
UC Merced
UC Merced Electronic Theses and Dissertations

Title
Recoding Rare Codons to Unnatural Amino Acids in Bacteria

Permalink
https://escholarship.org/uc/item/39n8q0c7

Author
Wang, Yiyan

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/39n8q0c7
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, MERCED

Recoding Rare Codons to Unnatural Amino Acids in Bacteria

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Quantitative and Systems Biology

by

Yiyan Wang

Committee in charge:

Professor Andy LiWang, Chair
Professor Jinah Choi
Professor Henry J. Forman
Professor Meng-Lin Tsao, Supervisor

2013



Copyright

Yiyan Wang, 2013

All rights reserved



The dissertation of Yiyan Wang, titled Recoding Rare Codons to Unnatural Amino
Acids in Bacteria, is approved, and it is acceptable in quality and form for publication
on microfilm and electronically:

Date

Jinah Choi

Date

Henry J. Forman

Supervisor Date

Meng-Lin Tsao

Chair Date

Andy LiWang

University of California, Merced

2013

iii



To My Family

For the mind set on the spirit is life and peace.

iv



Contents

Abstract vii

List of Figures ix

List of Tables xiii

List of Abbreviations xiv

Vita xvii

1 Current Opinions on Genetically Incorporating Unnatural Amino
Acids into Proteins in E. coli 1
1.1 Advantages to genetically incorporate unnatural amino acids into pro-

teins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Strategies to encode unnatural amino acids in Escherichia coli . . . . 3
1.3 Two commonly used orthogonal aminoacyl-tRNA synthetase /tRNA

pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Unique ’blank’ codons to be recoded asUAAs in E. coli . . . . . . . 9
1.5 Recent progresses on reassigning multiple codons in E coli. . . . . . . 9
1.6 Is it possible to expand the genetic code further? . . . . . . . . . . . 10

2 Recoding AGG codon to Unnatural Amino Acids 12
2.1 The two-step selection strategy of UAA-RSAGG/tRNACCU . . . . . . 12
2.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 Recoding AGA codon to Unnatural Amino Acids 57
3.1 The two-step selection strategy of UAA-RSAGA/tRNAUCU . . . . . . 57
3.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

v



3.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4 Recoding of two codons at once: AGG and UAG 83
4.1 Two pairs of orthogonal UAA-RS/tRNA pairs were used to reassign

AGG and UAG simultaneously . . . . . . . . . . . . . . . . . . . . . 83
4.2 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5 Other Endeavors to Expand the Genetic Code 105
5.1 Recoding AGA and UAG at the same time . . . . . . . . . . . . . . . 105
5.2 Using modified MmPylRSUAG/tRNA to reassign sense codons . . . . 116
5.3 Recoding multiple AGA codons in one protein . . . . . . . . . . . . . 119

6 Conclusion and Future Directions 122
6.1 The expansion of the genetic code: sense codons reassigned . . . . . 122
6.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Bibliography 129

vi



Abstract

Recoding Rare Codons to Unnatural Amino Acids in Bacteria

by

Yiyan Wang

Doctor of Philosophy in Quantitative and Systems Biology

University of California, Merced

Professor Meng-Lin Tsao, Supervisor
Professor Andy LiWang, Chair

The ability to introduce unnatural amino acids (UAAs) with novel chemical,
physical and biological properties into proteins adds a new dimension to study the
structure and function of proteins. In order to site-specifically incorporate UAAs
into proteins in vivo, one unique ’blank’ codon designated for UAAs and an orthog-
onal aminoacyl-tRNA synthetase (aaRS) /tRNA pair are required. However there
are very few ’blank’ codons, which dramatically limits the efficiency and diversity of
UAA incorporation. Till now, only three stop codons and few frame-shift quadru-
plets, such as AGGA, were reported to be used for UAAs. In order to provide more
blank codons, we reassigned rare sense codons to unnatural amino acids. We created
new UAA-RS/tRNA pairs from Mj TyrRS/tRNA to recode two sense codons (AGG
or AGG) from arginine to UAAs. Also, multiple UAAs were incorporated into
one protein simultaneously in response to a sense codon and the amber codon UAG
by using the new UAA-RS/tRNA pair and Mm PylRS/tRNACUA. To overcome
the difficulties during sense codon reassignment, we adopted the following strategies.
First, a sensitive probe was created for the detection of a single amino acid mutation
due to the success of codon reassignment. Second, new UAA-RS/tRNA pairs were
evolved to effectively and orthogonally recode the sense codon. Third, the UAA in-
corporation conditions were optimized to maximize the UAA incorporation efficiency
and to minimize the toxicity caused by global suppressing of the sense codon. Mass
spectrometry results showed several UAAs were introduced into proteins in response
to AGG or AGA at a single position by using the newly evolved UAA-RS/tRNA
pair, and the arginine suppression rates were over 90%. Further, multiple UAAs
were simultaneously incorporated into proteins in responding to AGG and UAG, re-
spectively. Double UAA incorporation rates were about 80% or above. In addition,
fluorescent dye tagging, and PEGylation were used to confirm the successful incorpo-
ration of target UAAs. In this work, for the first time the resource of ’blank’ codons

vii



was successfully expanded to sense codons. The same strategies can be applied to
reassign many other sense codons which contain 61 potential candidate codons for 20
canonical amino acids.
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Chapter 1

Current Opinions on Genetically
Incorporating Unnatural Amino
Acids into Proteins in E. coli

1.1 Advantages to genetically incorporate

unnatural amino acids into proteins

The ability to genetically encode unnatural amino acids(UAAs) directly in living cells
allows one to manipulate the physiochemical, biological, and pharmacological proper-
ties of proteins with exquisite control over structure[1, 2]. To date, over 70 unnatural
amino acids[3] have been co-translationally incorporated into proteins with high fi-
delity and efficiency by new components of the protein biosynthetic machinery[4].
These include metal ion binding, fluorescent, photo cross-linking, and photocaged
amino acids, amino acids containing NMR, infrared (IR), and crystallographic probes,
and amino acids with orthogonal chemical reactivity[3].

Decorating proteins with some special UAAs may introduce conjugating-potential
groups into proteins and then precisely control conjugation sites and stoichiometry[5].
For instance, ketone-containing UAAs and alkoxy-amine derivatives can be linked
by forming a stable oxime bond which is stable under physiological conditions[6].
Also, certain relatively mild conjugation condition,such as Copper(I)-catalyzed Azide-
Alkyne Cycloaddition (CuAAC)[7, 8, 9, 10], can mediate the conjugation of two
moieties through the formation of a 1,2,3-triazole linkage between azide and alkyne .
Nowadays unnatural amino acids carrying keto group or azide group can be efficiently
introduced into proteins[11, 12], and alkoxy-amine or alkyne derivatives are relatively
easy to synthesize[10, 5].

Different from traditional chemical modification, site-specific incorporation of
chemically orthogonal groups provides a very precise control over the functional and

1
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Figure 1.1: Protein conjugates synthesized with unnatural amino acids and examples
of their applications.

physical properties of protein therapeutics. Protein conjugates synthesized with un-
natural amino acids can be linked with polyethylene glycol (PEG) moiety, or other
linkers(e.g. fluorescent tags), or other internal groups within the same protein, or
even oligonucleotides[13, 5] (Fig. 1.1). For example, site-specific PEG conjugation
is used to extend the serum half-life of proteins, such as human growth hormone[14]
and fibroblast growth factor 21[15]. Anther good example of utilizing incorporated
UAAs is to synthesize antibody-drug conjugates (ADCs), which preferentially de-
liver cytotoxic drugs to tumor-associated antigen presented cells to improve drug ef-
ficacy and avoid toxicity to healthy tissues[5]. In addition, bi-specific antibodies that
can bind two different antigens simultaneously also emerges as a good candidate for
next-generation immunotherapeutics for cancer[5]. The bi-specific antibodies can be
generated by using UAAs (e.g., AcF) decorated antibodies and flexible bi-functional
linkers (e.g., short PEG linkers)[16] .
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1.2 Strategies to encode unnatural amino acids in

Escherichia coli

Requirements to genetically incorporate UAAs into proteins

In order to co-translationally incorporate UAAs into proteins at specified sites, there
are three necessary components: an unnatural amino acid, a codon that uniquely
designates the unnatural amino acid, and an orthogonal aminoacyl-tRNA synthetase
(aaRS)/tRNA pair that specifically incorporate the unnatural amino acid into pro-
teins in response to the cognate codon[1, 3] (Fig. 1.2). These components must satisfy
a number of criteria as follows[4, 3]. First, there are some requirements for the desired
UAA: can be up-taken by cells, and stable and functional inside cells; can be toler-
ated by EF-Tu and the ribosomes; can not be recognized by any endogenous aaRSs.
Second, a unique codon should be available to be recognized by the new tRNA but
not by any endogenous tRNAs. Third, the aaRS/tRNA pair must specifically recog-
nize and incorporate the UAA, into proteins in response to the unique codon in the
host organism, and must be orthogonal in the context of all endogenous aaRS/tRNA
pairs in the organism[17].

Usually the UAAs can either be synthesized in biochemistry labs or commercially
available, and are taken up by host cells after added into culture media. Also, natural
aaRSs are highly specific for their cognate amino acids after the long time evolution.
And the aminoacyl-binding site of elongation factor Tu (EF-Tu) and the ribosomes
are reported to be highly compatible to a range of acceptable substrates, including
many noncanonical amino acids as well as D-amino acids. So the first criterion can
be fulfilled by taken all stated above together[18].

To meet the second criterion, one may choose a ’blank’ codon from stop codons,
frame-shift codons, or any unused codons, as the unique codon. For example, the
amber stop codon UAG[1, 19, 12] was most often used to encode unnatural amino
acids without perturbing the growth of a host because UAG is the least used(0.3 per
thousand) among the three stop codons in E. coli, rarely terminates essential genes,
and is efficiently translated by amber suppressor tRNAs in vivo and in vitro[18].
Nowadays, many efforts were put to expand the selection of the unique ’blank’ codons.

It’s the third but not the least criterion to find out aaRS/tRNAs with good or-
thogonality and aminoacylation . Actually real challenges lie on the searching of
the suitable aaRS/tRNA pairs and the subsequent modifications on them. The most
straightforward way involves importing a heterologous aaRS/tRNA pair from a differ-
ent domain of life because tRNA recognition by aaRSs is domain or species specific.
Further, structure-based mutagenesis and a two-step selection, which will be stated
below, can be applied to improve the orthogonality and the specificity[1, 3].
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Figure 1.2: The incorporation of unnatural amino acids into proteins.

Screening scheme

One can apply a two-step selection scheme [1, 3] to assist the directed-evolution of
the heterologous aaRS which only uniquely recognizes the UAA of interest [3, 20,
21]. For the tyrosyl system in E. coli, the first round is called the positive selection. A
library of aaRS mutants with randomized residues in the amino acid-binding pocket
is constructed. Then this library is transferred into cells containing chloramphenicol
acetyl transferase (CmR) with an amber TAG mutation at a permissive site, and the
transformed cells are cultured in media containing chloramphenicol and the unnat-
ural amino acid. The survivals can only be the colonies which contain synthetase
variants that incorporate either the unnatural or any of the endogenous amino acids
in response to the amber codon TAG. Selected synthetase clones are then transferred
into cells containing a toxic barnase gene with amber mutations at permissive sites,
and grown in the absence of unnatural amino acid. In this negative selection step,
those clones incorporate endogenous amino acids produced full-length barnase pro-
tein and died. Repeated rounds of positive and negative selections may result in the
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isolation of mutant synthetases that can specifically incorporate the unnatural amino
acid in response to the amber codon. In a simplified genetic selection system, an
amber-T7/GFPUV was used as an additional reporter in the positive selection[21].
Suppression of amber codons introduced at permissive sites in the T7 RNA poly-
merase gene produces full-length T7 RNAP, which drives the expression of GFPUV.

1.3 Two commonly used orthogonal

aminoacyl-tRNA synthetase /tRNA pairs

Methanococcus Jannaschii(Mj) tyrosyl-tRNA synthetase
and tRNATyr

One chosen orthogonal tRNA-synthetase pair in E. coli was derived from Methanococ-
cus Jannaschii(Mj) tyrosyl-tRNA synthetase (TyrRS)/tRNATyr [4, 22, 21], which
does not cross-react with the endogenous synthetases of the E. coli [23, 1]. There are
following reasons to use this pair.

One reason comes from tRNA itself. The orthogonal tRNATyr
CUA derived from Mj

tRNATyr is mainly recognized by the synthetase through its discriminator base A73
and the base-pair, C1-G72, in the acceptor stem; while the anticodon triplet is only
weakly involved in identity determination, which allows the orthogonal Mj TyrRS
still to recognize orthogonal Mj tRNATyr even if the anticodon 5’-GUA-3’ is altered
to 5’-CUA-3’[1]. On the contrary, in E. coli tRNATyr, the recognition elements are
composed by A73, G1-C72, a long variable arm, and the anticodon triplet [1]. Thus
Mj tRNATyr is quite different from endogenous E. coli tRNATyr and can functional
orthogonally in E. coli(Fig. 1.3).

Meanwhile, some important characteristics of Mj TyrRS make it a very good can-
didate for unnatural amino acids incorporation. As a class I synthetase, Mj TyrRS
possesses an amino acid-binding pocket, which is highly tolerant for substitutions. As
we stated above, Mj TyrRS contains a minimalist anticodon loop binding domain,
so it still maintain the ability to recognize its Mj tRNATyr

CUA with an alternation of
anticodon from 5’-GUA-3’ to 5’-CUA-3’[24, 4]. Normally after the two-step screening
scheme, the amino acid binding pocket is altered with certain mutations to accom-
modate the designated UAA while its ability to charge endogenous amino acid, i.e.,
tyrosine, is decreased dramatically. Further, Mj TyrRS does not possess an editing
mechanism that could deacylate and unnatural amino acid [23] (Fig. 1.4). Another
reason of Mj TyrRS/ tRNATyr

CUA been widely used is this pair can be expressed at
high levels in its functional form within E. coli. Schultz et al. reported a system with
both the encoding Mj tRNATyr

CUA and the gene encoding the suppressor Mj TyrRS
in a single plasmid compatible with most E.coli expression vectors and strains[12]. In
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Figure 1.3: The comparison of E. coli tRNATyr and an orthogonal tRNATyr
CUA in E.

coli which was derived from Mj tRNATyr.

their system, the suppression efficiencies range from 25% to 50% of wild type protein
and translational fidelity ≥99% [3].

Due to the high tolerance to mutations in its amino acid-binding pockets, a large
amount of UAA-RSs has been derived from the thermophilic Mj TyrRS. For example,
there are specific UAA-RSs derived from Mj TyrRSfor p-benzoylphenylalanine[25] ,
p-bromophenylalanine[26], p-acetylphenylalanine(AcF)[27], p-azidophenylalanine(AzF)
[12, 28], O-Methyl-L-tyrosine(OMeY)[29], and so on. Notably, Young et al reported
an evolved p-cyanophenylalnine(CNF) specific aminoacyl-tRNA synthetase (pCNF-
RS) with atypical polysubstrate specificity[30]. While still being orthogonal to the 20
canonical amino acids, this Mj TyrRS originated pCNF-RS has high substrate per-
missivity for 21 types of unnatural amino acids, including pCNF, AcF, AzF, OMeY,
p-iodophenylalanine (IF), p-nitrophenylalanine (NO2F), and etc. The amino acid
binding pocket of the pCNF-RS have six mutations (Y32L, L65V, F108W, N109M,
D158G, and I159A) compared to the WT Mj TyrRS to build a larger cavity for mul-
tiple unnatural amino acids[30].
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Figure 1.4: The cartoon structure of Mj TyrRS/tRNATyr dimer. Colored by subunits.
PDB 1J1U. (http://www.rcsb.org/)

Methanosarcinaceae pyrrolysyl-tRNA synthetase and
tRNAPyl

CUA

Pyrrolysyl-tRNA synthetase(PylRS) and tRNAPyl
CUA pair from members of Methanosarci-

naceae was first found to decode UAG amber stop codon to pyrrolysine, the 22nd
genetically encoded amino acid [31, 32, 33]. PylRS, an archaeal class II aminoacyl-
tRNA synthetase, directly aminoacylates tRNAPyl

CUA with pyrrolysine(Fig. 1.5),
which functions as a free molecule [32, 34]. These PylRS/tRNAPyl

CUA pairs, such
as the ones from Methanosarcina barkeri (Mb) or Methanosarcina mazei (Mm), can
function well within either E. coli or mammalian cells[35], and remain their orthogo-
nality without any cross-reactivity with the 20 canonical aaRS/isoacceptor tRNA set
pairs[36, 37, 35]. One interesting characteristic of tRNAPyl

CUA is that it has a smaller
than normal D-loop, and only one base, instead of the normal two bases, is found
between the acceptor and D-stems. Also, tRNAPyl

CUA lacks the highly conserved
G-purine sequence in the D loop and TϕC sequence in the T loop[33]. Further, the
substrate specificity of PylRS is determined by a small number of residues that form
the substrate-chain-binding pocket[38].
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Figure 1.5: Left: Mm pylRS monomer, pyrrolysine+AMP. Right: Mm tRNAPyl
CUA

In its native contexts, PylRS/tRNA pair is able to incorporate not only pyrrolysine
(Fig. 1.6), but also many of its analogs, such as N ε-acetyl-L-lysine (AcK), N ε-Boc-L-
lysine (BocK), N ε-progargyloxycarbonyl-L-lysine (AlK), N ε-cyclopentyloxycarbonyl-
L-lysine(cyc), and etc[39, 40, 10, 35, 41, 42]. Furthermore, with proper modifications
and rational screenings, the side chain binding sites of PylRSCUA can be altered to
host many other unnatural amino acids, such as OMeY and so on[43].

Figure 1.6: The structure of pyrrolysine.
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1.4 Unique ’blank’ codons to be recoded asUAAs

in E. coli

To encode distinct unnatural amino acids into proteins, the blank codons and mutu-
ally orthogonal aminoacyl-tRNA synthetase-tRNA pairs that recognize UAAs and
decode the new codons are equally essential. While in nature each of 64 triplet codons
is assigned to encode 20 canonical amino acids or protein synthesis termination, there
are mainly three types of blank codons which can be borrowed for the incorporation of
UAAs genetically. The first group comes from the least used nonsense stop codons,
such as amber stop codon TAG, or opal stop codon TGA. As stated above, the amber
codon has been proved to specify UAAs very efficiently[3]. Secondly, the frameshift
quadruplet codons are another choice for blank codons[3]. For instance, the AGGA
quadruplet codons and cognate suppressor tRNAs with expanded anticodon loops
were reported to encode additional unnatural amino acids in single polypeptides[44,
45] . In this case, the suppression is in competition with the recognition of frame-shift
codons by tRNAs with three-base anticodons, which decreases the co-translational in-
corporation efficiency. Indeed, the inefficiency with which natural ribosomes decode
quadruplet codons is one of the key problems in this approach. To conquer this
problem, the evolution of a quadruplet-decoding ribosomes in AGGA frameshift ex-
pression system was tested. But it still needs further explore to generalize, simplify
and optimize the AGGA frame-shift codon expression system. At last, in theory it is
feasible to reassign certain rare codons to UAAs with a decreased degeneracy of the
code. However it is not as easy as expected to compete with the natural endogenous
system. For example, Liu et al pointed out PylRS/tRNAPyl

CCU failed to suppress
one rare codon AGG to unnatural amino acids in E. coli [46].

1.5 Recent progresses on reassigning multiple

codons in E coli.

Since unnatural amino acids can bring in different properties to proteins, many efforts
nowadays are making to incorporating multiple amino acids into one protein. But
some problems are still under investigation.

One major limitation comes from the lack of the resource of ’blank’ codons, which
is now expanded from UAG amber codon to all three stop codons and few frame-shift
quadruplets. In an in vivo study, Schultz and co-workers developed an approach to
recode a quadruplet codon AGGA to homoglutamine by using a variant Pyrococcus
horikoshii lysyl-tRNA synthetase/tRNA pair in E. coli, and used this variant in com-
bination with a mutant Mj TyrRS/ tRNACUA pair that directs the incorporation of
OMeY in response to the amber codon[47, 45]. Later Chatterjee and Schultz et al dis-
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played that several Pyrococcus horikoshii ProRS (PhProRS) variants with mutations
within anticodon-binding pocket were able to recognize engineered Archaeoglobus
fulgidus prolyl-tRNAs (Af-tRNAPro) with three different anticodons: CUA, AGGG,
and CUAG[48]. Also, as mentioned above, Chin and colleagues recoded a frame-shift
codon AGGA to unnatural amino acids via evolution of a quadruplet-decoding ribo-
some, and further encoded two types of UAAs by using both UAA-RS*/tRNAUCCU

(a derivative from Mj TyrRS/tRNACUA) for AGGA codon and MbPylRS/tRNACUA

for UAG within the special ribosomes modified(ribo-X) E. coli [44, 49]. It is a very
elegant system to combine a stop codon and a frame-shift quadruplet. Furthermore, a
few researches demonstrated that UAG amber codon can be accompanied with other
stop codons and serve as ’blank’ codons for multiple UAAs incorporation. A mu-
tant MmPylRS/ pylTUUA and Mj TyrRS/tRNACUA were paired to incorporate two
different UAAs in one protein by both ochre UAA and amber UAG suppression in
E. coli [41, 50]. Similarly, the opal stop codon UGA can also be suppressed by the
Mmmutated PylRS-tRNAPyl

UCA and further serves as another candidate to pair with
Mj TyrRS/tRNACUA[46].

Also, it used to be difficult to simultaneously reassign multiple UAG codons in one
protein because the unnatural amino acids incorporation rates dropped dramatically
if more than one UAG codons were introduced. Later several studies demonstrated
that it’s feasible, but need to be under certain special conditions. Huang et al found
that if the C-terminal domain of the bacterial large ribosomal subunit protein L11
was over-expressed, then three N-ε-acetyl-L-lysine (AcK) would be incorporated into
GFPUV by suppressing discontinuous UAG codons[42]. Also it has been shown that a
re-engineered EF-Tu, which relaxes its quality-control function and permit RS/tRNA
binding, allows the incorporation of two phosphoserine into one protein at two differ-
ent sites in response to UAGs[51]. Moreover, multiple UAG codons can be suppressed
within a special JX33 E.coli strain, whose RF1 was deleted of compensating mutations
in RF2[52]. Even lack of the UAA incorporation specificity among these multiple
UAG codons, this found is still very exciting because the same mechanism can be
applied to reassign other codons, or combinations of different codons.

1.6 Is it possible to expand the genetic code

further?

One big limitation of multiple UAAs biological incorporation still comes from the
shortage of unique ’blank’ codons to specify UAAs. As stated above, so far only
three stop codons (majorly UAG amber codon) and few frame-shift quadruplets can
be recognized by certain engineered aaRS/tRNA pairs. Meanwhile, the site-specificity
of incorporated multiple UAAs is also constrained by the poor orthognalities between
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aaRS/tRNA pairs and the designated ’blank’ codons. Besides the UAG recoding
aaRS/tRNA pairs , there are several aaRS/tRNA pairs to reassign ochre codon UAA
or opal codon UGA. But they were usually derived from the pairs used to recode
UAG and still possess that ability. These problems dramatically limit the efficiency
and diversity of UAAs incorporation.

On the other hand, 61 sense codons have never been successfully reassigned to
UAAs till now. This is because certain strict criteria make it even more difficult to
expand a sense codon to UAAs than the recoding of stop codons. First, a sensitive
probe is needed to detect a single amino acid mutation between the codon’s designated
amino acid and the target one. Second, an UAA-RS/tRNA pair is required to
effectively and orthogonally recode the sense codon. Third, the UAA incorporation
efficiency is expected to be high while the toxicity caused by global suppressing of
the sense codon should be reduced to avoid devastating bacterial growth.

Nevertheless, any approach to recode sense codons will add enormous diversities
to introduce orthogonally chemical groups to proteins. If succeed, the resource of
’blank’ codons would be extended to sense codons, which contain 61 potential can-
didate codons for 20 canonical amino acids in nature. Further, it would allow the
incorporation of multiple UAA combinations site specifically, such as by suppressing
a sense codon and a stop codon together. Moreover, this process of evolving a sense
codon from its original meaning to another could provide insights for the evolution
process of the universal genetic code.

Among rare sense codons, the AGG codon and AGA codon in E. coli are the rarest
used which accounts for about 0.21% and 0.24% of the entire bacterium genome and
about 4% and 5.1% among all codons for arginine [45, 53]. Due to their low occurrence
rates, the consequent probability of toxicity is expected to be low if either AGG or
AGA is recoded.

Therefore to provide more codons for UAAs and further expand genetic codons,
we hypothesized that some sense codons (such as AGG and AGA) could be re-
coded by engineered Mj TyrRS/tRNA pair. Furthermore, by combining one sense
codon with UAG amber codon, multiple unnatural amino acids would be incorpo-
rated into one protein simultaneously via the newly evolved UAA-RS/tRNA pair
and its orthogonal counterpart MmPylRS/tRNACUA.
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Recoding AGG codon to
Unnatural Amino Acids

Figure 2.1: The recoding of AGG codon. NAA, the abbreviation of non-canonical
(unnatural) amino acid.

2.1 The two-step selection strategy of

UAA-RSAGG/tRNACCU

AGG, a rare codon in E. coli, can serve as one good candidate blank codon for
unnatural amino acids (UAAs) because of its low count and low probability of toxicity
if recoded. Among 10 rare codons, the AGG codon in E. coli(Table 6.1) is the rarest
used one which accounts for about 2.1 per thousand of the entire bacterium genome
and about 4% among all six codons for arginine[53].

12
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Figure 2.2: The two-step selection strategy of UAA-RSAGG/tRNACCU.

Here we report the recoding of AGG codon to UAAs in E. coli by introducing
into bacterial cells a set of evolved orthogonal UAA-RS/tRNACCU

UAA pair that can
selectively interact with only the target AGG codon and target amino acid but none
of the endogenous components. The discovery of this orthogonal UAA-RS/tRNA
pair was achieved by a two-step selection scheme(Fig. 2.2).

The Methanococcus Jannaschii tyrosyl-tRNA synthetase (Mj TyrRS) / tRNA pair
was used as the starting template. We firstly recoded AGG from arginine to tyrosine
by evolving the anticodon recognition loop of Mj TyrRS to recognize CCU anticodon
only. Secondly we reassigned AGG to unnatural amino acids by editing the amino
acids binding pocket of the aaRS. To improve UAA incorporation rates in response
to AGG,dual pAK-UAA-RS vectors were applied to increase cytoplasmic UAA-
RS amounts to obtain more orthogonal UAA-charged tRNACCUs. For the same
purpose, optimized Mj UAA-tRNACCUs [54] were introduced to bind elongation
factor better and the endogenous Arg-tRNACCUs were mutated in certain strains.
Also, 3mM UAA working concentration was proved to be useful to achieve over 90%
incorporation rates for certain UAAs in some commonly used E. coli strains, such
as BL21(DE3).

2.2 Materials

Top10 E. coli (Invitrogen) was used for cloning and amplifying plasmids. DNA was
isolated from E. coli. using the QIAGEN Plasmid Mini Kit (Qiagen). Expand high
fidelity PCR system (Roche) was used for PCR. Restriction enzymes were obtained
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from New England Biolabs. BL21(DE3) and DH10B E. coli were purchased from
Invitrogen. The working antibiotic concentrations were as follows: choramphenicol
50 µg/ml; kanamycin 50 µg/ml and they were purchased from Sigma-Aldrich or
Fisher. All cultures were grown in 2YT (Difco) media. All constructed plasmids were
confirmed by DNA sequencing at UC Berkeley DNA Sequencing Facility. Primers
were synthesized at Integrated DNA Technology (San Diego, CA). Noncannonical
amino acids were purchased from Bachem or from Dr Peter G. Schultzs lab. Proteins
with his-tag were purified under the native condition with Ni-NTA agarose (Qiagen).
Proteins were sent to University of California Berkeley, QB3/College of Chemistry
Mass Spectrometry Facility for Electrospray ionization mass spectrometry (ESI-MS).

2.3 Methods

Recoding AGG from arginine to tyrosine

General approach
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Figure 2.3: Structure of Mj tRNACCU. The anticodon was changed into 5’CCU3’ and
the optimized mutation sites were shown in rectangular box.

To reassign AGG from arginine to tyrosine, the anti-codon GUA of Mj tRNATyr
GUA

was altered to CCU (Fig. 2.3). Meanwhile, a Mj TyrRS library was established
to screen out synthetases to recognize CCU and charge tyrosine into the mutant
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Figure 2.4: Mutation sites on Mj TyrRS.

Mj tRNATyr
CCU. The library contained the gene of Mj TyrRS with four randomly

mutations (Tyr230, Cys231, Pro232, and Ala233) within the tRNA anticodon rec-
ognizing region(Fig. 2.4). Within the aaRS gene all AGG codons were changed to
CGC mutations to avoid any translational ambiguities in response to AGG. Fur-
ther, a GFPUV-Tyr66AGG mutant was developed as a biological reporter to indi-
cate a successful recoding of AGG from arginine to tyrosine. When Mj tRNATyr

CCU,
Mj TyrRS library, and GFPUV-Tyr66AGG probes were all expressed in E. coli cells,
only colonies with strong green fluorescence were selected because they contained de-
sired synthetases which are able to efficiently recode AGG as tyrosine, but without
obvious toxicities to bacterial growth.

Construction of pAGG-GFPUV probe vectors

The GFPUV-Tyr66AGG reporter was designed to distinguish one single mutation
from arginine to tyrosine at position 66. In wild type GFPUV protein Tyr66 is one of
the three critical fluorophore amino acid residues, while in the reporter gene GFPUV-
Tyr66AGG the original codon for Tyr66 was replaced by AGG. Functional GFPUV

proteins would only be produced when an evolved aaRS successfully recodes AGG
from arginine to tyrosine.

The mutant pAGG-GFPUV probe vectors was derived from pLEIG and pLEIZ
(Fig. 2.5). GFPUV -Tyr66AGG(Fig. 2.6) gene was created by PCR with the primers
GFP66AGG-f 5- CTT TCT CTA GGG GTG TTC AAT GCT TTT CCC GTT ATC-
3 and GFP66AGG-R 5-TGA ACA CCC CTA GAG AAA GTA GTG ACA AGT GTT
G-3 and template pLEIG. The GUA anti-codon of Mj tRNA, which is coded by the
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tRNA gene on the same vector, was altered to CCU (Fig. 2.3) by overlapping PCR
with primer 5- GGA CTC CTA ATC CGC ATG GCG CTG GTT C-3 and primer 5-
ATG CGG ATT AGG AGT CCG CCG TTC TGC-3. The mutant GFP and wild type
GFP were amplified by PCR and cloned into pLEIZ by cutting off the majority part
of Z domain gene. The probe vector carries the chloramphenicol acetyltransferase
marker.

pAGG-GFPUV
6278 bp

CM(R)

GFPuvlac I

T5/lac O/lac O

p15A ori

MjtRNA

Tyr66AGG

CCU

Figure 2.5: pAGG-GFPUV vector.

In pAGG-GFP-his vector, a C-terminal 6His tag was inserted to GFPUV mutant.
The 6His tag was carried by mixing primer GFP-7f and GFP-7r. Then the mixture
of the primers was then phosphorylated by T4PNK. The pAGG-GFP vectors were
cut by BglII and SacI and then ligated with the phorphorylated GFP-7f and GFP-7r
mixture.

The DNA sequence of GFP-Tyr66AGG-his is: 5’-atgactagtaaaggagaagaacttttcac
tggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctgtcagtggagagggtgaaggtg
atgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgttccatggccaacacttgtcacta
ctttctctaggggtgttcaatgcttttcccgttatccggatcacatgaaacggcatgactttttcaagagtgccatgcccg
aaggttatgtacaggaacgcactatatctttcaaagatgacgggaactacaagacgcgtgctgaagtcaagtttgaagg
tgatacccttgttaatcgtatcgagttaaaaggtattgattttaaagaagatggaaacattctcggacacaaactcgaat
acaactataactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcgcca
caacattgaagatggatccgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttac
cagacaaccattacctgtcgacacaatctgccctttcgaaagatcccaacgaaaagcgtgaccacatggtccttcttgag
tttgtaactgctgctgggattacacatggcatggatgagctctacaaactcgagcaccaccaccaccaccactga-3’
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Figure 2.6: GFP protein and its flurophore.

Construction of pBK2-JYRS (pBK-AGG-lib) library

pBK2-JYRS library was derived from pBK-JYRS plasmid (Fig. 2.7). Four randomly
mutated sites (Tyr230X, Cys231X, Pro232X, and Ala233X) at the anticodon recogni-
tion region of MjTyrRS (Fig. 2.4) were introduced by overlapping PCR with primer
pBK2-4f-L-CGC GCT AAG ATA AAG AAA GCA NNK NNK NNK NNK GGA
GTT GTT GAA GGA AAT CCA ATA ATG-3 and pBK2-4r 5- CAA ATT TTT
CTG GGC GTT TTA TGG TTA AAG GAT ATT CAA GGA AG-3. Five AGG
codons on the same vector were altered to CGC by overlapping PCR with primers
pBK2-1f/pBK2-1r, pBK2-2f/pBK2-2r, pBK2-3f/pBK2-3r, pBK2-4f/pBK2-4r, pBK2-
5f/pBK2-5r. Five AGG codons on the same vector were altered by overlapping PCR
to avoid translational ambiguities. The library vector also contains a kanamycin
resistant gene.

Screening of pBK2-JYRS library by using pAGG-GFPUV probe vector

The Mj TyrRS library and the pAGG-GFPUV vector (including the orthogonal Mj
tRNACCU

Tyr) were co-transformed into E. coli to allow the rapid screening for sub-
strate permissivity (either arginine or tyrosine). Transformed cells were inoculated
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pBK2-JYRS-library
2941 bp

TyrRS

AGG->CGT

AGG->CGT

AGG->CGC

AGG->CGC

Kan(R)

pUC ORI

Mutation sites

AGG->AGA

Figure 2.7: pBK2-JYRS library.

on LB agar plates containing kanamycin, chloramphenicol and IPTG (1mM) to cul-
ture 24-48 hours. Only the mutated aaRS clones with bright green fluorescence were
selected, which indicated the suppression of endogenous arginyl-tRNA RS(ArgRS)/
tRNACCU pair in response to AGG codon, or mischarging tRNA, mutation to mRNA
or DNA.

Clarifying AGG ambiguity of the screening results

We randomly selected 7 (pBK2-9,10,12,11,14,15,16) individual clones which showed
strong green fluorescence. The plasmid DNA from these 7 clones was isolated and
sequenced. Sequence results indicated that some AGG codons existed among the
designated mutation sites within these 7 clones (Table 2.1), and whether these AGG
codons were translated into arginine or tyrosine remained unclear. Logically it should
be arginine initially, but whether their reassignment to tyrosine would yield a bet-
ter synthetase needs to be examined. Therefore, in order to eliminate the ambigu-
ity between arginine and tyrosine (R/Y) in response to AGG codon, a serial vec-
tors were created (Table 2.2). Plasmids extracted from the selected clones were
used as templates, and the inserted fragments were amplified by overlapping PCR
with the following primers: pBK2-9YY, pBK2-9RR, pBK2-9RY, pBK2-9YR, pBK2-
10R, pBK2-10Y, pBK2-12R, pBK2-12Y, pBK2-14R, pBK2-14Y, pBK2-15RR, pBK2-
15YY, pBK2-15RY, pBK2-15YR. The primers mentioned above coded for either argi-
nine(AGA) or tyrosine(TAC) at the ambiguous mutation sites, separately, and the
table ”‘Clarifying AGG ambiguity” displayed these mutation sites. All PCR prod-
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Table 2.1: The AGG ambiguity among 7 screen-out clones.

WTeeCodonee
AminoeAcide

763eTAC
e

e
230Tyr

e

766eTGCee
231eCyse

e769eCCAe
e232eProe

772eGCTe
e233eAlae

Straine9e AGGe
R/Ye

ATGe
Mete

AGGe
R/Ye

TGGe
Trpe

Straine10e AAGe
Lyse

AGGe
R/Ye

ACTe
Thre

TGGe
Trpe

Straine11e AGGe
R/Ye

TGGe
Trpe

CAGe
Glne

AGGe
R/Ye

Straine12e AGGe
R/Ye

TGGe
Trpe

AAGe
Lyse

CGGe
Arge

Straine14e AGGe
R/Ye

GTTe
Vale

GAGe
Glue

AAGe
Lyse

Straine15e AGGe
R/Ye

TGGe
Trpe

ACTe
Thre

AGGe
R/Ye

Straine16e TGGe
Trpe

TGTe
Cyse

GTTe
Vale

AAGe
Lyse

ucts and their corresponding vectors were double digested by PstI and NdeI and then
ligated.

Again, these vectors and the pAGG-GFP probe vectors were co-transformed into
Top10 E. coli cells to clarify AGG ambiguity for further GFP expression and mea-
surement.Transformed cells were inoculated on LB agar plates containing kanamycin,
chloramphenicol and IPTG (1mM) to culture 24-48 hours. If the tRNA/synthetase
pairs, then tyrosine will be charged to the tRNA which consequently results in the
translation of AGG as tyrosine. Thus the bacterial clone will show fluorescence. Fur-
ther, the interaction between tRNACCU/synthetases decides the recoding ability of
the mutant synthetase . The stronger fluorescence the colony shows, the better-fit for
tRNACCU the synthetase is.

GFP expression and measurement

GFPUV proteins were purified from green fluorescent stains and their fluorescence in-
tensities were measured as well. A single colony from each co-transformation was
grown overnight at 37 ◦C in 2 ml of 2YT media supplemented with kanamycin
and chloramphenicol. Overnight cultures were diluted twenty times and grown to
OD600=0.6-0.8 before induction. Cultures were induced by 1 mM IPTG and the
growth was continued at 37 ◦C for 10 hours before the cultures were cooled down
to room temperature for 30 minutes. Both bacterial green fluorescence intensity
and purified GFP protein fluorescence intensity were measured using a Jobin-Yvon
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Table 2.2: Clones built to clarify AGG ambiguity.

Fluorolog-3 spectrometer with excitation wavelength 395nm, emission wavelength
509nm, and exposure time 0.5 second. This instrument can perform static photolu-
minescence measurement and consists of a xenon lamp/double monochromator exci-
tation source and a CCD detector. For bacterial green fluorescence measurement, 1
ml culture was taken and the reading was normalized with its final OD600 value.GFP
proteins with 6Xhis-tag from different bacterial strains were expressed and extracted
under the same condition (the native condition) with Ni-NTA agarose (Qiagen). Af-
ter Ni-NTA purification, every type of protein was dissolved in the same amount of
buffer(50mM Na2HPO4 and 300 mM NaCl, pH=8.0), and the protein concentration
was determined by Nano-drop at OD280. Then the green fluorescence intensity was
measured under the same condition as bacterial fluorescence measurement with its
original concentration and the adjusted concentration OD280 value equaled to 0.1.
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Recoding AGG to UAAs

Approaches to optimize unnatural amino acids incorporation rates

To outcompete with the endogenous ArgRS/tRNACCU pair and maximize the UAAs
incorporation rate, several strategies were adopted. First, the working concentra-
tion of UAAs was increased to 3mM, instead of the common 1mM, for the sake of
competing with the canonical amino acid arginine. Second, we employed a dual ex-
pression vector of aminoacyl-tRNA synthetase (pAK-pCNF-RSAGG) to express UAA
decorated proteins [55]. The pAK-pCNF-RSAGG vector contains two copies of pCNF-
RSAGG genes with two promoters: a modified gln S (constitutive) promoter and an
araBAD (arabinose-inducible) promoter. Also, to reduce the competing capability
of endogenous ArgRS/tRNACCU pair, one special E. coli strain DH10BW was cre-
ated, originated from DH10B. We introduced a G1 to A1 mutation in argW gene
of DH10BW chromosome, which codes for endogenous tRNAArg

CCU, through homol-
ogous recombination with the help of pSIM5 plasmid. Last but not the least, the
UAA incorporation rates and protein yields were compared among different E. coli
strains to find out the best one.

Construction of pAGG3-Zagg vector

pAGG3-Zagg vector is the pAGG-Z-opt vector which carries Z-R7X (X indicates un-
natural amino acids, which is coded by AGG codon) gene and the gene for optimized
tRNAopt

CCU (Fig. 2.8). A mutated Z domain protein (Z-R7X) was used as a model
protein to test the UAAs incorporation rate of the evolved synthetase in response to
AGG codon. Z domain protein, an engineered analogue of the IgG-binding domain B
of Staphylococcal Protein A, has no disulfide bonds and is 69 residues long. To allow a
rapid assessment of protein yields, an AGG rare codon was substituted at a permissive
site (Lys7) in the gene for the mutant Z domain protein (Z-R7X) with a C-terminal
hexameric His tag. In pAGG3-Zagg(the optimized vector) vector, the gene of Z-R7X
was under the control of an isopropyl-β-D-1-thiogalactopyranoside (IPTG)-inducible
T5 promoter. An optimized tRNAopt

CCU was also carried on the same vector with six
mutations (GCU→AGG and GGC→CCU) on the T-stem of tRNACCU (Fig. 2.3)[54,
56]. This vector carries the chloramphenicol acetyltransferase gene as the selection
marker.

The sequence of optimized tRNAopt
UCC is: 5’-tggtccggcggaggggatttgaacccctgccat

gcggattaggagtccgccgttctgccctgctgaactaccgccgg-3’
The sequence of Z-7agg is 5’-atgactagttgactagtgtagacaacaggatcaacaaagaacaacaaa

acgccttctatgagatcttacatttacctaacctgaatgaggagcagcgtgatgccttcatccaaagtttaaaagatgac
ccaagccaaagcgctaaccttttagcagaagctaaaaagctaaatgatgctcaggcgcctaagggatctcatcaccatc
accatcactaa-3’.
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(pAGG-Z-opt)
5617 bp

CM(R)

lacUI

T5/lacUO/lacUO

ZUdomain

rrnCUTerminator

lppUPromoter

p15AUoriJYTRN

AGG

CCU

GCT->AGG
GGC->CCT pAGG3-Zagg

Figure 2.8: pAGG-Zagg3 vector.

The amino acid sequence of Z-7agg is mtsvdnrinkeqqnafyeilhlpnlneeqrdafiqslkdd
psqsanllaeakklndaqapkgshhhhhh

To reassign AGG codon to UAAs, we created pCNF-RSAGG, of which the amino
acid binding pocket was then modified as the following mutations: Tyr32Leu, Leu65Val,
Phe108Trp, Asn109Met, Asp158Gly, and Ile159Ala (Fig. 2.9). pCNF-RSAGG is poly-
substrate specific against an array of UAAs, including four UAAs which were tested
in this study, p-acetylphenylalanine (AcF), p-azidophenylalanine (AzF), O-methyl-
tyrosine (OMeY), and p-iodophenylalanine (IF) (Fig. 2.10). Each pAK-pCNF-RS
vector contains two copies of pCNF-RSAGG genes with two promoters (a modified gln
S (constitutive) promoter and an araBAD (arabinose-inducible) promoter), the araC
repressor gene a p15A origin of replication, and the kanamycin resistant gene marker.

The pAK3 vector was obtained from Dr Tsao. Besides the five mutation sites
at the amino acid binding pockets which were mentioned in the paragraph above,
each pCNF-RS in pAK3 vector contains five mutations, Tyr230Arg, Cys231Trp,
Pro232Thr, Ala233Arg, and Asp286Gln[23] (Fig. 2.4)[30] . The first four mutations
of amino acids are the same as synthetase isolated from pBK2-15RR.

The pAK5 vector (Fig. 2.11) was derived from pAK3 vector, which was developed
during the process of recoding AGA (described in Chapter 3). Every synthetase
in pAK5 includes two sets of mutations: one set is consist of five mutations inside
the amino acid binding pocket of pCNF-RS, while the other set has four mutations
as described in pBK2-12R (Tyr230Arg, Cys231Trp, Pro232Lys, and Ala233Arg)[30].
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Figure 2.9: The amino acid binding pocket of pCNF-RS.

Figure 2.10: The structure of four UAAs: AcF, AzF, IF, OMeY.

Overlapping PCR was used to introduce corresponding mutations for the synthetase
gene. In both pAK3 and pAK5 vectors, the synthetase gene after pBAD promoter
carries a restriction site (BglII or SacI) at each end, whereas one restriction enzyme
(PstI or NedI) cutting site was positioned at each end of the synthetase gene after glnS’
promoter. These restriction enzyme cutting sites were utilized for the construction of
pAK5 vector from pAK3.

The sequence of pCNF-RSAGA gene in pAK5 is 5’-atggacgaatttgaaatgataaagcgta
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pAK-pCNF-RSAGG
5438 bp

araC

pCNF-RS

glnS terminator

glnS' promoter

RWKR

Kan(R)

pBAD promoter

pUC ORI

rrnB

RWKR

AGG

pCNF-RSAGG

 

pAK5

Figure 2.11: pAK5 vector.

acacatctgaaattatcagcgaggaagagttacgtgaggttttaaaaaaagatgaaaaatctgctctgataggttttga
accaagtggtaaaatacatttagggcattatctccaaataaaaaagatgattgatttacaaaatgctggatttgatataa
ttatagttttggctgatttacatgcctatttaaaccagaaaggagagttggatgagattcgtaaaataggagattataac
aaaaaagtttttgaagcaatggggttaaaggcaaaatatgtttatggaagtgaatggatgcttgataaggattatacac
tgaatgtctatcgcttggctttaaaaactaccttaaaacgcgcacgtcgtagtatggaacttatagcacgtgaggatgaa
aatccaaaggttgctgaagttatctatccaataatgcaggttaatggtgctcattatcttggcgttgatgttgcagttggg
gggatggagcagcgtaaaatacacatgttagcacgtgagcttttaccaaaaaaggttgtttgtattcacaaccctgtctt
aacgggtttggatggagaaggaaagatgagttcttcaaaagggaattttatagctgttgatgactctccagaagagatt
cgcgctaagataaagaaagcacgggggacgcgtggagttgttgaaggaaatccaataatggagatagctaaatacttc
cttgaatatcctttaaccataaaacgcccagaaaaatttggtggagatttgacagttaatagctatgaggagttagaga
gtttatttaaaaataaggaattgcatccaatgcagttaaaaaatgctgtagctgaagaacttataaagattttagagcca
attcgtaagcgcttataa-3’

The amino acid sequence of pCNF-RSAGA gene in pAK5 is 5’-mdefemikrntseiise
eelrevlkkdeksaligfepsgkihlghylqikkmidlqnagfdiiivladlhaylnqkgeldeirkigdynkkvfeamgl
kakyvygsewmldkdytlnvyrlalkttlkrarrsmeliaredenpkvaeviypimqvngahylgvdvavggmeq
rkihmlarellpkkvvcihnpvltgldgegkmssskgnfiavddspeeirakikkargtrgvvegnpimeiakyfleyp
ltikrpekfggdltvnsyeeleslfknkelhpmqlknavaeelikilepirkrl*
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Creating DH10BW strain by homologous recombination

A unique DH10BW strain was created to carry a G1 to A1 mutant within its genomic
argW gene (http://www.ncbi.nlm.nih.gov/gene/6059919), in which the argW gene
codes for tRNAArg with an anticodon of CCU.

Overlapping PCR was used to create the DNA insert that contains G1 to A1
mutation in the argW gene. A bla(Ap) sequence which codes for beta lactamase,
was fused with the homologous fragment for further selections. Competent DH10B
E.coli cells, which were transformed by pSIM5 plasmids, were prepared as previous
described . The DNA fragment which contained G1 to A1 mutant argW gene, bla
(Ap) sequence, and short homologous sequences at each end, were transformed into
pSIM5/DH10B competent cells and cultured on LB agar plates with 50 µg/ml car-
bornicillin. Individual clones were picked and the sequence was amplified by PCR .
The G1 to A1 mutation of argW was confirmed by DNA sequencing and the clone
that contained the correct mutation was named as DH10BW (Fig. 2.12) .

Figure 2.12: The mutation of argW gene. (a), E. coli tRNACCU
arg encoded by argW,

and the red residue was mutated from G1 to A1 in DH10BW strain; (b) The mutated
argW gene with G1 to A1 mutation and the Carbr gene were inserted into bacterial
chromosome through homologous recombination.

The DNA sequence of argW gene in DH10B is : 5’-gtcctcttagttaaatggatataacgag
cccctcctaagggctaattgcaggttcgattcctgcaggggacacca-3’, and that in DH10BW is: 5’-atc
ctcttagttaaatggatataacgagcccctcctaagggctaattgcaggttcgattcctgcaggggacacca-3’

To make the pSIM5/DH10B competent cells for homologous recombination [57],
the pSIM5 plasmid which carries the chloramphenicol acetyltransferase marker as the
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selection marker was transformed into DH10B E. coli first. The keeping of pSIM5
plasmids inside E.coli requires 32◦C, therefore the transformed bacterial plate was
kept at 32◦C for further selection. A single colony was selected and cultured overnight.
Then the overnight culture was diluted by adding 0.5 ml of the overnight to 35 ml
of 2YT medium with 17 mg/mL chloramphenicol, in a 125 ml flask. The overnight
at least need to be diluted 70-fold. Cells were grown in an incubator at 32◦C with
shaking (200 rpm) until the OD600 is from 0.4-0.5 (approximately 2 hrs). Half the
culture was transferred to a 50 ml flask and that flask was shaken by hand in a 42◦C
H2O bath; the other flask was kept at 32◦C with shaking (200 rpm) . After shaking
for 20 min. the culture at 42◦C was now regarded as ’induced’ for the recombination
functions and the 32◦C culture was the un-induced control. Both flasks would be
processed identically during the rest of the protocol. After the 15 min induction,
both cultures were rapidly chilled on ice for 5-10 minutes and was centrifuged for
10 min at 4000 rpm at 4◦C. The supernatant was discarded and the bacteria cell
pellets were re-suspended gently by 1 ml ice-cold sterile distilled H2O with a large
disposable pipet tip (do not vortex), and then another 50 ml of ice-cold distilled
H2O was added to each tube, seal. The diluted culture was centrifuged down again
and washed by 50 ml of ice-cold 10% glycerol. After the third centrifuge, the cell
pellets were re-suspended with 1 ml pre-chilled distilled H2O and centrifuged down at
13000rm at 4◦C for 20 seconds. The final competent cells were suspended with 200
µl 10% glycerol and kept on ice till use.

Electroporation was adopted for the transformation of homologous recombination
targeting DNA fragments into DH10B. The designated DNA fragment was obtained
by overlapping PCR and about 200 ng was used for each transformation. 50µl of
the electro-competent cells and the DNA were mixed for one electroporation. For
recovery, 1 ml SOC was added into each tube after transformation and shaked at 200
rpm at 32◦C for 7 hours. 20 µL bacterial culture was innoculated onto one LB agar
plate with 17 µg/ml chloramphenicol and 50 µg/ml carbornicillin and cultured at
32◦C overnight or till medium-sized colonies appeared. Single colonies were selected,
and direct colony PCR was performed to choose colonies with PCR products around
1.5 Kb. DNA sequencing was followed to confirm the homologous recombination.

Expression and purification of Z domain protein

Z domain vector (pAGG3-Zagg or pAGG-Zagg) and pAK-pCNF-RSAGG (pAK3 or
pAK5) were co-transformed into different strains of E.coli cells, including Top10(F’),
DH10B, DH10BW, GM10, BL21(DE3). A single colony from each co-transformation
was grown overnight at 37 ◦C in 2 ml of LB media supplemented with kanamycin and
chloramphenicol to obtain the starter culture. The starter culture was then twenty
times diluted to a 20 mL LB medium containing 50 µg/ml kanamycin, 34µg/mL
chloramphenicol and 1.5mM or 3mM unnatural amino acids (IF, AcF, AzF, OMeY)



CHAPTER 2. RECODING AGG 27

for further culturing. Till the culture reach OD600=0.6-0.8, 0.02 percent arabinose
was used for induction, and followed by 1mM IPTG induction 10 minutes later. After
expression for 14-16 h at 37 ◦C, 20 ml cultures were pelleted at 8,000 rpm and frozen
at -80◦C. In order to purify Z domain proteins with a 6His at the C-terminus under
native condition, pellets were thawed and lysed for 20 minutes with 2 ml BugBuster
(Novagen) supplemented with 0.5 mg/ml lysozyme (Sigma), and 2.5 U/ml bezonase
(Novagen). Cell lysates were centrifuged at 7,000 rpm, and the supernatant were
collected to with 0.5 ml Ni-NTA agarose (Qiagen). The mixture was gently shaded
on a rotary shaker at 4◦C for one hour and loaded into a polypropylene column
(Qiagen). Columns were washed twice with 2 ml wash buffer (50 mM NaH2PO4 ,
300 mM NaCl, 20 mM imidazole, pH 8.0) and eluted twice with 400 µl of native
elution buffer (wash buffer plus 230 mM imidazole).

Protein electrophoresis

Eluted samples were analyzed on a 4-12% Tris-Gly SDS-PAGE gel (Invitrogen) and
stained with Coomassie brilliant blue. Each 10 µl protein sample in native elution
buffer was mixed with 10 µl 2X SDS sample loading buffer and then heated at 70◦C
for 10 minutes. Every 20 µl heat denatured protein sample was loaded on NuPAGE
Novex Bis-Tris mini gel and run at 200 V constant for 35 minutes within 1X MES
Buffer. After electrophoresis, the gel was placed in 100 ml of ultrapure water in a
loosely covered container and microwaved for 1 minute until the solution almost boils.
Then the gel was shaken on a rocker for 1 minute and the water was discarded. The
water washing steps were repeated for two more times. 20 ml of SimplyBlue SafeS-
tain(Coomassie brilliant blue) was added into the container and it was microwaved
on High for 45 seconds until the solution almost boiling. The gel in boiled Coomassie
blue) was shaked 5 minutes, and then the dye was discarded. Finally the gel was
washed in 100 ml of ultrapure water until the background was destained enough on
a shaker.

Calculating protein yields

Once the buffer to dissolve proteins was changed from native elution buffer, OD/tsb280
was then measured to decide the protein concentration. Based on Vector NTI pro-
tein data analysis result, wild type Z domain protein is 69aa long, and molecular
weight is 7876 Da. So, 1 unit of OD/tsb280 value of Z domain protein corre-
sponds to about 6.15mg/ml protein. The bacteria culture usually was 25ml, and
total eluted protein was dissolved in 0.8 ml distilled water by using 2µl protein
solution. So the equation used to estimate Z domain protein yield, if pure, is:
(OD/tsb280× 6.15× 0.800÷ 25× 1000. The unit of protein concentration is mg/L.
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Analyzing protein molecule weight by mass spectrometry

Protein molecular weight was analyzed by mass spectrometry. Protein samples which
showed obvious bands with correct sizes on SDS-PAGE gel were sent out for mass
spectrometry (ESI or MALDI-TOF). To prepare protein samples for ESI/MALDI-
TOF, proteins in native elution buffer were treated by Aspire chromatography tips
to eliminate salts and the buffer was changed to 70% acetonitrile/ddH2O.

labeling of unnatural amino acids

Figure 2.13: DNSH reacts with AcF.

Purified Z-7AcF was labeled by a primary aliphatic amine-reactive probe, 5-
dimethylaminonaphthalene -1-sulfonyl hydrazine (Dansyl hydrazine, DNSH). The pri-
mary aliphatic amine of DNSH can be reversibly coupled to ketones of AcF to form
a Schiff base, and labels the protein carrying AcF as fluorescent dyes (Fig. 2.13)[58].
The emission and excitation spectra of DNSH is 335/525nm (Fig. 2.14). The DNSH
labeling reaction was carried by the following steps: mixed targets protein AcF-Z
30µL with 6.5% TFA/ACN 150µL, then added 100µL 5mM DNSH into the mixture.
The mixture was shaken gently over night at room temperature (about 24◦C).

Toxicity test of pCNF-RSAGG/tRNAopt
CCU

pAK-pCNF-RSAGG (pAK5) and pAGG3-Zagg which contains one copy of tRNAopt
CCU

were co-transformed into GM10 or DH10BW. In DH10BW, one single colony was
grown overnight to saturation in LB media supplemented with 50 µg/ml kanamycin
and 34 µg/ml chloramphenicol. Culture were 1:100 diluted and divided into 10 sam-
ples. Each sample was treated separately and then aliquoted into 96-well assay plates
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Figure 2.14: The spectra of dansyl. (http://www.invitrogen.com/site/us/en/home/Products-
and-Services/Applications/Cell-Analysis/Labeling-Chemistry/Fluorescence-
SpectraViewer.html#product=D100)

in octuplicate. The treatments for each sample included: the first sample, no UAA
and no arabinose added; the second sample, no UAA but 0.02% arabinose added;
the third sample, 3mM IF but no arabinose added; the fourth sample,3 mM IF and
0.02% arabinose added; the fifth sample, 3mM AzF but no arabinose added; the
sixth sample, 3mM AzF and 0.02% arabinose added; the seventh sample, 3mM AcF
but no arabinose added; the eighth sample, 3mM AcF and 0.02% arabinose added.
Plates were grown in a SpectraMax M2e plate reader (Molecular Devices) and read
at 600 nm every 200 seconds with mixing of 120 seconds/read at 37◦C for 16 hours.
Relative bacteria densities are indicated for 200 µl cultures and are an average of
eight independent cultures. In GM10 cells, the cell growth rates of pAK5+pAGG3-
Zagg/GM10 were measured with different concentrations of arabinose: 0%, 0.002%,
0.006%, 0.01%, 0.02%, 0.06%, 0.1%, 0.2%, 0.6% and 1%, with or without 1.5mM IF.

2.4 Results

Recoding AGG from arginine to tyrosine

pBK2-JYRS library were screened by pAGG-GFPUV probe vector

The pAGG-GFPUV probe plasmids and the pBK2-JYRS were co-transformed to Top
10 E. coli cells. On a bacteria plate containing transformed cells with both the pAGG-
GFP vector and the PBK-2 Library vector under UV light, the cells with functional
tRNA/synthetase pairs show green fluorescence. On the plate above, among hun-
dreds of non-green-fluorescent clones, there are many clones with bright or deem
green fluorescence under UV light. This result indicates that AGG codon might
have been translated to tyrosine (the target amino acid) by using our new engineered
aaRS/tRNA pairs. The brighter the green fluorescence the clone shows, the better fit
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between the modified synthetase tRNA binding pocket and tRNATyr
CCU this strain

possesses.
We randomly selected 7 (pBK2-9,10,12,11,14,15,16) of many individual clones

which showed strong green fluorescence. Each library plasmid DNA from these 7
clones was isolated and sequenced (Table 2.1).

Clarifying the AGG ambiguity between arginine and tyrosine

Table 2.3: The amino acid sequences of pBK2-10R,pBK2-12R and pBK2-15RR.

WT5(M.j.5TyrRS)55 230Tyr55 2315Cys55 2325Pro55 2335Ala55

Strain515(RS-10R)55 230Lys55 231Arg55 232Thr55 233Trp55

Strain525(RS-12R)55 230Arg55 231Trp55 232Lys55 233Arg55

Strain535(RS-15RR)55 230Arg55 231Trp55 232Thr55 233Arg55

The sequencing results of the 7 clones indicated the appearance of AGG within
the designated mutation sites, which caused the ambiguity between tyrosine and
arginine (Table 2.1) . In order to eliminate the ambiguity between arginine and
tyrosine (R/Y), a serial vectors were constructed by overlapping PCR (Table 2.2).
Among the designated vectors including pBK2-9RR, pBK2- 9RY, pBK2-9YY, pBK2-
9YR, pBK2-10Y, pBK2-12R, pBK2-12Y, pBK2-14R, pBK2-14Y, pBK2-15RR, pBK2-
15YR, pBK2-15YY, and pBK2-15RY, the construction of two vectors, pBK2-14R and
pBK2-14Y, were not successful. Then, all available vectors and the pAGG-GFPUV

probe vectors were co-transformed into Top10 E. coli cells for GFP expression and
fluorescence measurement.

Compared among all available strains, three strains containing, pBK2-10R, pBK2-
12R and pBK2-15RR returned a result with strong fluorescence, and almost homoge-
nous (Table 2.3). Therefore the AGG ambiguity was clarified: all AGG codons were
translated as arginine within the synthetase genes carried by pBK2 vectors because
those strains with tyrosine at the original AGG sites did not emit green fluorescence.

Green fluorescence measurement

Bacterial green fluorescence was measured in pBK2-10R+pAGG-GFP-6His/Top10F’,
pBK2-12R+pAGG-GFP-6His/ Top10F’, pBK2-15RR+pAGG-GFP-6His/ Top10F’,
pAGG-GFP-6His/ Top10F’ and pBK-JYRS+pTAG-GFP/ Top10F’ after three dif-
ferent induction time (20hours, 22 hours, and 24 hours)(Fig. 2.15). Measurements at
all times revealed that synthetase 12R showed similar green fluorescence intensities
as the wild type Mj TyrRS did for TAG codon, indicating synthetase12R might have
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Figure 2.15: Bacterial fluorescence measurements (Top10F’).

the strongest ability to incorporate arginine in response to AGG among three selected
synthetases. The pBK2-12R+pAGG-GFP-6His/Top10F’ displayed green fluorescence
around 40,000 a.u., which was at similar level as pBK-JYRS+pTAG-GFP/Top10F’
showed. While the fluorescence intensities demonstrated by pBK2-15RR+pAGG-
GFP-6His/Top10F’ (12,000 a.u. - 14,000 a.u.) were a little higher than those of
pBK2-10R+pAGG-GFP-6His/Top10F’ (10,000 a.u. - 13,000 a.u.). No significant
peak was observed at 509 nm for pAGG-GFP-6His/Top10F’, which meant without
the help of selected synthetases, pAGG-GFP-6His/Top10F’ itself did not emitted any
green fluorescence.

After protein purification with Ni-NTA, the protein concentrations which were re-
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Figure 2.16: Protein green fluorescence measurements without concentration adjust-
ment.

flected by OD280 varied among different strains: 0.119(10R), 1.001(12R),0.334(15RR),
0.68(JYRS+GFP-TAG-6his). On SDS-PAGE gel, all four types of GFPUV men-
tioned above were found closed to 30kDa, consisting with the molecular weight of GFP
28kDa. No GFPUV proteins were observed from non-green-fluorescent strain, i.e.,
pAGG-GFP-6His/Top10F’ , indicating the collapsing or mis-folding of GFPUV-Arg66
proteins (Fig. 2.28). The green fluorescence intensity result of proteins purified from
pBK2-10R+pAGG-GFP-6His/Top10F’, pBK2-12R+pAGG-GFP-6His/Top10F’, pBK2-
15RR+ pAGG-GFP-6His/Top10F’, and pBK-JYRS+pTAG-GFP/Top10F’ were sim-
ilar as their bacterial fluorescence intensity results, 12R ranking top, followed by
JYRS+GFP-TAG-his, then 15RR, and 10R last (Fig. 2.16).

When adjusted all four types of proteins to OD280=0.1, SDS-PAGE still showed
different concentrations for GFP band (Fig. 2.29). The non-specific bounded endoge-
nous proteins during Ni-NTA purification might cause this phenomenon. Blended by
these impurities, the green fluorescence intensity measurements of protein OD280=0.1
also displayed a ranking of GFP-WT(obtained from Dr Tsao)>12R>15RR>JYRS+
GFP-TAG>10R, mainly consisting with previous two fluorescence intensity measure-
ments (Fig. 2.30). Compared the GFP protein concentration on SDS-PAGE gel and
its GFP intensity, we clearly saw a correlation between these two factors– the more
GFP protein the bacteria produced, the higher green fluorescence intensity would be
observed. Therefore, pBK2-12R +pAGG-GFP-6His/Top10F’ showed the best ability
to synthesize functional GFPUV, and pBK2-15RR+pAGG-GFP-6His/Top10F’ fol-
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lowed.
Therefore, we chose one mutant aaRS 12R with the highest green fluorescent

intensity to construct pAK5 vector. The mutations in the evolved synthetase within
pAK5 vector, compared to the wild-type MjTyrRS, include: Y230R, C231W, P232K,
and A233R.

Recoding AGG from arginine to unnatural amino acids

Because the AGG is not a terminating codon, the UAA incorporated Z domain
protein would not show any difference from arginine incorporated ones. Thus the
SDS-PAGE can not lend us a powerful hand to detect the suppression of AGG codon
because all expressed Z domain proteins were a band close to 8 kDa on SDS-PAGE
gels. Instead, mass spectrometry was employed for this purpose. Proteins were sent to
University of California Berkeley, QB3/College of Chemistry Mass Spectrometry Fa-
cility for electrospray ionization mass spectrometry (ESI-MS). The molecular weights
of arginine incorporated Z domain protein at position 7 are 7921.6 Da (full length
protein), 7832.4 Da (full length protein but without the first methionine; and with
post translational modification acetylation, -Met). If the 7th arginine is replaced by
designated unnatural amino acid, such as IF/AcF/AzF/OMeY, the molecular weights
will be changed correspondingly (Table 2.4).

Determining the incorporation of unnatural amino acids

Table 2.4: Molecular weights of different Z domain proteins.

Molecular5Weight Z-7Arg Z-7AcF Z-7AzF Z-7IF Z-7NO2F Z-7NpOH

Full5length 7921.6 7954.6 7953.6 8038.5 7958 7978.6

-5Met5+5Ac 7832.4 7865.4 7864.4 7949.3 7868 7889.5

-5Met 7790.4 7823.4 7822.4 7907.3 7826 7847.4

Z-7AzF protein was listed here as an example. The SDS-PAGE result of the
purified Z-7AcF protein (expressing in the presence of AcF) shows one band near
8 KDa. For proteins produced from DH10BW, the deconvoluted ESI-MS spectrum
reveals two major peaks at m/z =7823.2, and 7864.9 (Fig. 2.17, left), which match the
expected molecular weight for the AcF incorporated Z-domain mutant with the loss of
its first methionine (Z-7AcF-Met, m/z =7823.4) and its subsequent post-translational
acetylation product (Z-7AcF-Met+Ac, m/z =7865.4). There is also a minor peak at
m/z =7790.2, matching the arginine incorporated Z-domain protein with the loss of
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its first methionine (Z-7Arg-Met). Similarly, for protein purified from BL21(DE3),
the deconvoluted ESI-MS spectrum shows two major peaks at m/z =7823 and 7865
separately matching Z-AcF-Met and Z-7AcF-Met+Ac, and a minor peak at m/z
=7789 matching Z-7Arg-Met (Fig. 2.17, right). Similarly, for other three types of
unnatural amino acids decorated Z domain proteins (Z-7AcF, Z-7OMeY, and Z-7IF),
each one of these deconvoluted ESI-MS spectra had two major peaks matching the
corresponding Z-7UAA-Met and Z-7UAA-Met+Ac, and a minor peak around m/z
=7790.4 matching Z-7Arg-Met (Fig. 2.17).

Figure 2.17: ESI-MS results of Z-7AcF from DH10BW(YW78) and
BL21(DE3)(YW95).

Given the polysubstrate specificity of pCNF-RSAGG, we were able to evaluate
the incorporating efficiency of three UAAs , AzF(Fig. 2.32), AcF(Fig. 2.31), OmeY
(Fig. 2.33) and IF(Fig. 2.22), into Z domain protein by pCNF-RSAGG/tRNAopt

CCU.
The relative UAA incorporation rate was assessed by the equation of UAAs deco-
rated proteins (Z-7X)/total proteins (Z-7X plus Z-7R).
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Using pAK5 vector to recode AGG to unnatural amino acids in the
mutant Z domain protein (Z-7AGG)

Different types of unnatural amino acids, such as IF, AzF, AcF, OMeY, were incor-
porated into the mutant Z domain proteins, by using pAK5 and pAGG3-Zagg co-
translated E. coli including BL21(DE3), DH10B, DH10BW, and GM10 (Table 2.6).
Top10 was not proved to be a suitable host to reassign the rare codon AGG by giving
a poor IF incorporation rate 31% (YW21). Under the same or similar expression
condition other bacterial strains, such as GM10, DH10BW, or BL21(DE3) usually
gave over 50-80% IF incorporation rates.

Strain matters(Fig. 2.18). Given 1.5 mM as the working concentration of
IF and with normal induction condition (0.02%arabinose and 1mM IPTG), the IF
incorporation rates (Z-IF/(Z-IF+Z-arg)) varied among different bacteria species. In
GM10 the IF incorporation rate was 80- 90% (YW 53,55,16), while in BL21(DE3) it
was similar above 80%(YW22). But in DH10B the IF incorporation rate was merely
about 55% (YW23) .

Figure 2.18: The averages of IF incorporation rates vary among different E.
coli strains in AGG suppresion. Protein expression condition: pAK5+pAGG3-
Zagg/GM10, 1.5mM IF. The y axis is the unnnatural amino acid incorporation rate.

UAA concentration matters(Fig. 2.19).Interestingly, if the IF working con-
centration doubled to 3mM, the IF incorporation rate was then increased to over
70% (YW71), which indicated the working concentration of unnatural amino acids
might be one of the important factors to win the competition with the endogenous
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translation system. Therefore, we also expressed the same protein within DH10BW
bacteria, which contains a mutation in endogenous tRNACCU

arg, with 3mM IF. As
expected, the IF incorporation rate was pushed to 95% (YW70).

Figure 2.19: IF incorporation rates increased with the increasing of IF concentra-
tion during protein expression in AGG suppression. Protein expression condition:
pAK5+pAGG3-Zagg. The y axis is the unnnatural amino acid incorporation rate.

Three other types of unnatural amino acids were also incorporated into Z domain
protein in response to AGG codon under normal condition (1.5mM UAA, 0.02%ara-
binose, and 1 mM IPTG). In GM10, the AzF incorporation rate was 57% (YW15)
and the OMeY was 64% (YW26), while the AcF one was only about 10%(YW24).

Temperature matters(Fig. 2.20). Since GM10 bacteria can grow under both
37◦C and 42◦C, we also tested the ideal temperature for the protein expression. Both
IF and AzF showed a higher unnatural amino acid incorporation rate under 37◦C than
42◦C. The IF incorporation rate under 37◦C was over 80%(YW9) whereas the 42◦C
one was about 75%(YW12). More obviously, the AzF incorporation rates increased
from 45%(YW13) to 68%(YW10) when temperature decreased from 42◦C to 37◦C.
This experiment was done with pAK5 & pAGG-Z vectors since at that time we did
not obtain the optimized tRNACCU pAGG3-Zagg yet. However, the difference be-
tween the optimized tRNA or normal mutant tRNA was ranging from -10% to +10%
regarding to UAA-incorporation rates, depending on UAA types. For example, IF
incorporation rates increased about 5% with the optimized tRNA (YW9 v.s. YW55),
but the AzF one decreased about 10% (YW10 v.s. YW15).

Arabinose concentration matters(Fig. 2.21). In light of bacterial growth
toxicity test, which will be discussed later of this chapter, we also tested the impact
of various arabinose concentrations on AGG codon suppression. In this test, pAK3
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Figure 2.20: Temperature effects on UAA incorporation:37◦C is better than 42◦C.
Expression condition: pAK5+pAGG-Zagg/GM10, 1.5mM UAAs added. The y axis
is the unnnatural amino acid incorporation rate.

and pAGG3-Zagg con-transformed GM10 bacteria were used for protein expression.
The induction was initiated by different concentrations of arabinose (from 0.001% to
1%) and followed by 1mM IPTG. From the figure below , we found that the IF in-
corporation rates increased from over 10% to 92% when the arabinose concentrations
went up from 0.001% to 0.1% (YW49-YW57, YW16). But when we added more
arabinose(from 0.1% to 1%), the IF incorporation slightly dropped to 85% (YW58-
YW60).

Using pAK3 vector to recode AGG to unnatural amino acids in the
mutant Z domain protein (Z-7AGG)

The ESI results firmly supported that four UAAs were successfully incorporated
(Table 2.7) in three different E. coli strains, DH10B, DH10BW, and BL21(DE3)
(Fig. 2.22, Fig. 2.32, Fig. 2.17, Fig. 2.31). Enlightened by pAK5 results, we increased
the working concentration of unnatural amino acids from 1.5mM to 3mM in order to
obtain the optimal unnatural amino acids incorporation rates.

Four unnatural amino acids were incorporated into Z domain proteins
in response to AGG (Table 2.5). As we expected, DH10BW bacterial showed
a good ability to suppress AGG codon and allow the incorporation of four UAAs
(YW69, YW72, YW74, YW76, YW78) . Similarly, in BL21(DE3) the incorporation
rates of three types of UAAs (AcF, AzF, IF) were above 90%, and particularly IF-Z
and AcF-Z weighted more than 95% out of total Z proteins (YW95-YW98). But for
OmeY, BL21(DE3) did not show a good ability to encode it (77%, YW97) whereas
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Figure 2.21: Different concentrations of arabinose impact the IF incorporation rates.
Protein expression condition: pAK5+pAGG3-Zagg/GM10, 1.5mM IF. The y axis is
the unnnatural amino acid incorporation rate.

DH10BW still returned OmeY incorporation rate of 98%(YW76.) Both DH10BW
and BL21(DE3) can serve as good hosts for AGG reassigning.

DH10BW showed higher UAA incorporation rates than DH10B. The G1
to A1 mutation of endogenous tRNAArg

CCU of host bacteria improved all four UAAs
incorporation rates by at least 10%, especially the in-corporation rate of AcF-Z, which
was dramatically in-creased from 47% to 90% (Fig. 2.23). When compared with its
deriving strain DH10B (YW73, YW75, YW77, YW79), the mutant strain DH10BW
demonstrated a stronger ability to charge UAAs into protein, affording≥85% relative
incorporation rates of all three UAAs (YW69, YW72, YW74, YW76, YW78). These
results indicate that the G1 to A1 mutation of endogenous tRNAArg

CCU enables more
UAA-charged Mj tRNAs to out-compete with the endogenous Arg-tRNACCU during
translation, and then increase UAAs incorporation rates. Meanwhile, DH10BW still
kept a moderate cell growth rate as DH10B did.

pAK3 vector works better than pAK5 vector to reassign AGG codon

When comparing the IF incorporation rates by pAK3 vector and pAK5 vector, we
found that in DH10B, the one with pAK5 was only about 70% (YW71) while that
with pAK3 went beyond 90% (YW75). More interestingly in DH10BW bacteria, the
IF incorporation rates with pAK5 was about 95% (YW70) whereas repeated results by
pAK3 were 2%-3% higher (YW69, YW74) than that (Fig. 2.24). Thus we believe that
pAK3 vector which provides the synthetase is more suitable for AGG reassignment
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Figure 2.22: ESI-MS results of Z-7IF from DH10B(YW75), DH10BW(YW69) and
BL21(DE3)(YW98).

when working with pAGG3-Zagg vector. The later carries both the optimized tRNA
and the mutated Z-7AGG gene.

Using pAK7 vector to recode AGG to NpOH in the mutant Z domain
protein (Z-7AGG)

Three expression tests were performed by using pAK7+pAGG3-Zagg/GM10 bacteria
with 1.5mM NpOH added (Fig. 2.34). The expressions were done at 37◦C and the
NpOH incorporation rate was merely about 50% (YW41). The deconvoluted ESI-MS
spectrum shows peaks at m/z = 7790, 7847, 7889 (YW41), which match the expected
molecular weight for the full length arg-Z without the first methionine(m/z=7790.4),
the full length NpOH incorporated Z-domain mutant (m/z = 7978.6) and that for
this mutant protein with the loss of its first methionine (m/z = 7847.4).

Protein yields

The OD280 values of mutant Z domain proteins in water were usually ranging from
0.05(or less) to 0.1, depending on bacteria strains and UAA types. So, by using
the equation (OD280) × 6.15 × 0.800 ÷ 25 × 1000, the results were about 10 mg/L
to 20 mg/L. The yields of UAA decorated Z domain proteins were about 20 mg/L
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Table 2.5: Incorporation of UAAs by pAK3+pAGG3-Zagg in DH10B, DH10BW
and BL21(DE3).
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under optimized conditions in BL21(DE3), while the Z domain protein yields were
roughly less than 10mg/L in DH10BW and DH10B cells. Therefore, both DH10BW
and BL21(DE3) can be candidate host cells for the reassignment of AGG codon, the
later has a higher protein yield though.

DHSH labeling of AzF-Z

Further, AcF-Z purified from DH10BW was labeled by a primary aliphatic amine-
reactive probe, 5-dimethylaminonaphthalene-1-sulfonyl hydrazine (dansyl hydrazine,
DNSH), which can react with the keto group of AcF. The DNSH conjugated AcF-Z
displayed green-yellowish fluorescence under UV excitation while the Arg-Z which
underwent the same reaction condition did not show any fluorescence, indicating
successful incorporation of pAcF into Z domain protein (Fig. 2.25). This result also
proves the successful incorporation of AcF in Z domain protein.
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Figure 2.23: DH10BW has higher UAA incorporation rates than DH10B. The y axis
is the unnatural amino acid incorporation rate.

Bacterial growth toxicity test

The cell growth rates of pAK5+pAGG3-Zagg/GM10 were measured with different
concentrations of arabinose: 0%, 0.002%, 0.006%, 0.01%, 0.02%, 0.06%, 0.1%, 0.2%,
0.6% and 1%, with or without 1.5mM IF. Without IF added into culture media, the
all tested bacteria showed a similar proliferating slope during the lag phase and the
exponential growth phase, and in the stationary phase they reached slightly different
cell densities(Fig. 2.35). These minor difference might come from the accumulation
of over expressed synthetases and toxic tRNAs inside bacterial cells. However, after
1.5mM IF added into culture media, obvious difference appeared. From 0% - 0.2%,
the bacterial growth curves displayed a trend that the more arabinose we added,
the slower the growth rate was and the less cell density they reached (Fig. 2.26).
If the working concentration of arabinose was even more than 0.2%, the bacterial
growth was dramatically inhibited, and the bacterial density usually doubled and the
curve was quite flat. So these results reminded us that the working concentration of
arabinose might play an important role in bacterial growth and the toxicity caused
by the newly introduced AGG reassigning machinery.

Furthermore, to determine the toxicity of pAK3-pCNF-RSAGG/tRNAopt
CCU ex-
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Figure 2.24: pAK3 vector works better than pAK5 vector to incorporate IF into
Z domain proteins in response to AGG. Z domain gene and tRNA were carried by
pAGG3-Zagg vector, and 3mM IF was added during the protein expression. The y
axis is the unnatural amino acid incorporation rate.

pression system, we measured the bacterial growth curve under the presence of 3mM
UAAs, with and without 0.02% arabinose, which is the inducing concentration for
pCNF-RSAGG protein expression (Fig. 2.27). The results illustrated that without
arabinose induction, bacterial growth rates were merely slightly decreased by the low
basal level of NAA-charged-tRNAopt

CCU . After arabinose induction, the up-regulated
UAA-charged-tRNAopt

CCU moderately lowered the cell saturation level, but these
bacteria were still viable and stayed at stationary stage for more 10 hours (figure
pAK3pAGG3ZaggDH10BW.png). Thus, this pAK-pCNF-RSAGG/tRNAopt

CCU can
be applied in E. coli recombinant protein expression system without halting bacterial
growth, and the desired protein yields will be achieved under optimized conditions,
such as extending protein expression time and enlarging the cell culture volume.

The BL21(DE3) bacteria carrying pAK3-pCNF-RSAGG/tRNAopt
CCU expression

system were also able to proliferate for four days with a 1:500 dilution each day
within LB (kana+CM) culture containing 0.02% arabinose. The final cell density of
each day after 24 hours culturing ranged from OD600=1.7 to OD600=2.1. It indicated
that BL21(DE3) bacteria carrying pAK3-pCNF-RSAGG/tRNAopt

CCU expression sys-
tem were very capable to proliferate, with normal arabinose working concentration of
0.02%.
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Figure 2.25: Dansyl hydrazine (DNSH) conjugation of AcF. Right: SDS-PAGE gel
analysis of DNSH treated AzPhe-Z. Top panel: fluorescent imaging of the gel under
UV light (365nm); bottom panel: proteins stained with Coomassie blue of the same
gel. The images were captured by a regular camera and shows real colors.
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Figure 2.26: The toxicity caused by AGG global suppression during pAK5+pAGG3-
Zagg/GM10 cell growth. 1.5mM IF and varied concentrations of arabinose were added
at the beginning of cell growth.



CHAPTER 2. RECODING AGG 45

Figure 2.27: The toxicity caused by AGG global suppression during pAK3+pAGG3-
Zagg/DH10BW cell growth. 1.5mM different kind of UAAs and 0.02% arabinose
were added at the beginning of cell growth.
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Other figures and tables

Figure 2.28: SDS-PAGE electrophoresis results of GFP proteins purified from different
strains.

Figure 2.29: SDS-PAGE electrophoresis results of GFP proteins purified from different
strains after all protein concentrations were adjusted to OD280=0.1.
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Figure 2.30: Protein green fluorescence measurements after all protein concentrations
were adjusted to OD280=0.1.
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Figure 2.31: ESI-MS results of Z-7AcF from DH10B(YW79). 3mM AcF was added
during protein induction.
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Figure 2.32: ESI-MS results of Z-7AzF from DH10B(YW73), DH10BW(YW72) and
BL21(DE3)(YW96). 3mM AzF was added during protein induction.

Z-7OmeY

Z-7arg

?

?

pAK3+pAGG3-Zagg/DH10BW YW76

Figure 2.33: ESI-MS results of Z-7OmeY from DH10BW (YW76).3mM OmeY was
added during protein induction.
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Figure 2.34: ESI-MS results of Z-NpOH from GM10 (YW41). Protein expression
condition: pAK7+pAGG3-Zagg/GM10, 1.5mM NpOH .

Figure 2.35: Control: the cell growth curve of pAK5+pAGG3-Zagg/GM10 cell. Only
varied concentrations of arabinose were added at the beginning of cell growth.
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Table 2.6: Varied UAAs were incorporated into Z domain proteins in response to
AGG codon by using pAK5 vector.

YW3 UAA UAA1ConO UAAzZ0 Arabinose0 TempO strain probe1vector synthetase

E9 IF LO)mM L)OD80 BOBBL0 D7°C GM10 pAGGDzZagg pAK)

)B IF LO)mM L8OBE0 BOBB(0 D7°C GM10 pAGGDzZagg pAK)

)L IF LO)mM D9OL80 BOBBH0 D7°C GM10 pAGGDzZagg pAK)

)( IF LO)mM HHOL80 BOBLB0 D7°C GM10 pAGGDzZagg pAK)

)E IF LO)mM 7HO9B0 BOBLB0 D7°C GM10 pAGGDzZagg pAK)

)D IF LO)mM 8BOLH0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

)) IF LO)mM 89O8H0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

LH IF LO)mM 88O9D0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

)H IF LO)mM 9(ODB0 BOBHB0 D7°C GM10 pAGGDzZagg pAK)

)7 IF LO)mM 9(OLL0 BOLBB0 D7°C GM10 pAGGDzZagg pAK)

)8 IF LO)mM 9LOD80 BO(BB0 D7°C GM10 pAGGDzZagg pAK)

)9 IF LO)mM 9BOB80 BOHBB0 D7°C GM10 pAGGDzZagg pAK)

HB IF LO)mM 8)OL70 LOBBB0 D7°C GM10 pAGGDzZagg pAK)

L) AzF LO)mM )7OB80 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

(H OMeY LO)mM HEODH0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

(E AcF LO)mM LLO7H0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

() NO(F LO)mM BOBB0 BOB(B0 D7°C GM10 pAGGDzZagg pAK)

(( IF LO)mM 8DO((0 BOB(B0 D7°C BL(LGDEDg pAGGDzZagg pAK)

(D IF LO)mM ))O9)0 BOB(B0 D7°C DHLBB pAGGDzZagg pAK)

7L IF DmM 7(OH90 BOB(B0 D7°C DHLBB pAGGDzZagg pAK)

7B IF DmM 9)OEE0 BOB(B0 D7°C DHLBBW pAGGDzZagg pAK)

9 IF LO)mM 8(OD80 BOB(B0 D7°C GMLB pAGGzZ pAK)

L( IF LO)mM 7HO7E0 BOB(B0 E(°C GMLB pAGGzZ pAK)

LB AzF LO)mM H8O7)0 BOB(B0 D7°C GMLB pAGGzZ pAK)

LD AzF LO)mM E)OB)0 BOB(B0 E(°C GMLB pAGGzZ pAK)

(L IF LO)mM DLOL(0 BOB(B0 D7°C TopLB pAGGzZ pAK)
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Table 2.7: Varied UAAs were incorporated into Z domain proteins in response to
AGG codon by using pAK3 vector.

YW1 UAA3 UAA3Conz UAAKZ0 Arabinose0 Tempz strain probe3vector synthetase

/E IF LmM 9Oz(E0 6z6860 L/°C DHO6B pAGGLKZagg pAKL

/L AzPhe LmM //z9)0 6z6860 L/°C DHO6B pAGGLKZagg pAKL

// OMeY LmM /8z8)0 6z6860 L/°C DHO6B pAGGLKZagg pAKL

/9 AcF LmM ()z960 6z6860 L/°C DHO6B pAGGLKZagg pAKL

)9 IF LmM 9)z880 6z6860 L/°C DHO6BW pAGGLKZagg pAKL

/( IF LmM 9/z9/0 6z6860 L/°C DHO6BW pAGGLKZagg pAKL

/8 AzPhe LmM 8)z990 6z6860 L/°C DHO6BW pAGGLKZagg pAKL

/) OMeY LmM 98zE60 6z6860 L/°C DHO6BW pAGGLKZagg pAKL

/8 AcF LmM 96z890 6z6860 L/°C DHO6BW pAGGLKZagg pAKL

98 IF LmM 9)zE80 6z6860 L/°C BL8ODDELH pAGGLKZagg pAKL

9) AzPhe LmM 9LzO80 6z6860 L/°C BL8ODDELH pAGGLKZagg pAKL

9/ OMeY LmM //zL)0 6z6860 L/°C BL8ODDELH pAGGLKZagg pAKL

9E AcF LmM 9)z880 6z6860 L/°C BL8ODDELH pAGGLKZagg pAKL

8P8P86OO IF OzEmM 8Oz/E0 6z6860 (8°C GMO6 pAGGKZDaggH pAKL

/ AzPhe OzEmM ))zL(0 6z6860 (8°C GMO6 pAGGKZDaggH pAKL
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2.5 Discussion

The beauty of GFP fluorophore

GFP is very special among fluorescent proteins. Instead of a separately synthesized
group, the fluorophore of GFP is composed of three modified amino acid residues
in the middle of the peptide chain [59]. The fluorophore is a p-hydroxybenzylidene-
imidazolidone, which consists of residues 65-67 (Ser - dehydroTyr - Gly) of the pro-
tein[60]. After cyclization, the backbone of these residues forms the imidazolidone
ring. Actually the amino acid sequence S-Y-G can be found in many other proteins[61,
59]. But this tripeptide does not form such a chromophore, because the SYG sequence
from any other non-fluorescent proteins is neither cyclized, nor Tyrosine oxidized.

Tyr66, one of the fluorophore residues, is critical for GFP to emit fluorescence.
First, Tyr66 itself sits in the middle of tripeptide, and is the major part of the a p-
hydroxybenzylidene-imidazolidone [59]. Second, the oxidization of the Cα-Cβ bond
of Tyr66 allows the formation of a large delocalized pi-system of the fluorophore[61].
Also, two different forms of Tyr66 decide GFP’s excitation wavelength:if it’s in its
hydroxyl form, the fluorophore absorbs light at 395 nm; whereas in its phenolate
form, 470 nm[62, 63, 64]. Furthermore, Tyr66 interacts with the side-chains of some
surrounding residues via hydrogen-bonds. The hydroxyl of Thr203 forms a hydrogen-
bond with Tyr66, stabilizing the phenolate form of Tyr66[64]. His148, a basic residue,
also donates a hydrogen-bond to Tyr66 to stabilize the fluorophore[63]. Since Tyr 66
is the essential part of the fluorophore, the substitution of Tyr 66 with other amino
acids might cause dramatic changes of GFP. Previous reports demonstrated that
GFP would not show fluorescence if Tyr66 was replaced by a non-aromatic amino
acid. The only two fluorescent variants are T66H and T66W [61]. T66H shows a blue
shift and T66W has a red-shift, and both give only weakly fluorescent. T66F gives no
detectable fluorescence [61]. It has also been demonstrated that the substitution of
Tyr 66 by different unnatural amino acids caused shifts of absorbance and emission
maxima of the resulting mutant GFPs[65, 66].

Given the essential role of Tyr66 for GFP’s fluorophore, we designed a GFPUV-
Tyr66AGG mutant as a probe protein to distinguish whether AGG codon is translated
to arginine or tyrosine. GFPUV-Tyr66AGG mutant was developed as a biological
reporter to indicate a successful recoding. When co-expressed with mutant aaRS
libary and tRNACCU, only evolved aaRS can successfully recode AGG from arginine
to tyrosine can produce functional GFPUV, namely, only the clone containing such a
aaRS/tRNA pair emits fluorescence. Further experimental results approved that this
selection strategy was successful to choose desired clones from the synthetase library.
Meanwhile, those clones did not show fluorescence must have arginine inserted at
position 66 and we even could not purify GFP-6his proteins from these non-fluorescent
clones. As we described above, Tyr66 is also a critical part to stabilize the barrel
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shape of GFP. It is possible that replacing Tyr66 by a basic residue, such as arginine
which has a very different shape and charge from tyrosine, might cause the collapse
of GFP’s tertiary structure, or cause other conformational change to bury its C-
terminal histidine tag into the protein. So our finding is also consistent with the
previous reports that GFP would not show fluorescence if Tyr66 was replaced by a
non-aromatic amino acid [61].

More important, this type of GFPUV-Tyr66NNN mutants (N denotes for any
base) can be applied for other codon reassignments while still using tyrosyl-tRNA
synthetase/tRNATyr pairs. For instance, a GFPUV-Tyr66AGA was used to select
evolved synthetases to recode AGA from arginine to tyrosine (Chapter 3). Other two
rare codons for arginine, CGA and CGG, may also go through a similar recoding
process by using GFPUV-Tyr66CGA and GFPUV-Tyr66CGG, separately, as selection
markers. Theoretically GFPUV-Tyr66NNN mutants can be used to recoding any
other codons, even the ones for histidine and tryptophan as long as the blue-shift and
the red-shift can be easily observed. However, the codon frequency within the host
genome should be accounted because the recoding of a common codon can lead to a
fatal destiny of the host. Nevertheless, the nature of cyclized tripeptide fluorophore
of GFP makes it an elegant but powerful selecting tool for sense codon recoding.

A battle to fight with the natural translation system

After screened out the synthetase which can both recognize UCC anticodon and host
the unnatural amino acids, a big challenge stopped our way to recode the AGG
codon. The endogenous arginyl-tRNA synthetase/tRNAArg

CCU pair is so powerful
that the newly evolved UAA-RS/tRNAUAA

CCU could barely compete with its natural
counterpart Arg-RS/tRNAArg

CCU.

An effective synthetase vector is a must-be to recode the sense codon
AGG

Experiences tell us that a powerful synthetase carrying vector, pAK-RS, is a must-be
to recode AGG effectively and to boost the protein yield. The dual vectors we finally
obtained, pAK3 and pAK5, showed strong abilities to suppress AGG codon. Each
pAK-RS dual vector contains two copies of pCNF-RSAGG genes with two promot-
ers, namely, a modified gln S (constitutive) promoter and an araBAD (arabinose-
inducible) promoter. The orthogonal synthetase is normally maintained at a very low
level by glnS’-RS, so that the toxicity caused by the global AGG recoding of the host
bacterial cell will be also kept at the minimum level. While because of the presence
of araBAD-RS, the intracellular UAA-RS level will be quickly increased when arabi-
nose is added into culture media. By using this type of dual pAK-RS vectors, we can
synchronize the RS expressing time with the target protein induction time and di-
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minish the toxicity brought by AGG reassignment. On the contrary, at beginning we
used pBK-rs vectors which carry one RS gene copy after glnS promoter, or pSup-RS
vectors (one copy of RS gene under a glnS’ promoter) for protein expression. Un-
fortunately the ESI-MS results revealed that in response of AGG, only a very small
amount of UAA was incorporated into Z domain proteins while over 95% of amino
acids at 7th position were still arginine by using these single RS carrying vectors with
constitutive promoters. Thus, we conclude that a single RS gene under a constitutive
promoters is not good enough for AGG recoding, whereas the dual vectors (pAK-RS)
are more capable to suppress AGG effectively.

argU v.s. argW

In another project of recoding AGA, results demonstrate that a GM10 E. coli strain,
which has a critical mutation on its argU tRNAUCU

Arg, is the best host among various
E. coli strains (Chapter 3). In GM10 bacteria the intracellular level of endogenous
tRNAsUCU

Arg is dramatically reduced because of an argU10(Ts) mutation in its argU
gene[67, 68]. This argU10(TS) mutant generates tRNAs carrying a G1-to-A1 transi-
tion which results in a mismatched base pair at the terminus of the acceptor stem,
and further a mal-functional tRNA.

So we wondered if a similar mechanism can be applied to the AGG decoding.
Therefore we created an unique DH10BW strain, which contains a similar G1 to A1
mutation, but within its genomic argW gene. In E. coli AGG is mainly decoded by
argW tRNAArg

CCU (tRNA5
Arg)[68]. Due to this G1 to A1 mutation, the phenotype of

DH10BW was predicted to be similar as that of GM10: the endogenous tRNAsCCU
Arg

coded by argW could be mal-functional as well. Indeed the MS results showed im-
provements of UAA incorporation rates (Fig. 2.23). This strategy of single site
mutation within tRNA gene is easy but very powerful, so it can be applied to other
sense codon recoding.

According to Wobbling effects, the products of argU gene,tRNAUCU
Arg [69] is able

to recognize two rare arginine codons, AGA and AGG. However researches indicate
that the argU tRNAUCU mainly recognizes AGA, and rarely works with AGG[67,
70]. Actually AGG codon is majorly decoded by argW tRNAUCC, and maybe a very
small amount of argU tRNAUCU participates in AGG decoding, if any[67, 70]. This
might explain why the reassignment of AGG codon from arginine to UAAs (about
90%) in DH10BW is not as good as that of AGA(about 95%) in GM10, because
the orthogonal UAA-tRNA has to compete with both argU tRNAUCU and argW
tRNAUCC. So if we want to completely recode AGG codon, it might be a direction to
mutate argU and argW at the same time. However,attempts failed to create a host
strain that contains simultaneous mutations in both of these genes.
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Elevated amounts of cytosolicUAAs probably increased UAA-charged
orthogonal tRNAs

Meanwhile we also evaluated the impacts brought by the variations of another element
of the orthogonal translational machine – the working concentration of unnatural
amino acids. To our surprise, the increase of UAA working concentration dramati-
cally improved its incorporation efficiency . Simply changing from 1.5mM to 3mM,
the UAA incorporation rates increased 30%. More interestingly, with 3mM UAA,
BL21(DE3) bacteria demonstrated an improved capability (over 90%) to incorporate
various UAAs into proteins in response to AGG codon. Besides, BL21(DE3), as
a bio-engineered strain to produce proteins, yields four to five times more proteins
than DH1OBW did. This interesting phenomenon indicates that an elevated level of
free UAAs inside bacterial cells can increase the chance of orthogonal tRNAs to be
charged, and further improve AGG codon suppressing rate. However, this strategy
is only applicable for those non-toxic UAAs, such as IF. For those UAAs which
are toxic to bacteria growth, for example NO2F, the UAA concentration has to be
limited under certain ’safety’ levels and a specific strain such as DH10BW will be
necessary.

Experienced learned from the recoding of AGG

The successful AGG reassigning was accomplished through adopting the combination
of two major strategies, enhancing exogenous UAA incorporation and limiting en-
dogenous arginine charging. Among various methods to achieve these two targets, we
figured out it is more powerful to work on the elements of the translational machine,
such as aaRS, tRNA, UAA, than the factors affects the process. Actually, at begin-
ning before applying the pAK dual vector, we also tried many methods to improve
the unnatural amino acid incorporation rates. First, we used a special GMML culture
media which contains no arginine but is enriched of other amino acids plus Thiamin
HCl and Biotin D[71]. Second, cyanate was added during protein expression because
cyanate was reported to inhibit the arginine biosynthesis specifically[72]. Third, Col-
icin D was introduced into bacteria to specifically cleave cytoplasmic tRNAsArg [73].
A pBAD-ColD-RS plasmid was constructed to carry both the synthetase gene and the
Colicin D gene. Unfortunately all these attempts to reduce the incorporation of en-
dogenous arginine hardly improved the UAA incorporation rates, even by combined
methods.

Therefore we summarize that the optimal AGG recoding condition includes: using
pAK-RS dual vectors (pAK3/pAK5) to carry two copies of synthetase and optimized
orthogonal tRNAs, selecting proper host bacteria such as BL21(DE3) or DH10BW,
and giving an optimized UAA concentration (for example, at least 3mM for the IF,
AcF, AzF and OMeY) during protein expression.
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2.6 Conclusion

In summary, we reassigned the sense codon AGG from arginine to UAAs. The
successful suppression of AGG codon depends on the orthogonal UAA-tRNA amount
in cytoplasm, the correct recognition of tRNA anticodon CCU by the UAA-RS, and
the interaction between UAAs and the UAA binding pocket of UAA-RS. The dual
expression system also plays an important role to out-compete with the endogenous
aaRS/tRNA. Further, for the purpose of increase UAA incorporation rate, it could
be a feasible and effective way by reducing the level of endogenous functional tRNAs.

This innovative reassignment of the sense codon AGG makes it possible to site-
specifically incorporate multiple UAAs into individual proteins when combining
AGG with other blank codons, such as amber stop codon UAG. More importantly,
similar strategies can be applied to recode other sense codons to UAAs and provide
more powerful tools to study protein functions with novel properties.



Chapter 3

Recoding AGA codon to
Unnatural Amino Acids

Figure 3.1: The recoding of AGA codon. NAA, the abbreviation of non-canonical
(unnatural) amino acid.

3.1 The two-step selection strategy of

UAA-RSAGA/tRNAUCU

AGA, another rare codon in E. coli,is also a good candidate of ”blank” codon for
unnatural amino acids. In order to show that our approach in the reassignment of a
sense codon could be generally applied to codons other than AGG, we next examined
the recoding of the AGA codon. Among rare codons, the AGA codon frequency

57
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in Escherichia coli(Table 6.1) is merely about 2.4 per 1000 of the entire bacterium
genome and about 5% among all six codons for arginine[53].

To discover orthogonal aminoacyl-tRNA synthetase/tRNA pairs, we applied a
similar two-step selection scheme. The first step was to reassign AGA from arginine to
tyrosine through the screening of its anticodon recognition loop to enable it recognize
UCU anticodon instead of original GUA. In this selection system, a fluorescence-
based GFP reporter was used as described in Chapter 2. Then the second step was
to reassign AGA to unnatural amino acids by editing the amino acids binding pocket
of the aaRS. The co-translational incorporation efficiency of UAAs largely depends
on the recognition between tRNA anticodon UCU and the evolved aaRS, how UAAs
can fit into the amino acid binding pockets, the UAA- charged tRNA amounts inside
the cell, and the compatibility between new tRNAs and the elongation factors EF. All
these factors decide whether our new UAA-RS/tRNA pairs can out-compete with
natural-occurred aaRS/tRNAs or not.

3.2 Materials

Top10 E. coli (Invitrogen) was used for cloning and amplifying plasmids. DNA was
isolated from E. coli. using the QIAGEN Plasmid Mini Kit (Qiagen). Expand high
fidelity PCR system (Roche) was used for PCR. Restriction enzymes were obtained
from New England Biolabs. BL21(DE3) and DH10B E. coli were purchased from
Invitrogen. GM10 E.coli and GM241E.coli were obtained from Yale University Coli
Genetic Stock Center. The working antibiotic concentrations were as follows: choram-
phenicol 68 µg/ml; kanamycin 50 µg/ml and they were purchased from Sigma-Aldrich
or Fisher. All protein expression bacteria were grown in LB (Difco) media and other
cultures were carried in 2YT (Difco) media. All constructed plasmids were con-
firmed by DNA sequencing at UC Berkeley DNA Sequencing Facility. Primers were
synthesized at Integrated DNA Technology (San Diego, CA) and their sequences
were listed in Table PRIMER. Unnnatural amino acids were purchased from Bachem
or synthesized from our own lab. Proteins were sent to University of California
Berkeley, QB3/College of Chemistry Mass Spectrometry Facility for Electrospray ion-
ization (ESI) mass spectrometry.Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis was done at Stanford University Mass Spectrometry (SUMS).
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3.3 Methods

Reassign AGA codon from arginine to unnatural amino acids

General approach

To reassign AGA from arginine to tyrosine, an Mj TyrRS library, pBK4-JYRS(AGA)
library, was established. The library contained the gene of MjTyrRS with five ran-
domly mutations (Tyr230, Cys231, Pro232, Ala233, Asp286) within the tRNA anti-
codon recognizing region (Fig. 2.4). Meanwhile the anti-codon GUA of Mj tRNATyr

GUA

which was coded by the gene on the same vector was altered to UCU(Fig. 3.2). Fur-
ther, a GFPUV-Tyr66AGA mutant was developed as a biological reporter to indicate
a successful recoding. In wild type GFPUV protein Tyr66 is one of the three critical
fluorophore amino acid residues, while in the reporter gene GFPUV-Tyr66AGA the
original codon for Tyr66 was replaced by AGA (Figure 1c). The functional GFPUV

would be only produced when an evolved aaRS can successfully recode AGA from
arginine to tyrosine.

Construction of pAGA-GFP probe vector

In order to reassign AGA codon from arginine to tyrosine, a GFPUV-Tyr66AGA
probe was used for tyrosyl-tRNAUCU synthetase selection . In the gene of GFPUV-
Tyr66AGA, the original codon for tyrosine 66 was replaced by AGA. Tyrosine 66
is one of the three critical amino acid residues of GFP fluorophore(Fig. 2.6). This
reporter afforded fluorescence only when the AGA codon was used as a tyrosine codon
for the acylated suppressor tRNAUCU, but not as an arginine codon. Further, the
intensity of green fluorescence produced by a selected clone was correlated with the
specificity between the mutant tyrosyl-tRNAUCU synthetase and the UCU anticodon
on tRNAUCU.

The mutant pAGA-GFPUV was derived from pAGG-GFP. GFPUV-Tyr66AGA was
created by PCR with the primers GFP66AGA-f and GFP66AGA-R and template
pLEIG. The anti-codon GUA of M.j. tRNA which is coded by the gene on the
same vector was altered to UCU (Fig. 3.2). The mutant GFP and wild type GFP
were amplified and then cloned into pLEIZ. The pAGA-GFP was obtained from
Dr Tsao, and I synthesized pAGA-GFP-6His verctor based on pAGA-GFP. The C-
terminal 6His tag was inserted to GFPUV mutant by the ligation of primer mixture
of GFP07f/GFP07r and SacI/BglII doubled digested pAGA-GFP vectors. The probe
vector carries choramphenical resistant gene.
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Figure 3.2: The orthogonal tRNAUCU from the archaebacteria M. jannaschii.

Construction of pBK4-JYRS(AGA) library

Based on the results of AGA recoding, Dr Tsao used pBK2-15RR, which was de-
scribed in Chapter AGG, as the template to build the pBK2-JYRS library. Five
randomly mutated sites (Tyr230X, Cys231X, Pro232X, Ala233X, and Asp286X) at
the anticodon recognition region of Mj Tyr RS were introduced. The library vector
also contained a kanamycin resistant gene as the selection marker.

Library selection

The pAGA-GFP probe plasmids and the pBK4-JYRS(AGA) library were co-transformed
to Top 10 E. coli cells. Transformed cells were inoculated on LB agar plates contain-
ing kanamycin, chloramphenicol and IPTG (1mM) to culture 24-48 hours. Only the
colonies with bright green fluorescence were selected by hand picking. Plasmids were
extracted and then sent for DNA sequencing.

The clone which gave the brightest fluorescence, pBK-AGA (pAK1) was chosen
for further experiments.
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Reassign AGA to unnatural amino acids

Approaches to optimize UAA incorporation

To outcompete with the endogenous ArgRS/tRNAUCU pair and maximize unnatural
amino acid incorporation rate, two approaches were employed. First, we employed
dual vectors pAK-RSAGA of aminoacyl-tRNA synthetase to incorporate UAAs into
proteins, which contains two copies of the gene for aminoacyl-tRNA synthetase un-
der different promoters. Second, to reduce the competing capability of endogenous
ArgRS/tRNAUCU pair, we used one special E. coli strain GM10 , which contains an
argU10(Ts) mutation in its argU gene[68]. The mutation leads to a G-to-A transition
at the 5 end of the argU tRNA and generates a mismatched base pair at the terminus
of the acceptor stem (Fig. 3.3). Thus GM10 cells have reduced intracellular levels of
the tRNAUCU

Arg, which are probably caused by the defective interactions with elon-
gation factor Tu and arginyl-tRNA synthetase[74, 75].Reports indicated that at high
temperature (42-43◦C) the endogenous argU10(Ts) tRNA was reduced to a very low
level. Therefore we tested the protein expression under both normal condition 37◦C,
and 42◦C .

Figure 3.3: Secondary structure of argU tRNAArg
UCU in E. coli. The argU10(Ts)

mutation is a G-to-A transition at position 1, as indicated in red. The modi-
fied nucleotides in this tRNA include dihydrouridine (D), 2-thiocytidine (s2C), 5-
methylaminomethyluridine (mnn5U), N6-threonine carbamoyl adenosine (t6A), pseu-
douridine (ϕ), and 5-methyluridine (T).
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Construction of pAGA3-Zaga vector

pAGA3-Zagg vector is the pAGA3-Zaga vector which carries Z-R7X (X indicates
unnatural amino acids, which is coded by AGA codon) gene and the gene for opti-
mized tRNAopt

UCU (Fig. 3.4). A mutated Z domain protein (Z-R7X) was used as a
model protein to test the unnatural amino acids incorporation rate of the evolved syn-
thetase in response to AGA codon. Z domain protein has no di-sulfide bonds and is 69
amino acids long. To allow a rapid assessment of protein yields, an AGA rare codon
was substituted at a permissive site (Lys7) in the gene for the mutant Z domain
protein (Z-R7X) with a C-terminal hexameric His tag. In pAGA3-Zaga(the opti-
mized vector) vector, the gene of Z-R7X was under the control of an isopropyl -D-1-
thiogalactopyranoside (IPTG)-inducible T5 promoter. An optimized tRNAopt

UCU was
also carried on the same vector with six mutations (GCU→AGG and GGC→CCU)
on the T-stem of tRNAUCU (Fig. 3.2)[54, 56]. This vector carries the chloramphenicol
acetyltransferase marker as the selection marker.

pAGA3-Zaga
5617 bp

CM(R)

lacYI

T5/lacYO/lacYO

ZYdomain

rrnCYTerminator

lppYPromoter

p15AYori

lambdaYt0

rrnBYT1

JYTRN

AGA

UCU

GCT->AGG
GGC->CCT

Figure 3.4: pAGA3-Zaga vector carries Z-66AGA gene and the optimized
tRNAUCU

opt.

The sequence of optimized tRNAopt
UCU is: 5’-tggtccggcggaggggatttgaacccctgccat

gcggattagaagtccgccgttctgccctgctgaactaccgccgg-3’
The sequence of Z-7aga is 5’-atgactagtgtagacaacagaatcaacaaagaacaacaaaacgccttc

tatgagatcttacatttacctaacctgaatgaggagcagcgtgatgccttcatccaaagtttaaaagatgacccaagcca
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aagcgctaaccttttagcagaagctaaaaagctaaatgatgctcaggcgcctaagggatctcatcaccatcaccatcact
aa-3’

Construction of pAK-RSAGA vectors: pAK3 and pAK7

Both pAK-RSAGA vectors, pAK3 and pAK7, contain two copies of aminoacyl-tRNA
synthetase gene with two promoters: a modified gln S (constitutive) promoter and
an araBAD (arabinose-inducible) promoter, the araC repressor gene a p15A origin of
replication, and the kanamycin resistant gene marker[55].

The pAK3 (pAK-pCNF-RSAGA) vector carries two copies of pCNF-RSAGA gene
(Fig. 3.5). The pCNF-RSAGA possesses two sets of mutations. First, each pCNF-RS
in pAK3 vector contains five mutations within the anticodon UCU recognition region,
Tyr230Arg, Cys231Trp, Pro232Thr, Ala233Arg, and Asp286Gln[23] (Fig. 2.4). Then,
the amino acid binding pocket was modified as the following mutations: Tyr32Leu,
Leu65Val, Phe108Trp, Asn109Met, Asp158Gly, and Ile159Ala (Fig. 2.9)[30]. pCNF-
RSAGA is polysubstrate specific against an array of unnnatural amino acids, including
several UAAs which were tested in this study, such as p-acetylphelalanine (AcF),
p-azidophenaylalanine (AzF),O-methyl-Tyrosine (OMeY), and p-iodophenaylalanine
(IF)(Fig. 2.10).

The DNA sequence of pCNF-RSAGA gene in pAK3 is 5’-atggacgaatttgaaatgataa
agcgtaacacatctgaaattatcagcgaggaagagttacgtgaggttttaaaaaaagatgaaaaatctgctctgatagg
ttttgaaccaagtggtaaaatacatttagggcattatctccaaataaaaaagatgattgatttacaaaatgctggatttg
atataattatagttttggctgatttacatgcctatttaaaccagaaaggagagttggatgagattcgtaaaataggagat
tataacaaaaaagtttttgaagcaatggggttaaaggcaaaatatgtttatggaagtgaatggatgcttgataaggatt
atacactgaatgtctatcgcttggctttaaaaactaccttaaaacgcgcacgtcgtagtatggaacttatagcacgtgag
gatgaaaatccaaaggttgctgaagttatctatccaataatgcaggttaatggtgctcattatcttggcgttgatgttgca
gttggggggatggagcagcgtaaaatacacatgttagcacgtgagcttttaccaaaaaaggttgtttgtattcacaaccc
tgtcttaacgggtttggatggagaaggaaagatgagttcttcaaaagggaattttatagctgttgatgactctccagaag
agattcgcgctaagataaagaaagcacgggggacgcgtggagttgttgaaggaaatccaataatggagatagctaaat
acttccttgaatatcctttaaccataaaacgcccagaaaaatttggtggagatttgacagttaatagctatgaggagtta
gagagtttatttaaaaataaggaattgcatccaatgcagttaaaaaatgctgtagctgaagaacttataaagattttag
agccaattcgtaagcgcttataa-3’

The amino acid sequence of pCNF-RSAGA gene in pAK3 is 5’-mdkkplntlisatglwm
srtgtihkikhhevsrskiyiemacgdhlvvnnsrssrtaralrhhkyrktckrcrvsdedlnkfltkanedqtsvkvkv
vsaptrtkkampksvarapkplenteaaqaqpsgskfspaipvstqesvsvpasvstsissistgatasalvkgntnpi
tsmsapvqasapaltksqtdrlevllnpkdeislnsgkpfrelesellsrrkkdlqqiyaeerenylgklereitrffvdrgfl
eikspilipleyiermgidndtelskqifrvdknfclrpmlapnlynylrkldralpdpikifeigpcyrkesdgkehleeft
mlnfcqmgsgctrenlesiitdflnhlgidfkivgdscmvfgdtldvmhgdlelssavvgpipldrewgidkpwigagf
glerllkvkhdfknikraarsesyyngistnl*

The pAK7 (pAK-NpOH-RSAGA) vector was derived from pAK3 vector. Every
synthetase in pAK7 includes two sets of mutations: one set is consist of eight mu-
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RGTR

Q

Figure 3.5: pAK3 vector.

tations (Y32E, L65T, D158S, I159A, H160P, Y161T, L162Q, A167W, compared to
the wild-type Mj TyrRS) within the amino acid binding pocket of aminoacyl-tRNA
synthetase in order to accommodate a 2-naphthol analogue of tyrosine, 2-amino-3-
(6-hydroxy-2-naphthyl)propanoic acid (NpOH)(Fig. 3.6); while the other set of mu-
tations within the anticodon recognition is the same as pCNF-RSAGA: Tyr230Arg,
Cys231Trp, Pro232Thr, Ala233Arg, and Asp286Gln.

Figure 3.6: 2-amino-3-(6-hydroxy-2-naphthyl)propanoic acid (NpOH).

The amino acid sequence of 2NpOH-RSAGA gene in pAK7 is 5’-mdefemikrntseiis
eeelrevlkkdeksaeigfepsgkihlghylqikkmidlqnagfdiiitladlhaylnqkgeldeirkigdynkkvfeamg
lkakyvygsefqldkdytlnvyrlalkttlkrarrsmeliaredenpkvaeviypimqvnsaptqgvdvwvggmeqr
kihmlarellpkkvvcihnpvltgldgegkmssskgnfiavddspeeirakikkaycpagvvegnpimeiakyfleyp
ltikrpekfggdltvnsyeeleslfknkelhpmrlknavaeelikilepirkrl*

Overlapping PCR was used to introduce corresponding mutations for synthetases
gene. Primer pairs AK1f1 and AK1r, AK2f and AK2r1, AK3f and AK3r, AK4f and
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AK4r were used for over lapping PCR with pBK-NpOH and pAK3 as templates to
generate four small pieces; then these small pieces were overlapped to produce long
DNA fragments by using slightly different primers as follows. Primer pair AK1f2 &
AK4r bring NdeI and PstI cutting site, while AK1f3 & AK4r3 have BglII and SalI
sites. In pAK7 vectors, the synthetase gene after pBAD promoter carries a restriction
site (BglII or SacI) at each end, whereas one restriction enzyme (PstI or NedI) cutting
site was positioned at each end of the synthetase gene after glnS’ promoter. These
restriction enzyme cutting sites were utilized for the construction of pAK7 vector
from pAK3.

Expression and purification of Z domain protein

Z domain vector (pAGA3-Zaga or pAGA-Zaga) and pAK-RSAGA (pAK3 or pAK7)
were co-transformed into different strains of E.coli cells, including GM10, Top10(F’),
DH10B,and BL21(DE3). A single colony from each co-transformation was grown
overnight at 37 ◦C in 2 ml of LB media supplemented with kanamycin and chloram-
phenicol to obtain the starter culture. The starter culture was then twenty times
diluted to a 20 mL LB medium containing 50 µg/ml kanamycin, 34µg/mL chloram-
phenicol and 1.5mM or 3mM unnatural amino acids (IF, AcF, AzF, OMeY, NO2F,
or NpOH) for further culturing. Till the culture reach OD600=0.6-0.8, 0.02 percent
arabinose was used for induction, and followed by 1mM IPTG induction 10 minutes
later. For proteins expressed under 37◦C, the incubator was kept as normal 37 ◦C;
while for proteins expressed under 42 ◦C, the temperature of the incubator was raised
up to 4242 ◦C when arabinose was added. After expression for 14-16 h at 37◦C, 20
ml cultures were pelleted at 8,000 rpm and frozen at -80◦C. In order to purify Z
domain proteins with a 6His at the C-terminus under native condition, pellets were
thawed and lysed for 20 minutes with 2 ml BugBuster (Novagen) supplemented with
0.5 mg/ml lysozyme (Sigma), and 2.5 U/ml bezonase (Novagen). Cell lysates were
centrifuged at 7,000 rpm, and the supernatant were collected to with 0.5 ml Ni-NTA
agarose (Qiagen). The mixture was gently shaded on a rotary shaker at 4◦C for one
hour and loaded into a polypropylene column (Qiagen). Columns were washed twice
with 2 ml wash buffer (50 mM NaH2PO4 , 300 mM NaCl, 20 mM imidazole, pH 8.0)
and eluted twice with 400 µl of native elution buffer which is the wash buffer plus
230 mM imidazole.

Calculating protein yields

Once the buffer to dissolve proteins was changed from native elution buffer, OD280

was then measured to decide the protein concentration. Based on Vector NTI protein
data analysis result, wild type Z domain protein is 69aa long, and molecular weight
is 7876 Da. So, 1 unit of OD/tsb280 value of Z domain protein corresponds to about
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6.15mg/ml protein. The bacteria culture usually was 25ml, and total eluted protein
was dissolved in 0.8 ml distilled water by using 2µl protein solution. So the equation
used to calculate Z domain protein yield is: (OD280)× 6.15× 0.800÷ 25× 1000. The
unit of protein concentration is mg/L.

Protein electrophoresis

Eluted samples were analyzed on a 4-12% Tris-Gly SDS-PAGE gel (Invitrogen) and
stained with Coomassie brilliant blue. Each 10 µl protein sample in native elution
buffer was mixed with 10 µl 2X SDS sample loading buffer and then heated at 70◦C
for 10 minutes. Every 20 µl heat denatured protein sample was loaded on NuPAGE
Novex Bis-Tris mini gel and run at 200 V constant for 35 minutes within 1X MES
Buffer. After electrophoresis, the gel was placed in 100 ml of ultra-pure water in a
loosely covered container and microwaved for 1 minute until the solution almost boils.
Then the gel was shaken on a rocker for 1 minute and the water was discarded. The
water washing steps were repeated for two more times. 20 ml of SimplyBlue SafeS-
tain(Coomassie brilliant blue) was added into the container and it was microwaved
on High for 45 seconds until the solution almost boils. The gel in boiled Coomassie
blue) was shaked 5 minutes, and then the dye was discarded. Finally the gel was
washed the gel in 100 ml of ultra pure water until the background was destained to
almost clear on the rocker.

Analyzing protein molecule weight by mass spectrometry

Protein molecular weights were assessed by mass spectrometry to analyze the unnat-
ural amino acids incorporation rates. Protein samples which showed obvious bands
with correct sizes on SDS-PAGE gel were sent out for mass spectrometry (ESI or LC-
MS/MS). To prepare protein samples for ESI, proteins in native elution buffer were
treated by Aspire chromatography tips to eliminate salts and the buffer was changed
to 70% acetonitrile/ddH2O. For LC-MS/MS sample, about 4 µg Z domain protein
was cut from SDS-PAGE gel after electrophoresis, and then sent out for LC-MS/MS
in 1% acetic acid/ddH2O.

Labeling of unnatural amino acids

Z-7AzF purified from GM10 was labeled by a primary aliphatic amine-reactive probe,
5-dimethylaminonaphthalene-1-sulfonyl hydrazine (dansyl hydrazine, DNSH), which
can react with the keto group of AcF (Fig. 2.13). The DNSH labeling reaction
was carried by the following steps: mixed targets protein AcF-Z 30µL with 6.5%
TFA/ACN 150µL, then added 100µL 5mM DNSH into the mixture. The mixture
was shaken gently over night at room temperature (about 24◦C)[58].
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Toxicity test of UAA-RSAGA/tRNAopt
UCU

pAK-pCNF-RSAGA (pAK3) and pAGA3-Zaga which contains one copy of tRNAopt
UCU

were co-transformed into GM10. One single colony was grown overnight to saturation
in LB media supplemented with 50 µg/ml kanamycin and 34 µg/ml chloramphenicol.
Culture were 1:100 diluted and divided into 10 samples. Each sample was treated
separately and then aliquoted into 96-well assay plates in octuplicate. The cell growth
rates of pAK3+pAGA3-Zaga/GM10 were measured with different concentrations of
arabinose: 0%, 0.002%, 0.006%, 0.01%, 0.02%, 0.06%, 0.1%, 0.2%, 0.6% and 1%, with
or without 1.5mM IF. Plates were grown in a SpectraMax M2e plate reader (Molec-
ular Devices) and read at 600 nm every 200 seconds with mixing of 120 seconds/read
at 37◦C for 16 hours. Relative bacteria densities are indicated for 200 µl cultures and
are an average of eight independent cultures.

3.4 Results

Recoding AGA from arginine to tyrosine

After screening with pAGA-GFP probe plasmid and the pBK4-JYRS(AGA) library,
clones were selected and their identities were sequenced (Table 3.3). One clone which
gave the brightest fluorescence, pAK1, was chosen for further experiments. DNA se-
quencing results indicated that it carried five mutation sites, Tyr230Arg, Cys231Gly,
Pro232Thr, Ala233Arg, and Asp286Gln.

Recoding AGA from arginine to unnatural amino acids

By using pAK3 and pAK7, several UAAs (AzF, AcF, IF, and NpOH) were incorpo-
rated into Z domain protein by UAA-RSAGA/tRNAopt

UCU (Table 3.1). The incor-
poration of each of the UAAs was confirmed by ESI and LC-MS/MS. Further, the
relative UAA incorporation rate was assessed by the equation of UAAs decorated
proteins (Z-R7X)/total proteins (Z-R7X plus Z-R7).

Determining the incorporation of unnatural amino acids

Because the AGA is not a terminating codon, the UAA incorporated Z domain
protein would not show any difference from arginine incorporated ones. Thus the
SDS-PAGE can not lend us a powerful hand to detect the suppression of AGA codon
because all expressed Z domain proteins were a band close to 8 kDa on SDS-PAGE
gels. In stead, mass spectrometry was employed for this purpose. The molecular
weights of arginine incorporated Z domain protein at position 7 are 7921.6 Da (full
length protein), 7832.4 Da (full length protein but without the first methionine and
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Table 3.1: Sequencing results of mutation sites of 7 positive strains from pAGA-GFP
and pBK4-JYRS library screening.

SSSSSSSSCodon S
SSSSSSSSSAminoSAcid S

763STACS
S230Tyr S

766STGCSS
231SCysS

S769SCCAS
S232SProS

772SGCTSS
S233SAlaS

931GATS
286AspS

AK1
S CGGS

ArgS
GGGS
GlyS

ACGS
ThrS

CGTS
ArgS

CAGS
GlnS

AK2S AGAS
ArgS

TGGS
TrpS

ACTS
ThrS

AGAS
ArgS

GGGS
GlyS

AK3S AGAS
ArgS

TGGS
TrpS

ACTS
ThrS

AGAS
ArgS

TTTS
PheS

AK4S GGTS
GlyS

AGGS
ArgS

AGTS
SerS

AGGS
ArgS

ATTS
IleS

AK5S AGGS
ArgS

GGGS
GlyS

AAGS
LysS

GTGS
ValS

AATS
AsnS

AK7S AGGS
ArgS

GTGS
ValS

GGTS
GlyS

ATGS
MetS

CTTS
LeuS

AK8S AGAS
ArgS

TGGS
TrpS

ACTS
ThrS

AGAS
ArgS

ACGS
ThrS

WT

with post translational modification acetylation, -Met). But, if the 7th arginine was
replaced by designated unnatural amino acid, including IF, AcF, AzF and OMeY,
the molecular weights will be changed correspondingly (Table 2.4).

IF-Z protein was listed here as an example. The SDS-PAGE result of the purified
IF-Z protein (expressing in the presence of AcPhe) shows one band near 8 KDa. For
Z domain proteins purified from GM10 bacteria, the deconvoluted ESI-MS spectrum
reveals two major peaks at m/z =7906, and 7949 (YW44-IF), which match the ex-
pected molecular weight for the IF incorporated Z-domain mutant with the loss of
its first methionine (IF-Z-Met, m/z =7907.3) and its subsequent post-translational
acetylation product (IF-Z-Met+Ac, m/z =7949.3). There is also a minor peak at m/z
=7791, matching the arginine incorporated Z-domain protein with the loss of its first
methionine (Arg-Z-Met). Similarly, for other three types of unnatural amino acids
decorated Z domain proteins (AcF-Z, OMeY-Z, and AzF-Z), each one of these decon-
voluted ESI-MS spectra had two major peaks matching the corresponding UAA-Z-
Met and UAA-Z-Met+Ac, and a minor peak around m/z =7790 matching Arg-Z-Met
(YW28-AcF, YW32-OMeY, YW4-AzF) (Fig 3.7).

LC-MS/MS results directly confirmed the incorporation of IF into Z domain
protein in response to AGA codon at the 7th position. After LC-MS/MS, the trypsin
digested the protein into 8 unique peptides and the spectra covered 68 amino acids,
which was the 100% coverage of the whole length Z domain protein without the first
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Figure 3.7: ESI results: four UAAs (AzF-YW4, AcF-YW28, OMeY-YW32, IF-
YW44) were incorporated into Z domain proteins at position 7.

methionine. The amino acid sequence of the first peptide fragment after trypsin
digestion was (M)TSVDNF*INKE, and F* was encoded by the seventh AGA and
denoted p-iodophenaylalanine (IF). Out of total 24 spectra for the first fragment,
21 spectra demonstrated an unique molecular weight for the seventh amino acid F*:
165(molecular weight of phenylalanine) + 127 = 292, which matches well with the
molecular weight of IF 291. This was a direct evidence of AGA reassigning from
arginine to IF. In the spectrum showed below (Fig 3.8) and also in the fragmentation
table (Table 3.2), B meant counting the amino acids from N terminal while Y stood
for counting from the C terminal, and the number 1 to 9 indicated the position of these
amino acids. A closer examination revealed that the majority sequences (B2-B8,
and Y2-Y8) had both matching molecular weights and peaks on the fragmentation
table(Table 3.2) and the spectrum figure (Fig 3.8) .

Figure 3.8: LC-MS/MS result indicates that IF was incorporated into Z domain
protein at the seventh position.
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Table 3.2: The LC-MS/MS fragmentation table of Z-7IF.

B Ions B+2H B-NH3 B-H2O B AA Y Y Ions Y+2H Y-NH3 Y-H2O

Missing,102.05 Missing,84.04 1 T 9 Missing,1,164.43 Missing,582.72 Missing,1,147.40 Missing,1,146.42

Found,189.09 Found,171.08 2 S 8 Found,1,063.38 Found,532.20 Found,1,046.36 Found,1,045.37

Found,288.16 Found,270.14 3 V 7 Found,976.35 Found,488.68 Found,959.32 Found,958.34

Found,403.18 Found,385.17 4 D 6 Found,877.28 Found,439.14 Found,860.26 Found,859.27

Found,517.23 Found,500.20 Found,499.21 5 N 5 Found,762.26 Found,745.23

Found,791.20 Found,396.10 Missing,774.17 Found,773.19 6 F+127 4 Found,648.21 Missing,631.19

Found,904.28 Found,452.64 Missing,887.26 Found,886.27 7 I 3 Found,374.24 Found,357.21

Found,1,018.33 Found,509.67 Missing,1,001.30 Found,1,000.31 8 N 2 Found,261.16 Found,244.13

Missing,1,164.43 Missing,582.72 Missing,1,147.40 Missing,1,146.42 9 K 1 Missing,147.11 Missing,130.09

Using pAK3 vector to recode AGA to unnatural amino acids in the
mutant Z domain protein (Z-7AGA)

The AGA suppression by various UAAs, such as IF, AzF, AcF, and OMeY, was
tested among five strains of E.coli, including GM10, GM241, DH10B, Top10, and
BL21(DE3) (Table 3.3). The results indicate that in GM10, pAK3 is very effective
to charge these four UAAs onto tRNAopt

AGA and further recode AGA from arginine
to UAAs. The UAA incorporation rates, depending on UAA types, can reach over
95% for certain UAAs.

Figure 3.9: Various UAAs were incorporated into Z domain proteins in respond to
AGA. The y axis is the unnatural amino acid incorporation rate.

37◦C v.s. 42◦C. Because of the special trait of GM10 bacteria, we tested the
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UAA’s incorporation rates in response to AGA codon under two temperatures, 37◦C
and 42◦C. IF, AcF, and OMeY were incorporated into Z domain proteins under
both temperature with similar condition (pAK3+pAGA3-Zaga) within GM10 cells,
and the IF incorporation tests were repeated once. We found that there were no very
significant differences between different UAA incorporation rates of two temperatures
among four sets (Fig 3.9). All of them varied within the range of 90% to 100%.
However, although the data only show slight difference between 37◦C and 42◦C, more
experiments at varied temperature (20◦C, 25◦C, 30◦C) would be needed to determine
the temperature effect.

Figure 3.10: Optimized tRNAopt
AGA improved IF incorporation rates, but not for

AzF. The y axis is the unnatural amino acid incorporation rate.

Optimized tRNAopt
AGA improved IF incorporation rates. While using

the same pAK3 vectors, the optimized tRNAopt
AGA (carried by pAGA3-Zagg) and

the normal tRNAAGA(carried by pAGA-Zaga) were compared for their abilities to
charge unnatural amino acids in GM10 cells. There were several repeats for these
sets, so the average and the standard derivation were calculated (Fig 3.10). From the
results we did not find dramatic differences between using tRNAopt

AGA and tRNAAGA.
The IF incorporation of tRNAopt

AGA was about 96% while that of tRNAAGA was
around 91%. Interestingly, by using tRNAopt

AGA the AzF incorporation rate was
only about 77%, but three repeats of employing normal tRNAAGA gave an average
of 83% AzF incorporation rates. So the optimized tRNAopt

AGA might increase the
UAA incorporation rates to a limited extent, and this improvement depends on
UAA types.
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Figure 3.11: Various UAAs were incorporated into Z domain proteins in respond to
AGA.The y axis is the unnatural amino acid incorporation rate.

Varied UAAs were incorporated into Z domain proteins in response to
AGA. Different types of unnatural amino acids, such as IF, AzF, AcF, and OMeY,
were incorporated into the mutant Z domain proteins, by using pAK3+pAGA3-Zaga
or pAK3+pAGA-Zaga co-translated E. coli. When considering the incorporation
rates of different kinds of unnatural amino acids, all protein expressed with pAK3 vec-
tors were considered, including both 37◦C and 42◦C; both tRNAopt

AGA and tRNAAGA;
since no obvious differences were observed as stated above. We found out that the
IF, AcF, and OMeY were incorporated into Z domain proteins in response to AGA
codon by the dual synthetase vector in GM10 bacteria, with normally over 90% in-
corporation rates(Fig 3.11) . The repeating results indicated that the incorporation
rates of AzF were ranging from 70%-80%.

Strain matters. In order to evaluate the unnatural amino acids incorporation
efficiency of pAK3-pCNF-RSAGA among various E.coli strains, we tested its ability
to insert p-IF into Z-R7X mutant proteins with the presence of tRNAopt

AGA in five
bacteria strains, including GM1O, GM241, Top10, BL21DE3 and DH10B. GM241
has similar genomic mutations as GM10, except the argU10(ts) mutation which leads
to the mutant tRNA. By using the same expression protocol, p-IF decorated Z-R7X
protein yields varied among these five strains (Fig 3.12): first GM241 showed a similar
IF incorporation as GM10, 95%; then BL21DE3 has a similar high incorporation rate
(approximately >80%) as GM10; DH10B ranked third by 60%, while Top10 cells were
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Figure 3.12: IF were incorporated into Z domain proteins in respond to AGA in
different E. coli strains. The y axis is the unnnatural amino acid incorporation rate.

proven not very suitable as an unnatural amino acids incorporating host cells with a
low rate of 30%. Results support that GM10 is the best candidate among these five
strains to recode AGA to unnatural amino acids with outstanding IF incorporation
rates above 90%. Meanwhile Top10 was not proved to be a suitable host by giving
poor IF incorporation rates between 20% (YW11) and 30% (YW14).

Using pAK7 vector to recode AGA to NpOH in the mutant Z domain
protein (Z-7AGA)

Three expression tests were performed by using pAK7+pAGA3-Zaga/GM10 bacteria
with 1.5mM NpOH added. Two of the expressions (YW39 and YW46) were done at
37◦C and the induction/expression temperature of one (YW40) expression was raised
to 42◦C.

In one of the 37◦C expression results, the deconvoluted ESI-MS spectrum shows
peaks at m/z = 7790, 7847, 7889 and 7978 (YW46) (Fig 3.13), which match the
expected molecular weight for the full length arg-Z without the first methionine
(m/z=7790.4), the full length NpOH incorporated Z-domain mutant (m/z = 7978.6)
and that for this mutant protein with the loss of its first methionine (m/z = 7847.4)
and its subsequent post-translational acetylation product (m/z = 7889.5). The NpOH
incorporation rate in this expression was about 90%.
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Figure 3.13: ESI result: NpOH was incorporated into Z domain proteins in respond
to AGA (YW46).

The NpOH incorporation rate of another 37◦C expression was close to 80%, but
that of 42◦C expression was merely above 60%.

Controls for unnatural amino acids incorporation

pET-Zx (carries Z-7TAG mutant gene )and pEVOL-TAG, a dual expression vec-
tor carrying two copies of MJ pCNF-RSTAG and tRNAGUA, were contransfered into
BL21(DE3). AzF (1.5mM) was added into culture medium during protein expression.
The ESI result (7/17/2011-5) showed two major peaks (m/z=7821.9 and m/z=7863.7)
matching AzF-Z-Met and AzF-Z-Met+Ac. This test served as a positive control to
test our protein expression procedure.

A serial of negative controls are now described as follows. First, without the
unnatural amino acids(for example IF) added, pAGA-Zaga and pAK3 transformed
GM10 bacterial could not produce any IF bearing Z domain proteins. From the
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spectrum (7/17/2011-4), only peaks matching the Arg-Z (e.g., m/z=7789.9) were
found. Similarly, if the synthetase vector pAK3 was not added into the expression
system, no IF decorated Z domain was found and only Arg-Z was seen(YW80).

Second, 1.5mM IF was presented to translate Z-7AGA gene into Z domain pro-
teins, while different components of the translational machinery was absent: no syn-
thetase(pAK3) and tRNAAGA

opt (YW84) at all (YW83), with tRNAUCU
opt only(YW84),

with synthetase (pAK3) only (YW85). All these three negative controls returned the
expected results – only peaks matching Arg-Z protein were found and no IF-Z was
observed. Thus, a conclusion that either synthetase or tRNA is necessary for AGA
recoding.

The specificity of the tRNA was also tested. GM10 bacteria transformed with
pAK3 and pAGA3-Zagg, which carries Z-7AGG (not Z-7AGA! ) mutant gene and
tRNAUCU

opt, was induced to express Z domain protein with the presence of 1.5mM
IF (YW20) or AzF(YW19). In either case, no unnatural amino acids decorated Z
domain protein were observed and only Arg-Z was generated. These interesting results
indicates that a perfect match between codon AGA on mRNA and the anticodon UCU
is important for AGA reassignment.

Protein yields

The OD280 values of mutant Z domain proteins in water were usually ranging from
0.1 to 0.2, depending on bacteria strains and UAA types. So, by using the equation
(OD/tsb280)× 6.15× 0.800÷ 25× 1000, the results were about 19 mg/L to 38 mg/L.
The yields of UAA decorated Z domain proteins were about 20-30 mg/L under
optimized conditions in GM10.

DHSH labeling of AzF-Z

To provide further chemical evidence that the UAAs have been successfully incorpo-
rated, AcF-Z purified from GM10 was labeled by a primary aliphatic amine-reactive
probe, 5-dimethylaminonaphthalene-1-sulfonyl hydrazine (dansyl hydrazine, DNSH),
which can selectively react with the keto group of AcF. The DNSH conjugated AcF-Z
displayed green-yellowish fluorescence under UV excitation while the Arg-Z which
underwent the same reaction condition did not show any fluorescence, indicating suc-
cessful incorporation of AcF into Z domain protein (Fig 3.14).

Bacterial growth toxicity test

Furthermore, to determine the toxicity of pCNF-RSAGA/tRNAUCU
opt dual expression

system, the cell growth rates of pAK3+pAGA3-Zaga/GM10 were measured with
different concentrations of arabinose: 0%, 0.002%, 0.006%, 0.01%, 0.02%, 0.06%,
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Figure 3.14: Dansyl hydrazine (DNSH) conjugation of AcF. Right: SDS-PAGE gel
analysis of DNSH treated Z-AcF. Top panel: fluorescent imaging of the gel under UV
light (365nm); bottom panel: proteins stained with Coomassie blue of the same gel.
The images were captured by a regular camera and shows real colors. .

0.1%, 0.2%, 0.6% and 1%, with or without 1.5mM IF. Without IF added into culture
media, the all tested bacteria showed a similar proliferating slope during the lag
phase and the exponential growth phase, and in the stationary phase they reached
slightly different cell densities(Fig 3.16). These minor difference might come from the
accumulation of over expressed synthetases and toxic tRNAs inside bacterial cells.
However, after 1.5mM IF added into culture media, some obvious differences were
observed. From 0% - 0.1%, the bacterial growth curves displayed a trend that the
more arabinose we added, the slower the growth rate was and the less cell density they
reached (Fig 3.15). If the working concentration of arabinose was equal to, even more
than 0.1%, the bacterial growth was dramatically inhibited, and the bacterial density
did not increase a lot and the curve was quite flat. So these results reminded us
that the working concentration of arabinose might play an important role in bacterial
growth and the toxicity caused by the newly introduced AGA reassigning machinary.
Induction with arabinose 0.02%, which is the working concentration during mutant
protein expression, yielded a moderate level of growth rate of GM10 cells and a
tripled final cell density at least. Also, it is not recommended to add more than
0.02% arabinose to synthesize more pCNF-RSAGA because the growth rate would
decrease dramatically.
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Figure 3.15: The toxicity caused by AGA global suppression during pAK3+pAGA3-
Zaga/GM10 cell growth, with 1.5mM IF. The cell growth rates of pAK3+pAGA3-
Zaga/GM10 were measured with different concentrations of arabinose: 0%, 0.002%,
0.006%, 0.01%, 0.02%, 0.06%, 0.1%, 0.2%, 0.6% and 1%, with 1.5mM IF. LB culture
media without any bacteria, and GM10 E. coli without adding anything(black) were
both used as controls.
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Figure 3.16: Control: the cell growth curve of pAK3+pAGA3-Zaga/GM10 cell. Only
varied concentrations of arabinose were added at the beginning of cell growth, but no
UAA was added.
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Table 3.3: Varied UAAs were incorporated into Z domain proteins in response to
AGA codon.

YW5 UAA Concerntration UAAgZ9 Arabinose9 Temprature EKIcoliI probeIvector synthetase

)) IF zK/mM HDK)O9 OKONO9 (L°C GMzO pAGA(gZaga pAK(

(L IF zK/mM HzKH(9 OKONO9 (L°C GMzO pAGA(gZaga pAK(

)/ IF zK/mM HDK)B9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

zD IF zK/mM HLKB)9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

B) IF zK/mM H/K(O9 OKONO9 (L°C GMN)z pAGA(gZaga pAK(

ND KT zK/mM HLKO(9 OKONO9 (L°C GMzO pAGA(gZaga pAK(

(( KT zK/mM HNKHB9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

NL OMeY zK/mM HLKB/9 OKONO9 (L°C GMzO pAGA(gZaga pAK(

(N OMeY zK/mM HBKBD9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

zL AzF zK/mM LLKB/9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

NH NONF zK/mM )LK/D9 OKONO9 (L°C GMzO pAGA(gZaga pAK(

() NONF zK/mM zOKOO9 OKONO9 )N°C GMzO pAGA(gZaga pAK(

/ IF zK/mM D)K/L9 OKONO9 (L°C GMzO pAGAgZ2aga3 pAK(

L6zL6NOzzII2(3 IF zK/mM HLK)L9 OKONO9 )N°C GMzO pAGAgZ2aga3 pAK(

L6zL6NOzzII2z3 IF zK/mM LzKOD9 OKONO9 )N°C GMzO pAGAgZ2aga3 pAKN

( AzF zK/mM DBKNN9 OKONO9 (L°C GMzO pAGAgZ2aga3 pAK(

B AzF zK/mM L(KOO9 OKONO9 (L°C GMzO pAGAgZ2aga3 pAK(

) AzF zK/mM DHKLL9 OKONO9 )N°C GMzO pAGAgZ2aga3 pAK(

(O IF zK/mM D(KNz9 OKONO9 (L°C BLNz2DE(3 pAGA(gZaga pAK(

(/ IF zK/mM DDKNz9 OKONO9 )N°C BLNz2DE(3 pAGA(gZaga pAK(

(z IF zK/mM BLKO(9 OKONO9 (L°C DHzOB pAGA(gZaga pAK(

(B IF zK/mM BzKBN9 OKONO9 )N°C DHzOB pAGA(gZaga pAK(

zz IF zK/mM NNKBD9 OKONO9 (L°C TopzOF0 pAGAgZ2aga3 pAK(

z) IF zK/mM (OK//9 OKONO9 )N°C TopzOF0 pAGAgZ2aga3 pAK(

L6zL6NOzz AzF zK/mM zOOKOO9 OKONO9 (L°C BLNz2DE(3 pETgZx pEVOLgTAG

L6zL6NOzzII2)3 NoIUAA OmM OKOO9 OKONO9 )N°C GMzO pAGAgZ2aga3 pAK(

L6zL6NOzzII2N3 NoIUAA OmM OKOO9 OKONO9 )N°C GMzO pAGAgZ2aga3 pAKN

D( IF zK/mM OKOO9 OKONO9 (L°C GMzO pZagaI2noItRNAaga3 n6a

D) IF zK/mM OKOO9 OKONO9 (L°C GMzO pAGA(gZaga n6a

D/ IF zK/mM OKOO9 OKONO9 (L°C GMzO pZagaI2noItRNAaga3 pAK(

DO NoIUAA OmM OKOO9 OKONO9 (L°C GMzO pAGA(gZaga n6a

NO IF zK/mM OKOO9 OKONO9 )N°C GMzO pAGA(gZagg pAK(

zH AzF zK/mM OKOO9 OKONO9 )N°C GMzO pAGA(gZagg pAK(
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3.5 Discussion

The two-step selection: an effective strategy for sense codon
recoding

The recoding process of AGA or AGG demonstrates that the two-step selection was an
effective strategy for sense codon reassginment. In the first step, the target rare codon,
such as AGA or AGG, was reassigned from arginine to tyrosine. This completion
of this step was based on the correct evolution of the anticodon recognition loop of
Mj TyrRS to recognize the new anticodon instead of the original codon GUA. Actually
a synthetase library of random-mutated four residues which direct contact with the
tRNA anticodon was established to cover all possible mutations, and the anticodon of
Mj Tyr-tRNAGUA was altered to UCU or UCC. Meanwhile a mutant Tyr66AGA/G-
GFPUV reporter was used to select out the synthetases which charge tyrosine in
response to the target sense codon. As we described in Chapter 2, Tyr66 is one of the
essential residue of the GFP fluorophore; and in the mutant GFPUV gene, the codon
for Tyr66 was mutated to the target sense codon, AGA or AGG. This mutant GFPUV

would not emit green fluorescence at 509nm until the evolved Mj TyrRS sythetase was
able to charge tyrosine to the mutated Mj tRNAUCU/CCU. Generally speaking, the
intensity of the green fluorescence emitted by the clone reflects the ability of the new
synthetase to recognize the changed anticodon. Then the second step was to reassign
AGA to unnatural amino acids by editing the amino acids binding pocket of the aaRS
to allow the fitting of desired UAAs. By this two-step selection strategy, we can find
out aaRS which can charge desired UAAs onto Mj tRNAUCU/CCUs. However there’re
still more works to improve the compatibility of the evolved aaRS/tRNAs to battle
against natural-occurred aaRS/tRNAs.

The optimal AGA recoding condition

The recoding of AGA codon was more straight-forward after we learned numerous
lessons from AGG reassignment. We used the pAK dual vectors to enhance UAA
incorporation, and GM10 E. coli strain to reduce the incorporation of arginine in
response of AGA.

The dual vector, pAK3/pAK7, plays an important role to recode AGA from argi-
nine to UAAs. pAK provides two copies of UAA-RS gene, one after a constitutive
promoter (gln S) and the other one after an arabinose-inducible promoter (araBAD).
araBAD is a strong inducible promoter which boosts the cytoplasmic UAA-RS level
quickly after adding arabinose. The abundance of UAA-RS further dramatically in-
creases the ligation products of the synthetase, UAA-charged-tRNAUCU. Then the
increased amount of tRNAUCU

UAAs make it possible for themselves to win the compe-
tition with endogenous tRNAUCU

Args during translation in response to AGA codon.
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The importance of pAK dual vectors was supported by its high UAA incorporation
rates (over 90%) among various UAAs and bacterial strains. This is also consistent
with the result that the UAA incorporation rates were improved more than 10 times
when the synthetase vector was changed from pBK vectors to pAK vectors, because
glnS’ is presented on both pBK vectors and pAK vectors, while only pAK vectors
carry araBAD.

GM10 strain is another essential factor to eliminate, to the maximal extent, the
incorporation of arginine in response to AGA. GM10 bacteria have a reduced intracel-
lular level of endogenous tRNAsUCU

Arg which is caused by an argU10(Ts) mutation in
its argU gene[67, 68]. In fact in E. coli the products of argU gene,tRNA4

Arg [69] can
at least recognize one rare arginine codons AGA [67, 70]. But the mutated argU tR-
NAs carry G1-to-A1 transition and generate a mismatched base pair at the terminus
of the acceptor stem. In bacteria, the G1-C72 base pair is one of the major identity
determinants[23]. Previous research shows that the arginine acceptance is impaired
significantly and in GM10 due to the mismatch [67, 70, 68]. Actually the Mass-Spec
results confirmed our deduction that the AGA suppression rates were pushed over
90%, or even over 95%, by switching host cells from BL21(DE3) to GM10. Besides,
GM10 is a good host bacterial strain to express engineered proteins, yielding over 10
mg/mL UAA-incorporated Z domain proteins regularly.

The recoding of AGA v.s. the recoding of AGG

Compared with the recoding of AGG codon, the recoding of AGA codon shows similar
UAA incorporation rates, varying by UAAs. For example, the incorporation rates
of IF, AcF, and OMeY, in response to either AGA or AGG, were all higher than
90%. However, the recoding of AGA is more direct-forward and easier than that of
AGG, because the endogenous tRNAUCU

Arg mutant bacterial strain GM10 is available
from CGSG center. Enlightened by this idea, we created DH10BW strain to improve
UAA incorporation rates during the recoding of AGG and this strategy did increase
UAA incorporation rates, but still were not as good as those in the recoding of
AGA. Finally, to our surprise,in BL21(DE3) bacteria a simple increase of UAA
working concentration in the process of recoding AGG pushed UAA incorporation
rates and protein yields to the level similar as that of recoding AGA. Thus, AGG and
AGA were both successfully reassigned from arginine to unnatural amino acids, under
different but both accessible conditions. Moreover, control experiments showed that
orthogonal tRNAUCUs did not recognize AGG codon (YW19, YW20) (Table 3.1).
Therefore one future direction can be focus working on the orthogonality between
these two tRNA/codon pairs: tRNAUCU/AGA and tRNACCU/AGG, and reassign
AGA and AGG simultaneously.
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3.6 Conclusion

In summary, we reassigned the sense codon AGA from arginine to unnatural amino
acids. The successful suppression of AGA codon depends on the correct recognition
of tRNA anticodon UCU by the UAA-RS, and the interaction between UAAs and
the UAA binding pocket of UAA-RS. The dual expression system also plays an
important role to out-compete with the endogenous aaRS/tRNA.

This innovative reassignment of the sense codon AGA makes it possible to site-
specifically incorporate multiple UAAs into individual proteins when combining
AGA with other blank codons, such as amber stop codon UAG. More important,
similar strategies can be applied to recode other sense codons to UAAs and provide
more powerful tools to study protein functions with novel properties.
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Recoding of two codons at once:
AGG and UAG

Recoding
via two orthogonal 
aaRS/tRNA pairs

Figure 4.1: The recoding of AGG and UAG. NAA, the abbreviation of non-canonical
(unnatural) amino acid..

4.1 Two pairs of orthogonal UAA-RS/tRNA

pairs were used to reassign AGG and UAG

simultaneously

To expend the genetic code, the blank codon that uniquely designates the UAAs was
as important as the orthogonal aminoacyl-tRNA synthetase/tRNA (aaRS/tRNA)

83
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pair. Theoretically, three groups of blank codons are possible for the UAA incorpo-
ration, including stop codons (e.g., UAG amber stop codon), frame-shift quadruplet
codons (e.g., AGGA), and rare codons (e.g., AGG) . Also, the selection of proper
orthogonal aaRS/tRNA pairs allows the correct incorporation of unnatural amino
acids. There are two good candidates for this purpose: the evolved Methanococcus
jannschii tyrosyl-tRNA synthetase (Mj TyrRS)/Mj tRNATyr

CUA, and the naturally
occurring wild-type or mutated Methanosarcina mazei pyrrolysyl-tRNA synthetase
(MmPylRSUAG)/MmtRNAPyl

CUA)[76]. They recognize the amber UAG codon and
enabled the incorporation of more than 30 UAAs into proteins in E. coli.

mRNA
5'

Canonical Amino AcidUnnatural Amino Acid 1 Unnatural Amino Acid 2

Orthogonal tRNA1 Canonical tRNA Orthogonal tRNA2

Canonical Amino-acyl 
tRNA Synthetase

Orthogonal Amino-acyl 
tRNA Synthetase 1

Orthogonal Amino-acyl 
tRNA Synthetase 2

Ribosomes

+ ++

+ + +

Figure 4.2: The recoding of AGG and UAG simultaneously depends on two sets of
orthogonal aaRS/tRNA pairs.

In order to encode efficiently many distant unnatural amino acids into proteins, we
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simultaneously reassigned AGG and UAG codons to different types of UAAs in indi-
vidual proteins by introducing two RS/tRNA pairs, Mj UAA-RSAGG/Mj tRNACCU

and MmPyl-RSUAG/MmtRNACUA, into E. coli (Fig. 4.2). Our previous researches
showed that we have successfully reassigned AGG codon from arginine to UAAs
in E. coli with the Mj UAA-RSAGG/Mj tRNACCU pair which was evolved from
Mj TyrRS/Mj tRNATyr

CUA (Chapter 2). Repeating results confirmed that the sup-
pression rate of AGG codon by the evolved aaRS/tRNA pair was around 90% in
general and the UAA-decorated protein yield reached about 20 mg/L with an opti-
mized expression system . Meanwhile, previous literature shows that MmPylRSUAG/
MmtRNACUA is able to take many pyrrolysine analogues as its substrate and in-
corporate them into proteins in response to UAG amber codon both in E. coli or
in mammalian cells[40, 77, 78]. Furthermore, the potential mutual orthogonality
between Mj UAA-RSAGG/Mj tRNACCU and MmPyl-RSUAG/MmtRNACUA, into E.
coli contributed to the feasibility of this project[79]. As mentioned above, these two
pairs of aaRS/tRNA were derived from different microorganisms, both are orthogonal
to E. coli endogenous aaRS/tRNA pairs, and differ from each other significantly in
conformation and function[3, 38, 41, 79].

4.2 Materials

The MmPyl-RSUAG gene and primers was synthesized at IDTDNA. All other mate-
rials were the same as described in previous chapters.

4.3 Methods

Using MmPyl-RSUAG/MmtRNACUA to recode amber stop
codon UAG

Constructing MmPyl-RSUAG gene

The MmPyl-RSUAG gene was synthesized to get rid of all the AGA and AGG codons
within the gene. We tried to mutate the gene by overlapping PCR, however due to
internal matching between primers and the gene, it was failed.

The mutant pyl-RS gene sequence without rare codons is: 5’-atggacaaaaaaccgct
gaataccctgattagcgcaaccggtctgtggatgagccgtaccggcaccattcataaaatcaaacatcatgaagtgagc
cgcagcaaaatctatattgaaatggcatgtggtgatcatctggtggtgaataatagccgtagcagtcgtaccgcacgtgc
actgcgtcatcacaaatatcgtaaaacctgtaaacgttgccgtgtgagtgatgaggatctgaacaaatttctgaccaaag
ccaatgaagatcagaccagcgttaaagttaaagttgttagcgcaccgacccgtaccaaaaaagcaatgccgaaaagcg
ttgcccgtgcaccgaaaccgctggaaaataccgaagcagcacaggcacagccgagcggtagcaaattttcaccggcaa
ttccggttagcacccaagaaagcgttagcgttccggcaagcgtgagcaccagcattagcagcatttcaaccggtgcaac
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cgcaagcgcactggttaaaggtaataccaatccgattaccagcatgagcgcaccggttcaggcaagtgcaccggcactg
accaaaagtcagaccgatcgtctggaagttctgctgaatccgaaagatgaaattagcctgaatagcggtaaaccgtttc
gtgaactggaaagcgaactgctgagccgtcgtaaaaaagacctgcaacaaatttatgccgaagaacgcgaaaactatc
tgggtaaactggaacgtgaaatcacccgtttttttgtggatcgtggtttcctggaaatcaaaagcccgattctgattccgc
tggaatatattgaacgtatgggcattgataacgataccgaactgagcaaacaaatctttcgcgtggataaaaacttttgt
ctgcgtccgatgctggcaccgaatctgtataactacctgcgcaaactggatcgtgccctgcctgatccgattaaaatcttt
gaaattggtccgtgctaccgcaaagaaagtgatggtaaagaacacctggaagaattcaccatgctgaacttttgccaga
tgggtagcggttgtacccgtgaaaatctggaaagcattattaccgattttctgaaccatctgggcatcgatttcaaaattg
ttggtgatagctgcatggtgtttggtgataccctggatgttatgcatggtgatctggaactgagtagcgcagttgttggtc
cgatcccgctggatcgcgaatggggtattgataaaccgtggattggtgcaggttttggtctggaacgcctgctgaaagtt
aaacacgacttcaaaaacattaaacgtgcagcacgtagcgagagctattacaatggtattagtacgaacctgtaa-3’

The amino acid sequence of the mutant pyl-RS (pylRS-tsao) is: MDKKPLNTL
ISATGLWMSRTGTIHKIKHHEVSRSKIYIEMACGDHLVVNNSRSSRTARALRH
HKYRKTCKRCRVSDEDLNKFLTKANEDQTSVKVKVVSAPTRTKKAMPKSV
ARAPKPLENTEAAQAQPSGSKFSPAIPVSTQESVSVPASVSTSISSISTGATASA
LVKGNTNPITSMSAPVQASAPALTKSQTDRLEVLLNPKDEISLNSGKPFRELE
SELLSRRKKDLQQIYAEERENYLGKLEREITRFFVDRGFLEIKSPILIPLEYIER
MGIDNDTELSKQIFRVDKNFCLRPMLAPNLYNYLRKLDRALPDPIKIFEIGPC
YRKESDGKEHLEEFTMLNFCQMGSGCTRENLESIITDFLNHLGIDFKIVGDSC
MVFGDTLDVMHGDLELSSAVVGPIPLDREWGIDKPWIGAGFGLERLLKVKH
DFKNIKRAARSESYYNGISTNL*. There is only one mutation Y384F compared to
wild-type MmPyl-RS because previous reports indicated that the PylRS(Y384F) mu-
tant exhibited higher amber suppression activities with lysine derivatives and pyrroly-
sine than those of the wild-type PylRS [35].

Constructing MmtRNACUA gene

The sequence of pylT MmtRNACUA is 5’-GGAAACCUGAUCAUGUAGAUCGAA
UGGACUCUAAAUCCGUUCAGCCGGGUUAGAUUCCCGGGGUUUCCGCCA-
3’. In the vector map, pylT gene has a lpp promoter and a rrnC terminator. The
lpp-pylT-rrnC was placed right in front of lpp-JYTRN-rrnC, the Mj tRNATyr

AGG

gene. First, a dual-tRNA sequence lpp-pylTCUA-rrnC-lpp-JYTRNUCU-rrnC was con-
structed by overlapping PCR with primers TF1, TR1, TF2, TF3, TR2, TF4 with tem-
plate pAGA3-Zaga. Then in order to change the Mj tRNA anticodon UCU to UCC,
overlap PCRs were performed by using lpp-pylTCUA-rrnC-lpp-JYTRNUCU-rrnC as
templates and primers tRNA-AGG3-3, pAGG2-1F, pAGG-Sphl-f, and tRNA-4. The
final product was lpp-pylTCUA-rrnC-lpp-JYTRNUCC-rrnC, a dual-tRNA sequence for
Mm pyl-tRNACUA and Mj tyr-tRNAUCC
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Unnatural amino acids encoded by pylRS/tRNA

In this study, two kinds of UAAs were used. They are Boc-L-lysine (BocK) and
propargyloxycarbonyl-L-lysine (AlK) (Fig. 4.3) .

Figure 4.3: The structure of two UAAs: BocK(left) and AlK(right).

Recoding both AGG and UAG simultaneously by Mj
UAA-RSAGG/tRNACCU & MmPyl-RSUAG/tRNACUA

Constructing pAK8 vectors to carry two synthetases

pAK8 vectors carry two different RSUAG genes with two promoters – a modified gln
S (constitutive) promoter and an araBAD (arabinose-inducible) promoter, the araC
repressor gene a p15A origin of replication, and the kanamycin resistant gene marker.
pCNF-RSAGA is controlled by inducible araBAD promoter while pyl-RSTAG is after
the constitutive glnS’ promoter. The pCNF-RSAGA gene carries a restriction site
(BglII or SacI) at each end, whereas one restriction enzyme (PstI or NedI) cutting
site was placed at each end of the gene of the other synthetase pyl-RSTAG (Fig. 4.4).
These restriction enzyme cutting sites were utilized for the construction of pAK8
vector by using pAK3 as the templates.

Constructing pt2Z2GX and pt2Z238GX to carry tRNAs and the mutant
Z domain gene

A restriction enzyme cutting site, either PstI or NgoMIV, was placed at each end
of the dual-tRNA sequence lpp-pylTCUA-rrnC-lpp-JYTRNUCC-rrnC. These two en-
zymes were utilized to replace the single tRNA sequencelpp-JYTRNUCC-rrnC in
pAGG3-Zagg vector. Both pt2Z2GX and pt2Z238GX carried lpp-pylTCUA-rrnC-lpp-
JYTRNUCC-rrnC. NgoMIV and PstI were utilized for double digestion and ligation
to put the dual-tRNA sequence into vectors.
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pAK8
5882 bp

araC

pCNF-RS-AGA/G

Pyl-RS-TAG

glnSOterminator

glnS'Opromoter

Kan(R)

pBADOpromoter

pUCOORI

rrnB

CTA->CTT

CTA->TTA

Figure 4.4: pAK8 vector

To construct pt2Z2GX vector (Fig. 4.5), two primers F-Z7agg9tag and R-Z7agg9tag
were used to change the codon for 7th amino acid lysine to AGG and the codon for
9th amino acid asparagine to amber stop codon TAG. BglII and SpeI, these two re-
striction enzymes were used for cutting off the old DNA sequence and ligate the target
DNA. T4PNK treated primers mix (F-Z7agg9tag and R-Z7agg9tag) were diluted 100
times and then ligated into the template to form the pt2Z2GX vector.

pt2Z238-GX
5589 bp

CM(R)

lac1I

T5/lac1O/lac1O

Z1domain

rrnC1Terminator

lpp1Promoter

rrnC1Terminator

lpp1Promoter

pylT

7AGG

38TAG

p15A1oriJYTRN
GCT->AGG
GGC->CCT

CCU

Figure 4.5: pt2Z238GX vector

In pt2Z238GX vector, there are two mutations in Z domain gene: the codon for
7th amino acid lysine was altered to AGG, and the codon for 38th amino acid lysine
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was changed to TAG stop codon. To perform overlapping PCR, primers Z7aga9tag-
F, Z38tag-R, Z38tag-F, and Z-Blp-R were used to introduce 38AGG mutation into
Z domain gene with pAGA3-Zaga as templates, and BlpI and BglII were used for
double digestion and ligation. After that, another pair of primers Z-7AGG-f(Z1f)
and Z-7AGG-r(Z1r) were used to generate 7AGG mutation into Z domain gene, and
then the new DNA sequence was ligated into templates to form pt2Z238GX vector
with the help of SpeI and BglII.

Expressing and purifying mutant Z domain proteins decorated by two
unnatural amino acids

pAK8 vectors were co-transformed with either pt2Z238GX or pt2Z2GX into BL21(DE3)
or DH10BW E. coli. A single colony from each co-transformation was grown overnight
at 37 ◦C in 2 ml of LB media supplemented with kanamycin and chloramphenicol to
obtain the starter culture. The starter culture was then twenty times diluted to a
20 mL LB medium containing 50 µg/ml kanamycin, 34µg/mL chloramphenicol and
two types of unnatural amino acids for further culturing. Three pairs of different
unnatural amino acids were tested: AcF(3mM) and AlK(4.5mM), AzF(3mM) and
AlK(4.5mM), IF(3mM) and BocK(1.5mM). Till the culture reach OD600=0.6-0.8,
0.02 percent arabinose was used for induction, and followed by 1mM IPTG induction
10 minutes later. After expression for 14-16 h at 37 ◦C, 20 ml cultures were pel-
leted at 8,000 rpm and frozen at -80◦C. Protein purification methods are the same as
mentioned in Chapter AGA and Chapter AGG.

Protein electrophoresis and calculating protein yields

Methods are the same as stated in Chapter 2 and Chapter 3.

Analyzing protein molecule weight by mass spectrometry

Protein molecular weight was analyzed by mass spectrometry. Protein samples which
showed obvious bands with correct sizes on SDS-PAGE gel were sent out for mass
spectrometry (ESI or MALDI-TOF) in 70% ACN.

Modifying unnatural amino acids

The unnatural amino acids AcF of Z domain proteins was labeled by 5-dimethyla
minonaphthalene-1-sulfonyl hydrazine (dansyl hydrazine, DNSH)[58]. The DNSH
labeling reaction was carried by the following steps: mixed targets protein AcF-Z
30µL with 6.5% TFA/ACN 150µL, then added 100µL 5mM DNSH into the mixture.
The mixture was shaken gently over night at room temperature (about 24◦C). It is
critical to keep the mixture acidic for this test.
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The unnatural amino acids AlK of Z domain protein was modified by PEGylation.
The PEGylation was mediated by a click chemistry reaction, Copper(I)-catalyzed
Azide-Alkyne Cycloaddition (CuAAC)[80, 81, 82, 83]. We chose a type of PEG
molecules with an azide group, Methoxypolyethylene glycol azide(5Kb). The Azide
group of PEG molecules could form covalent bonds with AlK by performing CuAAC
reactions [28, 12, 10]. 4µl 5mM CuSO4 was mixed with 1µl 20mM bathophenanthro-
line; then 6µl Z domain proteins(50-100µM) and 5µl 10mM PEG(Methoxypolyethylene
glycol azide,5Kb ) were added and mixed well; finally 4µl 5mM ascorbic acid was
added into the mixture. The mixture was shaken gently over night at room temper-
ature (about 24◦C) (Fig. 4.6). The key point of this experiment is saving the acorbic
acid to the last step [84].
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Figure 4.6: AlK reacts with methoxypolyethylene glycol azide through opper(I)-
catalyzed Azide-Alkyne Cycloaddition (CuAAC).

The Z proteins with both AcF and AlK first underwent DNSH labeling, and then
Amicon ultra filter (3K) was used to change buffer to pure water. After that, Z domain
proteins labeled by DNSH were PEGylated by 5Kb PEG Methoxypolyethylene glycol
azide.

For mutant Z domain proteins Z-7AzF-38AlK which were charged with AzF and
AlK at the same time, the click chemistry reaction CuAAC was designated . In wild-
type Z domain protein, the 7th lysine is very close to the 38th lysine on 3D space.
When these two amino acids was replaced by AzF and AlK, the click chemistry
CuAAC might be able to link AzF and AlK and form very stable convalent bonds
if there is no big conformational changes. Futher, the AzF and AlK from different
protein molecules might react with each other to form protein dimers, or trimers.
To perform a CuAAC reaction beween AzF and AlK, 4µl 5mM CuSO4 was mixed
with 1µl 20mM bathophenanthroline; then 11µl Z domain proteins(50-100µM) were
added and mixed well; finally 4µl 5mM ascorbic acid was added into the mixture.
The mixture was shaken gently over night at room temperature (about 24◦C). The
key points of this experiment were adding the acorbic acid at last, and adding enough
amount of proteins to keep the protein concentration high enough.

All labeled proteins were subject to SDS-PAGE electrophoresis after the reactions
finished.



CHAPTER 4. RECODING AGG+UAG 91

Growth curves of pAK8+pt2Z238GX/DH10BW

pAK8+pt2Z238GX which contains genes for textitMj UAA-RSAGG/Mj tRNACCU

and MmPyl-RSUAG/MmtRNACUA were co-transformed into BL21(DE3). One sin-
gle colony was grown overnight to saturation in LB media supplemented with 50
µg/ml kanamycin and 34 µg/ml chloramphenicol. Culture were 1:100 diluted and
divided into 10 samples. Each sample was treated separately and then aliquoted into
96-well assay plates in octuplicate. The treatments for each sample included: the first
sample, no NAA and no arabinose added; the second sample, no NAA but 0.02% ara-
binose added; the third sample, 4.5mM AlK and 3mM AcF, but no arabinose added;
the fourth sample,4.5mM AlK and 3mM AcF, and 0.02% arabinose added; the fifth
sample, 4.5mM AlK and 3mM AzF, but no arabinose added; the sixth sample, 4.5mM
AlK and 3mM AzF, and 0.02% arabinose added; the seventh sample, 3mM AcF but
no arabinose added; the eighth sample, 3mM AcF and 0.02% arabinose added; the
nineth sample, 3mM AzF but no arabinose added; the tenth sample, 3mM AzF and
0.02% arabinose added; the eleventh sample, 4.5mM AlK but no arabinose added;
the twelfth sample, 4.5mM AlK and 0.02% arabinose added. Plates were grown in
a SpectraMax M2e plate reader (Molecular Devices) and read at 600 nm every 200
seconds with mixing of 120 seconds/read at 37◦C for 16 hours. Relative bacteria
densities are indicated for 200 µl cultures and are an average of eight independent
cultures.

4.4 Results

AGG and UAG were reassigned to the desired unnatural
amino acids simultaneously

Z-7AGG-38TAG can not be translated into Z domain proteins without
the presence of AlK

pAK8+pt2Z238GX was transformed into DH10BW and the Z-7AGG-38TAG mutant
was induced to express Z domain proteins with AlK only, AzF only, and AlK+AzF.SDS-
PAGE electrophoresis and Commassie blue staining results showed that without the
presence of AlK, no protein band was detected at 8kDa. When both AlK and AcF
were added into the culture media, a thin band at 8kDa was detected; while only
AlK presented during the protein expression procedure, a relatively(about 1/4 of the
AlK+AcF) thinner band was seen. These results support that the AlK was inserted
to the Z domain protein at the 38th position in response to TAG amber stop codon
but not the 7th AGG codon (Fig. 4.7) .
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Figure 4.7: SDS-PAGE gel: the expression of Z-7AGG-38UAG proteins with the
presence of different UAAs.

Table 4.1: The molecular weights of Z domain proteins when its two amino acids were
replaced by UAAs.

Z domain protein Z-7AzF-38Alk Z-7AcF-38Alk Z-7IF-38Alk Z-7AzF-38BocK Z-7OMeY-38BocK

Full4length 8035.6 8037.6 8120.5 8053.6 8043

lost41Met;4with4Ac 7946.4 7947.4 8031.3 7964.4 7954

lost414Met 7904.4 7905.4 7989.3 7922.4 7911

Z domain protein Z-7arg-38Alk Z-7arg-38BocK Z-7IF-38BocK Z-9BocK Z-7IF-9BocK

Full4length 8003.6 8021.6 8138.5 8035.7 8152.5

lost41Met;4with4Ac 7914.4 7932.4 8049.3 7946.5 8063.3

lost414Met 7872.4 7890.4 8007.3 7904.7 8021.3

ESI results confirmed the incorporation of multiple UAAs

When normal canonical amino acids were replaced by designated unnatural amino
acids, the molecule weights of the mutant Z domain proteins were changed corre-
spondingly as well. The new mass weights are listed in the following table (Ta-
ble 4.1). The relative double-UAA incorporation rate was assessed by the equation
of two UAAs decorated proteins (Z-UAA1-UAA2)/total proteins (Z-UAA1-UAA2
+ all other forms of Z domain proteins).

For Z-7AzF-38AlK proteins purified from pAK8+pt2Z238GX/DH10BW, the de-
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convoluted ESI-MS spectrum reveals two major peaks at m/z =7904, and 7945
(Fig. 4.8) . These two peaks match the expected molecular weight for the AzF(at
the 7th position) and AlK(at the 38th position) incorporated Z-domain mutant with
the loss of its first methionine (m/z =7904.4), and its subsequent post-translational
acetylation product ( m/z =7946.4). There is also a minor peak at m/z =7872,
matching the 38th AlK and 7th arginine incorporated Z-domain protein with the loss
of its first methionine (m/z=7872.4). The double UAAs(AzF+AlK) incorporation
rate of YW92 was about 83%.

Figure 4.8: ESI results of Z-7AzF-38AlK (YW92) (DH10BW).

Similarly, for Z-7AcF-38AlK proteins purified from pAK8 and pt2Z238GX trans-
formed E. coli (DH10BW and BL21(DE3)), the deconvoluted ESI-MS spectrum re-
veals three peaks at m/z =7905/7906, 7947 and 8039 (Fig. 4.9,. 4.10), which match
the expected molecular weight for the AcF(at the 7th position) and AlK(at the 38th
position) incorporated Z-domain mutant with the loss of its first methionine (m/z
=7905.4), its subsequent post-translational acetylation product (m/z =7947.4), and
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its full length format (m/z=8036.6). There is also a minor peak at m/z =7872, match-
ing the 38th AlK and 7th arginine incorporated Z-domain protein with the loss of its
first methionine (m/z=7872.4). The double UAAs(AcF+AlK) incorporation rate of
YW92 in DH10B2 was about 85%, and that of YW99 in BL21(DE3) was 87%.

Figure 4.9: ESI results of Z-7AcF-38AlK from DH10BW (YW93).

MALDI-TOF results confirmed the incorporation of multiple UAAs

To analyse IF and BocK decorated Z proteins, MALDI-TOF was employed because
BocK is unstable during ESI process.

For Z-7IF-9BocK proteins purified from pAK8+pt2Z2GX/DH10BW bacterial,
the MALDI-TOF results show two major peaks at m/z =8021.953, and 8063.983
(Fig. 4.11) , which match the expected molecular weight for the IF(at the 7th posi-
tion) and BocK(at the 9th position) incorporated Z-domain mutant with the loss of
its first methionine (m/z =8021.3) and its subsequent post-translational acetylation
product ( m/z =8063.3). There is also a minor peak at m/z =7905.740, matching the
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Figure 4.10: ESI results of Z-7AcF-38AlK from BL21(DE3) (YW99).

9th BocK and 7th arginine incorporated Z-domain protein with the loss of its first
methionine (m/z=7904.7). The double UAAs(IF+BocK) incorporation rate of this
test was about 88%.

For Z-7IF-38BocK proteins purified from pAK8+pt2Z238GX/DH10BW bacte-
rial, the MALDI-TOF results show two major peaks at m/z =8011.006, and 8053.093
(YW3M) (Fig. 4.12), which match the expected molecular weight for the IF(at the
7th position) and BocK(at the 38th position) incorporated Z-domain mutant with
the loss of its first methionine (m/z =8007.3) and its subsequent post-translational
acetylation product ( m/z =8049.3). There is also a minor peak at m/z =7893.949,
matching the 38th BocK and the 7th arginine incorporated Z-domain protein with
the loss of its first methionine (m/z=7890.4). There was a m/z=4 shift in this whole
MALDI-TOF spectrum. The double UAAs(IF+BocK) incorporation rate of this
test YW4M was about 83%. On the contrary, the ESI result of the same sample (Z-
7IF-38BocK, YW91-ESI, YW4M-MADI-TOF) (Fig. 4.13)reveals multiple peaks cor-
responding to 38lysine instead of 38BocK at m/z=7791(matching Z-7R-38K-w/o1M),
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Figure 4.11: MALDI-TOF results of Z-7IF-9BocK (YW3M).

7906(matching Z-7IF-38K-w/o1M), 7949(matching Z-7IF-38K-w/o1M+Ac). YW91
also contains two peaks at m/z=8009 and 8048, matching Z-7IF-39BocK-w/o1M
and Z-7IF-38BocK-w/o1M+Ac. The double UAAs(IF+BocK) incorporation rate
of YW91 was merely about 38%, if one simply calculates from the numbers. How-
ever, in DH10BW bacteria UAG is a strict stop condon, so it’s impossible for lysine
to be incorporated onto position 38 in response to UAG codon. Thus, the comparison
between YW4M and YW91 clearly demonstrates that BocK is not a good substrate
for ESI examination because more than half amount of BocK will lose its Boc group
and become lysine.

Protein yields

The OD280 values of mutant Z domain proteins in water were usually ranging from
0.05(or less) to 0.1, depending on bacteria strains and UAA types. So, by using the



CHAPTER 4. RECODING AGG+UAG 97

Acquired: 16:00:00, March 08, 2013
D:\...\YM4M_0001.dat
Y Wang      YW4M      8kDa        SA/lin/pos/10x

5000 6400 7800 9200 10600 12000

Mass (m/z)

0

2.4E+4

0

10

20

30

40

50

60

70

80

90

100

%
 In

te
n

si
ty

Voyager Spec #1=>SM5[BP = 8052.3, 24378]
 Y Wang      YW4M      8kDa 

80
53

.0
93

80
11

.0
06

80
37

.1
07

82
59

.6
48

82
18

.4
22

81
87

.4
89

78
93

.9
49

79
53

.4
06

74
93

.0
04

Figure 4.12: MALDI-TOF results of Z-7IF-38BocK (YW4M).

equation (OD280)× 6.15× 0.800÷ 25× 1000, the results were about 10 mg/L to 20
mg/L. The yields of UAAs decorated Z domain proteins were about 20 mg/L under
optimized conditions in BL21(DE3), while the Z domain protein yields were roughly
5-10mg/L or less in DH10BW and DH10B cells.

Multiple unnatural amino acids were labeled

The Z-7AcF-38AlK proteins were either labeled with DNSH, or linked with PEG(5kb,
with azide groups), or underwent both treatments (Fig. 4.14) . After SDS-PAGE
electrophoresis, Z-7AcF-38AlK with only DNSH conjugation displayed as a green-
yellowish fluorescent band under UV excitation, while Z-7AcF-38AlK with both
DNSH conjugation and PEGylation appeared as a blurry and wide green-yellowish
fluorescent band, at a relative higher position than that of Z-7AcF-38AlK with only
DNSH conjugation. No any other fluorescence was observed other samples, untreated
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Figure 4.13: ESI results of Z-7IF-38BocK (YW91).

and PEGylated Z-7AcF-38AlK. After Commassie blue staining, we found that Z-
7AcF-38AlK with only DNSH conjugation was at the same position(between 3.5Kb
and 10Kb) as untreated mutant Z domain protein. But Z-7AcF-38AlK with only PE-
Gylation and the same protein with two treatments were both at the higher position,
around 20kb and blurry. So the band of Z-7AcF-38AlK with both DNSH labeling
and PEGylation moved slower and showed green-yellowish fluorescence, which re-
confirmed the incorporation of both unnatural amino acids. In control lanes, Z-7AcF
with DNSH labeling showed fluorescence while Z-38AlK had no fluorescence; Z-38AlK
with PEGylation was also shifted to an around 20kb position whereas Z-7AcF did not
shifted above, but both were blurry. The blurry bands of all samples added PEG are
likely to be the results of nonspecific localized changes in conductivity caused by PEG
itself. The local conductibility is lower in the presence of the PEGmicelle complex
than in its absence[85]. So this also contributes to the more than 5kb shift of PE-
Gylated protein bands but the expected molecular weights of PEGylated Z domain
protein should be 8kb+5kb=13kb, instead of the observed 20kb .
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Figure 4.14: SDS-PAGE gel: DNSH labeling and PEGylation on Z-7AcF-38AlK
proteins.

We also performed CuAAC on the mixture of Z-7AzF and Z-38AlK, and Z-7AzF-
38AlK itself. The CuAAC reactions of Z-7AzF itself and Z-38AlK itself were used as
control. On Commassie blue stained SDS-PAGE gel we found that there were two
bands, one at 8KDa (the monomer of Z domain proteins) and the other one a little
above 15KDa (might be the dimmer), for the lanes loaded with CuAAC of the mixture
of Z-7AzF and Z-38AlK, and Z-7AzF-38AlK itself; whereas only one band at 8KDa
was detectable for the two controls(CuAAC of of Z-7AzF itself and Z-38AlK itself)
(Fig. 4.14,a). Further more, when the protein loading amount doubled (Fig. 4.14,b),
the CuAAC of the mixture of Z-7AzF and Z-38AlK gave three bands totally, very
close to 8KDa(monomer), 16KDa(dimmer), and 24KDa(trimmer).
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Figure 4.15: SDS-PAGE gel: CuAAC reaction of Z-7AzF-38AlK proteins.

pAK8+pt2Z238GX/DH10BW bacteria proliferate with
UAAs

First, for none-UAA test pair (’N/A’ and ’ara’), the production of textitMj UAA-
RSAGG might affect the bacterial growth to certain extent because after adding ara-
binose, the log phase was elongated and the bacteria population delayed the time
to reach saturation(OD600=0.6-0.7). We also find that AlK does not impact the
DH10BW cell growth rate because the AlK-only curve was very close to the un-
treated bacteria, even the pyl-RSTAG existed all the time since glnS’ is a constitutive
promoter. Similarly the ’AlK+ara’ curve had a longer log phase (about 10 hours)
to reach stationary phase than the one without arabinose (about 3 hours), but still
very close to the ’ara’ curve, which is another evidence for the impact caused by
accumulation of textitMj UAA-RSAGG . Second, based on the results of AzF group
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(’AzF’ and ’AzF+ara’) and AlK+AzF group (’AlK+AzF’ and ’AlK+AzF+ara’), we
see that the adding of AzF is medium-level toxic to bacterial growth because ’AzF’
curve and ’AlK+AzF’ curve were similarly flatter, and the saturation concentrations
(OD600=0.5) were both lower than ’N/A’ (OD600=0.6-0.7). Further, if arabinose was
added , both of them (’AzF+ara’ and ’AlK+AzF+ara’) became even more difficult
to finish the flat log phase and the final bacterial concentrations were only near
OD600=0.3. Last, from the results of AcF pair (’AcF’ and ’AcF+ara’) and AlK+AcF
pair(’AlK+AcF’ and ’AlK+AcF+ara’), it is very obvious that AcF dramatically pro-
hibit the bacteria growth. Two curves with AcF (’AcF’ and ’AlK+AcF’) but without
arabinose both demonstrated an extended lag phase of eight hours and the final
concentrations were merely OD600=0.3 after 14 hours. As expected, the adding of
arabinose to these two tests ( ’AcF+ara’and ’AlK+AcF+ara’) further halted the bac-
terial proliferation by returning an almost flat curve and the final concentration only
increased to OD600=0.17 from the original OD600=0.12 (Fig. 4.16).

4.5 Discussion

The orthogonality of two exogenous RS/tRNA pairs makes
them qualified for two-codon recoding

There are at least two types of orthogonality for the purpose of two-codon reassign-
ing. First, each pair of exogenous RS/tRNA, either Mj UAA-RSAGG/Mj tRNACCU or
MmPyl-RSUAG/MmtRNACUA, can not react with the endogenous aaRS/tRNA pairs
of E. coli. Many previous studies have proved that both MjUAA-RSUAG/tRNACUA

and MmPyl-RSUAG/tRNACUA are orthogonal within E. coli [3, 38, 37]. And our previ-
ous researching results also demonstrated that the evolved MjUAA-RSAGG/tRNACCU

only insert UAAs in response to AGG codon. Second, these two exogenous RS/tRNA
pairs should not react with each other’s components. Protein structure studies show
that these two aaRSs belong to two different classes: MmPylRS is an archaeal
class II aminoacyl-tRNA synthetase[37] whereas Mj TyrRS is originated from class
I. More important, our research results clearly showed that if only AlK, the substrate
of MmPylRSUAG/tRNACUA, presents during protein expression, the target proteins
whose gene carries one UAG and one AGG can be produced; but if only AcF, the sub-
strate of MjUAA-RSAGG/tRNACCU, is added into culture media, the translation of
the same target proteins will be stopped. This means either MmpylRSUAG/tRNACUA

can not insert anything else, including AzF, into the polypeptide in response to UAG,
or MjA-RSAGG/tRNACCU can not decode UAG as AzF. Further, the Mass Spec re-
sults also indicated the correct replacement of the 7th arginine by AzF and the 38th
lysine by AlK via calculating molecular weights. We did not find peaks correspond-
ing to the switched UAAs replacements. Similar results were also observed when we
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Figure 4.16: The toxicity caused by global AGG+UAG suppression during
pAK8+pt2Z238/DBL21(DE3) cell growth. 1.5mM different kind of UAA pairs and
0.02% arabinose were added at the beginning of cell growth.

changed UAA types, or altered amino acid positions. Thus, we believe that these two
exogenous aaRS/tRNA pairs are orthogonal to each other and are good candidates
for two-codon recoding.

Double UAAs incorporation efficiency is determined by the
recoding of AGG

The incorporation efficiency of two UAAs is majorly determined by the recoding of
AGG. Theoretically, the determinant is the amount of two types of UAA-charged
tRNAs inside bacteria, which compete with the canonical amino acid-charged en-
dogenous tRNAs for the two codons, AGG and UAG. But actually in Mass Spec
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results we only found peaks with single AlK insertion in response of UAG, or with
both AzF and AlK double insertion in response of AGG and UAG, separately . That
is because the competitor of MmPylRSUAG/tRNA is release factor whereas endoge-
nous ArgRS/tRNA rivals with MjUAA-RS/tRNA for AGG. In other words, UAG
strictly constrains the incorporated amino acid as the desired UAA, but AGG al-
lows the insertion of both UAA and arginine. Thus, we used a strong promoter
pBAD to increase the copy number of MjUAA-RS in order to charge more UAAs
into Mj tRNACCU. Also, the UAA working concentration for AGG recoding was
increased to 3mM, according to our previous results (Chapter 2). In fact, results
showed that 7th arginine charged Z domian proteins were limited to 10-20% out of
the total proteins by using this strategy.

The yield of double UAAs incorporated proteins is decided
by two orthogonal aaRS/tRNA pairs and the type of UAAs

Who can win the contest between exogenous UAA-tRNAs and endogenous aa-tRNAs
is determined by their amounts inside cells. In turn, the cytoplasmic UAA-tRNA
level is decided by the mutual recognition between each orthogonal aaRS and its
tRNAs, and the ability of the aaRS to charge UAA into its tRNAs. The Mj pCNF-
RS/tRNA we chose to recode AGG has demonstrated good abilities to insert many
types of UAAs, such as IF, AzF, OMeY, and AcF, to tRNAs under the optimized
conditions (Chapter 2 and [30]). On the other hand, the competition between Pyl-
tRNACUA and the endogenous release factors limits the total protein yield since UAG
can be a sign of either stop or target UAA. Besides, our experience indicates that
the recoding ability of Mm PylRS/tRNA largely depends on the types of pyrrolysine
analogues. BocK and AlK were two UAAs we used for Mm PylRS/tRNA. Generally
speaking, BocK returns a good protein yield (>10mg/L), no matter whether it was
combined with IF, AzF, or other substrates of Mj pCNF-RS/tRNA; but the protein
yield with AlK is usually quite limited (<5mg/L), even if combined with the same
substrates of Mj pCNF-RS/tRNA. This is consistent with previous studies[41]. Also,
BocK was commercially purchased while AlK was synthesized in our own lab, so the
quality of UAAs might also contribute to the difference.

Bring more properties to proteins

The purpose of recoding both AGG and UAG at the same time to different UAAs
is to bring more properties to proteins. Our results confirmed that. For example, the
alykne group of AlK can conjugate with azide group of AzF via CuAAC reaction;
meanwhile, the AcF can be labeled by certain aliphatic amine-reactive fluorescent
dye, such as DNSH. Thus we generated special Z domain proteins whose AlK are
connected with PEG(with azido group) and AcF are labeled with DNSH. These dual
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function Z domain proteins are protected by PEG groups and are detectable under
UV light by emitting fluorescence. Further, theoretically internal cyclization can be
formed by simultaneously adding both AzF and AlK into one single protein, if the
positions are correctly defined[44].

Also, recent reports showed that pylRS can be modified to host some UAAs other
than pyrrolysine analogues, such as N-o-Azidobenzyloxycarbonyl[36], OMeY[43]. The
flexibility of pylRS provides many potential combinations of UAAs by using our ap-
proach since pCNF-RS itself takes more than ten UAAs as its substrate. Even more
exciting, the mutual orthogonality of two aaRS/tRNA can be achieved by editing
existed MjUAA-RS since MjTyrRS is highly tolerant for the modifications of its
amino acid binding pockets. Therefore we can expect generating proteins with more
dual functions. For instance, if nitrotyrosine and AcF are incorporated into a self
proteins, one may observe how nitrotyrosine improve the immunogenicity of the self
protein (such as its location inside or outside of cells) after labeling AcF with bright
fluorescent dyes.

4.6 Conclusion

The successful reassignment of AGG and UAG at the same time was based on
the collaboration of two exogenous RS/tRNA pairs, MjUAA-RSAGG/Mj tRNACCU

and MmPyl-RSUAG/MmtRNACUA. These two pairs evolved from different bacterial
species, and the results also proved that they did not react with each other. There-
fore, further modifications on the amino acid hosting pockets of these synthetases will
make it possible to simultaneously incorporate many different combinations of UAA
pairs into single protein molecules.
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Figure 5.1: The recoding of AGA and UAG. NAA, noncanonical amino
acids=unnatural amino acids.

Two pairs of orthogonal UAA-RS/tRNA pairs were used to
reassign AGA and UAG simultaneously

Our previous researches showed that we have successfully reassigned AGA codon
from arginine to UAAs in E. coli with the Mj UAA-RSAGA/Mj tRNAUCU pair
which was evolved from Mj TyrRS/Mj tRNATyr
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incorporation rates of over 90% and a good UAA-decorated protein yield of 20 mg/L
. Also, the potential mutual orthogonality between Mj UAA-RSAGA/Mj tRNAUCU

and MmPyl-RSUAG/MmtRNACUA, into E. coli contributed to the feasibility of this
project. They were derived from different microorganisms and varied significantly
in conformation and function[3, 38, 41, 79]. Therefore, we tried to simultaneously
reassign AGA and UAG codons to different types of UAA in individual proteins
by introducing two RS/tRNA pairs, Mj UAA-RSAGA/Mj tRNAUCU and MmPyl-
RSUAG/MmtRNACUA, into E. coli.

Methods

Construct of pAK8 or pAK10 vectors to carry two synthetases

pAK8 vectors carry two different RSUAG genes: pCNF-RSAGA is controlled by in-
ducible araBAD promoter while pyl-RSTAG is after the constitutive glnS’ promoter.

pAK10 vectors also carry two different RSUAG genes (pCNF-RSAGA and pyl-RSTAG

) , the araC repressor gene a p15A origin of replication, and the kanamycin resistant
gene marker. Different from pAK8, both pCNF-RSAGA and pyl-RSTAG are controlled
by inducible araBAD promoter. For the construction of pAK10 vectors, the cutting
sites of restriction enzymes SacI and NedI were utilized to remove the old glnS’ pro-
moter and ligate the pBAD promoter to the cut pAK8 vectors by the same restriction
enzymes.

Constructing pt2Z2 and pt2Z238 to carry tRNAs and the mutant Z
domain gene

A restriction enzyme cutting site, either PstI or NgoMIV, was placed at each end
of the dual-tRNA sequence lpp-pylTCUA-rrnC-lpp-JYTRNUCU-rrnC. These two en-
zymes were utilized to replace the single tRNA sequencelpp-JYTRNUCU-rrnC in
pAGG3-Zagg vector. Both pt2Z2GX and pt2Z238GX carried lpp-pylTCUA-rrnC-lpp-
JYTRNUCU-rrnC. The whole sequence lpp-pylTCUA-rrnC-lpp-JYTRNUCU-rrnC was
constructed by overlapping PCR with primers TF1, TR1, TF2, TF3, TR2, TF4. The
template used was pAGA3-Zaga. NgoMIV and PstI were utilized for double digestion
and ligation to put the dual-tRNA sequence into vectors.

The sequence of Mm pylT tRNACUA is 5’-GGAAACCUGAUCAUGUAGAUCG
AAUGGACUCUAAAUCCGUUCAGCCGGGUUAGAUUCCCGGGGUUUCCGCC
A-3’.

To construct pt2Z2 vector, two primers Z-7aga9tag-F and Z-7aga9tag-R were used
to change the codon for 7th amino acid lysine to AGA and the codon for 9th amino
acid asparagine to amber stop codon TAG. BglII and SpeI, these two restriction
enzymes were used for cutting off the old DNA sequence and ligate the target DNA.



CHAPTER 5. OTHER ENDEAVORS TO EXPAND THE GENETIC CODE 107

T4PNK treated primers mix (F-Z7aga9tag and R-Z7aga9tag) were diluted 100 times
and then ligated into the template to form he pt2Z2 vector.

In pt2Z238 vector(Fig. 5.2) , there are two mutations in Z domain gene: the
codon for 7th amino acid lysine was altered to AGA, and the codon for 38th amino
acid lysine was changed to TAG stop codon. While performing overlap PCR, primers
Z7aga9tag-F, Z38tag-R, Z38tag-F, and Z-Blp-R were used to generate new DNA with
7AGA and 38TAG mutations by using pAGA3-Zaga as templates, and then BlpI and
BglII were used for double digestion and ligation.

pt2Z238
5589 bp

CM(R)

lac1I

T5/lac1O/lac1O

Z1domain

rrnC1Terminator

lpp1Promoter

rrnC1Terminator

lpp1Promoter

pylT

7AGA

38TAG

p15A1oriJYTRN
GCT->AGG
GGC->CCT

UCU

Figure 5.2: pt2Z238 vector

Expressing and purifying mutant Z domain proteins decorated by two
unnatural amino acids

pAK8 or pAK10 vectors were co-transformed with either pt2Z238 or pt2Z2 into GM10
E. coli. Protein expression protocol was the same as previous described. IF(1.5mM)
and BocK(1.5mM) were tested on pAK8+pt2Z2/ GM10, with different concentra-
tions of initial arabinose added , 0%, 0.0002%, and 0.002%. Also,five pairs of dif-
ferent unnatural amino acids were tested on pAK8+pt2Z238/GM10: IF(1.5mM)
and AlK(4.5mM), AzF(1.5mM) and AlK(4.5mM), IF(1.5mM) and BocK(1.5mM),
AzF(1.5mM) and BocK(1.5mM), and OMeY(1.5mM) and BocK(1.5mM). One pair
of unnatural amino acids, OMeY(1.5mM) and BocK(1.5mM), were tested on pAK10+
pt2Z238/GM10. All bacterial cultures were maintained at 37◦C, 250rpm. When the
culture reach OD600=0.6-0.8, 0.02% arabinose was added for induction, and followed
by 1mM IPTG induction 10 minutes later. After expression for 14-16 h at 37 ◦C,
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20 ml cultures were pelleted at 8,000 rpm and frozen at -80◦C. Protein purification
methods are the same as mentioned in previous chapters.

Protein electrophoresis

Methods are the same as stated in previous chapters (AGA/AGG)

Analyzing protein molecule weight by mass spectrometry

Protein molecular weight was analyzed by mass spectrometry. Protein samples which
showed obvious bands with correct sizes on SDS-PAGE gel were sent out for mass
spectrometry (ESI or MALDI-TOF) in 70% ACN.

Results and Discussion

IF and BocK were incorporated into Z domain in pAK8+pt2Z2/GM10

The proteins purified from pAK8+pt2Z2/GM10 include six different treatment: nor-
mal induction but no UAAs added; normal induction with IF and BocK; normal
induction with IF+BocK and 0.0002% initial arabinose added; normal induction with
IF+BocK and 0.002% initial arabinose added; IPTG only induction with BocK added;
IPTG only induction with IF+BocK added.

Figure 5.3: SDS-PAGE gel: Proteins purified from pAK8+pt2Z2/GM10 after protein
expressed with IF, or BocK, or both, and different amount of arabinose.

On SDS-PAGE gel, the normal induction ones with IF+BocK, no matter if the
initial arabinose added or not, all showed a thick band on the estimated position at
8KDa, which indicating a good protein yield around 10-20mg/mL (Fig. 5.3). However,
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on the first lane (normal induction without UAAs), there was a very light but still
visible band at 8KDa, which was not expected because normally UAG as a stop
codon should be a strict signal to halt translation if BocK or other substrates were
not presented in the culture media. For the last two lanes to the right, there were two
light bands, showing the low level expression of mutant Z domain proteins. Those
proteins might be a few amount of Z domain with arginine charged at 7th position
by endogenous translational machine since the Mj pCNF-RS was not expressed since
the arabinose was not added to activate pBAD promoter. The low expression level
might reflect the inefficiency of recoding UAG to BocK or other substrates by pyl-
RSUAG/tRNACUA. It might also be the result of the low level of functional endogenous
tRNAUCU in GM10 bacteria.

ESI-MS results suggested that the IF and BocK were incorporated into Z domain
proteins in response to AGA and UAG, separately. The sample of normal induction
with IF+BocK (YW66) showed three peaks at m/z= 8063 (matching Z-7IF-9BocK,
lost 1st Met and with one acetylation), 8020.9 (matching Z-7IF-9BocK, lost 1st Met),
7962.5 (matching Z-7IF-9aa, lost 1st Met and with one acetylation). Also, other two
samples– normal induction with IF+BocK and 0.0002% initial arabinose (YW67)
and normal induction with IF+BocK and 0.002% initial arabinose (YW68)– both
displayed similar pattern of spectra that two peaks matched Z-7IF-9BocK and one
peak matched Z-7IF-9aa. The IF+BocK incorporation rates of YW66, YW67 and
YW68 were 88%, 91%, and 89%, which indicating that it was not very useful to turn
on pCNF-RSAGA gene expression at the beginning of bacterial culturing.

In ESI results there is a puzzle of the translation of the 9th UAG into certain
type of amino acid (9aa) among these three samples, even only about 10% out of the
total. The molecular weight of this 9aa matched that of lysine, so this 9th aa might
be lysine and was disassociated from BocK during ESI. However BocK disassociation
theory can not explain the band of sample ’normal induction without UAAs’ on
SDS-PAGE gels.

UAAs were incorporated into Z domain in pAK8+pt2Z238/GM10

The protein electrophoresis results on SDS-PAGE gels proved that all UAA pairs
incorporated Z domain proteins showed a band close to 8KDa. If BocK was used
to suppress UAG stop codon, then the band would be thick/fat, indicating a good
protein yield. On the other hand, if AlK, which was synthesized in our lab, was used
then the protein yield would be very low, indicated by a thin protein band. (Fig. 5.4)

The ESI/MALDI-TOF results of different UAAs incorporated Z domain pro-
teins purified from pAK8+pt2Z238/GM10 are all listed in the following table ’Mass
Spectrometry results of Z domain proteins purified from pAK8+pt2Z238/GM10’ (Ta-
ble 5.1). From the table we can clearly see peaks matching the molecular weights of
two UAAs decorated Z domain proteins in all samples. As expected, there were



CHAPTER 5. OTHER ENDEAVORS TO EXPAND THE GENETIC CODE 110

Figure 5.4: SDS-PAGE electrophoresis of different amount of proteins, which were
purified from pAK8+pt2Z2/GM10 after protein expressed with an AGA-suppressing
UAA and AlK, or BocK.

some peaks corresponding to the proteins which had arginine as the 7th amino acid
since pCNF-RSAGA/tRNAUCU can hardly completely compete out the endogenous
RSAGA/tRNAUCU. But the mysterious 38th amino acid still existed. In every sample
the peaks matching Z-7UAA-38aa were detected, and the molecular weight of the
38th amino acid matched lysine, which was almost impossible since UAG is a stop
codon.

Figure 5.5: ESI-MS result of YW90: pAK8+pt2Z238/GM10 with IF+BocK.

We also measured the relative double-UAA incorporation rates of these samples
by the equation of two UAAs decorated proteins (Z-UAA1-UAA2)/total proteins (Z-
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UAA1-UAA2 + all other forms of Z domain proteins). Generally speaking, tests with
BocK as the second type UAA gave better double-UAA incorporation rates (YW81,
YW89, YW90(Fig. 5.5) ) than those with AlK (YW88(Fig. 5.6), YW87, YW1M).
This was consistent with previous results since pylRS showed different abilities to
charge various substrates. Also the quality of UAAs should also be counted.

Figure 5.6: ESI-MS result of YW88: pAK8+pt2Z238/GM10 with IF+AlK.

pAK10 demonstrated similar ability to recode AGA and UAG as pAK8

OMeY and BocK were incorporated into Z domain proteins by both pAK8 and pAK10
with pt2Z238 in GM10. Proteins purified from them both showed thick bands at 8KDa
on SDS-PAGE gels, and their ESI results returned very similar spectra. Both had two
major peaks very close to m/z=7953, 7911 matching Z-7OMeY-38BocK(-1Met+Ac)
and Z-7OMeY-38BocK(-1Met); another two peaks around m/z=7854, 7811 match-
ing Z-7OMeY-38K/Q(-1Met+Ac) and Z-7OMeY-38K/Q(-1Met); and two tiny peaks
near m/z=7932, 7890 to match Z-7R-38BocK(-1Met+Ac) and Z-7R-38BocK(-1Met).
The difference of their double-UAA incorporates is negligible: the one using pAK10
(YW82) (Fig. 5.7) was 67.7% where the one with pAK8 (YW81) was 64.7%.
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Figure 5.7: OMeY and BocK were incorporated into Z domain proteins by pAK10
with pt2Z238 in GM10. (YW82, ESI-MS).

GM10 bacteria are NOT good candidates to recode UAG

Each type of the following unnatural amino acids – AlK, BocK, AzF, AcF – was added
into pAK8+pt2Z238/GM10, separately, for protein expression. Protein purified from
them were used as four controls: AlK-only, BocK-only, AzF-only, and AcF-only. On
SDS-PAGE gels, three(BocK-only, AzF-only, AcF-only) of the them showed protein
bands at 8KDa. It is reasonable for the BocK-only sample has translational products
since BocK can be used for UAG suppression. The poor quality of AlK might be
responsible for the poor protein yield in the AlK-only sample. But it is profound to
see bands on AcF-only and AzF-only lanes. These two unnatural amino acids were
used to suppress AGA codon and it remained unclear how the UAG amber stop codon
was suppressed during translation. So the AcF-only sample was sent for MALDI-TOF
analysis(Fig. 5.8)

Proteins purified from pAK8+pt2Z238/GM10 with AcF only during protein ex-
pression were sent out for MALDI-TOF analysis. The MALDI-TOF result of AcF-
only sample (YW2M) (Fig. 5.9) directly proved that an amino acid with molecule
weight close to 146 was charged into Z domain protein at position 38. On the other
hand, the molecular mass of lysine is 146.19. Three peaks at m/z=7855.8, 7865.6,
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Figure 5.8: Four controls:AlK-only, BocK-only, AzF-only, and AcF-only. For each
control, only one UAA was added into pAK8+pt2Z2/GM10 for protein expressed.
SDS-PAGE gel.

7823.4 were found to match three forms of Z-7AcF-38K, full length, without 1st
methionine and with acetylation, without 1st methionine. Also, two minor peaks
m/z=7920.6, 7790.6 were also found to match Z-7R-38K. Previously we tried to ex-
plain the appearance of 38th lysine by the disassociation of BocK to lysine during
mass spectrometry. But in this AcF-only control test, no BocK was added. So BocK
disassociation theory can not explain this mystery.

After a close investigation, we find out that GM1O E. coli carries a glnV44(AS)
(http://cgsc.biology.yale.edu/Strain.php?ID=10703) mutation, which is a natural sup-
pression of amber (UAG) stop codons by insertion of glutamine. The molecular weight
of glutamine is 146.14 while that of lysine is 146.19. Therefore mass spectrometry
can not distinguish these two amino acids and the 38th amino acid could be either
lysine(K) disassociated from BocK if it was used), or more likely glutamine(Q) in-
serted by the mutated endogenous GM10 translational system. So GM10 is not a
good candidate for UAG reassignment.

Conclusion

The AGA and UAG codons were reassigned to different pairs of UAAs in Z do-
main proteins by using two RS/tRNA pairs, Mj UAA-RSAGA/Mj tRNAUCU and
MmPyl-RSUAG/MmtRNACUA in GM10 E. coli. However, the unnatural amino acids
incorporation rates were not as high as that of AGG and UAG, because the amber
UAG codon was naturally suppressed to glutamine in GM10 E. coli by its glnV44(AS)
mutation. Other bacteria strains, such as BL21(DE3) can be further tested for this
target with increased UAA working concentrations. Another strategy to co-recode
AGA codon is to pair it with some other codons, such as UAA stop codon.
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Figure 5.9: The MALDI-TOF result of AcF-only sample (YW2M).
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Table 5.1: Mass Spectrometry of Z domain proteins purified from pAK8+
pt2Z238/GM10.

Table: Mass Spectrometry results of Z domain proteins purified from pAK8+pt2Z238/GM10 

Sample# UAA s added Z domain proteins (7AGA+38UAG) ex  MW ob  MW 2-UAA  IR

YW81 OMeY+BocK Z-7OMeY-38BocK  (-1Met+Ac) 7954.0 7952.9 67.4%

(ESI) Z-7OMeY-38BocK  (-1Met) 7911.0 7910.9

Z-7OMeY-38K/Q  (-1Met+Ac) 7854.0 7952.7

Z-7OMeY-38K/Q  (-1Met) 7811.0 7811.0

Z-7R-38BocK  (-1Met+Ac) 7932.4 7933.1

Z-7R-38BocK  (-1Met) 7890.4 7890.6

YW89 AzF+BocK Z-7AzF-38BocK  (-1Met+Ac) 7964.4 7964.0 65.2%

(ESI) Z-7AzF-38BocK  (-1Met) 7922.4 7922.0

Z-7AzF-38K/Q  (-1Met+Ac) 7864.4 7864.0

Z-7R-38BocK  (-1Met+Ac) 7932.4 7932.0

Z-7R-38BocK  (-1Met) 7890.4 7890.0

YW90 IF+BocK Z-7IF-38BocK  (-1Met+Ac) 8049.3 8049.0 76.9%

(ESI) Z-7IF-38BocK  (-1Met) 8007.3 8007.0

Z-7IF-38K/Q  (-1Met+Ac) 7949.3 7949.0

Z-7IF-38K/Q  (-1Me) 7907.3 7906.0

YW88 IF+Alk Z-7IF-38Alk (full) 8120.5 8120.0 49.0%

(ESI) Z-7IF-38Alk (-1Met+Ac) 8031.3 8031.0

Z-7IF-38Alk  (-1Met) 7989.3 7989.0

Z-7IF-38K/Q  (full) 8038.5 8037.0

Z-7IF-38K/Q  (-1Met+Ac) 7949.3 7948.0

Z-7IF-38K/Q  (-1Met) 7907.3 7906.0

YW87 AzF+Alk Z-7AzF-38Alk (full) 8035.6 8036.0 30.0%

(ESI) Z-7AzF-38Alk (-1Met+Ac) 7946.4 7946.0

Z-7AzF-38K/Q  (full) 7953.6 7953.0

Z-7AzF-38K/Q  (-1Met+Ac) 7864.4 7864.0

Z-7AzF-38K/Q  (-1Met) 7822.4 7822.0

Z-7R-38K/Q (-1Met) 7790.4 7788.0

YW1M AcF+Alk Z-7AcF-38Alk  (full) 8037.6 8036.6 23.0%

(MALDI-TOF) Z-7AcF-38Alk  (-1Met) 7905.4 7906.5

Z-7AcF-38K/Q  (full) 7954.6 7954.1

Z-7AcF-38K/Q  (-1Met+Ac) 7865.4 7865.0

Z-7AcF-38K/Q  (-1Met) 7823.4 7823.1

Z-7R-38K/Q (-1Met) 7790.4 7790.2

YW2M AcF only Z-7AcF-38K/Q  (full) 7954.6 7855.8 89.89%*

(MALDI-TOF) Z-7AcF-38K/Q  (-1Met+Ac) 7865.4 7865.6

Z-7AcF-38K/Q  (-1Met) 7823.4 7823.4

Z-7R-38K/Q (full) 7921.6 7920.6

Z-7R-38K/Q (-1Met) 7790.4 7790.6

ex  MW  = expected molecular weight                                         ob MW = observed molecular weight

UAAs = unnatural amino acids                                                         IR=incorporation rate

*, the incorporation rate was only calculated based on the single unnatural amino acid AcF.

-1Met = lost the first methionine;  +Ac= with acetylation;  full= full length 
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5.2 Using modified MmPylRSUAG/tRNA to

reassign sense codons

Previous reports showed that mutating the anticodon of MmtRNAPyl
CUA did not

significantly affect its interaction with the catalytic domain of PylRS [41]. It’s sug-
gested that pyrrolysine is not hardwired for cotranslational insertion at UAG codons,
and tRNAPyl variants may decode numerous codons[39]. So we are wondering if the
altering the anticodon of tRNAPyl to UCU or CCU can make this MmPylRS/tRNA
pair recode AGA or AGG as well.

Methods

Constructing pAK9 vector to carry two copies of pyl-RSUAG gene

pAK9 vectors carry two copies of pyl-RSUAG gene with two promoters ( a modified
glnS’ (constitutive) promoter and an araBAD (arabinose-inducible) promoter), the
araC repressor gene a p15A origin of replication, and the kanamycin resistant gene
marker. The synthetase gene after pBAD promoter carries a restriction site (BglII
or SacI) at each end, whereas one restriction enzyme (PstI or NedI) cutting site
was placed at each end of the synthetase gene after glnS’ promoter. These restriction
enzyme cutting sites were utilized for the construction of pAK9 vector by using pAK3
as the templates. ’

Constructing pAGA9-Zaga and pAGG9-Zagg vectors

The pAGA9-Zaga (Fig. 5.10) vector carries two tRNAUCU genes: Mj tyr-tRNAUCU

and Mmpyl-tRNAUCU. Overlap PCRs were used to generate DNA fragment which
mutated the anticodon gene of Mmpyl-tRNA from CTA to TCT by using the pt2Z2
as the template. The DNA fragment was ligated to pAGA3-Zaga after both of them
were double digested by NgoMIV and pstI.

The pAGG9-Zagg vector carries two tRNAUCC genes: Mj tyr-tRNAUCC and Mmpyl-
tRNAUCC. Overlap PCRs were used to generate DNA fragment which mutated the
anticodon gene of Mmpyl-tRNA from CTA to TCC by using the pt2Z2GX as the
template. The DNA fragment was ligated to pAGG3-Zagg after both of them were
double digested by NgoMIV and pstI.

Recoding AGA or AGG by PylRS/tRNA

The pAK9 vectors were co-transformed with pAGA9-Zaga into GM10 bacteria, or
with pAGG9-Zagg into DH10BW. And then single colonies were selected for protein
expression. A single colony from each co-transformation was grown overnight at 37
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Figure 5.10: pAGA9-Zaga vector.

◦C in 2 ml of LB media supplemented with kanamycin and chloramphenicol to obtain
the starter culture. The starter culture was then twenty times diluted to a 20 mL LB
medium containing 50 µg/ml kanamycin, 34µg/mL chloramphenicol and two types of
unnatural amino acids for further culturing. 3mM BocK was used for pAK9+pAGG9-
Zagg/DH10BW, and 1.5mM BocK was added for pAK9+pAGA9-Zaga/GM10 . Till
the culture reach OD600=0.6-0.8, 0.02 percent arabinose was used for induction, and
followed by 1mM IPTG induction 10 minutes later. After expression for 14-16 h at 37
◦C, 20 ml cultures were pelleted at 8,000 rpm and frozen at -80◦C. Protein purification
methods are the same as mentioned in previous chapters. Purified proteins first
underwent SDS-PAGE electrophoresis and then suitable samples were sent to ESI-
MS at UC Berkeley.

Results: MmPylRSUAG/MmtRNAPyl
AGA can recode AGA

codon, but not very efficiently.

On SDS-PAGE gel, the protein amount of Z domains purified from pAK9+pAGG9-
Zagg/DH10BW was very little, so it was not sent out for ESI-MS.

But the pAK9+pAGA9-Zaga/GM10 was still able to yield regular amount of Z
domain proteins (above 10mg/mL) and appeared as a thick band on SDS-PAGE gel
near 8 KDa. Then it was sent for ESI-MS. The ESI result (YW86) (Fig. 5.11) , the
deconvoluted ESI-MS spectrum reveals two peaks at m/z =7862, and 7904 which
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match the expected molecular weight for the BocK incorporated Z-domain mutant
with the loss of its first methionine (Z-7BocK-Met, m/z =7862) and its subsequent
post-translational acetylation product (Z-7BocK-Met+Ac, m/z =7904. There is also
a minor peak at m/z =7789, matching the arginine incorporated Z-domain protein
with the loss of its first methionine (Z-7Arg-Met, m/z=7790.4). The BocK incorpo-
ration rate from this test is about 51.7%.

Figure 5.11: ESI-MS result of Z-9BocK from pAK9+pAGA9-Zaga/GM10 (YW86).

Conclusion

Therefore, the result supported our prediction that the pyl-RS can reassign rare
codons, such as AGA, in addition to its original target UAG amber stop codon. How-
ever, more works need to be done to improve the UAAs incorporation rate,for exam-
ple, enhancing the competition ability of the endogenous MmPylRSUAG/MmtRNAPyl

pair. Also, other bacterial strains, such as BL21(DE3), can be employed to recode



CHAPTER 5. OTHER ENDEAVORS TO EXPAND THE GENETIC CODE 119

AGG codon by this synthetase/tRNA pari because in chapter AGG we proved that
the protein yield of BL21(DE3) was four-five times higher than that of DH10BW.

5.3 Recoding multiple AGA codons in one

protein

Since we can recode single AGA codon in E.coli with good UAA incorporation
efficiency, can we recode multiple AGA codons as well?

Recoding multiple AGA codons in Z domain proteins

Methods

pAGA3-Zaga2 and pAGA3-Zaga3 vecotrs were built to carry Z domain genes with
multiple AGA codons. In pAGA3-Zaga2, the codons for 6th and 7th amino acids
were both replaced by AGA. In pAGA3-Zaga3, the codons for 6th, 7th, and 8th
were all replaced by AGA. Two Primer pairs, Z-2AGA-f/Z-2AGA-r and Z-3AGA-
F/Z-3AGA-r, were mixed well and treated by T4PNK. The primer mixtures were
diluted 100 times and then ligated into the double digested pAGA3-Zaga vectors to
form the pAGA3-Zaga2 or pAGA3-Zaga3 vectors. The restriction enzymes BglII and
SpeI were utilized for the double digestion of vectors.

Then pAK3 plasmids were co-transformed with either pAGA3-Zaga2 or pAGA3-
Zaga3 into GM10 bacteria. Protein expressions were performed with 1.5mM IF added.
The protein expression and purification protocol were the same as described previous
chapters. Purified proteins were analysed by SDS-PAGE electrophoresis and ESI-MS.

Results: It is difficult to recode continuous multiple AGA codons in Z
domain protein.

SDS-PAGE electrophoresis results (Fig. 5.12) showed that with IF added, Z-6AGA-
7AGA had a very low protein yield while without IF added, the protein band was
visible. As for 3 continuous AGA codons presented in Z domain protein genes, no
matter IF added or not, Z-6AGA-7AGA-8AGA could not be expressed successfully.

Repeating ESI-MS results of Z-6AGA-7AGA with IF added suggested that peaks
corresponding to protein had extremely low intensity, so so spectrum deconvolution
could not be done. Thus under current condition, it is very difficult to recode con-
tiunous multiple AGA codons in Z domain proteins.
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Figure 5.12: SDS-PAGE gel:trying to recode continuous multiple AGA codons in Z
domain protein.

Recoding noncontinuous AGA codons in GCN4 proteins

Methods

GCN4 protein is a eukaryotic transcriptional activator protein, and binds to target
DNA as a dimer. In WT GCN4 gene, five AGA codons are separately located within
its DNA, and they are codons for arginines at position 12, 18, 23, 27 and 51. So
we constructed pAGA3-GCN4 to carry the GCN4 gene and Mj tRNAAGA

UAA. The
GCN4 gene was amplified by PCR by using GCN4-f1 and GFP06e as primers and
pET-GCN4 as templates. The PCR products were double digested by BglII and SpeI
and the ligated to double digested pAGA3-Zaga vectors.

Then pAK3 plasmids were co-transformed with pAGA3-GCN4 into GM10 or
BL21(DE3) bacteria. Protein expressions were performed with or without 1.5mM IF
added. The protein expression and purification protocol were the same as described
previous chapters. Purified proteins were analysed by SDS-PAGE electrophoresis and
ESI-MS.

Results: It is difficult to recode noncontinuous multiple AGA codons in
GCN4 protein.

ESI results showed that samples purified from GM10 had no protein peaks detected.
For samples purified from BL21(DE3), ESI results did not return any peaks cor-
responding to the molecular weights of GCN4, with either arginine charged or IF
incorporated. So it is hard to recode noncontinuous multiple AGA codons in GCN4
proteins as well.

Discussion

The difficulty of recoding multiple AGA condons resembles a previous research which
showed that translation of the tandem arginine codons AGG caused about half of the
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ribosomes to shift to the +1 phase[70]. This tandem AGG translating error might
be caused by tRNAArg shortage. They suggest that ribosomes read the first arginine
codon but pause when the second AGG codon appears again, and about 50% of the
ribosomes escape by moving to the +1 reading mode while the rest can find a cognate
tRNA and continue translating. Similarly, to continuously recodeanother rare codon
AGA in E. coli, it is very possible that the amount of tRNAUAA

UCU is even lower
than that of tRNAArg

UCU.
The unsuccessful recoding multiple AGA codons at noncontinuous sites is similar

as the difficulty of reassgining multiple UAG amber stop codons. The later is because
the UAG suppressor tRNAs have to compete with endogenous release factors, which
are used to recognize stop codons and signal for the termination of translation. The
competition between suppressor tRNAs and release factors results in low UAA incor-
poration efficiencies when recoding UAG. Further, protein yields drop dramatically
with the addition of even a second stop codon. Thus, it is also very possible that
AGA suppressor tRNAs are unable to outcompete arginine tRNAUCU; and/or extra
copies of AGA exceed regular AGA occurrence in E.coli (0.24% out of entire bacte-
rial genome), so there are not enough arginine tRNAUCU to allow the continuation
of translation. To certain extent, too many extra copies of rare codons means ’stop’
when expressing extended proteins.

Conclusion

Similar as the difficulty of reassgining multiple UAG amber stop codons, it is quite
hard to recode multiple sense codons, such as AGA, at the same time without altering
other parts of the translational matchine.



Chapter 6

Conclusion and Future Directions

6.1 The expansion of the genetic code: sense

codons reassigned

To expand genetic codes, we reassigned two rare sense codons (AGG and AGA) by
using engineered Mj TyrRS/tRNA pairs; and multiple unnatural amino acids were
incorporated into one protein simultaneously in response to a sense codon and the
amber codon UAG via the newly evolved UAA-RS/tRNA pair and its orthogonal
counterpart MmPylRS/tRNACUA.

To accomplish this task, we completed the following specific aims.
Specific Aim 1. Reassigned AGG codon to encode for UAAs in E.coli. For this

purpose, a two-step selection scheme was performed to evolve Mj TyrRS/tRNA pairs.
In the first step, AGG was recoded from arginine to tyrosine. To make this happen,
the tRNA anticodon recognizing region of Mj TyrRS was altered to host CCU an-
ticodon instead of the original GUA anticodon in the Mj -tRNA mutant. A mutant
Mj TyrRS library was established, which contained random mutations at four residues
in the anticodon recognition site; and the anticodon of Mj tRNA was changed to CCU.
Meanwhile, a mutant GFPUV was used as the reporter to detect a single amino acid
mutation between Arg and Tyr. This mutant GFPUV-Tyr66AGG will not show any
green fluorescence if an arginine is presented at position 66. Only synthetases with
compatible mutations can recognize CCU anticodon and charge the orthogonal tRNA
with tyrosine but not arginine in response to 66AGG, and in turn produce functional
GFPUV. To screen out synthetases which are reacting to the target anticodon, the
mutant Mj TyrRS library, Mj tRNA mutant, and the special GFPUV reporter were all
co-transformed into E. coli, and only colonies with intensive green fluorescence were
selected for further aaRS modifications. In the second step, AGG was reassigned to
UAAs by genetically modifying the amino acid binding pocket of the mutated syn-
thetases. Finally one modified orthogonal UAA-RS/tRNACCU pair was obtained.
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To optimize expressing conditions of UAA decorated proteins, a dual expression
system and a special E. coli strain DH10BW, which carries a mutant endogenous
tRNAUCU

Arg, were generated to defeat ArgRS/ tRNAUCU
Arg and to increase UAA

incorporation efficiency without killing the host cells. When increase UAA concen-
tration to 3mM, BL21(DE3) also demonstrated good UAA incorporation efficiencies.

Specific Aim 2. Reassigned AGA codon to encode for UAAs in E.coli. We
adopted a similar two-step selection scheme as that in the AGG recoding study. First,
AGA was recoded from arginine to tyrosine. The anticodon of Mj tRNA was changed
to CCU, and the tRNA anticodon recognizing region of Mj TyrRS was first changed
to host UCU anticodon through the screening with a mutant GFPUV-Tyr66AGA
reporter. Second, AGA was decoded as UAAs. In this step, the amino acid binding
pocket of the mutated sythetases was modified to host UAAs. Further, a dual
expression system and a special bacterial strain GM10 E. coli were utilized to to
suppress the endogenous ArgRS/tRNAUCU

Arg and to increase UAAs incorporation
efficiencies in response to AGA codon.

Specific Aim 3. Recoded multiple UAAs by suppressing a sense codon (AGG
or AGA) and UAG amber codon together. The evolved Mj UAA-RSAGG/AGA/
Mj tRNACCU/UCU and MmPyl-RSUAG/MmtRNACUA were collaborated to introduce
two different UAAs into proteins in response to the designated sense codon and UAG
correspondingly. PEGylation and fluorescent dye labeling were able to be performed
on the same protein.

The recoding of sense codons, such as AGA and AGG, offers powerful tools to in-
corporate unnatural amino acids site specifically. The generalization of such strategy
may be applied for the reassignment of other rare codons to provide many possible
sources of unique blank codons. The enrichment of blank codons will make it possible
to encode many more unnatural amino acid combinations. Since our reassignment of
rare codons went through the creation of ambiguous state of the meaning of a codon,
this could provide insights for the evolution process of the universal genetic code.

6.2 Future directions

Applications of multiple unnatural amino acids incorporation

The genetic incorporation of two different UAAs into one protein has many potential
applications. For instance, it may help to install a Frster resonant energy transfer
(FRET) pair in a protein for conformation and dynamic studies. Still take a protein
site-specifically decorated with both AcF and AlK at the same time as an exam-
ple. One may use 5-(Aminomethyl)Fluorescein, Hydrochloride[86, 87], a fluorescent
dye (em/ex, 497nm/516nm), to react with the keto group of AcF to form a Schiff
base as DNSH did (Chapter 2,3,4). Meanwhile, another fluorophore, tetramethylrho-
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damine(em/ex, 555nm/577nm) with azide is able to complete the ’click chemistry’
with the AlK residue of the protein[88, 89] . These two fluorophores are a potential
FRET pair since the excitation spectrum of Fluorescein overlaps with the emission
spectrum of tetramethlrhodamine. So FRET makes it possible to apply these AcF
and AlK dual incorporated proteins to study conformational changes of proteins by
choosing particular positions for UAAs.

Also, one may decorate proteins with two different unnatural amino acids for
their functional investigation. For instance, if the Protective Antigen (PA) of Bacil-
lus anthracis is simultaneously decorated by two UAAs at specifical sites, the new
properties can benefit the immunogenicity study of PA. The impetus for the develop-
ment of new anthrax vaccines is to protect humans against the infection of Bacillus
anthracis, and the first licensure of protein-based vaccine, which mainly consists of
Protein Antigen (PA), is used for human-beings [90, 91, 92, 93]. But it is not ideal
to employ PA in its native form as vaccine since PA may facilitates the formation of
anthrax toxin for post-exposure vaccination[94]. Wang et al reported mutants of PA
which lost its pathogenic function but still kept the immunogenicity[94]. Thus, we
may insert p-nitrophenylalanine (NO2F) and AlK into one PA non-functional mutant,
and insert NO2F and AzF into another PA mutant. Then these two PA non-functional
mutants can be covalently linked to form dimers through the CuAAC between AlK
and AzF. Meanwhile, the existence of NO2F might improve the immunogenicity of
PA since previous researches support that this type of chemical modification results
in immunogenic epitopes that induce high-titer cross reactive antibodies[95, 96, 97].

Furthermore, previous studies showed that the incorporation of unnatural amino
acids (NO2F), and post-translational modifications PTM (sulfotyrosine(SO3Y) and
3-nitrotyrosine (3NO2Y)), at specific sites in a self-protein enable the generation
of a strong CD4-dependent (IgG isotype) autoantibody response against the native
protein[96, 97, 98]. The activation of CD4 T cells were restricted by a particular class
II molecule which recognize these modifications, and this recognition does not cross-
react with the endogenous epitopes in self-proteins. On the other hand, many studies
suggest that PTMs, such as 3NO2Tyr and SO3Tyr, may be recognized by the immune
system in some cancers because the higher levels of the post-translational modified
antigens were observed in tumor tissues than the healthy ones[99, 100]. Thus, we
postulate that by introducing two PTM (SO3Y and 3NO2Y) into a self-antigen (such
as cancer antigens) at proper sites will break the immune tolerance and serve as
potential vaccines which might activate T cells that would be directed differentially
to tumors relative to non-tumor tissues.

For another example, the adding of two UAAs will make it possible to construct
bispecific antibodies with an extended circulation time. By inserting AcF into an-
tibodies, PG Schultz et al synthesized an anti-HER2/anti-CD3 bispecific antibody,
which cross-linked HER2+ cancer cells and CD3+ cell to promote in vitro effector-
cell mediated cytotoxicity[16]. Now, if we can insert another AlK into the antibody,
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the circulation time of the therapeutic bispecific antibody will be extended because
AlK reacts with Azide-PEG, and the latter is known to enhance protection from
proteolytic degradation and extend circulation time.

A very important advantage of inserting two UAAs is to add two more blocks
with new chemical properties into traditional phage-displayed peptide libraries which
is limited to 20 canonical amino acids. Actually few previous researches have shown
that by introducing UAG amber codon suppression system into X-E. coli, phage-
displayed proteins were able to carry a corresponding UAA, such as sulfotyrosine
(enhancing interaction strength at protein surfaces), p-boronophenylalanine (react-
ing with diols as ’chemical warhead’), bipyridylalanine (BpyAla) (invovling metal ion
binding)[101, 102, 103, 104, 105]. Sulfotyrosine, often found in eukaryotic proteins,
form strong salt bridges and hydrogen bonds by the sulfate group to strength protein
interaction[103]. Liu et al reported that phage-displayed antibodies carried sulfoty-
rosine residues at positions either within the known sequence constraints required for
post-translational sulfation or beyond it, and demonstrated a higher affinity to gp120
than a sulfated antibody library did which was isolated from human serum[101, 102,
103, 104, 105]. The orthogonal translational system, UAA-RS/tRNA which decodes
amber UAG codon, enables the site-specifically incorporation of sulfotyrosine into
antibodies in the phage library. More important, by using the phage-based system,
direct evolution experiments can be performed to optimize the amino acid sequences
around the UAAs, or even the entire peptide. So, since now we have the ability
to insert two UAAs inserted into proteins by using our dual+codon (AGG+UAG)
recoding aaRS/tRNA pairs, phage-display libraries bearing various UAA pairs at
designated positions will be feasible to be constructed with careful optimizing phage
for the unbiased display of 20 natural amino acids and 2 UAAs. After panning these
unnatural phage display libraries, a large variety of unnatural peptides with diversi-
fied chemical structures can be rapidly screened against cancer therapeutic targets, in
order to find out new strategies for cancer treatment and prevention. Potential targets
can be vascular endothelial growth factor (target of antiangiogenic drugs), the cell
surface HER2/neu (erbB2) receptor (target of erbB2+ breast cancer), and CD47 (lig-
ant of a macrophage inhibitory receptor and preventing phagocytosis in cancer)[106,
107, 108]. For example, antibodies with high affinities (enhanced by sulfotyrosine) to
certain type of cancer may also carry I131F for therapeutic purpose, or fluoropheny-
lalanine F18F for diagnose purpose through Positron Emission Tomography(PET), or
Alk to mediate bio-conjugation with some anti-cancer compounds.

Recoding AGA and the ochre codon UAA

Previous reports showed that the changing of the anticodon of MmtRNAPyl from CUA
to UUA did not significantly affect its interaction with the catalytic domain of PylRS,
and several pyrrolysine derivatives were incorporated into proteins in response to the
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ochre codon UAA[41, 46]. The pairing of two stop codons, UAG and UAA, allowed
the insertion of double unnatural amino acids. Also, GM10 bacteria only carry the
natural suppression of amber (UAG) stop codons glnV44(AS), but do not possess any
endogenous suppression of ochre(UAA). So it will be promising to recode AGA and
UAA together since the only modification is to alter the anticodon of Pyl-tRNA from
CUA to UUA.

Reassigning other sense codons

The two-step selection strategy has been proved to be effective for AGG and AGA
recoding. The essential part of this selection is the GFP-Tyr66NNN probe. Many
other rare codons may also serve as good candidates(Table 6.1), such as other two rare
codons(CGA and CGG) for arginine[109], CUA for leucine and AUA for isoleucine
[53]. Take CGA as an example. During the first selecting step, we aim to choose aaRS
which can recognize UCG anticodon of tRNA and incorporate tyrosine in response
to CGA by using a GFP-Tyr66CGA probe. Then in the second step, the amino acid
bind pockets of the selected aaRS will be mutated to host desired UAAs. To improve
UAA incorporation efficiency, dual aaRS vectors are capable to increase synthetase
and in turn UAA-tRNA copy numbers inside bacteria. Also, the G1-to-A1 mutation
of arginine tRNAUCG may be introduced into bacterial genome and help orthogonal
tRNAUAA win the contest.

Table 6.1: Rare codon frequencies in Escherichia coli.

Rare1codon1frequencies1in Escherichia coli 

1 Arginine11 Isoleucine1 Leucine1 Proline1 Serine1 Threonine1

1 AGA1 AGG1 CGA1 CGG1 AUA1 CUA1 CCC1 UCA1 ACA1

E. coli B1 kzVp5z/:m1 kz/pVz/km1 kzVp5z/:m1 5z:p/:z6m1 5z:p7z/5m1 jzVpkz8/m1 kzVp5z9jm1 6z/p/:z65m1 6z/p//zj8m1
E. coli K-121 /zVpkzj9m1 /z6pkz7Vm1 Vzjp7zj5m1 Vz/p7z:/m1 jz7p7z:6m1 5zjp5zk/m1 6zVp/jzjm1 7z8p/5zj5m1 6zVp/Vz::m1

Codon1frequencies1pper1/:::m1in1Escherichia coli1genome1were1extracted1from1the1Kazusa1codon1usage1database1
phttp:bbwwwzkazusazorzjpbcodonbmz1
Values1in1parenthesis1indicate1the1percentage1of1each1specific1codon1among1the1codons1for1the1amino1acid1statedz1

Recoding sense codons in mammalian cells

In mammalian cells the rare codons are different from those in E. coli. In the following
table(Table 6.2), 10 rare codons were listed based on their codon frequencies (per
thousand) within the genome of Homo sapiens. Four of them, UUA and CUA for
leucine, UCG for serine, and CGU for arginine, have both low codon frequencies
and low codon percentages of each specific codon among the codons for the amino
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acid stated. These four codons might serve as potential ’blank codons’ to encode for
unnatural amino acids within mammalian cells.

Table 6.2: Rare codon frequencies in Homo sapiens.

Rare2codon2frequencies2in2Homo sapiens 

Amino2Acid2 Luecine2 Serine2 Proline2 Arginine2 Isoleucine2 Valine2 Threonine2 Alanine2

Codon2 UUA2 CUA2 UCG2 CCG2 CGU2 CGA2 AUA2 GUA2 ACG2 GCG2

Codon2frequencies02 7x72 7x:2 kxk2 6x92 kxj2 6x:2 7xj2 7xb2 6xb2 7xk2

Codon2percentages002 7x682 jxk:2 jxk:2 bbx:92 7x9/2 b:x82 b6x92 bbx692 bbxk62 bzx682

0Codon2frequencies28per2bzzz32in2Homo sapiens2genome2were2extracted2from2the2Kazusa2codon2usage2database2
8http:KKwwwxkazusaxorxjpKcodonK3x2
00Codon2percentages2indicate2the2percentage2of2each2specific2codon2among2the2codons2for2the2amino2acid2statedx2

In mammalian cells, there are several aaRS/tRNA pairs to incorporate UAAs.
One pair derived from E. coli TyrRS/Bacillus stearothermophilus tRNATyr [110, 111]
and a mutant E. coli TyrRS/E. coli tRNATyr pair [112, 113, 114] were both proved to
be orthogonal in mammalian cells and able to suppress UAG amber codon for UAAs.
The use of BstRNATyr is to carry intact internal A- and B-box promoters that drive
proper tRNA expression in eukaryotic cells[110]. For similar purpose, external H1 and
U6 promoters and 3’ flanking regions which were derived from mammalian sequences
were adopted to produce functional E. coli tRNATyr in mammalian cells[112]. Thus
these two aaRS/pairs can serve as candidates to recode sense rare codons in mam-
malian cells by using a similar GFP-Tyr66NNN reporter and the two step selection
strategy as mentioned in Chapter 2 and 3.

Interestingly there is another approach to modify the existing Mj TyrRS/tRNA to
make this pair orthogonal within mammalian cells [115, 116]. The key determinant in
archaeal and eukaryotic tRNA synthetase-tRNA pairs is C1:G72 base pair of tRNA,
which is specifically recognized by the connective polypeptide region (CP1) domain
of in the corresponding tRNA synthetase. Zhang et al increased the orthogonality of
Mj TyrRS/tRNA within mammalian cells by using peptide transplantation involving
CP1 domain of E. coli TyrRS and switching C1:G72 of Mj tRNA to G1:G72 [115]. By
over-expressing archeabacterial tRNA in mammalian cells, they increased the UAA
incorporation efficiencies [116]. So, this approach gives us another direction to recode
sense codons in mammalian cells. It is feasible to introduce our evolved Mj UAA-
RS/tRNA for sense codons into the mammalian cells, after the proper modifications,
such as peptide transplantation with CP1 domain of E. coli TyrRS and switching
C1:G72 of Mj tRNA to G1:G72. However, it needs more investigation to improve the
UAA incorporation efficiency besides using the dual RS vectors.
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Summary

To sum up, the incorporation of multiple unnatural amino acids expand the scope of
protein conformational and functional studies. Further expanding of the genetic code
will make this tool, site-specifically incorporation of unnatural amino aicds, more
powerful.
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