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Abstract. In this comprehensive review, | focus on the twenty E. coli aminoacyl-tRNA synthetases and
their ability to charge non-canonical amino acids (ncAAs) onto tRNAs. The promiscuity of these enzymes
has been harnessed for diverse applications including understanding and engineering of protein
function, creation of organisms with an expanded genetic code, and the synthesis of diverse peptide
libraries for drug discovery. The review catalogs the structures of all known ncAA substrates for each of
the 20 E. coli aminoacyl-tRNA synthetases, including ncAA substrates for engineered versions of these
enzymes. Drawing from the structures in the list, | highlight trends and novel opportunities for further
exploitation of these ncAAs in the engineering of protein function, synthetic biology, and in drug

discovery.
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1. Introduction.

Researchers have long been interested in the tolerance of aminoacyl-tRNA synthetase (AARS) enzymes
to non-canonical amino acid (ncAA) substrates. Decades ago, biochemists like Irving Boime, Paul Berg,
and Leslie Fowden investigated AARS activation and protein expression in the presence of non-canonical

amino acids 3. Most of these early studies focused on the ability of AARS enzymes to activate



naturally occurring ncAAs, often plant toxins. After the advent of modern molecular biology, this field
has rapidly expanded, and now hundreds of ncAAs have been described as substrates. Although there
are many reviews on AARS and ncAAs, most of these focus on stop codon suppression approaches that
use the M. jannaschii tyrosyl-tRNA synthetase and the Methanosarcina barkeri or Methanosarcina
masei pyrrolysyl-tRNA synthetases. Truly spectacular engineering feats have been accomplished with
these enzymes . Less focus has been given to the E. coli aminoacyl-tRNA synthetases and their
tolerance towards ncAAs. Budisa!®”), Schimmel,® and Montclare, and have provided nice reviews
here, but these are now somewhat old and there has been a significant investigation of these enzymes
towards ncAAs in the intervening time. Many other recent reviews of the AARS enzymes have focused
on their biology, structures, and their use in genetic code expansion %!, In this comprehensive
review, | focus specifically on the amino acid substrate specificity of wild-type and mutant E. coli AARS

(ecAARS) towards ncAAs and their usefulness in translation.

The promiscuity ecAARS enzymes has been harnessed towards several applications (Fig. 1). The first,
often termed selective pressure incorporation, involves global replacement of a certain amino acid in a
protein with a ncAA (Fig. 1A) 181, In this case, the ncAA or a precursor is added to the growth media of
an auxotrophic strain of E. coli in the absence of the natural AA counterpart, prior to induction of
protein expression. E. coli auxotrophs for most amino acids are available 7). The proteins expressed in
the presence of the ncAA often contain high percentages of the ncAA in place of the cognate AA;
however, the high cellular concentrations of some canonical AA competitors can be an issue 8. A few
researchers have taken this a step further, adapting auxotrophic bacteria to tolerate incorporation of a
ncAA throughout the proteome, through gradual replacement of the proteinogenic AA in the media with
a ncAA analog (Fig. 1B) *>21, The evolved organisms can eventually survive on media containing only
the ncAA 23, EcAARS enzymes have also been used as orthogonal AARS/tRNA pairs introduced into

) [22-24]

other organisms (Fig 1C To achieve this, an ecAARS and a compatible suppressor tRNA are



introduced into a eukaryotic organism. The activation of the ncAA by that AARS will allow its site-
specific addition to a protein of interest in the living eukaryotic organism in response to a stop codon.
Finally, the promiscuity of the ecAARS enzymes has been harnessed in in vitro selection technologies
like mRNA display (Fig. 1D) 2>28], In this case, the replacement of a proteinogenic AA with a ncAA

enables the discovery of peptide ligands containing ncAAs from vast libraries 2%,
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Figure 1. Uses of ncAAs charged by E. coli AARS enzymes. (A) Selective pressure incorporation enables
protein expression wherein a single AA is substituted by a ncAA in every instance within an expressed
protein. The temporary nature of the replacement reduces toxicity to the organism. (B) Permanent
global replacement involves gradually allowing an organism to adapt to incorporation of a ncAA within
its proteome—eventually the canonical AA can be withheld and replaced with the ncAA, leading to an
organism with a permanently altered genetic code. (C) Site-selective incorporation involves
incorporating an orthogonal AARS/stop codon suppressor tRNA pair from E. coli into another organism.
Upon induction of expression, the ncAA can be incorporated selectively in response to a specific stop



codon. (D) Peptide libraries with ncAAs can be developed by using reconstituted in vitro translation
systems wherein multiple canonical AAs are withheld and replaced with ncAAs.

Here, | have compiled a comprehensive list of known substrates for ecAARS enzymes, with an emphasis
on their usability in translation. For those that have been directly kinetically characterized as AARS
substrates, a number of assays have been developed 3%, The most common assay used to test ncAA
activation with AARSs is the pyrophosphate exchange assay *%*2! which measures only the formation of
the aminoacyl-AMP intermediate, not the acylated tRNA. More recently, Wilson and Uhlenbeck
developed an assay that involves using a tRNA labeled at the 3’-terminal internucleotide phosphate 33,
This assay has been adopted for the detection of ncAA-tRNA directly 22634361 Hartman and Szostak
also developed a MALDI assay useful for screening ncAAs for activation ?°!. This assay has the advantage
that multiple ncAAs can be screened simultaneously with the full collection of AARS enzymes, but is
typically used qualitatively. Finally, many ncAAs that are ecAARS substrates have never been kinetically
characterized as substrates ¥ but have only been assessed indirectly, through monitoring of the
incorporation of the AA into a peptide or protein via translation 8. Those ncAAs tested in living cells
(e.g. via selective pressure incorporation) not only have to be charged onto tRNA, but also must be
taken up by the cells 37, metabolically stable, delivered as AA-tRNAs to the ribosome by EF-Tu, and able

to serve as competent substrates for the ribosomal peptidyl transfer reaction.

Considering the disparate assays used to evaluate ecAARS substrates, direct comparisons are
challenging. Most of the work in this field is driven by the desire to incorporate the ncAAs into proteins
or peptides, it is therefore possible to broadly classify them based this ability as | have done in Table 1.
Green dots represent good substrates for the translation apparatus. These are analogs that are proven
or are likely to work in translation experiments in living E. coli. This designation also includes engineered
E. coli AARS/ncAA pairs that are efficient for site-selective incorporation in eukaryotic organisms. Yellow

dots indicate that there may be some challenges in translation with this AARS/ncAA pair when using it in



living cells. This could be because the ncAA is a weak substrate for the AARS (some of these ncAAs have
kcat/Km values >10,000-fold lower than the canonical AAB?), or because there are high concentrations
of the canonical AA competitor 8. Alternatively, the AA may be only activated by a highly promiscuous
mutant AARS that would not work for protein expression in cells due to competition from cognate AAs.
These issues can often be solved in vitro by adding high concentrations of the ncAA and ecAARS and
through thorough removal of residual canonical amino acid competitors. Finally, some ncAAs were
given a yellow dot because they appear to be outliers based on their structure. These may be false
positives, and further validation is recommended. Red dots denote analogs that are not currently

compatible with translation; however, future engineering of the translation apparatus may enable

incorporation. These rationales are summarized in Table 1.

Table 1. ncAA classification system used in this review.

Designation | Meaning Reasons
@) Efficient charging and incorporation into --Viable substrate for AARS and
Green Dot | proteins in living cells. downstream translation components
O Potential issues with incorporation --Weak ecAARS substrate
Yellow Dot | into proteins in living organisms, but likely | --Charged by a promiscuous ecAARS
to work in in vitro experiments. --Potential false positive
Red.Dot Charged onto tRNA, but is not incorporated | --Not tolerated by downstream translation

efficiently even in vitro. components

2. E. coli Aminoacyl-tRNA synthetases and their substrates

2.1 Introduction. In the following paragraphs, | describe all the known ecAARS substrates (as of Dec.

2020), discussing each of the 20 AARS enzymes individually. AsnRS and GlyRS are not included in the list

as, to my knowledge, no ncAA substrates for these enzymes have been found.

2.2 AlaRS. Due to its small binding pocket, very few ncAA substrates for AlaRS have been described (Fig.

2). EcAlaRS can charge 1-aminocyclopropanecarboxylic acid (A1), 1-aminocyclobutanecarboxylic acid




(A2), and aminoisobutyric acid (Aib) (A3) onto tRNA as shown using a MALDI assay . Of the three, A1
is the best substrate for AlaRS, but all 3 are difficult substrates for the translation apparatus. Provided
efficiency can be improved, one could use the unique conformational properties of these amino acids to

probe peptide and protein structure.

2.3 ArgRS. L-canavanine (R1), is a toxic plant metabolite that is an efficient Arg analog with a
surprisingly low pKa (7.0) 4%, |ts toxicity is mediated through protein incorporation®Y, and it is an
efficient substrate E. coli ArgRS > (Fig. 2). A few additional analogs have been described. ArgRS also
tolerates methylation (R2) and hydroxylation (R3) at the terminal nitrogen'?®!. One amidine analog,

vinyl-L-N10, R4, has also been described!?®. R4 is well-known as an inhibitor of nitric oxide synthases 4,

2.4 AspRS. Three ecAspRS substrates have been described by Hartman and Szostak ?* (Fig. 2). L-threo-
3-hydroxyaspartic acid (D1) is an excellent substrate. D1 has is an inhibitor of glutamate transporters!*®
and also has antibiotic activity “®!. Two backbone altered substrates, alpha-methyl Asp (D2) and N-

methyl Asp (D3) can be charged 2, but efficient translation with these analogs is difficult.!**
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Figure 2. ncAA substrates for ecAlaRS, ecArgRS and ecAspRS.

2.5 CysRS. Only one analog of cysteine has been shown to be activated by ecCysRS, selenocysteine (C1)

[47.48] (Fig. 3). A point mutant that activates C1 more efficiently has also been described "), C1 is a good



translation substrate, and opens up opportunities for selective chemical transformations!*”! and

cyclizationt%°%!

2.6 GIuRS. To my knowledge the only paper looking at analogs of GIuRS is by Hartman and Szostak 2!,
Their MALDI screen showed that ecGIuRS is quite tolerant towards substitutions at the gamma position;
both fluorination (E1-E3) and methylation (E4-E5) is allowed at this position, although the methylated
analogs are weaker substrates *3! (Fig. 3). Interestingly, two glutamate receptor agonist natural
products, quisqualic acid (E6) and ibotenic acid (E7) also resemble Glu enough to be charged by ecGIuRS.
However; for any of these analogs, incorporation in living cells will be challenging due to the very high
concentration of glutamic acid in the cytoplasm of cells *¥] and the lack of a Glu auxotrophic strain for

conducting selective pressure incorporation experiments 7,

2.7 GInRS. To my knowledge, the substrate scope of ecGInRS has been sparsely studied; however, near-
natural analogs containing hydrazide (Q1), ethylated amide (Q2), and urea (Q3) groups have been
shown to be substrates ?°! (Fig. 3). In addition, Perona created a mutant GInRS that can activate
glutamic acid (Q4) .
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Figure 3. ncAA substrates for ecCysRS, ecGluRs, and ecGInRS. °GInRS C229R/Q2551/5227A/F233Y.

2.8 HisRS. A decent number of alternate substrates for ecHisRS have been explored (Fig. 4). The 2- and
4-fluoro analogs are excellent substrates (H1-H2) 2, as are the 1,2,3 and 1,2,4 triazoles, H3 and H4 >3-
>l My lab in collaboration with Ashton Cropp has exploited the lower pKa of the imidazole group of H2
to enable selective capture of peptides containing six H2 residues on nickel beads under low pH
conditions ¢, Both N-methylated analogs (H5 and H6) are weak substrates °7°%, The thiazole analog of
His, H7 %], and 2-thio-His®®, H8, are also substrates. ecHisRS is also able to activate both N-Me His (H9)
and D-His (H10), but both are poor substrates for the translation apparatus ?°!. Work by Séll and
Umehara to create a strain of E. coli where ecHisRS made orthogonal through replacement by C.

crescentus HisRS/tRNAs 8 bodes well for future engineering of this enzyme.

2.9 lleRS. The substrate scope of lleRS has been explored, and studies have shown some surprising
substrate plasticity (Fig. 4). This plasticity can be further extended by blocking the second, editing active
site that is responsible for improving fidelity through hydrolysis of non-cognate AA-tRNAs (e.g Val-
tRNA"") 34 All the aliphatic analogs described so far as substrates for the wild-type lleRS have beta
branching, while the editing-deficient mutant will also accept some straight chain analogs 4. A number
of groups have looked at fluorinated analogs, and a wide variety of mono and tri-fluoro substituted
analogs of lle, Leu, and Val are substrates (11-15) (163459601 Tirre|l has exploited 11 for the stabilization of
B-zip peptides 9. Koksch has extensively studied the ability of IleRS to charge and edit I3, which is
activated by IleRS but is also edited off in a post-transfer mechanism 3%, |leRS also tolerates terminal
olefin (16) 152 and thioether (17) % substituted analogs of lle. Two different alkyl chlorides, 18 and 19
have also been described as substrates by Easton [®3 and represent interesting electrophiles.
Surprisingly, a MALDI screening assay also revealed that lleRS can activate the aryl amino acids

phenylglycine (110) and 2-thienyl glycine (111), as well as cyclohexyl glycine (112) ?°!. Two novel



substrates include the interesting natural products furanomycin (113)!** and acevicin (114). >, which is

also a y-glutamyl transpeptidase inhibitor.
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Figure 4. ncAA substrates for ecHisRS and eclleRS. 2lleRS T243R, D342A.

2.10 LeuRS. Wild-type and mutant E. coli LeuRS have been explored extensively and a huge array of AA
substrates have been uncovered. The ecLeuRS/tRNA™ pair has been shown to be orthogonal in
yeast,!®! which has motivated a significant number of mutagenesis studies. This enzyme is particularly
amenable to alterations in substrate specificity because it has a large and malleable binding pocket (Fig.
5A). Amino acids in the binding site surrounding Leu side chain (Fig. 5B) have been extensively mutated
leading to enzymes with remarkable activity towards ncAAs that are very different from Leu. EcLeuRS
also has an editing site, and deactivation of the editing activity has led to an expansion in the ncAA

substrate specificity [°).



Figure 5. Active site of E. coli LeuRS. (A) ecLeuRS binding pocket surface is shown in red. The side
chain of Leu sitting in the pocket is shown in green. (B) A sample of residues that form the Leu binding
pocket that have been mutated. Images were made using Pymol from pdb 1H3N 7,

A large number of near-cognate amino acids have been explored (Fig. 6). Mono-, Tri- and Hexa-fluoro
Leu (L1-L3) have been investigated both in in vitro translation and in auxotrophic bacteria [2%:26:3463:68,69],
Coiled, coil proteins containing L3 are significantly more stable to denaturation than those containing
Leu ®8. The wild-type enzyme can also activate t-butyl Leu (L4)>>%°, cyclopentyl-alanine (L5)!**! and
dehydro variants L6 and L7 ¢>7%72 An editing deficient version (T252Y) has been exploited by Tirrell to
introduce a number of additional alkenes (L8-L9), alkynes (L10-L11) and straight chain alkanes (L12-L13)
661 " Each of these can be incorporated in selective pressure incorporation experiments. An evolved

ecLeuRS mutant described by Schultz that can activate amino acids with long-chain hydrocarbon side

chains (L14-L16) has also been developed 2473,

EcLeuRS has also been fruitfully studied for the incorporation of a wide variety of interesting functional
groups, including a ketone (L17) 7Y, a diazirine photoaffinity label (L18)!**!, and a tertiary amine analog
where the methine carbon is replaced with a nitrogen (L19) 12 Alkyl chlorides L21 and L22 have been
shown to be substrates by Easton ¥, Mutant LeuRS’s can also activate methionine analogs L22 and L23

and even amino acids with long-chain thiols (L24-L25) 4,



The specificity of the LeuRS active site has been pushed even further through directed evolution with
some spectacular results. A wide variety of aryl amino acids, even those with very large side chains have
been uncovered. p-Methoxy phenylalanine (L26) !, and photocaged analogs of serine (L27) "%,
cysteine (L28-L30) [*>7577] and selenocysteine (L31)74787%] gre substrates for various mutants. Schultz
has used the AARS that activates L27 and its tRNA as an orthogonal system in yeast to control protein
serine phosphorylation in a spatiotemporal manner ", Mutant ecLeuRS enzymes activating
naphthalene (L32) %, naphthalene ketone (L33) 8981 and even the very large dansyl group (L34) [738283]
have been described; each of these amino acids can serve as a useful fluorescent reporter within

proteins. A mutant activating the ferrocene amino acid L35 has also been reported 4.

Finally, wild-type LeuRS has been shown to activate various backbone-modified analogs, including the
alpha-alpha disubstituted 1-aminocyclohexane and cyclopentane carboxylic acids (L36-L37) >, and
alpha-hydroxy substituted compound L38 (2. N-methyl Leu (L39) and Bs-Leu (L40) have also been

activated, although they are poor substrates in translation 12543,
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Figure 6. ncAA substrates for ecLeuRS. ?LeuRS D252A. ’LeuRS M40V, L41M, Y499L, Y527L, H537G,
‘LeuRS M40I, Y4991, Y527A, H537G. “LeuRS MA40L, L41E, Y499R, Y527A, H537G. °LeuRS M40G, L41Q,
Y499L, Y527G, H537F. fLeuRS M40W, L41S, Y499, Y527A, H537G. 9LeuRS M40G, L41P, Y499G, Y527A,
H537T. "LeuRS L38F, M40G, L41P, Y499V, Y500L, Y527A, H537G, L538S, F541C, A560V. ‘LeuRS M40A,
L41N, T252Y, Y499I, Y527G, and H537T. ‘LeuRS M40G, L41K, Y499S, Y527A, H537G.

2.11 LysRS. EcLysRS has been sparsely explored with regards to ncAAs (Fig. 8, below). The conservative
substitutions giving rise to thialysine (K1)1?>2 and selenalysine (K2)® are tolerated. Seebeck and
Szostak used analog K2 as a surrogate for dehydroalanine, leading to lantiboitic-like peptide libraries ¢!,

LysRS also tolerates introduction of a trans double bond between the gamma and delta carbons (K3) 12°!,



LysRS can activate the B3 analog of lysine (K4), N-methyl lysine (K5), and D-lysine (K6), although each of

these are challenging to incorporate into peptides or proteins 2>43!,

2.12 MetRS. The substrate scope ecMetRS has been investigated comprehensively, finding analogs
consistent with its narrow but deep active site pocket (Fig 7A). Mutagenesis of residues around this

pocket (Fig 7B) has led to expanded substrate scope.

Figure 7. Active site of E. coli MetRS. (A) The ecMetRS binding pocket surface is shown in blue. The
side chain of Met sitting in the pocket is shown in green and yellow (for sulfur). (B) Residues that form
the Met binding pocket that have been mutated. Images were made using Pymol from pdb 1P7P 7],

Wild-type and mutant ecMetRS enzymes tolerate most non-branched amino acids with side chains
containing 3-6 atoms (Fig. 8). This includes hydrocarbons (M1-M3) (25396988921 ‘terminal or trans-alkenes
(M4-M6)12>3%°0 terminal or internal alkynes (M7-M10) 3°8889,9193-95] 'and hydrocarbons terminating in

a trifluoromethyl group (M11-M12) 256971 Cyclopropylalanine (M13) is also a substrate [2°),

Various heteroatom substituted analogs have also been described as substrates. Selenium, oxygen, and
even tellurium is tolerated in place of the sulfur (M14-M16) °®°°], The sulfur can also be alkylated with
fluroromethyl groups (M17-M18)®”) or longer chains including the ethyl (M19)2>6%1001 or 3]ly| (M20) [0
groups. S-allyl cysteine (M21) is also a weak substrate for MetRS [°Y, and this leads to poor
incorporation efficiency (it's competence in translation in E. coli has been confirmed with an engineered

PyIRS 192)). S-allyl homocysteine (M21) is a better substrate?>1°Y, and is a powerful reagent for site-



selective labeling via cross metathesis or click chemistry [*°1. Azide M22 has been exploited extensively
for labeling, and by Link and my group for the creation of cyclic peptides or proteins [2>:26:28,69,88,92,103,104]
Tirrell and Link have investigated mutant MetRS enzymes that can activate the longer-chain azide M23
[105-107) or shorter chain alkyne M7 3! to avoid competition with endogenous Met for cellular labeling 3.
Azide M24 is a weaker substrate 1%, Surprisingly ecMetRS can also tolerate a few amino acids with
polar side chains; the methyl esters of aspartic (M25)?°! and glutamic (M26)!2>%°! acids are substrates.
EcMetRS has been shown to activate the B3-Met analog M27 although it is a poor substrate 5%, The
hydroxy acid M28 is also a substrate!?® and can be incorporated into peptides, but because this analog

does not contain an alpha-amino group, it is not processed efficiently by the translation initiation

machinery 43,



jH«;N,_[co,H HyN,,_[CO;H HoN,, .CO.H

: s Se |
HzN,, .COH } H

} K1 O NHZ KZ ONHZ K3O NH2

;‘:o oH N %c:gH HZNTW:ZH

HoN,, COsH HoN, _COH HyN,

M10 M20
HoN, _COpH HoN, _COsH HyN, _COuH
HyN,, COH ! |
i | S
' M40 M5 Q@ M60O
S
! HyN, _COH HyN, _COH HyN, _COuH

M7°Q
HaN, _COM HoN,
mMi0g°

M11° @ cF; M120

EHaN,J,q?O;H HoN, _COH HoN, _COH
! HaN, COH HaN, _COH HoN,

L OHoN COgH HaN.,

.

(0]
M14Q

.

Te

Se N
M130 ™~ M150

g g ,QCO;H HZNM'(TOZH

M16 O “CHFaMm170

w

COH HzN, CO)H HuN,,

g [Nx
N
Mzooﬁ M21@ Mzzfow M23 O
N3
HoN,, CO,H HaN,, _CO.H

g
(o8 ~
M24 0O M25

OO

COH !

P M270 >

. HoN,,
; CCO;H

N S S i
CFs miso T MlBOL !
|

~
M26 @

HO,, _.COzH
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2.13 PheRS. Wild-type ecPheRS has been used to incorporate a wide variety of aromatic ncAAs. Early

on, Hennecke described a A294G mutant which has an expanded binding pocket (Fig. 9A) near the

binding site of para position of the phenyl ring 12! (Fig. 9B). A further mutant described by Tirrell

(T251G, A294G), has an even more open binding pocket [*,



Figure 9. Active site of E. coli PheRS. (A) The ecPheRS binding pocket surface is shown in red. The side
chain of Phe sitting in the pocket is shown in green. (B) Two residues that form the Phe binding pocket
have been mutated. Images were made using Pymol from pdb 3PCO 112,

A wide variety of 4-substituted Phe analogs have been described (Fig. 10). The wild-type enzyme can
only activate 4-fluoro Phe (F1)[3113-116 byt the A294G mutant allows for the incorporation of many
analogs. The halogen series can be activated (F2-F4) as well as the 4-cyano (F5), azido (F6), and alkyno
(F7) derivatives [2>°4103117.118] ' The a7ido Phe, F6, can be used as a photoaffinity label **%, and alkyne F7
has been used along with click chemistry for protein labeling or stapling®*%! or, by us for the creation
of diverse bicyclic peptide libraries [2412°, 4-Nitro Phe (F8) is also a weak substrate for the A294G
mutant °1. The T251G, A294G double-mutant is also able to use the ketone containing F9 which has
been used as a reactive and selective handle for protein derivatization **, Wang and Matthews***
have recently investigated 3-substituted analogs, showing the wild-type enzyme to be quite tolerant to
substitution at the 3 position. Analogs include the fluoro (F10) 70921141151 chloro (F11) 1*4, methyl
(F12)**4, hydroxy groups (F13)™** as well as 3,3-disubstituted analogs F14, F15, and F16 (4, 2-
substituted analogs, F17 (252640701151 gnd F18!*'4 have also been shown to be substrates, although

substitution at this position is less tolerated than the 3-position 114,

The wild-type enzyme is also able to tolerate aliphatic substitutions on the B-carbon, either methyl or
hydroxy substitutions (F19-F21)12>*21, Various researchers have also explored changing the type of

aromatic ring. Pyridines (F22-F24)°%7] thiophenes (F25-F26)12>5%121.1221 gnd even an acyclic



trisubstituted olefin (F27)*?") can be used in place of benzene. The A294G and T251G/A294G mutant is
also able to activate the interesting benzofuran analog F28 as shown by Nielsen!*?3!, Finally, wtPheRS is

also able to activate the -2 analog of phenylalanine (F29) with reasonable efficiency, although it is a

poor substrate in downstream translation 2!,
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Figure 10. ncAA substrates for ecPheRS. “PheRS A294G. “PheRS T251G, A294G.

2.14 ProRS. The substrate specificity of ecProRS has been explored (Fig. 11); much of the work has been
done by Conticello*?*'%], Most of the analogs consist of conservative substitutions around the ring.
The enzyme tolerates fluorination at the 3 and 4 positions (P1-P4) [698%124-127]: these analogs have
different ring pucker characteristics which makes them interesting structural probes 1241261, Both 4-
hydroxy proline diastereomers (P5-P6) are also substrates (6289921241281 ' A|pha methyl Pro (P7) is also a

substrate for ProRS, but downstream translation with this analog is challenging 12 The 4,4-difluoro



analog, P8, has also been studied 2%, Alterations within the ring itself have been explored. 3,4-
dehydro Pro, P9 251241 35 well as both thiazolidine ring-analogs P10 12>%% and P11 12412°] gre substrates.
Ring size has also been varied. The plant toxin azetidine-2-carboxylic acid (P12) 3 is a well-known
substrate 21?4 Conticello created the C443G mutant which is able to activate the ring expanded

piperidine analog P13 (24, Both P12 and P13 are interesting conformational probes 124,

2.15 SerRS. EcSerRS substrates have not been explored extensively. f-methyl amino alanine (BMAA),
S1, is a toxic amino acid 3 that is known to be a substrate 32! (Fig. 11). Recently S6ll uncovered a
couple of putative ecSerRS substrates in a translation screen (S2 and $3) 8. These new substrates
suggest that the SerRS enzyme can tolerate amino acids with substitutions at the B-carbon, and this

could serve as an interesting avenue for future inquiry.

2.16 ThrRS. To my knowledge, the only alternate ThrRS substrate known is -hydroxynorvaline (T1)

[25,26,40,133] (Flg 11)
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Figure 11. ncAA substrates for ProRS, SerRS, and ThrRS. °ProRS C443G.

2.17 TrpRS. A wide variety of Tryptophan analogs are substrates for ecTrpRS, and most are also easily

incorporated into translated peptides or proteins in place of Trp. These analogs are easily accessed



enzymatically 3, or, if working in auxotrophic bacteria, through feeding the modified indole into the
media *3°. ecTrpRS has a large and moldable binding pocket (Fig. 12), and directed evolution of ecTrpRS
has been explored by Chatterjeel*** who has established it as an orthogonal synthetase in mammalian

systems.

Figure 12. Active site of E. coli TrpRS. (A) The binding pocket surface of TrpRS is shown in red. The
side chain of Trp sits in the pocket as shown in green. (B) Residues that form the TrpRS binding pocket
thathave been mutated are shown in red with corresponding numbering. Images were made using
Pymol from pdb 5VOI.

Much of the work testing Trp analogs has been performed by Budisa. Substitution at the 4-position is
tolerated for fluoro®37-141 hydroxy*4?, methyl!!3%143144 gnd aminol**>144 groups (W1-W4) (Fig. 13).
Wild-type EcTrpRS tolerates a wide variety of 5-subtitutions including fluoro!?>6%137-141 ' hromo!2>136],
hydroxy [2>89136:140145] 'and methoxy substituents [2>13¢! (W5-W8). Mutagenesis has permitted further
substitutions at the 5-position including the azide (W9), propargyloxy (W10) and amino groups
(W11)1*3¢], The 6-position can also be substituted (W12-W14) [137.139-141148] - 7_gyhstitued analogs have
not been extensively explored, but the 7-fluoro Trp is a substrate (W15)1¢913%, The tetrafluoro analog
(W16) was also reported as a substrate, but incorporation into proteins has not been established 147,
Substitutions on the indole nitrogen have not been well tolerated 47, although Séll reported that the N-

formyl and N-boc analogs could be incorporated using stop-codon suppression (W17-W18) ", Since



incorporation was not validated by MS, it is possible that they were metabolized to Trp or were
contaminated with a small amount of Trp, giving false positives. To my knowledge, substitutions at the

2-position have not been explored.

The indole ring itself can be extensively altered by substitutions. The 4,5, and 7 positions have been
replaced with nitrogen (W19-W21) [226:140.141,145,146,148,149] " 6_373 jncorporation (via addition of the

(1481 2_3za

corresponding indole) was tested in auxotrophic bacteria, but incorporation failed
tryptophan (W22) has conflicting reports about its suitability as a translation substrate [*°¢152 Chou and
coworkers have recently investigated the 2,6 and 2,7 di-aza substrates (W23 and W24), as fluorescent
probes of hydration 1°3-°¢], The benzene ring in the imidazole can be substituted with a 5 member-ring
containing a sulfur or selenium atom (W25-W28) [*3%, The indole nitrogen can also be substituted with a

sulfur®], but this thiophene analog (W29) is a mediocre substrate in translation 3. Surprisingly, S-

benzyl cysteine, W30, and 2-iodo Phe (W31) also are substrates 72,

Finally, a few backbone analogs of Trp have been shown to be substrates including N-Me Trp (W32)
(25431 the alpha-hydroxy acid analog of Trp (W33) 2, and D-Trp (W34)1*>”, W33 is a good substrate for

the translation apparatus 72\,
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Figure 13. ncAA substrates for ecTrpRS. “TrpRS S8A, V144S, V146A. TrpRS S8A, V144G, V146C.

2.18 TyrRS. The plasticity of the ecTyrRS active site (Fig. 14) has been exploited extensively, and a wide
variety of AAs, many of which do not significantly resemble tyrosine, can be incorporated. The
orthogonality of ecTyrRS/tRNA™" in yeast and mammalian systems!*>® has served to motivate the

directed evolution of a wide variety of mutants.

L186 Q195




Figure 14. Active site of E. coli TyrRS. (A) The ecTyrRS binding pocket surface is shown in red, with the
Tyr side chain shown in green. (B) A sampling of residues that form the Tyr binding pocket that have
been mutated are shown in red. Images were made using Pymol from pdb 1X8X 259,

The first group of analogs consists of amino acids that retain the 4-hydroxy group but have additional
substitutions around the ring (Fig. 15). A wide variety of 3-substituted amino acids (Y1-Y9) are
substrates[?>406970,52114,127,160-163] g|though those with larger substituents (Y3, Y4, Y8) require a mutated
version of the AARS (Y37V, Q195C) (162163 Several labs have explored 2-fluoro Tyr (Y10) (7261 and
recently , Wang and Matthews have shown the wild-type enzyme to be fairly permissive to tyrosine
analogs substituted at the 2-position (Y10-Y14) [1*4 Multiple halogenations are tolerated (Y15-

Y16)"2%1, as well as changing the benzene for a pyridine ring (Y17) 1*64,

A wide variety of mutants have been described that can incorporate analogs that lack the 4-hydroxy
group. These include a number of 4-substituted analogs including methoxyl (Y18)2%158165166] 3nd nitro
(Y19)? compounds. Various reactive handles have also been introduced including the 4-acetyl (Y20)
(22,158,165,167] jodo (Y21) (221651661 gnd azido (Y22) 122158:165166,168] compounds. Chatterjee developed a
ecTyRS mutant that can activate sulfated tyrosine (Y22) and has used it for the overexpression of
sulfated proteins both in mammalian cells and E. coli **). Other O-alkylated compounds include alkyne
Y24 1221651661681 3n( chloroethyl Y25 122, Mutant synthetases can activate the boronate (Y26) 1?2 and the
photoaffinity label trifluoromethyldiazirine (Y27) 7%, The wild-type enzyme can also activate the
trifluoro and dichloro analogs Y28 and Y29 72, A TyrRS mutant that can activate benzophenone-
containing derivatives has also been developed [1°%165-1¢7] for yse as an orthogonal AARS/tRNA pair in
yeast. Mapp and coworkers have explored a variety of substituted benzophenones (Y30-Y37) for this

S [171,172]

mutant, noting significant differences in photoaffinity labeling efficiencie . Brauchi recently

exported mutations from a M. janaschii enzyme into EcTyrRS, enabling a mutant that can activate



coumarin amino acid Y38 31, Finally, D-Tyrosine (Y39) is a surprisingly good substrate #32; however it

is hydrolyzed off of the tRNA by a selective de-acylase to prevent toxicity 7.
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Figure 15. ncAA substrates for ecTyrRS. “TyrRS Y37V, Q195C. “Multiple mutants reported**®! <TyrRS
Y37G, D165G, D182G, F183M, L186A. TyrRS L71V, D18G. ¢TyrRS Y37V, D165G, D182S, F183M, L186A.
Multiple mutants reported*®®!, 9TyrRS Y37G, D182G, F183Y, L186M. "TyRRS Y37G, L56E, L71H, T76G,
S$120Y, A121H, D182G, F183I, L186G.

2.19 ValRS. EcValRS has been extensively studied for the incorporation of ncAAs (Fig. 16). In particular,
the editing deficient mutant T222P, long known to enable synthesis of Thr-tRNA'? and Cys-tRNAV?! 1174,

has proven to charge a very diverse range of substrates.



A wide variety of straight and branched chain aliphatics are substrates for wild-type or mutant ValRS
(V1-V4) 25431751761 - The hydrocarbon side chains can also be substituted with cyano groups (V5), azide
(V6), hydroxyl groups (V7), a thioether (V8), and ethers (V9-V10) ?>'73! Early experiments by Berg and
Dieckmann *7®! showed that chlorobutyric acid derivatives V11 and V12 are decent substrates; and more

recently Easton showed that these interesting AAs could be incorporated into proteins [63,

A wide variety of mono- and tri-fluoro substitutions are also good substrates (V13-V16) [25344043,60,177],

Interestingly, V13, is a substrate, but not the C-3 epimer *”7). My lab has shown that ValRS and its
editing-deficient mutants are able to charge a wide variety of $-amino acids, including B3 analogs of
both alanine (V17) and valine (V18), as well as cyclic beta amino acids containing cyclohexane and
cyclopentane rings (V19-V21) 2> These analogs are known to exert unique conformational
constraints into peptides, although their incorporation in translation requires significant engineering of
the translation apparatus (7%, Szostak reported that cyclic alpha-alpha disubstituted amino acids V22
and V23 were good substrates for the wild-type enzyme 2, and used V23 within a diverse peptide
library ?7). More recently my lab showed that the editing-deficient mutant can activate alpha-methyl
analogs of alanine (V24)7%, serine (V25) 7], and cysteine (V26) [17°!. The latter when incorporated into
a cyclic peptide can serve as a suitable replacement for the standard hydrocarbon staple for promoting
alpha-helical peptide conformations [, Finally, N-Methyl valine (V27) can be charged although itis a

poor substrate for downstream translation 243!,
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Figure 16. ncAA substrates for ecValRS. °ValRS T222P.

3. Trends and applications of ncAA substrates

The list of ncAA substrates for ecAARS enzymes can be taken in several productive directions. For each,

| highlight a particularly exciting or innovative application.

3.1 Fluorination. A significant fraction of the ncAAs listed in these charts are fluorinated amino acids.
The small size of the fluorine atom makes it an excellent substitute for a hydrogen. Budisa’s excellent
review on global replacement with fluorinated ncAAs in proteins highlights the effects of these
molecules on protein structure, catalysis, and their usefulness as NMR and vibrational spectroscopic
probes [*8% Pomerantz has pioneered drug screening of protein binding by NMR using proteins globally
substituted with fluorinated Trp and Tyr residues 81, In a notable recent paper, Nash and coworkers
investigated the impacts of the presence of trifluoro leucine on the stability of protein interfaces using

single molecule force spectroscopy 182,

3.2 Bio-orthogonal chemistry. Many of the amino acids described in the preceding lists have novel
functional groups that can be used in bio-orthogonal reactions. Notable functional groups include
hydrazides (Q1), ketones (L31, F9/Y19, Y29-Y35), azides (M20-M21, F6/Y22, W9, Y8), terminal alkynes
(L11/M8, M7, F7, W10, Y24), alkyl chlorides (19, 110, L20, L21, Y25), aryl iodides (F4/Y21, W31, Y4), an
aryl boronate (Y26), and an S-allyl group (M18). Azides and alkynes have, in particular, been exploited
using copper-mediated azide-alkyne cyclization or copper free click experiments for selective labeling
(541031831 ' The majority of these experiments have focused on analogs L11/M8 and M21 as methionine
surrogates. These have been extensively exploited to monitor the production of new proteins inside
cells and organisms through adding a pulse of the ncAA. This technology, developed by Tirrell and
Schuman is known as BONCAT (Bio-orthogonal non-canonical amino acid tagging) ***. The more recent

development of Trp and Tyr analogs containing azides and alkynes (W9, W10, Y8, Y22, Y24) opens up



new opportunities for selective labeling of aryl residues. The other functional groups in this list have not

been extensively exploited and offer new avenues for protein labeling and peptide library cyclization.

3.3 Fluorescence. Although native tryptophan is a weak fluorophore, fluorescent amino acids have
been widely pursued for their enhanced fluorescent properties, including some ecAARS substrates 18],
Substituted tryptophans have altered wavelengths of emission and excitation, and in some cases,

improved quantum yields [142144,148,186,187]

. Due to the lower molar absorptivity of these analogs, they are
not as bright in fluorescence as some of the analogs activated by engineered AARS enzymes. Notable
fluorescent compounds include Anap containing amino acid L33 188189 and dansyl-derivatized L34
(73821901 - Coumarin-containing Y38 also has excellent fluorescent properties 17>°1, These amino acids
offer a potentially efficient route for the site-selective labeling of fluorescent proteins. The most
impressive applications of these amino acids involve Anap (L33). Kalstrup and Blunck, incorporated L33
into several positions of a voltage-gated potassium channel and were able to observe changes in
fluorescence under various voltages in patch clamp assays [**?!. Sakata and coworkers used a similar
strategy to investigate the activity of a voltage sensitive phosphatase [**2). The ability to site-specifically
label these channels allowed for a detailed understanding of which parts of these membrane proteins

undergo conformational changes as voltage changes. FRET with a membrane-embedded dye also

allowed for analysis of how parts of the protein moved in relationship to the membrane %2,

3.4 Photoreactive groups. Several amino acids bearing photoaffinity-labels have been developed,
including those containing diazirane L18, trifluoromethyl diazirane Y27, aryl azide F6/Y22, benzofuran
F28 and benzophenones Y30-Y37. Particularly interesting is amino acid Y37, developed by Joiner and
coworkers. The benzophenone allows for crosslinking, while the alkyne group enables subsequent
capture on streptavidin resin after click chemistry with biotin azide *’?., Hino and coworkers also
established Y27 to map the interactions of the SH2 domain of GRB2 using proteomics followed by

[170]

confirmation by Western blotting ’®. Photocaged serine, cysteine, and selenocysteine-containing



amino acids, L27-L31 have also been developed as LeuRS substrates. In an impressive example, Kang
and coworkers introduced a mutant ecLeuRS and suppressor tRNA™ into the mouse neocortex. In the
presence of injected L29, they were able to control the activity of the Kir2.1 potassium channel with

light in brain slices "7,

3.5 Posttranslational modifications. Four of the ncAAs on this list correspond to known post-
translational protein modifications. Monomethyl arginine (R2) and other arginine methylation patterns
are involved in a variety of cellular pathways including splicing, cell metabolism and the DNA damage
response, and the arginine methyltransferases have become hot drug targets in oncology **3. The use
of R2 as a substrate for ecArgRS has, to my knowledge, not been exploited in these studies.
Hydroxylation of Pro-402 or Pro-564 of HIF-1a. giving trans-4-hydroxyproline (P6) is an essential
component of the cellular response to oxygen levels *°4. 3-nitrotyrosine (Y9) is a post-translational
chemical modification that is indicative of oxidative stress!**>'%!: however, the incorporation of nitro-Tyr
using ecTyrRS is weak 314 gnd this has limited any useful studies. In an impressive feat of
engineering, Italia et. al. developed a TyrRS that can directly incorporate sulfated tyrosine (Y23) into
proteins in mammalian cells and were able to study the effect of tyrosine sulfation at specific sites in a

thrombin inhibitor protein, heparin cofactor Il (6%,

3.6 Parameterization of local electric fields and vibrational energy transfer. A emerging application of
some of these ncAAs involves probing the electrostatics of enzyme catalysis and binding by the
vibrational stark effect—that is the change in IR stretching frequencies of a given functional group based
on the local electric field 8, Much of the work in this field has focused on ncAAs and engineered AARS
from other organisms [180197.1%8l: however, several of the ncAAs listed above contain functional groups
with sufficient IR-stretching signals and sensitivity to the electronic environment to serve as vibrational
probes. Alkyl and aryl fluorides, cyano groups (F5 and V5), azides (M20-M21, F6/Y22, W9, Y8), and

nitro groups (F8, Y9) are all suitable candidates for these investigations 89191 Alternatively, one can



introduce the vibrational probe into a bound ligand and use other ncAAs to alter the electronic nature of

the protein binding site [180:197:198],

4. Summary and Outlook.

In the preceding paragraphs, | have listed the known substrates for E. coli wild-type and mutant
enzymes. Some were uncovered out of curiosity for the enzyme substrate specificity or from broad
screens. Others were investigated due to their natural origin. Still others were developed with an eye
towards protein engineering. By combining research from each of these sources into one location, a full
picture of the specificity and engineerability of these enzymes can be highlighted. The diversity of
amino acids activated by these proteins is quite amazing, and due to E. coli’s central role in molecular
biology, this database of ncAA substrates serves a unique and valuable toolkit of molecular function. As
such this review is a valuable resource to inspire new directions in protein engineering, synthetic biology

and peptide drug discovery.
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Surprising diversity: The aminoacyl-tRNA synthetases from E. coli have been extensively explored, and
a surprising number of amino acid substrates have been described. This comprehensive review catalogs
all known substrates for these enzymes and highlights trends and novel applications.
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