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A robust chemical ubiquitination method was developed. The
method employed a genetically incorporated azidonorleucine
as an orthogonal lysine precursor for the installation of a Gly
residue bearing an Ne-auxiliary which mediated the ligation
between ubiquitin(1-75)-thioester and the target protein. To
demonstrate our methodology, a model protein, K48-linked
diubiquitin, was synthesized with an overall yield of 35%.

Ubiquitination is one of the most important protein posttranslational
modifications in eukaryotic cells and is involved in almost all of the
cellular processes, including protein degradation and the regulation
of gene expression.! It refers to the linking of the C-terminus of
ubiquitin protein (76 amino acids) to the lysine side chain of the
target protein through an isopeptide bond. To study the physiological
roles of ubiquitination, it is crucial to generate homogeneously
ubiquitinated proteins. Biologically, ubiquitination is achieved
through the consecutive action of three enzymes, ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin
ligases (E3).! Due to the difficulties in identifying or isolating the
substrate specific ligases, enzymatic ubiquitination in vitro often has
limited practical value. Chemical ubiquitination offers a better
solution. Since the first report of Na-auxiliary mediated
ubiquitination by Muir et al.? several different chemical
ubiquitination approaches have been developed. Our group, Brik’s
group and Ovaa’s group reported the chemical synthesis of
ubiquitinated peptides and proteins through y- or &-thiolysine
mediated chemical ligations.>® Later, Chin et al. reported the genetic
incorporation of &-thiolysine derivatives into recombinant proteins,
which avoided the laborious work of installing thiolysine into
proteins through peptide synthesis and chemical ligation.® The same
group also reported a genetically encoded orthogonal protection and
activated ligation (GOPAL) approach to synthesize K6- and K29-
linked diubiquitins.” More recently, Cropp and Fushman modified
the approach and applied it to the synthesis of more complicated
oligo-ubiquitins.® Recently, Brik et al. also reported the expeditious
synthesis of ubiquitinated peptides employing orthogonal protection
and chemical ligation.® All these methods generated ubiquitin
conjugates with the native linkage. Methods for preparing ubiquitin
conjugates with non-native linkages including a disulfide bond™,
oxime®!, triazole®, thioether'®, as well as isopeptide bond with the
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C-terminal Gly76 mutated to Cys** or Ala'® and isopeptide bond with
Ne-methylation**® have also been reported. While these non-native
ubiquitin conjugates are useful for many studies, they do not reflect
all the genius aspects of the physiological properties of their native
counterparts.

Among all these currently developed methods for synthesizing
native Ub-proteins, native chemical ligation®” as well as its extended
version — No-auxiliary-mediated ligation*® — remain the best choice
due to their chemoselective and protection-free nature. Various
ubiquitin conjugates have been created through chemoselective
ligation between a ubiquitin thioester and the target protein of which
the lysine side chain bears a ligatable functionality, such as a y- or -
thiol group,®® or a Gly with an Na-auxiliary? or Cys** *° on the &-N.
These existing ligation-based ubiquitination methods shared a
common feature that all these ligation functionalities are pre-
installed at the desired position during the production of peptide or
protein substrates through solid-phase peptide synthesis (SPPS) or
genetic incorporation. The pre-installation synthetic steps are usually
laborious and limit the overall yield. Therefore, we have been
actively seeking an alternative  chemical ligation-based
ubiquitination method in which the ligatable functionality is post-
synthetically or posttranslationally installed through manipulating
the full-length target protein.

The successful site-specific and post-synthetic installation of the
ligatable functionality relies on distinguishing the lysine involved in
ubiquitination from all the others which are not involved. We
realized that azidonorleucine (Anl) can serve this purpose. Recently,
azide has been recognized by peptide chemists as a lysine side chain
protection group for peptide condensation.’® However, this
application has not been performed on recombinant proteins despite
the successful genetic incorporation of Anl reported long time ago.?
Previously, the genetically incorporated Anl was solely used as a
source of azide functionality for protein labeling via click
chemistry.?’ Here, we propose that the genetically incorporated Anl
can also serve as a temporary and orthogonal lysine precursor in
recombinant proteins for chemical ubiquitination (Scheme 1). To do
this, all the other amines in the substrate protein which are not
involved in ubiquitination are first protected with Boc. A reduction
reaction then converts the Anl residue to Lys onto which a ligatable
functionality (9, Scheme 1) can then be installed. Subsequently, site-
specific ubiquitination can be achieved through auxiliary-mediated
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ligation (Scheme 1). To illustrate our methodology, a model protein,
K48-linked diubiquitin, was synthesized.

Aux = MeO.

OMe

Scheme 1 Synthesis of K48-linked diubiquitin through the combination of
genetic Anl incorporation and Na-auxiliary-mediated native chemical
ligation. Reagents and conditions: i) Boc anhydride, DIEA, DMSO; ii) 1 M
TCEP in H,O, DMSO; iii) 9, DIEA, DMSO; iv) TFA/TIS/ H,0 (95/2.5/2.5),
56% (four steps); v) 6 M GdneHCI, 0.2 M phosphate, 0.4 M MeONH,, pH
4.0, 85%; vi) Ub(1-75)-MES, 6 M GdneHCI, 0.2 M phosphate, 25 mM
TCEP, 25 mM MPAA, pH 8.0, 85%; vii) TFA/TIS/ H,O (95/2.5/2.5), 86%.

The synthesis of K48-linked diubiquitin starts with the expression of
the base ubiquitin with K48 replaced by Anl (ub 1). Anl has been
successfully incorporated into proteins through an engineered
methioninyl-tRNA synthetase (MetRS) in Met-auxotrophic E. coli
cells.?® It has been reported that MetRS with a single mutation
(L13G) is sufficient for the efficient Anl incorporation. In our study,
we found that MetRS with L13A mutation (MetRSL13A) could also
catalyze the incorporation of Anl efficiently. There are no other Met
residues except the initiator Met present in the ubiquitin sequence.
To express ub 1 (Scheme 1), the codon coding for K48 was mutated
to that for Met. To ensure that the initiating Anl can be removed
after protein expression within E. coli cells, two extra residues Ala
and Ser were introduced after the initiating residue. The expression
of ub 1 was done with MetRSL13A in the presence of 1 mM Anl.
After purification, homogeneous ub 1 was obtained with a yield of
10 mg/L. Electrospray ionization mass spectrometry (ESI-MS)
analysis of the protein confirmed that the initiating Anl had been
completely removed (Fig. 1).

To install the ligation auxiliary at the K48 side chain of ub, all the
free amines of ub 1 were first protected using (Boc),O. Under the
conditions used (ESI'), the reaction was completed in 1 h at room
temperature and the crude ub 2 product was obtained using diethyl
ether precipitation. MS data (Fig. 1B trace b) showed the presence of
7 or 8 Boc groups on the product. There are seven free amines in 1
and the eighth Boc group might have been added on the His residue
in ub. It is worth mentioning that, when an over-excessive amount of
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DIEA was used, a significant side product with 17-18 Da less than
the expected product was observed (data not shown). This was
possibly due to deamination or dehydration under the over-alkaline
conditions. After Boc protection, the azide group of Anl in ub 2 was
reduced to amine by tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) in DMSO. The reduction reaction was finished in 3 h at
room temperature as confirmed by ESI-MS (Fig. 1 B trace c). The
reduced product ub 3 was ether-precipitated and used directly for
introducing the ligation auxiliary using compound 9 (Scheme 1).
After 45 min, crude ub 4 product was obtained by ether precipitation
(Fig. 1B trace d). Finally, global Boc deprotection was done on the
crude ub 4 using TFA for 20 min. After ether precipitation, the crude
deprotection product was analyzed by C18 analytical HPLC (Fig.
1A, trace b) which showed an excellent purity profile of the desired
product 5 with only a small amount of the amine form of ub 1 as a
noticeable side product. After HPLC purification, 4.9 mg of 5 was
obtained. The overall yield for the first four steps was 56%. This
good yield is mostly due to that only one HPLC purification step
was employed in the 4-step process of synthesizing 5. The analytical
HPLC and deconvoluted ESI-MS of 5 is shown in Fig. 1 (panel A
trace c and panel B trace ).
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Fig 1 C18 analytical HPLC (A) and deconvoluted ESI-MS (B) of the key
intermediates during the installation of auxiliary to the side chain of ubiquitin
K48. (A): a) purified ub 1; b) crude ub 5 (peak ii: ub 5; peak i: amine-form ub
1); c) purified ub 5; d) purified ub 6. Gradient: 0-80% buffer B (90%
acetonitrile, 10% H,O containing 0.045% TFA) in buffer A (H,O containing
0.045% TFA) for 40 min. B) a-f: Deconvoluted ESI-MS of ub 1-6. Average
mass of 1, calculated 8617.70, observed 8618.0; average mass of 2: Bocs,
calculated 9418.62, found 9417.5, Boc;, calculated 9318.50, found 9317.8;
average mass of 3: Bocs, calculated 9392.63, found 9391.8, Boc;, calculated
9292.51, found 9292.4; average mass of 4: calculated 9557.84; found 9557.2
(Only Boc; product was observed); average mass of 5: calculated 8857.03;
found 8856.9; average mass of 6: calculated 8845.02; found 8845.2.

After the installation of the auxiliary group, the thiazolidine
protection group of 5 was removed by methoxylamine. So 2.9 mg of
5 was dissolved in 750 pL of the reaction solution (6 M GdneHCl,
0.2 M phosphate, 0.4 M MeONH,, pH 4). After 5 h at 37°C, 2.5 mg
of deprotected product 6 was obtained after HPLC purification (yield
85%) (Fig. 1A trace d and B trace f).

To form diubiquitin 7, ub 6 was ligated with the 75-aa ubiquitin
thioester ub(1-75)-MES through auxiliary-mediated ligation. The
thioester was generated through the thiolysis of a ubiquitin-intein
fusion protein?® with sodium mercaptoethanesulfonate (MESNa).
For the auxiliary-mediated ligation, initially we chose MESNa as the
thiol additive. 2.0 mg of ub(1-75)-MES and 1.4 mg of ub 6 were
dissolved in 200 pL of ligation buffer (6 M GdneHCI, 0.2 M
phosphate, 0.1 M MESNa, 20 mM TCEP, pH 8). At room
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temperature, the ligation reaction was extremely sluggish. After 24
h, less than 20% of the ligation product was formed. The majority of
the ubiquitin thioester was hydrolyzed. After incubation for another
24 h, there was no significant improvement in ligation yield (ESI").
Based on these observations, we realized that MESNa was not a
good thiol additive for our auxiliary-mediated ligation. The use of
thiol additives in NCL has long been practiced®® and more recently it
has been shown that aromatic thiols are more effective additives than
alkyl thiols.®® So next, we tested the aromatic thiol 4-
mercaptophenylacetic acid (MPAA) which is a very efficient thiol
additive.?! For a typical ligation reaction, 2.8 mg of ub(1-75)-MES
and 1.7 mg of ub 6 were dissolved in 200 pL of ligation buffer (6 M
GdneHCI, 0.2 M phosphate, 25 mM MPAA, 25 mM TCEP, pH 8).
Here we used a minimum concentration of MPAA to avoid the
possible overlap of the MPAA peak and ubiquitin peaks on HPLC
profiles. To our delight, the ligation underwent efficiently in the
presence of MPAA at such a concentration. After 7 h at room
temperature, most ub 6 was consumed to form the ligation product.
After another 5 h, almost all of the 6 was consumed (Fig. 2A). After
HPLC purification, 2.9 mg ligation product 7 was obtained with an
isolated yield of 85%. Based on these observations, we concluded
that our auxiliary-mediated ligation was very efficient with MPAA
as the thiol additive even though the ligation was at a sterically
hindered secondary amine.
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Fig 2 (A) C8 analytical HPLC monitored ligation reaction between ub 6 and
ub(1-75)-MES with MPAA as the thiol additive at 0 h, 7 h and 12 h. Peak a:
at 0 h and 7h: mixture of 6 and ub(1-75)-MES; at 12 h, only ub(1-75)-MES
remaining; peak b: ub(1-75)-OH; peak c: ligation product 7. (B) The raw and
deconvoluted ESI-MS of 7. Average mass calculated 17334.7; found
17333.6.

The final step for the synthesis of K48-linked diubiquitin 8 is to
remove the auxiliary. To do this, 2.9 mg of 7 was treated with a
cocktail containing TFA/TIS/H,O (95/2.5/2.5) for 20 min on ice.
After purification, 2.5 mg of 8 was obtained with an isolated yield of
86%. The SDS-PAGE, ESI-MS and C8 analytical HPLC analysis of
8 were shown in Fig. 3A (lane 2), B and C (trace a). The overall
yield for our seven-step diubiquitin synthesis was about 35%, which
makes our approach one of most efficient methods for chemical
diubiquitin synthesis.

To generate native-folded K48-linked diubiquitin, the chemically
synthesized diubiquitin 8 was refolded through dialysis (ESI"). To
test whether the refolded diubiquitin was biologically active, the
diubiquitin was analyzed by western blot using ubiquitin monoclonal
antibody P4D1. A single band corresponding to the diubiquitin was
detected in western blot (Fig. 3A). Deubiquitinase assays with two
ubiquitin deconjugating enzymes, isopeptidase T (IsoT) and A20
catalytic domain (A20¢p), were also performed (Fig. 3C; ESI'). It
was observed that with a 350:1 substrate-to-enzyme ratio, IsoT could
effectively hydrolyze almost all the K48 diubiquitin in 2 h at 37°C.
Compared to IsoT, A20cp, was found to be less efficient in
hydrolyzing K48 diubiquitin. With a substrate enzyme ratio of 24:1,
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only about 60% of the diubiquitin was hydrolyzed by A20p after 2
h at 37°C. After incubation for another 2 h, about 85% of the
diubiquitin was hydrolyzed by A20cp.
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Fig. 3 (A) SDS-PAGE with coomassie blue staining (lane 1 and 2) and
western blot (lane 3 and 4) of the synthesized K48-linked diubiquitin 8.
Lane 1 and 3: ubl; Lane 2 and 4: diub8. (B) The raw and deconvoluted
ESI-MS of 8. Average mass calculated 17138.43; found 17137.1. (C)
Deubiquitinase assays of 8 performed with 1soT and A20cp monitored
by C8 analytical HPLC. Peak a: 8; peak b: ub 1; peak c: wild type ub.
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Conclusions

In conclusion, we have developed a novel and efficient native
chemical ligation-based method for protein ubiquitination.
Different from all the previously reported methods, ubiquitin
ligation is facilitated by an auxiliary which is installed on a
recombinant protein containing a genetically incorporated Anl.
The method combines the advantageous features of Muir’s Na-
auxiliary-mediated site-specific ubiquitination approach and
Chin’s GOPAL approach. The key ubiquitination step in our
approach is based on the highly efficient and selective NCL
which allows the use of completely unprotected reaction
partners for ligation in aqueous buffer. The only step that
requires protection in our scheme is the installation of the
auxiliary group on the substrate protein. This is different from
the GOPAL approach in which the key ubiquitination reaction
step involves Ag"-mediated activation of a C-terminal
thioester?* in the acyl ubiquitin for condensation with the amine
partner in DMSO and requires protection of all the uninvolved
amines in both reaction partners, and the large size of the
reaction components also limits the efficiency of condensation.
Our work shows an interesting new application of the Anl
genetic incorporation method. A limitation of our approach lies
with that Anl would substitute for all Met residues in the target
protein. Nevertheless, Met is a rare amino acid and can often be
replaced by other amino acids such as Leu without affecting
protein function.?® The synthesis of K48-linked diubiquitin with
native isopeptide linkage at an overall yield of 35%
demonstrates the robustness of our approach. This, coupled
with the relative easiness to express Anl-containing proteins,
makes our method an excellent addition to the list of chemical
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ubiquitination methods which together have made the difficult-
to-make ubiquitinated proteins more accessible for the
concerned research community.
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