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ABSTRACT OF THE DISSERTATION

Regulation of Ubiquitylation and Ubiquitin-like Post-Translational Modifications

by

Ryan James Lumpkin
Doctor of Philosophy in Chemistry

University of California San Diego, 2019

Professor Elizabeth A. Komives, Chair

Ubiquitin (Ub) is an 8,500 Da, 76 amino acid protein that is among a family of similar
Ubiquitin-like proteins. E3 Ligases facilitate the attachment of Ub onto lysine residues of substrate
proteins. Ub can also be attached to another Ub molecule, forming polyubiquitin chains which
signal for proteasomal degradation and the immune response. Small ubiquitin-like modifier
(SUMO) is involved in cell cycle control and the DNA damage response. Another Ubiquitin-like
protein, Neural precursor cell expressed developmentally down-regulated protein 8 (NEDDS), can
modify some E3 Ligases to regulate their activation.

Chapter II presents a novel method for the side-by-side identification and quantification of

Xix



Ubiquitin and SUMO modifications. Trypsin digestion of a Ubiquitin-modified protein leaves a
diglycyl-lysine at the site of modification, which can be detected by mass spectrometry. Unlike
Ubiquitin, detection of SUMOylated proteins is limited by the lack of naturally occurring protease
sites in the C-terminal tail of SUMO proteins. This chapter describes detection of endogenous
SUMOylation using a-lytic protease, WaLP.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) probes the solvent
accessibility and conformational dynamics of proteins by measuring deuterium uptake on
backbone amides over time. Chapter III describes an open-source software package designed to
automate the correction, analysis and visualization of HDX-MS data.

Chapter IV investigates the structure, dynamics and regulation of an ASB9-CUL-RING E3
Ubiquitin Ligase. The structure of the substrate-receptor complex was determined for the first time
by Cryo-EM, identifying changes in both the receptor and the substrate that were not predicted by
previous models.

Chapter V further investigates the dynamics, regulation and activity of the ASB9-CUL-
RING E3 Ubiquitin Ligase. In vitro assays, western blots and mass spectrometry data describe the
locations and intensity of ubiquitin modifications. These data show that ARIH2, another E3 ligase,
is necessary for initial substrate modification, and that the addition of other E2 enzymes can
modulate the poly-ubiquitin chains formed. HDX-MS studies show that modification of the ASB9-
CUL-RING ligase causes conformational restructuring that facilitates the binding and activation

of ARIH2.
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Chapter I:

Introduction



A. Proteome Complexity and Post-Translational Modifications

The human proteome contains approximately 20,000 distinct proteins, and there are an
additional 22,000 isoforms of those proteins. This is hardly the limit of the complexity of the
human proteome however, as proteins can be modified by various molecules and whole proteins.
A particular modified form of a protein is described as a proteome, and estimates have placed the
totally number of human proteoforms at approximately 6 million (1).

Post-translational modifications (PTMs) can drastically alter protein behavior and
interactions. For example, histone proteins, which form DNA-bound nucleosomes, are modified
with acetylation, methylation, and phosphorylation, among other proteins. This has been
extensively studied, as these modifications perturb chromatin structure and interaction with
effector molecules, thereby regulating transcription and other DNA processes (2).

PTMs can be split into two major groups based on size: chemical modifications and whole
protein modifications. Phosphorylation, acetylation, and methylation are among the most common
PTMs observed and they are all small molecules. The protein modification PTM family consists

of modifications by Ubiquitin and Ubiquitin like proteins.
B. Ubiquitylation

The attachment of the 8.5kDa ubiquitin protein to a substrate, or ubiquitylation, can have
a number of different functions, including cell cycle regulation, innate immunity, the DNA damage
response, transcriptional regulation, and protein degradation. The hallmark of ubiquitylation is the
formation of polyubiquitin chains. Ubiquitin can be linked to the N-terminal methionine or any of
the 7 lysine residues on another molecule of ubiquitin, and the different chain types yield different

cellular signals.



Ubiquitin was first discovered to have a role in protein degradation in 1982 (3). This
process was found to be dependent upon three additional enzymes. The E1 activating enzyme is
necessary for the initial conjugation of Ubiquitin to an E2 conjugating enzyme, which then
incorporates into an E3 ligase. The E3 ligase is responsible for the catalyzing the final ubiquitin
transfer to the substrate protein (4). In 1989, Chau et al. published research revealing that short-
lived proteins with ubiquitylated with ubiquitin chains that were linked together at lysine 48 (5).
K48 Polyubiquitylation is the most extensively studied form of ubiquitylation and is responsible

for facilitating proteasomal degradation of proteins.
C. Ubiquitin-like proteins

Interferon-Stimulated Gene 15 (ISG15) is an 18 kDa Ubiquitin-like protein that is involved
in the innate immune response. Over twice the size of Ubiquitin, it is a structural mimic of K63
diUbiquitin, a poly-ubiquitin chain type that has been implicated in cellular signaling and the
immune response (6).

Small Ubiquitin-like Modifier (SUMO) is an 11 kDa Ubiquitin-like protein that is
responsible for transcriptional regulation and the DNA Damage Response (7).

Neural-precursor cell-expressed developmentally-downregulated protein 8 (NEDDS) is a

9 kDa Ubiquitin like protein. It plays a role in the activation of one type of E3 Ubiquitin ligases.

D. E3 Ubiquitin Ligases

By 2000, two major families of E3 ubiquitin ligases had been discovered: the Homologous
to E6-AP Carboxy-terminus (HECT) family and the Really Interesting New Gene (RING) family
(Jackson 2000). These two families are best classified by the mechanism of ubiquitin transfer in
each. HECT E3 ligases accept an activated ubiquitin from an E2 conjugating enzyme at a catalytic

cysteine residue, from which the ligase transfers it to a bound substrate protein. RING E3 ligases



hold a Ubiquitin-conjugated E2 enzyme and a substrate and facilitate the Ubiquitin transfer from
the E2 to the substrate protein. Recent estimates suggest that there are approximately 30 HECT E3
Ligases and 600 RING E3 Ligases (8).

A notable subfamily of RING Ligases is the Cullin (CUL)-RING family of E3 Ligases.
These ligases are multi-subunit E3 ligases with the ability to incorporate a variety of substrate
receptors. This unique functionality allows the ligases to reuse several of the components in the
complex while maintaining specificity toward a wide set of proteins (9).

The CUL-RING E3 Ubiquitin Ligase is composed of one of seven CUL proteins (CULI,
CUL2, CUL3, CUL4a, CUL4b, CULS5, and CUL7) and one of two RING proteins (RBX1, RBX2).
Adapter proteins interact with the N-terminal domain of the CUL proteins and mediate its
interaction with a substrate receptor. Ubiquitin-bound E2 enzymes associate with the RING
component of the ligase at the C-terminal domain of the CUL, and the ligase facilitates transfer of
the ubiquitin to a substrate on the substrate receptor (9).

The CUL1-RBX1-Skpl-Fbox (SCF) complex is one of the first identified CUL-RING E3
ligases, and the structure of the complex was determined in 2002. Structurally, the CULI is distinct
in having a long N-terminal stalk and a globular C-terminal domain. The N-terminal domain
consists of three Cullin repeats, each composed of a bundle of helices. RBX1 interacts with the
CULT1 at its C-terminal domain, forming a B-sheet with CUL1. CULI1 additionally acts as a
scaffold, and it positions the substrate receptor and E2 binding components far apart (10). The N-
terminal half of CULS was determined in complex with SOCS2-ELOB-ELOC in 2013 (11). The
structure of pVHL-ELOB-ELOC-CUL2-RBX1 was determined in 2017 (12). These structures
share the same general architecture describe for CUL1, suggesting that all CUL-RING ligases

adopt these structural characteristics.



Neddylation of CUL proteins has been shown to facilitate the activation of CUL-RING
ligases through the conformational rearrangement of the C-terminal domain of the CUL protein
and by regulating the interactions of other proteins with the CUL. The COP9 Signalosome
regulates this process by de-neddylating CUL proteins, which additionally decreases their affinity
for E2 ubiquitin-conjugating enzymes. Furthermore, the CAND1 protein competes with substrate
receptor to bind and sequester un-neddylated CUL proteins (9). These mechanisms keep
equilibrium in the CUL-RING ubiquitylation pathway and prevent runaway ubiquitylation while
maintaining a steady level of E3 Ligase components. Structures of the C-terminal domain of CULS
before and after Neddylation were determined in 2008, demonstrating that the modification of
CULS causes significant conformation rearrangement of the domain as well as the bound RING
protein (13).

HIV and HPV have both been shown to hijack native ubiquitylation pathways through
CUL-RING ligases, creating interest in the ligases as targets for drug discovery. Similarly, CUL-
RING ligases are significant the design of proteolysis-targeting chimeric molecules (PROTACS)

to facilitate targeted protein degradation (14).

E. The ASB Family of Protein Receptors

The Ankyrin Repeat and Suppressor of Cytokine Signaling (SOCS)-box (ASB) protein
family consists of 18 proteins (ASB1-18) that act as substrate receptors for the CUL5-RBX2 ligase.
ASB substrate receptors integrate into the ligase at the N-terminal domain of CULS through the
adaptor proteins Elongin B and Elongin C. Each ASB has an ankyrin-repeat domain that is
responsible for protein-protein binding and a SOCS-box domain that facilitates its interaction with
Elongin B, Elongin C, and CULS. The ASB9-CUL-RING ligase has been shown to ubiquitylate

and promote degradation of Creatine Kinase (15).
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Chapter II:

Site-specific 1dentification and quantitation of
endogenous SUMO modifications under native
conditions



A. Introduction

The family of small ubiquitin-like modifier (SUMO) proteins in humans includes four
distinct genes with three types of members: SUMO1, SUMO2/3 (which differ by only three
residues), and SUMO4. SUMO proteins regulate the function of various proteins by reversible
covalent isopeptide bond attachment between the C terminus of SUMO and a free e-amine group
typically on lysine residues within target proteins (1), similar to ubiquitin (Ub). Ub conjugation
mainly targets proteins for degradation by the proteasome, but has also been implicated in DNA
repair, receptor signaling, and cell communication (2). The function of SUMO conjugation on
target proteins is similarly diverse with SUMOylation catalyzing alteration of protein activity for
targets involved in gene expression, DNA repair, nuclear import, heat shock, cell motility, and
lipid metabolism (1,3). SUMO targets are generally low-abundance proteins, and the amount of
the modification at steady state is also low (4). Given its importance in numerous cellular
functions, several groups have developed proteomic methods for analysis of SUMOylated
proteins.

Three general approaches have been previously utilized to isolate and identify the
SUMOylated proteome (5). Ectopic expression of epitope-tagged SUMO followed by standard
isolation techniques and mass spectrometry has been widely used in a variety of organisms (6-10).
These approaches have yielded various maps of SUMO-interacting proteins but few sites of
SUMOylation are identified by this approach and the extent to which exogenous expression of
modified SUMOs alters substrate targeting is unknown. Immuno-affinity approaches utilizing
antibodies that recognize endogenous SUMO2/3 or SUMOI have been used to identify SUMO-
interacting proteins under endogenous conditions (4). However, as with the epitope-tagging

approach, few actual sites of SUMO modification were identified using this method. Therefore,



methods that allow proteome-level identification of endogenous SUMOylation sites are needed.
A robust proteomic method has been developed to measure thousands of endogenous
ubiquitylation sites (11). The method takes advantage of the C-terminal sequence of Ub (RGQ)
(Fig. 2.1a). When cleaved with trypsin, ubiquitylated substrate proteins will generate peptides
containing a Ub-remnant diglycyl-lysine (KGG) that can be enriched using specific antibodies and
identified by tandem mass spectrometry (Fig.2.1b) (12-14). Instead of the trypsin-friendly
arginine residue preceding the C-terminal diGlycine sequence observed in the processed Ub
sequence, mature human SUMO paralogs have a threonine preceding the C-terminal diGlycine
sequence and no other tryptic cleavage sites near the C terminus (Fig. 2.1a). To overcome this
problem, various schemes that introduce mutations within the C terminus of SUMO to render it
more amenable to trypsin-based cleavage and identification by mass spectrometry have been
developed for global profiling of SUMO attachment sites (15,16). Several groups have reported
global profiling approaches in which mutant SUMOs with various affinity tags and protease
recognition sites were introduced into cells. For example, Hendriks et al. introduced a lysine-
deficient SUMO-3 with a C-terminal trypsin cleavage site, Hisjo-SUMO-3 K0 Q87R (17,18). The
SUMOylated proteins were enriched by immobilized metal affinity chromatography (IMAC) and
digested with Lys-C. Peptides modified with SUMO were then purified again with IMAC and
finally digested with trypsin to generate a five amino acid C-terminal SUMO-remnant
modification. This group has compiled all available data resulting in 7327 SUMOylation sites in
3617 proteins (17). Other groups have used similar engineering approaches to express mutant
SUMOs and identify up to 1000 unique SUMOylation sites upon induction of cell stress (15,16,18-
20). While these methods have proved effective in mapping SUMOylation sites, they all require

exogenous expression of mutant versions of SUMO, which preclude analysis of SUMO-
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Figure 2.1: A strategy for mapping endogenous SUMO-modification sites.
a. C-terminal sequence alignment of processed human SUMO1-4 and ubiquitin. The proximal amino acid to the
diGlycine C-terminal residues is indicated in red. b. Schematic depicting the Ub site mapping strategy. Proteins
modified by ubiquitin are digested with trypsin leaving a diGlycine attached to the e-amine of the lysine where
ubiquitin was attached. An antibody specific for KGG-peptides is used to enrich peptides from ubiquitylated sites that
are then identified by mass spectrometry. c. The same as b but WaLP digestion is used to generate the KGG-peptides

from SUMO attachment sites.
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modification sites in native settings or from human tissues. Currently, no method exists for
identifying endogenous SUMO sites on a global proteome scale without introduction of mutant
SUMO.

We recently described the application of wild-type a-lytic protease (WaLP) to proteome
digestion for shotgun proteomics (21). Although relatively relaxed specificity was observed,
WalLP prefers to cleave after threonine residues and rarely cleaved after arginine (21). In addition,
WaLP generates peptides of the same average length as trypsin despite its more relaxed substrate
specificity (21). We show here that WaLP cleaves at the C-terminal TGG sequence (all SUMO
paralogs) leaving a SUMO-remnant KGG at the position of SUMO attachment in target proteins.
The resulting KGG-containing peptides can then be identified using methods already developed
for profiling the Ub-modified proteome as described above (Fig.2.1c). The method allows
identification of SUMO attachment sites under completely native conditions using the Ub-
profiling workflow by simply substituting WaLP for trypsin. The same sample can be subjected to
analysis of both the Ub- and SUMO-modified proteomes simply by digesting the sample with
either trypsin or WaLP, respectively. We demonstrate the effectiveness of this parallel
identification of ubiquitylation and SUMOylation sites in cells treated with proteasome inhibitors.
We provide the description a unique method of identifying proteins containing individual lysine
residues that are modified by both SUMO and Ub from the same sample. This method can be
simply applied to any sample, including human tissues samples, to identify endogenous

SUMOylation sites.

B. Materials and Methods

1. WaLP

Walp was expressed from Lysobacter enzymogenesis type 495 (ATCC) using
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Bachovichin’s media supplemented with MEM vitamins and 60 g 1 'sucrose. L. enz. Was grown
at 30 °C with shaking at 100 rpm for 3 days. WaLP was purified from the culture supernatant as
described previously (33). Briefly, the protease was captured from the supernatant by batch
binding on SP-sepharose, which is washed extensively and then eluted with high pH glycine
buffer. After buffer exchange to pH 7.2, the enzyme was loaded onto an FPLC monoS 10/10
column and eluted with a gradient of 10 mM NaHPOs, pH 7.2 to the same buffer containing
250 mM sodium acetate over 1 h.

2. SENP1 and SENP2 deSUMOylation

To verify the in vitro deSUMOylation and deubiquitylation assay, untreated HCT116 cells
were harvested and lysed with denaturing lysis buffer (8 M urea, 150 mM NaCl, 50 mM Tris pH
7.8, 1mM sodium orthovanadate, 1 mM NaF, 1 mM sodium 2-glycerophosphate, protease
inhibitor tablet (Roche), 5 mM N-Ethylmaleimide (NEM, made fresh in methanol). Lysates were
sonicated and centrifuged at 20,000xg for 10 min at 4 °C to remove insoluble material. Lysates
were then diluted to 1 M urea using cold 50 mM Tris pH 7.8. Dithiothreitol (DTT) was then added
to the lysates at a final concentration of 15 mM. Lysates were then untreated or treated with a
mixture of SENP1/2 (Life Sensors) or Usp2cc (Enzo Life Sciences) for 4 h at 25 °C. For SENP1/2
treatment, we initially used 2 Umg ™!, 4 Umg !, and 6 Umg ! concentrations for the validation
experiments and 1 ug mg™! (total protein) for Usp2cc. Reactions were quenched by addition of
SDS sample buffer and samples were then processed for SDS-PAGE and immunoblotting. The
antibodies used for immunoblotting were against ubiquitin (MAB1510, EMD Millipore, 1:1000
dilution), SUMOI1 (4930, Cell Signaling Technologies, 1:1000 dilution), and SUMO2/3 (4971,
Cell Signaling Technologies, 1:1000 dilution).

Hela cells were cultured in MEM media with 10% fetal bovine serum and 1%
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penicillin/streptomycin at 37 °C with 5% CO;. Heat shock was performed at 43 °C for 1 h, then
Hela cells were washed with cold PBS, and harvested with 8 M urea lysis buffer (50 mM Tris pH
8.0, 8 M urea, 1 mM vanadate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerol-phosphate).
Extracts were sonicated and centrifuged at 20,000xg for 15 min to remove insoluble material.
Protein concentrations were measured by Bradford Assay.

The cell lysate was diluted fourfold by addition of 50 mM Tris buffer pH 8.0 to a final urea
concentration of 2 M, and a DTT stock solution was added to a final concentration of 4.5 mM.
Equal amounts of lysates were reduced with 4.5 mM DTT at 56 °C for 30 min and alkylated by
adding iodoacetamide to 9 mM for 15 min in the dark. Additional DTT was added to lysate to
concentration of 4.5 mM. In vitro deSUMOylation reaction was performed by adding specific
SUMO protease 1 (SENPI1) and SUMO protease 2 (SENP2) (Life Sensors, Malvern, PA) at 10
units per milligram of lysate protein and incubating with lysate for overnight at room temperature.
In vitro de-ubiquitination reaction was performed by adding USP2cc (Enzo Life Sciences) at an
enzyme-to-substrate ratio of 1:500 and incubating at RT for 4 h. Untreated control lysate samples
were also prepared. Efficiency of SUMOylation cleavage by SUMO proteases and ubiquitin
cleavage by USP2cc was verified by western blots using primary antibodies for SUMOI1 (4930),
SUMO2/3 (4971), and ubiquitin (3933) from Cell Signaling Technology. The lysates were
digested by WaLP or trypsin, an enzyme-to-substrate ratio of 1:100 at 37 °C overnight with slow
rotation. Digestion was stopped by adding 20% TFA solution to final TFA concentration of 1%.
Peptides were then subject to C18 cleaning by Sep-Pak cartridges (Waters Corp.) and lyophilized.

3. Enrichment of KGG-containing peptides

For each 5-7 mg peptide sample, 10 pl of UbiScan beads (20 pl of slurry, Cell Signaling

Technology) was used to immunopurify the KGG-containing peptides according to the CST
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protocols. First, the digests were resuspended in 0.35 ml 2x IAP buffer (100 mM MOPS, 20 mM
NaxHPO4, 100 mM NaCl, pH 7.5), the pH was adjusted to 7.5, and cleared by centrifugation at
10,000xg for 10 min at 4 °C. Then the digests were pre-cleared by rocking with protein A resin for
1 h at 4 °C. Next, the KGG-peptides were immunopurified from the digests by incubation with the
UbiScan beads for 2h with rocking at 4 °C. After isolating the beads by centrifugation at
1000xg for 1 min, the beads were washed two times with 1x IAP buffer, then four times with
HPLC-grade water. The peptides were eluted in two steps. The beads were incubated at room
temperature with 55 ul of 0.15% TFA for 10 min, centrifuged at 3500xg for 1 min, and the
supernatant carefully saved. Then the beads were incubated for an additional 10 min with followed
by 45 pul of 0.15% TFA for 10 min, centrifuged at 3500xg for 1 min, and the supernatant was
combined with the first elution. The samples were analyzed by nLC-MS/MS on an orbitrap Fusion
or LUMOS for WaLP-digested samples, and on a Q-Exactive for Ub-digested samples.

4. MS analysis of in vitro deSUMOylation experiment

Immunoprecipitated peptides were resuspended in 0.125% formic acid and analyzed by an
Orbitrap Fusion™ Lumos™ Tribrid™ mass spectrometer (Thermo) coupled to an EASY-nLC
1200 (Thermo). Each sample was split and analytical replicate injections were run to increase the
number of identifications and provide metrics for analytical reproducibility of the method.
Standard peptide mix (MassPREP™ Protein Digestion Standard Mix 1, Waters) was spiked in
each sample vial in a total quantity of 100 fmol (33 fmol per injection) prior to LC-MS/MS
analysis. The sample was loaded onto an EASY-Spray™ analytical column (PepMap™,
75umx50cm, CI18, 2um, 100 A, Thermo), which was connected to an EASY-
Spray™ ionization source (Thermo). The column was heated to 45 °C for all runs. Mobile phase

solvent A was composed of 0.1% formic acid and water. Mobile phase solvent B was composed
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of 0.1% formic acid, 93.5% acetonitrile, and water. Peptides were separated using a gradient from
5% B to 32% B over 90 min and continued to 53% B over 5min at a constant flow rate of
300 nl min~!. Full MS scans were obtained with a range of m/z 300—-1500 at a mass resolution of
120,000 (m/z 200), with an AGC target value of 4.0E5 and maximum injection time of 50 ms. To
select peptides for MSMS analysis, ions with charge states from 2 to 7 were all included, dynamic
exclusion was set to 60 s with mass tolerance 10 ppm, and intensity threshold was set at 2.0E3.
Data-dependent mode was established at top speed of 3s. Most intense precursor ions were
selected and isolated with a window of 2 m/z and fragmented by collision-induced dissociation
with a normalized collision energy of 35 and activation Q of 0.25. MS/MS spectra were acquired
in the ion trap at enhanced scan rate with an AGC target value of 3.0E3 and maximum injection
time at 350 ms. Real-time recalibration of mass error was performed using lock mass (34) with a
singly charged polysiloxane ion m/z=371.101237.

MS/MS spectra were evaluated using SEQUEST and the Core platform from Harvard
University (35-37). Files were searched against the Swissprot homo sapiens FASTA database
updated on September 2015. A mass accuracy of 5 ppm was used for precursor ions and 0.02 Da
for product ions. Enzyme specificity was limited to trypsin, with at least one tryptic (K- or R-
containing) terminus required per peptide and up to four mis-cleavages allowed. No enzyme
specificity was restricted for WaLP-digested samples. Cysteine carboxamidomethylation was
specified as a static modification, oxidation of methionine residues was allowed, and digly remnant
on lysine residue (+114.0429) was allowed for each enrichment sample set. Reverse decoy
databases were included for all searches to estimate false discovery rates, and filtered using a 1%
FDR in the linear discriminant module of core. Results were further narrowed by mass accuracy

based on clustering of forward and reverse assignments in Xcorr vs. mass error plots. All
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quantitative results were generated using Progenesis V4.1 (Waters Cooperation) and Skyline
Version 3.1 to extract the integrated peak area of the corresponding peptide assignments.

Quantitative comparison of the KGG-containing peptides before and after SENP1/2
treatment was performed using Progenesis V4.1 (Waters Cooperation) and Skyline Version 3.1 to
extract the integrated peak area of the corresponding peptide assignments according to previously
published protocols (19, 20). Extracted ion chromatograms for peptide ions that changed in
abundance between samples were manually reviewed to ensure accurate quantitation in Skyline.
Statistical analysis of the quantitative data was done using two-tailed ¢-test between SUMO
proteases treated and untreated groups. The maximum negative log-p value from three comparison
pairs was used to indicate significance for abundance changes of a certain peptide between two
groups. Bar graphs of the quantitative data were generated and clustered in Spotfire Decision Site

(TIBCO Software AB) version 9.1.2.

5. SILAC quantitation of Ub and SUMO

HCT116 cells were grown on DMEM SILAC media (Thermo Scientific/Pierce)
supplemented with 10% FBS, penicillin, streptomycin, arginine (85mgl™'), and
either 13Cq 1°N; lysine (Cambridge Isotope Labs) or unlabeled lysine at 50 mg 1. Cells were
expanded up to twenty 15 cm plates for heavy medium and twenty 15 cm plates in light medium
to yielded 40 mg of total protein. The cells were treated with 10 uM MG132 (Sigma) dissolved in
DMSO for 4 h or DMSO-only as the negative control. Cells were then washed with PBS, scraped
into ice-cold PBS, and counted with a TC20 cell counter (Bio-Rad). Equal quantities of unlabeled
and labeled cells from each condition were combined and stored at —80 until lysis.

Frozen cell pellets were thawed quickly and resuspended in 4 mls of denaturing lysis buffer

containing 50 mM Tris, pH 8.2, 8 M wurea, 75mM NaCl, ImM Na3VOs, ImM p-
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glycerophosphate, | mM NaF, 2mM NEM, I mM PMSF, and Roche complete mini protease
inhibitor. Cells were then sonicated on ice using 15W power output for three cycles of 30 s with
30 s rests in between. Insoluble material was precipitated by centrifugation at 20,000xg for 15 min
at 4 °C and protein in the supernatant was quantified by BCA assay. Typically, 5-10 mg protein
was digested for Ub identification and 10—-15 mg protein was digested for SUMO identification.
For Ub identification, lys-C was added to a final concentration of 10 ng pul™! and incubated for 2 h
at 37 °C. Then the digest was diluted to 2 M urea by addition of 50 mM Tris-HCI, pH 8.2 and
trypsin (Sigma) was added to a final ratio of 1:100 and incubated at 37 °C overnight. For SUMO
identification, the lysate was diluted to 2 M urea by addition of 50 mM Tris-HCI, pH 8.2 and WaLP
was added to a final ratio of 1:100 and incubated at 37 °C overnight. Each reaction was stopped
by acidification with TFA to 1% (v/v) and clarified by centrifugation at 20,000xg for 10 min at
4 °C. Peptide solutions were then desalted using tC18 Sep-Pak (either 200 or 500 mg, Waters) as
previously described (38) and lyophilized.

For the SILAC experiments, initial purification of the peptides was performed using basic
pH reverse phase chromatography on a 100 mm x 10 mm ID bridged-ethylene hybrid (BEH) C18
column with 5 um particles (Waters) in 10 mM ammonium formate pH 10. Using a flow rate of
3mlmin ! and a gradient of 0-100% 10 mM ammonium formate in 90% ACN over 1 h, thirty-
two fractions were collected and every fourth fraction was pooled to obtain four fractions from
each digest. After lyophilization and resuspension in 0.5% TFA, the peptides were desalted again
with Sep-Pak tC18 -cartridges (50 or 200mg size), lyophilized, and stored at —80 °C.

6. Preparation of tissue samples

Murine tissue samples such as brain, heart, muscle, and liver were obtained from mature

BALB/c mice (Cell Signaling Technology). Tissue was homogenized in 8 M urea lysis buffer
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(50 mM Tris pH 8.0, 8 M urea, | mM vanadate, 2.5 mM sodium pyrophosphate, ] mM beta-
glycerol-phosphate). Lysate was reduced by 4.5 mM DTT for 30 min at 55 °C. Reduced lysate was
alkylated with 10 mM iodoacetamide for 15 min at 25 °C in the dark. Sample was diluted fourfold
with 50 mM Tris, pH 8, and digested overnight with WaLP at weight ratio of 1:100 at 37 °C
overnight with slow rotation. Digested peptide lysate was acidified with 20% TFA to a final
concentration of 1%, and peptides were desalted over 360-mg Sep-Pak Classic C18 columns
(Waters, Milford, MA). Peptides were eluted with 40% acetonitrile in 0.1% TFA and lyophilized.

7. nLC-MS/MS for SILAC experiments

For the SILAC samples, WaLP digest data were collected on an Orbitrap Fusion mass
spectrometer (Thermo Scientific) equipped with a Proxeon Easy nLC 1000. Samples were
resuspended in 8 pl of 5% formic acid/5% acetonitrile and were loaded onto a 100 pm inner
diameter fused-silica micro capillary with a needle tip pulled to an internal diameter less than 5 pm.
The column was packed in-house to a length of 35 cm with a C18 reverse phase resin (GP118 resin
1.8 um, 120 A, Sepax Technologies). The peptides were separated using a 120 min linear gradient
from 3 to 25% buffer B (100% ACN+0.125% formic acid) equilibrated with buffer A (3%
ACN +0.125% formic acid) at a flow rate of 600 nL min™!. Precursor spectra were collected with
a target resolution of 120,000 in the Orbitrap using a scan range of 300-2000 m/z. The top 10
precursors with intensity greater than 5000 were fragmented sequentially with CID and ETD in
the ion trap with the rapid scan rate, resulting in two separate spectra for each selected precursor
ion.

For SILAC samples after WaLP digestion, two searches for each file were performed, one
specifying fixed light lysine and one specifying fixed heavy lysine. All searches allowed variable

oxidation of methionine, variable protein N-terminal methionine loss and acetylation at alanine or
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serine, variable peptide N-terminal pyro-glutamate from Q, variable KGG, and fixed modification
of cysteine (sample dependent). Following the conversion of the raw data to the open format
.mzXML using Proteowizard (39), peptides were identified by database search (2015 Uniprot
reviewed human proteome) with MS-GF+ trained for peptides from WaLP digestion as described
previously  (21). Current releases of MS-GF+ (2017-01-13) are available
at https://omics.pnl.gov/software/ms-gf with development and support
at https://github.com/sangtackim/msgfplus. CID/ETD pairs were analyzed together when
available from the Fusion data. The .mzid output from fixed heavy lysine database searches was
processed using R scripts (40) to combine the mass of heavy lysine and diGlycine into one
modification. R scripts used in this work are available at https://github.com/komiveslab/SUMO.
All .mzid files were then converted to pepXML for compatibility with TPP (41) using
idconvert.exe (Proteowizard 39). PeptideProphet was used to refine heavy and light identifications
separately (42). iProphet was used to combine files corresponding to HPRP fractions from a single
condition, and to combine the results from separate heavy and light database searches (43).
PTMprophet was used to generate localization scores for KGG (41,44). SUMO-remnant-
containing peptides were then filtered to 1% FDR by probability score, and ptm sites with
localization scores below 0.9 were removed.

The trypsin-digested SILAC samples were analyzed on a Q-Exactive as previously
described (14) and data were analyzed with the Core platform from Harvard University (36,37).

To quantify changes in SUMOylation or ubiquitylation upon MG132 treatment, the ratio
of the peak areas for the heavy vs. the light were calculated and when protein modifications were
identified by multiple peptides, the weighted average of the ratio was computed. The log(2) of

each ratio was plotted and sites with log(2) ratios outside 1 s.d. from the median were flagged as

20



“changing.” The proteins containing these sites were then analyzed for GO term enrichment with
metascape (http://metascape.org/gp/index.html#/main/stepl) using all human proteins as
background.

8. Data availability

All data, spectra, and result files are accessible via FTP at: Public FTP
link: massive.ucsd.edu/MSV000081018—Massive ID: MSV000081018. Proteome exchange ID:
PXDO006398. The data available on the web interface reflects the MS-GF+ output, before the 1%
FDR filter was applied in TPP. The data that support the findings of this study are also available

from the corresponding author on request.

C. Results

1. SUMOylation site profiling by WaLP digestion

Previous studies demonstrated the utility of WaLP digestion in shotgun proteomics
platforms (21). Our observation that threonine was among the preferred amino acids in the P1
position for WaLP digestion (21) led us to hypothesize that digestion of SUMOylated proteins
with WaLP, which should cleave after the threonine in the SUMO C-terminal sequence, TGG,
would generate a SUMO-remnant diglycyl-lysine (KGG) at SUMOylation sites (Fig. 2.1a). The
same workflow used for Ub-remnant profiling could then be used to globally profile SUMO
attachment sites (Fig. 2.1b, c¢). Although WaLP can simply be substituted for trypsin during sample
preparation, identification of non-tryptic peptides produced from WaLP digestion is challenging
because search engines score on the basis of b and y ion series that are expected from tryptic
peptides with a C-terminal positive charge. We previously demonstrated that identification of
peptides arising from WaLP digestion benefits from electron transfer dissociation (ETD) (22),

whereas higher-energy collisional dissociation generates internal ions that can complicate peptide
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spectral matching (21). WaLP cleaves after at least four different amino acids requiring the use of
“no enzyme” specificity in database searches, which is challenging for many publicly available
search algorithms. To facilitate mapping of SUMOylation sites using WaLP digestion, we used
the MS-GF+ search engine whose scoring function can be trained using identifications from an
initial search (23,24).

2. Identification of novel SUMOylation sites using WaL.P

As an initial test of the method, we digested lysates generated from human cell lines with
WaLP and enriched for KGG-containing peptides using established protocols for Ub-modified
peptide enrichment (14). Subsequent analysis by mass spectrometry and database searching using
MS-GF+ resulted in the identification of 2051 unique KGG-containing peptides, which were
confidently localized (PTMprophet score >0.9) to 1209 unique sites. Comparison of the
SUMOylation sites identified using our WaLP digestion approach with the SUMOylation sites
amalgamated by Hendriks et al. (17) revealed an overlap of only 30% (Fig. 2.2a). When compared
to previously reported SUMOylation sites from Hendriks et al. (7710 sites) (17), Phosphosite Plus
(780 sites) (25), and Uniprot (1863 sites) (26), 826 were novel. Peptides containing SUMO
remnants from WaLP digestion may correspond to sequences that are not covered by tryptic
digestion due to the abundance or lack of nearby tryptic cleavage sites (21). We found several
examples of such cases. For example, we identified a novel SUMOylation site in DNA-PK
(PRKDC, P78527), which would have been in a tryptic peptide of length 57 (Fig. 2.2b), and
another in Sp100 (P23497), which would have been a tryptic peptide of only six amino acids
(Fig. 2.2c). Multiple SUMOylation sites were found in over 60% of the proteins identified, with
5% having more than six SUMOylation sites. The SUMOylation sites identified in this study

correspond to the expected motifs as described by others. We found that 31% of the SUMO
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Figure 2.2: Summary of SUMOylation site identifications from this study and comparison with previous
studies. a. Venn diagram showing overlap between the 1209 SUMO sites identified in this study from both Hela and
HCT116 cell lines (blue) and all SUMO modifications from either Hendriks et al. (red) or Phosphosite Plus (yellow).
b. Identified spectrum of a novel SUMO modification site identified in DNA-PK that would have resulted in a 57-
amino-acid tryptic peptide. The sequence above the spectrum shows the tryptic cleavage sites in blue, the modification
site is in red, and the matched sequence from the WaLP digest is underlined. c. Identified spectrum of a previously
uncharacterized SUMO modification site in Sp100 that would result in only a six- residue tryptic peptide.
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attachments occurred at the “forward” sequence motif (YKX[E|D]) (Fig. 2.3a), 9% corresponded
to the “inverted” motif ([E|D]XK) (Fig. 2.3b), and 60% did not correspond to either consensus but
these sites were somewhat enriched in acidic residues (Fig. 2.3c). Gene ontology term enrichment
was performed to functionally annotate the SUMO-modified proteins. As reported previously,
SUMOylation sites were primarily found in nuclear proteins and SUMOylated proteins were
enriched for proteins involved in chromatin biology, RNA metabolism, and transcription
(Fig. 2.4).

It is possible that the same lysine within an individual protein can be either modified by
Ub or SUMO and that SUMOylation may antagonize ubiquitylation (27-29). In fact, 30% of the
sites identified in this study were either previously reported to be ubiquitylated in the Phosphosite
Plus database or were found in our experiments to be ubiquitylated. This overlap is similar to that
previously reported by Hendriks et al. (18).

3. Validation of SUMOylation sites using in vitro deSUMOylation

Our previous studies on WaLP digestion specificity indicated that WaLP rarely cut after
arginine residues (Fig. 2.1b) leads to the possibility of using WaLP to generate diGlycine-remnant
peptides from SUMO-modified proteins and not Ub-modified proteins. However, when using
WaLP to isolate and identify SUMOylated peptides in this study, we occasionally identified
peptides whose MS/MS spectra matched best to peptides that resulted from cleavage after arginine
either on the N or C terminus. These peptides were rare, with percentages varying from 3—8%,
which we attribute at least partly to our inability to completely remove the trypsin used to detach
cells during scale-up. Trypsin was avoided in cell harvesting, scraping was used instead. Even still,
the fact that the P1 Arg was usually present in a sequence that had multiple positively charged

residues in a row led us to question whether WaLP digestion could occasionally result in the
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Figure 2.3: “IceLogo” motif analysis of the KGG sites discovered using WaL.P digestion from Hela and HCT116
cells. SUMO attachment at the “forward” sequence motif (YKX[E|D], where ¥ indicates a hydrophobic amino acid)
(a) occurred in 31% of identified sites, at the “inverted” motif ([E|D]XK) (b) in 9% identified sites, and at other sites
(c) in 60% of the identified sites.
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generation of a KGG-peptide from a ubiquitylated protein. To evaluate this possibility and to
validate our approach, native cell lysates were either untreated or treated with recombinant
deSUMOylating enzymes, SENP1 and SENP2, prior to digestion with either trypsin or WaLP.
Western blot analysis revealed that in vitro treatment with SENP1/2 resulted in a robust reduction
of SUMOI1- and SUMO2/3-modified proteins while leaving ubiquitylated proteins unaltered
(Fig. 2.5a). Digestion of SENP1/2-treated lysates with trypsin or WaLP and subsequent analysis
by mass spectrometry revealed a dramatic reduction in the abundance of KGG-modified peptides
from WaLP-digested samples compared to untreated samples (Fig.2.5b). Importantly, the
abundance of KGG-peptides resulting from trypsin cleavage, which would arise from
ubiquitylated substrates, was unaltered by SENP1/2 treatment (Fig. 2.5b). The observation that
88% of sites identified after WaLP digestion were decreased at least twofold upon SENP1/2
treatment validated our approach. Conversely, treatment of lysates with a promiscuous
deubiquitylating enzyme, Usp2cc, would result in a specific decrease in the amount of a KGG-
peptide from a ubiquitylated site without altering SUMOylated peptides. Consistent with our
prediction, less than 2% of KGG-peptides generated from WaLP-digested cells decreased upon
Usp2cc treatment (a similar percentage to the FDR), whereas 97% of the KGG-containing peptides
generated from trypsin digestion decreased after Usp2cc treatment (Fig. 2.5¢). Taken together, we
conclude that WaLP digestion and subsequent immuno-affinity enrichment of KGG-modified

peptides specifically identifies endogenous SUMOylated peptides.
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Figure 2.5: Identification and quantitation of SUMO and Ub modification sites upon in vitro deSUMOylation
in Hela cell extracts. a. Extracts were either untreated or treated with varying amounts of SENP1 and SENP2 enzymes
or Usp2cc and then analyzed by SDS-PAGE and blotted for SUMO1 or SUMO2/3 or ubiquitin. b. Bar graph showing
results from quantitation of KGG-peptides after treatment with SENP1/2, illustrating the reduction of KGG sites
observed after WaLP digestion. Green bars indicate SUMO modification sites identified and quantified upon WaLP
digestion (left, y axis) and blue bars indicate Ub modification sites identified and quantified upon trypsin digestion
(right, y axis). c. Bar graph showing results from quantitation of KGG-peptides after treatment with Usp2cc,
illustrating the retention of KGG sites observed after WaLP digestion. Colors are the same as in b
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4. Parallel Ub and SUMO site identification

A unique feature of our method is the ability to identify ubiquitylation and SUMOylation
sites in parallel from the same cell or tissue lysate. The lysate can be simply split in half, with one
half digested with WaLP and the other half digested with trypsin (Fig. 2.1c, d). The subsequent
immuno-affinity enrichment steps are identical, although mass spectrometry and data processing
were optimized for tryptic peptides for Ub and non-tryptic peptides for SUMO. As is already well
established, SUMOylation is a lower abundance modification than ubiquitylation, and indeed, we
identified 6472 Ub sites in the same samples in which 1209 SUMO sites were identified.
Qualitative comparisons of the data revealed all possible types of dual modification scenarios. We
found 2713 proteins that were ubiquitylated, 768 proteins that were SUMOylated, and 407 proteins
that had both SUMO and Ub. Some had a large number of ubiquitylated lysines and few
SUMOylated lysines while others had larger numbers of SUMO-modified lysines and few
ubiquitylated sites. Those for which we observed both modifications mostly carried those
modifications on different residues. We observed 243 lysines that were found to be Ub modified
in the trypsin-digested samples and SUMO modified in the WaLP-digested samples. These results
indicate that our method can identify proteins that are modified by both SUMO and Ub on the
same lysine residues in the same sample.

5. Parallel quantification of Ub and SUMO sites

Previous studies indicated that SUMO modification could be stimulated by cell stresses
such as heat shock and proteasome inhibition (30,31). Using SILAC-based quantitative
proteomics, and our method allows for the parallel capture, identification, and quantification of
SUMO- and Ub-modified proteins in response to various cell perturbations. As it is well

established that proteasome inhibition results in global alteration of the Ub-modified proteome,
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we evaluated the dynamic response of both the Ub- and SUMO-modified proteome to proteasome
inhibition. Metabolically labeled cells were treated with MG132 and mixed with unlabeled cells
prior to cell lysis. Again, the cell lysates were split and half was digested with trypsin for Ub
analysis and the other half was digested with WaLP for SUMO analysis. We identified and
quantified 330 unique SUMOylated sites and 2621 unique ubiquitylation sites from biological
replicate samples. The results for both experiments were normally distributed (Fig. 2.6) and the
results from the Ub analysis were comparable to previously published data in which proteasome
inhibitors were utilized (14,32). For the SUMO analysis, 30 sites increased in abundance by at
least twofold and 72 sites decreased in abundance by at least twofold upon MG132 treatment (18).
Changes in modification abundance are not likely due to changes in protein levels as protein levels
were not found to change significantly during a 4-h MG132 treatment (14). We observed 103
proteins for which both SUMOylation and ubiquitylation could be quantified. These proteins had
a total of 591 modified lysines. Of the total 591 modified lysines, 53 were found to be both
SUMOylated and ubiquitylated.

The proteins with the most abundant sites that were both SUMOylated and ubiquitylated
were SUMO and Ub themselves, so we analyzed these to see if any sites were reciprocally
regulated. It is important to note that we observed multiple modified peptides with more than one
SUMO modification on SUMO proteins only in the WaLP digest. This indicates the presence of
SUMO molecules that are simultaneously SUMOylated at different lysine residues and may have
a branched-chain architecture. Interestingly, SUMO-modified ubiquitin was only observed on
single lysine residues, suggesting that multiply SUMO-modified ubiquitin is a rare or nonexistent
event. Conversely, peptides with more than one Ub modification on ubiquitin were observed only

in the trypsin digest. These results are consistent with the presence of poly-SUMO (detected by
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Figure 2.6: Parallel identification and quantitation of the SUMO and Ub-modified proteome upon MG132
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distribution of the SILAC ratios and right graphs depict the histogram of SILAC ratios. ¢ Comparison of the SILAC
ratios from biological replicates for ubiquitylation sites (black symbols) or SUMOylation sites (green symbols)
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WaLP) and poly-Ub (detected by trypsin) but only mono-modifications of the opposite protein.
We quantified ubiquitylation and SUMOylation of three lysine residues in SUMO2/3 upon MG132
treatment (Fig. 2.7a). Neither ubiquitylation nor SUMOylation of lysines 33 or 45 in SUMO2/3
were dramatically altered upon proteasome inhibition. However, ubiquitylation of lysine 11 on
SUMO2/3 increased, whereas SUMOylation on this site decreased upon MGI132 treatment
(Fig. 2.7a). Cross-modification of SUMO2/3 by ubiquitin has been previously observed, and
consistent with these results, ubiquitylation of SUMOZ2/3 on lysine 11 increases upon proteasome
inhibition (31).

For ubiquitin, we were able to quantify Ub and SUMO modification of lysines 27, 29, 33,
48, and 63 (Fig. 2.7b), Both SUMOylation and ubiquitylation of ubiquitin responded similarly to
MG132 treatment (Fig. 2.7b). Both SUMO and Ub modification of lysines 48, 29, and 33 increased
in abundance upon MG132 treatment. Conversely, both SUMO and Ub modifications on lysine
63 of Ub decreased in abundance in the MG132-treated cells. Similarly, we observed cross-
modification of another ubiquitin-like (Ubl) protein, Nedd8. Lysines 11 and 48 on Nedd8 were
observed to be modified by both Ub and SUMO and the extent of modification was largely
unperturbed by proteasome inhibition (Fig. 2.7¢). Trypsin digestion followed by KGG immuno-
affinity enrichment cannot distinguish between ubiquitylation or neddylation due to the presence
of an arginine preceding the C-terminal diGlycine in both Ub and NeddS8. As such, it is possible
that Nedd8 may be poly-neddylated at these sites rather than ubiquitylated. Consistent with this
observation, DCN1 was observed to be diGlycine-modified at a lysine residue previously
characterized to be a neddylation site and this same lysine residue was SUMOylated (Fig. 2.7c¢).
Interestingly, the abundance of both SUMOylated and neddylated DCNI1 decreased upon

proteasome inhibition. These observations suggest that cross-modification of Ubl proteins is
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Figure 2.7: Log2 SILAC ratios (heavy-MG132-treated:light-untreated HCT116 cells) for quantified ubiquitin
(red) and SUMO (blue)-modified peptides observed on SUMQ-2/3. (a), ubiquitin (b) Nedd8 and DCN1 (c),
annexin-1 (d), caveolin-1 (e), or RPL15 (f). The position of the modified lysine is indicated.
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prevalent and may possibly be antagonistic modifications.

Separate from the highly abundant Ubl proteins, we observed a few examples of proteins
that were modified by both SUMO and Ub on the same lysine residue with differential responses
to proteasome inhibition. For example, we quantified two SUMOylation and nine ubiquitylation
sites on annexin Al (Fig. 2.7d). We observed SUMOylation at Lys 147, which has not been
previously reported, and at Lys 312, a known SUMOylation and ubiquitylation site (18). This C-
terminal lysine appears to experience reciprocal regulation by MG132 as the abundance of the
SUMO-modified form was significantly decreased, whereas the ubiquitylation was significantly
increased (Fig. 2.7d). Further, lysine 26 in caveolin-1 and lysine 140 in the large ribosomal protein
15 were modified by both Ub and SUMO and these modifications displayed divergent abundance
alterations upon proteasome inhibition (Fig.2.7e, f). These results indicate that reciprocal
modification by SUMO and Ub on the same lysine within a target protein may be a relatively rare
event, but that it clearly does occur at some sites in the proteome and that these modification events
may impart differential functional outputs for the substrate proteins. These results also point to a
unique strength of our method in that it allows for parallel mapping of regulated ubiquitylation and
SUMOylation sites from a single sample.

6. Identification of SUMOylation in tissue samples

One advantage of our method is that it allows for the identification of endogenous
SUMOylation sites from native tissues without exogenous SUMO protein expression. To establish
this application of our method, we processed murine tissue from brain, heart, muscle, and liver to
establish this application of our method, we processed murine SUMOylated proteins in vivo. We
identified 144 unique SUMOylation sites across the four tissues. Overall, muscle and liver had the

most similar SUMOylated proteins, sharing ~70% of the total sites observed in those tissues,
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whereas brain had the most unique SUMOylated proteins that were not found in any other tissue
type. We identified the well-characterized SUMOylated protein RANGAPI in all tissues
validating our approach. Interestingly, we again identified ubiquitin as a SUMO-modified protein
with lysines 48 and 63 serving as the SUMOylation sites in all tissues. This result suggests that
ubiquitin is SUMOylated at critical lysine residues in vivo and validates that our approach can be

successfully applied toward the identification of endogenous SUMOylation sites in tissues.

D. Discussion

We set out to develop a method for global profiling of native SUMOQylation events by
taking advantage of the propensity of WaLP for cleavage after threonine. By simply substituting
WalLP for trypsin, it was possible to immunopurify and identify a large number of KGG-containing
peptides corresponding to SUMO remnants. A large number of the identified sites corresponded
to as-yet-unreported SUMOylation events. Several reasons could explain the large number of new
sites identified. First, as we reported previously, the orthogonal specificity of WalLP allows
cleavage of proteins at sites that may not be accessible to trypsin (21). Second, although previous
studies attempted to achieve minimal expression of their mutant SUMO construct, it is possible
that slight overexpression of SUMO or the presence of mutant sequences could cause unnatural
SUMO attachment. Third, our method does not differentiate between SUMO1-4, whereas
Hendriks et al. examined only SUMOylation sites utilizing SUMO-3 attachment (18). One caveat
is that WaLP also cleaves after Leu and to some extent Ile, so the method does not distinguish
between SUMOylated, FatlOylated, or Fublylated proteins. However, the observation that 88%
of WaLP diGly proteins were reduced upon SENP1/2 treatment argues that the vast majority of
observed KGG sites arise from SUMOylation. Additionally, analysis of the observed sites

recapitulates previous reports of the expected motifs of SUMOylation and GO term enrichment
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(19).

A powerful advantage of our method is that it allows for simultaneous determination of
ubiquitylation and SUMOylation in the same sample. The same population of cells or tissue can
be subjected to analysis of both Ub attachment and SUMO attachment simply by splitting the
sample in two and digesting half with trypsin and the other half with WaLP. The samples can then
be processed in parallel to immunopurify peptides for the presence of the KGG modification, and
sequence by mass spectrometry. For the mass spectrometry, it is best to use optimized ionization
approaches and data analysis tailored to the non-tryptic WaLP peptides. Although the commercial
antibody used in this study was developed for enrichment of KGG-peptides from Ub modification,
it appears to also efficiently immunopurify KGG-peptides from SUMO modification. Finally, the
method allows for identification of SUMOylated proteins under native conditions including from

tissue samples.
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A. Introduction

Hydrogen deuterium exchange mass spectrometry (HDX-MS) probes protein structure and
dynamics by measuring amide proton exchange. HDX reports on solvent-accessible surface area,
protein-protein interfaces, and allosteric changes, and the data can be used to constrain docking or
homology modeling (1-4). Our group recently showed that HDX-MS experiments in which
proteins are incubated in a deuterated solvent for seconds to minutes probe microsecond to
millisecond motions in samples (5).

Two caveats limit HDX-MS analysis. First, HDX-MS resolution is limited to the length of
observable peptides. Approaches to achieve single amino acid resolution with HDX-MS include
using several proteases to increase peptide overlap (6), ETD fragmentation to better localize
deuterons on each peptide (3, 7), and deconvolution of isotopic envelopes to extract information
from the peptide data itself (8, 9). Second, HDX-MS suffers from deuterium back exchange during
sample handling and chromatography. Several methods exist for the correction of back exchange,
a necessary step for downstream data processing to obtain reproducible numbers of amides
exchanged. Correction for back exchange has previously been performed using several different
methods including internal standards or using fully deuterated control samples to determine the
extent of uptake on each peptide (8, 10, 11).

To decongest complex mixtures of biomolecules, it is helpful to integrate ion mobility
(IMS) and m/z data simultaneously (12, 13). IMS-integrated HDX-MS uniquely excels in the study
of large, complex protein samples (14, 15). Waters pioneered IMS as a third dimension of
resolution for HDX-MS experiments with the SYNAPT system and the Protein Lynx Global
Server/DynamX software workflow. IMS provides a third independent piece of information with

which to identify each peptide and markedly improves the accuracy of ion clustering and
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assignment of peptides from HDX-MS data (14).

As HDX-MS became more high-throughput, various efforts to automate aspects of the data
analysis became available. HXExpress, a Microsoft Excel utility, was the first freely-available
semi-automatic data analysis platform (16). This utility was further developed for deconvoluting
overlapped peptide mass envelopes (17). Several automatic analysis platforms were developed
beginning with The Deuterator and HD Desktop, which were further developed into HDX
Workbench, a comprehensive fully automatic program that incorporates analysis of ETD
fragments, isotopic fitting, overlapping peptide segmentation, statistical analysis, and data
visualization (8). During this time, Schriemer’s group developed Hydra (18), Mayer’s group
developed Hexicon (19), and Englander’s group developed ExMS (9), all of which provide a
similar list of functionalities. Realizing the need for more rigorous back-exchange correction, Z.
Zhang developed MassAnalyzer, a fully-automated software that generated data in the form of
protection factors (10). Two commercially available software programs were also developed, HD
Examiner by Sierra Analytics and DynamX by Waters. These two software programs aptly
demonstrate the two cultures that have grown out of the HDX-MS community; those researchers
who desire a fully-automated platform such as that provided by HD Examiner and HDX
Workbench versus those who wish to have some automation but with user-controlled examination
of the raw data such as is provided by DynamX. Currently, only HD Examiner and DynamX allow
import of IMS data. Several software programs also emerged that provided further data analysis
once the initial centroid data was obtained. HDX Analyzer provides rigorous statistical analysis
(20). MEMHDX (21) and Deuteros (22) allow downstream analysis of HDX Workbench and
DynamX output data, providing further statistical analyses and data visualization. However, neither

address back exchange analysis, which is missing from DynamX.
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Here we present the Deuterium Exchange Correction and Analysis (DECA) software
package, which was designed as a simple, rapid backend to DynamX, but can also be used for other
data in .csv format. DECA provides several options for back exchange correction, resolution-
increases by Overlapping Peptide Segmentation (OPS), a rigorous evaluation of the statistical
significance of observed differences, and visualization tools. To our knowledge, DECA is the only
freely-available software that provides all these functionalities in a single platform. In addition,
DECA is able to extract detailed ion mobility, retention time, and deuterium uptake information
from DynamX project files in order to measure the summary statistics of the ions assigned to each
peptide, check the quality of the data through outlier analysis, and more accurately determine the
statistical significance of differences between protein states than is possible with exported
summary data. For data from other platforms which require back exchange correction and/or
automatic analysis of overlapping peptides, DECA can be a helpful backend as well.

Here, we demonstrate the effectiveness of DECA on a representative HDX data set from
DynamX and explain how it can be used for uptake data output files from other platforms. DECA
is an initial attempt to provide software that will allow the HDX-MS community to comply with
the recently published recommendations for performing, interpreting, and reporting HDX-MS
experimental data. DECA is open-source with the intent that users will contribute additional

functionalities and improvements.

B. Methods

1. Software Design.

DECA was written entirely in Python, and it implements modules from external libraries
for visualization and analysis. The graphical interface implements the built-in Tkinter framework,

and it was initially designed in PAGE, a Python GUI Generator. DECA performs statistical
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analysis of imported data by implementing functions from the Scipy and Statsmodels libraries
(23). Curve fitting in deuterium uptake plots uses a linear regression function from the Scipy
library. Uptake plots, coverage maps and spectra are generated through functions from the
Matplotlib library (24). The retention time prediction feature implements a function from the
Pyteomics library (25). The Pylnstaller script is used to package all DECA code and python
dependences into executable binaries for OSX and Windows (26). The packages used are PSF,
BSD, GPL or Apache licensed (All free software licenses, with some share-alike copyleft
restrictions). The DECA source-code is compatible with Python 2.7 and Python 3.7, which are
freely available and pre-installed on UNIX operating systems. This source code is executable
through the python environment upon the installation of the external libraries mentioned above.
The source code and binaries are available at github.com/komiveslab/DECA.

2. Data Format.

DECA primarily accepts tabular peptide lists of deuterium uptake data from CSV files. It
was designed to import DynamX state data, HDXWorkbench data, and a third generic alternative.
Sample data sets of each type are available in the supplementary information. Between the three
data styles, DECA can import most tabular HDX-MS data with only minor alterations to the data
set’s column headers. For deeper statistical analysis and visualization of the raw spectra, a “.dnx”
DynamX project file can be imported into DECA.

3. Data Analysis.

Each data set imported is evaluated to identify high relative standard deviations or errors
in peptide mass values, retention times, and ion mobility values. The statistical significance is
determined for every time point between each protein state in the data set. If a DynamX project file

is imported, DECA interrogates every ion assigned to each peptide in order to flag outlier ion
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assignments and report on the spread of m/z, retention time, and mobility values for each ion

cluster.
4. Sample Dataset.

HDXMS experiments were performed and published previously (27). The data set includes
peptides of a single protein, RelA, in two states: the RelA homodimer and the RelA-p50
heterodimer. Deuterium exchange was measured in triplicate at 30 s, 1 min, 2 min, and 5 min.
Independent biological replicates of the triplicate experiment were performed to verify the results.

Peptides were identified using the Protein Lynx Global Server and analyzed in DynamX 3.0 taking

advantage of the ion mobility data. The peptides were identified from triplicate MSE analyses and
data were analyzed using PLGS 3.0 (Waters Corporation). Peptide masses were identified using a
minimum number of 250 ion counts for low energy peptides and 50 ion counts for their fragment
ions. The peptides identified in PLGS were then analyzed in DynamX 3.0 (Waters Corporation,
Milford, MA) implementing a score cut-off of 7, the peptide must be present in at least 2 files,
have at least 0.2 products per amino acid, a maximum MH+ error of 5 ppm, and less than a 5%
error in the retention time. The relative deuterium uptake for each peptide was calculated by
comparing the centroids of the mass envelopes of the deuterated samples versus the undeuterated
controls following previously published methods (28) and corrected for back-exchange as
previously described (29). The experiments were performed in triplicate, and independent

replicates of the triplicate experiment were performed to verify the results.

5. Fitting of deuterium uptake plots.

A curve-fitting algorithm was implemented based on a least-squares minimization fit to the
double- exponential function y = a * (1 — e™P%) + ¢ * (1 — e7%°1%) to the HDX data. Constants

a and b reflect the asymptote and rate of uptake by fast exchange, whereas constant ¢ scales the
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contribution of uptake by slow exchange. If the timepoints do not cover the curvature of the first

exponential, the minimization may overfit the data. In such cases, the first exponential is

e 3 . . .
minimized so y, 1 = 2 ¥ Ve=n; where n is the lowest non-zero time point, to solve for the value
4

of b that creates a curve that passes through the point at 34 of the uptake in 1/4 of the exposure of
time point n. This curvature adjustment may be modified in the global settings. Constants a and c
are subsequently minimized with the new b value to create a smooth curve to the first non-zero
time point. Notably, in such scenarios where the data does not cover both sides of the inflection of
the uptake curve, the curve fit does not reflect the rate of exchange of the peptide. DECA makes
no attempt to extract the rates of exchange of individual amides from the peptide uptake curve.

Such estimates are usually unreliable.

C. Results

1. Graphical User Interface.

The DECA interface enables rapid review and visualization of HDXMS data (Fig. 3.1).
From the main window, the user can import a data file, which will display the contents of the file
in a spreadsheet and enable data correction and visualization functions. Deuterium uptake plots
are displayed adjacent to the data table, whereas additional figures will be displayed in separate
windows. Diagnostic messages and errors are printed to a console window that opens with the
main interface.
2. File Merging.

HDX experiments from a single study may be analyzed separately because of gaps in time
between the experiments, changes to the instrumental setup, or in order to reduce the

computational demand. Because data sets may contain redundant or complimentary data, DECA
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may be used to intelligently merge data sets together by combining data or renaming
proteins/states. Additionally, File Merge may be implemented either before or after performing
back exchange correction on separate files in order to compare data sets with different levels of

back exchange.
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Figure 3.1: Example of the DECA Interface. DECA is a Python program built to run on Windows and MacOS. The
GUI simplifies import and analysis of HDX-MS data in multiple formats. Typically, data can be rapidly screened
using the Main window (top left) lists open projects, the data table containing the peptide list and their uptake data for
the selected project, and the uptake plot is shown for each selected peptide.

3. Back Exchange Correction.

DECA is designed around solving the need to perform back exchange correction on
hydrogen-deuterium exchange data before further processing or visualization. Two distinct forms
of back exchange may influence deuterium uptake. Back exchange can occur from the quench to
the point of sample injection into the mass spectrometer, and this can vary from peptide to peptide

because of differences in retention time. The most accurate back exchange correction comes from
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the use of a fully deuterated control sample in order to calculate the level of back exchange for
each peptide.

Correction Factor = Uptake;,, /MaxUptake

Uptake
CorrectionFactor

Correction =

The second form of back exchange is a systematic time point-dependent difference resulting from
different liquid handling procedures for shorter and longer times of deuterium exposures. When a
LEAP robot is used for sample preparation, for timepoints shorter than 2 min the mixing syringes
skip a step resulting in a slightly lower back exchange.

. (Uptakepaxp — Uptake,)
Correction Factort>tmaxD =

Uptake,.xp

Correction Factory<y, . - =1

Uptake

Correction Factory

Correction =

Back Exchange Correction is implemented in DECA with two settings: (1) a global correction
factor or a fully-deuterated exposure correction factor per peptide, and (2) the Long Exposure
Adjustment Patch, a set of exposure correction factors which are applied universally to every
peptide in the data set. These two settings may be used separately or in tandem. Back exchange
corrected data can be saved and reimported as desired.

Fig. 3.2 demonstrates the necessity for both forms of back exchange correction. A
perceptible difference of nearly a half deuteron from the first non-zero time point to the final time
point demonstrates clear time point-dependent back ex- change. Following global back exchange
correction, LEAP correction values should be obtained from the peptide with the greatest
difference between the maximum observed uptake, in this case 3.5 Da at 30s, and the uptake at the

final time point (or fully deuterated control). This should correspond to the peptide with the highest
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fractional uptake (typically a spiked-in control peptide or a peptide corresponding to a completely
disordered region of the protein). The correction factors for timepoints longer than the time point
with the highest exchange will be set to adjust the uptake to the highest exchange value. The
correction factors for each time point shorter than that with the highest exchange will be set to

keep their ratio to the maximum the same. These correction factors are then applied to all other

peptides.
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Figure 3.2: Global Back and Exposure Dependent Back Exchange Effects. A. HDX-MS data is affected by two
forms of back exchange effects. This peptide should be fully exchanging in the state indicated by the blue line, yet at
the longest exposure the uptake is only at [165% of the maximum uptake. This deficiency is the global back exchange
observed. The greater back exchange at higher exposures is the result of systematic error introduced by the LEAP
sample handling robot. B. After applying both the back exchange correction and the correction for systematic error
introduced by the LEAP robot, the plot on the corrected plot is obtained.
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4. Generation of coverage maps from back-exchange corrected data.

At this point, the heat map and uptake plots representing the complete data set can be
rapidly generated in DECA. We recommend plotting the coverage map of all the final peptides for
which data is analyzed and presented in the manuscript as also recommended recently by the
HDXMS community (30). DECA provides additional functions allowing visualization of
deuterium uptake, fractional uptake, standard deviation of uptake, or relative standard deviation of
uptake, for all real peptides in the data set according to sequence position. The coverage maps
reveal the sequence coverage as well as the redundancy or average number of peptides that cover
each amino acid. Several colormaps are available to choose from, and the range of the color

assignment can be manipulated to highlight features in the data set.

5. Generation of publication-quality deuterium uptake plots from back-
exchange corrected data.

A key feature of DECA is the generation of deuterium uptake plots after back exchange
correction (Fig. 3.2). Plots generated by DECA allow accurate comparison of deuterium uptake
for different regions of a protein sequence, which requires prior correction of back exchange. The
deuterium uptake plots generated by DECA show the deuterium-uptake for each peptide, with time
on the x axis and deuterium uptake in Da on the y axis with the maximum corresponding to the
maximum possible uptake. Publication quality deuterium uptake plots generated in DECA have
various features such as automatic plotting of error bars, plot annotation with the peptide sequence
and residue numbers, and options for data symbol types and colors. The data are most readily
visualized by scrolling through the peptides viewing each uptake plot.

In the data set used as an example here, deuterium uptake into the RelA homodimer was

compared with uptake into the RelA-p50 heterodimer. We wanted to compare the uptake into both
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RelA and p50 as well. These data were collected months apart and required file merging to present
both the p50 uptake and the RelA uptake in a manner where they could be directly compared. This

process, which took several weeks to be done manually took only one hour when done with DECA.

6. Comparison of overlapping peptides for increased resolution of deuterium

uptake data.

DECA contains a feature called Overlapping Peptide Segmentation (OPS) which
computationally increases the sequence resolution of the data. HDX-MS is limited by the size of
peptides observable on a mass spectrometer, which usually is in the range of 10-30 amino acids.
As a result, HDX data is spread over a large sequence range such that the uptake values may not
always localize the exchange events effectively. Because of the use of nonspecific proteases for
HDX-MS proteolysis, however, overlapping peptides are often produced. OPS exploits
overlapping peptides to assign better-resolved uptake values to the non-overlapping regions in a
manner similar to that previously described (31) (Fig. 3.3, Table 3.1). This propagates error,
however, and may lead to a mischaracterization of the data, so DECA implements this OPS only
once per data set. In other words, the function may not be repeatedly applied to continue generating
overlaps from overlap peptides until there are no new peptides being generated. HDX-MS analysis
programs such as HDXWorkbench, HDsite and HRHDXMS offer similar features.

7. Visualizing Highest Resolution Deuterium Exchange Data.

Heat maps, butterfly plots and pymol scripts for coloring 3D structures are generated in
DECA using the highest resolution data at each residue by assigning the smallest peptide covering
each amino acid to that position, including the OPS analysis, if performed (Fig. 3.4). The visualized
data is subsequently taken from the assigned peptide at each position. Heat maps display data in

the same format as coverage maps but with only a single value per residue instead of showing
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Figure 3.3: Overlapping peptide segmentation (OPS). Because of the partial specificity of “nonspecific” proteases
like pepsin, the coverage resolution may be limited to longer peptide lengths. The resolution can be mathematically
increased through Overlapping Peptide Seg- mentation (OPS). OPS takes advantage of peptide overlaps such as those
in (A), where two peptides share exactly one terminus in com- mon. B, shows how OPS uses such pairs to yield new

peptides (C).

Table 3.1: Overlapping Peptide Segmentation (OPS). ! The last two table entries are result peptides from the OPS
analysis. 2 When the new peptide contains the N-terminus, the resulting value may be affected by the need to disregard
the N-terminal amino acid which is known to exchange rapidly.

Range Uptake Range Sequence Uptake
Pep 1 1-16 2-16 GAPVILMSTFYWNQDE 8.78
Pep 2 1-11 2-16 GAPVILMSTFY 6.32
Pep 3 4-16 5-16 VILMSTFYWNQDE 7.89
Pepl-Pep2! 12-16 12-16 WNQDE 8.78-6.32 =2.46
Pepl-Pep3 1-3 2-42 GAP 8.78-7.89 =10.89
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Figure 3.4: Peptide-to-Residue Assignment. In order to generate one-dimensional, residue-resolved data needed for
heat maps, butterfly plots, and structure-coloring scripts, residues are assigned the data from the most representative
(smallest) peptide covering that region of the protein.

multiple peptides covering each position (Fig. 3.5A). Butterfly plots consist of two line plots for
the comparison of two states (Fig. 3.5B). OPS can be used to isolate sites of deuterium uptake and
visualize them in these types of plots.

The PyMOL Script function creates a script that can be imported into PyMOL to easily
assign data values to the b factor of each residue of a protein structure. This script simultaneously
assigns a color gradient and range to visualize the differences by replacing the b factor data column
(Fig. 3.5C). Importantly, this feature implemented in DECA considers the back-exchange-
corrected uptake amounts which is important for the colors to be comparable across the protein

molecule.
8. Statistical Significance.

DECA produces a report on the consistency and accuracy of ion assignments upon import
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of a DynamX project file. DECA flags outliers in each ion cluster and calculates the standard
deviation of the m/z, retention time, and mobility values for every charge state and every replicate.
In the example data sets, assigned ions were within 5% of the mean retention time and mean
mobility per peptide. 93—98% of all assigned ions had a search error below 10 ppm. DECA makes
such details accessible through the GUI in DECA or exported as a spreadsheet. The raw spectra
can be visualized along m/z, retention time, and mobility dimensions in 2D or 3D plots to evaluate

peak overlaps and the complexity of the data set.
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Figure 3.5: Visualizing and Comparing Uptake Data. Several options for the visualization of HDX-MS data are
provided in DECA. The full coverage map including uptake information may be generated, or, through Peptide-to-
Residue assignment, the data can be displayed in one of the three formats shown above. Heat Maps (A), PyMOL
coloring (B), and Butterfly Plots (C) can visualize fractional uptake differences between protein states.
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DECA can perform a series of tests to evaluate the statistical significance of differences
observed between protein states, for example with or without ligand. For peptides from more than
two states, DECA performs a Levene’s test to ensure that the variance between the states is low
enough to have confident results. This test is followed by a one-way ANOVA analysis to identify
the presence of a statistical significance and a Tukey test on every combination of two states. For
peptides with only two states, a t test is performed. These statistics are presented in the GUI and
can be saved to a spreadsheet. Confidence intervals are plotted for each protein state with coloring
matching the lines in the uptake plots. (Fig. 3.6).

9. Data export.

DECA is designed to quickly generate consistent, publication-quality uptake plots that can
be edited as desired by saving the plots in “.svg”, “.pdf”, or “.png” or “.tiff” formats. These plots
can be exported individually or all at once.

Data merged or processed by back-exchange correction or peptide recombination may be
saved into a comma-separated value (CSV) formatted spreadsheet mimicking an import format.

Exported spreadsheets additionally contain information about any back-exchange correction

performed on the data set which complies with community recommendations (28).
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Figure 3.6: Analysis of Variance Determines Significance. Analysis of Variance tests are implemented in DECA
to identify statistically significant differences between deuterium uptake in each peptide from different protein states.
A, Uptake plot for a peptide from two different states with a deuterium uptake difference of 0.76 Da at 5 min. A t test
was used to determine that the difference is significant with a p value of 2.7 x 103, B, Confidence intervals can be
calculated and plotted in DECA which illustrate the confident difference between the two states.

D. Discussion

HDX-MS is arapidly growing technique, yet back-exchange, noisy data, instrumental drift,
and poor peptide resolution limit the information content of this type of data. Significant additions
to the HDX-MS workflow over the last decade include back-exchange correction, analysis of
overlapping peptides, and extraction of data from isotopic envelopes. Waters’ DynamX uniquely
enables the study of high complexity data sets that otherwise would be limited by spectral overlap
through the implementation of ion mobility. Because IMS enables extension to much larger data
sets, an automatic downstream data analysis tool is required to not only ascertain the statistical
significance underlying large data sets but also to prepare back-exchange corrected uptake plots
and PyMOL scripts in a seamless and rapid manner.

Here we present DECA, a feature-rich data analysis back-end, that provides many of these

functionalities in an open-source, cross-platform package. Although ion mobility enables the
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separation of otherwise-overlapping spectra, automatic processing of large data sets in DynamX
can result in occasional incorrect assignments, and manual correction is time-consuming and can
sometimes leave the incorrect assignments undetected. DECA performs statistical evaluation on
DynamX assignments and implements well established back exchange correction as well as the
Long Exposure Adjustment Patch, which corrects for systematic time point-dependent differences
we have observed when the LEAP robot is used for sample preparation. DECA enables
overlapping peptide analysis that has been previously implemented to take advantage of high
redundancy and sequence coverage to generate virtual peptides with higher resolution. DECA can
subsequently export the analyzed, filtered, and corrected data to a spreadsheet, or it can produce
publication-ready visuals, including 2D and 3D spectra, deuterium uptake plots, coverage maps,
heat maps, butterfly plots, and pymol scripts from the back-exchange corrected data.

DECA is developed entirely in Python and compiled into executable binaries compatible
with macOS or Windows. DECA can also be run directly from the source code on any computer
with Python installed, enabling developers to modify and improve the software. Both the source

code and the executable files are available at https://github.com/komiveslab/DECA.

F. Data Availability

The sample data set raw files, DynamX project, and peptides list are available at the

MassIVE repository (massive.ucsd.edu) under data set ID: MSV000084200.
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Chapter IV:

Structure and dynamics of the ASB9 CUL-
RING E3 Ligase
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A. Introduction

Ubiquitylation is a post-translational protein modification in which the 8.5 kDa protein
Ubiquitin (Ub) is covalently attached to a substrate protein following activation by the Ubiquitin-
activating enzyme (E1) and transfer to a Ubiquitin-conjugating enzyme (E2). Ubiquitin Ligases
(E3) facilitate the highly-specific covalent attachment of activated Ubiquitin (Ub) to substrate
proteins through an isopeptide bond on an exposed lysine residue. Ubiquitylation leads to two
general classes of modification, mono- and poly-ubiquitylation, wherein a molecule of ubiquitin
is linked to one of the seven lysines in another molecule of ubiquitin. K48 polyubiquitin chains
are the most studied form of polyubiquitylation and are responsible for targeting substrate proteins
for proteasomal degradation (1).

The multi-subunit Cullin (CUL)-RING ligase (CRL) is the largest family of E3 ligases,
and it is responsible for up to 20% of degradation through the proteasome (2). CRLs share a
common structure, composed of a substrate receptor(s), a CUL, and a RING-box (RBX) protein.
The RBX subunit is responsible for recruiting Ubiquitin-charged E2 enzymes to the ligase (1).
Human proteins CUL2 and CULS bind substrate receptors through the adaptor proteins Elongin B
(ELOB) and Elongin C (ELOC). The vHL-box and SOCS-box motifs in CUL2 and CULS5 cause
them to recruit vHL-like or SOCS-box-containing substrate receptors, respectively. Several
protein families contain SOCS-box domains, including the canonical Suppressor of Cytokine
Signaling (SOCS), Single Stranded Binding (SSB), WD40 SOCS-box (WSB), and Ankyrin Repeat
and SOCS-box (ASB) families (3).

The eighteen ASB proteins comprise the largest family of SOCS-box domain-containing
E3 ligase substrate receptors. Each ASB protein contains an ankyrin repeat domain and a SOCS-

box domain with CUL5-box and BC box motifs, and they specifically associate with CULS
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through the Elongin B and C (EB/C) adapter proteins (4-6). A few ASB proteins have known
substrates that are marked for degradation: ASB2-CRL ubiquitylates Filamins A and B, ASB3 and
4 -CRLs ubiquitylate tumor necrosis factor receptor II, and ASB11-CRL ubiquitylates Notch
ligand DeltaA (7).

Creatine Kinase brain-type (CKB) and mitochondrial type (MtCK) have been shown to be
degraded in vivo in an ASB9-dependent manner (8, 9). ASB9 binds a dimer of CKB with sub-
nanomolar affinity (10) with residues 19-24 being especially important for high affinity binding.
(10, 11). Structures of ASB9 lacking the SOCS box domain, (12) and including the SOCS-box
bound to ELOB and ELOC have been determined (7). In addition, structures of SOCS2-ELOB/C
bound to the N-terminal half of CUL5 (PDB 4JGH) (13) and the C-terminal half of CULS bound
to RBX1 (3DPL) (14) have been determined. While some details have been shown in a fragmented
manner, a full mechanistic understanding of the ASB9 CRL assembly, substrate recognition, and
dynamics remain unknown.

We present here a full model of the substrate-bound ASB9-ELOB/C-CUL5-RBX2 E3-
ligase complex based on cryo-electron microscopy (cryo-EM) structures of CKB-ASB9-ELOB/C
and of CULS. By combining cryo-EM, HDX, and homology modeling, we are able to define the
general architecture of the complex and propose conformational dynamics that underlie substrate
recognition and ubiquitin loading. HDX-MS data confirms binding sites between CKB-ASB9 and
ELOB/ELOC-CULS. Most importantly, the HDX-MS reveals a pathway of allostery that connects
substrate binding to conformational changes near important modules in CULS that control ligase
activity, including the site of CULS5 neddylation and RBX2-E2 binding. This allosteric pathway

suggests that substrate binding itself serves a mechanistic role in the activity of CUL-RING ligases.
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B. Materials and Methods

1. Expression vectors.

Human ASB9-1 in pNIC-CTHF was obtained from the Structural Genomics Consortium
and subcloned into pHis8 (KanR) with an N-terminal 8xHis tag and Human CKB was subcloned
into pET11a (AmpR) as previously described (10). Human ELOB (full-length) and ELOC (17-
112) were obtained in pACYC (CamR) (Structural Genomics Consortium). Human CULS and
mouse RBX?2 were obtained in pRSFDuet (KanR) with an N-terminal His tag, TEV cleavage site,
and GBI tag on CULS (gift from Nevan Krogan). 6xHis-GB1-TEV-CULS was subcloned into
pET28a (KanR) and RBX2 was subcloned into pET11a (AmpR).

2. Protein Expression.

ASBY was co-expressed with ELOB/ELOC and/or CKB using sequential transformation
with the vectors described above into BL21(DE3) E. coli cells for ASB9-CKB, ASB9-ELOB-
ELOC, and ASB9-CKB-ELOB-ELOC co-expression. Vectors containing ELOB/ELOC, CKB, or
both were transformed into competent BL21(DE3) cells after which those cells were made
competent again. ELOB/ELOC in pACYC was selected by Chloramphenicol (CAM) resistance,
and CKB in pET11a was selected by Ampicillin (AMP) resistance. The vector for expression of
ASB9 was transformed into ELOB/ELOC + CKB - containing BL21(DE3) cells and plated on a
Kanamycin (KAN)-CAM-AMP LB agar plate. The pET28a vector for expression of CULS and
the pET11a vector for expression of RBX2 were co-transformed into ELOB/ELOC - containing
BL21(DE3) cells and plated on a KAN-CAM-AMP LB agar plate for co-expression of
CULS/RBX2/ELOB/ELOC.

All proteins were expressed as follows. A 5 mL M9-ZN (1.5x MO salts, NZ-Amine media,

0.8% Dextrose, 1 mM MgSO04, 0.2 mM CaCl2) overnight culture was inoculated with a single
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colony from the plate. A 20 mL M9-ZN starter culture was inoculated with 2 mL of the overnight
culture and grown for 3 hours at 37°C. The 1 L M9-ZN growth culture was inoculated with the
entire 20 mL starter culture and grown until OD600 = 0.8. After placing the cultures on ice for 15
min, protein expression was induced by addition of IPTG to a final concentration of 0.5 mM, and
the cultures were transferred to an 18°C incubator for 16-18 hours. Because RBX?2 contains a Zn
binding domain, the RBX2-containing cultures were brought to 200 uM Zn by addition of a 1 M

solution of ZnCl2 just prior to induction.
3. Protein Purification.

Cells from 1 L of culture were pelleted by centrifugation at 5000 rpm for 10 minutes, then
re-suspended in 40 mL Resuspension Buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl, 10 mM
Imidazole pH 8.0, 2 mM [-mercaptoethanol, 5% Glycerol) with Sigma Protease Inhibitor Cocktail
(P2714) and 5 mM PMSF. Cells were lysed on ice by sonication with ten 30 seconds pulses with
45 seconds cool-down between each pulse. The lysate was clarified by centrifugation at 13000
rpm for 45 minutes. The clarified lysate was incubated with 2 mL Ni-NTA (in Resuspension
Buffer) for 2 hours at 4°C with rocking. Ni-NTA beads were pelleted by centrifugation at 700 x g
for 5 minutes. The supernatant was discarded, and the beads were washed with 10 mL. Wash Buffer
(50 mM Tris-HCL pH 8.0, 100 mM NaCl, 25 mM Imidazole pH 8.0, 2 mM f-mercaptoethanol,
5% Glycerol) for 30 minutes at 4°C. Ni-NTA beads were again pelleted by centrifugation at 700
x g for 5 minutes. The supernatant was discarded, and the beads were washed with 10 mL Elution
Buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl, 250 mM Imidazole pH 8.0, 2 mM f-
mercaptoethanol, 5% Glycerol) for 30 minutes at 4°C. Ni-NTA beads were again pelleted by
centrifugation at 700 x g for 5 minutes. The supernatant was transferred to a 12-14 kDa Dialysis

bag and dialyzed overnight in Dialysis Buffer (20 mM Tris-HCL pH 8.0, 100 mM NaCl, 5%
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Glycerol, I mM DTT). Samples were concentrated to 2 mL and purified using size-exclusion
chromatography over a Superdex S200 16 x 600 column in Dialysis Buffer. Peak fractions were
combined and concentrated to 5 M for analysis by HDX-MS or 20 yM for structural
determination by Cryo-EM.

Sample compositions were identified and characterized according to the presence of the
desired proteins as assessed by size exclusion chromatography, SDS-PAGE (10-15% Acrylamide
gels), and nanospray LC MS/MS on a Lumos mass spectrometer after trypsin digestion.

To prepare CKB-ASB9-ELOB-ELOC or CUL5-RBX?2 for structure determination, all four
proteins were co-expressed and purified as described above. Following size-exclusion by Superdex
S200 16 x 600, the samples were concentrated to 500 u L and re-purified on a S200 Increase 10/300
column. Collected fractions were concentrated to 20uM.

CKB-ASB9, ASB9-ELOB-ELOC, CKB-ASB9-ELOB-ELOC, ASB9-ELOB-ELOC-
CULS5-RBX2, CKB-ASB9-ELOB-ELOC-CUL5-RBX2, and ELOB-ELOC-CULS5-RBX2,
complexes were individually prepared for analysis by HDXMS. CKB-ASB, ASB9-ELOB-ELOC,
CKB-ASB9-ELOB-ELOC, and ELOB-ELOC-CULS5-RBX2 complexes were expressed and
purified from multiple-expression systems as described above. ASB9-ELOB-ELOC-CULS5-RBX2
and CKB-ASB9-ELOB-ELOC-CULS5-RBX2 were formed by combining the lysates of ASB9-
ELOB-ELOC or CKB-ASB9-ELOB-ELOC with ELOB-ELOC-CULS5-RBX2 and purifying the

combined proteins as described above.
4. Hydrogen Deuterium Exchange.

HDXMS experiments were conducted using a Waters nanoACQUITY UPLC system
equipped with H/DX technology and a LEAP H/D-X PAL liquid handling system as previously

described (23). The H-20 buffer, was composed of 20 mM Tris-HCL pH 8.0, 100 mM NaCl, 5%
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Glycerol, I mM DTT, and 0.5 mM EDTA, matching the Size-Exclusion Buffer used in the final
stage of purification for each protein sample. This Buffer was lyophilized and resuspended in D20
(D20 Buffer). Using the LEAP robot, a 4 uL. portion of a 5 uM protein sample was incubated for
5 min at 25 °C and then mixed with 56 uL of H20 Buffer as a control or D20 Buffer for deuteration
times of 155,30 5,45 s,60 s, or 120 s. The reaction was quenched with 60 pL of Quench Buffer
(3 M guanidine, 0.1% formic acid, pH 2.66) at 0°C. A portion of the quenched sample (50 uL)
was injected into the sample loop and subsequently digested on an in-line pepsin column
(Immobilized Pepsin, Pierce Inc.) at 15°C. The digested samples were transferred to a BEH C18
Vanguard pre-column at 0°C and subsequently separated by analytical chromatography (Acquity
UPLC BEH C18, 1.7 uM, 1.0 x 50 mm, Waters Corporation) using a 7-85% acetonitrile in 0.1%
formic acid over 7.5 min also at 0°C, and electrosprayed into the Waters SYNAPT G2Si
quadrupole time-of-flight mass spectrometer. The mass spectrometer was set to collect data in the
Mobility, ESI+ mode; mass acquisition range of 200-2,000 (m/z); scan time 0.4 s. Continuous
lock mass correction was accomplished with infusion of leu-enkephalin (m/z = 556.277) every 30
s (mass accuracy of 1 ppm for calibration standard). For peptide identification, the mass
spectrometer was set to collect data in MSE, ESI+ mode instead.

The peptides were identified from triplicate MSE analyses of 5 uM CKB-ASB9, ASB9-
ELOB-ELOC, and ELOB-ELOC-CULS5-RBX2 samples with data analysis using PLGS 2.5
(Waters Corporation). Peptide masses were identified using a minimum number of 250 ion counts
for low energy peptides and 50 ion counts for their fragment ions. The peptides identified in PLGS
were then analyzed in DynamX 3.0 (Waters Corporation) using a cut-off score of 6.5 and the
deuterium uptake was corrected for back-exchange (typically 25%) as previously described (24).

The relative deuterium uptake for each peptide was calculated by comparing the centroids of the
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mass envelopes of the deuterated samples vs. the undeuterated controls following previously

published methods (25).
5. Cryo-EM sample preparation and data collection.

The CKB-ASB9-ELOB-ELOC complex was purified as described above. The final protein
buffer was 20 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 1 mM DTT. To increase the
angular distribution of particles in our dataset, we supplemented protein samples with the detergent
n-Octyl-B-D-Glucopyranoside (B-OG). All samples were prepared using UltraAuFoil R 1.2/1.3
300 mesh gold grids (Quantifoil GmbH) that were glow discharged for 30 seconds at 20 mAmp.
Samples (4 pL) were applied to grids within 10 minutes of charging and blotting. Plunge freezing
was performed using a Vitrobot Mark IV robot (Thermo Fisher). The robot was set to 100%
humidity, 4°C, blot force 20, and blot time 4 s. Multiple datasets were collected on grids prepared
with varying protein (5-20 uM) and detergent (0.01-0.1% w/v B-OG) concentrations.

Samples were imaged using a Talos Arctica TEM (Thermo Fisher) operating at 200 keV
in nano probe mode at a magnification of 36,000x, with a final pixel size of 1.16 A. Parallel
illumination of the microscope was performed according to (26). Dose fractionated movies were
collected using a K2 Summit Direct Electron Detector (Thermo Fisher) operated in counting mode,
with a defocus range of -0.6 um and -2.5 pm, an exposure rate of ~6.7 e-/pixel/s, 200 ms frames,
and a total exposure of ~50 e-/A2. New camera gain references were collected before each dataset
and the hardware dark reference was updated daily. Holes containing thin ice were manually
selected and movies were collected automatically using the Leginon software suite (27). Motion
correction and gain correction were performed using MotionCor2 (28), CTF estimation was
performed on non dose-weighted micrographs using CTFFIND4 (29), and particle picking was

performed using DogPicker.py (30); all data processing was performed on-the-fly using the
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Appion software suite (26). Particles were extracted from dose-weighted, aligned micrographs and
analyzed using Relion-3 (31) for 2D classification and cryoSPARC (32) for 3D classification and
refinement. Resolution values are according to the 0.143 gold standard Fourier shell correlation
(GSFSC) method (33).

All datasets were collected using the same exposure rate, total exposure, frame rate, and
magnification, and then merged and processed as a single dataset. In total, 1983 movies were
collected and 1735 remained after removing micrographs with crystalline ice or ethane
contamination. An initial dataset of 1,309,964 particles was subjected to multiple rounds of 2D
classification in Relion-3, with particles re-centered and re-extracted after each round. This yielded
a final dataset of 368,831 ‘clean’ particles. An ab initio 3D model was determined in cryoSPARC
v2, asking for 3 initial models. The best model had clear secondary structure and was composed
of 285,155 particles. A final refinement was performed using Non-Uniform Refinement in
cryoSPARC v2, yielding a final reconstruction at a resolution of ~4.1 A. Local resolution
estimation was performed in cryoSPARC v2, showing a range from 3.5 to 8 A resolution, with the
bulk of the model below 4.0 A. A sharpened map was used for model building in Rosetta, see
Model building and validation, below.

Our cryo-EM map showed clear density for a CKB dimer (3DRB.pdb) and the ASB9-
ELOB-ELOC heterotrimer (3ZKJ.pdb). To make an initial model, both crystal structures were
docked into the cryo-EM map using Chimera (34). The CKB dimer seemed to be in the ‘open’
conformation, corresponding to chain A of 3DRB. An initial model was made using chain A of
PDB 3DRB to make an “open” CKB dimer which was fitted into the CKB density. Chains D,E,F
of the ASB9-ELOB-ELOC structure (PDB 3ZKJ) fit into our cryo-EM map of this part of the

complex without any major conformational changes, except the N-terminal region of ASB9 needed
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to be modeled because residues 1-34 of ASB9 were not defined in the 3ZK1J crystal structure. The
CKB-ASB9-ELOB-ELOC model was then improved using RosettaCM and Rosetta FastRelax
integrated into a cloud-based cryo-EM pipeline (35-37). First, our starting model was used to
generate ~1000 models using RosettaCM. Then the models were sorted by Rosetta energy score,
and the top 10% were then scored using MolProbity. The ten models with the best MolProbity
score were selected as our top models. To build the N-terminal loop of ASB9 for which clear
density was observed, a small region of ASB9 and CKB were extracted and used as an initial
model for RosettaCM. No model was given for the ASB9 N-terminus (residues 25-35), and Rosetta
CM was allowed to build this region de novo. ~500 models were generated. This initial building
yielded a large range of realistic and unrealistic structures, and 10 models with good fit to the
density were selected as starting models for another round of RosettaCM. ~1000 models were
generated in this analysis, and the top ten models as judged by Rosetta energy score and
MolProbity score had good agreement (per-residue RMSD < 2 A). The top ten models from the
two analyses were used to make ten chimeric models that were used as inputs for Rosetta
FastRelax, which refines side chain placement and per-residue B-factors. This refinement
improved the MolProbity and Clash Score for each model. A final model consisting of 10 models

was deposited in the PDB.
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Table 4.1: Cryo-EM data collection, refinement, and validation statistics

Asb9-CKB-ELOB-ELOC complex
PDB ID:

EMDB ID:

Data Collection
Microscope

Camera

Camera Mode
Magnification

Voltage (kV)

Total electron exposure (e-/A?)
Exposure rate (e-/pixel/sec)
Defocus Range (um)

Pixel Size (A/pixel)
Micrographs collected (no.)

Micrographs used (no.)

Reconstruction

3D Processing Package
Total Extracted picks (no.)
Refined particles (no.)
Final Particles (no.)
Symmetry

Resolution (global) (A)

FSC 0.143 (unmasked/masked)

Talos Arctica
K2 summit
Counting
36,000

200

50

6.7

0.6-2.5

1.16

1983

1735

cryoSPARC v2
1,309,964
368,831
285,105

Cl

4.1

4.9/4.1
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Table 4.1: Cryo-EM data collection, refinement, and validation statistics
(continued)

Local resolution range (A) 3.5-8.0
Map sharpening B-factor -232
Refinement
Model refinement package Rosetta
Number of models 10
Nonhydrogen atoms 9329 (per model)

Protein residues
B factors (A?)
Protein residues

R.m.s. deviations

Bond Lengths (A)

Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)
CaBLAM outliers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)
EMRinger score

Map CC (CCmask)

1185 (per model)

87.42

0.0139

1.35

1.17 (99" percentile)
1.62 (99" percentile)
0

0

96.14
343
0.43
1.4

0.752
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6. Homology Modeling.

A model of the full ASB9-CRL was prepared by superimposing homologous domains of
known structures to position each component in PyMOL. The CKB-ASB9-ELOB-ELOC structure
was determined as described above. ELOB-ELOC in SOCS2-ELOB-ELOC-CULSNTD(4JGH)
were aligned with CKB-ASB9-ELOB-ELOC in PyMOL, and SOCS2-ELOB-ELOC from 4JGH
were removed. To orient the CULSCTD relative to CUL5SCTD, CUL2 from CUL2-RBX1-ELOB-
ELOC-VHL (5N4W) was aligned to residues 306-387 on CULSNTD, and CULSCTD from
CULSCTD-RBX1 (3DPL) was aligned to residues 383-424 on CUL2. After orienting the two
halves of CULS5, CUL2-RBX1-ELOB-ELOC-VHL was removed from the model. Residues 208-
238 of RNF4 in RNF4-UBE2D1-Ub (4AP4) were aligned to RBX1 to position UBE2D1-Ub, and
RNF4 was removed. CDC34 (6NYO) was aligned with E2D1, and E2D1 was removed to yield a
model containing CDC34.

Homology modeling with MODELLER 9.23 was performed for each of these
superimposed complexes to refine loops, fill sequence gaps, correct mutations, and to model RBX2
by sequence homology to RBX1. Sequences extracted from the PDBs were aligned to the full-
length Human sequences for each protein using the pairwise alignment tool EMBOSS Water from
EMBL-EBI. An alignment file for MODELLER (38) was generated using the sequence
alignments. MODELLER 9.23 was run using the default automodel class, to generate 10 models.

The model with the lowest MOLPDF score was selected as the final model.

C. Results

1. The Structure of the CKB-ASB9-ELOB-ELOC Complex by Cryo-EM.

To study the assembly of the full CULS5 complex, we prepared a number of different sub-

complexes of the E3 ligase complex containing CKB-ASB9-ELOB-ELOC-CULS5-RBX2 (Fig
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4.1). A 4.1 A structure of the substrate-receptor complex containing CKB, ASB9, ELOB and
ELOC was determined through cryo-EM. A model was refined from this map using crystal
structures of the CKB homodimer (PDB 3DRB) and the ASB9-ELOB-ELOC heterotrimer (PDB
37ZKJ) (Fig 4.2). CKB binds as a dimer to the N-terminal ankyrin repeat of ASB9 as previously
predicted from HDX-MS data, kinetic data, and modeling (10, 11). The structure of the CKB
homodimer (PDB 3DRB) has one monomer in an “open” conformation and the other in a “closed”
conformation. The model that best fit the cryo-EM density was that with both CKB monomers in
the “open” conformation.

ASBY from ASB9-ELOB/C (3ZNG) aligned closely with the Cryo-EM density for the
ASBY subunit. The structure of ASB9 residues 25-34 was resolved to reveal a partial fold of a
helix and a turn inside the active site of one monomer of the CKB dimer (Fig 4.2). Residues 19-
34 of the N-terminus of ASB9 were present in the structure of the apo-ASB9-2 splice variant
(3D9H) (12) and residues 23-34 were modeled for the docked structure of CKB and ASB9 (11),
but neither of these predictions matched the Cryo-EM density. The partial helix positions D32 in
the active site of one CKB monomer (Fig 4.2 inset), consistent with previous biophysical
experiments demonstrating the critical role of this residue in the interaction (11).

2. Structure of full-length CULS5-RBX2.

To date, no full-length structure of CULS is available, however a structure of SOCS2-
ELOB/C-CULSNTD (4JGH) and of CUL5CTD-RBX1 (3DPL) are available. We determined a ~6
A cryo-EM structure for the full-length CUL5-RBX2 complex. A severe preferred orientation in
the cryo-EM grid limited the resolution of our map. However, both CULS crystal structures could
be unambiguously docked into the cryo-EM density. Using these crystal structures as a starting

point for modeling, we built a complete model of the CUL5-RBX2 complex (Fig 4.3).
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Figure 4.1: Size exclusion chromatography was used to purify the various complexes studied in this work. A)
Elution profiles of the various complexes B) SDS PAGE showing the purity of the complexes and the presence of the
subunits present in each.

Figure 4.2: Structure of the CKB substrate bound to the ASB9 substrate receptor and adapter proteins
ELOB/ELOC. A) The Cryo-EM density of CKB-ASB9-ELOB/C was determined to 4.1 A. B) Model built by fitting
the crystal structures for CKB dimer (PDB 3DRB) (light sea green, aquamarine) and for ASB9 (green) and ELOB/C
(orange/purple), all from PDB 3ZKJ, and relaxed with RosettaCM. C) The ASB9 N-terminus inserts as one helical
turn into the active site of one CKB monomer positioning the ASB9 aspartate D32, which was shown to be critical
for high affinity binding, within 6 A of three arginines (R132, R292, R341) and an asparagine (N286).
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CUL5-Rbx2 ‘ T
Cryo-EM map

CULS5 deuterium uptake

Figure 4.3: Structure of full-length CULS from Cryo-EM map. A) Models of the CULSNTD structure (4JGH) and
the CULSCTD + RBXI1 structure (3DPL) were fit into the Cryo-EM density for CULS. B) Structure of CUL5-RBX?2
showing the amide exchange results from the HDX-MS data. The exchange varied from 0% exchange (blue) to 100%
exchange (red), Regions that were not covered in the HDX-MS data are colored black. RBX2 is colored olive. It is
notable how much of the CUL5 shows very low amide exchange indicating a rigidly folded structure.
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3. Full Model of the ASB9-CRL.

The structural model of the CKB-ASB9-ELOB/C was combined with the model of CULS5-
RBX2 by superposition of ELOB/C. This process yielded a model of the ASBOCRL with the
substrate, CKB bound (Fig 4.4). This model captures the Cryo-EM structure of the substrate bound

to ASB9, the full structure of CULS, and the full structure of CULS5 bound to RBX2.

4. HDX-MS mapping of the protein-protein interfaces in the CKB-bound

ASB9-CRL.

We performed HDX-MS studies on various complexes to obtain more detailed information
about the interfaces between the individual proteins (15). Differences in deuterium exchange of
the N-terminal ankyrin repeat of ASB9 between ASB9-ELOB/C and CKB-ASB9-ELOB/C reflect
the impact of association of CKB with ASB9. Previous HDX-MS experiments identified that
residues 25-42 of ASB9 were protected by CKB but did not go into greater detail (10). In the
current study, peptides covering ASB9 residues 1-8 were not detected, but residues 13-24 were
found to be maximally exchanging in all states (Fig 4.5A, 4.6). Peptides corresponding to ASB9
residues 25-31, 25-42, 43-52, 50-59, 64-84, 85-99 and 100-107 (Fig 4.5A, 4.7A) all showed
statistically significant decreases in exchange upon association with CKB, demonstrating that at
least two ankyrin repeats of ASB9 engage in the CKB binding interaction. The decreased exchange
was most notable in residues 50-59, the second helix of the first ankyrin repeat, with up to 64%
less deuterium exchange in the presence of CKB.

Differences in deuterium uptake for CKB-ASB9 and CKB-ASB9-ELOB/C reflect the
effects of ELOB/C interaction with the SOCS-box of ASB9. Peptides corresponding to ASB9
residues 176-214, 218-237, 238-248, 249-258, 249-261, 262-289, and 284-291 all showed

decreased exchange in the presence of ELOB/C (Fig 4.5B, 4.7B). By comparing the
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Figure 4.4: Model of the full ASB9-CRL. A complete model of the un-activated ASB9-CRL was assembled from
the Cryo-EM model of CKB-ASB9-ELOB/C, with the Cryo-EM model of CULS. The colors are as follows: CKB
dimer (light sea green, aquamarine), ASB9 (green), ELOB/C (orange/purple), RBX2 (olive). A 1800 rotation is also
shown.
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Figure 4.5: HDX-MS and Cryo-EM data reveal protein interaction surfaces. A) The HDX-MS data showed that
ASBO residues 13-24 exchanged completely in both free ASB9 and in CKB-bound ASB9 suggesting this region does
not interact with CKB. ASBO residues 25-99 markedly exchange upon interaction with CKB and protection extended
through residue 107. B) The ASB9 SOCS box markedly decreased exchange upon binding to ELOB/C. C) ELOC
showed both increased (residues 22-28 and 76-101) and decreased (residues 29-52, 53-62) exchange suggesting a

hinging motion.
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Figure 4.6: Coverage map of ASB9 peptides used in the HDX-MS data analysis

A

Figure 4.7: Additional Deuterium Uptake Plots for ASB9, CKB and ELOC.
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deuterium uptake into residues 249-258 and residues 249-261, we determined that the majority of
the difference in uptake was due to decreased exchange in residues 259-261 (16). These residues
completely exchanged in ASB9 alone whereas only 0.5 Da exchanged in the ELOB-ELOC —
bound state. This region corresponds to the two SOCS box subdomains; the BC-box motif, L-X-
X-L-C-R, residues 258-263, and the CUL5-box motif is L-X-®-P-X-X-P-X-X-Q-L, residues 281-
291 in ASBO.

Differences in deuterium exchange between ASB9-ELOB/C and ASB9-ELOB/C-CULS5-
RBX2 revealed the ELOC binding site on CULS5 (Fig 4.5C). Whereas ELOC residues 53-62
showed decreased exchange in the presence of CULS, residues 22-28 immediately before, and
residues 76-101, immediately after, showed increased exchange in the presence of CULS (Fig
4.5C,4.7C and 4.8). These results suggested a rearrangement and/or hinging at ELOC takes place
upon binding of CULS.
5. HDX-MS reveals crosstalk between non-adjacent subunits of the E3 ligase.

By comparing variations of ASB9-CRL complexes, we discovered long-range changes in
amide exchange indicative of allosteric crosstalk between non-adjacent subunits. We first
compared ASB9-ELOB/C-CULS5-RBX2 with and without neddylation of CULS. While we
thought neddylation might induce changes in the substrate receptor, none were observed.

The amide exchange into CKB-ASB9-ELOB/C complex was compared to that of the CKB-
ASB9 complex, to observe any differences in the substrate (CKB) and substrate receptor (ASB9)
when ELOB/C was present. Indeed, CKB residues 177-193 and 193-203 showed decreased
exchange in the presence of ELOB/C (Fig 4.9A, 4.10). This result indicates long-range
communication through the substrate receptor, ASB9, to the substrate, CKB, when the ASB9

complex engages ELOB/C. We also analyzed how the ligase responded to a lack of substrate by
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Figure 4.9: Long-range allosteric crosstalk was observed as A) decreased exchange in CKB residues 174-203
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Figure 4.10: Coverage map of CKB peptides used in the HDX-MS data analysis



comparing deuterium exchange into the ASB9-ELOB/C complex to exchange into the ASBO-
ELOB/C-CUL5-RBX2 complex. In the absence of CKB, ASBO residues 25-42 and 53-59 showed
higher deuterium exchange in the ASB9-ELOB/C-CUL5-RBX?2 complex as compared to that in
the ASB9-ELOB/C complex (Fig 4.9B). These results reveal even longer-range communication
through the ASBO substrate receptor and the ELOB/C adapter proteins so that when ELOB/C
engage CULS in the absence of the substrate, the substrate binding site on ASB9 is more dynamic.

The most remarkable example of the observed long-range allostery was how CULS5
appeared to respond to the presence of substrate, CKB. When we compared the ASB9-ELOB/C-
CULS5-RBX2 complex to the CKB-ASB9-ELOB/C-CULS5-RBX?2 complex, decreased exchange
in several regions of CULS was observed. This included CULS residues 7-21, 30-40, 105-114,
161-176, 214-229, 269-278, and 545-551. This result is most consistent with a twisting of the

CULS molecule upon binding of CKB to ASB9 (Fig 4.11,4.12).

D. Discussion

1. Structure of the substrate-bound ASB9-CRL based on Cryo-EM data.

We were able to obtain a 4.1 A cryo-EM structure of the ASB9-CKB complex, the first
such structure of an ASB substrate receptor bound to a bona fide ASB-CRL substrate. The cryo-
EM density revealed an unexpected structuring of ASBO residues 25-34, which pack into the active
site of one subunit of the CKB dimer positioning Asp 32, a residue previously identified as critical
for binding affinity, in the CKB active site (10, 11). In fact, ASB9 residues 25-34 form a partial
helix in the presence of CKB whereas they exchange completely prior to binding. These data
suggest that the structure between residues 25-31 may be responsible for the higher affinity binding
with ASB9 1-252 as previously reported (10). It is interesting to speculate that the disordered N-

terminal thirty-five residues of ASB9 may provide the promiscuous interactions necessary for
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Figure 4.12: Coverage map of CULS peptides used in the HDX-MS data analysis
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interaction with other putative ASB9 substrates which so far have only been identified by affinity
mass spectrometry (6). The list of putative ASB9 substrates includes many metabolic enzymes,
which, like CKB, adopt dimeric structures.

We were also able to obtain a cryo-EM structure of full-length CULS bound to RBX2,
which has previously been only structurally characterized using fragments of the N- and C-
terminal domains of CULS. HDX-MS data of CULS validated the new model showing low
exchange throughout the core of the entire CULS with only the connecting loops between the
helices showing higher exchange. The core of CULS5 exchanged very little throughout, indicating
that the three repeated helical bundles form one folded structure without any obvious hinge points
between the helical repeats. In fact, engagement of the CULS with CKB-ASB9-ELOB/C actually
resulted in even further decreases in exchange throughout the CULS molecule again suggesting

that in the full E3 ligase, the CULS5 behaves as a rigid rod with no hinge points.

2. Allosteric Changes in the ASB9-CRL.

Comparison of the HDX-MS data for the ASB9-ELOB/C vs. ASB9-ELOB/C-CULS5-
RBX2 revealed that the presence of CUL5-RBX2 causes increased exchange in the first ankyrin
repeat of ASB9. Increased exchange is generally considered indicative of increased dynamics. It
is interesting to speculate that increased dynamics at the substrate binding site may promote CKB
binding by a fly-casting mechanism (17). Assembly of the CRL without its substrate bound would
be dangerous as CRL components are known to autoubiquitylate (18). A mechanism such as fly-
casting (17) to promote substrate binding under these conditions might be desirable. Comparison
of the HDX-MS data for the CKB-ASB9 vs. CKB-ASB9-ELOB/C revealed the converse allosteric
changes. In this case, the regions of the CKB homodimer that interface with ASB9 showed

decreased exchange in the presence of ELOB/C. Finally, comparison of the HDX-MS data for the
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CKB-ASB9-ELOB/C-CULS5-RBX2 vs. the ASB9-ELOB/C-CULS5-RBX2 complex showed that
CKB binding to ASB9 induced decreased exchange at specific surface loops in CULS spanning
from residue 25 through residue 551. This may possibly be due to CKB binding inducing changes
in ELOB/C which then cause twisting of the CULS5. These results imply that CKB may induce
allosteric crosstalk through ASB9-ELOB/C and then through CULS, a series of three other
proteins.

The mechanism of allostery in the ASB9 CRL appears to involve two proteins, ASB9 and
CULS5, which behave as rigid rods. Indeed, the amide exchange throughout the folded core of each
of these proteins is very low and remained low regardless of which sub-complexes were studied.
ASB?Y is an ankyrin repeat protein which is stabilized by interactions between its ankyrin repeats.
As was observed in IkBa (19), such a one-dimensional architecture is an ideal structure through
which to transmit allosteric changes since it is minimally frustrated (20) through its long
cylindrical core and should move as a rigid body. It is interesting that a similar phenomenon is
observed in CULS, which could be considered a quasi-repeat protein, as it has a similar cylindrical
architecture of repeated helical bundles, and it also appears to move as a rigid body. Neither the
HDX-MS data nor the cryo-EM data show any indication of bending or hinging of the CULS. The
only place where a hinge-like motion is suggested by the HDX-MS data is in ELOB/C, in which
we observe decreased exchange in one region and increased exchange in the segments preceding
and following this segment. (Fig 4.13)

Our results strongly suggest that the CULS5 CRLs do not actually bend to close the distance
between the substrate and the RBX2-E2-Ub, as we and others have previously suggested (11, 21).
Instead, it appears that the CRL is built of two rigid rod-like proteins (ASB9 and CULS5) with a

single hinge at ELOB/C. Flexibly tethered subunits such as RBX2 are then attached to CULS,
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enabling Ub transfer by a ball-and-chain mechanism. This suggestion is bolstered by recent
observations that the CULS CRLs require ARIH2, a Ring between Ring ligase, to install the first

Ub on bound substrates (22).

¢/

CULS rigid rod

Figure 4.13: The predicted allosteric path from substrate, CKB, through the CRL. CKB binding communicates
through the substrate receptor, ASB9 which behaves as a rigid rod, through ELOB/C which behaves as a hinge, and
finally through CULS, which also behaves as a rigid rod. Both ASB9 and CULS appear to move as rigid bodies in the
allosteric network.
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Chapter V:

Allosteric Regulation of CULS-Mediated
Ubiquitylation
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A. Introduction

Ubiquitin (Ub) is a post-translational modification (PTM) that requires an Activating
Enzyme (E1), transfer to a Conjugating Enzyme (E2), and incorporation into the target protein by
a Ub Ligase (E3) (Fig 5.1A). Association of substrates with E3s leads to the covalent attachment
of Ub onto exposed lysine residues. Ub may be further conjugated onto the N-terminal methionine
or any of its seven lysine residues, leading to the formation of poly-Ub chains. Poly-ubiquitin
linkage type is determined by the E2 enzyme, and the formation of polyubiquitin chains may
involve more than one E2 enzyme (1). Both mono-ubiquitin and the various poly-ubiquitin chains
lead to distinct signals. K48 chains signal for proteolysis, while K63 chains coordinate processes
such as innate immunity, protein trafficking and endocytosis. Atypical chains,
MI1/K6/K11/K27/K29/K33, are involved in the DNA damage response, cell cycle control, Wnt/j3-
catenin signaling, TCR signaling, protein trafficking, autophagy, angiogenesis, and innate
immunity (2).

Ub Ligases can be categorized into three major groups: HECT (Homologous to E6-AP
carboxyl terminus) E3s, RING (Really Interesting New Gene) E3s, and RBR (Ring-Between-
RING) E3s. RING E3s account for approximately 90% of known Ub Ligases, and the most
common form of RING E3s is the Cullin-RING Ligase (CRL). These E3s are multi-subunit
complexes consisting of a substrate receptor, adaptor proteins, a Cullin protein (CUL1, CUL2,
CUL3, CUL4, CULS5, CUL7), and a RING protein (RBX1, RBX2). The RING protein associates
with Ub-bound E2 enzymes to facilitate the direct transfer of Ub from the E2 to bound substrate
proteins. While all CUL proteins can interact with RBX1, RBX2 binds specifically to CULS5 (3).
CUL2 and CULS have been shown to bind Elongin B and Elongin C (ELOB/C), through which

CUL2 binds vHL-box substrate receptors and CULS5 binds Suppressor of Cytokine Signaling
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Figure 5.1: Schematics of the ubiquitylation cascade as mediated by the ASB9 CULS E3 ligase. A) Ubiquitin is
activated through a three-step enzymatic cascade. The Ubiquitin-activating enzyme (E1) binds ATP and catalyzes
adenylylation of Ubiquitin. The active-site cysteine on E1 attacks the Ub-AMP complex to form a thioester bond.
Through a trans-thioesterification reaction Ubiquitin is transferred to the active-site cysteine on a Ubiquitin-
conjugating enzyme (E2). Ubiquitin Ligases (E3) facilitate the highly-specific covalent attachment of activated
Ubiquitin (Ub) to bound substrate proteins through an isopeptide bond on an exposed lysine residue. B) Schematic
showing the states of the ASB9-CUL-RING Ligase explored in this work: un-activated, activated by NeddS8, and
activated by Nedd8 with RING-Between-RING Ligase present.
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(SOCS)-box substrate receptors. Conserved CUL and BC-box domains in the substrate receptors
determine this specificity. Several protein families contain SOCS-box domains, including the
canonical Suppressor of Cytokine Signaling (SOCS), Single Stranded Binding (SSB), WD40
SOCS-box (WSB), and Ankyrin Repeat and SOCS-box (ASB) (3). CULS was originally
determined to have characteristics of an E3 ligase based on its similarity to CUL2 in binding ELOB
and ELOC and ASB2 (4).

ARIH1 and ARIH2 are RING-Between-RING ligases (RBRL), a group of E3 ligases
containing characteristics of both HECT and RING ligases (5). These E3s contain two RING
domains and an In-between-RING domain, but unlike RING ligases, the E3s associate with a
cysteine-reactive E2 enzyme E2L3 that transfers Ub to the catalytic cysteine on the E3 (6). These
E3s have been shown to be auto-inhibited, and this is relieved upon binding to CRLs. ARIH1 has
been shown to interact with CUL1-4 while ARIH2 specifically interacts with CULS. The
interaction between ARIH2 and CULS5 has been shown to be dependent upon the N-terminus of
ARIH2, likely due to attraction between the ARIH2 acidic N-terminus and a basic patch on CULS
(7). This interaction has a symbiotic effect, whereupon activation of the RBRL by the CRL enables
the RBRL to ubiquitinate the substrate on the CRL. (8)

The largest subgroup of CRL E3 ligases is the ASB-CULS5 CRL class. The ASB family
contains 18 proteins each of which has been shown to bind around 10 proteins (9), presumably
substrates for ubiquitylation although that remains to be demonstrated. The ASB proteins contain
an ankyrin repeat domain (ARD) consist of varying numbers of ankyrin repeats which are helix-
turn-helix-loop motifs that stack upon one another forming a cooperatively folded unit (10). ARDs
have a well-established role in facilitating protein-protein binding (11). ARD, presumably

involved in substrate binding, and a SOCS-box domain that contains conserved BC-box and
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CULS5-box motifs. ASB9 was found to pulldown both Brain Type Creatine Kinase (CKB) and
Mitochondrial Creatine Kinase (MtCK) from HEK293 cells and induce ubiquitylation and
degradation of Creatine Kinase in a SOCS-box dependent manner (12, 13). ASB9 was
subsequently shown to bind a dimer of CKB at the first ankyrin repeat (14). Structural
determination of the ASB9-ELOB/C complex (15) and modeling of CKB, CULS5 and RBX1 led
to models of the full ligase that depicted CKB bound to ASB9 approximately 70A away from the
E2-Ub complex on RBX2, suggesting that large conformational changes in the ligase must be
necessary to facilitate ubiquitylation of CKB (16). ARIH2 has been shown to co-precipitate with
ASB?Y in pulldown proteomics studies (17), and recently it has been shown to help ubiquitinate
CKB in the presence of the ASB9-CRL. (18)

Here, we present biochemical, biophysical, and structural data on the ASB9-CRL we have
assembled in vitro. We explore how and when this E3 ligase ubiquitylates one of its substrates,
CKB. We demonstrate that the ASB9-CRL does not significantly ubiquitylate CKB in the absence
of ARIH2, and that the addition of ARIH?2 is sufficient to add multiple Ub moieties to CKB. We
present data regarding the necessity of neddylation and demonstrate that neddylation is required
for high affinity binding of ARIH2. We used mass spectrometry to identify four lysine residues on
CKB that are modified by the ASB9-CRL-ARIH2-E2L3 complex, and we show that the addition
of other E2s such as CDC34 or E2D2 modulate the polyubiquitin linkage activity of the ligase, but
not the sites of ubiquitylation on CKB. Using hydrogen-deuterium exchange mass spectrometry
(HDX-MS), we show that neddylation rearranges the C-terminal domain of CULS5 whereupon
several regions become more solvent exposed, while a region of RBX2 corresponding to the
NEDDS E2 binding site decreases in exchange. The association of the ASB9-CRL with ARIH2

decreases deuterium exchange at some of the same CULS regions that increased exchange upon
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neddylation, and the binding event activates ARIH2 through an allosterically triggered opening of
the auto-inhibited Ariadne domain. These results are interpreted in light of models of the complete

ligase including one in which ARIH2 is docked to CULS that is validated by the HDX-MS data.

B. Materials and Methods

1. Expression vectors.

Human ASB9-1 in pNIC-CTHF was obtained from the Structural Genomics Consortium
and subcloned into pHis8 (KanR) with an N-terminal 8xHis tag. Human CKB was subcloned into
pET11a (AmpR) as previously described (14). Human ELOB (full-length) and ELOC (17-112)
were obtained in pACYC (CamR) (Structural Genomics Consortium). Human CULS and Mouse
RBX2 were obtained in pRSFDuet (KanR) with an N-terminal His tag, TEV cleavage site, and
GBI tag on CULS (gift from Nevan Krogan). 6xHis-GB1-TEV-CULS was subcloned into pET28a
(KanR) and RBX2 was subcloned into pET11a (AmpR).

Human UBAI in pET21b (AmpR) with an N-terminal 6xHis tag was obtained from
Addgene (Plasmid #34965). Human UBE2D2 in pET-SUMO (AmpR) with an N-terminal 6xHis
tag and SUMO solubility tag was obtained from Addgene (Plasmid #60443) and was subcloned
into pET28a with an N-terminal 6xHis tag and TEV cleavage site. Human CDC34 in pDEST17
with an N-terminal 6xHis tag was obtained from Addgene (Plasmid #18674). Human Ub in
pcDNA3 (AmpR) with an N-terminal HA tag was obtained from Addgene (Plasmid #18712) and
subcloned into pET28a (KanR) with an N-terminal 6xHis tag and TEV cleavage site. Human
NAE1 and UBA3 were obtained in pGEX4T1 (AmpR) with a GST tag (gift from Brenda
Schulman). Human UBE2F in pDEST17 (AmpR) with an N-terminal 6xHis tag was obtained from
Addgene (Plasmid #15800) and was subcloned into pET28a (KanR) with an N-terminal 6xHis tag

and TEV cleavage site. Human Nedd8 in pcDNA3 (AmpR) with an N-terminal HA tag was
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obtained from Addgene (Plasmid #18711) and was subcloned into pET28a (KanR) with an N-
terminal His tag. Codon-optimized human ARIH2 was synthesized with an N-terminal 6xHis tag,
MBP solubility tag, and TEV cleavage site, and it was subcloned into pET11la (AmpR)
(GENEWIZ, Inc.). Codon-optimized human UBE2L3 was synthesized and subcloned into pET28a
(KanR) with an N-terminal 6xHis tag and TEV cleavage site. TEV Protease was obtained in
pRK793 (AmpR) with an N-terminal MBP solubility tag, TEV cleavage site, and 6xHis tag. (Gift
from César Ramirez)

2. Protein Expression.

ASB9 was co-expressed with ELOB/ELOC and/or CKB using sequential transformation
with the vectors described above into BL21 E. coli cells for ASB9-CKB, ASB9-ELOB/C, and
ASB9-CKB-ELOB/C protein complexes. Vectors containing ELOB/ELOC, CKB, or both were
transformed into competent BL21 cells after which those cells were made competent again.
ELOB/ELOC in pACYC was selected for by Chloramphenicol (CAM) resistance, and CKB in
pET11a was selected for by Ampicillin (AMP) resistance. The vector for expression of ASB9 was
transformed into ELOB/ELOC + CKB — containing BL21 cells and plated on a Kanamycin
(KAN)-CAM-AMP LB agar plate. The pET28a vector for expression of CULS and the pET11a
vector for expression of RBX2 were co-transformed into ELOB/ELOC - containing BL21 cells
and plated on a KAN-CAM-AMP LB agar plate for co-expression of CUL5/RBX2/ELOB/ELOC.
Vectors for expression of UBE1 and Ub were co-transformed into BL21 cells and plated on a
KAN-AMP LB agar plate for co-expression of UBE1/Ub. Vectors for expression of UBE2D2,
UBE2L3, UBE2F, Ub and Nedd8 were transformed individually into BL21 cells and plated on
KAN LB agar plates. Vectors for expression of NAE1/UBA3, CDC34, and ARIH2 were

transformed individually into BL21 cells and plated on AMP LB agar plates.
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All proteins were expressed as follows. A 5 mL M9-ZN (1.5x M9 salts, NZ-Amine media,
0.8% Dextrose, | mM MgSO4, 0.2 mM CaCl2) overnight culture was inoculated with a single
colony from the plate. A 20 mL M9-Zn starter culture was inoculated with 2 mL of the overnight
culture and grown for 3 hours at 37°C. The 1 L M9-ZN growth culture was inoculated with the
entire 20 mL starter culture and grown until OD600 = 0.8. After placing the cultures on ice for 15
min, protein expression was induced by addition of IPTG to a final concentration of 0.5 mM, and
the cultures were transferred to an 18°C incubator for 16-18 hours. Because RBX2 and ARIH2
contain Zn binding domains, the cultures containing either of those proteins were brought to 200
UM Zn by addition of a 1M solution of ZnCI2 just prior to induction.

3. Protein Purification.

Cells from 1 L of culture were pelleted by centrifugation at 5000 rpm for 10 minutes, then
re-suspended in 40 mL Resuspension Buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl, 10 mM
Imidazole pH 8.0, 2 mM B-mercaptoethanol, 5% Glycerol) with Sigma Protease Inhibitor Cocktail
(P2714) and 5 mM PMSEF. Cells were lysed on ice by sonication with ten 30 seconds pulses with
45 seconds cooldown between each pulse. The lysate was clarified by centrifugation at 13000 rpm
for 45 minutes. The clarified lysate was incubated with 2 mL Ni-NTA (in Resuspension Buffer)
for 2 hours at 4°C with rocking. Ni-NTA beads were pelleted by centrifugation at 700xg for 5
minutes. The supernatant was discarded, and the beads were washed with 10 mL Wash Buffer (50
mM Tris-HCL pH 8.0, 100 mM NaCl, 25 mM Imidazole pH 8.0, 2 mM B-mercaptoethanol, 5%
Glycerol) for 30 minutes at 4°C. Ni-NTA beads were again pelleted by centrifugation at 700xg for
5 minutes. The supernatant was discarded, and the beads were washed with 10 mL Elution Buffer
(50 mM Tris-HCL pH 8.0, 100 mM NaCl, 250 mM Imidazole pH 8.0, 2 mM B-mercaptoethanol,

5% Glycerol) for 30 minutes at 4°C. Ni-NTA beads were again pelleted by centrifugation at 700xg
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for 5 minutes. The supernatant was transferred to a 12-14 kDa Dialysis bag and dialyzed overnight
in Dialysis Buffer (20 mM Tris-HCL pH 8.0, 100 mM NaCl, 5% Glycerol, | mM DTT). Samples
were concentrated to 2 mL and purified using size-exclusion chromatography over a Superdex
S200 16 x 600 column in Dialysis Buffer. Peak fractions were combined and concentrated to 5 uM
for analysis by HDX-MS.

Neddylation reactions following purification of all necessary components resulted in only
partial Nedd8ylation of CUL5. We overcame this limitation by Nedd8ylating CULS5 during its
purification, following elution from Ni-NTA but prior to size-exclusion chromatography. Lysates
for NAE1/UBA3, NEDDS, and the CUL5-containing complex were combined and co-purified.
Following elution from Ni-NTA and dialysis, UBE2F was added to the sample. Full nedd8ylation
occurred within 30 min at 4°C. The neddylated CUL5 complex was isolated from NAE1/UBA3,
UBE2F, and excess NEDDS in the subsequent size exclusion chromatography step.

GBI was cleaved from CULS and MBP was cleaved from ARIH2 by adding TEV to the
proteins at a 1:10 molar ratio and incubating at 4°C for 24 hours. TEV and the cleaved tags were
removed by size-exclusion over a Superdex S200 Increase 10/300 column in 20 mM Tris-HCIH
pH 8.0, 100 mM NaCl, 5% Glycerol, ] mM DTT.

Sample compositions were identified and characterized according to the presence of the
desired proteins as assessed by size exclusion chromatography, SDS-PAGE (10-15% Acrylamide
gels), and nanospray LC MS/MS on a Lumos mass spectrometer after trypsin digestion.

ELOB/C-CULS5-RBX2, ELOB/C-CULS(NEDDS)-RBX2, ARIH2, and ELOB/C-
CULS5(NEDDS)-RBX2-ARIH2 protein samples were individually prepared for analysis by HDX-
MS. ELOB/C-CUL5-RBX2, ELOB/C-CULS5(NEDD8)-RBX2, and ARIH2 were expressed and

purified as described above. ELOB/C-CULS(NEDDS)-RBX2-ARIH2 was formed by combining
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the ELOB/C-CUL5-RBX2 and ARIH2 following neddylation of CULS. The combined complex
was isolated by size-exclusion over a Superdex S200 Increase 10/300 column in 20 mM Tris-HCL
pH 8.0, 100 mM NaCl, 5% Glycerol, ] mM DTT.

4. Hydrogen Deuterium Exchange.

HDX-MS experiments were conducted using a Waters nanoACQUITY UPLC system
equipped with H/DX technology and a LEAP H/D-X PAL liquid handling system as previously
described (27). The H—20 Buffer was composed of 20 mM Tris-HCL pH 8.0, 100 mM NacCl, 5%
Glycerol, and 1 mM DTT, matching the Size-Exclusion Buffer used in the final stage of
purification for each protein sample. This Buffer was lyophilized and resuspended in D20 (D20
Buffer). A 4 uL portion of a 5 M protein sample was incubated for 5 min at 25 °C and then mixed
with 56 pL of H20 Buffer as a control or D20 Buffer for deuteration times of 15 s, 30 s, 45 s, 60
s, or 120 s. Our lab has previously shown that measurement of amide exchange during this time
regime best captures allosteric transitions (28).The reaction was quenched with 60 puL. of Quench
Buffer (3 M guanidine, 0.1% formic acid, pH 2.66) at 0°C. A portion of the quenched sample (50
ul) was injected into a sample loop and subsequently digested on an in-line pepsin column
(Immobilized Pepsin, Pierce Inc.) at 15°C. BEH C18 Vanguard pre-column, separated by
analytical chromatography (Acquity UPLC BEH C18, 1.7 uM, 1.0 x 50 mm, Waters Corporation)
using a 7-85% acetonitrile in 0.1% formic acid over 7.5 min, and electrosprayed into the Waters
SYNAPT G2Si quadrupole time-of-flight mass spectrometer. The mass spectrometer was set to
collect data in the Mobility, ESI+ mode; mass acquisition range of 200-2,000 (m/z); scan time 0.4
s. Continuous lock mass correction was accomplished with infusion of leu-enkephalin (m/z =
556.277) every 30 s (mass accuracy of 1 ppm for calibration standard). For peptide identification,

the mass spectrometer was set to collect data in MSE, ESI+ mode instead.
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The peptides were identified from triplicate MSE analyses of 5 uM ELOB/C-
CULS5S(NEDDS)-RBX2 and ARIH2 samples by PLGS 2.5 (Waters Corporation). Peptide masses
were identified using a minimum number of 250 ion counts for low energy peptides and 50 ion
counts for their fragment ions. The peptides identified in PLGS were then analyzed in DynamX
3.0 (Waters Corporation) and the deuterium uptake was corrected for back-exchange as previously
described (29). The relative deuterium uptake for each peptide was calculated by comparing the
centroids of the mass envelopes of the deuterated samples vs. the undeuterated controls following
previously published methods (30).

5. Ubiquitylation Reactions.

Ubiquitylation reactions were carried out in a buffer containing 20mM Tris-HCl pH 7.5, 5
mM MgCl12, 0.5 mM DTT, and 2 mM ATP with 0.5 uM UBE1, 5 uM UBE2D2 or CDC34 and/or
ARIH2+E3L3, 100-200 uM Ub, and 5 uM ASB9-CRL as previously described (31). Reactions
were incubated at 37°C for 3 hours, quenched with reducing SDS-PAGE buffer, boiled at 90°C
for 10 minutes prior to SDS PAGE.

Thioester transfer of Ubiquitin between UBE1 and UBE2D2 as well as the covalent
ubiquitylation of CKB were measured by monitoring the molecular weights of the proteins as
previously described (32). Samples were separated by 10% polyacrylamide SDS-PAGE in
replicate for parallel detection by Coomassie Blue staining and by anti-Ub Western Blotting.

Samples were transferred from acrylamide gel to nitrocellulose by wet electrophoretic
transfer in 1 L of cold transfer buffer (25mM Tris Base, 200 mM Glycine, 20% Methanol) at 100
V for 30 minutes. After incubating in Blocking Buffer (1% w/v Casein in 1xTBS) for 1 hour, the
blot was incubated overnight with rocking at 4°C with rabbit Anti-NEDD8 Antibody (CST 2754)

diluted 1:4500 in Blocking Buffer, or rabbit Anti-Creatine kinase B type Antibody (Abcam
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ab38211) diluted 1:500 in Blocking Buffer. The blot was washed three times with TTBS (TBS
with 0.05% Tween) and then incubated with secondary antibody Anti-Mouse IgG (H+L), HRP
Conjugate (Promega W4021) or Anti-Rabbit IgG (H+L), HRP Conjugate (Promega W4011) for 1
hour with rocking at 23°C. The blot was washed twice with TTBS and finally with TBS to remove
remaining surfactant. Blot was developed by incubation with Bio-Rad Clarity Western ECL
Substrate (1705061) for 5 min at 23°C and was imaged using a Bio-Rad Chemi-Doc with Bio-Rad
Image Lab. The Colorimetric Blot default protocol was used to image the molecular weight ladder
and the Chemi High Resolution Blot default protocol was used to detect chemiluminescence with
exposures from 1-10 s.

6. ImageJ Gel Analysis.

Coomassie stained gels and anti-CKB blots were imported into ImageJ (33). The ”Subtract
Background” function was used to lower the background signal. Each lane of the images was
selected and plotted as gel mobility vs. intensity. Areas were calculated for each peak in the lane.

7. NanoLC Mass Spectrometry for ubiquitin analysis.

Whole solution samples were electrophoresed on 10% Tris-SDS poly-acrylamide gels in
SDS gel running buffer for 5 min at 180 V. The gel lanes were excised from the bottom of the
stacking gel to the dye front. For mass spectrometry of individual gel bands, samples were
separated on 4-15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad 4561083) in SDS
gel running buffer for 60 min at 180 V. The gels were stained for 10 min in 0.25% w/v Coomassie
Blue/40% MeOH/10% Acetic Acid and de-stained for 10min in 20% MeOH/10% Acetic Acid
after which gel bands were excised.

Each excised gel band was cut into small pieces and de-stained by first washing once with

water and twice with 10 mM Ammonium Bicarbonate (AmmBic). The gel was incubated in 200
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pL 50% Acetonitrile (ACN)/ 50 mM AmmBic for 1 hr at 37°C. The supernatant was removed,
and the gel was washed twice with 200 pL water. 100uL ACN was added to dehydrate the gel and
incubated for 5 min at 37°C, after which the supernatant was removed. This process was repeated
two more times.

Proteins in the gel were acetylated by addition of a mixture of 5 uL acetic anhydride and
45 pL 100 mM AmmBic. If necessary, 1M AmmBic was added to bring the pH to between 7-8.
The reaction was incubated for 1 hr at 37°C. The supernatant was removed, and the gel was washed
three times with 200 pL water. ACN (100uL) was added to dehydrate the gel and incubated for 5
min at 37°C, after which the supernatant was removed. This process was repeated two more times.
The gel was dried in a speed vac for 5 min at 600C, then cooled to 23°C (34). Cysteines were
reduced by addition of 250 pL 10 mM DTT/100 mM AmmBic and incubation for 45 min at 56°C.
Cysteines were alkylated by addition of 250 pL 55 mM iodacetamide/100 mM AmmBic and
incubated for 30 min at 23°C in the dark. The supernatant was removed, and the gel was incubated
in 250 uL. 100 mM AmmBic for 5 min at 23°C.ACN (250 pL) was added to the 100 mM AmmBic
and the gel was incubated for 15 min at 23°C. The supernatant was removed, and the gel was dried
in a speed vac for 5 min.

Proteins were digested by adding 50 uL of 12.5 ng/uL Trypsin in 2 mM CaCl2 / 50 mM
AmmBic was added to the gel. The gel sample was incubated for 45 min at 4°C, then transferred
to 37°C overnight after which time the supernatant containing the tryptic peptides was collected.
To extract any remaining peptides, 20 uL of 1% Formic Acid / 2 % ACN was added to the gel and
incubated for 20 min at 23°C and the supernatant was collected. Finally, 20 uL. of ACN was added

to the sample and incubated for 15 min at 23°C and the supernatant was collected. The Formic
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Acid/ACN steps were repeated two more times. All of the collected supernatants were pooled,
dried in a speed vac, and then stored at -20°C.

Trypsin-digested samples were analyzed by ultra-high pressure liquid chromatography
(UPLC) coupled with tandem mass spectroscopy (LC-MS/MS) using nano-spray ionization on an
Orbitrap fusion Lumos hybrid mass spectrometer (Thermo) interfaced with nano-scale reversed-
phase UPLC (Thermo Dionex UltiMate™ 3000 RSLC nano System) using a 25 cm, 75-micron ID
glass capillary packed with 1.7-um C18 (130) BEHTM beads (Waters corporation). Peptides were
eluted from the C18 column into the mass spectrometer using a linear gradient (5-80%) of ACN
(Acetonitrile) at a flow rate of 375 nl/min for 1h. The buffers used to create the ACN gradient
were: Buffer A (98% H20, 2% ACN, 0.1% formic acid) and Buffer B (100% ACN, 0.1% formic
acid). Mass spectrometer parameters are as follows; an MSI survey scan using the orbitrap
detector (mass range (m/z): 400-1500 (using quadrupole isolation), 120000 resolution setting,
spray voltage of 2200 V, lon transfer tube temperature of 275 C, AGC target of 400000, and
maximum injection time of 50 ms) was followed by data dependent scans (top speed for most
intense ions, with charge state set to only include +2-5 ions, and 5 second exclusion time, while
selecting ions with minimal intensities of 50000 at in which the collision event was carried out in
the high energy collision cell (HCD Collision Energy of 30%), and the fragment masses where
analyzed in the ion trap mass analyzer (With ion trap scan rate of turbo, first mass m/z was 100,
AGC Target 5000 and maximum injection time of 35ms). Protein identification and label free
quantification was carried out using Peaks Studio 8.5 (Bioinformatics solutions Inc.)

Digestion of a ubiquitinylated peptide by trypsin leaves a ‘digly’ modification because
trypsin cleaves after the Arg three from the C-terminus of Ub. tThe diglycyl remnant has a mass

of 114.04 Da on the lysine at the site of the ubiquitylation.(19) To quantify the amount of Ub at
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each lysine in CKB, the sum of the areas of all peptides with a digly at a particular lysine was
divided by the sum of the areas for all peptides covering that lysine. This ratio could then be used
to compare levels of ubiquitylation between samples.

8. Homology Modeling.

A model of a neddylated intermediate of ASB9-CRL with UBE2F-NEDDS bound was
prepared. Modelling started from the CKB-ASB9-ELOB/C-CULSNTD model described in
Lumpkin et al., submitted. To orient the CUL5SCTD relative to CULSNTD, CUL2 from CUL2-
RBX1-ELOB/C-VHL (5N4W) was first aligned to residues 306-387 on CULSNTD in the starting
model using PyMOL. CULICTD from CULI1-RBX1-UBC12~NEDD8&-DCN1 (4P50) was
aligned to residues 383-424 on CUL2 from CUL2-RBXI-ELOB/C-VHL (5N4W). Following
orientation of the two halves of CULS5, CUL2-RBX1-ELOB/C-VHL was removed from the model.
Prior to model refinement, sequences extracted from the PDBs were aligned to the full-length
human sequences for each protein using the pairwise alignment tool EMBOSS Water from EMBL-
EBI. The model was refined with the sequence alignment by MODELLER (35) to minimize loop
energies, fill sequence gaps, correct solubility mutations, model CULSCTD from CUL1CTD, and
to model RBX2 from RBX1. MODELLER 9.23 was run using the default automodel class. The
model with the lowest MOLPDF score of the 10 models generated was selected as the final model.
A model of ASB9-CRL with neddylated CULS5 was prepared by superimposing homologous
domains of known structures to position each component in PyMOL. The CKB-ASB9-ELOB/C-
CULSNTD structure described in Lumpkin et al., submitted. To orient the CULSCTD relative to
CULSNTD, CUL2 from CUL2-RBX1-ELOB/C-VHL (5N4W) was first aligned to residues 306-
387 on CULSNTD in the starting model using PyMOL. CUL5SCTD from CULSCTD(NEDDS)-

RBX1 (3DQV) was aligned to residues 383-424 on CUL2 from CUL2-RBX1-ELOB/C-VHL
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(5N4W). Following orientation of the two halves of CUL5, CUL2-RBX1-ELOB/C-VHL was
removed from the model. Residues 208-238 of RNF4 in RNF4-UBE2D1-Ub (4AP4) were aligned
to RBX1 to position UBE2D1-Ub, and RNF4 was removed. CDC34 (6NYO) was aligned with
UBE2D1, and UBE2DI1 was removed to yield a model containing CDC34. Prior to model
refinement, sequences extracted from the PDBs were aligned to the full-length Human sequences
for each protein using the pairwise alignment tool EMBOSS Water from EMBL-EBI. The model
by MODELLER (35), using the sequence alignments, to minimize loop energies, fill sequence
gaps, correct solubility mutations, and to model RBX2 from RBX1. MODELLER 9.23 was run
using the default automodel class. The model with the lowest MOLPDF score of the 10 models
generated was selected as the final model.

ARIH2 was aligned to the sequence of ARIH1 extracted from the crystal structure of the
ARIHI-E2L3-Ub complex (PDB SUDH) using the pairwise alignment tool EMBOSS Water from
EMBL-EBI. Zinc chelating residues C186, C189, C203, H205, C208, C211, C231, C236, C276,
C281,C297,C299, C304,C307,H312,C317,C344, C347,C357,C362,C367,C372,C375,H382,
and C389 in ARIH]1 correspond to residues C139, C142, C156, H158, C161, C164, C183, C188,
(€228, C233, 249, C252,C257,C260, H265, C270,C297,C300, C310, C315, C318, C323, C326,
H333, and C340 in ARIH2. The two protein sequences were aligned so that the Zinc-chelating
residues were exactly aligned. analysis of the ARIH2 sequence predicted residues 66-83, 88-97,
102-111, 113-120, 162-174, 194-200, 204-220, 257-260, 271-277, 281-293, 349-400, 404-434,
440-491 to be helical. Residues 66-84, 88-98, 102-110, 113-120, 148-150, 162-172, 194-200, 204-
221, 270-281, 361-399, 404-433, and 438-491 were modeled as helical from alignment with

ARIHI. Of these, only two helical regions were predicted and not modeled, and one region was
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modeled as helical that wasn’t predicted to be. Substitution of ARIH2 for ARIH1 gave the structure

of ARIH2-E2L3-UDb based on the structure of the complex (PDB SUDH).

9. Docking the N-terminus of ARIH2 into ASB9-CRL.

The flexible N-terminus of ARIH2 was docked onto ASB9-CRL using GalaxyWEB
PepDock (22), CABS-dock (23), and HPEPDOCK (21). These docking programs were selected
for their ability to model long peptides (>20 aa) in large proteins (>300 aa) and to discriminately
score various models. PepDock uses template structures of peptide-protein interactions to predict
binding interfaces between the given peptide sequence and protein structure and scores the models
based on protein and interaction similarities to the template. CABS-dock simulates and clusters
trajectories of the given peptide sequence interacting with the submitted protein structure,
returning the predominant clusters with RMSD scores, cluster density, and contact maps.
HPEPDOCK performs blind peptide-protein docking of a given sequence to a submitted structure
and returns models with calculated docking energies.

The peptide ‘DSNEEDYDPNCEEEEEEEEDDPGDIEDYYV’, corresponding to residues
11-40 of ARIH2, was docked onto CUL51-780-RBX2 from the post-neddylation homology
model, using PepDock. 10 models were generated from four protein-peptide template structures.

The peptide ‘DSNEEDYDPNCEEEEEEEEDDPGDIEDY, corresponding to residues 11-
38 of ARIH2 (truncated due to peptide length limitations), was docked onto CULS5300-780
(truncated due to protein length limitations), from the post-neddylation homology model, using
CABS-dock. Fifty Simulation cycles were performed, and 10 models were generated. The model
with the highest cluster density and no steric clashes with CULS was selected as the best model.

The peptide ‘MSVDMNSQGSDSNEEDYDPNCEEEEEEEEDDPGDIEDYYVGVASD
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VEQQGADAFDPE’, corresponding to residues 1-57 of ARIH2, was docked onto
CULS5(NEDDS)-RBX2, from the post-neddylation homology model, using HPEPDOCK. Ten
models were generated.

10. Building ARIH2 onto ASB9-CRL.

The best CABS-dock model, consisting of residues 11-38 of ARIH2 bound to CULS, was
selected to begin building ARIH2 onto the full ASB9-CRL homology model. Residues 34-60 of
ARIH2 were modeled using PEP-FOLD3 (24). The model with the lowest sSOPEP energy score
was chosen. The docked peptide, the PEP-FOLD3 peptide, and the homology model for ARIH2
(as described above) were used to model ARIH2 onto the ASB9-CRL homology model (as
described above). MODELLER 9.23 was run using the default automodel class. The model with

the lowest MOLPDF score of the 10 models generated was selected as the final model.

C. Results

1. Assembly of an active ASB9-CRL from purified proteins in vitro.

Using a process of strategic co-expression and mixing of crude E. coli lysates, we were
able to assemble the following partial and complete ASB9-CRL protein complexes; CKB-ASB9-
ELOB/C-CULS5(+/-NEDDS8)-RBX2, CULS5S(NEDDS)-RBX2, ARIH2-CUL5(NEDDS)-RBX2,
ARIH2 (Fig 5.1B, 5.2). Neddylation did not require the CKB-ASB9 components and proceeded
efficiently if E. coli lysates containing CULS, NAE1/UBA3, and NEDDS§ were combined and co-
purified on Ni-NTA. Following dialysis, UBE2F was added and full neddylation occurred within
30 min at 4°C.

To demonstrate ubiquitylation activity of the CKB-ASB9-ELOB/C-CULS (+/-NEDDS)-
RBX2, we initially added E2D2 and Ub and tested for ubiquitylation of CKB. Taking advantage

of the fact that trypsin leaves a diglycyl fragment on the lysine that bore the Ub (19), we were able
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Figure 5.2: Purification and Separation of the ASB9-CRL. A) Elution profiles of the various complexes B) SDS
PAGE showing the purity of the complexes and the presence of the subunits present in each.
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to observe both CKB ubiquitylation and autoubiquitylation of the ligase. Because the reactions
were performed in vitro with purified proteins, we were able to quantify the ratio of ubiquitylated
to non-ubiquitylated lysines. In the non-neddylated CULS5 sample, we observed prevalent
modification of CULS5 K724 (observed peptide: T715QEAIIQIMK(+114.04)MR726), the site of
neddylation. Coomassie-stained gels and anti-Ub blotting showed that when CKB was absent, the
band for ASB9 disappeared becoming polyubiquitylated and the band for CULS also had multiple
Ub attachments. When CKB was present, modification of ASB9 was much reduced, and CULS
migrated primarily as a monoubiquitylated species (Fig 5.3). To disentangle the role of NEDDS
vs Ub attachment at K724, we prepared the K724R mutant. This mutant was able to facilitate
ubiquitylation by E2D2 nearly as well as the wild type.

2. ARIH2 promotes CKB ubiquitylation.

Although we were able to observe ubiquitylation of CKB in vitro with only E2D2 present,
the reaction seemed very inefficient and the yields very low. We therefore searched for a missing
component. Substitution of E2D2 with alternative E2, CDC34 did not yield measurable amounts
of CKB-Ub. Consistent with a recent report, addition of ARIH2 dramatically improved the yields
of CKB-Ub (1). CKB is a dimer, and we observed 50% of the CKB being rapidly ubiquitylated by
anti-CKB western blotting which showed high molecular weight CKB bands only in the presence
of ARIH2 (Fig 5.4A). Coomassie Blue-stained SDS-PAGE of the reactions showed that the ratio
of CKB, which is a dimer, to ASB9 remained 2:1 until ARIH2 was added at which point one
equivalent of CKB disappeared resulting in a ratio of CKB:ASB9 of 1:1, apparently due to
ubiquitylation of CKB (Fig 5.4B, C). Analysis of MS/MS data collected on the highest molecular
weight band revealed only the presence of CKB and Ub in different ratios with the highest ratio of

Ub to CKB present when ARIH2 and either CDC34 or E2D2 were present (Figure 5.4D, Table
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5.1). By measuring the ratio of ubiquitylated lysine-containing peptides to the same peptides
without ubiquitylation, we could show that CKB was most highly modified on K45 and K381 but
modification was also observed on K101 and K107 (Table 5.2). In addition, we could determine
that ARIH2-CDC34 produced primarily K48-linked Ub chains whereas ARIH2-E2D2 produced a

mixture of K48 and K63-linked chains (Table 5.3).
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Figure 5.3: Auto-ubiquitylation Assay. Left, Ubiquitylation Assay in the absence of the substrate, CKB. Right,
Ubiquitylation Assay in the presence of the substrate, CKB.
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Figure 5.4: In vitro ubiquitylation assays showing AriH2 induced ubiquitylation

A) Anti-CKB blot for reactions containing various components reveal the most efficient combination of components
for polyubiquitylation. Lanes 1, 3, 5, 7, 9 contain CKB-ASB9-ELOB/C-CUL5-RBX2. Lanes 2, 4, 6, 8, 10 contain
CKB-ASB9-ELOB/C-CULS(NEDDS)-RBX2. Lane-specific additional components are: E2D2 (lane 1, 2), CDC34
(lanes 3, 4), ARIH2-E2L3 (lanes 5, 6), ARIH2-E2L.3-E2D2 (lanes 7, 8), and ARIH2-E2L3-CDC34 (lanes 9, 10). B)
Coomassie blue-stained SDS-PAGE of the same ubiquitylation reactions as in A show that in absence of ARIH2 (lanes
1-4) the stoichiometry of CKB:ASB9 is 2:1 indicating very little consumption of CKB to produce CKB-polyUb. In
contrast, in the presence of ARIH2 (lanes 5-10) the CKB:ASB9 stoichiometry is 1:1 indicating the consumption of 1
equivalent of CKB to produce CKB-polyUb. C) ImageJ analysis of the Coomassie blue-stained gel and the anti-CKB
blot. The intensities of each band were calculated and the ratio of the CKB:ASB9 is plotted. D) Image J analysis was
also used to quantify the intensity of the high molecular weight CBK-polyUb band compared to the CKB band.
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Table 5.1: Lysine Ubiquitylation counts from MS

ACECR-Ari

ACECR-Ari-E2D2

ACECR-Ari-CDC34

Table 5.2: Poly-Ubiquitylation counts from MS

ACECR-Ari

ACECR-Ari-E2D2

ACECR-Ari-CDC34

Table 5.3: Individual Gel bands

ACECR-Ari

ACECR-Ari-E2D2

ACECR-Ari-CDC34

K45 K101 K107 K381
68 % 22 % 7% 32 %
37 % 1% 0% 40 %
47 % 13 % 5% 28 %
K33 K48 K63

4% 23 % 11 %

1% 23 % 26 %

2% 25 % 11 %

CKB Ub

37% 61%

5% 94%

7% 93%
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3. Models of the structures of the neddylated ASB9-CRL with ARIH2 bound.

To gain an understanding of how the ASB9-CRL might be transferring Ub to these sites
on CKB, we first labeled the modified lysines on the 4.1 A cryoEM structure of CKB-ASB9
(Lumpkin et al., submitted). It is interesting to note that there are many other surface lysines on
CKB that we did not observe to be modified indicating that the ligase specifically modifies certain
lysines. This is in line with our observation that only one subunit of CKB gets modified (see
above). Using a combination of cryoEM data and homology modeling, we previously obtained a
model of the CKB-ASB9-ELOB/C-CUL5-RBX2 complex (Lumpkin et al., submitted). Here, we
further modeled the neddylated ASB9-CRL complex.

Because we observed a requirement for ARIH2 in high efficiency ubiquitylation of CKB,
we decided to also attempt to build a model of ARTH2 and to dock it to CULS. ARIHI and ARIH2
have a sequence identity of 33% and a similarity of 54.9%. Both proteins have two RING domains
and an In-Between-RING domain that each chelate two Zinc atoms. Care was taken to ensure that
the Zn-coordinating residues were aligned between ARIH2 and ARIHI1 to preserve this
functionally relevant structure. A homology model was generated from the sequence alignment
between ARIHI (SUDH) and ARIH2 using MODELLER. NetSurfP 2.0 (20). Only two helical
regions were predicted and not modeled, and one region was modeled as helical that wasn’t
predicted to be. The prediction did not identify -sheets in the structure consistently, most likely
due to the short sequence lengths. While sequence similarity was only 54.9%, the 74% of buried
residues in the model were enriched in the residues were similar in the alignment between ARIH1

and ARIH2, supporting the validity of the three-dimensional model. (Fig. 5.5A)
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Figure 5.5: Homology Modeling and Docking of ARIH2. A) A homology model of ARIH2 was constructed from
ARIHI as described in the Results section. The models are colored according to secondary structure, with helices in
cyan, sheets in yellow, and loops in salmon. Residues that are similar or identical between ARIH1 and ARIH2 in blue,
and non-conserved residues in red. B) Model of the neddylated ASB9 CRL modified by attaching NEDDS to the
model from Lumpkin et al., submitted. Molecular docking of the ARIH2 disordered N-terminal residues 11-38 using
CABS-dock resulted in a highly populated solution in which the ARIH2 segment docked into the positively-charged
channel in CULS that is predicted to be more open in CULS(NEDDS) (3DPL, 3DQV).
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Figure 5.6: Homology model of AriH2 and docking to CULS. A) Molecular docking of the ARIH2 disordered N-
terminal residues 11-38 using CABS-dock resulted in a highly populated solution in which the ARTH2 segment docked
into the positively-charged channel in CULS that is predicted to be more open in CULS(NEDDS) (3DPL, 3DQV). B)
Distances from the catalytic cysteine on ARIH2 to modified lysines on CKB. C) Distance from the catalytic cysteine
on RBX2 to K48 on Ub.
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The next step in building the model of the ASB9-CRL-bound ARIH2 was to dock the N-terminal
domain of ARIH2 to CULS. Acidic residues 22-31 of ARIH2 were targeted for docking to CULS5
based on mutagenesis experiments that identified a basic patch on CULS5 that was necessary for
ARIH2-CULS protein binding (7). Attempts to perform this docking with HPEPDOCK (21)
yielded 10 structures with little in common with each other and with insignificant contact with
CULS. Docking with PepDock (22) produced more meaningful results, identifying a particular
region of CULSCTD to which ARIH2 residues 11-40 preferentially docked. However, the
Estimated Accuracy score for all of the models was less than 0.4, indicating that less than 40% of
the residue interactions in each model were likely to be correct. Furthermore, many of the docked
structures seemed improbable because the ARIH2 sequence was threaded through CULS. In
addition, the ARIH2 sequences that were not threaded had contacts with CULS5 that did not match
previous mutagenesis. Finally, we performed docking with CABS-Dock (23) which resulted in
1000 models that formed 10 clusters allowing us to identify the top ten models. Of these top ten
models, eight fit into the same channel on CULS, near the basic patch predicted to be involved in
binding (7). (Fig 5.6A, 5.5B) This interaction was later validated by the HDX-MS data presented
here.

The structure of residues 34-60 of ARIH2 was predicted using PEP-FOLD3 (24) with the
default parameters. The model with the lowest sSOPEP score predicted residues 34-50 to be helical.
To build the full model of CKB-ASB9-ELOB/C-CUL5(NEDDS)-RBX2-ARIH2-E2L3-Ub, the
sequences of the docked 11-38 residues from CABS-dock, the predicted residues 34-60 from PEP-
FOLD3, and the homology model of ARIH2 from MODELLER were aligned to the full sequence
of ARIH2. This alignment was used to model the full ARTH2 protein assembled with CKB-ASB9-

ELOB/C-CULS5(NEDDS8)-RBX2. The final model of the ARIH2-bound ASB9 CRL shows the
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ARIH2 catalytic cysteine at 48 A from K48 on CKB, 40A from K101 on CKB, 52 A from K107
on CKB, and 50 A from K381 on CKB. (Fig 5.6B). Priming of CKB by ARIH2 with a single
ubiquitin significantly decreases the distance to E2D2 on RBX2. (Fig 5.6C) Flexibility in the N-
terminus of ARIH2 and RBX2 facilitate the ubiquitylating activity of the ASB9-CRL by increasing

the reach of the catalytic domains. (Fig. 5.7)
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Figure 5.7: Flexible Regions of RBX2 and ARIH2. A disordered, highly flexible region is present in the N-terminal
domains of both ARIH2 and RBX2, as revealed by HDX-MS.

4. ARIH2 Binds neddylated CULS.

ARIH2 and CULS were evaluated for binding through size exclusion chromatography (Fig
5.8). ARIH2 was mixed with an equimolar amount of either ELOB/C-CULS(NEDDS)-RBX2 or
ELOB/C-CULS- RBX2 and then the resulting mixture was separated by size exclusion. While the
sample with neddylated CULS5 eluted as a mostly homogenous peak, the non-neddylated sample
eluted in two clearly separate peaks. SDS-PAGE of the SEC fractions indicated that ARIH2

coeluted preferentially with neddylated CULS.
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Figure 5.8: Size Exclusion Chromatography of the ARIH2-ASB9-CRL interaction. Complexation and subsequent
separation of ARIH2 and the ASB9-CRL with and without Neddylation demonstrates that co-elution of the dual ligase

complex together from size exclusion depends on the neddylation of CULS.
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5. Neddylation restructures CULS and RBX2.

Neddylation of CULS5 is known to play an important role in the activation and regulation
of CUL-RING ligases (25). Crystal structures of the C-terminal domain of CULS before and after
neddylation show that the modification reorients the C-terminal domain of CULS and increases
the angle between CUL5 and RBX2 (3DPL, 3DQV). We performed HDX-MS experiments on
CKB-ASB9-ELOB/C-CUL5-RBX2 and CKB-ASB9-ELOB/C-CULS(NEDDS)-RBX2 to
determine the protein-protein interfaces and any long-range conformational alterations that may
occur upon neddylation. We found CULS residues 439-450, 489-496, 497-504, and 698-709
exchanged more when CULS5 was neddylated (Fig 5.9). We found RBX2 residues 52-58
exchanged less when CULS was neddylated. Interestingly, NEDDS attachment to CULS did not
cause any observable protection, at a putative interface and instead it causes increases in exchange
on the C-terminal domain of CULS at residues 439-450, 489-504, and 698-709. This may indicate
that the NEDDS8 molecule is flexibly tethered to K724 on CULS.

Additionally, neddylation of CULS causes a decrease in exchange on RBX2 at residues 52-
58. This sequence is solvent exposed both before and after neddylation (3DPL, 3DQV). The
structure in the neddylation transition state shows that this same region is part of the binding
interface for the NEDDS8 E2 (4P50). These results suggest that neddylation may induce long-range

conformational alterations at the E2 binding site on RBX2.

6. ARIH2 Binding to the ASB9-CRL causes transiently lower exchange in

CULS and significant increases in exchange on ARIH2.

HDX-MS experiments were used to probe conformational changes in ARIH2 and in CULS
upon interaction between ARIH2 and the ASB9-CRL. We compared free ARIH2 and free

ELOB/C-CULS5(NEDD&8)-RBX2, to the complex between them (ELOB/C-CULS(NEDDS)-
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Figure 5.9: HDX-MS reveals how the ASB9-CRL responds to neddylation of CULS. Crystal structures of CUL5-
RBXI1 before and after NEDD8ylaton (3DPL, 3DQV) show that NEDD8ylation results in a 180-degree rotation in the
CULS stalk and an increased angle between CULS and RBX2. We compared ELOB/ELOC-CUL5-RBX2 +/- NEDDS,
ASB9-ELOB/ELOC-CULS-RBX2 +/- NEDDS, and CKB-ASB9-ELOB/ELOC-CULS5-RBX2 +/- NEDDS8 using
HDX-MS. NEDD8ylation in all of these complexes results in increased exchange across three sites on the C-terminal
domain of CULS as well as decreased exchange on one region of RBX2 that binds to UBE2F-NEDDS in the pre-
Neddylated state. (I only want to compare two states in the paper, but I think it is interesting that the NEDD8ylation
effect is not dependent on the substrate receptor complex. So maybe we can have some additional plots or info in the
Supplementary).
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RBX2-ARIH2). Unfortunately, the N-terminal 38 residues were not covered by HDX-MS, and
these residues contain a highly acidic patch of residues that are believed to interact with a positively
charged patch on the C-terminus of CULS5. We did not detect any other surface of ARIH2 that
showed decreased exchange upon binding to the CRL (Fig 5.10). However, several regions of
ARIH2 (residues 361-367, 369-381, 382-395, 404-413) showed major increases in deuterium
exchange in the comparison of free ARIH2 to ELOB/C-CULS(NEDDS)-RBX2. These regions
surround the domain of ARIH?2 that has been previously reported to be autoinhibited prior to CULS
binding (7). These results strongly indicate that the release of ARIH2 autoinhibition upon
interaction with CULS involves increased dynamics/exposure of residues 361-367, 369-381, 382-
395, 404-413 in ARIH2.

Several regions on CULS5 showed decreased exchange upon ARIH2 binding. The basic
patch on the CULScrp has previously been suggested to interact with the acidic tails of both
CDC34 and ARIH2. Mutations at R417, R417, K418, K423, K424, K676, K679, K682, and R683
on CULS affected ARIH2 binding (7). Here we compared the interaction of ARIH2 with CULS5
by analyzing the ELOB/C-CULS(NEDDS8)-RBX2 and ELOB/C-CUL5(NEDDS)-RBX2-ARIH2
complexes by HDX. The regions 333-344, 366-383, 415-429, 439-450, 465-471, 477-488, 528-
544, and 639-648 of CULS all show decreases in exchange in the presence of ARIH2, however
this effect is transient, disappearing by the 2 min timepoint. (Fig 5.11) Notably, neddylation caused
increased exchange in CULS at regions 439-450 and 489-504, at or between the same areas

affected by ARIH2 binding.
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Figure 5.10: HDX-MS on AriH2. HDX-MS studies of ARIH2 in complex with the ASB9-CRL show a small transient
protection of the N-terminal sequence of ARIH2. More notably, the association of ARIH2 with ASB9-CRL results in
major increases in exchange in ARIH2 throughout the auto-inhibited domain at residues 338-416.
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Figure 5.11: HDX-MS on CULS. HDX-MS studies of ASB9-CRL in complex with the ARIH2 show peptides with
decreased deuterium exchange as compared to the free ASB9-CRL throughout the C-terminus of CULS, many of
which cover the same regions as peptides with increased deuterium exchange upon NEDDG8ylation.
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D. Discussion

We were able to reconstruct the full ASB9-CRL from recombinant proteins in vitro and
identify the smallest set of proteins that were sufficient for CKB ubiquitylation. While neddylation
of CULS increased the amount of ubiquitylation by E2D2, neither E2D2 nor CDC34 significantly
ubiquitylated CKB. The addition of ARIH2-E2L3 to the ASB9-CRL triggered ubiquitylation of
approximately half of the CKB, detected by mass spectrometry and visualized on Coomassie-
stained gels and anti-CKB blots. In the presence of the ASB9-CRL and ARIH2, CKB was found
to be ubiquitylated at K45, K101, K107, and K381. Mass spectrometry analysis revealed that
CDC34 predominantly makes K48 chains, while E2D2 and ARIH2-E2L3 yield multiple
polyubiquitylation chain types, including K11, K33, K48, and K63. The inclusion of CDC34 with
ARIH2 tunes the chain specificity, increasing the ratio of K48 to other chain types formed. While
only one-half of the CKB dimer becomes modified, the addition of CDC34 increases the level of
polyubiquitylation on CKB. Furthermore, the high molecular weight species indicative of
polyubiquitylated CKB converge at a particular molecular weight, suggesting that the distance
between the E2 on RBX2 and the mono-ubiquitylated CKB regulates polyubiquitin chain length
in the ASB9-CRL.

ASB9-CRL and ARIH2 were modeled individually and docking experiments were
performed to identify the binding interface between the two ligases. ARIH2 was modeled from
ARIH1, which lacks structure for the N-terminal residues that correspond to 1-57 of ARIH2, which
have been suggested to facilitate binding to CULS (7). Docking residues 11-38 of ARIH2 revealed
that acidic residues in that domain interact with basic residues on the CUL5—CTD. Using this
information and prediction of the structure between 38-57, the model of ARIH2 was modeled onto

the ASB9-CRL. While the catalytic cysteine of E2D2-Ub on RBX2 is positioned 60-90 A from
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modified lysines on CKB, the catalytic cysteine on ARIH2 is 40-50 A away from the modified
lysines. Additionally, residues 47-60 are predicted to be unstructured, giving ARIH2 significant
flexibility to reach further in order to perform ubiquitylation.

Comparison of several states of the ASB9-CRL revealed allosteric mechanisms that
activate the ligase. Neddylation triggers increased exchange in multiple regions of the CUL5CTD,
and decreased exchange in one region of the RBX2, residues 52-58. Our model of the ASB9-CRL-
E2F-Nedd8 shows that this region of RBX2 may interact with the E2F-NEDD8 complex to
facilitate Neddylation. These HDX results suggest that Neddylation allosterically changes RBX2,
which is in agreement with previous studies suggesting that the RBX2’s specificity for E2 enzymes
changes following neddylation (26).

Comparison of free ARIH2 and the ASB9-CRL-ARIH2 complex revealed that the
interaction between ARIH2 and the CULSCTD allosterically changes the Ariadne domain of
ARIH2 that is initially autoinhibited. These changes reveal the catalytic cysteine, allowing ARIH2
to ubiquitylate substrates on the ASB9-CRL. No regions of ARIH2 decreased in exchange upon
interaction with ASB9-CRL, suggesting that the binding interface is at the N-terminus of ARIH2
that lacked coverage in out HDX experiments.

Comparison of free ASB9-CRL and the ASB9-CRL-ARIH2 complex identified several
regions of decreased exchange that reveal the binding interface of ARIH2 on ASB9-CRL. The
location of the observed changes matched previous observations that mutations to basic residues
in the CULSCTD altered binding to ARIH2. The decreased exchange in the CULSCTD was
transient for all regions with the change. While ARIH2 co-elutes from size exclusion in complex
with the neddylated ASB9-CRL, this suggests that ARIH2 has a flexible interaction with the

CULSCTD, thus allowing the interacting residues to slowly exchange over time.
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