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ABSTRACT: Various hypotheses have been proposed
regarding how chain length, linkage type, position on
substrate, and susceptibility to deubiquitinases (DUBs) affect
processing of different substrates by proteasome. Here we
report a new strategy for the chemical synthesis of
ubiquitinated proteins to generate a set of well-defined
conjugates bearing an oxime bond between the chain and
the substrate. We confirmed that this isopeptide replacement is
resistant to DUBs and to shaving by proteasome. Analyzing
products generated by proteasomes ranked how chain length
governed degradation outcome. Our results support that (1)
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the cleavage of the proximal isopeptide bond is not a prerequisite for proteasomal degradation, (2) by overcoming trimming at
the proteasome, tetraUb is a fundamentally different signal than shorter chains, and (3) the tetra-ubiquitin chain can be degraded
with the substrate. Together these results highlight the usefulness of chemistry to dissect the contribution of proteasome-
associated DUBs and the complexity of the degradation process.

B INTRODUCTION

Chemical and semisynthesis of ubiquitin conjugates is a rapidly
growing field due to its high impact on our understanding of
the ubiquitin signal at the molecular level.'™ This is also
particularly important due to inherent limitations of enzymatic
approaches in obtaining highly homogeneous and sufficient
amounts of desired ubiquitin conjugates. Hence, several
approaches have been developed and applied to understand
various biological questions that otherwise are difficult to
achieve.”™"* For example all Lys-linked ubiquitin chains and
ubiquitinated proteins have been prepared."*™"" Linkage-
specific conjugates are particularly exciting since they enable
studies that dissect the role of the chain on the fate of the
substrate.

Protein degradation via the ubiquitin proteasome system
(UPS) to regulate numerous biological functions is one the
most ubiquitous cellular events in eukaryotes.”” Conjugation of
ubiquitin (Ub), a small protein modifier, to the target substrate
requires three enzymes known as E1, E2 and E3 to work in a
cooperative and sequential manner.”"”” The product of this
cascade is a Ub-conjugate made up of a substrate modified on a
Lys side chain via an isopeptide bond to the C-terminus of
ubiquitin. Moreover, ubiquitin itself can be extended in a
similar fashion to form different types of polyUb chains
depending on which of its seven Lys residues (Lys®, Lys*,
Lys®, Lys”, Lys”, Lys'! and Lys®) or its N-terminus is used to
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link the consecutive ubiquitin.””** Both the chain length and
linkage type affect the topological structure of polyUb chains,
which in turn determines the signal and the cellular fate of the
modified protein.

The attachment of Lys**-linked polyUb chains to a Lys
residue on the target protein is accepted as the most widely
employed signal for efficient proteasomal targeting.”>~>” The
26S proteasome is a hybrid of two complexes: the 28-subunit
20S proteolytic core particle (CP) and the ~20-subunit 19S
regulatory particle (RP). Proteolysis of the target in the barrel-
shaped 20S CP is regulated by selection, binding, and unfolding
at the 19S RP.*® To carry out such a variety of enzymatic
activities, dedicated subunits are present in the 19S RP for
polyUb-binding, ATP-dependent unfolding, and chain dis-
assembly, which must act in a highly coordinated manner.”"*”
At least three associated deubiquitinases (DUBs; Usp14/Ubp6,
PSMD14/Rpnll, UCH37/UCHLS) present in the mammalian
19S RP contribute to the efficiency of substrates degradation
while protecting ubiquitin from a similar destiny.”””" While
USP14 and UCH37 are Cys-proteases and belong to the USP
and UCH families, respectively, Rpnll is an MPN*/JAMM
zinc metalloprotease and is an integral part of a lid subcomplex
of the 19S RP.***
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Scheme 1. Synthesis of Oxime-Ligated PolyUb-a-globin®
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“(a) Selective addition of an acetaldehyde moiety to the Cys'® of a-globin. (b) Synthesis of Ub**3(1-75)-Nbz via Fmoc-SPPS (solid phase peptide
synthesis). Subsequently, the N-acylbenzimida-zolinone (Nbz) was switched to methyl 3-mercaptopropionate thioester (MMP). Next, one-pot
switching of MMP thioester and K*48 thiozilodine (thz) ring-opening was achieved by incubation with 1,2-bisaminoxy ethane. Followed by
ubiquitin chain elongation through isopeptide ligation to synthesize diUb-, triUb-, or tetraUb-a-globin (8, 9, and 10, respectively). [Note, K*

symbolizes §-mercaptolysine at position 48].

Once bound to the proteasome, a crucial factor in
determining the fate of a ubiquitin-conjugate is deubiquitina-
tion by proteasome-associated DUBs. It has been proposed that
USP14 and UCH37 trim polyUb chains from the distal-end,
gradually reducing the chain length, and consequently the
affinity of the conjugate to the proteasome.’** The net effect
being that 1nh1b1t1ng these cysteine proteases enhances the rate
of proteolysis.*>*® In contrast, Rpn11 has been proposed to act
at later stage, after ATP-dependent engagement of substrate
within the translocation channel, to perform polyUb chain
amputation from the proximal end.”**”*® Guaranteeing that it
acts only once substrate is properly aligned, the enzymatic
activity of Rpnll is intimately coupled to conformational
changes and interactions with neighboring subunits within the
proteasome.”® ™"’ It has been suggested that this step is
essential to proteasome function by keeping the proteolytic
channel free from the blocking tetraUb.”> Consequently,
inhibition of Rpnll slows down proteasomal degradation.
Therefore, Rpnll is a viable target for anticancer therapeutic
approaches.” Nevertheless, whether the primary role of Rpn11
is to shave the proximal ubiquitin from the aligned substrate, or
to assist substrate alignment through these conformational
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changes for translocation into the 20S CP remains an open
question.

Despite years of investigations, the parameters governing the
optimal ubiquitination pattern for degradation of a particular
substrate are still unclear. Various hypotheses have been
proposed regarding how chain length, linkage type, position on
substrate and susceptibility to DUBs dictate the fate of the Ub-
conjugate at the proteasome. For example, it has been proposed
that tetra-ubiquitin (tetran) is the minimal length for
proteasomal degradation.”> However, other studies have also
reported that even monoUb or multiple monoUb could signal
for proteasomal degradation.*”*" Recently, a study of
anaphase-promoting complex (APC) substrates concluded
that if the same number of total ubiquitin units are present
on an identical substrate, short polyUb chains (e.g., diiUb) lead
to a more efficient signal for degradation than a single polyUb
chain (e.g, tetraUb).* Interestingly, another study showed that
proteasomes degrade APC/C substrates tagged with branched
Lys11 / Lys48-linked ubiquitin chains more efficiently than when
conjugated to homogeneous Lys''-linked or Lys*-linked
chains.” Such studies demonstrate the complexity of the
UPS system and explain why there is still some ambiguity
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surrounding what constitutes a preferred ubiquitination signal
for proteasome targeting.

Contrasting hypotheses pertaining to complexity of
proteasomal degradation results necessitates design of special
reagents to dissect the contribution of individual steps. Yet,
hurdles enforced by enzymatic approaches limit the ability to
generate homogeneous ubiquitinated proteins. Emerging
chemical approaches for protein synthesis’® offer unique
opportunities for preparing homogeneous ubiquitinated con-
jugates with exquisite control on the atomic structure at
workable quantities.” Harboring two deubiquitinases activ-
ities—trimming chains and shaving en bloc—complicates
analysis of proteasome mechanism. Fixing one action, while
leaving the other to progress unhindered should propel
proteasome research. Rather than manipulating the enzyme
(mutagenesis; biochemical inhibition), we took advantage of
chemical advances to target the substrate.

We have recently reported a strategy of chemical
polyubiquitination of expressed proteins relaying on our
capabilities to manipulate the ubiquitin chain and the
incorporation of various electrophiles at the C-terminus of
the proximal ubiquitin for selective modification of a Cys
residue in the target protein.> A key aspect of our
nonenzymatic polyubiquitination approach is the installation
of acyl hydrazide functionality using the Liu’s approach®" at the
C-terminus of the proximal Ub, which after Ub chain assembly
allows the introduction of various reactive electrophiles for
protein conjugation. However, the oxidative switching to
introduce the desired electrophile for thioether conjugation is
not high yielding for di-Ub and negligible for the longer
chains."®> Hence, a new method is needed to obtain
polyubiquitinated proteins with a stable bond between the
chain the specific substrate. We are particularly interested in
using these conjugates to study proteasomal degradation and
how each of the different components—e.g.,, chain length,
linkage type, the proteasome itself, and associated deubiquiti-
nases—contribute to the fate of the substrate.

Here we report on a new strategy for the chemical synthesis
of ubiquitinated proteins to generate a unique set of well-
defined conjugates, each bearing an oxime bond that is resistant
to DUBs as an isopeptide replacement between the proximal
ubiquitin and substrate. Ubiquitin attached to substrate by a
DUB-resistant bond would shed light on similarly fused
ubiquitin mutants prevalent in brains of Alzheimer’s
patients.”>>* Controlling a single bond within a set of
polymeric substrates enabled us to evaluate the contribution
of chain amputation to the overall degradation process. We
found that chain length governed degradation outcome in
unexpected ways, yet in accordance with physicochemical
properties of polyUb chains.

B RESULTS

A set of ubiquitinated substrates differing only in length of
Lys*-linked Ub chains that are linked to the substrate via a
DUB-resistant bond could be used to interrogate the role of
trimming while eliminating whole chain amputation. In order
to achieve a nonhydrolyzable isopeptide bond replacement
between a target protein and a polyUb chain, we developed an
approach based on selective modification of Cys residue(s) in a
target protein. Previously, we were able to attach a polyUb unit
to a protein via the disulfide bond."> However, as disulfide
bonds are reducible in biochemical settings, we aimed to
develop a chemical strategy for synthesis of proteins modified

with polyUb via a stable bond under reducing conditions, as
well as being resistant to DUBs. Initially, we were unsuccessful
to perform such a step beyond diUb due to the low efficiency in
the incorporation of the desired electrophile on the C-terminus
of the proximal ubiquitin."> We wondered whether reversing
the approach, by switching the Cys residue into an electrophile
while modifying the C-terminus of the proximal ubiquitin into
nucleophile would overcome the previous limitations. For this
purpose, we chose a-globin as a single domain globular
substrate, which is known to be degraded via UPS as one of the
ways nature restricts [-thalassemia disease.”*° In the new
strategy, the single Cys'®* of a-globin was converted to an
aldehyde, while the ubiquitin C-terminus is modified with
oxyamino to enable ligating the two molecules via oxime
bond*”** (Scheme 1).

Preparation of Building Blocks and Ubiquitination via
Oxime Ligation. To test the oxime ligation strategy for
synthesis of monoUb-, diUb-, triUb- and tetraUb-a-globin, we
first synthesized monoUb-a-globin. Initially, we treated
ubiquitin-thioester, with 1,2-bisaminoxy ethane™” resulting in
quantitative switching of the thioester to oxyamino moiety
(Ub-ONH,). No thioester hydrolysis was observed, nor was
any measurable amount of oxyamino bridged ubiquitin dimer.
In parallel, a-globin was treated with chloroacetaldehyde in 6 M
Gn-HCl buffer (pH ~ 8), which was added quantitatively to the
Cys thiol to decorate a-globin with the acetaldehyde moiety
(Scheme 1a and Figure S1). To check oxime ligation, a-globin
acetaldehyde (1) was treated with Ub-ONH, in 6 M Gn-HCl
buffer (pH ~ 4.5). Notably, the reaction proceeded smoothly
and was complete within 15 min. The reaction was also kept
overnight to check the product stability; no product
decomposition was observed.

To evaluate the reaction feasibility for attaching polyUb
chains on a-globin, the same conditions were applied, this time
for Lys*-linked diUb-ONH, to substrate 1. However, the
oxyamino moiety suffered considerable amounts of cleavage of
the N—O bond during ligation step,”’ which we were unable to
minimize even with modified reaction conditions. To overcome
this cleavage problem we explored an alternate synthetic
sequence by using isopeptide sequential ligation after attaching
the proximal ubiquitin to the substrate. For this, we first
performed one pot oxyamino switching and thiozilodine (Thz)
ring opening of the 5-mercaptolysine in Ub***-thioester (2)
with 1,2-bisaminoxy ethane (Scheme 1b). Such dual trans-
formation was completed within 6 h to give the desired product
3 as the sole peak according to the HPLC analysis (Figure S2).
Next, we wondered how such ubiquitin bearing two reactive
functionalities—i.e., 1,2-amino thiol and the oxyamino—will
behave toward the aldehyde present in a-globin. For this,
modified ubiquitin (3) was mixed with a-globin acetaldehyde
(1), which rapidly gave ubiquitinated globin linked via oxime
bond (4; Scheme 1b and Figure S3). Following the conjugation
of 1 and 3 under 1:1 stoichiometry of the reactants we
calculated a high rate constant (72.53 + 0.58 M~' s™") for this
reaction (Figure S14). To confirm that oxime formation was
preferred over thiozilodine formation (due to possible reaction
between the aldehyde and free 1,2-amino thiol), we reacted the
conjugate with N-(2-aminoethyl)-2-bromoacetamide. Under
these conditions, quantitative addition of the acetamide was
observed supporting oxime bond formation while leaving 1,2-
amino thiol on the ubiquitin unit unreacted (Figure S4).
Further support came from the next step where the obtained
conjugate with the opened mercaptolysine (4) ligated with
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Scheme 2. Synthesis of Oxime-Ligated PolyUb-f-globin®
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“Selective addition of acetaldehyde moiety to the Cys** and Cys'*® thiol of the S-globin followed by oxime ligation with Ub***¥(1-75)-ONH, (3).
Next, ubiquitin chain elongation via isopeptide ligation to obtain bis(diUb)-f-globin (13). [Note, K* symbolizes 6-mercaptolysine at position 48].

another ubiquitin-thioester (5) to afford the Lys*-linked diUb-
a-globin (8; Scheme 1b). For such a step we measured a rate
constant of 1.82 + 0.01 M~' s, which is similar to published
rates of conjugating peptides via native chemical ligation®!
(Figure S15). In a similar manner, Lys**linked diubiquitin-
thioester or triUb-thioester (6 and 7, respectively), were
reacted with 4 to obtain the corresponding triUb- or tetraUb-a-
globin (9 and 10, respectively; Scheme 1b), completing the
synthesis of the set of homogeneously ubiquitinated a-globin.
Notably, in all these conjugates the ubiquitin units were linked
via an isopeptide bond bearing the thiol handle. Efforts to
desulfurize the thiol handle failed due to instability that we
observed for the oxime bond. Our previous study on such an
isopeptide bond with the thiol handle in unanchored ubiquitin
chains showed no interference with deubiquitinases or with
binding to ubiquitin-binding domains.”

Having successfully prepared a set of substrates modified by a
single chain, we then synthesized a substrate modified with
ubiquitin at two sites in order to examine how multiple
ubiquitination sites influence outcome with proteasome.”® For
this purpose, we choose f-globin, which is the second subunit
of hemoglobin, and is similar in sequence to a-globin. The two
are obtained from same HPLC purification'> and are nearly
identical in size and fold as indicated by the superimposed
tertiary structure obtained by protein data bank (Figure S25).
To further examine the stability of both proteins, we measured
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the melting temperature by circular dichroism (CD), which
suggested similar thermal stability (AT, ~ 2.9 °C, Figure S24).
Notably, -globin contains two Cys residues (Cys’* and Cys''?)
in the sequence, located in same region as the single Cys'** in
a-globin. As described above, we introduced aldehyde moieties
on each of the two Cys residues of f-globin via its two Cys
residues to give f-globin diacetaldehyde (11; Scheme 2). One
has to note that our approach might be demanding when
multiple Cys residues exist in the substrate and specificity is
required. Next, purified 11 was treated with 3 to afford
bis(monoUb)-f-globin (12). Later, ubiquitin-thioester 5 was
reacted with 12 to achieve bis(diUb)-f-globin (13; Scheme 2).

Each member of our set of purified synthesized bioconjugates
was analyzed by HPLC and mass spectrometry to confirm their
molecular weight (example in Figure la, and Figure S5—S12)
and was also resolved by SDS-PAGE gel electrophoresis to
further confirm homogeneity (Figure 1b). Furthermore, all
these synthesized bioconjugates were analyzed by CD
confirming the expected secondary structure content of the
ubiquitin and globin domains of the hybrid protein conjugate
(Figure 1cd,e). To confirm that the linkage between the
proximal ubiquitin and globin is resistant to DUBs, we treated
our bioconjugates with USP2. Indeed, monoUb-a-globin was
not processed by the potent broad specificity DUB, USP2,
whereas diUb-a-globin was trimmed within 30 min to generate

monoUb-a-globin and free ubiquitin (Figure 1f). Although the
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Figure 1. Characterization of synthesized ubiquitin-conjugates. (a) Purified synthetic tetraUb-a-globin migrates as a single peak by HPLC with an
experimental mass of 49 393 Da (calculated 49 398) as determined by ESI-MS. (b) Ubiquitinated a-globin and f-globin substrates resolved by Tris-
Glycine 12% SDS-PAGE and stained by Coomassie blue. (c,d,e) Circular dichroism (CD) analyses of free ubiquitin, naked a-globin and f-globin,
and all synthetic ubiquitin-conjugates shows the additive effect of increasing ubiquitin units on the expected overall secondary structure of the
conjugate. (f) monoUb-a-globin, diUb-a-globin, Lys®>-diUb, and Lys*-diUb were treated with USP2 at a 50:1 Molar ratio for up to 60 min.
Reaction products were resolved by Tris-Tricine 14% SDS-PAGE and stained with Coomassie blue. Migration pattern of free ubiquitin and a-globin

is shown on left.

distal ubiquitin-ubiquitin isopeptide bonds were susceptible to
USP2, the proximal bond between ubiquitin and substrate was
stable, supporting our proposed design (even after 16 h
incubation; Figure S16). Notably, Lys*-linked isopeptide bond
processing rates were comparable regardless of whether diUb
was chemically conjugated to the a-globin target or as an
unanchored chain (Figure 1f).

Processing of Ubiquitinated Globin by Human 26S
Proteasome. 26S proteasome was purified from human
erythrocytes (h26S proteasome; Figure S17), and was
confirmed to possess inherent deubiquitinases activity
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attributed to both metalloproteases and Cys-based DUBs
(Figure S18). We then analyzed the products generated from
incubating each of the substrates in the set (4, 8, 9, 10, 12 and
13) at 100:1 molar ratio with purified h26S proteasome.
Unmodified a-globin or monoUb-a-globin remained stable
with no evidence for degradation (Figure 2a). Furthermore, no
deubiquitination of monoUb-a-globin by the 26S proteasome
was measured, validating the resistance of the bond between
the proximal ubiquitin and a-globin to proteasome-associated
DUBs (Figure 2a). In contrast, diUb-a-globin (8) was trimmed
from the distal end of the polyUb chain generating monoUb-a-
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Figure 2. Product analysis of 26S proteasome reaction with a set of ubiquitinated globins: Purified human 26S proteasome was incubated with
substrates from a set of ubiquitinated - or f-globin at 1:100 ratio for up to 3 h. (a) Reaction mix of a-globin substrates were resolved by Tris-
Glycine 15% SDS-PAGE and immunoblotted with anti-a-globin. Abundance of each specie (labeled on right; Tt: tetraUb-a-globin, T: triUb-a-
globin, D: diUb-a-globin, M: monoUb-a-globin, O: naked a-globin) was quantified at each time point with Image]. For each substrate, product
distribution as percentage of starting material is displayed (error bars from triplicate experiments) and color-coded according to specie. (b) Reaction
same as in panel a, but with f-globin substrates, probed with anti-S-globin antibody. (c) Summary of substrate degradation, quantified by subtracting
all products generated by 26S proteasome from initial substrates in panels a and b.

globin (~50% of initial substrate), whereas triUb-a-globin (9)
generated both mono and diUb conjugates of a-globin (~10%
and ~50%) (Figure 2a). In the case of triUb-a-globin, the sum
of the different species present after 3 h indicates that ~25% of
initial substrate was degraded (Figure 2a). TetraUb-a-globin
(10) behaved considerably different, exhibiting degradation as
the primary outcome of incubation with 26S proteasomes
(~70%) with only trace deubiquitination detectable (Figure
2a).
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The results obtained with tetraUb-a-globin prompted us to
test how dividing the tetra-Ub signal into two diUb
modifications would affect the reaction outcome. As shown in
Figure 2b, f-globin modified with two diUb chains in close
vicinity (bis(diUb)-f-globin, 13) was deubiquitinated at one or
both sites resulting in multiple products. The sum of these
products pointed to ~25% degradation, similar to triUb-a-
globin, but significantly less than was obtained by a single
tetraUb chain modifying a protein. Even though both substrates
were modified by a total of four ubiquitin units we observed
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Figure 3. Fate of ubiquitin in 26S proteasome reaction with a set of ubiquitinated globins: Purified h26S proteasome was incubated with a set of
ubiquitinated globin conjugates at 1:100 ratio for up to 3 h. (a) Samples were resolved by Tris-Tricine 16% SDS-PAGE and immunoblotted with
antiubiquitin. Migration of initial substrates (monoUb-a-globin, diUb-a-globin, triUb-a-globin, tetraUb-a-globin), ubiquitin-containing
intermediates, and liberated free ubiquitin are marked on right side of each gel. (b) Migration of initial substrates (bis(monoUb)-f-globin and
bis(diUb)-f-globin), ubiquitin-containing intermediates, and liberated free ubiquitin are marked on right side of each gel (Tt: tetraUb-a-globin, T:
triUb-a-globin, D: diUb-a-globin, M: monoUb-a-globin, Bd: bis(diUb)-f-globin, Bm: bis(monoUb)-f-globin). (c) Peptide products generated from
tetraUb-a-globin after 3 h incubation with h26S were separated and subjected to LC—MS/MS. Sequence coverage of MS/MS identified peptides are
marked next to ubiquitin and globin sequences. Peptides longer than 20 aa are marked in blue.

significant degradation for a single tetra-ubiquitin chain (Figure
2a), while we did not measure efficient degradation of
bis(diUb)-f-globin by h26S proteasome (Figure 2b). The
primary product in the latter case was bis(monoUb)-fglobin, a
result of efficient trimming of both chains rather than
degradation. As expected, bis(monoUb)-f-globin (12) did
not undergo deubiquitination on account of the stable linkage
between the proximal ubiquitin unit and the substrate (Figure
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2b). Likewise, no significant degradation of naked f-globin or
bis(monoUb)-f-globin was detected. One has to note that
although the proteins have high structure similarity and to
certain extent of similar thermal stability, one cannot draw
strong correlation between these aspects and proteasomal
stability, since the effect of the Ub attachment site on the
overall stability of the conjugates cannot be excluded.®” Taken
together, Lys*®-linked chains shorter than tetraUb were not an
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Figure 4. Blocking Ubiquitin chain trimming from Ub-conjugates accelerates substrate degradation by proteasome: (a) Purified yeast 26S
proteasome was incubated at 1:100 ratio for up to 2 h with substrates from a set of ubiquitinated a- or S-globin. Samples were resolved by Tris-
Glycine SDS-PAGE 15% and immunoblotted with anti-a-globin. (b) At each time point, abundance of residual substrate in panel A was quantified
with Image]. (c) Reaction of h26S proteasome on monoUb-a-globin, diUb-a-globin or triUb-a-globin was carried out as in Figure 2 and 3 but in the
presence of 2.5 uM iodoacetamide and/or 10 uM MG132; reaction products visualized by Coomassie staining after resolving by Tris-Tricine 16%
SDS PAGE. (d) Reaction on tetraUb-a-globin, or bis(diUb)-f-globin as in C but reaction products immunoblotted with anti-Ub. (Tt: tetraUb-a-
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efficient signal for degradation by h26S proteasome of either a-
globin or f-globin substrates (Figure 2c).

TetraUb Chain Is Degraded along with the Con-
jugated Substrate. Having observed significantly fewer
reaction intermediates with a substrate modified by tetraUb
compared to shorter chains, we followed the fate of ubiquitin
during reaction progression. Free ubiquitin was generated
concomitantly with trimming of the distal ubiquitin unit from
diUb-a-globin and from triUb-a-globin (Figure 3a). Seeing as
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free ubiquitin was the primary product even from a triUb
modification, trimming appears to progress primarily from the
distal end. In stark contrast, neither free ubiquitin nor any
ubiquitinated intermediates were detected from tetraUb-a-
globin incubated with h26S (Figure 3a; right panel).
Quantification of substrate depletion points to degradation of
the complete conjugate—tetraUb along with globin (Figure 2a).
Release of free ubiquitin from bis(diUb)-f-globin along with
generation of ubiquitinated intermediates confirmed deubiqui-
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tination as the primary outcome of proteasome action on this
substrate (Figure 3b right panel).

In order to gain additional information on proteolysis of a
tetraUb chain was along with conjugated a-globin, peptide
products were separated from residual proteins following a 3 h
incubation with proteasome. These peptides were analyzed
directly by MS/MS and sequences determined by MaxQuant
software. Almost the entire sequences of ubiquitin and of globin
were covered by multiple peptides of various lengths (Figure
3c). Many of these peptides contain overlapping sequences, and
some were identified repeatedly (SI section 19 and
accompanying SI Spreadsheet S1).

Attenuation of PolyUb Trimming Enhances Substrate
Degradation by h26S Proteasome. Having observed that
Ub-chains of less than 4 units were trimmed by h26S, we
wondered whether interfering with proteasome-associated
DUB activity would enhance degradation of their conjugated
substrate. Since Ubp6, the ortholog of USP14, detaches during
purification of 26S proteasome from yeast,"*** this enzyme was
employed to examine the contribution of DUBs to the
degradation process. Similar to the reaction catalyzed by
h26S proteasome, degradation of tetraUb-a-globin by y26S
proteasome proceeded to ~70% (Figure 4b). However, no
detectable deubiquitination of any of our substrates by y26S
proteasomes was observed (Figure 4a). On the contrary,
degradation was observed even for chains as short as diUb.
However, even without the contribution of Ubp6, two diUb
modifications did not render the globin a better substrate for
proteasome action than a substrate with a single tetraUb
modification (Figure 4a,b).

The results obtained with y26S proteasome indicated that it
might possible to enhance proteolysis of a conjugated substrate
by inhibition of Cys-based DUBs on proteasomes. Indeed,
h26S proteasome pretreated with 2.5 #M iodoacetamide™ lost
the ability to trim the distal ubiquitin unit from diUb-, triUb-,
or bis(diUb)- modifications (Figure 4c,d) without affecting
proteasome stability or proteolytic activity (Figure S19). As a
result, about 40% of the intact conjugate was degraded, once
again globin along with the covalently attached ubiquitin
(Figure 4c). This degradation was arrested in the presence of
10 uM MG132, a 20S inhibitor (Figure 4c). Treatment with
MG132 completely inhibited basal peptidase activity attributed
to the S 20S core particle subunit without any deleterious
effects on proteasome stability (Figure S20). Since tetraUb-a-
globin was only minimally susceptible to trimming by h26S
proteasomes, inhibition with iodoacetamide resulted in no
discernible effects on proteolysis (Figure 4d). Here too,
MGI132 arrested degradation, regardless of chain length or
trimming (Figure 4d). Quantification of these results high-
lighted the competition between chain disassembly and
proteolysis of the conjugated protein at the proteasome (Figure
4e).

B DISCUSSION

Proteasomal degradation involves multiple steps each driven by
a subset of proteasome-associated subunits including shuttles,
binders, ATPase unfoldases, proteases and DUBs. Under-
standing the inner working of the proteasome as a holistic
machine would benefit from focusing on a particular step by
limiting the degrees of freedom. Great advances to this
objective have been made by tinkering with the proteasome,
for example, by eliminating or mutating specific subunits. While
this approach has been instrumental in ascribing roles to

individual subunits and thus exposing the key players, it could
lead to changes in overall complex structure or stability.
Alternatively, chemical inhibition has also been effective in
dissecting the contribution of resident enzymes such as DUBs.
However, multiple roles played by proteasome-associated
DUBs—both Rpnll and USP14/Ubp6 have catalytic as well
as noncatalytic roles—limit applications of inhibition studies.
Here, we took a complementary chemical approach by focusing
on the substrate. We designed and synthesized a unique set of
modified substrates to illuminate a specific feature of
proteasome action. Specifically, we stabilized the isopeptide
bond between a given substrate and the proximal ubiquitin to
prevent removal of the chain during the degradation process.
For this, we developed a chemical approach based on oxime
bond formation between the proximal ubiquitin bearing an
oxyamino at the C-terminus and a selectively modified protein
with an aldehyde functionality at a controlled site. With this
parameter fixed, a set of substrates was synthesized that varied
only in chain length.

Examining the reaction of our set of substrates with purified
proteasome demonstrated, unequivocally, that cleavage of the
proximal isopeptide bond is not a prerequisite for proteasomal
degradation. It has been proposed that removal of a polyUb
chain by Rpnll1 is an essential step in the degradation process,
since failure to remove would block the entry port.*>*' Our
results show that despite the size and rigidity of the chain, and
each unit within, h26S proteasome can proteolyze a Lys*-
linked tetraUb chain conjugated to a substrate. Under certain
conditions ubiquitin can be degraded."”**”*® Nevertheless,
degradation of a complete Lys**linked tetraUb chain is
remarkable as it requires overcoming several structural hurdles:
stretching the closed form of tetraUb held together via
hydrophobic patches between units,”” unfolding the highly
thermostable ubiquitin unit,’’ and processing the unique
covalent branched structure of the isopeptide linkage.
Degradation of an intact polyUb-conjugate highlights the
powerful unfolding mechanism of the proteasome machine. It
would be interesting to measure the mechanical force exerted
by proteasome to achieve such an outcome.”’

Comparison of reaction outcome accounting for both chain
trimming and proteolysis, enabled dissection of the importance
of chain length. Shorter chains did engage proteasomes, but
were trimmed, resulting in a nonproteolytic event. TetraUb
stood out by far from monoUb, diUb, or triUb modifications as
an efficient signal for proteolysis by 26S proteasomes. That
tetraUb was relatively resistant to trimming by proteasome-
associated DUBs is likely a feature of its closed compact
conformation.®***7>~7* In the current work, splitting the
tetraUb chain into two closely positioned diUb modifications
on a single globular protein, globin in this case, did not serve as
an efficient signal for degradation, as each of the two dimers
were susceptible to trimming. For other, loosely folded
substrates, shorter chains or even multiple modifications by
monoUb may be sufficient for proteasomes to degrade a
conjugate.””** Taken together, the results point to residency
time as a key parameter of 26S proteasome-dependent
degradation. Longer polyUb chains provide longer residency
time with tetraUb providing a particularly potent signal,
probably due to its resistance to disassembly by proteasome
resident DUBs. Eliminating chain trimming by removing or
inhibiting Cys-based DUBs associated with proteasomes
converted a protein tagged with diUb, triUb or bis(diUb)

into a substrate for proteolysis due to increased residency time,
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or/and to better positioning and alignment for trans-
location.””*"”> Under circumstances in which the proximal
Ub is not shaved from the substrate before the extended
polypeptide enters the internal cavity of the 26S proteasome,
ubiquitin was degraded—along with substrate. Furthermore,
ubiquitin was proteolyzed to completion at both sides of the
isopeptide bond on Lys48, indicating that branched poly-
peptides do not pose a hindrance for substrate translocation or
proteasome mechanism. This observation can explain how
ubiquitin fusion degradation (UFD) substrates are degraded.
This is particularly pertinent as a noncleavable ubiquitin fusion
termed UBB+1 is found in correlation with neurodegeneration
pathologies neurons.®®”~7

B SUMMARY

Controlling substrate features at the atomic level by applying
innovative chemistry to lower degrees of freedom provides
unprecedented opportunities to dissect a complicated enzy-
matic process, such as in the proteasome. In the current study,
replacing the proximal isopeptide bond with an oxime bond
provided new information about the contribution of the
shaving step (attributed to Rpnll) to the overall degradation
process. Rpnll is a drug target mainly because of its catalytic
activity.33‘ #7980 However, recent structural studies point to a
dynamic repositioning of Rpnll within the 26S proteasome
during the catalytic cycle.”>**"" New drug discovery efforts
could take into account, for example, noncatalytic features of
Rpnll such as repositioning or alignment of the substrate. The
finding that tetraUb can be degraded with the substrate triggers
a fresh look at natural conjugates for which no known DUBs
are identified for the shaving step, specifically ubiquitin chains
linked not through isopeptide bond to a Lys residue, but via an
ester bond to a Ser or Thr residues.””"

B METHODS

Synthesis of Globin Aldehyde (1). To a solution of purified a-
globin15 (7 mg, 0.46 mmol) in Gn-HCI buffer (460 L, 1 mM, pH
8.0), chloroacetaldehyde (S0 wt % solution in water, 3 uL, SO equiv)
was added and the reaction mixture was kept at RT for 30 min. The
product 1 was analyzed using analytical HPLC and later isolated via
semipreparative HPLC using 5—70% B in 40 min gradient on C4
column.

Synthesis of K48-monoUb-ONH, (3). K48*-monoUb75-MMP " (8
mg, 0.92 mmol) was dissolved in a solution of MPAA (25 equiv) in 6
M Gn-HCl (231 yL, pH 6). After 60 min at RT, a solution of bis-
aminoxyethane (100 equiv, 150 #L) in Gn-HCl was added and the pH
was adjusted to 5 and kept for 60 min at RT to complete the aminoxy
switching, then reaction mixture was incubated at 42 °C for 6 h to
unmask the thiazolidine. The reaction was followed using analytical
HPLC (C18 column) and a gradient of 5—55% B in 40 min. For
semipreparative HPLC, the same gradient was used to afford the
purified product.

Conjugation of 3 with 1 via Oxime Linkage. 3 (4.5 mg, 0.52
mmol) and 1 (6.35 mg, 0.8 equiv) were dissolved together in 6 M Gn-
HCI (14S uL, pH 4.5) and kept at RT for 1S min the conjugated
product 4 was analyzed using analytical HPLC/mass and isolated via
semipreparative HPLC using 5—70% B in 40 min gradient on a C4
column.

Ligation of Ub-MPAA with 4. Ub-MPAA" (5) (0.95 mg, 1.3
equiv) and 4 (2 mg, 0.08 mmol) were dissolved in 6 M Gn-HCl buffer
(85 uL, 1 mM). To this solution, 30 equiv each of MPAA and TCEP
were added, the pH was adjusted to 7 and kept at 37 °C for 3 h. The
reaction was followed using analytical HPLC (C4 column) and a
gradient 5—70% B over 40 min. For semipreparative HPLC, same
gradient was used to afford diUb-a-globin 8.
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Deubiquitination Assay. 100 nM of USP2 (Boston Biochem)
and 5 uM of synthetic Ub-conjugates or ubiquitin dimers®* were used
for deubiquitination assay in a molar ratio of 1:50 at 37 °C. The assay
buffer contains SO mM TRIS (pH 7.4), S0 mM NaCl, 100 uM EDTA
and S mM DTT.

Proteasome Purification. Human 26S proteasomes were purified
following an adapted protocol that we used to isolate proteasomes
from yeast,’" with the modification that the source was human
erythrocytes and the first separation step was on a DEAE column.
LC—MS/MS assessment of final preparation confirmed presence of
the canonical subunits viz, PSMA1—7, PSMB1-7, PSMC1—6 and
PSMD1—14. Yeast proteasomes were purified as published.®*

Proteasomal Degradation Assay. Twenty nM of human or
yeast 26S proteasome and 2 M of a/f-globin and ubiquitinated a/f-
globin proteins were used for the degradation assay in a molar ratio of
1:100. Assay buffer contain 25 mM TRIS (pH 7.4), 10 mM MgCl,
10% Glycerol, 1 mM ATP and 1 mM DTT. For DUBs inhibition
experiments 2.5 mM Iodoacetamide (IAN) was added to h26S
proteasome mixture, incubated for 30 min at RT, and then the
substrates were added to mixture followed by incubation at 37 °C as
per mentioned. For proteasome inhibition assay 25 mM TRIS (pH
7.4), 10 mM EDTA, 20 uM MG132, 10% Glycerol, and 1 mM DTT
were used in the assay buffer. All degradation reaction were carried out
at 37 °C.

Western Blot Analysis. All the sample were heated at 90 °C with
SDS-Loading dye contain 20 mM DTT for S min. The samples were
run in TRIS-Tricine or TRIS-Glycine SDS-PAGE. The antibodies anti-
Ubiquitin (Mouse monoclonal in 1:8000, Rabbit polyclonal in
1:4000), anti-a-globin (Rabbit polyclonal in 1:5000) and anti-$-globin
(Mouse monoclonal in 1:5000) were used for immunoblot assay.

In-Gel Proteasome Activity Assay. Two ug of purified of human
and yeast proteasome were run in 4% Native-PAGE in TRIS-boric acid
Buffer for 2 h at 130 V and 400 mA. The gel was incubated in assay
buffer containing 25 mM TRIS (pH 7.4), 10 mM MgCl, 10%
Glycerol, 1 mM ATP, 1 mM DTT, 50 yuM Suc-LLVY-AMC and/or
0.02% SDS for 10 min at 30 °C.

Mass Spectroscopy. After 3 h incubation of tetraUb-a-globin
with purified h26S proteasome, the reaction mixture was processed for
LC—MS/MS analysis as described in Supporting Information section
19.
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