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Abstract

Polyubiquitination by E2 and E3 enzymes is crucial to cell cycle
control, epigenetic regulation, and development. The hallmark of
the E2 family is the ubiquitin (Ub)-conjugating (UBC) domain that
forms a dynamic thioester conjugate with ubiquitin (E2~Ub).
Numerous studies have focused on E2 surfaces, such as the N-
terminal and crossover helices, that directly interact with an E3 or
the conjugated ubiquitin to stabilize the active, "closed" state of
the E2~Ub. However, it remains unclear how other E2 surfaces
regulate ubiquitin transfer. Here, we demonstrate the helix-turn—
helix (HTH) motif of the UBC tunes the intrinsic polyubiquitination
activity through distinct functions in different E2s. Interestingly,
the E2"™ motif is repurposed in UBE2S and UBE2R2 to interact
with the conjugated or acceptor ubiquitin, respectively, modulat-
ing ubiquitin transfer. Furthermore, we propose that Anaphase-
Promoting Complex/Cyclosome binding to the UBE2S"™ reduces
the conformational space of the flexible E2~Ub, demonstrating
an atypical E3-dependent activation mechanism. Altogether, we
postulate the E2"™ motif evolved to provide new functionalities
that can be harnessed by E3s and permits additional regulation to
facilitate specific E2-E3-mediated polyubiquitination.
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Introduction

The covalent attachment of ubiquitin (Ub) to proteins is fundamen-
tal to a wide range of cell signaling processes in eukaryotes. This
reversible modification can dictate the fate of the substrate by alter-
ing the half-life, enzyme activity, and subcellular localization of a
Ub-modified target. Post-translational modification of a protein
through Ub-tagging is not a simple or binary code. A variety of
outcomes for a given substrate are achieved through a complex
array of Ub topologies. In addition to the many lysine residues on
the protein substrate, Ub itself also contains several residues (Metl,
Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) that are used
to form polyubiquitin chains, giving rise to a multitude of possible
homotypic and heterotypic chains (Komander & Rape, 2012;
Haakonsen & Rape, 2019). A sophisticated and complex set of
enzymes in the Ub system generate the diversity in Ub modification
types (Buetow & Huang, 2016; Clague et al, 2019).

For Ub conjugation to occur, Ub is passed through an E1-E2-E3
cascade where the Ub-activating enzyme (E1) is charged with Ub in
a Mg-ATP-dependent manner to form E1~Ub (~ denotes a covalent
intermediate). The Ub is then passed from the E1~Ub to the active
site cysteine of a Ub-conjugating enzyme (E2) to form an E2~Ub
conjugate. E3 Ub ligases harness the E2~Ub to transfer Ub to the
target substrate. The specificity for different ubiquitination products
is largely controlled by E2 and E3 enzymes. RING E3s (the largest
family of E3 ligases with ~600 members) co-recruit the substrate
and the E2~Ub onto the same scaffold (Deshaies & Joazeiro, 2009).
Broadly stated, the role of the RING E3 ligases is to promote Ub
transfer from the E2~Ub thioester to the substrate by activating the
E2 (Reverter & Lima, 2005; Dou et al, 2012; Plechanovova et al,
2012; Pruneda et al, 2012; McGinty et al, 2014). In the absence of a
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RING, the E2~Ub complex is highly flexible, and the mobile Ub
samples a large degree of conformational space around the E2
active site (Pruneda et al, 2012; Metzger et al, 2014; Khago et al,
2020). RINGs have been shown to activate the E2~Ub conjugate
through direct interactions with the E2 N terminus (Reverter &
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Lima, 2005; Dou et al, 2012; Plechanovova et al, 2012; Pruneda et
al, 2012; McGinty et al, 2014). This interaction stabilizes a
“closed” form of the E2~Ub where Ub interacts with the crossover
helix of the E2, leaving the thioester linkage susceptible to nucle-
ophilic attack (Fig 1A).
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Figure 1. Specific charge-swap variants of the UBE2S"™ increase enzymatic activity and retain Ub linkage specificity.

A Structural overview of an E2 (green)~Ub (yellow) undergoing a conformational change from the “open” (PDB: 3UGB) to the “closed” (PDB: 4AUQ) state upon E3

binding, resulting in substrate ubiquitination (Dou et al, 2012; Page et al, 2012).

B UBE2S"™ (green, from PDB: 5L9T) charged residues (spheres) that were mutated and tested in autoubiquitination assays.

C E139R, E143R, and the combination ER/ER mutant substitutions in UBE2S increase
fluorescently labeled protein) and using SDS-PAGE and fluorescent scanning.

the amount of automodification, monitored by the presence of *Ub (* denotes

D ER/ER substitutions increase Ub chain formation in multiple UBE2S constructs (WT, UBC only, and UBC-UBD fusion), monitored by Coomassie staining of non-

reduced SDS—PAGE gels.

E UBE2S WT and ER/ER form primarily K11-linked Ub chains, determined by quantifying the total detected diGly linkages (left) and calculating the percentage of

specific chain topologies (right) using mass spectrometry.

Source data are available online for this figure.
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There are greater than 30 different E2s, which are identified by
the hallmark Ub-conjugating (UBC) domain (Stewart et al, 2016;
Gundogdu & Walden, 2019). E2s can contain unique insertions
within the UBC domain (e.g., the K48 chain former UBE2R/CDC34/
UBCH3), as well as N- and/or C-terminal extensions (Kleiger et al,
2009; Pierce et al, 2009; Wu et al, 2010a; Ziemba et al, 2013;
Stewart et al, 2016). Currently, there are ~30 RING-E2 structures
containing a nonspecific E2 (e.g., UBE2D) and truncated E3 (Gun-
dogdu & Walden, 2019). However, E3s often contain additional
domains to recruit specific E2s (e.g., E3 binding the backside of the
E2 UBC domain), and some E2s have been shown to utilize noncat-
alytic partners to improve activity (Reverter & Lima, 2005; Das et al,
2009; Brown et al, 2015; Haakonsen & Rape, 2019; Baek et al,
2020a). The interplay between the specificity of chain elongation,
E3 domains, and intrinsic E2 activity remains unclear. E2s are
highly conserved at the N-terminal helix, crossover helix, and back-
side. In contrast, the C-terminal helix—turn-helix (HTH) motif of the
UBC (hereafter referred to as the E2"™) is evolutionally divergent
(Gundogdu & Walden, 2019). Therefore, it is interesting to speculate
that the E2"™ has evolved to accommodate distinctive modes of
E2-E3 interactions and regulate E2 activity.

To understand how the E2"™ can be harnessed by an E3 for
chain elongation, we examined the tandem polyubiquitination
mechanisms of the Anaphase-Promoting Complex/Cyclosome
(APC/C). The APC/C is a member of the cullin-RING family of E3
ligases (e.g., SCFs) and is responsible for the timely destruction of
key cell cycle regulator proteins (e.g., Securin, Cyclin B; King et al,
1996; Baek et al, 2020b; Bodrug et al, 2021). The APC/C uses a dual
E2 mechanism where UBE2C/UBCHI10 primes the substrate with Ub
and builds short polyubiquitin chains with mixed Ub linkages along
with a second E2, UBE2S, to generate Kll-linked poly-Ub and
branched K11/K48 chains on the substrate-linked Ub (Aristarkhov et
al, 1996; Yu et al, 1996; Kirkpatrick et al, 2006; Garnett et al, 2009;
Williamson et al, 2009b; Wu et al, 2010b; Meyer & Rape, 2014).
UBE2C~Ub is recruited and activated by the cullin-like subunit
(APC2 winged-helix B (WHB)) and the APC11 RING to facilitate the
“closed” conformation of UBE2C~Ub (Tang et al, 2001; Brown et al,
2015). However, the APC/C-UBE2S mechanism is distinct. First,
UBE2S does not have the standard RING-binding residues present in
other E2s (Brown et al, 2014; Kelly et al, 2014). Second, a groove
formed by the subunits APC2 and APC4 binds to a C-terminal exten-
sion of UBE2S (Brown et al, 2016; Yamaguchi et al, 2016). Third,
the APC11 RING domain has been proposed to position the
substrate-linked Ub for diUb synthesis by UBE2S, rather than bind-
ing UBE2S directly (Brown et al, 2014, 2016; Kelly et al, 2014;
Yamaguchi et al, 2016). Critically, APC2 helices bind to the
UBE2SH™ to allow UBE2S~Ub transfer (Brown et al, 2016; Yama-
guchi et al, 2016). Currently, the “closed” form of UBE2S~UDb is the
only known catalytically competent state as mutations to the cross-
over helix (C118A) or to the canonical ubiquitin-binding surface
(I44A) impair ubiquitination (Wickliffe et al, 2011). However, it
remains unknown how the APC/C interaction with the UBE2SH™
modulates Ub chain elongation.

Here, we performed a series of intricate enzyme and binding
assays, phylogenetic analysis, molecular modeling with molecular
dynamics and Rosetta, and NMR experiments to understand how
the E2"™ functions in chain elongation and E3-dependent activa-
tion. We reveal that the E2"™ can play different roles in Ub chain
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formation depending on the E2 tested. Charge-swapping the
conserved, negatively charged residues in the UBE2S"™™ results in
both E3-dependent and E3-independent hyperactivity. The reciprocal
E2H™ mutations, from positive to negative, in UBE2C and UBE2D2
reduce their enzymatic activity. Computational modeling reveals that
the negatively charged UBE2S"™™ can interact with the conjugated
donor Ub in an extended configuration. Disrupting this interaction
through positively charged substitutions or APC2 binding to the
UBE2S"™ reduces the prevalence of this relatively inactive conforma-
tion and promotes the formation of the “closed” state. In contrast, we
show that the mutation of a conserved, positively charged residue in
the UBE2R2"™ can reduce the binding of the acceptor Ub, rather
than the donor Ub, and impair catalytic activity. Overall, we demon-
strate that the E2"™ impacts the intrinsic activity of multiple E2s,
which can be modulated by an E3, and postulate that the diversity in
the E2"™ can be important for specialization of the E2s.

Results

Specific substitutions at the helix-turn-helix (HTH) motif of
UBE2S stimulate Ub chain formation

To understand how the HTH modulates E2 function, we first created
a panel of charge-swapped UBE2S variants in this region (Fig 1B).
Using UBE2S autoubiquitination assays where the fluorescent *Ub (*
denotes the position of the fluorescent label) is monitored, we see
most substitutions had no effect on activity (Fig 1C). Surprisingly,
changing the charged residues from Glu to Arg at positions 139 and
143 noticeably increased the intrinsic UBE2S autoubiquitination activ-
ity (Fig 1C). To further demonstrate that the E139R/E143R (hereafter
referred to as ER/ER) substitutions enhance the activity of UBE2S, we
examined if these mutations were dependent on the C-terminal exten-
sion of UBE2S. We introduced the ER/ER mutations in constructs
containing only the UBC core (residues 1-156) or a UBE2S chimera
where a Ub-binding domain (UBD) from USPS5 replaces the UBE2S C-
terminal peptide (CTP, residues 196-222) that interacts with the
APC/C (Bremm et al, 2010). These substitutions increased Ub chain
synthesis for all of the UBE2S constructs tested (Fig 1D and Appendix
Fig S1G). To confirm that a change in Ub-linkage specificity was not
responsible for the enhanced E2 activity, we performed quantitative
mass spectrometry analysis on these reactions. The results revealed
an increase in both percentage and amount of K11-linked Ub chains,
indicating that the intrinsic specificity of UBE2S to form K11-linked
chains remained intact (Figs 1E and EV1A).

Taken together, substitutions in the UBE2S"™™ influence the
intrinsic chain elongation activity independently of the C-terminal
extension, but also retain K11-linkage specificity in the absence of
an E3. Furthermore, the positively charged nature of these substitu-
tions and their location on the UBE2S™™ surface suggests a role for
electrostatics at the E2"™ in the regulation of Ub transfer.

Helix-turn-helix motif of the UBC modulates activity of multiple
E2s

To understand how the E2"™ impacts Ub chain elongation, we
tested other E2s that have different charges in the HTH in diUb
synthesis assays (Fig 2A). In contrast to UBE2S, UBE2C (Fig 2B),
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UBE2D2 (Fig 2C), and UBE2R2 (Fig 2D) have positively charged
residues at analogous positions in the E2"™. Therefore, we
expected that changes from positively to negatively charged residues
would reduce the Ub-transfer activity of these E2s. To pinpoint the
charged residue(s) responsible for the modulation of E2 function,
substituted variants of UBE2S, UBE2C, UBE2D2, and UBE2R2 were
tested in a pulse-chase analysis of diUb synthesis, allowing us to
sensitively monitor the E2~Ub conjugate during a single turnover.
Briefly, the E2s are loaded with equimolar donor *Ub by the addi-
tion of E1 and Mg-ATP, forming E2~*Ub. These reactions were then
quenched with EDTA to prevent subsequent formation of E2~*Ub.
In the chase reaction, a free, unlabeled acceptor Ub, missing the
terminal glycine residues (residues 75-76, UbAGG), is added and
diUb formation is monitored. UBE2S will automodify on a lysine
(K100) within its active site (Liess et al, 2019); therefore, we substi-
tuted K100 for Argl100 (K100R) to mitigate possible artifacts due to
autoubiquitination.

Interestingly, the charge-swapped variants of these E2s had dif-
ferent effects depending on the E2 that was examined. First, UBE2S
showed an increase in diUb formation when the charge-swapped
substitutions were added (Figs 2E and EV1B). Significantly, the
E139R substitution had the most dramatic effect and enhanced diUb
synthesis by ~3.5-fold. Second, the positive to negative charge-
swaps at similar positions in UBE2C and UBE2D2 (K157E and
K128E, respectively) significantly reduced the formation of diUb
compared to the wild-type versions of these E2s (Figs 2F and G, and
EV1C), consistent with the results for UBE2S. Another chain-
elongating E2, UBE2R, presents a slightly different E2"™ and func-
tions with SCF E3 ligase complexes. Human UBE2R has an addi-
tional helical turn in the HTH and a significantly more positive
surface than the other E2s tested. Several charge-swaps were
created on UBE2R2 at residues R149, K150, D158, K159, and E160.
Of those, R149 and K150 roughly aligned with position 139 of
UBE2S. Interestingly, while most substitutions had little to no effect
on UBE2R2 activity, the R149E mutation resulted in a drastic reduc-
tion in diUb formation by ~85% (Figs 2H and EV1D). Taken
together, our results show that electrostatic interactions at the
E2"™ impact chain elongation in several different E2s, suggesting a
potential role for the E2"™ that is conserved across the E2 family.

To explore the electrostatic variability in the E2"™,
constructed a deep sequence alignment and consensus sequence for
each E2, aligned them using Promals3D, and created a phylogenetic

we

Figure 2. The charge at the E2"™ modulates the intrinsic activity of the E2.
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tree. This phylogenetic reconstruction resembled others and indi-
cated that the E2s we tested were sampled broadly across the tree
(Fig EV2A; Winn et al, 2004; Osborne et al, 2021). Based on this
consensus alignment, we also analyzed the Shannon entropy across
E2 families. E2"™ residues were significantly more variable than
the average position in the E2, and several E2s lacked an HTH
region altogether (Fig EV2A and B). Through our deep sequence
alignment for each E2, we found that several of our mutated posi-
tions are highly conserved. A negatively charged residue at UBE2S
position 139 is strongly conserved (> 90%), while positively
charged residues at UBE2D position 128 and UBE2R positions 149
and 150 are weakly conserved (~65%), strongly conserved
(> 90%), and not conserved, respectively (Figs 2I and EV2C). These
results mirror the direction and magnitude of activity changes due
to substitutions at these positions in our assays, suggesting that
there is a functional significance to highly conserved residues in the
E2"T™ More broadly, UBE2S has the most overall negatively
charged HTH compared to all other E2s (Figs 2I and J, and EV2A
and C). Interestingly, UBE2A is the only other E2 with a highly
conserved, negatively charged residue at position 139. This position
is of particular interest because it displayed the greatest effect on
diUb synthesis across our tested E2s, UBE2S, UBE2C, UBE2D2, and
UBE2R2 (Figs 2E-H and EV2A and C). Other E2s display less conser-
vation or contain positively charged residues at this position, includ-
ing UBE2C, UBE2D, and UBE2R (Figs 2I and EV2C). Overall, we
observe differences between the HTH regions of the E2 family, but
residue electrostatics within specific E2s remain conserved.

UBE2S"™ and UBE2R"™ motifs have distinct functions during
chain elongation

To examine how different charges at the E2"™ function during diUb
synthesis, we tested the chain-elongating E2s UBE2S and UBE2R in
E2~Ub transfer assays that eliminate the bulk of free Ub during
catalysis. In these experiments, either the thioester-linked donor Ub
or the noncovalent acceptor Ub were substituted during chain elon-
gation (Fig 3A and B). First, the E2 was subjected to the single-
turnover lysine discharge assay where the E2 was loaded with
equimolar *Ub, similar to the diUb synthesis assay (Fig 3A). Then,
the E2~*Ub loading reaction was quenched and free lysine was
added in the place of an acceptor Ub to facilitate *Ub discharge from
the E2. The lysine discharge assay is particularly sensitive and

A Cartoon of pulse-chase diUb synthesis assays, related to (E-H), where the donor Ub is fluorescently labeled and transferred to unlabeled acceptor UbAGG.

B Crystal structure of UBE2C"™ (yellow) aligned to UBE2S"™ (green, PDB: 1ZDN; Lin et al, 2002; Sheng et al, 2012).

C  Crystal structure of UBE2D2"™ (blue) aligned to UBE2SH™ (green, PDB: 1ZDN; Ozkan et al, 2005; Sheng et al, 2012).
D  Crystal structure of UBE2R2"™ (red) aligned to UBE2S"™ (green, PDB: 1ZDN; Sheng et al, 2012; Williams et al, 2019).
E-H

Pulse-chase diUb synthesis assays using different E2s, UBE2S (E), UBE2C (F), UBE2D2 (G), or UBE2R2 (H). DiUb formation was monitored by fluorescent scanning

(top), quantitated (bottom), and assessed for statistical significance by either an unpaired Welch’s t-test (UBE2C and UBE2R2) or one-way ANOVA (UBE2S and
UBE2D2) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3 independent, technical replicates for all E2s). Error bars: SEM. Data normalized to the maximal

WT diUb formation. # denotes a contaminant band.

| Weblogos of the HTH motifs of UBE2S, UBE2C, UBE2D, and UBE2R. Residues colored according to their average net negative (red) or positive (blue) charge. Residues
of interest on UBE2S, UBE2C, UBE2D, and UBE2R are labeled. UBE2R is extended to show conservation of D143, used in Fig 4.

J Negative charges at the E2"™ weaken the diUb synthesis activity of the E2 family. Electrostatic models of the UBE2S, UBE2C, UBE2D2, and UBE2R2 HTH motifs
were generated using the PBEQ solver (Jo et al, 2008). Active site cysteine is indicated as a yellow sphere. Negative to positive charge represented as a red to blue

gradient.

Source data are available online for this figure.
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Figure 2.

monitors the disappearance of the E2~*Ub conjugate to track Therefore, we introduced the K100R substitution into a UBE2S core
product formation. In addition to the Lys100 residue, UBE2S may (1-156) construct to further limit confounding activity due to
automodify on its C-terminal extension (Liess et al, 2019). autoubiquitination. In this assay, the UBE2S charge-swapped
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variants retained their enhanced activity compared to wild type
(Figs 3C and EV3A). In contrast, the UBE2R2 RI149E variant
performed nearly identically to wild type (Figs 3D and EV3B). These
results indicate that the markedly reduced activity for the UBE2R
variant is due to the body of the acceptor Ub.

Next, we assayed the transfer of a fluorescent peptide consisting of
the Ub C terminus (*LRLRGG), instead of the donor Ub, to an acceptor
UbAGG (Fig 3B) (Chaugule et al, 2020). In this *LRLRGG transfer
assay, the UBE2S ER/ER variant no longer displayed enhanced activity
when compared to the wild-type enzyme, suggesting that its enhanced
activity is dependent on the conjugated donor Ub (Fig 3E). In contrast,
the activity of UBE2R2 harboring the R149E substitution was still
significantly reduced, further suggesting that the UBE2R2"™ impacts
acceptor Ub recruitment during catalysis (Fig 3F).

In summary, the lysine discharge and *LRLRGG transfer assay
cleanly delineated contributions of the donor and acceptor Ub inter-
actions with UBE2S and UBE2R2 to their intrinsic activity. These
experiments revealed that UBE2S and UBE2R2 charge-swap variants
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Figure 3. UBE2S"™ and UBE2R2"™ charged residues contribute to
different steps during Ub chain elongation.

A Schematic of a lysine discharge assay. The acceptor Ub is replaced with
free lysine to monitor the stability of the E2~Ub.

B Schematic of a *LRLRGG (C terminus of Ub) peptide transfer to an acceptor
UbAGG, eliminating interactions with the donor Ub.

C The E139R substitution decreases the stability of UBE2S~Ub compared to
WT, revealed by fluorescent scanning of a lysine discharge assay (top) and
its quantification (bottom). Statistical comparison was performed using
one-way ANOVA (*P < 0.05, **P < 0.01, n = 4 independent, technical
replicates). Error bars: SEM. Data normalized to the initial time point of
each respective E2~Ub band.

D UBE2R2 R149E has a similar E2~Ub stability as WT, monitored by
fluorescent scanning (top) of the lysine discharge assay and its
quantification through an unpaired Welch’s t-test (bottom) (n = 3
independent, technical replicates). Error bars: SEM. Data normalized to the
initial time point of each respective E2~Ub band.

E Fluorescent scans (top) and quantification (bottom) of a *LRLRGG peptide
transfer assay comparing UBE2S WT and ER/ER reveals no significant
difference through an unpaired Welch’s t-test (n = 3 independent,
technical replicates). Error bars: SEM. Data normalized to the maximal
*LRLRGG-Ub formation by WT UBE2S.

F UBE2R2 R149E is still defective in the transfer of the *LRLRGG peptide to an
acceptor Ub compared to WT, probed by fluorescent scanning (top) and its
quantitation (bottom). Statistical comparison was performed using an
unpaired Welch’s t-test (**P < 0.01, n = 5 independent, technical
replicates). Error bars: SEM. Data normalized to the maximal *LRLRGG-Ub
formation by WT UBE2R2.

Source data are available online for this figure.

impact distinct stages of Ub transfer. For UBE2S, the HTH substitu-
tions modulate UBE2S activity through the donor Ub. For UBE2R2,
the HTH variant perturbs interactions with the acceptor Ub, indicat-
ing that the E2"™ has divergent functions in UBE2S and UBE2R2.

UBE2R2"™ is used to bind to the acceptor ubiquitin

Previous studies have examined how UBE2R2 recruits the acceptor
Ub. For example, an early study replaced a patch of residues (143,
147, 149, 150, and 153) with alanines to reveal a defect in activity
(Gazdoiu et al, 2007). A later kinetic study characterized a specific
charge-swap mutation at the N terminus of helix 3 of the UBE2R"™
(D143K) that decreased the rate of diUb formation by 7-fold but
rescued a defective acceptor Ub R54E mutation (Hill et al, 2016).
Thus, we suspected that the R149E substitution reduced Ub binding
to UBE2R2. To test this hypothesis, we first measured the binding
affinity for each of these substituted variants using biolayer interfer-
ometry (BLI). Previous studies found a K, for the acceptor Ub to
UBE2R2 to be ~500 pM (Liwocha et al, 2021), within error of our
observed Ky value for wild-type UBE2R2 of 650 pM + 140 pM (Fig 4
A). Both D143K and R149E variants had significantly reduced bind-
ing with Ky values of ~2 mM and > 4 mM, respectively (Figs 4A
and EV3C and D). However, the BLI curves are not saturating as a
result of thermodynamic non-ideality at high concentrations of Ub,
likely due to dimerization of the Ub (Saluja & Kalonia, 2008; White
et al, 2010). To overcome the weak binding of these variants and
technical limitations of BLI, we used a recently developed technique
called METRIS (mechanically transduced immunosorbent assay).
METRIS can measure ultra-weak interactions, uses a very small
quantity of protein, and is a single particle method, meaning it can
accurately measure small differences in binding affinity and has
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Figure 4. The UBE2R2 R149E variant disrupts acceptor Ub binding and gating loop flexibility.

A Dissociation constants of UBE2R2 and its variants binding to acceptor Ub as determined by BLI and fitted data from METRIS. Data from n > 3 independent

experiments.

B Schematic of METRIS assay set-up and parameter analysis to assess the binding between UBE2R2 and Ub. In brief, biotinylated Ub is linked to a magnetic bead
that is introduced to a magnetic field while on a UBE2R2 functionalized coverslip. The movement of each bead is quantified, and the rolling parameter correlates to

binding affinities between Ub and E2.

C  Plot of the METRIS rolling parameters of UBE2R2 WT, D143K, and R149E compared using one-way ANOVA (****P < 0.0001, WT: 63 beads x 17 rolls n = 1071,
R149E: 46 beads x 17 rolls n = 782, D143K: 47 beads x 17 rolls n = 799; technical replicates), indicating a weaker interaction with Ub between the UBE2R2

variants compared to WT. Error bars: SEM.

D  Docking model of the UBE2R2 (gray)—acceptor Ub (orange) interaction with E2-Ub contacts (blue), UBE2R2 gating loop (yellow), and R149 (purple) highlighted.
Dashed line indicates distance measured for Fig 4E between position 149 and T136 (Hill et al, 2016).
E  UBE2R2 R149E restricts the movement of the gating loop compared to WT as shown by the distances of the Ca atoms from T136 and R149 in molecular dynamics

simulations.

F Plot of METRIS rolling parameters of WT and the R149E substituted variant of UBE2R2 isopeptide-linked to the donor Ub compared using one-way ANOVA
(*P < 0.05, WT-Ub: 47 beads x 17 rolls n = 799, R149E-Ub: 114 beads x 17 rolls n = 1938; technical replicates). Error bars: SEM.

G-I Role of the UBE2R"™ in diUb formation is determined from kinetic parameters (G, H) for mutants upon titrating the acceptor Ub in pulse-chase reactions following
UBE2R2~*Ub, monitored by fluorescent scanning of nonreducing SDS—PAGE gels (1). Apparent K., and Vinax Were determined using the Michaelis—-Menten
equation (n > 3 independent, technical replicates). Error bars: SEM. Data normalized to the WT apparent Viax.

Source data are available online for this figure.

very high statistical power. The METRIS assay measures the
distance that a protein-functionalized magnetic bead will roll on a
protein-functionalized surface when subjected to a rotating
magnetic field (Petell et al, 2021). The distance each bead travels is

© 2021 The Authors

dependent on the strength of protein-protein interactions and is
measured by the dimensionless rolling parameter (RP) (Fig 4B). To
generate our METRIS system, we biotinylated native cysteines on
UBE2R2 wild-type, D143K, and R149E, and attached them to a
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streptavidin-coated surface. Ub was attached to magnetic beads via
an N-terminal biotin. The trend of the rolling parameters matched
the BLI assay: wild-type (0.143 + 0.001) > D143K (0.135 £+
0.001) > R149E (0.121 £ 0.001) (Fig 4C). By fitting the RP to the
BLI data, we predict that the R149E variant binds the acceptor Ub
10-fold weaker than wild-type UBE2R2 (Fig 4A and Fig EV3E).
Collectively, these data provide the first direct measurement of the
acceptor Ub binding to the UBE2R2H™,

To determine the rationale for the effects of the R149E mutation,
we examined a previous model of UBE2R-mediated diUb synthesis
(Fig 4D; Hill et al, 2016). This model does not have R149 directly
contacting the acceptor Ub. Furthermore, it would be geometrically
unfeasible for the acceptor Ub to contact this portion of the
UBE2R2"™ Therefore, we used computational modeling to study
the impact of this mutation on UBE2R. First, we used the Rosetta
molecular modeling suite to insert the R149E mutation into the
human UBE2R protein. The best fit rotamer allowed the formation
of a hydrogen bond with the side chain of T136, which is not possi-
ble with the native R149. T136 is found in the “gate loop” adjacent
to a highly conserved N135 that can form hydrogen bonds with G75
based on other E2 crystal structures (Plechanovova et al, 2012).
The gate loop forms the active site cleft and interacts with both the
donor Ub tail and the acceptor Ub. Dynamics of this gate loop have
been broadly implicated in E2 catalysis (Rout et al, 2014; Jones et
al, 2019). Therefore, we used molecular dynamics (MD) to further
interrogate the stability of the R149E mutant. We ran two 20 ns
simulations for the UBE2R2 wild-type and R149E variant to investi-
gate local impacts of the R149E mutation. Overall, the R149E muta-
tion led to a shorter distance between the gate loop and
UBE2R2"™, on average a 1 A shorter Ca-Ca distance between the
R149E substitution and T136 (Fig 4E). Although this change is rela-
tively small, we suspect this substitution impacts the acceptor Ub-
binding site, including its central residues (A139 and P140), based
on our model and other mechanistic data (Sadowski et al, 2010).
Furthermore, we expect that this mutation could impact the enzy-
matic activity of the E2, as the gate loop is thought to aid in cataly-
sis by partially stabilizing the tetrahedral oxyanion intermediate
(Jones et al, 2019). A recent study showed that a similar subtle
change resulted in a drastic K, and k., defect when the Ub K48
side chain was synthetically increased in length by a single methy-
lene (Liwocha et al, 2021).

Kaeli A Welsh et al

To provide biochemical support for our gating loop hypothesis,
we performed METRIS to further characterize the effect of R149E in
the context of the UBE2R2~Ub conjugate. Because both the R149E
substitution and donor Ub are expected to modulate the conforma-
tion and dynamics of the gating loop, we tested whether adding a
donor Ub to UBE2R2 would reduce the binding defect caused by
R149E. We used METRIS to study this interaction, because generat-
ing large quantities of UBE2R~UDb is prohibitive for many binding
methods. After forming a UBE2R2~Ub isopeptide conjugate through
a C93K mutation, we found only a small reduction in rolling param-
eter for the UBE2R2~Ub conjugate harboring the R149E mutation
(< 2-fold defect) in binding to the acceptor Ub (Fig 4F). This result
indicates that the donor Ub can partially rescue the 10-fold defect
observed with native UBE2R2. Additionally, we performed a pulse-
chase diUb synthesis assay titrating UbAGG to determine the appar-
ent kinetic parameters, K,,**® and V™", between the UBE2R2~Ub
conjugate and acceptor Ub (Fig 4G-I). UBE2R2 D143K and R149E
displayed a 3-fold and 7-fold increase in the K;,°"® compared to wild
type, respectively. This result agreed with the BLI and METRIS
results using unconjugated UBE2R2 (Fig 4A). Furthermore, the
Vinax PP was markedly reduced by ~50% and 90% for D143K and
R149E, respectively. Overall, our results suggest that the HTH
impacts acceptor Ub binding and catalysis during UBE2R2-depedent
Ub chain formation.

Mechanistic basis of the UBE2S"™ during diUb synthesis

In contrast to the UBE2R"™ | specific substitutions in the UBE2S"™
promote catalysis when the full body of the conjugated donor Ub is
present (Fig 3). As the E139 and E143 residues of the UBE2SH™ are
distant from the site the donor Ub occupies in the “closed” state, it
seems implausible that substitutions at these residues could stabilize
the “closed” conformation to enhance UBE2S activity. Therefore, we
hypothesized that the negatively charged residues of wild-type
UBE2S"™ stabilize an “open” UBE2S~Ub conformation. Moreover,
Ub has a positively charged p-sheet surface that is also responsible
for the interactions at the E2 crossover helix in the “closed” state.
To evaluate this hypothesis, we conducted four 500 ns MD simula-
tions for the wild-type UBE2S~Ub conjugate. In these simulations,
both the E2 and Ub remain well-folded. Within the first 50 ns of the
simulation, the conjugated Ub positions itself on a surface of the E2.

Figure 5. UBE2S"™ interacts with the donor Ub, suggesting that APC2 can prevent this conformation to facilitate the “closed” conformation.

A Molecular dynamics simulation of UBE2S (green)~Ub (yellow) reveals electrostatic interactions between the positive surface of Ub and UBE2S E139 (cutout). Rosetta
model of APC2 (gray mesh, from PDB: 5L9T) docked on UBE2S~Ub would sterically clash with this extended conformation (Brown et al, 2016).

B Reducing the positive charge of *Ub reduces the autoubiquitination of the E139R-substituted UBE2S variant, monitored by fluorescent scanning of an SDS—-PAGE gel.

C HSQC spectra displaying chemical shift perturbations and linewidth changes in **N-labeled UBE2SY® WT apo (black) or in complex with Ub (red) and UBE2SY5C ER/

ER apo (blue) or in complex with Ub (green).

D Plot of *°N-labeled UBE2SY®¢ WT and ER/ER *H linewidth changes in the presence of Ub revealing the ER/ER variant has a more dynamic active-site cysteine and
HTH, but a more stabilized crossover helix, indicative of the “closed” state. Shown are the best-fit values and standard deviations (SD) estimated from the covariance
matrix analysis of NMR spectra with n = 2048 measurement points for 16 ppm in the *H dimension.

E Structural view of UBE2S C118 interacting with 144 of Ub in the “closed” conformation of UBE2S~Ub. UBE2S (PDB: 1ZDN) was aligned to a “closed” form of

UBE2D~Ub (PDB: 4AUQ; Dou et al, 2012; Sheng et al, 2012).

F C118A substitutions decrease UBE2S autoubiquitination, measured by fluorescent scanning of SDS-PAGE gels, indicating the significance of the “closed” formation of

the UBE2S~Ub for activity.

G Rosetta modeling of UBE2S~Ub, in the absence of APC2, reveals multiple “open” conformations that would sterically clash with a docked Rosetta model of the APC2
(gray mesh, PDB: 5L9T; Brown et al, 2016). Cutout showing multiple possible interactions between UBE2S and Ub.
H Previous UBE2S~Ub crystal structure would also be prevented by the binding of APC2 (gray mesh, PDB: 5L9T; Brown et al, 2016; Lorenz et al, 2016).

Source data are available online for this figure.
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The Ub position was split evenly between “open” and “closed”
conformations. In one of the “open” states, Ub is near the UBE2SHTH
and forms a hydrogen bond interaction with E139 for more than
50% of the trajectory (Fig SA). This hydrogen bond provides a
potential open-state-stabilizing interaction between the donor Ub
and the UBE2S"™. To examine this hypothesis, we tested *Ub R54E
in UBE2S autoubiquitination assays and found that this Ub

© 2021 The Authors

substitution slightly reduced the enhanced activity of UBE2S E139R
(Fig 5B). This result supports our model that interactions between
the UBE2S"™ and the donor Ub can stabilize the “open” state and
impair catalysis.

Next, we used NMR to characterize how the UBE2S™™ variants
influence the interactions between UBE2S and Ub. Chemical shift
analyses of "’N-"H HSQC NMR spectra of UBE2S wild-type and the
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UBE2S ER/ER variant revealed very similar perturbations upon Ub
binding, where the crossover helix exhibits the largest chemical
shift differences between Ub-bound and Ub-unbound states (Figs 5
C, EV4A, and Appendix Figs S2 and S5). These findings suggest
that the UBE2S ER/ER variant binds Ub in an overall “closed”
conformation similar to the one shown previously for the wild-
type UBE2S (Wickliffe et al, 2011). However, differences were
observed in the dynamic properties of E2-Ub interactions when
comparing the 'H linewidth data. In the free state, relative to the
wild-type enzyme, the UBE2S ER/ER variant displays broader line-
width for NMR peaks of the active site residue C95 and the HTH
(Figs 5C and EV4B). This result indicates that backbones of these
regions in the variant are more conformationally flexible at the
micro-to-millisecond timescale than the wild-type enzyme. Upon
Ub binding, C95 and the HTH remain relatively more flexible in
the variant, yet residues in the C terminus of the crossover helix
(C118-H122) display much sharper linewidth compared to wild
type (Fig 5C and D). This observation suggests reduced flexibilities
at the binding interface of the variant UBE2S-Ub complex and
further supports the formation of a more ordered, “closed” confor-
mation, which is assumed to be the only active state of UBE2S~Ub.
Furthermore, the individual E139R and E143R variants interacted
with Ub in a similar manner as UBE2S harboring both substitu-
tions but exhibited reduced effects on the 'H linewidth (Fig EV4C—
H and Appendix Figs S3 and S4). These results suggest that both
E139R and E143R play roles in modulating the conformational
dynamics and shifting the population of the ER/ER variant UBE2S-
Ub complex to a more “closed” conformation.

Both the MD and NMR results hinted that the negatively charged
residues in the UBE2S"™ stabilize the catalytically inactive “open-
state” conformation and that the ER/ER substitutions promote the
“closed-state”. To further test this hypothesis, we introduced the
crossover helix C118A mutation, which reduces the formation of the
“closed” state, into these hyperactive UBE2S variants (Wickliffe et
al, 2011; Brown et al, 2016). Indeed, the activity of the UBE2S
C118A variant was markedly reduced compared to the wild-type
enzyme. However, the charge-swapped variants of UBE2S slightly
rescued this defect in autoubiquitination assays, albeit still with less
activity than wild-type UBE2S (Fig 5E and F). Together, these data
support our model that the UBE2S"™ interacts with positive charges
on the Ub surface and perturbing these interactions result in the
formation of the active, “closed” E2~Ub state.

The concept that disfavoring the “open” states could activate an
E2, as revealed by the charge-swapped UBE2S variants, suggests
that an E3 could also use this mechanism to enhance polyubiquiti-
nation. To better understand the conformational ensemble of the
UBE2S~Ub conjugate, we used the E2-thioester protocol in Rosetta
to generate 100,000 structures. In the top 200 structures, we
observed two different orientations where positively charged resi-
dues in the conjugated Ub interact with E139, indicating that addi-
tional “open” conformations are possible. Interestingly, the
conjugated Ub would sterically clash with APC2 in both conforma-
tions (Fig 5G). These structures resemble the crystal structure of
UBE2S~Ub, which would also clash with APC2 (Fig 5H; Lorenz et
al, 2016). Furthermore, there are other possible “open” conforma-
tions where the Ub would clash with APC2 even though the conju-
gated Ub is not interacting with E139. Thus, this modeling implies
that APC2 could enhance the formation of the “closed”

10 of 21 The EMBO Journal ~ 41: 108823 | 2022

Kaeli A Welsh et al

conformation of UBE2S~Ub by reducing the possible “open” config-
urations of the E2~Ub conjugate.

Charge-swapped HTH substitutions function in the context of E3-
dependent ubiquitination

To examine how an E3 can modulate E2 activity through interac-
tions at the HTH, we interrogated three E2s (UBE2C, UBE2D2, and
UBE2S) that partner with the APC/C. Previous studies have shown
that substitutions at the UBE2S"™ or the UBE2S-interacting helices
of APC2 result in a catalytic defect but do not disrupt the binding of
UBE2S to the APC/C (Fig 6A; Brown et al, 2014, 2016; Kelly et al,
2014). Unlike UBE2S, UBE2C and UBE2D2 are not expected to use
the E2H™ to interact with the APC/C based on the available struc-
tural and mutagenesis data (Brown et al, 2014; Brown et al, 2015;
Chang et al, 2015; Brown et al, 2016). Instead, they are both acti-
vated by the APC11 RING domain, while the winged-helix B (WHB)
of APC2 also binds to the backside of UBE2C (Figs 6B and EV5A;
Brown et al, 2015, 2016).

Using a recombinantly expressed and purified system, we moni-
tored APC/C-E2-dependent activity on known substrates Cyclin
BNTP* (CycBNTP*) or Securin* (Sec*). Based on the quantitation of
the unmodified substrate and ubiquitinated products, both charge-
swapped UBE2C and UBE2D2 variants displayed reduced APC/C-
dependent ubiquitination activity (Figs 6C and D, and EVS5B),
consistent with the diUb assays (Fig 2F and G). Specifically, the
activities of the charged-swapped E2 variants were decreased by
~30-60% compared to wild type. To bypass the need for UBE2C-
dependent priming of the substrate and specifically test APC/C-
UBE2S-dependent activity, Ub was genetically linked to the
substrate. As expected from previous studies, several relatively
conserved (> 50% based on our sequence alignment) UBE2S substi-
tutions (E131R/E132R, R135E, R147E) were defective in an APC/C-
dependent manner because of their interactions with APC2 (Figs 6E
and EVSC-E). Consistent with the E3-independent results, the
UBE2S E139R, E143R, and ER/ER variants displayed a slight
increase in activity. This enhanced APC/C-dependent activity was
then tested in a HeLa cell extract system where APC/C substrate
degradation was monitored. Degradation of endogenous APC/C
substrate Cyclin B was markedly reduced in UBE2S-depleted
extracts. This defect was rescued by the addition of recombinant
UBE2S. When the recombinant UBE2S ER/ER variant was added,
substrate degradation was further enhanced (Fig 6F). Taken
together, our data suggest that the functional role of the HTH is
preserved in E3 catalyzed chain elongation.

APC/C and UBE2S"™ substitutions facilitate the formation of the
“closed” state of E2~Ub

To determine if both the APC/C and the UBE2S"™ substitutions
enhance Ub chain elongation through a related mechanism, we
tested the UBE2S variants against APC/Cs harboring mutations at
APC2 that disrupt the APC2-UBE2S interaction based on previous
studies (Fig 7A; Brown et al, 2016). As expected, APC/C containing
V542A/E543A and K562D substituted variants of APC2 were defec-
tive in UBE2S-dependent substrate chain elongation assays.
However, the charge-swapped UBE2S"™™ variants partially rescued
these defects, suggesting that, fundamentally, both APC/C and the

© 2021 The Authors
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Figure 6. E2"™ substitutions differentially impact substrate ubiquitination by the E3 APC/C.

A, B Schematic of UBE2S~Ub (A) and UBE2C~Ub interactions (B) with the APC/C. UBE2S~Ub uses its C-terminal extension to bind to a groove formed by APC2 and APC4.

The UBE2S"™ interacts with APC2 and the APC11 RING domain positions the substrate-linked Ub for chain elongation. UBE2C~Ub is positioned by the APC11RIN¢
and APC2 winged-helix B (WHB) domains during substrate ubiquitination (Brown et al, 2015, 2016).

Securin ubiquitination by APC/C and either UBE2C WT or K157E, resolved by SDS-PAGE and fluorescent scanning. Quantification of 4 or more ubiquitins added on
the substrate (right) are calculated as a fraction of total ubiquitination and analyzed by an unpaired Welch’s t-test (****P < 0.0001, n = 5 independent, technical
replicates). Error bars: SEM.

Similar to C, Ub-securin ubiquitination by APC/C and either UBE2D2 WT or charge-swap variants. Quantification of 4 or more ubiquitins (right) added on the
substrate are calculated as a fraction of total ubiquitination and analyzed by one-way ANOVA (****P < 0.0001, n = 4 independent, technical replicates). Error bars:

SEM.

E Representative fluorescent scan of an SDS—PAGE gel of APC/C-dependent polyubiquitination of Ub-CyclinB* by a panel of UBE2S"™ charge-swap variants.

Quantification in Fig EV5C.

F The recombinant UBE2S ER/ER variant increases Cyclin B degradation in G1 extracts compared to UBE2S wild type (WT), monitored by immunoblot. G1 extracts
were prepared from Hela S3 cells treated with either control firefly luciferase siRNA (siFF) or two UBE2S siRNAs (siUBE2S).

Source data are available online for this figure.

UBE2S"™ variants have similar effects on E2~Ub (Fig 7B). Next, we
performed diUb synthesis assays using both the entire APC/C and
the smaller APC/C Platform (composed of APC1, APC2, APC4,
APCS5, and APC11). As expected, the APC2 substitutions disrupted
UBE2S-dependent activity, but the UBE2S"™™ variants partially
rescued these deficiencies (Fig 7C and D). To test whether these
functions are dependent on the “closed” state of E2~Ub, C118A-
substituted UBE2S variants were examined in APC/C-dependent
substrate polyubiquitination assays. Noticeably, the HTH charge-
swap substitutions were able to partially rescue the dramatic defect
caused by the C118A mutation (Fig 7E). However, these C118A/

© 2021 The Authors

E139R and C118A/E143R variants did not display the enhanced
activity of their E139R and E143R counterparts. These results indi-
cate that both APC/C- and substituted HTH-dependent activation of
UBE2S function by driving the UBE2S~Ub “closed” conformation.

Discussion

Current views of how E2 enzymes are activated to mediate polyu-
biquitination are largely based on simplified E2-E3 systems using
truncated versions of the E3, nonspecific E2s, and rarely include an
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Figure 7. UBE2S"™ substitutions partially rescue the defects in Ub chain elongation created by disrupting the UBE2S-APC2 interaction.

A Structural view of UBE2S"™ (green) interacting with APC2 for diUb synthesis (Brown et al, 2016). Residues of interest at the UBE2S"T"-APC2 interface are indicated as
red spheres (PDB: 5L9T).

B Representative fluorescent scan of an SDS—PAGE gel (left) and its quantification (right) where the charged-swapped variants of the UBE2S"™ enhance substrate
ubiquitination of APC/Cs harboring APC2 substitutions. Statistical significance was assessed by two-way ANOVA (*P < 0.05, ***P < 0.001, n = 3 independent,
technical replicates). Error bars: SEM. Data normalized to the negative control substrate band from reactions lacking an E2.

C APC/C-UBE2S-dependent diUb synthesis was monitored by fluorescent scanning (left), quantitated (right), and assessed for statistical significance by two-way ANOVA
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 3 independent, technical replicates), demonstrating that the UBE2S"™ substitutions rescue the defects in
diUb synthesis created by mutating APC2. Error bars: SEM. Data normalized to WT APC/C-UBE2S diUb reactions.

D APC/C Platform-dependent activation of UBE2S-mediated diUb synthesis was monitored by fluorescent scanning (left), quantitated (right), and assessed for statistical
significance by two-way ANOVA (*P < 0.05, ***P < 0.001, ****P < 0.0001, n = 3 independent, technical replicates). Error bars: SEM. Data normalized to WT APC/C
Platform-UBE2S diUb reactions.

E Similar to B, the role of the “closed” conformation in UBE2S-dependent Ub chain elongation of the APC/C substrate Ub-CycB*, monitored by the incorporation of
C118A-substituted UBE2S variants (top). Quantification of ubiquitinated Ub-CycB* was assessed (bottom) and statistical significance by one-way ANOVA between
C118A and WT, C118A/E139R, and C118A/E143R (**P < 0.01, ****P < 0.0001, n = 3 independent, technical replicates). Error bars: SEM. Data normalized to WT UBE2S
4+ Ub additions.

Source data are available online for this figure.

E3-bound substrate (Gundogdu & Walden, 2019). Therefore, addi- is likely that this motif has become specialized to facilitate Ub chain
tional mechanistic understandings are needed to dissect how E2-E3 elongation. Collectively, our studies show that the E2"™ is impor-
pairs achieve specific interactions to form complex Ub topologies. tant for modulating the intrinsic polyubiquitination activity of the
As the E2"™ is the most divergent region of the E2 UBC domain, it E2 enzyme through multiple mechanisms.
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UBE2S is recruited by the APC2-APC4 groove via its C-terminal
extension, which also activates the APC/C for substrate priming
with UBE2C (Brown et al, 2014, 2016; Kelly et al, 2014; Martinez-
Chacin et al, 2020). The UBE2S"™ interacts with the helices on
APC2, activating UBE2S~Ub for Ub transfer (Brown et al, 2014,
2016). However, the mechanistic basis for this activation has
remained unclear. By combining NMR, MD simulations, and
detailed biochemical assays, we demonstrate that the negative
charge present on the UBE2S™™ reduces the rate of Ub transfer.
While this defect is relatively mild in single turnover reactions, it is
exacerbated during the formation of an entire polyubiquitin chain
because the deficiency would occur every time a Ub is added to the
chain. However, why would UBE2S"™ have residues that slow
down catalysis? It is possible that this mechanism reduces its activ-
ity to prevent the nonspecific discharge of UBE2S~Ub to non-E3
bound substrates, and consequently, the APC/C facilitates specific
ubiquitination of client proteins using the UBE2S"™-APC2 interac-
tion to limit the conformational space of the donor Ub and enrich
the “closed” E2~Ub conformation. This finding is supported by our
sequence analysis, since UBE2S has the most negatively charged
HTH and interacts with an E3 at this region. Moreover, since it was
previously suggested that the UBE2S~Ub intermediate is not acti-
vated by the RING domain to stabilize the “closed” configuration,
our proposed mechanism reveals an unexpected model for E2 acti-
vation by an E3 (Williamson et al, 2009b; Wickliffe et al, 2011;
Brown et al, 2014, 2016; Kelly et al, 2014).

To expand this mechanism across E2 family members, we tested
multiple E2s that are canonically activated by a RING domain and
are not known to bind to the E3 through their E2"™ motifs. For
these E2s, UBE2C, UBE2D2, and UBE2R2, positive to negative
substitutions on the E2"™ decreased Ub chain elongation in an E3-
independent manner. UBE2R2 displayed the most striking defect
and has several mechanistic features similar to UBE2S. UBE2R is the
chain-elongating E2 for SCF E3 ligases and is recruited to the E3
through the binding of its C-terminal extension (Gazdoiu et al,
2007; Kleiger et al, 2009; Pierce et al, 2009; Wu et al, 2010a). There-
fore, we performed a side-by-side comparison between UBE2S and
UBE2R2 to decipher how interactions with Ub promote different
mechanisms. Surprisingly, the results suggested that the E2"™ contri-
butes to interactions with the donor Ub for UBE2S and the acceptor
Ub for UBE2R2 (Fig 3). Therefore, Ub binding to the E2"™ has been
repurposed depending on the E2 utilized. Interestingly, previous
NMR analysis of the K63 chain former UBE2N suggested that the
E2"™ also interacts with the donor Ub when the dynamic E2~Ub
conjugate is formed (Pruneda et al, 2011). Furthermore, there are 5
structures where the donor Ub is bound to the E2"™ (PDB: 3UGB,
SIFR, STUT, 2KJH, 4R62) (Serniwka & Shaw, 2009; Page et al, 2012;
Kumar et al, 2015; Mulder et al, 2016). These structures indicate that
an “open” state where donor Ub can interact with the E2"™ may be
universal and preventing this state could be a mechanism of E2 acti-
vation by additional E3 domains and adaptors.

Based on the Shannon entropy of our E2 alignment, we found
that the region around helix C in the E2"™ had a high Shannon
entropy, indicating that it is one of the more variable regions of the
protein (Fig EV2B). While most of the E2s have a structurally
homologous HTH, several E2s have unique structures, such as loop
insertions, or are completely missing the E2"™. For example, the
human isoform of UBE2R has one additional helical turn in many
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other mammalian versions but not in Saccharomyces cerevisiae.
Also, many E2s that have a divergent HTH have a specialized func-
tion. Helix C of UBE2Z is replaced with a longer loop and acts as the
Fat10-conjugating enzyme (Schelpe et al, 2016). UBE2V is the inac-
tive adaptor that coordinates with UBE2N to form K63 chains and
has only a single helical turn instead of an HTH (Eddins et al,
2006). In UBE2W, which conjugates Ub to disordered N-terminal
amines, the HTH is replaced by a dynamic loop (Vittal et al, 2015;
Ye et al, 2020). UBE2K has an additional helical extension that
contains a Ub binding site (Pluska et al, 2021). UBE2J and UBE2Q
also do not have HTH motifs, suggesting that these E2s have
acquired additional functions. Overall, it appears that the E2HTH
provides a platform for diversification of E2 activity.

The variety of E2s suggests that numerous possible mechanisms
exist that expand beyond the traditional view of E2 activation by an
E3. In particular, the UBC domain is already known to bind to
several different protein regulators to alter E2 activity and achieve
specificity. Typically, these interactions occur at the N terminus or
backside of the UBC domain (Buetow & Huang, 2016; Stewart et al,
2016; Gundogdu & Walden, 2019). However, the binding of Ub—
either as a donor or acceptor—to the E2™ appears to add another
layer of regulation that intersects both catalysis and protein—protein
interactions. Therefore, we suspect that the harnessing of the E2"™
surface by E3s for substrate polyubiquitination will be uncovered in
future studies.

Materials and Methods

Protein purification

Wild-type and mutant proteins necessary for ubiquitination assays
(UBA1, UBE2S, UBE2C, APC/C, CDH1, Ub, and substrates) were
expressed and purified as previously described (Brown et al, 2014,
2015, 2016; Jarvis et al, 2016). Recombinant APC/C, UBA1, and
CDH1 were expressed using a baculovirus expression system, and
all other proteins were purified from BL21-Codon Plus (DE3)-RIL
cells (Weissmann et al, 2016). All purification steps were completed
at 4°C unless otherwise indicated.

APC/C was expressed in baculovirus-infected Hi-5 insect cells,
which included a twin Strep-tag at the C terminus of APC4. After
centrifugation, the cells were resuspended in lysis buffer (50 mM
HEPES pH 8.0, 200 mM NaCl, 5% glycerol, 1 Roche Ultra EDTA-
free Protease Inhibitor tablet per 50 ml buffer, 10 ug/ml Leupeptin,
20 pg/ml Aprotinin, 2.5 mM Benzonase, and 2.5 mM PMSF). Cells
were sonicated, and the debris was cleared by centrifugation. Clari-
fied lysate was incubated with Strep-Tactin Sepharose resin and
eluted with desthiobiotin. APC/C was further purified with anion
exchange and size exclusion chromatography (SEC) into a final
buffer of 20 mM HEPES pH 8, 200 mM NaCl, and 1 mM DTT
(Brown et al, 2016; Jarvis et al, 2016). All proteins were sized into
this final buffer unless uniquely otherwise described. This purifica-
tion protocol was used to generate phosphomimetic (pE) APC/C
AAPC15 with APC2 VE542-543AA or K562D substitutions, as well
as APC/C Platform with APC2 VE542-543AA substitutions (Qiao et
al, 2016).

CDH1 was expressed in Hi-5 insect cells and purified with a N-
terminal 3xMyc-Hise tag (Qiao et al, 2016). After elution from nickel
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NTA agarose beads, the Myc-His tag was removed with HRV 3C
protease treatment and CDH1 was further purified by cation exchange
chromatography. Lastly, CDH1 was subjected to SEC into a final
buffer of 20 mM HEPES pH 7, 300 mM AmSO4, and 1 mM DTT.

UBA1 was expressed with an N-terminal GST tag in baculovirus-
infected insect cells and purified by Glutathione Sepharose 4B (GS4B)
resin. After thrombin-dependent removal of the GST tag, UBA1 was
then purified by anion exchange chromatography, passed over
heparin resin to remove thrombin, and SEC. UBA1 expressed in bacte-
ria cells contains an N-terminal Hiss tag and was purified with nickel-
affinity chromatography, anion exchange chromatography, and SEC.

UBE2S wild-type and its variants for ubiquitination assays were
expressed with an N-terminal multipurpose tag from a customized
PRSF duet vector including a Hisg tag, TEV protease site, FLAG tag,
then HRV 3C protease site. After expression, these proteins were
purified with nickel-affinity chromatography and treated with HRV
3C protease. The full-length versions of UBE2S underwent further
purification through cation exchange chromatography. Both the
UBE2SYB¢ and UBE2S full-length constructs were then subjected to
SEC. UBE2S-UBD constructs were expressed as a GST fusion. After
purification by GS4B resin, the fusion protein was treated with HRV
3C protease and dialysis. Liberated GST was then removed by GS4B
resin and the UBE2S-UBD was purified by SEC.

For NMR, '°N-labeled UBE2SVEC wild-type and the ER/ER variant
were grown to OD 0.8-1.0 in minimal media (1X M9 salts, 0.06 mM
FeCl;, 2 mM MgSO4, 0.1 mM CaCl,, 2 g/l glucose) at 37°C and
induced with 0.6 mM IPTG at 16°C. Isotopically labeled variants
were purified as previously described above for unlabeled
UBE2SYBC. Immediately prior to NMR experiments, *N-variants and
unlabeled, wild-type Ub were buffer-exchanged into 20 mM HEPES
pH 7, 100 mM NacCl, 10 mM DTT.

All other E2s were also expressed in BL21-Codon Plus (DE3)-RIL.
UBE2C and mutants were purified using a C-terminal Hiss tag,
nickel affinity chromatography, and SEC. UBE2D2 and mutants
were expressed without an affinity tag. Cells were resuspended
in 50 mM HEPES pH 7.5 and 5 mM DTT. After sonication and clari-
fying the lysate, UBE2D2 was isolated by cation exchange chro-
matography and SEC. UBE2R2 and its variants were expressed with
an N-terminal GST tag with a TEV protease cleavage site. After puri-
fication using GS4B resin, dialysis, and treatment with TEV, GS4B
was used to remove the cleaved GST-tag and TEV protease, and
UBE2R2 was further purified by SEC. UBE2R2 and its mutants used
in BLI experiments were not treated with TEV and therefore
remained as a GST-UBE2R fusion.

Fluorescently labeled substrates were purified as previously
described (Brown et al, 2014). In short, substrates were purified
with an N-terminal GST tag with a TEV protease cleavage site and a
C-terminal Cys-Hisg uncleavable extension. Substrates were isolated
on GS4B resin before elution and TEV protease treatment. After
nickel affinity chromatography and SEC, the substrates were fluores-
cently labeled using fluorescein-5-maleimide (Thermo Fisher) that
reacted with the single cysteine at the C terminus. These substrates
were then subjected to SEC.

Unlabeled Ub and UbAGG was purified as previously described
(Brown et al, 2014). UbAGG is missing the final C-terminal glycine
residues necessary to go through the Ub cascade. After sonication
and centrifugation, the bacteria lysate was treated with acetic acid at
room temperature (RT) until the lysate reached ~pH 4.5. The lysate
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was then centrifuged to remove precipitation and dialyzed overnight
at room temperature in 25 mM Sodium Acetate pH 4.5. Ub was then
further purified with cation exchange chromatography and SEC.

Ub for fluorescent labeling was expressed with an N-terminal
GST tag, TEV protease site, and a single cysteine. After purification
by GS4B resin, dialysis, and protease treatment, liberated GST was
removed with GS4B resin. After TEV cleavage, the amino acids of
GSGGSC remain appended to the starting methionine of wild-type
Ub. Ub was then subjected to SEC, fluorescent labeling of the N-
terminal Cys by fluorescein-5-maleimide and purified by SEC.

Enzyme assays

All ubiquitination assays were completed by mixing reaction
components on ice in assay buffer (20 mM HEPES pH 8, 200 mM
NaCl) before equilibrating to room temperature (RT) and starting
reactions with either Ub or MgCl,-ATP. At the indicated times, reac-
tions were quenched with SDS loading buffer before being separated
by SDS-PAGE on either GenScript or Invitrogen 4-12% Bis-Tris gels
in non-reducing conditions. To visualize reactions, fluorescent gels
were scanned on an Amersham Typhoon 5 before being quantified
on ImageQuant software and processed with GraphPad Prism.
Welch’s unpaired t-test was utilized for comparisons of two variants
to account for potential differences in variances. One-way ANOVA
tests were utilized for multiple comparisons. However, two-way
ANOVA tests were utilized in Fig 7B-D to account for grouping from
both UBE2S and APC/C variants. Confirmation that data met statisti-
cal test assumptions was performed with GraphPad Prism. Qualita-
tive Coomassie gels were imaged on a Bio-Rad ChemiDoc. All
assays were performed at least 3 times (n > 3).

UBE2S autoubiquitination assays (Figs 1C and 5B and F) were
performed by mixing 100 nM UBA1 with 200 nM UBE2S and 4 uM
*Ub. Reactions were started with 5 mM MgCL,-ATP and quenched
after 60 min.

To qualitatively test the effect of the ER/ER mutations on chain
elongation, we added 5 uM of either UBE2S full-length (FL), UBE2S-
UBD, or UBE2SYE€ to 0.5 uM UBA1, 250 uM Ub, and 10 mM MgCl,-
ATP and incubated at 37°C (Fig 1D and Appendix Fig S1G).
Aliquots were taken at 0, 15, 30, 60, and 120 min and resolved by
non-reductive SDS-PAGE before Coomassie staining. Similarly, to
make samples for mass spectrometry analysis, 500 pl reactions were
set up in triplicate with the same concentrations as above (Figs 1E
and EV1A). Reactions were allowed to proceed at 37°C for 4 h
before being quenched with 50 mM EDTA pH 8.0. To remove
unmodified proteins, reactions were spiked with 100 ul of 1 M
glacial acetic acid to pH 4.5, spun down at 18,000 g for 10 min and
desalted into 20 mM HEPES pH 8, 200 mM NacCl before being snap-
frozen with liquid N,.

Pulse-chase assays were used to monitor the diUb formation
mediated by UBE2S, UBE2C, UBE2D2, and UBE2R2 (Figs 2E-H and
EV1B-D). Due to low propensities to automodify, full-length UBE2C,
UBE2D2, and UBE2R2 were utilized. UBE2S®C was used and a K100R
substitution was introduced to prevent automodification (Liess et al,
2019). To load the E2, 1 uM UBA1, 5 mM MgCl,-ATP, and equimolar
E2 and *Ub (2 uM for UBE2S, 5uM for UBE2C, UBE2D2, and
UBE2R2) were incubated at RT for 10 min to generate E2~*Ub conju-
gates and then quenched with 50 mM EDTA pH 8.0. This mixture was
combined with 1 mM UbAGG to result in a final concentration of
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0.5 uM E2~*Ub and reactions were quenched at the indicated times.
Ub discharge to lysine mediated by UBE2S (Figs 3C and EV3A) or
UBE2R2 (Figs 3D and EV3B) was assayed in a similar scheme.
However, the E2~*Ub mixture was combined with 20 mM free lysine
instead of UbAGG for a final E2~*Ub concentration of 0.5 uM.

Fluorescent-LRLRGG (¥*LRLRGG) peptide transfer assays were
performed by incubating 10 uM *LRLRGG peptide, 0.5 uM UBAIL,
100 uM UBAGG, 5 mM MgCl,-ATP, and either 1 uM UBE2S (Fig 3E)
or 5 uM UBE2R2 (Fig 3F) at RT. Reactions were quenched in non-
reducing SDS buffer at the indicated time points and separated on
Invitrogen 4-12% Bis-Tris gels and imaged on the Amersham
Typhoon 5.

The apparent kinetic parameters, K, (K,™") and Viyax (Vinax™),
of wild-type UBE2R2 and variants D143K and R149E were assessed in
pulse-chase diUb synthesis assays to determine mutational effects on
UBE2R2 activity (Fig 4G-I). A pulse reaction of 1 pM Hisg-UBAL,
5 uM *Ub, 5 pM UBE2R2, and 5 mM MgCl,-ATP was incubated for
10 min, then quenched with 50 mM EDTA to generate the
UBE2R2~*Ub conjugate. This pulse mixture was diluted 10-fold into a
secondary reaction with varying amounts of UbAGG to allow
*Ub~UbAGG formation. Time courses suitable for each UBE2R2 vari-
ant at each UbAGG concentration were quenched and separated by
SDS-PAGE to allow for the quantification of the UBE2R2~*Ub band.
Initial velocities were calculated from the resulting time courses by
determining the absolute value of the slope of UBE2R2~*Ub depletion
within the linear range of activity. The initial velocities were fitted
into the Michaelis-Menten equation, v = V. P[X]/(Kn™P+[X]),
where X is the acceptor UbAGG, to estimate K,°*" and V,;,,,**P. The
wild-type initial velocities were fitted first to determine the wild-type
Vimax PP, This value was used to normalize the initial velocities of
UBE2R2 wild-type, D143K, and R149E as a percentage of the wild-
type Vimax PP. All data points were performed at n > 3.

APC/C-dependent substrate ubiquitination assays for UBE2S
(Figs 6F, 7B and E, and Fig EV5C-E), UBE2C (Figs 6C and EV5B),
and UBE2D2 (Fig 6D) were performed with 30 nM APC/C, 500 nM
CDH1, 500 nM substrate, 100 nM UBA1, 125 uM Ub, 5 mM MgCl,-
ATP, and either 200 nM UBE2S, 750 nM UBE2D2, or 1 uM UBE2C.
Reactions were incubated at RT and quenched at 8 (UBE2C) or 10
(UBE2S and UBE2D2) minutes.

To determine the impact of mutations within APC2 on the activ-
ity of wild-type UBE2S and charge-swap mutants, diUb formation
assays were performed without the pulse-chase reaction scheme
(Fig 7C). In short, 1 uM Hisg-Ubal, 2 pM *Ub, 100 nM CDH1, 1 mM
UbAGG, 200 nM of the respective UBE2S variant, and 100 nM of the
respective APC/C variant were combined. Reactions were started
with 5 mM MgCL-ATP and quenched at 5 min. DiUb formation
assays for UBE2S and APC/C Platform variants were performed
under the same conditions but in the absence of CDH1 (Fig 7D).

Proteomics—Ilabel-free Ub chain linkage analysis of chain
elongation by UBE2S

For mass spectrometry (Figs 1E and EV1A), in vitro Ub assays were
performed in triplicate as indicated (absence of E2, UBE2S,
UBE2SERER UBE2S-UBD or UBE2SERER.UBD) and followed by acid
precipitation and then buffer exchange into 20 mM HEPES pH 8,
200 mM NaCl. Samples were subjected to reduction (5 mM tris(2-
carboxyethyl)phosphine for 10 min at room temperature) and

© 2021 The Authors

The EMBO Journal

alkylation (25 mM chloroacetamide for 20 min at room tempera-
ture) followed by Trichloroacetic acid (TCA) precipitation with 20%
TCA, a wash with 10% TCA, and triplicate washes with cold
acetone. Samples were briefly dried and resuspended in 30 pl diges-
tion buffer (100 mM triethyl ammonium bicarbonate pH 8.5, 0.1%
RapiGest) and digested for 2 h at 37°C with Lys-C (0.25 pg) and
then 6-8 h with trypsin (0.5 pg) at 37°C. The samples were acidified
with equal volume of 1% formic acid to pH ~2, incubated for
15 min, vacuum centrifuged to near dryness and subjected to C18
StageTip desalting. Label-free analysis was performed in biological
triplicate and analyzed sequentially by LC/MS? on a Q Exactive
mass spectrometer (Thermo Fisher Scientific) coupled with a Famos
Autosampler (LC Packings) and an Accela600 LC pump (Thermo
Fisher Scientific). Peptides were separated on a 100 pm inner diame-
ter microcapillary column packed in house with ~35 cm of Accu-
corel50 resin (2.6 pm, 150 A, Thermo Fisher Scientific, San Jose,
CA) with a gradient consisting of 6-21% (15-40 min), 21-28% (40—
48 min) (ACN, 0.125% FA) over a total 75 min run at ~150 nl/min.
The scan sequence began with an MS! spectrum (Orbitrap analysis;
resolution 70,000 at 200 Th; mass range 350-1,400 m/z; automatic
gain control (AGC) target 3 x 10% maximum injection time 100 ms).
Precursors for MS® analysis were selected using a top 10 method.
MS? analysis consisted of higher-energy C-trap dissociation (AGC
5.0 x 10°; isolation window 1.2 Th; normalized collision energy 25;
maximum injection time 100 ms). Precursors with charge state unas-
signed or different from 2, 3, 4, or 5 were excluded, peptide match
option was set to preferred, isotopes were excluded, and previously
interrogated precursors were excluded using a dynamic window (set
to automatic) and minimum AGC target was 1 x 10*. Mass spectra
were processed using Protein Discoverer v.2.3 (Thermo Fisher Scien-
tific) using the Minora algorithm (set to default parameters). The
identification of proteins was performed using the SEQUEST-HT
engine against the UniProt Human Reference Proteome (2019),
supplemented with in-house-curated sequences of common contami-
nant proteins. The following parameters were used: a tolerance level
of 10 ppm for MS! and 0.03 Da for MS? and the false discovery rate
of the Percolator decoy database search was set to 1%. As a Trypsin/
Lys-C combination was used as the digestion enzyme, two missed
cleavages were allowed and the minimal peptide length was set to six
amino acids. The carbamidomethylation (+57.021 Da) of cysteine
was set as a fixed modification, and the oxidation (+15.995 Da) of
methionine and GlyGly (+114.043 Da) modification of lysine were
allowed as a variable modification, as well as protein N terminus
acetylation (+42.011 Da). Scoring and localization of the GlyGly site
was done using the ptmRS node (default settings). Protein and
peptide were quantified based on the precursor abundance area, and
only peptides quantified in all three replicates were considered for
further analysis. Protein or peptide quantification values were
exported for further analysis in Microsoft Excel and GraphPad Prism
v.8.

Multiple sequence alignments and consensus sequences

To acquire a list of homologous sequences, we conducted a BLAST
search using each human E2 enzyme gene query sequence, extracted
from UNIPROT (Apweiler et al, 2004). We took the top 10,000 hits
and inspected each family set manually and established a cutoff that
included all hits corresponding to the E2 family member. Some E2
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enzymes have several isoforms. In this case, all corresponding
sequences were grouped together in one dataset. To limit potential
bias in the alignment, redundant sequences were removed from the
dataset with use of the MEME Suite (v5.1.1, build 2020-02-01) Purge
tool (Bailey et al, 2009). A score threshold of 900 was used. The
resulting sequences in the dataset were then aligned using the multi-
ple sequence alignment tool Mafft (v7.471, build 2020-07-03; Katoh
& Standley, 2013). To enhance the quality of the multiple sequence
alignment (MSA) and remove poorly aligned regions and leftover
spurious sequences, we employed the trimming tool triMAl
(v1.4.rev.22, build 2015-05-21; Capella-Gutierrez et al, 2009). The
alignment was trimmed using a gap threshold of 0.75 resulting in
the removal of positions with gaps that occurred in more than 25%
of the sequences. A consensus sequence for each E2 was then
created from the trimmed MSA using the EMBOSS package Cons
(v6.6.0.0, build 2013-07-15; Rice et al, 2000). Consensus residues at
each position were determined through Cons using a plurality value
of 0.1. All steps described up to this point were repeated for all
members of the E2 enzyme family, resulting in 23 E2 enzyme
consensus sequences. Finally, we utilized the PROMALS3D server to
create an MSA of these consensus sequences (Pei et al, 2008).
PROMALS3D was used since it takes both structural and sequence
information into account, resulting in a higher quality MSA.

Phylogenetic tree, Weblogos, and Shannon entropy

A maximum likelihood phylogenetic tree was constructed using
Protest3, which used the Blosum62 + G + F substitution matrix. We
then plotted the tree as an unrooted radial phylogram (Fig EV2A).
To illustrate the amino acid charge conservation variation at each
position in the protein sequences for each E2 enzyme family
member, we constructed weblogos using Weblogo3 (Figs 21 and
EV2C; Crooks et al, 2004). We also conducted a Shannon entropy
calculation on this alignment (Fig EV2B). To calculate the amino
acid (AA) variation at all positions in all 23 E2 consensus
sequences, we utilized the Calculate_AA_Variation function in the R
Package BALCONY (v0.2.10, build 2019-02-28) and applied it to
each E2 family member MSA (Pluciennik et al, 2018). Based on the
AA variability analysis, we were able to calculate the average charge
for each position in all E2 family alignments using the formula (K
% + R% + H%)—(D% + E%). We then colored each E2"™ accord-
ing to this score.

Bio-layer interferometry

Bio-layer interferometry (BLI) was used to quantitatively analyze Ub
binding to UBE2R2 (Figs 4A and EV3C and D). Using a standard
buffer of 0.22 uM filtered 20 mM HEPES pH 8.0, 200 mM NacCl,
25 pg/ml of GST-UBE2R2 was flowed onto anti-GST biosensors (Sar-
torius Bio, Gottingen, Germany) on an Octet Red96 machine
(FortéBio, Fremont, Ca). A titration of Ub was added (125 uM,
250 uM, 375 uM, 500 uM, 750 pM, 1250 uM, 2000 uM, and
4,000 pM—for D143K and R149E only) and then allowed to dissoci-
ate. Baseline was subtracted from signals and individual experi-
ments were aligned to dissociation. Global fit analysis for each
replicate was performed using Octet Analysis 10.0 for n > 3 experi-
ments. Binding values were used to plot and fit K4 values with
GraphPad Prism v.9.
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Mechanically transduced immunosorbent assay (METRIS)

To form the isopeptide-linked UBE2R2~Ub, 10 uM of UBE2R2
containing a C93K substitution was mixed with 2 uM E1, 80 uM Ub
containing an N-terminal strep-tag (WSHPQFEKGENLYFGSC
appended to the N terminus of wild-type Ub), and 10 mM Mg-ATP
in a buffer solution of 50 mM Tris pH 9.5, 50 mM NacCl, and 2 mM
2-mercaptoethanol. The reaction was allowed to proceed overnight
at 35°C before being purified by Strep-tactin Sepharose resin and
SEC into 25 mM Tris pH 8, 50 mM NacCl, and 1 mM DTT.

UBE2R2 wild-type and its variants were labeled at cysteines
using Poly(ethylene glycol) [N-(2-maleimidoethyl)carbamoyl]
methyl ether 2-(biotinylamino)ethane (Sigma 757748) (Biotin-
maleimide) as described previously (Petell et al, 2021). Ub was
biotinylated via an N-terminal cysteine that is commonly used
fluorescent labeling. Biotinylation reactions were carried out with
~5 equivalent excess of Biotin-maleimide and allowed to shake
gently at 4°C for 5 h. Excess Biotin-maleimide was removed
using overnight dialysis and the proteins were stored frozen for
future use.

Biotinylated Ub was then inserted into a tube with streptavidin-
coated ferromagnetic particles, provided by Spherotech. The amount
of Ub added was such to coat each bead 50x the theoretical limit to
ensure all binding sites on the beads were covered. The bead and
peptide solution was left to react at room temperature for at least
2 h.

The substrates are avidin-coated glass slides, provided by Arrayit
or Nanocs, with a ligand density of 1.1 x 10'° ligands per mm?.
Microfluidic channels were created on this substrate using two
pieces of double-sided tape, provided by 3 M. The pieces of double-
sided tape were cut to a width of several mms and a length of at
least 25 mm. The pieces of tape were placed parallel to each other
and at a distance of approximately 5 mm apart. Then, a glass cover-
slip, provided by VWR, was placed on top of the tape to create chan-
nels approximately 22 x 5 mm.

A solution of biotinylated E2 proteins was then inserted into the
channel. The amount of proteins inserted was again enough to coat
the channel surface 50x the theoretical limit to ensure that all of
the sites on the substrate were coated. The substrate and solution
were left in a sealed container for two hours to allow the proteins
time to bind to the substrate. After two hours, the solution was
washed from the channel to remove any excess protein that was
not attached to the substrate. Then, the solution of Ub-coated ferro-
magnetic beads was diluted approximately 2,000x. 10 ul of this
solution was then extracted and inserted into the channel. The
channel was sealed with epoxy and magnetized by an external
permanent neodymium magnet. The substrate was placed in the
slide holder at the center of the Helmholtz Coil Inspired Experimen-
tal Apparatus.

Three pairs of coils were secured in the Helmholtz Coil Inspired
Experimental Apparatus, made of aluminum T-slots, and attached
to an optical breadboard. The coils have an inner diameter of 7 cm
and an outer diameter of 13 cm. The coils consist of approximately
150 turns of gauge 19 copper wire. Two sinusoidal signals, phase
shifted by 90 degrees, were generated in Matlab. Those signals
were sent to a National Instruments USB X Series DAQ and then
passed through a 300W amplifier (150W/channel) before being
sent through each pair of coils. The magnetic field is large enough
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(approximately 10 mT) to ensure alignment of the rotational
frequency of the particles with the frequency Q of the magnetic
field. The signal from the amplifier was routed to a Rigol Oscillo-
scope to measure the frequency and the voltage. The sample
holder is made from 6,061 aluminum and attached to an OMAX
binocular microscope which functions as our 3D optical stage.
Data acquisition was accomplished via a CMOS camera mounted
on a C-mount DIN objective tube assembly. The camera was
connected to a computer for visualization, video capture, and
subsequent analysis.

To analyze particle motion, we converted the video captured
from the CMOS camera and converted it into an .avi file using
ArcSoft Media Converter 8. The .avi file was then converted into a
sequence of .jpeg images. To analyze the motion of the active parti-
cles, we used Able Particle Tracker. The data were then imported
into Mathematica for subsequent analysis. To record the distance
each particle travels, we use a normalized term, the rolling parame-
ter, which is defined by the following equation, where D is the parti-
cle diameter, o is the frequency and = is the actuation time.

Ax

RP =
zDrw

Molecular dynamics simulations on UBE2R

The UBE2R E2 domain was taken from PDB: 6NYO, the isopeptide-
linked ubiquitin was removed and the active site cysteine was rein-
stalled using Rosetta fixedbb and we also used this protocol to make
the R149E variant (Williams et al, 2019). MD simulations were run
using the CHARMMS36 force field and NAMD simulation software.
The structure was solvated in a rectilinear water box composed of
TIP3P water molecules (r = 10.0 A). PSF generation and solvation
were done using the autopsf and solvate plug-ins of the VMD molec-
ular visualization program. During simulation, the system was
subjected to optimization stabilization, heating to 298 K, then an
equilibration of 2 picoseconds of minimization using 2 femtosecond
time steps. Runs were executed using Langevin dynamics, the Parti-
cle Mesh Ewald method, and constant pressure control. Both the
WT and R149E variant were subjected to 2, 20 ns simulations (Fig 4
E). All analysis was carried out using the MDanalysis python script-
ing language (Michaud-Agrawal et al, 2011).

Molecular dynamics simulations of UBE2S~Ub

The 1.93 A human UBE2S (PDB: 1ZDN) and the 2.80 A human Ub
(PDB: 4RF0) crystal structures were used to prepare wild-type and
variant structural models for molecular dynamics simulations of
UBE2S in complex with Ub (Sheng et al, 2012; Bailey-Elkin et al,
2014). The apo UBE2S structure consisted of residues 9-156 of chain
A from 1ZDN. Four replicate molecular dynamics simulations of
500 ns length were completed for apo UBE2S. Trajectories from
UBE2S were visually inspected for an opening between Ca carbons
of N97 and E126 of at least 11 A, which was large enough to allow
the formation of the thioester linkage of Ub to UBE2S without steric
hindrance. One snapshot was selected from the wild-type UBE2S
trajectories for formation of the thioester conjugation to Ub. This
conjugated structure provided the starting conformation for a new
round of molecular dynamics simulations.
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The Amber v18 software package was used to run all-atom
molecular dynamics simulations of the wild-type apo and
UBE2S~Ub complexes in explicit solvent (Salomon-Ferrer et al,
2013). The LEaP program was used to neutralize the charge of the
systems and to generate a truncated octahedron of TIP3P water
molecules of at least 16 A depth around the solute. The UBE2S~Ub
complex systems required up to 20,500 water molecules. The ff14SB
force field was used for parameterization of protein molecules
(Maier et al, 2015). Parameters were calculated for the thioester
bond using antechamber with the AM1-BCC charge method and
amber atom types. Simulations were run using the pmemd GPU-
accelerated code (Salomon-Ferrer et al, 2013). Equilibration
consisted of 5,000 cycles of minimization, followed by 500 ps of
heating using an NVT ensemble, and 500 ps of density equilibration
using an NPT ensemble. For heating, the target temperature was
increased linearly from OK to 300K over the course of the 500 ps
using a Berendsen thermostat with a relaxation time of 0.5 ps. A
Monte Carlo barostat was used for density equilibration. The
production run was 500 ns in total length in the NPT ensemble with
a Langevin Thermostat with a collision frequency of 1.0 ps™', and a
Berendsen barostat. All simulations were under periodic boundary
conditions with a 2 fs time-step and with hydrogen atoms
constrained by SHAKE. Snapshots were saved every 10 ps. Four
replicates of 500 ns each were run of each of the systems. Coordi-
nate trajectories underwent initial processing using cpptraj.

NMR spectroscopy and data analysis

All NMR experiments were carried out on a Bruker Avance III 850
spectrometer equipped with Smm triple-resonance cryogenic probes
at 25°C. 100 uM of '°N-labeled UBE2SVEC wild-type and variant
samples were prepared with and without the addition of 1.2 mM
un-labeled Ub. '°N-'H HSQC spectra were collected using standard
Bruker hsqcfpf3gpphwg pulse program. Spectra were processed and
analyzed using NMRPipe/NMRDraw and Sparky 3.110 (Delaglio et
al, 1995). Resonance assignments were adapted from previous stud-
ies (Wickliffe et al, 2011; Brown et al, 2016). Chemical shift pertur-
bations were calculated as performed in previous studies (Wickliffe
et al, 2011). The lineshape analyses were carried out using the soft-
ware TITAN, which was accessed via an NMRbox Virtual Machine
environment (Waudby et al, 2016). TITAN’s “No Exchange” bind-
ing model and default HSQC pulse program were used to fit "H and
15N chemical shifts as well as apparent transfer relaxation rates for
all unambiguously assigned resonances. Errors in the fitted values
were determined by Titan’s default standard error from the esti-
mated covariance matrix.

Rosetta modeling

To generate the ensemble of conjugated E2 structures, we used the
E2 thioester protocol in Rosetta (Saha et al, 2011). This protocol is a
tethered docking protocol which we have previously used to
construct and analyze the conformational ensemble of conjugated Ub
(Yin et al, 2020). We have previously observed that this conjugated
docking quickly settles in a local minimum and then remains in that
relative orientation. Therefore, to increase sampling we ran shorter
number of Monte Carlo steps, 500, and made 100,000 models. We
analyzed the top 200 structures to look for electrostatic interactions
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with the HTH. To determine if APC2 might sterically clash with these
structures, we generated a relaxed model of APC2-UBE2S based on
APC2 (PDB: 6TLJ) and UBE2S from (SL9T) and selected the highest
scoring model that contained an interaction between UBE2S E132
and APC2 K562 which we previously determined with a charge-
swapped mutation (Brown et al, 2016; Alfieri et al, 2020).

Cell extract experiments

Cell extract experiments (Fig 6F) were performed similar to previous
(Williamson et al, 2009a; Martinez-Chacin et al, 2020). HelaS3 were
grown in DMEM (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Sigma) and penicillin/streptomycin 1x (Gibco) at 37°C with
5% CO,. Confluent cells were seeded into 15 cm plates at a density of
3 million per plate and allowed to grow for 24 h, after which cells
were transfected with 30 ng of two UBE2S siRNAs or Firefly control
using Lipofectamine RNAIMAX reagent (Life Technologies) following
manufacturer’s instructions. After 8 h, 2 mM thymidine was added to
the medium. After 24 h, cells were washed once with PBS then twice
with DMEM and released for 3 h before being arrested with 100 ng/
ml of nocodazole in DMEM for 11 h. Cells were released for 2 h to
obtain a G1 population then harvested for extract preparation. Cells
were pelleted at 500 g for 5 min, washed with PBS, centrifuged, and
washed once more with PBS before being placed on ice and being
resuspended in 2x volume of the cell pellet cold PBS. Cells were
transferred to Eppendorf tubes and centrifuged at 200 g and 4°C for
5 min. Supernatant was carefully aspirated and 1.5x cell pellet
volume cold SB buffer (20 mM HEPES pH 7.5, 1.5 mM MgCl,, 1 mM
DTT, 5 mM KCl, 2 pg/ml aprotinin, 10 pg/ml leupeptin, and 1 mM
AEBSF) was added, along with 30 ul energy mix (375 mM creatine
phosphate, 50 mM ATP, and 50 mM MgCl,, pH 8.0). Cells were incu-
bated for 30 min on ice, being mixed well every 5 min before being
frozen in liquid nitrogen, quick thawed in a 30°C water bath, frozen
and thawed once more before being sheared with a 20 1/2G needle
seven times and a 25 3/8G needle twice. The sheared solution was
centrifuged at 2,500 g, 4°C for 5 min before the supernatant was
taken and cleared by centrifuging again at 20,000 g, 4°C for 30 min.
The supernatant was taken, aliquoted, and frozen in liquid nitrogen
before being stored at —80°C until use.

For degradation assays, prepared extracts were used at 1:2 ratio,
diluted with SB buffer, 1 mg/ml ubiquitin (final), and energy mix.
UBE2S wild-type or ER/ER was added at 1 uM final before reactions
were allowed to proceed at 30°C. At the indicated time points, aliquots
were taken and quenched in 4x SDS loading buffer before being boiled
for 5 min and separated on SDS-PAGE gels (Bio-Rad). Proteins were
transferred to nitrocellulose membranes (Bio-Rad) and blocked with
PBST with 5% non-fat dry milk overnight (UBE2S and Cyclin B), or
for one hour (Vinculin) before being washed three times with PBST
and being incubated overnight with indicated antibodies at concentra-
tions below in PBST with 5% BSA. UBE2S and Cyclin B primary anti-
bodies were incubated for one hour at RT, and then, all membranes
were washed with PBS-T and incubated with appropriate secondary
antibodies for one hour at RT. After being washed three more times
with PBST, membranes were incubated with ECL (ClarityTM, Bio-Rad)
for 5 min and visualized by film. Antibody concentrations: Vinculin
(Santa Cruz Biotechnology, Cat. #sc-25336, 1:1,000 dilution), UBE2S
(Cell Signaling Technologies, Cat. #9630, 1:5,000 dilution), CyclinB
(Abcam, Cat. #ab32053, 1:10,000 dilution).
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Data availability

The raw MS data have been deposited to the MassIVE repository
(https://massive.ucsd.edu/) with the dataset identifier MSV000088403
(https://massive.ucsd.edu/ProteoSAFe/FindDatasets?query = MSV000
088403).

Expanded View for this article is available online.
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