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Abstract

Protein ubiquitination plays a role in essentially every process in eukaryotic cells. The attachment
of ubiquitin (Ub) or Ub-like (UBL) proteins to target proteins is achieved by parallel but distinct
cascades of enzymatic reactions involving three enzymes: E1, E2, and E3. The E1 enzyme
functions at the apex of this pathway and plays a critical role in activating the C-terminus of
ubiquitin or UBL, which is an essential step that triggers subsequent downstream transfer to their
cognate E2s resulting in the fidelity of the Ub/UBL conjugation machinery. Despite the central
role of the E1 enzyme in protein modification, a quantitative method to measure Ub/UBL
activation by E1 is lacking. Here, we present a mass spectrometry-based assay to accurately
measure the activation of Ub/UBL by E1 independent of the E2/E3 enzymes. Our method does not
require radiolabeling of any components and therefore can be used in any biochemical laboratory
having access to a mass spectrometer. This method allowed us to dissect the concerted process of
E1-E2-catalyzed Ub conjugation in order to separately characterize the process of Ub activation
and how it is affected by select mutations and other factors. We found that the hydrophobic patch
of Ub is important for the optimal activation of Ub by E1. We further show that the blockers of the
Ub-proteasome system such as ubistatin and fullerenol inhibit Ub activation by E1. Interestingly,
our data indicate that the phosphorylation of Ub at the S65 position augments its activation by the
E1 enzyme.

Introduction

Post-translational modification by a 76 amino acid protein ubiquitin (Ub) is an essential step
to regulate the functions of myriad of proteins in eukaryotic cellsl. While the best
characterized role of ubiquitination is to target the modified proteins for proteasomal
degradation?, other well-defined outcomes of such modifications include receptor
endocytosis?, transcription?, subcellular localization®, and regulation of several kinases®:’.
Defective regulation of ubiquitination is the main cause for various pathological conditions
ranging from developmental abnormalities® and autoimmune diseases® to cancer? and
neurodegenerative diseases?l.

Correspondence to: Rajesh K Singh; David Fushman.

Supporting Information. Experimental procedures for protein purification and analysis, abbreviations, tabulated rates of E1 activation
of the proteins studied, MS spectra, SDS PAGE gels of polymerization reactions, comparison of the kinetics of protein activation, and
NMR data.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 2

In addition to Ub, there are other Ub-like proteins (UBLs), NEDD8 and SUMO*2, whose
covalent attachment alters the functions of several target proteins, and in most cases this
leads to different biological consequences. For example, the modification of cullins by
NEDDS regulates the activity of the SCF complex which is important for development,
cytokinesis, and signal transduction!3. On the other hand, SUMO modification results in
regulation of proteins involved in nuclear transport, signal transduction, stress response, and
cell division14,

The attachment of Ub or UBLSs to their target proteins is achieved by parallel but distinct
cascades of enzymatic reactions involving sequential actions of Ub-activating (E1), Ub-
conjugating (E2), and Ub-protein ligase (E3) enzymes!®16. The activation of Ub and UBLs
by their cognate E1 enzymes is an essential step that triggers subsequent downstream
transfer of Ub/UBL to their cognate E2s resulting in the fidelity of the Ub/UBL conjugation
pathways1”:18, In order to attach Ub/UBL to a target protein, firstly, the E1 in the presence
of Mg2* and ATP forms a high energy E1~Ub/UBL thioester bond between the catalytic
cysteine of E1 and the C-terminus of Ub/UBL9:20, Secondly, an E2 binds to E1~Ub/UBL
and transfers the activated Ub/UBL to its own catalytic cysteine by a process termed E1-E2
thioester transfer?1. Finally, ‘charged’ E2 (E2~Ub/UBL) interacts with the corresponding E3
ligases to promote the formation of a covalent and stable isopeptide bond between the C-
terminal glycine of Ub/UBL and the e-amine of a lysine residue of the target protein?2, The
E3 ligases in the pathway provide the substrate specificity.

The E1 enzyme is either a single polypeptide (110-120 kDa), such as the E1 for Ub%3, or a
heterodimeric complex, such as the E1s for NEDD824 and SUMO?25. The activation of
Ub/UBL by their respective E1s is a three-step process. First, Ub/UBL interacts with the
adenylation domain (AD) of E1 in the presence of Mg2*-ATP and gets adenylated?S.
Second, a series of conformational changes allows the active cysteine of E1 to attack the
acyl adenylate, resulting in the formation of E1~Ub/UBL thioester linkage25. This
presumably pulls the Ub/UBL away from the AD as soon as the active site cysteine occupies
its original position. Finally, a second Ub/UBL binds to the AD and gets adenylated such
that, under a steady-state condition, two molecules of Ub/UBL are bound to the same E1
molecule: one noncovalently at the AD site and the other covalently to the catalytic cysteine
via a thioester bond1%27. Now, E1 is ready to interact with the E2 enzyme to transfer the
thioester-linked Ub to the E2's active-site cysteine.

Despite the central role of the E1 enzyme in protein ubiquitination, a quantitative method to
accurately measure the catalytic cysteine-mediated (complete) activation of Ub by E1
independently of the E2/E3 enzymes is lacking. Previous methods have either indirectly
measured the partial activation of Ub by monitoring the ATP-PPi exchange during the
adenylation step or detected the E1~Ub or E1~NEDDS thioester formation using gel
electrophoresis?4:28.:29, To address this deficiency, here we present a mass spectrometry-
based assay to detect and accurately quantitate the activation of Ub by E1. Using this
method, we examine how mutations in the hydrophobic patch as well as several other
residues of Ub affect its activation by the E1 enzyme. Other factors, such as ubistatin A
(C92), fullerenol, and phosphorylation of Ub at S65 also affect the E1-mediated Ub
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activation. Finally, we demonstrate that this method can be extended to quantitate the
activation of UBLs, such as NEDD8 and SUMO, by their respective E1s.

Experimental Section

Mass Spectrometry-based method to measure the activation of Ub by E1

Here we devised a method (see Figure 1) that detects and quantitates the activation of Ub by
its cognate E1 enzyme. In this method, an isotopically-labeled Ub (here we used 1°N
enrichment) is incubated with the E1 enzyme in the presence of ATP, MgClI2, and MESNa.
MESNa attacks the Ub covalently attached at the active site cysteine of E1 to produce Ub
with a thioester at its C- terminus (Ub-COSR) which ensures that the reaction moves
forward. In fact, as we demonstrated elsewhere, Ub-COSR generated using this procedure is
chemically active and can be conjugated to a lysine residue on a protein without E230:31,
Equal amounts of samples are aliquoted out at different time points. The reactions are
stopped by adding molar excess of EDTA to chelate Mg2*, followed by addition of an
equimolar amount of unlabeled Ub as an internal standard. Then the samples are exchanged
into water containing 0.006% TFA (pH 6.0) and injected (in triplicate) into an ESI-mass
spectrometer (ESI-MS) to detect the conversion of 1°N Ub into 15N Ub-COSR. The use of
an internal standard, inspired by the Ub-AQUA method32:33, helps negate pipetting errors as
well as possible errors in measuring the Ub concentration using UV-spectrometry (there may
be up to 10% error due to the low extinction coefficient of Ub at Aygg). Ideally, the internal
standard and the protein whose activation by E1 is analyzed (we term it reactant protein)
should be identical but differentially isotope-labeled proteins such that they have the same
physical characteristics except for their masses. In addition, care should be taken to ensure
that the internal standard and the reactant proteins are well resolved in MS spectrum, and at
the same time the masses of these two proteins should not coincide with the mass of the
thioesterified protein. For example, if an isotope-labeled (such as °N-enriched) Ub is used
as a reactant protein, the internal standard should be either unlabeled Ub (as in Figure 1B) or
differently isotope-labeled Ub (e.g. 13C-labeled) or vice versa (as in Figure S1). In most of
our experiments, we used unlabeled Ub as the standard and 1°N-labeled Ub as a reactant
protein. We have also successfully used unlabeled Ub as the reactant protein and °N-labeled
Ub as the standard marker (Figure S1).

Since the reaction product (1°N-Ub-COSR) has different physical properties than the
internal standard (such as ionization efficiency, water solubility etc), the amount of 15N-Ub-
COSR was quantified indirectly by measuring the normalized signal intensity of the
unactivated reactant protein (2°N-Ub) at different time points and subtracting it from the
normalized intensity of 1°N-Ub at time zero. Since the E1 concentration in the reaction is
negligible compared to Ub, the amount of E1-associated (catalytic Cys bonded and/or
adenylated) Ub is also negligible; that is why the amount of Ub-COSR can be accurately
assessed by subtracting the remaining unactivated Ub from the total Ub. The fraction of 1°N-
Ub converted to 1°N-Ub-COSR (further referred to as the ‘activated fraction’) was
quantified as (/%-/)/lp, where / and /;are the normalized MS signal intensities of 1°N-Ub at
0 hr and at a given time point £ respectively (Figure 1C).
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All ESI-MS spectra were acquired on either JEOL AccuTOF-CS mass spectrometer or LTQ
Orbitrap mass spectrometer in a positive electrospray mode. To ensure that the MS signal
intensity corresponds to the amount of protein added, unlabeled Ub was mixed with 1°N-Ub
in various molar ratios prior to injection into the mass spectrometer, and the intensities of Ub
and 1°N-Ub MS signals were quantified and compared. The results (Figure S2) confirm that
the intensities measured by MS are in good agreement (within up to 10% error) with the
amounts of protein present in the sample.

To establish that the method described in this manuscript is a quantitation of the activated
Ub at the catalytic cysteine of E1, we mutated that cysteine to a serine (C632S) and tested
the ability of E1C632S to form Ub-COSR. A lack of Ub-COSR formation by the E1 mutant
(Figure S3) indicates that this adduct forms as a result of MESNa reaction with the Ub~E1
thioester rather than of MESNa attacking the Ub adenylate intermediate. The mutation also
dramatically impaired formation of Ub conjugates although it did not affect the enzyme's
ability to bind Ub.

Using our method we assessed the Kinetic parameters for E1 activation of wild-type Ub
assuming Michaelis-Menten kinetics. The rate of Ub activation increased linearly with E1
concentration (Figure S4) but did not depend on Ub concentration in the 25 pM-200 pM
range, consistent with the published K, values (0.2-2 uM).3* The initial rates of Ub
activation reaction are shown in Table S1. Since at saturation the initial rate equals Azt
[E1]o, we determined the turnover rate for Ub to be Ay = 4.28 + 0.90 min“L, in good
agreement with the published value (4.3 + 1.2 min'1).34

Results and Discussion

Hydrophobic patch of Ub is required for optimal activation of its C-terminus

Crystal structures of Ub in complex with the E1 enzyme reveal that both Ub molecules, at
the adenylation site as well as covalently attached to the active site cysteine, interact with the
E1 mainly through the Ub surface hydrophobic patch (comprising residues L8, 144, and
V70)23:3536_ This functionally important hydrophobic patch is involved in Ub interactions
with numerous receptors and is necessary for Ub and polyUb recognition in several
signaling pathways37-39, However, the role of the hydrophobic patch in Ub activation has not
been tested previously, mainly due to the lack of a method to directly measure the catalytic
cysteine-mediated activation of Ub by E1.

To determine whether the surface hydrophobic patch of Ub is required for its C-terminal
activation by E1, we first purified two mutants of Ub: (i) L8A& I144A and (ii) V70A and
assessed their activation along with wild type Ub (UbWT). As expected, the intensity of 15N-
UbWT signal decreased over time consistent with the activation of 15N-Ub and totally
disappeared at the 6 hr time point (Figure 1B,C), indicating that 15N-UbWT was totally
activated by E1 at a time point between 4 — 6 hr. At the same time, a signal corresponding
to 15N-Ub-COSR appeared at 2 hr and its intensity increased concomitantly with the
decreased intensity of 1°N-Ub over time. Parallel reactions involving UbL-8A&I44A or
UbV79A (Figures 2A and S5) showed that both mutants were activated by E1. However, the
rate of activation of UbL8A&I44A \yas slower than for UbWT as even after 6 hours a
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measurable fraction of the mutant Ub remained unactivated (compare different time points in
Figure S5A and B). The activation of UbY79A was more similar to UbWT (Figure S5C).
Indeed, the quantitation of the activated fraction of Ub over time confirmed that mutating L8
and 144 to alanines in Ub slowed down significantly its activation by E1, while the V70A
variant behaved more or less like UbWT (Figure 2A). This suggests that Ub residues L8 and
144 play significant role in the activation of Ub by E1. Interestingly, mutating V70 of Ub did
not slow down its activation by E1; instead, the activation of the C-terminus of UbY79A was
even slightly accelerated (Figure 2A, Table S1). To assess the effect of simultaneous alanine
replacement of all three hydrophobic-patch residues (L8A+144A+V70A) in Ub, we
constructed UbL8A&I44A&VTOA ang tested its activation by E1. We confirmed by NMR that
the triple mutant was well folded, and the chemical shifts for the majority of the amide
signals resembled those of UbWT (Figure S6). Surprisingly, the V70A mutation in
combination of L8A+I44A, but not alone, significantly slowed down the activation of Ub by
E1 (Figures 2A and S5D, Table S1). This suggests that the hydrophobic patch residues in Ub
are important, though not critical, for its activation by the E1 enzyme. This observation is
corroborated by the published structures where L8 and 144 of Ub make hydrophobic
contacts with the AD and the catalytic cysteine half-domain of the E1 enzyme?23:35, This
suggests a possibility that mutations of some of the hydrophobic-patch residues, singly or in
combination, may significantly weaken Ub's interactions with the AD and/or the catalytic
cysteine half-domain of E1 (see Fig S13), resulting in slower Ub activation.

To further investigate whether the hydrophobic patch of Ub is required for E2-catalyzed Ub
chain formation, we used E2-25K (also known as UBE2K in human and a homolog of yeast
UBC1) which exclusively assembles K48-linked Ub chains*°. We set up and ran in vitro
ubiquitination reactions with all three hydrophobic patch mutants of Ub and compared the
results with UbWT. The reactions involved Ub, E1, E2, ATP, and MgCl,; the products were
separated using SDS-PAGE and visualized by coomassie staining (see Supporting
Information for further details). Surprisingly, although the UBA domain of E2-25K interacts
with the hydrophobic patch of Ub, and an intact UBA domain is essential for Ub chain
formation®!; all three variants UbV70A UbL8A&I44A and UpLEA&I4AA&VTOA \ere assembled
into polymeric chains comparably to UbWT (Figure 3A-B). In fact, UbV70A was even faster
than UbWT to form polymeric chains (compare the time points in Figure 3A-B), possibly
due to its accelerated activation by the E1 enzyme. The observed lack of reduction of the
assembly rate of polymeric chains when using the hydrophobic patch mutants of Ub
suggests that the surface hydrophobic patch residues (L8, 144, \V70) of Ub are not required
for E2-25K catalyzed Ub-chain formation. This is surprising because the UBA domain of
E2-25K, important for E2-25K's ability to synthesize free polyUb chains?!, interacts with
the hydrophobic patch of Ub both in solution?! and in crystals*2. On the other hand, a study
on the yeast homolog of E2-25K, UBC1, found that the UBA domain of UBC1 is not
required for its ability to assemble free K48-linked Ub chains; rather the catalytic UBC
domain is sufficient to assemble free Ub chains as well as to provide the specificity for K48-
linkage3. This is intriguing, in particular, with regard to the role of the hydrophobic patch of
Ub in E2-25K catalyzed Ub-chain formation, and warrants further investigation of the
interactions between Ub and E2-25K.
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R72 and G10 of Ub are crucial residues required for E1 and E2 activity, respectively

Besides the hydrophobic patch residues, several other surface residues in Ub are important
for survival of the cells. A recent study revealed the effect of all possible point mutations in
Ub on the growth of budding yeast*4. We therefore selected few Ub mutations that render
cells either sensitive, G10A, E34R, R72A, R72K, Q49T, or tolerant, Q41N, R74K, N60H.
First, we tested these mutants for their ability to get activated by E1. All mutants, except for
R72 substitutions, were activated by E1 with a rate comparable to UbWT (Figure 2C, Table
S1). As expected, UbR72A was significantly impaired for its activation by E1 which is
concordant with both the crystal structures and the biochemical data indicating that arginine
at position 72 is critical for Ub interaction with E123:28:29.35.36 Even an R to K replacement
at this position significantly affected the activation of Ub by E1 (Figure 2C, Table S1). Note
also that UbR72A mimics NEDD8%%; thus, our results are consistent with the suggestion that
residue 72 plays a key role in discrimination between Ub and NEDD8 by Ub E12°, These
results emphasize that residue 72 of Ub has to be an arginine for proper Ub activation and
subsequent ubiquitination and degradation of cellular proteins, which agrees with our earlier
report# that the substitution of arginine at position 72 with any other amino acid is lethal to
yeast cells.

To examine whether the other mutants, G10A, E34R, and Q49T, are impaired in their ability
to form Ub chains, we set up /n vitro ubiquitination reactions using E1 and E2-25K. UbE34R
and UbQ49T formed polymeric chains with a rate similar to UbWT (Figure S7). However, the
ability of the G10A mutant to form polymeric chains was significantly abrogated (Figure
3C-D). The dimer of UbG10A was hardly visible on the SDS-PAGE with no apparent
appearance of trimer, tetramer, or higher chains. The appearance of slower running bands
(>35 kDa) in the UbG10A ybiquitination reaction (Figure 3D) is likely due to the attachment
of UbGL0A to lysine residues of E2-25K as most of these bands are above the band
corresponding to E2-25K (25 kDa) and GST-E2-25K (50 kDa). Combining the Ub activation
and E2-25K ubiquitination reactions, it is clear that G10 is required for the E2-catalyzed
conjugation reaction while R72 is required for Ub activation by E1. To further investigate
whether the mutation of G10 affects the E2-catalyzed conjugation reactions broadly, we
tested the ability of Ub®10A to polymerize into K63-linked (assembled by UBC13/MMS246)
or K11-linked (assembled by UBE2S*7) Ub chains (Figure S8). Remarkably, in both cases
the G10A mutant was significantly impaired to form higher polymeric chains. Since the
G10A mutant was activated by E1 with a rate comparable to UbWT, our findings suggest that
the impaired ability of UbG10A to polymerize into free chains is mainly due to the inability
of the E2 enzymes to recognize UbC10A as an “acceptor” of the Ub linked to the active site
cysteine of the E2. Notably, the charging of the E2 by UbG10A appeared “normal” as we
noticed the presence of ubiquitinated E2s in the reaction (slower running bands in Figure
3D, above 35 kDa), which indicates that UbG10A attached to the active site cysteine of the
E2 enzymes does act as a “donor”.

These results indicate that G10 is required for Ub's ability to form polymeric chains, in
agreement with our published data®* that yeast cells are sensitive to mutations of the G10
residue in Ub and, in particular, that GI0A mutation is not tolerated.
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K48-linked Ub chains are activated by E1

There is an abundance of unanchored polyUb chains in cells, and recently their
physiological roles have begun to emerge; the examples range from protein kinase activity*8,
innate immune signaling®® to the aggresome response®. To understand whether Ub chains
can be activated by E1, we tested the ability of E1 to activate preassembled K48-linked
dimer, trimer, and tetramer of Ub. We found that all three chains were activated by E1
(Figure S9). The K48-linked dimers of Ub were activated with a rate similar to monoUb.
Since K48-linked dimer of Ub adopts a “closed” conformation (in which the hydrophobic
patches are sequestered at the Ub:Ub interface) at physiological pH°! and the hydrophobic
patch residues were important for optimal activation of Ub, we assessed the rate of activation
of K48-linked Ub dimer in comparison with a K63-linked Ub dimer, which adopts an
extended, “open” conformation with no hydrophobic Ub:Ub interface 52. Interestingly, the
formation of the hydrophobic interface in K48-linked dimer of Ub did not affect its
activation by E1, as both K48-linked and K63-linked dimers were activated with the rates
comparable to each other and to monoUb (Figure 2A). This is consistent with the
observation that K48-linked Ub dimer is not locked in the closed state but is in fast dynamic
equilibrium between the closed and open conformations®1:53, Intriguingly, the K48-linked
trimers and tetramers were activated at a slightly faster rate (Figures 2A and S11B, Table
S1), indicating that longer K48-linked chains also are conformationally flexible. Since the
polyUb chains were activated by E1, we further tested the ability of these preassembled
chains to form longer polyUb chains using E2-25K. Interestingly, all of them assembled into
longer polyUb chains, albeit the efficiency decreased with the increasing length of polyUb
chains (Figure 3E-F). This indicates that it is mainly the E2 enzyme that differentially
recognizes polyUb chains compared to monoUb, at least at the conditions tested here. This
report expands on the earlier findings for Ub dimers*%:51 and demonstrates that longer
polyUb chains are not only activated by the E1 enzyme but also these activated polyUbs are
transferred to E2s and form longer chains.

Ubistatin and fullerenol block the activation of Ub by E1

Ubistatins are a class of small molecule compounds that inhibit proteasomal degradation of
ubiquitinated cargos by binding to the hydrophobic patch on Ub and blocking it from
recognition by proteasomal receptors®*. Recently we reported that another compound,
fullerenol (polyhydroxylated [60] fullerene), also binds to the hydrophobic surface patch on
Ub and inhibits the E2-25K-catalyzed Ub chain formation®®. Since both these compounds
bind to Ub, we tested whether they can interfere with Ub activation by E1. Remarkably, the
presence of equimolar (to Ub) amount of ubistatin A (compound C92 in ref. ) or of
fullerenol in the reaction significantly slowed down the activation of Ub (Figures 2E and
S10, Table S1). Since both compounds bind to Ub through its hydrophobic patch and the
residue R72 of Ub is very close to this patch, an attractive but purely speculative explanation
of the significantly slower activation of Ub in the presence of these molecules would be that
ubistatin as well as fullerenol also blocks/binds the R72 residue of Ub such that it has
limited access to the E1 enzyme. This would lead to limited recognition of the C-terminus as
well as the hydrophobic patch of Ub by the E1 enzyme thus resulting in a slower activation
of Ub.
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Ubistatins have been used in experiments to block the degradation of ubiquitinated
proteins® as well as to inhibit Ub's protein-protein interactions®®. However, their role as a
blocker of the activity of the E1 and/or E2 enzymes has not been investigated. Here we
report, for the first time, that ubistatin A as well as fullerenol inhibit the activation of Ub by
E1. This means that ubistatin not only blocks the recognition of ubiquitinated proteins by
their downstream receptors but also inhibits the activation of Ub by the E1 enzyme and
therefore can have an overall effect on Ub-mediated pathways. Indeed, our in vitro
ubiquitination assays showed that the presence of ubistatin A slowed down the assembly of
free Ub chains by E2-25K (Figure 4A-B).

Phosphorylation at S65 of Ub enhances its C-terminal activation

Ub can be phosphorylated on several residues®’-58, Among them, phosphorylation of Ub at
$65%9 has recently generated significant interest due to its implications in mitophagy
(autophagosomal degradation of mitochondria) as well as in Parkinson's disease®61, The
biological research has shown that upon mitochondrial damage, such as loss of membrane
potential, a mitochondrial protein kinase PINK1 accumulates on damaged mitochondria%2
and this leads to rapid accumulation of an E3-ligase parkin on the mitochondrial outer
membrane®3. Next, catalytically active PINK1 phosphorylates Ub80 as well as the N-
terminal UBL domain of parkin®4. This sequence of events leads to a striking increase in
ubiquitination®® and degradation of the mitochondria®®.

Using the method devised here, we tested the activation of phosphorylated (at S65) Ub in
comparison with the non-phosphorylated Ub. Surprisingly, phosphorylated Ub (p-S65-Ub)
was activated faster than the non-modified Ub (Figures 2D and S10, Table S1). Since S65D
and SB5E have been used in several studies to mimic p-S65-Ub%9:61.67 e also tested the
activation of these phospho-mimics by E1 and found that the rate of activation of both S65D
and S65E Ub was comparable with that of UbWT (Figure 2D). These results indicate that the
phosphorylation of Ub at residue S65 accelerates its activation by E1. However, mutating
S65 in Ub to either D or E does not adequately reproduce this feature of phosphorylated Ub,
indicating that E1 differentiates p-S65-Ub from the phosphomimics. To further assess the
ability of p-S65-Ub to be discharged from E1/E2 and assemble into polymeric chains, we set
up an /n vitro ubiquitination reaction of p-S65-Ub catalyzed by E2-25K. Consistent with the
published data for other E2s88:69 phosphorylated Ub was significantly inhibited in its ability
to assemble into polymeric chains (Figure 4C), suggesting that E2-25K discriminates
between p-S65-Ub and UbWT,

The extension of the MS-based method to measure the activation of the UBLs

Inspired by the ability to determine the amount of E1-activated Ub, we have endeavored to
extend our method to quantify the activation of other UBLs, NEDD8 and SUMO, by their
cognate E1s. Similar to Ub, 15N-labeled NEDD8 or SUMO-2 were incubated with their
respective E1s (APPBP1/UBAS3 for NEDDS8 and SAE1/SAE2 for SUMO-2) in the presence
of ATP, MgCl,, and MESNa. The reactions were aliquoted and stopped at different time
points by adding EDTA. An internal standard was added, and then the sample was subjected
to ESI-MS. The appearance of NEDD8-COSR and SUMO-2-COSR MS signals confirmed
that both NEDD8 and SUMO-2 were activated by their respective E1s (Figure 5A-B). A
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concomitant decrease in the unmodified NEDD8 and SUMO-2 compared with the internal
standards clearly indicates that the UBLSs get activated. Similar to Ub, the fraction of
activated Nedd8 or SUMO-2 was calculated and plotted over time (Figure 2F, Table S1).
These results demonstrate that our method for measuring the activation by E1 is equally
applicable to the UBLs.

Conclusions

The MS-based method presented here enables comparative study of the structure-function
relationship of any E1 enzymes with their respective UBLSs. Unlike previously described
methods that relied on the use of radio-labeled ATP (32P, 3H) or/and radio-labeled Ub

(125], 32p)21.24,27-29,710 oyr method does not require radio-labeling of any of the components
and therefore can be readily available in any biochemical laboratory having access to a mass
spectrometer. Moreover, in contrast to the previous approaches our method quantifies Ub
activation through direct measurement of the remaining amount of unactivated Ub and uses
internal standards for absolute quantification. In principle, using separately prepared
thioesterified protein (Ub/UBL-COSR) as an internal standard it should be possible to
directly measure the amount of E1-activated Ub or UBL by our MS-based method.
Furthermore, by separating Ub activation by E1 from the downstream transfer of the
activated Ub to a conjugating enzyme E2, we were able to dissect the complex process of
E1-E2-catalyzed Ub conjugation. This allowed us to characterize the process of Ub
activation independently of E2 and how it is affected by mutations of several key surface
residues of Ub and other factors. Our results revealed that the rates of activation and
conjugation are affected differently and emphasize the need for characterization of E1
activity separately from E2.

Recently, the E1s of Ub and UBLs have come into focus as attractive targets for the
development of therapeutic approaches against cancers’1-73, and a number of inhibitors have
been developed which specifically target the E1 activity’*7>. As the method described in
this paper is quantitative and capable of deciphering the structure-function relationship of
the E1 enzyme, it will provide a valuable tool to strengthen our understanding of the E1
activity relevant to drug design as well as for future research on novel strategies for treating
cancers and other diseases.
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Figurel.

Mass spectrometry-based method for measuring the activation of ubiquitin by the E1
enzyme. (A) Schematic representation of the method. 1°N-enriched Ub is incubated for a
given time period with the E1 enzyme, MgCl,, ATP, and MESNa in a 20 mM sodium
phosphate buffer at 30 °C. The reaction is stopped by adding EDTA followed by addition of
equimolar amount of unlabeled Ub. The mixture is buffer exchanged into water and then
subjected to ESI-MS analysis. (B,C) Activation of 1°N-enriched Ub by the E1 enzyme.
Unlabeled Ub was used as internal standard. Shown are representative spectral regions for

each

time point. (C) The activated fraction of Ub (black squares) and the remaining amount

of unmodified Ub (blue circles) as a function of time. The arrows point to the corresponding
axes.
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Figure2.

Comparison of the time course of activation of Ub, its mutants, and the UBLSs by cognate E1
enzymes. Shown is the activated fraction of each protein as a function of time for (A)
hydrophobic patch mutants of Ub, (B) mono- and polyUb, (C) other Ub mutants studied
here, (D) p-S65 Ub and its phosphomimics, (E) Ub in the presence of ubistatin A or
fullerenol, and (F) NEDD8 and SUMO-2. The inset in D shows the activation of p-S65-Ub
and UbWT measured at earlier time points (0, 0.5, 1, and 2 hr). See also Figures S11-S12.
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El and E2-25K-catalyzed polymerization of hydrophobic patch mutants of Ub and of K48-

linked polyUbs. SDS-PAGE gels of in vitro E1 and E2-25K-catalyzed polymerization

reactions for UbWT and its mutants (A-D) or preassembled polyUbs (E,F), as indicated. The
reactions were performed and analyzed as detailed in Supporting Information. The running

positions of the E2 and select Ub polymers are indicated by arrows.
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Figure 4.

The effect of ubistatin or phosphorylation of Ub at S65 on E1 and E2-25K catalyzed Ub
chain formation. SDS-PAGE gels of /n vitro E1 and E2-25K-catalyzed polymerization
reactions for UbWT (A and left panel in C) or equimolar mixture of UbWT with ubistatin A

(B) or p-S65-Ub (right panel in C).
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Figure5.

Activation of NEDD8 and SUMO-2 by their cognate E1 enzymes. 1°N-enriched NEDD8
(A) or SUMO-2 (B) were incubated with their respective E1 enzymes (APPBP1/UBAS3 for
NEDDS8 and SAE1/SAE2 for SUMO-2) in the presence of MgCl,, ATP, and MESNa. The
reactions were aliquoted and stopped at different time points by adding EDTA. An internal
(unlabeled) standard was added, and the samples were subjected to ESI-MS. The
representative spectral regions are shown.
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