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Native and engineered protein biosynthetic machinery processes a wide range of fluorinated a-amino acids for
incorporation into peptides and proteins, either as substitutes for structurally similar amino acids normally found in
proteins, or as additional ones. In the former case, replacement occurs wherever the normal amino acid is encoded, while

the latter method is site-specific. The fluorinated peptides have a diverse variety of interesting properties. The biochemical
synthetic methods are straightforward, to the point that they should routinely be assessed as alternatives to traditional
solid- and solution-phase peptide synthesis.
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Introduction

It is generally understood that ribosome-derived peptides and
proteins are comprised of twenty a-amino acids and, indeed, life
depends on the fidelity of their incorporation. Nevertheless,

many others are also incorporated. Usually this only occurs
when those other amino acids are structurally similar to, and
compete for incorporation with, one normally found in proteins

and in this regard amino acids having fluorine in place of
hydrogen often satisfy this criterion. Although the earlier mis-
conception that fluorine is similar in size to hydrogen has now
been largely dispelled,[1] often the fluorine–hydrogen substitu-

tion has negligible impact on the binding of compounds to
enzymes and other proteins[2] including those involved in pep-
tide biosynthesis. Accordingly, peptides and proteins containing

fluorinated amino acids can be prepared using natural protein
biosynthetic machinery as an alternative to more conventional
solid- and solution-phase peptide synthesis techniques. Through

bioengineering the scope of this method has been greatly
extended. This article provides an overview of those fluorinated
amino acids that are incorporated, biochemical methods of

peptide and protein synthesis that favour this, and properties of
the fluorinated products.

Incorporation in Natural Systems

Fluorinated compounds are very rare in nature and, to the best of
our knowledge, (2S,3S)-4-fluorothreonine (1) (Fig. 1) which has
been isolated from Streptomyces cattleya is the only a-amino

acid in this group.[3] Naturally occurring fluorinated peptides
and proteins are unknown. Even so, numerous methods have
been developed for the synthesis of a wide range of fluorinated

amino acids,[4,5] and the incorporation ofmany of these has been

investigated (Figs 2–4). Those substituted with fluorine at either

the a- or b-position are relatively difficult to prepare due to their
propensity to undergo dehydrofluorination and, even though
methods have been developed for chemical synthesis of corre-

sponding peptides,[6,7] these amino acids are unsuitable for
biochemical approaches.

Fluoroaromatic amino acids are arguably the easiest to

prepare and the most stable (many of these are now commer-
cially available), which is probably one reason why 4-fluoro-
phenylalanine (2a) (Fig. 2) was the first to be studied as a

substitute for a normal amino acid in its biosynthetic incorpo-
ration into proteins in natural systems. In the early reports the
evidence of incorporation was only indirect. Thus, the fluoride
2a was first investigated as a replacement for (S)-phenylalanine

(Phe) by monitoring its effects on the growth of Lactobacillus
arabinosus.[8] Direct analytical methods and 19F NMR spec-
troscopy in particular were used later, to establish, for example,

that feeding rabbits with the fluoride 2a resulted in the produc-
tion of carbonic anhydrase in which each of the Phe residues was
partially (,5%) replaced,[9] and that egg white lysozyme

isolated from birds fed with the 4-, 3-, and 2-fluorophenyalanines
(2a–c) and the 4-, 5-, and 6-fluorotryptophans (3a–c) partly
incorporated those amino acids in place of each Phe and
(S)-tryptophan, respectively.[10]
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Fig. 1. The only known naturally occurring fluorinated a-amino acid.
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Use of Amino Acid Auxotrophic Bacteria

For practical peptide and protein synthesis, higher yields of
materials that are more easily isolated and purified are obtained
through overexpression in bacteria. When auxotrophic strains
that lack the ability to synthesise one or more of the amino acids

normally found in proteins are used for this purpose, there is the
added advantage of much greater levels of incorporation of
other structurally similar amino acids due to reduced competi-

tion. Accordingly, (S)-tyrosine (Tyr), (S)-methionine (Met),

(S)-leucine (Leu), (S)-proline (Pro), and (S)-histidine Escher-

ichia coli auxotrophs have been used to produce peptides con-
taining high levels of the fluorinated amino acids 4,[11] 5a,[12]

5b,[13] (2S,4S)- and (2S,4R)-6a,[14] (2S,4S)- and (2S,4R)-

7a,[15,16] and 8a, b,[17] respectively.
For ribosomal peptide synthesis, amino acids are first acti-

vated by corresponding aminoacyl-tRNA synthetases for attach-
ment to their cognate tRNAs. Whether or not fluorinated amino

acids are incorporated depends directly on the extent of their
activation and several strategies have been developed to
increase this. One is to exploit mutant synthetases that have

been identified through screening as having greater activity for
the fluorides. This has been demonstrated through the use of an
Escherichia coli strain that co-expresses aMet-tRNA synthetase

variant, to facilitate protein synthesis with the trifluoronorleu-
cine 9 as a Met replacement.[18] This substitution does not occur
in the absence of the unusual synthetase. Another approach is to
use bacterial hosts engineered to produce enhanced levels of

wild-type synthetase, as illustrated with hexafluoroleucine
6b,[19] trifluoroisoleucine 10,[20] and difluoroproline 7b.[21]

These were only activated efficiently enough to support protein

synthesis in systems co-expressing Leu-, (2S,3S)-isoleucine-
(Ile-), and Pro-tRNA synthetase, respectively. Even with addi-
tional Leu-tRNA synthetase, the level of activation of the

trifluoroisoleucine 13 (Fig. 3) remained insufficient.
(2S,3R)-4,4,4-Trifluorovaline (11) does not substitute for

(S)-valine (Val) during protein synthesis with conventional

Escherichia coli auxotrophs. In an unusual twist on the strategy
of addressing this with enhanced levels of synthetase, through
co-expression of Val-tRNA synthetase the fluoride 11 replaces
Val, but with additional Ile-tRNA synthetase it substitutes for

Ile.[22] That is, the synthetase determines which of the two
normal amino acids is replaced. (2S,3S)-4,4,4-Trifluorovaline
(14) does not incorporate instead of either Val or Ile, even with

co-expression of either Val- or Ile-tRNA synthetase. This shows
that not all those analogues of the amino acids normally found in
proteins having fluorine in place of hydrogen are suitable for

biochemical protein synthesis, yet the examples of the fluorides
9 and 11 replacing Met and Ile, respectively, demonstrate that
the method is not limited to that substitution. In the former case,
fluoride 9 differs fromMet by having a CH2CF3 group instead of

SCH3 and, in the latter, in place of CH2CH3 there is CF3.

Use of Cell-Free Peptide and Protein Synthesis

More recently, cell-free expression has emerged as a useful tool

for peptide and protein synthesis. By comparison with cellular
expression systems, the cell-free approach involves the prior
extraction and partial purification of cellular material, which is
then supplemented with the necessary DNA, amino acids, and

other ingredients to enable the synthesis. The cell-free expres-
sion systems can be biased towards incorporation of amino acids
normally not found in proteins bywithholding the normal amino

acids with which they compete,[23,24] such that fluorinated
amino acids processed through cellular expression are also taken
up by the cell-free method, often to greater extents. Cellular

extracts used for cell-free expression also contain enzymes that
catalyse the removal of a wide range of the protecting groups
employed in the synthesis of amino acids, so the deprotection of
an amino acid to be incorporated can be carried out in situ to

avoid separate processing steps.[25,26] This is particularly useful
with unstable amino acids, such as fluoroleucine 12. It rapidly
decomposes through lactone formation but this can be avoided
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Fig. 2. Fluorinated a-amino acids that compete for incorporation with

those amino acids normally found in proteins. *Denotes compound is

commercially available.
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*Denotes compound is commercially available.
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by generating it in situ from the corresponding amino acid

hydrazide, whereupon it substitutes for Leu in peptides and
proteins.

Site-Specific Incorporation

When a fluoride competes for incorporation with an amino acid
normally found in proteins, as is the case in the examples dis-

cussed above, substitution occurs whenever the mRNA encodes
the normal amino acid. This is said to be residue-specific.
Alternatively, various molecular engineering strategies such as

supplementation of cell-free systemswith an appropriatemutant
aminoacyl-tRNA synthetase and cognate suppressor tRNA
allow incorporation of an unnatural amino acid in addition to the

normal ones, at a single site or in a site-specific manner.[27,28]

Fluoro amino acids 15–23 that have been introduced into pro-
teins in this manner are illustrated in Fig. 4.[29–36] An added
advantage of this method is that the unnatural amino acid does

not need to structurally resemble any normal one. Indeed, it
should be dissimilar so as to avoid any background residue-
specific incorporation. In this regard, the nitrobenzyltyrosines

23a–cwere developed as photolabile, masked fluorotyrosines in
order to accomplish site-specific incorporation while prevent-
ing substitution of other Tyr residues.[36] A complementary

approach for site-specific incorporation in large peptides and
proteins is to prepare a fragment peptide comprising the
unnatural amino acid through conventional solid- or solution-

phase synthesis, then use chemical ligation to fuse this to the
remainder of the target produced biosynthetically.[37]

Applications

A major impetus for producing peptides and proteins compris-
ing fluorinated amino acids is their utility in 19F NMR spec-
troscopy, for determining structures and probing conformational

changes and ligand binding,[38,39] and many of the examples
discussed above were developed for this purpose. The intro-
duction of fluorine also increases the resistance of peptides to

thermal and chemical denaturation,[20,40–43] oxidation,[44] and
proteolysis.[45,46] Fluorinated amino acids can also be used to
manipulate hydrophobicity[47] and local electronic environ-

ments,[36,48] as well as alter the reactivity of catalytic
groups.[49,50] For example, the kinetics of an isomerase enzyme
have been modified by replacing the active site, catalytic tyro-

sine with fluorinated analogues having altered acidities.[50]

Fluorine (18F) is used as a tracer in positron emission tomog-
raphy (PET) and amino acids labelled with fluorine have been
employed to monitor protein synthesis by this method.[51]

Incorporation of fluorinated amino acids also offers possibilities
for the redesign of ribosomally-derived antibiotics[52,53] and
hormones[54,55] having modified activities. Further information

on the uses and applications of peptides prepared from fluori-
nated amino acids is provided in recent articles by Merkel and
Budisa[56] and Marsh.[57]

Conclusions

It follows that there is very broad scope to use native and

engineered protein biosyntheticmachinery to incorporate awide
range of fluorinated amino acids into peptides, for diverse
applications. This approach is not without limitations. Conse-

quently, traditional solid- and solution-phase peptide synthesis
is likely to remain the method of choice for synthesis of short
peptides, particularly those containing backbone-modified
amino acids, but for larger sequences biochemical methods are

much more convenient, because they are efficient, scalable, and
provide complete control over amino acid sequence. The bio-
synthetic reagents are now commercially available or easily

prepared, and their use is straightforward, to the extent that the
viability of using them in any planned synthesis of a peptide is
worthy of consideration.
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[51] H. H. Coenen, P. Kling, G. Stöcklin, J. Nucl. Med. 1989, 30, 1367.
[52] F. Oldach, R. Al Toma, A. Kuthning, T. Caetano, S.Mendo,N. Budisa,

R. D. Süssmuth, Angew. Chem. Int. Ed. 2012, 51, 415. doi:10.1002/
ANIE.201106154

[53] M. C. Walker, M. C. Y. Chang, Chem. Soc. Rev. 2014, in press.

doi:10.1039/C4CS00027G

[54] F. Cao, A. B. Gamble, H.-K. Kim, H. Onagi, M. J. Gresser, J. Kerr,

C. J. Easton, MedChemComm 2011, 2, 760. doi:10.1039/
C1MD00079A

[55] K. M. Morris, F. Cao, H. Onagi, T. M. Altamore, A. B. Gamble,

C. J. Easton, Bioorg. Med. Chem. Lett. 2012, 22, 7015. doi:10.1016/
J.BMCL.2012.10.004

[56] L. Merkel, N. Budisa, Org. Biomol. Chem. 2012, 10, 7241.
doi:10.1039/C2OB06922A

[57] E. N. G. Marsh, Acc. Chem. Res. 2014, in press. doi:10.1021/

AR500125M

12 S. A. Fraser and C. J. Easton

http://dx.doi.org/10.1016/0014-5793(86)80216-2
http://dx.doi.org/10.1016/0014-5793(86)80216-2
http://dx.doi.org/10.1021/BI00183A029
http://dx.doi.org/10.1073/PNAS.71.2.469
http://dx.doi.org/10.1021/BI9617973
http://dx.doi.org/10.1021/JA9911418
http://dx.doi.org/10.1002/CBIC.200800164
http://dx.doi.org/10.1021/BI00887A034
http://dx.doi.org/10.1016/J.BBRC.2013.09.062
http://dx.doi.org/10.1016/J.BBRC.2013.09.062
http://dx.doi.org/10.1002/CBIC.200500249
http://dx.doi.org/10.1002/ANIE.200700779
http://dx.doi.org/10.1021/JA016652K
http://dx.doi.org/10.1021/JA0298287
http://dx.doi.org/10.1002/CBIC.200400052
http://dx.doi.org/10.1002/ANIE.200454036
http://dx.doi.org/10.1111/J.1742-4658.2005.04735.X
http://dx.doi.org/10.1039/C0CC02879G
http://dx.doi.org/10.1055/S-2007-977420
http://dx.doi.org/10.1002/CHEM.201203923
http://dx.doi.org/10.1002/CHEM.201203923
http://dx.doi.org/10.1002/BIT.22070
http://dx.doi.org/10.1002/PRO.5560070223
http://dx.doi.org/10.1021/JA064661T
http://dx.doi.org/10.1016/J.BBRC.2012.01.069
http://dx.doi.org/10.1021/BI901947R
http://dx.doi.org/10.1021/JA801602Q
http://dx.doi.org/10.3762/BJOC.6.40
http://dx.doi.org/10.1021/JA104609M
http://dx.doi.org/10.1039/B904032C
http://dx.doi.org/10.1039/B904032C
http://dx.doi.org/10.1021/BI100013S
http://dx.doi.org/10.1038/NPROT.2007.159
http://dx.doi.org/10.1146/ANNUREV.BB.25.060196.001115
http://dx.doi.org/10.1039/C1CS15241F
http://dx.doi.org/10.1021/JA002961J
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010417)40:8%3C1494::AID-ANIE1494%3E3.0.CO;2-X
http://dx.doi.org/10.1002/CBIC.200500420
http://dx.doi.org/10.1021/JA903631H
http://dx.doi.org/10.1021/JA029674V
http://dx.doi.org/10.1002/CBIC.200700643
http://dx.doi.org/10.1021/JM8008579
http://dx.doi.org/10.1126/SCIENCE.1131943
http://dx.doi.org/10.1021/JA413174B
http://dx.doi.org/10.1016/0022-2836(81)90305-3
http://dx.doi.org/10.1016/0022-2836(81)90305-3
http://dx.doi.org/10.1021/BI980454X
http://dx.doi.org/10.1002/ANIE.201106154
http://dx.doi.org/10.1002/ANIE.201106154
http://dx.doi.org/10.1039/C4CS00027G
http://dx.doi.org/10.1039/C1MD00079A
http://dx.doi.org/10.1039/C1MD00079A
http://dx.doi.org/10.1016/J.BMCL.2012.10.004
http://dx.doi.org/10.1016/J.BMCL.2012.10.004
http://dx.doi.org/10.1039/C2OB06922A
http://dx.doi.org/10.1021/AR500125M
http://dx.doi.org/10.1021/AR500125M

