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A primitive genetic code is thought to have encoded statistical,
ambiguous proteins in which more than one amino acid was
inserted at a given codon. The relative vitality of organisms bearing
ambiguous proteins and the kinds of pressures that forced devel-
opment of the highly specific modern genetic code are unknown.
Previous work demonstrated that, in the absence of selective
pressure, enforced ambiguity in cells leads to death or to sequence
reversion to eliminate the ambiguous phenotype. Here, we report
the creation of a nonreverting strain of bacteria that produced
statistical proteins. Ablating the editing activity of isoleucyl-tRNA
synthetase resulted in an ambiguous code in which, through
supplementation of a limited supply of isoleucine with an alter-
native amino acid that was noncoding, the mutant generating
statistical proteins was favored over the wild-type isogenic strain.
Such organisms harboring statistical proteins could have had an
enhanced adaptive capacity and could have played an important
role in the early development of living systems.

he modern genetic code appeared >3 billion years ago (1, 2).

This code relates each of the 20 canonical amino acids to
specific nucleotide triplets found in the coding sequences of
genes and mRNAs (3). These coding sequences are translated
into polypeptides with only one type of amino acid at each
position in the sequence, so that each protein is a specific and
homogeneous chemical entity. The code itself is thought to have
started in a primitive form, perhaps with codons composed of
two rather than three nucleotides and with different amino acids
not precisely assigned to specific codons (4—6). The result was a
system of coded peptide synthesis in which a given nucleotide
sequence was translated into a related group of statistical,
heterogeneous polypeptides, so that a given location in the
peptide chain could have one of several related amino acids (7,
8). (For example, hydrophobic amino acids of similar size might
be treated as roughly equivalent and be interchangeably inserted
at a given codon.) Because they could opportunistically use
whatever amino acids were available to complete a protein
sequence, organisms harboring statistical proteins could have
had a selective advantage in a primitive environment. Also, by
having many closely related versions of the same basic sequence,
variants with a particular catalytic activity could be produced.

These microvariants might have special adaptive advantages,
much in the way that one or more mutations in an enzyme can
enhance its activity or broaden its specificity. The selective
advantages of more complex organisms that were able to pro-
duce their own amino acids and are dependent on higher
specificity eventually forced replacement of the ancient statis-
tical systems. Remains of ambiguous codes are still observed in
nature as in the Leu/Ser ambiguity in Candida sp. (9).

The genetic code is established in reactions catalyzed by
aminoacyl-tRNA synthetases, in which each amino acid is co-
valently joined to its cognate tRNA. The tRNA bears the
complementary nucleotide triplet of the code corresponding to
the attached amino acid (10). For hydrophobic amino acids like
isoleucine, the catalytic site of the enzyme has limited ability to
discriminate between isoleucine and smaller, canonical amino
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acids such as valine (11) or cysteine, or noncanonical amino acids
such as norvaline, O-methyl threonine, or O-methyl serine (12,
13). As a consequence, these alternative amino acids can be
joined to tRNA!® and erroneously be incorporated into proteins
at positions normally occupied by isoleucine. Certain syntheta-
ses, including isoleucyl-tRNA synthetase (IleRS), have a second
active site that clears mischarged amino acids and thereby
removes errors of aminoacylation (14-21). For example, the
ATP-dependent aminoacylation reaction with isoleucine-
specific tRNA® can result in production of Ile-tRNA!® or
Val-tRNATe,

IleRS + ATP + Ile + tRNA"® — [1eRS + Ile-tRNA'" +
AMP + PPi
IleRS + ATP + Val + tRNA™ —[leRS + Val-tRNA' +
AMP + PPi

However, the second active site specifically clears Val-tRNAl®
so that valine is not incorporated into proteins at positions
reserved for isoleucine (22).

IleRS + Val-tRNA" — Val + tRNA® + [leRS

The editing reactions of tRNA synthetases are essential for
ensuring the production of accurate homogeneous proteins and
not statistical mixtures of closely related sequences. Mischarging
reactions could, however, have advantages for early cells growing
under conditions where the supply of a particular amino acid is
limited, because natural or nonnatural alternative amino acids
could be recruited to “fill in” for the limiting amino acid in a
growing polypeptide.

Materials and Methods

Strains and Growth Conditions. Strain construction steps are de-
scribed below, and the strains used are listed in Table 1. Bacteria
were routinely grown in minimal medium (23) containing 2 g of
glucose per liter in LB (24) or in Mueller-Hington (BD Diag-
nostic Systems, Sparks, MD). Growth media were solidified with
15 g/liter agar (BD Diagnostic Systems) for the preparation of
plates. Transformations and P1 transductions were performed
following standard procedures (24, 25).

To test for the reversion phenotype, a strain bearing ileS4;, was
inoculated in a continuous culture apparatus (26) and grown in
minimal medium supplemented with glucose at 30°C. After 30
days in the apparatus, the strain was still sensitive to norvaline
and therefore had kept the editing-deficient allele. Growth

Abbreviations: Cm, chloramphenicol; dT, thymidine; IleRS, isoleucyl-tRNA synthetase; AZT,
3’-azido-3'-deoxythymidine.
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Table 1. Strains

Strain Genotype Source
MG1655 E. coli Genetic
Stock Center
PS2306 AileS203::KmR pBADileSwr Ref. 27
PS2449 AileS203::KmR pBADileS 2 Ref. 27
PS7066 ileSaa This work
PS2066 Atdk::KmR This work
PS6231 Atdk::KmR jleSa;, This work
PS7096 AthyA::KmR pthyAcys146aua This work
PS7108 AthyA:KmR ileSaia pthyAcys146aua This work
PS7079 AilvGE pAlaXp This work
PS7081 AilvGE ileSaipAlaXp This work
PS7068 AilvGE This work
B1412 AilvGE ileSaj, This work

curves were conducted in an ELX808 Microplate Reader (Bio-
Tek, Burlington, VT) as described (27).

Construction of the AthyA:KmRand Atdk:KmR Alleles. The KmR
gene from pUC4K (Amersham Pharmacia Biosciences) was
amplified by PCR by using the following oligonucleotide pairs
tdk.oll (5'-ATGATAAACTCCAGCCAACTTTATTTC-
ATATCATTGAGGGCCTGTGGCTGCCAGTCACGAC-
GTTGTAAAACGA) and tdk.ol2 (5'-ATCGTGGCGA-
TGCCTTTCCTGAATAGCCGTTAATGAGTCGACTTGT-
AACAAACAGCTATGACCATGATTAC) amplified the Km®
gene with 50-bp overhangs covering regions upstream and
downstream of the Escherichia coli tdk gene. thyA.oll
(5'-TGGTCTGGGCATATCGTCGCAGCCCACAGCAAC-
ACGTTTCCTGAGGAACCCCAGTCACGACGTTGTA-
AAACGA) and thyA.ol2 (5'-ATGCCCGGATGCGGA-
TCGTAGCCTTCAATCTCAAAGTCTTCGAAACGGTAG-
AAACAGCTATGACCATGATTAC) amplified the KmR gene
with 50-bp overhangs covering regions upstream and down-
stream of the E. coli thyA gene. The resulting 1.5-kb fragments
were transformed by electroporation into strain JC8679 (28) and
plated on LB Km (50 ug/ml)/thymidine (dT) (300 uM). Re-
combinants were tested for resistance to 3'-azido-3'-
deoxythymidine (AZT) and dT prototrophy, respectively, and
the markers were transduced into MG1655 to give strain PS2260
(Atdk::KmR) and strain PS2271 (AthyA::KmR).

Construction of the ileSas, Allele. The ileS 4, mutation was intro-
duced into ileS by ligation of a synthetic oligonucleotide duplex
containing 10 alanine-encoding triplet GCG in place of the
amino acid codons for 241 to 250, into the Spel and Clal sites of
pVDC433. The resulting plasmid was designated pTLH33. The
following 5'-phosphorylated oligonucleotides (Invitrogen) were
used: 5'-pCTAGTAATCGCGGCGGCGGCGGCGGCG-
GCGGCGGCGGCGGCGCGCGCAATAT and 5'-pCGATA-
TTGCGCGCGCCGCCGCCGCCGLCaLeaGeeaeeae-
CGCCGCGATTA. We sequenced the resulting plasmid,
pTLH33, and verified the insertion of 10 alanine codons. The
AileS203::KmR allele was transduced from the strain
1Q839(AileS203::Km®R ApKS-46) (29) into MG1655 containing
plasmid pTLH33 to give strain PS2449. The transductants were
selected as described when constructing the isogenic strain
overexpressing the WT ileS gene, PS2306 (27).

The 2.6-kb EcoRI and Xmal fragment carrying the ileS.4, gene
was subcloned from pTLH33 into the corresponding sites in
pSH93 to give pSH102. Plasmid pSH93 was constructed as
follows: The tdk gene and the region covering the valS promoter
region were amplified by PCR from Haemophilus influenzae
genomic DNA by using the oligonucleotides tdk1.3 (5'-
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CCCGTCGACTTAAATTTGACCGCACTTTTCTTTA) and
tdk15 (5'-ATGGCGAAACTCTACTTCTATTAC) in one case
and ValS1.5 (5'-CCCCTCGAGGATAAAGGTTATCAT-
GTTG) and ValS1.3 (5'-TAGAGTTT-CGCCATTTATTTTT-
TCTCTTTATTATAA) in the other. A P,ysuitdkny cassette was
then generated by PCR by using the two previous PCR products
and the outside oligonucleotides ValS1.5 and tdk1.3 and cloned
into the Xhol site of pSW23 after digestion with Xhol and Sall.
Plasmid pSW23 is a vector carrying the chloramphenicol (CmR)
gene and the R6K replicon that can be maintained only in a
strain that expresses the Pi protein (BW19610) (both vector and
strains were gifts of D. Mazel, Institut Pasteur, Paris). Strain
PS2260 (Atdk::KmR) was transformed with pSH102, and trans-
formants were selected on Mueller-Hington plates supple-
mented with Cm (20 pg/ml). Because PS2260 does not express
the Pi protein, CmR clones result from single crossover events
integrating the CmR gene and the P, suitdkur at the ileS locus.
Double crossover recombinants leading to the replacement of
the WT ileS gene by the ileS,4, allele were then selected by
growing cultures of the CmR clones on Mueller-Hington AZT
(30 uM) plates and than screening the AZTR colonies for CmS.
The AZTR CmS clones were screened for norvaline sensitivity as
a test for the presence of the ileS.q, allele. Nor® clones then were
checked by PCR by using the ileS 4,-specific oligonucleotide
(5'-CGCCGCCGCCGCCGCCGCCGCCGCL) and the oligonu-
cleotide (5'-GATTGCGCGTGATGAATTAACC). Four inde-
pendent Atdk:: KmR ileS 4, clones were obtained; one was named
PS6231 and used herein. The Atdk::Km®R was eliminated from
PS6231 by P1 transduction and selection for growth on Tri-
methoprim (100 uM) and dT (300 uM). The resulting strain
ileS 4, was named B1210 and used herein.

Construction of ileSa, Derivatives. The AilvGE allele from CU925
(30) was introduced into 1210 by co-linkage with the
metE::Tn10 (TetR) allele from strain CAG18491 (31). The WT
met™ allele was transduced back in to eliminate the methionine
requirement. The final strain, AilvGE ileS 4;,, was named 1412.
An isogenic set was derived from 1412 by transducing in the
WT ileS allele [selection on MS plates supplemented with Ile,
Leu, Val (100 uM), norvaline (5 mM) and 0.2% glucose] to give
strain PS7068 (AilvGE) or the WT ilv allele [selection on MS
glucose to give PS7066 (ileS 414)]. The presence of the ileS 4, allele
was checked by PCR. After sample preparation using Chelex
(Sigma) to prepare DNA from colonies, PCR was performed
with the oligonucleotides TLHseq7 (ggttgacggtcaacge) and ile-
Sol7 (5'-ATCCAGGGTAACGTGATCGCCG) to amplify a
500-bp fragment around the mutated region of ileS. An Avall site
present in the WT allele but absent in the ileS 4, allele was used
as a marker for the presence or absence of the allele through
analysis of the PCR products digested by Avall. The isogenic set
B1412 and PS7068 was used in the yield experiments. The
plasmid pAlaXp (32) expressing the His-tagged tester protein
was transformed into PS7066 and PS7068 to give the strains
PS7079 (AilvGE pAlaXp) and PS7081(AilvGE ileS.4,, pAlaXp)
that were used to purify the AlaXp protein for MS analysis. The
AthyA::KmR allele was transduced in the isogenic set to give
strains PS2271 (AthyA::KmR®) and PS7087 (AthyA::KmR ileS 41,).
The plasmid pSH20 (pthyACys146UAU) (32) was transformed
into the isogenic Athyd set to give PS7096 (AthyA::KmR
pthyAcys146AUA) and PS7108 (AthyA::KmR ileS4,
pthyAcys146AUA). Strains PS7096 and PS7108 were used in the
suppression test.

Protein Purification and in Vitro Assays. AlaXp was purified with
Ni-NTA agarose (Qiagen, Hilden, Germany), cut out of an
SDS/PAGE preparative gel, and analyzed by matrix-assisted
laser desorption ionization and p-liquid chromatography tan-
dem MS as described (32). WT IleRS and IleRSaj, mutant
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Fig. 1. Misacylation in vitro and in vivo. (A) Production of Val-tRNA'® by IleRS .. (B) The cysteine precursor S-carbamoyl-cysteine was loaded in a central well
after dilution of overnight cultures of strains PS7108 (Left) and PS7096 (Right) were spread and dried on minimal glucose plates containing thymidine (0.3 mM).
The halo of growth around the central well is marked with an arrow for the strain containing ileSas. (C) Isoleucine analogs were loaded in a central well on plates
spread with strains PS2066 and PS6231. The diameter (in cm) of the toxicity halos was measured after 24 h. The standard deviation of three independent

experiments is given.

proteins were purified from strains PS2306 and PS2449 as
described (27). Transfer RNA® was isolated from E. coli strain
MV1184 containing the plasmid pES300, which allows for the
lac-inducible overexpression of tRNA and purified as de-
scribed (33). The total assay for editing (based on the measure-
ment of ATP hydrolysis) was performed as described (17). Each
enzyme was assayed for the ability to catalyze the formation of
the misacylated species (27, 34). Val-tRNA!® was produced by
using T242P I1eRS, as described (27).

Results and Discussion

Nonreverting Disruption of Site for Editing. To investigate the
feasibility of sustained growth for cells with an ambiguous
genetic code, the active site for editing of E. coli IleRS was
ablated in a way that prevented genetic reversion. Earlier work
with valyl-tRNA synthetase and isoleucyl-tRNA synthetase
demonstrated that a point mutation in the site for editing
resulted in uncorrected misacylations and the transient produc-
tion of error-containing proteins. However, the strains bearing
the mutant alleles had a strong propensity for reversion (32, 34,
35). Rather than create a deletion that could destabilize the
protein, a critical region of ileS encoding 10 aa (T241-N250) was
converted by iterative site-specific recombination to one encod-
ing an oligoalanine decapeptide segment to give the chromo-
somal ileS 4, allele in strain PS7066. This sequence replacement
spans T242, a residue shown to be susceptible to mutations that
severely diminish the editing capacity of IleRS (34). Because of
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the large region that was replaced, this construction was genet-
ically stable to reversion.

A plasmid-encoded version of the ileS,, allele also was
constructed under control of the arabinose-sensitive Pgap pro-
moter (36). This construction enabled us to express sufficient
IleRSAja to purify and perform assays for aminoacylation (with
Ile as substrate) and misacylation (with Val as substrate). As
expected from this allele’s maintenance of bacterial growth, the
aminoacylation activity was retained. Two separate assays con-
firmed that the editing activity of IleRS was ablated by the
introduction of the polyalanine mutations. First, [leRSaj,, but
not WT IIeRS, produced Val-tRNA (Fig. 14). Second, editing
of misactivated valine by WT IleRS resulted in the tRNAUe-
dependent hydrolysis of ATP over time. This ATPase activity
was absent in IleRSaj, (data not shown).

Misacylation in Vivo and Production of Statistical Proteins. Initially,
to detect misacylation in vivo, a suppression test was designed to
demonstrate the misincorporation of Cys at Ile codons. The
ileS4i, allele was combined with a AthyA::KmR allele by P1
transduction. The resulting strain PS7087 was auxotrophic for
dT. Strain PS7087 was transformed with a plasmid carrying the
thyA gene in which the essential Cys-146 UGC codon was
replaced with the Ile AUA codon (32) to give strain PS7108.
Thus, if misacylation of tRNA!® with cysteine occurs in vivo, then
the suppression efficiency of strain PS7108 with the ileS 4, allele
should be increased relative to suppression in the isogenic strain

PNAS | June8,2004 | vol.101 | no.23 | 8595
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Fig. 2. Norvaline misincorporation at lle codons. The His-tagged protein
AlaXp was expressed in Ajlvstrains containing the WT ileS or the mutantileSa,
allele, in minimal medium containing limiting Ile (0.02 mM) and excess Nor (0.5
mM). AlaXp was purified and analyzed by matrix-assisted laser desorption
ionization and p-liquid chromatography tandem MS (32). The spectrum for
peptide GIn-313-Arg-320 containing an lle residue at the second position is
shown in Upper (WT cells, peptide mass = 1027.61 g/mol). It is resolved into
two components when isolated from cells bearing the ileSa, allele (Lower).
The second component has a mass of 1,013.59, exactly 14 mass units less than
the “WT peptide.” Multiple peaks correspond to '3C isotopic forms.

PS7096 harboring the WT ileS allele. Indeed, addition to media
of the cysteine analog S-carbamoyl-cysteine (this cysteine analog
is hydrolyzed to cysteine over time, thereby assuring a stable
supply of nonoxidized cysteine) suppressed the requirement for
dT in strain PS7108 but not in the isogenic strain PS7096
harboring the WT ileS allele (Fig. 1B).

In vivo incorporation of other amino acids also was investi-
gated. We tested for toxicity of isoleucine hyposteres in the
different backgrounds. In the absence of editing, the ileS.4,-
containing PS6231 should be more sensitive to excess amounts
of a hypostere. Valine is the obvious starting point because of its
structural similarity to isoleucine. However, the effects of valine
are difficult to measure because of its general toxicity in minimal
media, caused by feedback inhibition of the isoleucine biosyn-
thetic pathway (37). For this reason, several other isoleucine
hyposteres were tested (norvaline, O-methyl-serine, norleucine,
S-methyl-cysteine, and O-methylthreonine) (Fig. 1C). These
analogs are nontoxic to the WT strain but exhibited varying
levels of toxicity with strain PS6231 containing IleRSj,. Nor-
valine was the most toxic. In WT background, norvaline con-
centrations as high as 4 mM had no effect on cellular growth
[minimal inhibitory concentration (MIC) > 4 mM)]. In contrast,
the MIC of norvaline in strain PS7066 dropped to 20 uM.
Importantly, the presence of 100 uM Ile suppressed the toxic
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Fig. 3. Growth yields in different conditions. Strains f1412 (AilvGE ileSaja)
and PS7068 (AilvGE) were grown overnight in minimal glucose supplemented
with lle (100 uM), Leu (100 wM), and various concentrations of valine (A) or
norvaline (B) in an ELX808 Microplate Reader as described (27). The final OD
at 595 nm was measured after 20 h to quantitate yield. Experiments were
performed in triplicate. Error bars correspond to the standard deviations.

effect of norvaline in PS6231, consistent with the role of IleRS .
in conferring toxicity (data not shown).

To verify that toxicity was because of misincorporation of
norvaline at Ile codons, the yeast protein AlaXp (SwissProt#
P53960) was overexpressed and purified from the editing-
deficient strain PS7081 and, separately, from the isogenic WT
strain, with both strains grown in the presence of norvaline.
Protein samples were digested with trypsin and analyzed by MS.
Matrix-assisted laser desorption ionization analysis showed that,
when AlaXp was produced in strain PS7081, derived peptides
contained a mixture of isoleucine and misincorporated norvaline
(Fig. 2). The levels of misincorporation ranged from 10% to 15%
per codon. Direct sequencing of a norvaline-containing peptide
(corresponding to Ile-203-Lys-215) by u-liquid chromatography
tandem MS confirmed that norvaline was specifically misincor-
porated into position 203 designated by an Ile codon (data not
shown).

Statistical Proteins Can Give a Growth Yield Advantage. To investi-
gate whether an ambiguous lineage can have an advantage in
certain environments, the tolerance of cells to the substitution of
isoleucine by hyposteres was investigated. By limiting the con-
centrations of isoleucine available for growth, hypostere misin-
corporation into proteins was enhanced. To this end, the AiGE
allele conferring auxotrophy for isoleucine, valine, and leucine
was combined with the ileS 4, allele to create strain f1412. In
media containing the required leucine, valine, and isoleucine
and supplemented with excess valine (0.6—0.9 mM) or norvaline
(0.25-0.5 mM), the growth yield of the editing-defective 1412
ileS 41, allele was increased up to 20% compared with the yield
obtained with the editing-proficient isogenic PS7068 (Fig. 3).
Thus, in the editing-deficient f1412, norvaline, and valine can
overcome the effects of a limited concentration of isoleucine and
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Fig.4. Increasesin growth yield at a given norvaline concentration. Growth
and viable counts of strains 31412 (AilvGE ileSa,) and PS7068 (AilvGE) in
minimal glucose supplemented with Ile (100 wM), Leu (300 uM), or Val (300
uM) with or without Nor (200 uM). Experiments were performed with 12
independent cultures for each condition (error bars correspond to the stan-
dard deviations). (A) A representative growth curve for each condition is
shown. (B) At stationary phase, viable counts were measured by making two
independent dilutions for each culture and spotting, three times, 10 ul of a
10-5 dilution on an LB plate.

be recruited into statistical polypeptides. As expected, high
concentrations of valine or norvaline ultimately became toxic in
the editing-deficient strain but not in its WT counterpart.
Plausibly, the concentration of catalytically active microspecies
in the intracellular statistical population is too low to sustain cell
growth of the editing-deficient strain, when the mutant IleRS is
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confronted with too many amino acid possibilities. To investigate
this phenomenon in more detail, we conducted further experi-
ments with norvaline to compare the growth of strains 1412 and
PS7068 over a period of hours in the presence and absence of 200
uM norvaline. Although strain PS7068 had an initial advantage
in the early stages of growth in the absence of norvaline, both
strains were equivalent after 10 h (Fig. 44). However, in the
presence of 200 wM norvaline, by 15 h, strain 1412 had
outgrown strain PS7068. This superiority of 1412 in the pres-
ence of 200 uM norvaline was seen whether cell mass was
measured by turbidity (Fig. 44) or by actual viable cell count
analysis (Fig. 4B).

Concluding Remarks. In summary, a stable and robust strain with
an ambiguous code, and thus harboring statistical proteins, was
created by irreversible ablation of the editing activity of a single
tRNA synthetase. The WT strain, with its full complement of
editing activities, has the decided advantage of being more
resistant to the potential toxicity of elevated concentrations of
noncoding amino acids (for example, norvaline) (Figs. 3 and 4).
However, the editing-deficient strain with its statistical proteins
has the capacity to use noncanonical amino acids to fill in at
codons specifying (but starved for) particular amino acids such
as isoleucine. This capacity is advantageous in circumstances
when the organism is confronted with modest concentrations of
various amino acids that might have been the only available
building blocks for proteins in an early environment. The lack of
both specific resources and competing species may have favored
early organisms that could maximize yield and therefore maxi-
mize the chances of spreading to new resource patches that
would otherwise go unused. Thus, organisms with the capacity
to generate statistical proteins could plausibly have served as
intermediates in the evolution of early living systems.
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