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The discovery that pyrrolysine is translationally incorporated
into methylamine methyltransferases from certain meth-
anogens in response to an in-frame amber codon prompted
detailed studies of the biochemical machinery associated
with its genetic encoding. Over the past few years, signifi-
cant progress has also been made in identifying a set of struc-
tural and electronic features that enable a compound to act

Introduction

We and the Krzycki group first detected and identified
pyrrolysine (Pyl, 1, Figure 1), the 22nd genetically-encoded
amino acid, from the crystal structure of the Methanosar-
cina barkeri monomethylamine methyltransferase (MtmB,
Figure 2) and mass-spectrometry studies.[1–3] The name was
coined to reflect its chemical identity as N6-[(4R,5R)-4-
methyl-1-pyrroline-5-carbonyl]--lysine.

Figure 1. Pyrrolysine (1).

Figure 2. Electron density around the pyrrolysine residue in the X-
ray crystal structure of M. barkeri MtmB.[1]
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as an effective pyrrolysine mimic. With such empirical
knowledge in hand, it is becoming increasingly feasible to
rationally design and synthesize new analogs with useful
chemical, physical, or biochemical properties and then site-
specifically incorporate them into proteins. The present
microreview highlights recent key developments in this
rapidly expanding area of research.

Subsequent biochemical studies unequivocally demon-
strated that pyrrolysine is a new genetically-encoded amino
acid whose incorporation is mediated by the otherwise non-
sense UAG (amber) codon.[4,5] Specifically, 1 is directly rec-
ognized and charged by a pyrrolysyl-tRNA synthetase
(PylRS) onto its cognate amber suppressor tRNAPyl that,
in turn, is used by the ribosome to incorporate 1 during
protein synthesis.[6,7] An alternative pathway involving
charging tRNAPyl with lysine followed by its modification
to pyrrolysine was shown not to be operational.[6] It was
also established that synthetic 1 could be incorporated into
recombinant MtmB in Escherichia coli by co-expression
with M. barkeri PylRS and tRNAPyl using the pETDuet
vector (Novagen), thus demonstrating that the pyrrolysine
incorporation system could be transferred to prokaryotic
and potentially other biological systems.[6]

Certain unique features of the PylRS–tRNAPyl pair
should enable its widespread use for site-specific modifica-
tion of proteins using structural analogs of pyrrolysine.
There is a growing body of evidence that PylRS–tRNAPyl

pairs from Methanosarcinaceae are not only fully functional
in E. coli but also orthogonal[8] to the endogenous ami-
noacyl-tRNA synthetase (aaRS)–tRNA sets.[6,9] The speci-
ficity and exclusivity of PylRS towards tRNAPyl is also re-
tained in mammalian cells.[9,10] Recently, the molecular ba-
sis of these properties has been elucidated from the X-ray
single-crystal structure of the Desulfitobacterium hafniense
PylRS–tRNAPyl complex.[11] From the results of these stud-
ies, it was concluded that the highly specialized and intricate
interaction surface between the two units, which is mark-
edly distinct from those observed for other known aaRS–
tRNA complexes, is the key feature responsible for the
PylRS–tRNAPyl orthogonality. Moreover, crystallographic
analyses of the M. mazei[12,13] and D. hafniense[14] PylRS
have revealed a remarkably large binding pocket for 1 that,
in turn, suggests broad specificity for lysine analogs bearing
a wide variety of N-6 side-chains.
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Throughout the review, we refer to various compounds

as pyrrolysine analogs not so much to emphasize their
structural similarity with 1, but rather to indicate that they
are competent substrates for native or genetically-evolved
PylRS–tRNAPyl pairs.

Exploratory Search for Pyrrolysine Analogs

For a chemical compound to serve as a competent ana-
log of a genetically-encoded amino acid, such as pyrrolys-
ine, it has to be a suitable surrogate in three critical events.
Firstly, it has to be recognized by an appropriate aaRS
which then catalyzes its reaction with adenosine 5�-triphos-
phate (ATP) to form an amino acid adenylate that primes
the acyl group for the next key process – the aminoacylation
of the cognate tRNA. Finally, the tRNA-charged amino
acid has to be incorporated into the protein during transla-
tion. For each stage, appropriate assays have been devel-
oped that enable biochemists to evaluate the effectiveness
of the potential analog. Of course, only detailed analysis of
the final product makes it possible to ascertain the level of
efficiency and fidelity of translational incorporation.

Initial efforts towards the synthesis of pyrrolysine and its
analogs were born out of necessity stemming from the lack
of readily available sources of the parent amino acid that
severely hampered relevant biochemical studies. Although
our own synthetic work in conjunction with the Krzycki
group[2] provided us with enough material to demonstrate
that 1 is directly charged onto tRNAPyl by PylRS and then
inserted into a protein,[6] the approach was not practical for
large scale preparations. Moreover, pyrrolysine turned out
to be relatively unstable, which precluded its storage for ex-
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tended periods of time. After being unable, in contrast to
others,[12,15] to reproduce our synthetic protocol for the par-
ent compound 1, Ambrogelly et al.[16] reported on the syn-
thesis of the pyrrolysine isomer 2 (Figure 3) but were also
dissatisfied with the shortcomings of their approach. To al-
leviate these problems, a series of lysine derivatives 2–8
(Figure 3) was screened for their ability to serve as pyrrolys-
ine surrogates using an aminoacylation assay based on
acid–urea gel electrophoresis and Northern blotting. Some
successful analogs identified in this fashion were then sub-
jected to in vivo readthrough tests.

Figure 3. Potential pyrrolysine analogs 2–8 tested as substrates for
M. barkeri PylRS–tRNAPyl by Ambrogelly et al.[16] 2 was screened
as an equimolar mixture of (4S*,5R*)-diastereomers.

Of all the compounds screened, pyrrolysine isomer 2,
carbamate 3, and proline derivative 4 were shown to be acti-
vated and subsequently ligated onto tRNAPyl by PylRS in
vitro. The lack of any activation for epi-4 in contrast to
its diastereomer 4 led the authors to postulate the crucial
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importance of the side-chain stereocenter for recognition by
PylRS. They also suggested that the actual presence of the
ring nitrogen atom is not particularly beneficial because 3
and 4 are, more or less, equally competent substrates. Tak-
ing this argument further, it was subsequently put forward
that the improper positioning of the ring heteroatom, like in
epi-4, is actually detrimental to the level of PylRS-catalysed
activation. However, as carbamate 3 possesses an additional
oxygen atom that could potentially contribute to PylRS
binding, the analogy between it and 4 might not be so
straightforward. Although lysine (5) was not expected to be
activated by PylRS, it is noteworthy that its analogs 6–8
bearing simple acyclic substituents at N-6 were similarly in-
effective, with the possible exception of the acetyl derivative
8 that showed very low, “slightly above background”,[16]

levels of PylRS-catalysed activation. Both 3 and 4 were also
demonstrated to be competent amber suppressors during
protein synthesis in E. coli.

In related exploratory studies, the Chan and Krzycki
groups subjected analogs 9–13 (Figure 4) to the [32P]PPi–
ATP exchange (PPi = pyrophosphate), acid–urea gel elec-
trophoresis, and Northern blotting assays as well as in vivo
protein readthrough experiments.[17] These studies ulti-
mately identified the THF derivative 10, bearing an oxygen
atom at the position corresponding to that of the imine ni-
trogen atom in 1, to be an exceptionally effective pyrrolys-
ine mimic. The catalytic efficiency of M. barkeri PylRS in
the presence of 10 is ~10 and ~100 times higher than in
the presence of Ambrogelly’s analog 3 and the cyclopentyl
derivative 9, respectively. These results indicate that a prop-
erly placed heteroatom at the N-6 acyl substituent of lysine
has a profound and beneficial effect on the level of acti-
vation. Moreover, the results for 3 and 9 demonstrate that
the lack of a heteroatom in the five-membered ring can be
somewhat offset by the presence of the carbamate oxygen
atom. In agreement with the observations made by Ambro-
gelly et al.,[16] we also noted that misplacement of the het-
eroatom within the five-membered ring, as in the dia-
stereomeric THF derivatives 11 and epi-11, renders these
compounds unsuitable as pyrrolysine surrogates. This seems
to indicate that the active site of PylRS is highly sensitive
to the position of a heteroatom within the cyclic acyl sub-
stituents of its potential lysine-based substrates. It is also
notable that the two analogs 12 and 13, bearing aromatic
substituents at lysine N-6, failed to be activated by PylRS.
In addition to the activation studies, we were also able to

Figure 4. Potential pyrrolysine analogs 9–13 tested as substrates for
M. barkeri PylRS–tRNAPyl by Chan, Krzycki et al.[17]
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demonstrate that 10 can be ligated to tRNAPyl and sub-
sequently incorporated into a protein in vivo with the level
of efficiency comparable to that observed for pyrrolysine
itself.

In the previous studies, the structure of the wild-type
PylRS was kept constant and it was the potential pyrrolys-
ine analogs whose structure was modified until a suitable
analog, acceptable by the synthetase, was found. Because
N-6 acetylation of lysine residues is a vital post-transla-
tional modification of proteins regulating a wide variety of
cellular processes,[18] Chin et al. attempted to genetically-
encode N6-acetyllysine (8) using M. barkeri PylRS–tRNAPyl

pair.[19] However, as previously mentioned, Ambrogelly et
al. found that 8 was very poorly activated by the native
form of this synthetase.[16] To circumvent this obstacle,
Chin et al. first confirmed by readthrough studies with the
pyrrolysine analog 3, that the PylRS–tRNAPyl pair was
highly efficient and orthogonal in E. coli. Next, a library of
~108 PylRS mutants was generated, in which six active-site
residues were randomized, based on the crystallographic
studies of M. mazei PylRS bound to a substrate.[13] By ap-
plying the directed evolution principles[8] involving three cy-
cles of selection, two most suitable mutants were then iden-
tified. The authors postulated that the hydrophobic cavity
used to bind the pyrroline ring of 1 in the native synthetase
was rearranged in the mutants to accommodate the much
smaller acetyl group of 8, with the difference in volume be-
tween the two substituents being compensated by an in-
creased volume of the amino acid residues in the evolved
synthetases. To demonstrate their efficiency and orthogo-
nality, the newly-engineered enzymes were subsequently
used to site-specifically incorporate 8 into a selected set of
proteins (vide infra).

Yokoyama et al. utilized a similar evolution strategy to
facilitate the incorporation of a range of suitable pyrrolys-
ine analogs (Figure 5).[15] While carbamates 14 and 15 ami-
noacylate tRNAPyl in the presence of M. mazei PylRS as
efficiently as pyrrolysine does, much bulkier analogs 16–18
require significantly higher concentrations in order to attain
a similar level of ligaton. Moreover, after screening a series
of other lysine analogs lacking the N-6 carbonyl group and
finding no suitable substrate among them, it was postulated
that the functional group was a necessary, albeit not suf-
ficient, structural feature to be present in a successful pyrro-
lysine analog. Subsequent detailed crystallographic studies
led the authors to conclude that PylRS most readily recog-

Figure 5. Potential pyrrolysine analogs 14–18 screened by Yokoy-
ama et al.[15] Boc = tert-butoxycarbonyl, Aloc = allyloxycarbonyl,
Bn = benzyl.
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nizes substrates that possess some additional common
structural characteristics, i.e., a properly sized and shaped
hydrophobic substituent (not necessarily cyclic) at N-6 of
lysine that can be accommodated in the hydrophobic pocket
of the enzyme, a hydrogen-bond acceptor (N or O) in the
vicinity of the N-6 carbonyl group, and a side-chain spacer
of a suitable length. Accompanying mutational studies led
to the identification of much more effective variants of
PylRS that allowed for remarkably efficient in vivo incorpo-
ration of all the three carbamate-type analogs 14–16 se-
lected for the initial screening.

While the length of the spacer, i.e., the distance between
the N-6 hydrophobic substituent and the α-carbon bearing
the CO2H and NH2 groups, in lysine-based pyrrolysine ana-
logs is presumably important for PylRS recognition, the
main-chain NH2 group itself is a very insignificant recogni-
tion element.[12] Building on this observation, Yokoyama et
al. identified a series of pyrrolysine analogs 19–21 and ent-
14 (Figure 6) that were shown to be efficiently ligated to
tRNAPyl by M. mazei PylRS.[20] Moreover, the hydroxy acid
20 was incorporated into a protein in vivo, thus enabling
the site-specific introduction of an ester bond.

Figure 6. Pyrrolysine analogs 19–21 and ent-14 with a modified
main-chain backbone as developed by Yokoyama et al.[20]

Guided by the results of crystallographic studies of
Steitz, Söll et al. on M. mazei PylRS bound to either pyrro-
lysine (1) or its analog 3,[13] Liu et al.[21] concluded that
the carbonyl-bearing side-chain NH group in pyrrolysine
mimics has little influence on their binding potential. To
test this hypothesis, they prepared racemic ketone 22
(Figure 7) and successfully incorporated it into the green
fluorescent protein (GFP) using the evolved PylRS–
tRNAPyl pair developed by Chin et al. for the translational
incorporation of N6-acetyllysine (8).[19]

Figure 7. Ketone-based pyrrolysine analog 22 reported by Liu et
al.[21]

Practical Applications of Pyrrolysine Analogs

Considering the complexity and diversity of living organ-
isms, it is remarkable that all of them utilize the same set
of 20 proteinogenic amino acids (not including the rarely
utilized selenocysteine and pyrrolysine) to biosynthesize a
vast array of proteins they need. However, the ability to
genetically encode additional amino acids makes it possible
to enhance the desired properties of proteins or, by intro-
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ducing useful functional groups in a site-specific manner,
enable a detailed study of their function and structure.
From a practical standpoint, it also increases the utility of
the widely used E. coli heterogeneous expression system to
proteins bearing post-translational modifications. In prin-
ciple, the most convenient way to expand the genetic code
is to engage any of the three termination codons. This ap-
proach makes less daunting the task of constructing a
unique set comprising a non-natural amino acid, a novel
tRNA, and its cognate aaRS. Of course, each of these com-
ponents must comply with the stringent orthogonality rules
that ensure that the novel amino acid is genetically incorpo-
rated into a protein with high efficiency and fidelity.[8]

Prior to work on the use of the PylRS–tRNAPyl system
to genetically encode pyrrolysine analogs, the Schultz group
applied the elegant method of directed evolution to the con-
struction of new orthogonal aaRS–tRNA pairs for transla-
tional incorporation of non-natural amino acids.[8] This
method, which involves generating libraries of tRNA and
aaRS mutants and subjecting them to cycles of negative
and positive selection in order to improve their orthogonal-
ity in respect to the endogenous aaRS–tRNA sets, has re-
sulted in nearly 70 non-natural amino acids being site-speci-
fically incorporated into proteins. Because the Schultz
group has been focused primarily on the evolution of Meth-
anocaldococcus jannaschii TyrRS, most of the non-natural
amino acids they have incorporated bear aromatic substitu-
ents. The PylRS–tRNAPyl pair, with its origins in charging
proteins with pyrrolysine (1), a non-aromatic amino acid,
could be therefore complementary to the originally devel-
oped system. Moreover, because the PylRS–tRNAPyl pair
likely appeared some 3 billion years ago and has persisted
in organisms that use methylamines as their energy source
ever since,[13] it has evolved unique structural features in
both partners that make it naturally orthogonal to other
aaRS–tRNA pairs.[6,22,11] Over the past few years, a range
of pyrrolysine analogs bearing useful functional groups or
post-translational modifications have been site-specifically
incorporated into proteins using PylRS–tRNAPyl systems.
In the remainder of this review, we will highlight the recent
developments in this rapidly growing area of research.

A Pyrrolysine Analog for Staudinger Ligation

Following the development of the PylRS(Y306A·Y384F)
mutant for site-specific incorporation of carbamate 16 into
glutathione S-transferase (GST), Yokoyama et al.[15] ana-
lyzed a docking model of this substrate with a PylRS cata-
lytic fragment. They concluded that if an additional ortho
substituent at the aromatic ring of 16 was introduced then
the resulting analog could still be accommodated into the
large active-site pocket of the synthetase. To test their hy-
pothesis and provide an example of a practically useful pyr-
rolysine analog, they successfully incorporated aromatic az-
ide 23 into the GST protein 24 (Scheme 1). Subsequent
non-traceless Staudinger ligation[23] between the side-chain
azido group of 24 and the fluorescein-containing triaryl-
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phosphane 25 gave the fluorescent protein 26. Following an
analogous treatment, the GST protein incorporating 16 in
lieu of 23 was not fluorescent proving that the azide-con-
taining residue was the only reactive site within protein 24
that was reactive towards dye 25.

Scheme 1. Protein Staudinger ligation by Yokoyama et al.[15]

Pyrrolysine Analogs for Protein Click Chemistry

In our search for functionalized pyrrolysine derivatives
amenable to further site-specific labeling, we decided to de-
velop a suitable analog bearing a terminal alkyne group
that could be used as a reactive handle for copper(I)-cata-
lyzed azide–alkyne cycloaddition reaction (CuAAC or click
reaction).[24] Because our THF-based derivative 10 proved
to be an excellent substrate for the PylRS–tRNAPyl sys-
tem,[17] we synthesised its closely related congener 27
(Scheme 2).[25] The new analog was subsequently demon-
strated to be a competent substrate by translational incor-
poration into calmodulin (CaM), a 17-kDa protein that
plays a pivotal role in calcium signaling in eukaryotes,[26] to
produce the terminal alkyne-containing protein 28 [i.e.,
CaM mutant T34(27)]. It could then be tagged with an az-

Scheme 2. Protein click chemistry protocol developed by Chan et
al.[25]
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ide-bearing coumarin dye via a CuAAC process to give the
fluorescent product 29. We also prepared the CaM T34(27)·
T100C double mutant and, thanks to the chemical orthogo-
nality between the two reactive sites, were able to use them
to install two distinct dyes. This allowed us to study confor-
mational change of CaM in the presence of CaII and the
M13 peptide by FRET measurements.

The design of alkyne 27 was guided by our working hy-
pothesis that a successful pyrrolysine mimic needed to be
both structurally and electronically similar to the parent
compound 1. As a result, our initial synthetic targets were
relatively complex which, as expected, required multi-step
syntheses to prepare them. For instance, the synthesis of
alkyne 27 involved 16 steps starting from ascorbic acid. It
inevitably rendered this compound too expensive for wide-
spread use. Inspired by the work of Yokoyama et al. on the
incorporation of H-Lys(Boc)-OH (14) (vide supra),[15] we
decided to look for acyclic analogs of alkyne 27. Our sec-
ond-generation studies culminated in the straightforward
preparation of 30 (Figure 8),[27] which turned out to be a
more effective pyrrolysine mimic than both 10 and 27. As
expected based on the previously discussed results,[16,17] dia-
stereomer epi-30 was demonstrated not to be a competent
pyrrolysine mimic. Analogs bearing other functional groups
in place of the side-chain NH2 group (OMe, OH, H) were
also found to be ineffective.

Figure 8. Second-generation pyrrolysine analog 30 for protein click
chemistry and its ineffective diastereomer epi-30 developed by
Chan et al.[27]

Notably, while our second-generation studies were ongo-
ing, Chin et al. reported on two simple pyrrolysine analogs
31 and 32 (Figure 9) for protein labelling via CuAAC.[28]

The two analogs were successfully site-specifically incorpo-
rated into proteins. Additionally, myoglobin-His6 with 31
incorporated at position 4 was reacted via a CuAAC pro-
cess with either a biotin- or fluorophore-containing azide
to provide suitably site-specifically tagged proteins.

Figure 9. Pyrrolysine analogs 31 and 32 for protein click chemistry
developed by Chin et al.[28]

In their study on the synthesis of glycosylated proteins,
Carell et al. incorporated up to three molecules of alkyne 31
into the yellow fluorescent protein (YFP) and subsequently
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functionalized it with azide-containing sugars by a click re-
action.[29] As anticipated, the requirement to readthrough
three UAG codons resulted in a very low yield of the de-
sired modified protein. This notwithstanding, the demon-
stration that it is possible to incorporate site-specifically
multiple non-natural amino acid residues into a protein is
remarkable.

Protein Tagging with Hydrazides and Alkoxyamines

After successfully incorporating pyrrolysine analog 22
into GFP, Liu et al.[21] decided to take advantage of the
known reactivity of the keto group towards highly nucleo-
philic species like hydrazides and alkoxyamines to tag the
protein 33 (Scheme 3) with different probes in a site-specific
manner. When treated with Texas Red (TR) hydrazide (34),
protein 33 was converted into its fluorescent Schiff-base de-
rivative 35. In a control experiment, GFP incorporating N6-
acetyllysine (8) instead of 22 remained non-fluorescent after
an analogous treatment, which proved that the reaction be-
tween protein 33 and dye 34 was limited to the site contain-
ing the keto group. Similarly, when reacted under physio-
logical conditions with a fivefold excess of biotin-derived
alkoxyamine 36, protein 33 was converted into its biotin-
tagged analog 37 with high efficiency and specificity.

Scheme 3. Protein tagging by Liu et al.[21]

The pyrrolysine analog 22 can be used to introduce a
wide range of biochemical and biophysical probes into pro-
teins. Moreover, the authors propose that, because 22 is a
non-hydrolysable structural mimic of 8, it could potentially
aid the study of the regulatory role of post-translational
(reversible) acetylation in a variety of proteins, including
histones.

Pyrrolysine Analogs for Synthesis of Methylated and
Acetylated Proteins

The nucleophilic side-chain amino group makes protein-
incorporated lysine residues favorite targets for numerous
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post-translational modifications, including methylation,
acetylation, biotinylation, ubiquitination, sumoylation,[30]

as well as the recently discovered propionylation and butyr-
ylation.[31] As pyrrolysine is also a modified lysine, Chin et
al. decided to use the PylRS–tRNAPyl system to co-transla-
tionally incorporate suitably modified lysines in a site-spe-
cific manner.[32] This would facilitate the study of the effect
of lysine post-translational modifications on the properties
of proteins. As mentioned earlier, a mutated version of M.
barkeri PylRS that accepts N6-acetyllysine (8) was devel-
oped first, and these studies culminated in the synthesis of
site-specifically acetylated myoglobin.[19] Their focus then
shifted to histones due to the important role that reversible
post-translational N-6 modifications of their lysine residues
play in nucleosome function and gene expression.[32] By
subjecting the previously developed mutant M. barkeri
PylRS used to incorporate N6-acetyllysine (8)[19] to yet an-
other round of directed evolution, Chin et al. identified a
new mutant with even higher efficiency for 8. It was sub-
sequently used to prepare a series of histones with different
site-specifically acetylated lysines in the H2A, H2B, or H3
subunits. Notably, the authors successfully assembled the
histones to form a nucleosome with H3 specifically acety-
lated at Lys56, a residue that was previously inaccessible
for modification by other methods. Studies of this novel
assembly seem to suggest that rather than affecting the
compaction of nucleosomes in chromatin fibers, acetylation
of Lys56 in H3 regulates nucleosome function by allowing
for increased DNA breathing.

Chin et al. then focused their attention on site-specific
methylation of lysine residues in histones. A deeper under-
standing of cellular phenomena controlled by this post-
translational modification has been lacking due to the ab-
sence of straightforward methods for generating proteins al-
tered in this manner.[33] Following their successful incorpo-
ration of 8,[19] they decided to find a way to incorporate H-
Lys(Me)-OH (6).[34] Unfortunately, as already established
by Ambrogelly et al.[16] and Yokoyama et al.,[15] 6 is not
accepted by wild-type PylRSs as a competent substrate.
Moreover, a directed evolution approach, so effective dur-
ing the studies on the incorporation of 8,[19] failed to pro-
vide any viable synthetase mutant. As H-Lys(Boc)-OH (14)

Scheme 4. A two-step incorporation of H-Lys(Me)-OH (6) by Chin
et al.[34]
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is known to be an excellent substrate for PylRS,[15] it was
decided to check if H-Lys(Boc)(Me)-OH (38) was also ac-
ceptable (Scheme 4). Gratifyingly, 38 proved to be accom-
modated by M. barkeri PylRS and, as a result, it was pos-
sible to site-specifically insert it into full-length histone H3
in good yield and with high fidelity. The modified histone
39 was then deprotected with diluted trifluoroacetic acid
(TFA) to produce the fully functional site-specifically N-
methylated histone H3 (40).

Incorporation of Novel Amino Acids in Mammalian Cells

Although the directed evolution approach based on M.
jannaschii TyrRS has been successfully implemented in E.
coli to generate orthogonal aaRS–tRNA pairs for a range
of non-natural amino acids,[8,35] these pairs cannot be typi-
cally transferred and used in mammalian cells due to the
loss of orthogonality relative to the endogenous set of
aaRS–tRNA pairs.[36] Recently, several groups have began
to explore the application of the PylRS–tRNAPyl system to
protein expression in mammalian cells.[9,10]

Yokoyama et al. were first to report a solution to this
challenging problem.[10] Following a series of exploratory
studies, they identified the human U6 promoter as being
optimal for the expression of M. mazei tRNAPyl in Chinese
hamster ovary (CHO) cells. In particular, it was demon-
strated that when tRNAPyl under control of this promoter
is co-expressed with PylRS in the presence of H-Lys(Boc)-
OH (14), effective amber suppression can be achieved for
specific reporter proteins. The efficiency of the full-length
reporter-protein expression could be further improved by
transfection of the host cell with a vector containing nine
tandem-linked repeats of the U6–tRNAPyl gene cluster.
When the PylRS–tRNAPyl pair was combined with the
EBNA1-oriP transient expression system, overexpression of
proteins incorporating 14 in human embryonic kidney
(HEK) 293 cells was achieved. Suitable PylRS mutants
evolved in the E. coli selection system were then trans-
planted into this mammalian expression system, so that
both the bulky carbamate 16 and the small N6-acetyllysine
(8) could be site-specifically inserted into the target protein
in vivo. The translational incorporation of 8 at a defined
site of the target protein in mammalian cell provides a use-
ful tool for the study of the role of lysine acetylation under
physiological conditions.

In separate studies on encoding non-natural amino acids
in mammalian cells, Schultz, Geierstanger et al.[9] selected
the photolabile derivative 41 (Figure 10), which is structur-
ally closely related to Yokoyama’s pyrrolysine analogs 16
and 23, as their model substrate.[15] Carbamate 41 expands
the set of genetically-encoded photocaged amino acids (Ser,
Cys, and Tyr)[37] and could be used as a tool to aid the
study of a wide range of biochemical processes pertinent
to lysine residues such as ubiquitination, methylation, and
acetylation. Using Ambrogelly’s carbamate 3,[16] they
first reaffirmed findings of others that M. mazei PylRS–
tRNAPyl pair is orthogonal both in E. coli and mammalian
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cells.[6,7,10] Next, in order to alter the specificity of the en-
zyme in favour of 41, its five residues that, on the basis of
the crystallographic studies of 1 bound to M. mazei
PylRS,[13] surround the pyrroline ring, were randomized to
generate a large (�107) library of mutants. Subsequent di-
rected evolution performed in E. coli identified a mutant
PylRS–tRNAPyl pair specific for 41 which was later proved
to retain the orthogonality of its wild-type counterpart in
both E. coli and, more importantly, mammalian cells.

Figure 10. Photolabile pyrrolysine analog (caged lysine) 41 devel-
oped by Schultz, Geierstanger et al.[9]

Inspired by the results of the previously discussed stud-
ies,[9,10] Chin, Deiters et al.[38] introduced another caged ly-
sine derivative 42 (Figure 11). Its main advantages over 41
are a lower reactivity of its de-caging by-product (a benzo-
phenone vs. a benzaldehyde for 41) towards proteins and
very rapid deprotection using nonphototoxic light
(365 nm), although 41 can also be de-caged with near-vis-
ible light upon more prolonged treatment.[9] By following a
well-established directed evolution protocol[9,19] involving a
set of ~108 M. barkeri PylRS mutants, an orthogonal
PylRS–tRNAPyl pair for translational incorporation of 42
in HEK 293 cells was developed. The practical applicability
of 42 was illustrated by the study of the classical bipartite
nuclear localization signal/sequence (NLS) of nucleo-
plasmin. First, a caged-NLS–GFP fusion, in which a key
lysine residue participating in binding of importin α was
replaced with 42, was constructed. Next, it was demon-
strated by fluorescence imaging that the one-point mutation
(caging) blocks the critical NLS function leading to the par-
tial transfer of the caged fusion into the cytoplasm. Finally,
it was possible to study the kinetics of NLS nuclear import
by real-time fluorescence microscopy following a de-caging
event brought about by a short (1 s) pulse of 365-nm light.
In a similar fashion, a caged tumor suppressor p53 was
used to study a bipartite NLS-mediated nuclear import of
its de-caged form from the cytosol.

Figure 11. Highly photolabile pyrrolysine analog (caged lysine) 42
developed by Chin, Deiters et al.[38]

All in all, the use of these PylRS–tRNAPyl systems has
the potential to provide a general strategy for expanding
the set of genetically-encoded amino acids available to both
prokaryotic and eukaryotic organisms.[39]
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Native chemical ligation (NCL) is a well-established
method of protein synthesis by joining large peptidic frag-
ments.[40] It relies on the chemoselective reaction between a
coupling partner possessing a C-terminal thioester with a
peptide segment bearing an N-terminal cysteine residue. As
ubiquitination, a special post-translational modification of
lysine residues with a small protein (ubiquitin, Ub), plays
an important role in a plethora of cellular processes,[41] we
set about to develop a pyrrolysine analog that could be used
to arm a peptide with the standard NCL handle. We there-
fore screened two diastereomeric dipeptides, 43 and epi-43
(Scheme 5), for their ability to read through the UAG co-
don.[42] By using a modified mCherry florescence assay, we
were able to determine that while the two dipeptides were
competent substrates for M. mazei PylRS–tRNAPyl, 43 was
superior to epi-43 in terms of readthrough efficiency. It was
therefore selected for our further studies.

Scheme 5. Incorporation of dipeptide 43 followed by NCL accord-
ing to Chan et al.[42] R = CH2CH2SO3Na.

After selecting CaM as our model system, we were then
able to incorporate 43 into it and generate the recombinant
protein 43-CaM (44) as a suitable partner for NCL. Subse-
quent coupling with a thioester derived from a truncated
ubiquitin (Ub75, i.e., containing residues 1–75) gave the
ubiquitinated calmodulin 45. As our product exhibited the
same functional properties as enzymatically prepared CaM-
Ub, it appears that the replacement of the Gly76 residue of
Ub with -Cys is inconsequential.

Conclusions

The discovery of pyrrolysine expanded the set of Nature’s
basic building blocks of life known to us. Realization that
incorporation of the new amino acid is directed by a ter-
mination codon spurred vigorous research into the detailed
mechanism of its translation. It was subsequently revealed
that the PylRS–tRNAPyl system, apart from being orthogo-
nal in a range of organisms, is relatively promiscuous in
accepting a wide variety of substrates. These two features

www.eurjoc.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 4171–41794178

alone assure a bright future for pyrrolysine, which otherwise
could have been known as the least favourite and most un-
derutilized genetically-encoded amino acid.

As outlined in this microreview, following a period of
exploratory studies in which random modified lysines were
screened, some general rules have emerged which enable us
to design suitable pyrrolysine analogs with a high level of
confidence. For wild-type PylRS–tRNAPyl pairs, three main
classes of pyrrolysine analogs 46a–c (Figure 12) have been
identified so far. The first and the most widely utilized class,
46a, comprises N-6 carbamate-type lysine derivatives. There
is a clear upper limit to the size of the R1 group, as tBu
(14) is tolerable while Bn (16) is not. So far, the lower size
limit for the R1 group, if it at all exists, has not been estab-
lished. The second class, 46b, contains N-6 amide-type ly-
sine derivatives with the acyl substituent bearing a heterocy-
clic (Y = O, NH), non-aromatic, five-membered ring. These
compounds are the most direct steric and electronic analogs
of pyrrolysine. The position of the heteroatom within the
ring and the configuration of the stereogenic center adja-
cent to the amide carbonyl are of utmost importance. In
general, it is not clear if the heterocyclic ring can be decor-
ated with extra substituents, although small groups at C-4
(27) are acceptable. The third class, 46c, includes N-6
amide-type lysine derivatives bearing acyclic acyl substitu-
ents. They require a properly positioned NH2 group for ef-
fective pyrrolysine mimicry.

Figure 12. Three classes of pyrrolysine analogs (46a–c) for wild-
type PylRS–tRNAPyl.

Mutated versions of PylRS that accept substrates that do
not belong to any of the above categories (e.g., 8, ent-14,
19, and 22) have also been developed. It seems that the car-
bonyl group separated from the carboxylate group by six
atoms is the only common feature among all the successful
analogs. Whether the length of the spacer between the two
functional groups can be changed without any detriment to
the readthrough efficiency has so far not been established.

Alongside the studies aimed at probing the specificity
profile of the PylRS–tRNAPyl system, practical applications
of pyrrolysine mimics are also beginning to materialize.
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