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ABSTRACT: It has recently been reported that ribo-
somes from erythromycin-resistant Escherichia coli strains,
when isolated in S30 extracts and incubated with
chemically mis-acylated tRNA, can incorporate certain β-
amino acids into full length DHFR in vitro. Here we report
that wild-type E. coli EF-Tu and phenylalanyl-tRNA
synthetase collaborate with these mutant ribosomes and
others to incorporate β3-Phe analogs into full length
DHFR in vivo. E. coli harboring the most active mutant
ribosomes are robust, with a doubling time only 14%
longer than wild-type. These results reveal the unexpected
tolerance of E. coli and its translation machinery to the β3-
amino acid backbone and should embolden in vivo
selections for orthogonal translational machinery compo-
nents that incorporate diverse β-amino acids into proteins
and peptides. E. coli harboring mutant ribosomes may
possess the capacity to incorporate many non-natural, non-
α-amino acids into proteins and other sequence-
programmed polymeric materials.

Template-guided polymerization is the chemical foundation
of the central dogma. It facilitates the evolution of natural

biopolymers for greater fitness and, when co-opted for engineer-
ing, can optimize biopolymer sequence to define structure and
promote function. Themachine used for template-guided protein
polymerizationthe 2.5 MDa behemoth known as the
ribosomehas been exploited for over 20 years to site-specifically
incorporate >150 unnatural α-amino acids into proteins, in vitro,
in cells, and in animals.1 Yet, even after two-plus decades of
groundbreaking research,2 the potential of the translational
apparatus remains underexploited, especially in vivo.3 Although
a number of backbone-modified amino acids, including some β-
amino and β-hydroxy acids,4 can be introduced into proteins by
wild-type ribosomes in vitro using Flexizyme5 or chemically mis-
acylated tRNAs,6,7weknowofnoexample inwhichaβ-aminoacid
has been introduced into a protein in a living cell. Proteins
containing β3-amino acids have enormous potential utility for
biotechnology, as β3-amino acid linkages can exhibit both
enhanced protease resistance8 and uniquely altered immunoge-
nicity.9

It was recently reported that ribosomes from certain
erythromycin-resistant Escherichia coli mutants, when isolated in
S30 cell extracts and incubated in vitro with the appropriate
chemically mis-acylated tRNA, can incorporate certain β3-amino
acids into full length DHFR.10,11 Of five β3-amino acids tested, β-
Ar (Scheme S1A) exhibited the highest efficiency (18.4% read-

through). It has been widely assumed that many components of
the translation machineryespecially aminoacyl-tRNA synthe-
tase/tRNA pairs and EF-Tu, which generate and then deliver
aminoacyl-tRNAs to the ribosome, respectivelywould need to
be reconfigured or upregulated4 before β3-amino acids could be
incorporated and elongated into proteins in vivo. Here we report
thatβ3-amino acids are adequate substrates for several wild typeE.
coli aminoacyl-tRNA synthetases and that one enzyme, phenyl-
alanyl-tRNA synthetase (PheRS), can collaborate with wild type
E. coli elongation factor Tu (EF-Tu) and ribosomes containing
mutant peptidyl transferase centers to incorporate β3-Phe
derivatives into full length DHFR in vivo. E. coli harboring the
most active P7A7 ribosome mutants are robust, with a doubling
time only 14% longer than wild type. These results emphasize the
unexpected tolerance ofE. coli and its translationmachinery to the
β-amino acid backbone and should embolden in vivo selections for
orthogonal translational machinery components that incorporate
diverse β-amino acids into proteins and peptides in vitro and in
vivo.

It has been known for a decade that some aminoacyl-tRNA
synthetases can utilize β-amino acids (notably β3-amino acids) as
substrates, but no quantitative comparisons to natural substrates
were ever reported.12 Thus, we began by analyzing the α/β3-
amino acid substrate specificity of five aminoacyl-tRNA
synthetases that together represent four major subclasses and
accept a diverse set of side-chains: methionyl-tRNA synthetase
(MetRS, class IA), glutamyl-tRNA synthetase (GluRS, class IB),
tyrosyl-tRNA synthetase (TyrRS, class IC), and phenylalanyl-
tRNAsynthetase andglycyl-tRNA synthetase (PheRS andGlyRS,
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Figure 1. Kinetic parameters associated with α- and β3-amino acid (A)
adenylation, (B) aminoacylation, and deacylation. The y-axis of each plot
shows the ratio (α/β3) of the measured kinetic parameters.
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respectively, class IIC).UsingpurifiedE. coli enzymes (Figure S1),
we evaluated the α-/β3-amino acid specificity of the initial
adenylation step, which activates the amino acid substrate, the
two-step aminoacylation reaction (activation + acylation) as well
as the deacylation reaction, which is also enzyme-catalyzed. All
reactions were monitored using validated methods: Adenylation
was monitored using a pyrophosphate exchange assay that
measures adenylation in reverse through incorporation of [32P]-
pyrophosphate into ATP or a coupled assay monitoring
pyrophosphate release (Figures S2 and S3).13 Aminoacylation
and deacylation rates were monitored using [α-32P]-tRNA
substrates and a chromatography assay that quantifies the amount
of [α-32P]-AMP (from deacylated tRNA) or [α-32P]-aminoacyl-
AMP (from aminoacyl-tRNA) after P1 nuclease digestion.14

All aaRS enzymes evaluated prefer α-amino acid substrates
during the adenylation phase (Figure 1A). When compared in
terms of kcat/KM or RSA/KM (where RSA is relative specific
activity), GluRS and TyrRS (both class I) show the greatest
selection against β3-amino acid substrates (89- and >900-fold,
respectively), with the effects on kcat or RSA (32- and 46-fold,
respectively) greater than the effects on KM (2.9- and 21-fold,
respectively) (Figure S4 and Table S2). In contrast, GlyRS and
PheRS (class II) tolerate the expanded β3-amino acid backbone,
with both showing only an 8-fold selection (kcat/KM) against β

3-
amino acid substrates and roughly equivalent changes in kcat and
KM. The most tolerant enzyme evaluated was MetRS (class IA),
which displays a modest (2-fold) preference for α-Met over β3-
Met during the adenylation phase and very similar values for both
kcat and KM.
Only slightly different conclusions about α-/β3-amino acid

specificity are evidentwhen the complete aminoacylation reaction
is considered (Figure 1B). Indeed, when compared in terms of
kcat/KM, GluRS and (especially) TyrRS still show the greatest
selection against β3-amino acid substrates (83- and 1500-fold,
respectively). MetRS was slightly less tolerant, with a 19-fold
preference (kcat/KM) for α-Met over β3-Met. PheRS and GlyRS
were again significantly more tolerant of the expanded β3-amino
acid backbone, with both showing only a 2-fold selection (kcat/
KM) against β3-amino acid substrates and roughly equivalent
changes in kcat andKM (Figure S5 and Table S3). The deacylation
reaction was relatively insensitive to the amino acid backbone
(Figure 1B, Figure S6 and Table S4). It remains to be established
whether β3-amino acid tolerancewill be observed for other class II
enzymes (such as SerRS andThrRS(class IIA)orAspRSorLysRS
(class IIB)). Nevertheless, the results raised the possibility that
GlyRS and PheRS would catalyze the in vivo formation of tRNAs
that are mis-acylated with β3-Gly or β3-Phe, respectively, or
derivatives thereof.
To better understand the molecular basis for the observed

differences in β3-amino acid tolerance, we performed molecular
dynamics (MD) simulations of TyrRS and PheRS, the aaRS
enzymes representing the lowest and highest tolerance,
respectively, for β3-amino acid substrates. We began with crystal
structures ofE. coliTyrRS15 and PheRS16 and structures of β3-Tyr
and β3-Phe modeled in Gaussian. MD simulations of TyrRS
performed for 4 ns in the presence ofMg2+ and eitherα-Tyr or β3-
Tyr reveal significant differences in the position and dynamics of
several TyrRS amino acids previously shown to promote
adenylation (Figure S7). In particular, there were differences in
the dynamics of K85, K89, K235, and K238, which include the
essentialKMSKS loop15 and their ability to support the hydrogen-
bond networks implicated in substrate binding and catalysis
(Figure 2A). Perhaps most striking were differences in

coordination of Mg2+ ions that stabilize the pyrophosphate
leaving group.17 TwoMg2+ interact with the pyrophosphate when
α-Tyr is present, while only one Mg2+ is found in the β3-Tyr
complex. Analogous MD simulations with PheRS revealed very
few differences in the substrate-dependent dynamics of the MD
trajectories orMg2+ coordination (Figures 2B and S7). It has been
hypothesized that class II aminoacyl-tRNA synthetases evolved to
discriminate among amino acid substratesmainly by altering their
amino acid binding pockets.18 Our results are consistent with this
hypothesis, and further suggest that class II aaRS enzymes may
represent better startingpoints for the development of orthogonal
aaRS enzymes that selectively incorporate diverse β3-amino acids.

Once aminoacylated, tRNAs are delivered to the ribosome by
the translation factor EF-Tu in complex with GTP. In some cases,
EF-Tu interacts principally with the tRNA body, while in others it
interacts with the amino acid side chain; these interactions are
balanced to ensure efficient delivery of all 20 natural α-amino
acids.19 Poor EF-Tu binding and delivery of mis-aminoacyl-
tRNAs is associated with inefficient incorporation of N-methyl
amino acids, analogs with bulky side chains, and phosphorylated
amino acids.7,20 In certain cases, EF-Tu re-engineering has been
necessary to achieve high incorporation levels.21 To evaluate
whether re-engineeringwouldbenecessary for tRNAscarryingβ3-
amino acids, we made use of an RNase protection assay22 to
determine how the equilibrium binding affinity for EF-Tu varies
with α-/β3-amino acid identity. For three of the five side chains

Figure 2.MDsimulations detect differences in structure and dynamics of
(A) TyrRS but not (B) PheRS when bound to α- and β3-amino acids.
Plots show atom-averaged root-mean-square fluctuations (rmsf) of the
indicated amino acids by residue number.

Figure 3. EF-Tu specificity. (A) Plots showing the fraction of [32-P]-
aminoacyl-tRNA bound as a function of [EF-Tu]. Fits show binding
isotherms for a tight-binding ligand exhibiting no cooperativity. (B) Plot
showing how KD varies with amino acid backbone.
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evaluated (Gly, Glu, and Tyr), EF-Tu was relatively insensitive to
theaminoacidbackbone, bindingwith roughly equal affinity to the
acylated and mis-acylated cognate tRNA (Figure 3). In two cases
(Met and Phe), EF-Tu showed a small preference (3−8-fold) for
the α-amino acid-containing tRNA but still bound the tRNA
carrying the β3-amino acid with a KD in the nM range. As a
difference of at least 10-fold in KD is required to impair EF-Tu
binding and aminoacyl-tRNA delivery to the ribosome,7,23 we
expected the small differences observed here to impact EF-Tu
function minimally, allowing ribosome delivery of a diverse set of
tRNAs mis-acylated with β3-amino acids.
Building on the knowledge that E. coli PheRS effectively mis-

aminoacylates tRNAPhe with β3-Phe (Figure 1) and thatE. coliEF-
Tu interacts efficiently with the β3-Phe-tRNAPhe complex (Figure
3),weaskedwhetherE. coli expressingpreviously reportedmutant
ribosomes10,11 could support the incorporation of β3-Phe analogs
intoDHFR in vivo. To begin, we chose the β-puromycin-sensitive
ribosome that exhibited the highest suppression efficiency for
translation in vitrowith a tRNA chemically mis-acylated with β-Ar
(Scheme S1A). This ribosome contains themutant 23S sequence
referred toas 040329,with13base changesbetween residues2057
and2507.E. coliBL21(DE3) cells were transformedwith a pLK35
plasmid encoding either wild type or 040329 23S rRNA10 as well
as one encoding DHFRwith a single UUC codon at position 128
(Figure 4A).24Cellswere grown in thepresence of 19/20minimal
media containing all α-amino acids except α-Phe and
supplemented (or not) with α-Phe, β3-Gly, β3-Phe, or a
brominated β3-Phe derivative β3-(p-Br)Phe. Translated DHFR
was isolated using a Ni(II)-nitrilotriacetic acid resin and analyzed
by SDS-PAGE (Figure 4B) and mass spectrometry (Figure 4C).
As expected, BL21(DE3) cells expressing only wild type

ribosomes generated only trace amounts ofDHFRwhengrown in
unsupplemented19/20minimalmedia or inmedia supplemented
with β3-(p-Br)Phe or β3-Gly; higher levels of DHFR (∼8-fold)
were observed when α-Phe was added. Cells expressing 040329
ribosomes along with wild type ribosomes also generated trace
amounts ofDHFRwhengrown in unsupplemented 19/20media;
however, in this case, significant levels of DHFR were observed
when themediawas supplementedwithβ3-(p-Br)Pheorβ3-Gly as
well as α-Phe. To confirm that β3-(p-Br)Phe was incorporated at
position 128of theDHFR translated in these cells, the isolated full
length (19 kDa)DHFRwas digestedwith trypsin and analyzed by
LC-MS/MS (Figure 4C). Tryptic peptides comprising DHFR
residues 127−149 and containing eitherα-Phe orβ3-(p-Br)Phe at
position 128 were detected (Figure 4C); no evidence for β3-Gly
incorporation was found. Spectral counting revealed a 30-fold
lower incorporation of β3-(p-Br)Phe relative toα-Phe (Table S6).
We hypothesized that ribosomes with improved efficiency and

selectivity might be obtained by a more complete analysis of 23S
rRNA sequence space. Thus, we introduced additional diversity
into the 040329 23S rRNA between positions 2496 and 2507, a
region adjacent to the A-site, to generate >8000 unique clones
(theoretical diversity = 8192) and screened them to identify
members that were both resistant to erythromycin (6.8 μM) and
sensitive to β-puromycin (250 μM). Approximately 2000 clones
were resistant to 6.8 μM erythromycin, showing <20% inhibition
of growth relative to wild type (Figure S8A). The 2000
erythromycin-resistant clones were then screened for sensitivity
to 250 μM β-puromycin (Figure S8B); in this case only 2% of the
2000 clones showed >30% inhibition. Examination of the 44
sensitive clones revealed a preponderance of two 23S rRNA
sequences: the previously reported 040329 mutant and a new
mutant, P7A7, that differed from wild type at 12 positions within

the 23S rRNA, containing the sequence UGACUU at positions
2502−2507 (Figure S9).
Cells expressing P7A7 ribosomes along with wild type

ribosomes also generated trace amounts of DHFR when grown
in unsupplemented 19/20 minimal media, however in this case,
higher levels of DHFR were observed when the media was

Figure 4. In vivo incorporation of β3-Phe analogs by E. coli harboring
mutant ribosomes. (A)Experimental strategy. (B) SDS-PAGEanalysis of
His6-DHFR products after enrichment with Ni-NTA. (C) LC-MS/MS
data. DHFR expression yields were consistently 17−28 mg/L.
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supplemented with α-Phe or β3-(p-Br)Phe (Figure 4B). To
confirm thatβ3-(p-Br)Phewas incorporated at position 128 of the
translated DHFR in cells supplemented with this amino acid, the
isolated full length DHFRwas digested with trypsin and analyzed
by LC-MS/MS as described above; tryptic peptides comprising
DHFR residues 127−149 and containing either α-Phe or β3-(p-
Br)Phe at position 128 were detected (Figure 4C). In this case,
spectral counting revealed only a 10-fold lower incorporation of
β3-(p-Br)Phe relative to α-Phe (Table S6). Additional analysis
revealed that the β3-(p-Br)Phe/α-Phe incorporation ratio was 3-
fold greater in cells expressing P7A7 ribosomes than in cells
expressing 040329 ribosomes (Table S6). E. coli harboring P7A7
ribosomes grow with a doubling time only 14% longer than wild
type (Figure S10). Although furtherworkmust define the changes
within P7A7 ribosomes that lead to enhanced function, these data
set the stage for the biosynthesis of β3-amino acid-containing
proteins and peptides and suggest that the E. coli translation
machinery could be engineered to incorporate many non-natural,
non-α-amino acids into protein in vivo.
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