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The site-selective encoding of noncanonical amino acids (NAAs)
is a powerful technique for the installation of novel chemical func-
tional groups in proteins. This is often achieved by recoding a
stop codon and requires two additional components: an evolved
aminoacyl tRNA synthetase (AARS) and a cognate tRNA. Analysis
of the most successful AARSs reveals common characteristics. The
highest fidelity NAA systems derived from the Methanocaldococ-
cus jannaschii tyrosyl AARS feature specific mutations to two resi-
dues reported to interact with the hydroxyl group of the substrate
tyrosine. We demonstrate that the restoration of just one of these
determinants for amino acid specificity results in the loss of fidelity
as the evolved AARSs become noticeably promiscuous. These re-
sults offer a partial explanation of a recently retracted strategy
for the synthesis of glycoproteins. Similarly, we reinvestigated a
tryptophanyl AARS reported to allow the site-selective incorpora-
tion of 5-hydroxy tryptophan within mammalian cells. In multiple
experiments, the enzyme displayed elements of promiscuity de-
spite its previous characterization as a high fidelity enzyme. Given
the many similarities of the TyrRSs and TrpRSs reevaluated here,
our findings can be largely combined, and in doing so they rein-
force the long-established central dogma regarding the molecular
basis by which these enzymes contribute to the fidelity of transla-
tion. Thus, our view is that the central claims of fidelity reported in
several NAA systems remain unproven and unprecedented.

directed evolution | protein engineering

minoacyl tRNA synthetases (AARSSs) are a central feature of
any effort to recode or reassign the genetic code (1). During
translation AARSs enforce fidelity through a number of well-
determined mechanisms (2-4). AARSs discriminate between
amino acids, but also all endogenous tRNAs, thereby conferring
specificity. A cognate tRNA molecule is aminoacylated based on
sequence identity elements, and a given amino acid comes to be
associated with the correct anticodon. Misacylation occurs, but
for the AARSs where this is problematic, for example an IleRS
(5) or LeuRS (6), additional editing domains result in the hydro-
lysis of the misacylated amino acid. However, TyrRSs and TrpRSs,
the focus of this work, are not known to have additional editing
mechanisms despite several decades of intensive molecular and
biochemical investigation (7-9).
TyrRSs and TrpRSs, evolved or engineered, are responsible for
a significant proportion of all noncanonical amino acids (NAAs)
now routinely incorporated into proteins (10-14). These two
AARSSs probably share a common ancient origin given the simi-
larities in protein sequence and overall structure (15-18). Thus,
we believe that concepts about the determinants of specificity of
one AARS are often applicable to the other and vice versa.
With some exceptions (19-21), the site-selective incorporation
of NAAs is commonly achieved by recoding a single stop codon.
This process has been reported using mutant TyrRSs or TrpRSs in
a range of host organisms (22-25). In these systems, suppression
of a stop codon is in constant competition with the translation
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system’s inherent tendency to terminate translation in response
to the stop signal. As a result of this competitive recoding/sup-
pression strategy, it is relatively easy to interpret results when
a mutant AARS exhibits exquisite fidelity in charging its cognate
NAA to tRNA, (26-28). If the tRNA,, goes uncharged, the
stop codon inserted into the gene of interest reverts to its natural
role as the molecular signal for termination of translation, and
truncated products of translation ensue. Mutant AARSs may also
be capable of charging amino acids besides the desired NAA onto
tRNA .. In this situation, translation termination will not occur,
and low-resolution analysis techniques such as SDS-PAGE de-
signed to report solely on termination will not be able to discri-
minate between proteins containing successfully installed NAAs
and unsuccessfully synthesized alloproteins with a substituting
canonical amino acid. Selection schemes to minimize mischarging
have been developed (29) and refined (30).

In NAA incorporation systems, the amino acid most likely to
be charged in place of the NAA is the amino acid that the evolved
or engineered AARS originally recognized. Translationally, the
ribosome exerts little if any editing power, and so for AARSs
without editing domains, such as TyrRSs and TrpRSs, the fidelity
of NAA incorporation with these AARSs will be directly related
to the relative activity that these synthetases have with their ori-
ginal amino acid versus the NAA. We show that single residue
elements in these AARS enzymes confer the enzyme’s specificity
and, ultimately, the fidelity of incorporation. The applicability of
this concept has been extended to TyrRS (31-33) and TrpRS (25)
derived systems whose reported fidelity is in question, or appears
at odds with other work in the field.

Results and Discussion

TyrRS. Fersht et al. identified two residues of the Bacillus stear-
othermophilus (Bst) TyrRS, Tyr 34, and Asp 176, as hydrogen
bonding partners for the hydroxyl -OH group of substrate tyro-
sine (Fig. 1) (9, 34, 35). Their observations were based on crystal-
lographic evidence (36), and their observations can be applied
to the highly homologous Methanocaldococcus jannaschii (Mj)
TyrRS (37). In the majority of Mj TyrRSs evolved to charge
NAAs, these two residues (Mj numbering Tyr32 and Aspl58)
have been mutated to more hydrophobic residues as a require-
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Fig. 1. Molecular interactions between hydrogen-bonding side chains

from Bst tyrosyl tRNA synthetase with bound Tyr-AMP. Bst residues Tyr34
and Asp174 map onto Mj Tyr32 and Asp158, respectively. (Reproduced with
permission from ref. 9 (Copyright 1985, Nature Publishing Group.)

ment for achieving high fidelity incorporation of the NAA versus
native tyrosine (Table S1).

Whereas most Mj TyrRS variants have changed Tyr32 to a
smaller, more hydrophobic residue, the TyrRS evolved to charge
3-aminoTyrosine (3-aminoTyr) featured Gln, Glu, Lys, or Arg at
this position (38). This can be rationalized from the overall struc-
tural similarity between 3-amino Tyr and Tyr and their relative
ability to engage in salt bridging interactions. There are just three
reports of an evolved TyrRS mutant preserving either of the Mj
wild-type (WT) TyrRS residues Tyr32 or Asp158. The two TyrRSs
that were reported to charge tRNAcya with GIcNAc-Ser or
GalNAc-Thr retained Tyr32 or Aspl58, respectively (39, 40).
However, both reports have been corrected, (31, 32) and it seems
these TyrRSs were likely mischarging tyrosine in place of the
NAA (41). Similarly, the Mj TyrRS reported to incorporate
3-OH Tyr retained Asp158 (33). The latter report did not include
SDS-PAGE analysis as is customary, but a mass spectrum was re-
ported. Two masses were observed in the spectrum at 18,432.3
and 18,448.5 Da. It was previously established that a mass of
~18,432 Da corresponds to incorporation of tyrosine into their
common test protein myoglobin (42). These authors suggested
that the signal at 18432.3 was due to fragmentation of the
3-hydroxy tyrosine side chain through, “ ......... loss of oxygen,
or oxygen and a proton.” However, this is not consistent with re-
ported fragmentation patterns for the parent molecule (43, 44).

A

AARS p-iodoPheRS p-boronoPheRS
(Y32) (Y32)

NAA (+) (-) (+)

() (+) () (+)
201Da I- — — TR — -.-

We contend that it is more likely that the 18432.3 Da signal is due
to competing incorporation of tyrosine, which is consistent with
other mass spectra but also the importance of this particular
TyrRS’s Asp158 binding the Tyr -OH group (vide infra).

The importance of Tyr32 as a “gatekeeper” residue of TyrRS
fidelity, especially in NAA systems, was investigated by reverting
three evolved TyrRSs to code for Tyr at this position. The three
TyrRSs chosen corresponded to the enzymes reported for
p-iodoPhe (45), p-acetylPhe (28), and p-boronoPhe (46). The
evolved enzymes were reported with either a Leu or Ser in
place of Tyr at position 32. Each revertant and cognate tRNAcya
were expressed along with a UAG mutant for T4 lysozyme in the
presence (+) and absence (—) of each NAA. The results suggest
high fidelity tRNAcya charging for the original enzymes with
p-iodoPhe and p-boronoPhe, and marginal fidelity for charging
with p-acetylPhe (Fig. 2). The results also show that the three
TyrRS revertants would appear to charge tRNAcy, in the ab-
sence of NAA. The presence of full-length protein in the absence
of NAA (Fig. 2) is consistent with WT enzyme activity where
tRNAy, is charged with a canonical amino acid, presumably
tyrosine. It was also observed that the revertants displayed similar
fidelity to the AARS reported to have high fidelity for GIcNAc-
Ser. Again, this is consistent with the fact that the TyrRS variant
reported to have high fidelity for GIcNAc-Ser possessed the same
Tyr32 residue found in the WT enzyme (39).

Soll has suggested that an exogenous AARS produced in
Escherichia coli requires as little as 1% of the activity of the WT
enzyme to complement an auxotrophic phenotype (15). Our
results suggest that the activity of the GIcNAc-SerRS and the re-
vertants are well above this threshold. Other insight into why the
GIcNAc-SerRS and revertant TyrRSs would charge tRNAcpya
with a canonical amino acid comes from Fersht et al.’s reports
on the effects of mutating each of a Bst TyrRS’s molecular deter-
minants. A Tyr34Phe mutation (Bst TyrRS numbering; equivalent
to Mj Tyr32) resulted in a 15-fold decrease in the specificity of
Tyr versus Phe (9). Attempts to mutate Aspl76 (the equivalent
of Mj Asp158) resulted in inactive enzymes, suggesting the latter
residue is likely the more important molecular determinant of
fidelity (34).

Crystallographic evidence suggests that the mutations to a
TyrRS, such as those found in the GIcNAc-Ser TyrRS (total
mutations: Glul07Pro, Asp158Cys, Ile159 Tyr, and Leul62Arg)
would be expected to reconstitute some of the hydrogen bonding
network lost by the Asp158Cys mutation (again, Tyr32 was re-
tained). The marginal fidelity that the p-acetylPheRS demon-
strated in the absence of p-acetylPhe (Fig. 2) may be similarly
rationalized from this enzyme’s Ile159Cys and Leul62Arg
mutations forming such a secondary hydrogen bonding network
for the substrate Tyr -OH group. Previously, direct characteriza-

GIcNAc-SerRS
(Y32)

p-acetylPheRS
(Y32)

€
I

ERS p-iodoPheRS p-boronoPheRS p-acetylPheRS
(L32) (s32) (L32)
NAA (+) () (+) () (+) ()
— e —

Fig.2. Analysis of the revertants (A) and the original AARS mutants (B). Tyr32 was reintroduced into the three TyrRS variants indicated (the other mutations to
these variants are listed in Table S1). The lanes are labeled (+) or (=) that designates whether the corresponding nonnatural amino acid was added to the
culture. The SDS-PAGE analysis shown was performed after Ni>*-affinity purification of full-length T4 lysozyme purified by the C-terminal hexahistidine tag to
remove the truncated material and simplify the analysis. The lane furthest left corresponds to a commercial protein ladder and a molecular weight band of

20 kDa.
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tion of these TyrRSs was performed using isothermal calorimetry
(41). K, values of 330-522 uM were reported for the p-acetylRS
with p-acetylPhe; the same experiment with the p-acetylRS and
Tyr was below the limit of detection of the ITC method. Conver-
sely, a K; of 662-2659 uM was reported for the GlcNAc-Ser
TyrRS with Tyr, but attempts to measure the binding affinity
of this TyrRS mutant with GlcNAc-Ser were also below the limit
of detection. Such results, along with Fersht’s analysis and
available crystallographic evidence, can be used to rationalize
why one amino acid (i.e., p-boronoPhe) but not others (i.e.,
GlcNAc-Ser or 3-OH Tyr) would be incorporated by high fidelity
enzymes.

TrpRSs: Analysis of TrpRS Sequence and Structure. TrpRS sequences
from E. coli, Bacillus subtilis (Bs), and Bst are highly homologous
and these enzymes are known to cross react with the others’
tRNAT™ because of shared identity elements (47, 48). These bac-
terial TrpRSs also do not require mutations to charge tRNAT™
with a variety of Trp analogs including: 4-nitroTrp, 4-flouroTrp,
5-fluoroTrp, 5-hydroxyTrp (5-OH Trp), and other azaTrp isosteres
(13, 47, 49-52). The reported high fidelity incorporation of
5-OH Trp by a mutated Bs TrpRS thus caught our attention (25).
In the report, the TrpRS was subjected to a single mutagenesis
(V144P). The mutant enzyme’s amino acid binding pocket
retained residue Asp133. This residue is homologous to residue
Asp132 of Bst TrpRS and Asp 176 of the Bst TyrRS, and like in the
TyrRSs, structurally forms a hydrogen bond with the original sub-
strate; and with this TrpRS, the bond is to the indole N1 nitrogen
(3, 16, 53) We suggest that because this residue serves as the
primary molecular determinant of amino acid specificity for this
enzyme, that any NAA-incorporating system based on this, or
similar TrpRS should target this residue to achieve high fidelity
incorporation over the canonical substrate.

In the original report V144 was targeted for saturation muta-
genesis to create a library of 19 variants. Because the structure of
the Bs TrpRS was unavailable, this residue was chosen based on a
Bst TrpRS structure. A screen of 19 total variants identified a
V144P variant as having high fidelity for 5-OH Trp. This result
is unprecedented; all other evolved TyrRSs exhibiting high fidelity
(10) have been selected from TyrRS libraries featuring rando-
mization of 4-8 active site residues’. Furthermore, their target
of incorporation, 5-OH Trp, is a well-documented substrate for
the WT Bs TrpRSs (54). The burden on the V144P mutant is
therefore twofold: it must ablate the enzyme’s inherent affinity
for both Trp and 5-OH Trp and yet, switch the enzyme’s fidelity
solely to 5-OH Trp. This is a different starting point from which
each evolved Mj TyrRS mutant is selected; for example, the
NAAs listed in Table S1 are not appreciable substrates for the Mj
WT TyrRS.

There are reports from Tirrell and Yokoyama of AARSs
requiring only one mutation to incorporate Tyr, Phe and Trp ana-
logues with high fidelity (12, 55, 56). Yokoyama and coworkers
demonstrated preferential incorporation of 3-iodo-L-tyrosine
into a protein. Their SDS-PAGE analysis (figure 2 in ref. 12),
however, shows that full-length protein is produced in the
absence of 3-iodo-L-tyrosine. This result suggests their AARS
exhibits only moderate fidelity in the absence of NAA. This is
explainable because they only mutated one of the Bst TyrRS’s
molecular determinants (Y34, equal to Y32 in Mj). Tirrell and
coworkers (55, 56) reported incorporation of several Phe and Trp
analogs with high fidelity. This required the use of auxotrophic
(Phe) strains of E. coli, presumably to keep the pool of competing
endogenous amino acids at a minimum. Furthermore, the kinetic

"By design, these libraries targeted and changed the determinants for amino acid
specificity (Table S1), which along with the fact the amino acids are mostly phenylalanine
derivatives substituted at the 4-position with nonpolar functional groups, contributes to
the overall success of the method.
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parameters of their single-point mutant AARSs suggest that
incorporation of Trp and/or Phe would occur in media with nor-
mal levels of these canonical amino acids. Whereas one AARS
mutation may be sufficient to achieve incorporation of a NAA,
either auxotrophic or depleted media conditions appear to be
necessary for achieving high fidelity incorporation of an NAA,
and neither of these conditions were reported for the incorpora-
tion of 5-OH Tip.

The Bs V144P TrpRS mutant crystallized in the presence of
both Trp and 5-OH Trp. Crystals diffracted to 2.8 A (Table S2),
but electron density corresponding to either amino acid was not
observed. A structural alignment of our V144P TrpRS structure
with a Bst TrpRS structure with bound Trp shows that the alpha
helix containing Asp133, again the major determinant for Trp
specificity, is not appreciably displaced by the mutation at residue
144 (Fig. 3). Although the mutation does occur in the vicinity
(~6 A) of the 5-position of Trp, the effect on the secondary struc-
ture appears rather modest. The most dramatic structural
changes appear to occur where Asp146 binds ribose of ATP (57).

To rationalize the high fidelity of their V144P variant, Schultz
and coworkers modeled the active site of the Bst TrpRS V144P
variant with 5-OH Trp (25). They found that 5-OH Trp preferred
to reorient its indole ring ~180° so the indole nitrogen partici-
pates in a hydrogen bond with Ser7 and the 5-OH interacts with
Asp132. We have conducted modelling experiments and found
that both the Bst WT and Bs V144P TrpRSs prefer Trp and
5-OH Trp in the same orientation found in Schimmel, Crane, and
Carter’s crystallographic work of homologous enzymes (Fig. 4)
(17, 57, 58). Both models placed the indole nitrogen in close
proximity to the key Asp residue, consistent with the residue’s
role in determining fidelity. The docking results only became
more variable when the critical Asp residue was modified with
an Asp — Ala mutation (Fig. S1).

Bs WT and V144P TrpRS Complementation of an Auxotrophic Pheno-
type. The E. coli strain trpS4040 is a Trp auxotroph that has been
used to assess the activity of exogenous TrpRSs (15, 59). Briefly,
the strain has a debilitated TrpRS gene that makes it difficult to
culture in the absence of Trp. Growth on media enriched with

Fig. 3. Alignment of TrpRSs from B. stereothermophilus (magenta) and
a V144P TrpRS from B. subtilis (green and yellow; PDB ID 3PRH). Bound
substrate Trp (shown as space-filling model) is from Carter’s B. stereothermo-
philus structure (PDB ID 3FHJ1). Two Asp residues, one from each RS, are also
shown near the indole nitrogen. These Asp residues are the determinants for
amino acid specificity. The effect of the ProPro sequence on the B. subtilis
secondary structure is shown in yellow and occurs where the nucleoside
would normally reside.
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Fig. 4. B. stereothermophilus active site with Val143Pro mutation to
model the effects of the Bs Val144Pro (5-OH indole ring in green; L-Trp
indole ring shown in orange). Highly similar results were observed for the
WT Bst TrpRS.

Trp elevates the intracellular concentration to the point where
tRNAT™ become sufficiently charged. Alternatively, expressing
an AARS gene that is able to efficiently charge E. coli tRNATP
complements the auxotrophic phenotype under Trp-starved con-
ditions. Our results show complementation after 48 h on either
0.05 pM Trp or 5 uM 5-OH Trp plates in the presence of the Bs
WT TrpRS, but not with the V144P mutant (Fig. 5). Even in
liquid media supplemented at 50 pM 5-OH Tip, the Bs WT
TrpRS allowed cultures to readily grow, whereas the cultures
expressing the V144P mutant were still no different from the con-
trol experiments (Fig. S2).

Isothermal Calorimetry Suggests Lack of Fidelity of 5-OH TrpRS
in Vitro. We used isothermal calorimetry (ITC) to directly char-
acterize the fidelity of the Bs TrpRSs (Fig. 6 and Fig. S3). ITC can
be used to measure binding constants of TrpRSs, and when two
substrates are directly compared, a greater relative binding affi-
nity (lower dissociation constant) gives some insight into the
enzyme’s activity. By ITC, the Bs WT TrpRS exhibited character-
istics similar to other bacterial (60) and human TrpRSs (61). The
WT enzyme favors Trp (K; = 149 pM) over 5-OH Trp (K; =
1,079 uM) as would be expected as a result of evolutionary opti-
mization. The V144P mutant showed decreased binding to Trp
(K4 = 2,000 pM) relative to WT and, due to experimental limita-
tions in fitting, we place a lower bound on the K, at greater than
2,500 pM for the mutant with 5-OH Trp. The observation that the
V144P TrpRS consistently exhibited greater binding affinity for
Trp vs. 5-OH Tip conflicts with the premise of the prior study.
It was reported that the Bs TrpRS V144P variant failed to charge
Bs tRNAT™ in the absence of 5-OH Trp (see ref. 25 and Fig. 44,
lane 2). However, the previous experiments were performed in
293T cells, so contextual issues within the mammalian expression
system cannot be ruled out. But given the importance of intracel-
lular expression levels of the orthogonal pair on the efficiency of
incorporation, (62-64) it is unclear how the V144P mutant, an
enzyme with a fraction of the activity of the WT enzyme, achieved
efficient charging of Bs tRNAT™ with 5-OH Trp (to the complete
exclusion of Trp) in a more challenging mammalian expression
system.

Antonczak et al.

Fig. 5. Complementation of E. coli trpS4040 by (Left) 0.05 uM Trp, and
(Right) 5 pM 5-OH Trp. Figure shows growth after 48 h at 37°C.
(1 =pET151 Bs TrpRS (wild type)/pGP1-2; 2 = pET151 Bs TrpRS (V144P)/
pGP1-2; 3 =pET151¢ (control)/pGP1-2; M9 minimal media+ 50 pg/mL
ampicillin and 25 pg/mL kanamycin). The results on plates were repeated
three times.

Soll and coworkers reported the aminoacylation kinetics for
Bst TrpRS single and double mutants (15), including a V141Q
mutant. This one mutation, in a similar region as the Bs
V144P mutation, caused reductions of ~300 and 1,000-fold in
catalytic efficiency for Trp and ATP activation, respectively.
Schimmel and coworkers, however, were able to completely
disrupt a human TrpRS’s affinity for Trp by introducing targeted
mutations to the enzyme’s determinants of amino acid specificity
(61). Consistent with the ideas exposed here, such targeted muta-
tions would be a requirement to break the enzyme’s capacity to
bind its canonical substrate and any closely related analog; and
with these bacterial TrpRSs, this involves a critical Asp interac-
tion to the indole nitrogen of Trp.

Schultz and coworkers reported the utility of incorporating a
single 5-OH Trp by performing fluorescence and electrochemical
crosslinking experiments on their purified 5-OH Trp labeled pro-
tein (25). However, because their targeted recombinant protein
contained a single Trp residue (25), the same single substitution
experiment was already permissive using standard mammalian
(6965) and bacterial hosts; a bacterial host would have been ea-
sier to culture, have produced significantly more labeled protein
and was already well-precedented to permit such substitutions
due to the inherent promiscuity of E. coli and Bs TrpRSs for
Trp analogs, including 5-OH Tip (14, 51, 54, 66).

Conclusion

The reinvestigation of unprecedented results is an important
component of the scientific endeavour (67). As such, we are not
able to confirm the conclusions offered in multiple studies in the
field of expanded genetic codes. In some instances we are able to
suggest explanations for observations that are, in our opinion,
more consistent of a wild type, or wild type-like enzyme. Other
experimental features were found to be more anomalous and
difficult to rationalize. Our analysis is important because there
are many functional groups that would be useful if incorporated
into a given alloprotein. Indeed, strides have been taken to hasten
the introduction of NAAs without extensive directed evolution
(68). However, understanding the role of fidelity, and what is
required of an enzyme to achieve it, will always be key in success-
ful NAA systems. To this end, we have shown that with some
TyrRSs and TrpRSs, that there is a clear molecular basis for
achieving high fidelity and it involves a balance between the
chemical identity of the amino acid and specific mutations to the
enzyme.

Materials and Methods
Custom gene synthesis (Epoch Biolabs) was used to construct the Mj and Bs
expression vectors. Synthetic genes were provided as either PCR products or
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Fig. 6. Isothermal calorimetry results with tryptophan and 5-OH Trp ligands.
variant with L-Trp; (D) Bs TrpRS V144P variant with 5-OH Trp.

cloned products. ITC data were fit according to reported methods (69). E. coli
strain 4040 was provided by the Yale E. coli Genetic Stock Center. Further
methods are given in the S/ Appendix.
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