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Incorporation of nonnatural amino acid residues allows engi-
neering of proteins with novel chemical functionality and unusual
physical properties.1 We have shown recently that coiled-coil
proteins prepared in vivo can be stabilized significantly by
replacement of leucine by trifluoroleucine (1).2 In the same series
of experiments, however, we were unsuccessful in our attempts
to incorporate the more highly fluorinated analogue hexafluoro-
leucine (2). We report here that modification of the leucyl-tRNA
synthetase (LeuRS) activity of the host allows efficient incorpora-
tion of 2 into recombinant proteins prepared inEscherichia coli.
Furthermore, the coiled-coil protein used to demonstrate incor-
poration of2 exhibits enhanced stability in comparison to the
same protein enriched in1, possibly due to the increased
hydrophobic character of the additional trifluoromethyl group in
the protein core.

Translational incorporation of an amino acid analogue in vivo
requires that the analogue serve as a substrate for one of the
aminoacyl-tRNA synthetases (aaRS) of the host. Several strategies
have been employed to address this requirement, including
directed evolution1c and rational design3 of aaRS that exhibit
enhanced activity toward nonnatural substrates. Fluorinated amino
acids are ideal candidates for incorporation because the small size
of the fluorine atom renders such analogues nearly isosteric to
their hydrocarbon counterparts, and1 is incorporated readily into
recombinant proteins without alteration of the host.2 Other
fluorinated amino acids have also been introduced into proteins
in conventionalE. coli expression strains.4 Because both the
(2S,4S) and the (2S,4R) diastereomers of1 support protein
synthesis in vivo,5 it seemed likely that2 would be activated and
charged with reasonable efficiency by theE. coli LeuRS. We
did not anticipate editing by the synthetase because the near

identity of the geometries of leucine and2 should preclude entry
of the latter into the editing site of the enzyme.6 When we
compared the efficiencies of activation of leucine,1, and2 by
LeuRS via an in vitro ATP-PPi exchange assay, it became clear
that the failure of2 to support protein synthesis under normal
expression conditions is due to the fact that it is activated
approximately 4000-fold more slowly than leucine (Table 1).7

Previous work with methionine analogues has shown that
elevation of the MetRS activity of the host facilitates incorporation
of analogues that are poor substrates for the synthetase.8 The E.
coli leuSgene9 and its endogenous promoter were amplified from
genomic DNA and ligated into the expression vector pQEA1 to
yield pA1EL.10 The LeuRS activity of strains carrying pA1EL
was approximately 8-fold higher than that of otherwise identical
strains carrying pQEA1, confirming overexpression of LeuRS.

The synthetic leucine zipper protein A111 was used to assay
protein expression inE. coli cultures depleted of leucine and
supplemented with2.12 Results are shown in Figure 1. Only the
strain bearing pA1EL supports protein synthesis in cultures
supplemented with2 (lanes 4 and 5); the recombinant protein is
not detected in similar cultures transformed with pQEA1 (lanes
7-9). The enhanced electrophoretic mobility of the fluorinated
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Table 1. Kinetic Parameters for Activation of Leucine,1, and2 by
E. coli LeuRSa

substrate kcat(s-1) Km (µM) kcat/Km (rel)

leucine 3.8( 0.3 17.8( 5.1 1
1 0.49( 0.05 561( 121 1/242
2 0.11( 0.01 1979( 804 1/4100

a Leucine was used as theL-isomer;1 as a mixture of the (2S,4S),
(2S,4R), (2R,4S), and (2R,4R) forms, and2 as theD,L-mixture.Km values
are reported in terms of the concentrations of theLOLI-isomers. We
have shown previously by19F NMR spectroscopy that both of the 2S-
isomers of1 are incorporated in vivo;5 however, we have not evaluated
the kinetic parameters for each isomer separately.

Figure 1. SDS-PAGE evidence for incorporation of2 into recombinant
protein A1. Lanes 1-5: Vector pA1ELs1, no amino acid added; 2,
leucine added; 3,2 at 40 mg/L; 4,2 at 320 mg/L; 5,2 at 640 mg/L.
Lanes 6-9: Vector pQEA1s6, leucine added; 7,2 at 40 mg/L; 8,2 at
320 mg/L; 9,2 at 640 mg/L. All concentrations are for theL-isomer.
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protein is consistent with earlier observations of the behavior of
A1 prepared in cultures supplemented with1.2a

To analyze the composition and physical properties of the
protein (HA1) prepared in cultures supplemented with2, a sample
was purified on a Ni-NTA affinity column via the His-tag leader
sequence of the protein. The yield of HA1 was 8 mg/L, compared
to 40 mg/L for A1 prepared under similar conditions.

Amino acid analysis of HA1 indicates 74% replacement of
leucine by2. Incomplete substitution is likely due to release of
leucine through turnover of cellular proteins; given the large
difference in the efficiencies of activation of leucine and2, even
a severely depleted leucine pool should give rise to competitive
incorporation of the two amino acids.

Replacement of leucine by2 causes the expected increase in
the mass of the protein (Figure 2A). The predominant signals in
the MALDI mass spectrum correspond to occupancy of 6
(8953.3), 7 (9061.3), and 8 (9169.2) leucine sites, respectively
(of a total of 8 such sites in A1). Incorporation of2 is also evident
from the MALDI-MS of tryptic fragments of the substituted
protein (Figure 2B).

The secondary structure of HA1 was determined by circular
dichroism spectroscopy to be>90%R-helical. Ultracentrifugation
shows the protein to be predominantly dimeric at concentrations
of 10-100 µM, with a dissociation constant for the dimer-to-
tetramer equilibrium of 188( 4 µM (as compared to a value of
80.5 µM previously reported for A12a). These results suggest
minimal disruption of the folding and assembly of the coiled-
coil architecture of A1 upon near-complete fluorination of the
leucine sites.

The stability of HA1 with respect to thermal and chemical
denaturation is significantly improved compared to the wild-type
protein (Figure 3). The melting temperature of HA1 is elevated
from 54 °C (for A1) to 76°C; for comparison, the same protein
outfitted with1 melts at 67°C.2a The free energy of unfolding at
25 °C was determined by thermodynamic fitting of the melting

curve to be 14.4 kcal/mol,14 an elevation of 3.7 kcal/mol compared
to A1. HA1 also exhibits remarkable resistance to denaturation
by urea; the protein is nearly fully folded (as reported by circular
dichroism spectroscopy) at 4 M urea, and unfolding remains far
from complete even in 8 M solutions of the denaturant. Juxtaposi-
tion of the aliphatic side chains of the leucine residues contributes
significantly to the stability of coiled-coil proteins.15 Replacement
of these residues with the highly hydrophobic, fluorinated
analogue2 increases the driving force for protein folding and
assembly.

The results described here illustrate the synthetic potential of
microbial hosts equipped with elevated aaRS activities. Nonnatural
amino acids that do not support protein synthesis in conventional
hosts can be incorporated efficiently into recombinant proteins
in such engineered hosts. Introduction of2 into the coiled-coil
protein A1 is accompanied by significant increases in the thermal
and chemical stability of the folded form of the protein. We
believe that these results can be extended to the design of highly
stable proteins and to the engineering of protein-protein interac-
tions.
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HA1 (see Supporting Information). The ratio of1 to 2 in the protein was
determined to be approximately 0.04 by amino acid analysis. Enrichment of
1 in the protein as compared to the feed is expected on the basis of its more
efficient activation by LeuRS. The intensities of the intermediate signals are
enhanced by combinatorial effects associated with the occupancy of the leucine
sites by three different amino acid variants.
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Figure 2. Replacement of leucine by2 in HA1 can be detected in
MALDI mass spectra of the intact protein (A) and of tryptic fragments
(B). (A) The mass of the wild-type protein is 8307 (not observed). Each
substitution of2 for leucine leads to a mass increase of 108 units. The
strongest signal (atm/z 9061.3) corresponds to replacement of 7 out of
8 leucine positions. (B) The tryptic fragmentLKNEIEDLKAEIGDL -
NNTSGIR contains three leucine sites. Fragments that correspond to 0,
1, 2, and 3 sites of replacement are observed at masses of 2442.26,
2550.20, 2658.11, and 2766.05, respectively. A different set of tryptic
fragments containing two sites of substitution is apparent at slightly higher
masses (0, 2772.18; 1, 2880.17; 2, 2988.12).13

Figure 3. HA1 (0) exhibits significant elevation in stability compared
to A1 (9). CD spectra were recorded at a protein concentration of 10
µM in PBS buffer, pH 7.4. (A) Thermal denaturation profiles. The melting
temperature is increased from 54 to 76°C upon replacement of leucine
by 2. (B) Urea denaturation profiles. CD reports less than 50%
denaturation of HA1 at 8 M urea.
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