
DOI: 10.1126/science.1221761
, 428 (2012);336 Science

Jason W. Chin
Reprogramming the Genetic Code

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): April 26, 2012 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/336/6080/428.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

 http://www.sciencemag.org/content/336/6080/428.full.html#ref-list-1
, 4 of which can be accessed free:cites 18 articlesThis article 

 http://www.sciencemag.org/cgi/collection/molec_biol
Molecular Biology

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2012 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

A
pr

il 
26

, 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1321172677/Top1/AAAS/PDF-Sigma-Science-120101/sh4971_Science_sponsor_logo_v5.raw/71304a2f5a552b5a7a6e3841436a6444?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/336/6080/428.full.html
http://www.sciencemag.org/content/336/6080/428.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/molec_biol
http://www.sciencemag.org/


27 APRIL 2012    VOL 336    SCIENCE    www.sciencemag.org 428

PERSPECTIVES

less than 20 µm across, calcifi ed cyanobac-

terial sheaths have a good, but highly epi-

sodic, microfossil record ( 10), refl ecting the 

response of sheath calcifi cation to environ-

mental effects. Well-calcified cyanobacte-

rial sheaths fi rst became conspicuous in the 

marine geologic record about 1200 million 

years ago ( 11), remained relatively common 

until about 100 million years ago, and today 

are scarce in seawater but locally abundant in 

fresh water ( 6). Their scarcity in rocks older 

than about 1200 million years has attracted 

particular attention. It seems that sheath cal-

cifi cation rarely occurred in marine cyano-

bacteria during the fi rst half of their history. 

A possible explanation for this “Precambrian 

Enigma” ( 6) is that the high carbon dioxide 

levels during this period meant that cyano-

bacteria did not need to use bicarbonate ( 6).

It is not yet known whether the controlled 

intracellular calcifi cation shown by Gloeo-

margarita has a geologic record. If it does, it 

might be much less erratic than the one for 

calcifi ed sheaths. Couradeau et al. suggest 

that ancient relatives of Gloeomargarita may 

indeed have carried out intracellular calci-

fication. They reason that Gloeomargarita 

has ancestral features and that the alkalinity 

export involved in sheath calcifi cation might 

require cellular mechanisms that did not 

evolve until later.

However, it may be diffi cult to fi nd geo-

logic evidence. Tiny benstonite inclusions 

like those in Gloeomargarita would not be 

easy to identify with confi dence in Precam-

brian rocks. Recognizing this diffi culty, Cou-

radeau et al. suggest that carbonate deposits 

containing barium and strontium, present in 

the benstonite, might provide a better geo-

logic indicator for this style of biomineraliza-

tion than the granules themselves.

Couradeau et al.’s discovery raises some 

intriguing possibilities, but assessing their 

importance for the fossil record will be chal-

lenging. In addition to searching for scarce 

calcifi ed sheaths, we now need to be on the 

lookout for subtle traces of intracellular cal-

cifi cation. This is likely to cause some head 

scratching. At least we know why our skulls 

are so well calcifi ed. Or do we? 
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Reprogramming the Genetic Code
MOLECULAR BIOLOGY

Jason W. Chin

Incorporating unnatural amino acids into 

proteins presents challenges in expanding 

the genetic code.

        T
he genetic code provides rules by 

which a genome is decoded to pro-

duce proteins of defi ned amino acid 

composition and sequence. These rules, 

which specify 61 codons (triplets of nucleo-

tides) that code for the 20 common amino 

acids, and 3 codons that signal the termina-

tion of protein synthesis, are near-univer-

sally conserved in living organisms. Despite 

conservation of this code and the transla-

tional machinery that enforces it, a growing 

body of work addresses the challenges in 

reprogramming the genetic code. Designer 

amino acids, created by synthetic chemis-

try, can now be incorporated into specifi c 

sites in proteins of interest in vitro, in cells, 

and most recently in a whole animal (see the 

fi gure). These routes to unnatural polymer 

synthesis and evolution are already facilitat-

ing the study of cellular processes including 

protein interactions, protein conformational 

changes, posttranslational modif ication 

biology, and the kinetics of protein trans-

port and cell signaling with a new level of 

molecular precision ( 1). Emerging develop-

ments may allow the synthesis and evolution 

of new materials and therapeutics.

The fi delity of natural protein synthesis 

is maintained by specifi c aminoacylation of 

a transfer RNA (tRNA) with an amino acid, 

and the ribosomal decoding of each tRNA 

in response to a cognate codon on a mes-

senger RNA (mRNA) ( 2,  3). Incorporat-

ing unnatural amino acids (with different 

chemical and physical properties that dif-

fer from those of the common amino acids) 

into proteins requires methods for loading 

them onto tRNAs and unique codons that 

can be specifi cally decoded by “orthogonal” 

tRNAs, which have been engineered not to 

be recognized as substrates for endogenous 

aminoacyl–tRNA synthetases. Chemical 

methods to aminoacylate orthogonal tRNAs 

designed to recognize a stop codon (the 

amber codon), and the use of these tRNAs 

in translation reactions in vitro, provided the 

fi rst general route to incorporating unnatu-

ral amino acids into proteins ( 4). Recent 

advances have expanded the scope of in 

vitro protein synthesis. For example, qua-

druplet codons (four nucleotides) that can 

be read, albeit poorly, on the natural ribo-

some have been used to incorporate several 

unnatural amino acids into a single protein 

( 5). In vitro translation can also be recon-

stituted from purifi ed factors, allowing par-

ticular aminoacyl–tRNA synthetases and 

tRNAs to be omitted from the translation 

reaction. The resulting “blank” codons can 

then be reassigned to new amino acids by 

introducing orthogonal tRNAs bearing anti-

codons complementary to the blank codons 

( 6,  7). Ribozymes that catalyze the amino-

acylation of tRNAs with unnatural amino 

acids and other monomers including alpha 

hydroxy acids ( 8) have provided an acces-

sible alternative to chemical aminoacyla-

tion of tRNAs. This method has allowed the 

synthesis and directed evolution of unnatu-

ral peptides and cyclic peptides bearing a 

range of unnatural amino acids and mono-

mers ( 8). Thus far, in vitro approaches have 

been used to synthesize and evolve antibi-

otic-like molecules and to label proteins 

for fl uorescence resonance energy transfer 

experiments ( 5,  8).

Extending unnatural protein synthesis to 

cells has also seen progress. The injection 

of a chemically aminoacylated orthogonal 

tRNA, engineered to recognize an amber 

codon, into Xenopus laevis oocytes has 

facilitated new insight into the structure and 

function of membrane proteins, including 
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ion channels, through the incorporation of 

unnatural amino acids ( 9). Orthogonal ami-

noacyl–tRNA synthetase–tRNA pairs that 

do not cross-react with endogenous synthe-

tases and tRNAs can specifi cally recognize 

a particular unnatural amino acid and effi -

ciently direct its incorporation in response 

to a unique (usually the amber) codon. Such 

pairs have now been described in particular 

host cells ( 1,  10). The pyrrolysyl–tRNA syn-

thetase–tRNA pairs from Methanosarcina 

species can be used to incorporate unnatural 

amino acids into protein in bacteria, yeast, 

mammalian cells, and even a whole ani-

mal, the worm Caenorhabditis elegans ( 1). 

Indeed, the extension of unnatural amino 

acid–based tools—developed in cells—

to plants and animals ( 11) may ultimately 

provide approaches for investigating more 

complex phenomena, such as neural pro-

cessing and development, with new levels of 

molecular, spatial, and temporal precision.

Because all the codons are used in the 

genome for protein synthesis, the incorpora-

tion of multiple unnatural amino acids into 

proteins in cells requires additional blank 

codons. To address this issue, a parallel and 

independent or “orthogonal” translation 

pathway has been created in the model bac-

terium Escherichia coli ( 12,  13). An orthog-

onal ribosome, which translates orthogonal 

mRNAs that are not substrates for the natu-

ral ribosome, has been created. Altered, by 

directed evolution in the laboratory, it can 

read quadruplet codons with extended anti-

codon tRNAs that are poorly decoded on 

the natural ribosome. This provides a set 

of blank quadruplet codons that have been 

assigned to new amino acids by means of 

orthogonal synthetases and tRNAs, creating 

a parallel translation pathway in the cell ( 12, 

 13). This approach has been used to genet-

ically direct the formation of a nanoscale 

redox-insensitive cross-link that may be use-

ful in trapping discrete, functional confor-

mations of proteins and creating stabilized 

protein therapeutics.

Emerging advances in genome engineer-

ing ( 14,  15) may generate complementary 

approaches to providing additional blank 

codons. By replacing the codons in the 

genome with a reduced set of codons that 

encode all 20 amino acids and deleting the 

endogenous tRNAs that decode the replaced 

codons, it may be possible to convert some 

sense codons into blank codons. The num-

ber of blank sense codons that can be inde-

pendently decoded may be constrained by the 

extensive wobble pairing rules by which many 

tRNAs decode several codons. Experimental 

efforts at codon replacement may reveal the 

extent to which protein folding and homeosta-

sis, and cellular robustness are evolutionarily 

embedded in natural codon usage ( 16).

Another challenge to increasing 

the number of distinct amino acids 

that can be incorporated into pro-

teins in cells is the creation of addi-

tional orthogonal aminoacyl–tRNA 

synthetase–tRNA pairs. The recent 

de novo generation of such pairs by 

directed evolution in E. coli offers 

one solution ( 17).

It has been more than 40 years 

since in vitro polyester synthe-

sis was demonstrated (through the 

chemical modifi cation of tyrosine 

on a tRNA) ( 18). However, many 

challenges remain in reprogram-

ming the translational machinery 

of cells for the encoded synthesis of 

diverse polymers. Future progress 

will provide new insight into fun-

damental questions in biology and promises 

routes to new materials and therapeutics. 
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DNA mRNA

Natural translation
Proteins

Reprogrammed

translation Unnatural polymers

Unnatural translation. (A) DNA is tran-
scribed to mRNA, and the natural trans-
lational machinery decodes the mRNA to 
produce polymers of the natural 20 amino 
acids (cubes). Reprogrammed translation 
allows the introduction of unnatural amino 
acids (spheres) into proteins. (B) Repro-
gramming the genetic code in systems of 
increasing complexity.
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