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Introduction

Genetic incorporation of unnatural amino acids into proteins
provides an important tool to manipulate proteins with diverse
tailor-made functionalities. So far many functional groups,
such as azides, alkynes, ketones, anilines, alkenes, tetrazoles
and pentafluoro azobenzene, have been introduced into pro-
teins in a site-specific or residue-specific manner for various
bioconjugation studies." These orthogonal functional groups
don’t exist in natural proteins and are used to modify protein
by chemoselectively reacting with another probe bearing a
complementary functionality. Naturally occurring 1,2-amino-
thiol (i.e., from an N-ter cysteine residue) can also be intro-
duced into recombinant proteins in response to amber stop
codon using amber codon suppression technology. By using
native chemical ligation (NCL) of ubiquitin (G75) C*-thioester
with a genetically installed 1,2-aminothiol group on the side
chain of a lysine residue, Chan and coworkers developed a
strategy for site-specific protein ubiquitination.> Chin and co-
workers reported a robust site-specific protein labeling strategy
which relies on the condensation reaction between 1,2-amino-
thiol and cyanobenzothiazole in aqueous media.” Besides,
1,2-aminothiol can also react with various aldehydes under
weakly acidic condition to form a stable thiazolidine ring."?
This facile chemistry has been utilized in different appli-
cations through selectively modifying peptides or proteins.®
However, these reported methods are only limited to N- or
C-terminal protein modification. The strategy for labeling pro-
teins at internal sites via thiazolidine ligation has not been
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Here we report a new site-specific conjugation strategy to modify proteins via thiazolidine ligation. Pro-
teins harbouring a 1,2-aminothiol moiety introduced by amber codon suppression technology could be
modified chemoselectively with aldehyde-functionalized reagents, such as a biotin-labeled peptide or
ubiquitin, under mild conditions to yield homogeneous biotinylated or ubiquitinated products.
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Scheme 1 Strategy for site-specific modification of protein by combin-
ing amber codon suppression and thiazolidine ligation. (i) Genetic in-
corporation of 1,2-aminothiol into protein in E. coli cells transfected
with genes for the ThzKRS/tRNA pair and a target protein containing an
amber codon mutation. (ii) Deprotection of thiazolidine ring on the ThzK
residue. (iii) Ligation via thiazolidine ring formation reaction between the
1,2-aminothiol and an aldehyde-functionalized reagent.
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explored yet. Here, using the method for unnatural amino acid
incorporation, we aim to develop a new strategy to site-specifi-
cally modify proteins harbouring genetically incorporated 1,2-
aminothiol via thiazolidine ring formation with aldehyde-func-
tionalized labeling reagents (Scheme 1).

Results and discussion

To demonstrate our strategy, we first synthesized the unnatural
amino acid 2 carrying the masked 1,2-aminothiol group
according to previously described method (Fig. 1A).*> The
reason for the esterification of the carboxyl group of the lysine
derivative 1 or ThzK is that the use of the ester form 2 can
increase its cellular uptake and intracellular concentration and
that the ester will be hydrolyzed in situ to regenerate 1.” To test
the genetic incorporation of ThzK into proteins via amber
codon technology, we used the reported mutant Methano-
sarcina barkeri (Mb) Pyrrolysyl-tRNA synthetase/tRNAcy, pair
(ThzKRS/pylT) originally identified by Chin and coworkers,
who found that this pair can efficiently recognize the un-
natural amino acid 1.> In our study, the gene encoding

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (A) Chemical structure of unnatural amino acid 1 and 2. 1 is
reported by Chin and coworkers® and 2 is studied in our work. (B)
SDS-PAGE analysis of the expression of ubiquitin 3 with amber mutation
at K48 in E. coli cells containing the ThzKRS/pylT pair in the presence of
2. (C) ESI-MS analysis of ubiquitin 3. Expected mass: 9502.91; observed
mass: 9503. (D) ESI-MS analysis of ubiquitin 4. Expected mass: 9490.9;
observed mass: 9490.

200
miz

ThzKRS was inserted into a pEVOL-derived plasmid, which
was known to be an optimized system that can afford higher
yield of mutant proteins incorporated with the unnatural
amino acid.® Therefore, we constructed a plasmid pEVOL-
pylT-ThzKRS bearing the genes encoding ThzKRS and pylT, in
which two copies of ThzKRS were placed under the control of
arabinose-inducible araBAD promoter and constitutive glnS'
promoter, respectively, and the pylT gene was flanked by the
proK promoter and the proK terminator. The expression
plasmid bearing a gene encoding ubiquitin with an amber
mutation at position K48 or K63 and a 6XHis tag at the C-ter-
minus was constructed from pETduet-1 vector (ESIf). The
cotransformation of these two plasmids into E. coli BL21(DE3)
cells and subsequent growth in LB medium supplemented
with 1 mM 2 and 1 mM IPTG afforded full-length ubiquitin 3,
which was confirmed by SDS-PAGE analysis (Fig. 1B). The ubi-
quitin 3 was obtained after purification by Ni-NTA chromato-
graphy in yields of 4-5 mg L™". The deconvoluted electrospray
ionization mass spectrometry (ESI-MS) spectrum of ubiquitin
3 revealed a single peak corresponding to the expected mass of
the full-length protein incorporating ThzK (Fig. 1C). To de-
protect ThzK in the recombinant protein, the above ubiquitin 3
was treated with 200 mM methoxylamine in 6 M guanidinium
chloride at pH 4 for 4 h, 37 °C. After HPLC purification, ES-MS
analysis showed that thiazolidine ring on ThzK was quantitatively
cleaved to afford ubiquitin 4 (Fig. 1D).

Next, to test whether the 1,2-aminothiol of ubiquitin 4 can
be modified by an aldehyde-functionalized reagent, we syn-
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thesized a short biotin-labeled peptide with an aldehyde group
at its N-terminus (Fig. 2A). It is known that the reaction
between an aldehyde and 1,2-aminothiol proceeds best at
weakly acidic condition.” But one study shows that thiazolidine
ring formation can also be performed at neutral condition if
aniline is added as the catalyst, which is good for proteins that
are unstable under acidic conditions.’ So in our test, thiazoli-
dine formation was performed in 200 mM phosphate buffer
(pH 7) containing 10 mM aniline with 5, 10 and 20 equivalents
of the aldehyde-functionalized peptide, respectively. The reac-
tion was monitored by C4 analytic HPLC analysis. Results
showed that a higher concentration of the aldehyde peptide
reagent led to an increased yield of the desired product and
ubiquitin 4 was near quantitatively converted into the desired
product ubiquitin 5 after 8 h using 20 equivalents of the
reagent (Fig. 2B). Furthermore, considering the very low con-
centrations of the reactants used in our experiments: 25 pM
for the ubiquitin 4 and 0.5 mM for the aldehyde reagent (at
the 20 fold excess), it is rather remarkable that the conjugation

A alom o, @dew

\_J
aca
Ubiquitin 4 Ubiquitin 5
2 A b
kDa Non labeled Biotin labeled
i ubiquitin ubiquitin
\L
@ a
n
b
Anti- |
2 biotin
m
30 40
t /min
D 10212
*[ RRO®
786.53
13+ 12+ 929.55
a1+
ava
Ubiquitin 5
Fig. 2 (A) Schematic illustration of site-specific biotinylation of ubiqui-

tin via thiazolidine ligation of aldehyde-functionalized biotin labeled
peptide with 1,2-aminothiol moiety. (B) Analytic C4 HPLC analysis of
thiazolidine ring formation between different equivalents of aldehyde-
functionalized peptide with ubiquitin 4. Peak a: non-modified ubiquitin
4; peak b: biotin labeled ubiquitin 5. i: 5 equivalent of peptide; ii: 10
equivalent of peptide; iii: 20 equivalent of peptide. (C) SDS-PAGE (up
panel) and western blot (down panel) analysis of biotin labeled ubiquitin
5. Only biotin labeled ubiquitin 5 can be detected by anti-biotin anti-
body. (D) ESI-MS analysis of biotin labelled ubiquitin 5. Expected mass:
10 212.84; observed mass: 10 212.
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reaction could be completed in 8 h at neutral pH. At the same
time, a small amount of ubiquitin dimer via disulfide bond
formation was also observed. This problem could be prevented
in the presence of a reducing reagent such as TCEP, and the
yield of thiazolidine product could increase as shown in a pre-
vious study.® After semi-preparative HPLC purification of the
biotin labeled ubiquitin 5, it was subjected to western blot ana-
lysis. Results showed that only the biotin labeled ubiquitin 5
could be detected by the anti-biotin antibody (Fig. 2C). ESI-MS
analysis confirmed the mass of the conjugate (Fig. 2D). The site-
specific labelling of ubiquitin at position K48 was further con-
firmed by tandem mass spectral analysis of the tryptic ThzK-con-
taining fragment IFAGK*QLEDGR (K* denotes modified lysine).
The mass difference between y7 and y6 ions corresponds to the
mass of K* (ESI, Fig. S11). Overall, these data show that thiazoli-
dine ligation with aniline as catalyst is a good conjugation
method to label proteins under neural pH conditions.

Several methods have been developed so far to prepare ubi-
quitin conjugates.'® However, the strategy to prepare ubiquitin
conjugates linked through thiazolidine ring has not been
reported. To this end, we decided to semisynthesize thiazoli-
dine-linked analogs of ubiquitin dimer as shown in Fig. 3A.
The distal ubiquitin 6 with an aldehyde moiety at its C-termi-
nus was prepared as described previously (ESI, Fig. S21)."* The
resulting ubiquitin 6 could be obtained with yields of 5 mg L™*
For the chemical conjugation between aldehyde and ami-
nothiol, ubiquitin 6 was mixed with ubiquitin 4 in a
1:1 molar ratio in 0.2 M sodium acetate buffer containing 6 M
guanidinium chloride and 1 mM TCEP (pH 5.4). After over-
night reaction, SDS-PAGE analysis of the reaction mixtures
revealed ubiquitin dimer formation with yield of about
15-20% (Fig. 3B). The desired thiazolidine linked ubiquitin
dimer 7 could be purified by HPLC. ESI-MS analysis showed
that thiazolidine-tethered ubiquitin dimer 7 has a good purity
profile (Fig. 3C). The di-ubiquitin conjugation reaction also
worked in a buffer without the Gdn-HCI denaturing agent,
albeit with a slightly slower rate. By using this strategy, we were
able to produce several milligrams of linkage-specific ubiqui-
tin dimer 7 at K48 or K63 position.

Crosas and coworkers showed that yeast Rpn10 can be
monoubiquinated in vivo at four different lysine residues (K71,
K84, K99, K268) and the predominant K84 monoubiquitination
reduced the capability of Rpn10 to interact with the substrate by
inhibiting Rpn10’s ubiquitin interacting motif (UIM)."?
However, the function of monoubiquitination at different sites,
such as K99, of Rpn10 is not known yet and elucidation of their
function is mainly hampered by the lack of homogeneous
ubiquitinated samples. Therefore, to further expand the utility
of our method, we also semisynthesized monoubiquitinated
Rpn10 at K99 as another demonstration. We expressed and
purified Rpn10 containing the residue of 1 at position 99 in
good yield (1.5 mg L") from cells harbouring the ThzKRS/pylT
pair and a Rpn10 gene with an amber codon at position K99
and demonstrated the quantitative removal of thiazolidine ring
from protein (ESI, Fig. S3t). The thiazolidine ligation between
ubiquitin-aldehyde and Rpn10 containing 1,2-aminothiol was
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Fig. 3 (A) Schematic illustration for preparation of thiazolidine conju-
gated ubiquitin dimer analog. (B) SDS-PAGE analysis of ubiquitin dimer 7
formation at 0 h and 12 h. (C) ESI-MS analysis of thiazolidine conjugated
ubiquitin dimer 7. Expected mass: 17 964.75; observed mass: 17 965.

monitored by C4 analytic HPLC. Results show that about 30
percent of ubiquitinated Rpn10 (ubRpn10) can be observed
after overnight reaction. ESI-MS analysis confirmed the conju-
gation of ubiquitin to Rpn10 (ESI, Fig. S37). All these data indi-
cated that our method can be a good alternative strategy to
prepare ubiquitin conjugates.

Conclusions

In summary, we have presented two examples (biotin and ubi-
quitin conjugation) to demonstrate our new strategy for site-
specific protein modification by combining thiazolidine lig-
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ation chemistry and amber codon suppression technology. In
comparison to previous work on thiazolidine formation, our
method does not require the use of periodate oxidation of
N terminal serine or threonine to introduce aldehyde into a
protein, which potentially can damage the protein.*®*?
Second, the 1,2-aminothiol functionality can be installed
easily into a protein at any site via amber codon suppression
technology, which makes it possible to conjugate protein
through thiazolidine formation at any site. Moreover, with the
aniline as the catalyst, thiazolidine formation can occur
efficiently under neutral condition and work more efficiently
than oxime ligations at the same condition.” We envision that
thiazolidine ligation will also benefit from newly discovered
more efficient catalyst for oxime ligation."* One limitation in
our study is that the thiazolidine ring deprotection was
performed under acidic condition (pH 4), which may not be
applicable to acid-sensitive proteins. However, previous studies
showed that the thiazolidine ring deprotection can also be
performed at neutral pH in phosphate buffer with the help of
methoxylamine or water-soluble palladium complex.>"> These
indicate that the whole scheme of our strategy can be done
under neutral conditions for site-specific protein modification.
Compared to native chemical ligation which generates a
Cys residue at the ligation site, an advantage of the thiazolidine
conjugation method is that the thiol group is blocked in the five-
member thiazolidine ring, which will prevent the possible side
reactions involving the highly nucleophilic thiol. Overall, we
believe that our method will also be of use to site-specifically
introduce other biochemical and biophysical probes into pro-
teins, including fluorescent labels, NMR and EPR probes, for the
elucidation of protein structure and function in future.
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