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In eukaryotes, covalent attachment of ubiquitin (Ub) to target
proteins is involved in regulating nearly all biological
processes.l'! The most well-known function of Ub is in
targeting proteins for degradation through the Ub protea-
some system (UPS).”! For UPS processing, the prevailing
view has been that a target protein must be modified with
a polyUb chain consisting of a minimum of four Ub subunits
linked between the C-terminus of one unit to lysine (Lys)-48
of the preceding unit (the Ne-Gly-L-Lys linkage is commonly
referred to as an isopeptide bond).**l Recent studies, how-
ever, suggest the polyUb signal can be much more diverse.
That is, chains bearing linkages originating from any of the
seven Ub lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48,
and Lys63) or the N-terminal methionine are thought to
promote protein turnover in vivo.’)

We have been interested in understanding the function of
unconventional Lys6-linked polyUb chains, as these partic-
ular signals are a product of the E3 Ub ligase activity
exhibited by the breast cancer associated protein
(BRCA1).1%1 BRCA1 is a major player in the DNA
damage response (DDR) pathway and hereditary mutations
predispose women to breast and ovarian cancers.'**! The
role of Lys6-linked chains in DDR remains unclear. Some
studies implicate these chains in proteasomal degrada-
tion,["%1413] while others argue for a nonproteolytic role.*!"]
Even the importance of BRCA1 E3 Ub ligase activity in
DDR and tumor suppression has been called into question.'¥!
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Many of these issues could be resolved by deciphering how
Lys6-linked chains are recognized and processed by the
proteasome and DDR machinery. The generation of the
requisite polyUb oligomers for these studies, however,
remains challenging. Enzymatic methods are not amenable
to the production of 6-linked chains!"*?"! and the execution of
current chemical approaches is not straightforward.?'2
Herein we report on a method using free-radical thiol-ene
coupling (TEC)™ to rapidly produce well-defined 6-linked
UDb oligomers as well as other topological isomers. We also
show that these oligomers can be used to investigate substrate
preferences of proteasomal components.

Our plan was to emulate the enzymatic logic of polyUb
chain formation.””? Three enzymes—E1 (Ub-activating), E2
(Ub-conjugating), and E3 (Ub-ligating)—catalyze Ub poly-
merization.”*?! In some cases, a few E2 enzymes are capable
of catalyzing the formation of linkage-specific polyUb chains
in vitro in the absence of an E3 enzyme.”*"3 E2 enzymes
achieve linkage specificity by orienting a particular lysine of
an acceptor Ub for nucleophilic attack on the donor ubiquityl
thioester (Scheme 1 A).P*3¥ Single-linkage (homotypic) olig-
omers of different lengths are then generated after successive
rounds of conjugation through a step-growth polymerization
process. With this mechanism as a model, we envisioned
expanding the repertoire of enzymatically derived homotypic
chains beyond Lys11-, Lys48-, and Lys63-linkages by using
a dually functionalized Ub monomer (Scheme 1 A). In this
Ub variant, the C-terminal allyl amine appendage acts as the
activated E2-S-Ub intermediate and the thiol moiety of
cysteine serves as the lysine surrogate providing linkage
specificity. Free-radical thiol-ene polymerization®*! is then
used to forge an isopeptide-like bond (Ne-L-Gly-homothia-
Lys) between multiple Ub subunits (Scheme 1B).

Polymerization of monomers I-III was examined with the
goal of constructing 1) a set of oligomers harboring linkages
currently unattainable by enzymatic methods (6-linked
chains), and 2) a control series with enzymatically available
48- and 63-linkages."”**! Exposure of I-III to thiol-ene
conditions revealed rapid formation of a series of discrete
oligomers (Figure S2 in the Supporting Information). The
extent of oligomer formation, however, varied depending on
the linkage forged. For example, polymerization of II
afforded oligomers with higher molecular weight relative to
the reaction with I (Figure S12 in the Supporting Informa-
tion). This difference is likely due to the relative steric
hindrance of the two positions; position-6, which is part of
a P sheet, is less exposed than position-48. Consistent with
a fast chain termination process,"">" we also observed that
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Scheme 1. A) Comparison between enzymatic and nonenzymatic cou-
pling. Ub-charged E2 thioester (E2-S-Ub) interacts with an acceptor Ub
to catalyze isopeptide (Ne-Gly-L-Lys) bond formation. For the non-
enzymatic approach a free-radical TEC strategy is shown with a dually
functionalized Ub monomer harboring a C-terminal allyl amine adduct
and a lysine-to-cysteine mutation. B) Scheme depicting nonenzymatic
polymerization initiated using lithium acyl phosphinate (LAP) and

365 nm light. Discrete oligomers are linked through an Ne-Gly-L-
homothialys isopeptide-like bond. C) The three dually functionalized
Ub monomers (I-11l) used in this study are shown, wherein the
numbers denote the lysine residue mutated to cysteine.

conversion stopped almost immediately after reactions were
initiated.

After scaling up the polymerization reactions, size-exclu-
sion chromatography was used to isolate discrete oligomers.
Chromatograms of the crude polymerizations showed sepa-
ration of oligomers ranging from dimers to heptamers (Fig-
ure 1 A). This enabled isolation of the entire series from
tetramers to heptamers for 6-, 48-, and 63-linked Ub
oligomers in milligram quantities (Figure 1B). Each of the
48- and 63-linked oligomers exhibited binding to commer-
cially available monoclonal antibodies raised against polyUb
chains linked through native isopeptide bonds (Figure 1 C and
Figure S3 in the Supporting Information). These results
demonstrate the ease with which long polyUb chains can be
produced using thiol-ene polymerization.

Next, it was important to confirm that each Ub subunit is
linked through an Ne-Gly-L-homothialys isopeptide-like
bond. To this end, Fourier-transform ion cyclotron (FT-ICR)
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Figure 1. Isolation of discrete 6-, 48-, and 63-linked Ub oligomers.

A) Size-exclusion chromatogram of the crude polymerization of mono-
mer I. B) Coomassie-stained SDS PAGE analysis of purified 6-, 48-,
and 63-linked Ub oligomers. C) Western blot (WB) analysis of 48-
linked oligomers using the DID5 monoclonal antibody (Cell Signaling
Technology).

MS analysis was employed. Exploiting the stability of Ub in
the presence of trypsin, oligomers were minimally digested to
generate two species: Ub, 4, (IV) and Ub,_, with a 171.2 amu
addition owing to the Gly-Gly-allyl amine appendage (V;
Figure 2 A).P%40-41' MS analysis of these digests demonstrated
the presence of both IV and V (Figure 2B). Note that if
undesired C-S or C-C radical recombination products
formed during polymerization, our minimal digest approach
would identify these products. However, no other Ub variants
carrying cysteine modifications besides V were observed. All
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Figure 2. Characterization of Ub oligomers. A) Minimal trypsin digest
of oligomers results in the formation of two distinct Ub monomers IV
and V. B) Representative FT-ICR MS spectra of minimal trypsin digests
of various 6-linked oligomers. All peaks are shown in the M'®"
ionization state.
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position-specific modifications were verified by electron
capture dissociation (ECD) and/or collision-activated disso-
ciation (CAD) MS/MS analysis (see the Supporting Informa-
tion).

To investigate the function of 6-linked chains, we wanted
to determine whether the oligomers could serve as substrates
for deubiquitinases (DUBs). For these experiments we used
three distinct enzymes: a promiscuous DUB USP7,*
a Lys48-linkage-selective DUB OTUB1,* and a Lys63-link-
age-selective DUB AMSH.!*I USP7 disassembled each of the
linkages within 90 min (Figure 3 A). By contrast, the linkage-
selective DUBs OTUB1 and AMSH only degraded preferred
substrates (Figure 3B,C). With these observations we con-
clude that tetramers forged through thiol-ene polymeri-
zations are good models for native oligomers, and can be
employed in assays with the proteasome.
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Figure 3. Deubiquitinase assays with different Ub oligomers. A) Silver-
stained SDS-PAGE analysis of tetramer (10 pum) hydrolysis with USP7
(1 um). B) OTUBI1-catalyzed (1 pum) hydrolysis of Ub tetramers

(10 um). C) AMSH-catalyzed (1 pum) hydrolysis of Ub tetramers

(10 um).

The 268 proteasome is comprised of a 20S proteolytic core
capped on both ends by a 19S regulatory particle (referred to
as PA700). In the fully assembled 26S proteasome hol-
ocomplex there are three DUBs affiliated with PA700: the
cysteine proteases USP14 and UCH37, and the zinc-depen-
dent metalloprotease POH1/RPN11.4) Mounting evidence
suggests POH1 promotes substrate degradation,*”* while
USP14 and UCH37 antagonize protein turnover.*”*" The
cysteine proteases are proposed to suppress degradation by
different mechanisms, as USP14 regulates proteasome activ-
ity through a noncatalytic function and UCH37 controls the
lifetime of proteasome-substrate interactions by trimming
polyUb chains from the distal end.**'! Based on this logic,
a polyUb chain that is readily hydrolyzed by UCH37 will not
support proteasomal degradation to the same extent as
a chain processed less efficiently. As Liu and co-workers
have shown, Lys63-linked chains are trimmed more rapidly
than Lys48-linkages by 26S proteasomes and PA700.*! These
data have been used to explain, in part, why Lys48-linked
chains act as proteasome-targeting signals, whereas Lys63-
linked chains play nondegradative roles.

To compare the stability of 6-linked oligomers with its
topoisomers, each chain was interrogated with human PA700.
In our initial experiments with human 26S proteasomes we
detected negligible disassembly of oligomers composed of
either native or Ne-Gly-L-homothiaLys linkages. Therefore,
we turned to purified human PA700. Deubiquitination assays
with this enzyme complex consistently showed formation of

www.angewandte.de

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

smaller oligomeric species arising from 6-, 48-, and 63-linked
tetramers (Figure 4 A). Analysis of the amounts of each
hydrolytic product revealed important trends in reactivity.
First, 63-linked tetramers were cleaved to a greater extent
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Figure 4. PA700-catalyzed cleavage of Ub tetramers. A) Silver-stained
SDS-PAGE analysis of tetramer (10 um) hydrolysis with PA700

(100 nm). Tetramer concentrations were tenfold higher than the
reported Michaelis constants for the 26 proteasome/PA700-mediated
cleavage of Lys48- and Lys63-linked tetramers (K,,~1 um for both
chain types) to ensure saturation. B) Relative amounts of Ub trimers
and dimers (Ub; and Ub,) formed after incubating tetramers with
PA700 for 1.5 h. Bands corresponding to individual oligomers were
quantified using Image] software (NIH). The average (data was
normalized to 63-linked tetramers) of three separate experiments is
shown. *, P-value=0.01; **, P-value=0.0015; ***, P-value <0.0003.

than either 6- or 48-linked oligomers. In particular, we
observed a statistically significant three- to fivefold increase
in the amount of 63-linked trimers and dimers formed after
1.5 h relative to the other two topoisomers (Figure 4 B). This
is consistent with a sixfold difference in trimming rates
reported with 26S proteasomes and PA700 purified from
bovine red blood cells.”” Second, the levels of cleavage
products for 6- and 48-linked tetramers were nearly identical,
thus implying similar half-lives for Lys6- and Lys48-linked
polyUb chains. On this basis, we argue Lys6-linked chains can
also promote proteasomal degradation. Additional experi-
ments with target proteins carrying well-defined polyUb
chains will allow us validate this hypothesis.

In summary, this work highlights how free-radical thiol-
ene polymerizations can be applied to the nonenzymatic
synthesis of polyUb chains with well-defined linkages. By
using this approach we have shown for the first time that
homotypic polyUb chains with up to seven subunits can be
obtained in a single step. Although this methodology
generates a non-native linkage between Ub subunits, we
demonstrate that it does not impact linkage-specific enzymes.
In fact, we show that these oligomers can be used to inform on
the biochemical function of different Ub oligomers in the
context of the proteasome. With rapid access to long chains
we will be able to gain more insight into the role of 6-linked
chains in the DNA damage response pathway as well as the
UPS.
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