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Synthesis of ubiquitinated proteins for biochemical
and functional analysis
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Ubiquitination plays a crucial role in controlling various biological processes such as translation, DNA repair
and immune response. Protein degradation for example, is one of the main processes which is controlled by
the ubiquitin system and has significant implications on human health. In order to investigate these
processes and the roles played by different ubiquitination patterns on biological systems,
homogeneously ubiquitinated proteins are needed. Notably, these conjugates that are made
enzymatically in cells cannot be easily obtained in large amounts and high homogeneity by employing
such strategies. Therefore, chemical and semisynthetic approaches have emerged to prepare different
ubiquitinated proteins. In this review, we will present the key synthetic strategies and their applications
for the preparation of various ubiquitinated proteins. Furthermore, the use of these precious conjugates

rsc.li/chemical-science

Introduction
Ubiquitination

Ubiquitination is one of the most important posttranslational
modifications (PTMs), which influences a wide range of cellular
processes, such as protein degradation by the proteasome, DNA
damage response and intracellular trafficking."? Ubiquitination is
catalyzed by three enzymes known as the E1 ubiquitin (Ub) acti-
vating enzymes, E2 Ub conjugating enzymes and E3 Ub protein
ligases (Fig. 1). In a first step, Ub, a highly conserved protein of 76
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in different biochemical and functional studies will be highlighted.

amino acids, is activated by the E1 enzyme in an ATP-dependent
manner to form a thioester intermediate, which is then trans-
ferred to the E2 enzyme. Afterwards, Ub is transferred to the
substrate protein by E3 ligases.>* Notably, there are only two E1
enzymes, 30-40 E2 enzymes and several hundred E3 ligases.

In this process, the C-terminus carboxy group of Ub is
attached to the e-amine of a Lys residue or the N-terminal amine®
and to a lesser extent to the side chain of Ser/Thr/Cys® of the
substrate protein. Ub can be attached as a single moiety or as
a polymeric chain in which several Ub moieties are linked
internally through isopeptide bonds. Based on the linkage type,
the formed Ub chains adopt different conformations. This leads
to a great variety of signals within cells, since all the seven lysine
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Fig.1 The process of ubiquitination is catalysed by the three enzymes
E1, E2 and E3. Ubiquitination starts by activation of Ub by E1, followed
by transfer to E2 and finally to the substrate protein by an E3 ligase. A
subset of E3 ligases accepts Ub on an active site thiol before trans-
ferring it to substrates, while most of the E3 ligases only position the
substrate lysine close to the E2-Ub conjugate without involving
thioester formation with Ub.
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[ Substrate ] [ Substrate 1 [ Substrate ] [ Substrate ]
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Fig. 2 Ubiquitination of a substrate protein can either be mono- or
polyubiquitination. Based on the linkages within the Ub chain, poly-
ubiquitination can lead to homotypic or heterotypic chains, which can
either be mixed or branched. x and y stand for the position of the lysine
residue that is linked to the next Ub moiety.

residues within Ub (K6, K11, K27, K29, K33, K48, K63) and Met1
can be involved in ubiquitination (Fig. 2).” If the same residue is
modified during elongation, the Ub chains are called homotypic,
whereas different linkages lead to mixed chains. If a single Ub is
modified with multiple Ubs, this leads to branched chains.*®
Notably, all possible linkages have been detected in cells.*?
Ubiquitination is a reversible PTM, in which a family of enzymes
known as deubiquitinases (DUBs) removes Ub or Ub chains,
which stops or edits the respective signal in cells."®"

As ubiquitination and deubiquitination play important roles
in many cellular signaling pathways that are relevant for human
health and disease, understanding the great details of this
signal is extremely important for basic research and for the
development of novel therapeutics for various diseases, such as
cancer, among several others.

Chemical synthesis of proteins

To study the role and mechanism of PTMs such as ubig-
uitination in great details, the modified protein must be
prepared in homogeneous form and workable quantities. The
generation of defined modified conjugates by enzymatic
methods is challenging, especially in the context of ubig-
uitination, as most of the E3 ligases are promiscuous and
ubiquitinate target proteins either on several lysine residues or
lead to mono-as well as polyubiquitination.

In the last two decades, several synthetic and semisynthetic
strategies have been developed to generate homogeneously
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Fig. 3 Schematic presentation of the different strategies for the
preparation of ubiquitinated proteins based on protein expression,
chemical and semisynthetic strategies.

modified proteins containing either the native bond or unnat-
ural linkages between the respective modification and the
substrate. These methods rely on protein expression, chemical
synthesis or semisynthesis (Fig. 3) and have been reviewed
elsewhere.”™® Genetic code expansion has been used to express
proteins containing for example an azide and alkyne function-
ality in order to link the Ub and the protein substrate using Cu-
catalyzed azide-alkyne cycloaddition (CuAAC).* Ligation
methods such as Native Chemical Ligation (NCL) have been
proven to be a very suitable tool for chemically synthesizing
proteins, by linking peptide segments to form the polypeptide
chains. In NCL, often a peptide containing a C-terminal thio-
ester moiety is ligated with another segment bearing an N-
terminal cysteine residue to form the native bond at the liga-
tion site.*®

Chemical synthesis of ubiquitinated
proteins

While there are several excellent reviews about the chemistry

2124 in this review we will

and biology of ubiquitin signaling,
focus only on the different strategies for the preparation of
ubiquitinated proteins, containing native or unnatural link-
ages. We will also emphasize the studies that have been per-
formed with these conjugates to shed light on interesting
biochemical, structural and functional aspects of the Ub

system.

Synthesis of monoubiquitinated proteins containing a native
isopeptide linkage and their biological implications

Histones. Genetic information in eukaryotic cells is tightly
packaged in a nucleoprotein complex called chromatin. The
repeating unit of chromatin is the nucleosome, which consists
of DNA wrapped around an octamer of the four core histones
(H2A, H2B, H3 and H4). Additionally, the linker histone H1
binds to the nucleosome in a dynamic manner to form higher-
order chromatin structures.>

Different PTMs of histones such as acetylation, methylation,
phosphorylation and ubiquitination have been described,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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which can in general either disrupt contacts between nucleo-
somes or recruit non-histone proteins. This regulates different
processes such as transcription, DNA repair and replication.”®
Crosstalk between these PTMs either on the same histone or
within different histones provides an additional layer of regu-
lation and specificity as the activity of the enzyme for the second
PTM is often controlled by the first modification.*

Ubiquitination of histones produces the most representative
functional interplays with other histone PTMs as it provides
steric bulk and interacting surfaces.”® Ubiquitination-
dependent histone crosstalk can be classified into three types:
in the first case, histone ubiquitination promotes the installa-
tion or removal of the second modification by increasing the
binding affinity of an enzyme for the nucleosome. In the second
case, the Ub on the histone directly interacts with the enzymes
to restrict the active conformations, but without increasing the
binding affinities of enzymes for the nucleosome. In the last
case, ubiquitination leads to structural rearrangements of an
enzyme to ease auto-inhibition or activating activity of the
catalytic subunit.®* Decoding the role of histone PTMs is
important to understand fundamental processes of epigenetic
regulation in health and diseases.

It is known that monoubiquitination at K120 in human
histone H2B (H2BK120-Ub) plays important roles in transcrip-
tional elongation and trans-tail histone H3 methylation.** The
proteins hSetl, a member of the MLL protein family, and
hDot1L have been shown to methylate the H3 residues K4 and
K79, respectively, in a H2BK120-Ub-dependent manner.****
Chromosomal translocation of the MLL protein, which results
in its fusion with protein partners such as AF-10, have been
shown to mistarget hDot1L activity to a subset of hox genes.
This leads to hypermethylation and overexpression of these
genes and causes acute myeloid or acute lymphoblastic
leukemias.*

Understanding how H2B-Ub stimulates trans-tail hDot1L
activity would not only enhance our understanding of the role of
this modification in epigenetic control mechanisms but could
also lead to new therapeutic strategies to target leukemias
mediated by hDot1L activity.>***

In 2008, the Muir group aimed to shed light on the role of
H2BK120-Ub in H3 K79 methylation.** The group developed
a strategy for the synthesis of homogeneously ubiquitinated
H2B based on expressed protein ligation (EPL) of three different
fragments (Fig. 4A). EPL is used to link recombinant and
synthetic polypeptides by an amide bond, one containing a C-
terminal thioester and the other one an N-terminal cysteine.
As no native cysteine is present in H2B and Ub, two traceless
ligation strategies were needed to prepare native H2BK120-Ub.
For the first ligation, the group used a photolytically remov-
able thiol-bearing ligation auxiliary linked to the K120 side
chain of H2B. To exclude double ubiquitination during ligation
with the recombinant Ub thioester, the cysteine of this H2B
fragment was protected with the photolabile S-(o-nitrobenzyl)
group. After removal of the auxiliary and the cysteine protecting
group, the ubiquitinated H2B fragment was ligated to the
recombinant thioester H2B fragment. A final desulfurization
step gave the native H2BK120-Ub.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Two different auxiliary-based ligation strategies for the prep-
aration of ubiquitinated H2B. (A) The Muir group used an H2B fragment
with a photolytically removable auxiliary containing a nitrobenzyl-
protected cysteine that was linked to the Ub-thioester. After cysteine
deprotection, the second H2B thioester fragment was ligated. (B) The
Liu group used an H2B fragment with an acid-labile auxiliary and a C-
terminal hydrazide. After ligation to the Ub-thioester, the hydrazide
was activated and ligated with the second H2B cysteine fragment.

The H2BK120-Ub was incorporated into histone octamers
with recombinant H2A, H3 and H4 proteins and these were
used to reconstitute mononucleosomes. With these nucleo-
somes, the effect of H2BK120-Ub on Dotl methyltransferase
activity was investigated by a *H-SAM methyltransferase assay.
Methyltransferase activity was only detected
nucleosomes containing H2BK120-Ub and not in unmodified
nucleosomes. This can be explained by the proximity of H3 K79
and H2B K120, which builds the structural basis for this
crosstalk as was revealed by cryo-electron microscopy (EM)
studies.***” Docking studies have shown that the catalytic
domain of hDotlL is located adjacent to the H2B
ubiquitination.*

As H2B ubiquitination is correlated with increased levels of
di- and trimethylation of H3 K79 in humans® and yeast,*
respectively, the group aimed to determine the degree of
methylation occurring in their assays. In unmodified nucleo-
somes some monomethylation and no di- and trimethylation
was observed, whereas mononucleosomes containing
H2BK120-Ub showed mono- and dimethylation. No trimethy-
lation was observed, which is in accordance with analysis of H3
K79 methylation in human cell lines.**

Recently, Liu and co-workers compared DotlL activities
stimulated by histone H2B ubiquitinated at K34 and K120
(H2BK34-Ub and H2BK120-Ub) nucleosomes. The group
prepared the natively ubiquitinated histone variants by chem-
ical protein synthesis and auxiliary-mediated site-specific
ubiquitination (Fig. 4B).>® The acid-labile auxiliary was linked
to the lysine side chain (K34 or K120) of the H2B fragment
containing a C-terminal hydrazide. After ligation to the Ub

in mono-
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thioester and auxiliary removal, the hydrazide was oxidized and
converted to a thioester, which allowed the ligation with the
second H2B cysteine fragment. Desulfurization gave the native
ubiquitinated H2B variants. These proteins were reconstituted
into octamers with recombinantly expressed unmodified H2A,
H3 and H4 and the methyltransferase activities of Dot1L were
compared. Ubiquitinated H2B variants stimulated the catalytic
activity of DotlL on H3 K79 methylation. The activity on
H2BK34-Ub and H2BK120-Ub nucleosomes was four- and
seven-fold higher than on unmodified
respectively.

Next, the group used cryo-EM to determine the structure of
Dot1L bound to the H2BK34-Ub nucleosome and to elucidate
the molecular details of DotlL stimulation by H2BK34-Ub.
Notably, K79 of H3 was mutated to norleucine, which was
known to increase the binding affinity between the methyl-
transferase and a nucleosome and traps the enzyme in an active
state in a SAM-dependent manner.*> These structural investi-
gations in combination with site-directed mutagenesis of
Dot1L, maleimide footprinting and Ub displacement revealed
the biochemical and structural basis for the crosstalk between
histone H2B K34 ubiquitination and methylation of H3 K79 by
Dot1L. This study revealed that H2BK34-Ub restricts the orien-
tation of DotlL, without any direct Ub-DotlL interaction. It
induces a nucleosome distortion, which orients Dot1L on the
disk face of the nucleosome and positions its catalytic pocket to
face H3 K79, leading to stimulation of Dot1L. The stimulation of
Dot1L by H2BK34-Ub by reshaping the nucleosome core struc-
ture to accommodate the activity of histone-modifying enzymes,
represents a new mode of trans-histone crosstalk, which may
also account for other histone crosstalks.*

Notably, the Brik group previously prepared histone H2B
monoubiquitinated at K34 by convergent chemical synthesis.**
This method also allowed the synthesis of doubly modified H2B
with Ub and N-acetylglucosamine.** The glycosylation of H2B on
S112 (H2BS112-GlcNAc) was found to promote its ubig-
uitination on K120 (ref. 45) and the preparation of H2BS112-
GIcNAc-K120-Ub will allow to understand the mechanism
behind this. Interestingly, the group compared the total
chemical synthesis of four H2B variants (monoubiquitinated at
K34 or K120, glycosylation at S112 and doubly modified H2B at
S112 and K120) from four fragments by convergent and one-pot
approaches. This can be used as a guideline when selecting the
most efficient approach for the preparation of complex protein
targets.

In the context of PTM crosstalks, experiments with oligo-
nucleosomes reconstituted from homo sapiens histones and
containing uniformly ubiquitinated H2A at K119 (H2AK119-
Ub), purified from mammalian cells, have shown that H2A
K119 ubiquitination inhibits the activities of several H3 K36-
specific methyltransferases, leading to negative regulation of
H3 K36 methylation levels.*® However, it remained unclear if the
inhibition was caused by the Ub present in the same or the
neighbouring nucleosome in folded oligonucleosomes.

Therefore, the Rhodes and Liu groups prepared mono-
ubiquitinated histone H2A at K119 (H2AK119-Ub) by genetic
incorporation of azidonorleucine in combination with auxiliary-

nucleosomes,

10028 | Chem. Sci, 2023, 14, 10025-10040

View Article Online

Review

assisted NCL and compared the enzymatic activity of NSD2 and
SETD2 (methyltransferases for H3 K36-specific di- and tri-
methylation, respectively) on unmodified and ubiquitinated
nucleosome core particles.*” The levels of di- and tri-
methylation were significantly decreased on ubiquitinated
nucleosome core particles (NCPs). In order to confirm that this
was indeed caused by Ub, the group removed Ub from
H2AK119-Ub by USP21 treatment, which restored the levels of
di- and tri-methylation. Furthermore, the group confirmed the
inhibitory role of H2A ubiquitination on H3 K36 methylation by
the specific methyltransferases in mononucleosomes recon-
stituted from Xenopus laevis histones, which explains the
observation that H2A ubiquitination and H3 K36 methylation
rarely coexist in vivo.*®

Although mostly the crosstalk of PTMs within different
histones was investigated, an example for the preparation of
one histone containing two PTMs was also reported. The Li
group developed the total chemical synthesis of H3 containing
K56 acetylation and K122 ubiquitination (H3K56-Ac/K122-Ub).*®
Combining standard hydrazide-based NCL with auxiliary-
mediated ligation for site-specific ubiquitination led to the
desired product on the tens of milligrams scale.

The critical and rate-limiting step in nucleosome assembly is
believed to be the deposition of (H3-H4), tetramers,*® which has
been speculated to be facilitated by the site-specific acetylation
and ubiquitination of histone H3. With this doubly modified
H3 variant the group aimed to investigate this hypothesis, but
during reconstitution of the three tetramers (H3, H3K56-Ac and
H3K56-Ac/K122-Ub) with unmodified H4, the experiment with
the ubiquitinated variant failed. It was suggested that chaper-
ones are required to place H3K56-Ac/K122-Ub in an appropriate
conformation to prevent nonspecific interactions in the
formation of (H3-H4), tetramers.

Another important aspect in the context of histones is
histone deubiquitination, which is involved in DNA damage
repair, gene activation inhibition and chromosome condensa-
tion.*® Aberration on deubiquitination is highly associated with
human diseases such as cancer, but also with aging and infer-
tility.** Therefore, studying DUB-mediated deubiquitination is
of current interest in medicine.*

While most of the histone-associated DUBs act on a variety of
substrates,*® also some site-selective histone-associated DUBs
have been identified. USP51 was found to be able to cleave H2A
with ubiquitination at K13 and K15 (H2AK13-Ub and H2AK15-
Ub), but not K119 (H2AK119-Ub) in vivo.**

In order to study the mechanism and selectivity of USP51,
the Liu group prepared H2A ubiquitinated at K13, K15 or K119
by their auxiliary-based ligation strategy.> In contrast to the in
vivo results, USP51 did not favour H2A ubiquitinated at K13 and
K15 against ubiquitination at K119 in vitro. Interestingly,
H2AK119-Ub was cleaved more quickly than H2AK13/15-Ub.
These results suggest that other factors such as other histone-
modifications or competitive reader proteins that bind to
H2AK119-Ub might influence the selectivity and activity of
USP51.

H2B is deubiquitinated by the Spt-Ada-Gen5 acetyltransfer-
ase (SAGA) coactivator, which contains a subcomplex consisting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the four proteins Ubp8, Sgf11, Sus1 and Sgf37, also known as
the SAGA DUB module.***® Deubiquitination of H2B was found
to be inhibited by phosphorylation of Y57 in histone H2A.*® To
study this interaction, the Wolberger and Brik groups prepared
phosphorylated histone H2A (H2AY57-P) by total chemical
synthesis and ubiquitinated histone H2B by semisynthesis.*
The histones H2BK120-Ub, H3, H4 and the unmodified H2A or
H2AY57-P were reconstituted into octamers and the ability of
the yeast SAGA DUB module to deubiquitinate H2B was
compared for both cases. In nucleosomes containing H2AY57-
P, the deubiquitination showed a 30-fold reduction compared
to the nucleosomes containing unmodified H2A. This confirms
the inhibitory effect of H2AY57-P on H2BK120-Ub deubiquiti-
nation. This is in accordance with investigations of the crystal
structure of the SAGA DUB module bound to ubiquitinated
nucleosomes,* which will be described in the section related to
ubiquitinated proteins containing unnatural linkages.

a-Synuclein. o-Synuclein (a-Syn) is a protein that plays
a critical role in the pathogenesis of Parkinson's disease (PD)
and other neurodegenerative diseases. A characteristic of the
pathology of PD is the loss of dopaminergic neurons and the
formation of intracellular inclusions, called Lewy bodies (LB).**
It has been shown that different PTMs such as phosphorylation
and ubiquitination are associated with PD pathology.®® There-
fore, understanding the role of these modifications in the
regulation of o-Syn pathophysiology is an important step
towards identifying novel therapeutic targets for the treatment
of PD. Most a-Syn species found in LBs are mono- or diubi-
quitinated at multiple lysine residues.®* But as the directed site-
specific ubiquitination of lysine residue(s) within «-Syn has not
been possible for a long time, it was difficult to investigate the
effect of ubiquitination at specific lysine residues.

In order to address this problem, the Brik and Lashuel
groups devised a synthetic strategy to prepare homogeneously
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l RSH

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

monoubiquitinated forms of a-Syn by using the d-mercaptoly-
sine strategy (Fig. 5).** The latter was installed to prompt
transthioesterification with a Ub thioester followed by an S-N
acyl transfer step to form the modified isopeptide linkage
between the Ub and lysine of the substrate.

As the sequence of a-Syn does not contain Cys residues, A19
was chosen as ligation site and the desulfurization of the d-
mercaptolysine after ligation led to the native mono-
ubiquitinated protein. In more details, the fragment a-Syno_140
containing an N-terminal Cys was expressed in E. coli and the o-
Syn,_;5 thioester containing a 8-mercaptolysine protected with
Acm (acetamidomethyl) at position K6 was prepared using Boc
SPPS. These two fragments were linked by NCL under dena-
turing conditions. After purification, the Acm protecting group
was removed and the free 3-mercaptolysine containing poly-
peptide was ligated with the Ub thioester, which was followed by
desulfurization to give the desired monoubiquitinated a-Syn in
the purified form as confirmed by different methods.

In order to determine the effect of ubiquitination on a-Syn
fibril formation, the groups compared the fibril formation of
monoubiquitinated a-Syn at K6 and the wildtype (wt) protein in
a thioflavin T (ThT) assay and with transmission electron
microscopy (TEM). The a-Syn wt was found to form extensive
fibrillar structures, whereas monoubiquitination at K6 inhibi-
ted fibril formation, suggesting that ubiquitination could occur
after fibrilization. The data obtained during this study contra-
dict the results of other studies that indicated enhancement of
a-Syn aggregation by ubiquitination in vitro and in cell
cultures.®® Notably, in these studies heterogenous mixtures of
unmodified a-Syn and a-Syn ubiquitinated at different lysine
residues have been used. This further highlights the impor-
tance of the preparation of homogeneously ubiquitinated
proteins. Furthermore, it allows to investigate the crosstalk
between different PTMs. In this case, the group aimed to
explore the effect of ubiquitination at K6 on a-Syn phosphory-
lation at S87 and S129 by three different kinases, which was
found not to significantly influence the extent of a-Syn
phosphorylation.

a-Globin. Although most proteins are linked to Ub or polyUb
via lysine residues, there is growing evidence about the exis-
tence and physiological relevance of the so called “non-canon-
ical” ubiquitination.® Proteins lacking lysine or having the
lysine residue mutated to arginine can still be ubiquitinated
and targeted for the proteasomal or ER-associated
degradation.®”

The Brik group aimed to prepare ester- and isopeptide-
linked ubiquitinated a-globin (modified at T127 and K127,
respectively) in order to compare their behaviour with various
DUBs.*® Only a few examples for the incorporation of an ester
unit into proteins have been reported.®*”* The Brik group re-
ported the first total chemical synthesis of a ubiquitinated
protein, which contains an ester-linked Ub unit (Fig. 6). In
detail, the group divided HA-a-globin in four fragments that
were prepared by SPPS. The fragment containing the ester
linkage at position T127 (Ub,e_s6—0-globing,g 150) was also
prepared via standard SPPS up to position 128. Afterwards, the
group had to overcome the problem of cyclization at two
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Fig. 6 Synthesis strategy for the preparation of ubiquitinated a-globin
containing an ester bond. The a-globin;,;_150 fragment was synthe-
sized by SPPS and introduction of an Alloc-protected glycine onto
a tyrosine side chain led to the desired ester bond between Ub and a-
globin.

different synthesis steps. After coupling of Fmoc-Thr-OH, the
next amino acid was coupled to prevent an intramolecular
attack of the Thr free amine on the ester bond. The ester bond
was formed by coupling allyloxycarbonyl (Alloc) protected
glycine to the free Thr hydroxyl group. After finishing the
synthesis of the backbone peptide, the Alloc protecting group of
the branched glycine was removed and the following Arg-Gly
was coupled as a dipeptide to prevent intramolecular diketo-
piperazine formation. The remaining peptide was synthesized
using standard SPPS. Ligations of the four fragments followed
by desulfurization gave the final HA-a-globin-Ub analogue.

With both HA-a-globin-Ub variants in hand, the group
compared the recognition and stability of the ester- and iso-
peptide linkage in DUBs cleavage assays. Therefore, the variants
were incubated with different purified DUBs and the cleavage
efficiency was evaluated. A detailed comparison of the cleavage
efficiency by USP2 showed that the isopeptide linked HA-o-
globin-Ub undergoes faster cleavage than the ester-linked
variant. After a short incubation time, over 70% of the isopep-
tide variant underwent cleavage, while it was only around 30%
for the ester-linked variant. Analysis with USP15 showed
comparable differences in the cleavage of the two variants, but it
was faster for both compared to USP2. Importantly, these
findings show, for the first time, that DUBs can cleave an ester
bond between Ub and another protein.
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Other proteins. In addition to modified histones, o-synu-
clein and a-globin, other natively monoubiquitinated proteins
were prepared. For example, the Offer group aimed to investi-
gate the effect of ubiquitination of NEMO (NF-kB essential
modulator) using the monoubiquitinated form of this protein
(NEMOK302-Ub) prepared by chemical synthesis.”” Linear
ubiquitination of NEMO promotes activation of a kinase
complex which is important for intracellular immune signal-
ling. The only known ligase complex to synthesize linear Ub is
the linear Ub chain assembly complex (LUBAC), a hetero
complex consisting of three proteins. It has been unclear if the
catalytic core is sufficient for linear ubiquitination or if the
entire LUBAC complex is required. The group provided support
that Ub elongation does not require additional structural
elements outside the catalytic core and suggested that the linear
ubiquitination of NEMO occurs in two stages. First, Ub is
attached to NEMO by the LUBAC complex and second, another
Ub is linked to the M1 of the Ub on NEMO, leading to chain
elongation, which only requires the catalytic core activity.

Okamoto and co-workers developed a one-pot ligation
strategy, which enabled the introduction of several PTMs into
the HP1a protein, including ubiquitination, phosphorylation,
citrullination and acetylation.” In the context of HP1a ubig-
uitination, they focused on the K154 ubiquitination site which
has been proposed to promote the degradation of HPla
through the autophagy pathway to enable efficient DNA repair.
As K154 is located at the chromo shadow domain, which is
responsible for the self-dimerization of HP1a, the group sug-
gested that steric hindrance caused by the Ub disturbs the
dimerization.

Synthesis of polyubiquitinated proteins containing a native
isopeptide linkage and their biological implications

In addition to monoubiquitinated proteins, polyubiquitinated
proteins containing a natural linkage between the substrate
protein and the Ub chain have been synthesized, however to
a lesser extent.

For the first time, the synthesis of diubiquitinated histone
H2A (H2AKX-di-Ub) was recently established by the Liu group™
to investigate its interaction with p53-binding protein 1 (53BP1),
which is a critical regulator of cellular response to DNA double
strand breaks (DSBs). 53BP1 binds to an NCP containing
dimethylated H4 at K20 and ubiquitinated H2A. 53BP1 was
considered as a specific reader of H2AK15-Ub,” but as the Ub
ligase RNF168 ubiquitinates H2A at K15 and K13 without
selectivity and introduces polyubiquitination, this raised the
question whether 53BP1 in addition to these events, is also
a reader of H2AK13-Ub or diubiquitinated H2A. To answer this
question, the Liu group synthesized ubiquitinated H2A through
convergent ligation combined with desulfurization.”™

The four synthetic H2A variants (mono- and di-ubiquitinated
at K13 or K15) were incorporated into histone octamers and
nucleosomes with recombinant H2B, H3 and chemically
synthesized histone H4 dimethylated at K20 (H4K20-di-Me). In
order to investigate the interaction between 53BP1 and the
modified NCPs, the group performed pull-down experiments

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with GST-53BP1 fusion proteins.” 53BP1 selectively bound to
NCPs containing H2AK15-Ub, but not H2AK13-Ub and these
interactions were only detected between 53BP1 and H4K20-di-
Me-containing NCPs, consistent with previous studies.”>”®
Furthermore, 53BP1 was found to bind to H2AK13-di-Ub and
H2AK15-di-Ub in the presence of H4K20-di-Me. The group
proposed a binding model in which the 53BP1 and NCPs con-
taining diubiquitinated H2A interact via the hydrophobic patch,
H4K20-di-Me and the nucleosome acidic patch.

a-Synuclein. The Brik group prepared ubiquitinated a-Syn
variants by site-specifically incorporating K48-linked di- or tetra-
Ub onto the side chain of K12 of a-Syn via a native isopeptide
bond.” This allowed to elucidate the role of ubiquitination in
regulating o-Syn stability, aggregation, phosphorylation and
clearance. Furthermore, the group was able to investigate the
crosstalk between phosphorylation and ubiquitination, which
are the two most common o-Syn pathological modifications in
Lewy bodies and Parkinson disease.

For the preparation of a-Syn, the a-Synzy_14 fragment, con-
taining an N-terminal Cys, was recombinantly expressed in E.
coli, while the a-Syn;_,o thioester peptide containing a d-mer-
captolysine at K12 was chemically synthesized. Ligation of these
fragments gave o-Syn bearing the &-mercaptolysine. This
allowed the introduction of the tetra-Ub chain via two sequen-
tial ligation steps of di-Ub-thioester (Fig. 7). Desulfurization
followed by purification via gel-eluted liquid fraction
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Fig. 7 Synthetic strategy for the preparation of tetraubiquitinated o-
Syn based on the use of 3-mercaptolysine. The ligation of two di-Ub
fragments to the a-Syn, followed by desulfurization gave the natively
tetraubiquitinated protein.
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entrapment electrophoresis led to the desired tetra-
ubiquitinated a-Syn;_;40 in high homogeneity.

In order to investigate the effect of ubiquitination on the
stability of a-Syn and its degradation, the mono-, di- and tetra-
ubiquitinated o-Syn variants were incubated in crude cell
extract. The results clearly showed that di- and tetraubiquiti-
nated o-Syn are more resistant to DUBs than mono-
ubiquitinated o-Syn and are degraded by the proteasome.

In a next step, the aggregation of wt and tetraubiquitinated
a-Syn were compared to find out about the effect of Ub chain
length on o-Syn fibril formation. While monoubiquitination
was found to stabilize monomeric o-Syn, tetraubiquitination
led to the formation of nonfibrillar aggregates. These findings
suggest that ubiquitination of a-Syn inhibits fibril formation
and probably occurs after fibril formation. This possibly
suggests that ubiquitination by the longer chains is an active
cellular response to disassociate these aggregates and promote
clearance of a-Syn fibrils by degradation by the proteasome.

The researchers have also studied the interplay of ubig-
uitination and phosphorylation and showed that the effect of
phosphorylation at Y125 on o-Syn aggregation is dependent on
the length of the poly-Ub chain. Monoubiquitinated a-Syn was
found not to aggregate upon phosphorylation at Y125, while
tetraubiquitinated a-Syn exhibited higher aggregation propen-
sity. It has been hypothesized that the combination of tetrau-
biquitination and phosphorylation at Y125 induces
conformational changes that lead to the formation of an
aggregation-prone structure. Notably, when o-Syn is either
ubiquitinated or phosphorylated, this does not influence its
aggregation.

Cyclin B1. The Ub proteasome system (UPS) is the major
proteolytic pathway for the removal of proteins.*”® The target
proteins are selected by covalent Ub-tagging (typically with K48-
linked Ub chains), followed by proteolysis within the 26S pro-
teasome in an ATP-dependent manner.” The 26S proteasome
holoenzyme consists of a 19S regulatory particle, which recog-
nizes the Ub signal and unfolds the target protein, as well as
a 20S core particle, which hydrolyzes the unfolded polypeptide
into short peptides. The proteasome is usually found as
a mixture of 30S, 26S and 20S complexes with common catalytic
sites, which makes it difficult to dissect their specific roles.
Changes in the cellular ratio between the 20S and the 26S pro-
teasomes may be part of an adaptive response to meet cellular
needs.*® Misfolded or inherently disordered proteins are often
ubiquitinated in cells, but it is unclear whether they are
degraded by 20S or 26S proteasomes.

Cyclin B1 is a known substrate for ubiquitin-dependent 26S
proteasome degradation, but potentially a substrate for both
20S and 26S proteasomes. It has a disordered N-terminal
region, which contains 15 lysine residues that can be modi-
fied by Ub.**

The chemical synthesis of homogenously ubiquitinated
proteins allows a comparison of 20S and 26S proteasomes with
regard to their substrate selection and peptide-product genera-
tion. Therefore, the Brik and Glickman groups prepared mono-,
di- and tetraubiquitinated cyclin B1 by using 3-mercaptolysine
assisted ubiqutination.®” The Ub units were linked via K48 and
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attached to K64 of cyclin B1. To facilitate the tracking of specific
Ub units in the chain, the proximal Ub in all chains was tagged
with Myc peptide and the distal Ub with Flag.

In vitro, unmodified cyclin B1 was proteolyzed faster by
purified 20S proteasomes than by 26S proteasomes. In contrast,
tetra-Ub-cyclin B1 was proteolyzed faster by 26S proteasomes.
The rate of cyclin B1 degradation by the 20S proteasome was
proportionate to the number of Ub units attached to the same
substrate. For the 26S proteasome, the inverse behavior was
observed.

Interestingly, proteolysis by the 26S proteasome led to Ub
recycling whereas in the 20S proteasome the Ub was proteolyzed
along with its attached target protein. While the 26S protea-
some showed a distinct cleavage pattern and generated longer
peptides, the 20S proteasome showed greater flexibility to
access potential cleavage sites and generated longer peptides.
Ub units facilitated the degradation of a tagged substrate by the
26S proteasome by binding to Ub receptors. This was not the
case for the 20S proteasome as it lacks Ub receptors.

a-Globin. The Brik and Ciechanover groups aimed to shed
light on the degradation of tetra-Ub linked to HA-a-globin and
examine the fate of the Ub moieties in the degradation
process.®*** Therefore, distal or proximal Ub moieties were
tagged differently with either Myc or Flag peptides in order to
study the fate of each independently. Two constructs were
synthesized, in which the first contained a Myc-tag at the N-
terminus of the proximal Ub and a Flag-tag at the N-terminus
of the distal Ub, while the second construct was prepared
with reversed tagging.

The samples were incubated in rabbit fraction II, a crude cell
extract containing all the UPS components required for conju-
gation and degradation, including E1, most of the E2s and E3s,
the proteasome and a broad array of DUBs. As also observed

proximal Ub
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i \ /g

N oy :
Wye)  Jew Flag) WD :

HA —{ a-globin, 142 (HA ) a-globina.14s |

{DUBS

a-globing._142
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No degradation Reconjugation of free Ub Degradation

Fig. 8 Investigation of ubiquitinated a-globin variants. For the mon-
oubiquitinated a-globin, the Ub gets cleaved by DUBs, making
degradation by the proteasome impossible. In contrast, for the tet-
raubiquitinated a-globin, the distal Ub gets cleaved by DUBs, but the
remaining Ub chain is still a sufficient degradation signal. The free Ub
moieties are reconjugated to other protein substrates.
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during the studies with cyclin B1, the degradation efficiency was
proportionate to the Ub chain length. The distal Ub moiety was
removed by DUBs and reconjugated to other substrates in the
extract. In contrast to this, the proximal Ub moiety was
degraded with the substrate. For mono-Ub HA-o-globin, the Ub
moiety was removed rapidly, leading to nearly no degradation of
the substrate, while the tetra-Ub was found to be an effective
degradation signal (Fig. 8).

These findings suggest that proximal Ub moieties are
necessary for securing the association of the substrate with the
proteasome during the proteolytic process, whereas the distal
Ub moieties are important for protecting the proximal moieties
from premature deubiquitination. Furthermore, these studies
highlight the importance of the entire repertoire of cellular
DUBs in regulating the degradation of proteasomal substrates,
as the mono- and tetra-Ub HA- a-globin were similarly degraded
when using purified 26S proteasome for the experiments.

Synthesis of ubiquitinated proteins with unnatural linkages
and their biological implications

In addition to the synthesis of native Ub conjugates, various
strategies for the preparation of Ub conjugates containing
unnatural linkages have been developed.

Monoubiquitinated proteins

Histone H2B. As described previously, ubiquitination of K120
in histone H2B plays an important role for the methylation of
histone H3. Examination of the nucleosome structure revealed
that several lysine residues in the C-terminal helix of H2B are
solvent exposed. H2B K125 in humans® as well as H2B K111 in
yeast®® (analogous to K108 in mammals) have been reported to
undergo ubiquitination in vivo, but their possible biological
roles and effect on hDot1L are unknown. The Muir group aimed
to investigate the crosstalk between ubiquitination and meth-
ylation. They wanted to study if the ability of H2B ubig-
uitination to stimulate H3 K79 methylation by hDot1L is strictly
dependent on the Ub attachment site. Therefore, they envi-
sioned the incorporation of a suitable sulfur-containing linker
as a replacement of the isopeptide linkage and chose to use
a disulfide-directed strategy for site specific ubiquitination of
histones.*” This method is well suited especially in the context
of histones, as there is only one cysteine residue in the four core
mammalian histones (C110 in H3) and the mutation of this
residue to alanine has no major effect on nucleosome func-
tion.*® Furthermore, Ub does not contain a cysteine residue.

For this semisynthetic strategy (Fig. 9), the fusion construct
Ub-GyrA was expressed in E. coli and after purification was
incubated overnight with cysteamine to yield the free Ub con-
taining a C-terminal aminoethanethiol linker. The H2B K120C
mutant was expressed in E. coli and the cysteine was activated
with 2,2"-dithiobis(5-nitropyridine) (DTNP). Incubation of the
activated H2B K120C mutant with two-fold molar excess of Ub
at pH 6.9 for 1 h gave the desired disulfide linked mono-
ubiquitinated H2B (H2B-Ub(ss)). The resulting linkage between
Ub and H2B was around 2.4 A longer than the isopeptide
linkage and due to the disulfide bond, no reducing agents could
be used in biochemical assays. Therefore, the group examined if

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Semisynthetic strategy for the preparation of mono-
ubiquitinated histone H2B containing a disulfide linkage. The histone
H2B and the Ub were expressed in E. coli. Modification of the Ub with
a thiol and activation of the H2B cysteine with DTNP allowed the
formation of a disulfide bond.

these changes have any effect on biochemical activity, especially
on hDotlL stimulation. Therefore, they prepared octamers
consisting of the core histones H2A and H4, the H3 C110A
mutant and either H2B, native H2B-Ub or H2B-Ub(ss). The H3
C110A mutant was used to preclude disulfide exchange with the
H2B-Ub(ss) during octamer formation.

Notably, mononucleosomes reconstituted with H2B ubig-
uitinated at the positions 108 and 116 migrated faster than the
other ubiquitinated mononucleosomes during native gel elec-
trophoresis, indicating that Ub influences the structure and/or
surface charge in a position-dependent manner. Structure-
activity relationship studies narrowed down the region of the
Ub surface required to stimulate hDot1L activity. Furthermore,
it was revealed that this stimulatory effect is not strictly
dependent on the Ub attachment point.

Chromatin compaction can be regulated by histone PTMs as
described in the previous section.®® Acetylation of histone H4
(H4-Ac) at position K16 for example leads to fiber decom-
paction® whereas its trimethylation at position K20 results in
increased folding.”* It has been suggested that H2B ubiq-
uitination increases nucleosome and DNA access to down-
stream factors by locally open the chromatin structure.®” But as
no detailed analysis of the specific effect of H2B ubiquitination
on chromatin structure has been reported, the Muir group
aimed to chemically synthesize H2B-Ub and investigate the
conformation and accessibility of ubiquitinated and unmodi-
fied chromatin fibers in solution. The H2B-Ub was prepared by
the disulfide-directed methodology for the site-specific
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ubiquitination at K120.%® The group devised a method based on
homo-FRET between nucleosomes that directly reports on
internucleosomal distance changes in equilibrium. This
allowed them to show that divalent cation-induced chromatin
fiber compaction involves conformationally heterogenous
intermediates. Interestingly, H4-Ac and H2B-Ub showed
different effects. H4-Ac affects compaction throughout the
folding transition by H4 tail binding to the H2A acidic patch.**
This leads to a reduction of closely interacting nucleosomes and
prevents full fiber folding because of counteracting electrostatic
repulsion. In contrast to this, H2B-Ub interferes with later
stages of compaction. While transient interactions between
nucleosomes are not impaired, upon further compaction the
regular fiber packing is impaired, which may lead to fiber
instability and local unfolding.

It was hypothesized that specific interactions between Ub
and the nucleosomal surface might be required to prevent
escape of Ub from the interface between nucleosomes during
compaction, as the similar-sized protein Hub1l could not
substitute for Ub in impairing chromatin folding. In addition,
ubiquitination of H2A at the opposite site of the nucleosomal
surface does not hinder fiber compaction.®® Therefore, it
remains unclear how exactly Ub can influence chromatin fiber
compaction.

In order to gain insights into the mechanism of chromatin
decompaction, the Muir group used a hydrogen-deuterium
exchange strategy coupled with NMR spectroscopy to map the
parts of Ub responsible for structural effects on chromatin.®®
The group prepared ubiquitinated H2B at position K120C
histone via the disulfide strategy.’” Previous studies have sug-
gested that features on the Ub surface are responsible for
decompaction.” The current study confirmed this hypothesis
by revealing that the amino acids E16 and E18, within the acidic
patch on Ub, are essential for decompaction as they mediate
electrostatic interactions with the basic histone proteins.
Interestingly, Ub-nucleosome interactions seem to be Mg**
dependent. The addition of Mg>" brings the surfaces of neigh-
boring nucleosomes closer that are too far apart for electrostatic
interactions in the absence of Mg?". Besides Ub-nucleosome
interactions, also Ub-Ub contacts occur in the chromatin
environment, and they are important for the solubilization of
chromatin polymers by preventing the establishment of a close
interface between nucleosomes.*®

Monoubiquitinated H2B at K120 in human (and K123 in
yeast) also plays multiple roles in transcription activation®” and
has been shown to be deubiquitinated by the SAGA DUB
module.”” The crystal structure of the DUB module bound to
ubiquitinated nucleosomes was determined by the Wolberger
and Brik groups.®* Two DUB module heterotetramers are bound
to a Xenopus laevis NCP containing two copies of H2B which is
ubiquitinated at K120 via a non-hydrolyzable dichloroacetone
linkage. The crystal structure shows the interaction of an argi-
nine cluster on the Sgfi1 zinc finger domain with the acidic
patches in H2A and H2B. Furthermore, the Ubp8 catalytic
domain provides additional contacts with H2B as well as with
the conjugated Ub.
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Fig. 10 Strategy for the preparation of ubiquitinated and phosphory-
lated histone H2AX using auxiliary-mediated ligation and a 1,3-dibro-
moacetone linkage.

The groups investigated the deubiquitination of H2B by the
DUB module in the presence and absence of FACT (facilitates
chromatin transcription), which is a histone chaperone that
mediates H2A/H2B dimer clearance and nucleosome reassem-
bly.”® The DUB module can deubiquitinate H2B from intact as
well as disassembled nucleosomes, suggesting that it could
target H2B at different stages of nucleosome dis- and reas-
sembly during transcription.

Histone H2A. In a previous study, the Liu group observed that
53BP1 is a potential reader of H2A K15 monoubiquitination as
well as H2A K13 polyubiquitination.”*® The group further
aimed to investigate the interplay of multiple histone PTMs by
using a synthetic ubiquitinated and phosphorylated histone
variant H2AX. This synthetic target was prepared by expressed
protein hydrazinolysis and auxiliary-mediated protein liga-
tion.'” The Ub was introduced using the 1,3-dibromoacetone
strategy (Fig. 10)."** With these histone variants in hand, they
investigated how H2AX phosphorylation affects the recruitment
of 53BP1, in the presence and absence of methylated H4 K20
and ubiquitinated H2AX K15.

Histone H2AX is phosphorylated by ATM kinase during the
initial phase of DSB repair. Besides recruiting a host of DNA
damage response factors including 53BP1 to damage foci, the
phosphorylated H2AX acts as a signal to trigger further modi-
fications on neighboring nucleosomes, such as di-methylation
of H4 at K20 (H4K20-di-Me) and ubiquitination of H2A or
H2AX at K15. The trivalent H2AX-nucleosomes (bearing H4K20-
di-Me, H2AXK15-Ub and H2AXS139-P) and bivalent H2A-
nucleosomes (bearing H4K20-di-Me and H2AK15-Ub) can
recruit 53BP1, while 53BP1 does not favor the trivalent H2AX-
nuleosomes over the bivalent H2A-nucleosomes. Interestingly,
phosphorylation can significantly enhance the binding to
unmodified NCP or NCPs, containing only ubiquitination or
methylation, but not the one having both modifications. This
could explain why phosphorylation is only involved in the initial
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Fig. 11 Semisynthetic strategy for the preparation of ubiquitinated
histone H1 based on genetic code expansion in combination with
CuAAC.

phase of DSB repair, where it triggers ubiquitination and
methylation to the nucleosomes.

Histone H1. Marx and co-workers prepared H1 Ub conjugates
by genetic code expansion and Cu-catalyzed alkyne azide
cycloaddition (Fig. 11) to characterize the ubiquitination-
dependent cellular interactome for H1.'* Azidohomoalanine
(Aha) is a methionine analogue that can replace its natural
counterpart in an appropriate Met auxotrophic E. coli strain.
The group introduced Aha at the C-terminus of Ub, by
substituting the codon for the C-terminal Gly by the ATG Met
coding triplet. An alkyne functionality was incorporated into the
histone H1, via a pyrrolysine analogue (Plk). These analogues
can be introduced in response to an amber stop codon UAG by
a pyrrolysyl-tRNA synthetase/tRNA pair from Methanosarcina
barkeri in E. coli.

In the context of histone H1, Ub was introduced at the
positions K17, K64 and K206, leading to three mono-
ubiquitinated H1 variants (H1KX-Ub) that were used in an
affinity purification-mass spectrometry-based approach to
identify Ub-dependent interaction partners of H1. Although
most of the interactors bind to unmodified as well as ubig-
uitinated H1, around 20% of the proteins interacted in a Ub-
specific manner. Most of the identified Ub-specific interaction
partners are enzymes involved in protein modification, which
suggests that ubiquitination of H1 regulates cellular functions
by direct protein—protein interactions. H1K64-Ub preferentially
interacts with a subset of DUBs such as USP15, USP13 and
UCHLS5. It also modulates the interaction with the deacetylase
SIRT1 in vitro, which suggests that ubiquitination of H1 coun-
teracts transcriptional repression. Furthermore, it affects and
modulates condensate formation of H1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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While it has been shown that binding of unmodified H1
induces the nucleosome to adopt a more compact and rigid
conformation as well as to promote more condensed chromatin
structures, the ubiquitination of H1, especially at position K64
relaxes chromatin and results in a more open conformation.
Overall, ubiquitination of histone H1 promotes a transcrip-
tionally active state.

Notably, the group also used this method to prepare mono-
ubiquitinated proliferating cell nuclear antigen'® and mono-
ubiquitinated tumor suppressor p53.'* However, as the
presence of copper affected the structural integrity of p53, as
previously shown for other zinc-binding proteins,'* the group
switched their strategy to oxime ligation as it does not require
any metal ions.

a-Synuclein. In Parkinson's disease o-Syn aggregates into
toxic oligomers and fibrils as we described in the previous
section. In a previous study, K6-Ub a-Syn was synthesized using
a semisynthetic strategy based on EPL.** Monomeric K6-Ub a-
Syn was shown to resist fibril formation when compared to the
unmodified protein. As this strategy is synthetically demanding,
the Pratt group used disulfide-directed ubiquitination to
generate site-specifically ubiquitinated analogs representing all
nine known Ub modification sites (K6, K10, K12, K21, K23, K32,
K34, K46, K96).'*° The group studied the effect of Ub on struc-
ture and aggregation of «-Syn by circular dichroism (CD), ThT
fluorescence and TEM. The CD spectrum of a-Syn wt corre-
sponded with a random-coil structure and the Ub showed
a mixture of random-coils, a-helices and B-sheets, which are
found in the correctly folded Ub structure.'”” The CD spectra of
the nine ubiquitinated o-Syn variants reflect a combination of
the a-Syn and Ub spectra.

The effect of Ub on fibril formation was investigated by ThT
assay. While unmodified a-Syn showed a rapid increase in fibril
formation, ubiquitination of a-Syn had differential and site-
dependent effects on a-Syn aggregation. a-Syn ubiquitination
at the positions K10 and K23 led to similar levels of fibrils as the
unmodified protein, but with moderate inhibition of the
formation kinetics. In contrast to this, K6, K12 and K21 ubig-
uitination led to moderate inhibition of fibril formation. For the
ubiquitinated a-Syn variants at the positions K32, K34, K43 and
K96, which are all located in its middle part, no fibril formation
was observed, suggesting a strong inhibitory effect. These
results were also confirmed with TEM measurements after 5
days of incubation. Furthermore, it was observed that ubig-
uitination at K96 might promote the formation of oligomers.
Notably, the obtained data is consistent with the region of a-Syn
building the core of the fiber. Ubiquitination that occurs within
this core region (K32, K34 and K43) completely blocked fibril-
lization, while ubiquitination at the N-terminus (K6, K10 and
K12) did not prevent fibril formation completely.

In a similar study, the Pratt group investigated the influence
of ubiquitination on a-Syn linked with the bisthioacetone (BTA)
linkage.'”® Interestingly, the obtained results for a-Syn BTA-
ubiquitinated at K23 were not in agreement with the same a-
Syn variant linked via a disulfide bond. Using the disulfide
approach, the group observed that ubiquitination at K23
inhibited the kinetics of aggregation but not the formation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fibers,'*® while fibrillization was blocked by ubiquitination at
K23. Under mild aggregation conditions (concentration of 50
uM, agitation in a thermomixer), both inhibited a-Syn aggre-
gation completely. However, when these conjugates were sub-
jected to harsher aggregation conditions (concentration of 100
uM, stir-bar agitation), the disulfide-linked variant showed less
inhibition, consistent with previous experiments. This high-
lights that different analogues of the isopeptide bond could
result in different experimental outcomes and careful control
must be performed.

Polyubiquitinated proteins. The synthesis of ubiquitinated
proteins with natural and unnatural linkages has focused
mainly on monoubiquitinated proteins and much less on pol-
yubiquitinated proteins. The synthesis of targets with the longer
chains can be of great value to examine different hypotheses
regarding the role of these chains in various processes. For
example, contradictory hypotheses regarding the optimal chain
length, linkage type and position on the substrate for protein
degradation have been proposed. It has been proposed that
tetra-Ub is the minimal length for proteasomal degradation,*®
despite that other studies have shown that multiple or even
single monoubiquitination are sufficient for proteasomal
degradation."***?

Liu and co-workers developed the cysteine-aminoethylation-
assisted chemical ubiquitination for the generation of mono-
and diubiquitinated histone H2A.”” Here, an N-alkylated 2-
bromoethylamine derivative was introduced at the cysteine side
chain of a recombinantly expressed histone. Auxiliary-mediated
NCL with recombinant hydrazides led to the ubiquitinated
histone. This strategy enabled the preparation of multi-
milligram quantities of homogeneously ubiquitinated
histones (1.5-6 mg), since both the histones and Ub are ob-
tained by recombinant expression.

In this study, histone H2A with monoubiquitination at K119,
mono- and diubiquitination at K13 and K15 as well as histone
H2B with monoubiquitination at K34 were prepared and tested
for the molecular recognition of reader proteins and hydrolytic
processing by DUBs. The recognition properties of NCPs con-
taining ubiquitinated histone H2A with the interacting protein
53BP1 were similar to the natural counterparts. When treating
H2AK13C-Ub with the two DUBs, YUH1 and UCHLI1, it was
observed that they can recognize and hydrolyze sulfur-
containing isopeptide bonds.

a- and (-Globin. Preparation of tetraubiquitinated proteins
containing a native linkage has only been reported by the Brik
group so far, using the 3-mercaptolysine strategy.””*>** As the
introduction of the unnatural 3-mercaptolysine can be chal-
lenging in some cases, the group also aimed to develop a more
straightforward method to link the tetra-Ub to the target
protein. Therefore, they envisioned to use cysteine to link the
target protein to a Ub chain having an electrophilic moiety.

In a first step, the group aimed to conjugate the Ub chain to
cysteine C104 of a-globin via a disulfide bond (Fig. 12A).*** This
allowed the preparation of mono-, di-, tri- and tetraubiquiti-
nated a-globin. Since the reducible disulfide linkage is not well
suited for all biochemical studies, the group searched for
alternative linkages. To achieve this, the group investigated the
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use of a stable thioether linkage. They used a-bromo acetamide
and maleimide, containing an ethylamine tail, to facilitate the
attachment to the Ub chain (Fig. 12B). As the number of atoms
within the linkage increased, the last glycine residue (G76) of
the proximal Ub was omitted. Interestingly, this method was
found to allow only the preparation of mono- and diubiquiti-
nated a-globin, but not tri- and tetraubiquitinated variants.

As the strategy for thioether conjugation was not high
yielding for di-Ub and not possible for longer chains, the group
searched for a new method to obtain polyubiquitinated proteins
with a stable linkage. The group reported a new strategy for the
chemical synthesis of Ub conjugates containing an oxime
linkage, as a replacement of the native isopeptide bond between
the Ub chain and the substrate.” This was achieved by reversing
the previous approach through switching the cysteine residue to
an electrophilic aldehyde group, while modifying the Ub C-
terminus with a nucleophilic oxyamino. The oxyamino moiety
was introduced by treating Ub-thioester with 1,2-bisaminoxy
ethane.'® a-Globin was treated with chloroacetaldehyde to add
an acetaldehyde moiety to the C104. The oxime ligation between
the a-globin and Ub was completed within 15 min. However,
when trying the ligation under the same conditions with K48-
linked di-Ub, the N-O bond was cleaved to a considerable
amount. Therefore, the group decided to perform the oxime
ligation between a-globin and Ub first, followed by adding the
Ub moieties by NCL to obtain di-, tri-, and tetraubiquitinated a-
globin (Fig. 13A).

While having a DUB-stable oxime bond between the a-globin
and the first ubiquitin, the other Ub moieties were linked by
isopeptide bonds bearing the thiol handle, due to instability of

A ¥ B
S SH
o] o
Cios Natural sources or
o § a-globin | «—————— H H
1. SPPS P i Hs SH ° s s
2. Thioester formation HJK/C'
2 L
1. Gnd-HCI, MPAA, pH 6 H Cl
2. NH,0CH,CH;ONH,, 42°C, pH 5
NH,
o]
NH, HL HS.,
H
RS { o Gnd-HCI, pH 4.5
Keg
o (1 .0 _NH,
- Ub N0
WOo
H Hs Hs
‘ Kag ] iy Kig
o o
NH, Gnd-HCI, pH 4.5 o O N° o
HS J\ HI\
H H
@ s s
s
R, A O S ;
o -
o Gnd-HCI, MPAA, TCEP
(o] 7° H
( MMP | Gnd-HCI, MPAA, TCEP
n 37°C,pH7
n=1,23 H H
Ub Ub
Mo ot @
( — o o\‘N NI,o o
- H
Nxo/\/o\hﬁ\/s H)\ KKH
n=1,23 I} Cup S s
o-globin

Fig. 13 Strategy for the preparation of ubiquitinated a.- and B-globin containing an oxime linkage. (A) Mono-, di-, tri- and tetraubiquitination of
a-globin. (B) Bis mono- and diubiquitination of B-globin. MMP = methyl 3-mercaptopropionate.
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the oxime bond during the desulfurization step. It has been
shown that the thiol handle in unanchored Ub chains does not
interfere with DUBs or binding to Ub binding domains.

In order to confirm that the oxime linkage between the Ub
and globin is stable in the presence of DUBs and to investigate
deubiquitination and degradation in general, ubiquitinated
globin variants were treated with human 26S proteasome. No
degradation or deubiquitination was observed for the mono-Ub-
a-globin and di-Ub-a-globin was trimmed to mono-Ub-a-globin
(~50%). Tri-Ub-a-globin was degraded to around 25% and
mono- and di-Ub-a-globin was generated to an extent of around
10% and 50%, respectively. In the case of tetra-Ub-u-globin,
70% were degraded and only traces of deubiquitination could
be observed. Therefore, the group wanted to test how dividing
the tetra-Ub into two di-Ub modifications would affect the
reaction outcome.

The group then aimed to synthesize a substrate modified
with Ub at two sites and chose B-globin as it contains two
cysteines (C94 and C113). Bis(mono-/di-Ub)-B-globin was
prepared as described for the synthesis of modified a-globin
(Fig. 13B). The degradation of bis(di-Ub)-B-globin was with 25%
much lower than for the tetra-Ub-a-globin, although both
proteins were modified with four Ub units in total. Instead of
degradation, both Ub chains were trimmed and resulted in
bis(mono-Ub)-B-globin as the main product.

116

Conclusions

In the last two decades, various strategies for the chemical
synthesis and semisynthetic preparation of different ubiquiti-
nated proteins were developed. This assisted many groups to
shed light on the different roles of ubiquitination on various
biochemical, structural and functional aspects.

While most of the strategies focus on the preparation of
monoubiquitinated proteins, examples on the synthesis of
proteins having longer chains e.g. tetra-Ub are rare. Therefore,
the community still needs to further expand these methods to
prepare more complex systems having different Ub chains with
different lengths and linkage types. This can be perhaps ach-
ieved by developing new synthetic strategies and/or using the
existing chemical tools combined with enzymatic methods.
Since when applying the E1-E3 enzymatic machinery, the
specific position for modification in the target protein and the
length of the Ub chain are difficult to control, the Lang and
Bode groups for example have used different enzymes to install
ubiquitin onto target proteins."” "

Furthermore, the preparation of ubiquitinated proteins
builds a new basis for the development of activity-based probes
as the Brik group and others have shown in different
examples.****** These activity-based probes are important tools
that can for example trap DUBs, which allows profiling of their
activities. In general, they can be used to answer fundamental
questions and shed light on processes involving ubiquitination
and deubiquitination in health and diseases. Finally, with the
novel existing methods for the delivery of Ub-protein
conjugates,”**** these synthetic ubiquitinated proteins should
also be studied in live cells. This will allow to investigate the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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influence of ubiquitination on their localization and fate as well
as the interactions with other proteins. Compared to in vitro
assays, different behaviours could be expected due to the native
environment and their interactome that could affect their
function.
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