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Abstract

Protein Ubiquitination and SUMOylation are unique protein post-translational
modifications involved in a myriad biological processes. The discovery of USP7 as
exclusive SUMO deubiquitinase has manifested the cross-talk between Ubiquitin (Ub)
and SUMO. However, the corresponding effectors and biological language of such
hetero-linkage are still indecipherable. Here, we report an unbiased novel chemical
method in synthesizing Ub-SUMO2 dimers. Se-alkylselenocysteine was incorporated
into SUMO2 protein at eight different lysine positions individually and further converted
to SUMOZ2-dehydroalanine (Dha) through selenoxide-elimination chemistry.
Subsequently, SUMO2-Dha was covalently tethered with Ub-ethylthio by thiol-Michael
addition yielding Ub-SUMO?2 heterodimer.

This study also centers on the development of sensitive heterocyclic fluorescent
probe which can sense Di-Ub or Ub-SUMO linkage in response to environmental changes.
With the evolved pyrrolysyl-tRNA synthetase « pyrrolysyl-tRNA (PleS-tRNAE{JlA) pairs,
the tyrosine 66 and phenylalanine 27 positions of superfolder green fluorescent protein
were efficiently substituted with seven heterocyclic noncanonical amino acids. The
photophysical characterization of these proteins have unraveled the significant
differences at the emission wavelengths, stoke shift, intramolecular FRET, and additional
chromophore. These findings have demonstrated that ncAA-based tool was employed to
establish molecular probe which can specifically recognize Ubiquitin dimers.

Keywords : Expanding genetic code ~ Ubiquitin-SUMO2 dimer - thiol-Michael addition

reaction ~ heterocyclic noncanonical amino acid incorporation ~ PyIRS-tRNAlZ’SA pair
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Chapter 1  Introduction
1.1  Protein translation

In 1960s, research in genetic code coding and decoding have initialized fascinated
molecular genetics and molecular biology studiest. Current genetic code decoding system
was composed with 4 basic nucleotide, A, T, G, and C; three nucleotide decoding rule;
and 64 codon which code 20 canonical amino acids with codon degeneracy fashion.
Three stop codons, TAG, TGA, and TAA, were evolved as protein translation termination
signals.

DNA sequence from genome is the blueprint in producing proteins through
interface of messenger RNA (MRNA), so calls DNA transcription and protein translation
steps in maintaining dynamic living systems. The protein translation mechanism of
prokaryotes is divided into three stages, peptide chain initiation, peptide chain elongation,
and peptide chain termination. The mRNA, 21 different aminoacyl-tRNAs are required

message and building blocks before protein synthesis in the ribosome.

1.1.1 Initiation
In all species, the polypeptide chains start at the N-terminus and form amide bond
between two amino acid and release one molecule of water. In prokaryotes, the first amino

acid to be installed at ATG codon is N-formyl-L-methionine (fMet)?. Formyl group of
1
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fMet, however, will be removed after finishing polyamide bond synthesis by peptide
deformylase®* at stage of protein posttranslational modifications. Polypeptide chain
synthesis was initiated from formation of initiation complex, including mRNA, fMet-
tRNA™e 30S ribosomal subunit, GTP, and three initiation factors, IF-1, IF-2, IF-3. IF-3
factor promotes MRNA binding with 30S ribosomal subunit. Then, IF-1 binds with the
30S ribosome subunit at the A site and avoid other aminoacyl-tRNA entering. On the
other hand, IF1 modulates IF2 binding to the ribosome by increasing affinity and may
block the 50S subunit binding, preventing the formation of the 70S subunit. Later, IF-2
binds GTP and help to bring fMet-tRNA™e from all acylated tRNAs specifically. With
GTP hydrolysis to GDP, IF2 facilitates 50S ribosomal subunit binds to 30S ribosomal
subunit. Subsequently, IF3 departs the 30S and the 50S subunit will bind with 30S, when
the 30S initiation complex has been assembled. At the same time, the 70S initiation

complex generate to lead IF1 and IF2 released.

1.1.2 Elongation
In protein elongation stage, three aminoacyl-tRNAs binding sites, aminoacyl (A)
site, peptidyl (P) site, and exit (E) site, are formed in the space in 50S/30S complex, 70S
ribosome. Localized fMet-tRNA™e meets followed aminoacyl-tRNA at A site, which

was companied with elongation factor-thermo unstable (EF-Tu) and then release by GTP
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hydrolysis® with correct codon/anticodon decoding of mMRNA/tRNA pairing process. EF-
Tu<GTP is further regenerated by elongation factor- thermo stable (EF-Ts). The first and
more amide bonds are formed at P site and generate a water molecule. Uncharged tRNA
at P site then exit to plasma from E site and generated nascent peptide chains come out
from extended channel of E site. Sequential corresponding aminoacyl-tRNA will be
accommodated at empty A site. Elongation factor G (EF-G), GTPase, catalyzes the
aminoacyl-tRNA/mRNA translocation in A to P site movement. Polypeptide chain will

be extended until meet one of three stop codons, UAG (Amber), UAA (Ochre), and UGA

(Opal).

1.1.3 Termination
A stop signal is essential to the termination of protein synthesis. The codons UAG
(Amber), UAA (Ochre), and UGA (Opal) are the stop signal. These stop codons are not
recognized by tRNA, but the stop codons are recognized by proteins known as release
factor (RF). RF1 recognizes UAA or UAG and RF2 recognizes UAA or UGAS. The
completed polypeptide chain is released from the last tRNA by peptidyl transferase. When
the stop codons binds with RF1 or RF2, RF1 or RF2 activates the peptidyl transferase

which hydrolyzes the ester bond between the completed polypeptide chain and the tRNA
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in the P site. Then, RF3 releasesRF1 and RF2 from the ribosome utilizing GTP as an

energy source.

1.2 Protein post-translational modifications
Protein  post-translational ~ modifications (PTMs) on modifying an
existing functional group of amino acid play a significant role in eukaryotic systems.
Moreover, the diversity connections between them also control several biological
processes. Protein PTMs are generally various, there are a lot of chemical modifications,
like protein acetylation, methylation, hydroxylation, phosphorylation, nitrosylation or
glycosylation while small protein modifications: for example, protein Ubiquitination or

SUMOylation’.

1.2.1 Protein SUMOylation
The small ubiquitin-like modifier (SUMO) plays a crucial role in protein post-
translational modifications and modulates protein functions in eukaryotic systems such
as altered localization and activity in the cell, or regulate protein-protein interactions in
signaling pathways. SUMO proteins are highly conserved in the eukaryotes (Figure 1).
The mammalian SUMO family is classified into three different isoforms, SUMO-1,

SUMO-2, and, SUMO-3. To be more definite, SUMO-1 protein contains 97 amino acids;

4
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SUMO2 protein is composed of 92 amino acids and SUMO3 protein consists of 93 amino
acids®. Moreover, abundant research evidence has implied that SUMO1 prefer to form
monomeric chain types whereas SUMOZ2/3 prefer to form polymeric chain types.
SUMOylation is carried out by 3 enzymes termed, E1 SUMO-activating enzyme
(SAEL1/SAEZ2 heterodimer), E2 SUMO-conjugating enzyme (Ubc9) and SUMO E3 ligase
cascade in transferring SUMO molecules tethering to target proteins by forming
isopeptide linkage between lysine residues of target protein via its C-terminal Glycine
residue® (Figure 2). Like Ubiquitination, SUMOylation is a reverisible process carried
out by SUMO specific proteases'®. Polymeric SUMO chains have been observed in some
organism like S. cerevisiae but their functions remain in the veil'l. Initially it was
common notion that SUMOylation and Ubiquitination are not complementary and assist
each other functions as their activating and conjugating enzymes are different. But now
days the cross-talk between two systems has been enormously studied. In future this

studies will unveil the more insight into their intricate biological functions?*3,
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Ubiquitin SUMO2

Figure 1. The structure of Ubiquitin and SUMO from Homo sapiens.
Drawn using PyMOL, and the PDB code is 1D3Z, 2N1V, 1WM3, and 1U4A.
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Figure 2. The SUMO is conjugated to substrates via enzymatic cascade.
Protein SUMOylation through enzymatic method. Protein SUMOylation go through E1, E2 and E3 enzymatic cascades to attach SUMO on
substrate protein through lysine linkage. By using enzymatic method, products probably cannot control the SUMOylation site.
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1.2.2 Protein Ubiquitination

Ubiquitination, a 76 amino acid protein*, plays a crucial role in regulating myriad
of biological processes other than its well-known function of tagging proteins for
degradation by 26S proteasome®!’ for example, in response to DNA damage'é,
endocytosis'®, protein trafficking to the lysosome/vacuole and, signal transduction?.
B—grasp fold and a flexible C-terminal tail characteristics promotes stability of protein.
Especially, B1/B2 loop contains Leu8 residues which indicated flexibility is essential for
identifying binding proteins. Then, Ubiquitin is constantly recognized by hydrophobic
region lle44, Val70, and His68. The lle44 binds with most UBDs and the proteasome.
Another hydrophobic surface lle36 dominates Ubiquitin chain interactions and is
recognized by DUBs, UBDs, and HECT E32%. Basically, Ubiquitination utilizes E1, E2,
and E3 enzymatic cascades to form isopeptide bond between C-terminal of Ub and lysine
residues of the substrates (Figure 3). The process is catalyzed by a Ub-activating enzyme
(E1), Ub-conjugating enzyme (E2), and Ub ligase (E3). E1 catalyzes two steps reaction
to active Ub, Firstly, Ub and ATP form Ub-AMP, afterwards, this intermediate reacts
with the E1 active-site cysteine to form thioester bond. E2 active-site cysteine connects
with Ub from the E1-Ub complex and transfers Ub to the substrate, sometimes the final
step is catalyzed by Ubiquitin ligase®?. Further, the 7 lysine residues and N-ter of
Ubiquitin also get ubiquitaneted to form polymeric long chain. This chains are divided in
Homotopic chains and Heterotopic chains. Homotopic chains consist of same lysine
isopeptide bond while Heteropic chains are conjugated by different lysine? residues. It is
also possible that diiferent lysines of substrates and even Ubiqutin can be further

polymerised to form different topological stuctures. Ubiquitin chain type triggers various
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consequences in the biological process. This intricacies in Ubiquitin chains are referred

to as “Ubiquitin Code”?* (Figure 4).
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Figure 3. The Ubiquitin reaction cascade utilizes enzymes to modify substrates.

Protein Ubiquitination through enzymatic method. Protein Ubiquitination is carried out by 3 cascading multi-enzyme termed E1, E2 and E3 which
has been used in vitro synthesis but suffered by non-specific lysine modifications. This approach generates multiple and mixed protein
Ubiquitination product.
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1.3  Expanding genetic codes
1.3.1 Genetic code reassignment

The genetic codes are correlated with the same specific amino acids in all
organisms. With the natural exception of Sec 2° and Pyl % (Figure 5), among the 20 amino
acids are encoded through corresponded codes. These 20 amino acids set up the
sophisticated balance on structure and function of protein under biological condition.
However, the ability of canonical amino acids restrict the development of organisms and
properties of proteins. Thus, to address this problem, the strategy of development of a
method to incorporate ncAA into protein is crucial. Sixty one of the 64 unique codons
encode the 20 canonical amino acids, the other three function as stop codon, TAA, TAG,
and TGA. Among the three stop codons are deficient in a corresponding tRNA and instead
bind to termination factors. Especially, the amber codon (TAG) is the least used in
Escherichia coli and yeast. Therefore, use of the amber codon is the most appropriate
candidate for codon reassignment to ncAA. To utilize the amber codon to encode ncAA,
it is necessary for a suppressor tRNA and a cognate aminoacyl-tRNA synthetase.
Importantly, the tRNA synthetase pairs must maintain orthogonal in the host. Firstly, the
orthogonal pairs build for application in E. coli, the most useful was the
Methanocaldococcus jannaschii TyrRStRNA™" (MjTyrRS«MjtRNA™") pair that was
derived from archaea?’?. Although the MjTyrRSsMjtRNA™" pair enable to encode
common amino acids in E. coli, this pair is not orthogonal in eukaryotes. Furthermore,
Current research has made effort to develop tRNA synthetase pairs can incorporate ncAA

and are also orthogonal in eukaryotes.
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1.3.2 Reside-specific incorporation of ncAAs

In the 1950s, Cohen and coworkers indicated that methionyl-tRNA synthetase
could recognize the ncAA, seleomethionine, and also incorporated into protein instead of
methionine?, called the residue-specific incorporation. Especially, the residue-specific
methodology means canonical amino acids tolerate partial to replace by their
noncanonical analogues®. Since the diverse ncAAs are incorporate into protein at various
site, the following protein may unveil considerably distinct chemical and physical
properties. For instance, labeling radioactive compounds can detect the protein synthesis
under the post-translational modification or localization, and performing reactive
functional group such as alkyne, azide. Both of which can be subjected to selective
modification via click chemistry in protein. Besides, expanding the scope of residue-
specific incorporation was also critical topics. Generally, AARS were mutated at the
amino acid binding pocket or editing domain to recognize whether the new ncAA can be
incorporated protein by wild-type AARS. Consequently, residue-specific incorporation
of ncAAs into protein is an efficient approach to decipher the mystery in combination
with chemistry and biology3:32,

1.3.3 Site-specific incorporation of ncCAAs

Substitution of a specific site represents the site-specific incorporation. This
method is an optimal for analyzing point mutations into protein with minimal disorder of
structure. The advantage of this approach for explaining details of protein function and
stability, structure, and protein-protein interaction is incomparable*34, Thus, to further
enhance the ability to modulate the structure and properties of proteins, the researcher
investigate to directly design organisms that genetically encode more ncAAs. In the 1989s,
Chamberlin and Peter G. Schultz with their co-workers established new method to site-

specifically incorporate ncAAs into proteins®. Especially, the strategy of synthesis
13
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protein with ncAA was a suppressor tRNA chemically acylated with ncAA, and its
following recognized through the amber codon at the specific site. This chemical method
restrains on aminoacyl-tRNA cause the yields of protein. Thus, biosynthetic methodology
has been set up for overcoming the hurdles. In 2001, Lei Wang discovered an orthogonal
AARS<tRNA pair in E. coli. In other words, this orthogonal AARS does not recognize
the endogenous E. coli tRNAs and 20 amino acids under the existing translation system
in E. coli. (Figure 6) The candidate is MjTyrRS*MjtRNA™" pair from archaea. In
addition, this orthogonal pair has demonstrated it could efficiently incorporate O-methyl-
L-tyrosine into protein at the amber codon (TAG). However, the ability of evolving
AARS:s to specifically incorporate amino acid determines on the structural limitations in
the catalytic pocket sites. Hence, in order to incease the diversity of ncAAs, it was
necessary to explore more orthogonal AARS<tRNA pairs. In 2002, the scientists

discovered the 22" natural amino acid, Pyl, and genetically encoded by UAG in

Methanosarcina barkeri®’. The PyIRSe tRNAla'JlA pair was utilized to specifically

incorporate 1 into protein®®*°. Afterwards, Jason W Chin and co-workers introduced

PyIRS-tRNAPC”I'JlA into expanding genetic codon system and genetically encoded Né-

acetyllysine in recombinant proteins®. Since the PyIRSe tRNALY), pair maintains

exceptional orthogonality in the eukaryotes, the Methanosarcina barkeri

(MbPyIRS)e tRNAE’{}A , Methanosarcina mazei PylRS (MmPyIRS). tRNAE’SA and

Desulfitobacterium hafniense PyIRS (DhPyIRS)e tRNAE{}A pairs are commonly utilized

in site-specific incorporating ncAA into protein®’. However, the techniques were limited
by low production, and were restricted the number of ncAAs incorporated into target
protein. Owing to the suppressor tRNA compete with the release factors. In this study,

we focus on MmPyIRS« tRNAlE’I'JlA pair engineering to incorporate ncAA*,
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Figure 5. Chemical structures of natural amino acids.
The chemical structures of natural amino acids are L-Selenocysteine (Sec), L-
Pyrrolysine (Pyl), and L-Selenomethionine (SeMet).
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Figure 6. lllustration of protein synthesis with ncAA.
Pyl

Protein translation system utilizes bioorthogonal AARS+tRNA;, pair to incorporate ncAA in response to the amber stop codon. The evolved

bioorthogonal AARStRNAcua pair (TyrRS-tRNAE{Jerr PyIRS-tRNAfC){'}A) are required to apply into the translation system. PyIRS is an aminoacyl-
tRNA synthetase which derived from archaea and orthogonal in E. coli. Evolved PyIRS catalyzes the esterification between suppressor tRNA and
appropriate ncAA. The aminoacyl-tRNA is bought to ribosome with the assist of EF-TU and recognized by the corresponding amber codon on
MRNA, generating the protein contains ncAA.
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1.4  Protein ligation
1.4.1 Native chemical ligation
Native chemical ligation is one of the powerful method used for chemical synthesis
of protein and peptides. This reaction involves two chemical steps. One is the
transthiolesterification. Since its first introduction in 1990s by Stephen Kent, Native
chemical ligation (NCL) has been proven important techniques in large polypeptide
synthesis*2. The mechanism involves the N-terminal thiol group attack from cysteine of
the unprotected peptide to the C-terminal thioester bond of another peptide at neutral pH.
The intermediate further undergoes migration of S, N acyl shift to yield native peptide
bond*:. The main shortcoming of this method is prerequisite of cysteine at N-terminal of
the peptide. To solve this limitation, recently, the various variations of NCL has been
developed such as C-terminal Thioacid and the N-terminal Bromoacetamide residue as

an alternative to conventional NCL*2.

1.4.2 Selenoxide elimination

Selenoxide elimination is a way for using selenoxides to synthesize alkenes.
Generally, this chemical reaction is used to synthesize o,B-unsaturated carbonyl
compounds.** The origin of sulfoxide elimination is a credible technique to generate
alkene double bonds.* Subsequently, selenoxides were discovered going through similar
process. Elimination of selenoxides takes place an intramolecular syn elimination
pathway.*® The carbon-hydrogen and carbon-selenium bonds maintain co-planar in the
transition state. The most universal oxidizing agent are hydrogen peroxide, and sodium
periodate. In addition, the hydrogen peroxide is frequently operated in excess, to
overcome sensitive decomposition of hydrogen peroxide. But using hydrogen peroxide

as oxidizing agent may generate undesired oxidation of starting material.
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1.4.3 Michael addition

The Michael addition reaction is an efficient synthetic methodology*” for the
nucleophile to a,B-unsaturated carbonyl compound.*®4°® This is a thermodynamically
controlled reaction and one of the most useful methods for the moderate formation of C—
C bonds. However, the Michael addition reaction involves the oxa-Michael reactions aza-
Michael reactions, and the thiol-Michael reactions. In the 1960s, Allen reported this
reaction and applied to synthesize and block polymer conjugation. In biochemistry, the
site specific labelling of proteins such as post translational modification has a critical role
in biological functions and protein drug discovery. The use of enzymatic methods is
limited by enzyme availability, complexity, and purification hurdles*®. The incorporation
of non-canonical amino acid to perform novel chemistry is an effective and promising
way to circumvent natural limitations. The site-specifically incorporated
Phenylselenocysteine  (PhSeCys) protein  on treatment with H2O. produces
dehydroalanine which further undergoes Michael addition with a nucleophile such as a

thiol at pH 8.0. This semisynthetic approach is better in yield and selectivity®*52,

1.5  Specific aim of thesis
High abundance of SUMOylation and minimum Ubiquitinatiion of chromatin
proteins are found near to replisome while opposite phenomenon is observed for resting
chromatin. Further, this SUMOylated proteins undergoes complex Ubiquitination and
deubiquitination. The interplay between the SUMOylation and Ubiquitination of
chromatin proteins maintain the replisome activity. USP7, DUB enzyme, was found to
play role in deubiquitination of SUMOylated chromatin protein. (Figure 7). Interestingly,

deubiquitinase??>* USP7 can recognize SUMO2-UDb linkages at 11, and 33 positions *°.
18
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However, it is enigmatic to interpret the relationship between writers, readers, and erasers
and their regulations of SUMOylated Ubiquitination in cells .Thus, this study aims to
understand the biological meanings of different Ub-SUMQO?2 heterodimers. Here, we
attempt to generate Ub-SUMO2 heterodimers with unbiased chemical synthesis (Figure
8). The expanding genetic code was explored to incorporate various ncCAAS into protein
in vivo. The specific aim is to interpret the biological consequences of different Ub-
SUMO?2 linkages and specificity of deubiquitinase.

Besides, the MmPyIRS was engineered to site-specifically incorporated
environment sensitive heterocyclic fluorescent ncAAs into Ub dimers or Ub-SOUMO2
dimers which are envision to function as fluorescent probe (Figure 9). Fluorescence is
switched after forming specific linkage with other Ub or SUMO2 proteins will assist to
investigate the biological consequences of heterotopic linkages.

Finally, combining with these protein synthesis study, the study intend to

comprehend the biological language and logic of protein poly-heteroUb/SUMOylation.
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K45

Figure 7. The structure of SUMO2 from Homo sapiens.

The eight lysines of SUMO2 were labeled with green stick mode at position K5, K7, K11,
K21, K33, K35, K42, and K45, exhibit the residues that were mutated to amber codon for
genetically incorporating SeCbzK. Drawn using PyMOL, and the PDB code is 2AWT.
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Figure 8. Ub-SUMO2 heterodimer synthesis scheme.

Ub-SUMO2 heterodimer synthesis by Michael addition reaction. ncAA SeCbzK was incorporated into proteins by evolved PleS°tRNAE}S A

at different lysine positions with amber TAG codon mutation. Following dehydroalanine formation at SUMO2 can react with Ubiquitin with C-
terminal ethylthio group, then form near-native isopeptide linkage.
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Figure 9. The probe recognizes specific linkage of Di-Ub or Ub-SUMO dimer.
(A) The heterocyclic ncAA was employed to probe specific Di-Ubiquitin. (B) Within
homotypic polyubiquitination, Ubiquitin can utilize one of the seven intrinsic lysine
residues or methionine at position 1 to form eight different linkages. Individual linkages
generate diverse structure and distinct conformations. These characterizations indicate
the regulation of various biological functions.

22

doi:10.6342/NTU201803256



Chapter 2 Experimental materials and methods

2.1 DNA and Protein sequences

2.1.1 DNA sequences

Methanosarcina mazei PyIRS:
atggataaaaaaccactaaacactctgatatctgcaaccgggcetctggatgtccaggaccggaacaattcataaaataaaacac

cacgaagtctctcgaagcaaaatctatattgaaatggcatgcggagaccaccttgttgtaaacaactccaggagcagcaggac
tgcaagagcgctcaggeaccacaaatacaggaagacctgcaaacgetgcagggtttcggatgaggatctcaataagttecte

acaaaggcaaacgaagaccagacaagcgtaaaagtcaaggtcgtttctgcecctaccagaacgaaaaaggcaatgccaaaa
tccgttgcgagagecccgaaacctcettgagaatacagaageggeacaggctcaaccttctggatctaaattttcacctgegata

ccggtttccacccaagagtcagtttctgtcccggceatctgtttcaacatcaatatcaagcatttctacaggagcaactgeatcege

actggtaaaagggaatacgaaccccattacatccatgtctgcecctgttcaggcaagtgeccecgeacttacgaagagecaga
ctgacaggcttgaagtcctgttaaacccaaaagatgagatttccctgaattccggcaagectttcagggagcettgagtccgaatt
gctctctcgcagaaaaaaagacctgcageagatctacgcggaagaaagggagaattatctggggaaactcgagegtgaaatt
accaggttctttgtggacaggggttttctggaaataaaatccccgatcctgatecctcettgagtatatcgaaaggatgggeattga
taatgataccgaactttcaaaacagatcttcagggttgacaagaacttctgcctgagacceatgettgetccaaacctttacaact

acctgcgcaagcttgacagggcecctgectgatccaataaaaatttttgaaataggeccatgctacagaaaagagtccgacgge
aaagaacacctcgaagagtttaccatgctgaacttctgccagatgggatcgggatgcacacgggaaaatcttgaaagceataatt
acggacttcctgaaccacctgggaattgatttcaagatcgtaggegattectgcatggtctatggggataccettgatgtaatgea
cggagacctggaactttcctctgcagtagtcggacccatacegcettgaccgggaatggggtattgataaacectggatagggg
caggtttcgggctcgaacgecttctaaaggttaaacacgactttaaaaatatcaagagagetgcaaggtccgagtcttactataa

cgggatttctaccaacctgtaa

pylT:
tggcggaaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttcc

23

doi:10.6342/NTU201803256



mKRS1F:

atggataaaaaaccactaaacactctgatatctgcaaccgggctctggatgtccaggaccggaacaattcataaaataaaacac
cacgaagtctctcgaagcaaaatctatattgaaatggcatgcggagaccaccttgttgtaaacaactccaggagcagcaggac
tgcaagagcgctcaggeaccacaaatacaggaagacctgcaaacgetgcagggtttcggatgaggatctcaataagttecte

acaaaggcaaacgaagaccagacaagcgtaaaagtcaaggtcgtttctgcccctaccagaacgaaaaaggcaatgccaaaa
tccgttgcgagagecccgaaacctcttgagaatacagaagcggeacaggetcaaccttctggatctaaattttcacctgegata
ccggtttccacccaagagtcagtttctgtcccggceatctgtttcaacatcaatatcaagcatttctacaggagcaactgeatcege
actggtaaaagggaatacgaaccccattacatccatgtctgeccctgttcaggcaagtgeccecgeacttacgaagagecaga
ctgacaggcttgaagtcctgttaaacccaaaagatgagatttcectgaattccggceaagectttcagggagcettgagtcecgaatt
gctctctcgcagaaaaaaagacctgcageagatctacgcggaagaaagggagaattatctggggaaactcgagegtgaaatt
accaggttctttgtggacaggggttttctggaaataaaatccccgatcctgatecctcettgagtatatcgaaaggatgggceattga
taatgataccgaactttcaaaacagatcttcagggttgacaagaacttctgcctgagacccatgcettgctccaaaccttatgaact
acgcgcgcaagcttgacagggcecctgectgatccaataaaaatttttgaaataggccecatgctacagaaaagagtccgacgg

caaagaacacctcgaagagtttaccatgctgaacttcacgcagatgggatcgggatgcacacgggaaaatcttgaaagceata

attaaggacttcctgaaccacctgggaattgatttcaagatcgtaggegattcctgeatggtetttggggatacccttgatgtaatg
cacggagacctggaactttcctctgcagtagtcggacccataccgcttgaccgggaatggggtattgataaaccctggatagg
ggcaggtttcgggctcgaacgecttctaaaggttaaacacgactttaaaaatatcaagagagetgcaaggtccgagtcttactat

aacgggatttctaccaacctgtaa

sfGFP:
atgcatcatcatcatcatcatagcaagggcgaagaactgtttacgggcgtggtgecgattctggtggaactggatggtgatgte

aatggtcacaaattcagcgtgcgeggcgaaggtgaaggegatgcaaccaatggtaaactgacgcetgaagtttatttgcaccac
gggtaaactgceggttccgtggecgaccctggtcaccacgetgacgtatggtgttcagtgtttcagtcgttacccggatcacat
gaaacgccacgactttttcaagtccgegatgecggaaggttatgtccaagaacgtaccatctcatttaaagatgacggeaccta

caaaacgcgcgcecgaagtgaaattcgaaggtgatacgetggttaacegtattgaactgaaaggceatcgattttaaggaagacy
24

doi:10.6342/NTU201803256



gtaatattctgggccataaactggaatataacttcaattcgcacaacgtgtacatcaccgcagataagcagaagaacggtatca
aggctaacttcaagatccgccataatgtggaagatggcagegttcaactggecgaccactatcagcaaaacacceegattggt
gatggcccggtectgctgecggacaatcattacctgagcacgceagtctgtgcetgagtaaagatccgaacgaaaagegtgace

acatggtcctgctggaattcgtgaccgcggecggeatcacgeacggtatggacgaactgtataaaggcetca

SUMO2 from Homo sapiens:
atggcagatgaaaaaccgaaagaaggcgttaaaaccgaaaacaatgatcatattaatctgaaagttgccggecaggatggcet

cagtggtgcagtttaaaattaaacgtcataccccgctgagtaaactgatgaaagectattgtgaacgecagggcectgtctatgeg
ccagattcgctttcgctttgatggtcagecgattaacgagaccgataccecggeacagttagagatggaagatgaagataccat

tgatgtgtttcagcagcagaccggtggcetaa

Ubiquitin from Homo sapiens:

atgcatcatcatcatcatcatgaaaatctgtattttcagatgcagatttttgtgaaaaccctgaccggcaagaccattaccttagaa
gttgaaccgagtgataccattgaaaatgttaaagccaaaattcaggataaagaaggcattccgecggatcageagegtctgatt
tttgccggcaaacagcetggaagatggtcgcaccctgagegattataatattcagaaagaatctaccttacatctggtgctgeget

tacgcggtggctaa

Ubiquitin activating enzyme E1 from Mus musculus:

atgtccagctcgecgetgtccaagaaacgtegegtgtccgggectgatccaaagecgggttctaactgeteeectgcacagte
tgcgctgtccgaagtgtectcagtgccaaccaacggaatggcgaagaacggcagtgaagcagacatagacgagagecttta
ctcceggceagcetgtacgttttgggecatgaggcaatgaaaatgetccagacatcecagegtecttgtetcaggettgcggggctt
gggtgtagaaattgctaagaacatcatccttggtggggtcaaggcetgtcaccctacatgaccaaggaactacceagtgggcty
atctctccteccagttttaccttcgggaggaggacattggtaaaaatcgagcggaggtatcccagecccgacttgetgaactca
acagctatgtacctgtcactgcctacactgggcectcttgtcgaggacttecttagtagettccaggtggtggtectcaccaacag

cceectggaageccagetgegagtgggggagttctgtcatageegtggtatcaagetagtggtggeagatacaagaggectg

tttgggcaacttttctgtgattttggagaggaaatggtcctcacagattccaatggggagcagecactcagtgctatggtttcaat
25
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ggtcaccaaggacaaccceggtgtggttacctgecttgatgaggeccgacatggetttgagactggtgacttegtctcattctca
gaagtacagggcatgatccaactcaatggatgtcageccatggagatcaaagtgctgggtecttatacctttagtatetgtgaca
cttccaacttctctgactacatcegtggaggeatcgtcagtcaggtcaaagtaccgaaaaagattagttttaaatecttgccagea
tcactggtagagcctgactttgtgatgactgactttgccaagtattctcgceectgeccaactgeacattggettccaagetctgea
ccaattctgtgctctgcacaaccaaccacctcgaccacgaaatgaggaagatgcaacagagetggtgggectggetcaggct
gtaaacgctcggtccccaccttcagtaaaacagaacagcttggatgaagaccttattcggaagcetagettatgttgctgetggg
gacctggcacccataaatgctttcattgggggecttgctgcccaggaagtcatgaaggectgetetggaaagtttatgeccate
atgcagtggttgtactttgatgctcttgaatgtctcccagaggacaaagaggctctgacagaggagaagtgecteccacgtcag
aaccgttacgatgggcaggtagctgtatttgggtcagactttcaggagaagctgagcaagcaaaagtacttectggtgggtge
aggggccattggctgtgaattgctcaagaactttgccatgattgggcetgggttgtggagagggtggagaggtegtggtcacag
acatggacaccattgagaaatcaaatctgaaccgacagtttctcttccggecctgggatgtcacgaagttaaagtctgacacgg
ccgctgeagcetgtgegecagatgaatccttacatccaggtgacaagcecaccagaaccgtgtaggtectgacactgagegceat
ctatgatgatgatttcttccaaaatttggatggtgtggecaatgcetctggacaacatagatgccegceatgtacatggatcgecgat
gtgtgtactatcggaagccactgctagagtctggcacactgggcacaaagggcaacgtgcaggtggtaatceecttectgaca
gaatcctacagctctagccaggatccaccagagaaatccatceecatttgtaccctgaaaaactttcccaatgecatcgaacac
actcttcagtgggcccgggatgaatttgaaggcecttttcaagcagccagcagaaaatgttaatcagtacctcacagactccaaat
ttgtggagcggacattgeggcetggetggtacccagecattggaggtgctggaggctgtgcagegeagectggtgttgcageg
accacagacttggggagactgtgtgacctgggectgccaccactggcacacccagtactgtaacaacatccggcaactgetg
cacaactttcctcctgaccagctcaccagctcaggggeccctttetggtctggacccaaacgctgtecacacceacttactttty
atgttaacaatacattgcatctggattatgtgatggctgctgccaacctttttgcccagacctatgggttgactggatcccaagacc
gagctgctgtggectcactectgcagtcagtacaagtcccagagttcacceccaagtetggtgtcaagattcatgtttctgacca
ggagttgcagagtgccaatgcectetgttgatgacagecgtcttgaggagctcaaagecacattgcccageccagacaagttac
ccggatttaagatgtaccccattgattttgagaaggatgatgacagcaatttccacatggatttcattgtggetgcatccaatcttc
gggccgaaaactatgatatttcccctgcagaccgacacaagagcaagctgattgcagggaagatcatcccagecattgecac

aaccacagctgctgtggttggecttgtgtgtctggagcetctacaaggtagttcaagggceaccaacagcetcgattcctacaaaaat
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ggtttcctgaacttggeectgeccttetttgggttttctgaacctettgetgcacctegtcaccagtactataatcaagagtggacat
tgtgggatcgctttgaagtacaagggctgcagectaatggtgaggagatgaccctcaageagttecttgattactttaagacaga
gcacaaattggagatcaccatgctgtcccagggcegtgtccatgetctattctttcttcatgccagetgctaagetcaaggaacgat
tggatcagccgatgacagagattgtgagecgagtgtcaaagagaaagetgggecgecatgtgegggeactggtgettgagct

gtgctgcaacgatgaaagcggegaggacgtcgaggteccttatgtccgatataccattcgetga

2.1.2 Protein sequences

PyIRS:
MDKKPLNTLISATGLWMSRTGTIHKIKHHEVSRSKIYIEM

ACGDHLVVNNSRSSRTARALRHHKYRKTCKRCRVSDED
LNKFLTKANEDQTSVKVKVVSAPTRTKKAMPKSVARAP
KPLENTEAAQAQPSGSKFSPAIPVSTQESVSVPASVSTSIS
SISTGATASALVKGNTNPITSMSAPVQASAPALTKSQTDR
LEVLLNPKDEISLNSGKPFRELESELLSRRKKDLQQIYAE
ERENYLGKLEREITRFFVDRGFLEIKSPILIPLEYIERMGID
NDTELSKQIFRVDKNFCLRPMLAPNLYNYLRKLDRALPD
PIKIFEIGPCYRKESDGKEHLEEFTMLNFCQMGSGCTREN
LESIITDFLNHLGIDFKIVGDSCMVYGDTLDVMHGDLELS
SAVVGPIPLDREWGIDKPWIGAGFGLERLLKVKHDFKNIK

RAARSESYYNGISTNL

mKkRS1F:
MDKKPLNTLISATGLWMSRTGTIHKIKHHEVSRSKIYIEM

ACGDHLVVNNSRSSRTARALRHHKYRKTCKRCRVSDED

LNKFLTKANEDQTSVKVKVVSAPTRTKKAMPKSVARAP
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KPLENTEAAQAQPSGSKFSPAIPVSTQESVSVPASVSTSIS
SISTGATASALVKGNTNPITSMSAPVQASAPALTKSQTDR
LEVLLNPKDEISLNSGKPFRELESELLSRRKKDLQQIYAE
ERENYLGKLEREITRFFVDRGFLEIKSPILIPLEYIERMGID
NDTELSKQIFRVDKNFCLRPMLAPNLMNYARKLDRALPD
PIKIFEIGPCYRKESDGKEHLEEFTMLNFTQMGSGCTREN
LESIIKDFLNHLGIDFKIVGDSCMVFGDTLDVMHGDLELS
SAVVGPIPLDREWGIDKPWIGAGFGLERLLKVKHDFKNIK

RAARSESYYNGISTNL

sfGFP:
MHHHHHHSKGEELFTGVVPILVELDGDVNGHKFSVRGEG

EGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFS
RYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAE
VKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVY
ITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGD
GPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGI

THGMDELYK

SUMO2 from Homo sapiens:
MADEKPKEGVKTENNDHINLKVAGQDGSVVQFKIKRHTP

LSKLMKAYCERQGLSMRQIRFRFDGQPINETDTPAQLEM

EDEDTIDVFQQQTGG
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Ubiquitin from Homo sapiens:
MHHHHHHENLYFOQMQIFVKTLTGKTITLEVEPSDTIENYV
KAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKEST
LHLVLRLRGG

Ubiquitin activating enzyme E1 from Mus musculus:
MSSSPLSKKRRVSGPDPKPGSNCSPAQSALSEVSSVPTNG

MAKNGSEADIDESLYSRQLYVLGHEAMKMLQTSSVLVSG
LRGLGVEIAKNIILGGVKAVTLHDQGTTQWADLSSQFYL
REEDIGKNRAEVSQPRLAELNSYVPVTAYTGPLVEDFLSS
FQVVVLTNSPLEAQLRVGEFCHSRGIKLVVADTRGLFGQ
LFCDFGEEMVLTDSNGEQPLSAMVSMVTKDNPGVVTCL
DEARHGFETGDFVSFSEVQGMIQLNGCQPMEIKVLGPYT
FSICDTSNFSDYIRGGIVSQVKVPKKISFKSLPASLVEPDF
VMTDFAKYSRPAQLHIGFQALHQFCALHNQPPRPRNEED
ATELVGLAQAVNARSPPSVKQNSLDEDLIRKLAYVAAGD
LAPINAFIGGLAAQEVMKACSGKFMPIMQWLYFDALECL
PEDKEALTEEKCLPRQNRYDGQVAVFGSDFQEKLSKQKY
FLVGAGAIGCELLKNFAMIGLGCGEGGEVVVTDMDTIEK
SNLNRQFLFRPWDVTKLKSDTAAAAVRQMNPYIQVTSHQ
NRVGPDTERIYDDDFFQNLDGVANALDNIDARMYMDRR
CVYYRKPLLESGTLGTKGNVQVVIPFLTESYSSSQDPPEK
SIPICTLKNFPNAIEHTLQWARDEFEGLFKQPAENVNQYL
TDSKFVERTLRLAGTQPLEVLEAVQRSLVLQRPQTWGDC
VITIWACHHWHTQYCNNIRQLLHNFPPDQLTSSGAPFWSGP

KRCPHPLTFDVNNTLHLDYVMAAANLFAQTYGLTGSQD
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RAAVASLLQSVQVPEFTPKSGVKIHVSDQELQSANASVD
DSRLEELKATLPSPDKLPGFKMYPIDFEKDDDSNFHMDEFI
VAASNLRAENYDISPADRHKSKLIAGKIIPAIATTTAAVYV
GLVCLELYKVVQGHQQLDSYKNGFLNLALPFFGFSEPLA
APRHQYYNQEWTLWDRFEVQGLQPNGEEMTLKQFLDYF
KTEHKLEITMLSQGVSMLYSFFMPAAKLKERLDQPMTEI
VSRVSKRKLGRHVRALVLELCCNDESGEDVEVPYVRYTI

R

2.2  Plasmid construction

2.2.1 Primer list

Name Sequences(5°to 3°)
pET-His6X-sfGFP-Ndel-F1 | gagatatacatatgcatcatcatcatcatcatagcaaggg
SUMO2-K5-F2 cagatggcagatgaatagccgaaagaaggcgttaaaac
SUMO2-K5-R1 gccttctttcggctattcatctgccatctgaaaatacag
SUMO2-K7-F2 gatgaaaaaccgtaggaaggcgttaaaaccgaaaacaatg
SUMO2-K7-R1 gttttaacgccttcctacggtttttcatctgcecatcetg

SUMO2-K11-F2

ccgaaagaaggcgtttagaccgaaaacaatgatcatattaatc

SUMO2-K11-R1

cattgttttcggtctaaacgccttctttcggtttttcate

SUMO2-K21-F2

ccgaaagaaggcgtttagaccgaaaacaatgatcatattaatc

SUMO2-K21-R1

ctggccggcaacctacagattaatatgatcattgtttteg

SUMO2-K33-F2

gtggtgcagttttagattaaacgtcataccccgctgag

SUMO2-K33-R1

gtatgacgtttaatctaaaactgcaccactgagccatcctg

SUMO2-K35-F2

gcagtttaaaatttagcgtcataccecgctgagtaaactgatg

SUMO02-K35-R1

cagcggggtatgacgctaaattttaaactgcaccactgag

SUMO2-K42-F2

cccegetgagtaaactgatgtaggectattgtgaacg

SUMO2-K42-R1

caataggctttcatcagctaactcagcggggtatgacg
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SUMO2-K45-F2

gagtaaactgatgtaggcctattgtgaacgccaggge

SUMO2-K45-R1

cgttcacaataggcctacatcagtttactcagcgggg

PET-hSUMO2-Sacl-R2

ggtgatggagctcttagecaccggtctgcetg

pET-His6X-TEV-hUb-Ndel-F

gagatatacatatgcatcatcatcatcatcatgaaaatctgtattttc

pET-hUb-Sacl-R2

gatggagctcttagccaccgegtaagegeag

pET-sfGFP-Ndel-F1

gagatatacatatgagcaagggcgaag

pET-sfGFP-sacl-R2

gatggtgatggagctctgagectttatac

pET-sfGFP-F27TAG-R

caccttcgecgegeacgctctatttgtgace

PET-sfGFP-F27TAG-F

ggtcacaaatagagcgtgcgcggegaaggty

SfGFP-Y66 TAG-F2

gtcaccacgctgacgtagggtgttcag

SfGFP-Y66TAG-R1

ctgaacaccctacgtcagegtggtgac

2.2.2 Plasmids

Construction of pET-pyIT
The plasmid pET-pylT was derived from the pET-22b (+) plasmid having an

ampicillin (Amp) selection marker, purchasing from Novegen. The gene of pylT with
anticodon CUA flanked by Ipp promoter at the 5’end and rrnC terminator at 3’ end. This
gene was amplified by overlapping PCR. The same restriction site, Sphl at 5’end and 3’
end was introduced in the PCR product which was subsequently digested and used to

construct pET-pyIT.

Construction of pPCDF-MmPYIRS
The plasmid pCDF-MmPyYIRS was derived form pCDF-1b plasmid containing Sp

selection marker, purchasing form Novegen. The wild type MmPyIRS gene was
synthesize by MD bio, Inc company, and encoded to plasmid. The gene flanked under the
control of lpp promoter at the 5’end and rrncC terminator at 3’ end. The two restrictions
sites, BamHI and Ncol were used to double digest the MmPyIRS gene. The digested gene

was ligated to generate pCDF-MmPYIRS.
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Construction of pPCDF-mkRS1F
The pCDF- mkRS1F plasmid with Y306M, L309A, C348T, T364K, Y384F

mutation sites, based on published paper were amplified by overlapping PCR from pCDF-
MmPyIRS plasmid. The gene of mKRS1F flanked under the control of Ipp promoter at the
5’end and rrncC terminator at 3’ end. The mkRS1F gene was digested with restriction

enzyme BamHI and Ncol, and ligated to generate pCDF-mkRS1F.

Construction of pPCDF-FOWRS2
The pCDF-FOWRS2 plasmid with R61K, H63Y, S193R, N346G, C348Q, V401G

mutation sites, were amplified by overlapping PCR from pCDF-MmPyIRS plasmid. The
gene of FOWRS?2 flanked under the control of Ipp promoter at the 5’end and rrncC
terminator at 3’ end. The FOWRS2 gene was digested with restriction enzyme BamHI

and Ncol, and ligated to generate pPCDF-FOWRS?2.

Construction of pPCDF- FOWRS6
The pCDF-FOWRS6 plasmid with R61K, H63Y, S193R, N346G, C348Q, V401G,

W417T mutation sites, were amplified by overlapping PCR from pCDF-MmPyIRS
plasmid. The gene of FOWRS6 flanked under the control of Ipp promoter at the 5’end
and rrncC terminator at 3° end. The FOWRS6 gene was digested with restriction enzyme

BamHI and Ncol, and ligated to generate pCDF- FOWRS6.

Construction of pET-pylT- sfGFP-TEV-SUMO2 variants
The Plasmid pET-pylT- sfGFP-TEV-SUMO2 was derived from the plasmid pET-

pylTcua. The gene of optimized superfolder GFP and SUMO2 were synthesize by MD

bio, Inc. company, and encoded to plasmid. The gene of SUMO2 constructs were
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consisted of N-terminal hexahistidine sfGFP fusion protein, a TEV protease cleavage site
between sfGFP and SUMO2. This full-length gene was amplified by overlapping PCR.
The two restriction sites Ndel and Sacl were used to digest the full-length gene. The
digested full-length gene was ligated to form pET-pylT- sfGFP-TEV-SUMOZ2. The gene

flanked under the control of T7 promoter.

Construction of pET-pyIT- Ubiquitin
The Plasmid pET-pylT-Ubiquitin was derived from the plasmid pET-pylTcua. The

gene of optimized Ubiquitin was synthesize by MD bio, Inc. company, and encoded to
plasmid. The gene of Ubiquitin constructs were consisted of N-terminal hexahistidine, a
TEV protease cleavage site between hexahistidine and Ubiquitin. This full-length gene
was amplified by overlapping PCR. The two restriction sites Ndel and Sacl were used to
digest the full-length gene. The digested full-length gene was ligated to form pET-pyIT-

Ubiquitin. The gene flanked under the control of T7 promoter.

Construction of pET-pylIT-sfGFP
The Plasmid pET-pylT-sfGFP was derived from the plasmid pET-pylTcua. The

gene of optimized superfolder GFP was synthesize by MD bio, Inc. company, and
encoded to plasmid. The sfGFP gene with the hexahistidine at C terminus were amplified
by overlapping PCR. The two restriction sites Ndel and Sacl were used to digest the
sfGFP gene. The digested gene was ligated to form pET-pylT-sfGFP. The gene flanked

under the control of T7 promoter.

Construction of pET-pyIT-sfGFPF27TAG
The plasmid pET-pylT-sfGFPF27TAG was derived from the plasmid pET-pylT-

sfGFP. The gene of sfGFP has amber mutation at F27. The sfGFP gene with the
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hexahistidine at C terminus was amplified by overlapping PCR from pET-pylT-sfGFP
plasmid. The gene of sfGFPF27TAG flanked under the control of T7 promoter. The
sfGFPF27TAG gene was digested with restriction enzyme Ndel and Sacl, and ligated to

generate pET-pylT-sfGFPF27TAG.

34

doi:10.6342/NTU201803256



2.2.3 Molecular cloning

Constructions of pET-pylT- sfGFP -SUMO2XTAG
DNA of human SUMO2 was obtained from totally synthesis with codon

optimization for bacterial expression. All constructs were cloned into pET-22b (+) vector
using KOD hot start polymerase kit. DNA sequence of SUMO?2 constructs were consisted
of N-terminal hexahistidine sfGFP fusion protein, a TEV protease cleavage site between
sfGFP and SUMO2. Then, the respective codon of lysine were mutated to amber codon
(KXTAG; where X represents the position within SUMO2 sequence, X =5, 7, 11, 21, 33,
35, 42, 45). The site-directed mutagenesis of all the unique positions accomplished with
overlapping PCR technique. The PCR was done to generate the gene of insert. The
amplified PCR products were cleaned up and subjected to double digestion, and its
following ligated to the pET vector with ampicillin resistance gene. The ligated plasmid
was chemically transformed into E. coli DH5a strain and subsequently spread on the
medium plate with corresponding antibiotic. Eight colonies were chosen to perform
colony PCR. The colonies indicating positive results were set out for DNA sequencing.
After results analysis, the positive colonies were picked and cultured in LB medium at 37
°C for 12-16 hrs. Bacteria medium were collected and the plasmids were extracted by
mini-prep.

DNA of wild-type SUMO2 construct were containing N-terminal hexahistidine
sfGFP fusion protein, a TEV protease cleavage site between sfGFP and SUMO?2
constructed in pET vector in advance and was taken as template for PCR. In detail, the
Primer F1 and primer R1 were used to generate the template His6X-sfGFP-TEV-SUMO2
XTAG (KXTAG; where X represents the position within SUMO2 sequence, X =5, 7, 11,
21, 33, 35, 42, 45).The primer F2 and primer R2 were used to generate template SUMO?2

XTAG (KXTAG; where X represents the position within SUMO?2 sequence, X =5, 7, 11,
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21, 33, 35, 42, 45). Especially, the primer R1 and F2 involved the amber mutation were
used to replace the respective codon of lysine. These two fragments were used for
overlapping PCR to get His6X-sfGFP-TEV-SUMO2 XTAG (KXTAG; where X
represents the position within SUMO2 sequence, X =5, 7, 11, 21, 33, 35, 42, 45). The
PCR products were analyzed by 1% agarose gel with safe dye staining. Expected PCR
products were collected and cleaned up for overlapping PCR. The overlapped fragment
was subjected to double digestion experiment with restriction enzyme as well as the other
backbone of pET vector. Restriction enzyme Ndel and Sacl were used to digest the sticky
end at the target gene fragment and pET vector. The fragments were recycled and purified,
then used for DNA ligation.

DNA ligation used the T4 DNA ligase. The vector and insert were mixed with 1:3
molar ratio and added the T4 DNA ligase at 25°C for 1 hour. The plasmids were then
chemically transformed into E. coli DH5a respectively. The strain with ligated products
added on ice bath for 20 minutes then via heat-shock process (42°C for 1 minute). The
bacteria were then rapidly put on ice bath for 5 minutes to increase the transformation
efficiency. The recovery process was performed following 1 mL autoclaved LB medium
added with the transformed bacteria at 37°C for 1 hour. Plates were prepared then
executed after recovery following incubation at 37°C for 12 hrs. Eight colonies were
picked for colony PCR.

Colony PCR was treatment with PCR mastermix kit and verified using T7 promoter,
T7 terminator. The PCR products can be visualized by 1% agarose gel in TAE buffer.

The colonies revealed positive consequences were chosen for DNA sequencing.
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Constructions of pET-pylT-Ubiquitin

DNA of human Ubiquitin was obtained from totally synthesis with codon
optimization for bacterial expression. The construct was cloned into pET-22b (+) vector
using KOD hot start polymerase kit. DNA sequence of Ubiquitin construct was consisted
of N-terminal hexahistidine, a TEV protease cleavage site between hexahistidine and
Ubiquitin. Then, the Plasmid pET-pylT- sfGFP-TEV- Ubiquitin construct was used as
template for PCR. The PCR technique was used to amplify the gene of insert. In detail,
the Primer F1 and primer R1 were used to generate the template His6 X-TEV- Ubiquitin.
Subsequently, the process of molecular cloning technique was the same as described

previously.

2.3 Protein productions and purifications

Ubiquitin expression and purification
The plasmid was chemically transformed into E. coli BL21 (DE3) for protein

expression. A single colony was cultured in 5 mL LB medium with the 100 ug/ml
ampcillim and was incubated at 37°C overnight. 1 mL bacterial liquid was transferred to
100 mL fresh LB medium with appropriate antibiotics and incubated at 37°C until an
optical density (ODeoo) value of 0.4-0.6. Overexpression was induced by isopropylthio--
D-galactopyranoside (IPTG). Final concentration of IPTG was 1 mM and recombinant
protein was induced at 25°C for 12 hours. The bacteria culture were harvested by
centirfugation at 10000 x g for 10 minutes at 4°C and discarded the supernatant. Bacteria
pellets were quickly frozen by liquid nitrogen and stored at -80°C.

After freeze thawed, the bacteria was resuspended in lysis buffer (300 mM Sodium
Chloride and 20 mM Monopotassium phosphate, 0.5% Triton X-100, pH 8.0) and one

protease inhibitor. The suspension was incubated at 4 °C, sonicated in ice/water bath for
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10 minutes (5 s on/10 s off, 35W). The supernatant was gathered after centrifuged at
20000 x g for 50 minutes at 4 °C. The recombinant protein was purified by Ni>*-NTA
chromatography. 25 column volume of lysis buffer and 10 column volume of washing
buffer (300 mM Sodium Chloride, 1ImM imidazole and 20 mM Monopotassium
phosphate, pH 8.0) was used to wash out the non-specific binding proteins. 5 column
volume of elution buffer (300 mM NaCl, 20 mM Monopotassium phosphate and 250 mM
imidazole, pH4.5) was used to elute target protein. The eluted fraction in elution buffer
then changed to storage buffer (20 mM HEPES, and 100 mM NaCl, pH8.0) by dialysis,
and concentrated by Amicon Ultra- Centrifugal Filter -3,000 MWCO (Millipore). The
concentration was determined by Braford assay (Bio-Rad). The concentrated protein flash

frozen in liquid nitrogen at -80°C for preservation.

Mouse Ubiquitin-Activating Enzyme (mE1) expression and purification
The DNA sequence of mE1 in pET28b vertor was purchased from Addgene,

expressed and purified from E. coli BL21-CodonPlus(DE3)-RIPL cells. At first culture
was grown in 3 ml LB medium with chloramphenicol and kanamycin at 37°C overnight.
And the culture was inoculated into LB medium (12 L) with the same concentration of
antibiotics. The culture was then cooled to 16°C after the ODsoo reached 0.6~0.8 and then
added 0.6 mM isopropyl 1-thio-B-D- galactopyranoside (IPTG) to grow for another 16
hrs at the same temperature. The cells were pelleted, resuspended in 150 ml of lysis buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% (w/v) Triton X-100, pH 8.0, 1 mM DTT,
and protease inhibitor mixture), and sonicated for 10 minutes in an ice/water bath . The
lysate was collected after centrifuged at 20000 x g for 40 min at 4°C. The recombinant
protein was purified by Ni?*-NTA column. And then washed with 10 column volume of

lysis buffer (50 mM HEPES, 500 mM NacCl, 10 mM imidazole, pH 7.8), and then eluted
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out with 12 column volume of elution buffer (50 mM HEPES, 500 mM NaCl, 250 mM
imidazole,pH 7.8) then changed to 10 mM Tris—HCI, pH 8.0, pH 8.0, 1 mM DTT by
dialysis. Recombinant histidine-tagged mouse E1 (mE1) was purified by anion-exchange
chromatography®®. Finally, the recombinant protein was purified by gel filtration
chromatography, and concentrated by Amicon Ultra- Centrifugal Filter -30,000 MWCO
(Millipore). The concentration was determined by Braford assay (Bio-Rad). The

concentrated protein flash frozen in liquid nitrogen at -80°C for preservation.

sfGFP-SUMO2X-2 (where X represents the position within SUMO2 sequence, X =5, 7,
11, 21, 33, 35, 42, 45) expression and purification
The plasmid was chemically transformed into E. coli BL21 (DE3) for protein

expression. A single colony was cultured in 5 mL LB medium with 100 ug/ml ampcillim
and 100 ug/ml streptomycin then was incubated at 37°C overnight. 1 mL bacterial liquid
was transferred to 100 mL fresh LB medium with appropriate antibiotics and incubated
at 37°C until an optical density (ODeoo) value of 0.8-1.0. Overexpression was induced by
isopropylthio-p-D- galactopyranoside (IPTG). Final concentration of IPTG was 1 mM
and recombinant protein was induced at 37°C for 12 hours. Moreover, 1 mM 2 was added
in the LB medium during induction. The bacteria culture were harvested by centirfugation
at 10000 x g for 10 minutes and discarded the supernatant. Bacteria pellets were quickly
frozen by liquid nitrogen and stored at -80°C.

After freeze thawed, the bacteria was resuspended in the lysis buffer (300 mM
Sodium Chloride, 0.5% Triton X-100, and PBS buffer, pH 8.0) and one protease inhibitor.
The suspension was incubated at 4 °C, sonicated in ice/water bath for 10 minutes (5 s
on/10 s off, 35W). The supernatant was collected after centrifuged at 20000 x g for 50

minutes at 4°C. The recombinant protein was purified by Ni>*-NTA chromatography. 10
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column volume of lysis buffer and 5 column volume of washing buffer (300 mM Sodium
Chloride, 5mM imidazole, and PBS buffer, pH 8.0 was used to wash out the non-specific
binding proteins. 5 column volume of elution buffer (300 mM Sodium Chloride, 250 mM
imidazole, and PBS buffer, pH 8.0) was used to elute target protein. The eluted fraction
in elution buffer then changed to buffer (100 mM NaCl, and 50 mM Tris-HCI pH 8.0) for
TEV cleavage. To purify the non-tagged SUMO2 variants, TEV protease and N-terminal
hexahistidine sfGFP fusion protein connected a TEV protease cleavage site with
SUMO2XSeCbzK (where X represents the position within SUMO2 sequence, X =5, 7,
11, 21, 33, 35, 42, 45) were mixed with 1:30 molar ratio (final volume 15 mL) at 30°C
for 2 hours. The His6X-sfGFP-TEV was removed using TEV protease. The next round
of affinity purification enhanced the fragment of His6X-sfGFP-TEVon Ni?*-NTA resin
while the free SUMO2 variants was separated out by the flow through. If necessary,
proteins were further purified by anion exchange chromatography (HiTrap Q HP, GE
Healthcare) with 30CV linear elution into buffer (50 mM Tris, 500 mM NacCl, pH 8.0).
All proteins were finally subjected to size exclusion chromatography (HiLoad 16/600
Superdex75pg, GE Healthcare) in PBS buffer. Purity of peak fractions was analyzed by
15% SDS-PAGE, and concentrated by Amicon Ultra- Centrifugal Filter -3,000 MWCO
(Millipore). The concentration was determined by Braford assay (Bio-Rad). The

concentrated protein flash frozen in liquid nitrogen at -80°C for preservation.

sfGFPF27 and sfGFPY66 variants expression and purification
The plasmid was chemically transformed into E. coli BL21 (DE3) for protein

expression, single colony was picked and transferred in 20 mL fresh LB medium. 1 mL
bacteria solution was transferred to 100 mL fresh LB medium and incubated at 37 °C until
ODesoo Vvalue reached to 0.8-1.0. Ampicillin and Streptomycin was added and the final
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concentration was 100 nM. IPTG was added after ODsoo value reached to 0.8-1.0 The
bacteria then centrifuged and washed with GMML medium for three times. GMML
medium was prepared for recombinant protein expression. Recombinant protein was
induced by isopropylthio-B-D-galactoside (IPTG). Final concentration of IPTG was 1 mM
and recombinant protein was induced at 37°C for 12 hours. 1.0 mM ncAA was added in
the GMML medium during induction. Bacteria was centrifuged at 10000 x g for 10
minutes and harvested. Bacteria was disrupted by sonicator and centrifuged at 20000 x g
for 50 minutes. The supernatant was collected and poured into Ni?*-NTA column for
protein purification. 10 column volume of binding buffer was used to wash out the
unbound and nonspecific proteins. 5 column volume of washing buffer containing 5 mM
imidazole was used to wash out nonspecific proteins on resin. 5 column volume of elution
buffer containing 250 mM imidazole was used to elute the target protein from resin. Purity
of fractions were analyzed by 12% SDS-PAGE, The eluted fraction in elution buffer then
changed to storage buffer (PBS, pH 7.6) by dialysis, and concentrated by Amicon Ultra-
Centrifugal Filter -10,000 MWCO (Millipore). The concentration was determined by
Braford assay (Bio-Rad). The concentrated protein flash frozen in liquid nitrogen at -80°C

for preservation.

2.4  Gel analysis

24.1 SDS-PAGE
To ensure success with the high resolution SDS-PAGE, we need to choose
appropriate percentage acrylamide based on the molecular weight range of proteins. Then,
the components are mixed for the separation gel to pour into the gap between the glass

plates and subsequently add isobutanol over the top of the resolving gel to prevent the
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oxygen into the gel and inhibit the polymerization. After the separation gel polymerize in
30 minutes, isobutanol is removed from top of the separation gel. Later, the components
are mixed for the stacking gel to pour directly on top of the polymerized separating gel,
and insert comb to the top of the spacers immediately in 20 minutes, the stacking gel
become completely polymerized. Then 16 uL sample mixed with 4 pL loading buffer
(final volume 20 pL) and boiled for 5-10 minutes. Clamp the gel and fill freshly prepared
1x running buffer (500 ml) to chambers of the apparatus. Load samples and molecular

mass protein markers into wells for separation by electrophoresis

2.4.2 Western blot analysis

After a complete running of SDS PAGE, the gel was then blotted with
polyvinylidene fluoride (PVDF) membrane and immersed in transfer buffer. Then, 400
mA applied for 4 hours or 400 mA for 2 hours followed by 200 mA for 12 hours. After
transfer process was complete, the PVDF membrane washed with TBST buffer thrice, 5
minutes each. Further, blocking non-specific binding sites was done by using 5% skim
milk, and allowed blocking reaction for 1 hour. Again, the membrane washed for thrice,
5 minutes each. Primary antibody (dilution depending on experiment) was added to react
with the membrane. After 1 hour of reaction, the membrane was washed with TBST
buffer for three times, 5 minute each. Next, the secondary antibody conjugated with AP
(alkaline phosphatase) added to the membrane and incubated for 1 hour. Another round
of washing was repeated, 5 minutes for three times with TBST buffer. Finally, the
BCIP/NBT substrate solution was spread onto the membrane and rinsed with sufficient

tap water to stop the reaction. The membrane air-dried and blotted with kitchen roll.
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2.5  Protein chemistry

2.5.1 Synthesis of Ub-cysteamine

Synthesis of Ub-cysteamine
The purified mouse E1 stored at -80°C were rapidly thawed and placed on 4°C. For

the 1 uM mouse E1, 50 uM Ubiquitin, 2 mM ATP, 4 mM DTT, 5 mM MgCl,; and 5 mM
cysteamine were incubated in 50uL (final volume) of a buffer containing 100 mM NacCl,
20 mM HEPES, pH 8.0 at 4°C for12 hrs. The purification of Ub-cysteamine was purified
by size-exclusion chromatography®’. The eluted fraction changed to storage buffer (100
mM NaCl, 20 mM HEPES, 4 mM DTT, pH 8.0) by dialysis, and concentrated by Amicon
Ultra- Centrifugal Filter -3,000 MWCO (Millipore). The concentration was determined
by Braford assay (Bio-Rad). The concentrated protein flash frozen in liquid nitrogen at -

80°C for preservation.

2.5.2 Selenoxide B—elimination

Selenoxide B-elimination in SUMO2K11-2
The purified SUMO2K11-2 stored at -80°C were thawed and placed on 4°C. For

the 9 uM SUMO2K11-2 incubated with 200 equivalent H>O in 50 pL (final volume) of
a PBS buffer pH 8.0 at 37°C for 2 hours. When the reaction time reached, we add Na>S.03
as quencher to end up all the reaction. The following changed to storage buffer (PBS
buffer pH 8.0) by dialysis, and concentrated by Amicon Ultra- Centrifugal Filter -3,000
MWCO (Millipore). The concentration was determined by Braford assay (Bio-Rad). The

concentrated protein flash frozen in liquid nitrogen at -80°C for preservation.
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2.6 Mass spectrometry characterization

2.6.1 Protein MALDI-TOF-MS analysis

In-gel digestion

After the staining procedure, gel bands were exercised, cut into small pieces. A
modified in-gel digestion protocol was applied.® Briefly, after sequentially washing the
gel pieces with 25 mM NH4HCOs3, 40% methanol solution and 100% acetonitrile. The
reduction with DTT and alkylation with iodoacetamide of proteins in gel pieces were
performed and the gel pieces were washed and dried in a vacuum centrifuge before trypsin
digestion. A trypsin solution in 25 mM NHsHCOs3, 10% acetonitrile containing 65 to 100
ng of sequencing grade modified trypsin (Promega) in 25-30 ul was added and incubated

with gel pieces for 12-16 hours at 37°C. Stop reaction by adding 1-2ul of 5% formic acid.

MS and data analysis

The digested samples (0.5 pl) were carefully mixed with matrix solution (0.5ul of
5 mg/ml DHB in 0.1%TFA/30% acetonitrile) and deposited 0.5ul of mixture onto the
MTP 600/384 AnchorChip (Bruker Daltonics,). All mass spectrometry experiments were
done using a Bruker Autoflex Il MALDI TOF/TOF mass spectrometer (Bremen,
Germany) equipped with a 200 Hz SmartBean Laser in positive ion mode with delayed
extraction in the reflectron mode. Data acquisition was done manually with FlexControl
3.4, and data processing was performed with Flex-Analysis 3.4 (both Bruker Daltonik).
Protein database searches, through Mascot, using combined PMF and MS/MS datasets

were performed via Biotools 3.2 (Bruker).
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2.6.2 Protein ESI-MS analysis

The Intact Protein Molecular Weight Determination

The pure protein was diluted with 50% acetonitrile and 1% formic acid. An aliquot
corresponding to one pmol of the pure protein was injected via an ESI source (Waters
LockSpray Exact Mass lonization Source) with a syringe pump (Harvard Apparatus, MA)
and held a flow rate of 5 pl/min throughout the analysis. The mass of intact proteins was
determined using Waters Synapt G2 HDMS mass spectrometer (Waters, Milford, MA).
The acquired spectra were deconvoluted to single-charge state using MaxEnt1 algorithm

of the MassLynx 4.1 software (Waters).

2.7  Protein Biophysical characterizations

2.7.1 UV/Visible absorption spectrum
The sfGFP-Y66TAG with heterocyclic amino acids and wt-sfGFP were diluted to
final concentration of 0.1 mg/ml in PBS at pH 8.0. Absorption spectra were obtained
using a 1 cm quartz cuvette at 25°C on a V-630-Bio (Jasco). The following information
was parameter setting: photometric mode_ Abs, response_Fast, UV/Vis bandwith_1.5 nm,

scan speed_200 nm/min. The Scanning wavelength was started from 600 nm to 230 nm.

2.7.2 Fluorescence spectrum
The sfGFP-Y66TAG with heterocyclic amino acids and wt-sfGFP were diluted to
final concentration of 0.1 mg/mL in PBS at pH 8.0. Then the samples were loaded into 1
cm quartz cuvette and measured by Fluorolog-3 (Jobin Yvon). Excitation wavelength of
sfGFP-Y66TAG with D/L ncAA is 370 nm and wt-sfGFP is 488 nm. Separately, the

emission spectra were recorded from 380 to 600 nm and 500 to 600 nm every 5 nm.
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Chapter 3  Results

3.1  Synthesis of Ubiquitin-cysteamine

3.1.1 Purification of Ubiquitin

In order to synthesize Ubiquitin derivative on its C- terminal modification, the
purified Ubiquitin needs to be prepared. The construction of pET-pylT-Ubiquitin fused
with N-terminal hexahistidine and TEV cutting site has been confirmed by the DNA
sequencing results. First of all, the plasmid pET-pylT-Ubiquitin was chemically co-
transformed into E. coli BL21 (DE3) for protein expression. Ubiquitin protein was
produced in LB medium with 1 mM IPTG at 25°C for 12 hrs. Subsequently, the Ubiquitin
protein fused with N-terminal hexahistidine was purified by Ni?*-NTA affinity
chromatography®® and analyzed by the 15% SDS-PAGE (Figure 10). To ensure the next
reaction can be worked in progress, the purified Ubiquitin protein also analyzed the

expected molecular weight (MW) by ESI-MS (Figure 11).
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Figure 10. Purification of Ubiquitin with Ni>*~NTA column.

Analysis of the purification of recombinant His6x-TEV-Ubiquitin protein on 15% SDS-
PAGE under denaturing conditions with Instant Blue staining. His6x-TEV-Ubiquitin
protein with the size of 10 kDa can be observed. Lane M: Protein Molecular Weight
Marker; Lane 1: E. coli BL21(DE3) were without the addition of 1 mM IPTG; Lane2:
E. coli BL21(DE3) were with the addition of 1 mM IPTG at 25°C for 12 hrs; Lane3:
samples prepared from soluble fraction of bacterial lysates; Lane4: Flow-through from
soluble protein fractions were purified by Ni?*~NTA affinity chromatography; Lane5:
washing buffer (300 mM Sodium Chloride, 1mM imidazole and 20 mM
Monopotassium phosphate, pH 8.0) wash non-specific binding on Ni>*~NTA resin;
Lane6: elution buffer (300 mM NaCl, 20 mM Monopotassium phosphate and 250 mM
imidazole, pH 4.5) elute his-tag target protein.
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Figure 11. Molecular mass determination of the protein Ubiquitin.

(A) ESI-MS spectrum of Ubiquitin with N-terminal hexahistidine (B)
deconvoluted ESI-MS spectrum of Ubiquitin with N-terminal hexahistidine.

The
The

calculated molecular weight is 10314 Da; the found molecular weight is 10313 Da. The
proteins were produced by pET-pylT-Ubiquitin with 1 mM IPTG in E. coli BL21 (DE3)
cells in LB medium at 37 °C for 3 hours.
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3.1.2 Purification of Ubiquitin-activating enzyme

On the other hand, to generate Ubiquitin derivative on its C- terminal modification,
the purified Ubiquitin-activating enzyme (E1) also needs to be prepared. The construction
of pET-mE1 fused with N-terminal hexahistidine have been confirmed by the DNA
sequencing results. First of all, the plasmid pET-mE1 was chemically co-transformed into
E. coli BL21-CodonPlus (DE3)-RIPL cells for protein expression. The Ubiquitin-
activating enzyme was produced in LB medium with 1 mM IPTG at 25°C for 12 hrs.
Next, the Ubiquitin-activating enzyme (E1) fused with N-terminal hexahistidine was
purified by Ni?*-NTA affinity chromatography, anion-exchange chromatography, and
size-exclusion chromatography®°. Finally, the purity of Ubiquitin-activating enzyme (E1)

was analyzed by SDS-PAGE to ensure its efficient activity (Figure 12-14).
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Figure 12. Purification of Ubiquitin-activating enzyme with Ni2*~NTA column.
Analysis of the purification of recombinant His6x-Ubiquitin-activating enzyme protein
on 10% SDS-PAGE under denaturing conditions with Instant Blue staining. His6x-
Ubiquitin-activating enzyme protein with the size of 116 kDa can be observed. Lane
M: Protein Molecular Weight Marker; Lane 1: E. coli BL21-CodonPlus(DE3)-RIPL
cells were without the addition of 1 mM IPTG; Lane2: E. coli BL21-CodonPlus(DE3)-
RIPL cells were with the addition of 1 mM IPTG at 25°C for 12 hrs; Lane3: samples
prepared from soluble fraction of bacterial lysates; Lane4: Flow-through from soluble
protein fractions were purified by Ni>*~NTA affinity chromatography; Lane5: washing
buffer (50 mM HEPES, 500 mM NaCl, 10 mM imidazole, pH 7.8 ) wash non-specific
binding on Ni?*~NTA resin; Lane6: elution buffer (50 mM HEPES, 500 mM NaCl, 250
mM imidazole, pH 7.8) elute his-tag target protein.
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Figure 13. Purification of Ubiquitin-activating enzyme with the anion-exchange.
(A) The elution after Ni?*-NTA column was concentrated for FPLC with HiTrap Q HP
column (GE Healthcare). The major peak appeared in buffer with 185 mM to 225 mM
NaCl. Blue line: the signal of UV az2g0; Green line: the concentration (%) of buffer with
1 M NacCl. (B) SDS-PAGE shows the fractions indicated in (A). 1-12: major peak; 13-
18: minor peak. Fraction 6-12 were collected and concentrated for reaction.
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Figure 14. Purification of Ubiquitin-activating enzyme with the SEC.
(A) The elution after HiTrap Q HP column was concentrated for FPLC with S200

column. Blue line: the signal of UVazso (B) SDS-PAGE shows the fractions indicated
in (A). Fraction 4-5 were collected and concentrated for reaction.
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3.1.3 ESI-MS analysis of Ubiquitin-cysteamine

Having Ubiquitin and Ubiquitin-activating enzyme (E1) in advance, we had made
effort to achieve synthesis of Ubiquitin-cysteamine. Then E1 catalyzes two consecutive
reactions to activate Ubiquitin. First of all, Ubiquitin and ATP form Ub-AMP, then E1
active-site cysteine reacts Ub-AMP to form thioester conjugate with the C-terminal Gly
of Ubiquitin. It has been previously reported that E1-Ub thioester can react with 2-
mercaptoethanesulfonic acid (MES) to form Ub-MES thioester and the peptides consisted
of N-terminal cysteine to undergo native chemical ligation. Thus, we utilized E1 to
catalyze the C-terminal modification of Ubiquitin with cysteamine. When 1 uM mouse
E1, 50 uM Ubiquitin, 2 mM ATP, 4 mM DTT, 5 mM MgCl, and 5 mM cysteamine were
mixed at pH 8.0 and 4°C for 12hrs, Ubiquitin was coverted to an Ub-cysteamine under
native chemical ligation in two chemical steps. The molecular weight was analyzed by
ESI-MS; the calculated mass was 10374 Da and the observed mass was10372 Da (Figure
15). Besides, we also did a control experiment in the absence of ATP. The ESI-MS spectra
showed peak at a molecular weight 10313 Da which was in agreement with calculated
mass 10314 Da (Figure 16). Finally, the Ubiquitin was modified with cysteamine at the

C-terminal (Figure 17).
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Figure 15. Molecular mass determination of Ub-Cysteamine.
(A) ESI-MS spectrum of Ub-Cysteamine (B) The deconvoluted ESI-MS spectrum of
Ub-Cysteamine. The calculated molecular weight is 10374 Da; the found molecular

weight is10372 Da.
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Figure 16. Molecular mass determination of Ub-Cysteamine in the absence of
ATP.

(A) ESI-MS spectrum of Ub-Cysteamine in the absence of ATP (B) The deconvoluted
ESI-MS spectrum of Ub-Cysteamine in the absence of ATP. The calculated molecular
weight is 10314 Da; the found molecular weight is 10313 Da.
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Figure 17. Protein chemistry study of Ubiquitin-cysteamine.
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3.1.4 Purification of Ubiquitin-cysteamine
Next, when the ESI-MS confirmed the results of Ubiquitin derivative on its C-
terminal modification, the Ubiquitin-cysteamine was purified by size-exclusion
chromatography. Finally, the SDS-PAGE analyzed the purity of the Ubiquitin-

cysteamine (Figure 18).
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Figure 18. Purification of Ubiquitin-cysteamine with the SEC column.
(A) The ubiquitin with C terminus modification were concentrated for FPLC with S75
column (HiLoad 16/600 superdex 75 pg, GE Healthare). Blue line: the signal of

UV aze0 (B) SDS-PAGE shows the fractions indicated in (A). 1-9: minor peak; 10-18:
secondary peak. Fraction 10-18 were collected and concentrated for reaction.
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3.2 Studying selenoxide B-elimination of SUMO2 variants

3.2.1 Purification of SUMO?2 variants

In order to generate SUMO2 protein with ncAA, we utilized evolved PyIRS,

mkRS1F combines with tRNA?{JlA to support the specific incorporation of Se-

alkylselenocysteine at amber codon of SUMO2 protein in E.coli (Figure 19). The
mkRS1F has the mutation site on Y306M, L309A, C348T, T364K, and Y384F from
MmPyIRS. The constructs of pET-pylT-sfGFP-SUMO2KXTAG (X represents lysine
position) (Table 1) and pCDF- mkRS1F have been identified by the DNA sequencing
results.

Initially, the plasmid pET-pylT-sfGFP-SUMO2KXTAG (X represents lysine
position) and pCDF- mkRS1F were chemically co-transformed into E. coli BL21 (DE3)
and cultured in LB medium in E. coli with 1 mM IPTG and 1 mM 2 (Figure 20) at 37°C
for 12 hrs. Then, the eight different lysines at amber mutation site on SUMO2 protein
fused with N-terminal sfGFP were purified by Ni?*-NTA affinity chromatography, and
run the SDS-PAGE to analyze diverse amber suppression. The SDS-PAGE displayed that
amber suppression yield is about 21, 27, 69, 56, 67, 30, 49, 34% (Figure 21). The
suppression yields for different linkages are conspicuous. Further, to gain the complete
SUMO2 variants, TEV protease was used to cleave the TEV cutting site between the
sfGFP and SUMO?2 variant. Later, we separated SUMO2 variants from mixture by Ni?*-
NTA affinity chromatography, anion-exchange chromatography, and size-exclusion
chromatography. Purity of SUMO2 variants were analyzed by 15% SDS-PAGE (Figure

22).
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Figure 19. Protein synthesis with 2 through expanding genetic code method.

Protein translation by using pyrrolysyl-tRNA synthetase°tRNAfé}SA bioorthogonal pair through amber codon suppression. PyIRS is actually an
aminoacyl-tRNA synthetase which derived from archaea and it is orthogonal in E. coli. In this thesis, engineerd PlyRS, mkRS1F would catalyze
the esterification between suppressor tRNA and appropriate 2. With the assistance of EF-TU, the aminoacyl-tRNA can recognize the corresponding

amber codon on mMRNA.

60

d0i:10.6342/NTU201803256



Table 1. Mutated lysine residues of SUMO?2 in this study.

Amber mutation in sSftGFP-SUMO2

Name/Position K5 K7 K11 K21 K33 K35 K42 K45
GS2K5 TAG - - - - - - -
GS2K7 - TAG - - - - - -
GS2K11 - - TAG - - - - -
GS2K21 - - - TAG - - - -
GS2K33 - - - - TAG - - -
GS2K35 - - - - - TAG - -
GS2K42 - - - - - - TAG -

GS2K45 - - - - - - - TAG
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Figure 20. Chemical structures of ncAAs in this study.

1: L-Pyrrolysine (Pyl) 2: Se-alkylselenocysteine (SeChzK) 3: 3-Benzothienyl-L-
alanine (LBTA) 4: 3-(1-Naphthyl)-L-alanine (1NapA) 5: N"-Formyl-L-tryptophan
(1ForTrp) 6: 1-Methyl-L-tryptophan (1MeTrp) 7: 3-Benzothienyl-D-alanine (DBTA)
8: H-p-(7-Methoxycoumarin-4-yl)-Ala-OH (7MeOCuA) 9: 3-(2-Oxo-1,2-dihydro-4-
quinolinyl)alanine (QunA).
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Figure 21. Purification of sSfGFP-SUMO2 variants with Ni>*~NTA column.

(A) Hlustration of synthesis sSfFGFP-SUMO2 variants through amber suppression.

(B) sfGFP-SUMO?2 protein production with site-specific 2 incorporation.
nkRSchtRNAE’{}A pair was utilized for these experiments in LB medium with 1mM
IPTG and 1ImM ncAA 2 at 37°C for 12 hrs. Amber suppression yield is about 21 to
69% F: full length sSfGFP-SUMOQOZ2, T: truncated protein
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Figure 22. Purification of SUMOZ2 variants.
Pyl

SUMO2 protein production with site-specific 2 incorporation. mkRS1F<tRNA ;. pair
was utilized for these experiments in LB medium with ImM IPTG and 1mM ncAA 2
at 37°C for 12 hrs. Purification of SUMO2 variants with Ni®*-NTA affinity
chromatography,  anion-exchange  chromatography, and size  exclusion
chromatography.
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3.2.2 ESI-MS analysis and MALDI-TOF-MS/MS analysis of SUMOZ2 variants

Finally, the purified SUMO2 protein was dissected the expected molecular weight
(MW) by ESI-MS apparatus (Figure 23-30). In addition, to confirm the SUMO2 protein
was genetically incorporated 2 at the particular position, the target proteins were digested
by trypsin protease and analyzed by MALDI-TOF-MS/MS. As our expectation, the
fragments containing 2 at K5, K7, and K45 have been searched, (Figure 31-33) but the
fragment of other lysine position were not observed the consequences. Thus, other
enzymatic digested condition will be tested to search the fragment containing 2 at K11,

K21, K33, K35, and K42 position.
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Figure 23. Molecular mass determination of the protein SUMO2K5-2.

(A) ESI-MS spectrum of SUMO2KS5-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K5-2. The calculated molecular weight is 10808 Da; the found molecular
weight is 10807 Da. The proteins were produced by mkRSlF°tRNAE}SA pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 24. Molecular mass determination of the protein SUMO2K7-2.
(A) ESI-MS spectrum of SUMO2K7-2 (B) The deconvoluted ESI-MS spectrum of
SUMOZ2K7-2. The calculated molecular weight is 10808 Da; the found molecular

weight is 10808 Da. The proteins were produced by mkRS1F+tRNA ;.

Pyl pair with 1

mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 25. Molecular mass determination of the protein SUMO2K11-2.

(A) ESI-MS spectrum of SUMO2K11-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K11-2. The calculated molecular weight is 10808 Da; the found molecular
weight is 10807 Da. The proteins were produced by mkRSlF-tRNAE}SA pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 26. Molecular mass determination of the protein SUMO2K21-2.

(A) ESI-MS spectrum of SUMO2K21-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K?21-2. The calculated molecular weight is 10808 Da; the found molecular
weight is 10808 Da. The proteins were produced by mkRSlF-tRNAE}SA pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 27. Molecular mass determination of the protein SUMO2K33-2.
(A) ESI-MS spectrum of SUMO2K33-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K33-2. The calculated molecular weight is 10808 Da; the found molecular

Pyl

weight is 10808 Da. The proteins were produced by mkRS1F+tRNA 3, pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 28. Molecular mass determination of the protein SUMO2K35-2.
(A) ESI-MS spectrum of SUMO2K35-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K35-2. The calculated molecular weight is 10808 Da; the found molecular

Pyl

weight is 10807 Da. The proteins were produced by mkRS1F+tRNA 7, pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 29. Molecular mass determination of the protein SUMO2K42-2.
(A) ESI-MS spectrum of SUMO2K42-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K42-2. The calculated molecular weight is 10808 Da; the found molecular

weight is 10808 Da. The proteins were produced by mkRS1F+tRNA ;.

Pyl pair with 1

mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 30. Molecular mass determination of the protein SUMO2K45-2.

(A) ESI-MS spectrum of SUMO2K45-2 (B) The deconvoluted ESI-MS spectrum of
SUMO2K45-2. The calculated molecular weight is 10808 Da; the found molecular
weight is 10808 Da. The proteins were produced by mkRSlF-tRNAE}SA pair with 1
mM IPTG and 1 mM ncAA 2 in E. coli BL21 (DES3) cells in LB medium at 37 °C for

12 hours.
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Figure 31. MALDI-TOF-MS/MS analysis of SUMO2K5-2.

Fragment M*ADEXPK’, X represents ncAA 2. The full-length SUMO2K5-2 protein

was produced by mkRS1F - tRNAE’SA pair in the presence of 1 mM ncAA 2. The

protein was in-gel digested by trypsin.
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Figure 32. MALDI-TOF-MS/MS analysis of SUMO2K7-2.
Fragment M!ADEKPXEGVK?, X represents ncAA 2. The full-length SUMO2K7-2

pair in the presence of 1 mM ncAA 2.

protein was produced by mkRS1F - tRNA

The protein was in-gel digested by trypsin.
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Figure 33. MALDI-TOF-MS/MS analysis of SUMO2K45-2.

Fragment L**3MXAYCER®™, X represents ncAA 2. The full-length SUMO2K45-2

protein was produced by mkRS1F - tRNAE’{}A pair in the presence of 1 mM ncAA 2.

The protein was in-gel digested by trypsin.
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3.2.3 ESI-MS analysis of selenoxide B-elimination of SUMO?2 variants

The success of incorporation of 2 on the SUMOZ2 proteins were demonstrated, we
have focused on synthesizing SUMO2 proteins with dehydroalanine (Dha) at eight
different lysines position. Previous studies have indicated that Se-alkylselenocysteine in
a protein can undergo oxidative elimination to generate dehydroalanine. We chose the
SUMO2K11-2 with high suppression yield to try conditions. To convert SeCbhzK in
SUMO2K11-2 to dehydroalanine, we utilized H.O. to generate selenoxide B-elimination
in PBS buffer. When the equivalent of H.O> was increased, unexpected products were
gradually escalated. Single and multiple oxygen atom(s) were added to the SUMO2
variant after ESI-MS characterization.

The expected molecular weight 10550 Da, and ESI-MS analysis of the final
products indicated the found molecular weight 10549 Da, 10565 Da (Figure 34). Thus,
we required to diminish severely oxidative reactions. Oxidation of SUMO2K11-2 with
200 eq. of H20> for 2hrs in PBS buffer converted 2 to dehydroalanine moderately. The
expected molecular weight 10550 Da was found to similar to observed molecular weight
10549 Da along with oxidative product peak at 10565 Da (Figure 35). Finally, the

SUMO2K11-2 was successfully converted to the SUMO2K11Dha (Figure 36).
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Figure 34. Molecular mass weight determination of SUMO2K11Dha with
increased equivalent of H202.

(A) ESI-MS spectrum of SUMO2K11Dha (B) The deconvoluted ESI-MS spectrum of
SUMO2K11Dha. The calculated molecular weight is 10550 Da; the found molecular
weight is 10549 Da and 10565 Da.
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Figure 35. Molecular mass weight determination of SUMO2K11Dha.

(A) ESI-MS spectrum of SUMO2K11Dha (B) The deconvoluted ESI-MS spectrum of
SUMO2K11Dha. The calculated molecular weight is 10550 Da; the found molecular
weight is 10549 Da and 10565Da.
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Figure 36. Protein chemistry study of SUMO2 dehydroalanine.

80

doi:10.6342/NTU201803256



3.3 Protein ligation through thiol-Michael addition on SUMO2Dha

To make sure thiol-Michael addition can go through in the SUMOZ2 variants
(Figure 37), SUMO2K11Dha was reacted with small molecule sodium thiophosphate
and the results were confirmed by ESI-MS study. Then, to ensure small molecule did not
react with other functional groups of amino acids, the SUMO2K11-2 also react with
thiophosphate as control. The expected molecular weight 10808Da, and ESI-MS analysis
of the final products indicated the found molecular weight 10807 Da (Figure 38). Thiol-
Michael addition of SUMO2K11Dha with 500 eq. of thiophosphate at 37°C for 12hrs
resulted in thiophosphate addition to dehydroalanine. Moreover, the small molecule also
added on the expected product by disulfide bond. The expected molecular weight
10660Da, and ESI-MS analysis of the final products indicated the found molecular weight
10799 Da, 10816 Da (Figure 39).

Certainly, the successful addition of thiophosphate, the Ub-cysteamine was reacted
with SUMO2K11Dha. Next, the reagents were mixed with the different molar ratios to
find out suitable reaction condition. Later, the results indicated that Ub-cysteamine and
the SUMO2K11Dha mixed with 100:1 molar ratio and added 4mM DTT at 4°C for 4 days
gave lower yield as observed in the 15% SDS-PAGE (Figure 40). When the reaction time
was increased, the yield was not improved (Figure 41). Thus, the temperature was
increased from 37°C and 50°C as new condition for reaction for 1 day and 2 days
respectively(Figure 42-43). Compared with the temperature at 37°C, the reaction at 50
°C might cause unexpected products as shown in the 15% SDS-PAGE. Finally, in this
thesis, the unbiased Ub-SUMO2 heterodimer was successfully synthesized at 37°C for 2
days (Figure 44).

Finally, the results of Ub-SUMO2 heterodimer was little amount in the reactive

products. We assumed that the other chemistry can be perform in the total reagents. Hence,
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the reactive products were analyzed by MALDI-TOF-MS apparatus (Figure 45). The
found molecular weight 10373 Da and 10722 Da implied the high amount of Ub-
cysteamine existed in the reaction and SUMO2K11Dha occur addition with DTT by thiol-
Michael addition. The SUMO2K11Dha was attempted to ensure DTT as a nucleophile
caused the reaction. The ESI-MS spectra showed peaks at molecular weight 10705 Da,
and 10719 Da. which was in agreement with calculated mass 10704 Da, and 10720 Da
(Figure 46). Next, the power of reducing agent, TCEP, was utilized in the reaction. But
the SUMO2K11Dha also went through phospha-Michael addition with TCEP. The ESI-
MS spectra indicated the found molecular weight 10798 Da, and 10816 Da. which was in

accord with calculated mass 10800 Da, and 10816 Da (Figure 47).
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Figure 37. SUMO2-Ubiquitination through expanding genetic codes approach.
Ub-SUMO2 heterodimer synthesis using amino acylated amber suppressor tRNA in vivo can achieve site-specifically installation in synthesizing

designed heterodimer homogenously.
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Figure 38. Molecular mass determination of the protein SUMO2K11-2 react with

(A) ESI-MS spectrum of SUMO2K11-2 react with thiophosphate (B) The
deconvoluted ESI-MS spectrum of SUMO2K11-2 react with thiophosphate. The
calculated molecular weight is 10808 Da; the found molecular weight is 10807 Da.
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Figure 39. Molecular mass weight determination of SUMO2K11Dha react with
thiophosphate.

(A) ESI-MS spectrum of SUMO2K11Dha react with thiophosphate (B) The
deconvoluted ESI-MS spectrum of SUMO2K11Dha react with thiophosphate. The
calculated molecular weight is 10660 Da; the found molecular weight is 10799 Da and
10816 Da.
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Figure 40. Analysis of Ubiqutinin-SUMO2 heterodimer synthesis.

Analysis of Ubiqutinin-SUMO2 heterodimer on 15% SDS-PAGE under denaturing
conditions with Instant Blue staining. Ubiqutinin-SUMO2 heterodimer protein with the
size of 20 kDa can be observed. Lane M: Protein Molecular Weight Marker; Lane 1:
His6x-TEV-Ub; Lane2: His6x-TEV-Ub-cysteamine; Lane3: SUMO2K11-2; Lane4:
SUMO2K11Dha; Lane5: 2+3 (100:1), 4°C, 4 days; Lane6: 2+4 (100:1), 4°C, 4 days.
Red star: target protein.
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Figure 41. Analysis of Ubiqutinin-SUMO2 heterodimer synthesis.

Analysis of Ubiqutinin-SUMO2 heterodimer on 15% SDS-PAGE under denaturing
conditions with Instant Blue staining. Ubiqutinin-SUMO2 heterodimer protein with the
size of 20 kDa can be observed. Lane M: Protein Molecular Weight Marker; Lane 1:
His6x-TEV-Ub; Lane2: His6x-TEV-Ub-cysteamine; Lane3: SUMO2K11-2; Lane4:
SUMO2K11Dha; Lane5: 2+3 (100:1), 4°C, 6 days; Lane6: 2+4 (100:1), 4°C, 6 days.
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Figure 42. Analysis of Ubiqutinin-SUMO2 heterodimer synthesis.

Analysis of Ubiqutinin-SUMO2 heterodimer on 15% SDS-PAGE under denaturing
conditions with Instant Blue staining. Ubiqutinin-SUMO2 heterodimer protein with the
size of 20 kDa can be observed. Lane M: Protein Molecular Weight Marker; Lane 1:
His6x-TEV-Ub; Lane2: His6x-TEV-Ub-cysteamine; Lane3: SUMO2K11-2; Lane4:
SUMO2K11Dha; Lane5: 2+3 (100:1), 37°C, 1 day; Lane6: 2+4 (100:1), 37°C, 1 day;
Lane7: 2+3 (100:1), 37°C, 2 days; Lane8: 2+4 (100:1), 37°C 2 days.
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Figure 43. Analysis of Ubiqutinin-SUMO2 heterodimer synthesis.

Analysis of Ubiqutinin-SUMO2 heterodimer on 15% SDS-PAGE under denaturing
conditions with Instant Blue staining. Ubiqutinin-SUMO2 heterodimer protein with the
size of 20 kDa can be observed. Lane M: Protein Molecular Weight Marker; Lane 1:
His6x-TEV-Ub; Lane2: His6x-TEV-Ub-cysteamine; Lane3: SUMO2K11-2; Lane4:
SUMO2K11Dha; Lane5: 2+3 (100:1), 50°C, 1 day; Lane6: 2+4 (100:1), 50°C, 1 day;
Lane7: 2+3 (100:1), 50°C, 2 days; Lane8: 2+4 (100:1), 50°C 2 days.
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Figure 44. Analysis of Ubiqutinin-SUMO2 heterodimer synthesis.

Analysis of Ubiqutinin-SUMO2 heterodimer on 15% SDS-PAGE under denaturing
conditions with Instant Blue staining. Ubiqutinin-SUMO2 heterodimer protein with the
size of 20 kDa can be observed. Lane M: Protein Molecular Weight Marker; Lane 1:
His6x-TEV-Ub; Lane2: His6x-TEV-Ub-cysteamine; Lane3: SUMO2K11-2; Lane4:
SUMO2K11Dha; Lane5: 2+3 (100:1), 37°C, 2 days; Lane6: 2+4 (100:1), 37°C, 2 days.
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Figure 45. MALDI-TOF-MS analysis of Ub-SUMO2 heterodimer products.
MALDI-TOF-MS spectrum of Ub-SUMO2 heterodimer products. The calculated
molecular weight is 10705 Da and 10719 Da; the found molecular weight is 10705 Da

and 10719 Da.
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Figure 46. Molecular mass weight determination of SUMO2K11Dha react with

DTT.

(A) ESI-MS spectrum of SUMO2K11Dha react with DTT (B) The deconvoluted ESI-
MS spectrum of SUMO2K11Dha react with DTT. The calculated molecular weight is
10705 Da and 10719 Da; the found molecular weight is 10705 Da and 10719 Da.
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Figure 47. Molecular mass weight determination of SUMO2K11Dha react with

TCEP.

(A) ESI-MS spectrum of SUMO2K11Dha react with TECP (B) The deconvoluted ESI-
MS spectrum of SUMO2K11Dha react with TCEP. The calculated molecular weight is
10800 Da and 10815 Da; the found molecular weight is 10798 Da and 10816 Da.
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3.4  Engineering MmMPYIRS for heterocyclic ncAAs incorporation

3.4.1 Analysis of sSftGFP variants

To confirm the evolved PylRS combining with tRNAIZ’L’IlA could incorporate
heterocyclic ncAAs 3-7 to sfGFP variants®* (Table 2), the plasmid pET-pylT-
sfGFPF27TAG and pCDF-FOWRS2 were chemically co-transformed into E. coli BL21
(DEJ) for protein expression. The sfGFP variants were produced in GMML medium with
1 mM IPTG and 1 mM 3-7 at 37°C for 12 hrs (Figure 48). To ensure the suppression
yield of sfGFP with 3-7, the whole cell was diluted to the same ODeoo Value and run the
12% SDS-PAGE to analyze (Figure 49). Then, the five different ncAAs 3-7 with amber

mutation at F27 on sfGFP protein fused with C-terminal hexahistidine were purified by

Ni2*-NTA affinity chromatography.

In addition, to confirm the other evolved PyIRS combining with tRNAPC”I'JlA could
incorporate heterocyclic ncAAs 8-9 to sfGFP variants, the plasmid pET-pylT-
sfGFPF27TAG and pCDF-FOWRS6 were chemically co-transformed into E. coli BL21
(DEJ) for protein expression. The sfGFP variants were produced in GMML medium with
1 mM IPTG and 1 mM 3-7 at 37°C for 12 hrs. Then, the two different ncAAs 3-7 with

amber mutation site at F27 on sfGFP protein fused with C-terminal hexahistidine were

purified by Ni?*-NTA affinity chromatography.
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Table 2. Mutated residues of PyIRS variants in this study.
K3 R61 H63 S193 N346 F347 C348 V401 W417 K431 D433 Ad41

FOWRS1 G Q G
FOWRS2 K Y R G G
FOWRS3 N K Y R G Q G
FOWRS4 K Y R G Y Q G M G S
FOWRSS5 G Q G M G S
FOWRS6 K Y R G Q G T
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Figure 48. The structure of wild-type sfGFP.
The red labels, position F27, exhibit the residues that were mutated to ncAASs in
response to amber codon. Drawn using PyMOL and the PDB code is 2B3P.
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Figure 49. Amber suppression of different heterocyclic ncAAs 3-7 in sfGFP-
F27TAG.

E. coli BL21(DE3) cells coding FOWRsz-tRNAE’{J1 A and a sfGFP gene with an amber codon
(TAG) at position F27 containing His-tag in 3’ end and under control of an inducible T7 promoter
were grown in M9 minimal medium supplemented with 1 mM IPTG and 1 mM ncAAs. (A)
Instant Blue-Stained gel of whole cell over-expressing SftGFP-F27TAG in the absence and in the
presence 3-7. First lane was negative control without ncAAand IPTG. (B) Western blot of lysate
from whole cell over-expressing sSfGFP-F27TAG-3 to 7 with an anti-His tag antibodly.
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3.4.2 ESI-MS analysis and MALDI-TOF-MS/MS analysis of sSfGFP variants

Next, the ESI-MS was performed to demonstrate the results of SftGFPF27TAG with
3,4,5,6,7, 8, and 9 (Figure 50-58). The all purified proteins showed the expected
molecular weight when analyzed by ESI-MS. In order to ensure whether the evolved
PyIRS-tRNAI;’:-‘{'JlA pair could incorporate ncAA into protein at F27. The purified proteins
were digested by trypsin and analyzed by MALDI-TOF-MS/MS. As our expectation, the
fragments containing 3 and 6 at F27 were observed, but the fragment of other ncAAs
were not observed (Figure 59-60). Thus, other enzymatic digested condition will be

tested to search the fragment containing 4, 5, 7, 8, and 9 at F27.
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Figure 50. Molecular mass weight determination of sStGFPF27-3.
(A) ESI-MS spectrum of sfGFPF27-3 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-3. The calculated molecular weight is 27895 Da; the found molecular weight

is 27894 Da. The proteins were produced by FOWRS2¢tRNA

Pyl

cua Pair with 1 mm

IPTG and 1 mM ncAA 3 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 51. Molecular mass weight determination of sSftGFPF27-4.
(A) ESI-MS spectrum of sfGFPF27-4 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-4. The calculated molecular weight is 27889Da; the found molecular weight
is 27888 Da. The proteins were produced by FOWRS2-tRNA?SA pair with 1 mM
IPTG and 1 mM ncAA 4 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 52. Molecular mass weight determination of sSftGFPF27-5.

(A) ESI-MS spectrum of sfGFPF27-5 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-5. The calculated molecular weight is 27906 Da; the found molecular weight
is 27905 Da. The proteins were produced by FOWRS2-tRNA?SA pair with 1 mM
IPTG and 1 mM ncAA 5 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 53. Molecular mass weight determination of sStGFPF27-6.
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29000

(A) ESI-MS spectrum of sfGFPF27-6 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-6. The calculated molecular weight is 27892Da; the found molecular weight

is 27891Da. The proteins were produced by FOWRS2+tRNA ;,

Pyl

pair with 1 mM IPTG

and 1 mM ncAA 6 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12 hours.
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Figure 54. Molecular mass weight determination of sStGFPF27-7.

(A) ESI-MS spectrum of sfGFPF27-7 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-7. The calculated molecular weight is 27896 Da; the found molecular weight
is 27895 Da. The proteins were produced by FOWRS2-tRNA?SA pair with 1 mM
IPTG and 1 mM ncAA 7 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 55. Molecular mass weight determination of sSftGFPF27-8.
(A) ESI-MS spectrum of sfGFPF27-8 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-8. The calculated molecular weight is 27937 Da; the found molecular weight

. . Pyl
is 27936 Da. The proteins were produced by FOWRS6tRNA ),

28500

pair with 1 mM

IPTG and 1 mM ncAA 8 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 56. Molecular mass weight determination of sStGFPF27-9.
(A) ESI-MS spectrum of sfGFPF27-9 (B) The deconvoluted ESI-MS spectrum of
sfGFPF27-9. The calculated molecular weight is 27906 Da; the found molecular weight

is 27905 Da. The proteins were produced by FOWRS6+tRNA

pair with 1 mM

IPTG and 1 mM ncAA 9 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12

hours.
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Figure 57. Molecular mass weight determination of sSftGFPF27-3, 4, 5, 6, and 7.
The deconvoluted ESI-MS spectrum of sSfGFPF27-3, 4, 5, 6, and 7. The proteins were

produced by FOWRS2+tRNAYY], pair with 1 mM IPTG and 1 mM ncAA 3, 4, 5, 6,
and 7 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12 hours.
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Figure 58. Molecular mass weight determination of sSftGFPF27-8, and 9.
The deconvoluted ESI-MS spectrum of sSfGFPF27-8 and 9. The proteins were produced

by FOWRSG-tRNAE’{}A pair with 1 mM IPTG and 1 mM ncAA 8 and 9 in E. coli BL21
(DEJ) cells in LB medium at 37 °C for 12 hours.
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Figure 59. MALDI-TOF-MS/MS analysis of SftGFPF27-3.
Fragment X?’SVR®, X represents ncAA 3. The full-length sfGFPF27-3 protein was

pair in the presence of 1 mM ncAA 3. The protein

produced by FOWRS2 - tRNA
was in-gel digested by trypsin.
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Fragment X?’SVR®, X represents ncAA 6. The full-length sfGFPF27-6 protein was
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was in-gel digested by trypsin.
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3.4.3 Incorporating heterocyclic ncAAs into chromophore of sStGFP

To investigate the photophysical properties of sfGFP incorporating heterocyclic
ncAA was focused and the sfGFP was mutated with amber codon at Y66 position in
chromophore,which composed of T65, Y66, and G67.52The gene of sfGFP-Y66TAG was
inserted into pET-pylT plasmid and co-transformed with pCDF-FOWRS2 in E. coli
BL21(DE3). The cells were cultured with 1 mM 3-7 and 1 mM IPTG in minimal medium
at 37 & for 12 hrs. The over-expressed protein, sSfGFP-Y66TAG with 3-7, was purified
and analyzed by ESI-MS. The MS spectrum confirmed that the found mass was same

with the expected mass (Figure 61-66).
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Figure 61. Molecular mass weight determination of sSftGFPY66-3.
(A) ESI-MS spectrum of sfGFPY66-3 (B) The deconvoluted ESI-MS spectrum of
sfGFPY66-3. The calculated molecular weight is 27879 Da; the found molecular

Pyl

weight is 27879 Da. The proteins were produced by FOWRS2+tRNA -,
mM IPTG and 1 mM ncAA 3 in E. coli BL21 (DE3) cells in LB medium at 37 °C for

12 hours.
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Figure 62. Molecular mass weight determination of sSftGFP Y66-4.
(A) ESI-MS spectrum of sfGFPY66-4 (B) The deconvoluted ESI-MS spectrum of
SfGFPY66-4. The calculated molecular weight is 27872Da; the found molecular weight

Pyl

is 27873 Da. The proteins were produced by FOWRS2+tRNA;, pair with 1 mM
IPTG and 1 mM ncAA 4 in E. coli BL21 (DE3) cells in LB medium at 37 °C for 12

hours.
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Figure 63. Molecular mass weight determination of sSfGFPY66-5.
(A) ESI-MS spectrum of sfGFPY66-5 (B) The deconvoluted ESI-MS spectrum of
sfGFPY66-5. The calculated molecular weight is 27889 Da; the found molecular

Pyl

weight is 27862 Da. The proteins were produced by FOWRS2+tRNA ;5
mM IPTG and 1 mM ncAA5 in E. coli BL21 (DE3) cells in LB medium at 37 °C for

12 hours.
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Figure 64. Molecular mass weight determination of SFtGFPY66-6.

(A) ESI-MS spectrum of sfGFPY66-6 (B) The deconvoluted ESI-MS spectrum of
sfGFPY66-6. The calculated molecular weight is 27875Da; the found molecular weight
is 27876Da. The proteins were produced by FOWRSZ-tRNAE’SA pair with1 mM IPTG
and 1 mM ncAAG6 in E. coli BL21 (DE3) cells in LB medium at 37 °C for 12 hours.
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Figure 65. Molecular mass weight determination of sSftGFPY66-7.

(A) ESI-MS spectrum of sfGFPY66-7 (B) The deconvoluted ESI-MS spectrum of
sfGFPY66-7. The calculated molecular weight is 27896 Da; the found molecular
weight is 27895 Da. The proteins were produced by FOWRSZ-tRNAE’SA pair with 1
mM IPTG and 1 mM ncAA 7 in E. coli BL21 (DE3) cells in LB medium at 37 °C for

12 hours.
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Figure 66. Molecular mass weight determination of sSftGFPY66-3, 4, 5, 6, and 7.
The deconvoluted ESI-MS spectrum of sSfGFPY66-3, 4, 5, 6, and 7. The proteins were

produced by FOWRS2+tRNAYY], pair with 1 mM IPTG and 1 mM ncAA 3, 4, 5, 6,
and 7 in E. coli BL21 (DE3) cells in M9 medium at 37 °C for 12 hours.
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3.4.4 Photophysical characteristics of sSfGFP variants with heterocyclic ncCAAs

In order to realize the impact of sfGFP with heterocyclic amino acids in
chromophore (Figure 67), the emission and absorption spectrum of sSfGFP-Y66 TAG with
3-7 was measured. Comparing with wt-sfGFP, the wavelength of protein with 3-7 at Y66
position shifted to the shorter value in emission and excitation spectra. The absorption
wavelength of wt-sfGFP was 488 nm whereas sSfGFP-Y66TAG with 3-7 revealed shorter
wavelength at about 420 nm (Figure 68-70). However, the emission wavelength of these
variants were slightly different, the emission wavelength of wt-sfGFP was 538 nm, and
sfGFP-Y66-5 and 6 were near 485 nm with disparate waveform of spectra. In addition,
sfGFP-Y66TAG-7 (DBTA) exhibited various peak in emission spectra comparing with
sfGFP-Y66TAG-3 (LBTA) and the wavelength of peak was about 510 nm. Especially,
sfGFP-Y66TAG-7 (DBTA) has the individual stokes shift. Protein with ncAA 4 appeared
board spectra of emission from 470 nm to 510 nm. Next, performing intrinsic
fluorescence of sSfGFP variants, the proteins were excited with 280 nm, is the absorption
wavelength of tryptophan, and sfGFP contain a Trp at position 57. The result
demonstrated the fluorescence intensity of sfGFP-Y66TAG with heterocyclic amino
acids was lower than wt-sfGFP, and all of sSFTGFP variants presented the similar emission
wavelength at 330 nm. (Figure 71-73).

On the other hand, to understand the influence of sfGFP with heterocyclic amino
acids around Trp at position 57, the intrinsic fluorescence of sfGFP-F27TAG with 3-9
was measured. The proteins were excited with 280 nm, is the absorption wavelength of
tryptophan, and sfGFP contain a Trp at position 57. Comparing with wt-sfGFP, the
wavelength of protein with 4, 5, 6, 8, and 9 at F27 position shifted to the longer value in
absorption spectra (Figure 74). On the contrary, the wavelength of protein with 3, and 7

at F27 position shifted to the shorter value in absorption spectra (Figure 75). The
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absorption wavelength of wt-sfGFP was 323 nm whereas sfGFP-F27TAG with 4, 5, 6, 8,
and 9 revealed longer wavelength at about 330 nm, sfGFP-F27TAG with 3, and 7
revealed shorted wavelength at about 316 nm. Especially, the results demonstrated the
fluorescence intensity of sfGFP-F27TAG with 8 and 9 were longer than wt-sfGFP, but
with various FRET spectra of 8 and 9 (Figure 76). Comparing with the intrinsic
fluorescence spectrum of sSfGFP-F27TAG-8 and sfGFP-F27TAG-9, protein with 8 and 9
in chromophore appeared unique peak at 509 nm in emission spectrum and also presented

obviously FRET spectrum at 563nm and 562 nm respectively.
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Figure 67. The molecular insight of sSfGFP in chromophore.
The fluorophore is composed of modified amino acid residues within the polypeptide
chain at T65, Y66, and G67. And the cyclized backbone of these residues forms a p-
hydroxybenzylidene-imidazolidone. Moreover, the absorption spectrum has two
maxima at 395 nm and at 470 nm, the fluorescence emission spectrum has a peak at
509 nm and a shoulder at 540 nm. Drawn using PyMOL and the PDB code is 2B3P.
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Figure 68. Photophysical characterization of sSftGFP-Y66TAG-3 and 7.

Absorption (solid lines) and emission (dashed lines) spectrum of sfGFP-Y66-3 (red
color), sfGFP-Y66-7 (blue color), and wt-sfGFP (black color) proteins were analyzed
with 0.1 mg/mL concentration in 25°C. The maximum of excitation and emission were
defined as 1 to normalize the value of spectra. sSfGFP-Y66-3 (ex. 420 nm, em. 471 nm,
stokes shift 51), sSfGFP-Y66-7 (ex. 420 nm, em. 506 nm, stokes shift 66, 86), and wt-
sfGFP (ex. 488 nm, em. 538 nm).
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Figure 69. Photophysical characterization of sSftGFP-Y66TAG-5 and 6.
Absorption (solid lines) and emission (dashed lines) spectrum of sfGFP-Y66-5 (red
color), sfGFP-Y66-6 (blue color), and wt-sfGFP (black color) proteins were analyzed
with 0.1 mg/mL concentration in 25°C. The maximum of excitation and emission were
defined as 1 to normalize the value of spectra. SfGFP-Y66-5 (ex. 450 nm, em.486 nm,
stokes shift 36), SFGFP-Y66-6 (ex. 445 nm, em. 484 nm, stokes shift 39), and wt-sfGFP
(ex. 488 nm, em. 538 nm).
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Figure 70. Photophysical characterization of sSftGFP-Y66 TAG-4.

Absorption (solid lines) and emission (dashed lines) spectrum of sfGFP-Y66-4 (red
color), and wt-sfGFP (black color) proteins were analyzed with 0.1 mg/mL
concentration in 25°C. The maximum of excitation and emission were defined as 1 to
normalize the value of spectra. sSfGFP-Y66-4 (ex. 425 nm, em.486 nm, stokes shift 61),
and wt-sfGFP (ex. 488 nm, em. 538 nm).
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Figure 71. Intrinsic fluorescence spectrum of sSfGFP-Y66TAG-3 and 7.

The spectra of sfGFP-Y66-3 (red color), sfGFP-Y66-7 (blue color), and wt-sfGFP
(black color) proteins were excited with 280 nm in 0.1 mg/mL concentration at 25°C.
The spectra of wt-sfGFP contained two obvious peaks in 338 nm and 502 nm. But
sfGFP-Y66-3 spectra and sfGFP-Y66-7 spectra just contained one obvious peaks in
313 nm and 340nm separately, in addition, the spectra raised a little bit around 510 nm.
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Figure 72. Intrinsic fluorescence spectrum of sfGFP-Y66TAG-4, 5 and 6.
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The spectra of sfGFP-Y66-4 (red color), sfGFP-Y66-5 (blue color), sfGFP-Y66-6
(green color), and wt-sfGFP (black color) proteins were excited with 280 nm in 0.1
mg/mL concentration at 25°C. The spectra of wt-sfGFP contained two obvious peaks
in 338 nm and 502 nm. But sfGFP-Y66-4 spectra, sSfGFP-Y66-5 spectra and sfGFP-
Y66-6 spectra just contained one obvious peaks in 488 nm, 486 nm and 484nm

separately.
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Figure 73. Intrinsic fluorescence spectrum of sfGFP-Y66TAG-4, 5 and 6.

The spectra of sfGFP-F27-3 (red color), sfGFP-F27-7 (blue color), and wt-sfGFP
(black color) proteins were excited with 280 nm in 1 mg/mL concentration at 25°C. Al
spectra contained two obvious peaks, which’s wavelengths were 323 nm and 509 nm
in wt-sfGFP spectra, 316 nm and 511 nm in sfGFP-Y66-3 spectra, 316 nm and 510 nm
in sSfGFP-Y66-7 spectra.
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Figure 74. The molecular insight of sSfGFP at 27 and 57 position.

The intrinsic fluorescence is resulted from Trp at 57 position in sfGFP. When the
heterocyclic amino acids are incorporated at 27 position in sfGFP, the aromatic ring
might increase their interaction. Drawn using PyMOL and the PDB code is 2B3P.
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Figure 75. Intrinsic fluorescence spectrum of sSfGFP-F27TAG-3 and 7.

The spectra of sfGFP-F27-3 (red color), sfGFP-F27-7 (blue color), and wt-sfGFP
(black color) proteins were excited with 280 nm in 1 mg/mL concentration at 25°C. Al
spectra contained two obvious peaks, which’s wavelengths were 323 nm and 509 nm
in wt-sfGFP spectra, 316 nm and 511 nm in sSfGFP-Y66-3 spectra, 316 nm and 510 nm
in sSfGFP-Y66-7 spectra.
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Figure 76. Intrinsic fluorescence spectrum of sSfGFP-Y66TAG-8 and 9.

The spectra of sfGFP-Y66-8 (red color), sfGFP-Y66-9 (blue color), and wt-sfGFP
(black color) proteins were excited with 280 nm in 1 mg/mL concentration at 25°C. Al
spectra contained two obvious peaks, which’s wavelengths were 323 nm and 509 nm
in wt-sfGFP spectra, 337 nm and 509 nm in sfGFP-Y66-8 spectra, 337 nm and 509 nm
in sSfGFP-Y66-9 spectra, in addition, the spectra of 8 and 9 have small additional peak
at 563 nm and 562 nm respectively.
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Chapter 4  Discussion

Expanding genetic codes, an efficient methodology to decipher the mystery of
proteins, is not only serving as a platform for protein of interest in structural biology study
but also providing observation for modification of proteins. The bioorthogonal system of
AARS<tRNA pair was utilized in E. coli and capable of genetic incorporation of ncAAs
in protein. Basically, PyIRS is actually an aminoacyl-tRNA synthetase which derived
from archaea and catalyzed the esterification between suppressor tRNA and appropriate
ncAA. The research previously showed that evolved MmPyIRS on Y306M, L309A,
C348T, T364K, and Y384F mutation sites, mkRS1F associated with tRNAPC”L’,lA site-
specifically incorporated 2 at amber mutation site of a protein in E. coli. Two plasmids
were constructed for overexpressing the recombinant protein.By using this strategy, the
SUMOQO?2 variants containing 2 were produced. Subsequently, the purified SUMO2
variants were confirmed by ESI-MS.

After oxidation process, the reaction undergoes selenoxide B-elimination then
generate dehydroalanine for further experiments of protein chemistry.

In the presence of 200 eq. of H20, for 2hrs in PBS buffer, 2 in SUMO2K11-2 was
converted to dehydroalanine moderately. When the equivalent was increased, the
unexpected products were gradually produced. The results of ESI-MS showed single and
multiple oxygen atom(s) were added to the SUMO2Dha. The ESI-MS analysis of the final
products indicated the oxidation of the one amino acid residue in SUMO2Dha was
generated primarily. The found molecular weight 10549 Da, 10565 Da were compared
with the calculated molecular weight of SUMO2 with dehydroalanine at its K11 position
(SUMO2K11Dha) revealed that it has single oxidation. Thus, the peak of oxidized

reaction in SUMO2K11Dha could obviously observed. Compared with enhancing the
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equivalent, peak intensity of ESI-MS under the optimized equivalent had a major product
in our expectation.

Besides, Ubiquitin derivative on its C- terminal modification synthesized under the
E1 catalyzed Ub with cysteamine. When the reaction time was increased, unexpected
products were gradually produced. The results of ESI-MS revealed the small chemical
compoud, cysteamine formed disulfide bond with the final product. To solve this problem
on final product, the equivalent of reducing agent increase to 4mM to reduce the small
chemical formation.

Ultimately, protein ligation of Ub-SUMO?2 heterodimer could be slightly
synthesized through thiol-Michael addition. The reaction might slowly occur under 4 °C
for 4 days but on the contrary it showed the unexpected products under 50 °C for 2 days.
We assumed that the thiol group of Ubiquitin-cysteamine may cause oxidation, protein-
protein interaction under the high temperature. In addition, when the reaction time
prolonged, the mixture of proteins lead to precipitate. Finally, the results observed that
SUMO2K11Dha occur addition with DTT by thiol-Michael addition. Additionally, the
SUMO2K11Dha also went through phospha-Michael addition with TCEP. We assumed
that the addition of DTT and TCEP are the major reason which lead the low yield of
Ubiquitin-SUMOZ2 heterodimer. In the future, we aspire to gain more Ubiquitin-SUMO2
heterodimer and analyze by distinct apparatus to demonstrate the non-native linkage form.

In combination with development of heterocyclic fluorescent probe specifically
recognizes Ub-Ub or Ub-SUMO linkage in vivo, we evolved the PyIRS to incorporate the

bulky aromatic side chain. The PyIRS variants were designed with R61K, H63Y, S193R,

N346G, C348Q, V401G mutation, together with tRNAlE’['JlA could site-specifically

incorporated heterocyclic ncAAs. To ensure the evolved PylRS systems maintained
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specific, sSFGFP with amber mutation site at F27 position was overexpressed in E. coli.
Later, the purified sfGFP variants were demonstrated by ESI-MS. Consequently, the
heterocyclic ncAAs 3-7 could genetically incorporate to sSfGFP with amber mutation site
at F27 position.

On the contrary, the PyIRS variants was designed with additional mutations at
WA417T, combine with tRNAE{,lAwere not site-specifically incorporated heterocyclic
ncAAs 8-9 to sfGFP with amber mutation site at F27 position. Especially, the
fluorescence intensity of sSfGFP-F27TAG with 8 and 9 were longer than wt-sfGFP and
revealed additional chromophore. We assumed that Trp at 57 position in sSfGFP might
increase their n-n interaction with the heterocyclic amino acids at 27 position in sfGFP.

These resulted intramolecular FRET and additional emissions wavelength.

Besides, to realize the impact of sfGFP with heterocyclic amino acids in
chromophore. FOWRS2. tRNAE’SA could site-specifically incorporated heterocyclic
ncAAs at 66 position. Especially, the sfGFP-Y66TAG-3 and 7 with same molecular
weight exhibited various emission spectrum. The results of photophysical
characterizations in sfGFP-Y66TAG-7 (DBTA) exhibited various peak in emission
spectra comparing with sfGFP-Y66TAG-3 (LBTA). We suggested the residue of isomer
toward different direction, causing the variously interaction with surround amino acid

thus, these two protein lead distinct spectra.
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Chapter 5 Conclusion

In summary, using expanding genetic codes approach, we have developed a method
to genetically incorporate a Se-alkylselenocysteine into SUMO?2 variants at eight different
lysines sites in E.coli. The suppression yield of the SUMO2 variants with N-terminal Hiss.
tagged sfGFP fusion protein were ranging from 21 to 69%. Subsequently, the purification
of SUMO2 variants has been accomplished. Thus, this methodology has been
demonstrated on synthesizing SUMO2 variants. Protein chemistry study of Se-
alkylselenocysteine on SUMOZ2 variants was converted to dehydroalanine through
selenoxide B-elimination reaction. The chemoenzymatic synthesis of Ub variants on its
C-terminal modification utilizing Ubiquitin-activating enzyme and cysteamine was
successfully complished. Furthermore, the small molecule of thiophosphate was reacted
with SUMO2K11Dha to validate the Michael addition reaction.

On the other hand, to expand the diversity of PylRS systems to incorporate
heterocyclic and bicyclic aromatic amino acid, PyIRS was rationally mutated at R61K,
H63Y, S193R, N346G, C348Q, V401G. Heterocyclic aromatic acid can be successfully
incorporated into protein. Unexpectedly, the bulky aromatic amino acids were also
partially incorporated at the desired position by additional mutations at W417T in PyIRS.
This suggest the wide substrate range of engineered PyIRS for heterocyclic amino acid
incorporation. Next it is necessary to alter specificity of the PyIRS mutant to increase the
chemical diversity, as well as make it possible to incorporate more heterocyclic amino
acids in protein simultaneously. Finally, the photophysical characterization of 8 and 9
incorporated sSfTGFP at F27 have revealed different fluorescent spectra and the biophysical
properties of D-form heterocyclic ncAAs exhibited additional fluorophore compare to the

L-form.
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Appendix
Organic synthesis of N*-((2-azidoethoxy) carbonyl)-L-lysine

NaN3 (4.68 g, 72 mmol) was added to a solution of 2-bromoethanol (1.17 mL, 24
mmol) in water (10 mL) and acetone (10 mL). The mixture was stirred at 80°C in reflux
apparatus overnight and cooled to room temperature. The aqueous layer was extracted
with ether (3 x 40 mL). The combined organic extracts were dried over magnesium sulfate
then the precipitate removed by filtration, and the solvent evaporated in vacuo. The
resulting was 2-azidoethanol as a yellow oil in 60% yield (1.24 g, 14.22 mmol).5

In the second reaction, 2-azidoethanol (258 mg, 2.96 mmol) was add a solution of
triphosgene (0.9 g, 3.03 mmol) in dried THF (5 mL) under ice bath. The reaction was
stirred overnight, and THF was evaporated under vacuum. The resulting compound was
2-azidoethyl carbonochloridate in 87.5% yield (387 mg, 2.59 mmol).

The Boc-Lys-OH (0.85 g, 3.44 mmol) was added in NaOH (3 mL)/ DMF (3 mL)
solution under ice bath then slowly added 2-azidoethyl carbonochloridate (0.57 g, 3.81
mmole) dissolved in DMF (3 mL). The reaction mixture was stirred for 24 h. The resulting
compound was extracted with ethyl acetate (30 mL), and washed with brine (3 x 15 mL),
subsequently washed with dd H2O (3 x 15 mL). The organic layer was then dried over
magnesium sulfate then the precipitate removed by filtration, and evaporated, affording
clean as a yellow solid. Subsequently, the compound was deprotected in DCM (5 mL)
and slowly added TFA (5 mL) solution. The reaction was stirred at RT for 1 hour, added
ether about 100 mL until appearing white precipitate. The precipitate was centrifuged and
dried under vacuum at least 12 hrs, affording pure N*-((2-azidoethoxy) carbonyl)-L-lysine

in 84% vyield (0.343 mg, 1.32 mmol).
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NB-((2-azidoethoxy)carbonyl)-L-lysine

Figure S1. Synthesis of N°-((2-azidoethoxy) carbonyl)-L-lysine.
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Figure S2. 'H NMR spectra (500 MHz) of 2-azidoethanol in CDCls.
'H NMR (CDCls, 500 MHz), & 1.78 (s, 1H), 3.42~3.44 (t, 2H), 3.76~3.77(d, 2H)
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Figure S3. 'H NMR spectra (500 MHz) of 2-azidoethyl carbonochloridate in
CDCls.
'H NMR (CDCls, 500 MHz), § 3.55~3.60 (m, 2H), 4.38~4.42 (m, 2H)
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Figure S4. 'H NMR spectra (400 MHz) of (S)-2-amino-6-(((2-
azidoethoxy)carbonyl)amino)hexanoic acid in D20.

IH NMR (D20, 400 MHz), 51.21 (s, 2H), $1.45~1.80 (m, 8H), 1.94~1.97 (d, 4H),
3.16~3.17 (d, 4H), 3.56~3.57 (d, 2H), 3.59~3.61 (d, 2H), 3.90~3.94 (g, 2H)
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Organic synthesis of (S)-2-Amino-3-((2-
(((benzyloxy)carbonyl)amino)ethyl)selanyl)propanoic acid

Benzyl (2-hydroxyethyl)carbamate (1.22 g, 6.25 mmol) was dissolved in DCM (20

mL) then added methanesulfonyl chloride (0.58 mL, 7.49 mmol), and NEt; (1.12 mL).

After the mixture was stirred for 45 mintunes, the solution was added LiBr (5.43 g, 62.5

mmole) and acetone (20 mL) respectively for 24 hrs. The aqueous layer was evaporated

in vacuo then added dd H.O (40 mL), and ether (40 mL) to extract compounds. The

organic layer was wash with citric acid (15 mL) and brine (15 mL). Subsequently, the

organic layer was dried over magnesium sulfate then the precipitate removed by filtration,

and the solvent evaporated in vacuo. The resulting was a white solid with Benzyl (2-
bromoethyl)carbamate in 78.4% yield.

L-Seleno cysteine (90 mg, 0.269 mmol) was added the dd H>O (3 mL) under ice bath

at 0°C then slowly added NaBHs (120 mg, 3.17 mmol). Finally, Benzyl (2-

bromoethyl)carbamate (300 mg, 1.16 mmol) and 1,4-dioxane (one drop) mixed with the

solution and stirred for 4hrs - The solution was acidified to pH 7 with 1M HCI solution

then extracted with ddH>O and ether. The precipitate was centrifuged and dried under
vacuum at least 12 hrs, affording pure (S)-2-Amino-3-((2-

(((benzyloxy)carbonyl)amino)ethyl)selanyl)propanoic acid in 94% vyield.
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(((benzyloxy)carbonyl)amino)ethyl)selanyl)propanoic acid.
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Figure S6. 'H NMR spectra (500 MHz) of Benzyl (2-bromoethyl)carbamate in

CDCls.

IH NMR (CDCls, 500 MHz), 5 3.44~3.47 (t, 2H), 3.59~3.62 (q, 2H), 5.10 (s, 2H),

7.32~7.35 (m, 5H)
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Figure S7. 'H NMR spectra (500 MHz) of Cbz-Se-Lys in D20.

'H NMR (D20, 500 MHz), §2.43 (s, 2H), 2.57~2.60 (t, 2H), 3.11~3.16 (t, 3H),
7.12~7.13 (d, 5H).
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Figure S8. Purification of SUMO2K5-2 with SEC.

The flow-through after Ni?*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (HiLoad 16/600 superdex 75 pg, GE
Healthare). Blue line: the signal of UV a2so.
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Figure S9. Purification of SUMO2K7-2 with SEC.
The flow-through after Ni?*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (Superdex 75 10/300 GL, GE Healthare).
Blue line: the signal of UV azso.
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Figure S10. Purification of SUMO2K11-2 with SEC.

The flow-through after Ni?*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (Superdex 75 10/300 GL, GE Healthare).
Blue line: the signal of UV azso.
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Figure S11. Purification of SUMO2K21-2 with SEC.
The flow-through after Ni?*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (Superdex 75 10/300 GL, GE Healthare).
Blue line: the signal of UV azso.
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Figure S12. Purification of SUMO2K33-2 with SEC.
The flow-through after Ni?*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (Superdex 75 10/300 GL, GE Healthare).
Blue line: the signal of UV azso.
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Figure S13. Purification of SUMO2K35-2 with SEC.
The flow-through after Ni*-NTA column in 50 mM Tris, and 200 mM NaCl was

concentrated for FPLC with SEC column (Superdex 75 10/300 GL, GE Healthare).
Blue line: the signal of UV azso.
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Figure S14. Purification of SUMO2K42-2 with the anion-exchange.

The flow-through after Ni?*-NTA column was concentrated for FPLC with HiTrap Q
HP column (GE Healthcare). Blue line: the signal of UV a215; Green line: the
concentration (%) of buffer with 1 M NaCl.
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Figure S15. Purification of SUMO2K45-2 with the anion-exchange.

Volume (ml)

The flow-through after Ni?*-NTA column was concentrated for FPLC with HiTrap Q
HP column (GE Healthcare). Blue line: the signal of UV a215; Green line: the
concentration (%) of buffer with 1 M NaCl.
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Figure S16. Amber suppression of different heterocyclic ncAAs 3-7 in sfGFP-
Y66 TAG.

E. coli BL21(DE3) cells coding FOWRSZ-tRNAE’SA and a sfGFP gene with an
amber codon (TAG) at position Y66 containing His-tag in 3’ end and under control of
an inducible T7 promoter were grown in M9 medium supplemented with 1 mM IPTG
and 1 mM ncAAs. InstantBlue-Stained gel of whole cell over-expressing sfGFP-
Y66TAG in the absence and in the presence 3-7. First lane was negative control
without ncAA and IPTG.
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