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Escherichia coli isolates that were tolerant of incorporation of high proportions of 4-fluorotryptophan were
evolved by serial growth. The resultant strain still preferred tryptophan for growth but showed improved growth
relative to the parental strain on other tryptophan analogues. Evolved clones fully substituted fluorotrypto-
phan for tryptophan in their proteomes within the limits of mass spectral and amino acid analyses. Of the
genes sequenced, many genes were found to be unaltered in the evolved strain; however, three genes encoding
enzymes involved in tryptophan uptake and utilization were altered: the aromatic amino acid permease (aroP)
and tryptophanyl-tRNA synthetase (¢rpS) contained several amino acid substitutions, and the tyrosine repres-
sor (tyrR) had a nonsense mutation. While kinetic analysis of the tryptophanyl-tRNA synthetase suggests dis-
crimination against 4-fluorotryptophan, an analysis of the incorporation and growth patterns of the evolved
bacteria suggest that other mutations also aid in the adaptation to the tryptophan analogue. These results
suggest that the incorporation of unnatural amino acids into organismal proteomes may be possible but that
extensive evolution may be required to reoptimize proteins and metabolism to accommodate such analogues.

Cellular growth in the presence of unnatural amino acids
often results in at least the partial incorporation of the ana-
logues into proteins. For example, although 4-fluorotrypto-
phan (4fW) is eventually toxic to cells, bacteria can grow for
several generations in its presence and proteins that contain
high levels of this analogue can be isolated (5, 29). Similarly,
p-Cl-phenylalanine has been shown to replace phenylalanine in
vivo, but it drastically decreases luciferase activity (14). Aza-
leucine can also be partially incorporated in place of arginine
and has been shown to suppress an otherwise lethal mutation
in thymidylate synthase (20). It has recently been shown that a
tRNA synthetase with compromised editing function will allow
the replacement of valine with cysteine, threonine, or a-amino-
butyrate (9). Similarly, a tyrosyl-tRNA synthetase mutant has
been isolated which discriminates against azatyrosine less
readily than the wild type (13). All of these examples demon-
strate that the partial substitution of one amino acid for an-
other is possible.

Current methods for unnatural amino acid incorporation in
vivo involve either the site-specific incorporation of an unnat-
ural amino acid into a few proteins (11) or the partial incor-
poration into many proteins. In contrast, we and Wong (37)
have attempted to incorporate unnatural amino acids through-
out an organismal proteome. Such attempts to develop unnat-
ural organisms should enhance our understanding of the extent
to which even the most basic biochemistry is evolvable or op-
timal and may suggest metabolic alternatives for engineered
organisms. In order to explore these possibilities, we attempted
to evolve Escherichia coli variants which could survive on 4fW,
which is otherwise toxic (5, 29).

Evolutionary approaches have the drawback that diverse
genetic and metabolic possibilities are available to organisms
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under selection, and it was not clear in advance which evolu-
tionary path would be taken. Based on previous experiments by
Wong (37), we hypothesized that a relatively small number of
proteins which were adversely affected by 4fW would mutate to
accommodate the analogue. The fluorine-for-hydrogen substi-
tution adds only ~0.15 A in diameter, and this substitution was
expected to be generally insignificant, as has previously been
observed when the activities of fluorotryptophan-substituted
enzymes have been examined (27). It was also possible that the
fluorine substitution would alter the electronic properties of
tryptophan. However, while there are examples of the N1 of
the indole ring being functional, enzymes which so use trypto-
phan are rare. In addition to the adaptation of proteins to 4fW
substitution, there were other possible outcomes. Mutations in
tryptophan-incorporating enzymes, such as tRNA synthetases
or permeases, that would discriminate against the analogue
might be isolated. Examples of mutant tRNA synthetases with
increased specificity are known, so this was considered to be a
relatively probable outcome (6). Similarly, 4fW might be selec-
tively degraded, for example, by tryptophanase, or novel mech-
anisms for the defluorination of the analogue or the de novo
synthesis of tryptophan might arise. While the latter possibility
at first seems farfetched, recent work has demonstrated the
mutational proximity of proteins in the histidine and trypto-
phan (W) biosynthetic pathways (15), while other work has
demonstrated that neighboring genes in the tryptophan path-
way can be mutated to functionally replace one another (1).

We made use of a serial dilution technique in which the
4fW-to-W ratio was gradually made more strict until only 4fW
was added to the media. After over 3,000 h of serial dilution,
a strain of bacteria was isolated that was capable of growth in
media where the only W available was the 4fW analogue.
While the strain still exhibits a marked growth preference for
W, and thus does not contain a new genetic code, a number
of coordinate genetic changes were required for adaptation to
4fW.
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MATERIALS AND METHODS

Strains and media. E. coli strain C600 AtrpE (thi-1 thr-1 leuB6 lacY1 tonA21
supE44 mcrA AtrpE) was a gift of 1. J. Molineux at the University of Texas at
Austin. This strain was transformed with the plasmid pUCI18 (yielding C600p)
prior to the initiation of selection experiments. Luria-Bertani (LB) and M9
media were supplemented with ampicillin (Ap), kanamycin (Kn), or chloram-
phenicol (Cm) (3). For selection experiments, M9 media with 0.4% glucose were
supplemented with 0.0005% thiamine and 20 wg (each) of threonine and leucine/
ml. L-W and pL-4fW were introduced at various ratios so that a total concentra-
tion of 20 wg/ml of the L-enantiomer was generally maintained (in some in-
stances, the total concentration of the L-enantiomer was increased; see below).
The resultant minimal media were designated M9BI1TL, followed by the percent
of tryptophan with the 4-fluoro-adduct; for example, M9B1TL95% indicates 38
pg of pL-4fW/ml-1 pg of W/ml.

Serial transfer. Overnight cultures grown in LB plus Ap medium were initially
inoculated separately with two clones of C600p, designated C600p-1 and C600p-
2. These cultures were then diluted 1:100 into MIBITL95% plus Ap and growth
curves were generated by monitoring the optical density of the culture at 600 nm
(ODgq). Upon reaching either an ODyy, of approximately 0.5 or stationary phase,
the cultures were further diluted 1:100 into fresh media containing ampicillin and
various ratios of 4W to W. Glycerol stocks were made prior to each transfer and
stored at —80°C for later analysis. Once stable and reproducible growth was
observed at a given 4fW proportion, the evolving strains were successively trans-
ferred into 97, 98, 99, and 99.5% 4fW (see Fig. 2). To avoid the possibility that
tryptophan might become limiting for growth, the total amount of W and 4fW in
later transfers was increased to 40 pg total of the L-enantiomer/ml: 79.8 pg of
pL-4fW/ml and 0.1 pg of W/ml, referred to as 2x99.72%. The remaining transfers
were to MIB1TL3x99.85% (60 pg total of the L-enantiomer/ml, 99.85% of which
was 4fW), followed by M9BITL3x99.92% and then M9BI1TL3x99.97%. The
strain C600p-2 did not survive beyond the first MOB1TL3x99.92% transfer. After
seven serial transfers in M9B1TL3x99.97%, two clones (B7-3 and B7-4) were
isolated from the C600p-1 population and used in further experiments. Plasmid
DNA prepared from these clones indicated that they had retained the original
pUC18 plasmid.

Characterization of growth capabilities. Overnight cultures of strains (C600p,
B7-3, and B7-4) were grown in MIBITL95% plus Ap medium were used to
inoculate (by 1:100 dilutions) several media representing a range of 4fW-to-W
ratios or a range of W concentrations. These cultures were aliquoted into trip-
licate wells of plates used by the Bioscreen C (Labsystems Oy, Helsinki, Finland),
a plate reader designed to monitor cell growth. Using the Bioscreen C, growth
curves were generated for each culture and averaged. The growth rate of each
culture was estimated by fitting the log phase of each growth curve to the
following equation: y = a log x + b, in which y is the ODg, x is the time, and
a is growth rate. Growth rates were then plotted against 4fW proportions. Similar
experiments were carried out with 5-fluorotryptophan (5fW) and 6fW.

Expression vector construction, protein purification, and characterization.
The kanamycin kinase gene was amplified from the vector p182Sfi-Kan (K. A.
Marshall and A. D. Ellington, unpublished data) using primers Kan1.39 (5'-CG
CGGATCCGGCCACCATGGCCAAGCGAACCGGAAT-3") and Kan2.39
(5'-CCGGAATTCTGAGGCCTGACAGGCCTTAGAAGAACTCGT-3"), di-
gested with EcoRI and BsaBI, and then cloned into pGEX-KG (12) digested
with Smal and EcoRI. This glutathione S-transferase (GST) expression vector,
called pGSR, was used to transform strains B7-3 and B7-4.

Overnight LB-plus-Kn cultures of B7-3 and B7-4 containing pGSR were used
to inoculate MOB1TL95% plus Kn. This culture was in turn diluted 1:100 into
100 ml of M9BITL95% plus Kn. At mid-log phase, cells were concentrated by
centrifugation and resuspended in 100 ml of either M9BITLW plus Kn or
MOBITL3x100% plus Kn, both supplemented with 0.3 mM IPTG (isopropyl-B-
D-thiogalactopyranoside). After 16 h of growth, cells were harvested and lysed in
5 ml of bacterial protein extraction reagent (B-PER; Pierce, Beverly, Mass.).
GST was isolated from the soluble fraction as previously described (3), and three
0.5-ml fractions were stored at 4°C. Each elution fraction was concentrated
(10,000 MW cutoff; microconcentrator; Microcon, Rockford, IlL.), the final pro-
tein purity was estimated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) to be greater than 95%, and the concentrations of the
protein fractions were estimated spectrophotometrically to be as follows: 5
mg/ml from B7-3 grown in W; 6 mg/ml from B7-3 grown in 4fW; 1.5 mg/ml from
B7-4 grown in W; and 0.5 mg/ml from B7-4 grown in 4fW).

Mass spectrometry was carried out at the Mass Spectrometry Facility in the
Chemistry and Biochemistry Department at the University of Texas at Austin.
The whole GST protein was analyzed by high-performance liquid chromatog-
raphy—electrospray ionization mass spectrometry (HPLC-ESI MS) and by ma-
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trix-assisted laser desorption ionization-time of flight (MS) [MALDI-TOF
(MS)]. For these experiments, trifluoroacetic acid and formic acid were used to
eliminate acetylation. For peptide analyses, 5 ug of GST from B7-3 cells grown
on either W or 4fW cultures was lyophilized, resuspended in 0.1 M NH,HCO;,
and digested with immobilized r-1-tosylamido-2-phenylethyl chloromethyl ke-
tone (TPCK)-treated trypsin (Pierce) at 37°C for 10 h. Trypsin was removed by
centrifugation, and the digest was lyophilized and resuspended in water to a
concentration of 210 pM for HPLC-ESI MS analysis. GST was also isolated from
both C600p and B7-3 cells grown on W, 95% 4fW, or 95% 4fW in which the
culture was switched to 4fW upon induction. Purified protein was digested as
described above and analyzed by HPLC-ESI.

Amino acid analysis. Cultures of C600p and B7-3 were grown in 25 ml of
media containing W and 95% 4fW to saturation. These cultures were pelleted by
centrifugation and resuspended and lysed in 200 pl of B-PER. Then, 50 pl of this
lysate was passed through a CENTRI-SEP size-exclusion column (Princeton
Separations, Adelphia, N.J.) to remove unincorporated amino acids. The puri-
fied lysate was hydrolyzed (with 10% thioglycolic acid to prevent tryptophan
degradation) and analyzed by the Protein Facility of the Institute for Cellular and
Molecular Biology at the University of Texas at Austin.

Gene sequencing. Genes from the parental strain, B7-3, and B7-4 were am-
plified and sequenced on an ABI377 sequencer. The genes that were analyzed
were those for aromatic amino acid permease (aroP), tryptophanyl-tRNA syn-
thetase (#pS), tRNAT™ (4pT), tryptophanase (tnaA), single-stranded DNA
binding protein (ssb), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(gapA), the pUCI8 origin of replication (ColE1), B-lactamase (bla), tryptophan
repressor (rpR), tyrosine repressor (fyrR), and the tryptophan-specific trans-
porter (mtr). The primers used for the amplification and sequencing of the genes,
as well as ~100 bp of flanking regions, are listed in Table 1.

Growth effects of C600p conferred by mutant aroP and trpS genes. Wild-type
and mutant aroP and #rpS genes were amplified and cloned into the TOPO-TA
vector pCR2.1 (Invitrogen, Carlsbad, Calif.). The #pS insert was then subcloned
into the BamHI-Xbal sites of pACYC184 (18). The vector with the wild-type trpS
gene was designated pABXWSw, while the vector with the mutant #7pS gene was
designated pABXWSm. The TOPO-TA vector BamHI-Xbal fragments con-
taining aroP were then subcloned into BamHI-Spel-digested pABXWSw and
PABXWSm (Xbal and Spel yield compatible overhangs). These manipulations
ultimately yielded either pAPWWSw and pAPmWSm, plasmids that contained
both #pS and aroP wild-type or mutant genes, respectively. Parental C600p was
separately transformed with pAPWWSw and pAPmWSm. The pl5A-derived
origin of replication of pACYC184 was compatible with the pUCIS8 plasmid
already present in C600p, and thus, both plasmids could be propagated simul-
taneously. Single colonies were grown overnight in MIB1TL95% plus Ap and
Cm. Growth rates on various ratios of 4f'W to W were determined as described
above.

Wild-type and mutant TrpRS overexpression, purification, and charging. The
primers 40.WSB.Ndel (5'-TCGACATATGACTAAGCCCATCGTTTTTAGTG
GCGCACAG-3') and 40.WSA (5'-CAGCACTCGAGAATTACGGCTTCG
CCACAAAACCAATCGC-3") were used to amplify wild-type and mutant #pS
genes. These were ligated into the pCR2.1 TOPO vector and sequenced to
confirm that there were no mutations introduced by PCR. Isolated plasmids were
digested using Ndel and Xbal, and wild-type and mutant #pS genes were intro-
duced into appropriately digested pET28b (Novagen, Madison, Wis.) (18), gen-
erating pETWSw and pETWSm, respectively. These plasmids were electro-
porated into BL21(DE3) cells. Log phase LB-plus-Kn cultures (35 ml) were
induced with 0.3 mM IPTG for 3 h.

Protein was purified essentially as described by the manufacturer. In short,
cultures were spun down, lysed in 1 ml of B-PER, and incubated with 10 mM
MgCl, and 1 U of DNase I at room temperature for 5 min. The lysates were
cleared by centrifugation at 10,000 rpm for 30 min at 4°C, and the supernatants
were centrifuged again for 15 min. The supernatants were then loaded on 1-ml
nickel columns at room temperature. The columns were washed with 10 ml of
binding buffer (20 mM Tris-HCI, pH 7.9, 0.5 M NaCl, 50 mM imidazole) and 6
ml of wash buffer (same as the binding buffer but with 60 mM imidazole), and
fractions were collected in elution buffer (20 mM potassium phosphate, pH 7.0,
0.5 M NaCl, 1 M imidazole). Fractions with protein were identified by SDS-
PAGE, pooled, and dialyzed overnight against TrpRS buffer (20 mM potassium
phosphate, pH 7.0, 10 mM KCl, 5 mM MgCl,, 4 mM dithiothreitol, 20% glyc-
erol) at 4°C; the dialyzed proteins were stored at —20°C. Protein was quantitated
by Bradford assay or by SDS-PAGE using known standards.

tRNA for charging assays was produced using the AmpliScribe T7 transcrip-
tion kit (Epicentre, Madison, Wis.) with the template WtRNA.1 (5'-TGGCAG
GGGCGGAGAGACTCGAACTCCCAACACCCGGTTTTGGAGACCGGT
GCTCTACCAATTGAACTACGCCCCTCTATAGTGAGTCGTATTAGAA-
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TABLE 1. Primers used for amplification and sequencing of genes”

Gene Primer” Primer sequence

aroP 22.APA 5'-GACGATTTACGGGGCGTTGGTG-3'

24 APB 5'-CATTCTACATATTGAGAGGGGTTG-3'
22.AP-iA1  5'-CGCCAGGCTAATCATCGCCCAG-3’
20.AP-iA2  5'-CCACAGGTTGCTAACGGTCG-3’
21.AP-iB 5'-GTGTTTGGCGAGATGGAGTTC-3'

tpS 24 WSA
24.WSB

5'-CATCCGGCATGAACAAAGCGCAAT-3’
5'-TTCTGCCCGCATTAGGGCTTCCGC-3’

mpT  24.WTA
24.WTB

5'-GGGTCGCGGGTTCGAGTCCCGTCC-3'
5'-CTTCGGAGAGGGTTATTTCAGATA-3'

tnaA 24 TNA 5'-GATGGTGCTTGCATATATATCTGG-3’

24 TNB 5'-GTTATTGAGGATGTAGGGTAAGAT-3'
24TN-iIA 5'-GATATGCGGCAACAGTTTACCGGC-3’
24.TN-iB 5'-GTGGCGCAGAGCAAATCTATATTC-3'
ssb 24.SBA 5'-GTTTCCCGGATCCGAGGTCACAAC-3’
25.SBB 5'-CTGGCAGATGCTTTAAGGATCCACC-3’

gapA 24.GAA 5'-TTGACGCTGCGTAAGGTTTTTGTA-3’

24.GAB 5'-AGCGACCGAAGTCGCTCTTTTTAG-3’
ColE1  25.0CA 5'-TAATGGTTTCTTAGACGTCAGGTGG-3’

24.0CB 5'-GTAGTTCGCCAGTTAATAGTTTGC-3’
bla 26.50 5'-TTCTTAGACGTCAGGTGGCACTT-3’

27.19 5"-TTAAGGGATTTTGGTCATGAGATT-3’
5'-AACTTTATCGGCCTCCATCCAGTC-3’

5'-CCCCCGCTAACAATGGCGAC-3’
5'-CGCCTGATGCGACGCTGCC-3’

trpR 20.WRA

tyrR 20.YRA 5"-ATCTTTACGCCGAAGTGCCC-3’

21.YRB 5'-CGCCTGATGCGACGCTGCC-3’
23.YR-IA  5-TGTCGATATGAAAAGCAAAGTGG-3'
26.YR-iB 5'-GTCAACACGTTCAGACGATAATAGAG-3'

mitr 36.MTA 5'-GGCAACGCTGTCCTACATAGACCTGATA

AGCGAAGC-3'

38.MTB 5-TCGGGGCTTTTTTTCTGTCTTTTGTACTC
GTGTACTGG-3'

20.MT-iA  5'-CCAGACAGAACGGCAGGGTC-3'

27MT-iIB  5'-GGCGAAAGTCATTACCTTCTTCCTCAC-3’

“ Primers amplify genes as well as ~100 bp of 5’ and 3’ flanking sequence.

b The first two primers listed for each gene were used to amplify the gene and
sequence and the 5" and 3’ ends. Any additional primers were used to sequence
internal regions of the gene.

3") and the T7 promoter sequence 24T7.JB1 (5'-TTCTAATACGACTCACTA
TAG-3"). This sequence adds an extra G to the 5" end of the tRNA to enhance
transcription. tRNA was labeled with [a->?P]ATP and purified by PAGE.

To determine the relative charging abilities of mutant and wild-type enzymes,
each was incubated with various amounts of 4W in the presence of [*H|W.
Reactions were carried out with final concentrations of 50 mM HEPES (pH 7.0),
10 mM MgCl,, 4 mM dithiothreitol, 2 mM ATP, 0.05% bovine serum albumin,
2 uM [a-*P]tRNAT™, and 2 uM [PH]W (32). These solutions were heated to
70°C for 3 min and cooled to 37°C for 10 min prior to the addition of enzyme to
start the reactions. Reactions were carried out in triplicate. Four minutes after
the addition of enzymes, samples (10 ul) were loaded onto filter discs that had
previously been soaked with 5% trichloroacetic acid and 10 mM W. Filter discs
were washed three times in 5% trichloroacetic acid—-10 mM W, twice in 70%
ice-cold ethanol, and once in ether, and the discs were then air-dried and
counted. Ratios of *H counts to 3P counts were determined, normalized to a
no-4fW control, and plotted against the concentration of the 4fW competitor.

Incorporation assay. Overnight cultures of C600p and B7-4 were grown on
M9BITLI95% plus Ap and used to inoculate a 105-ml culture of M9B1TL95%
plus Ap by a 1:100 dilution. These cultures were grown to an ODg, of ~0.35,
spun down at room temperature, and resuspended in 50 ml of M9BIL plus Ap.
Four milliliters of the resuspended cultures was aliquoted to fresh tubes con-
taining 50 nM [PH]W-500 nM ['"C]T. These cultures were incubated at 37°C
with shaking (250 rpm) for 10 min and then placed on ice. Triplicate 1-ml
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samples were aliquoted from each culture and centrifuged. Pellets were resus-
pended and lysed in 50 wl of B-PER. Half of each lysate was centrifuged to
remove insoluble material and passed through CENTRI-SEP columns to remove
unincorporated label (these columns were shown to remove detectable radioac-
tivity when at least a ~100-fold-greater number of counts were applied). Eluant
(10 pl) was mixed with scintillation fluid and counted. *H and "*C counts were
corrected for overlapping windows based on known standards and were con-
verted to femtomoles of W and picomoles of T, and ratios were determined and
plotted.

RESULTS AND DISCUSSION

Evolution of 4fW-tolerant bacteria. E. coli cells are remark-
ably tolerant of 4fW (Fig. 1) if tryptophan is also provided. We
found that the tryptophan auxotroph C600p was capable of
stable, continual growth in media where 95% of the available
tryptophan was 4fW (for example, Fig. 2). However, while
E. coli tolerates 4fW, it cannot use 4fW as the sole source of
tryptophan (5, 29). Attempts to grow C600p in higher propor-
tions of 4fW (>99% 4fW) inevitably resulted in cell death after
one or two serial transfers. We reasoned that it might be pos-
sible to select for bacteria with increasing tolerance to (and
possibly increased utilization of) higher proportions of 4fW.

Simple serial transfer techniques were used to evolve 4fW-
tolerant strains (Fig. 2). In order to prevent contamination of
the evolving bacterial population with environmental pro-
totrophs, a plasmid bearing an antibiotic resistance element
was introduced into the parental strain. The presence of this

HyN——CH—C ——OH

CHo

NH
7N

O
HoN——CH—C——O0OH

CHo

\ NH

FIG. 1. Tryptophan and 4-fluorotryptophan. The fluorine atom is
0.15 A in diameter larger than the hydrogen atom it replaces but is
more electronegative. Numbers indicate positions of fluorine substitu-
tions for tryptophan analogues that have been examined.
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FIG. 2. Evolution of 4fW-tolerant E. coli. ODyg,, readings of a culture of C600p were made as a function of time. Each culture was diluted into
fresh media when it entered stationary phase or reached an ODg, of >~0.5. After stable and reproducible growth was demonstrated in each
medium, the culture was switched to a higher ratio of 4fW to W. The inset shows an expanded view of growth during the early stages of adaptation.
Numbers in parentheses are the average time (in hours) between dilutions. Arrows indicate unsuccessful attempts to transfer cultures to media
with much higher 4fW-to-W ratios: the parental strain was unable to grow on 99% 4fW, while strains at 238.25 and 312.25 h were unable grow on
99.97% 4ftW. As the serial transfer was continued, successively higher total amounts of total W were added to the media (see Materials and
Methods). For this reason, 2x- and 3x- followed by percentages designate real ratios of 4fW to W but also indicate a greater amount of 4fW plus
W in the media. Furthermore, 100% 4fW is not shown due to the contamination of commercial 4fW with 0.03% W; hence, 99.97% 4fW is the

highest possible ratio of 4fW to W.

plasmid was used throughout serial transfer experiments as a
marker for the evolving strain. After 250 h of continuous evo-
lution and 14 serial transfers, the parental strain was gradually
adapted to 97, 98, and finally 99% 4fW (Fig. 2, inset). Growth
at proportions with greater than 99% 4fW proved difficult to
achieve and required more discrete steps. Nonetheless, after
3,000 h of continuous evolution, the strain could grow, albeit
slowly, with only 4fW added to the growth media (Fig. 2).
The purity of the commercial 4W sample was assayed by
HPLC, and 0.03% contaminating tryptophan was found. For
this reason, we never refer to media as being 100% 4fW;
instead, when only commercially available 4fW was added to
the media, it is referred to as 99.97% 4fW. It was also possible
that contaminating tryptophan might have arisen from deflu-
orination of the original sample, but MS revealed that no
additional tryptophan accumulated as a breakdown product
following prolonged (8 days) incubation in media. Therefore,

the final, evolved strain was capable of growth in the presence
of only 36 ng of DL-tryptophan/ml, provided that 4fW was also
present. For the sake of comparison, tryptophan was limiting
for growth at concentrations less than 2 pg/ml for wild-type
C600p (see below and Fig. 4).

Two clones, B7-3 and B7-4, were isolated from the final
population of cells and were used in further characterizations.
As expected, the evolved isolates still contained the original
plasmid, were tryptophan auxotrophs, and could grow on
99.97% 4fW. The growth rates of the evolved strains were
greater than that of the parental strain at all proportions of
4fW (Fig. 3). Moreover, the evolved clones were more tolerant
of other tryptophan analogues, such as 5fW and 6fW, than the
parental strain. However, both evolved clones still preferred
tryptophan for growth and grew as well as the parental strain
in the presence of tryptophan. In fact, the growth rates of
evolved and ancestral clones were equally reliant upon W
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95 96 97 98 99 100
%AfW

FIG. 3. Effect of various ratios of analogue to natural tryptophan on the growth of parental and evolved clones. Clone B7-3 (<) and parental
C600p ([J) were grown on various ratios of 4W (left), 5fW (center), and 6fW (right). Growth rates for clones were determined by fitting the log
portion of growth curves to the following equation: y = a log x + b, where a was the growth rate (see Materials and Methods). The evolved clone
B7-3 had a growth advantage for all ratios of 4fW to W, including a ~10-fold increase on 99.97% 4fW.

concentration (Fig. 4). The lowest levels of [W] examined here
are slightly greater (20 ng/ml compared with 18 ng/ml) than the
residual tryptophan found in 99.97% 4fW, indicating that there
is likely no W production in the evolved cells.

Confirmation of 4fW incorporation. In order to determine
whether the evolved strain utilized or tolerated 4fW, it was
important to determine whether protein extracted from the
wild-type parent and the evolved variant in fact incorporated
4fW. Because tryptophan is known to be labile during protein
hydrolysis, it was possible that significant amounts of residual
tryptophan might be missed during amino acid analysis. In-
deed, even literature procedures optimized to quantitate tryp-
tophan content are seldom able to detect better than 95% of
total tryptophan. Therefore, we attempted to use less invasive
methods to determine the extent of 4fW incorporation (9, 34).
We reasoned that while genes present during the course of the
selection experiment might have mutated, a newly introduced
gene should accurately reflect the incorporation potential of
the evolved translation apparatus.

The parental strain (C600p) and the evolved strain (B7-3)
were transformed with a plasmid that overexpressed the pro-
tein GST. It had previously been demonstrated that GST re-
tained function (and thus could be readily purified) when 5fW
was widely incorporated in place of tryptophan (27), and we
anticipated that it might also retain function (and thus be
amenable to purification) following 4fW incorporation. After
induction in media containing either tryptophan or 4fW, GST
was isolated and HPLC-ESI MS was performed on samples.
Protein samples from cells of strain B7-3 grown on W exhibited
a mass peak consistent with full-length GST (27 kDa), while
protein samples from strain B7-3 grown on 4fW exhibited a
mass shift of 72 Da, the exact amount predicted by replace-
ment of the four GST tryptophans with 4fW (19 Da [F] — 1 Da
[H] for each tryptophan replaced); similar results were ob-
served for MALDI-TOF (MS). To further assess whether this
mass shift represented the discrete incorporation of 4fW resi-
dues, isolated proteins were digested with trypsin and the frag-
ments were once again run on an HPLC-ESI MS. Three of the
resultant fragments were expected to contain the four trypto-
phan residues. Although one of the peptides was too small to
be traced by MS (WR), the two remaining fragments contained
mass shifts that were consistent with 4fW replacement. For

%5fW

%6fW

example, the fragment MSPILGYWK from strain B7-3 cells
grown on W was found to have the predicted mass of 1,094.3
Da, while the same fragment from strain B7-3 cells grown on
4fW was found to have the predicted mass of 1,112.3 Da (Fig.
5).

Using these techniques, the relative degree of 4fW incorpo-
ration in parental and evolved strains could be assessed. When
the wild-type parent was grown on 95% 4fW, the signature
peptides described above were found in roughly equal measure
(Fig. 6A). This indicates a roughly 19-fold discrimination in
favor of W (19:1 in the media versus 1:1 incorporated in pro-
tein). In contrast, when clone B7-3 was grown on 95 or 99.97%
4fW, the 1,094-Da peak could not be found in the digest, as
shown in Fig. 6B, indicating that incorporation of 4fW was
complete (at least at the level of our analysis; sensitivity to
1%). The other GST peptides derived from B7-3 cells grown
on 4fW also appeared to contain only modified tryptophan.
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FIG. 4. Effect of tryptophan concentration on growth of ancestral
and evolved clones. Clone B7-4 (¢) and C600p (LJ) were grown on
various ratios of W. Growth rates were determined as described for
Fig. 3 (also see Materials and Methods).
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FIG. 5. Incorporation of 4fW by an evolved clone. GST purified
from B7-3 cells grown in the presence of tryptophan was digested with
trypsin, and peptides were separated and analyzed by HPLC-ESI MS.
A major peak eluted at 29 min and had a mass of 1,094.3 Da (top). The
mass of this peak corresponds to that of the predicted tryptic fragment
MISPLGYWK. The peak shifts to a mass of 1,112.3 Da when B7-3
cells are grown on 99.97% 4fW rather than tryptophan (bottom).
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These results were confirmed by more-conventional amino
acid analyses. Whole-protein extracts were hydrolyzed in thio-
glycolic acid to avoid extensive tryptophan degradation. When
the parental strain was grown in 95% 4fW, extracted proteins
showed from 70 to 80% incorporation of 4fW. These results
are consistent with those reported by Pratt and Ho (29), who
previously estimated that no more than about 73% of the tryp-
tophan residues in cellular proteins could be replaced with
4fW in an unevolved strain (29). In contrast, when cells of the
evolved clone B7-3 were grown on 95 or 99.97% 4fW, no nat-
ural tryptophan could be detected in extracted proteins.

Genetic and biochemical characterizations of evolved clones.
Given that the evolved strain could grow in the presence of
99.97% 4fW while the starting strain could not, the evolved
strain had likely accumulated mutations that altered proteins
adversely affected by 4fW incorporation. For example, previ-
ous experiments with proteins involved in lactose utilization
revealed that 4fW had deleterious effects on a number of
enzyme activities (5, 29). In order to identify what types of
mutations contributed to the ability to grow on 4fW, a number
of genes from clones B7-3 and B7-4 were isolated and com-
pared with the same genes from the parental strain. For the
most part, changes were not observed, neither in the coding
regions nor in the regions roughly 100 residues up- and down-
stream of the coding regions. Genes that did not encode pro-
teins (tRNAT™P, the pUC18 origin of replication) contained no
mutations. Furthermore, essential enzymes (GAPDH, B-lacta-
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mase) and proteins known to rely heavily on tryptophan for
function (single-stranded DNA binding protein) (35) con-
tained no mutations relative to the parental strain. The func-
tions of these proteins may very well have been impaired
by fluorotryptophan incorporation, especially given the poor
growth of the evolved strain, but the impairment was not sig-
nificant enough that mutational fixation was required in order
for growth to occur.

Mutations may also have accumulated in enzymes involved
in tryptophan uptake and incorporation. Several enzymes in-
volved in tryptophan metabolism (tryptophanase, tryptophan
repressor, and tryptophan-specific transporter [m#r]) remained
unchanged. That tryptophanase was found to be wild type elim-
inates as a possibility the most obvious mechanism by which
the evolved strain might have developed a means for specifi-
cally degrading 4fW. However, three proteins that were direct-
ly involved in tryptophan utilization, tryptophanyl-tRNA synthe-
tase (#7pS), aromatic amino acid permease (aroP), and tyrosine
repressor (fyrR), were mutated. The synthetase and repressor
each contained a single mutation (Q109P and R380p, respec-
tively), while the permease contained three substitutions (T30S,
147V, V365G). The opal mutation in the tyrosine repressor
should have led to the production of a truncated, nonfunc-
tional protein and thus allowed the overexpression of the AroP
permease and of other operons in the aromatic amino acid reg-
ulon (24, 28). Interestingly, wild-type E. coli cells show a >15-
fold increase of m#r mRNA under W starvation conditions
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FIG. 6. Relative incorporation of 4fW by an evolved and ancestral
clone. GST was purified from clones B7-3 and C600p grown on 95%
4fW medium, as described above. HPLC-ESI MS was performed.
Traces for the masses of 1,094 and 1,112 Da are shown. (A) A peptide
isolated from C600p shows a roughly equal proportion of 1,094- and
1,112-Da peptides at about 6.6 and 7 min. (B) HPLC-ESI MS of a
peptide produced by B7-3 shows an absence of any significant peak at
~6.6 min of a mass of 1,094 Da.
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(17); however, tyrR actually acts to increase expression levels of
mitr (EcoCyc website [http://ecocyc.org] and reference therein
[30]), so the level of mfr mRNA may actually have decreased
from this level. In fact, this makes sense from a resource
allocation point of view: the evolved variants should preferen-
tially express aroP, where mutational substitution happened to
have been concentrated.

In order to determine when during the course of the exper-
iment these mutations may have arisen, genes from interme-
diary organisms were also examined. The Q109P mutation for-
tuitously introduced a BsaHI restriction site into the #7pS gene,
and the presence or absence of this site was used to determine
the approximate genesis of the #pS mutation in evolutionary
history (Fig. 7A). Similarly, individual aroP and #yrR genes
were isolated and sequenced (Fig. 7B). During the first 250 h
of evolution, one aroP mutation (V365G) arose; this substitu-
tion was apparently sufficient to allow adaptation to growth on
99% 4fW. The trpS mutation, the remaining two aroP muta-
tions, and the fyrR mutation occurred in succession. Interest-
ingly, the order of the aroP mutations was in rough agreement
with their degree of phylogenetic conservation: the first sub-
stitution occurred in the most variable residue, the last in the
least variable residue (2).

The mutations were likely necessary for growth in the pres-
ence of high proportions of 4fW. A replicate experiment car-
ried out in parallel yielded organisms that could not survive at
4ftW proportions above 99.92% (C600p-2; see Materials and
Methods). As was the case with the eventually successful strain,
an initial substitution arose in aroP at approximately the same
time. However, its identity was V365A rather than V365G. The
failed line never chanced to acquire the remaining #rpS (Fig.
7A), aroP, and tyrR mutations, perhaps because the initial
adaptive mutant did not adequately predispose the organism to
selection pressure that would have favored further 4fW utili-
zation.

However, it was unclear whether the mutations were, on
their own, sufficient for growth in the presence of high propor-
tions of 4fW. Wild-type and mutant #pS and aroP genes were
introduced into the parental C600p tryptophan auxotroph via a
low-copy-number vector. A clone bearing the mutant aroP and
trpS genes showed an improved ability to grow at all propor-
tions of 4fW (Fig. 8). While the merodiploidy of these clones
(which had genomic copies of the wild-type genes, but plasmid-
borne wild-type or mutant genes) may obscure the full effects
of the mutant genes, the effect of growth on 4fW is striking,
and it clearly demonstrates that these genes provide a growth
advantage in the presence of the analogue. More remarkably,
the clone bearing mutant aroP and #pS genes showed a gen-
erally improved ability to grow on the tryptophan analogue
6fW. However, the mutant genes proved to be a hindrance to
growth at higher proportions of 5fW. It is interesting that this
analogue preference (4fW > 6fW > 5fW) is similar to that seen
with Bacillus subtilis tryptophanyl-tRNA synthetase, which has
been shown to incorporate tryptophan analogues, albeit 6- to
70-fold slower than it incorporates tryptophan (38). These
results also coincide with those of Liu and Schultz (23), who
were able to substitute multiple, different amino acid ana-
logues into a protein via a single mutant synthetase.

Nonetheless, while the mutant genes were necessary for
growth in the presence of high proportions of 4fW, they were
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not sufficient. Just as the parental strain could not initially grow
on 99.97% 4fW, when the cultures used to generate the data in
Fig. 8 were diluted into fresh 99.97% 4fW media, no further
growth was observed. The mutant genes may make growth on
4fW possible, but additional, as-yet-unidentified, adaptive mu-
tations spread throughout the genome of the evolved strain are
almost certainly required. These results underscore the idea
that drastic evolutionary changes such as the large-scale intro-
duction of unnatural amino acids may require the evolution of
an entire organism, rather than the targeted engineering of
only one or a few specific genes.

The changes in tryptophan utilization could have been due
to the evolved permease, the evolved synthetase, or other mu-
tant enzymes not yet identified. In particular, we suspected that
tryptophanyl-tRNA synthetase might be involved in discrimi-
nation against fluorotryptophan. The structure of a highly ho-
mologous tryptophanyl-tRNA synthetase (from Bacillus stearo-
thermophilus) has been solved (10). In this enzyme, a glutamine
equivalent to Q109 lies near the end of an a-helical domain
and reaches down into the Trp-AMP binding pocket. At its
closest approach, the B. stearothermophilus glutamine is only
3.8 A from the Trp-AMP complex (Fig. 9A). Thus, it seemed
reasonable to assume that the Q109P mutation may have al-
tered the specificity for tryptophan. To assess this hypothesis,
wild-type and mutant tryptophanyl-tRNA synthetases were
overexpressed and purified, and the charging of radiolabeled
tryptophan was monitored as a function of fluorotryptophan
concentration (Fig. 9B). These data can be most readily ana-
lyzed using the following equation: V., w = kc.ow [W]/[W] +
K, w (1 + [4fW]/K,, 4w)- This is the standard rate equation
for an enzyme that can utilize one of two different substrates.
Fitting of the equation by nonlinear regression allowed the
assessment of relative kinetic values (Table 2). As can be seen,
this equation readily fits the data we have obtained (* = 0.998
and 0.931 for the wild type and mutant, respectively). These
data show that, relative to that of the wild type, k., w/K,,, w of
the mutant TrpRS increased roughly twofold, while the K, for
4fW increased fourfold. This indicates both improved turnover
for W and increased discrimination against 4fW by the mutant
enzyme. To further assess whether the evolved synthetase
could more quickly incorporate tryptophan and/or analogues
into the proteome, we carried out an additional experiment in
which *H-labeled tryptophan and '*C-labeled threonine were
both added to the media, and the relative *H-to-'*C ratios
were determined for both wild-type and evolved strains. As can
be seen in Fig. 10, the evolved strains do indeed have a much
greater ability to incorporate tryptophan. Indeed, since there is
only a twofold increase in k_,/K,, for W for the mutant syn-
thetase, the overall threefold increase in W/T (the absolute
number of femtomoles of W and picomoles of T) for the
derived strain could be the result of an altered or more highly
expressed amino acid permease.

The #yrR mutation is likely to also be significant. This re-
pressor is responsible for the expression of genes in the aro-
matic amino acid regulon, several of which are involved in the
biosynthesis of chorismate, the precursor of tyrosine, pheylala-
nine, and W. Specifically, 3-deoxy-p-arabino-heptulosonate-7-
phosphate (DAHP) synthases (aroF and aroG, isoenzymes
which are repressed by Tyr and Phe, respectively) as well as
shikimate kinase II (aroL) are now derepressed in the #yrR
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FIG. 7. Serial introduction of functional mutations. (A) Evolutionary history of the #7pS Q109P substitution. The Q109P substitution introduces
a unique BsaHI site into the #7pS gene. The #rpS gene was amplified from different cultures and partially digested with BsaHI, and the fragments
were separated on a 2% agarose gel. Lanes 1 and 2, 1-kb ladder and 1-kb standard; lanes 3 and 5 through 9, samples taken from the evolving strain,
as indicated in Fig. 7B; lanes 4 and 10, samples taken from a parallel, unsuccessful strain, C600p-2, at time points identical to those shown in lanes
3 and 9, respectively. (B) Evolutionary history of the strain. The time spent at each ratio of 4fW to W is shown; time is on a log scale to simplify
presentation. The white inserts represent the cultures in which individual mutations arose in either #pS or aroP. The timing of the sweep of the
tyrR opal mutation could not be definitively located, beyond generalizing it to some time during the seven cultures grown at 99.97% 4fW. Arrows
indicate the points at which samples were taken for #7pS restriction analysis, and numbers refer to the gel lanes in Fig. 7A.

mutant (information found at the EcoCyc website [http: derepression of aroF and aroG, expression of aroH (encoding
/lecocyc.org] and references therein [4, 7, 8]). These are major the Trp-repressed DAHP synthase) has been shown to in-
control points for chorismate biosynthsis, the other genes in crease as much as sevenfold under conditions of tryptophan
the pathway being expressed constitutively. In addition to the starvation (17). While aroL mRNA levels are shown to be



5422 BACHER AND ELLINGTON

1

J. BACTERIOL.

0.8
0.6 4
0.4
0.2+
0

Growth Rate

0

95 96 97 98 99 100
%4fW

O T T T T T T T T
95 96 97 98 99 100 95 96 97 98 99 100
%5fW

%6fW

FIG. 8. Mutant #7pS and aroP genes provide a growth advantage on tryptophan analogues to parental C600p. Parental C600p was transformed
with plasmids pAPWWSw (A) and pAPmWSm (O), bearing wild-type and mutant #pS and aroP genes, respectively. Clones were grown on 4fW
(left), 5fW (center), and 6fW (right), and growth rates were determined as described for Fig. 3 and in Materials and Methods.

unaffected by conditions of tryptophan starvation (17), that
may not be true here, owing to the mutant genes being con-
sidered. This suggests that there may now be a relatively large
amount of chorismate in the cell. Although our data regarding
the incorporation of 4fW clearly show that the majority of 4fW
is the major portion of incorporated tryptophan, the possibility
exists that some of this excess chorismate may be converted to
tryptophan. This would supplement the efforts of the cell to
scrounge for extra tryptophan by its presumptive opening of
the permease with the three mutations in that gene, as well as
the derepression of aroP by the fyrR mutation. It should be
noted that p-aminobenzoic acid (PABA) is derived from cho-
rismate, as is anthranilate, and PABA and anthranilate are
very similar structurally, differing in the amine that is in the
para or ortho position relative to the acetyl group of the ben-
zene ring. However, the fact that the evolved strain maintains
an absolute requirement for tryptophan (Fig. 4) indicates that
even if there were a mutation in the PABA biosynthetic path-
way (or any other pathway) which produces anthranilate for
the use in the tryptophan biosynthetic pathway, this is still not
sufficient for the cells to completely do without the 4fW sup-
plied to them.

Conclusion. We have generated an organism that incorpo-
rates the unnatural amino acid 4fW throughout its proteome,
at least within the limits of our analytical methods (Fig. 5
and 6). This suggests that the evolved strain could not avoid
the analogue. Furthermore, the evolved strain has a definite
growth advantage on 4fW, as well as other tryptophan ana-
logues (Fig. 3), and the known mutations also confer a growth
advantage when transferred to ancestral cells (Fig. 8). The
evolved strain could not specifically degrade or defluorinate
4fW, neither via tryptophanase (which was found to be wild
type) nor through some other mechanism. More sensitive an-
alytical techniques suggest that the mutant TrpRS has acquired
some capacity for discrimination between tryptophan and its
analogue (Fig. 9B). However, it is clearly not enough of a
discriminator to have a significant level of tryptophan incor-
poration when the organism is grown at 99.97% 4fW (Fig. 5).
This suggests that the incorporated level of W may be slightly
higher than 0.03%, but not to a detectable level, such as ~1%
by MS or ~12.5% by amino acid analysis. Similarly, the AroP
mutations may be assisting the uptake of W, possibly even

preferentially, but not to a level that significantly incorporates
W into the proteome.

Taken together, these data suggest a model for the meta-
bolic evolution of the derived strain. First, the evolved strain is
accommodating 4fW, as opposed to avoiding or eliminating
4fW, and is clearly not well adapted to the analogue. In sup-
port of this conclusion, the derived strain still grows slowly on
99.97% 4fW and enzyme mutations appear to favor the incor-
poration of tryptophan over fluorotryptophan. Second, there
must be relatively few tryptophans that are still required for
growth. While the evolved strain scrounges available trypto-
phan from the media, it apparently incorporates fewer than 1
in 100 tryptophans into its proteins. This conclusion is conso-
nant with the data of Wong (37), from which we infer that a
relatively small number of mutations were required to alter the
amino acid specificity of B. subtilis. Finally, it is likely that our
evolved strain is in the process of acquiring such key mutations.
While the genes for aroP and #rpS variants are necessary for the
accommodation of 4fW, they are not on their own sufficient to
allow the wild-type strain to incorporate 4fW at high levels. It
is possible that if additional mutations in the proteome are
allowed to accumulate that the present strain may yet be taught
to favor 4fW.

Directed incorporation of unnatural amino acids in vivo has
generally been restricted to specific sites, such as a single aza-
leucine for leucine substitution in a single protein (20) or to a
variety of amino acids at a single position in B-lactamase (23).
A recent report described a mutant tRNA synthetase that

TABLE 2. Relative kinetic parameters for
wild-type and mutant TrpRS*

Parameter Wild type Mutant Mutant/wild-type
Kearw 1.87 2.63 1.4
K, w 0.092 0.073 0.79
Kearw/Ko w 20.3 36.0 1.77
K, 4w 49.70 205.23 4.1
r? 0.998 0.931

“ The data in Fig. 9 were fitted to the equation used to calculate V.. w by
using nonlinear regresession. Since the data in Fig. 9 describe relative charging
abilities, they do not allow the determination of absolute values for kinetic
parameters.
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FIG. 9. Effects of the Q109P mutation on the TrpRS. (A) Ribbon
model of tryptophanyl-tRNA synthetase of B. stearothermophilus, Gluta-
mine 107 (corresponding to Q109 of E. coli) (blue) is less than 4 A (white
line) from the Trp-AMP complex (W in green with position 4 in red; AMP
in yellow) (10). Q107 (109) is in an «-helical domain near the tRNA
docking region. (B) Competition charging assay. Protein was added to a
charging assay solution (32) containing constant concentrations of ra-
diolabeled W and competing, unlabeled 4fW. “Relative charging” for wild-
type ((J) and mutant (O) proteins is the following ratio: ([PH]W/*?P-
tRNA) ow/(FH]W/?PtRNA) o 4w~ In other words, the charging of
tryptophan at a given concentration of 4fW normalized to the charging of
tryptophan in the absence of 4fW. Error bars represent the standard
deviation of triplicate experiments. Data were fit to the equation used to
calculate V.. w (see Results and Discussion) by nonlinear regression.
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FIG. 10. Relative incorporation of tryptophan by ancestral and
evolved clones. Cultures of C600p and B7-4 were grown in M9B1L
plus Ap plus limiting concentrations of [PH|W and ["*C|T. After a
short pulse, cellular protein was isolated and counted. Error bars
represent the standard deviation of triplicate readings.

allowed the general incorporation of aminobutyrate, reaching
24% of the cellular protein (9). However, a B. subtilis strain
that could incorporate 4fW in preference to tryptophan has
also been reported (37), but specific mutations in the evolved
B. subtilis strain were never identified, and the mechanisms by
which the unnatural amino acid was incorporated were not
examined. Despite the lack of characterization on the molec-
ular level, however, the apparent ease with which the selection
was carried out suggested that a very small number of genes
were targeted for mutation under this selective regime. It is for
this reason that we had assumed that the mutations found in
our evolved organism would mainly be in housekeeping genes
and genes encoding proteins with critical tryptophans.

The alteration of the genetic code may have several benefits,
including using unnatural amino acids to probe structure-func-
tion relationships or augment the capabilities of enzymes and
organisms (11, 31). In vitro transcription and translation sys-
tems have typically been used to incorporate unnatural amino
acids into specific sites in proteins (16, 25, 26). However, the
requirement for chemical acylation of a 5’-dCA-3" dinucle-
otide followed by ligation to a tRNA limits the in vivo appli-
cation of these otherwise effective techniques. Various in vivo
approaches have been attempted. The most successful of these
thus far has been the engineering of an orthogonal tRNA-
tRNA synthetase pair. The principle of the orthogonal pair is
that the tRNA would not be recognized by any other tRNA
synthetase, while the tRNA synthetase would not recognize
any tRNA other than the engineered partner. In a first attempt
at this, tRNA was engineered to be unrecognizable to its cog-
nate synthetase and variants of the synthetase were selected to
allow recognition of the mutant tRNA (21). However, the
tRNA synthetase pair could not be used for the directed, in
vivo incorporation of an unnatural amino acid because the
evolved synthetase recognized both wild-type and mutant
tRNAs. More recently, a tRNA synthetase pair was imported
to E. coli cells from yeast (23) and from Methanococcus jan-
naschii (34). The yeast tRNA synthetase pair was completely
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orthogonal: while the charged tRNA was recognized by the host
translational apparatus, the foreign tRNA was not charged by
host synthetases and neither were host tRNAs charged by the
foreign synthetase. Furthermore, the M. jannaschii tRNA-
tRNA synthetase pair was later evolved to be fully orthogonal
in E. coli, and it showed perfect incorporation of O-methyl-L-
tyrosine at a stop codon in dihydrofolate reductase (33). Fi-
nally, a human tRNA-E. coli tRNA synthetase was recently
imported into yeast, the first eukaryotic example of an orthog-
onal pair (19). However, orthogonal tRNA-tRNA synthetase
pairs are typically engineered to be extrememly noninvasive:
the tRNA in the pair is most often a stop codon suppressor.
This is an effective technique for completely substituting a spe-
cific site in a protein of interest with an amino acid analogue.
These findings suggest that it may be possible to direct the
chemistries and biochemistries available to organisms. Since
only enzymes involved in tryptophan uptake and incorporation
have so far been found to be mutated, it appears as though the
E. coli proteome may be fairly tolerant of the fluorine-for-
hydrogen substitution. Similarly, Ibba and Hennecke have
found that the incorporation of p-Cl-phenylalanine was at least
partially permitted both in vitro and in vivo by a phenylalanyl-
tRNA synthetase with a relaxed substrate specificity (14). Fur-
thermore, it was also found that a tRNA synthetase with a
mutation that restricted editing function allowed an increased
level of incorporation of amino acid analogues (9). To the ex-
tent that organismal proteomes are relatively resilient to chem-
ical modifications, extensive incorporation of other unnatural
monomers may also be possible through relatively simple mod-
ifications of the transport and translation machinery, similar to
those that have already been demonstrated by Schultz and co-
workers (21, 22, 33, 34). However, the post facto characteriza-
tions of our “unColi” indicate that while organisms can be
adapted to exploit novel chemistries by simply changing the
enzymes involved in the incorporation of monomers, survival
and propagation of novel chemistries will likely require the
evolution of the entire organismal genome. Just as the discov-
ery of noncanonical triplet codons in mitochondria suggested
that the genetic code might not be sacrosanct, the ability to in-
troduce unnatural amino acids into organismal proteomes pro-
vides experimental validation that the 20 natural amino acids
may not be the only possible biological building blocks (36).
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