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Abstract	  
Genetically encoded, site-specific incorporation of unnatural amino acids (UAA) 
into proteins through selective recoding of an amber stop codon provides a 
powerful route for expressing synthetic proteins in living cells. Recoding of the 
amber stop codon is achieved by introducing an amber suppressor 
tRNA/synthetase pair orthogonal to the endogenous tRNA complement into 
cells. Methanosarcina is a methane producing archaea with the unusual 
capability of suppressing the stop codon (specifically the amber codon). By 
suppressing the amber codon Methanosarcina facilitate the incorporation of the 
non-canonical amino acid pyrrolysine (pyl). The suppressing mechanism 
originates from a evolutionary unique Pyrrolysyl-tRNA synthetase (PylRS) and its 
matching tRNApyl. The PylRS has been further evolved and modified to allow 
incorporation of a wide range of UAAs. Amber suppression is today used to 
control and study protein function in living cells. By making a series of well-
controlled experiments with HEK293T cells we aimed to develop this technique 
into a robust and general tool for mammalian cell biology. Specifically we were 
testing the incorporation of the unnatural amino acid bicyclononyne (BCN) by a 
set of known PylRS mutants. Our results suggest the mutant aaRS PylRS “AF” is 
the most robust and efficient synthetase for BCN. We have improved amber 
suppression by determining which factors leads to a more efficient method and 
simultaneously decreasing the cost of the method.



 

 

Sammanfattning	  
Platsspecifik inkorporering av onaturliga aminosyror i protein genom selektiv 
omkodning av amberstopkodonet bidrar till en kraftfull väg för uttryck av 
syntetiska proteiner i levande celler. Omkodning av amberstopkodonet 
möjliggörs genom introduktion av tRNA/syntetaspar som är ortogonala till de 
interna tRNA maskineriet.  Methanosarcina är en metanproducerande arké med 
den ovanliga egenskapen att kunna undertrycka stopkodon och specifikt 
amberkodonet. Genom att förtrycka amber kodonet möjliggörs inkorporering av 
den onaturliga aminosyran Pyrrolysine (Pyl). Den undertryckande mekanismen 
härstammar från det ortogonala aminoacyl-tRNAsyntetaset PylRS och 
matchande tRNApyl. PylRS har utvecklats och modifierats för att tillåta 
inkorporering av flera onaturliga aminosyror. Undertryck av amberkodonet 
används för att kontrollera och studera proteiners funktion i levande celler. 
Genom en serie välkontrollerade experiment i HEK293T celler vill vi utveckla 
denna teknik med avseende på robusthet och som en teknik i den cellbiologiska 
verktygslådan. Mer specifikt testade vi inkorporering av den onaturliga 
aminosyran bicyclononyne (BCN) med en uppsättning av kända PylRS-mutanter. 
Våra resultat visar att enzymet PylRS AF är det mest robusta och effektivaste 
jämfört med andra aminoacyl syntetas par som vi testat. Vi har optimerat 
ambersuppressions-tekniken genom att bestämma vilka faktorer som leder till en 
mer effektiv teknik och samtidigt sänkt kostnaden för utförande av tekniken. 
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Abbreviations	  
 
AA  Amino Acid 
aaRS  Aminoacyl-tRNA synthetase 
AMP  Ampicillin 
DMEM Dulbecco’s modified eagle medium 
FACS  Fluorescence activated cell sorting 
FLA-1  Emission	  filter	  at	  525/40	  nm	  (Green	  fluorescence) 
FLA-3  Emission	  filter	  at	  620/30	  nm	  (Red	  fluorescence) 
FBS  Fetal bovine serum 
GFP  Green Fluorescent protein 
GOI  Gene of interest 
HEK293T Human embryonic kidney 293 cells with T-antigen 
HRP  Horse radish peroxidase 
LB  Luria broth 
O/N  overnight 
PAGE  Polyacrylamide gel electrophoresis 
PEI  Polythylenemine 
RIPA  Radio immunoprecipitation assay 
RT  Room temperature 
PylRS  Pyrrolysyl-tRNA synthetase 
SDS  Sodium dodecyl sulfate 
SS-A  Side scattering 
UAA  Unnatural amino acids 
WB  Western blot
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Introduction	  

Background	  
Since the discovery of the microscope in the 16th century, scientists have worked 
to improve the imaging methods with the aim to collect information and better 
study the biological processes. As the visualization methods advance, more 
information can be obtained. A number of super resolution microscopy methods 
have enabled imaging beyond the diffraction limit. Thus, the achievable 
resolution in microscopy experiments is nowadays limited only by the precision 
of how a protein can be labeled. It is possible to label specific proteins and study 
them in their natural environment through genetically introduced tags. There are 
several methods available for protein labeling and each method is unique. 
Common genetic protein tags for fluorescent labeling rely on adding a small 
peptide or protein domain to the gene of interest that either is recognized by a 
specific antibody, or can undergo an adduct reaction with a fluorescent dye 
directly (SNAP, CLIP tags). Unnatural amino acids with bioorthogonal chemical 
reactivity such as bicyclononyne in principle provide a minimal tagging solution 
that allows precise coupling of a fluorescent label to the protein of interest. 
 

Translation	  and	  tRNA-‐amino	  acylation	  
Protein biosynthesis (Translation) is carried out by ribosomes, large 
ribonucleoprotein complexes. During the translation process, the tRNA charged 
with an amino acid (AA) and anticodon e.g. CCA would pair to the triplet codon 
on the mRNA e.g. UGG. After pairing the ribosome facilitates the formation of 
peptide bonds between AAs and thus mRNA is translated to a polypeptide 
sequence using an almost universal genetic code. The ribosome accepts tRNAs 
charged with their cognate amino acid, proofreads anticodon-codon pairing and 
catalyzes peptide bond formation. The ribosome can accommodate any of the 
canonical 20 amino acids and, in fact, is by large not restrictive on the chemical 
identity of the side chain. It is the tRNA-aminoacyl synthases that charge and 
proofread each tRNA with their cognate amino acid and thus ensure the correct 
translation of the genetic code. These enzymes catalyze the esterification of the 
amino acid onto a suitable tRNA molecule; consequently the cell needs a 
complement aaRS for every AA, all evolved for function with a particular AA and 
tRNA pair. Incorporation of the incorrect AA only happens once in every 105 
catalytic reactions this due to the specificity of the enzyme which stem from three 
factors [1] [2]. 

• 3D structure of the enzyme 
• Specific anticodon in tRNA 
• Single base pair next to the acceptor stem  
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Amber	  suppression	  
An established in vivo method of recent years is amber suppression. Amber refers 
to the stop codon during transcription (TAG for DNA) and translation (UAG for 
RNA). Hence amber suppression is the process when the stop codon mediates the 
incorporation of an UAA instead of terminating translation. Many organisms 
selectively recode a nonsense codon (a stop codon occurring within an open 
reading frame) as a sense codon to incorporate seleno-cystein. 
 
Naturally occurring amber suppression was discovered in two strains of the 
archaea Methanosarcina mazei and Methanosarcina barkeri. Further research 
gave rise to the discovery of the naturally occurring orthogonal system PylRS [3]. 
Archaea are the only organisms that naturally synthesize the UAA pyl [4]. The 
orthogonal PylRS-tRNApyl pair directs pyl incorporation in response to the amber 
codon on the mRNA. The overall structure of the PylRS and the canonical 
aminoacyl synthetase are similar but with time the PylRS systems has been 
subjected to divergent evolution. As a result, the PylRS is sufficiently distinct 
from any canonical aaRS, in order to be orthogonal in all tested eukaryotes and 
prokaryotes (thus not cross-reacting with any natural aaRS or tRNA). For this 
reason amber suppression with the naturally occurring orthogonal PylRS-tRNA 
pair is a suitable system to introduce to unnatural host organisms e.g. E.coli and 
mammalian cells [5]. 

 
Figure 1. Illustration of a bioorthogonal aaRS, tRNA and how the tRNA recognizes the amber 
stop codon. Extracted from Dumas et al. 2015, [6] 

Comparing the expression level of the different non-sense codons, it is found that 
the amber codon is the least frequently occurring only 22% of the three stop 
codons (opal, ochre, amber) [7]. This is beneficial as the competition with the 
termination machinery is reduced. However, the location of the amber codon will 
be interpreted differently by translation machinery depending if it located in the 
middle or at the end of the ORF. Furthermore the mRNA decay rate is increased 
due to nonsense mediated mRNA decay pathway, which means mRNAs with 
premature amber codons is prone to be degraded [8]. 
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As mentioned above amber suppression normally exists in archaea and some 
bacteria and therefore the introduction of a novel synthetic pathway into new 
host organism will affect the metabolic load. In the end the impact of amber 
suppression on the cell can be controlled as it’s mainly initiated when the specific 
UAA is supplied to the medium. Amber suppression was first introduced by 
Schultz et al and has proven to be successful in eukaryotic organisms, making it 
promising for future research in mammals [9]. 
 

Expanding	  the	  genetic	  code	  
Proteins in eukaryotic cells are synthesized from 20 canonical amino acids (and 
rare seleno-cystein a natural, non-canonical amino acid). Expanding the genetic 
code implicates protein synthesis with additional UAAs. In 2008 Wang et al 
successfully incorporated a UAA in vivo with an orthogonal TyrRS/tRNA pair 
and E. coli as host organism [10]. A year later Sakamoto et al. successfully 
incorporated 3-iodotyrosine into a eukaryotic cell by resigning a sense-codon and 
also using TyrRS [11]. In 2014 Chin and co-workers managed to perform amber 
suppression in multicellular animals.  
 
Some key developments of the amber suppression technology in mammalian cells 
are: 

I. Applying transient transfection as a mean of introducing DNA into cells 
keeps the DNA easily accessible, thus increasing the level of expression. 
The high copy number of plasmids in the cell also benefits the expression 
level.  

II. Design of expression cassette: 
Improvements made: 

§ DNA vector has been improved by the utilization of the Piggybac 
plasmid. 

§ Inserting a tandem array of PylT genes (4 repeats) increases the 
amount of suppressor tRNA [5] 

§ Using strong promoters such as the U6 promoter for the PylT and 
EF1 promoter for the PylS gene 

§ Incorporation of internal ribosome entry site (IRES) makes in 
possible for a translation initiation in the middle of ORF. IRES 
regions normally precede the antibiotic codon sequence used for 
selection 

Further improvements: 
§ Approximately 50% of the DNA gets transfected into the cells using 

a cationic lipid. Pushing this to a higher level would put cells in 
greater stress 

§ The RNA sequence in close proximity to the amber codon has an 
unknown effect on the suppression efficiency. The rules for how the 
nucleotides influence each other have not been discovered yet. At 
the moment it’s a trail & error deal. 
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Figure 2. Illustration of the stable PiggyBac targeting cassettes carrying machinery for UAA 
incorporation. IRES, internal ribosome entry site; Ins, insulators; prom, promoter; NeoR 
and PuroR are the resistance markers; pA, polyadenylation signal; pink triangles represent 
inverted terminal repeats. Amber codon located between the mCherry and EGFP is 
represented by “TAG” [12]. 

Other	  methods	  of	  expanding	  the	  genetic	  code	  
Global suppression is another method for incorporation of UAA. One utilizes 
auxotrophic conditions and supplies a UAA that has structural similarities to the 
absent ones; Global suppression is a prevailing method for incorporation in 
mammalian cells used for e.g. pulse-chase labeling experiments. There are 
mainly two major drawbacks with global suppression: (1) the limitation due to 
the structural similarities required between the natural and UAA (2) supplied 
UAA will be incorporated globally in all the proteins where the original AA is 
absent, thus no selective proteins or positions 
can be labeled[13]. However the advantage of 
replacing up to three distinct amino acids 
globally while producing proteins with 
retained activity and high yielding makes 
global suppression a good alternative to 
amber suppression for specific applications 
[14][15]. 
 
Another approach to incorporate UAAs is the 
expansion of the codon from a three base 
pairs to a four base pair sequence. The 
quadruplet codon suppression technique was 
developed by Schultz and Co-workers[16] as 
the incorporation of UAA is theoretically 
limited to the unused three codon sequences 
therefore a fourth base pair would expand the 
genetic code significantly. The biggest hurdle 
is the relatively low efficiency due to the 
weakness of natural ribosomes to decoding tRNAs with quadruplet anti-codon. 
Quadruplet codon suppression is still in early stages of development but 
theoretically the translation efficiency will be able to match the natural 
translation [17]. 
 
Most AAs can be translated by more than one codon. Some codons are more 
frequently used and the rarely used are thus suitable for sense codon 
suppression. In short, sense codon suppression implicates the reassignment of 
the rarely used codons to incorporate an UAA. In theory this method have the 
potential to incorporate several UAAs by replacing up to 20 codons. The 
advantage is the absence of competition from the termination machinery. The 
drawback would be the time consuming development of specific tRNA and aaRS. 

Figure 3. Pyrrolysine (1) compered to 
BCN(2).  
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Unnatural	  amino	  acids	  
Bicyclo [6.1.0] nonyne – Lysine (BCN) is a conjugate of pyl and have similar 
characteristics, as both AAs have a hydrophobic side chain. The primary property 
of BCN is its bioorthogonal reactivity with tetrazine. The reaction between the 
two molecules is a strain-promoted alkyne-azide cycloaddition (SPAAC) with an 
extremely fast ligation to tetrazine, a second-order rate constant of approximately 
2000 M-1 s-1[18]. Some advantages with BCN are (1) its small size, (2) the 
possibility for genetically encoding into a protein of interest, (3) the ability to 
couple to different probes. The quick and specific labeling makes BCN a superb 
candidate for imaging of protein, photo click chemistry and bioconjugations in 
living cells.  

Pyrrolysyl-‐tRNA	  synthetase	  (PylRS)	  
PylRS performs an esterification of pyl on to a suppressor tRNApyl with an 
anticodon complementary to the amber codon (UAG). Pyrrolysine, is the 22nd 
amino acid in the genomic repertoire and was identified in the active site of 
methylamine methyltransferases from Methanosarcina barkeri [19]. PylRS (EC 
6.1.1.26) is a ligase and utilizes ATP as a cofactor and reaction driving force.  

 
Figure 4.Presentation of PylRS. (1) Violet: tRNA binding domain 1, (2) Blue: Pyl recognition 
loop, (3) Green: Catalytic domain.  Only one subunit of the dimer is displayed for clarity.  

PylRS is a class II aminoacyl RS and therefore amino acylation occurs at the 3’ 
hydroxyl group of the terminal adenosine on tRNAPyl. Studies have shown that 
PylRS is usually in a dimer complex and some data suggests that a tetramer 
complex can be formed [20]. The gene cluster for PylRS consists of 5 genes, the 
first gene generates the specific suppressor tRNAPyl with the anticodon CUA, the 
second gene gives rise to the PylRS and the last 3 genes encodes for the 
biosynthetic pathway of the lysine derivate pyrrolysine.  

Pyl recognition loop

Catalytic domain

tRNA-binding domain 1
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Figure 5.The 5 genes coding the PylRS complex and pyl. Represents the pyl gene cluster, 
which can be found in the genome of some archaea e.g. Methanosarcinace. The Pyl cluster 
can also be found in two known bacterial species desulfitobacterium hafniense and δ-
Proteobacterium. [21] 

 
PylRS is a primary candidate for amber suppression not only due to its 
orthogonality for a range of host counting Escherichia coli, Saccharomyces 
cerevisiae, mammalian cells just to name a few. Other advantages such as (1) no 
interaction with any of the 20 canonical amino acids, (2) supplying charged 
tRNApyl which naturally directs UAAs to the ribosome in response to the amber 
stop codon (UAG) and reliefs the need of reassigning a sense codon for the tRNA-
synthetase interaction, (3) the promiscuity of the active site enables the enzyme 
to utilizes a variety of UAA. Further studies has also shown that the active site is 
relatively tolerant to a range of amino acid mutation and still retaining the 
catalytic activity; thus the enzyme can accept a range of substrates with 
advantageous functional groups [22]. 

Structure	  of	  PylRS	  active	  site	  
The active site of PylRS is an environment of double character, one hydrophilic 
and one hydrophobic region. The latter is considered to be wide and deep 
compered to the other class-II aaRS structures and is responsible for recognition 
of the large side chain of pyl substrate.  The active site consists of twelve amino 
acids, and three amino acids Tyr384, Asn346 and Arg330 create hydrogen bonds 
and help keep the substrate into the correct position. In addition to the amino 
acids a water molecule forms a binding complex with the α-amino group of 
pyrrolysine and Asn346, See Figure 6 
 
The pyrrole ring in pyl acts as an hydrophobic moiety; naturally it will reside in 
the hydrophobic pocket created by Ala302, Leu305, Tyr306, Leu309, Tyr384, 
Val401 and Trp417. Initial research has shown further stabilization of the 
pyrrolysine may occur through another hydrogen bond between the hydroxyl 
group of Tyr306 and the nitrogen present in the pyrrole ring [20]. However more 
recent results suggests that the hydrogen bond actually occurs between Tyr384 
instead of the earlier proposed interaction [23]. The distance from the nitrogen to 
respective amino acid is approximately 5.3 Å (Tyr306) and 2.8 Å (Tyr384), 
making the latter a more reasonable interaction. For rest of the report it will be 
assumed that the hydrogen bond occurs between Tyr384 and nitrogen of the 
pyrrole ring. 
 
Tyr306 plays a key role as it locks the pyrrole ring in place by sealing of the 
hydrophobic pocket once the correct substrate is bound, further stabilizing the 
binding energy through van den Waals interaction [20]. The hydrophilic region 
comprises of Arg330, Asn346 and the water molecule, which holds the peptide 

pylT	  tRNAPyl	   pylS	  PylRS	  
• pylB	  
• pylC	  
• pylD	  

Pyl	  
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tale of pyrrolysine in place. Hence the most important amino acids for the 
recognition of pyrrolysine are Tyr306, Asn346 and Tyr384.  

 
 
Figure 6. The active site of PylRS. The essential amino acids of the active site are displayed; 
together they create a hydrophilic and hydrophobic environment. The cyan colored circle 
illustrates the hydrophobic pocket. The red dashed lines illustrate the hydrogen bonds 
created in the active site. (PDB: 2ZCE) 

The main product of PylRS is the charged tRNApyl molecule, which is essential for 
the amber suppression efficiency, PylRS synthetizes main and biproducts 
according to a ter-ter reaction mechanism. The enzyme can undergo several 
conformational states depending on the order of substrate recognition.  The 
binding of different substrates will induce different conformational changes; if 
ATP binds first the enzyme will go from an “open” to a “closed” conformation but 
if pyl binds first a “semi-closed” conformation will be induced. Pyl will be able to 
bind to the active site regardless of the conformational status of the enzyme. 
More specifically a part of the enzyme called the motif 2 loop and a part of the 
catalytic site (β7/ β8 barrels) are responsible for the conformational changes. For 
the esterification of pyl onto the tRNA it is necessary to decrease the spatial 
distance between all three substrates. Therefore the reaction can only occur in the 
“closed” conformational state [24].  
 

	  

	  
 
 
  

Tyr306

Leu309

Leu305

H2O

Asn346

Cys348

Trp417

Arg330

Tyr384

Pyrrolysine

Figure 7. Proposed Cleland Notation of PylRS reaction mechanism. E: PylRS, A: ATP, P: 
Pyrrolysine, EAP: enzyme complex 1, EAP-tRNA: enzyme complex 2, tRNAP: charged tRNA, A*: 
AMP 
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Structure	  of	  the	  mutant	  enzymes	  
The wild type PylRS (PylRS WT) is known for being a stable and robust enzyme, 
as it can tolerate mutations of significant AA in the active site and still maintain 
the enzymatic activity. The essence of the project is to determine which mutant of 
PylRS is most compatible with BCN. Bellow the three candidates are presented. 

PylRS	  AF	  
Yanagisawa and co-workers developed PylRS AF in 2008 [25]. They introduced 
two mutations Y384F and Y306A into the active site. As mentioned earlier Y306 
plays a pivotal role by locking the substrate in place. The mutation introduced in 
this case is an alanine (Y306A); it is significantly smaller than tyrosine and less 
hydrophobic at pH 7. Due to its smaller size the opening of the hydrophobic 
pocket becomes bigger and resembles more of a tunnel. Furthermore, the enzyme 
loses some of its substrate fixation capability. This also leads to an enzyme more 
prone to catalyze different substrates i.e. increased promiscuity, even if the 
overall hydrophobicity is maintained. For the second mutation, a hydroxyl group 
is lost as tyrosine was replaced by a phenylalanine (Y384F). This mutation also 
makes the hydrophobic pocket bigger and loss of a hydrogen interaction between 
pyl and enzyme. See Figure 8 

PylRS	  L43	  
In 2015, Dr.Uyeda and co-workers developed a mutated version of PylRS AF, 
which PylRS L43 had a 1.7-fold higher in vivo activity in Escheriachia coli 
compared to the activity of PylRS AF. PylRS L43 has seven additional mutations 
to the already introduces in PylRS AF, but none of which are located in the active 
site. It is thought that the increased activity of PylRS L43 has some correlation to 
these seven mutations but further investigation in sequence-structure-function 
relationship is necessary [26]. 

BCNK	  RS	  
Chin and co-workers developed BCNK RS in 2011, a PylRS derivative with three 
mutations: Y306M, L409G and Y384A [27]. The main difference between PylRS 
and BCNK RS is of Y306, which has been changed to a methionine. Compared to 
the PylRS AF & PylRS L43 the alanine has been introduced at position 384. The 
second mutation is also introduced to the active site; here L309 is exchanged for 
the neutral and smaller AA glycine. This change makes the hydrophobic pocket 
deeper and more suitable for lysine derivatives with longer residues. 
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(2) PylRS AF & PylRS L43

L309
A306

F384

(3) BCNK RS

G309

M306

A384

(1) PylRS WT

Y306

Y384

L309
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Purpose	  
The aim of this project is to optimize the amber suppression technology by 
comparing three different mutants of PylRS in their efficiency in charging PylT 
with BCN. Efficiency is determined by suppression of an amber stop codon in a 
fluorescent reporter protein. 
 
HEK293T cells are used as a cellular model and the plasmids containing a gene of 
interest (GOI), a two-color fluorescent reporter plasmid, are delivered through 
transient transfection. Amber suppression is determined by assessing the ratio of 
fluorescence from the two fluorophores on the reporter plasmid, which are 
separated by an amber stop codon. Flow-cytometry (commonly referred to as 
FACS) is employed to detect and determine the ratio between the two 
fluorophores and the amount of protein is also determined by WB.  
 
The results produced from experiments and analysis by FACS and WB should 
allow to judge which PylRS mutant is most active. Because the host organism is 
not the aaRSs native one these results should give a comprehension of the 
enzymatic robustness 

Methods	  

Cloning	  
PylRS mutants were either cloned from existing plasmids using PCR and 
restriction-ligation cloning, or via a synthetic gene (for L43). 

Design	  of	  primers	  
Primers were designed by utilizing the sequence analysis software called CLC 
Main Workbench.  
  

Figure 8. Illustration of the active site and the hydrophobic pocket in PylRS which is 
represented by the darker surface. (1) In the hydrophobic pocket of wild type PylRS it is 
evident how pyrrolysine is sealed into place by Y306, illustrated by darker surface generated 
by the AAs. (2) Representation of the two mutants PylRS AF & PylRS L43 with the mutations 
at Y384F and Y306A. The hydrophobic pocket is enlarged mostly due to the introduced 
Alanine but the enzyme is still able to enclose pyl. (3) Representation of BCNK RS, similar to 
the other mutants the hydrophobic pocket becomes bigger. In this case the enzyme have lost 
its capability to fully seal of the substrate. 
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Table 1. Primer traits. Showing for the forward and reverse primers 

Primer Length 
[NT] 

GC 
content 
[%] 

Melting 
Temp. 
[°C] 

Sequence 5’à3’ 

PylRS_Fo
rward 

23 43 64 TGCTCTAGAACCCTATGGACAAA 

PylRS_Ba
ckward 

25 44 65 CGAACCTGTAATAAGGATCCATCTG 

 

PCR	  amplification	  
Table 2. PCR mixture. This mixture was made in a 0,2 ml PCR tube, all components were 
mixed on ice. 

Component Initial 
Conc. 
[µM] 

Final 
Conc. 
[µM] 

Vol. 
[µl] 

Total Vol. [µl] 

mQH2O   24  
Phusion Flash 
PCR Master Mix 

2x 1x 25  

Forward Primer 100  0,5  0,25  
Reverse Primer 100  0,5  0,25  
DNA (pRS-
pylT0) 

340 ng/µl 3,4 ng/µl 0,5  

    50 
 
The Phusion Flash Master Mix allowed us to perform a hot-start PCR, thus the 
tubes were put in when the machine had reached 80 °C.	  Following	  program	  was	  
used:	  
	  
Table 3. PCR program. The table shows the temperature and time interval for the 
amplification process. Denaturation of the dsDNA to ssDNA occurs at 98 °C, the annealing of 
primers will happen at 68 °C and the elongation of ssDNA at 72 °C for  45 s. 

Cycles Temp [°C] Time [s] 
1 98 30 
30 98 5 
30 68 15 
30 72 45 
1 72 600 
 

Restriction	  Digest	  
The sequence analysis program CLC Main Workbench was used to help 
determine which restriction enzymes will cut our specific DNA sequence. Two 
were chosen; BamH1 and Nhe1 with Fast Digest Buffer. Components seen in 
Table 4 were mixed in a 1,5 ml Eppendorf tube. Restriction enzymes were added 
last to the mixture which then was incubated for 5 min at RT followed by a quick 
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deactivation of the enzymes at 65 °C	  in	  a	  thermomixer.	  The	  same	  enzyme	  pair	  was	  
used	  for	  the	  PCR	  product	  and	  the	  DNA	  vector	  and	  they	  both	  yield	  a	  4	  base	  pair	  sticky	  
end. 
 
Table 4. Restriction Digest. Mixture of the 5 components for restriction site digest of PCR 
product. 

Component Initial 
Conc. 

Final Conc. Vol. [µl] Total Vol. 
[µl] 

mQH2O   47  
PCR product 115 [ng/µl] [44 ng/µl] 50  
Fast Digest 
buffer 

10x  1x 13  

BamH1   10  
Nhe1   10  
    130 
 
A piggyBac expression plasmid was used previously described by Elsässer et al [5] 
with a the EF1 promoter and a IRES sequence downstream of the MCS. The 
preparation of the vector differs from the digestion of the PCR product. Firstly all 
components were mixed then incubated for 15 min at RT. Then a third enzyme 
FASTAp was added to the mixture. FASTAp removes the phosphate groups from 
the 3’ and 5’ end of the DNA thus preventing it from ligating without the desired 
insert in place first. After another 15 min of incubation the enzymes were 
deactivated at 70 °C.	  The	  DNA	  fragment	  with	  the	  correct	  size	  was	  then	  isolated	  and	  
purified	  by	  gel	  electrophoresis. 
 
Table 5. Restriction Digest 2. The 6 different components and the amount used for the 
digestion of the DNA vector. The DNA vector is a plasmid called 315 and designed by our lab. 

Component Initial Conc.  Final Conc.  Vol. [µl] Total 
Vol. [µl] 

mQH2O   74  
DNA Vector 700 [ng/µl] [28 ng/µl] 4  
Fast Digest 
buffer 

10x  1x 10  

BamH1   4  
Nhe1   4  
FASTAp   4  
    100 
 

Ligation	  
Ligation was performed with T4 DNA Ligase mixed on ice with the PCR product 
to be inserted, DNA vector and ligation buffer. A 3:1 ration between PCR product 
and DNA vector was achieved by adding 7,5 µl of PCR product and 3,9 µl of the 
DNA vector. The final volume in the mix were 15 µl with 3 µl ligation buffer and 
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0,5 µl T4 DNA ligase. Incubation of the ligation mix was done in 16 °C	  O/N.	  The	  
name	  of	  the	  newly	  constructed	  plasmid	  is	  pPB_MmPylRSL43. 
 

Transformation	  
Because the piggyBac plasmids contain inverted repeats, we transformed E. coli 
Stbl3 cells with pPB_MmPylRSAF, pPB_MmPylRSL43 and E348 BCNK RS. 
Through a heat-shock process the plasmids where transformed into the cells. 
Finally the transformed cells were transferred to agar plates, which had been 
premixed with Ampicillin. The last step was to incubate the cells in 37	  °C	  O/N.	  
The	  other	  two	  plasmids	  used	  pPB_MmPylRSAF and E348 BCNK RS were already 
available; colleagues at the lab had already constructed them. 
 

Plasmid	  production	  and	  purification	  (Mini	  &	  Maxi	  Preparations)	  
For plasmid preparation, one colony was chosen from the agar plate and 
transferred to a shake flask with 200 ml LB medium and 200 µl Amp. Followed 
by incubation of the flask in 37	  °C	  O/N	  and	  200	  RPM.	  The	  cultures	  were	  collected	  
after	   16-‐20h,	   and	   ¼	   of	   the	   culture	   were	   put	   in	   a	   50	   ml	   falcon	   tube	   and	   then	  
centrifuged	  at	  4000	  RPM	  for	  5	  min.	  The	  supernatant	  was	  discarded.	  This	  procedure	  
was	  repeated	  until	  the	  whole	  culture	  had	  been	  centrifuged;	  in	  this	  way	  we	  separate	  
the	   cells	   in	   the	   form	   of	   a	   pellet	   from	   the	  medium.	   The	   falcon	   tube	   was	   then	   put	  
upside	  down	   for	  15	  min	   to	   let	   the	   cell	  pellet	  dry.	  For	  plasmid	  extraction	  a	  Qiagen	  
plasmid	   PlusMaxiKit	   were	   utilized,	   the	   procedure	   were	   done	   by	   following	  
manufactures	  guidelines.	  For	  Mini	  preparation,	  the	  GeneJet	  Kit	  (Thermo	  Fisher)	  was	  
used. 
 

Plasmid	  verification/Sequencing	  
For plasmid verification and DNA sequencing a Eurofins genomics Mix2Seq kit 
was used and procedure done following manufactures guidelines. The DNA 
sequencing was performed by Eurofins genomics. 
 

Transient	  transfection	  in	  mammalian	  cells	  	  
HEK293T cells were cultivated in a T75 Flask at 37 °C	  and	  5%	  CO2.	  The	  number	  of	  
cells	  was	  counted	  to	  1*106	  cells/ml.	  Followed	  by	  a	  8x	  dilution	  cells	  were split and 
grown on a 24 well cell culture plate, with DMEM/10%FBS. The cells were 
incubated at 37 °C	  and	  5%	  CO2	  and	  when	  approx.	  75%	  confluence	  was	  achieved	  the	  
transfection	   was	   initiated.	   Transfection	   was	   made	   with	   the	   cationic	   polymer	   PEI	  
(Polyethylenimine),	   according	   to	   the	   manufacturer’s	   protocol.	   Cells	   were	  
transfected	  with	   two	   plasmids,	   one	   reporter	   and	   one	   of	   the	   three	   PylRS	  mutants	  
PylRS	   AF,	   PylRS	   L43	   and	   BCNK	   RS	   respectively.	   For	   transfection	   procedure	   see	  
supplementary	   material.	   After	   the	   transfection	   cells	   were	   incubated	   with	   250	   μl	  
DMEMFBS	  for	  1	  h,	  before	  addition	  of	  another	  250	  μl	  DMEMFBS	  containing	  following	  
BCN	  concentrations,	   0.500	  mM,	   0.250	  mM,	   0.125	  mM,	  0.063	  mM,	  0.031,	  0.015	  mM	  
and	  0	  mM,	   (one	  BCN	  concentration	  per	  well)	  then	  incubated	  for	  another	  24	  hours.	  
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Cells	   were	   dislodges	   from	   the	   plates	   with	   100	   μl	   1x	   Trypsin,	   which	   was	   then	  
quenched	   after	   7	   min	   with	   200	   μl	   DMEMFBS,	   followed	   by	   transfer	   to	   respective	  
FACS	  tube.	  
	  
The	  different	  cell	  cultures	  were	  analyzed	  in	  a	  Navios	  Flow	  Cytometer,	  with	  a	  laser	  to	  
excite	  GFP	  at	  484	  nm	  (emission	  filter	  at	  525/40)	  and	  excitation	  of	  mCherry	  at	  587	  
nm	  (emission	  filter	  at	  620/30).	  	  	  
	  

Western	  blot	  
Cells	  were	  then	  lysed	  using	  RIPA	  buffer	  and	  centrifuged	  at	  600	  G	  for	  10	  min.	  80	  μl	  of	  
the	   supernatant	   was	   then	   transferred	   to	   a	   new	   tube	   and	   4x	   sample	   buffer	   was	  
added;	  the	  mix	  was	  then	  boiled	  for	  5	  min	  at	  99	  °C.	  Sample	  buffer	  is	  used	  to	  prepare	  
the	   cell	   lysate	   before	   addition	   to	   the	   gel.	   Sample	   buffer	   contains	   SDS	   (gives	   the	  
proteins	   a	   negative	   charge),	   β-‐mercaptoethanol	   (breaks	   disulfide	   bonds),	  
bromophenol	  blue	  (colors	  the	  sample),	  EDTA,	  TRIS-‐HCl	  and	  glycerol.	  25	  μl	  samples	  	  
from	   the	   4x	   sample	   buffer	   mixture	   were	   loaded	   onto	   the	   PAGE	   with	   operation	  
settings	   of	   200	   V	   for	   30	  min.	   Following	   transfer	   of	   the	   sample	   from	   the	   gel	   to	   a	  
nitrocellulose	  paper	  the	  proteins	  were	  firstly	  blocked	  by	  5%	  BSA	  (in	  TBST)	  for	  1	  h	  
@RT.	  Anti-‐FLAG	  HRP	  antibody,	  was	  added	  onto	  the	  blot	  and	  incubated	  O/N	  in	  4	  °C	  
on	  a	  shaker.	  A	  FLAG-‐TAG	  has	  been	  incorporated	  into	  the	  C-‐terminus	  of	  the	  protein.	  
Before	  visualization	  of	  proteins	  1	  ml	  of	  Luminata	  was	  added	  to	  the	  blot,	  an	  odyssey	  
Fc	  was	  utilized	  to	  visualize	  the	  labeled	  proteins	  with	  chemiluminescence	  for	  10	  min	  
exposure.	  	  
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Results	  
In this study we aim to find which PylRS mutant that will yield the best 
aminoacyl-tRNA synthetase for an efficient and robust incorporation of BCN in 
mammalian cells. To compare true amber suppression efficiency one must ensure 
comparable and reasonably high transfection efficiency, a good transfection is 
considered to have efficiency over 40%. The mean score in our experiment was 
50%, which satisfies the pre-set criteria; the result is illustrated in Figure 9. 
Transfection efficiency can be described in other words as, how much DNA the 
cells have absorbed. This value is obtained by dividing the amount of fluorescent 
cells by total amount of cells. 
 

 
Figure 9. Transfection efficiency. Illustration of the transfection efficiency for the three 
different PylRS mutants; means of transfection was done with PEI. This experiment was only 
made once and therefore contains only one data point. 

In all but one case does the BCNK RS yield the best transfection but the 
difference is not significant; where the greatest difference (0.031 mM BCN) 
between transfection efficiencies is still below 10%. The transfection efficiency 
depends mostly on the cell line and environmental conditions. For this 
experiment HEK293T cells where used and all cells were subjected to the same 
environment and the same plasmid; the only difference was the gene coding for 
respective PylRS mutant. The design of the plasmid construct was based on 
earlier results from our and other groups, such as optimizing the tRNApyl 
expression level by having the PylT in a 4x tandem array and the use of EF1 
promotor[5]. The optimization was focused on gaining higher yields of tRNApyl 
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and thus improved amber suppression efficiency[5]. The amount of suppressor 
tRNA present near the translation machinery will affect the efficiency of amber 
suppression. A low concentration of suppressor tRNA will lead to a decrease in 
amber suppression efficiency [22]. Using FACS we obtained the median value of 
GFP in mCherry+ cells, which is also a measurement of the amber suppression. 
The location of the mCherry sequence precedes the amber codon and the GFP 
sequence on the plasmid and therefore also the mRNA, see Figure 2. Therefore 
the GFP signal indicates that the amber codon have been read trough and 
therefore the median value of GFP in mCherry+ cells indicates the amber 
suppression. 
 
In this experiment we choose to make a transient transfection, which 
unfortunately does not regulate the distribution of plasmids between cells and 
therefore the protein expression level between the cells, may differ a lot. This can 
be opposed by making a stable cell line but the drawback then would be an 
overall lower expression level. In our case its favorable to have a high expression 
level as it is a better indicator of amber suppression efficiency. 
 

 
Figure 10. Illustration of the DNA vector used in the experiments, a piggyBac plasmid 
consisting of 9,497 base pairs. Pac is a gene coding for the anti biotic puromycin N-
acetyltransferase and used for selection in mammalian cells. Amp is used for selection in 
prokaryotic cells. 

Different factors will affect the amber suppression efficiency, as mention earlier 
the amber suppression efficiency can be obtained with a FACS machine. The 
FACS yielded a set of data points which needs to be condensed into a set of data 
with only positive cells i.e. were the transfection have been successful.  
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The first step in refining the obtained data is to increase the resolution and 
selecting mCherry+ cells does that.  In the graph we have plotted two parameters 
simultaneously, side-scatter (SS-A) intensity on the y-axis is plotted against 
intensity of the mCherry fluorescence (FL-3) on the x-axis. Each dot is one event, 
which correspond to one cell. We increase the resolution of the data by selecting 
only cells that are mCherry+ (positive), if the cells fluoresce then the transfection 
has been successful. We decrease the chance of having  “false-positive” data 
points by placing a gate with a minimum value of 103 in fluoresces intensity. At 
this interval the probability of a “false-positive” is less then 5%. The gating 
interval comprise of 51 % of the total events. In Figure 12 we compare the data for 
the enzymes separately, the point is to visualize how the amber suppression is 
affected by the different substrate (BCN) concentrations. The sequence for GFP is 
located directly after the amber codon on the mRNA, thus a strong signal in FL1-
A (GFP) indicates a good read-through and successful amber suppression. 
 

  

Figure 11. Data obtained from FACS analysis of HEK293T cells after transient transfection 
with PylRS AF and a BCN concentration of 0,5 mM. Side scatter is used to determine the cells 
internal complexity and the FL3-A is used to determine if the cells fluoresce. 

PylRS AF PylRS L43 BCNK  RS 

Figure 12. Histograms obtained by compiling the data from FACS for each candidate with all 
BCN concentration. BCN concentrations indicated by color, Red: 0 mM, Turquoise: 0,015 
mM, Orange: 0,031 mM, Green: 0,063, Blue: 0,125 mM, Purple: 0,250, Rose Red: 0,500 mM. 
Peaks are normalized. FL1-A corresponds to the fluorescence from GFP. 
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After comparing the enzymes amber suppression efficiency at different substrate 
concentrations we compered the enzymes to each other. Shown in Figure 13 is the 
amount of cells that expresses both the GFP and mCherry protein 
simultaneously. To estimate the amber suppression efficiency we use the median 
amount of cells expressing GFP in mCherry positive cells. In Figure 13 the data 
for the three candidates are compared to each other. The median value is used 
instead of the mean because the median gives a more accurate value of what’s 
“normal”. The data collected varies a lot and therefore it is more appropriate to 
use the median value. PylRS AF outperformed the other candidates in all 
concentrations of BCN.  
 
After comparing the PylRS mutants to each other we decided to compare PylRS 
AF to PylRS WT, this was done to determine if the mutants activity would be in 
the same range as PylRS WT. We chose PylRS AF because of its higher activity at 
low substrate concentrations. The comparison was made with data already 
obtained from earlier experiments made by a fellow lab colleague. For PylRS WT 
the substrate used was Boc-lysine (BocK).  
The differences between wild type and mutant at 0,125 and 0,250 mM BCN are 
minimal see Figure 14. Overall, these results show that wild type and mutant 
enzyme are equally efficient at amber suppression. 
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Figure 13. Median of GFP cells in mCherry+, Y-axis displays the median value and the X-axis 
the BCN concentration in mM.  
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Figure 14. Comparison between PylRS WT and the mutant PylRS AF. The concentrations on 
the X-axis are [0.015, 0.031, 0.063, 0.125, 0.250, 0.500]. The substrate for PylRS WT is Boc-
lysine (BocK) and for PylRS AF it is BCN 

A final data produced was the western blot. We need the western blot to 
normalize the efficiency e.g. a high amber suppression efficiency maybe due to 
the greater amount of PylRS enzymes and not the actual effectiveness of the 
enzyme. Western blot lets one compare the amount of PylRS produced. 
 
 
 
 
 

 
PylRS is the target protein and it has a FLAG-tag in the N-terminus thus an Anti-
FLAG HRP antibody was used for marking. The membrane was labeled with one 
antibody as it has affinity for the FLAG-tag and HRP makes it detectable by 
chemiluminescence.   
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Figure 15. Western Blot. After separation of the proteins by electrophoresis they was 
transferred to a nitrocellulose membrane. Protein detection made possible by anti-FLAG 
HRP antibody.   
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Discussion	  and	  conclusions	  
 

Discussion	  
Researchers have utilized different PylRS mutants to make amber suppression 
possible in vivo, as of yet there haven’t been any studies that compare the 
mutant’s robustness in mammalian cells. We use amber suppression as a method 
for incorporating UAA over other methods because of its (1) the flexibility gained 
from the orthogonal properties (2) PylRS is a stable enzyme as it tolerates 
mutations of several critical amino acids in the active site (3) the amber codon is 
the least frequently occurring stop codon (4) it has been proven successful in 
eukaryotic cells (5) the ability to control the initiation of UAA incorporation (6) 
the utilization of the amber codon as a sense codon. 
 
Analysis of each PylRS mutant and the contribution to amber suppression were 
measured with FACS machine, where the median value of GFP in mCherry+ cells 
is used as data points. In our case the FACS graph is represented in a dot plot 
with mCherry fluorescence intensity and side scattering signal, see Figure 11. 
 
The GFP production at different concentration is compiled in Figure 12. The most 
obvious finding is the shift of signal intensity for PylRS AF, the first peak 
corresponds to the GFP signal when no BCN was added and thus the shift 
becomes clear when BCN is supplemented. This result suggests that PylRS AF 
implements amber suppression effectively at low BCN concentrations. For PylRS 
L43 the shift between the first (zero conc. BCN) peak and the rest is not dramatic 
but rather slowly increases with increasing BCN concentration, the FL1-A signal 
intensifies as the peaks at higher BCN concentration becomes broader. The same 
pattern can be seen for BCNK RS, this would mean that L43 and BCNK RS have a 
lower affinity for the substrate compared to PylRS AF. 
 
PylRS AF has the highest activity but also the highest unspecific amber 
suppression when no BCN is supplemented to the medium as can be seen ; it is 
worth mentioning again that there is no difference in the active site between 
PylRS AF and L43. The difference between these two could be due to mutations 
in the β7/ β8 barrels. If so this could lead to a different function or 
conformational change as a cause of the substrate binding to the active site. In 
reviewing several articles, no data was found suggesting a similar assumption. 
Considering Figure 8, it is clear that the BCNK RS have lost its ability to 
completely seal off the substrate and that maybe a reason for its lagging efficiency 
compered to the other candidates. This could mean that the “closed” 
conformational state not forms properly, which the enzyme needs too be in 
before initiation of the catalytic activity. As mentioned earlier the closed state 
reduces the spatial distance between the substrates and cofactors. However this 
exposition is unsatisfactory because more research has to be made, for now it’s a 
guessing game. Also the development of the L43 mutant have not treated the 
sequence-structure-function in much detail because of nine mutated amino acids 
the location of only two amino acids are know. The other seven mutations 
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occurred outside of the active site and the absence of a crystal structure makes it 
hard to tell were they are located and their function. 
 
Looking at the first data point of the three enzyme candidates in Figure 13, it is 
clear that PylRS AF is the most promiscuous candidates. In this study we only 
tested one UAA BCN, the term promiscuity is therefore used in the sense of the 
PylRSs capability to charge tRNA with AA even if BCN is not present. A reason 
for this could be the enlargement of the hydrophobic pocket, see Figure 8. The 
larger pocket should fit a bigger spectrum of substrates. The primary criterion of 
the enzyme for the substrate is an amino acid with a lysine base due to the 
necessary formation of hydrogen bonds but also a lysine tail with hydrophobic 
properties. 
Calculations where made to decide the free energy in the active site of the 
enzyme, this done by protein modeling. The outcome showed that PylRS AF had 
a free energy of -7 (kcal/mol) in the active site, compared to BCNK RS with a free 
energy value of -6 (kcal/mol) and PylRS WT with a free energy of -6.3 (kcal/mol). 
These studies were not made in detail and should be considered as rough 
estimations. As for all enzymes the substrate should fit in the active site without 
increasing the stress on the enzyme or in other words increasing the free energy 
(ΔG) too much. With that said, we assume that when BCN is supplemented to the 
media it will outcompete all other lysine derivatives. Calculation made on the free 
energy in the active site in respective enzyme mutant affinity indicates that some 
of PylRS AFs greater efficiency compared to the other mutant’s stems from the 
lower free energy when binding the substrate to the active site. 
 
The western blot, Figure 15, did not show any significant difference in amount of 
produced enzyme. For BCNK RS there are two bands which could either be 
explained as a truncation in the enzyme synthesis or that the enzyme got 
damaged in the cell lysis process. Another explanation to why we have two bands 
could be a contamination, as a smaller fragment of the plasmid is present. 
(Elsässer, Simon, 2016) This would stem from an unsuccessful PCR reaction. 
 
The results presented suggest that PylRS AF is the prospering candidate of the 
three. However the real efficiency of any mutant needs to be compared to the wild 
type enzyme. Both PylRS WT and PylRS AF have similar amber suppression 
efficiency as the obtained data points (shown in Figure 14) are within the same 
region. PylRS WT and PylRS AF are different in some aspects for instance 
internal variables e.g. mutations and external variables e.g. experimental 
procedure, specifically the cationic polymer used in the transfection process. 
However the data obtained from the two cases reside in the same region and at 
some concentrations of substrate the amber suppression efficiency is very close to 
each other. The comparison between PylRS WT and PylRS AF further 
strengthens the assumption of PylRS AF being a primary candidate for amber 
suppression and further development. Furthermore the minimal difference at 
0,125 and 0,250 mM BCN demonstrates the robustness of PylRS. Nevertheless a 
true comparison between PylRS WT and PylRS AF should be done. 
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Conclusions	  
PylRS AF is of the three candidates the most efficient enzyme, as the amber 
suppression is efficient at low substrate concentrations. Even if PylRS AF and 
L43 have the same active site they behave differently at low substrate 
concentration. This could be due to the difference in the enzymes conformational 
state, which affects the reaction rate. Further more PylRS AF robustness is 
evident as it retains a reaction rate of similar grade as PylRS WT. None of the 
three PylRS mutants have been designed to have primary affinity for BCN, but if 
such an enzyme were to be developed PylRS AF would suit.  
 

Other	  thoughts	  
 

Recommendations	  
When manipulating the translations machinery as we do in our case the obstacles 
are big and need to be carefully considered before the experimentation.  
 

I. How big is the risk of ending up with dysfunctional or truncated 
proteins? 
A drawback is the recombinant fusion process of protein i.e. insertion of 
supplementary sequences into a protein of interest. The probability of 
ending up with a dysfunctional protein as the amber codon is suppressed 
will increase and most likely due to the disturbance of structure. The 
structure and function has to be accounted for when inserting an UAA in 
the protein. The probability of producing truncated proteins is increased 
when inserting more than one codon used for suppression. The position of 
the insert on the mRNA will have a more detrimental impact the closer it 
is to the 5’ end on the mRNA. Further when introducing an UAA, its 
position should be located in a non-essential part of the protein e.g. not in 
a β-sheet or α-helix. BCNs relatively small size compared to other tagging 
probes, as it’s only an amino acid and the benefit is the minimal impact on 
the protein structure. 

 
II. How will amber suppression affect its mammalian host and the system? 

There is no naturally existing orthogonal system within mammalian cells 
as the case of PylRS in archaea and bacteria thus there will not be any 
cross interactions. Implementing amber suppression would increase the 
metabolic load in the cell as it is forced to produce an unnatural protein. 
Even if the product is nontoxic for the host, yet the chance of producing 
truncated protein with toxic properties still exists. The product is an 
unnatural protein and therefore has no natural chaperons to assist in the 
protein folding. These problems are still controllable to some extent as 
amber suppression is in a low gear when the UAA is absent and of the 
three non-sense codons amber codon is the least frequently appearing one 
[7]. 
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III. What factors have the capability to decrease the amber suppression 

efficiency? 
When incorporating a UAA in response to a stop codon you will have 
direct competition from the release factor protein. One proven way of 
avoiding unnecessary competition is to engineer a mutant of the release 
factor protein that is less potent [22]. The downside would be that this 
would affect the other stop codons as well and eventually the total protein 
production in the cell. Previous studies have developed a method that 
terminates the TAG specific release factors [28]. This raises the question; 
how will the absence of release factors affect the cell as the chance of 
undesired extension increases. 

 
IV. Factors affecting the enzyme and its robustness 

The enzymes working environment depends of several external variables 
such as temperature, pH and presence of solvents and salts. However, the 
slightest change in the working environment will affect the enzyme; the 
more robust the enzyme the less the enzymatic activity will be affected by 
the change in the environment. Other ways of inducing changes are 
through mutations; in this sense the amino acids are internal variables. 
The more tolerant the enzyme is the less of an impact the mutation will 
have and the activity towards its native substrate will be attained. Active 
site mutagenesis is a way to change an enzymes affinity towards a specific 
substrate and simultaneously creating a secondary enzymatic activity. 
Hence enzymatic robustness is when the primary activity is not reduced by 
the creation of the secondary activity[29]. Imagine transferring an enzyme 
from its working environment, its native host cell, and placing it in 
another host cell e.g. from a prokaryotic to a eukaryotic cell. This situation 
gives rise to the question, how will the enzyme behave? More specific in 
our case; how will the concentration of BCN-tRNA complexes be affected? 
Does the enzyme need do be transferred to a compartment to come in 
contact with its substrate? In this case both the enzyme and the substrate 
(tRNABCN) will be located in the cytosol. 
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Appendix	  A:	  Supplementary	  information	  

 
Figure 16. Main reaction of PylRS. 

 
 
 
Table 6. Preparation of reporter plasmid master mix. 

Reporter master mix  
325 plasmid 12,5 
Reduced medium 1250 

	  
 
Table 7. Preparation of transfection mix. Full medium was added after 20 min of incubation 
with PEI. 

Transfection 
master mix 

Reporter master mix 
[µl] 

DNA [µl] PEI 
[µl] 

Full medium 
[µl] 

PylRS AF 395,4 4,6 21 1200 
PylRS L43 396,5 3,5 21 1200 
BCNK RS 397,2 2,8 21 1200 
Reporter 50 0 3 200 
 
 
Table 8. Dilution series of BCN. The different concentration was added 1 h after the 
transfection mix was added. 

BCN dilution BCN [0.1 M] Full medium Final conc. [mM] 
 45 µl 4,5 ml 0,500 
  2,25 ml 0,250 
  2,25 ml 0,125 
  2,25 ml 0,063 
  2,25 ml 0,031 
  2,25 ml 0,016 
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Data	  obtained	  by	  FACS	  

 
Figure 17. Data set obtained by FACS for PylRS AF with the concentration ranges 0,500, 
0,250, 0,125, 0,063, 0,031, 0,015, and 0. 
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Figure 18. Data set obtained by FACS for PylRS L43 with the concentration ranges 0,500, 
0,250, 0,125, 0,063, 0,031, 0,015, and 0. 
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Figure 19. Data set obtained by FACS for BCNK RS with the concentration ranges 0,500, 
0,250, 0,125, 0,063, 0,031, 0,015, and 0. 
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