.0, 0.5

M KCI until the flow through 260 nm absorbance reading was near zero. E1 was eluted
with 50 mM Tris pH 8.0, 10 mM DTT and pooled elutions were dialyzed into 25 mM
sodium phosphate pH 7.0, 150 mM NaCl, 1 mM DTT overnight at 4°C. Dialyzed sample
was concentrated to 40 uM with the addition of 5% glycerol for storage. GST-HHARI

and GST-Triadl were purified using glutathione Sepharose 4B resin (GE healthcare) in

25 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.5, and eluted with 20 mM glutathione.
GST-tags were cleaved with TEV protease during overnight dialysis in 25 mM Tris, 150
mM NaCl, 1 mM DTT, pH 7.5 at 4°C and removed by anion-exchange chromatography
(25 mM Tris, 0-1 M NaCl gradient, 1 mM DTT, pH 7.5). GST-HHARIAN was purified
using glutathione Sepharose resin in 25 mM Tris, 150 mM NaCl, 1 mM DTT, pH 8.5.
GST-tags were cleaved on column with Precission protease and removed by size-exclusion
chromatography (25 mM Tris, 150 mM NaCl, 1mM DTT, pH 7.5). GST-4EHP (aa 45-225)
was purified using glutathione Sepharose resin in 20 MM HEPES, 150 mM NaCl, 1 mM
DTT, pH 7.5. GST-tags were cleaved on column with Precission protease and removed

by cation-exchange chromatography (20 mM HEPES, 0-1 M NaCl, 1 mM DTT, pH 7.5)
and size-exclusion chromatography (25 mM Tris, 150 mM NaCl, 1mM DTT, pH 7.5).
Hisg-T7 4EHP (aa 45-234) was purified using Ni2* affinity chromatography. His-tags were
cleaved with thrombin and dialyzed into 20 mM HEPES, 50 mM NaCl, 2 mM DTT, pH

Structure. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reiter et al.

Page 14

7.5. Thrombin was captured with p-Aminobenzamidine-Agarose (Sigma) and His-tags were
separated by cation-exchange chromatography (20 mM HEPES, 0-1 M NaCl, 1 mM DTT,
pH 7.5).

HHARI-Rcat used for NMR was inserted into pGEX-4T2H modified with a TEV cleavage
site. The plasmid was transformed into £. Co/i BL21 DE3 competent cells and cells were
15N-labeled and expressed using a high density minimal media prep adapted from (Marley
et al., 2001). Cells were initially grown in LB at 37°C until ODgyg = ~0.6, at which point
cells were harvested by centrifugation at 4000 rpm for 12 minutes at 4°C. Cell pellets

were resuspended in 40 mM MOPS-KOH pH 7.0, 4.5 mM Tricine, 50 mM NacCl, 1g/L
NH4CI at 4°C. Combined resuspensions were centrifuged at 4000 rpm for 12 minutes at
4°C. Cell pellets were resuspended in 1/10 final culture volume with MOPS complete media
supplemented with 1g/L 99% [**N]-ammonium chloride, 100 pg/mL ampicillin, and 0.2
mM ZnCl,. Cultures were distributed to baffled Fernbach flasks containing complete MOPS
media, with a ratio of 1L MOPS media to 4L initial LB growth. Resuspended cultures were
grown at 16°C for 1 hour prior to induction with 200 uM IPTG for 18-20 hours. Cells

were harvested at 4000 rpm at 4°C and lysed in 20 mM Tris pH 7.4, 120 mM NaCl, 5 mM
DTT, supplemented with 1 mM PMSF, cOmplete EDTA-free protease inhibitors (Sigma),
DNase, Rnase, and lysozyme. Lysis was performed by French press followed by clarification
at 16000 rpm for 25 minutes at 4°C. The supernatant containing GST-Rcat was applied to

a gravity column containing Glutathione Sepharose 4B resin and washed with 5 column
volumes of 20 mM Tris pH 7.4, 120 mM NaCl, 5 mM DTT. GST-Rcat was eluted with 20
mM glutathione and cleaved with TEV protease overnight at 4°C with dialysis into 25 mM
Tris pH 7.5, 100 mM NaCl, 1 mM DTT. Cleaved Rcat was separated on a monoQ column
over a gradient of 0-500 mM NaCl in Tris pH 7.5, 1 mM DTT. Rcat was concentrated and
applied to a size exclusion column (Superdex 75) equilibrated in 25 mM MES pH 6.5, 150
mM NaCl, 5 mM DTT. Pure samples were concentrated, flash frozen, and stored at -80°C.

UbcH7 (WT and C86K) cell pellets were resuspended in 25 mM NaPi pH 7.6, 50 mM NacCl,
supplemented with 1 mM DTT, 1 mM PMSF, cOmplete EDTA-free protease inhibitors
(Sigma), Dnase, Rnase, and lysozyme. Lysis was performed by French press followed by
clarification at 16000 rpm for 25 minutes at 4°C. The supernatant containing soluble E2
was passed through a 0.45 uM filter prior to application to HiTrap SP (Cytiva). UbcH7
was eluted over a gradient of 0-200 mM NaCl in 25 mM NaPi pH 7.6. Samples were
concentrated and applied to a size exclusion column (Superdex 75) equilibrated in 25 mM
NaPi pH 7.6, 150 mM NaCl, 1 mM DTT. Ub was purified as follows. Clarified lysate was
transferred to a beaker on ice. While stirring over a period of 2—-3 minutes, 70% perchloric
acid was added until the pH dropped to 4.5. Lysate was stirred on ice for an additional 30
minutes. The suspension was centrifuged at 17,000 rpm for 25 minutes in an SS34 rotor

at 4°C. Supernatent was dialyzed against 50 mM sodium acetate, pH 4.5 (pH adjusted
with glacial acetic acid) overnight at 4°C. The following day, additional precipitant was
centrifuged at 17,000 rpm for 25 minutes in an SS34 rotor at 4°C. The supernatant was
dialyzed in fresh 50 mM sodium acetate, pH 4.5 for an additional 3 hours at 4°C. Dialyzed
sample was applied to HiTrap SP (Cytiva) equilibrated in 50 mM sodium acetate pH 4.5,
and eluted over a gradient of 0-1 M NaCl. Pure fractions were combined and applied to a
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size exclusion column (Superdex 75) equilibrated in 25 mM sodium phosphate pH 7.0, 150
mM NacCl.

Nuclear magnetic resonance spectroscopy—®Purified, 1°N-labeled HHARI Rcat was
concentrated to ~400 uM using 3-kDa centrifugal ultrafilters (Millipore). 4EHP samples
were buffer exchanged using PD midiTrap G-25 columns (GE Healthcare) in 20 mM

MES pH 6.5, 150 mM NaCl, 5 mM DTT. All NMR experiments were performed in

10% D0 on either a Bruker Avance 500-MHz spectrometer or on a Bruker Avance 600-
MHz spectrometer fitted with a TCI CryoProbe (Bruker) set to 298K. To characterize the
4EHP binding interface, 1°N-HSQC-TROSY spectra of Rcat (150 pM) were acquired at 4
concentrations of 4EHP ranging from 0 uM to 300 uM.

Generation of non-dischargeable E2~Ub complex—5 pM human E1 (Ubal), 400
UM Ub and 200 uM UbcH7¢86K were incubated in 25 mM CAPS, 150 mM NaCl, pH 9.7
at 37°C with 5 mM ATP, 10 mM MgCI2 overnight. Isopeptide linked UbcH788K-Ub was
subsequently purified by size-exclusion chromatography in 25 mM Tris pH 8.5, 200 mM
NaCl, 10 mM DTT.

Hydrogen-deuterium exchange—HHARIAN and HHARIAN-S427D complexes were
incubated with 2X molar excess 4EHP, and or UbcH7-Ub and purified by size-exclusion
chromatography (25 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.5) to isolate 1:1 complexes.
PPPI and PPPF (Pro-Pro-Pro-lle/Phe) tetrapeptides were added to protein stocks as internal
exchange standards. Hydrogen-deuterium exchange was initiated by diluting 10 pL of each
complex into 90 uL deuterated buffer: 25 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.5,
85% D,0 (Cambridge Isotope Labs), containing 0.5 ug/mL Angiotensin 11, for a final
protein concentration of 100 pg/mL. HDX reactions were conducted in triplicate at room
temperature (25°C) and exchange reactions were quenched at 3 s, 60 s, 30 min, 20 hours,
with equal volumes of ice-cold quench buffer (8M urea, 0.2% formic acid (FA), 0.2%
trifluoroacetic acid (TFA), final pH 2.5), and immediately frozen in liquid nitrogen. Fully
deuterated samples of individual proteins were prepared by denaturing samples at 80°C

in 20 MM DTT, 3.5 M guanidine HCI for 30 minutes, diluting in deuteration buffer, and
incubating at 60°C prior to quenching as described above. Undeuterated samples were
prepared identically to deuterated samples with water in place of D,O. A ‘zero’ second
control was prepared by premixing the deuteration and quench buffers on ice, prior to the
addition of protein and immediately freezing in liquid nitrogen. All HDX buffers were
prepared with liquid chromatography-MS (LC-MS) grade Optima Water (Thermo Fisher
Scientific).

HDX Mass-spectrometry—An in-house automated HDX system was used to improve
consistency among runs. Samples were maintained at —60 °C in a dry-ice and ethanol
bath. A PAL LEAP Robot was modified to perform 4 min automated sample thawing and
injection(Watson et al., 2021). Samples were digested online with immobilized pepsin for
0.5 min and trapped on a Waters ACQUITY UPLC CSH C18 VanGuard, 130 A, 1.7 um,
2.1 mm by 5 mm trap column for 3 min with a flow of solvent A (2% acetonitrile, 0.1%
FA, and 0.025% trifluoroacetic acid) at a rate of 150 pl/min. Peptides were resolved over
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a Waters ACQUITY UPLC CSH C18, 130 A, 1.7 um, 1 mm by 100 mm column using

a 10-min linear gradient of 3 to 50% solvent B (solvent B: 100% acetonitrile and 0.1%

FA) and analyzed using a Waters Synapt G2-Si Q-TOF with ion mobility enabled. The
injection loop, lines and columns were kept at 0 °C to minimize back exchange. A series

of pepsin column and trap column wash steps were implemented between each injection to
minimize carryover (to <5%)(Watson et al., 2021). Undeuterated peptides of each complex
component were identified by exact mass and MS/MS spectra on a Thermo Orbitrap and
analyzed using Protein Prospector (UCSF). Spectra were analyzed by MassLynx software
(Waters Corp), DriftScope (Waters Corp), and HDExaminer (Sierra Analytics). Statistical
significance determined by a Welch’s Student T-test, as described in (Hageman and Weis,
2019), and data visualization were performed with an in-house HDX analysis R-Suite,
HDXBoXer. All peptides described as significant in the text or shown in figures have a
significance cut-off of p<0.01. To allow access to the HDX data of this study, the HDX data
table (Supplementary Table 2 HDXMS Summary, related to Figures 4-6, S4) are included in
the supporting information as per consensus guidelines (Masson et al., 2019).

Model of HHARI-4EHP complex—Structural modeling of HHARI-4EHP complexes
was performed using the web server Haddock 2.4(Honorato et al., 2021; van Zundert et

al., 2016). Auto-inhibited HHARI (PDB: 4KC9) and 4EHP (PDB: 2JGC) were used to
generate input structures. For the docking, Rcat residues that exhibited significant intensity
loss upon 4EHP binding (res 382-390) and 4EHP residues in peptides that showed a
decrease in deuterium uptake upon HHARI complex formation (res 89-97) were defined as
active residues. Unambiguous restraints were used between 4EHP (K83) and HHARI (K326,
K346) with a 30 A distance limit. Cluster solutions were cross-evaluated for consistency
between NMR, HDX-MS, and XL-MS results. Haddock results scores are included in
Supplementary Table 1.

HHARI activity assays—~For E3 auto-ubiquitylation assays, 1 pM human E1, 5 uM
UbcH7, 2 uM E3 (HHARI, Triadl) and 20 uM HA-Ub were incubated at 37 °C in 25

mM HEPES, 100 mM NaCl, 0.5 mM DTT, pH 7.5. Reactions were initiated with 5 mM
ATP, 10 mM MgCl, and quenched with SDS-PAGE reducing buffer. Substrate ubiquitylation
assays were performed similarly to auto-ubiquitination, with the addition of 5 uM T7-4EHP.
Samples were run on SDS-PAGE gel and visualized on Western blots, blotting for tags

on Ub (auto-ubiquitylation) and 4EHP (substrate). Antibodies used were as follows: HA
antibody - Bethyl, A190-108A; T7 antibody — Novagen, 69522; Anti-Rabbit DyL ight 800,
Cell Signaling 5151S; and Anti-Mouse Alexa Fluor 680, Invitrogen, A21058.

Chemical Cross-linking and Mass Spectrometry Analysis (XL-MS)

Sample preparation: Chemical cross-linking and mass spectrometry analysis (XL-MS)
was carried out as described below. These methods are an adaptation of those described

in (Zelter et al., 2015). Reactions were 50 pL total volume in 20 mM HEPES pH 7.5,

100 mM NaCl, 1 mM DTT plus 0.5 mM DSS (disuccinimidyl suberate, ThermoFisher
Scientific, Waltham, MA). HHARI only reactions contained 0.2 pg/pl (3.6 pM) HHARI.
HHARI plus 4EHP reactions additionally contained 0.08 pg/uL (3.9 uM) 4EHP. Ska core
complex was purified as described by and spiked into all reactions at 0.02 ug/uL (1:10 Ska
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complex:HHARI weight to weight ratio) as a normalization control(Helgeson et al., 2018).
Cross-linking was carried out for 15 mins at room temperature before quenching by addition
of 5 uL 1 M NH4HCOg3. Four separate reaction conditions were performed: (1) Wild-type
HHARI; (2) Wild-type HHARI + 4EHP; (3) Activated HHARI; (4) Activated HHARI +
4EHP. Each reaction was performed in triplicate. Reactions were performed in random order
to minimize batch effects. After quenching, samples were stored at —80°C until processing
for mass spectrometry analysis.

Reactions were prepared for MS analysis by bringing them up to 0.1% PPS silent surfactant
(Expedion Inc. San Diego, CA), 5 mM TCEP (tris(2-carboxyethyl)phosphine). Samples
were reduced for 60 mins at 60°C in an Eppendorf Thermomixer with shaking (1200

rpm). Alkylation was performed at room temperature in the dark for 20 mins with 6

mM iodoacetamide, followed by trypsin digestion (Sequencing Grade Modified Trypsin,
Promega Corp., Madison, WI) at 37°C for 4 hours in a Thermomixer with shaking (1000
rpm) at a substrate to enzyme ratio of 15:1 prior to acidification with 250 mM HCI (final
concentration). Digested samples were stored at —80°C until analysis.

Chromatography: Mass spectrometry and data analysis were performed as described
below. These methods are an adaption of those described in (Zelter et al., 2015). Sample

run order was randomized to minimize batch effects. For each injection, 3 pl of digested
protein was loaded by autosampler onto a 150-um Kasil fritted trap packed with 2 cm of
Reprosil-Pur C18-AQ (3-um bead diameter, Dr. Maisch) at a flow rate of 2 pl per min. After
desalting with 8 pl of 0.1% formic acid plus 2% acetonitrile, the trap was brought online
with a Self-Packed PicoFrit Column (New Objective part number PF360-75-10-N-5, 75 pm
i.d.) packed with 30 cm of Reprosil-Pur C18-AQ (3-pum bead diameter, Dr. Maisch) mounted
to a heated nanospray ionization source (CorSolutions LLC, Ithaca, NY) set at 50°C and
placed in line with a Thermo Scientific EASY-nLC 1200 UPLC pump plus autosampler.

Peptides were eluted from the column at 0.25 uL/min using an acetonitrile gradient
consisting of the following steps: (1) 0-10 mins; 6-10% B; (2) 10-90 mins; 10-32% B; (3)
100-130 mins; 32—75% B; (4) 130-135 mins; 75% B; (5) 135-136 mins; 75-100% B; (6)
136-151 mins; 100% B, followed by re-equilibration to 0% buffer B prior to the subsequent
injection. Buffer A was: 0.1% formic acid in water and buffer B was 0.1% formic acid in
acetonitrile.

Data acquisition: A Q Exactive HF-X (Thermo Fisher Scientific) was used to perform mass
spectrometry in positive ion mode.

For cross-link identification experiments, data dependent acquisition (DDA) mode was used
with a maximum of 20 tandem MS (MS/MS) spectra acquired per MS spectrum (scan range
of m/z400-1,600). The resolution for MS and MS/MS was 60,000 at /77/z200. Automatic
gain control targets for MS and MS/MS were set to set to a nominal value of 3e6 and 2e4,
respectively, and maximum fill times were 50 and 100 ms, respectively. MS/MS spectra
were acquired using an isolation width of 2 7/zand a normalized collision energy of 27.
MS/MS acquisitions were prevented for +1, +2, >+7 or undefined precursor charge states.
Dynamic exclusion was set for 10 s. All spectra were collected in centroid mode.
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For quantification experiments, single-injection data independent acquisition (DIA) runs
were performed. MS spectra were acquired at 30,000 resolution with a scan range from 595
to 1205 m/z, automatic gain control of 3e6 and a maximum fill time of 45 ms. MS/MS
spectra were acquired at 15,000 resolution using 8 m/z precursor isolation windows in a
staggered-window pattern with optimized window placements from 600.5 to 1200.8m/z and
a loop count of 75(Amodei et al., 2019). Automatic gain control was 1e6 and maximum fill
time was 22 ms. All data were collected in centroid mode.

DDA Data processing — identification of cross-linked peptides: Acquired spectra were
converted into mzML using ProteoWizard’s msconvert(Chambers et al., 2012). All proteins
in the sample were identified using Comet(Eng et al., 2013). Cross-linked peptides were
identified within these proteins by Kojak version 2.0.0-dev available at (http://www.kojak-
ms.org)(Hoopmann et al., 2015). A statistically meaningful g-value was assigned to each
peptide spectrum match (PSM) through analysis of the target and decoy PSM distributions
using Percolator version 2.08(Kall et al., 2007). Target databases consisted of all proteins
identified in the sample analyzed. Decoy databases consisted of the corresponding set of
reversed protein sequences. Data were filtered to show hits to the target proteins that had

a Percolator assigned peptide level g-value < 0.01 and were identified by 2 or more PSMs.
The complete unfiltered list of all PSMs and their Percolator assigned g-values are available
on the ProXL web application at: https://proxl.yeastrc.org/proxl/p/hhari along with the raw
MS spectra and search parameters used(Riffle et al., 2019, 2016).

Bibliospec DDA spectrum libraries for all Kojak searches were built using Skyline(Frewen
etal., 2006; MacLean et al., 2010; Pino et al., 2020). For this purpose, Kojak results

were converted to proxl XML format according to ProXL’s instructions at https://proxI-web-
app.readthedocs.io/en/latest/using/upload_data.html. The resulting proxl XML file was input
into Skyline’s Bibliospec library builder. Cross-linked peptides identified by Kojak in DDA
data were used to generate targets in Skyline for subsequent quantification of DIA data
acquired on the same samples.

DIA Data processing - quantification of cross-linked peptides: DIA data were overlap
demultiplexed with 10 ppm accuracy after peak picking in ProteoWizard (version 3.0.19014)
prior to import into Skyline(Amodei et al., 2019). Peptides were quantified by integrating
and summing the total fragment area of the most abundant 3 fragment ion transitions for
each cross-linked peptide using Skyline(MacLean et al., 2010; Pino et al., 2020).

Ska core complex, spiked into all cross-linking reactions at 0.02 pg/uL, was used to
normalize HHARI and 4EHP cross-linked peptides across all replicates. To this end, 4
cross-linked Ska core complex peptides were quantified, and their areas summed for each
replicate. For each HHARI/AEHP cross-linked peptide the total fragment area of that peptide
was divided by the Ska complex area sum for that replicate. For each individual cross-link,
the most abundant peak area ratio was defined as 100% and values for the same cross-link

in each replicate were calculated relative to this value. Full Skyline sessions are available on
Panorama here: https://panoramaweb.org/hhari.url(Sharma et al., 2018).
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Co-elution size-exclusion chromatography—Equimolar amounts (25 uM) of HHARI
and 4EHP were incubated for 10 minutes at room temperature before loading onto a
Superdex 200 Increase 10/300 GL equilibrated in 25 mM Tris, 150 mM NaCl, 1 mM DTT
pH 7.5 buffer. Peak fractions were analyzed by SDS-PAGE.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance of HDX-MS data was determined by a Welch’s Student T-test, as
described in (Hageman and Weis, 2019) for triplicate technical replicates. All peptides
described as significant in the text or shown in figures have a significance cut-off of p<0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A phosphomimetic mutation in the HHARI Ariadne domain releases auto-
inhibition.
. The HHARI Rcat domain contains a substrate binding surface.
. Domain rearrangements induced by activation and E3 complex formation are
revealed.
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Figure 1. HHARI phosphomimetic activation
(A) HHARI domain organization. The location of Rcat catalytic cysteine (C357), structural

activation residues (F430, E431, E503), and phospho-sites (S427, S517) are shown as
spheres (yellow, blue, and red, respectively). (B) Residues described in (A) are mapped onto
the Rcat-Ariadne surface of auto-inhibited HHARI (PDB: 4KC9). (C) HHARI reactivity
assays in the absence (auto-ubiquitylation, top panel) and presence of 4EHP substrate
(bottom panel). See also Figure S1.
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Figure 2. Rcat domain rearrangements revealed by cross-linking MS
A) Cross-links observed in auto-inhibited and HHARIS#27D samples emanating between

Rcat residue K346 and N-terminal domains (UbaL, RING1) are mapped onto auto-inhibited
(PDB: 4KC9) and CRL-activated (PDB: 7B5L) HHARI structures, respectively. Scaffolding
CRL complex components (Nedd8-Cull) are shown as surface representations. (B) Ca-Ca
distances from atomic structures are reported for cross-links shown in (A). (C) Relative
peak area percent of quantified intra-HHARI DSS crosslinks. Results are expressed as
averages, overlayed with individual points from triplicate experiments. Ca-Ca distances
from atomic structures are reported for quantified cross-links. Distances for pairs lacking
structural resolution were not determined (n.d.). See also Figure S2.
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Figure 3. HHARI Rcat domain binds substrate
(A) Circle plot of inter-molecular DSS cross-links identified in HHARI-4EHP complexes.

Line colors correspond to HHARI domains as shown on the perimeter of each circle,

with widths relative to number of peptide spectrum matches (PSM) identified. Cross-links
identified in all three replicates are shown. (B) Residues broadened in 1H, 1°N-TROSY
NMR spectra of 1°N-Rcat in the presence of 4EHP (pink) are mapped onto the surface

of Rcat (PDB: 2M9Y). (C) Residues identified in (B) are mapped onto the auto-inhibited
(PDB: 4KC9) and (D) CRL-activated (PDB: 7B5L) HHARI structures. The Rcat surface
represents the construct used for NMR studies. (E) Residues broadened in 1H, 1°N-TROSY
NMR spectra of 15N-Rcat-4EHP complex in the presence of Ub are mapped onto the
surface of Rcat (orange) extracted from the CRL-activated transthiolation HHARI complex
(PDB:7B5L). UbcH7 has been removed from this view to better display Ub interactions with
Rcat. See also Figure S3.
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Figure 4. Ariadne phospho-mimetic disrupts the Rcat interface
Difference in deuterium uptake between HHARI and HHARIS#27D s plotted onto auto-

inhibited Rcat and Ariadne helix1 (switch helix) (PDB: 4KC9, helical cartoon). Data

from the 3 s timepoint are shown; significant peptides (significance cut-offs p<0.01 and
AHDX>0.4 Da from Welch’s T test and CI) with decreased or increased deuterium uptake
are shown as blue or red, respectively. The corresponding region of CRL-activated HHARI
is aligned to the distal start of the switch helix and displayed as a solid wheat cylinder
cartoon. The release of Rcat from the auto-inhibited Ariadne interface upon interaction
with Nedd8-Cull-Rbx1 is shown. Representative HDX uptake plots are shown for affected
peptides. Each data point represents the mean of 3 experimental replicates, with error bars £
SD. The Rcat catalytic cysteine is noted with a yellow star in peptide 337-358.
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Figure 5. 4EHP binding protects Rcat
(A) Volcano plot comparison of change in deuterium uptake of HHARI peptides due to

4EHP binding. Data plotted are for the 3 s timepoint (significance cut-offs p<0.01 and
AHDX>0.35 Da from Welch’s T test and Critical interval). Significant peptides are colored
blue. (B) Representative HDX uptake plots are shown for affected peptides from HHARI
and phosphomimetic complexes. Each data point represents the mean of 3 experimental
replicates, with error bars = SD. (C) Change in deuterium uptake of HHARI peptides at 3
s between HHARI- and HHARIS427D_pound 4EHP complexes are plotted onto respective
Rcat-Ariadne domains (auto-inhibited PDB: 4KC9, CRL-activated PDB: 7B5L).
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Figure 6. 4EHP surface involved in HHARI binding
(A) Volcano plot comparison of change in deuterium uptake of 4EHP peptides due to

HHARI, or HHARI + UbcH7-Ub binding at 3 s (p<0.01). (B) Representative HDX uptake
plots are shown for affected 4EHP peptides from 4EHP and HHARI complexes. Each
data point represents the mean of 3 experimental replicates, with error bars + SD. (C)
Change in HDX at 3 s (significance cut-offs p<0.01 and AHDX>0.35 Da from Welch’s

T test and Critical interval) between 4EHP and HHARI complexes are plotted onto 4EHP
(PDB:2JGC). Protected peptides are shaded blue by percent change in deuterium uptake.
The location of the 4EHP mRNA 5’ cap binding pocket is noted.
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Figure 7. Modeling of HHARI-4EHP complexes

Page 32

Modeled onto CRL-activated HHARI
transthiolation complex

Rcat release

Substrate turnover

—”’

Mono-ubiquitination
and release of
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(A) Visualization of HHARI-4EHP complexes. Auto-inhibited HHARI (PDB: 4KC9) and
4EHP (PDB: 2JGC) are docked with HADDOCK 2.4 software based on NMR and cross-
linking results. The docked structure with the lowest HADDOCK score and orientation
consistent with HDX results is shown. HHARI and 4EHP are shown as surface and ribbon
models respectively. Residues significantly broadened in NMR titrations are shown in dark
pink. Cross-linked residues are shown on HHARI (light pink), and 4EHP (light green). (B)
Rcat domain of the HADDOCK model shown in (A) is aligned with activated HHARI Rcat
(PDB: 7B5L). (C) Model of 4EHP and E2~Ub interactions with auto-inhibited and activated
HHARI. Activation untethers 4EHP-bound Rcat from the inhibitory Ariadne domain.
Flexible Rcat linkers bring the Rcat-4EHP complex into proximity of RING1-bound E2-Ub
(swinging trapeze) to promote transthiolation and substrate ligation. See also Figure S5.
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Figure 8. Rcat surface mutations disrupt 4EHP binding
(A) 4EHP substrate ubiquitination assays in response to HHARI Rcat mutations.

Independent western blots are outlined. (B) Ratio of 4EHP-Ub / total 4EHP Alexafluor
signal from (A). (C) SEC co-elution profiles of HHARI constructs with 4EHP. Broad
absorbance observed for certain samples between the elution volumes for HHARI and
4EHP signifies dissociation of 4EHP from HHARI occurs during the SEC elution. Some
preparations of HHARI/HHARI mutants display an early-eluting peak that we attribute to a
higher-order species/aggregate. (D) Peak fractions that elute at the position of HHARI (1) or
4EHP alone (2) were analyzed by SDS-PAGE. Sample impurities from HHARI W386A and
Y387A purifications are noted with an asterisk.
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Dorfin CPRCAAYIIKMNDGSCNHMTCA--VCGCEFCWLCMKEISDL----HY---LSPSGCTFWG 351
RNF19B CPRCSAYIIKMNDGSCNHMTCA--VCGCEFCWLCMKEISDL----HY---LSPSGCTFWG 337
RNF144A CPKCKVYIER--DEGCAQMMCK--NCKHAFCWYCLESLDDDFLLIHYDK--~--GPCRNKL 236
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Figure 9. Conserved features of RBR Rcat domains in putative substrate-binding region.
(A) Multiple sequence alignment of RING-Between-RING Rcat domains, adapted from?.

Conserved zinc coordinating residues and catalytic cysteines are highlighted in green and
yellow, respectively. Additional zinc coordinating residues found in HOIP, HOIL-1, and
RNF216 are colored pink. The Rcat region defining the HHARI:4EHP interaction surface
identified in this study is noted by a grey bar. (B) Alignment of Rcat domains from atomic
structures: HHARI (2M9Y), Triadl (70D1), Parkin (5C23), HOIP (4LJO), and RNF216
(7M40). Di-aromatic residues are represented as pink surfaces.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-Rabbit DyLight 800 Cell Signaling 51518
Anti-Mouse Alexa Fluor 680 Invitrogen A21058
Rabbit polyclonal antiHA antibody Bethyl Laboratories A190-108A
Mouse monoclonal anti-T7 antibody Novagen 69522
Bacterial and Virus Strains
BL21-Gold (DE3) Competent cells Agilent Technologies CAT# 230132
Chemicals, Peptides, and Recombinant Proteins
Adenosine 5’-triphosphate disodium salt hydrate Sigma-Aldrich A2383
[*>N]-ammonium chloride ?ambridge Isotope Laboratories, NLM-467
nc.
Ammonium chloride JT Baker 0660-01
Zinc chloride Sigma Aldrich 211273
Deuterium Oxide (D, 99.9%) Fambridge Isotope Laboratories, DLM-4
nc.
TCEP Gold Biotechnology 51805
IPTG Gold Biotechnology 2481C100
p-Aminobenzamidine-Agarose Sigma-Aldrich A8332
Glutathione (reduced) Sigma Aldrich G4251
PMSF Sigma-Aldrich P7626-100G
cOmplete, EDTA-free Protease Inhibitor Cocktail Roche 11873580001
DNAse Sigma Aldrich DN25
RNAse Sigma Aldrich R5503
Lysozyme Sigma Aldrich L6876
LC-MS grade Optima Water Thermo Fisher Scientific 7732-18-5
DSs Thermo Fisher Scientific cat # A39267
lodoacetamide Sigma Aldrich 11149
Sequencing Grade Modified Trypsin Promega V5117
PPS Silent Surfactant Expedeon 21011
ReproSil-Pur 120 C18-AQ 3um Dr. Maisch r13.aq.0003
HHARI WT This paper N/A
HHARI F430A/E431A/E503A This paper N/A
HHARI S427D This paper N/A
HHARI S517D This paper N/A
HHARI WT (90-557) This paper N/A
HHARI S427D (90-557) This paper N/A
HHARI Rcat (325-396) This paper N/A
Triadl WT This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Triadl S378D This paper N/A

4EHP WT (45-225) This paper N/A

4EHP WT (45-234) This paper N/A

UbcH7 WT This paper N/A

UbcH7 C86K This paper N/A

Ubal This paper N/A

Ub WT This paper N/A

Ub KO (K6R, K11R, K27M, K29R, K33R, K48R, This paper N/A

K63R)

HA-Ub This paper N/A
Deposited Data

Quantification of HHARI/4EHP cross-links in This paper ProteomeXchange ID: PXD030871
Skyline

Crosslinking-MS raw data files This paper ProteomeXchange I1D: PXD030849
Recombinant DNA

PGEX-4T-2-Hisg-GST-TEV-HHARI (WT; F430A/ This study N/A
E431A/E503A; S427D; S517D)

pGEX-6p-1-HHARI res. 90-557 (WT; S427D) This study N/A
PGEX-4T-2-Hisg-GST-TEV-HHARI res. 325-396 This study N/A
PGEX-4T-2-Hisg-GST-TEV-Triadl (WT; S378D) This study N/A
pGEX-6p-1-4EHP res.45-225 This study N/A
pET28a-Hisg-T7-4EHP res. 45-234 This study N/A
pET28-UbcH7 (WT) (Wenzel et al., 2011) N/A
pET28-UbcH7 (C86K) This study N/A

human Ubal (Wenzel et al., 2011) N/A

pET15-Ubiquitin (WT)

(Brzovic et al., 2006)

Addgene, Plasmid #12647

pET15-Ubiquitin KO (K6R, K11R, K27M, K29R, (Wenzel et al., 2011) N/A
K33R, K48R, K63R)
HA-Ub (Wenzel et al., 2011) N/A

Software and Algorithms

GraphPad Prism version 8

GraphPad Software

http://www.graphpad.com

PyMOL The PyMOL Molecular Graphics http://www.pymol.org
System, Version 2.0 Schrddinger,
LLC
HADDOCK 2.4 webserver (van Zundert et al., 2016) https://wenmr.science.uu.nl/haddock2.4Z
TopSpin3.2 Bruker Inc. https://www.bruker.com/en/products-and-
solutions/mr/nmr-software.html
NMRPipe (Delaglio et al., 1995) https://www.ibbr.umd.edu/nmrpipe/install.html
Protein Prospector UCSF https://prospector.ucsf.edu/prospector/
mshome.htm
MassLynx Waters Corp https://www.waters.com
Driftscope Waters Corp https://www.waters.com
HDExaminer Sierra Analytics http://massspec.com/hdexaminer/
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REAGENT or RESOURCE SOURCE IDENTIFIER
ProteoWizard (Chambers et al., 2012) https://proteowizard.sourceforge.io/
ProXL (Riffle et al., 2019) https://proxI-ms.org/
Skyline MacCoss Lab Software https://skyline.ms/project/home/software/
Skyline/begin.view
Other
Superdex 200 resin GE Healthcare 17104301
Superdex 200 Increase 10/300 GL column GE Healthcare 28-9909-44
5 mL HisTrap HP column GE Healthcare 17524801
5 mL SP HP column GE Healthcare 17115201
PD midiTrap G-25 columns GE Healthcare 28918008
Glutathione Sepharose 4B resin GE Healthcare 17075601
Superdex 75 resin GE Healthcare 17104401
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