
Expanded Genetic Codes Create New Mutational Routes to
Rifampicin Resistance in Escherichia coli

Michael J. Hammerling,*,1 Jimmy Gollihar,1 Catherine Mortensen,1 Razan N. Alnahhas,‡,1

Andrew D. Ellington,1 and Jeffrey E. Barrick*,1

1Center for Systems and Synthetic Biology, Center for Computational Biology and Bioinformatics, Institute for Cellular and Molecular
Biology, Department of Molecular BioSciences, The University of Texas at Austin
‡Present address: Department of BioSciences, Rice University, Houston, TX 77005

*Corresponding author: E-mails: mhammerling@gmail.com; jbarrick@cm.utexas.edu.

Associate editor: Csaba Pal

Abstract

Until recently, evolutionary questions surrounding the nature of the genetic code have been mostly limited to the realm
of conjecture, modeling, and simulation due to the difficulty of altering this fundamental property of living organisms.
Concerted genome and protein engineering efforts now make it possible to experimentally study the impact of alter-
native genetic codes on the evolution of biological systems. We explored how Escherichia coli strains that incorporate a
21st nonstandard amino acid (nsAA) at the recoded amber (TAG) stop codon evolve resistance to the antibiotic rifam-
picin. Resistance to rifampicin arises from chromosomal mutations in the b subunit of RNA polymerase (RpoB). We
found that a variety of mutations that lead to substitutions of nsAAs in the essential RpoB protein confer robust
rifampicin resistance. We interpret these results in a framework in which an expanded code can increase evolvability
in two distinct ways: by adding a new letter with unique chemical properties to the protein alphabet and by altering the
mutational connectivity of amber-adjacent codons by converting a lethal nonsense mutation into a missense mutation.
Finally, we consider the implications of these results for the evolution of alternative genetic codes. In our experiments,
reliance on a mutation to a reassigned codon for a vital trait is not required for the long-term maintenance of an
expanded genetic code and may even destabilize incorporation of an nsAA, a result that is consistent with the codon
capture model of genetic code evolution.

Key words: evolvability, codon capture, antibiotic resistance, sequence space.

Introduction
While a growing variety of nonstandard amino acids (nsAAs)
can now be ribosomally incorporated into proteins in living
cells using the tools of synthetic biology, the utility of ex-
panded genetic codes for producing novel phenotypes and
improving organismal fitness remains comparatively unex-
plored (Li and Liu 2014). Similarly, scenarios for how a newly
expanded genetic code could become stabilized by progres-
sive mutations in a genome over evolutionary time are only
beginning to be experimentally investigated (Yu et al. 2014;
Mandell et al. 2015; Tack et al. 2016). These gaps in knowledge
have historically been due to considerable technical chal-
lenges in re-engineering a cell’s translational machinery to
code for a new 21st amino acid without negatively influencing
its fitness (Lajoie et al. 2016). This barrier has now been largely
surmounted in Escherichia coli with the creation of strains
that incorporate nsAAs into proteins as efficiently and as
accurately as natural amino acids (Mukai et al. 2010; Lajoie
et al. 2013; Amiram et al. 2015). These advances have enabled
the first studies of the impact of genetic code expansion on
the evolutionary potential of model proteins and organisms.
For example, mutations that lead to the incorporation of
nsAAs have been found that increase the activity of the

TEM-1 b-lactamase enzyme toward a novel substrate (Xiao
et al. 2015) or that improve the competitive fitness of
bacteriophage T7 (Hammerling et al. 2014), beyond what is
possible by substituting canonical amino acids at the corre-
sponding protein sites in both cases.

The genetic code defines the chemical building blocks and
the network topology of sequence space available to evolve
protein function in an organism (Freeland and Hurst 1998;
Knight, Freeland, et al. 2001; Ilardo et al. 2015). Genetic code
expansion, in which a redundant codon is recoded to a 21st

nsAA, can theoretically make an organism more evolvable in
two ways. First, the 21st amino acid adds a new dimension to
sequence space by creating a new letter in the alphabet used
to construct proteins. The unique geometry or chemical func-
tionality of a nsAA side chain may enable fundamentally new
properties to be encoded in proteins (Ambrogelly et al. 2007;
Liu and Schultz 2010). Second, expanding—or even just
reassigning—a genetic code alters which amino acid substi-
tutions are accessible to evolution by single base changes in
the DNA sequence encoding a protein. Such changes in con-
nectivity may improve how robust protein sequences are to
mutations or create new opportunities for adaptive muta-
tions (Firnberg and Ostermeier 2013). This is particularly true
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in the most common case in synthetic biology and nature
wherein a stop codon, which would normally disrupt protein
function, is reassigned to partially or fully code for a 21st
amino acid (Ambrogelly et al. 2007).

Antibiotic resistance is an attractive phenotype to use to
explore how alternative genetic codes affect evolvability be-
cause the molecular mechanisms of resistance are varied and
well characterized. For example, rifampicin (Rif) is a broad-
spectrum antibiotic that inhibits DNA-dependent RNA
synthesis by binding to the bacterial RNA polymerase holo-
enzyme (RNAP) and preventing elongation of the nascent
RNA strand (Campbell et al. 2001). Mutations at many loca-
tions within the rpoB gene, encoding the b-subunit of RNAP,
can confer Rif resistance (RifR) by disrupting the hydrogen-
bonding network that stabilizes Rif binding or by sterically
occluding its binding site. Furthermore, the molecular effects
of new RifR mutations can be readily interpreted in the con-
text of a high-resolution crystal structure of E. coli RNAP
bound to rifampicin (Molodtsov et al. 2013). Since RifR is
conferred by single-base mutations that are always in the
essential rpoB gene, we used it as a tractable model for study-
ing the ability of recoded genetic codes containing nsAAs to
confer a specific, beneficial phenotype. We further hypothe-
sized that RifR might serve as a convenient “lever” to isolate E.
coli variants that become permanently dependent on an ex-
panded genetic code via a single-step genetic selection.

We examined spontaneous rifampicin resistance muta-
tions in several E. coli strains engineered to recode the amber
stop codon to different nsAAs. These mutants were screened
to identify variants that required the nsAA for RifR due to
amber codon substitutions in rpoB. In addition, we used
recombineering of an amber codon sequence library into
the rpoB gene to explore deeper into this region of sequence
space. Several resistant strains that were single- or double-
amber rpoB mutants were isolated and characterized.
Structural modeling was used to predict the impact of these
nsAA substitutions on the rifampicin-binding pocket of
RpoB. Finally, an evolution experiment was performed to as-
sess the stability of expanded genetic codes enforced via am-
ber mutations in rpoB, with the unexpected result that some
of these mutations actually destabilized the continued incor-
poration of the 21st amino acid. Our results have implications
for understanding the stability and safety of engineered or-
ganisms with expanded genetic codes and the mechanisms
by which new genetic codes may evolve in nature. In partic-
ular, they provide additional evidence that neutral processes
leading to extinction of a codon and associated translational
machinery from a genome followed by reassignment to a new
amino acid may be sufficient for stably altering the meaning
of a codon.

Results

Isolation and Characterization of a RifR rpoB
Amber Mutant
In order to test whether an expanded genetic code can confer
new mutational routes to rifampicin resistance, we trans-
formed E. coli strain C321.DA (Lajoie et al. 2013) with a

plasmid bearing the Methanococcus jannaschii tyrosyl
tRNA/aminoacyl tRNA synthetase (aaRS) pair engineered to
incorporate 3-iodotyrosine at the amber (TAG) codon
(Sakamoto et al. 2009) (see Materials and Methods). We
grew 960 cultures of this strain (MJH90) from small initial
populations, such that any RifR mutants in different cultures
were expected to result from independent mutations. Each
culture was spotted onto LB-Rif plates with 3-iodotyrosine.
This stringent, one-step selection typically produced 0–20
resistant colonies in each spot. Independent mutants were
screened via replica plating to test their ability to grow on Rif
plates in the absence of the nsAA. Mutants that were able to
grow only if 3-iodotyrosine was present were candidates for
having evolved RifR due to a mutation to a recoded amber
codon in the rpoB gene.

Of the hundreds of colonies screened, three mutants were
isolated which were unable to grow on Rif plates in the ab-
sence of 3-iodotyrosine. Sequencing the rpoB gene of these
mutants revealed that two of three had mutations that con-
verted the glutamine codon (CAG) for amino acid 513 to an
amber codon (TAG), hereafter referred to as Q513X, indicat-
ing that it occurred via a C!T transition mutation of the first
codon nucleotide. This glutamine is known to be important
in the hydrogen-bonding network of rifampicin with the
RpoB protein, and several mutations to canonical amino acids
at this position are known to confer RifR (Campbell et al.
2001). The remaining mutant was found to have a D516G
substitution in RpoB, a mutation that is known to confer
robust rifampicin resistance. Despite containing no amber
codon in the rpoB gene, this mutant was dependent on the
presence of 3-iodotyrosine for growth, suggesting that it co-
incidentally contained a mutation to the amber codon in an
unrelated but essential gene.

Normally, mutations to TAG in rpoB would be lethal to E.
coli because they would create a stop codon in the middle of
this essential gene. The RifR amber mutants demonstrate that
the expanded genetic code increases evolvability in this sys-
tem by providing another viable point mutation that confers
Rif resistance (fig. 1A and B). Since substitutions of several
canonical amino acids at position 513 of RpoB were already
known to confer rifampicin resistance, we were interested in
determining whether there were quantitative differences in
the growth of strains incorporating different amino acids,
including other nsAAs, at this position.

The 3-iodotyrosine aaRS synthetase is polyspecific: it is able
to incorporate a variety of other 3-substituted tyrosine ana-
logs (fig. 1C) with high efficiency and fidelity, while also ex-
cluding any of the canonical amino acids (Tack et al. 2016).
We found that the rpoB Q513X mutant (strain MJH103) is
viable in the presence of any one of 3-iodotyrosine, 3-chlor-
otyrosine, 3-bromotyrosine, or 3-nitrotyrosine; but not in me-
dia lacking one of these nsAAs. All of these nsAAs were also
able to confer complete RifR. Moreover, the growth rate of the
Q513X mutant in the presence of Rif was statistically indis-
tinguishable for all four of the nsAAs tested (one-way
ANOVA, P¼ 0.458) (fig. 1D).

To compare the growth rates of strains incorporating
nsAAs at this position with strains incorporating similar
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canonical amino acids, tryptophan (TGG codon) and tyrosine
(TAC or TAT codon) mutants were isolated by plating Q513X
mutants on media lacking any nsAA. In terms of mutational
pathways, none of these codons are accessible by a single base

change from the original glutamine codon (CAG) in rpoB (fig.
1B), so these amino acid substitutions would be exceptionally
rare among spontaneous mutations conferring RifR in wild-
type E. coli due to the organization of the genetic code. Finally,
the wild-type M. jannaschii tyrosyl aaRS was tested within the
Q513X mutant background to assess the growth of the strain
when incorporating the standard amino acid tyrosine at the
amber (TAG) codon.

Whether measured as a group or broken up into individual
codons, the RifR tyrosine mutants were less fit in the presence
of rifampicin (fig. 1D), with a significantly lower growth
rate compared with growth of the strains incorporating 3-
substituted nsAAs or tryptophan as a group (Welch’s two-
tailed t-test, P< 0.004). In contrast, the growth rate of the
strain with the bulkier tryptophan incorporated at position
513 was indistinguishable from that of the amber mutants
incorporating nsAAs (one-way ANOVA, P¼ 0.229). Thus, the
3-substituted nsAAs are not uniquely able to confer a better
RifR cellular phenotype by this measure of fitness; their side
chains do not provide a benefit that cannot also be achieved
by the side chain of the standard amino acid tryptophan.
However, as mutating to Trp requires two base substitutions
compared with one for the nsAAs, the nsAA mutants still
demonstrate how improving the connectivity of the genetic
code increased the evolvability of the RifR phenotype
(Firnberg and Ostermeier 2013).

Molecular Modeling of RNAP Mutants
To fully characterize the evolutionary possibilities at this
codon within the context of an expanded genetic code, we
next used molecular modeling to predict how substituting
each canonical amino acid and the four tested nsAAs at
position 513 of RpoB would change the binding energy
between rifampicin and RNAP. For the substitution of 3-
iodotyrosine for glutamine observed in the original RifR

mutant, this modeling predicts that the iodine atom at-
tached to the aromatic ring of the side chain at the ortho
position will project directly into the rifampicin binding
pocket and completely abolish binding (fig. 2A). Changes
in the energy of the RNAP-Rif complex upon making each
of these side chain substitutions (DDG) ranged from
slightly stabilizing for some standard amino acids to an
insurmountable steric occlusion of the rifampicin-binding
pocket imposed by larger side chain substituents at posi-
tion 513 (fig. 2B). The mutations known to confer rifam-
picin resistance display the most positive DDG values,
corresponding to large energetic barriers to rifampicin
binding. Conversely, the susceptible wild-type amino
acid and most substitutions that have not been observed
as resistance mutations result in favorable, negative DDG
values for complex stability. These computational predic-
tions are consistent with the superior growth rates in the
presence of Rif of every ortho-substituted nsAA and tryp-
tophan over tyrosine at this position, suggesting that the
conformations identified in our structural modeling of the
RNAP-rifampicin interaction capture relevant quantita-
tive differences in resistance.
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FIG. 1. Mutational network of rifampicin resistance at codon 513 of
rpoB. (A) In the canonical genetic code, the rifampicin-sensitive wild-
type glutamine codon CAG (boxed) has seven possible point-muta-
tional routes to rifampicin resistance, with the CAG! TAG and the
CAG ! CAA mutations being inaccessible due to lethality and ri-
fampicin sensitivity, respectively. Of the seven other possible single-
base mutants, only four are reported to confer rifampicin resistance,
and only one is a transition mutation. Since transitions occur at a
higher rate than transversions, this single resistance mutation dom-
inates the RifR fitness landscape at this amino acid position. (B)
Expanding the genetic code to incorporate a 21st nsAA at the TAG
codon alters the network topology surrounding the CAG codon in
several ways. Most importantly, it provides an additional transition
mutation, which confers resistance in the cases of the nsAAs studied
here. In addition, it creates new mutational routes to the codons
directly adjacent to the TAG codon, several of which have been
shown to be resistant in this study. These alterations to network
topology directly and indirectly increase evolvability. (C) We studied
the rifampicin resistance phenotypes of cells incorporating 3-iodotyr-
osine and these other tyrosine derivatives incorporated in place of a
canonical amino acid at residue 513 of RpoB due to a mutation to the
amber codon at this position. (D) The growth rates of RifR mutants
incorporating nsAAs are comparable to or better than that of mu-
tants incorporating a standard amino acid (tyrosine) at this position.
Values are the average of five biological replicates with error bars that
are 95% confidence intervals. All nsAAs and tryptophan substituted
at Q513 result in the same growth rate, while the incorporation of
tyrosine results in a lower growth rate.
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Multiple-Amber Library Increases the Variety of RifR

Mutants
Spontaneous mutations to nsAAs that confer rifampicin re-
sistance are simple to obtain, but the scarcity of RifR rpoB
amber mutants observed by this method (only two of hun-
dreds of screened mutants) emphasizes the impact of the
connectivity of the codon landscape on the likelihood that
a gene will evolve to utilize an nsAA. If a given codon in a gene
is not a single point mutation away from the codon used to
incorporate the nsAA, spontaneous mutations to the nsAA
will not be observed, even if they are beneficial. Compounding

this limitation, biases in the mutational spectrum of an or-
ganism, like E. coli (Lee et al. 2012), can make even certain
codon transitions that are possible via a single-base change so
rare compared with others that they are unlikely to be ob-
served in an experiment.

The majority of known RifR mutations fall within a 99-bp
region of rpoB referred to as Region I (Campbell et al. 2001).
Only four of the 33 codons of Region I are a single point
mutation away from the amber codon, substantially limiting
the impact of the expanded code on protein evolvability. In
addition, one point mutation to an amber codon is unlikely
to result in evolutionarily stable dependence on the nsAA,
since it may simply revert by a single mutation to another
resistant codon, as demonstrated by our isolation of
rifampicin-resistant tyrosine and tryptophan mutants from
Q513X mutants. Multiple amber codons in a single open
reading frame would be expected to reduce the likelihood
that an organism will be able to escape biocontainment, as a
single point mutation within the ORF is no longer sufficient
to revert the coding sequence to be translatable in the ab-
sence of the nsAA (Rovner et al. 2015).

To find rifampicin-resistant variants of rpoB containing
multiple amber codons, a Region I library was generated using
sets of overlapping oligonucleotides that included amber co-
dons at a high frequency (see Materials and Methods) (fig.
3A). This library allows the protein to access the nsAA at the
29 codons in Region I that are not a single nucleotide change
away from the amber codon, increasing the number of test-
able codons over 7-fold. We generated rpoB sequence varia-
tion in the genomes of E. coli C321.DA strains containing a
plasmid with the machinery for incorporating either 3-iodo-
tyrosine, 3-nitrotyrosine (using polyspecificity of the same 3-
iodotyrosine aaRS/tRNA pair) (Tack et al. 2016), p-azidophe-
nylalanine (Chin et al. 2002), or 5-hydroxytryptophan
(Ellefson et al. 2014) (fig. 3B) by directly transforming the
DNA library into this recombineering-proficient genetic back-
ground (Lajoie et al. 2013). After creating this more diverse
pool of rpoB genes, we selected RifR mutants and screened 50
clones derived from each strain background to discover var-
iants that were unable to grow in the absence of their cognate
nsAA. From this screen, we identified five double-amber mu-
tants (four unique genotypes) and one single-amber mutant
(MJH226–MJH231) (fig. 3C). Four of the six new amber co-
dons were more than one point mutation away from the
original codons at these positions in rpoB.

This screen uncovered RifR amber mutations at several
locations that are known to be able to mutate to canonical
amino acids to confer resistance, including Q513, H526, and
R529. Especially interesting from the perspective of evolvabil-
ity, however, are positions F514, Q517, and T525, which to our
knowledge have not been reported in the literature to be able
to confer rifampicin resistance as single amino acid substitu-
tions. The T525X amber mutation occurred alone in one
clone selected on 5-hydroxytryptophan, so we can conclude
that it is causative for rifampicin resistance. For the double
mutants, it was unclear from these data alone whether one or
both of the observed amber mutations contribute to
resistance.
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FIG. 2. Structural modeling predicts RifR mutations at codon 513 of
rpoB. (A) Molecular modeling of the b-subunit of RNA polymerase
(RpoB) with a mutation from glutamine to 3-iodotyrosine at position
513 (blue) in complex with rifampicin (gold) predicts that it blocks
antibiotic binding. Space-filling models of the side chain and rifam-
picin are depicted. A steric clash is shown between the residue and
antibiotic, presumably conferring resistance by occluding rifampicin
from the complex. (B) Predicted DDG values for changes in stability of
the protein-rifampicin complex upon substituting different amino
acids at position 513 of rpoB. The colors of each bar indicate the
rifampicin-resistance phenotype of E. coli with that amino acid sub-
stitution. 3-iodotyrosine (IoY), 3-nitrotrosine (NO2Y), 3-bromotyro-
sine (BrY), and 3-chlorotyrosine (ClY) are modeled in addition to
canonical amino acids. At the Q513 position, no amino acids with a
predicted negative (stabilizing) or near-zero DDG have been observed
to confer rifampicin resistance, and are assumed to be rifampicin-
sensitive. All reported resistant mutants have a positive value of DDG,
with the nsAAs having the highest calculated destabilizations. These
predicted DDG values are consistent with the relative rankings of the
experimentally measured growth rates of the tyrosine, tryptophan,
and nsAA mutants.
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The growth rates of the previously described RifR single-
amber 513X mutant (MJH103) and four unique double-
amber mutants (MJH226–229) of rpoB were compared with
E. coli with wild-type rpoB (MJH090), all bearing the polyspe-
cific 3-iodotyrosine synthetase pair (fig. 4A). All of the mu-
tants had a significantly slower growth rate compared with
wild-type rpoB when rifampicin was not present (Welch’s
two-tailed t-test, P< 0.05). The decrease in growth rate of
the amber-containing RifR mutants compared with wild-type
in media lacking Rif is typical of other E. coli with RifR muta-
tions involving substitutions of standard amino acids
(Reynolds 2000; Barrick et al. 2010). This decrease in growth
rate is typically associated with altered transcription termina-
tion and pausing, as well as with enzyme substrate recogni-
tion, whether or not Rif is present (Alifano et al. 2015).
Accordingly, none of the RifR amber mutants displayed a
significant difference in growth rate when cultured with ri-
fampicin compared with when they were cultured without
rifampicin (Welch’s one-tailed t-test, P> 0.05).

To gain insight into the possible roles of nsAAs in double-
amber mutants, we again modeled the molecular structures
of each RifR variant and compared the predicted energies of
their binding interactions with rifampicin. In each case, de-
stabilization of the antibiotic-bound complex was observed,
due to extensive steric clashes between Rif and the nsAA side
chains (fig. 4B and C). We were unable to find rotamers of any
of the nsAAs that would allow for proper ligand orientation
and complex formation, and template-based docking of Rif
into allowed conformations of each variant failed to produce
productive binding complexes. In addition, each of the amino
acid substitutions found in the amber double mutants were
modeled separately to deconvolute their respective contribu-
tions to RifR. Interestingly, this modeling predicts that every
one of these amber substitutions would result in RifR on its
own (DDG for the stability of the RNAP–Rif com-
plex> 1,000 kcal/mol in all cases).

Evolutionary Stability of Expanded Genetic Codes
with Amber-Dependent RifR

Previous studies have found that rpoB mutants are typically
able to restore their lost fitness after brief periods of evolution
by acquiring compensatory mutations, rather than by revert-
ing the resistance codon to restore Rif sensitivity, even when
they are evolved in the absence of rifampicin (Reynolds 2000;
Barrick et al. 2010). Consequently, we expected that culturing
these mutants in the presence of rifampicin would prevent
loss of the expanded genetic code, as the RifR phenotype that
is dependent on incorporation of a 21st amino acid at the
amber codon must be maintained. Thus, we wondered
whether we would observe a difference in evolutionary sta-
bility of the expanded genetic code in strains with amber
mutations conferring rifampicin resistance versus strains
with a wild-type rpoB but the same expanded genetic code
system.

We reasoned that strains with one or two amber codons in
rpoB would be less likely to experience mutational failure of
their expanded genetic code over evolutionary time. To test
this hypothesis, we performed a serial transfer evolution

experiment in liquid medium on three replicates of each
rpoB amber-mutant strain bearing the 3-iodotyrosine
tRNA/synthetase pair. The rpoB genotypes included wild-
type grown in the presence of 3-iodotyrosine or 3-nitrotyr-
osine, Q513X grown in 3-iodotyrosine or 3-nitrotyrosine,
the double-mutants MJH226 and MJH227 grown in 3-iodo-
tyrosine, and double-mutants MJH228 and MJH229 grown in
3-nitrotyrosine. Each of these strains was evolved for 100
generations by serial transfer in liquid medium containing
the nsAA. Integrity of their expanded genetic codes was as-
sessed every 20 generations by comparing viable cell counts in
the presence of antibiotic, but without nsAA, to those when
the nsAA was provided (as described in the Materials and
Methods).

Growth of a cell on antibiotic without nsAA present
indicates that mutations have converted all amber co-
dons in the rpoB gene to other codons or that mutations
have altered the translational machinery such that it in-
corporates one of the 20 standard amino acids at the
amber codon. The latter scenario of expanded genetic
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multiple-amber, rifampicin-resistant mutants of rpoB. Most rifampi-
cin resistance mutations lie within a 33-codon segment of rpoB
known as Region I. A Region I mutant library was transformed into
C321.DA amberless E. coli and plated on LB-Rif plates containing the
cognate nsAA. Fifty mutants from each transformation were then
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cognate nsAA to screen for mutants that could not grow in the
absence of the nsAA. (B) In addition to the 3-substituted tyrosine
derivatives used in the first experiment, we used E. coli strains with
genetic codes expanded with 4-azidophenylalanine and 5-hydroxy-
tryptophan in this experiment. (C) Double- and one single-amber
mutants obtained in this screen. nsAAs abbreviations are defined
in figures 1C and 3B.
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code failure may occur, for example, when mutations in
the E. coli chromosome create amber suppressor tRNAs
from native tRNAs. Without further genome engineering
to remove such tRNAs, there will always be a rate at which
these types of mutants arise in a population (Rovner et al.
2015). However, if this baseline does not increase during
an experiment, it indicates that the expanded genetic
code is evolutionarily stable on this timescale. That is,
these types of mutants do not have a fitness advantage

such that they are able to dominate and lead to a majority
of the population no longer incorporating the nsAA.

Surprisingly, the expanded genetic code remains stable
over evolutionary time in the absence of any rpoB amber
mutations (fig. 5). That is, the frequency of mutant cells
that were no longer dependent on the orthogonal translation
system did not increase over time in populations of E. coli
C321.DA with the polyspecific 3-iodotyrosine synthetase
(MJH90), whether they were propagated with 3-iodotyrosine
or 3-nitrotyrosine as the 21st amino acid. The Q513X RpoB
single mutant (MJH103) was similarly stable for either of these
expanded genetic codes, as were the double-mutants incor-
porating 3-iodotyrosine (MJH226 and MJH227). All of these
RifR mutants with nsAA substitutions in RpoB were stable
with or without maintaining selection for antibiotic-
resistance by adding rifampicin during the entire 100 gener-
ations of this experiment.

The stability of the expanded genetic code in the absence
of any amber codons in the host genome implies that though
it is known that there are many mutations in both the ge-
nome and plasmid that result in the evolutionary failure of
the system (Normanly and Abelson 1989; Rovner et al. 2015),
there is not a sufficient selection pressure to bring these mu-
tations to high frequency in the population, at least on this
experimental timescale. Nor is nsAA dependence lost due to
mutations that eliminate the amber codons present in rpoB
in these Rif resistant mutants. In fact, the prevalence of nsAA
independent mutants within each population day-to-day did
follow the expected pattern, with a lower frequency of
mutants as more amber codons were added to the rpoB
gene (mutant frequency of MJH90>MJH103>MJH226/
MJH227). As these mutants did not take over these popula-
tions in any case, it seems that the fitness burden of the
altered genetic code in the context of this host is quite low,
such that other beneficial mutations outcompete any genetic
code “failure” mutations during the serial transfer experiment.

Interestingly, the 3-nitrotyrosine double-mutant geno-
types reduced the stability of the expanded genetic code,
resulting in significant loss of code fidelity at the amber codon
over the course of the 100-generation experiment in at least
one of the MJH228 lines, and in all of the MJH229 lines. We
attribute this code instability to the lower fitness of these
3-nitrotyrosine double-mutants compared to the other RifR

amber mutants (fig. 4A). This large initial fitness defect means
that certain mutations that result in loss of the expanded
genetic code—by evolving a native tRNA into an amber sup-
pressor that decodes the TAG codon as a normal amino acid,
for instance—may simultaneously alleviate the fitness burden
associated with all amber mutations to rpoB by changing how
this codon is read by the ribosome at all of these sites.
Especially in the case of the 3-nitrotyrosine double mutants,
it is reasonable to suspect that incorporation of this bulky
amino acid with a charged ring decoration interferes with the
normal function of the RNAP holoenzyme complex, resulting
in globally altered transcription and a reduced cellular growth
rate. Since this lower initial fitness results in more selection
pressure to replace the nsAA with a different amino acid,
mutations that “break” the genetic code would rise to high
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FIG. 4. Double-amber mutants confer robust rifampicin resistance.
(A) Doubling times of RifR rpoB mutants incorporating nsAAs in the
absence (blue) or presence (red) of Rif. Error bars represent 95%
confidence intervals from five replicate measurements. The presence
of Rif in the growth medium does not affect the growth rate of any
RifR mutants. (B) Wild-type rpoB in complex with Rif (gold). Residues
514 and 526 are highlighted in blue. The orientation of the side chains
allows for a productive binding complex and inhibition of the en-
zyme. (C) A double-amber mutant MJH227 (F514X, H526X) variant
incorporating 3-iodotyrosine is shown with an overlay of Rif (gold) in
the binding pocket. The occlusion of Rif from binding is achieved by
steric occlusion involving the ortho-substituents of the nsAA.
Rotamer exploration and docking failed to produce conformational
variants that would allow for Rif–RpoB complex formation.
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frequency much more rapidly in these population than the
same mutations could in cells with wild-type rpoB. In contrast
to the 3-nitrotyrosine double mutants, 3-iodotyrosine may be
more readily accepted into protein structures, as has been
demonstrated previously (Ohtake et al. 2015). Thus, surpris-
ingly, including amber codons in essential genes to engineer
dependence can actually decrease the stability of the new
genetic code in certain cases.

Discussion
An expanded genetic code can increase the evolvability of
proteins: both by adding new amino acid side chains to the
protein alphabet and by increasing the connectivity of amino
acid sequence space. However, the ability of an evolving sys-
tem to make use of an expanded genetic code is also con-
strained by several factors. Most sense codons (53/61¼ 87%)
are not a single point mutation away from the amber codon
used to expand the genetic code. As a result, the chemical
properties of the amino acids encoded by these few adjacent
codons are important in determining the likelihood that a
mutation to the nsAA will be accessible to evolution
(Firnberg and Ostermeier 2013). Introducing a 21st amino
acid with atoms and functional groups that are radically dif-
ferent from the chemistry coded by adjacent codons will
make it unlikely that point mutations to this codon will be
tolerated in native protein structures, while introducing a
new side chain with properties that are similar to those of
the 20 standard amino acids may add mostly neutral con-
nections in sequence space. A compromise between these
two extremes may be optimal for an organism in the long run,
as evidenced by the balance of mutational robustness and
chemical diversity in the canonical genetic code (Freeland
and Hurst 1998; Freeland et al. 2002). Alternatively, since
adaptive evolution (particularly in the short-term) acts on
the most beneficial extreme tail of phenotypic variance, it

may be better to introduce the rare possibility of novel, highly
beneficial mutations afforded by adding a new chemical
group into a genetic code at the expense of somewhat re-
duced robustness against deleterious mutations. This latter
line of reasoning is especially relevant when recoding a stop
codon, as most mutations to the stop codon will already
completely disrupt protein function.

The only known natural genetic code expansions, with the
21st amino acids selenocysteine and pyrrolysine, introduce
novel side chains that are used to create unique phenotypes
in proteins that cannot be achieved by any amino acid in the
canonical code (Ambrogelly et al. 2007; Rother and Krzycki
2010). The rifampicin resistance mutations documented
here do not fall into this category, as other amino acids are
able to confer equivalent antibiotic resistance phenotypes.
Presumably, if these strains were evolved over longer periods
of time with an intact expanded genetic code, additional
nsAA substitutions would accumulate in many more essen-
tial genes. Eventually, failure mutations that resulted in the
loss of the expanded code would no longer be beneficial or
even neutral to organismal fitness, but this process may re-
quire more than single nsAA substitutions in one protein’s
structure. For example, strong addiction to a new code can be
enforced by introducing a nsAA residue and then evolving
compensatory changes in residues that interact with the
novel side chain (Tack et al. 2016).

The observation that an expanded genetic code is stable in
the highly engineered E. coli strain C321.DA lends experimen-
tal support to the plausibility of one hypothesis for the nat-
ural evolution of altered genetic codes. The “codon capture”
theory posits that natural alterations to the genetic code
occur in a two-step process (Osawa and Jukes 1989; Santos
et al. 2004) . First, a codon becomes extinct from a genome.
Some combination of gene loss, which reduces the number of
every codon in a genome, and a mutational bias, which favors
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FIG. 5. Frequency of expanded genetic code loss mutants in evolved populations. Expanded genetic code strains with wild-type rpoB (MJH090),
rpoB Q513X (MJH103), or rpoB double-amber mutants (MJH226–MJH229) were grown in the presence of 3-iodotyrosine (top row) or 3-nitro-
tyrosine (bottom row), and in the absence (black lines) or presence (red lines) of Rif. Most mutants maintained stable incorporation of the 21st
amino acid over evolutionary time whether in the presence or absence of Rif, resulting in a low and approximately constant frequency of cells that
exhibited nsAA-independent viability when grown in the absence of antibiotic across 10 transfers (as described in the Materials and Methods).
Only 3-nitrotyrosine double mutants displayed an obvious decrease in expanded genetic code stability over time.
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extreme AT or GC base content, leads to the disappearance
of all examples of a particular codon via genetic drift. Second,
the meaning of the now extinct codon is reassigned by mu-
tations to the anticodon loop of existing tRNAs or horizontal
gene transfer of decoding machinery, which allows the organ-
ism or organelle to recognize this codon as a different amino
acid.

The E. coli genome was not greatly reduced in the process
of generating of C321.DA (Lajoie et al. 2013). Yet, the removal
of all amber codons from the genome and deletion of protein
release factor RF-1 enables codon meaning to be altered with-
out competition with the native function of the amber codon
as a translation terminator. In this way, the engineering pro-
cedure was similar to the mechanism put forth in the codon
capture theory, in that the extinction of the codon from the
genome occurred via a process that was approximately neu-
tral with respect to organism fitness. This is in contrast to the
“ambiguous intermediate” theory, an alternative hypothesis
which proposes that genetic code expansion often proceeds
through an evolutionary intermediate in which the recoded
codon has multiple meanings (Schultz and Yarus 1996). That
is, the codon leads to the incorporation of either the old or
the new amino acid with some probability each time that it is
read by a ribosome. One challenge to this hypothesis is the
contention that this ambiguous, intermediate code would
likely negatively impact the fitness of an organism because
the resultant “statistical” proteome would contain aberrant
sequences (Bacher et al. 2004; Santos et al. 2004; Yu et al.
2014). Since codon capture, in contrast, occurs by a process
that is neutral and stepwise, it does not suffer from this draw-
back. Indeed, a comparative analysis of genetic code reassign-
ment in mitochondria suggests that disappearance of a
codon from this small genome is often an important com-
ponent of codon reassignment, but that it may not strictly be
required or necessarily predict the likelihood that a particular
codon will be successfully reassigned (Knight, Landweber,
et al. 2001). This study provides experimental support for
the notion that the removal of all codons and associated
decoding machinery from a genome can be sufficient for
the evolutionary stability of a nascent codon reassignment.
This occurs even in the absence of substantial genome reduc-
tion or a phenotype that requires selection on a unique
chemical property of a 21st amino acid.

In summary, this is a case study of how a panel of ex-
panded genetic codes can confer a well-understood pheno-
type in a model organism, and the relationship between that
phenotype and the stability of the expanded genetic code
itself. It offers several lessons for understanding the principles
governing the evolvability of the genetic code. First, while an
expanded genetic code can demonstrably improve evolvabil-
ity of a selectable phenotype, for a mutation to a repurposed
codon to stabilize the expanded code against mutational
failure it must provide a fitness benefit that is strictly depen-
dent on the unique chemistry or geometry of the new amino
acid. Even the presence of multiple mutations to the altered
codon may not be enough to reinforce the new code if stan-
dard amino acids may be substituted to achieve a similar
phenotype. Second, removal of a codon and its associated

decoding machinery from a genome appears to be a sufficient
condition for the evolutionary stability of an alteration to that
codon’s meaning. This experimental result supports the plau-
sibility of the codon capture theory. Finally, while central
housekeeping proteins (such as the component of RNA po-
lymerase studied here) present attractive targets for substitut-
ing nsAAs to achieve dependence on expanded genetic
codes—due to their irreplaceable functions in the cell—the
fitness costs associated with compromising their functions in
any way may result in destabilizing rather than reinforcing a
new genetic code.

Materials and Methods

Media and Strains
All bacterial growth was conducted at 30�C in LB (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl). Unless otherwise
stated, media supplements were included at the following
concentrations: 100 mg/mL spectinomycin, 100 mg/mL car-
benicillin, 100 mg/mL rifampicin, 20 mg/mL gentamicin, and
500 mM nsAA. The tRNA/synthetase expression plasmids
were generated using Gibson isothermal assembly (Gibson
2011) to combine M. jannaschii tRNA-synthetase pairs,
with a spectinomycin-resistant plasmid backbone and the
p15A origin of replication from pACYC184. In this family of
plasmids, the aaRS and the Nap3 tRNA (Guo et al. 2009) are
expressed from copies of the native E. coli TyrRS and lpp
promoters, respectively, and these co-linear transcripts are
followed by one copy of the rrnB terminator. These plasmids
were transformed into E. coli strain, C321.DA, for all experi-
ments in this study (Addgene: #48998) (Lajoie et al. 2013).

Selection for Rifampicin-Resistant Mutants
Frozen stocks of C321.DA bearing the plasmids with each
tRNA/synthetase pair were revived in LB with spectinomycin
(to select for the tRNA/aaRS plasmid), carbenicillin (TEM-1 is
present in the C321.DA genome), and the appropriate nsAA
and grown overnight. The next day, each culture was diluted
into 200 mL of the same medium to create a solution with
�100 cells/mL. Then, 400 mL of this mixture was aliquoted
into each well of ten 96-well microplates and incubated over-
night. The next day, 2.5 mL of culture from each of the 960
total wells was spotted onto LB agar plates containing all
previous supplements as well as rifampicin. These plates
were then grown 48 hours, and RifR colonies from each
spot were patched onto an LB agar plate with all previous
antibiotics, and with or without the relevant nsAA to observe
independent, RifR colonies that were only viable in the pres-
ence of the appropriate nsAA. These patch plates were as-
sessed after 36 hours of growth. Patches that grew only in the
presence of the nsAA were inoculated in liquid media with
the appropriate antibiotics and with or without nsAA. Region
I of the rpoB gene of mutants that grew only when supple-
mented with the nsAA was PCR amplified and Sanger se-
quenced to identify resistance mutations.
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Obtaining rpoB Codon 513 Rescue Mutants
The original rpoB Q513X mutant was revived overnight in
5mL LB broth with appropriate antibiotics and 3-iodotyro-
sine. This culture was then diluted 1:10,000 into sterile saline
and again 1:1,000 into 50 mL of the same medium. Then, 400
mL of this mixture was aliquoted into each well of a 96-well
culture plate and incubated overnight to obtain independent
rescue mutants. The next day, 2.5mL of culture from each well
was spot-plated onto LB-Rif plates with no nsAA. These plates
were then grown for 48 h and 93 independent resistant col-
onies were picked and grown in 5 mL LB–Rif cultures. Of
these cultures, 47 were screened for rescue mutations in
the rpoB gene by PCR amplification and Sanger sequencing.

Growth Rate Assessment
The log-phase growth rate of mutants was assessed in a
TECAN M200 plate reader at 30�C with periodic shaking
and measurements every 5 min. Growth rate was assessed
for each sample within the OD600 window between 0.02 and
0.04 by computing an exponential doubling time using a
freely available web tool (http://www.doubling-time.com).

Molecular Modeling
The wild-type structure of E. coli RNA polymerase (PDB:
4KMU chains C and D) (Molodtsov et al. 2013) was pre-
pared for mutational analyses using the Molecular
Operating Environment (MOE.09.2014) software package
from Chemical Computing Group. The structure was in-
spected for anomalies and protonated/charged with the
Protonate3D subroutine (310K, pH 7.4, 0.1 M salt) (Labute
2009). The protonated structure was then lightly tethered
to reduce significant deviation from the empirically deter-
mined coordinates and minimized using the Amber10:EHT
force field with R-field treatment of electrostatics to an RMS
gradient of 0.1 kcal/mol/Å. Next, we created rotamer librar-
ies for each noncanonical amino acid using the low-mode
molecular dynamics method (LowModeMD) (Labute 2010).
Library positions of representative variants from the selec-
tion were mutated and repacked within the local environ-
ment. The final model for each variant was further refined
using explicit solvent and minimizing the solvent enclosed
structure to an RMS gradient of 0.001 kcal/mol/Å. Models
were evaluated by calculating phi–psi angles and superim-
posed against the reference structure to ensure that the
native fold was maintained (Clark and Labute 2007).
Measurements of stability, potential energy, and contact
interactions on a fixed-ligand structure for each variant
were scored within MOE using an apo structure with each
substitution and no Rif present as a reference.

Generation of Region 1 Mutant Library
Using four overlapping segments consisting of 37 oligonucle-
otides (33 amber mutant and four wild-type oligos), a 99-bp
library of dsDNA consisting of a mix of single, double, triple,
and quadruple amber-mutants was built. Unique oligonucle-
otides for each of the 33 amber codon substitutions were
combined at a total frequency of 60% in a primer extension
reaction with Phusion DNA polymerase. The remaining 40%

consisted wild-type oligonucleotides to generate a distribu-
tion of higher-order mutant combinations. The sequences of
all 37 oligonucleotides are provided in supplementary table
S1, Supplementary Material online. Assuming nonbiased an-
nealing and extension, this reaction would produce a variety
of sequences, with single, double, triple, and quadruple amber
mutants of rpoB, constituting 12.96%, 15.36%, 34.56%, and 34.
56% of the total library, respectively, and wild-type fragments
making up the remaining 2.56%. This library was purified and
transformed directly into recombineering-proficient C321.DA
electrocompetent cells as previously described (Lajoie et al.
2013). RifR mutants were selected by plating dilutions of the
resulting transformation on LB–Rif plates containing the
nsAA. These mutants were screened for growth in liquid LB
with the cognate nsAA and no growth without the nsAA to
verify that they contained amber substitutions before se-
quencing Region I of rpoB and further characterization.

Evolutionary Stability Experiment
For each independently evolved line, a clone of the parent
strain was isolated on LB agar medium to serve as the ances-
tor, and inoculated into 5 mL of LB medium with plasmid
antibiotics, nsAA, and rifampicin when appropriate. A total of
10 serial transfers were performed over 10 days with a 1:100
dilution of saturated culture into fresh media, and frozen
stocks were saved every two transfers. The frequency of failure
mutants in a population (cells that have lost the expanded
genetic code or mutated TAG codons in rpoB) was deter-
mined by plating a dilution of the mixed population on LB–
Rif agar lacking nsAA, and comparing the number of cells
observed to the total viable cell count determined by plating
a dilution on LB with the nsAA. The failure rate of expanded
genetic code hosts with wild-type rpoB was determined by
transforming with a dual-selectable kanamycin/chloram-
phenicol plasmid containing an amber codon at a neutral
position (Y8X mutation) in the chloramphenicol acetyltrans-
ferase gene. In this case, failure of the expanded genetic code
host was monitored as the frequency of observed transform-
ants growing on LB agar with kanamycin and chloramphen-
icol but lacking nsAA compared with the total observed
transformants on kanamycin alone. When we observed
zero failure mutants at the counted dilution, the 95% confi-
dence bound on the maximum frequency of mutants in the
population was calculated from the Poisson distribution and
used in place of the missing data.

Supplementary Material
Supplementary table S1 is available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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