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Abstract: 19F NMR is a powerful tool for monitoring protein conformational changes and interactions;
however, the inability to site-specifically introduce fluorine labels into proteins of biological interest severely
limits its applicability. Using methods for genetically directing incorporation of unnatural amino acids, we
have inserted trifluoromethyl-L-phenylalanine (tfm-Phe) into proteins in vivo at TAG nonsense codons with
high translational efficiency and fidelity. The binding of substrates, inhibitors, and cofactors, as well as
reactions in enzymes, were studied by selective introduction of tfm-Phe and subsequent monitoring of the
19F NMR chemical shifts. Subtle protein conformational changes were detected near the active site and at
long distances (25 Å). 19F signal sensitivity and resolution was also sufficient to differentiate protein
environments in vivo. Since there has been interest in using 19F-labeled proteins in solid-state membrane
protein studies, folding studies, and in vivo studies, this general method for genetically incorporating a
19F-label into proteins of any size in Escherichia coli should have broad application beyond that of monitoring
protein conformational changes.

Introduction

The ability to monitor inhibitor binding events in protein
structure/activity relationship studies as well as conformational
changes and dynamics of proteins that are too large for
conventionalproteinNMRwouldadvancebiochemicalresearch.1-3

The high sensitivity of19F to surrounding environments, 100%
natural abundance, and high sensitivity to NMR detection (83%
that of 1H) has made19F NMR spectroscopy useful for
investigating protein structure and dynamics.1,4-7 The simplicity
of observing hypersensitive19F chemical shifts by NMR makes
it an exquisite tool for monitoring protein movements resulting
from small-molecule binding, covalent modification, or protein
interactions.8-11 The ability to uniformly label any single site
in a protein in vivo with a19F-amino acid will enable the study
of large proteins with chemical clarity. Site-specific in vivo

incorporation of fluorine into proteins at high yield will advance
protein structural work,3 solid-state studies,12 and inhibitor
design.13,14

Current methods to incorporate19F-labeled amino acids into
proteins suffer from certain limitations. For example, semisyn-
thetic incorporation enables high fidelity at specific sites but
becomes impractical when medium to large proteins are needed.
The use of natural translational machinery to force fluorinated
mimics of Tyr, Trp, Phe, Met, and Leu into their natural codons
can produce large,19F-labeled proteins. However, this method
of incorporation alters all locations of one amino acid simul-
taneously, resulting in structural perturbation and overlapping
of 19F signals in large proteins.1,5,15,16Incorporation of fluori-
nated mimics rarely approaches 95% at one site when relying
on natural machinery. When labeling does exceed 90%, special
growing conditions and cell lines are needed.17 With natural
machinery,19F-amino acids are incorporated at different levels
throughout the protein due to variation in codon usage.18 High
levels of 19F-amino acid incorporation allows lower protein
concentrations to be used and avoids a heterogeneous population
of labeled protein.17 Unfortunately, when replacing all of one
amino acid in a protein, the heterogeneity increases with protein
size, resulting in greater diversity of protein stabilities.
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In order to place a19F label at a single site in a protein
genetically, Furter used the first nonessential tRNA/synthetase
pair to incorporate ap-fluorophenylalanine and clearly points
out the advantage of site-directed incorporation to many areas
of protein structure study.19 While this research was a great step
in site-directed unnatural amino acid incorporationsproducing
up to 75% incorporation at a single sitesthe advance did not
result in the site-specific incorporation that is needed for
homogeneous protein structural characterization. This site-
directed incorporation method also causes 3-7% of all pheny-
lalanine residues to be replaced byp-fluorophenylalanine.
Improvements on Furter’s site-directed incorporation yields have
been made by changing protein production conditions, but these
also result in higher levels of background contamination.17

The clean, site-specific labeling of large quantities of protein
in vivo with fluorine nuclei would allow the detailed dynamic
characterization of protein structure in vivo and in vitro. It would
also allow the use of fluorinated proteins, of any size, in areas
of protein structural characterization, protein processing, and
protein stability studies.20-22 Since it has been demonstrated
by Schultz that an unnatural amino acid (UAA) can be site-
specifically encoded with a unique, orthogonal tRNA/aminoacyl-
tRNA synthetase pair, one could use this technology to cleanly
label a single site with a fluorinated amino acid.23-25

In this article, we present the development of a simple tool
for site-specific incorporation of trifluoromethyl-L-phenylalanine
(tfm-Phe) into proteins and show that it is feasible to monitor
protein structural changes by19F NMR with this fluorinated
amino acid. An orthogonal aminoacyl-tRNA synthetase/tRNA
pair capable of incorporating tfm-Phe into protein was selected.
This synthetase/tRNA pair functions with high translational
efficiency and fidelity when incorporating tfm-Phe into TAG
nonsense codons inEscherichia coli. Further optimization of
this genetic machinery allowed for production of protein at high
yield for structural studies by19F NMR. Tfm-Phe was incor-
porated at multiple interface sites in two obligate homodimers,

nitroreductase (NTR) and histidinol dehydrogenase (HDH). Both
NTR and HDH have interface active sites and cannot function
without dimeric quaternary structure, therefore allowing the use
of activity as a measure of structural integrity. Since both NTR
and HDH have active sites at their dimeric interfaces, structural
changes are expected at the interface due to interactions at the
active sites. We monitored the chemical shifts of the19F NMR
signal that resulted from substrate and inhibitor binding to the
active site of interface-labeled proteins. The ability to character-
ize interface conformational changes in these systems shows
that tfm-Phe can be used to monitor structural changes in
proteins by19F NMR. The signal quality of the three NMR-
equivalent atoms on tfm-Phe was also sufficient to resolve
different positional labeling within tfm-Phe NTR by in vivo
19F NMR.

Results and Discussion

Selection of a tfm-Phe Synthetase.Previous site-specific
incorporation of19F-amino acids failed since the UAAs chosen
were permissive to more than one natural synthetase in the cell.
For in vivo site-specific incorporation to succeed inE. coli, new
19F-UAAs need be sufficiently structurally different from the
natural amino acids so they are not recognized by natural
E. coli synthetases. This structural differentiation from the
natural amino acids is key to making the unnatural amino acid
site-specific and not just site-directed. Tfm-Phe was chosen
because it is not permissive, is nontoxic, gives a strong single
19F signal resulting from a single rigid CF3 group (Figure 1a),
and should functionally replace at least hydrophobic amino
acids.2

The in vivo, high-fidelity incorporation of tfm-Phe into
proteins is accomplished by starting with a previously generated
orthogonal tRNA-synthetase pair.23 The modifiedMethanococ-
cus jannaschiisuppressor tRNA/aminoacyl-tRNA synthetase
pair (MjTyrRS/tRNATyr

CUA) has been used to site-specifically
incorporate UAAs at sites specified by a TAG nonsense codon.
The orthogonality of the MjTyrRS/tRNATyr

CUA with all the
E. coli synthetase/tRNA pairs ensures that there is no back-
ground incorporation of tfm-Phe into any other amino acid sites
and that incorporation into the desired TAG site approaches
natural fidelity levels.25 In order to generate a MjTyrRS that is
selective for tfm-Phe, we started with a 6× 107 library of
MjTyrRS mutants in which six residues were randomized.26 The
mutant library was passed through three rounds of alternating
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Figure 1. Selection of a modifiedM. jannaschiiTyrRS that specifically incorporates tfm-Phe into proteins in response to a TAG stop codon inE. coli. (a)
Structure ofp-trifluoromethylphenylalanine (tfm-Phe).(b) SDS-PAGE analysis of tfm-Phe incorporation into NTR-124 as compared to native NTR and
NTR-124 suppression with original MjTyrRS/tRNATyr

CUA. Silver-stained gel of purified NTR samples by immobilized metal affinity chromatography. Lane
1 is a molecular weight marker, while protein production conditions are shown at the top of lanes 2-6. Lane 4 shows that, when tfm-Phe was withheld, no
NTR was detectable by silver stain after SDS-PAGE.(c) Cross section of NTR dimer with subunits in yellow and purple (PBD code 1ICR). The active site
Phe124 is blue, bound FMN is green, nicotinic acid is orange, and the interface Tyr36 is red.
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positive and negative selection as previously described.24,27By
challenging the cells to grow in the presence and in the absence
of tfm-Phe in the positive and negative selections, respectively,
only mutants expressing synthetases that efficiently incorporate
tfm-Phe in response to the TAG codon survive.

The two top-performing synthetases were subcloned into the
pDule vector (pDule-tfm-Phe1 and pDule-tfm-Phe2) for further
analysis of protein containing tfm-Phe.28 The medium-copy
pDule plasmid is designed to contain both the tRNATyr

CUA and
new synthetase, allowing a standard high-copy protein expres-
sion plasmid for use in production of tfm-Phe-containing protein.
The resulting plasmids, pDule-tfm-Phe1 and pDule-tfm-Phe2,
with their respective sequence changes [(Y32L, L65A, F108S,
H109H, D158A, L162M) and (Y32Q, L65Q, F108Q, H109E,
D158S, L162A)], performed equally well at incorporating tfm-
Phe into proteins. Arbitrarily, pDule-tfm-Phe1 was used for all
further NMR and MS protein characterization. Full-length NTR
was produced when cells containing both plasmids, pDule-tfm-
Phe1 (tfm-PheRS/tRNATyr

CUA) and pTrc-NTR-124TAG (ni-
troreductase with TAG codon at Phe124), were induced to
produce protein in modified minimal media supplemented with
tfm-Phe (Figure 1b).28 The purified yield of NTR-tfmPhe-124
ranged from 12 to 24 mg/L, and NTR-tfmPhe-36 yielded from
10 to 16 mg/L, while positive controls native NTR and NTR-
Tyr-124 from the original MjTyrRS yielded 17-30 and 7-12
mg/L, respectively. The high yield of labeled protein resulting
from expression of pDule-tfmPhe with a standard protein
expression plasmid is a great advantage when performing protein
structure studies.

Native NTR and NTR-tfmPhe-124 were analyzed by elec-
trospray ionization quadrupole time-of-flight mass spectrometry
(ESI-Q-Tof Ultima) to further demonstrate that only a single
tfm-Phe is inserted in response to the TAG codon. The native
NTR and NTR-tfmPhe-124 showed the calculated mass shift
of 68 Da, having masses 27 674.1( 0.2 and 27 742.9( 0.4
Da, respectively (Supporting Information, Supplemental Figure
2). To verify that the discrete incorporation of tfm-Phe for Phe
takes place only at site 124, isolated proteins were digested by
trypsin, and the fragments were analyzed by Micromass Q-Tof.
The only peptide fragment containing tfm-Phe was the expected
F(tfm-Phe)ADMHR fragment or (tfm-Phe)ADMHR fragment
with 96.2% confidence and>80% coverage (Supporting
Information, Supplemental Figure 3). No peaks were observed
in the mass spectra corresponding to natural amino acid
incorporation at site 124. These results confirm the high fidelity
and efficiency of tfm-Phe incorporation into proteins.

Characterization of tfm-Phe at Protein Interfaces. To
explore the utility of the19F signal from tfm-Phe in probing a
range of protein conformational changes by NMR, tfm-Phe was
incorporated into multiple interface locations within NTR and
HDH. Since NTR and HDH are obligate homodimers with
active sites at the interface, substrates or inhibitors can be added
in defined orders to show that19F signal changes result from
changes in protein interface structure and not from nonspecific
binding to tfm-Phe. Incorporated at two sites in NTR, tfm-Phe

would monitor the extent of interface change through a reaction
cycle, one at the dynamic active-site residue F124 and the other
at the stationary Y36 residue, which has its para position exposed
to solvent (Figure 1c).29,30To determine if tfm-Phe can monitor
ordered binding events and resulting subtle conformational
changes at long distances, two sites 20-25 Å from the binding
sites in HDH and>10 Å from any reported structural change
were incorporated at the HDH hydrophobic interface (L225 and
T377, Supporting Information, Supplemental Figure 1).31

Short-Distance Active-Site Probes.NTR is a homodimeric,
48 kDa nonspecific nitroreductase that uses a bound flavin
mononucleotide (FMN) in two symmetrically placed interface
active sites.29,30The structure, mechanism, and optimization of
NTR have been studied extensively because it is currently being
used in clinical trials to activate nitroaryl prodrugs for gene-
directed cancer therapy.32,33NTR uses NADH or NADPH in a
ping-pong, Bi-Bi mechanism to reduce a broad range of
substrates.29,30NTR conformational changes are observed upon
binding nicotinic acid (a competitive inhibitor of NADH). These
conformational changes show interface site Phe-124 moving as
a result of interacting with nicotinic acid, while a nearby
interface site Tyr-36 is unaffected by inhibitor binding. Currently
there are no reported structures ofE. coli NTR in the reduced
formsthe form binding the electron-receiving substrate. Since
the active-site cofactor, FMN, is bound at the interface, it could
significantly perturb the active-site amino acids and protein
interface. The19F probe, tfm-Phe, incorporated at Phe-124 and
Tyr-36 should report on structural changes due to ligand binding
and redox state via changes in19F NMR chemical shift.

To confirm that incorporation of tfm-Phe had minimal
structural effect on NTR, native NTR activity andKI values of
the competitive nicotinic acid were compared to those for NTR-
tfmPhe-124 and NTR-tfmPhe-36 by monitoring the consumption
of NADH when reducing menadione. Native NTR activity and
KI are 7.7× 105 M-1 s-1 and 20µM, respectively. NTR-tfmPhe-
124 was 6.5% more active, with aKI of 21 µM, and NTR-
tfmPhe-36 was 27% less active, with aKI of 78µM. Considering
the close proximity of tfm-Phe to the interface active site, the
alteration of these sites has surprisingly little effect on NTR
activity.

All spectra were collected on a standard broadband probe
with the proton coil tuned to the19F frequency for 1-18 h. To
lock the19F signal, the common practice of adding D2O to the
buffer was avoided since there was a noticeable deuterium
isotope effect on19F chemical shift. To eliminate unwanted
chemical interactions and overlapping reference signals, all
NMR samples contained a capillary tube containing lock and
reference solvents. A mixture of 4-fluorotoluene in toluene-d8

(a 0.2% solution) was used in an internal capillary reference
tube because it provided a stable reference and lock signal and
was free of thermally induced chemical shifts.

As expected, completely solvent-exposed tfm-Phe peptides,
like those of denatured protein, show a narrow chemical shift
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range (-64.1 to-64.4 ppm), while tfm-Phe at internalized sites
shifts appreciably (Figure 2). Since the CF3 group on tfm-Phe
is free to rotate on NMR time scales, resulting in a sharp single
peak, spectra containing anything but a single peak have been
a result of multiple protein conformations. The left shoulder
on NTR-tfmPhe-36 and NTR-tfmPhe-124 is due to pure protein
devoid of bound FMN, which collapses to a single peak upon
prolonged incubation with FMN (Figure 2a-d).

To test the chemical shift sensitivity of tfm-Phe at NTR-124
and NTR-36 due to conformational changes at the protein
interface, a competitive inhibitor was added and the active-site
FMN was reduced and oxidized. Reduced NTR samples were
prepared by the addition of NADH. Subsequent oxidation by
addition of menadione in an argon environment was done to
prevent noticeable NTR-FMN oxidation by oxygen. Fully
reduced NTR protein can be easily visualized, as the samples
change from bright yellow to colorless due to a reduction of
FMN. While all spectral sets shown are from the same enzyme
preparation, protein samples were run at least twice from
different enzyme preparations to confirm the reproducibility of
the 19F resonances.

As predicted by crystal structures, NTR-tfmPhe-36 is not
affected by the addition of inhibitor at concentrations greater
than 10 times theKI or by reduction (Figure 3, column 1). In
contrast to NTR-tfmPhe-36, the signal from NTR-tfmPhe-124
is very sensitive to conformational changes in the active site.
The reduction of FMN in NTR-tfmPhe-124 causes an upfield
shift from -63.32 to-63.60 ppm (Figure 3, column 2). Since
this conformational change involves a tightly bound cofactor,
one is able to monitor separate peaks as protein is oxidized by
stepwise addition of substrate. The NTR-tfmPhe-124 signal is
also affected by nicotinic acid binding, as predicted by crystal
structures (Figure 3, column 3).

In contrast to NTR reduction, a single exchange-averaged
resonance is observed due to the rapid interconversion rate of

bound and unbound nicotinic acid NTR forms relative to the
NMR frequency difference for these forms (Figure 3, column
3). Because nicotinic acid is a competitive inhibitor for the
oxidized form of NTR, the displacement of this average signal
from NTR-124 should represent the amount of enzyme-
inhibitor complex in solution. The normalized19F signal shift
matches well with %ES complex calculated fromKI ) E*I/EI
(Supporting Information, Supplemental Figure 4).

In Vivo Probe. While a few19F imaging studies have labeled
a protein in vitro and then reintroduced it into a living organism
for monitoring, no study has labeled and monitored a19F-protein
in vivo.34,35 The method of19F-labeling presented here is truly
site-specific for one position in one protein, therefore changes
to that protein can be monitored in vivo. Labeled NTR was
monitored in vivo by placing washed cell paste into a standard
5 mm NMR tube. The signal quality of tfm-Phe is sufficient to
resolve NTR-tfmPhe-36 and NTR-tfmPhe-124 from each other
in vivo (Figure 3, column 4). Changes in the chemical shifts of
their 19F NMR signal were not detected upon the addition of
nicotinic acid or NADH to the cell paste. The inability to moni-
tor chemical shifts in vivo, as seen with in vitro NTR-tfmPhe-
124 studies, could be due to the poor cell permeability of
nicotinic acid and NADH. Attempts to reduce the large peak
width of NTR-tfmPhe-36 by varying the level of protein in the
cell and cell density in the NMR tube were unsuccessful. The
severe line broadening of the NTR-tfmPhe-36 signal could be
due to the exposure of the trifluoromethyl group to the solvent
when incorporated at this location in the interface. This method
of labeling proteins provides adequate19F signal to distinguish
between different labeled sites in vivo. Expressing labeled19F-
protein in this manner and monitoring washed cells should pro-
vide access to protein conformational changes for proteins that
cannot be purified or that need a natural setting for processing.

Long-Distance Active-Site Probe.Site-specific incorporation
of tfm-Phe into HDH also served to monitor the binding of
substrates at significant distance from its active site (Figure 4).
HDH is a homodimeric, 98 kDa metalloenzyme with one metal
and substrate binding site per monomer. HDH oxidizesL-
histidinol toL-histidine following a Bi-Uni-Uni-Bi reaction
mechanism in two consecutive oxidation reactions.31 Placing
tfm-Phe at two locations (20-25 Å from the active site) within
the extensive hydrophobic interface between the homodimers
allowed for monitoring of ordered binding events in the HDH
reaction cycle.31 Both sites make contact with the opposite
subunit and are at least 10 Å from any section of the protein
that is reported to move upon binding substrates. Site T377 is
completely removed from solvent, whereas L225 is on the edge
of the hydrophobic interface and is partially exposed to solvent
(Supplemental Figure 1). For a reaction in HDH to take place,
the metal (in this study Mn2+) must bind first, then histidinol,
and finally NAD+.36 We have shown with both labeled sites
that no change in19F signal (chemical shift or peak shape) takes
place upon the addition of metal ion or histidinol independently;
only when both cofactor and substrate are combined with the
protein do 19F signals change. Both labeled HDH samples
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Nomura, N.; Itoh, S.; Yamazaki, M.; Iriguchi, N.; Yamamoto, T.; Yamai,
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Figure 2. 19F NMR spectra of tfm-Phe-containing protein. Spectra are
referenced to an internal sealed capillary standard of 4-fluorotoluene in
toluene-d8 at -120.771 ppm.
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exhibit a 19F peak change, reflecting the predicted conforma-
tional change of binding Mn2+ and histidinol (Figure 4, column
1, and Figure 2a,b). The sharper peak of HDH-225 shows a 0.2
ppm shift upfield, while the broader peak of HDH-377 shows
a 0.4 ppm shift downfield and broadening indicative of an
increase in conformational states or a fast equilibrium between
bound and unbound states. When sufficient second substrate,

NAD+, was added to the NMR sample (Figure 4b) to convert
all of the histidinol substrate to product histidine, the signal for
both HDH sites reverted to the unbound form, shown in Figure
4a. If the electron-acceptor product, NADH, is added to each
mixture in Figure 4b, the binding of NADH is expected instead
of turnover of histidinol. The addition of NADH to the HDH-
377-tfm-Phe sample caused it to divide into what appears to be
three distinct conformational states, none of which match the
previous forms in chemical shift (Figure 4, column 1c). The
addition of NADH to the HDH-255-tfm-Phe sample shows an
averaged signal apo form and Mn2+/histidinol-bound form
(Figure 4, column 2c). Denaturation of the samples from Figure
4c, with the addition of buffered guanadinium-HCl, produces
the expected sharp singlet at-64.22 ppm in both samples
(Figure 4d). Dialysis of the sample (Figure 4c) returns the peak
to the form shown in Figure 4a. While the HDH tfm-Phe signals
are broader than the NTR tfm-Phe signals, likely due to the
lack of rigidity in the hydrophobic interface, the shift changes
reflect the proper binding order of substrates, even 20-25 Å
from the active site. There is also the possibility that Mn2+ could
be acting as a spin-relaxing agent, broadening the lines shown
in Figure 4.37

Conclusion

These studies describe the first site-specific in vivo incorpora-
tion of a fluorinated amino acid. The tfm-Phe was incorporated
into E. coli protein with high yield and was used to monitor
small-molecule binding and protein conformational changes.
Tfm-Phe protein shows strong sharp19F NMR signals for in
vivo and in vitro studies with the standard advantages of
environmentally sensitive chemical shifts. The high-fidelity
labeling resulting from this method also allows access to in vivo

(37) Troughton, J. S.; Greenfield, M. T.; Greenwood, J. M.; Dumas, S.; Wiethoff,
A. J.; Wang, J.; Spiller, M.; McMurry, T. J.; Caravan, P.Inorg. Chem.
2004, 43, 6313-6323.

Figure 3. In vitro 19F NMR spectra of NTR-tfmPhe-36 and NTR-tfmPhe-124 with the addition of inhibitor and substrates. Column 1 shows changes in the
19F NMR spectrum of NTR-tfmPhe-36 upon reacting with NADH and binding nicotinic acid to the active site and changes upon denaturation (shoulder on
peak at-65.00 ppm results from NTR-tfmPhe-36 without bound FMN). Column 2(a,b) shows the effects of reducing the active site FMN in NTR-tfmPhe-
124 by addition of excess NADH. Stepwise reoxidation of NTR-tfmPhe-124 is shown by addition of menadione(c-e). Column 3 shows the stepwise
addition of nicotinic acid to NTR-tfmPhe-124. As expected, the fraction of NTR-tfmPhe-124 without bound FMN is unaffected by active-site binding (peak
at -63.04 ppm) or denatured protein (peak at-64.56 ppm). Column 4 shows comparison of in vivo vs in vitro19F NMR spectra for NTR-tfmPhe protein.
The peak at-64.3 ppm in both in vivo spectra(c,d) likely represent residual free tfmPhe in the cell or denatured protein. The19F signal from buffered free
tfm-Phe is at-64.65 ppm, while addition of free amino acid to in vivo samples increased the-64.3 ppm signal.

Figure 4. In vitro 19F NMR spectra of HDH-tfmPhe-377 and HDH-tfmPhe-
225 with the sequential addition of substrates. Column 1a, apo HDH-tfmPhe-
377 protein, peak at-64.00 ppm; column 1b, HDH-tfmPhe-377 with 1.0
mM Mn2+ and 2.0 mM histidinol, peak at-63.60 ppm; column 1c, HDH-
tfmPhe-377 with 1.0 mM Mn2+, 2.0 mM histidinol, and 10 mM NADH,
peaks at-62.80,-64.40, and-65.80 ppm; column 2a, apo HDH-tfmPhe-
225, peak at-64.20 ppm; column 2b, HDH-tfmPhe-225 with 1.0 mM Mn2+

and 2.0 mM histidinol, peak at-64.40 ppm; column 2c, HDH-tfmPhe-225
with 1.0 mM Mn2+, 2.0 mM histidinol, and 10 mM NADH, peak at-64.30
ppm; columns 1d and 2d, the resulting spectra from adding guanidinium-
HCl to the respective sample from(c).
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experiments and quantification of protein conformational states.
Because tfm-Phe is incorporated genetically, any protein that
is expressed inE. coli, irrespective of size or sequence, can be
studied using this technique. The ease with which labeled protein
can be produced should facilitate the study of protein conforma-
tions, interactions, and processing. While this is the first
fluorinated amino acid incorporated with high translational
efficiency and fidelity, this method of incorporating unnatural
amino acids has proven to be general. This general method has
facilitated incorporation of>30 diverse UAA structures and
will provide access to incorporation of other fluorinated
UAAs.23,24,38Ongoing efforts in our laboratory focus on tfm-
Phe protein in 2D NMR studies, membrane proteins studies,
and application to19F MRI.

Experimental Section

General Methods.Chemical reagents were purchased from Sigma-
Aldrich and Fisher Scientific and used without further purification.L-4-
Trifluoromethylphenylalanine was purchased from Peptech. Oligonu-
cleotides, dH10B cells, and pTrcHisA were purchased from Invitrogen.

Selection of tfm-Phe-Specific tRNA-Aminoacyl Synthetase.The
general selection method of Xie and Schultz was used.24,26The library
of tRNA-aminoacyl synthetases was encoded on a kanamycin (Kn)-
resistant plasmid, pBK-JM-Lib, under control of the constitutive
E. coli GlnRS promoter and terminator. The library was transformed
by electroporation into DH10BE. coli containing the tetracycline (Tet)-
resistant positive selection plasmid, pREP2/YC-JYCUA. The positive
selection plasmid encodes a mutant tRNATyr

CUA, a TAG stop codon-
disrupted chloramphenicol acetyltransferase, and an amber-disrupted
T7 RNA polymerase that drives the production of green fluorescent
protein. The first positive selection was performed in the presence of
1 mM tfm-Phe, 70µg/mL chloramphenicol (Cm), 50µg/mL Kn, and
25 µg/mL Tet in a glycerol based minimal media supplemented with
leucine and metals (modified GMML)28 at 37°C with 250 rpm shaking
until the OD was>1.0. Plasmid DNA was extracted, and pBK-JM-
Lib was separated from pREP2/YC-JYCUA by agarose gel electro-
phoresis. The purified pBK-JM-Lib was then transformed into DH10B
E. coli containing the ampicillin (Amp)-resistant negative selection
plasmid, pJ17B3, encoding a mutant tRNATyr

CUA and an amber-
disrupted barnase gene under control of an arabinose promoter and rrnC
terminator. The rescued negative selection cells were plated on Luria-
Bertani (LB) agar plates containing 100µg/mL Amp, 50µg/mL Kn,
and 0.2% arabinose. Following 18 h of growth at 37°C, the plates
were scraped into LB medium, plasmid DNA was extracted, and pBK-
JM-Lib was purified by gel electrophoresis. The remaining pBK-JM-
Lib was transformed into positive selection cells and selected as
described in modified GMML medium but on agar plates instead of in
liquid medium. After two more rounds of positive and negative
selection, remaining pBK-JM-Lib members were transformed into
positive selection cells and grown on modified GMML medium plates
in the presence of 1 mM tfm-Phe, 100µg/mL Cm, 50µg/mL Kn, 25
µg/mL Tet, and 0.002% arabinose. Single individual colonies (56) were
selected from the surviving library and screened in this medium in the
presence and in the absence of tfm-Phe and varying concentrations of
Cm from 0 to 120µg/mL. The efficiency and fidelity of the synthetases
(7) that survived in>120 µg/mL Cm in the presence of tfm-Phe, and
<10 µg/mL Cm in the absence of tfm-Phe, were carried on to tfm-
Phe-protein production trials. The individual tfm-PheRS plasmids were
transformed into DH10B cells containing pBAD/JYAMB-4TAG (Tet
resistance), which encodes the mutant tRNATyr

CUA and the amber-
disrupted sperm whale myoglobin gene.27 The C-terminal His-6 tag
on the protein facilitated monitoring of protein yield as well as protein

purity through silver-stained SDS-PAGE analysis. The two synthetases
that produced the highest yield of purified tfm-Phe-myoglobin when
tfm-Phe was added to the medium were subcloned into the pDule vector
under control of the lpp promoter and the rrnB terminator.28 These
synthetases showed no detectable background myoglobin production
when tfm-Phe was withheld from the medium. The plasmid pDule-
tfm-Phe1 was used for all further tfm-Phe protein production and is
available upon request.

Expression and Purification of tfm-Phe-Containing Nitroreduc-
tase and Histidinol Dehydrogenase.The standard overexpression
plasmid pTrcHisA, containing theE. coli nitroreductase gene,nfnB,
or histidinol dehydrogenase gene,hisD, had TAG mutations incorpo-
rated to replace F124 and T36 or L225 and T377, respectively. The
TAG-containing overexpression plasmids created were pTrc-NTR-
124TAG, pTrc-NTR-36TAG, pTrc-HDH-225TAG, and pTrc-HDH-
377TAG. E. coli DH10B cells containing pDule-tfm-Phe1 and the
appropriate pTrc-TAG plasmid were grown in modified minimal
medium in growth volumes of 0.1-1.0 L (medium was supplemented
with 1 mM tfm-Phe where applicable and flavin at 10µM for NTR
protein expressions). Expressions were induced to produce protein with
1.0 mM IPTG at an OD of 0.8, as previously described.28 Cells were
harvested 18 h after induction by centrifugation and stored at-80 °C.
Cells (from 0.5 L of medium) for in vivo NMR measurements were
thawed on ice, resuspended in 50 mL of PBS buffer (10 mM NaH2-
PO4, 140 mM NaCl, pH 7.8) at 0°C, and repelleted by centrifugation
at 5000g. The cells for in vivo NMR spectra, shown for NTR-tfmPhe-
36 and NTR-tfmPhe-124, were washed three and five times, respec-
tively. Protein for in vitro studies was purified to>95% by Co ion
affinity chromatography using BD Talon resin. Pure protein was
desalted into 10 mM Tris-HCl buffer, pH 7.8, using PD10 columns.
Tfm-Phe-protein yield varies largely due to induction OD and expres-
sion scale.28 Pure protein solutions were concentrated by centrifugation
to 3.0 mg/mL for NMR studies. The purified yield of HDH-225-tfm-
Phe and HDH-377-tfm-Phe varied between 10 and 20 mg/L. No full-
length HDH protein was detectable by silver stain after Co ion affinity
chromatography and SDS-PAGE when tfm-Phe was withheld from
medium during expression of protein from pTrc-HDH-225TAG and
pTrc-HDH-377TAG in the presence of pDule-tfm-Phe1 (as shown with
the NTR expressions described in text and Figure 1).

NMR Measurements. NMR data were collected using a Varian
Unity INOVA 500 MHz spectrometer fitted with a 5 mmbroadband
probe. The proton coil was tuned to fluorine frequency (470.114 MHz).
Standard decoupling parameters were used with a 100 000 Hz spectral
width, 9 µs pulse length (approximately 45°), 2.00 s acquisition time,
and 1.00 s relaxation delay. A 10 Hz line broadening was applied, and
all spectra were recorded at 25( 0.2 °C. All spectra were locked and
referenced to a solvent mixture (0.2% solution of 4-fluorotoluene in
toluene-d8) in a capillary tube within every NMR sample. The
4-fluorotoluene19F signal in this internal reference capillary tube was
set at-120.771 ppm, referenced from trifluorotoluene at-65.000 ppm.
The common practice of adding D2O to the buffer was avoided due to
a noticeable deuterium isotope effect on19F chemical shift. In vivo
samples contained 0.4 mL of washed cell paste and 0.1 mL of PBS
buffer. Additions to NMR samples came from buffered stocks, and
the total volume of solution added was always less than 2% of the
total sample volume. Reduced NTR samples were prepared by the
addition of NADH and subsequent oxidation by addition of menadione
in an argon environment to prevent noticeable NTR-FMN oxidation
by oxygen. All purified protein samples were at 0.1 mM, with the
exception of the denatured samples. Denatured samples contained 0.05
mM protein and 4.2 M guanidinium-HCl at pH 7.8 and were heated to
70 °C for 5 min, with the exception of HDH-377-tfmPhe (Figure 4c),
which required 6.3 M guanidinium-HCl to ensure complete denatur-
ation. Completely bound FMN-protein samples (Figure 2) were
generated by incubating pure protein with 100µM FMN for 1-2 weeks
at room temperature.

(38) Wang, L.; Xie, J.; Schultz, P. G.Annu. ReV. Biophys. Biomol. Struct.2006,
35, 225-249.
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NTR Kinetics. Assays were performed spectrophotometrically in
the presence of 10 mM Tris-HCl buffer (pH 7.8), 150µM NADH, and
varying amounts of menadione (10-700 µM). DMSO was used to
prepare a 100 mM stock solution of menadione. For menadione, the
reaction was initiated with 10µL of NTR to give a final concentration
of 2 nM. The progress of the reaction was monitored at 340 nm by
observing the oxidation of NADH. This was converted to a rate of
reduction of menadione using the molar absorbance of NADH (ε )
6200 M-1 cm-1), assuming 2 mol of NADH consumed per mole of
reduced menadione and normalized for enzyme concentration. Michaelis
constants were calculated from initial velocity measurements (the
observed rate of the reaction for the first minute) at different substrate
concentrations using Wilman4 Kinetic software. For nicotinic acid
inhibition studies, nicotinic acid concentrations of 7.5 and 30µM were

used. Menadione was maintained at 400µM, and NADH was varied
from 5 to 500µM.
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