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Chair of the Supervisory Committee:
Rachel Klevit

Department of Biochemistry

The human proteome contains over forty ubiquitin-conjugating enzymes, each harboring a
conserved core domain. Despite their structural similarities, E2s must discriminate between
hundreds of E3 ligases to interact specifically with their cognate partners. Structural and functional
characterization of E2s in the last few decades has revealed unique mechanistic details for each E2
studied thus far, but no universal rule appears to govern how E2 enzymes specifically recognize
their cognate binding partners. Many E2s remain uncharacterized and promise to reveal novel
strategies by which these apparently simple enzymes achieve specificity in both E3 binding and
Ub transfer. Ube2H is a human E2 enzyme with an uncharacterized C-terminal extension of 32
residues. The extension is phylogenetically conserved, but its function is unknown. In this thesis,
I employ biophysical and biochemical techniques to investigate the structural and biochemical
function of Ube2H’s C-terminal extension, both alone and in the presence of putative E3 ligases

and binding partners.



TABLE OF CONTENTS

LSt OF FIGUIES.....eeiiiiiiiiee ettt ettt e e ettt e e e ettt e e e e sstba e e e e nsbeeeeennbeeesennneeaeeennnees il
Chapter 1. INtrOUCHION .......eiiiiiiiiieeeiiee ettt ettt e e et e e e ettt e e e eibaeeeeennaaeeeessaeeens 1
1.1 The UDIQUITIN SYSEEIM ..eeueiviiieiiiiie e et e e et e ettt e e ettt e e e st e e e e ebteeeeeebaeeeeenneeeaeenes 1
1.2 E2 ubiquitin-conjugating ENZYMES ...........ccerurreeeeriurreeeenireeeeenrreeeeannreeeesnsseeessssseeeennes 3
1.3 UDE2ZH NISTOTY .eeiiiiiiiiiieeiiiiiee ettt ettt e e ettt e e e et e e e et aeeeennbbeeeeensaaeaeanes 6
1.4 Biological role Of UDE2H........cccouiiiiiiiiiiieeie et 7
1.5  Cognate E35 0f UDE2H .......ooiiiiiiiiiiiiiiieeee ettt et e e e e e 8
1.6  TRIM28-MAGEC2 and p53 ubiquitylation..........cccceeeeriiiiiiiiiiiiieeiiiiee e 9
1.7 MGS53 and skeletal MyOZeNESIS. .....ccevruuiiieeiiiiiieeiiiiee et et e e e e e 10
1.8  GID complex and gluCONEOZENESIS ........ceeeeruriiieiiiiiiieeeiiiee et et e e e e e 10
Chapter 2. Results and diSCUSSION. .........uiiieriiiiiieiiiiiiieeeeiiieeeeeieee e et e e e e reeeeeebaeeeeeebaeeeeeenes 12
2.1 Structure and diSOTAET.......cc.uiiiiiiiiiiie e 12
2.2 Phylogenetic CONSEIVATION .......cccuuiireeriiiieeeeiiieeeeeiieeeeeriteeeeestbeeeeensareeeeennaeeesennneeeeas 18
2.3 Post-translational MOdifiCatIONS ........cccuviiieeriiiiireeiiiiee et e 20
2.4 UbIQUItYIAtiON @SSAYS....cceiiuriiieeiiiiieeeeiiiieeeeitieeeesitreeeesireeeeesesteeeeennneeeeeennsseeesennneeeens 21
2.5  Dynamics of Ube2H~UB........ccooiiiiiiiiiiiiieiiie et 25
2.6 Searching for an E3 TIASE .......cccuiiiiiiiiiiieeiiiie ettt e 32
2.7 MGS3/TRIMT2 oottt ettt et ettt et e et e e et e 32
2.8  TRIM28 and MAGEC2 ..ottt 37
Chapter 3. CONCIUSION .......uuiiiiiiiiiie ettt ettt ee e ettt e e e sttt e e e ettt eeeeesbbeeeeesbaeeeeenseeeeeensnees 41



3.1 Conclusion

3.2 Future directions

Chapter 4. Methods

References.............

il



LIST OF FIGURES

Figure 1.1. Schematic illustration of the ubiquitin cascade. ...........ccceevvvieriiiiniieeniieennne 1
Figure 1.2. Overview of E2 UBC domain StruCture. ..........cceevueeerieeenieeeniieeniieenieeennee 4
Figure 2.1. Alignment of Ube2H and Ube2D3 UBC domains...........ccoceeerueeenieeenuneenn. 12

Figure 2.2. Intrinsic reactivity assay of Ube2H~UDb conjugates with Ubwr or Ubpa4a. .... 13
Figure 2.3. Overlay of HSQC spectra of Ube2Hrr and Ube2Hcore with CSPs mapped for UBC
AOMAIN TESIAUES........eeeuiiiiiiiiiiieiee ettt ettt 15
Figure 2.4. Secondary structure propensities of Ube2H C-terminal extension residues. . 17
Figure 2.5. Phylogenetic conservation scores mapped onto a model of Ube2HF........... 19
Figure 2.6. Ube2H autoubiquitylation and polyUb chain-building assay with Ube2HrL and
UDE2H 0re.« vveemveeireeite et ett et ettt et e ettt ettt et e 22
Figure 2.7. Intrinsic reactivity assay of Ube2H~Ub conjugates with Ube2HrL or Ube2Hcore..

Figure 2.8. Histone H2B ubiquitylation assay with Ube2Hrr or Ube2Hcore.. ..cvvveennneenn. 24

Figure 2.9. SAXS scattering curves for oxyester mimics of Ube2H~UDb conjugates and top-fitting
theoretical MOAELS. ...co..eiiiiiiiiiiii e 27

Figure 2.10. Overlay of HSQC spectra of apo Ub and Ub when conjugated via oxyester linkage
to Ube2Hcore or Ube2Hrr with CSPs mapped for Ub residues. ..........cccveeeennineennne. 29

Figure 2.11. Ub CSPs from Ube2H~UD conjugates plotted on SAXS-derived Ube2H~Ub
CONJUEALE TNOACIS.....ieiiiiieiiiie ettt e e e et e e e et eeeeeebaeeeeenes 31

Figure 2.12. Intrinsic reactivity of Ube2H~UDb conjugates in the absence and presence of MG53.

Figure 2.13. Overlay of HSQC spectra of Ube2Hgw in the absence and presence of MG53rpcc
with intensity losses plotted for Ube2Hrr residues. ........ccccvveeeeiiiiiieiiiiiiieeiiiieeens 36
Figure 2.14. H2B ubiquitylation by Ube2HrL and Ube2Hcore in the absence and presence of

TRIM28RBcC AN MAGEC2MHD. «+vveeeeeiriieeeniiiieeeeiiiieeeecieeeeeeireeeeeeereeeeeenenaaeaeenes 37
Figure 2.15. H2B ubiquitylation by Ube2HFrr in the absence and presence of TRIM28rpcc and
IMAGECZMHD. « ¢ vteeteeeitteete ettt ettt ettt ettt esaneen 38



Figure 2.16. Overlay of HSQC spectra of Ube2Hrr in the absence and presence of MAGEC2mup
with intensity losses plotted for Ube2HEL residues. .......coceevveeniieniieniiiiniieiienneene 40

v



Chapter 1. INTRODUCTION

1.1  THE UBIQUITIN SYSTEM

Protein homeostasis depends on regulated protein degradation by the ubiquitin proteasome system.
In the ubiquitin cascade, the sequential action of El-activating, E2-conjugating, and E3 ligase

enzymes results in the covalent attachment of ubiquitin (Ub) onto protein substrates (Figure 1.1).

Figure 1.1. Schematic illustration of the ubiquitin cascade. E1-activating enzymes are
charged with Ub at an active site cysteine in an ATP-dependent manner. E1~Ub transfers Ub to
the E2 enzyme active site cysteine in a transthiolation reaction to form E2~Ub conjugate. RING-
mediated E3s mediate the transfer of Ub directly from the E2 to a substrate lysine sidechain.
HECT/RBR E3s are charged with Ub at the active site cysteine in a transthiolation reaction with

E2~Ub to form an E3~Ub covalent prior to Ub transfer to a substrate lysine sidechain.

The link that occurs between Ub and substrates is typically an isopeptide bond between the C-
terminus of Ub and a lysine sidechain on a substrate. Because ubiquitin has lysine sidechains, it
too can serve as a substrate for ubiquitin modification. Multiple rounds of the cascade result in the

formation of poly-Ub chains on substrates, which give rise to distinct signaling fates depending on



2

type of Ub linkage on a substrate. For example, when substrates are modified by a single ubiquitin
(mono-UDb), there are often changes in protein-protein interactions involving the substrate. In
contrast, when substrates are modified by a poly-Ub chain linked via K48 on ubiquitin, those
substrates are transported to and ultimately degraded by the proteasome. When substrates are
modified by K63-linked poly-Ub chains, substrates are generally involved in DNA damage
response or immune response. Mixed chains of varying Ub-Ub sidechain linkages can occur, as
can branching points in which multiple lysine sidechains on a single Ub unit are modified, but
these modifications are not yet well-understood. The so-called “ubiquitin code” orchestrates the
complex regulation of protein homeostasis in the eukaryotic cell.

The human proteome includes 2 Els, 40 E2s, and hundreds of E3s. Most of the specificity
in the ubiquitin cascade arises from the specificity between E2s, E3s, and their substrates: E3
ligases are responsible for determining substrates, while E2s often determine the type of Ub
modification (mono- versus poly-Ub) that occurs. Thus, specific E2-E3 combinations determine
not only which substrates will be targeted, but how they will be targeted (Komander 2012). The
type of Ub modification in turn determines the fate of the modified substrate. Numerous diseases
have been linked to aberrant ubiquitin signaling, motivating decades of research into the
mechanism of ubiquitin transfer at the E1, E2, and E3 levels of the cascade.

E3s are classified into three types according to three mechanisms. The most abundant class
is the “really interesting new gene” or RING-type E3 class, which simultaneously bind substrate
and cognate E2~Ub conjugate. By bringing substrates into proximity with E2 ubiquitin-
conjugating enzymes, these E3s facilitate the direct transfer of Ub from the E2 active site cystine
to the substrate lysine sidechain. In contrast, HECT- and RBR-type E3s do not necessarily

simultaneously bind substrates and E2~Ubs. Instead, the E2~Ub first transfers Ub to an E3 active
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site cysteine to form a covalent E3~UD thioester intermediate, and the E3 then transfers the Ub to
the substrate in a separate, additional step (Figure 1.1). RBR-type E3s are distinguished from
HECT-type E3s by domains that resemble RING domains. There are roughly 30 HECT E3s, 10
RBR E3s, and over 600 RING E3s in humans (Zheng 2017).

Given the large number of E3s, the scope of the task at hand for the 40 E2s in the human
proteome is a substantial one: E2s must discriminate amongst hundreds of E3s to engage their
cognate E3s, thereby ensuring proper substrate ubiquitination. Understanding the rules that govern
interactions between E2s and E3s, as well as E3s and their substrates, would provide an enormous
benefit in understanding many pathologies that arise from aberrant ubiquitin signaling. For
decades, E3 ligases were the primary subject of research in the ubiquitin field. More recently, E2
enzymes have been studied in greater detail. It has become clear that in order to fully understand

E2-E3 interactions, both sides of the coin must be investigated.

1.2 E2 UBIQUITIN-CONJUGATING ENZYMES

E2s engage in two distinct reactions: transthiolation occurs when Ub is transferred from the E1 to
E2, and aminolysis occurs when Ub is transferred from the E2 to substrate. In transthiolation, the
thioester bond between the C-terminus of Ub and the active site cysteine on the E1l is simply
exchanged for the chemically equivalent thioester bond between Ub and the E2 active site cysteine
to form the thioester-linked E2~Ub conjugate. In HECT- and RBR-E3 mechanisms, an additional
transthiolation reaction results in the transfer of Ub to the active site cysteine on the E3. In RING
E3 mechanisms, the E2~Ub conjugate undergoes nucleophilic attack by lysine sidechains on
substrates, resulting in the regeneration of free E2 and the covalent attachment of Ub to substrate

lysines via a stable isopeptide linkage (denoted by the symbol “-”).
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All E2 ubiquitin-conjugating enzymes contain a core UBC domain, which is necessary and
sufficient for catalytic activity, but many also harbor extensions or additional domains. E2s have
been categorized into four general classes: class I E2s have no extensions, class II E2s have C-
terminal extensions, class III E2s have N-terminal extensions, and class IV E2s have both N- and
C-terminal extensions. Class I E2s contain only the UBC domain. This highly conserved domain
consists of ~150 residues which fold into an oblong globular structure of 4 a-helices, a 319 helix,
and a four-stranded B-sheet (Figure 1.2). The N-terminal helix and two nearby loops form the
binding interface for E3 enzymes, and are also involved in El binding. Thus, after the
transthiolation reaction between E1 and E2 takes place, the E2~Ub conjugate must first dissociate
from the E1 prior to binding an E3. Despite the fact that there are crystal structures of dozens of
UBC domains, the exact mechanism of Ub transfer by E2 enzymes is still not completely
understood: the active site lacks a general base that could deprotonate the attacking lysine
sidechain in aminolysis, and no arrow-pushing mechanism for this reaction has been demonstrated.
Nonetheless, there are many conserved features in the UBC domain that may shed light on the

mechanism.

C-terminus

L -7 HPN motif
N-terminus ™ VL v %
e ‘\‘ N \

E3 binding — / \Gateway
Active site acidic

cysteine residue

Figure 1.2. Overview of E2 UBC domain structure. Important and conserved features, motifs,

and binding surfaces are depicted on Ube2D2, a class I E2 (PDB 3TGD).
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In the majority of E2 UBC domains, a conserved HPN motif occurs on a loop that folds over the
active site cysteine. The histidine and proline are thought to be structural, while the asparagine is
thought to play a catalytic role in the aminolysis reaction (Wu 2003). Another conserved acidic
residue near the entry to the catalytic cleft, termed the gateway residue, has been shown to be
crucial in many E2s for aminolysis reactivity (Stewart 2016). Collectively, these active site
features facilitate the formation of isopeptide bonds between Ub and substrate lysine sidechains.
Another conserved feature on the UBC domain occurs on the crossover helix, which runs
perpendicular to the N-terminal helix and the two C-terminal helices. There are conserved
hydrophobic residues exposed on this E2 helix that have been shown to interact with a hydrophobic
patch formed by 144 on the Ub surface. In the context of the covalent E2~Ub conjugate
intermediate, this hydrophobic interaction enforces a closed, compact conformation which is
thought to make the scissile thioester bond between Ub and the E2 active site cysteine more labile.
In support of this notion, many E2 enzymes with hydrophobic crossover helix residues exhibit
faster turnover rates with WT Ub than with the 144 A variant of Ub, which disfavors the compact
conformation (Stewart 2016).

Finally, there is another conserved feature on the UBC domain that is distant from both the
active site cysteine and from the E1 and E3 binding interfaces. The “backside” surface formed by
the UBC B-sheet has been shown to mediate interactions between E2s and other proteins, including
noncovalently bound Ub. The role of backside binding in E2 regulation is still emerging, but it has
already been shown to modulate processivity in poly-Ub chain assembly (Brzovic 2006, Middleton
2017).

The majority of E2s have other domains in addition to the UBC domain, including

insertions and extensions. One example of a class II E2 (the C-terminal extension class) is Ube2K.
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Ube2K’s C-terminal extension folds into a distinct globular domain which associates
noncovalently with Ub. The specific binding between the C-terminal domain and incoming Ub
molecules is thought to enforce the construction of K48-linked polyUb chains (Middleton 2015).
Ube2E1 is a class III E2 enzyme, the class of E2s with N-terminal extensions. In this case, the
extension is disordered and appears to limit the assembly of polyUb chains (Schumacher 2013).
The class IV E2s have both N- and C-terminal extensions, and include E2s with E3 domains on
the same polypeptide chain (BIRC6), as well as E2s with smaller extensions that mediate protein-
protein interactions and/or modulate the activity of the UBC domain (e.g., Ube2Z) (Schelpe 2015).

Although multiple E2s of each class have been studied in detail, we are still far from
understanding all of the rules that govern the E2 structure-function paradigm. For example, the
disordered extension on Cdc34 facilitates tight binding to its cognate E3 complex (Kleiger 2009),
whereas in Ube2E]1, the disordered extension appears to inhibit polyUb chain formation by an
undefined mechanism (Schumacher 2013). There is still much to learn from studying the structure
and function of other E2 extensions which will undoubtedly improve our understanding of E2
specificity in the ubiquitin cascade.

Ube2H is an example of a class II E2 ubiquitin-conjugating enzyme which possesses a
UBC domain and a C-terminal extension of 32 amino acids. This thesis focuses on Ube2H as a

case study in E2 extensions.

1.3  UBE2H HISTORY

Ube2H was first isolated from human placenta and subsequently cloned by Peter Kaiser et al. in
1994 following the isolation and description of the yeast homolog Ubc8 in 1991 (Kaiser 1994, Qin
1991). Ube2H shares 54% sequence similarity with the yeast ubiquitin-conjugating enzyme Ubc8,

and importantly, both sequences contain long and acidic C-terminal extensions. In contrast to other
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E2s that had been characterized at the time, disruption of the ubc8 gene in yeast did not result in
any obvious deleterious phenotype. Despite the lack of a known biological role, the authors
nonetheless showed that the purified enzyme was capable of ubiquitinating the histone H2A/H2B
dimer in the absence of an E3 ligase in vitro. Subsequently, Kaiser et al showed that the C-terminal
extension of Ube2H was necessary for this activity. Deleting the C-terminal extension from Ube2H
resulted in loss of in vitro H2A/H2B ubiquitylation, while cloning the extension into another E2’s
UBC domain (incapable of ubiquitylating H2A/H2B on its own) resulted in a gain-of-function in
H2A/H2B ubiquitylation activity (Kaiser 1995). The authors concluded that the C-terminal domain
of Ube2H was responsible for binding the H2A/H2B substrate, and its UBC domain was
responsible for the ubiquitin-conjugating activity.

Although E3-independent substrate ubiquitylation activity is unusual for E2 enzymes (even
in vitro), at the time of there was still no biological evidence to suggest that this function was
relevant in vivo. To date, the biological role of Ube2H remains elusive, at least in part because
there have not been extensive, targeted studies of Ube2H’s function in cells or animal models.
This, in turn, is likely due to the fact there have been very few reports of disease-associated

mutations of Ube2H in clinical cases.

1.4 BIOLOGICAL ROLE OF UBE2H

Ube2H (also known as UbcH2, Ubc8, Gid3, and E2-20K) has been detected in both the cytosol
and mitochondria, and is ubiquitously expressed in all human cells (Uhlén 2015, Thul 2017). The
Ube2H sequence does not include any identifiable protein localization signals (Emanuelsson
2000). There are no reported OMIM gene-phenotype relationships in the human clinical data. High
expression of Ube2H is considered an unfavorable prognosis in patients with pancreatic cancer,

but the underlying mechanism behind the correlation is unknown (Uhlén 2017). The ube2h gene
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is located on chromosome 7, and there is some preliminary evidence to suggest that it could be
part of the 7q susceptibility loci for autistic disorder (Vourc'h 2003). Expression of the ube2h gene
is regulated by the Tall transcription factor, which plays an important role in erythroid and
hemopoietic differentiation (Lausen 2010). There is no statistically significant deleterious
phenotype for Ube2H deletion in mice (Dickinson 2016), nor in the C. elegans ortholog Ubc-8
(Thompson 2013). However, it is possible that phenotypes for deletion in model organisms may
only arise in specific conditions. Many E2s perform partially redundant functions in cells, making
it challenging to parse the specific function of one E2 over another. Nonetheless, orthologs of
Ube2H are present in organisms as distant from humans as nematodes, suggesting that Ube2H
indeed performs some important function. In short, research into the biological function of Ube2H

is in its nascent stage, and the biological function of Ube2H remains to be more fully elucidated.

1.5 COGNATE E3s oF UBE2H

Ube2H has been reported to function with many E3s in vitro, but in many cases there is no evidence
of an in vivo interaction. This is because Ube2H is commercially available as a component of E2
screening kits (e.g., Boston Biochem), which are frequently used to identify uncharacterized
proteins as E3 ligases and/or to identify the E2 with which those E3s function. In cases where
Ube2H is the most active E2, Ube2H has been used in subsequent biochemical characterization of
E3s, with the caveat that these in vitro results lack biological evidence to support whether the
interactions are relevant in vivo. Nevertheless, the studies that have arisen from these screens could

provide insight into the bona fide biological role of Ube2H.



1.6 TRIM28-MAGEC2 AND P53 UBIQUITYLATION

Ube2H has been reported to function with the RING E3 ligase TRIM28 and the melanoma-
associated antigen MAGEC?2 to ubiquitinate the tumor suppressor p53 (Doyle 2010). Prior to the
2010 Doyle publication, it was only known that TRIM28 played a role in p53 ubiquitination via
an indirect mechanism. In the indirect mechanism, TRIM28 associates with MDM2 (another E3
ligase), thereby stimulating the formation of the p53-HDACI1 complex and ultimately promoting
p53 ubiquitination and degradation (Wang 2005). In contrast, Doyle et al. propose that TRIM28
directly ubiquitinates p53 in the absence of MDM2. TRIM28 ligase activity toward p53 is
enhanced by the presence of melanoma-associated antigen MAGEC2, which is highly expressed
in many cancers. Ube2H was the only E2 enzyme capable of catalyzing TRIM28/MAGEC2-
mediated p53 ubiquitination from a screen of over 10 representative E2s. Doyle et al. showed that
MAGEC2 binds Ube2H in vivo and in vitro in coimmunoprecipitation assays (endogenous and
epitope-tagged), and suggested that MAGEC2 may enhance TRIM28 activity by simultaneously
binding Ube2H~Ub and the TRIM28-p53 complex, to effectively increase the rate of p53
ubiquitylation. The authors mapped binding between TRIM28 and MAGEC2 but did not
investigate origins of specificity for Ube2H over other E2s. Overall, the results from this paper
provide biochemical evidence that Ube2H may indeed function with the TRIM28-MAGEC?2 ligase
complex; however, in the absence of MAGEC2, it is not clear that Ube2H functions with TRIM2S.
Further work is needed to understand both the biological relevance and mechanistic details of the

TRIM28/MAGEC2-Ube2H interaction.
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1.7 MG53 AND SKELETAL MYOGENESIS

Ube2H has also been reported to function with MG53 (also known as TRIM72), a RING E3 that
is muscle-specific and upregulated during skeletal myogenesis (Lee 2010, Yi 2013). In particular,
Ube2H and MG53 function to ubiquitylate insulin receptor substrate-1 (IRS-1) and focal adhesion
kinase (FAK), in both cases for proteasomal degradation (Lee 2010, Nguyen 2014, Yi 2013).
Consequently, the authors of these papers have proposed that MG53 negatively regulates skeletal
myogenesis in vivo, potentially with the help of Ube2H. Ube2H coimmunoprecipitates with MG53
both in vitro and in vivo, and knockdown of either Ube2H or MGS53 results in a proteasome-
dependent accumulation of ubiquitinated IRS-1 and FAK (Y1 2013, Nguyen 2014). Importantly,
however, the biochemical activity between MG53 and Ube2H has not been reconstituted in vitro.
It is possible that Ube2H could play an indirect role in IRS-1 and FAK ubiquitination, and that
other enzymes are required for the observed activity upon Ube2H knockdown. Further research is

needed to understand the role Ube2H may play in MG53-mediated IRS-1 and FAK ubiquitination.

1.8  GID COMPLEX AND GLUCONEOGENESIS

Finally, Ube2H has also recently been reported to function with the glucose-induced degradation
deficient (GID) RING-E3 complex (Lampert 2018). Ube2H is the only E2 enzyme found to induce
GID autoubiquitination in vitro out of a panel of E2s, including others E2s with acidic C-terminal
extensions. The yeast homolog of the GID complex is known to function with Ubc8, the yeast
homolog of Ube2H, to ubiquitylate the gluconeogenic enzyme FBPase upon a shift to glycolytic
growth conditions (Schiile 2000, Santt 2008). Lampert et al. demonstrated that Ube2H is indeed
the functional E2 for the human GID complex and identified novel substrates, including Hbpl, a

negative regulator of pro-proliferative genes. These exciting results suggest that at least in the
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context of the GID complex, Ube2H plays a role in the switch from gluconeogenesis to glycolysis.
More research is needed to understand the degree to which the GID complex is specific for Ube2H

as its cognate E2 and to understand the structural origins of such specificity.
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Chapter 2. RESULTS AND DISCUSSION

2.1  STRUCTURE AND DISORDER

Ube2H’s core UBC domain shares sequence similarity with canonical UBC domains. The Ube2D
family of E2 enzymes is considered the standard against which unusual E2s are often compared.
Figure 2.1 shows a sequence alignment of Ube2H’s core UBC domain against the four Ube2D

family member UBC domains.

B UBE2H MSSPSP VTILGGLNEFVVKFYGPQGTPYEGGVWKVRV
UB2D1 P
UB2D4 GDDLFHWQATIMGPNDSPYQGG
UB2D2 GDDMFHWQATIMGPNDSPY
UB2D3 MALKRINKELSDLA PAQCSAGPVGDDMFHWQATIMGPNDSPY!

HPN motif—___ catalytl/ccystel ne crossover helix
GFMNKIFHPNIDEAS NIFESFLPQLLAYP 11¢
I-CSLLCDP

UBE2H
) UB2D1 FP
i LN UB2D4 FPT
\_ P UB2D2 PTDY
RN
S ) UB2D3 FP
¢ J~HPN motif

I-CSLLCDP 1
catalytic cysteine 7 UBE2H NPI
UB2D1 NP
UB2D4 NPDDP Al RE
Ube2D3 (1X23) UB2D2 NPDDPLVPEIARIYKTDRE 4
UB2D3 NPDDPLVPEIARIYKTDRDKYNRISREWTQKYAM

Figure 2.1. Alignment of Ube2H and Ube2D3 UBC domains. (A) Overlay of Ube2D3 (PDB
1X23) and the UBC domain of Ube2H (PDB 2Z5D) with canonical UBC features indicated.

Ube2H: E106
Ube2D: L104

\ <
gateway residue

(B) Multiple sequence alignment of the human Ube2H core UBC domain (residues 1-151)
against human Ube2D enzymes generated using ClustalW. Canonical UBC domain motif
features are indicated.

Ube2H harbors the conserved HPN motif within its UBC domain as well as the canonical acidic
gateway residue (D120). Ube2H possesses one unusual UBC domain feature: while the solvent-
exposed face of the crossover helix is usually hydrophobic, Ube2H has an acidic residue exposed
in the helix. In Ube2D family enzymes, L104 plays a critical role in interactions with the 144
hydrophobic patch of Ub in the thioester conjugate; in Ube2H, the acidic residue at the equivalent
position (E106) suggests that the interaction may not occur in the Ube2H~Ub conjugate. The

crossover helix of Ube2H also has an additional residue that results in a bulge of the crossover
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helix relative to the canonical UbcH5 UBC domain, lending support to the notion that interactions
with Ube2H’s crossover helix may differ from those of typical E2s. To test this hypothesis, I
compared the rates of aminolysis for Ube2H~UDb conjugates charged with either Ubwt or Ubwuasa.
In these assays, Ube2H was charged with either Ub variant, and lysine was added to initiate

aminolysis as a proxy for a substrate lysine sidechain (Wenzel 2011).

A B 10
9
0 2 5 10 20 30 60  Time (min) _. 8
—Ube2Hg~Ubyr 2 7
Ubyy >0
« e v |- Ube2H,, g 4
€ 3
—Ube2Hq~Ubus  °
Ubysn 0

0 20 40 60

S |~ Ub62H:, Time (min)

—0- Ube2H~Ub(WT) —aA— Ube2H~Ub(I44A)
—e—Ube2H (WT-Ub) —a— Ube2H (144A-Ub)

Figure 2.2. Intrinsic reactivity assay of Ube2H~UDb conjugates with UbWT or Ubl44A.
(A) Ube2H~Ub conjugates were formed in one-hour charging reactions with E1, Ub (WT or
144A), and MgClo/ATP, charging was quenched by EDTA, and aminolysis reactions were
initiated by addition of lysine. Samples were taken at indicated timepoints, run under non-
reducing conditions to preserve thioester Ube2H~UDb conjugates, and stained by Coomassie.
(B) Quantification of bands in the intrinsic reactivity assay for both WT-Ub (black circles)
and 144A-Ub (red triangles) conjugates quantified by both the disappearance of Ube2H~Ub
(dashed lines, open symbols) and the appearance of Ube2H (solid lines, filled symbols).

The intrinsic reactivities of Ube2H~Ub conjugates were roughly equivalent whether
conjugates were charged with Ubwr or Ubusa (Figure 2.2). This suggests that the hydrophobic
interaction between the Ub 144 hydrophobic patch and the crossover helix does not play a critical
role in intrinsic Ube2H~UDb reactivity. When the same assay is performed on Ube2D family
enzymes, there is a severe defect in the rate of lysine reactivity in the Ub-144A conjugates (Mikaela

Stewart, personal communication). The crystal structure of Ube2H’s UBC domain shows that the
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core adopts the canonical UBC domain fold (Figure 2.1), but the construct used for crystallization
lacked the C-terminal extension (Sheng 2012). Secondary sequence prediction software indicates
that Ube2H’s C-terminal tail is likely to be disordered (Drozdetskiy 2015). To gain structural
insight about the structure of full-length Ube2H, the two dimensional '°N, 'H- HSQC spectra were
collected and compared for two Ube2H constructs: the full-length (FL) enzyme, and the Ube2H
core-domain only (core). An overlay of the two spectra is shown in Figure 2.3.

The results in Figure 2.3 reveal several intriguing properties of Ube2H’s structure. First,
there are several UBC domain peaks that occur at different chemical shifts depending on the
presence or absence of the C-terminal extension. Since the chemical shift in an HSQC experiment
reports on the local chemical environment of a residue, a chemical shift perturbation (CSP) of a
peak reflects a change in local chemical environment. The CSP analysis in Figure 2.3 reveals that
many residues in the core domain of Ube2H are sensitive to the presence of Ube2H’s C-terminal
extension. The C-terminal UBC domain residues 146-151 exhibit the largest CSPs, reflecting the
changes resulting from covalent addition of the C-terminal extension in the Ube2HrL construct.
CSPs at residues distant in sequence from the C-terminal extension are more likely to be
attributable to noncovalent interactions. In particular, residues 39 and 49-51 display large CSPs.
These backside -sheet residues form a surface and a groove adjacent to the C-terminal residues
of the core domain, as shown in Figure 2.3C. N72 is also highly perturbed; this residue is in a
backside loop that also neighbors the core domain’s C-terminus. The presence of the C-terminal
extension undoubtedly changes the local chemical environment of that region, explaining the high
CSPs for these residues. Another highly perturbed residue is F75, which is mostly buried loop
residue that neighbors the HPN motif. However, no other residues in the catalytic cleft undergo

CSPs that would be consistent with a local rearrangement in that region of the core domain.
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Figure 2.3. (A) Overlay of HSQC spectra of "'N-Ube2Hg1 (black) and '"N-Ube2Hcore (green).
(B) Chemical shift perturbations (CSPs) are plotted as a function of Ube2Hcor residue
number. Residues highly perturbed by the C-terminal extension are indicated. Unassigned
Ube2Hcore residues are shown as blanks. (C) CSPs mapped onto the Ube2Hcore crystal structure
(PDB 2Z5D) according to the indicated scale. Unassigned Ube2Hcore residues are shown in grey.
Left: Ube2Hcore shown with the crossover helix facing out as in Figure 2.1A; Right, Ube2Hcore

shown with the back surface facing out.
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The N-terminal domain residue S2 undergoes a large CSP, indicating that the C-terminal
extension may interact with the N-terminal region. S2 is in a short four-residue disordered region
before the N-terminal helix (no density in the crystal structure), and is the only residue with an
assigned HSQC peak. If an interaction with these disordered N-terminal residues (M1-P4)
occurred, there would likely be CSPs on nearby residues as well, but poor coverage in neighboring
residues prohibits any strong conclusions about the potential interaction. The N-terminal helix
includes 17 residues (S5-S21) of which D12-S21 are all assigned (Figure 2.3B). V15 has a large
CSP, while the other assigned N-terminal helix residues do not. V15 is buried and is therefore
unlikely to directly interact with the C-terminal extension (it may instead be allosterically
perturbed). Due to the poor coverage for N-terminal residues, it is not possible to conclude whether
the C-terminal extension interacts in cis with the N-terminal side of the N-terminal helix.
Nonetheless, the fact that two residues in the N-terminal domain are among the most highly
perturbed Ube2Hcore residues when the C-terminal extension is present lends support to the
possibility that in Ube2Hrr, the C-terminal extension may contact the N-terminal helix. The N-
terminal helix is known to be involved in E1 (and to some extent E3) interactions (see Figure 1.2),
so an interaction between the C-terminal extension and this UBC domain region could in principle
affect interactions with E1 and E3 enzymes.

Importantly, the core domains of some other E2s with disordered extensions do not
undergo chemical shift perturbations in the presence of their respective extensions. Ube2T, for
example, has a disordered C-terminal extension of 40 residues, but no core domain residues exhibit
chemical shift perturbations in an overlay of its FL and core domain HSQC spectra (Mikaela
Stewart, unpublished results). For Ube2H, the UBC domain CSPs that occur in the presence of the

C-terminal extension are consistent with at least two possibilities: the extension may allosterically
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alter certain UBC domain residues, or the extension may directly contact a subset of core domain
residues. The data in Figure 2.3 do not discriminate between these two possibilities, and further
structural techniques will be needed to understand the mechanism by which the UBC domain of
Ube2H is perturbed by the presence of the C-terminal extension.

In addition to potential interactions between Ube2H’s C-terminal extension and UBC
domain, the data in Figure 2.3 also provide insight into the structural state of the C-terminal
extension in Ube2Hrr. Many of the C-terminal extension peaks in the Ube2Hrr spectrum are
strong and occur in the random coil region (see S174 region in Figure 2.3A), consistent with
properties of disordered residues. Secondary sequence propensity was calculated for each C-
terminal extension residue using the chemical shifts for backbone C, and Cp atoms (Figure 2.4).
Indeed, residues G160-L183 have propensities consistent with intrinsically disordered proteins
(near zero), while E151-E156 have propensities toward o-helical structure. Ube2H’s C-terminal

extension appears to be mostly disordered, as predicted.
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Figure 2.4. Secondary structure propensity plotted as a function of Ube2H C-terminal

extension residue number.
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2.2  PHYLOGENETIC CONSERVATION

Orthologs of Ube2H occur in organisms as distant as nematodes, yeast, and slime molds. To gain
insight into the possible structural and functional significance of Ube2H’s C-terminal extension,
the primary sequences of Ube2H orthologs were analyzed for phylogenetic conservation.
Excluding partial sequences and sequences from uncultured/environmental samples, every Ube2H
homolog contains a C-terminal extension. Moreover, there are conserved features within the C-
terminal extension. Figure 2.5 shows conservation scores calculated by the bioinformatics software
ConSurf (Ashkenazy 2016) onto a model of Ube2Hrr generated using MODELLER (Webb 2016).
The phylogenetic analysis reveals that in general, residues the core UBC domain of Ube2H are
more highly conserved than in the C-terminal extension. Interestingly, the final helix of the UBC
domain preceding the C-terminal extension is less conserved than other regions of the UBC
domain. The final two UBC domain helices of E2 enzymes are not often involved in E1 or E3
binding, which could explain the reduced conservation in that region of Ube2H.

Notably, although Ube2H’s C-terminal extension is not strongly conserved at the residue-
specific level, all orthologs found in the UniProt database contain the long C-terminal extension
domain, ranging from 32 residues in humans to 69 residues to the yeast homolog Ubc-8. These C-
terminal extensions vary in length, yet intriguingly, each extension is both serine-rich and acidic.
Moreover, there is a highly conserved MEL motif in the final C-terminal residues; this motif has
not been reported in other proteins. ConSurf predicts two of the C-terminal domain serines and the
MEL motif to be functional due to their surface exposure and high conservation. The fact that all
Ube2H orthologs have C-terminal extensions which harbor conserved features strongly suggests

that there is some important role for the C-terminal extension in Ube2H’s biological function.
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Figure 2.5. Phylogenetic conservation scores mapped onto a model of Ube2HF..
Conservation scores were calculated using ConSurf based on orthologs in the UniProt database
aligned using MAFFT. Above, conservation scores are mapped by color onto a model of
Ube2Hgr built using MODELLER. Below, conservation scores are mapped by color onto the

human Ube2H primary sequence with secondary sequence features indicated.
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2.3 POSSIBLE POST-TRANSLATIONAL MODIFICATIONS

Disordered and serine-rich extensions are often targets for phosphorylation, and the conservation
analysis shown in Figure 2.5 predicts that the C-terminal extension residue serine S171 may be
functional due to its solvent exposure and high conservation. Phosphosite prediction software
(NetPhos3.1, NetPhorest) predicts that all seven serines in Ube2H’s C-terminal extension have
high potential for phosphorylation (Blom 1999, Miller 2008). To determine whether S171 or other
residues could be subject to post-translational modifications (PTMs), I consulted phosphorylation
databases for Ube2H-specific data. Database searches for evidence of in vivo phosphorylation did
not yield any results indicating any PTMs in Ube2H’s C-terminal extension (PhosphoSitePlus,
Hornbeck 2015). However, the absence of PTM data on Ube2H’s extension could be attributable
to coverage limitations, since Ube2H lacks trypsin cleavage sites in its C-terminal domain that
would yield sufficiently small, MS-detectable peptide fragments. Alternative proteases could
cleave the Ube2H C-terminus and yield peptides that would reveal the PTM-state of the extension
in vivo. Phosphosite databases are largely populated by high-throughput MS screens, and a more
targeted approach would be necessary to determine whether PTMs occur on Ube2H’s C-terminal
extension in cells. Nonetheless, there is considerable evidence that Ube2H is phosphorylated at an
N-terminal residue (S3) (Minard 2016, Malec 2015, Pinto 2015, Verano-Braga 2012, Gauci 2009)
and ubiquitylated at a site adjacent to the N-terminal helix (K60) (Akimov 2018, Wagner 2012,
Povlsen 2012, Wagner 2011). Both of these sites are highly conserved (Figure 2.5). Though the
phosphosite data derived from high-throughput techniques must be validated, it is an intriguing

possibility that Ube2H could be regulated by one or more of these post-translational modifications.
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2.4  UBIQUITYLATION ASSAYS

With the insight that Ube2H’s C-terminal extension is conserved, I aimed to search for a functional
purpose of the extension with respect to enzyme activity. Since E2 enzymes are the intermediate
enzymes of the ubiquitylation cascade, the C-terminal extension could in principle alter one or
more steps in the cascade. E2 enzymes participate in transthiolation reactions with E1~Ub to form
E2~Ub (in HECT- and RBR-E3s, E2~Ub conjugates carry out a second round of transthiolation
to form E3~UDb) and also participate in aminolysis reactions with substrate lysine sidechains. In
both types of reaction mechanisms, the C-terminal extension could play a direct role by interacting
with E1, E3, or substrate, or an indirect role by allosterically modulating the reactivity of the E2.
Ubiquitylation assays were carried out using recombinantly purified enzymes in vitro to examine
the functional effects of deleting Ube2H’s C-terminal extension.

I first tested whether reactivity between Ube2H and human E1 (Ubal) enzyme varied
depending on the presence of Ube2H’s C-terminal extension. Two Ube2H constructs (Ube2Hrr or
Ube2Hcore) were combined with Ub, E1, and MgCI2/ATP, and reactions were monitored for the
appearance of products. For both Ube2H constructs, the products included thioester-linked

Ube2H~Ub, autoubiquitylated isopeptide-linked Ube2H-Ub,, and polyUb chains (Figure 2.6).
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Figure 2.6. Ube2H autoubiquitylation and polyUb chain-building assay with Ube2HrL and
Ube2Hcore. Samples were taken at indicated timepoints, run under non-reducing conditions to
preserve thioester Ube2H~UD conjugates, and stained by Coomassie. Reactions with WT-Ub

reveal multiple higher molecular weight bands which were further probed in reactions with KO-
Ub, a variant of Ub which is incompatible with polyUb chain formation. Ube2H~/-Ub denotes a
mixed population of thioester and isopeptide-linked Ube2H~Ub and Ube2H-Ub, respectively.

A qualitative comparison of Ube2Hrr and Ube2Hcore reactivity against WT-Ub in Figure
2.6 reveals that both constructs yield similar products in the absence of an E3 and substrate. Both
Ube2HrL and Ube2Hcore reactions yield diUb (Ubz). For a chain-building E2 enzyme, longer
polyUb chains would be expected to form under these conditions. Thus, Ube2H does not appear
to possess chain-building activity regardless of the presence of its C-terminal extension. Instead,
the primary products for both Ube2Hrr and Ube2Hcore are autoubiquitylated, isopeptide-linked
forms of Ube2H, including bands corresponding to single and multiple Ub modifications. A
reducing gel was run on the 2-hour reaction mixture to confirm that both thioester-linked and
isopeptide Ube2H~Ub/Ube2H-Ub species were present (results not shown). To differentiate
between polyUb chains attached to a single lysine residue on Ube2H (polyubiquitylated) versus
monoUD attached to multiple lysine residues (multi-monoubiquitylated) on Ube2H, I repeated the

assay using a variant of ubiquitin in which all lysines are mutated to arginines (K0-Ub) such that
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poly-Ub chain synthesis is prevented (KO-Ub cannot serve as a ubiquitylation substrate). For both
Ube2Hrr and Ube2Hcore, KO-Ub results in fewer products as compared to WT-Ub. As expected,
no Ub, is formed for either Ube2H variant. Additionally, for both variants, there are fewer bands
of autoubiquitylated Ube2H, with no Ube2H-Ubj3 formed, and less Ube2H-Ub, formed than with
WT-Ub. Comparing the assay results between WT-Ub and KO-Ub reveals that Ube2Hrr and
Ube2Hcore have a modest ability to produce unanchored Ub; as well as di- and tri-Ub chains
anchored to Ube2H itself. It is worth noting that the conditions of this assay are far from
physiological. Nonetheless, under these conditions both Ube2HrL and Ube2Hcore are capable of
auto-monoubiquitylation, multi-monoubiquitylation, and polyubiquitylation. However, the C-

terminal extension does not appear to affect any of these activities under the assay conditions

tested.
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Figure 2.7. Intrinsic reactivity assay of Ube2H~UDb conjugates charged with either Ube2HrL
or Ube2Hcore. (A) Ube2H~Ub conjugates were formed in one-hour charging reactions with E1,
Ub, and MgCl,/ATP, charging was quenched by EDTA, and aminolysis reactions were initiated
by addition of lysine. Samples were taken at indicated timepoints, run under non-reducing
conditions to preserve thioester Ube2H~Ub conjugates, and stained by Coomassie.

(B) Quantification of bands in the intrinsic reactivity assay for both Ube2Hrr (black circles)
and Ube2Hcore (red triangles) quantified by both the disappearance of Ube2H~UDb conjugates
(dashed lines, open symbols) and the appearance of Ube2H (solid lines, filled symbols).
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To test Ube2H’s reactivity in aminolysis reactions, I performed intrinsic reactivity assays
using free lysine as a proxy substrate in order to assess Ube2H’s intrinsic activity both in the
presence and absence of its C-terminal domain. Ube2H~Ub conjugates appear to be equally
reactive to lysine regardless of the presence of the C-terminal domain under the assay conditions
tested (Figure 2.7). Deletion of the C-terminal extension from Ube2H did not appear to hinder or
enhance the rate of Ub transfer.

The C-terminal extension may affect the activity of the enzyme in the context of its cognate
E3 ligase(s) and substrate(s) by directly mediating binding interactions involving Ube2H. Without
a bona fide E3 ligase or substrate, | turned to histone H2B as a proxy substrate that likely mimics
physiological substrates more accurately than high concentrations of free lysine in solution (H2B
is used in lower concentrations than free lysine and is a globular lysine-rich protein). Ube2H was
originally noted for its ability to ubiquitylate the H2A/H2B dimer in the absence of an E3 (Kaiser
1994).

Ube2Hg, Ube2H_,.
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| e — H2B
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Figure 2.8. Histone H2B ubiquitylation assay in the presence of either Ube2HrL or
Ube2Hcore. E1, Ub, Ube2H (FL or core), H2B, and MgCl.,/ATP were combined in reaction
mixtures. Samples were taken at indicated timepoints, run under reducing conditions, and

visualized by anti-H2B Western blot.
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The histone H2B ubiquitylation assay results in Figure 2.8 reveal an interesting difference
between Ube2HrL and Ube2H.ore activities. Both Ube2H variants are capable of ubiquitylating
H2B, but the ratio of mono- versus di- and tri-ubiquitylated H2B differs depending on Ube2H’s
C-terminal extension. Ube2HrL produces a greater proportion of di-, and tri-ubiquitylated H2B,
whereas Ube2Hcore produces a greater proportion of monoubiquitylated H2B. The difference in
H2B ubiquitylation products could indicate a difference in affinity for the monoubiquitylated H2B
as a substrate for further modification. In particular, if Ube2Hrr has a higher affinity for H2B-Ub
and/or H2B-Ub, than Ube2Hcre, then a greater number of H2B-Ub and/or H2B-Ub, will be further
ubiquitylated by Ube2Hrr than Ube2Hcore.

The acidic nature of Ube2H’s C-terminal extension might confer Ube2Hr a higher affinity
for the highly basic H2B monomer than Ube2Hcore, enabling it to transfer Ub to mono- and di-
ubiquitylated H2B with greater frequency than Ube2Hcore construct. Interestingly, Kaiser et al.
suggested that the C-terminal extension is necessary for histone ubiquitylation in the case of the
H2A/H2B dimer (Kaiser 1995). The results in Figure 2.8 demonstrate that Ube2Hcore 1s indeed
capable of ubiquitylating the H2B monomer. The disparity in these results may arise from
differences in the in vitro assay conditions and/or substrates, but it is clear that at least under the
assay conditions tested, the C-terminal extension is not strictly required for Ube2H-mediated H2B

ubiquitylation.

2.5 DyNawmics OF UBE2H~UB

It is estimated that the majority of E2 enzymes in cells exist in the E2~Ub conjugate form rather
than in the unconjugated form. For this reason, and in light of the fact that E3 ligases must bind
the E2~Ub conjugate rather than free E2 for productive reactivity, the E2~Ub conjugate is

considered a more mechanistically relevant molecule to study than free E2 enzyme. In the case of
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Ube2H, I considered the possibility that the C-terminal extension may affect the conformation of
Ube2H~Ub conjugate. An altered conformational state could lead to enhanced binding with
cognate E3 ligases, or could alter the reactivity of Ube2H~Ub. In particular, a closed
conformational state of Ube2H~Ub would be predicted to lead to higher rates of aminolysis in
lysine reactivity assays. Given the fact that Ube2H lacks a conserved hydrophobic residue in the
crossover helix which interacts with Ub to form a closed E2~Ub conjugate state, I wondered
whether the C-terminal tail could serve a compensatory role to enforce a closed Ube2H~Ub
conformation. Although the data in intrinsic reactivity assays (Figure 2.7) did not reveal
significant differences between the reactivities of Ube2Hr~Ub and Ube2Hcore~Ub, the results are
only conclusive for the assay conditions tested.

To compare the structural features of Ube2H~Ub conjugates both with and without the C-
terminal extension, I used small-angle X-ray scattering (SAXS) and NMR. For both structural
approaches, I used stable oxyester mimics of both Ube2Hr.~Ub and Ube2Hcore~Ub conjugates
generated by mutating the E2 active site cysteine to serine (thioester-linked conjugates are reactive
and hydrolyze within hours of formation). SAXS scattering profiles were collected for both
Ube2Hrr-O-Ub and Ube2Hcore-O-Ub oxyester conjugates. In parallel, [ used MODELLER to build
models of Ube2H~UDb conjugates and FoXS to generate theoretical SAXS scattering curves for
each model (Schneidman-Duhovny 2016). Models were scored against averaged experimental

data and the top-fitting models were compared to experimental data (Figure 2.9).
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Figure 2.9. SAXS scattering curves for oxyester mimics of Ube2H~Ub conjugates and top-
fitting theoretical models. Top: Ube2Hcore-O-Ub, Bottom: Ube2HrL-O-Ub. Left: experimental
SAXS scattering curves are shown in hollow black circles. The theoretical SAXS curves for
best-fitting models (A-C) are shown in red (best fitting), blue (second-best fitting), and green
(third-best fitting). Theoretical curves generated from structures of UbcH5~UD in an open (light
gray) and closed (dark gray) are shown for comparison (PDB 3A33, 4AUQ), respectively). Lower
plots show residuals from experimental data. Right: the structures of all models were aligned by
the UBC domain with the Ub unit colored as in the SAXS curves. E2~Ub conjugates are shown

from the side-on view. ymod and Guinier radius values for models are shown in the table.
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The UBC and Ub domains are locally rigid and globular but are connected by the flexible

linker formed by the thioester bond between the UBC active site cysteine and the C-terminus of
Ub. Models of both Ube2Hcore~Ub and Ube2Hrr ~Ub exhibit a distribution of Ub positions relative
to the UBC domain, but the Ube2Hcore~Ub models more closely resemble a closed E2~Ub
conjugate conformation than Ube2Hr ~Ub models. When compared to theoretical SAXS curves
generated from closed and open structures of UbcHS5~Ub, Ube2Hcoe-O-Ub data are more
consistent with a closed conformation, while Ube2HpL-O-Ub data are more consistent with an open
conformation. In Ube2Hr ~Ub models, the C-terminal extension adopts a range of positions
relative to the UBC domain, as expected for a disordered extension.

It is important to interpret these models cautiously. SAXS data measure an ensemble of
conformations, and all E2~UDb conjugates are flexible multidomain proteins that adopt a continuum
of conformations. For example, even E2~UDb conjugates that are considered “closed” in fact sample
open-state conformations as well, but spend less time in those conformations as compared to
“open” E2~Ub conjugates, and vice versa. Thus, small changes in the population distribution of
E2~Ub conjugate conformational states (which could be mechanistically important) may not be
detectable in low-resolution SAXS data. The models presented here are useful in guiding future
structural studies and generating hypotheses to further corroborate. In particular, the SAXS-
generated models in Figure 2.8 point toward a potential extension-dependent difference in the
conformational ensembles of the Ube2H~Ub conjugate.

To further probe Ube2H~Ub conjugate conformational distributions, I compared the
chemical shifts of Ub residues in the apo state to the state in Ube2H~Ub conjugates. I mapped the
chemical shift perturbations that occur on Ub residues upon conjugation (via stable oxyester

linkage) to either Ube2Hcore or Ube2HrL (Figure 2.10).
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Figure 2.10. (A) Overlay of HSQC spectra of apo '*N-Ub (black) and '’N-Ub when conjugated

via oxyester linkage to either Ube2Hcore (teal) or Ube2Hrr (magenta). (B) Chemical shift
perturbations (CSPs) plotted as a function of Ub residue number. Residues with high CSPs are

indicated. Unassigned Ub residues are shown as blanks. (C) CSPs mapped onto the Ub crystal

structure (PDB 1UBQ) according to the indicated scale. Unassigned residues are shown in grey
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For both Ube2Hcore~Ub or Ube2Hr~Ub, the C-terminal residues on Ub are the most affected

residues after conjugation. These residues undergo covalent modification upon conjugation, so
large CSPs in that region are expected, but are not informative about noncovalent intramolecular
interactions between the Ub and Ube2H moieties in the conjugates. The Ub residues distant from
the C-terminus that exhibit pronounced CSPs are very similar regardless of which Ube2H construct
is conjugated (Figure 2.10B-C). In both cases, T9, T22, R42, G47, K48, and H68 are the residues
with the largest CSPs. Of these residues, R42, G47, K48, and H68 form a surface surrounding the
144 hydrophobic patch on Ub. In Figure 2.2, both Ube2Hr ~Ub and Ube2Hcore~Ub are equally
reactive to WT or 144A-Ub, and these results are consistent with fact that the 144 Ub peak does
not exhibit CSPs upon conjugation to either construct (Figure 2.10). The fact that the same Ub
residues exhibit very similar CSPs in Ube2HrL~Ub and Ube2Hcore~Ub suggests that Ube2H’s C-
terminal extension does not alter Ub interactions in the conjugate, and this is consistent with the
similar rates of lysine reactivity shown in Figure 2.2. Minor differences in Ub CSPs between the
two Ube2H constructs occur in residues G35-136 and Q49. The CSPs for G35-136 and 113 are
larger in the context of Ube2Hcore~Ub than Ube2Hr~Ub, while the reverse is true for Q49. To be
confirmed, these CSP differences would need to be shown to be reproducible and larger than the
digital resolution of the experiment. There may indeed be subtle differences in the chemical
environment of Ub in the two conjugates forms. However, the similar rates of lysine reactivity
suggest that even if there are differences in the conjugates, they are not mechanistically important
with respect to intrinsic activity towards lysine.

The conformational differences in the Ube2H~Ub conjugate SAXS models and the Ub
CSP mapping results are in mutual agreement. Figure 2.11 shows the chemical shift perturbations

in Figure 2.10 mapped onto the top ten-fitting SAXS models from Figure 2.9. In both cases, the
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perturbed surfaces on Ub are positioned closest to the UBC domain, consistent with similar
sampling of conformational states in both Ube2H~UDb conjugates. The CSP mapping data do not
lend evidence to support the notion that Ube2Hrr~Ub is in a more open state than Ube2Hcore~UD,
though the changes may be too subtle to detect in the CSP-mapping experiments. For example, it
is possible that similar Ub surfaces are perturbed in both cases, but the dynamics of conformational
sampling are altered by the presence of the extension. Further experiments are needed to test

differences in dynamics between Ube2HrL~Ub and Ube2Hcore~UD.

Figure 2.11. NMR chemical shift perturbations mapped onto the top-three fitting SAXS-derived
models of Ube2Hcore~Ub (top) and Ube2HrL~Ub (bottom) conjugates. Ube2H is shown in
salmon, Ub is shown in gray, and models are aligned by UBC domains (left structures are shown

as in Figure 2.1). Ub residues with high CSPs upon conjugation are shown in red.
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2.6  SEARCHING FOR AN E3 LIGASE

Structural characterization of Ube2H alone suggests that Ube2H’s C-terminal extension is
disordered, but perturbs residues in the UBC core domain either allosterically or through direct but
transient interactions (Figure 2.3). The conformational ensembles of Ube2H~Ub conjugate models
derived from SAXS data suggest that Ube2Hr ~Ub conjugates may adopt a more open state than
Ube2Hcore~UDb (Figure 2.9), but there are very few differences in the perturbed surfaces of Ub upon
conjugation to the two Ube2H constructs (Figures 2.10). In functional assays, Ube2Hrr and
Ube2Hcore are similarly reactive (Figure 2.6-2.8). Qualitative differences in histone H2B
ubiquitylation hint at a possible C-terminal extension-dependent difference in reactivity, but no
such difference in reactivity is detectable with free lysine in intrinsic reactivity assays. Moreover,
the differences in H2B reactivity could be attributable to simple electrostatic interactions between
Ube2H’s acidic C-terminal extension and the highly basic H2B monomer. My initial efforts to
elucidate the function of Ube2H’s C-terminal extension by considering its structural features in
isolation and its reactivity with generic lysine nucleophiles failed to identify a smoking gun. Next,
I considered the possibility that Ube2H’s C-terminal extension may not alter the UBC domain’s
intrinsic activity at all, but could instead serve to enhance Ube2H’s affinity for a cognate E3.
Several E3s have been suggested to function with Ube2H, as discussed in Chapter 1, but neither
cognate E3s nor substrates have been rigorously established. I aimed to identify a functional E3

ligase to test the hypothesis that Ube2H’s C-terminal tail may be important for cognate E3 binding.

2.7  MGS53/TRIM72

There are multiple reports that the TRIM E3 ligase MG53/TRIM72 functions with Ube2H to

ubiquitylate the substrates insulin receptor substrate (IRS-1) and focal adhesion kinase (FAK). I
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purified two truncated constructs of MGS53, one containing only the catalytic RING E3 ligase
domain (MG53RrinG), and one including the RING domain, a small C-terminal zinc-finer domain
(B-box domain), and a coiled-coil domain (MG53rgcc). MG53wr includes an additional C-
terminal domain of 250 residues classified as a SPla RYanodine receptor domain (SPRY domain)
which may be involved in E3-substrate interactions, but is not thought to be necessary for
enzymatic activity (Yi 2013, Nguyen 2014). I tested the activity of Ube2H with MG53 constructs
by monitoring the rate of Ub transfer from Ube2H~Ub to free lysine in solution for both Ube2HrL

and Ube2Hcore With both constructs of MG53 as compared to a no E3 control (Figure 2.12).
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Figure 2.12. Intrinsic reactivity of Ube2H~UDb conjugates in the absence and presence of
MGS53. (A) Assay results for Ube2Hr~UDb (top) and Ube2Hcore~Ub (bottom)
conjugates in the absence (left) and presence of MG53rinG (middle) and MG53grpcc (right).
(B) Quantification of bands from (A), with Ube2H~Ub shown on top and Ube2H alone on
bottom. Ube2Hcqre data is shown in red, and Ube2Hgr is shown in black.

For both Ube2Hr~Ub and Ube2Hcoe~UD, the rate of Ub transfer to lysine was enhanced in the
presence of both MGS53 constructs (Figure 2.11). In all cases, the rate of disappearance of the

Ube2H~Ub band, as well as the rate of appearance of the Ube2H band, is enhanced by either
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MG53 construct as compared to the no-E3 control. MG53grpcc increased aminolysis rates more
than MG53rinG, so the presence of the B-box and coiled coil domains may be functionally
important for either E3 ligase activity or Ube2H binding. MG53rscc enhanced aminolysis equally
well for Ube2HrL and Ube2Hcore. In the context of the intrinsic reactivity assays, the C-terminal
extension does not appear to be important for MG53-mediated lysine aminolysis. There is an
important caveat in interpreting the results in Figure 2.11: it is possible that the apparent increase
in lysine reactivity could be attributable to other phenomena besides MG53 binding to and
activating Ube2H. For example, although E1 activity is quenched by the addition of EDTA in
intrinsic reactivity assays, there is still detectable E1 activity during the timecourse of the
experiment, so Ube2H~UDb conjugates that have transferred Ub to free lysine can then be recharged
by E1. MG53 may have altered the rate of recharging by E1, leading to the apparent increased rate
of lysine reactivity. I next sought to confirm binding between Ube2Hrr and MG53rpcc given the
promising enhancement of activity.

The binding experiments between Ube2HrL and MG53rscc do not indicate high affinity
binding (Figure 2.13). If the interaction were strong, the addition of 0.7 molar equivalents of
MG53recc would be expected to result in either CSPs or intensity losses (broadening) across all
peaks of the Ube2H spectrum, with more pronounced broadening for specific residues involved in
the binding interaction. Instead, peaks broaden only moderately (as evidenced by I/Io values near
1), which is consistent with weak affinity binding. To determine if there are Ube2Hrr peaks that
specifically broaden to a greater extent than average, I calculated the ratio of intensities of each
peak in the presence of MG53racc at both 0.3 and 0.7 molar equivalents to the apo state (I/Io)
(Figure 2.13B). Interestingly, two C-terminal extension residues undergo significant broadening

at both 0.3 and 0.7 molar equivalents MG53rscc and therefore may be involved in the interaction
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(S164 and S166). Intensity losses were plotted on a model of Ube2Hry to identify an MG53rpcc

binding surface (Figure 2.13C). The most highly broadened residues do not form a distinct binding
surface, as would be expected for a binding interaction. It is important to note that intensity loss
measurements are often error-prone due to the fact that many peaks are not well-resolved from
neighboring peaks. However, the fact that the same residues (Y99, F105, S164, S166) undergo the
most significant broadening at both 0.3 and 0.7 molar equivalents MG53rgcc, coupled with the
fact that that the extent of broadening increases with the molar ratio of MG53rscc, suggests that
these residues are indeed specifically affected by the interaction.

A qualitative comparison of the spectra in the presence and absence of MG53rscc shows
evidence of a weak binding interaction, but the data do not clearly map to a distinct MG53rcc
binding surface on Ube2Hrr. The fact that peak broadening is weak even at 0.7 molar equivalents
of MG53recc implies that if a binding interaction does occur, it is weak. There is evidence of an
interaction between MG53recc and Ube2Hrr from the enhanced biochemical activity in Figure
2.12, but binding does not necessarily need to be strong in order to observe enzymatic activity.

In all likelihood, MG53rscc binds Ube2H in a manner similar to other TRIM E3 ligase-E2
interactions, where the N-terminal helix and nearby loops of the E2 are bound directly by the RING
domain of the TRIM (see Figure 1.2). The binding residues identified in Figure 2.13 do not clearly
map to the canonical E3-binding region of Ube2H, which is an indication that the intensity loss
measurements are too insensitive to capture the interaction. Nonetheless, it is still possible that the
C-terminal residues S164 an S166 could indeed contribute additional contacts in the interaction to
mediate specificity in the Ube2H-MGS53 interaction. To further characterize the interaction, N-
terminal Ube2H residues should be assigned and additional titrations of MG53 constructs into '*N-

Ube2H should be performed to more carefully track which residues are selectively broadened.
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Figure 2.13. (A) Overlay of HSQC spectra of "N-Ube2Hrr in the absence (black) and presence
of MG53reccat 0.3 (teal) and 0.7 (lavender) molar equivalents. (B) Intensity losses (I/1o) plotted
as a function of Ube2HFr residue number. Unassigned Ube2Hrr residues are shown as blanks.
Residues with the largest intensity losses are indicated. (C) Intensity losses for the 0.7 molar
equivalents spectrum (lavender) are plotted on a model of Ube2Hrr according to the indicated

scale. Unassigned residues are shown in grey.
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2.8 TRIM28 AND MAGEC2

TRIM2S is another TRIM E3 ligase that has been suggested to function with Ube2H in vivo.
TRIM28 was reported to function with Ube2H in in vitro ubiquitylation assays, and the addition
of the melanoma-associated antigen C2 (MAGEC2) enhanced the E3 ligase activity significantly
(Doyle 2010). Given that Ube2H is capable of ubiquitylating H2B in the absence of an E3 (Figure
2.8), I tested whether TRIM28 and MAGEC?2 enhanced the rate of H2B ubiquitylation by both

Ube2Hg, Ube2H,,,.
+ + . + + 2 GST-TRIM28_RBCC
% . . " . . MAGEC2_MHD
5 60 5 60 5 60 5 60 5 60 5 60 time (min)
~H2B-Ub,
— _{-H2B-UDb,
- -— = - H2B-Ub

- e e e e — H2B

a-H2B
Figure 2.14. H2B ubiquitylation by Ube2Hr (left) and Ube2Hcore (right) in the absence and

presence of TRIM28rpcc and MAGEC2wmup. Products were detected by anti-H2B Western blot.
Surprisingly, H2B ubiquitylation is reduced rather than enhanced in the presence of the E3
TRIM28 and MAGEC?2. The presence of TRIM28 reduces the amount of H2B-Ub formed for both
Ube2Hrr and Ube2Hcore, and H2B ubiquitylation further decreases when MAGEC?2 is present. In
the presence of both TRIM28 and MAGEC2, more H2B remains unmodified. Interestingly, the
same TRIM28 and MAGEC?2 constructs used in these assays were shown to be active with Ube2H
in p53 ubiquitylation in vitro (Doyle 2010), yet do not appear to stimulate H2B ubiquitylation.
Many TRIM E3 ligases form dimers or higher-order oligomers through the coiled-coil

domain, and in some cases the catalytic RING domains are not functional as monomers. To address
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a concern that the N-terminal GST-tag on TRIM28rscc used in the Figure 2.13 assay may have
enforced a dysfunctional oligomerization state of the TRIM28, I repeated the assay to test whether
untagged TRIM28 enhances Ube2H-mediated H2B ubiquitylation (Figure 2.15).
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Figure 2.15. H2B ubiquitylation by Ube2Hrr in the absence and presence of TRIM28grpcc

and MAGEC2mup. Products were detected by anti-H2B Western blot.

Consistent with the results in Figure 2.14, Ube2Hrr-mediated H2B ubiquitylation is decreased in
the presence of untagged TRIM28rscc (Figure 2.15). Intriguingly, the presence of MAGEC?2 alone
is sufficient to ablate H2B ubiquitylation activity. The results in Figures 2.14 and 2.15 are
surprising considering that TRIM28 and MAGEC?2 have been shown to enhance Ube2H-mediated
ubiquitylation of p53 (Doyle 2010). It is worth reiterating that neither H2B nor p53 are known to
be bona fide Ube2H substrates in vivo. One possible explanation for the apparent discrepancy is
that the H2B monomer is highly basic and charged. In particular, if either TRIM28 or MAGEC2
bind to or aggregate H2B, the effective concentration of H2B available to act as a Ube2H substrate
would be reduced. Similarly, it is also possible that the presence of TRIM28 and MAGEC?2 results
in decreased H2B ubiquitylation because they bind to Ube2H in a manner that precludes Ube2H-
H2B interactions, thereby sequestering enzyme that would otherwise be capable of ubiquitylation.

TRIM E3 ligases are notoriously complicated. The role of oligomerization in E3 ligase

function is unclear, as is the role of regulation by post-translational modifications. Without a clear



39

in vitro ubiquitylation assay with which to probe the interactions between Ube2H, TRIM28, and
MAGEC2, I turned my focus toward the novel interaction between Ube2H and MAGEC?2.

Binding experiments between Ube2Hrr and MAGEC2mup suggest weak affinity binding.
In the presence of 0.125 and 1.2 molar equivalents MAGEC2wmup, there is no widespread,
substantial broadening across all Ube2H peaks, and no CSPs occur. As with MG53rscc, intensity
losses for Ube2H peaks were calculated, and residues with intensity losses were plotted on a model
of Ube2Hrr to identify specific residues that interact with MAGEC2mup. Ube2H’s C-terminal
extension does not appear to be involved in MAGEC2yup binding, as none of the residues in the
extension undergo significant broadening. UBC domain residues G40, F70, and H76 undergo the
largest intensity losses, but they do not map to a distinct binding surface (Figure 2.16C). These
residues are all buried in the UBC domain and therefore cannot be directly involved in binding
interactions. Instead, these residues are likely affected allosterically by binding. H76 is a
structurally important residue in the HPN motif (see Figure 1.2), and the specific broadening of
this residue upon MAGEC?2 binding may point toward a restructuring of the Ube2H catalytic cleft.

Notably, L98, D100, and N102 form a distinct surface adjacent to the N-terminal helix.
Poor coverage in the N-terminal region of Ube2H precludes assessment of whether other residues
also participate in an interaction with MAGEC2uup, and further studies will be needed to
determine if Ube2H’s N-terminal helix is involved in MAGEC2wmup interactions.

Doyle et al. reported a binding interaction between tagged Ube2H and MAGEC2 via pull-
down immunoprecipitation assays (Doyle 2010). The results in Figure 2.16 represent the first
biophysical evidence of the interaction, supporting previous reports and providing residue-specific
information regarding the interaction. Additional evidence of a MAGEC2-Ube2H interaction in a

reconstituted ubiquitylation assay would lend support to the biophysical evidence provided here.
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Figure 2.16. (A) Overlay of HSQC spectra of "'N-Ube2Hyy in the absence (black) and
presence of MAGEC2wmp at 0.125 (red) and 1.2 (green) molar equivalents. (B) Intensity losses
(I/To) are plotted as a function of Ube2HFL residue number. Unassigned Ube2HFy residues are

shown as blanks. Residues with the largest intensity losses are indicated. (C) Intensity losses for

the 1.2 molar equivalents spectrum (green) are plotted on a model of Ube2Hrr according to the

indicated scale. Unassigned residues are shown in grey.
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Chapter 3. CONCLUSION

3.1 CONCLUSION

Phylogenetic conservation analysis of Ube2H’s C-terminal extension suggests that this domain
likely performs some critical function in Ube2H biology. In this thesis, I assessed the structural
and functional effects of deleting the extension as a means to gain insight into what role the
extension might serve. In assays performed in the absence of E3s and substrates, there was no
robust difference between the reactivities of Ube2Hrr and Ube2Hcore. However, NMR spectra
collected on Ube2HrL and Ube2Hcore provided the insight that while the C-terminal extension is
disordered, its presence has some effect on the chemical environment of several UBC core domain
residues through an unknown mechanism. In particular, residues near the UBC domain N-terminus
may interact transiently with the C-terminal extension. SAXS analysis of Ube2H-O-Ub oxyester
conjugates suggested that in the presence of the C-terminal extension, the Ube2H~Ub conjugate
may adopt a more open conformation. However, chemical shift perturbation mapping indicated
that the C-terminal extension does not alter the chemical environment of Ub moieties in
Ube2H~Ub conjugates. Consistent with the CSP mapping experiments, the presence of the C-
terminal extension did not alter rates of lysine reactivity in ubiquitylation assays.

The biological role of Ube2H remains poorly understood, and it is difficult to determine
the function of the C-terminal extension without a clear understanding of the function of Ube2H
itself. It is possible that Ube2H may play a very specific role under specific conditions or contexts
that have simply not been screened to date. Identification of functional, cognate E3 ligases would
provide a crucial framework for investigating the function of the C-terminal extension. Although
neither MG53 nor TRIM28 have been demonstrated to be bona fide ligases for Ube2H, there is at

least some in vivo evidence to suggest they may be. In this thesis, I report in vitro evidence that
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MG353 is a functional E3 ligase partner to Ube2H. Intrinsic reactivity of Ube2H~Ub conjugates

was stimulated by the presence of MG53, and weak binding was observed between Ube2H and
MGS53. Intriguingly, several residues in Ube2H’s C-terminal extension appear to be involved in
MGS53 binding. H2B ubiquitylation by Ube2H decreased in the presence of TRIM28 and its
binding partner MAGEC2, contrary to expectations. Given that weak binding was observed
between Ube2H and MAGEC?2, it is possible that the confounding H2B ubiquitylation results
could be explained by a non-enzymatic binding interaction. Specifically, binding between
MAGEC?2 and Ube2H could effectively reduce the affinity for Ube2H and H2B, thus decreasing

rates of H2B ubiquitylation.

3.2  FUTURE DIRECTIONS

The observed binding between Ube2H and both MG53 and MAGEC2 represent an exciting
opportunity to further characterize novel E2 interactions. In particular, structural characterization
of the Ube2H-MAGEC?2 interaction would constitute the first detailed report of an E2-MAGE
interaction. MAGE proteins are known to function with specific E2 enzymes (Doyle 2010), so
there are likely to be structural features that mediate such specificity. Further NMR binding
titrations using different MAGEC2 constructs and point-mutants would provide insight into the
binding interaction. In parallel, a functional ubiquitylation assay involving MAGEC2 should be
established as a biochemical read-out of the Ube2H-MAGEC?2 interaction.

Given the fact that deletion of the C-terminal tail does not result in changes to enzymatic
activity in ubiquitylation assays, the C-terminal extension may not modulate intrinsic E2 activity,
but may instead serve to mediate protein-protein interactions. Indeed, the observed binding
interactions between Ube2H and MG53racc appear to involve C-terminal extension residues. This

interaction will need to be confirmed in further biophysical and biochemical studies, including
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binding experiments with point-mutants in C-terminal residues designed to disrupt binding. In
addition, MG53 ubiquitylation assays such as intrinsic activity assays should be carried out in
parallel to test the functional effects of binding interaction mutations.

Cognate E3 ligases and substrates must be established for Ube2H before the biochemistry
of the system can be interrogated comprehensively. The ubiquitylation assays reported here
represent first steps toward determining functional E3 ligases. The TRIM ligase truncation
constructs used in the assays were selected based on previous reports, but may not be functionally
folded or may lack domains that are necessary for adequate binding. Further work is needed to
rigorously identify functional E3s as well as substrates. Detection of E3 autoubiquitylation in
ubiquitylation assays would be an excellent read-out in confirming functional E3s. The reported
p53 ubiquitylation by TRIM28-MAGEC2 may prove to be a useful in vitro ubiquitylation system
for Ube2H. In addition to further validating TRIM28 and MG53, a yeast two-hybrid screen could
be a useful approach in screening the multiple TRIM and RING E3s that have been reported to
interact with Ube2H in high throughput screens (BioGrid, Oughtred 2019). Once functional E3
ligases and substrates are identified, the role of the C-terminal extension can be investigated in the
context of cognate binding partners. Orthologs of Ube2H in model organisms such as S. cerevisiae
and C. elegans could also provide an effective system for determining functional effects of C-
terminal extension deletion in vivo. Once functional ligases and substrates for Ube2H are
determined, structural characterization of the role Ube2H’s disordered C-terminal tail promises to

inform our understanding of E2 enzyme diversity.
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Chapter 4. METHODS

Protein expression and purification

Ube2H constructs (WT, core, C87S) were expressed on a pET28a vector with a thrombin-
cleavable N-terminal Hise-tag. Plasmids were transformed into Escherichia coli (BL21 DE3) cells
in either LB media or minimal media supplemented with 'N-ammonium chloride for NMR
spectroscopy and cells were grown at 37 °C. Protein expression was induced at ODgoo of 0.6 by
addition of 0.2 mM IPTG and cells were grown at 16 °C for 16 hours. Cells were lysed by French
press in 25 mM Tris-HCI, 200 mM NaCl, 10 mM imidazole, pH 7.6 and applied to gravity-flow
Ni-NTA beads (GE Healthcare). Beads were washed with 25 mM Tris-HCI, 200 mM NaCl, 50
mM imidazole, pH 7.6 and subsequently eluted in 25 mM Tris-HCI, 200 mM NaCl, 500 mM
imidazole, pH 7.6. The eluted Hise¢-tagged proteins were dialyzed in the presence of thrombin (1
mg) overnight at 4 °C into 25 mM Tris-HCI, 200 mM NaCl, pH 7.6. Dialysate was re-applied to
Ni-NTA beads followed by thrombin capture beads. Flow-through was collected, concentrated,
and applied to a gel filtration column (Supderdex 75, GE Healthcare) in 25 mM sodium phosphate,

150 mM NacCl, pH 7.0.

MAGEC2mup, TRIM28rpcc, and MG53rmg/MG53recc were expressed from pGEX6pl vectors
with PreScission-cleavable N-terminal GST-tags. Plasmids were transformed into Escherichia coli
(BL21 DE3) cells in LB and incubated at 37 °C. Protein expression was induced at ODsoo of 0.6
by addition of 0.2 mM IPTG and incubated at 16 °C overnight. Cells were lysed by French press
in 25 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, pH 8.0 and applied to gravity-flow glutathione
sepharose beads and washed with 25 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 0.1% TritonX100,

pH 8.0. Beads were collected and incubated at 4 °C overnight with GST-tagged PreScission
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protease for on-column GST-tag cleavage. The sample was re-applied to gravity flow and the flow-
through was collected, concentrated, and applied to a gel filtration column (Superdex 75 for
MAGEC?2; Superdex 200 for TRIM28 and MG53, GE Healthcare) in 25 mM sodium phosphate,
150 mM NaCl, pH 7.0 (MAGEC2) or 20 mM HEPES, 100 mM NaCl, 1 mM DTT, pH 8.0
(TRIM28 and MGS53).

Human E1 and Ub were purified as previously described (Pickart 2005).

Phylogenetic Conservation

The orthologs used for the ConSurf multiple sequence alignment were generated using a UniProt
database and manually curated to exclude partial sequences and sequences from
uncultured/environmental samples. Sequences were aligned using MAFFT. Conservation scores
were weighted by phylogenetic distance using the default ConSurf algorithm. MODELLER was
used to generate a model of full-length Ube2H based on the crystal structure of the Ube2H UBC

domain. ConSurf was used to map conservation scores onto the Ube2H model structure.

Ubiquitylation Assays

E3-independent chain-building assays (Figure 2.6)

Human E1 (2 uM), Ube2Hrr or Ube2Hcore (20 uM), Ub (60 uM) and MgCL/ATP (5 mM) were
incubated in a total volume of 100 uL in 25 mM sodium phosphate, 150 mM NaCl, pH 7.0 at 37
°C for two hours. Timepoint samples (25 uL) were taken at 0, 1, and 2 hours after addition of
MgCl2/ATP and quenched in 2X SDS-PAGE non-reducing load dye on ice. Additionally, for final
timepoints, samples (25 pL) were taken and quenched in 2X SDS-PAGE reducing load dye.

Samples were run on 15% SDS-PAGE gels and stained by and visualized by Coomassie staining.
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Intrinsic reactivity/lysine reactivity assays (Figure 2.7 and 2.12)

Thioester Ube2H~UD conjugates were generated by incubating 30 uM Ube2Hrr or Ube2Hcore, 90
uM Ub,1 uM human E1, and 5 mM MgCl/ATP in a total volume of 100 pL in 25 mM sodium
phosphate, 150 mM NaCl, pH 7.0 at 37 °C for one hour. Charging reactions were quenched by
addition of 20 mM EDTA, and 40 mM lysine was added to initiate the assay for one hour. In
MGS53-mediated lysine reactivity assays, 4 uM MG53 was included with 40 mM lysine. Sample
timepoints were removed from the reaction mixture and quenched in 2X SDS-PAGE non-reducing
load dye on ice. Additionally, for final timepoints, samples (25 puL) were taken and quenched in
2X SDS-PAGE reducing load dye. Samples were run on 15% SDS-PAGE gels, and visualized by

Coomassie staining. Gels were quantified using ImageJ.

H2B ubiquitylation assays (Figures 2.8, 2.14, and 2.15)

Human E1 (1 uM), Ube2Hgr or Ube2Hcore (4 uM), Ub (20 uM), H2B (4 uM), and MgCIL/ATP (5
mM) were incubated in a total volume of 100 pL in 25 mM sodium phosphate, 150 mM NaCl, pH
7.0 at 37 °C. For TRIM28-MAGEC2 H2B ubiquitylation assays, MAGEC2uup (8 uM) and/or
TRIM28rscc (81M) were included. Reactions were initiated by addition of ATP, and timepoint
samples (10 pL) were removed from the reaction mixture and quenched in 2X SDS-PAGE

reducing load dye. Samples were run on 15% SDS-PAGE gels, and visualized by Western blot

using rabbit anti-H2B (abcam). Gels were quantified using Imagel.
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Generation of oxyester conjugates (Figures 2.9, 2.10, and 2.11)

Stable oxyester mimics of Ube2H~UDb conjugates were generated using purified active site mutants
of both Ube2Hrr and Ube2H.ore in which the active site cysteine was substituted for serine (C87S).
Ube2H-O-Ub conjugates were charged by incubating 200 uM Ube2Hgr cg7s or Ube2Hcore,c87s With
10 uM human E1, 1 mM Ub (Ubwr for SAXS in Figure 2.10 or '>N-Ub for NMR in Figure 2.9),
and 10 mM ATP/MgCl: at 30 °C in 25 mM sodium phosphate, 150 mM NaCl, pH 7.0 for 10 hours.

Ube2H-O-Ub conjugates were purified from other reaction components by multiple rounds of gel

filtration (Superdex 75, GE Healthcare).

NMR Spectroscopy (Figures 2.3, 2.4, 2.10, 2.11, 2.13, and 2.16)

Two-dimensional >N, 'H HSQC NMR experiments were performed on a 500 MHz Bruker Avance
II spectrometer, and three-dimensional *C, >N, 'H NMR spectra were collected on a 600 MHz
Bruker Avance III spectrometer equipped with a cryoprobe. All data were processed using
NMRPipe (Delaglio 1995). Residue-specific peak assignments were completed for both Ube2Hcore
and Ube2HrL using NMRViewlJ (Johnson 1994). Secondary structure propensities for C-terminal
extension residues were calculated using the formula: propensity = (Cgmeasured = Corandomeoil) —
(Cp,measured = Cp randomeoil). All HSQC spectra for Ube2H were recorded at 25 °C at 100 uM in 25
mM sodium phosphate, 150 mM NaCl, pH 7.0 in 10% D;O. For binding experiments, unlabeled
binding partner was added to samples at indicated molar equivalents. Peak intensities and chemical
shifts were measured in NMRView]. Chemical shift perturbations were calculated using the
formula: A8j = [(A8] PN/5)?+ (Adj 'H)?]"2. For binding experiments, intensities for each peak are
reported as the fraction of intensity in the presence of binding partner to intensity of apo "N-

Ube2H (I/Ip). Error in I/Ip was calculated assuming 5% error in intensities for Ip values. For HSQC
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spectra of >'N-Ub conjugated oxyesters (Ube2Hr1-O-'"N-Ub and Ube2Hcore-O-!"N-Ub), peaks

were analyzed for chemical shift perturbations as described above.

Small-Angle X-Ray Scattering (SAXS)

SAXS experiments were performed by at Stanford Synchrotron Radiation Lightsource (SSRL)
beamline 4-2 with in-line gel filtration (SEC-SAXS). Ube2H constructs and oxyester-linked
ubiquitin conjugates were each applied at concentrations of 5 and 10 mg/mL onto a Superdex 200
Increase PC 3.2/30 (GE) in 25 mM sodium phosphate, 150 mM NaCl, 0.02% NaN3, pH 7.0 at 25
°C at a flow rate of 0.05 mL/min. Data were collected using a Pilatus3 X 1 M detector with a 2.5
m sample-to-detector discance and X-ray beam energy of 12.4 keV (A = 1.127 A) with 1-second
exposures collected in 5-second increments. The first 100 data points during void volume elution
were averaged and used as baseline buffer scattering data. Scattering data from the elution peaks
were selected and background buffer scattering data was subtracted. The ATSAS software suite
was used to analyze SAXS scattering curves, generate Kratky and P(r) plots, and calculate radius
of gyration (Rg) and maximal particle dimension (Dmax) (Franke 2017).

MODELLER was used to generate 100 models for Ube2Hr.~Ub and Ube2Hcore~Ub
conjugates using the crystal structure of Ube2Hcore (PDB 2Z5D) and Ub (PDB 1UBQ). The
oxyester linkage was explicitly enforced in models and the Cy-C,, distance between the C-terminal
ubiquitin backbone carbonyl and the active site serine sidechain oxygen of Ube2H restrained to
4.7 A. The FOXS server was used to generate theoretical SAXS scattering curves for all models,
and each model was fit to the corresponding experimental scattering curves to generate 2 values
(Schneidman-Duhovny 2010). Structures of the ten best-fitting models were aligned by the

Ube2Hcore domain for all constructs.
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