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GENETICALLY ENCODED BIOTIN AND
BIOTIN-ANALOGS AND USE THEROF

FIELD OF THE INVENTION

[0001] The invention relates to non-canonical amino acids comprising a biotin or

a biotin analog group and their use, kits and processes for preparation of polypeptides

that comprise one or more biotin and/or biotin analog group. Moreover, the invention

relates to modified orthogonal aminoacyl-tRNA-synthases (O-RS) and to the use of said

non-canonical amino acids for site directed protein labeling, protein purification, pull

down, immobilization or conjugation with avidin, streptavidin or homologous proteins.

BACKGROUND OF THE INVENTION

[0002] Biotinylation of biomolecules is the foundation of the biotin-strepavidin

technology, which has developed into one of the most powerful tools in biochemistry

and biotechnology, especially for protein-related applications (G. Elia, 2008). Biotin

binds to strepavidin with high specificity and affinity (Kd ca. 10 15 M). The system is

robust and stable against manipulations, proteolytic enzymes, temperature, pH, harsh

organic reagents and other denaturing agents (A. Jain et al 2017). On the other hand,

biotinylation typically has a low impact on the activity of biomolecules and therefore is

an attractive alternative to epitope tagging. Compared to other covalent and non-

covalent interactions, the biotin-strepavidin system provides, beyond its robustness, a

unique combination of advantages, such as amplification of weak signals, efficient

operation, selectivity, biocompatibility and fast binding kinetics. Therefore, the biotin-

strepavidin system is a central element in many biochemical assays, affinity

purifications, immobilizations, ELISA assays, pull-down assays, proteomic and other

analytical applications, targeted therapy, directed delivery of vaccines, antibodies,

radioisotopes and small molecule drugs, diagnostics, imaging agents, sensors, live cell

imaging, tissue engineering and cellular regeneration (A. Jain et al 2017, H. R Lesch et

al. 2010). For example, biotin-strepavidin-based radioimmunotherapy has entered

clinical trials owing to its improved selective targeting of cancer cells (D. M.

Goldenberg 2006).

[0003] Although a wide range of chemical biotinlyation techniques exist, these

techniques are limited by the fact that chemical biotinylation requires prior purification



of the substrate, and that these techniques may only be applied in vitro. Further, the

commonly introduced amide linkage suffers form low proteolytic stability towards

biotinidase, which is present in many samples and species. Moreover, the biotinylation-

ratio varies within a sample, and the introduction of biotin is not site-specific, meaning

biotinylation is uncontrolled and biotin attaches at different positions within the protein,

which may lead to a heterogeneous mixture of products as well as to inactivation of the

target protein.

[0004] As an alternative approach, biotin may be introduced by chemically

synthesizing the entire protein using Fmoc- or Boc-based step-by-step peptide synthesis

(D. F. H Winkler 2008). This was used, for example, to generate peptide arrays for

epitope mapping (J.-D. Ding et al 20011), However, chemically synthesized proteins

often deviate at least slightly from natural equivalents since during cellular protein

translation folding is usually supported by specific helper proteins. Moreover, chemical

synthesis of proteins is limited to molecules of less than 150 amino acids, and likewise

is restricted to extracellular approaches.

[0005] In vivo biotinylation of proteins is facilitated by the biotin ligase BirA (M.

H. Etemazadeh 2015). However, this method requires introduction of a recognition

peptide sequence, which suffers from the low proteolytic stability of the amide linkage

mentioned above and the same limitations as other peptide-tag based protein methods

described below (e.g., the tag may interfere with the structure or function of the

protein). Therefore this technology is limited to certain classes of proteins, which does

not include e.g. the highly important antibodies. In addition, due to intracellular biotin

levels BirA and homologs are not suitable for the in vivo incorporation of biotin analogs

(W.-C. Lu 2014). Therefore, the binding affinity of the biotinylated is not adjustable for

proteins produced by this method, and their elution from strepavidin is not possible

under physiological conditions.

[0006] Site specific biotinylation can be achieved through an in vitro process,

using a pre-synthesized tRNA-amino acid-biotin conjugate (T. Watanabe 2007))

However, this approach is expensive, tedious, low yielding, error prone and has

therefore not reached any practical relevance.

[0007] The extremely strong interaction renders the biotin-strepavidin complex

virtually irreversible under physiological conditions and makes elution of functional

biotinylated biomolecules from streptavidin a major challenge. Hence, biotin and

strepavidin analogs with lower or adjustable binding constants were developed (T.



Yamamoto et al 2015). For example, desthiobiotin shows a reduced binding affinity for

streptavidin (Kd ca. 10 13 M) and is replaced from its complex by biotin, while 2-

iminobiotin-streptavidn complex dissociates rapidly in an acidic pH < 4.

[0008] Alternative existing technologies for, among other things, protein

purification, immobilization, and pull-downs suffer from various limitations. For

example, protein purification may include peptide-tag-based methods or native methods.

With respect to tag-based methods, the tags may interfere with protein folding,

maturation process, and function. In addition, the most commonly used metal-affinity

tags are only moderately specific. Tags only provide weak binding and tag locations are

usually restricted to the protein termini. Native methods, on the other hand, are

notoriously tedious and slow.

[0009] Further, antibodies may be used for specific protein binding; however, the

use of antibodies is costly and time-consuming. In addition, antibodies provide only a

poor binding affinity and are less specific than the biotin-streptavidin interaction.

[0010] In the light of the tremendous importance of protein biotinylation for

biological, biochemical and medical applications and given the difficulties associated

with existing chemical or biochemical biotinylation methods as well as the limitations

of alternative tag-based methods, there is a need in the art to provide tools and methods

for site-directed in vivo incorporation of biotin and biotin-analogs into proteins.

SUMMARY

[0011] In general, the invention of the present disclosure relates to non-canonical

amino acids (ncAAs), methods of preparing ncAAs and incorporating ncAAs into a

protein, and translation systems including ncAAs. The invention of the present

disclosure further relates to orthogonal aminoacyl-tRNA-synthetases for the site-

specific incorporation of ncAAs.

[0012] Accordingly, embodiments of the present disclosure describe a non-

canonical amino acid characterized by the formula:

A— L— B

where A is an amino acid, L is a linker, and B is a biotin or a biotin-analog group. The

amino acid, A, may be characterized by the formula:



NH-, -O- , -S- , -Se- , -S2-, absent, an aromatic group, or a heteroaromatic group;

and where X3 is absent or Ci-C4-Alkyl.

[0013] The linker, L, may be characterized by the formula:

where E1 is -CH 2- , -NH-, -0-, -S-, -Se-, or absent; where E2 is -CH 2- or - C(=0)-;

and where E3 is -CH2-, -NH-, -0-, -S-, or absent.

[0014] The biotin or biotin-analog group, B , may include a carboxylate group and

the carboxylate group may be replaced by -CH2- or may be absent. The biotin-analog

group may include one or more of oxybiotin, iminobiotin, desthiobiotin, diaminobiotin,

biotin sulfoxide, biotin sulfone, biotin carbamate, biotin carbonate, noroxybiotin,

noriminobiotin, nordesthiobiotin, nordiaminobiotin, norbiotin sulfoxide, norbiotin

sulfone, norbiotin carbamate, norbiotin carbonate, homooxybiotin, homoiminobiotin,

homodesthiobiotin, homodiaminobiotin, homobiotin sulfoxide, homobiotin sulfone,

homobiotin carbamate, homobiotin carbonate, 2-imidazolidinone-4-butanoic acid, 2-

imidazolidinone -4-propanoic acid, and 2-imidazolidinone-4-hexanoic acid.

[0015] Embodiments of the present disclosure also describe non-canonical amino

acids selected from a group consisting of the following non-canonical amino acids 1-9:



[0016] Embodiments of the present disclosure also describe proteins comprising at

least one of the non-canonical amino acids characterized by the formula A-L-B and non-

canonical amino acids 1-9.

[0017] Embodiments of the present disclosure also describe translation systems

comprising an orthogonal tRNA; an orthogonal aminoacyl-tRNA-synthetase, and a non-

canonical amino acid with a biotin-containing side-chain or biotin-analog-containing

side-chain; wherein the O-RS preferentially aminoacylates the O-tRNA with the non-

canonical amino acid; wherein the non-canonical amino acid is incorporated into a

protein at a specific site during translation.

[0018] Embodiments of the present disclosure further describe a method of

incorporating a non-canonical amino acid into a protein, providing a cell with an

orthogonal transfer RNA (O-tRNA), providing the cell with an orthogonal aminoacyl-

tRNA-synthetase (O-RS) for charging the O-tRNA with a non-canonical amino acid,

and incorporating the non-canonical amino acid into a protein at a specific site during

translation.

[0019] The details of one or more examples are set forth in the description below.

Other features, objects, and advantages will be apparent from the description and from

the claims.



BRIEF DESCRIPTION OF DRAWINGS

[0020] This written disclosure describes illustrative embodiments that are non-

limiting and non-exhaustive. In the drawings, which are not necessarily drawn to scale,

like numerals describe substantially similar components throughout the several views.

Like numerals having different letter suffixes represent different instances of

substantially similar components. The drawings illustrate generally, by way of example,

but not by way of limitation, various embodiments discussed in the present document.

[0021] Reference is made to illustrative embodiments that are depicted in the

figures, in which:

[0022] FIG. 1 is a flowchart of a method of incorporating a non-canonical amino

acid into a protein, according to one or more embodiments of the present disclosure.

[0023] FIG. 2 is schematic diagram summarizing synthesis of non-canonical

amino acids, according to one or more embodiments of the present disclosure.

[0024] FIG. 3A is a table summarizing the mutations introduced in the mutant

library, according to one or more embodiments of the present disclosure.

[0025] FIG. 3B is an amino acid sequence of BioRS showing where amino acids

differ from wild-type (WT) PlyRS, according to one or more embodiments of the

present disclosure.

[0026] FIGS. 4A-D relate to an establishment of an incorporation system for

biotin-analogs, according to one or more embodiments of the present disclosure. More

specifically, FIG. 4A is a schematic diagram of non-canonical amino acids (ncAA)

showing the structure of the genetically encoded biotin-analogs ncAA 1-9, according to

one or more embodiments of the present disclosure. FIG. 4B is a homology model of

BioRS in complex with ncAA 1, with residues of the binding pocket that alter from

wild-type shown in red and labeled, according to one or more embodiments of the

present disclosure. Position N311 (blue) is critical for substrate recognition and

orthogonality. FIG. 4C is a table with an overview of the properties and applications of

ncAA 1-9, according to one or more embodiments of the present disclosure. FIG. 4D is

an image of a SDS-PAGE analysis of the incorporated ncAAs 1-9 in mTFPl at position

128 and in the absence of a ncAA, according to one or more embodiments of the present

disclosure.



[0027] FIG. 5 is a graphical view of a fluorescence screen showing fluorescence

intensity of mTFP in the absence of any ncAA (-) and in the presence of the designated

ncAAs, according to one or more embodiments of the present disclosure. Incorporation

was conducted in B121 through BioRS/tRNAcuA-

[0028] FIGS. 6A-C are graphical views of ESI-MS analysis of mTFP produced

by BioRS/tRNAcuA (with 1 mM ncAA 1, 2, 3). FIG. 6A is a graphical view of ESI-MS

analysis of mTFP ncAA1 , with measured mass 25423.9 Da and calculated mass 25423.84

Da, according to one or more embodiments of the present disclosure. FIG. 6B is a

graphical view of ESI-MS analysis of mTFP ncAA2 , with measured mass 25422.8 Da and

calculated mass 25422.86 Da, according to one or more embodiments of the present

disclosure. FIG. 6C is a graphical view of ESI-MS analysis of mTFP ncAA3 , with

measured mass 25380.2 Da and calculated mass 25379.77 Da, according to one or more

embodiments of the present disclosure.

[0029] FIGS. 7A-C relates to protein isolation using ncAA 1-9 as a minimal tag,

according to one or more embodiments of the present disclosure. FIG. 7A is a graphical

view of the fluorescence measurements, according to one or more embodiments of the

present disclosure. The fluorescence intensity of E. coli lysate containing mTFPlwT or

mTFPlncAAi-9 was measured and diluted to reach the same mTFPl concentrations (blue

column). The cell lysate was subjected to streptavidin-coated dynabeats for a pull down.

The remaining mTFPl was again quantified by the specific excitation at 462 nm and

emission at 492 nm (red column). All samples were analyzed on a SDS-PAGE using in-

gel anti-his stain. FIG. 7B is a photograph of a stained SDS-PAGE analysis, according

to one or more embodiments of the present disclosure. ncAA 2 was incorporated in

Anbu at the position 7 1 in E.coli. A pull down was conducted with the clear lysate using

streptavidin-coated dynabeats. Cleared lysate (CL) and from dynabeats eluted proteins

(Anbu ncAA2 ) were analyzed on the SDS-PAGE. FIG. 7C is a table summarizing results

of tandem mass spectroscopy (MS/MS) in which the band was confirmed to be Anbu

with a Mascot score of 9183, according to one or more embodiments of the present

disclosure.

[0030] FIG. 8 is a photograph of a stained SDS-PAGE analysis, according to one

or more embodiments of the present disclosure. recA pull down with ncAA 1 (+)

inserted at position 36 was produced by BioRS/tRNAcuA- Same expression was

conducted in the absence of any ncAA (-). Pull down was performed with dynabeats



according to material and methods described herein. Eluate was analyzed on a 12 %

SDS-PAGE and visualized with coomassie stain.

[0031] FIGS. 9A-B relates to identified recA interaction partners, according to

one or more embodiments of the present disclosure. ncAA 1 was incorporated at

position 36 in recA. Cell lysate was incubated with dynabeats and eluted proteins were

visualized on a SDS-PAGE. Bands were excised and analyzed by MS/MS. FIG. 9A is a

table of identified proteins listed according to their coverage, according to one or more

embodiments of the present disclosure. FIG. 9B is a schematic diagram of an

interaction network assembled using string, according to one or more embodiments of

the present disclosure. Lines indicate interaction between proteins and the thickness

represents the confidence of interaction.

[0032] FIGS. 10A-B relates to the incorporation of ncAAs in mammalian cells,

according to one or more embodiments of the present disclosure. FIG. 10A include

fluorescence micrographs of HEK 293T cells expressing the BioRS/tRNAcuA pair and

mCherry-TAG-EGFP in the presence or absence of ncAA 1-3, according to one or

more embodiments of the present disclosure. FIG. 10B is a Western Blot analysis with

anti-HA antibody, before and after pull down using streptavidin dynabeats, according to

one or more embodiments of the present disclosure.

[0033] FIGS. 11A-B are tables summarizing tryptic digest and MS/MS results of

recA, according to one or more embodiments of the present disclosure. Mass of ncAA 1

was manually set in Mascot as a lysine modification (Biotin_ncAA). FIG. 11A

summarizes results confirming ncAA 1 was found in the correct fragment 35-61. The

ncAA incorporation site is marked in yellow. FIG. 11B is a table showing matched

peptides indicated in bold red, according to one or more embodiments of the present

disclosure.

[0034] FIG. 12 is a schematic diagram of a method of using the BioRS/tRNAcuA

orthogonal pair of the present disclosure for a pulldown assay, according to one or more

embodiments of the present disclosure. A non-exhaustive list of advantages of this

method include not requiring a peptide tag or antibody, reduced disturbance, specific

incorporation of the ncAA at any position, easy purification, strongest, yet tunable

interaction and increased hydrolytic as well as proteolytic stability of the ncAA

derivatives.



[0035] FIG. 13 is a photograph of a stained SDS-PAGE analysis in which lane 1

refers to where biotin was incorporated and lane 2 refers to where biotin was not

incorporated in rec A, according to one or more embodiments of the present disclosure.

DETAILED DESCRIPTION

[0036] The invention of the present disclosure relates to novel non-canonical

amino acids including biotin and biotin-analog side-chains, methods of incorporating

these novel non-canonical amino acids into a protein at a site-specific location both in

vivo and in vitro, and orthogonal translation systems including novel evolved

aminoacyl-tRNA-synthetases. The novel non-canonical amino acids may include biotin

and biotin-analog side-chains. In addition, the novel evolved aminoacyl-tRNA

synthetases may preferentially aminoacylate an orthogonal tRNA with the novel non-

canonical amino acids for site-specific incorporation into proteins. In this way, the

characteristics of these novel non-canonical amino acids (e.g., binding behavior to

streptavidin) may be exploited to enhance a variety of applications, including, but not

limited to, protein purification, pull-down assays, protein immobilization, microarrays

for the detection of proteins, cell-sorting, intracellular protein labeling, and detection of

protein-protein interaction.

Definitions

[0037] The terms recited below have been defined as described below. All other

terms and phrases in this disclosure shall be construed according to their ordinary

meaning as understood by one of skill in the art.

[0038] As used herein, the term "orthogonal" refers to a molecule (e.g., an

orthogonal tRNA (O-tRNA) and/or an orthogonal aminoacyl-tRNA-synthetase (O-RS))

that functions with endogenous components of a cell with reduced efficiency as

compared to a corresponding molecule that is endogenous to the cell or translation

system, or that fails to function with endogenous components of the cell. In the context

of tRNAs and aminoacyl-tRNA-synthetases, orthogonal refers to an inability or reduced

efficiency, e.g., less than 20% efficiency, less than 10% efficiency, less than 5%

efficiency, or less than 1% efficiency, of an orthogonal tRNA to function with an

endogenous tRNA-synthetase compared to an endogenous tRNA to function with the



endogenous tRNA-synthetase, or of an orthogonal aminoacyl-tRN A-synthetase to

function with an endogenous tRNA compared to an endogenous tRNA-synthetase to

function with the endogenous tRNA. The orthogonal molecule lacks a functionally

normal endogenous complementary molecule in the cell. For example, an orthogonal

tRNA in a cell is aminoacylated by any endogenous RS of the cell with reduced or even

zero efficiency, when compared to aminoacylation of an endogenous tRNA by the

endogenous RS. In another example, an orthogonal RS aminoacylates any endogenous

tRNA of a cell of interest with reduced or even zero efficiency, as compared to

aminoacylation of the endogenous tRNA by an endogenous RS.

[0039] As used herein, "O-RS" refers to an orthogonal aminoacyl-tRNA-

synthetase. "RS" refers to an aminoacyl-tRNA-synthetase (i.e., aminoacyl synthetase).

"O-PylRS" refers to an orthogonal pyrrolysyl-tRNA-synthetase, which represents a

subgroup of the O-RS enzyme family. In many embodiments, the O-pylRS may be

evolved from Methanosarcina barkeri. For example, a novel O-pylRS of the present

disclosure may include MbPylRS variants with mutations M241A, Y271A, L274V,

C313V, M315Y, Y349F and V370R. In other embodiments, the O-pylRS may be

evolved from Methanosarcina mazei. For example, a novel O-pylRS of the present

disclosure may include MmPylRS variants with mutations M276A, Y306A, L309V,

C348V, M350Y, Y384F, I405R. These MbPylRS and MmPylRS variants with those

mutations may be referred to herein as "BioRS." The novel BioRS may facilitate a high

and specific incorporation of ncAAs 1-9.

[0040] As used herein, "preferentially aminoacylates" refers to aminoacylation of

a tRNA molecule with greater efficiency, i.e., with a higher Kcat/Km . In some

embodiments, preferential aminoacylation occurs at an efficiency of greater than about

90%, such as at an efficiency of about 95% to 99%, or higher. With respect to an O-RS,

preferential aminoacylation may refer to the aminoacylation of O-tRNA with a non-

canonical amino acid at greater efficiency compared to aminoacylation of a naturally

occurring tRNA with the amino acid.

[0041] As used herein, "selector codon" refers to codons (i.e., a series of 3 or

more nucleic acids) recognized by the O-tRNA in the translation process and not

recognized by an endogenous tRNA. The O-tRNA anticodon loop recognizes the

selector codon on the mRNA so that the amino acid it carries, e.g., a non-canonical

amino acid, is incorporated at the site in the polypeptide encoded by the selector codon.

Selector codons may include, but are not limited to, e.g., nonsense codons, such as, stop



codons, e.g., amber, ochre, and opal codons; four or more base codons; rare codons;

codons derived from natural or non-canonical base pairs and/or the like.

[0042] As used herein, "translation system" refers to the components necessary to

incorporate an amino acid into a growing polypeptide chain (protein). Components of a

translation system can include, e.g., ribosomes, tRNAs, synthetases, mRNA and the

like. The ncAA, the O-tRNA and/or the O-RSs of the invention can be added to or be

part of an in vitro or in vivo translation system, e.g., in a non-eukaryotic cell, e.g., a

bacterium (such as E. coli), or in a eukaryotic cell, e.g., a yeast cell, a mammalian cell, a

plant cell, an algae cell, a fungus cell, an insect cell, and/or the like.

[0043] As used herein, "non-canonical amino acid" (ncAA) refers to any amino

acid, modified amino acid, and/or amino acid analog that is not one of the 20 common

naturally occurring amino acids.

[0044] As used herein, "analog" refers to a molecule that resembles another

molecule in structure, such as a molecule which comprises a portion of the chemical

structure or polymer sequence of another molecule, but which is not identical to or an

isomer of such other molecule.

[0045] As used herein, "eukaryote" refers to organisms belonging to the Kingdom

Eucarva. Eukaryotes are generally distinguishable from prokaryotes by their typically

multicellular organization (but not exclusively multicellular, for example, yeast), the

presence of a membrane-bound nucleus and other memhrane-bound organelles, linear

genetic material (i.e., linear chromosomes), the absence of operons, the presence of

introns, message capping and poly-A mRNA, and other biochemical characteristics,

such as a distinguishing ribosomal structure. Eukaryotic organisms include, for

example, animals (e.g., mammals, insects, reptiles, birds, etc.), ciliates, plants (e.g.,

monocots, dicots, algae, etc.), fungi, yeasts, flagellates, microsporidia, protists, etc.

[0046] As used herein, "prokaryote" refers to organisms belonging to the

Kingdom Monera (also termed Procarya). Prokaryotic organisms are generally

distinguishable from eukaryotes by their unicellular organization, asexual reproduction

by budding or fission, the lack of a membrane-bound nucleus or other membrane- bound

organelles, a circular chromosome, the presence of operons, the absence of introns,

message capping and poly-A mRNA, and other biochemical characteristics, such as a

distinguishing ribosomal structure. The Prokarya include subkingdoms Eubacteria and

Archaea (sometimes termed "Archaebacteria"). Cyanobacteria (the blue green algae)



and mycoplasma are sometimes given separate classifications under the Kingdom

Monera.

[0047] As used herein, "bacteria" and "eubacteria" refer to prokaryotic organisms

that are distinguishable from Archaea. Similarly, Archaea refers to prokaryotes that are

distinguishable from eubacteria Eubacteria. and Archaea can be distinguished by a

number morphological and biochemical criteria. For example, differences in ri bosomal

RNA sequences, RNA polymerase structure, the presence or absence of introns,

antibiotic sensitivity, the presence or absence of cell wall peptidoglycans and other cell

wall components, the branched versus unbranched structures of membrane lipids, and

the presence/absence of histories and histone-like proteins are used to assign an

organism to Eubacteria or Archaea.

[0048] As used herein, "providing" refers to adding, inserting, injecting,

introducing, providing, mixing, dropping, contacting, and other conventional means

known in the art.

[0049] As used herein, "incorporating" refers to providing (as defined above),

bonding, binding, attaching, connecting, linking, and other conventional means known

in the art

[0050] As used herein, "suppressor tRNA" refers to a tRNA that alters the reading

of a messenger RNA (mRNA) in a given translation system. A suppressor tRNA can

read through, e.g., a stop codon, a four base codon, or a rare codon.

[0051] As used herein, "homologous" refers to proteins and/or protein sequences

that are derived, naturally or artificially, from a common ancestral protein or protein

sequence. Similarly, nucleic acids and/or nucleic acid sequences are homologous when

they are derived, naturally or artificially, from a common ancestral nucleic acid or

nucleic acid sequence. For example, any naturally occurring nucleic acid can be

modified by any available mutagenesis method to include one or more selector codon.

When expressed, this mutagenized nucleic acid encodes a polypeptide comprising one

or more non-canonical amino acid. The mutation process can, of course, additionally

alter one or more standard codon, thereby changing one or more standard amino acid in

the resulting mutant protein as well. Homology is generally inferred from sequence

similarity between two or more nucleic acids or proteins (or sequences thereof). The

precise percentage of similarity between sequences that is useful in establishing

homology varies with the nucleic acid and protein at issue, but as little as 25% sequence

similarity is routinely used to establish homology. Higher levels of sequence similarity,



e.g., 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 99% or more can also be used to

establish homology. Methods for determining sequence similarity percentages (e.g.,

BLASTP and BLASTN using default parameters) are described herein and are generally

available.

[0052] Embodiments of the present disclosure describe non-canonical amino acids

comprising a non-canonical amino acid characterized by the formula:

where A is an amino acid, L is a linker, and B is a biotin or a biotin-analog group.

[0053] The amino acid, A, may be characterized by the formula:

where X1 is -CH 2- -CH2-CH2-, or -CH2-CH2-CH2-; where X2 is Ci-C4-Alkyl, -NH-

, -O- , -S- , -Se- , -S2-, absent, an aromatic group, or a heteroaromatic group; and

where X3 is absent or Ci-C4-Alkyl. In many embodiments, the total number of all non-

hydrogen atoms of X1, X2, and X3 is less than 6. In some embodiments,

Alkyl; and X3 is absent. In some embodiments, X2 is -NH-, -O- , -S- , -Se- , or -S2-;

and X3 is -CH2-CH2-, -CH2-CH2-CH2-, or -CH2-CH2-CH2-CH2-. In some

embodiments, X1 is -CH2- or -CH2-CH2-; X2 is an aromatic group or heteroaromatic

group; and X3 is -CH2-, -CH2-CH2-, or absent. In these embodiments, the aromatic

group or heteroaromatic group of X2 is not ortho-substituted and IH-pyrrole, imidazole,

1,2,4-triazol, 1,2,3-triazol, oxazol, isoxazol, thiazol, isothazol, 1,2,3-oxadiazol, 1,3,4-

thiadiazol, benzene, pyridine, pyridazine, pyrimidine, 1,2,4-triazine, 1,3,5-triazine, 4H-

1,4-oxzine or 1,2,4,5-tetrazine.

[0054] The linker, L, may be characterized by the formula:

where E1 is -CH 2- -NH-, -0-, -S-, -Se-, or absent; where E2 is -CH 2- or -C(=0)-;

and where E3 is -CH2-, -NH-, -0-, -S-, or absent. In some embodiments, E1 is -CH2-

, -NH-, -0-, -S- or -Se-; E2 is -CH2-; and E3 is absent. In some embodiments, E1 is -

CH2- , -NH-, -0-, -S-, or absent; E2 is -C(=0)-; and E3 is -CH 2- -NH-, -0-, -S-, or

absent. In some embodiments, L is absent.



[0055] The biotin or biotin-analog group, B, may include a carboxylate group and

that carboxylate group may be replaced by -CH 2- or may be absent. In some

embodiments, B is biotin. In other embodiments, B is a biotin-analog group. The biotin-

analog group may include one or more of oxybiotin, iminobiotin desthiobiotin,

diaminobiotin, biotin sulfoxide, biotin sulfone, biotin carbamate, biotin carbonate,

noroxybiotin, noriminobiotin, nordesthiobiotin, nordiaminobiotin, norbiotin sulfoxide,

norbiotin sulfone, norbiotin carbamate, norbiotin carbonate, homooxybiotin,

homoiminobiotin, homodesthiobiotin, homodiaminobiotin, homobiotin sulfoxide,

homobiotin sulfone, homobiotin carbamate, homobiotin carbonate, 2-imidazoiidinone-

4-butanoic acid, 2-imidazolidinone-4-propanoic acid, and 2-imidazolidinone-4-hexanoic

acid.

[0056] In some embodiments, the non-canonical amino acid may be characterized

by one or more of the following chemical structures:

[0057] where non-canonical amino acid 1 includes a biotin side-chain, non-

canonical amino acid 2 includes an iminobiotin side-chain, non-canonical amino acid 3,

includes a desthiobiotin side-chain, non-canonical amino acid 4 includes a norbiotin

side-chain, non-canonical amino acid 5 includes an noriminobiotin side-chain, non-

canonical amino acid 6 includes a nordesthiobiotin side-chain, non-canonical amino

acid 7 includes a side-chain with a carbonate dreivate of biotin, non-canonical amino



acid 8 includes a side-chain with a carbamate dreivate of biotin and non-canonical

amino acid 9 includes a diaminobiotin side-chain. These embodiments are not limiting,

as the non-canonical amino acids of the present dislcosure may include any biotin

and/or biotin-like side-chain.

[0058] Any of the non-canonical amino acids described herein (e.g., non-

canonical amino acids characterized by the formula A-L-B and non-canonical amino

acids 1-9) may be incorporated into a protein. In many embodiments, the non-canonical

amino acids may be incorporated into a protein at a specific site during translation via a

translation system including at least an orthogonal pyrrolysyl-tRNA-synthetase. For

example, in some embodiments, the non-canonical amino acid is incorporated into a

protein at a specific site during translation via a translation system including a

BioRS/tRNAcuA orthogonal pair. These embodiments and/or examples, however, shall

not be limiting as the non-canonical amino acids of the present disclosure may be

incorporated into a protein using any of the methods and/or systems described herein.

[0059] At least one benefit of the present invention is that differences in each of

the non-canonical amino acids' binding affinity for streptavidin may be used and/or

exploited in a variety of biological applications. When incorporated in response to the

amber stop codon, these non-canonical amino acids may be used in bacterial and

mammalian cells, among other cells, as provided in greater detail below. For example,

using the site-directed incorporation approach, the protein recA harboring a biotinylated

non-canonical amino acid was isolated and 16 interaction partners were identified

through this pull-down assay. Further, the successful incorporation of biotin,

iminobiotin, and desthiobiotin-derived non-canonical amino acids in HEK-293 cells

demonstrated that the in vivo biotinylation protocol may be transferred to mammalian

cells. The small size of the non-canonical amino acid side chains, the different elution

properties of the three analogs, the absence of a recognition sequence of peptide-tag,

and the ability to incorporate the non-canonical amino acid in any position in the protein

sequence make the invention of the present disclosure an attractive tool. Applications of

site-specific incorporation of biotin-analogs were demonstrated for, among other things,

the purification, immobilization, and characterization of proteins.

[0060] Embodiments of the present disclosure further describe a translation

system comprising an orthogonal transfer RNA (O-tRNA), an orthogonal aminoacyl-

tRNA-synthetase (O-RS), and a non-canonical amino acid with a biotin-containing side-

chain or biotin-analog-containing side-chain, wherein the O-RS preferentially



aminoacylates the O-tRNA with the non-canonical amino acid, wherein the non-

canonical amino acid is incorporated into a protein at a specific site during translation.

In many embodiments, the translation system is an orthogonal translation system. The

O-tRNA and O-RS may form a pair (e.g., BioRS/tRNAcuA). In addition to the

components provided above, the translation system may further include other

components described herein and/or known in the art that are required or optionally

included to produce a protein.

[0061] The O-tRNA recognizes a selector codon and is preferentially

aminoacylated with the non-canonical amino acid including biotin-containing and/or

biotin-analog-containing side-chains by the O-RS. The O-tRNA is not preferentially

acylated by endogenous synthetases. For example, the substrate specificity of the O-RS

(e.g., O-PylRS) is altered so that only the desired non-canonical amino acid, but not any

of the common 20 amino acids are charged to the corresponding O-tRNA. In many

embodiments, the O-tRNA may include a tRNA CUA . In some embodiments, the

sequence of the O-tRNA is:

tggcggaaaccccgggaatctaacccggctgaacggatttagagtccattcgatctacatgatcaggtttcc (M. bakeri)

In some embodiments, mutations may be introduced into O-tRNAs at a specific position

or positions (e.g., at one or more of nonconservative positions, conservative positions,

randomized positions, or a combination of such positions) in a desired loop of a tRNA

(e.g., in an anticodon loop, D arm, variable loop, T arm, acceptor stem, or in a

combination of loops or regions, or in all the loops). The O-tRNA may include one or

more of a suppressor tRNA, a frameshift tRNA, or other similar tRNAs.

[0062] The orthogonal aminoacyl-tRNA-synthetase (O-RS) preferentially

aminoacylates an O-tRNA with a non-canonical amino acid including biotin and/or

biotin-analog side-chains, in vitro or in vivo, for the incorporation of the non-canonical

amino acids into a protein at a site-specific location during translation. In many

embodiments, the O-RS may include a wildtype or engineered orthogonal pyrrolysyl

tRNA-synthetase (O-pylRS). For example, a wildtype O-RS may include, but is not

limited to, O-RS derived from archeabacteria and eubacteria, such as Methanosarcina

maize, Methanosarcina fusaro, Methansarcina barkeri, Methanococcoides mahii,

Methanococcoides burtonii, Methanosarcina acetivorans, Methanosarcina tindarius,

Methanosarcina thermophile and Desulfitobacterim hafniense. An engineered O-pylRS



may include a BioRS, which refers to MbpylRS variants with mutations, including, but

not limited to, M241A, Y271A, L274V, C313V, M315Y, and/or V370R. The BioRS

may be evolved from a Methanosarcina barkeri pyrrolysyl tRNA-synthetase or a

Methanosarcina maize pylRS. The novel BioRS may facilitate a high and specific

incorporation of non-canonical amino acids with biotin-containing and/or biotin analog-

containing side-chains. These variants shall not be limiting as other PylRS variants may

be evolved and used herein. For example, O-pylRS variants used for the incorporation

of ncAA 1-9 may include any combination of any of the following mutations:

MbpylRS derived variants: position M241: G, A, C, M ; position Y271: G, A, C;

position L274: V, L, I ; position C313: V; position M315: Y, M; position Y349:

F; position V370: R, K; position 1378: 1, M

MmpylRS derived variants: position M276: G, A, C, M ; position Y306: G, A, C ;

position L309: V, L, I ; position C348: V; position M350: Y, M ; position Y384:

F; position 1405: R, K; position 1413: 1, M ; for reference: the respective wildtype

protein sequences are:



[0063] Non-canonical amino acids may include any of the non-canonical amino

acids described herein. In many embodiments, the non-canonical amino acids of the

present disclosure may be selected based on an application. In many embodiments, the

applications may include one or more of protein purification, pull-down assays, protein

immobilization, microarrays for the detection of proteins (cancer markers), cell-sorting,

intracellular protein labeling, detection of protein-protein interaction, etc. In some

embodiments, the biotin-streptavidin interaction may be irreversible or about

irreversible. For example, non-canonical amino acid 1 may be used via pull-down

assays, protein purification, and/or protein immobilization experiments, where high

selectivity and binding affinity are required. At least one benefit of non-canonical amino

acids with irreversible or about irreversible biotin-streptavidin interactions is that the

high binding affinity between biotin and streptavidin (Kd ca. 10 15 M) permits stringent

washing conditions during protein purification, for example, and thus low background

of non-specific interactions. At least another benefit of these non-canonical amino acids

is the ability to facilitate in vivo biotinylation without an endogenous biotin ligase or

BirA enzyme from E. coli, for example. A BirA recognition peptide fused to the protein

of interest may interfere with the structure and/or function of the protein.

[0064] However, in other embodiments, a reversible biotin-streptavidin interaction

may be desired if, for example, a function protein needs to be released from streptavidin

and/or a gentle elution is preferred. In these embodiments, non-canonical amino acids 2

to 9 may be preferred. In some embodiments, the binding affinity of non-canonical

amino acids 2 to 9 for streptavidin may be reduced and/or pH-dependent. For example,

non-canonical amino acid 2 and 5 may exhibit a pH-dependent affinity towards

streptavidin, permitting protein elution under relatively mild conditions. Non-canonical

amino acid 2 and 5 may bind strongly to avidin or streptavidin at neutral to slightly

basic pH (Kd ca. 10 11 M), with the affinity dropping considerably at a pH of about 4

(Kd ca. 10 3 M). At acidic pH, the protonated iminium-moiety cannot act as a hydrogen

bond acceptor towards residues of the binding pocket. The resulting steric clashes with



S27, N23 and Y43 (in WT streptavidin) reduce the binding constant to the mM range.

As one example, non-canonical amino acid 2 and 5 exhibits at neutral pH a strong and

specific affinity to avidin and streptavidin such that it may be used to isolate a protein of

interest in only a single purification step. The protein of interest can be eluted from a

column with a moderately acidic washing buffer (pH = 4 - 5). In another example, non-

canonical amino acids 2 to 9 may exhibit an intrinsically lower affinity towards

streptavidin. The non-sulfur containing biotin derived non-canonical amino acid 3 and 6

may nearly bind with equal specificity but less strongly to streptavidin (Kd ca. 10 13 M),

because of the loss of the hydrogen bonding interaction of the sulfur atom with the side

chain of T90 of the strepavdin binding pocket. By a similar mechanism, exchange of

one (non-canonical amino acid 7, Kd ca. 10 10 M) or two (non-canonical amino acid 8,

Kd ca. 10 7 M) of the N-H functions of biotin for an oxygen atom, or deletion of the

urea carbonyl function of biotin (non-canonical amino acid 9, Kd ca. 10 7 M) may result

in an intrinsic reduction of the side chain's binding affinity. The derivatives of norbiotin

(non-canonical amino acid 4), noriminobiotin (non-canonical amino acid 5), and

nordesthiobiotin (non-canonical amino acid 6) may exhibt a further reduced binding

affinity to streptavidin, since biotin' s carbonic acid moiety forms hydrogen bonds with

N49, S76 and SI 12 of WT streptavin and hence contributes further to the high binding

affinity and selectivity. For the non-canonical amino acids 4 to 6 some of these

interactions may be broken. For the non-canonical amino acids 2 to 9, which may

exhibit an intrinsically lower affinity towards streptavidin, elution of the target protein

may be facilitated via the addition of an excess of biotin. This method may allow

throughout the entire purification process to maintain conditions, which are non-

denaturing for the target protein.

[0065] In other embodiments, the non-canonical amino acid may be selected

based on other desired characteristics of the non-canonical amino acid to, for example,

modify the biological properties of a protein and/or protein into which the non-

canonical amino acids are incorporated. For example, the characteristics of the non-

canonical amino acid may include one or more of the function of the non-canonical

amino acid (e.g., modifying protein biological properties such as one or more of

toxicity, biodistribution, or half-life), structural properties, spectroscopic properties, or

the ability to react with other molecules (either covalently or non-covalently). The

properties of the protein may be modified in one or more of the following ways:

toxicity, biodistribution, solubility, stability (e.g., thermal, hydrolytic, oxidative,



resistance to enzymatic degradation, etc.), facility of purification and processing,

structural properties, spectroscopic properties, chemical and/or photochemical

properties, catalytic activity, redox potential, half-life, and ability to react with other

molecules, both covalently and non-covalently.

[0066] FIG. 1 is a flowchart of a method of incorporating a non-canonical amino

acid into a protein, according to one or more embodiments of the present disclosure.

According to FIG. 1, at step 101, a cell is provided with an orthogonal transfer RNA (O-

tRNA). At step 102, the cell is provided with an orthogonal pyrrolysyl-tRNA-synthetase

(O-PylRS) for charging the O-tRNA with a non-canonical amino acid. The O-PylRS

may preferentially aminoacylate the O-tRNA with the non-canonical amino acid. At step

103, the non-canonical amino acid is incorporated into a protein at a specific site during

translation. The methods of incorporating a non-canonical amino acid into a protein may

be carried out in vivo and/or in vitro. The orthogonal transfer RNA and orthogonal

pyrrolysyl-tRNA-synthetase, either alone or as an orthogonal pair, may be used with a

host system's translation machinery for incorporating the non-canonical amino acid into

the protein. Any required and/or optional components of a translation system -

including, but not limited to the O-tRNAs, O-RSs, and non-canonical amino acids

described herein - may be used according to the methods of the present disclosure.

[0067] The cell is provided with an orthogonal transfer RNA (O-tRNA) and an

orthogonal aminoacyl-tRN A-synthetase (O-RS) for charging the O-tRNA with a non-

canonical amino acid, respectively. Any of the O-tRNAs, O-RSs, and non-canonical

amino acids described herein may be used in connection with steps 101 and 102. The

provided O-PylRS and O-tRNA may form an O-PylRS/O-tRNA pair. The cell may be

provided with the O-PylRS/O-tRNA pair in vivo and/or in vitro. The cell may include

any cell or host cell in which the O-RS (e.g., O-PylRS) and O-tRNA retain their

orthogonality. For example, the cell may include a non-eukaryotic cell or eukaryotic

cell. In some embodiments, the non-eukaryotic cells may include one or more of

prokaryotes and bacteria (e.g., E. coli, P. putidas, P. mirabilis, b. subtilis, L. paracasei).

In other embodiments, the cell may include a eukaryotic cell. According to these

embodiments, the eukaryotic cell may include cells from one or more of humans (e.g.,

HEK-293, HeLa, CHO, NS0 cells), animals (e.g., mammals, insects, reptiles, birds,

etc.), ciliates, plants (e.g., monocots, dicots, algae, etc.), fungi, (e.g. A. Niger) yeasts

(e.g. , P. pastoris, S. cervesiae), flagellates, microsporidia, protists, etc.



[0068] In some embodiments, the cell may further include an mRNA molecule

having a selector codon, which allows the non-canonical amino acids to be incorporated

into proteins using orthogonal aminoacyl t-RNA synthetase/tRNA pairs. When a

ribosome encounters the selector codon in the process of translating the mRNA

molecule, the anticodon of the tRNA may recognize the selector codon and the

ribosome may catalyze the formation of a peptide bond between the non-canonical

amino acid and a natural amino acid adjacent to it in the peptide chain of the protein

being formed. A full-length protein product may thus be produced which includes the

non-canonical amino acid incorporated therein at a site-specific location.

[0069] The selector codon allows non-canonical amino acids to be incorporated

into proteins using orthogonal aminoacyl t-RNA synthetase/tRNA pairs. The 64 genetic

codons code for 20 amino acids and 3 stop codons. Because only one stop codon is

required for translational termination, the other two can in principle be used to encode

nonproteinogenic amino acids. Selector codons may include, for example, a unique

three base codon, a nonsense codon, such as a stop codon, e.g., an amber codon, or an

opal codon, a non-canonical codon, or the like. A number of selector codons may be

included into a desired gene (e.g., one or more, two or more, more than three, etc.) In

many embodiments, the amber stop codon, UAG, for example, may be used

[0070] Selector codons also comprise four or more base codons, such as, four,

five, six or more base codons. Examples of four base codons include, e.g., AGGA,

CUAG, UAGA, CCCU and the like. Examples of five base codons include, e.g.,

AGGAC, CCCCU, CCCUC, CUAGA, CUACU, UAGGC and the like. For example, in

the presence of mutated O-tRNAs, e.g., a special frameshift suppressor tRNAs, with

anticodon loops, e.g., with at least 8-10 nt anticodon loops, the four or more base codon

is read as single amino acid. In other embodiments, the anticodon loops can decode,

e.g., at least a four-base codon, at least a five-base codon, or at least a six-base codon or

more. Since there are 256 possible four-base codons, multiple unnatural amino acids can

be encoded in the same cell using the four or more base codon. See, J . Christopher

Anderson et al., Exploring the Limits of Codon and Anticodon Size, Chemistry and

Biology, Vol. 9, 237-244 (2002); Thomas J . Magliery, Expanding the Genetic Code:

Selection of Efficient Suppressors of Four-base Codons and Identification of "Shifty"

Four-base Codons with a Library Approach in Escherichia coli, J . Mol. Biol. 307: 755-

769 (2001).



[0071] Embodiments of the present disclosure further describe the evolution of

novel O-PylRS/O-tRNA pairs is also a feature of the present invention. In particular, the

present disclosure describes exceptionally fast, simple, and efficient approaches to

evolving functional O-PylRS that accept novel classes of non-canonical amino acids

(e.g., non-canonical amino acids with biotin and biotin-analog side-chains, such as

biotin, iminobiotin, diaminobiotin and desthiobiotin). The approaches described herein

are superior to conventional ones, which are slow and costly, in that a single positive

selection round of FACS in combination with a fluorescent protein suppression reporter

leads to the rapid identification of efficient orthogonal ncAA translation systems that

facilitate the site-directed incorporation of the novel class of non-canonical amino acids

of the present disclosure.

[0072] In general, three elements determine the efficiency of a screening

methodology: (i) library design, (ii) choice of reporter, and (iii) the screening process.

All three should not only be compatible but should also permit manipulations in the

same order of magnitude to avoid bottlenecking. As provided herein, an FACS readout

is established that can screen up to about 10Ό00 cells per second. A standard setup to

assay 106 cells may take less than about 10 minutes. In some embodiments, a

fluorescent protein mTFPl with a stop codon at position 128 may serve as a compatible

reporter. For example, upon stimulation with a laser (e.g., 457 nm LASER), maturated

full-length mTFPl may feature a bright fluorescent emission at 492 nm, which may be

absent for a truncated protein. Accordingly, the fluorescent signal originating from a

cell is proportional to the incorporation efficiency of an orthogonal ncAA translation

system (OTS), which may be directly related to the non-canonical amino acid-acylation

efficiency of the respective RS variant.

[0073] In many embodiments, an O-PylRS/O-tRNA pair for the site-specific

incorporation of the non-canonical amino acids with biotin and biotin-analog side-

chains may be evolved via selection screen based on fluorescence-activated cell sorting

(FACS). For example, the O-PylRS/O-tRNA pair may be evolved from Methanosarcina

barkeri. A compact mutant library of PylRS may be subjected to a single positive

selection round using FACS. An adjustable sorting gate and short operation time results

in a higher sensitivity and a higher diversity of the sorted cells. A PylRS mutant may be

used as a starting point for the compact mutant library. In one embodiment, for example,

the PylRS mutants may include any combination of any of the following mutations:

MbpylRS derived variants: position M241: G, A, C, M ; position Y271: G, A, C, M, L,



Y; position L274: G, A, C, V, L, I, M, S, T, N, D,; position C313: G, A, C, V; position

M315: G, A, C, V, L, I, M, S, T, N, D, Y; position Y349: Y, F; position V370: V, R, K;

position 1378: G, A, C, V, I, M, S, T, N, D; mpylRS derived variants: position M276:

G, A, C, M; position Y306: G, A, C, M, L, Y; position L309: G, A, C, V, L, I, M, S, T,

N, D,; position C348: G, A, C, V; position M350: G, A, C, V, L, I, M, S, T, N, D, Y;

position Y384: Y, F; position 1405: V, R, K; position 1413: G, A, C, V, I, M, S, T, N, D.

The diversity of the mutant library may range from about 2 members to about 108

members. The PylRS library may be expressed in a cell (e.g., E. coli) with a

corresponding tRNA and mTFPl containing an amber codon at a position in the

presence of a non-canonical amino acid. Cells with a bright fluorescence signal

originating from a fully expressed mTFPl may be subsequently sorted through the

FACS screen.

[0074] In other embodiments, the O-PylRS/O-tRNA pair may be naturally

occurring or may be derived via mutation of a naturally occurring tRNA and/or RS,

such as, by generating libraries of tRNAs and/or libraries of RSs, from any of a variety

of organisms and/or by using any of a variety of available mutation strategies. In one

embodiment, the O-PylRS/O-tRNA pair may be evolved by importing into the host cell

a heterologous tRNA/RS pair from a source other than the host cell or from multiple

sources. An example of the properties that the heterologous synthetase candidate may

exhibit include, for example, that it does not charge any host cell tRNA, and the

properties that the heterologous tRNA candidate may exhibit include, for example, that

it is not aminoacylated by any host cell synthetase. The heterologous tRNA candidate

may further be orthogonal to all host cell synthetases. In another embodiment, O-tRNA

and O-RS may be screened and/or selected from mutant libraries.

[0075] The following Examples are intended to illustrate the above invention and

should not be construed as to narrow its scope. One skilled in the art will readily

recognize that the Examiners suggest many other ways in which the invention could be

practiced. It should be understand that numerous variations and modifications may be

made while remaining within the scope of the invention.

EXAMPLES

Incorporating Biotin, 2-iminobiotin, and Desthiobiotin via an engineered Pyrrolysyl-
iRNA-synthetase



[0076] Biotinylation has been widely exploited for biological applications and

offers advantages over immunoaffinity methodologies. The high affinity between biotin

and streptavidin permits stringent washing conditions during protein purification and

therefore a low background of non-specific interactions. The in vivo biotinylation can be

facilitated by an endogenous biotin ligase or more often by the BirA enzyme from

E.coli. However, a BirA recognition peptide fused to the protein of interest is required

for the biotinylation. This tag may interfere with the structure or the function of the

protein.

[0077] On the other hand, the high affinity of biotin to streptavidin may be

undesirable in some applications because a weak interaction may be desired if the

protein of interest must be detached from the streptavidin. A broad range of

biotinylation reagents may be used for in vitro labeling of a target protein. The offered

reagents may include biotin-analogs with different affinities to streptavidin. For

instance, 2-iminobiotin and streptavidin show a pH-dependent affinity, thus allowing

protein elution under relatively mild conditions. Although 2-iminobiotin binds tightly to

streptavidin at basic pH, the affinity drops considerably at pH 4.

[0078] In cases where the target protein is sensitive to small pH changes, a biotin-

analog with an intrinsic lower affinity to streptavidin is required. The non-sulfur

containing biotin precursor desthiobiotin nearly binds with equal specificity but less

tightly to streptavidin (Kd ca. 10 13 M) relative to, for example, biotin. Hence, the

elution of the target protein can be facilitated under physiological condition through the

addition of an excess of biotin.

[0079] The incorporation of biotin, 2-iminobiotin desthiobiotin, norbiotin, biotin

carbonate, biotin carbamate and diaminobiotin lysine analogs (ncAA 1-9) via the non

sense suppression methodology is reported. An orthogonal PylRS/tRNA pair was

engineered through selection screen based on fluorescence-activated cell sorting

(FACS). The new PylRS mutant incorporates the three ncAAs in E.coli and in HEK-293

cell in response to an amber codon at good yields. As a proof-of-concept, ncAA 1 was

incorporated at an exposed site of the well-studied protein recA and isolated the protein

with streptavidin coated magnetic beats (dynabeats). A subsequent identification of

interactions partners revealed 10 proteins. To demonstrate the pH-dependent affinity of

ncAA 2 to streptavidin, ncAA 2 was incorporated into the protein Anbu and purified by

dynabeats. The elution by a pH change yielded into a pure protein. The major advantage



of the pyrrolysyl-tRNA-synthetase/tRNAcuA system was the intrinsic orthogonally

towards canonical amino acids in bacterial and mammalian cells in response to the rare

amber stop codon.

Materials

[0080] All reactions were performed under anhydrous conditions and an inert

atmosphere of argon in oven-dried glassware with magnetic stirring. Yields refer to

chromatographically and spectroscopically (1H NMR) homogeneous materials.

Reagents were used as obtained from typical commercial sources. Biotin and its

derivatives were purchased form the following sources: D(+)-biotin (Sigma-Aldrich),

D-desthiobiotin (Atomax Chemicals Co. Ltd.), D-iminobiotin (Atomax Chemicals Co.

Ltd.), D-norbiotin (Atomax Chemicals Co. Ltd.), D-nordesthiobiotin (Atomax

Chemicals Co. Ltd.), diamino biotin ((5,35,4R)-3,4-diaminotetrahydro-2-

thiophenepentanoic acid, Atomax Chemicals Co. Ltd.) and Fmoc-L-Lys-OH

(Novabiochem). ((3aS,4S,6aR)-2-oxotetrahydrothieno[3,4-d] [1,3]dioxol-4-yl)pentanoic

acid (biotin carbonate) and 5-((3aR,6S,6aS)-2-oxohexahydrothieno[3,4-d]oxazol-6-

yl)pentanoic acid (biotin carbamate) were synthesized as described by Yamamoto, T. et

al. Design and Synthesis of Biotin Analogues Reversibly Binding with Streptavidin.

Chem-Asian J 10, 1071-1078 (2015). Flash Chromatography was performed using

high-purity grade silica gel (pore size 60A, 230-400 mesh) (Sigma-Aldrich). Solvents

used for chromatography were technical grade. Thin layer chromatography was

performed using S1O2 pre-coated glass plates (Merck 60, F-254). The chromatograms

were examined under UV light at 254 nm and 365 nm and by staining of the TLC plate

with a 0.1 mM solution of 10-hydroxybenzo[/z]quinolone (HBQ) in ethanol, followed

by heating with a heat gun. 1H and 13C NMR spectra were recorded on BrukerBioSpin

400 MHz spectrometer at 297 K. Chemical shifts in ppm are referenced to the residual

signal of the solvent (D6 -DMSO, ¾ = 2.50 and c = 29.52 ppm). Coupling constants /

are given in Hz and signal multiplicities are abbreviated as: s (singlet), d (doublet), t

(triplet), vt (virtual triplet), q (quartet), m (multiplet) and br (broad). High resolution

(HR-MS) was measured on a LTQ Orbitrap from Thermo Scientific

ncAA synthesis

[0081] FIG. 2 is schematic diagram summarizing synthesis of non-canonical

amino acids, according to one or more embodiments of the present disclosure.

[0082] Synthesis of N 6-(((5-((3aS,4S,6aR)-2-oxohexahydro-lH-thieno[3,4-

d]imidazol-4-yl)pentyl)oxy)carbonyl)-L-lysine (1): D-Biotin (1.00 g, 4.09 mmol) was



dissolved in 20 mL DMF at 70° C and allowed to cool to rt. TEA (0.83g, 1.14 mL, 8.19

mmol) was added, followed by pentafluorophenyl trifluoroacetate (1.60 g, 0.98 mL,

5.73 mmol). The reaction was allowed to stir for 1 h at 0° C and became pink. Solvent

was reduced to 1 mL in vacuo and the crude material was triturated with cold diethyl

ether. The pFp ester product was recovered as a white solid (1.54 g, 96%). Biotin-pFp

ester (1.00 g, 2.44 mmol) was dissolved in 10 mL DMF and cooled to 0° C. A flask

containing a suspension of NaBH4 (3.4 mmol) in dry DMF (5 mL) was also cooled to 0

°C. The pFp-ester was transferred dropwise via a cannula over 15 min and the mixture

was stirred at 0 °C. The reaction was followed by TLC and upon completion the cold

mixture was acidified with 1 N HC1 and reduced to 1 mL in vacuo. The residue was

triturated with cold diethyl ether and the product alcohol was recovered as a white solid

(0.528 g, 94%). The alcohol (0.528 g, 2.29 mmol) and TEA (0.39 ml, 1.2 eq) were

dissolved in DMF (10 mL) and added dropwise to a stirred solution of 4-nitrophenyl

chloroformate (4-NCF, 1.38 g, 6.87 mmol, 3.0 eq) in DMF (10 mL) over a period of 1 h

at -10°C. The reaction mixture was allowed to warm to rt, stirred overnight, and

subsequently and reduced to 1 mL in vacuo. The residue was triturated with cold diethyl

ether. The nitrophenol carbonate product was recovered as a white solid (0.96 g, 95%).

Fmoc-L-Lys-OH (1.03 g, 2.83 mmol, 1.3 eq.) was suspended under argon in anhydrous

DMF (10 ml) containing DiPEA (0.50 ml, 1.3 eq.). To this white suspension, a clear

solution of the nitrophenol-carbonate (2.18 mmol, 1.0 eq.) in anhydrous DMF (10 mL)

was added drop wise under argon at rt over a period of 2 h. The reaction mixture was

stirred for additional 4 h at rt, before the solution as acidified to pH 2 with 1 N HC1. All

volatiles were evaporated under reduced pressure and the residue was triturated with

cold diethyl ether. The crude product was purified by column chromatography (DCM :

MeOH 95 : 5 v/v) to give the Fmoc-protected ncAA as a white solid. The Fmoc-

protected ncAA was dissolved in 20% piperidine in DMF (5 ml) and stirred for 1 h at

r.t.. All volatiles were removed under reduced pressure and the residue was triturated

with cold diethyl ether. Drying of the residue in vaccuum yield the pure ncAA as a

white powder (0.622 g, 7 1 %). 1H-NMR (D -DMSO, 400 MHz): δ = 1.30-1.45 (m, 6H),

1.50-1.65 (m, 4H), 1.85 (m, 2H), 2.65 (d, / = 12.2 Hz, 1H), 2.84 (dd, / = 5.0 Hz, / =

12.2 Hz, 1H), 2.95 (m, 2H), 3.13 (m, 1H), 3.42 (m, 1H), 3.66 (m, 1H), 3.85 (dd, / =

13.8 Hz, J = 1.0 Hz 1H), 3.93 (t, = 7.5 Hz, 2H), 4.17 (dd, / = 8.2 Hz, / = 7.3 Hz, 1H),

4.35 (dd, / = 8.1 Hz, / = 7.2 Hz, 1H), 7.11 (t, / = 5.4 Hz, 1H), 8.50 (br, 3H), 8.53 (br,

1H), 8.68 (br, 1H). 13C-NMR (D -DMSO, 100 MHz): 13C-NMR (CDCI3, 100 MHz): δ =



171.44, 163.29, 156.82, 64.00, 61.61, 60.35, 59.79, 55.95, 52.28, 39.10, 30.05, 29.35,

29.02, 28.78, 28,73, 25.91, 22.05. HR-MS (C17H31N4O5S): calculated: 403.20097,

found: 403.20159.

[0083] Synthesis of N6-(((5-((3aS,4S,6aR)-2-iminohexahydro-lH-thieno[3,4-

d]imidazol-4-yl)pentyl)oxy)carbonyl)-L-lysine (2): D-Iminobiotin (1.00 g, 4.10 mmol)

was dissolved in 2 mL DMF at 70° C and allowed to cool to rt. TEA (0.83g, 1.14 mL,

8.19 mmol) was added, followed by pentafluorophenyl trifluoroacetate (1.60 g, 0.98

mL, 5.73 mmol). The reaction was allowed to stir for 1 h at 0° C and became pink.

Solvent was reduced to 1 mL in vacuo and the crude material was triturated with cold

diethyl ether. The pFp ester product was recovered as a white solid (1.50 g, 93%).

Iminobiotin-pFp ester (1.00 g, 2.44 mmol) was dissolved in 10 mL DMF and cooled to

0° C. A flask containing a suspension of NaBH4 (3.4 mmol) in dry DMF (5 mL) was

also cooled to 0 °C. The pFp-ester was transferred dropwise via a cannula over 15 min

and the mixture was stirred at 0 °C. The reaction was followed by TLC and upon

completion the cold mixture was acidified with 1 N HC1 and reduced to 1 mL in vacuo.

The residue was triturated with cold diethyl ether and the product alcohol was recovered

as a white solid (0.516 g, 92%). The alcohol (0.516 g, 2.25 mmol) and TEA (0.38 ml,

1.2 eq) were dissolved in DMF (10 mL) and added dropwise to a stirred solution of 4-

nitrophenyl chloroformate (4-NCF, 1.36 g, 6.75 mmol, 3.0 eq) in DMF (10 mL) over a

period of 1 h at -10°C. The reaction mixture was allowed to warm to rt, stirred

overnight, and subsequently and reduced to 1 mL in vacuo. The residue was triturated

with cold diethyl ether. The nitrophenol carbonate product was recovered as a white

solid (0.83 g, 93%). Fmoc-L-Lys-OH (0.99 g, 2.72 mmol, 1.3 eq.) was suspended under

argon in anhydrous DMF (10 ml) containing DiPEA (0.50 ml, 1.3 eq.). To this white

suspension, a clear solution of the nitrophenol-carbonate (2.09 mmol, 1.0 eq.) in

anhydrous DMF (10 mL) was added drop wise under argon at rt over a period of 2 h.

The reaction mixture was stirred for additional 4 h at rt, before the solution as acidified

to pH 2 with 1 N HC1. All volatiles were evaporated under reduced pressure and the

residue was triturated with cold diethyl ether. The crude product was purified by column

chromatography (DCM : MeOH 95 : 5 v/v) to give the Fmoc -protected ncAA as a white

solid. The Fmoc -protected ncAA was dissolved in 20% piperidine in DMF (5 ml) and

stirred for 1 h at r.t.. All volatiles were removed under reduced pressure and the residue

was triturated with cold diethyl ether. Drying of the residue in vaccuum yield the pure

ncAA as a white powder (0.545 g, 65 %). 1H-NMR (D -DMSO, 400 MHz): δ = 1.30-



1.45 (m, 6H), 1.50 (m, 2H), 1.71 (m, 4H), 2.82 (d, / = 12.2 Hz, 1H), 2.93 - 3.00 (m,

4H), 3.28 (m, 1H), 3.88-3.97 (m, 4H), 4.50 (dd, / = 8.2 Hz, / = 7.3 Hz, 1H), 4.68 (dd, /

= 8.1 Hz, / = 7.2 Hz, 1H), 7.06 (t, / = 5.4 Hz, 1H), 7.91 (br, 1H), 8.30 (br, 3H), 8.35 (br,

1H), 8.68 (br, 1H). 13C-NMR (D -DMSO, 100 MHz): 13C-NMR (CDCI3, 100 MHz): δ =

171.55, 160.00, 156.80, 64.89, 63.97, 63.45, 62.88, 55.57, 52.37, 39.03, 30.16, 29.39,

28.99, 28.75, 28.48, 25.81, 22.10. HR-MS (C17H32N5O4S): calculated: 402.21695,

found: 402.21654.

[0084] Synthesis of N6-(((5-((4R,5S)-5-methyl-2-oxoimidazolidin-4-

yl)pentyl)oxy)carbonyl)-L-lysine (3): D-Nordesthiobiotin (0.25 g, 1.25 mmol) was

dissolved in 5 mL DMF at 70° C and allowed to cool to rt. TEA (0.25 g, 0.33 mL, 2.20

mmol) was added, followed by pentafluorophenyl trifluoroacetate (0.49 g, 0.30 mL,

1.75 mmol). The reaction was allowed to stir for 1 h at 0° C and became pink. Solvent

was reduced to 0.25 mL in vacuo and the crude material was triturated with cold diethyl

ether. The pFp ester product was recovered as a white solid (0.425 g, 93%). Biotin-pFp

ester (0.425 g, 1.16 mmol) was dissolved in 4 mL DMF and cooled to 0° C. A flask

containing a suspension of NaBH4 (1.6 mmol) in dry DMF (2 mL) was also cooled to 0

°C. The pFp-ester was transferred dropwise via a cannula over 15 min and the mixture

was stirred at 0 °C. The reaction was followed by TLC and upon completion the cold

mixture was acidified with 1 N HC1 and reduced to 0.3 mL in vacuo. The residue was

triturated with cold diethyl ether and the product alcohol was recovered as a white solid

(0.199 g, 92%). The alcohol (0.199 g, 1.07 mmol) and TEA (0.16 ml, 1.2 eq) were

dissolved in DMF (4 mL) and added dropwise to a stirred solution of 4-nitrophenyl

chloroformate (4-NCF, 0.645 g, 3.2 mmol, 3.0 eq) in DMF (4 mL) over a period of 1 h

at -10°C. The reaction mixture was allowed to warm to rt, stirred overnight, and

subsequently and reduced to 0.3 mL in vacuo. The residue was triturated with cold

diethyl ether. The nitrophenol carbonate product was recovered as a white solid (0.34 g,

91%). Fmoc-L-Lys-OH (0.465 g, 1.26 mmol, 1.3 eq.) was suspended under argon in

anhydrous DMF (3 ml) containing DiPEA (0.25 ml, 1.3 eq.). To this white suspension, a

clear solution of the nitrophenol-carbonate (0.97 mmol, 1.0 eq.) in anhydrous DMF (3

mL) was added drop wise under argon at rt over a period of 1 h. The reaction mixture

was stirred for additional 4 h at rt, before the solution as acidified to pH 2 with 1 N HC1.

All volatiles were evaporated under reduced pressure and the residue was triturated with

cold diethyl ether. The crude product was purified by column chromatography (DCM :

MeOH 95 : 5 v/v) to give the Fmoc-protected ncAA as a white solid. The Fmoc-



protected ncAA was dissolved in 20% piperidine in DMF (2 ml) and stirred for 1 h at

r.t.. All volatiles were removed under reduced pressure and the residue was triturated

with cold diethyl ether. Drying of the residue in vaccuum yield the pure ncAA as a

white powder (0.268 g, 77 %). 1H-NMR (D6-DMSO, 400 MHz): δ = 1.28-1.64 (m,

13H), 1.82 (m, 4H), 2.62 (d, / = 12.2 Hz, 1H), 2.84 (dd, / = 5.0 Hz, / = 12.2 Hz, 1H),

2.98 (m, 2H), 3.19 (m, 2H), 3.94 (t, / = 7.5 Hz, 1H), 4.18 (dd, / = 8.2 Hz, / = 7.3 Hz,

1H), 4.35 (dd, / = 8.1 Hz, / = 7.2 Hz, 1H), 7.13 (t, / = 5.4 Hz, 1H), 8.52 (br, 5H). 13C-

NMR (D6-DMSO, 100 MHz): 13C-NMR (CDCI3, 100 MHz): δ = 171.40, 163.23,

156.80, 63.89, 61.58, 59.74, 55.95, 52.27, 30.05, 29.53, 29.35, 29.13, 28.50, 25.61,

22.24, 22.05. HR-MS (C16H33N4O5): calculated: 359.22890, found: 359.22944.

[0085] Synthesis of N 6-((4-((3aS,4S,6aR)-2-oxohexahydro-lH-thieno[3,4-

d]imidazol-4-yl)butoxy)carbonyl)-L-lysine (4): D-Norbiotin (0.25 g, 1.09 mmol) was

dissolved in 5 mL DMF at 70° C and allowed to cool to rt. TEA (0.22 g, 0.29 mL, 2.18

mmol) was added, followed by pentafluorophenyl trifluoroacetate (0.43 g, 0.26 mL,

1.53 mmol). The reaction was allowed to stir for 1 h at 0° C and became pink. Solvent

was reduced to 0.25 mL in vacuo and the crude material was triturated with cold diethyl

ether. The pFp ester product was recovered as a white solid (0.393 g, 91%). Biotin-pFp

ester (0.39 g, 0.99 mmol) was dissolved in 4 mL DMF and cooled to 0° C. A flask

containing a suspension of NaBH4 (1.4 mmol) in dry DMF (2 mL) was also cooled to 0

°C. The pFp-ester was transferred dropwise via a cannula over 15 min and the mixture

was stirred at 0 °C. The reaction was followed by TLC and upon completion the cold

mixture was acidified with 1 N HC1 and reduced to 0.3 mL in vacuo. The residue was

triturated with cold diethyl ether and the product alcohol was recovered as a white solid

(0.197 g, 92%). The alcohol (0.197 g, 0.912 mmol) and TEA (0.16 ml, 1.2 eq) were

dissolved in DMF (4 mL) and added dropwise to a stirred solution of 4-nitrophenyl

chloroformate (4-NCF, 0.551 g, 2.74 mmol, 3.0 eq) in DMF (4 mL) over a period of 1 h

at -10°C. The reaction mixture was allowed to warm to rt, stirred overnight, and

subsequently and reduced to 0.3 mL in vacuo. The residue was triturated with cold

diethyl ether. The nitrophenol carbonate product was recovered as a white solid (0.32 g,

92%). Fmoc-L-Lys-OH (0.402 g, 1.09 mmol, 1.3 eq.) was suspended under argon in

anhydrous DMF (3 ml) containing DiPEA (0.2 ml, 1.3 eq.). To this white suspension, a

clear solution of the nitrophenol-carbonate (0.84 mmol, 1.0 eq.) in anhydrous DMF (3

mL) was added drop wise under argon at rt over a period of 1 h. The reaction mixture

was stirred for additional 4 h at rt, before the solution as acidified to pH 2 with 1 N HC1.



All volatiles were evaporated under reduced pressure and the residue was triturated with

cold diethyl ether. The crude product was purified by column chromatography (DCM :

MeOH 95 : 5 v/v) to give the Fmoc-protected ncAA as a white solid. The Fmoc-

protected ncAA was dissolved in 20% piperidine in DMF (2 ml) and stirred for 1 h at

r.t.. All volatiles were removed under reduced pressure and the residue was triturated

with cold diethyl ether. Drying of the residue in vaccuum yield the pure ncAA as a

white powder (0.241 g, 74 %). 1H-NMR (D6-DMSO, 400 MHz): δ = 1.30-1.45 (m, 4H),

1.50-1.61 (m, 4H), 1.85 (m, 2H), 2.67 (d, / = 12.2 Hz, 1H), 2.84-2.95 (m, 3H), 3.13 (m,

1H), 3.42 (m, 1H), 3.66 (m, 1H), 3.86 (dd, / = 13.8 Hz, / = 7.0 Hz 1H), 3.94 (t, / = 7.5

Hz, 2H), 4.18 (dd, / = 8.2 Hz, / = 7.3 Hz, 1H), 4.37 (dd, / = 8.1 Hz, / = 7.2 Hz, 1H),

7.09 (t, / = 5.4 Hz, 1H), 8.49 (br, 3H), 8.54 (br, 1H), 8.69 (br, 1H). 13C-NMR (D6-

DMSO, 100 MHz): 13C-NMR (CDCI3, 100 MHz): δ = 171.44, 163.18, 156.82, 64.02,

61.62, 60.33, 59.81, 55.83, 52.29, 39.11, 30.04, 29.34, 28.31, 24.93, 23.54, 22.04. HR-

MS (C16H28N4O5S): calculated: 389.18532, found: 389.18491.

[0086] Synthesis of N 6-((4-((3aS,4S,6aR)-2-iminohexahydro-lH-thieno[3,4-

d]imidazol-4-yl)butoxy)carbonyl)-L-lysine (5): D-Noriminobiotin (0.25 g, 1.09 mmol)

was dissolved in 5 mL DMF at 70° C and allowed to cool to rt. TEA (0.22 g, 0.29 mL,

2.18 mmol) was added, followed by pentafluorophenyl trifluoroacetate (0.43 g, 0.26

mL, 1.53 mmol). The reaction was allowed to stir for 1 h at 0° C and became pink.

Solvent was reduced to 0.25 mL in vacuo and the crude material was triturated with

cold diethyl ether. The pFp ester product was recovered as a white solid (0.388 g, 90%).

Biotin-pFp ester (0.39 g, 0.98 mmol) was dissolved in 4 mL DMF and cooled to 0° C. A

flask containing a suspension of NaBH4 (1.4 mmol) in dry DMF (2 mL) was also

cooled to 0 °C. The pFp-ester was transferred dropwise via a cannula over 15 min and

the mixture was stirred at 0 °C. The reaction was followed by TLC and upon completion

the cold mixture was acidified with 1 N HC1 and reduced to 0.3 mL in vacuo. The

residue was triturated with cold diethyl ether and the product alcohol was recovered as a

white solid (0.190 g, 90%). The alcohol (0.190 g, 0.883 mmol) and TEA (0.16 ml, 1.2

eq) were dissolved in DMF (4 mL) and added dropwise to a stirred solution of 4-

nitrophenyl chloroformate (4-NCF, 0.532 g, 2.65 mmol, 3.0 eq) in DMF (4 mL) over a

period of 1 h at -10°C. The reaction mixture was allowed to warm to rt, stirred

overnight, and subsequently and reduced to 0.3 mL in vacuo. The residue was triturated

with cold diethyl ether. The nitrophenol carbonate product was recovered as a white

solid (0.30 g, 89%). Fmoc-L-Lys-OH (0.377 g, 1.02 mmol, 1.3 eq.) was suspended



under argon in anhydrous DMF (3 ml) containing DiPEA (0.2 ml, 1.3 eq.). To this white

suspension, a clear solution of the nitrophenol-carbonate (0.79 mmol, 1.0 eq.) in

anhydrous DMF (3 mL) was added drop wise under argon at rt over a period of 1 h. The

reaction mixture was stirred for additional 4 h at rt, before the solution as acidified to

pH 2 with 1 N HC1. All volatiles were evaporated under reduced pressure and the

residue was triturated with cold diethyl ether. The crude product was purified by column

chromatography (DCM : MeOH 95 : 5 v/v) to give the Fmoc -protected ncAA as a white

solid. The Fmoc -protected ncAA was dissolved in 20% piperidine in DMF (2 ml) and

stirred for 1 h at r.t.. All volatiles were removed under reduced pressure and the residue

was triturated with cold diethyl ether. Drying of the residue in vaccuum yield the pure

ncAA as a white powder (0.197 g, 65 %). 1H-NMR (D6-DMSO, 400 MHz): δ = 1.30-

1.44 (m, 4H), 1.55 - 1.70 (m, 6H), 2.80 (d, / = 12.2 Hz, 1H), 2.93 - 2.98 (m, 4H), 3.31

(m, 1H), 3.88-3.97 (m, 4H), 4.51 (dd, / = 8.2 Hz, / = 7.3 Hz, 1H), 4.66 (dd, / = 8.1 Hz,

/ = 7.2 Hz, 1H), 7.09 (t, / = 5.4 Hz, 1H), 7.84 (br, 1H), 8.34 (br, 4H), 8.64 (br, 1H). 13C-

NMR (CDCI3, 100 MHz): δ = 171.51, 159.93, 156.75, 64.84, 63.97, 63.42, 62.83, 55.54,

52.36, 39.04, 30.15, 29.29, 28.31, 24.89, 23.49, 22.11. HR-MS (C16H29N5O4S):

calculated: 388.20130, found: 388.20182.

[0087] Synthesis of N6-(((6-((4R,5S)-5-methyl-2-oxoimidazolidin-4-

yl)hexyl)oxy)carbonyl)-L-lysine (6): D-Desthiobiotin (0.70 g, 3.27 mmol) was dissolved

in 15 mL DMF at 70° C and allowed to cool to rt. TEA (0.66 g, 0.88 mL, 6.54 mmol)

was added, followed by pentafluorophenyl trifluoroacetate (1.28 g, 0.79 mL, 4.59

mmol). The reaction was allowed to stir for 1 h at 0° C and became pink. Solvent was

reduced to 1 mL in vacuo and the crude material was triturated with cold diethyl ether.

The pFp ester product was recovered as a white solid (1.20 g, 95%). Biotin-pFp ester

(0.93 g, 2.44 mmol) was dissolved in 10 mL DMF and cooled to 0° C. A flask

containing a suspension of NaBH4 (3.4 mmol) in dry DMF (5 mL) was also cooled to 0

°C. The pFp-ester was transferred dropwise via a cannula over 15 min and the mixture

was stirred at 0 °C. The reaction was followed by TLC and upon completion the cold

mixture was acidified with 1 N HC1 and reduced to 1 mL in vacuo. The residue was

triturated with cold diethyl ether and the product alcohol was recovered as a white solid

(0.470 g, 95%). The alcohol (0.462 g, 2.32 mmol) and TEA (0.39 ml, 1.2 eq) were

dissolved in DMF (10 mL) and added dropwise to a stirred solution of 4-nitrophenyl

chloroformate (4-NCF, 1.39 g, 6.90 mmol, 3.0 eq) in DMF (10 mL) over a period of 1 h

at -10°C. The reaction mixture was allowed to warm to rt, stirred overnight, and



subsequently and reduced to 1 mL in vacuo. The residue was triturated with cold diethyl

ether. The nitrophenol carbonate product was recovered as a white solid (0.840 g, 94%).

Fmoc-L-Lys-OH (1.03 g, 2.83 mmol, 1.3 eq.) was suspended under argon in anhydrous

DMF (10 ml) containing DiPEA (0.50 ml, 1.3 eq.). To this white suspension, a clear

solution of the nitrophenol-carbonate (2.18 mmol, 1.0 eq.) in anhydrous DMF (10 mL)

was added drop wise under argon at rt over a period of 2 h. The reaction mixture was

stirred for additional 4 h at rt, before the solution as acidified to pH 2 with 1 N HC1. All

volatiles were evaporated under reduced pressure and the residue was triturated with

cold diethyl ether. The crude product was purified by column chromatography (DCM :

MeOH 95 : 5 v/v) to give the Fmoc-protected ncAA as a white solid. The Fmoc-

protected ncAA was dissolved in 20% piperidine in DMF (5 ml) and stirred for 1 h at

r.t.. All volatiles were removed under reduced pressure and the residue was triturated

with cold diethyl ether. Drying of the residue in vaccuum yield the pure ncAA as a

white powder (0.616 g, 76 %). 1H-NMR (D -DMSO, 400 MHz): δ = 1.27-1.64 (m,

15H), 1.82 (m, 4H), 2.63 (d, / = 12.2 Hz, 1H), 2.84 (dd, / = 5.0 Hz, / = 12.2 Hz, 1H),

2.99 (m, 2H), 3.18 (m, 2H), 3.93 (t, / = 7.5 Hz, 1H), 4.17 (dd, / = 8.2 Hz, / = 7.3 Hz,

1H), 4.34 (dd, / = 8.1 Hz, / = 7.2 Hz, 1H), 7.15 (t, / = 5.4 Hz, 1H), 8.50 (br, 5H). 13C-

NMR (D6-DMSO, 100 MHz): 13C-NMR (CDCI3, 100 MHz): δ = 171.41, 163.22,

156.81, 63.91, 61.57, 59.73, 55.92, 52.26, 30.04, 29.52, 29.35, 29.21, 28.72, 27.31,

25.33, 22.27, 22.06. HR-MS (C16H33N4O5): calculated: 373.47345, found: 373.48012.

Cloning

[0088] 1) Plasmid pEVOL303 was a fusion product of the commercially available

pET303 and pEVOL published previously. The resulting plasmid pEVOL303 carries a

pl5A origin, a chloramphenicol resistance and encodes under the control of a T7

promoter the protein mTFPl WT or mTFP1TAG 128 bearing an amber codon at position

128. In addition the plasmid contained the PylRS gene downstream of a pBAD

promoter and the corresponding iRNA controlled by a proK promoter. 2)

pEVOL303_BioRS was obtained from the described FACS screen and encodes for the

mutant BioRS. 3) pBioRS was obtained from pEVOL303_BioRS, the mTFP coding

region was removed between the two restriction sites of ApaLI. 4) recA and Anbu were

ligated in the multiple cloning site of pET303 using the restriction sites Xba I and Xho.

[0089] pmCherry-TAG-EGFP-HA and pBioRS-U6-PylT were used for

mammalian incorporation systems.

Mutant Library (pEVOL303 Lib)



[0090] Six hot spots for the mutant library of Mb-PylRS were selected based on

literature data and a homology model. A predefined set of amino acids was inserted at

the 6 positions resulting in a diversity of 95Ό40 mutants. See Table 1 below. The

mutant library was assembled by life technology using synthetic oligonucleotides,

ensuring an equal distribution of all mutants. Quality and diversity of the library was

confirmed by sequencing. The library was inserted in pEVOL303 via restriction sites

Sail and Bglll. The product was transformed into electrocompetent BL21(DE3) cells

using standard electroporation protocols. The transformation was determined to deliver

at least 2· 108 cfu per preparation.

Table 1: Positions and Amino Acids Inserted at Each Position

[0091] PylRS mutant (Y271A, L274V, C313V, M315Y, Y349F, V370R) encoded

on pEVOL303 was employed as a starting point for the second mutant library. The

focused mutant library comprising the positions M241, L372, W376 with a diversity of

912 variants was designed. The mutation pattern was described in FIGS. 3A-B. Library

was generated with degenerated primers the degenerated primers LI, L2, L3, L4 (Table

2.) through the QuikChange Multi Site-Directed Mutagenisis Kit (Agilent). The

resulting plasmid pEVOL303_Lib was directly transformed in E.coli B121.

Library FACS



[0092] 2 x 109 BL21 cells containing pEVOL303_Lib were inoculated in 50 mL

LB medium supplied with chloramphenicol and grown until an OD 600 of 0.7. 450 µl of

the cells were transferred into a 2 mL reaction vessel and induced with 50 µ L· induction

medium (10 mM ncAA 1, 10 mM IPTG, 1 % arabinose). Induction medium without

ncAA was added to the negative control. Protein expression was carried out 16h, 37 °C,

and 700 rpm in a thermo shaker. Cells were diluted to a final concentration of 1 x 107

cell/mL and washed twice in M9 Medium supplemented with chloramphenicol. 1 x 10s

cells of the negative control were screened in the beginning of each FACS experiment

to confirm orthogonally of the library. Cell sorting was performed with a BD Influx,

operated with filter sterilized PBS using a 457 nm laser for excitation and a bandpass

filter 480/40 for mTFPl fluorescence detection. Selected sort mode was 1.0 Drop

Single. Sort threshold was adjusted based on the first 10s cells of a sample. Cells within

the gate were collected in a 96 well plate supplied with condition medium with

chloramphenicol. Screen for ncAA 1 to 9 was carried out for at least 106 cells. Growth

of sorted cells were continued in conditioned medium over night at 37 °C, at 300 rpm.

The sequence of each hit was determined. See Table 3.



Conditioned Medium

[0093] E.coli BL21 cells were grown until an OD 600 of 1.0 in LBo medium. Cells

were removed by centrifugation at 8000 g for 20 min and by 0.2 µΜ filter. The medium

was supplemented with chloramphenicol and kept at -80 °C until further use.

Expression and Purification of mTFPl protein in E. coli

[0094] pEVOL303_BioRS was transformed in B121(DE3) cells. A single colony

from the transformation was grown overnight at 37°C, 140 rpm in 10 mL LB media

supplemented with chloramphenicol. Overnight culture was diluted 1:50 with fresh

media and grown to an OD 600 of 1.8. Cultures were split into 500 µl volumes and

induced with total concentration of 1 mM ncAA 1 - ncAA 9, 0.1 % arabinose and 1 mM

IPTG. Protein expression was carried out for 16 h, 700 rpm at 37 °C in a thermo shaker.

Following expression, the fluorescence intensity of E.coli cells containing mTFPlwT or

mTFPlncAAi-9 was measured in a 96-well plate using an Infinite M1000, Tecan plate

reader, with excitation at 462 nm and emission at 492 nm. Fluorescence intensities were

normalized versus cell density.

Pull-down application demonstrated for ncAA-mTFPl protein

[0095] All samples were pelleted and washed twice with PBS. Samples were

lysed by sonification and directly cleared from excess of free ncAA through a 10 kDA

centrifugal filter unit (Millipore). In preparation of the pull down of mTFPl, the cell

lysate was cleared from excess of free ncAA through a 10 kDA centrifugal filter unit

(Millipore) with ten volumes of PBS or washing buffer for ncAA 2. The fluorescence

intensity of E.coli lysate containing was measured in a 96-

well plate using an Infinite M l 000, Tecan plate reader, with excitation at 462 nm and

emission at 492 nm. The cell lysates were diluted with PBS or washing buffer to a reach

same mTFPl concentrations for each sample. 200 µl of the normalized cell lysate was

subjected to 20 µ L streptavidin coated dynabeats and incubated together for 30 min. The

beats were washed five times PBS buffer containing 0.1% Tween20 (pH 7.4) for

samples containing ncAA 1, 3, 4, and 6 or washing buffer (50 mM ammonium

carbonate buffer, pH 11, containing 500 mM NaCl) for ncAA 2 and 5. The beats were

resuspended in 200 µ L buffer and the remaining mTFPl was again quantified by the

specific excitation at 462 nm and emission at 492 nm. The beats were taken up in 20 µ L

loading buffer and heated to 95 °C for 10 min. 10 µ L of normalized lysate and 10 µ L of

eluate of each sample were analyzed on a 12 % SDS-PAGE. His-tag detection of the



recombinant proteins was performed with InVision™ His-Tag In-Gel Stain

(ThermoFisher).

Expression and Purification of recA protein in E. coli

[0096] For ncAA 1, 3, 4, or 6 incorporation into recA, pBioRS and pET303

containing recA with an amber codon at position 36 was cotransformed in E.coli B121

(DE) cells. The protein expression was performed as described above.

Pull-down application demonstrated for ncAA-recA protein

[0097] All samples were pelleted and washed twice with PBS. Samples were

lysed by sonification and directly cleared from excess of free ncAA through a 10 kDA

centrifugal filter unit (MiUipore). Dynabeats were washed according to the manual and

pipetted to the lysate. After an incubation time of 30 min at room temperature the beats

were separated through a magnet. Unspecific binding was removed by five consecutive

washing steps with PBS with 0.1 % Tween 20 (pH 7.4). Protein elution was conducted

by heating the beads to 95 °C for 10 min for samples containing ncAA 1, 3, 4, and 6.

Samples were visualized on a SDS-PAGE and further analyzed by MS/MS.

Expression and Purification of Anbu protein in E. coli

[0098] For ncAA 2 and 5 incorporation into Anbu, pBioRS and pET303

containing Anbu with an amber codon at position 7 1 was cotransformed in E.coli

B121(DE). The protein expression was performed as described above.

Protein purification application by pH change demonstrated for ncAA-Anbu protein

[0099] All samples were pelleted and washed twice with PBS. Samples were

lysed by sonification and directly cleared from excess of free ncAA through a 10 kDA

centrifugal filter unit (MiUipore). Dynabeats were washed according to the manual and

pipetted to the lysate. After an incubation time of 30 min at room temperature the beats

were separated through a magnet. Unspecific binding was removed by five consecutive

washing steps with 50 mM ammonium carbonate buffer, pH 11, containing 500 mM

NaCl. Protein elution was conducted with elution buffer (50 mM ammonium acetate

buffer, pH 4.0, containing 500 mM NaCl). Samples were visualized on a SDS-PAGE

and further analyzed by MS/MS.

Incorporation of ncAA in human cells

[00100] Human embryonic kidney (HEK) 293 cells were seeded the day before

transfection, so they were 70-80 % confluent on the day of transfection. Cells were

grown in DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% FBS

in an 8 well-plate (lysine coated) in a humidified atmosphere with 5% CO2 at 37 °C.



Transfection medium containing a ratio 1:1 of both plasmid pmCherry-TAG-EGFP-HA

and pBioRS -U6-PylT was prepared according to the user manual and added directly to

the cells. ncAAs were dissolved in 100 mM NaOH and neutralized with the same

amount 100 mM HC1. Cells were grown in the absence and in the presence of 0.5 mM

ncAA 1, 2 or 3, respectively. Cells were washed with PBS and the mCherry_EGFP

expression was detected with a microscope (10X objective).

[00101] For the western blot HEK 293 cells were grown in 6-well dishes and

cotransfected as aforementioned. 0.5 mM of ncAA 1, 2 or 3 were separately added to

the cells or the same amount of sterile ddH2 O for the negative control. After 24 hours,

the cells were washed twice with chilled PBS and lysed with NP-40 lysis buffer

complemented with protease inhibitor for 20 min on ice. Cell debris and lysate was

centrifuged 15 min, 4°C at 20 000 rpm. 40 µl of the supernatant was mixed with loading

buffer for quantification of the protein expression. The remaining lysate was cleared

from free ncAA using a 10 kDA centrifugal filter unit (Millipore) and equilibrated with

PBS or washing buffer for ncAA 2. Dynabeats (invitrogen) were incubated with the

cleared lysate for three hours at 4 °C. Impurities were removed by three washing using

NP-40 washing buffer for ncAA 1 and 3 or 50 mM ammonium carbonate buffer, pH 11,

containing 500 mM NaCl for ncAA 2. Beats were mixed in loading buffer and heated

for 10 min at 98°C. Samples before and after pull down were analyzed on a 12 % SDS-

PAGE. Proteins were transferred on a PVDF membrane. Membrane was blocked in

MTBST (5 % milk, l x TBS, 0.05 % Tween) for 3 hours at room temperature. The

proteins were detected with the primary antibody α-HA incubated over night at 4°C,

followed by the secondary antibody a- mouse for 1 hour at room temperature.

Protein Analysis by LC/ESI-MS of mTFP 1

[00102] E.coli cells were harvested and washed with PBS. The pellet was

resuspended in lysis buffer (100 mM Tris at pH 7.5, 500 mM NaCl, 20 mM imidazole,

10 % glycerol), 1 % Triton X-100 and heated 20 min at 75 °C. Samples were lysed by

sonification. Lysate was cooled to room temperature and centrifuged 60,000 x g for 10

min at 4 °C. The supernatant was transferred to a Ni-NTA spin trap column (GE

Healthcare), washed twice with lysis buffer and eluted with elution buffer (100 mM Tris

at pH 7.5, 500 mM NaCl, 500 mM imidazole, 10 % glycerol). SUMO protease was

added to the eluted protein and dialysed overnight, at 4 °C against ddH2 O. The protein

was transferred to a Ni-NTA spin trap column and eluted in ddH2 O. The sample was

heated 10 min at 75 °C and centrifuged 60,000 x g for 10 min at 4 °C. The purified



Protein was analyzed by mass spectrometry using a BRUKER maXis HD™ ESI-TOF

with 0.04 mM of pure protein sample. The sample was injected into a HPLC (Agilent

Technologies) on a C4 Column (Column volume 5 mL). Chromatographic separation

was performed at a constant flow rate of 0.5 µl/min and a gradient to 80 % acetonitrile,

0.1 % formic acid at 8 min. Fractions were recorded according to standard procedure.

Protein Sequencing and determination of interaction partner by LC-MS/MS.

[00103] recA and Anbu were expressed as aforementioned. The proteins were

separated on a SDS-PAGE and visualized with comassie stain. Regions of interest were

excised from the SDS-PAGE, cut in pieces and destained in a first step with 50 mM

ammonium bicarbonate/50% acetonitrile (v/v) and in a second step with 100%

acetonitrile. Disulfide linkages were reduced with 10 mM 1,4-dithiothreitol in 100 mM

ammonium bicarbonate. Free thiol groups were alkylated in 55 mM iodoacetamide in

100 mM ammonium bicarbonate to prevent disulfide bonds. Samples were cleaned from

any excess of reducing and alkylating agents by washing with 100 mM ammonium

bicarbonate and 100% acetonitrile. Trypsin digest was performed with 12.5 ng/µ L

trypsin for 12-16 hours. Fragment extraction was conducted in the first step in 5% acetic

acid, 50% acetonitrile and in the second step in 0.1% trifluoroacetic acid, 75%

acetonitrile. Dried sample was resuspended in 1 mL of 0.1% trifluoroacetic acid in

ddH2 O and desalted with Zip-Tip®.

[00104] NanoLC MS/MS analysis was performed using an on-line system

consisting of a nano-pump UltiMate™ 3000 UHPLC binary HPLC system (Dionex,

ThermoFisher) coupled to a Q-Exactive HF mass spectrometer (ThermoFisher,

Germany). Peptides were resuspended in 20 µL· of sample buffer (3% ACN, 0.1%

formic acid) and 2 µ L was injected into a pre-column 300 µmχ5 mm (Acclaim PepMap,

5 µm particle size). After loading, peptides were eluted to an Acclaim PepMaplOO C18

capillary column (75 µm x 15 cm, 100 A, 3 µm particle sizes). Peptides were eluted into

the MS, at a flow rate of 300 nL/min, using a 40 min gradient from 5% to 40% mobile

phase B. Mobile phase A was 0.1% formic acid in H2O and mobile phase B was 80%

acetonitrile and 0.1% formic acid. The mass spectrometer was operated in positive and

data-dependent mode, with a single MS scan (350-1400 m/z at 60 000 resolution (at 200

m/z in a profile mode) followed by MS/MS scans on the 10 most intense ions at 15 000

resolution. Ions selected for MS/MS scan were fragmented using higher energy collision

dissociation (HCD) at normalized collision energy of 28% and using an isolation

window of 1.8 m/z.



Protein identification

[00105] The RAW files from Q-Exactive HF were converted into Mascot generic

format (mgf) files using Proteome Discoverer version 1.4 (Thermo Scientific). These

files were submitted to MASCOT v2.3 (Matrix Sciences Ltd, United Kingdom) for

database search against the Eschericia coli database. The mass tolerance was set to 20

ppm for precursors, and 0.5 Da for the MS/MS fragment ion. The fixed modifications

were set to carbamidomethyl and variable modifications were set to oxidation at

methionine. ncAAs were manually set as lysine modification. The MASCOT result files

were processed using Scaffold v4.1.1 (Proteome Software Inc. USA) software for

validation of peptide and protein identifications with a threshold of 95% using the

Prophet algorithm.

Mutant PylRS Structure Modeling and Energy Minimization

Homology model of the Mfe-pylRS in complex with pyrrolysine

[00106] Homology models were generated with the YASARA Structure, Version

14.7.17. The amino acid sequence of the catalytic domain of Mb-pylRS served as

template for YASARA' s homology modeling macro with the conservative "slow"

protocol the following parameter settings: number of PSI-BLAST iterations: 10;

maximum allowed (PSI-)BLAST E-value to consider template: 0.5; maximum number

of templates to be used: 15; maximum number of templates with same sequence: 3;

maximum oligomerization state: 4; Maximum number of alignment variations per

template: 4; maximum number of conformations tried per loop: 200; maximum number

of residues added to the termini: 20. The resulting homology model was based on two

structures of Mm-pylRS variants (mainly pdb: 4Q6G with one loop of residues 99-107

inserted from pdb: 4CS3; both sequences have a 98 % homology with the template).

The YASARA algorithm performed secondary structure prediction, loop construction

and amino acid rotamer selection followed by steepest descend energy minimization.

Models of Mb-pylRS mutants in complex with ncAAs.

[00107] With YASARA Structure, point mutations were introduced into the Mb-

PylRS homology model followed by an in silico conversion of the bound pyrrolysine

ligand into the respective ncAA. Subsequently, with the exception of the mutation sites

and the ncAAs side chain, all residues in the model were frozen for a molecular

dynamic simulation (50 ps, T = 300K) with the YASARA' s recommended default force

field (AMBER 2003) (16). After that, the energy of the free residues was minimized



with (force field: AMBER 2003). The MD-MM cycle was repeated until an overlay

with the previous model did not reveal any significant changes in residue orientation.

Discussion

[00108] A major advantage of the pyrrolysyl-tRNA-synthetase/tRNAcuA system is

the intrinsic orthogonality of towards canonical amino acids in bacterial and mammalian

cells in response to the rare amber stop codon.

[00109] A screen based on fluorescence- activated cell sorting (FACS) was used to

deconvolute a library of engineer a Methanosarcina barkeri pyrrolysyl tRNA-

pairs to direct the site-specific incorporation

of the biotinylated ncAA 1. A compact mutant library of PylRS is subjected to a single

positive selection round using FACS. The adjustable sorting gate and the short

operation time resulted in a higher sensitivity and a higher diversity of the sorted cells.

The pylRS mutant (Y271A, L274V, C313V, M315Y, Y349F, V370R) was employed as

an appropriate starting point for the focused mutant library, since this particular mutant

showed a preference for bulky and long ncAAs. The mutant library comprised the

positions M241, L372, W376 (FIGS. 3A-B) with a diversity of 912 members. The

PylRS library was expressed in E. coli with the corresponding tRNA and mTFPl

containing an amber codon at position 128 in the presence of ncAA 1. Cells with a

bright fluorescence signal originating from fully expressed mTFPl were sorted through

the FACS screen.

[00110] The MbPylRS variant with the mutations M241A, Y271A, L274V, C313V,

M315Y, V370R facilitated a high and specific incorporation of ncAA 1 (FIGS. 4A-D).

[00111] Unexpectedly, the synthetase, which may be referred to as BioRS, enabled

the site-specific incorporation not only of ncAA 1 but also of the biotin-analogs ncAA 2

to 9 in E.coli. A fluorescence screen (FIG. 5) and a SDS-Page indicated the ncAA-

dependent expression of the protein mTFPl and the discrimination of the 20 canonical

amino acids in the absence of the designated ncAAs (FIGS. 4A-D). The sulfur of ncAA

1, 2, 4 and 5 contributed significantly to a better PylRS-ncAA interaction, with ncAA 3

and 6 being less efficiently incorporated. ESI-TOF analysis of recombinant expressed

mTFPlncAAi mTFPlncAA2 and mTFPl n AA6 proteins showed masses of 25423.9 Da,

25422.8 Da, 25380.2 Da, respectively, in agreement with the calculated masses of

25423.84 Da, 25422.86 Da, 25379.77 Da (FIGS. 6A-C). Overall, the results revealed,

that BioRS/tRNAcuA enabled the incorporation of ncAA 1-9 in moderate to excellent

yields with high specificity.



[00112] The mutations of BioRS were modeled on a homology model using

YASARA and docked ncAA 1 into the pocket and energy minimized the structure, to

gain more insights (FIG. 4B). Notably, the position M241A has previously never been

considered for a mutant library, but essentially enlarges the binding pocket. The

mutation Y271A directed the incorporation of bulky ncAAs. Interestingly, the ncAA 1

bended while binding to BioRS, due to the substantial length of the residue.

[00113] To investigate whether the ncAAs can be exploited to isolate a protein-of-

interest, E.coli cells harboring the evolved BioRS/tRNAcuA system and mTFP1TAG128

were grown for 16 hours at 37 °C upon addition of 1 mM ncAA 1-9 or as a reference

mTFP wild type without an amber codon. To obtain an equal mTFPl concentration for

all four samples, the cell lysates were diluted to a final volume of 200 µl. with PBS or

washing buffer for ncAA 2 according to the measured fluorescence signal (FIG. 7A,

blue columns). Each cell lysates was separately incubated with dynabeats for 30 min.

The beats were washed five times with PBS or washing buffer for ncAA 2 to remove

unspecific binding by applying a magnet. Ultimately, the beats were resuspended in 200

µ L buffer and the remaining mTFPl was quantified by a fluorescence measurement

(FIG. 7A, red columns). While the beats incubated with mTFPl wild-type exhibited no

signal after the pull down, beats with mTFPi-9 showed a strong signal. Proteins were

eluted from dynabeats and were analyzed on a SDS-PAGE together with the lysate. The

anti His-tag stain confirmed in agreement with the fluorescence signal the binding of the

ncAA labeled mTFPl (FIG. 7B).

[00114] To demonstrate the ability to incorporate biotin site-specifically in an

arbitrary protein for further investigations, ncAA 1 was inserted in the exposed position

36 of recA. The protein recA is a multifunctional enzyme with a network of interaction

partners, which made this enzyme arguably prone to structural modification that may

interfere with interaction sites of the protein. The incorporation into recA36 was

conducted for 16 hour in the presence of 1 mM ncAA 1. To confirm the incorporation,

the cell lysate was incubated with streptavidin coated magnetic beats. The beats were

subsequently washed five times and heated for 10 min at 95 °C in SDS loading buffer.

The SDS-Page showed a successful pull down in the presence of ncAA 1 with a clear

band for mTFPl at size of about 38 kDa, no band appeared for the negative control in

the absence of any ncAA (FIG. 8). To further analyze the SDS-PAGE thelane of both

samples were cut out and addressed to MS/MS. Beside the most predominant protein

recA with a good coverage of 79 %, 10 interaction partner of recA were identified,



demonstrating the ability to apply this approach for protein-protein interaction studies

FIGS. 9A-B. For a better illustration the interaction network was visualized with string.

[00115] As aforementioned, the biotin-streptavidin interaction is almost

irreversible. Thus ncAA 1 is mostly limited to pull down or protein immobilization

experiments, where high selectivity and binding affinity is required. However, if a

functional protein needed to be released from streptavidin, a gentle elution was

preferred. ncAA 2, 3 are biotin-analogs with pH-depended or reduced affinity to

streptavidin, which enabled a reversible binding. To demonstrate protein purification

through ncAA 2, Anbu was selected as a model protein. Both, N- and C-terminus were

proposed to have a catalytic function in Anbu and thus the application of an affinity tag

became more difficult, since an internal protein tag may increase the probability to

perturb the structure. ncAA 2 was inserted in Anbu at the exposed position 7 1 using the

BioRS/tRNAcuA system. After the recombinant expression, the cell lysate was removed

from excess ncAA 2, equilibrated with washing buffer, and incubated for 30 min with

dynabeats. The beats with bound Anbu were washed five times with washing buffer and

elution of the protein was ultimately triggered by the acidic elution buffer. The purified

protein Anbu is visualized in FIG. 7C as a strong single band on a SDS-PAGE. The

resulting band was cut out and Anbu was confirmed by MS/MS with a coverage of

about 72 %. It was demonstrated that the strong and specific affinity of 2-iminobiotin to

streptavidin can be exploited to isolate a protein in only one purification-step.

[00116] To determine whether the ncAA 1-9 can be genetically incorporated in

mammalian cells, the plasmids pmCherry-TAG-EGFP-HA and pBioRS -U6-PylT were

cotransfected in HEK-293 cells. Mammalian cells harboring both plasmids were grown

in the absence of a ncAA and in the presence of 0.5 mM ncAA 1-9, respectively. A

fluorescence signal originating from EGFP indicated the incorporation of all three

analogs at the amber codon between mCherry and EGFP. The lack of an EGFP signal in

the absence of a ncAA demonstrated the orthogonally of the BioRS/tRNAcuA system in

mammalian cells. The expression of the recombinant mCherryTAGEGFP was confirmed

by an anti-HA Western blot of the cell lysates. In agreement with the fluorescence

signal, no expression of the full-length reporter construct was detectable in the absence

of any ncAA FIG. 10A-B. The reporter construct missing the amber codon (WT),

yielded as expected into the highest protein expression. All three ncAAs were accepted

by the engineered BioRS/tRNAcuA system and accordingly the expression of the

reporter construct was detected by the Western blot FIG. 10A-B.



[00117] The same cell lysate was subjected to dynabeats for 3 hours and washed

five times with NP-40 washing buffer or washing buffer for ncAA 2. Notably, the

reporter without amber codon could not bind to the beats due to the lack of a biotin-

analog, consequently the expressed construct was removed during the pull down. In

contrary, the reporter containing ncAA 1-9 efficiently binded to streptavidin and was

consequently retained during the pull down FIG. 10A-B.

[00118] The three biotin-lysine analogs were genetically encoded in bacterial and

mammalian cells for the first time using the engineered BioRS/tRNAcuA system. The

analogs can be site-specifically incorporated at virtually any exposed position of a

protein. The small structure of the ncAA was less likely to perturb the protein structure

and function.

[00119] The three incorporated biotin-analogs provided different binding affinities

to streptavidin, hence it was possible to optimize each experiment in regard to the need

of the researcher. It was possible to exploit the almost irreversible binding of ncAA 1

for very harsh washing conditions, or to elute the protein pH-depended with ncAA 2 or

elute very gently by the addition of biotin with ncAA 3. Additionally, 2-iminobiotin and

desthiobiotin enabled the discrimination of naturally biotinylated proteins due to the

reversible binding towards streptavidin. Correspondingly, the background signal were

efficiently reduced.

[00120] The multifunctional protein recA containing ncAA 1 was successfully

pulled down and 10 interaction partners were determined, demonstrating that the crucial

interaction sites of recA were not affected by the ncAA incorporation. To highlight the

different applications for ncAA 1 and ncAA 2, ncAA 2 was inserted in the protein

Anbu. Both termini of Anbu had structural functions, consequently a purification by

affinity tag was not feasible due to the high probability to change the protein structure.

A one-step purification was conducted, exploiting the high affinity of 2-iminobiotin to

streptavidin at basic pH and eluted the protein at acidic pH, resulting in a pure protein.

[00121] The site-directed incorporation of biotin-analogs simplify protein

investigations and purification of certain proteins. Additionally the ncAA 1 can be

employed to constitute an artificial enzyme bearing biotin as a cofactor, since in vivo

biotinylation was mainly restricted to the enzyme biotin-ligase. However, the required

recognition sequence limits the design of an artificial host protein.

[00122] The major advantage of genetically encoded biotinylation over

conventional chemical biotinylation reagents was the resulting homogenous product and



therefore this approach benefits site-directed irreversible and reversible protein

immobilization.

[00123] FIGS. 11A-B are tables summarizing tryptic digest and MS/MS results of

recA, according to one or more embodiments of the present disclosure. Mass of ncAA 1

was manually set in Mascot as a lysine modification (Biotin_ncAA). FIG. 11A

summarizes results confirming ncAA 1 was found in the correct fragment 35-61. The

ncAA incorporation site is marked in yellow. FIG. 11B is a table showing matched

peptides indicated in bold red, according to one or more embodiments of the present

disclosure. The protein sequence coverage is 85 %.

[00124] FIG. 12 is a schematic diagram of a method of using the BioRS/tRNAcuA

orthogonal pair of the present disclosure for a pulldown assay, according to one or more

embodiments of the present disclosure. A non-exhaustive list of advantages of this

method include not requiring a tag or antibody, reduced disturbance, incorporation of

the ncAA at any position, easy purification, and strongest interaction.

[00125] FIG. 13 is a photograph of a stained SDS-PAGE analysis in which lane 1

refers to where biotin was incorporated and lane 2 refers to where biotin was not

incorporated in rec A, according to one or more embodiments of the present disclosure.

[00126] Other embodiments of the present disclosure are possible. Although the

description above contains much specificity, these should not be construed as limiting

the scope of the disclosure, but as merely providing illustrations of some of the

presently preferred embodiments of this disclosure. It is also contemplated that various

combinations or sub-combinations of the specific features and aspects of the

embodiments may be made and still fall within the scope of this disclosure. It should be

understood that various features and aspects of the disclosed embodiments can be

combined with or substituted for one another in order to form various embodiments.

Thus, it is intended that the scope of at least some of the present disclosure should not

be limited by the particular disclosed embodiments described above.

[00127] Thus the scope of this disclosure should be determined by the appended

claims and their legal equivalents. Therefore, it will be appreciated that the scope of the

present disclosure fully encompasses other embodiments which may become obvious to

those skilled in the art, and that the scope of the present disclosure is accordingly to be

limited by nothing other than the appended claims, in which reference to an element in

the singular is not intended to mean "one and only one" unless explicitly so stated, but

rather "one or more." All structural, chemical, and functional equivalents to the



elements of the above-described preferred embodiment that are known to those of

ordinary skill in the art are expressly incorporated herein by reference and are intended

to be encompassed by the present claims. Moreover, it is not necessary for a device or

method to address each and every problem sought to be solved by the present

disclosure, for it to be encompassed by the present claims. Furthermore, no element,

component, or method step in the present disclosure is intended to be dedicated to the

public regardless of whether the element, component, or method step is explicitly

recited in the claims.

[00128] The foregoing description of various preferred embodiments of the

disclosure have been presented for purposes of illustration and description. It is not

intended to be exhaustive or to limit the disclosure to the precise embodiments, and

obviously many modifications and variations are possible in light of the above teaching.

The example embodiments, as described above, were chosen and described in order to

best explain the principles of the disclosure and its practical application to thereby

enable others skilled in the art to best utilize the disclosure in various embodiments and

with various modifications as are suited to the particular use contemplated. It is intended

that the scope of the disclosure be defined by the claims appended hereto

[00129] Various examples have been described. These and other examples are

within the scope of the following claims.



WHAT IS CLAIMED IS:

1. A non-canonical amino acid, comprising:

a non-canonical amino acid characterized by the formula:

where A is an amino acid, L is a linker, and B is a biotin or

a biotin-analog group.

2. The non-canonical amino acid of claim 1, wherein A is characterized by

the formula:

an aromatic group, or a heteroaromatic group; and

where X3 is absent or Ci-C4-Alkyl.

3. The non-canonical amino acid of claim 1, wherein L is absent or

characterized by the formula:

4. The non-canonical amino acid of claim 1, wherein a carboxylate group of

the B is replaced by -CH2- or is absent.

5. The non-canonical amino acid of claim 1, wherein the biotin-analog group

of B is one or more of oxybiotin, iminobiotin, desthiobiotin, diaminohiotin, biotin

sulfoxide, biotin sulfone, biotin carbamate, biotin carbonate, noroxybiotin,

noriminobiotin, nordesthiobiotin, nordiaminobiotin norbiotin sulfoxide, norbiotin



sulfone, norbiotin carbamate, norbiotin carbonate, homooxybiotin, homoiminobiotin,

homodesthiobiotin, homodiaminobiorin, homobiotin sulfoxide, homobiotin sulfone,

homobiotin carbamate, homobiotin carbonate, 2-imidazolidinone-4-butanoic acid, 2-

imidazolidinone-4-propanoic acid, and 2-imidazolidinone-4-hexanoic acid.

6. The non-canonical amino acid of claim 1, wherein the non-canonical

amino acid is characterized by one or more of the following chemical structures:

7. A translation system, comprising:

an orthogonal transfer RNA (O-tRNA);

an orthogonal aminoacyl-tRNA-synthetase (O-RS); and

a non-canonical amino acid with a biotin-containing side-chain or

a biotin-analog-containing side-chain;

wherein the O-RS preferentially aminoacylates the O-tRNA with

the non-canonical amino acid;

wherein the non-canonical amino acid is incorporated into a

protein at a specific site during translation.



8. The system of claim 7, wherein the orthogonal aminoacyl-tRNA-

synthetase is an orthogonal pyrrolysyl-tRNA-synthetase (O-pylRS).

9. The system of claim 8, wherein the O-pylRS and O-tRNA form an O-

pylRS/O-tRNApair.

10. The system of claim 9, wherein the O-pylRS/O-tRNA pair is derived from

one or more of archeabacteria and eubacteria.

11. The system of claim 9, wherein the O-PylRS/O-tRNA pair is derived from

one or more of Methanosarcina barkeri and Methanosarcina mazei.

12. The system of claim 9, wherein the O-pylRS/O-tRNA pair is derived from

one or more of Methanosarcina maize, Methanosarcina fusaro, Methansarcina barkeri,

Methanococcoides mahii, Methanococcoides burtonii, Methanosarcina acetivorans,

Methanosarcina tindarius, Methanosarcina thermophile, and Desulfitobacterim

hafniense.

13. The system of claim 9, wherein the O-PylRS/O-tRNA pair is

BioRS/tRNAcuA-

14. The system of claim 7, wherein the non-canonical amino acid is

characterized by the following formula:

wherein A is an amino acid, L is a linker, and B is a biotin or a

biotin-analog group;

wherein A is characterized by the formula:



absent, an aromatic group, or a heteroaromatic

group; and

where X3 is absent or Ci-C4-Alkyl;

wherein L is characterized b the formula:

where E1 is -CH2-, -NH-, -0-, -S-, -Se-, or absent;

where E2 is -CH2- or - C(=0)-; and

where E3 is -CH2-, -NH-, -0-, -S-, or absent;

wherein the biotin-analog group of B is one or more of oxybiotin,

iminobiotin, desthiobiotin, diaminobiotin, biotin

sulfoxide, biotin sulfone, biotin carbamate, biotin

carbonate, noroxybiotin, noriminobiotin, nordesthiobiotin,

nordiaminobiotin, norbiotin sulfoxide, norbiotin sulfone,

norbiotin carbamate, norbiotin carbonate, homooxybiotin,

homoiminobiotin, homodesthiobiotin,

homodiaminobiotin, homobiotin sulfoxide, homobiotin

sulfone, homobiotin carbamate, homobiotin carbonate, 2-

imidazolidinone -4-butanoic acid, 2-imidazolidinone-4-

propanoic acid, and 2-imidazolidinone-4-hexanoic acid.

15. A method of incorporating a non-canonical amino acid into a protein,

providing a cell with an orthogonal transfer RNA (O-tRNA);

providing the cell with an orthogonal aminoacyl-tRNA-

synthetase (O-RS) for charging the O-tRNA with a non-

canonical amino acid; and

incorporating the non-canonical amino acid into a protein at a

specific site during translation.



16. The method of claim 15, wherein the orthogonal aminoacyl-tRNA-

synthetase is an orthogonal pyrrolysyl-tRNA-synthetase (O-pylRS).

17. The method of claim 16, wherein the O-pylRS and O-tRNA form an

pylRS/O-tRNA pair.

18. The method of claim 16, wherein the O-PylRS/O-tRNA pair

BioRS/tRNAcuA.

19. The method of claim 18, wherein the BioRS is a PylRS variant with

mutations at one or more of M241A, Y271A, L274V, C313V, M315Y, V370R, L372,

and W376.

20. The method of claim 15, wherein the non-canonical amino acid is

characterized by the following formula:

wherein A is an amino acid, L is a linker, and B is a biotin or a

biotin-analog group;

wherein A is characterized by the formula:

absent, an aromatic group, or a heteroaromatic

group; and

where X3 is absent or Ci-C4-Alkyl;

wherein L is characterized by the formula:

where E1 is -CH2-, -NH-, -0-, -S-, -Se-, or absent;

where E2 is -CH2- or -C(=0)-; and

where E3 is -CH2-, -NH-, -0-, -S-, or absent;



wherein the biotin-analog group of B is one or more of oxybiotin,

iminobiotin, desthiobiotin, diaminobiotin, biotin

sulfoxide, biotin sulfone, biotin carbamate, biotin

carbonate noroxybiotin, noriminobiotin nordesthiobiotin,

nordiaminobiotin, norbiotin sulfoxide, norbiotin sulfone,

norbiotin carbamate, norbiotin carbonate, homooxybiotin,

homoiminobiotin, homodesthiobiotin,

homodiaminobiotin, homobiotm sulfoxide, homobiotin

sulfone, homobiotin carbamate, homobiotin carbonate, 2-

imidazolidinone-4-butanoic acid, 2-imidazolidinone-4-

propanoic acid, and 2-imidazolidinone-4-hexanoic acid.
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