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20 Canonical Amino Acids

GENETIC CODE EXPANSION

Selenocysteine

SeCys

Pyrrolysine

Pyl



 Selenocysteine is the 21st proteinogenic amino acid existing 

in all three domains of life

 SeCys is present in several enzymes including glutathione 

peroxidases and formate dehydrogenases

 In 1976, the amino acid was first discovered in clostridial

glycine reductase

 SeCys in enzymes catalyzes oxido-reduction

Selenocysteine

SELENOCYSTEINE

Selenocysteine

SeCys

PNAS 1976, 73, 2659.

• SeCys has both a lower pKa (5.47) and a lower 

reduction potential than cysteine

 SeCys is not coded for directly in the 

genetic code – no codon is available



 tRNA for SeCys

Nature 1988, 331, 723.

 We report here that one of these genes 

codes for a tRNA species with unique 

properties

 It possesses an anticodon 

complementary to UGA and deviates in 

several positions from sequences, until 

now, considered invariant in all tRNA 

species

 This tRNA is aminoacylated with L-

serine by the seryl-tRNA ligase which 

also charges cognate tRNASer. 

Selenocysteine, therefore, is 

synthesized from a serine residue 

bound to a natural suppressor tRNA 

which recognizes UGA.

 Sequence analysis of the genes coding 

for two selenoproteins, formate 

dehydrogenase H from E. coli and 

glutathione peroxidase from mouse and 

man, demonstrated that an inframe 

UGA opal nonsense codon directs the 

incorporation of selenocysteine 

 Recently, we identified four genes 

whose products are required for 

selenocysteine incorporation in E. coli

SELENOCYSTEINE



Conversion of Ser into SeCys

SELENOCYSTEINE



 Pyrrolysine (Pyl) an α-amino acid that is used in the 

biosynthesis of proteins in some methanogenic archaea and 

bacteria

 The extra pyrroline ring is incorporated into the active site of 

several methyltransferases

Pyrrolysine

PYRROLYSINE

Pyrrolysine

Pyl

 Pyl is required to transfer a methyl 

group to the cofactor, corrinoid

Me-NH2 NH3

CH3



How Pyl is encoded

Science 2002, 296, 1459.

 Pyrrolysine is a lysine derivative encoded by the UAG 

codon in methylamine methyltransferase genes of 

Methanosarcina barkeri. 

 Near a methyltransferase gene cluster is the pylT

gene, which encodes an unusual transfer RNA (tRNA) 

with a CUA anticodon. 

 The adjacent pylS gene encodes a class II aaRS that

charges the pylT-derived tRNA with lysine but is not

closely related to known lysyl-tRNA synthetases

 Homologs of pylS and pylT are found in a Gram-

positive bacterium. Charging a tRNACUA with lysine is

a likely first step in translating UAG amber codons as

pyrrolysine in certain methanogens. 

 Our results indicate that pyrrolysine is the 22nd 

genetically encoded natural amino acid.

Acylation by LysRS to pylT. 

At that time, Pyl had not been isolated or 

synthesized, and it was not available

PYRROLYSINE



How Pyl is encoded

Science 2002, 296, 1462.

 Genes encoding methanogenic methylamine

methyltransferases all contain an in-frame amber (UAG) 

codon that is read through during translation.

 We have identified the UAG-encoded residue in a 1.55 Å

resolution structure of the Methanosarcina barkeri

monomethylamine methyltransferase (MtmB). 

 This structure reveals a homohexamer comprised of 

individual subunits with a TIM barrel fold. 

 The electron density for the UAG-encoded residue is

distinct from any of the 21 natural amino acids. 

 Instead it appears consistent with a lysine in amide-

linkage to (4R,5R)-4-substituted-pyrroline-5-carboxylate. 

We suggest that this amino acid be named L-pyrrolysine.

PYRROLYSINE



How Pyl is encoded

Nature 2004, 431, 333. PNAS 2004, 101, 12450.

PYRROLYSINE



How Pyl is encoded

Nature 2004, 431, 333.

PYRROLYSINE

Figure 1. Aminoacylation of  tRNACUA  in  cellular  tRNA pools  monitored  by  acid-urea  gel 

electrophoresis  and  northern  blotting  to  detect  tRNACUA.  Lane  1 contains  the  alkali- deacylated

cellular tRNA pool with only uncharged tRNACUA, lane 2 contains cellular tRNA as  isolated  and  shows  

charged  (upper  band)  and  uncharged  (lower  band)  tRNACUA. Aminoacylation of  tRNACUA in  the  

deacylated cellular  tRNA pool  by  PylS was  assayed  as described in Methods except that the amino-

acid substrate (50 uM) was varied. Each lane represents reactions with the following: 3, no amino acid; 4, 

pyrrolysine; 5, pyrrolysine; 6, lysine;  7,  pyrrolysine plus  lysine;  8,  a  mixture  of  the  20  canonical  

amino  acids;  9, pyrrolysine plus  a  mixture  of  the  20  canonical  amino  acids;  10,  pyrrolysine but  

lacking PylS-His6; 11, no amino acid; 12, pyrrolysine; 13, the low-molecular-mass fraction from M.  

acetivorans cell  extract.  Sample  groups  1–4  and  5–13  are  from  two  different experiments.  Samples  

5–13  are  from  different  parts  of  the  same  gel.



Biosynthesis of Pyl

Nature 2011, 471, 647.

PYRROLYSINE



 Chemical modification of proteins 

 Solid phase peptide synthesis

 Expressed Protein Ligation (EPL)

• Ligation between synthetic peptides and native 

truncated proteins 

 In vitro protein biosynthesis

• Chemical acylation of UAAs to tRNA

 In vivo protein mutagenesis

• Amino acid auxotrophs, synthetase specificity 

relaxation

Methods for UAAs Incorporation

GENETIC CODE EXPANSION



 “Adaptor hypothesis”

• Anticodon–codon recognition between mRNA and tRNA 

is largely independent of the structure of the amino acid 

linked to the 3’-terminus of the acceptor stem of the tRNA

 The chemical modification of enzymatically amino-acylated

tRNAs (aa-tRNAs) with synthetic reagents and probes

• Treatment of Lys-tRNALys with N-acetoxysuccinimide

affords (N-ε-acetyl-Lys)-tRNALys, which can be used to 

insert N-ε-acetyl-Lys into proteins in a cell-free rabbit 

reticulocyte system

• Low yield of aa-tRNA and multi-site incorporation

 IN VITRO PROTEIN BIOSYNTHESIS

GENETIC CODE EXPANSION



Codon-anticodon interactions

 Does the AA attached to the tRNA play any role?

 The AA in aminoacyl-tRNA does not play a role in selecting 

a codon

GENETIC CODE EXPANSION



 A general approach uses:

• Enzymatic aminoacylation

• Replacement of the codon 

for residue of interest with 

TAG(UAG) codon

• Orthogonal tRNATAG

• In vitro transcription and 

translation

 IN VITRO PROTEIN BIOSYNTHESIS

GENETIC CODE EXPANSION



 Site-specifical incorporation of a large number of unnatural 

amino acids into various proteins

 Mutagenesis studies have provided important insights into 

protein structure and function

 Technically demanding, the low yields of mutant proteins, 

and hard to study proteins in cells

 The nature of the amino acid side chain is limited by the 

aminoacylation chemistry and the stability of the aa-tRNA 

linkage.

 IN VITRO PROTEIN BIOSYNTHESIS

GENETIC CODE EXPANSION



 The ability to incorporate unnatural amino acids directly 

into proteins in vivo has several advantages over in vitro 

methods

• High yields of mutant proteins

• Technical ease

• The potential to study proteins in cells or multicellular 

organisms

 This can be accomplished by substitution of one of the 

common 20 amino acids with an unnatural amino acid

 The unnatural amino acid typically replaces the common 

amino acid throughout a protein (and the proteome), often 

in competition with a common amino acid, and results in 

heterogeneous proteins

 IN VIVO PROTEIN MUTAGENESIS

GENETIC CODE EXPANSION



 Site-directed mutagenesis

• The 20 natural AA can be introduced

 The use of auxotrophic bacterial strains to incorporate 

unnatural amino acids

• Auxotrophy - inability of an organism to synthesize a 

particular organic compound required for its growth 

 Relaxing the substrate specificity of aminoacyl-tRNA 

synthetases

 Attenuating the proofreading activity of aminoacyl-tRNA 

synthetases

 IN VIVO PROTEIN MUTAGENESIS

GENETIC CODE EXPANSION



 IN VIVO PROTEIN MUTAGENESIS

 Multiple substitution of 

phenylalanine by p-fluoro-

phenylalanine (p-F-Phe) using a 

phenylalanine auxotrophic strain.

GENETIC CODE EXPANSION



 IN VIVO PROTEIN MUTAGENESIS

Incorporation of α-aminobutyrate by a ValRS mutant with reduced 

proofreading activity. (w.-t.=wild-type)

GENETIC CODE EXPANSION



 Though very useful, the use of auxotrophic strains for 

mutagenesis has a number of limitations

• This method is not site-specific 

• The extent of incorporation of the unnatural amino acid 

is limited

• Applicable only to close structural analogues of the 

common amino acids

 IN VIVO PROTEIN MUTAGENESIS

GENETIC CODE EXPANSION



THE 1ST REPORT

Schultz et al., Science 2001.

GENETIC CODE EXPANSION TECHNOLOGY



NEWS FOCUS IN SCIENCE

GENETIC CODE EXPANSION TECHNOLOGY



PROTEINS – BIOSYNTHESIS

GENETIC CODE EXPANSION TECHNOLOGY



UAA

Unique codon – TAG (1/3000 in E. coli)

Orthogonal tRNA / synthetase pair

General method to evolve synthetases

 Requirements for the genetic incorporation

KEY COMPONENTS

GENETIC CODE EXPANSION TECHNOLOGY



T

C

A

G

T C A G

TTT
TTC
TTA
TTG

Phe

Leu

TCT
TCC
TCA
TCG

Ser

ATT
ATC
ATA
ATG

Ile

Met

CTT
CTC
CTA
CTG

Leu

GTT
GTC
GTA
GTG

Val

CCT
CCC
CCA
CCG

Pro

ACT
ACC
ACA
ACG

Thr

GCT
GCC
GCA
GCG

Ala

TAT
TAC
TAA
TAG

Tyr

Stop
Stop

TGT
TGC
TGA
TGG

Cys

Stop
Trp

CAT
CAC
CAA
CAG

His

Gln

CGT
CGC
CGA
CGG

Arg

AAT
AAC
AAA
AAG

Asn

Lys

GAT
GAC
GAA
GAG

Asp

Glu

T
C
A
G

T
C
A
G

T
C
A
G

T
C
A
G

AGT
AGC
AGA
AGG

Ser

Arg

GGT
GGC
GGA
GGG

Gly

Second Letter

F
ir

s
t 

L
e
tt

e
r

T
h

ird
 L

e
tte

r
Codon usage - 1/3000 in E. coli

UNIQUE CODON

GENETIC CODE EXPANSION TECHNOLOGY
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UAA

Unique codon – TAG (1/3000 in E. coli)

 Orthogonal tRNA / synthetase pair

General method to evolve synthetases

 Requirements for the genetic incorporation

GENETIC INCORPORATION OF UAAS

GENETIC CODE EXPANSION TECHNOLOGY



5'-A U U AA AGCUG GUAUGUCU G GAU-3'

HO

aaRS

AUC

HO

aaRS

ATP

No cross reactivity

(orthogonal)

AUA

Orthogonal

tRNACUA/aaRS pair

for UAA

Endogenous

tRNAAUA/aaRS pair

for Tyr

Genetically 

incorporated 

UAA

▣ Key components for GCE

- Orthogonal tRNACUA/aaRS pair

- Unique codon for UAA

- UAA (supplemented)

Orthogonal tRNA / synthetase pair
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E. coli Yeast/Mammalian

tRNATyr/TyrRS           

from M. jannaschii

tRNAPyl/PylRS           

from M. mazei or

M. barkeri

tRNATyr/TyrRS               

or tRNALeu/LeuRS         

from E. coli

tRNAPyl/PylRS            

from M. mazei or

M. barkeri

 Popular orthogonal tRNA / synthetase pairs

Orthogonal tRNA / synthetase pair

GENETIC CODE EXPANSION TECHNOLOGY
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Unnatural amino acid

Unique codon – TAG (1/3000 in E. coli)

Orthogonal tRNA / synthetase pair

 General method to evolve synthetases

 Requirements for the genetic incorporation

GENETIC INCORPORATION OF UAAS

GENETIC CODE EXPANSION TECHNOLOGY



Amino Acid Binding Site of MjTyrRS

 Engineering the active site of a synthetase

ENGINEERING SYNTHETASES

GENETIC CODE EXPANSION TECHNOLOGY



 It is used to insert specific mutations at specific points 

in a sequence or to combine smaller DNA fragments 

into a larger DNA fragment

Overlap Extension PCR

Complementary to the 

end of the red fragment

Complementary to the 

end of the blue fragment

GENETIC CODE EXPANSION TECHNOLOGY

//upload.wikimedia.org/wikipedia/commons/b/b5/Splicing_by_Overlap_Extension_PCR.svg
//upload.wikimedia.org/wikipedia/commons/b/b5/Splicing_by_Overlap_Extension_PCR.svg


XXX XXX

XXX

XXX

XXX

XXX

XXX
XXX XXX

XXX

P1-F P2-F P3-F

P1-R P3-R P3-R

P1-F

P3-R

Three  independent 

standard PCRs

Overlap extension PCR

Template

(Target gene)

Overlap Extension PCR (optional)

GENETIC CODE EXPANSION TECHNOLOGY
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Selection Scheme for E. coli

GENETIC CODE EXPANSION TECHNOLOGY



Science 2001.

THE 1ST REPORT

GENETIC CODE EXPANSION TECHNOLOGY



EXPANSION TO EUKARYOTES

GENETIC CODE EXPANSION TECHNOLOGY
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Selection Scheme for Yeast

GENETIC CODE EXPANSION TECHNOLOGY



EXPANSION TO EUKARYOTES

GENETIC CODE EXPANSION TECHNOLOGY
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evolved

synthetase

tRNA

target geneTAG

UAA

UAA

HOW TO EXPRESS PROTEINS CONTAINING UAAS

GENETIC CODE EXPANSION TECHNOLOGY
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GENETICALLY ENCODED UAAS
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 GCE technology requires orthogonality of an aatRNA/aaRS

pair for operation in a host cell

 The orthogonality is usually obtained by applying an 

exogenous pair

 The tRNAPyl/PylRS pair is orthogonal in both prokaryotes 

and eukaryotes

PylT and PylRS as an universal system for GCE

tRNATyr/TyrRS           

from M. jannaschii

tRNAPyl/PylRS           

from M. mazei or

M. barkeri

E. coli Mammalian cells

tRNATyr/TyrRS               

or tRNALeu/LeuRS         

from E. coli

tRNAPyl/PylRS            

from M. mazei or

M. barkeri

GENETIC CODE EXPANSION TECHNOLOGY



PylT and PylRS as an universal system for GCE

Biochem. Biophys. Res. Commun. 2008, 371, 818.

GENETIC CODE EXPANSION TECHNOLOGY

GRB2

111TAG



PylT and PylRS as an universal system for GCE
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