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Methods

Field of the Invention

The invention relates to the production of polypeptide(s) having unnatural amino acids
or derivatives incorporated which provide useful functional groups to said
polypeptide(s). In particular the invention relates to the incorporation of aliphatic

groups into a polypeptide.

Background to the Iinvention

The genetic code of prokaryotic and eukaryotic organisms has been expanded to
allow the in vivo, site-specific incorporation of over 20 designer unnatural amino acids
in response to the amber stop codon. This synthetic genetic code expansion is
accomplished by endowing organisms with evolved orthogonal aminoacyl-fRNA
syn’rhetose/tRNACUA pairs that direct the site-specific incorporation of an unnatural
amino acid in response to an amber codon. The orthogonal aminoacyl-tRNA
synthetase aminoacylates a cognate orthogonal 1RNA, but no other cellular tRNAs, with
an unnatural amino acid, and the orthogonal tRNA is a substrate for the orthogonal
synthetase but is not substantially aminoacylated by any endogenous aminoacyl-{RNA

synthetase.

The site-specific and homogeneous modification of recombinant proteins under
physiological conditions is an important challenge. - Cysteines and other amino acid
residues in proteins  can be specifically labeled by several methods(1), but site-

specificity, as opposed to residue specificity(2, 3}, is difficult fo achieve.

Several phenylalanine derivatives can be site-specifically infroduced into recombinant
proteins in response to an amber codon (UAG) inserted info the corresponding gene
using an evolved tyrosyl-iRNA synthetase-tRNACUA pair that is orthogonal in E.coli(4).
Phenylalanine derivatives bearing alkynyl- azido- and keto- groups, that are bio-
orthogonal in their chemical reactivity have been incorporated(5-8). However the
introduction of aromatic amino acids at sife§ where aliphatic amino acids are naturally
found may cause misfolding or loss of protein function; there is therefore a pressing
need for methods to site-specifically incorporate aliphatic amino acids that contain

bio-orthogonal chemical handles for use in protein labeling.

Use of a tRNA synthetase-tRNA pair for incorporation of novel amino acids into proteins

has been performed in the art. The Methanosarcina barkeri MS Pyrrolysyl tRNA
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synthetase/tRNACUA (MbeIRS/MbtRNACUA) pair is a new orthogonal pair in E. coli(?,
10). We demonstrated that the MbPyIRS/ tRNACUA pair can be evolved to direct the
efficient incorporation of unnatural amino acids into geneﬁcolly determined sites in
recombinant proteins(10) and several unnatural amino acids have now been

incorporated by evolving this pair(11, 12).

Since unnatural amino acids destined for incorporation into recombinant proteins are
added to cell cultures at 1-10 mM(9) it is important that they can be synthesized in
gram quantities via concise, efficient syntheses. Yokoyama and coworkers receritly
reported the genetic incorporation of the aromatic, photoreactive lysine derivative Ne-
(o-azidobenzyloxycarbonyl-lysine) using a mutant pyrrolysine synthetase/tRNA pair(11).
However, the synthetic route, yield and NMR characterization of this amino acid were
not reported. Very recently Chan and coworkers reported the incorporation of a direct
pyrolysine analog with an appended alkyne(14). - The pyrrolysine analog was

synthesized in 17% yield after 16 steps.

Shultz and Xie {Current Opinion in Chemical Biology 2005 volufne 9 pages 548 to 554)
disclose adding amino acids to the genetic repertoire. In the work reviewed by these
authors, use is made of a naturally occurring tyrosyl amber suppressor. The active site of
this tRNA synthetase was modified and then selgcted with the aim of excluding binding
to tyrosine and with the aim of acquiring the property of binding to non-tyrosine amino
acids. This work focused on binding to near. neighbours of tyrosine such as tyrosine
analogues. The tRNA syn’rhe'roée mutants which were obtained represent the output '
from the sum of the selective processes used. Among O;Her things, these required
multiple rounds of selection for enrichment, followed by manual characterisation of the
resulting candidates with the hope of finding specificity for a particular tyrosine
analogue amongst the particular mutants obtained. It should be noted that these

studies were purely confined to aromatic amino acid moieties.

Polycarpo et al (PNAS 2004 Vol 101 pages 12450-12454) disclose an animoacyl-tRNA
synthetase that specifically activates pymolysine. In this study, it was invesﬁgdted
whether or not certain analogues of pyrrolysine were substrates for the pyrrolysine tRNA
synthetase. Pyrrolysine is an amino acid which is not conventionally regarded as one of
the 20 essential amino acids, but can be found in ‘certain organisms such as
Methanococcus bacteria. These studies used naturally occurring IRNA-tRNA synthetase
pairs from Methanococcus bacteria. The experimental system was arranged as an E.
coli host cell comprising a lac Z gene bearing an amber mutation. In this manner,

colonies could be easily scored for translation through the amber codon by simply .
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looking for lac Z activity by conventional X-gal staining. This study attempted to
discover whof analogues of pyrrolysine could be incorpordfed by the pyrrolysine 1RNA
synthetase. It was an aim to try to understand what elements of the chemical structure
of pyrrolysine were recognised by the tRNA synthetase being studied. For example,
carbon atoms were added or removed to pyrrolysine to create analogues, and certain
bonds within the pyrrolysine molecule were rearranged to create other analogues, and
the incorporation of these analogues by the pyrrolysine tRNA synthetase was studied.
The most likely interpretation of the studies disclosed by Polycarpo is that some of the
analogues of. pyrrolysine which were used were indeed incorporated by the tRNA
synthetase. Although no formal proof of incorporation in a molecular sense was
presented (the data were based on functional phenotypic readout of lac Z activity), on
the basis of what is disclosed it would be reasonable to concIQde that some of the
pyrrolysine analogues studied were indeed incorpord’red into proteins using their
system. It should be noted that all of the chemical analogues of pyrrolysine studied

were aromatic molecules.

Fekner, Li, Lee and Chan (Angew Chem Int Ed 2009 vol 48 pages 1633-1635) disclose a

. pyrrolysine analogue for protein click chemistry. In particular, a direct pyrrolysine

analogue is disclosed, which comprises aromatic carbon groups. This aromatic
compound is then incorporated into polypeptide. The techniques disclosed in this
paper comprise at least about ten separate chemical synthetic steps, which is very
labour intensive and time consuming. The techniques described suffer from the
drawback of low yields. Overall this technique is impractical fo perform routinely in the

manufacture of polypeptides of interest.

Yanagisawa et al. disclose multistep engineering of pyrrolysyl-tRNA synthetase to
genetically encode N—epsilon-(o-czidobenzyloxycorbonyl)" lysine for site specific protein
modification. It should be noted that this comesponds to a lysine-aromatic-azide
arrangement, in other words the molecule incorporated into the polypeptide comprises
aromatic carbon groubs. Moreover, these aromatic carbon groups are photosensitive,
which requires production in darkness or in extremely low light conditions. This is labour
intensive and costly since numerous synthetic steps and apparatus must be operated

under these conditions. This study also involves mutated tRNA synthetase.

The present invention seeks to overcome problem(s) associated with the prior art.
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Summary of the Invention

The inventors teach the use of a permissive 1RNA synthetase in order to incorporate
certain unnatural amino acids into proteins of interest. In particular, the present
inventors teach the incorpordﬁon of dliphatic or straight chain carbon backbone
amino acids capable of supporﬁnQ alkyne-azide bonding into a protein of interest. The
prior art has been exclusively concerned with the incorporation of aromatic molecules

into proteins of interest.

The present inventors realised that it is not redlistic or indeed desirable to replace amino
acids in a protein of interest exclusively with aromatic amino acids such as tyrosines.
Such a strategy is almost certain to destroy protein functionality. Thus, there is a need in _
the art for an alternative incorporation system which avoids the problematic chemical
properties of aromatic compounds when making proteins incorporating altered or
unnatural amino acids. From another perspective, the inventors provide methods for
incorporating altered or unnatural amino acids into a pélypepﬁde of interest which are
based on a non-aromatic amino acid scaffold. In addition to this key structural
difference, it should be noted that the presentation of the functional group such as the
alkyne group is different in the present invention from what has been attempted before

in the art.

Incorporation of aliphatic or straight chain modified or unnatural amino acids into

proteins in the prior art has typically been accomplished by mass action or pressure of
incorporation, ie. by techniques which aim to overwhelm the normal cellular
machinery with the unnatural or modified dliphatic amino acid, and thereby achieve
incorporation by a Sﬁfling or suffocation of the ordinary franslation machinery, thereby
leading to incorporation of the desired amino acid info the polypeptide of interest. By
con"rros’r,.the present invention is a specific and targeted incorporation technique,
directed at specific codons, which may include among others quadruplet codons or
suppressor codons, most suitably at a suppressor codon such as the amber suppressor

codon.
These and other advantages of the invention will be discussed more fully below.

Thus, in one aspect, the invention provides a method of making a polypeptide

comprising an orthogonal functional group, said orthogonal functional group being
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comprised by an dliphatic amino acid or amino acid derivative, said method
comprising ‘

providing a host cell;

providing a nucleic acid encoding the polypeptide of interest;

providing a tRNA-tRNA synthetase pair orthogonal o said host cell;

adding an amino acid or amino acid derivative comprising the orthogonal functional
group of-interest, wherein said ominb acid or amino acid derivative is a substrate for
said orthogonal tRNA synthetase, wherein said amino acid or amino acid derivative has
an dliphatic carbon backbone; and |
incubating to allow incorporation of said amino acid or amino acid derivative info fhe.

polypeptide of interest via the orthogonal IRNA-iRNA synthetase pair.

An orthogonal functional group is a bio-orthogonal chemical group or chemical
‘handle’ for use in bonding of the polypeptide to another chemical moiety such as a
label or another polypeptide. The orthogonal functional group is suitably orthogonal in
the sense of not naturally oécurring in polypeptides. Thus it may be convenient to
regard the orthogonal functional group as an unnatural functional group, in particular
unnaturdl in the context of polypeptides. Examples of orthogonal functional groups ih

the context of polypeptide manufacture include alkynes, azides, and dliphatic ketones.

It is important that the amino acid or amino acid derivative comprises an aliphatic
moiety. This is the first time incorporation of such aliphcﬁ'c moieties info polypeptides
has been taught according to the present invention. Suitably the amino acid or amino

acid derivative may consist of an aliphatic moiety.

Suitably the amino acid or amino acid derivative does not comprise an aromatic
moiety. Arorho'rics can compromise polypeptide function. Aromatics are not suitable
for §ubsﬁ1uﬁon info certain sites in polypeptides. Many aromatics are photosensitive.
These drawbacks are advantageously avoided by the invention as applied to aliphatic

orthogonal functional groups.

Suitably incorporation is mediated by an amber codon specified by said nucleic acid.
Clearly in this embodiment the tRNA should recognise the amber codon and the tRNA
synthetase should be capable of charging said tRNA.

Suitably the functional group is an alkyne group.

Suitably the functional group is an azide group.

5
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Suitably the functional group is an aliphatic ketone.
Suitably the amino acid or amino acid derivative is or is derived from lysine.

Suitably the offhogonol tRNA-IRNA synthetase pair are a cognate pair capable of

acting on pyrrolysine.

Suitably the orthogonal tRNA-IRNA synthetase pair have sequences corresponding to

_the wild type sequences of the organism in which they naturally occur.

Suitably the tRNA-tRNA synthetase pair is MbiRNAcua and MbPYIRS.

Suitably the Mb’rRNACUA comprises the nucleotide sequence of SEQ ID NO:3.
Suitably the MbPyYIRS comprises the amino acid sequence of SEQ ID NO:1.
Suitably the host cellis E. coli.

In another aspect, the invention relates to a polypeptide, preferably a polypeptide
produced as described above, said polypeptide comprising an orthogonal functional
group, said orthogonal functional group being comprised by an aliphatic amino acid
or amino acid derivative, said orthogonal functional group being selected from the

group consisting of alkyne, azide and aliphatic ketone.

In another aspect, the invention relates to a polypeptide, preferably a polypeptide
produced as described above, said polypeptide comprising an amino acid selected
from the group consisting of Né-[(2-propynyloxy)carbonyl])-L-lysine,  Né-[(2-
azidoethoxy)carbonyl]-L-lysine ' and (S)-2-amino-6-((pent-4-

enyloxy)carbonylamino)hexanoic acid.

In another aspect, the invention relates to a tRNA synthetase having the amino acid
sequence of SEQ ID NO:4, SEQ ID NO:6, SEQ ID NO:8, SEQ ID NO:10 or SEQ ID NO:12.
Suitably in the method cus'described\above, the tRNA synthetase is a iRNA synthetase
having the amino acid sequence of SEQ ID NO:4, SEQ ID NO:6, SEQ ID NO:8, SEQ ID
NO:10 or SEQ ID NO:12.
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In another aspect, the invention relates to a nucleic acid comprising the nucleotide
sequence of SEQ ID NQO:5, SEQ ID NO:7, SEQ ID NO:9, SEQ ID NO:11 or SEQ ID NO:13.
Suitably in the method as described above, the 1RNA synthetase is a IRNA synthetase
encoded by the nucleotide sequence of SEQ ID NO:5, SEQ ID NO:7, SEQ ID NO:9, SEQ
ID NO:11 or SEQ ID NO:13.

in another aspect, the invention relates to an amino acid molecule comprising an

_ dliphatic functional group orthogonal to E.coli.

In another aspect, the invention relates to an amino acid molecule as described above

wherein said aliphatic functional group comprises an alkyne, azide, or aliphatic ketone

group.

In another aspect, the invention relates to an amino acid molecule as described above
wherein said amino acid is selected from the group consisting of Né-[(2-
propynyloxy)carbonyl]-L-lysine, Né-[(2-azidoethoxy)carbonyl}-L-lysine and (S)-2-amino-6é-

({(pent-4-enyloxy)carbonylamino}hexanoic acid.

Definitions

The term ‘comprises’ (comprise, comprising) should be understood to have its normal
meaning in the art, i.e. that the stated feature or group of features is included, but that
the term does not exclude any other stated feature or group of features from also

being present.
Detailed Description of the Invention

The invention provides genetic encoding and labeling of aliphatic azides and alkynes
in recombinant proteins via a pymolysyl-iRNA synthetase tRNAcua pair and- click
chemistry. In other words, the invention provides genetic encoding and labeling of
simple azides and alkynes in recombinant proteins via a pyrmolysyl-tRNA synthetase

tRNAcua pair and click chemistry.

We demonstrate that an orthogonal Methanosarcina barkerii MS pyrrolysyl-IRNA
synthetase/tRNACUA pair directs the efficient, site-specific incorporation of Né-[(2-
propynyloxy)carbonyl]-L-lysine, containing a carbon-carbon triple bond, and Né-[(2-
azidoethoxy)carbonyl]-L-lysine, containing an azido group, into recombinant proteins in

host cells such as Escherichia coli cells. Proteins containing the alkyne functional group
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may be labelled with an azido biotin and an azido fluorophore, via copper catalysed

[3+2] cycloaddition reactions, to produce the corresponding friazoles in good yield.

The methods of the invention are useful for the site-specific labelling of recombinant
proteins. The methods of the invention and may also be combined with mutually
orthogonal methods of introducing unnatural amino acids ihto proteins as well as with
chemically orthogonal methods of protein labelling. This advantageously allows the site
specific incorporation of multiple distinct probes into proteins. This also has the benefit
of facilitating the control of protein topology and/or structure by intramolecular

orthogonal conjugation reactions.

The Methanosarcina barkeri PylS gene encodes the MbPyIRS 1RNA synthetase protein.
The Methanosarcina barkeri PylT gene encodes the MbtRNAcua 1RNA.

Sequence Homology/Identity
Although sequence homology can also be considered in terms of functional similarity
(i.e., amino acid residues having similar chemical properties/functions), in the context of

the present document it is preferred to express homology in terms of sequence identity.

Sequence comparisons can be conducted by eye or, more usually, with the aid of
readily available sequence comparison programs. These publicly and-commercially
available computer programs can calculate percent homology (such as percent

identity) between two or more sequences.

Percent identity may be calculated over contiguous sequences, i.e., one sequence is
aligned with the other sequence and each amino acid in one seqUence is directly
compared with the corresponding amino acid in the other sequence, one residue at a
time. This is called an “ungapped” alignment. Typically, such ungapped alignments are
performed only over a relatively shért number of residues (for example less than 50

contiguous amino acids).

Although this is a very simple and consistent method, it fails to take into consideration
that, for example in an otherwise identical pair of sequences, one insertion or deletion
will cause the following amino acid residues to be put out of alignment, thus potentially
resulting in a large reduction in percent homology {percent idenﬁM when a global
alignment (an alignment across the whole sequence) is performed. Consequently, most
sequence comparison methods are designed to produce optimal alignments that take
into consideration possible insertions and deletions without penalising unduly the overall

8
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homology (identity) score. This is achieved by inserting “gaps” in the sequence

alignment to try to maximise local homology/identity. *

These more complex methods assign “gap penalties” to each gap that occurs in the
alignment so that, for the same number of identical amino acids, a sequence
alignment with as few gaps as possible - reflecting higher relatedness between the two
compared sequences - will achieve a higher score than one with many gaps. “Affine
gap costs” are typically used that charge a relatively high cost for the existence of a
gap and a smaller penalty for each subsequent residue in the gap. This is the .mos’r
commonly used gap scoring system. High gap penalties will of course produce
optimised alignments with fewer g.ops.’ Most alignment programs allow the gap
penalties to be modified. However, it is preferred to use the default values when using
such software for sequence comparisons. For example when using the GCG Wisconsin
Bestfit package (see below) the default gap penalty for amino acid sequences is -12
for a gap and -4 for each extension.

Calculation of maximum percent homology therefore firstly requires the production of
an optimal alignment, taking into consideration gap penalties. A suitable computer
program for camying out such an alignment is the GCG Wisconsin Bestfit package
{University of Wisconsin, US.A; Devereux et al., 1984, Nucleic Acids Research 12:387).
Examples of other software than can perform sequence comparisons include, but are
not limited to, the BLAST package, FASTA (Altschul et al., 1990, J. Mol. Biol. 215:403-410)
and the GENEWORKS suite of comparison tools.

Although the final percent homology can be measured in terms of identity, the
alignment process itself is typically not based on an all-or-nothing pair comparison.
Instead, a scaled similarity score matrix is generally used that assigns scores to each
pairwise comparison based on chemical similarity or evoluﬁ.onory distance. An example
of such a matrix commonly used is the BLOSUMé2 matrix - the defoult matrix for the
BLAST suite of programs. GCG Wisconsin programs generally use either the public
default values or a custom symbol comparison table if supplied. It is preferred to use the
public default values for the GCG package, or in the case of other software, the
default matrix, such as BLOSUMé62. Once the software has produced an optimal
alignment, it is possible to calculate percent homology, preferably percent sequence
identity. The software typically does this as part of the sequence comparison and

generates a numerical result.

In the context of the present document, a homologous amino acid sequence is taken

to include an amino acid sequence which is at least 15, 20, 25, 30, 40, 50, 60, 70, 80 or

9
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90% identical, preferably at least 95 or 98% identical at the amino acid level. Suitably
this identity is assessed over at least 50 or 100, preferably 200, 300, or even more amino
acids with the relevant polypeptide sequence(s) disclosed herein, most suitably with
the full length progenitor (parent) tRNA synthetase sequence. Suitably, homology
" should be considered with respect to one or more of those regions of the sequence
known to be essential for protein function rather than non-essential neighbouring
sequences. This is especially ‘impor’ron’r when considering homologous sequences from

distantly related organisms.

Most suitably sequence identity should be judged across at least the contiguous region
from L266 to C313 of the amino acid sequence of MbPYIRS, or the cormresponding region

in an alternate tRNA synthetase.

The same considerations apply to nucleic acid nucleotide sequences, such as 1RNA

sequence(s).

Reference Sequence

When particular amino acid residues are referred to using numeric addresses, the
numbering is taken using MbPyIRS (Methanosarcina barkeri pyrrolysyl-{RNA synthetase)
amino acid sequence as the reference sequence (i.e. as encoded by the publicly
available wild type Methanosarcina barkeri PylS gene). This is to be used as is well
understood in the art to locate the residue of interest. This is not always a strict counting
exercise — attention must be paid to the context. For example, if the protein of interest
is of a slightly different length, then location of the correct residue in that sequence
comreseponding to (for example) Y271 may require the sequences to be dligned and
the equivalent or corresponding residue picked, rather than simply taking the 271st

residue of the sequence of interest. This is well within the ambit of the skilled reader.

Mutating has it normal meaning in the art and may refer to the substitution or truncation
or deletion of the residue, motif or domain referred to. Mutation may be effected at
the polypeptide level e.g. by synthesis of a polypeptide having the mutated sequence,
or may be effected at the nucleotide level e.g. by making a nucleic acid encoding the
mutated sequence, which nucleic acid may be subsequently translated to produce
the mutated polypeptide. Where no amino acid is specified as the replacement
amino acid for a given mutation site, suitably a randomisation of said site is used, for
example as described herein in connmection with the evolution and adaptation of
tRNA synthetase of the invention. As a default mutation, alanine (A} may be used.

Svitably the mutations used at particular site{s) are as set out herein.

10
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A fragment is suitably at least 10 amino acids in length, suitably at least 25 amino acids,
suitably at least 50 amino acids: suitably at least 100 amino acids, suitably at least 200
amiho acids, suitably at least 250 amino acids, suitably at least 300 amino acids,
suitably at least 313 amino acids, or suitably the majority of the {RNA synthetase

polypeptide of interest.
Polypeptides of the Invention

Suitably the polypeptide manufactured according to the present invepﬁon may be any
polypeptide of interest. Suitably this is made Using nucleic acid encoding it as

described herein.

Polynucleotides of the invention can be incorporated into a recombinant replicoble
vector. The vector may be used to replicate the nucleic acid in a compatible host cell.
Thus in a further embodiment, the invention provides a method of making
polynucleotides of the invention by introducing a polynucleotide of the invention into a
replicable vector, infroducing the vector into a compatible host cell, and growing the
host cell under conditions which bring about replication of the vector. The vector may

be recovered from 1he host cell. Suitable host cells include bacteria such as E. coli.

Preferably, a polynucleotide of the invention in a vector is operably linked to a control
sequence that is capable of providing for the expression of the coding sequence by
the host cell, i.e. the vector is an expression vector. The term “operably linked" means
that the components described are in a relationship permitting them to function in their
intended manner. A regulatory sequence "operably linked" to a coding sequence is
ligated in such a way that expression of the coding sequence is achieved under

condition compatible with the control sequences.

Vectors of the invention may be transformed or transfected into a suitable host cell as
described to provide for expression of a protein of the invention. This process may
comprise culturing a host cell transformed with an expression vector as described
above under conditions to provide for expression by the vector of a coding sequence

encoding the protein, and optionally recovering the expressed protein.

The vectors may be for example, plasmid or virus vectors provided with an origin of
replication, optionally a promoter for the expression of the said polynucleotide and

optionally a regulator of the promoter. The vectors may contain one or more

11
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selectable marker genes, for example an ampicillin resistance gene in the case of a
bacterial plasmid. Vectors may be used, for example, to transfect or transform a host

cell.

Confrol sequences operably linked to sequences encoding the protein of the invention
include promoters/enhancers and other expression regulation signals.  These control
sequences may be selected fo be compatible with the host cell for which the
expression vector is designed to be used in. The term promoter is well-known in the art
and encompasses nucleic acid regions ranging in size and complexity from minimal

promoters to promoters including upstream elements and enhancers.

Protein Expression and Purification

Host cells comprising polynucleotides of the invention may bé used to express proteins
of the invention. Host cells may be cultured under sui’roblé conditions which allow
expression of Th;a proteins of the invention. Expression of the proteins of the invention
may be constitutive such that they are continudlly produced, or inducible, requiring a
stimulus to initiate expression. In the case of inducible expression, protein production
can be initiated when required by, for example, addition of an inducer substance to

the culture medium, for example dexamethasone or IPTG.

Proteins of the invention can be exiracted from host cells by a variety of techniques
known in the art, including enzymatic, chemical and/or osmotic lysis and physical

disruption.

Optimisation

Unnatural amino acid incorporation in in vitro translation reactions can be increased by
using S30 exiracts containing a fhérmolly inactivated mutant of RF-1. Temperature
sensitive mutants of RF-1 allow transient increases in global amber suppression in vivo.
Increases in tRNACUA gene copy number and a transition from minimal to rich media
may also provide improvement in the yield of proteins incorporating an unnatural

amino acid in E. coli.

Advantages
Suitably the tRNA-tRNA synthetase pair employed in the invention doés not recognise
any of the 20 naturally occurring amino acids. This has the advantage of making it

orthogonal to the ordinary host cell translation machinery.
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In many embodiments, suitably the tRNA-IRNA synthetase pair employed correspond to
the wild type or unaltered sequences of the organism from which they are derived. This
has the advantage of avoiding the need to reassign the active site of a tRNA
synthetase to a new amino acid. In other words, in many embodiments
advantageously ’fhe invention does not require the use of altered tRNA synthetase
rﬁoleclules such as mutated tRNA synthetase molecules. Thus, in these embodiments it
is an advantage of the invehﬁon that no evolution of the tRNA synthetase molecule is
required. The inventors disclose a novel permissivity of the natural IRNA synthetase
used, such as the 'MB 1RNA synthetase for pyrrolysine. However, notwithstanding this, it
will be apparent that evolution/alteration of the tRNA-tRNA synthetase pair employed
may offer odvqntoges or indeed may be required for incorporation of certain
embodiments featuring particular functional groups or amino acids/amino acid
derivatives — one example of this is in the incorporation of aliphatic ketone grQUp(s)
which are discussed in more detail below. Thus, for at least the incorporation of alkyne
and/or azide groups into a polypeptide according to the present invention, suitably the
IRNA-tRNA synfﬁefose pair employed correspond to the wild type or unaltered

sequences of the organism from which they are derived.

When the invention is applied to the incorporation of aliphatic ketone group(s), suitably
the wild type IRNA synthetase (SEQ ID NO:1 or SEQ ID NO:2) is not used but rather the
tRNA synfhefG'Se used comprises the amino acid sequence of one or more of SEQ ID
NO:4, SEQ ID NO:6, SEQ ID NO:8, SEQ ID NO:10 or SEQ ID NO:12. The amino acid
sequences of KtKRS2 (SEQ ID NO:6) and KtKRS3 (SEQ ID NO:8) are identical; these differ
only in the nucleotide sequences of SEQ ID NO:7 and SEQ ID NO:9 respectively. Most
preferred tRNA synthetase for ketone incorporation is SEQ ID NO:6 or SEQ ID NO:8; most
preferred nucleotide sequence of tRNA synthetase for ketone incorporation is SEQ ID
NO:7 or SEQ ID NO:9.

tRNA synthe'rosé comprising the amino acid sequence of one or more of SEQ ID NO:4{
SEQ ID NO:6, SEQ ID NO:8, SEQ ID NO:10 or SEQ ID NO:12 may also be used to
incorporate azide or alkyne; however use of these sequences for alkyne/azide
incorporation may be sub-optimal and thus suitably the tRNA synthetase used for azide
or alkyne incorporation suitably comprises the amino acid sequence of SEQ ID NO:1 (or

nucleotide sequence of SEQ ID NO:2).

For all embodiments suitably the tRNA used comprises the sequence of SEQ ID NO:3.
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It is an odvon’rdge of the invention that it is applied to aliphatic/straight carbon chain
amino acid derivatives. Prior art techniques have been confined to aromatic amino
acid derivatives. Thus, it is a further advantage of the invention that the presentation of
the reactive group such as the alkyne group is different to what has been attempted
before, in particular it advantageously avoids presentation of the alkyne group on an

aromatic molecule.

It is an advantage that the techniques of the invention provide simple methods

comprising only a small number of steps for production of the protein of interest.

It is an advantage of the invention that the techniques are easily applied to the
manufacture of gram amounts of the polypeptide of interest. Prior art attempts have
tended to rely on very complicated mulli-step syntheses, having correspondingly low
yields, which are difficult or impossible to apply industrially. By contrast, the methods of
the present invention permit substantial and industrially useful quantities of polypepﬁdes

to be manufactured in a simplified method.

It is an advantage of the invention that the moieties incorporated into the polypeptides

of interest avoid the pyrrolysine ring structure. The pyrmolysine ring structure is larger

-fhon and quite different from the molecular structure of naturally occuring amino

acids. Therefore, the effects of incorporation of this molecular entity into polypeptides
of interest remain unclear and may be problematic. The present invention

advantageously avoids such problems.

It is an advantage of the invention that the molecular enﬂﬁes being incorporated are
photostable. Photosensitive molecules require extremely careful handling, oblige the
operators to work in low light conditions, and are extremely labile and difficult to work
with. These drawbacks are advantageously dlleviated by the methods of the present

invention.

It is an advantage of the invention that for the first time the site-specific incorporation of
aliphatic functional groups (such as alkynes, azides, dliphatic ketones) into a

polypeptide of interest is provided.

The labelling of lysine residues has been applied in the prior art, such as in connection
with bioconjugation of proteins. However, site-specificity for the labelling of lysine
residues can not be achieved with prior art technologies. We described an unnatural

amino acid mutagenesis technology that addresses this problem.
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Qur invention is in contrast to prior art technologies which employ aromatic amino

acids.
Substitutions

Suitably, the invention is used to replace any naturally occurring amino acid other than

tryptophan, phenylalanine or tyrosine.
Suitably, the invention is used to replace any non-aromatic amino acid.
Suitably, the invention is used to replace any aliphatic amino acid.

Suitably, the invention is used to repilace an amino acid selected from lysine, aspartic

acid, serine, cysteine, threonine, valine or isoleucine.

Suitably, the invention is used to replace any of serine, cysteine, threonine, valine or

isoleucine.
Most suitably, the invention is used to replace valine orisoleucine.

The invention may be used to replace a charged amino acid such as lysine or aspartic

acid.

The invention may be used to replace a hydroxyl-type amino acid such as serine,

cysteine, threonine.

Most suitably, the invention may be used to replace a hydrocarbon-type amino acid

such as valine or isoleucine.

In the present invention the term ‘replace’ refers to substitution or mutation, for
example by replacing the codon for the amino acid being substituted with a codon to
direct incorporation of amino acid or amino acid derivative by the orthogonal tRNA.
Thus the ‘replacement’ is suitably achieved with reference to the starting sequence by
alteration of the coding sequence to direct incorporation by the orthogonal tIRNA/IRNA
synthetase, rather than referring to excision of an amino acid from the synthesised

polypeptide.
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Functional Groups

It will appreciated that many of the embodiments described to exemplify the invention
relate to the incorporation of an alkyne group onto the polypeptide of interest. This is
advantageous in permitting the binding to another entity such as a label or other
polypeptide via an azide linkage present on said label or other polypeptide. However,
it will be appreciated by the skilled reader, that the reversal of the functional groups on
the polypeptide or label (or the polypeptide or second polypeptide) is a variant which
is intfended to be within the scope of the present invention. The conventional chemistry
(eg, “click chemistry”) as is well-known in the art through the publications of Sharpless et
al can easily be: carried out independent of the placement of the alkyne or azide

groups on the target polypeptide or on the label/second polypeptide as appropriate.

Thus, it will be appreciated by the skilled reader that the invention equally embraces

the incorporation of azide groups or other reactive groups capabile of joining molecules

via an alkyne functional group into the polypeptide of interest.

‘Click chemistry’ refers generally to the well known chemistry of ligation/addition

reactions. In particular, the joining of azides to alkynes is an especially useful element of

click chemistry which may be opplied to the polypeptides produced according to the
present invention. For example, Rostovisev et al. (2002 Angew Chem Int Ed vol 41
pages 2596-2599) describe in detail how a range of such reactions may be performed.
Moreover, Kolb et al. (Angew Chem Int Ed 2001 vol 40 pages 2004-2021) present an

extensive review of this area of combinatorial chemistry and its application to many

“diverse systems. The polypeptides of the invention may suitably be further modified in

accordance with such click chemistry. Indeed, it is a key industrial application of the
invention that polypeptides may be produced according to the present invention for
modification via click chemistry, enabling a range of labels or other chemical moieties
to be easily and conveniently attached to defined locations in the polypeptide, as well .
as enabling intra-molecular bonding between different regions of the polypeptide if

desired.

In some embodiments the functional group may be other than an alkyne or an azide,

for example it may be an dliphatic ketone.

Amino Aclid Derivatives
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The invention also relates to certain novel amino acids/amino acid derivatives. In
particular, these are as described in the example section below and in the

accompanying figures.

In addition, the invention embraces methods of making these amino acids/amino acid

derivatives.
tRNA-1RNA Synthetase Pairs

Most preferred are tRNA-fRNA synthetase pairs which do not recognise any of the 20

naturally occurring amino acids.

Most suitably, the tRNA-tRNA synthetase pair is derived from a.Methanococcus
bacterium. Most suitably, the {RNA-tRNA synthetase pair is derived from

Methanococcus barkerii bacterium.

It will be appreciated that corresponding or cognate tRNA or tRNA synthetases may be
combined from different species of Methanococcus bacterium. For example, it may
be possible to use a pyrrolysine 1RNA from M barkerii together with a pyrrolysyl 1RNA
synthetase from Methanococcus janaschii. The functionadlity of such pairings is easily
tested according to the methods set out herein, e.g. by combining the different

components in a host cell and analysing for intact polypeptide of interest produced.
Codons

In principle, any codon which is orthogonal to the host cell being used may be
employed in the invention, for example, four base codons (quadruplet codons) may be
used. Most suitable quadruplet codons are those which are direct derivatives of triplet

codons, such as CCCU, CCCC, or AGGA. Most preferred is AGGA.

Most suitably, the codon used to direct unnatural or modified amino acid incorporation

according to the invention is an amber codon.
Amino Acld Derivatives

Suitably, the amino acid derivative is not an amide.
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Suitably, the amino acid derivative used comprises a carbonyl and an oxygen mofe'ry.

Most suitably, the moiety comprising carbonyl and oxygen is a carbamate.
Most suitably, the functional group incorporated is an alkyne group.

Suitably, an azide functional group may be incorporated. When the functional group is
an azide, the moiety used to incorporate it is suitably as described above, most suitably

a carbamate.
Further Applications

It will be apparent to the skilled reader that the invention finds application in 'ony setting
where it is desired to join a polypeptide to another molecular entity. For example, it
may be used in the labelling of polypeptides of interest according to standard
chemistry {eg click chemisﬁy). Moreover, it may be used to join polypeptides together
to link them into dimers or higher order chains. In this embodiment, an alkyne group
might be incorporated into a first polybepﬁde, and an azide group incorporated into a
second polypeptide. The alkyne and azide groups may then be reacted fogefher,
leading to a covalently joined single molecule comprising the first and second

polypeptides. This has advantages over conventional methods of linking polypeptides

such as via cysteine bridges, since the covalent bonding produced according to the

present invention is not sensitive to destruction by redox reactions.

Moreover, it will be apparent that the invention may be used to produce linkages within
single polypeptides themselves. In this embodiment, a functional group such as an
alkyne group might be incorporated in a first position in a polypeptide, and a second
functional group such as an azide group would be incorporated into a second position
of a polypeptide. Thus, by reacting the first and second functional groups together, a
cyclysed or looped polypeptide is advantageously produced. This may have
application in the stabilization of polypeptides, such as hormones or other linked or

bridged polypeptides.

The invention may be used to incorporate more than one orthogonal functional group
into the polypeptide of interest. This may be more than one of the same orthogonal
functional group, for example by using more than one substitution in the nucleic acid
encoding the polypeptide of interest to permit incorporation at more than one site in

said polypeptide.
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Alternatively this may be one or more substitutions at two or more sites in the
polypeptide, wherein said substitutions may be for different orthogonal functional
groups. For example, it may be desired fo incorporate more than one type of
orthogonal functional group into a single polypeptide. In such embodiments suitably a
second orthogonal tRNA-IRNA synthetase pair is used to incorporate the second
orthogonal functional group: suitably said second orthogonal tRNA-tRNA synthetase
pair recognises a different orthogonal codon in the nucleic acid encoding the
polypeptide of interest so that the two or more orthogonal functional groups can be
specifically incorporated into different defined sites in the polypeptide in a single
manufacturing step. An application of this is for example in the cyclisation of the
polypeptide; in this embodiment a first alkyne group may be incorporated into a first
position and an azide group may be incorporated into a second position; after
manufacture of the polypeptide then the alkyne and azide groups may be reacted
together forming a covalent bond joining the two parts of the polypeptide. Other

similar applications may be envisaged by the skiled operator.

In addition, since MbPYIRS does not recognize the anticodon of MbiRNAcua it is further
possible to combine evolved MbPyYIRS/MbtRNA pairs with other evolved orthogonal
aminoacyl-iRNA synthetase/tRNAcua pairs, and/or with orfhogonol ribosomes with
evolved decoding properties to direct the efficient incorporation of multiple disﬁnc’r

useful unnatural amino acids in a single protein.

Brief Description of the Figures

Figure 1 shows: A. Alkyne 1, 2 or azide 3. B. Ni-NTA Purified myoglobin-hisé from cells
containing the PyIRS/tRNACUA orthogonal pair. 4 is a known efficient substrate for the
PyIRS/tRNACUA pair.

Figure 2 shows: A. Efficient and specific labeling of genetically encoded 2 with azido-
probes. Left. The biotin azide 5 labeling reaction was performed on myoglobin
containing 4 or 2 at position 4 (myo-4hisé-4 and myo-4hisé-2). Proteins were probed for
biotin (top). Right. By3 labeling with 6 was imaged directly. Coomassie stained protein
gels (bottom) demonstrate equal protein recovery in the samples. B. ESI-MS of the
myoglobin-hisé containing 2 labeled with biotin azide 5 (Found: 19199.5 + 1.5 Da,
expected: 19198.2 Da) -

FigUre 3 shows formulae and a reaction diagram

Figure 4 shows aliphatic ketone

Figure 5 shows chemical synthesis of exemplary amino acid derivative bearing aliphatic

ketone
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Figure 6 shows Supplementary Scheme 1. Synthesis of the amide-linked alkyne 1, the
carbamate-linked alkyne 2, and the c_orbomc’re—linked azide 3. |

Figure 7 shows Subplemenfcry Figure 1 A-E: NMR spectra of compouhds 1.2 and 3.
Figure 8 shows Supplementary Figure 2: The increase in full length protein synthesis as a
function of amino acid concentration.

Figure 9 shows Supplementary Figure 3: The structures of the biotin azide 5 and By3

azide 6 used

The invention is now described by way of example. These examples are intended o be

illustrative, and are not intended to limit the appended claims.
Examples
Example 1:

Here we describe the synthesis and genetic incorpordﬁon of aliphatic azides and
alkynes into proteins using the natural MbPyIRS/{RNACUA pair and the efficient bio-
orthogonal labeling of these amino acids using [3+2] cycloaddition (‘click’)

chemistry(13}.

We designed and synthesized aliphatic, photostable amino acids 1 and 2 that link the
alkyne functional group to a lysine residue via an amide or carbamate bond (Figure 1).
These amino acids were synthesized in 2 sfeps and 70-80% yield from commercially
available material (Supplementary Scheme 1, Supplementary Figure 1 &

Supplementary Methods).

To investigate whether 1 and 2 are substrates for the MbPyIRS/ tRNACUA pair, we
transformed E. coli with pBKPylS10 (which encodes MbPyIRS) and pMyo4TAGPylIT-his610
(which encodes MbtRNACUA and a C-terminally hexahistidine tagged myoglobin gene
with an amber codon at position 4). We added 1 or 2 {1 mM) to log phase cells and
induced myoglobin-hisé expression. While in the presence of 1, only background levels
of myoglobin-hisé were purified by Ni-NTA chromatography, full-length myoglobin was
purified in good vyield (2 mg/L, comparable to that for other unnatural amino
acids(5,10)) after expression in the presence of 2; indicating that 2 but not 1 is
incorporated by the MbPyIRS/tRNACUA pair. This may reflect the greater flexibility of the
carbamate linkage. The yield of protein containing 2 was not improved by efforts té
evolve the enzyme but was increased 5-fold by increasing the concentration of 2 7.5

fold (Supplementary Figure 2A).
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Previous work on genetically encoding alkynes in E.coli used LC-coupled to MS or
MS/MS of tryptic fragments to demonstrate the incorporation(7, 11, 14). Since the
ionization of closely related tryptic peptides may be very different it is not possible to
assess the fidelity of incorporation via these methods. To demonstrate that 2 is
incorporated with high fidelity and without modification by the cell(10) we used total
protein electrospray ionization mass spectrometry (ESI-MS). Myoglobin-hisé
incorporating 2 has the expected mass (found: 18477.5t1 Da, expected: 18478.2 Daq,
Supplerhentory Figure 2B}. These experiments demonsirate that 2 can be site-
specifically incorporated into recombinant proteins in good yield and with high

selectivity.

To investigate if the carbamate linkage provides a generol route to the incorporation of
other functional groups suitable for bioconjugation, we synthesized a simple aliphatic
azide 3 (2 steps, 80% vyield, Supplementary Scheme 1 and Supplementary Methods).
Protein expression and ESI-MS (Figure 1, Supplementary Figure 2C) éxperimen'rs
demonstrate that 3 is site-specifically incorporated into proteins in good yield (3 mg/L)
using the MbPyIRS/ MbtRNACUA pair.

To demonstrate that recombinant proteins containing the alkyne amino acid 2 can be
site-specifically labeled with azido-probes (vid a copper catalysed Huisgen [3+2]
cyqloaddiﬁon reaction(13)) myoglobin-hisé bearing 2 at position 4 was treated with the
biotin azide 5 or a fluorophore (By3) azide 6 (Supplementary Figure 3}, in the presence
CuS04, 4,7-diphenyl-1,10-phenanthrolinedisulfonic acid disodium salt, and ascorbate in
sodium phosphate buffer (pH 8.3)15. In control experiments myoglobin-hisé bearing 3 at
position 4 was treated identically. After 18 h, the purified labeling reactions were
probed (Figure 2A). These experiments demonstrate the specific labeling of the alkyne

containing pfo’rein.

Previous work has visualized protein labeling by gel-based methods alone(7, 11, 14},
which 'does not allow qucnﬁficdﬁon of idbeling. efficiency. ESI-MS of our purified
labeling reaction ' (Figuré 2B) demonstrates a labeling efficiency of 90-100%.
Quantification of the ratio of biotin or By3 to protein in purified samples provides

independent confirmation of the labeling efficiency (Supplementary Methods).

In conclusion we demonstrate the efficient synthesis and site-specific, genetically
encoded incorporation of aliphatic amino acids beoﬁng a carbon-carbon triple-bond

and/or bearing an azido group into recombinant proteins. We also demonstrate the
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near-quantitative on-protein labeling of the alkyne. In contrast to previous work(11, 14)
the amino acids can be synthesized in just 2-steps in excellent yield and site-specifically

incorporated.
Conclusions and Further Appllcqﬂoné

Unlike prior art techniques such as disclosed by Schultz we -began with an orthogonal
synthetase/tRNA pair that does not use the natural amino acids in E. coli and this
allowed us to discover useful unnatural amino acids that the synthetase will use as
substrates without the need for a series of enzyme evolution steps, at least for alkkyne
and azide incorporation.

In contrast to the aromatic azides previously incorporated by the prior art Schultz(5) or
Yokoyama(11l) techniques the dliphatic azide we have incorporated is photostable
and is therefore easy to handle.

The genetically encodéd alkyne 2 can be specifically and efficiently labeled with
azides that infroduce biotin or fluorescent groups, and in contrast to previous reports (7,
11, 14) we have explicitly demonstrated and quantified the efficient conjugation of
probes to the genetically encoded amino acid.

Since many protein therapeutics are conjugated in a residue specific manner to
polyethylene glycols through lysine{16) the method of the invention advantageously
provides a direct route to discovering site-specifically modified versions of these
therapeutics that are more efficocious.

The labelling method is compatible with, and orthogonal to cysteine labelling and finds

utility in intfroducing two distinct labels into a single protein for fluorescence resonance

- energy transfer (FRET) experiments to probe protein function, structure and dynamic

behaviour, as well as in other applications.

Moreover, since this synthetase tRNA pair is functional ahd orthogonal in eukaryotic
cells(12) it is possible to apply the methods of the invention to the labelling of proteins
produced in, and displayed on, eukaryotic cells.

The alkyne 2 and azide 3 are incprporofed using a synthetase and tRNA pair that is
mutually orthogonal in its aminoacylation specificity fo the MjTyrRS/tRNACUA pair that
has been used to incorporate a range of aromatic unnatural amino acids(4). Thus it
may be useful to incorporate 2 or 3 in combination with genetically encoded aromatic
amino acids, including previously incorporated azides(5) and alkynes(7), at distinct sites
in recombinant proteins using suitably altered combinations of synthetase/tRNA pairs
and evolved orthogonal ribosomes{17). This will allow the formation of directional
inframolecular crosslinks to constrain protein structure and may allow for the genetic

selection of enhanced protein stability and function.
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Example 2: Incorporation of aliphdtic ketone .

A suitable amino acid/derivative bearing aliphatic ketone for incorporation according
fo the present invention is shown in figure 5.

An exemplary synthesis is described in detail below:
(S)-2-(tert-bu'toxycarbonylainino)—G-((pent—4-enyloxy)carbonylamino)hexanoic acid
(1). To a solution of 4-pentenyl alcohol (100mg, 1.16 mmol) in DCM (1 mL) at 0°C
was added triphosgene (381 mg, 1.27 mmol). After the reaction was stirred for 8 h, the
solvent was evaporated without heating and the residue dried under vacuum for 1 h. The
prepared 4-pentenyl chloroformate was then added directly to a solution of Boc-Lys-OH
(370 mg, 1.5 mmol) in HO:THF (5 mL:5 mL), at 0°C containing NaOH (120 mg, 3
mmol). The reaction was stirred for 8 h, allowing it to warm to r.t. The reaction was
subsequently acidified with cold 1 M HCI (20 mL) and extracted with EtOAc (25 mL).
The organic layer was dried over Na,SOy, filtered and evaporated, affording 1 in 77%
yield (350 mg, 0.98 mmol). '"H NMR (CDCl;): § = 1.19-2.01 (m, 19H), 2.95 (m, 2H),
3.92 (m, 2H), 4.13 (m, 1H), 4.78 (m, 2H), 5.73 (m, 1H). ’

(S)-2-amino-6-((pent-4-enyloxy)carbonylamino)hexanoic acid TFA salt (2).
Compound 1 (350 mg, 0.98 mmol) was dissolved in DCM:TFA (3 mL:3 mL) and the
reaction was allowed to stir at r.t. for 40 min. The solvents were subsequently
evaporated and the residue was precipitated into Et,0O, giving 2 in 93% yield (323 mg,
0.91 mmol). 'H NMR (D,0) d = 1.12-1.95 (m, 10H), 2.84-3.18 (m, 3H), 3.85 (m, 2H),
4.65-4.92 (m, 2H), 5.68 (m, 1H).

(S)-2-amino-6-((4-oxopentyloxy)carbonylamino)hexanoic acid HClI salt (3).
Compound 2 (320 mg, 0.91 mmol) was dissolved in 1 M HCI (2 mL), stirred for 10 min
and evaporated. The pfocess was repeated twice in order to exchange the TFA salt for
an HCl salt. The prepared (S)-2-amino-6-((pent-4-enyloxy)carbonylamino)hexanoic
acid HCI salt was dried under vacuum and then dissolved in DMAc:H,O (3 mL: 0.5
mL) containing PdCl, (8 mg, 0.045 mmol). The atmosphere of the flask was evacuated
and replaced with O, three times. The reaction was then kept under O, atmosphere and
heated to 80°C for 8 h. The reaction was subsequently cooled to r.t., filtered, diluted
with MeOH (5 mL) and precipitated into Et,O. The filtrand was collected, giving 3 in
92% vyield (259 mg, 0.83 mmol). '"H NMR (D,0) d = 1.42-2.07 (m, 8H), 2.71 (s, 3H),
3.08-3.19 (m, 3H), 3.25 (m, 2H), 4.02 (m, 2H).

The aliphatic ketone bearing moiety is incorporated into pélypepﬁde according to the

present invention.
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In this example, suitably a mutated/evolved tRNA synthetase is used to charge the
IRNA with the adliphatic ketone beoring'moiety. Suitably the tRNA synthetase comprises
the amino acid sequence of SEQ ID NO:4, SEQ ID NO:6, SEQ ID NO:8, SEQ ID NO:10 or
SEQ ID NO:12.

Example 3: Supplementary Methods

Chemical Synthesis

(8)-2—(tert-butoxycarbonylamino)-6-pent-4-ynamidohexanoic acid (8). Boc-Lys-OH (1.0 g, 4.06
mmol) was dissolved in sat. aqueous NaHCO; (10 mL), THF (10 mL) was added, the solution was cooled
to 0 °C, and N-sﬁccinimidyl-4-pentynoate (594 mg, 3.04 mmol) was added. The reaction mixture was
allowed to stir for 10 h at room temperature. The THF was evaporated in vacuo, and the aqueous solution
was cooled to 0 °C and acidified with ice-cold 1 M HCI (100 mL). The aqueous layer was extracted with
ice-cold EtOAc (2 x 100 mL), and the combined organic layers were dried over Na,SO,, filtered and
concentrated in vacuo. The residue was further purified by silica gel chromatography using DCM:MeOH
(9:1) as the eluent. The amide 7 was obtained in 70% yield (695 mg, 2.1 mmol) as a white foam. '"H NMR
(CDCl;): 6 = 1.31-1.82 (m, 15H), 2.01 (s, 1H), 2.36-2.50 (m, 4H), 3.20 (m, 2H), 4.13 (m, 1H), 5.55-5.75
(m, 2H), 6.73 (m, 1H). HRMS: m/z calcd for C;4H6N,05 [M + Na]': 349.1734; found: 349.1738.

(S)-2-amino-6-pent-4-ynamidohexanoic acid TFA salt (1). To a solution of the amide 8 (600 mg, 1.8
mmol) in dry DCM (6mL) was added TFA (6 mL), and the reaction mixture was allowed to stir for 1 h at

" room temperature. The solvents were evaporated under reduced pressure and the residue was precipitated

through the addition of Et,0O, filtered and dried in vacuo, affording the clean amino acid 1 as a white solid
in 95% yield (562 mg, 1.74 mmol). 'H NMR (D,0): § = 1.20-1.48 (m, 4H), 1.70-1.88 (m, 2H), 2.22-2.38
(m, 5H), 3.08 (m, 2H), 3.56 (m, 1H). HRMS: m/z calcd for C;;H;sN,O; [M + H]™: 227.1.390; found:
227.1359.

(S)-2-(tert-butoxycarbonylamino)-6-((prop-2-ynyloxy)carbonylamino)hexanoic acid (9). Boc-Lys-
OH (500 mg, 2.03 mmol) was dissolved in 1 M NaOH (5 mL) and THF (5 mL) and cooled to 0 °C.
Propargyl chloroformate (158.4 mL, 192.5 mg, 1.62 mmol) was added dropwise over 5 minutes and the

reaction was allowed to stir for 10 hours at room temperature. The solution was then cooled to 0°C again,

‘washed with ice-cold Et,O (50 mL), acidified with ice-cold 1 M HCl (50 mL), and was extracted with

ice-cold EtOAc (2 x 30 mL). The combined organic layers were dried over Na,SO, and the solvents were
evaporated to clean give 9 (442 mg, 1.35 mmol) as a white foam in 83% yield. 'H NMR (CDCl5): § =
1.33-1.80 (m, 14H), 2.45 (s, 1H), 3.15 (m, 2H), 4.23 (m, 1H), 4.62-4.68 (m, 2H), 5.25-5.55 (m, 2H), 6.20-
6.47 (m, 1H), 11.03 (é, 1H). ®C NMR (CDCL;): & = 22.5, 28.5, 29.3, 32.1, 40.8, 52.6, 53.2, 74.8, 78.5,
80.3, 156.0, 157.3, 176.7. HRMS: m/z calcd for C,sH4N,O4 [M + Na]": 351.15266; found: 351.15245.

(S)-2-amino—6—((prop-2-ynyloxy)carbonylamino)hexanoic acid TFA salt (2). The propargyl carbamate
9 (400 mg, 1.22 mmol) was dissolved in dry DCM (4 mL). TFA (4 mL) was added dropwise and the
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reaction was allowed to stir for 1 h. The solvents were evaporated and the product was précipitated
through the addition of ethyl ether, filtered and dried, affording clean 2-as a white solid in 96% yield (380
mg, 1.17 mmol). '"H NMR (D,0): & = 1.25-1.45 (m, 4H), 1.76-1.88 (m, 2H), 2.75 (m, 1H), 3.02 (m, 2H),
3.93 (m, 1H), 4.53 (m, 2H). ®C NMR (D,0): & = 21.3, 28.2, 29.2, 39.9, 52.5, 53.2, 75.4, 78.4, 117.8
(TFA), 157.5, 161.8 (TFA), 171.8. HRMS: m/z calcd for C;oH;¢N,O, [M + HJ: 229.11828; found:
229.10841.

" (S)-15-azido-2,2-dimethyl-4,12-dioxo-3,13-dioxa-5,11-diazapentadecane-6-carboxylic acid (10). 2-

azidoethanol (500 mg, 5.74 mmol) was added to a solution of triphosgene (1.70 g, 5.74 mmol) in THF
(10mL) at 0 °C. The reaction was stirred for 8 h, and the solvent was evaporated under vacuum. The
residue was dried under vacuum for 1 h, affording 2-azidoethylchlroformate in 100% conversion as a
clear oil. The chloroformate was dissolved in THF (1.5 mL) and slowly added to a solution of Boc-Lys-
OH (1.7 g, 6.88 mmol) in an aq. 1 M NaOH (20 mL)/THF (5 mL) solution ;lt 0°C. Tﬁe reaction mixture
was stirred for 12 h and slowly warmed to room temperature. The solution was subsequently cooled to
0°C and acidified to pH 2-3 with ice-cold aq. 1 M HCI solution. The aqueous layer was extracted with
EtOAc (100 mL) and the organic layer was subsequently washed with brine (2 x 100 mL). The organic
layer was then dried over.Na,SO,, filtered, and evaporated, affording clean 10 in 80% yield (1.65g, 4.59
mmol) without further purification. '"H NMR (acetone-d6): & = 1.40-1.82 (m, 15 H), 3.16 (m, 2 H), 4.11 '
(m, 2 H), 5.83-6.43 (m, 3 H). >C NMR (acetone-d6): & = 23.0, 27.9, 31.6, 39.7, 50.4, 53.7, 63.0, 78.5,
156.0, 159.4, 174.2, 197 4.

(S)-Z-amino-6—((2-azidoethoxy)carbonylamind)hexanoic acid TFA salt (3). Compound 10 (1.5 g, 4.17
mmol) was dissolved in CH,Cl, (iS mL) and TFA (15 mL) was slowly added to the solution. The
reaction was stirred at room temperature for 30 min, after which the solvents were e;vaporated under
vacuum. The residue was re-dissolved in MeOH (5 mL) and precipitated into Et,O. The precipitate was
collected and dried under vacuum, affording pure 3 in 93% yield (1.38 g, 3.87 MOI). 'H NMR (D;0): 8
=1.22-1.45 (m, 4 H), 1.67-1.73 (m, 2 H), 2.99 (m, 2 H), 3.38 (m, 2 H), 3.70 (m, 1 H), 4.09 (m, 2 H). *C
NMR (D,0): 6 =21.4, 28.4,29.6, 39.5, 53.4, 56.2, 57.8, 116.0 (TFA), 153.1, 162.3 (TFA), 172.9.

Expression and purification of myoglobin

To express sperm whale myoglobin with an incorporated unnatural amino acid, we transformed
E. coli DHIOB cells with pBKPyIS and pMyo4TAGPyIT-his6. Cells were recovered in 1 mL of LB media
for 1 h at 37 °C, before incubation (16 h, 37 °C, 250 r.p.m.) in 100 mL of LB containing kanamycin (50
pug/mL) and tetracycline (25 pg/mL). 20 mL of this overnight culture was used to inoculate 500 mL of LB
supplemented with kanamycin (25 pg/mL), tetracycline (12 pg/mL) and 2 mM of 2. Cells were grown
(37 °C, 250 r.p.m.), and protein expression was induced at ODgqo ~0.6, by addition of arabinose to a final
concentration of 0.2%. After 3 h of induction, cells were Harvested. Proteins were extracted by sonication
at 4 °C. The extract was clarified by centrifugation (20 min, 21,000 g, 4 °C), 300 uL of Ni**-NTA beads
(Qiagen) were added to the extract, the mixture was incubated with agitation for 1 h at 4 °C. Beads were

collected by centrifugation (10 min, 1000 g). The beads were twice resuspended in 50 mL wash buffer

25



10

15

20

25

30

35

40

WO 2010/139948 PCT/GB2010/001083

and spun down at 1000 g. Subsequently, the beads were resuspended in 20 ml of wash buffer and
transferred to a column. Protein was eluted in 1 ml of wash buffer supplemented with 200 mM imidazole
and was then re-buffered to 20 mM ammonium bicarbonate using a sephadex G25 column. The purified

proteins were analysed by 4-12% SDS-PAGE.

Expression of myoglobin at different amino acid concentrations

E. coli DHI10B cells containing pBKPylS and pMyo4TAGPyIT were inoculated into LB
containing kanamycin (50 pg/mL) and tetracycline (25 ug/mL). The cells were incubated with shaking
overnight at 37 °C. 200 p.L of cells were inoculated into each of 3 mL LB aliquots containing kanamycin
(25 pg/mL) and tetracycline (12 ng/mL) and supplemented with different concentrations (7.5 mM, 5 mM,
2.5mM, 1 mM, 0.75 mM, 0.5 mM, 0.25 mM, 0.1 mM, 0 mM) of 2. After 3 h of incubation with shaking

at 37°C, protein expression was induced by the addition of 30 pL of 20% arabinose. After 12 h of

expression, cell were collected by centrifugation (16000 g, 5 min) of 1 mL of cell suspension. The cells
were resuspended in 100 uL. of NuPAGE SDS Sample buffer supplemented with 10% B-mercaptoethanol,
heated at 80 °C for 10 min and centrifuged at 16000 g for 10 min. The crude cell lysate was analysed by
4-12% SDS-PAGE. Western blots were performed with antibodies against the hexahistidine tag -

(Invitrogen AntiHis monoclonal Mouse antibody).

Protein mass spectrometry

Protein total mass was determined on an LCT time-of —flight mass spectrometer with
electrospray ionization (ESI, Micromass). Proteins were rebuffered in 20 mM of ammonium bicarbonate
and mixed 1:1 with formic acid (1% in methanol/H,O = 1:1). Samples were injected at 10 ml min™ and
calibration was performed in positive ion mode using horse heart myoglobin. 60 scans were averaged and
molecular masses obtained by deconvoluting multiply charged protein méss spectra using MassLynx
version 4.1 (Micromass). Theoretical masses of wild-type proteins were calculated using Protparam
(http://us.expasy.org/tools/protparam.html), and theoretical masses for unnatural amino acid containing

proteins were adjusted manually.

Bioconjugation via copper-catalysed [3+2 ]—éycloaddition reactions

Protein was re-buffered to 100 mM sodium phosphate buffer (pH 8.3) and concentrated to 2.5
mg/mL. 100 mM stock solutions of CuSO,, sulfonated bathophenanthroline sodium salt (GFS Chemicals)
and sodium ascorbate in water were prepared, pre-mixed and incubated at room temperature for 5 min.
Myoglobin containing 2 (13.5 nmol) was reacted for 15 minutes at 25 °C, then 4 °C for 18h with the
biotin azide (Quanta Biodesign) 5 or the By3 azide (Primetech LTD) 6 (50 equivalents, 10 mM in
DMSO) and CuSO,(1 mM)/ascorbate (1 mM)ligand (2 mM)?. After 18 h, the solutions were diluted to 1

mL and loaded onto an Illustra™ NAP-10 column. Proteins were eluted into 1.5 mL of 20 mM

" NH4HCO:;, dialyzed overnight with 20 mM NH,HCO;, loaded onto PD10 and eluted into 3.5 mL 20 mM

NH,HCO;. The solution was concentrated to 200 leusing Amicon Ultra® Centrifugal Filter Devices
(10,000 kDa, Millipore). Protein concentration of the labeled samples were measured by BCA Protein
Assay (Thermo Scientific). The Biotin Quantitation Kit (Thermo Scientific) was used to quantify biotin-
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conjugated protein in labeled samples, and the By3 absorbance at 550 nm was used to quantify purified

By3-labeled protein. The molar ratio of the label (By3 or biotin) to protein defines the labeling efficiency.

Example 4:

Reference is made to figure 6

Amino acids were synthesized that link the alkyne functionality to the side-chain amine of lysine through-
either an amide (1) or a carbamate (2) linkage (Figure 6 - Supplementafy Scheme 1). The synthesis of
these amino acids commences with the Boc-protected lysine 7 (Chem-lﬁpex International, Inc), which
was reacted with N-succinimidyl-4-pentynoate (prepared by a DCC mediated coupling of 4-pentynoic
acid with N-hydroxysuccinimide (Slater, M.; Snauko, M.; Svec, F.; Frechet, J.M.J. Anal. Chem.
2008, 78, 4969-4975)) in the presence of NaHCO; furnishing 8 in 70% yield. The amide 7 was then
deprotected with TFA in CH,Cl, delivering the amino acid 1 in 95% yield. In order to synthesize 2, the

protected lysine 7 was reacted with prop-2-ynyl chloroformate in presence of aqueous NaOH. The

_carbamate 9 was obtained in 83% yield, and subsequently deprotected with TFA in CH,Cl,, delivering the

amino acid 2 in 96% yield. A similar sequence was conducted by reacting 7 with 3-azidoethyl
chloroformate in aqueous NaOH, delivering 10 in 80% yield. The amino acid 3 was obtained through a
deprotection with TFA in 93%.

Spectra are shown in Figure 7 A-E.

Example 5: »

Reference is made to Figure 8 (Supplementary Figure 2).

A. The increase in full length protein synthesis as a function of amino acid concentration. Western blots
against his-6 show the increase in myoglobin-his6 incorporating 2 in cell-lysates B. Electrospray
ionization mass spectra of myoglobin-his6é incorporating 2 (orange) or 4 (blue). Myoglobin-his6
incorporating 2 has an expected mass of 18478.2 Da and a found mass of 18477.4. Myoglobin-his6é
incorporating 4 has an expected mass of 18496.0 Da and a found mass of 18496.2 Da. C. Electrospray

ionization mass spectra of myoglobin-his6 incorporating the azide (3).Found mass 18508.5 +/- 1 Da,

expected mass 18509.2 Da)

Figure 9 shows Supplementary Figure 3: The structures of the biotin azide 5 and By3 azide 6 used.
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SEQUENCE LISTING

SEQ ID NO:1

>MbPylS MS (Translated from Genbank accession number AYZ 73828,

protein ID: AAQ19545.1)
MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER
MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYLRKLDRILPGPIKIFEVGPCYRKESDG
KEHLEEFTMVNFCOMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL

SEQ ID NO:2

MbPylS (strain MS), codon optimized
atggataaaaaaccgctggatgtgctgattagcgcgaccggectgtggat
gagccgtaccggcaccctgcataaaatcaaacatcatgaagtgagecgeca
gcaaaatctatattgaaatggcgtgcggcgatcatctggtggtgaacaac
agccgtagctgccgtaccgegegtgegtttecgtcatcataaataccgecaa
aacctgcaaacgttgccgtgtgagcgatgaagatatcaacaactttetga
cccgtagcaccgaaagcaaaaacagcecgtgaaagtgegtgtggtgagegeg
ccgaaagtgaaaaaagcgatgccgaaaagcecgtgagccgtgcgeccgaaace
gctggaaaatagcgtgagcgcgaaagcgagcaccaacaccagceccgtageg
ttccgagceccggcgaaaagcaccccgaacagcagegttecggegtetgeg
ccggcaccgagcctgacccgecagccagectggategtgtggaagegetget
gtctccggaagataaaattagecctgaacatggecgaaaccgtttegtgaac
tggaaccggaactggtgacccgtcgtaaaaacgattttcagegectgtat
accaacgatcgtgaagattatctgggcaaactggaacgtgatatcaccaa
attttttgtggatcgeggectttctggaaattaaaagceccgattcetgattce
cggcggaatatgtggaacgtATGggcattaacaacgacaccgaactgagce

~aaacaaattttccgcgtggataaaaacctgtgcctgegtcececgatgetgGl

CccgaccctgTATaactatCTGegtaaactggategtattetgeegggte
cgatcaaaatttttgaagtgggcccgtgctatcgcaaagaaagcgatggce
aaagadbacctggaagaattcaccatggttaactttTGCcaaatgggcag
cggctgcacccgtgaaaacctggaagcgctgatcaaagaattcectggatt
atctggaaatcgacttcgaaattgtgggcgatagctgcatggtgtatgge
gataccctggatattatgcatggcgatctggaactgagcagcegeggtggt
gggtccggttagectggatcgtgaatggggcattgataaaccgtggattg
gcgegggttttggectggaacgtctgetgaaagtgatgcatggecttcaaa
aacattaaacgtgcgagccgtagcgaaagctactataacggcattagcac
gaacctgtaa

SEQ ID NO:3

tRNAcua

MbPylT (strain MS, from Genbank accession number AY064401)
gggaacctgatcatgtagatcgaatggactctaaatccgttcagcecgggt
tagattcccggggtttccgecceca

SEQ ID NO:4
>KtKRS-1

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFORLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER
MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYQRKLDRILPGPIKIFEVGPCYRKESDG
KEHLEEFTMVNFCQOMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL

Mutations in KtKRS-1: L274Q

SEQ ID NO:5
KtKRS-1 {(mutations relative to MbPylS MS in upper case)

atggataaaaaaccgctggatgtgctgattagcgcgaccggectgtggat
gagccgtaccggcaccctgcataaaatcaaacatcatgaagtgagccgca
gcaaaatctatattgaaatggcgtgcggcgatcatctggtggtgaacaac
agccgtagetgecgtaccgegegtgegtttegtcatcataaataccgcaa
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aacctgcaaacgttgccgtgtgagecgatgaagatatcaacaactttetga
cccgtagcaccgaaagcaaaaacagcgtgaaagtgegtgtggtgagegeg
ccgaaagtgaaaaaagcgatgccgaaaagcgtgageccgtgcgecgaaace
gctggaaaatagcgtgagcgcgaaagcgagcaccaacaccagecgtagecg
ttccgagececcggcgaaaagcaccecccgaacagcagegtteeggegtetgeg
ccggcaccgagcctgacccgecagceccagctggatcgtgtggaagegetgcet
gtctceggaagataaaattagecctgaacatggecgaaaccgtttegtgaac
tggaaccggaactggtgacccgtcgtaaaaacgattttcagecgectgtat
accaacgatcgtgaagattatctgggcaaactggaacgtgatatcaccaa
attttttgtggatcgcggctttctggaaattaaaagecccgattcetgatte
cggcggaatatgtggaacgtatgggcattaacaacgacaccgaactgagc
aaacaaattttccgegtggataaaaacctgtgcctgcgtccgatgetgge
GeecgacccectgtataactatcAgegtaaactggatcegtattctgeccgggtce
cgatcaaaatttttgaagtgggcccgtgctatcgcaaagaaagcgatggce
aaagaacacctggaagaattcaccatggttaacttttgTcaaatgggcag
cggctgcacccgtgaaaacctggaagcecgctgatcaaagaattecctggatt
atctggaaatcgacttcgaaattgtgggcgatagctgecatggtgtatgge
gataccctggatattatgcatggcgatctggaactgagcagecgeggtggt
gggtccggttagectggategtgaatggggcattgataaaccgtggattg
gcgcgggttttggectggaacgtctgectgaaagtgatgcatggcttcaaa
aacattaaacgtgcgagccgtagecgaaagctactataacggcattagcecac
gaacctgtaa

SEQ ID NO:6
>KtKRS-2

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
. SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER
MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYNRKLDRILPGPIKIFEVGPCYRKESDG
KEHLEEFTMVNFVOMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL

Mutations in KtKRS-2: L274N, C313V

SEQ ID NO:7 .
KtKRS-2 (mutations relative to MbPylS MS in upper case)

atggataaaaaaccgctggatgtgctgattagecgecgaccggectgtggat
gagccgtaccggcaccctgeataaaatcaaacatcatgaagtgagecgea
gcaaaatctatattgaaatggcgtgecggegatcatctggtggtgaacaac
agccgtagectgecgtaccgegegtgegtttegtecatcataaataccgecaa
aacclgcaaacgttgecgtgtgagecgatgaagatatcaacaactitctga
cccgtagcaccgaaagcaaaaacagegtgaaagtgegtgtggtgagegeg
ccgaaagtgaaaaaagcgatgccgaaaagcgtgageccgtgecgecgaaacc
gctggaaaatagcgtgagcgcgaaagecgagecaccaacaccagecgtageg
Hccgagecccggegaaaagcaccceccgaacagcagegittccggegtetgeg
ccggcaccgagcctgacccgecagecagctggatcgtgtggaagegetgcet
gtctccggaagataaaattagecigaacatggcgaaaccgtitcgtgaac
tggaaccggaactggtgacccgtcgtaaaaacgattttcagecgectgtat
accaacgatcgtgaagattatctgggcaaactggaacgigatatcaccaa
attttttgtggatcgecggcttictggaaattaaaagecccgatictgatic
cggcggaatatgtggaacgtatgggcattaacaacgacaccgaactgage
aaacaaattttccgegtggataaaaacctgtgectgegtccgatgetgge
GccgaccctgtataactatAATcgtaaactggatcgtatictgececgggte
cgatcaaaattittgaGgtgggcccgtgetatcgcaaagaaagecgatgge
aaagaacacctggaagaattcaccatggttaactitGTGeaaatgggeag
cggctgcacccgtgaaaacctggaagecgctgatcaaagaattcctggatit
atctggaaatcgacticgaaatigtigggcgatagetgecatggtgtatgge
gataccctggatattatgecatggegatctggaactgagcagegeggtogt
gggtccggttagectggatcgtgaatggggcattgataaaccgtggattg
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gcgcgggﬁf’rggcciggoocgfc’rg‘ctgcocgtgofgco’rggcﬁcaoo
aacattaaacgtgcgagecgtagcgaaagctactataacggecattagecac
gaacctgtaa

SEQID NO:8
>KtKRS-3

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER

'~ . MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYNRKLDRILPGPIKIFEVGPCYRKESDG

KEHLEEFTMVNFVOMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL

Peptide sequence corresponds to KtKRS-2: Mutations in KtKRS-2:

C313V: nucleotide sequence differs from KtKRS-2.

SEQ ID NO:9 .
KtKRS-3 (mutations relative to MbPylS MS in upper case)

atggataaaaaaccgctggatgtgctgattagegegaccggectgtggat
gagccgtaccggcaccctgeataaaatcaaacatcatgaagtgagecgea
gcaaaatctatattgaaatggegtgeggegatecatctggtggtgaacaac
agccgtagctgecgtaccgegegtgegtticgtecatcataaataccgecaa
aacctgcaaacgttgccgtgtgagecgatgaagatatcaacaactttctga
cccgtagcaccgaaagcaaaaacagegtgaaagtgegtgiggtgagegeg
ccgaaagtgaaaaaagcgatgccgaaaagegtgagecgtgecgecgaaacc
gctggaaaatagcgtgagcgcgaaagecgageaccaacaccagecgtageg
Hccgagcecccggecgaaaagcaccccgaacagcagegttcecggegtetgeg
ccggcaccgagcctgaccecgecagecagcetggategtgtggaagegetget
gictccggaagataaaattagecctgaacatggcgaaaccgtttcgtgaac -
tggaaccggaactggtgacccgicgtaaaaacgattttcagecgectgtat
accaacgatcgtgaagattatctgggcaaactggaacgtgatatcaccaa
attttttgtggatcgeggcetttctggaaattaaaagecccgatictgatic
cggcggaatatgtggaacgtatgggcattaacaacgacaccgaactgage
aaacaaatttticcgegtggataaaaacctgigectgegteccgatgetgge
GccegaccctgtataactatAATcgtaaactggatcgtatictgecgggtce
cgatcaaaatitttgaagtgggcccgtgctatcgcaaagaaagegatgge
aaagaacacctggaagaattcaccatggttaactitGITcaaatgggcag
cggctgcacccgtgaaaacctggaagegcetgatcaaagaaticctggatt
atctggaaatcgacticgaaatigtgggcgatagetgecatggigtatgge
gataccctggatattatgcatggegatctggaactgagcagegeggtggt
gggtccggttagectggategtgaatggggeattgataaaccgtggatig
gcgcgggttttggectggaacgtctgectgaaagtgatgecatggeticaaa
aacattaaacgtgcgagecgtagecgaaagctactataacggeattagcac
gaacctigtaa

SEQ ID NO:10
>KtKRS-4

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER
MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYMRKLDRILPGPIKIFEVGPCYRKESDG
KEHLEEFTMVNFAQMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL
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Mutations in KtKRS-4: L274M, C313A

SEQ ID NO:11

KtKRS-4 (mutations relative to MbPylS MS in upper case)

atggataaaaaaccgcetggatgigetgattagecgecgaccggectgtggat
gagccgtaccggcaccctgecataaaatcaaacatcatgaagtgagecgea
gcaaaatctatattgaaatggegtgcggegatcatetggtggtgaacaac
agccgtagetgecgtaccgegegtgegtttecgtcatcataaataccgecaa

. aacctgcaaacgttgccgtgtgagegatgaagatatcaacaactttctga -

cccgtagcaccgaaagcaaaaacagegtgaaagtgegtgtggtgagegeg
ccgaaagtgaaaaaagcgatgccgaaaagegtgagecgtgecgeccgaaacc
gctggaaaatagcgtgagcgcgaaagcgagecaccaacaccagecgtageg
Hccgageccggegaaaagecaccceccgaacageagegttccggegtetgeg
ccggcaccgagcectgacccgecagecagcetggategtgtggaagegetgcet
gictccggaagataaaattagectgaacatggcgaaaccgtitegtgaac
tggaaccggaactggtgacccgtcgtaaaaacgattttcagegectgtat
accaacgatcgtgaagattatctgggcaaactggaacgtgatatcaccaa
attttttgtggatcgeggcttictggaaattaaaageccgatictgatic
cggcggaatatgtggaacgtatgggcattaacaacgacaccgaactgage
aaacaaattttccgegtggataaaaacctgtgectgegtccgatgetgge
TccgaccctgtataactatAtgcgtaaactggategtatictgecgggtce
cgatcaaaatttttgaagtgggeccgtgctatcgcaaagaaagegatgge
aaagaacacctggaagaaticaccatggttaactttGCTcaaatgggcag
cggctgcacccgtgaaaacctggaagegcetgatcaaagaaticctggatt
atctggaaatcgacticgaaattgtgggegatagetgecatggtgtatgge
gataccctggatattatgcatggegatctggaactgagcagecgeggtggt
gggtccggttagectggatcgtgaatggggeatigataaaccgtggattg
gcgcgggtittggectggaacgtctgectgaaagtgatgeatggetticaaa
aacattaaacgtgcgagecgtagecgaaagctactataacggeattagecac
gaacctgtaa

SEQ ID NO:12
>KtKRS-5

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTARAF
RHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSRAPKPLEN
SVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDKISLNMAKP
FRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPILIPAEYVER
MGINNDTELSKQIFRVDKNLCLRPMLAPTLYNYTRKLDRILPGPIKIFEVGPCYRKESDG
KEHLEEFTMVNFVOMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCMVYGDTLDIMHGDL
ELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIKRASRSESYYNGISTNL

Mutations in KtKRS-5: L274T, C313V

SEQ ID NO:13
KtKRS-5 (mutations relative to MbPylS MS in upper case)

atggataaaaaaccgcetggatgtgetgattagecgecgaccggectgtggat
gagccgtaccggcaccctgcataaaatcaaacatcatgaagtgageccgea
gcaaaatctatattgaaatggegtgeggegatcatctggtggtgaacaac
agccgtagctgccgtaccgegegtgegtticgtcatcataaataccgecaa
aacctgcaaacgttgecgtgtgagecgatgaagatatcaacaacttictga
cccgtagcaccgaaagcaaaaacagegtgaaagtgegigtggtgagegeg
ccgaaagtgaaaaaagcegatgccgaaaagegtgagecgtgegecgaaacce
gctggaaaatagcgtgagcgecgaaagecgagcaccaacaccagecgtageg
ttccgagcccggegaaaagcaccccgaacageagcegticcggegtetgeg
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ccggcaccgagcctgacccgeagecagetggatcgtgtggaagegcetgcet
gtctccggaagataaaattagecctgaacatggecgaaaccgtttcgtgaac
tggaaccggaactggtgacccgtcgtaaaaacgattttcagecgectgtat
accaacgatcgtgaagattatctgggcaaactggaacgtgatatcaccaa
attttttgtggatcgeggcetttctggaaattaaaagecccgatictgatic
cggcggaatatgtggaacgtatgggcattaacaacgacaccgaactgagce
aaacaaattttccgegtggataaaaacctgtgectgegteccgatgetgge
GccgaccctgtataactatACGegtaaactggatcgtatictgeccgggte
cgatcaaaatitttgaagtgggceccgtgctatcgcaaagaaagecgatggce
aaagaacacctggaagaaticaccatggttaacttGTGecaaatgggecag
cggctgcacccgtgaaaacctggaagcegctgatcaaagaaticctggatt
atctggaaatcgactticgaaattgtgggcgatagetgeatggtgtatgge
gataccctggatattatgcatggcgatctggaactgagcagegeggatggt
gggtccggttagectggatcgtgaatggggceatigataaaccgtggattg
gcgcgggttitggectggaacgtctgetgaaagtgatgcatggeticaaa
aacattaaacgtgecgagceccgtagegaaagcetactataacggecattagecac
gaacctgtaa

33

PCT/GB2010/001083



10

15

20

25

30

35

WO 2010/139948 PCT/GB2010/001083
Claims

1. A method of making a polypeptide comprising an orthogonal functional group.
said orthogonal functional group being comprised by an aliphatic amino acid
or amino acid derivative; said method comprising

providing a host cell;

-providing a nucleic oéid encoding the polypeptide of inferésf;

providing a tRNA-tRNA synthetase pair orthogonal to said host cell;

adding an amino acid or amino acid derivative comprising the orthogonal functional

‘ groub‘ of interest, wherein said amino acid or amino acid derivative is a
substrate for said orthogonal tRNA synthetase, wherein said amino acid or
amino acid derivative has an aliphatic carbon backbone; and

incubating to allow incorporation of said amino acid or amino acid derivative info

the polypeptide of interest via the orthogonal {RNA-1RNA synthetase pair.

2. A method c:ccbrding to -claim 1 wherein incorporation is mediated by an

amber codon specified by said nucleic acid.

3. A method according to any preceding claim wherein the functional group is an

alkyne group.

4, A method according to any preceding claim wherein the functional group is an

azide group.

5. A method according to any preceding claim wherein the functional group is an

dliphatic ketone.

6. A method according to any preceding claim wherein the amino acid or amino

acid derivative is or is derived from lysine.

7. A method according to any preceding claim wherein the orthogonal fRNA-

tRNA synthetase pair are a cognate pair capable of acting on pyrrolysine.
8. A method according to any preceding claim wherein thé orthogonal tRNA-

IRNA synthetase pair have sequences corresponding 1o the wild type

sequences of the organism in which they naturally occur.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

A method according to claim 7 or claim 8 wherein the tRNA-IRNA synthetase
pair is MbiIRNAcua and MbPYIRS. '

A method according to claim 9 wherein the MbiRNAcua comprises the
nucleotide sequence of SEQ ID NO:3 and the MbPyIRS comprises the amino
acid sequence of SEQ ID NO:1.

A method according to any preceding claim wherein the host cell is E. coli.

A polypeptide produced according to any of claims 1 to 11, said polypeptide
comprising an orthogonal functional group, said orthogonal functional group
being comprised by an aliphatic amino acid or amino acid derivative, said
orthogonal func"riondl group being . selected from the group consisting of

alkyne, azide and aliphatic ketone.

A polypeptide produced according to any of claims 1 to 11, said polypeptide
comprising an amino acid selected from the group consisting of Né-[{2-
propynyloxy)carbonyi]-L-lysine, Né-{{2-azidoethoxy)carbonyl]-L-lysine and (S)-2-

amino-é-{{pent-4-enyloxy)carbonylamino)hexanoic acid.

A method according to any of claims 1 to 11 wherein said tRNA synthetase is a
tRNA synthetase having the amino acid sequence of SEQ ID NO:4, SEQ ID NO:6,
SEQ ID NO:8, SEQ ID NO:10 or SEQ ID NO:12.

. A method according to any of claims 1 to 11 wherein said tRNA synthetase is

encoded by a nucleic acid comprising the nucleotide sequence of SEQ ID
NO:S5, SEQ D NO:7, SEQ ID NO:9, SEQ ID NO:11 or SEQ ID NO:13.

An amino acid molecule comprising an aliphatic functional group orthogonal

to E.coli.

An amino acid molecule according to claim 16 wherein said aliphatic

functional group comprises an alkyne, azide, or aliphatic ketone group.

An amino acid molecule according to claim 17 wherein said amino acid is
selected from the group consisting of Né-[(2-propynyloxy)carbonyl]-L-lysine, Né-
[(2-azidoethoxy)carbonyl}-L-lysine and (S)-2-amino-é-((pent-4-
enyloxy)carbonylamino)hexanoic acid. -
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Figure 5
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Figure 7
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Figure 8
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