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Abstract

The incorporation of non-canonical amino acids (ncAAs) into proteins is a powerful technique used in various research fields. Genetic code
expansion (GCE) is the most common way to achieve this: a specific codon is selected to be decoded by a dedicated tRNA orthogonal to the
endogenous ones. In the past 30 years, great progress has been made to obtain novel tRNA synthetases (aaRSs) accepting a variety of ncAAs
with distinct physicochemical properties, to develop robust in vitro assays or approaches for codon reassignment. This sparked the use of the
technique, leading to the accumulation of publications, from which gathering all relevant information can appear daunting. Here we present
iNClusive (https://non-canonical-aas.biologie.uni-freiburg.de/), a manually curated, extensive repository using standardized nomenclature that
provides organized information on ncAAs successfully incorporated into target proteins as verified by mass spectrometry. Since we focused on
tRNA synthetase-based tRNA loading, we provide the sequence of the tRNA and aaRS used for the incorporation. Derived from more than 687
peerreviewed publications, it currently contains 2432 entries about 466 ncAAs, 569 protein targets, 500 aaRSs and 144 tRNAs. We foresee
iNClusive will encourage more researchers to experiment with ncAA incorporation thus contributing to the further development of this exciting
technique.
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Introduction

In nature, 20 amino acids (AAs) are encoded by dedicated
nucleotide triplets and are naturally incorporated into pro-
teins during the process of translation by all organisms. Some
methanogenic archaea and bacteria additionally incorporate
pyrrolysine into proteins at the amber STOP codon (UAG)
(1). Selenocysteine is also not encoded by a dedicated sense
nucleotide triplet, but it can be incorporated into proteins
at the opal STOP codon (UGA) in the presence of an in-cis
structural element in the selenoprotein mRNA (2). These 22
AAs are referred to as canonical or proteinogenic to differen-
tiate them from the non-proteinogenic or non-canonical AAs
(ncAAs), which occur in cells, but are not used directly as
building blocks by the ribosome. This does not mean that they
do not appear in proteins at all; indeed, some canonical AAs
can be turned into ncAAs thanks to post-translational mod-
ifications (e.g. proline can become hydroxyproline after hy-
droxylation and glutamic acid can become carboxyglutamic
acid after carboxylation). Beyond their function as part of pro-
teins, ncAAs have many important physiological roles, such
as in neurotransmission (3), bacterial cell wall synthesis (4),
and metabolism (5). ncAAs are also the substrates of non-
ribosomal peptide synthetases, mega enzymes that assemble
non-ribosomal peptides with them as well as canonical AAs
(6). Apart from those occurring in nature, ncAAs can be chem-
ically synthesized in the laboratory (7). In this case, one should
rather speak of unnatural AAs; for simplicity, however, we will
refer to all these non-proteinogenic AAs as ncAAs.

Given their unique physicochemical properties, ncAAs in-
corporated into proteins would potentially equip them with
new functionalities, tremendously expanding the natural pro-
teome. Already back in the 1950s, it has been shown that se-
lenomethionine could be incorporated into proteins in place
of methionine thanks to the natural substrate tolerance of the
dedicated aminoacyl-tRNA synthetase (aaRS)(8). Since then,
various strategies have been devised for residue-specific incor-
poration of ncAAs, involving the use of auxotrophic strains
for a specific AA (9), in vitro chemical manipulation of the
AA-loaded tRNAs (e.g. desulfurization of Cys-tRNA into
Ala-tRNA® using Raney nickel (10)), or in vitro chemi-
cal acylation of the tRNA with the ncAA (11). The exciting
possibility to incorporate ncAAs at specific sites in proteins
prompted scientists later on to develop a method beyond the
residue-specific incorporation based on the transplantation of
an aaRS-tRNA pair naturally assigned to a STOP codon from
an organism into a distantly related one (12). This technology
is called genetic code expansion (GCE) because effectively one
additional amino acid gets incorporated into proteins in re-
sponse to an anticodon (13-15). From those early days it has
now reached a state mature enough to allow robust incorpo-
ration of ncAAs in living cells, be it bacteria, yeast or mam-
malian cells (16-19). While many exciting methods exist to
expand/reprogram the genetic code for the site-specific incor-
poration of ncAAs into proteins, including the use of quadru-
plets of nucleotides (20) or artificial base pairs (21), currently
the most commonly used is the Amber STOP codon suppres-
sion (22). This method lends itself well for usage in various or-
ganisms as well as in vitro, given the scarcity of this codon in
the genome (23) and the existence of an aaRS-tRNA pair that
naturally suppresses it, as mentioned earlier (1). Nonetheless,
not only the translational STOP codon is encoded by three
separate codons. The whole genetic code is degenerate, and
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Figure 1. Scheme of the orthogonal translation system for the
incorporation of ncAAs into target proteins. The heterologous aaRS and
its cognate tRNA (blue) do not interact with the endogenous aaRSs and
tRNAs (grey). The orthogonal aaRS recognizes the ncAA and loads it onto
its cognate tRNA. The ncAA-loaded tRNA then interacts with
endogenous ribosomes to allow for the translation of the target mMRNA.
In this example, the amber STOP codon (UAG) codes for the ncAA. aaRS,
aminoacy! tRNA synthetase. ncAA, non-canonical amino acid. For
simplicity only one endogenous aaRS—tRNA pair is shown (grey box).
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each AA is encoded by several nucleotide triplets. Thus, codon
reassignment could potentially take place without perturbing
the natural proteome too much (however, one should keep in
mind that codon usage plays non-negligible roles in the regula-
tion of gene expression (24)). With the advent of genome engi-
neering or de novo chromosome design, it is indeed becoming
possible to also re-assign sense codons to ncAAs (25,26).
Regardless of whether a STOP or sense codon is employed,
to successfully incorporate the ncAA only into a target pro-
tein at a specific site during translation in a living cell, several
requirements must be met (Figure 1). First, the aaRS-tRNA
pair must at the same time function congruently and orthog-
onally to the translational machinery of the host cell. Indeed,
the ncAA-loaded tRNA should still be able to interact with
the ribosome; yet the heterologous aaRS and the endogenous
aaRSs should not load endogenous canonical AAs onto the
heterologous tRNA. Orthogonality usually also requires that
the nucleotide triplet redirected to code for the ncAA be ei-
ther not present in the genome anymore (27) — thus ensuring
that the ncAA is not incorporated in other non-target pro-
teins whose mRNAs contain that triplet—, or that the mRNA
of the target protein be sequestered into a separate ‘organelle’
together with the aaRS-tRNA pair to keep it away from all
other endogenous mRNAs (19). Second, the aaRS must rec-
ognize the ncAA and use it as a substrate. If this is not the
case, it must either be mutated/evolved to do so or another
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aaRS must be sought that has this property. The engineering
of aaRSs with novel substrate specificities has become almost
routine nowadays (28).

Despite the tremendous advancement of the field (29), a
single resource gathering all information needed to effectively
embrace this technique in the laboratory was still missing. We
set ourselves the goal to create such a repository. We called
it iNClusive (for ‘inclusion of Non-Canonical AAs into pro-
teins’).

iNClusive database creation

Selection of publications

There are several assays that can be used to prove the suc-
cessful incorporation of ncAAs into target proteins. Some are
indirect —they show the ‘effect’ of having the ncAA in the
target protein, for instance cross-linking to a fluorescent dye
(30)—, while others offer direct proof of the presence of the
ncAA in the polypeptide chain: mass spectrometry (MS), nu-
clear magnetic resonance (NMR) and X-ray crystallography.
We decided to focus on publications in which MS has been
applied to prove the presence of the ncAA into the target pro-
tein. Despite this choice excludes many interesting and valu-
able works, we had to find a compromise between exhaustive-
ness and manageability. Since the mining of the information
from publications and public repositories (see below in Data
mining and Discussion) was far from trivial and quite time-
consuming, we had to restrict the number of publications to
be analysed. Considering a direct proof superior to an indirect
one, we opted for MS. NMR could have been just as good a
choice (X-ray crystallography is still quite rare in this context).

Moreover, we decided to focus on publications in which the
loading of the tRNA with the ncAA was done via a tRNA syn-
thetase. Again, this selection has been done to limit the number
of publications to consider. We are aware alternative methods
exist (see Introduction) and our decision at this stage does not
represent a stance in favour of the usage of tRNA synthetases.

To retrieve these publications, we used the ‘Publish or Per-
ish> software (31) to search Google Scholar for terms typical
of studies involving ncAAs incorporated into proteins and MS
as validation method (Figure 2). ‘Publish or Perish’ allows set-
ting keywords and saving the bibliographic data of the papers
as comma-separated value files, which can be later used for
downstream analysis.

As there is no standardized nomenclature in the field (e.g.
some researchers speak of ncAAs, while other of non-standard
AAs; unnatural AAs might not be included in the term
ncAAs etc.) and considering that the same term could be writ-
ten differently in different journals (for instance noncanoni-
cal vs non-canonical), we used several combinations of search
terms to retrieve the publications from which to extract the
data (Table 1). Before processing the hits for the database, du-
plicates, as well as reviews, patents and master or doctoral
theses were removed, leaving 687 peer-reviewed publications
to manually analyse.

Data mining

The publications were processed manually due to the infor-
mation of interest being presented in different formats. For
example, mutations in the aaRS may be presented in the text,
in the figures, in the supplementary information, given in an-
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Table 1. Keyword combinations used to find publications on ncAA incor
poration into proteins proven by mass spectrometry

Mass spectrometry search term  UAA ncAA nsAA
‘Mass spectrometry’ 1960 752 112
‘Electrospray ionization’ 50 8 0
‘Electrospray ionisation’ 6 1 0
"MALDI’ 102 36 5
‘MS/MS’ 74 16 0
‘LCMS 145 37 9
‘GCMS’ 20 4 0
‘HPLC MS’ 16 2 0

Date of search: 22.09.2023. For each keyword search the term ‘tRNA Syn-
thetase’ was additionally used. ‘unnatural amino acid’, ‘non-canonical amino
acid’, and ‘non-standard amino acid’ are represented by UAA, ncAA, and
nsAA, respectively. Different versions of ‘non canonical” and ‘non standard’
(‘noncanonical’, ‘non-standard’) were not used because the ‘Publish or Per-
ish” software already replaces the blank during the search for a hyphen or
eliminates it. Without removing duplications, 3355 hits were gathered. For
all mass spectrometry search terms except for ‘Mass spectrometry’, the term
‘Mass spectrometry’ was excluded with ‘-‘mass spectrometry” to limit the
amount of duplicates.

other publication cited within the publication being processed
or omitted all together.

From each publication, we retrieved the following informa-
tion:

1) abbreviation and name of ncAA
2) organism of origin and natural substrate of the aaRS
used to incorporate the ncAA
3) mutations applied to the aaRS. Note that we decided to
assign to each aaRS a unique name composed of the fol-
lowing information: abbreviation of the organism of ori-
gin; abbreviation of the natural substrate of the aaRS;
the letters ‘RS’; and, if applicable, the mutations carried
by the synthetase. For example, Ec-MetRS is the aaRS
from E. coli that naturally loads methionine on the cor-
responding tRNA
4) name of tRNA used for the incorporation. We decided to
assign to each tRNA a name composed of three words:
(a) abbreviation of the organism from which it was de-
rived; (b) tRNA; (¢) AA naturally transported by the
tRNA. For example, ‘Bs-tRNA Tyr’ indicates a tRNA
naturally found in Bacillus subtilis, which transports ty-
rosine
5) codon recognized by the tRNA
6) modifications made to the tRNA (if any)
7) protein in which the ncAA was incorporated
8) position of incorporation (if given)
9) organism in which incorporation was tested, if any
(could be in vitro)
10) application for the ncAA (if given)
11) original publication in APA citation style
12) DOI link to the publication

We additionally collected the following information:

1) sequence of the aaRS. This was a very time-consuming
and laborious task, because the sequences are typically
not found in the publications themselves, but had to be
retrieved elsewhere with information provided in the ma-
terials and methods section (e.g. plasmid name and num-
ber as deposited in a public repository such as Addgene
(https://www.addgene.org/))
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Figure 2. Scheme depicting the workflow used to generate the iINClusive database. The hits were generated using the ‘Publish or Perish’ software (31)
upstream of Google Scholar. The publications were then manually reviewed and inserted into a preliminary database. The SMILES of the ncAAs were
generated with the Optical Structure Recognition (OSRA) software (32) and compared with those given in the PubChem database (33). The retrieved
information was confirmed manually by a different teamn member and only then added into the iNClusive database. A second review process done by a
third distinct person was additionally carried out on 10% of randomly picked entries.

2) sequence of the tRNA. Also in this case, we had to read
many publications and retrieve the sequence from other
databases or repositories (e.g. GenBank (34) or Addgene)

3) molecular-input line-entry system (SMILES) and TUPAC
name of the ncAA. To this aim, we uploaded images
of the ncAAs into the ‘Optical Structure Recognition
A (OSRA)’ software (32) and compared the generated
SMILES with the entries of the PubChem database (33).
Some of the ncAAs could unfortunately not be found
on PubChem, but we have nevertheless provided the
(SMILES) and the chemical formulas for these

4) AA closest in structure to the ncAA

5) comments (if applicable). These include, for example,
Addgene links, information on flanking sequences on the
tRNA, or specific conditions necessary for the incorpo-
ration of the ncAA

Figure 2 shows the entire workflow used to create iNClu-
sive.

Website creation

The iNClusive website was built with React (https://react.
dev/), a popular web framework, and utilises the Blueprint
component library (https://blueprintjs.com/) for user inter-
face design. We chose TypeScript (https://www.typescriptlang.
org/) as the programming language because it provides type

safety and enhanced code quality. The CSV data processing
was handled by Papa Parse (https://www.papaparse.com/), en-
suring efficient parsing. Additionally, the website incorporates
structure images sourced from PubChem (https://pubchem.
ncbi.nlm.nih.gov/).

Content and use

Currently, iNClusive has a total of 2432 distinct entries, with
information on 466 different ncAAs that were introduced into
569 proteins by 500 different aaRSs, collected from 687 dif-
ferent publications. Modifications of the same protein at dif-
ferent positions by the same ncAA are grouped as a single
entry, while modifications of the same protein with different
ncAAs or incorporation of the same ncAA into different pro-
teins appear as separate entries, even if the publication de-
scribing them is the same. Unique aaRS/tRNA pairs are cal-
culated on the basis of the unique IDs we assigned to them.
Users can explore the content online or export the dataset in
a single file where the entries are given as comma-separated
values (CSV). A search tool is available on the website allow-
ing users to easily find and download specific information. As
the database is quite extensive and not all columns can be vi-
sualized on the screen at the same time, we implemented the
possibility to set up filters under ‘Filter data’. With these filters
it is possible to search either all or only certain columns for
the desired terms. Several filters can also be applied at once,
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Figure 3. Pie charts showing the number of entries in the database for the indicated entities. For instance, the number 396 for sfGFP indicates that this
protein has been modified 396 times. Two entries might differ only for the organism used for the experiment or for the aminoacyl tRNA synthetase
employed. Similarly, the number 191 for 4-azido-I-phenylalanine does not mean this ncAA has been incorporated in 191 different target proteins. Entries
are distinct if any of the other categories in the database are different, such as tRNA, protein, organism in which the incorporation was tested, etc.

for instance to find out how often a certain ncAA has been
incorporated into proteins using a certain aaRS. It is also pos-
sible to hide certain columns using the ‘Show/Hide columns’
function. We have dedicated a page on the website to exem-
plary searches, which we hope will help the users navigate the
database more confidently.

Example of data extraction from iNClusive

iNClusive allows users to readily get insights into different as-
pects of ncAA incorporation. As an example, we plotted pie
charts showing the most used ncAAs (Figure 3, left panel), the
most modified proteins (Figure 3, middle panel), and the most
frequently adopted organisms (in this category we included
also cell-free systems; Figure 3, right panel). We found that
4-Benzoyl-L-phenylalanine and 4-Azido-L-phenylalanine are
the most used ncAAs. Perhaps not surprisingly, the superfolder
green fluorescent protein (sfGFP) from Aequorea victoria is
the most predominantly targeted protein for ncAA incorpora-
tion, given the possibility it offers to use fluorescence as read
out of successful full protein translation. Escherichia coli is
the most used organism for the incorporation.

Discussion

iNClusive is the first database entirely dedicated to ncAAs and
the proteins that have been successfully modified with them. It
offers users the possibility to access valuable information all at
once, sparing them the need to search for it in various individ-
ual publications and/or on different web servers/repositories.
Despite being dedicated to ncAAs, iNClusive is not ncAA-
centered, meaning that the entries are not based on individual
ncAAs. This might be confusing or questionable to some. We
wanted to report about the different aspects of the research
projects, such as organism and synthetase used for in the in-
corporation, target protein and positions, etc. While having
entries corresponding strictly to ncAAs would simplify the
database, important information would be lost or not search-
able anymore. By selecting the columns to be displayed, users
should be able to navigate the information and eventually find
what they are looking for, even if it might take a bit more time
(including own calculations beyond those automatically given
by us) for certain ncAA-centered searches.

Importantly, iNClusive provides the sequences of the aaRSs
and tRNAs needed for the incorporation, allowing readily per-
forming the experiments. Having to invest time to retrieve the
sequences (especially of mutated aaRSs, for which the muta-
tions are described in various publications) might discourage
researchers from actually using the technique in the labora-
tory.

Although we strived to report correct information in all
the categories and in each entry of this database -reflected
in our workflow including a first check on all entries and
a second one on 10% of the entries—, some mistakes are
bound to be present. This is mostly due to the vast amount
of data extracted from different sources (often several papers
and then public repositories) by different researchers at dif-
ferent career stages and with different backgrounds. We wel-
come the users to contact us with requests for amendments
whenever inaccuracies or inconsistencies are found (email to:
inclusive@bio.uni-freiburg.de).

Unfortunately, some entries in the database are incomplete
(marked as ‘not available’) because the data were not provided
in the publications, and it was not possible for us to unambigu-
ously assign the missing information using other sources (e.g.
GenBank). Moreover, if a typo was present in the original pub-
lication, the name of the ncAA might be inaccurately reported
in iNClusive. Finally, publications in which mass spectrome-
try was wrongly indicated as mass spectroscopy have not been
considered.

Currently, iNClusive contains only data retrieved from pub-
lications in which MS was used to prove the successful incor-
poration of the ncAA into the protein of interest and which
relied on the use of an aaRS-tRNA pair. In the future, we will
try to extend it to also include publications in which NMR
was used. Moreover, we encourage users to suggest to us new
entries for the database, which may either be from publica-
tions we inadvertently missed or future publications (email
to: inclusive@bio.uni-freiburg.de). These will be incorporated
in iNClusive provided they pass a quality check and adhere to
our selection criteria (that is, they refer to works in which a
tRNA synthetase was used and MS was applied to verify in-
corporation). Regardless of when such extension will be made,
we aim to keep on updating the database every six months
with new publications following the same criteria used so far.
We hope iNClusive will prove a useful resource to the commu-
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nity and will stimulate the adoption of ncAA incorporation by
more researchers.

Data availability

The iNClusive database will be continuously hosted at: https:
//non-canonical-aas.biologie.uni-freiburg.de/
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