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Biosynthetic Incorporation of
Fluorohistidine into Proteins in
E. coli : A New Probe of
Macromolecular Structure
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Histidine is important for carrying out a number of protein
functions. For instance, it can act as a general acid/base in en-
zymatic catalysis,[1] it plays a role in ligating metal cations in
metalloproteins,[2] and stabilizes protein structure by metal
binding, hydrogen bonding, or electrostatic interactions.[3] One
noteworthy example of histidine’s potential role in protein sta-
bility is observed in the pathogenesis of the anthrax toxin,
where protonation of His side chains in one of the proteins
leads to a large structural perturbation and subsequent toxici-
ty.[4] Given the unique role of this amino acid in such process-
es, the development of methods that probe the structural and

mechanistic features of His in proteins would be extremely val-
uable.

The biosynthetic incorporation of unnatural amino acids into
proteins provides the experimentalist with a variety of meth-
ods that can probe protein structure and function.[5] In particu-
lar, fluorinated amino acids can be used to achieve a relatively
isosteric change (by replacing a single hydrogen with fluorine)
that results in quite different electronic properties.[6] Addition-
ally, 19F NMR can be used to monitor changes in protein con-
formation in response to changes in the environment that are
sometimes not detectable by other techniques.[7] Although in-
corporating fluorine-labeled amino acids is not a new idea,[8]

access to an expanding tool box of fluorinated protein build-
ing blocks has promoted a renaissance in this area of re-
search.[5,9]

Over 30 years ago, a photochemical Schiemann reaction was
developed for synthesizing 2-fluorohistidine (2-FHis) and 4-flu-
orohistidine (4-FHis).[10] To our knowledge this still represents
the only fluorination procedure available for accessing these
imidazole derivatives. The pKa of the side chain of both 2-FHis
and 4-FHis has been measured previously, and is decreased
from approximately 6.0–6.5 to 1 and 3, respectively.[11] Because
of this, these analogues provide a means for verifying the role
of native His in pH-dependent processes. To this end, 4-FHis
has been incorporated into the S peptide of ribonuclease, and
into full-length ribonuclease A with chemical synthetic meth-
ods.[8d,12]

Early experiments demonstrated that tritium-labeled 2-FHis
could be incorporated into bacterial protein, and these ana-
logues (2-FHis more so than 4-FHis) had an inhibitory effect on
E. coli growth.[13] However, in order to achieve high levels of in-
corporation for structural studies, it is typical to employ the
use of bacterial auxotrophs. While the use of auxotrophs for
the biosynthetic incorporation of novel His analogues into
E. coli has been reported,[14] a similar protocol for the incorpo-
ration of fluorohistidine derivatives has yet to be described.
Herein, we provide unequivocal evidence for the incorporation
of both 4-FHis and 2-FHis into a mutant form of the chaperone
PapD by using an E. coli strain that is auxotrophic for His.

PapD is the prototype for a wide variety of highly homolo-
gous chaperones that utilize the chaperone-usher pathway for
the assembly of P-pili, and has been previously labeled with
fluorophenylalanine and fluorotryptophan in protein-folding
studies.[7a,b] The wild-type (WT) protein does not contain any
His residues. Thus, site-specific labeling can be accomplished
by the introduction of a single His residue by site-directed mu-
tagenesis, and biosynthetic labeling can be performed accord-
ing to previously described protocols.[15]

In this work, we used site-directed mutagenesis to introduce
a single His residue at Arg200 in PapD. Among the chaperones
that are homologous to PapD, the most similar is PmFD from
Proteus mirabilis (47% identity), which possesses a His residue
at position 200.[16] Therefore, an R200H substitution was not
expected to alter the structure and stability of PapD. To con-
firm this, urea denaturation studies were performed on PapD
(R200H) and it was found to have a similar stability as that pre-
viously reported for WT PapD; PapD(WT): DG8=8.95 kcal
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mol�1, m=2.7 kcalmol�1
M, midpoint=3.31M;[7b] PapD(R200H):

DG8=6.58 kcalmol�1, m=2.12 kcalmol�1
M, midpoint=3.10M

(see Experimental Section).
After sequencing the PapD(R200H) plasmid DNA to verify

the incorporation of His, it was transformed into the His-auxo-
trophic bacterial strain, UTH780.[17] Standard labeling and ex-
pression procedures[15] were then used to incorporate 2-FHis
and 4-FHis into PapD(R200H). Figure 1 shows the results from

the SDS-PAGE analysis of PapD(WT), PapD(R200H-2F), and
PapD(R200H-4F) proteins. It is evident from the gel that both
labeling experiments resulted in PapD production.

In order to determine if fluorohistidine was incorporated
into PapD protein, PapD(R200H), PapD(R200H-2F), and PapD
(R200H-4F) were also analyzed by using ESI and MALDI-TOF
mass spectrometry. The results from the MALDI-TOF analyses
are illustrated in Figure 2. The mass spectra of PapD(R200H-2F)
and PapD (R200H-4F) showed that both His analogues were
indeed incorporated, as evidenced by the expected increase in
mass compared to unlabeled PapD (R200H). A summary of all
mass spectrometry analyses is presented in Table 1.

Based on the data shown in Figure 3 and Table 1, it is evi-
dent that there was only partial incorporation of 4-FHis into
PapD(R200H). However, a lower amount of this reagent was
used in the bacterial growth (4-FHis: 0.010 g; 2-FHis: 0.020 g)
because only limited quantities were available for these experi-
ments. Hence, at this time we cannot be certain whether the
partial incorporation of 4-FHis is due to an insufficient amount
of amino-acid analogue in the growth media or some other
mechanism (for instance less efficient binding to the histidyl-
tRNA synthetase).[18]

The incorporation of fluorohistidine into PapD was also veri-
fied by 19F NMR. The 19F spectrum of PapD(R200H-2F) was ob-
tained before and after treatment with urea (5M). Figure 3 illus-
trates the chemical shift that was obtained upon denaturation
of fluorine-labeled PapD (0M urea: d=�37.3; 5M urea: d=

�35.9). The observation of a single broad resonance for PapD
(R200H-2F) at 0M urea is consistent with the presence of only
one His residue. Addition of urea (up to 5M) caused the reso-
nance to sharpen and shift downfield toward that of free 2-
FHis (d=�31.9). This indicates an increased flexibility of the
His side chain after protein denaturation. The presence of a
shoulder at 5M urea also suggests that some intermediate

Figure 1. SDS-PAGE analysis of A) PapD (WT); B) PapD(R200H); C) PapD-
(R200H-4F); D) PapD(R200H-2F). All samples were obtained after consecutive
ion exchange and gel-filtration column purifications. Differences in purity of
proteins are presumed to be due to variances in the periplasmic extraction
process.

Figure 2. MALDI-TOF mass spectrometry analyses of A) PapD(R200H),
B) PapD(R200H-2F), and C) PapD(R200H-4F). The MALDI-TOF spectra were
performed on trypsin digests of the parent proteins. Peptides corresponding
to amino acids 204–232, which contain the R200H substitution, were ana-
lyzed. When Arg is substituted with His, the theoretical monoisotopic mass
of the peptide (SANYNTPYLSYINDYGGHPVLSFICNGSR) is 3279.5 D.

Table 1. Summary of mass spectrometry analyses.

PapD PapD PapD
(R200H) (R200H-2F) (R200H-4F)

ESI [m/z] 24543.0 24557.0 24560.0 (~55%)
24544.0 (~45%)

MALDI-TOF [m/z] 3279.8 3298.5 3298.5 (~55%)
(trypsin digest) 3279.4 (~45%)
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unfolded structure might be present. All of these results are in
agreement with previous studies on PapD.[7a,b]

This work represents the first unambiguous demonstration
of the successful incorporation of both 2-FHis and 4-FHis into
a protein by using biosynthetic methods. These results open a
new avenue for the structural and functional characterization
of proteins that utilize His for carrying out physiological pro-
cesses. In addition, the incorporation of these His analogues
should provide a means for determining the role of the imida-
zole ring in protein stability, for example, in the pH-dependent
conformational change observed in the pore formation of the
anthrax toxin. The biosynthetic incorporation of 2-FHis and 4-
FHis into proteins that undergo pH-dependent conformational
changes will be pursued with the aim of determining whether
these fluorohistidine analogues have an impact on such pro-
cesses.

Experimental Section

Materials: 2-FHis was prepared as previously described.[19] A new
enantioselective procedure, based on our previously reported syn-
thesis[8] was used to prepare 4-FHis.[20] The His auxotrophic bacteri-
al strain, UTH780 (CGSC Strain #5954), was obtained from the Yale
University E. coli Genetic Stock Center.[17]

Site-directed mutagenesis : The PapD(R200H) mutant was gener-
ated according to the protocol provided with the Stratagene
Quick-Change Site-Directed Mutagenesis Kit, by using the follow-
ing primers:
Forward primer: 5’-GACTATGGTGGTCACCCGGTACTGTCGTTTATC-3’
Reverse primer: 5’-GATAAACGACAGTACCGGGTGACCACCATAGTC-3’

The sequence of the PapD(R200H) mutant DNA was verified by
the Protein and Nucleic Acid Chemistry Laboratory (PNACL) at
Washington University (St. Louis, USA).

Protein expression : The pQE80 plasmid containing the PapD
(R200H) gene was transformed into UTH780. A single colony was
inoculated into Lauria–Bertani (LB; 5 mL) media that was supple-
mented with ampicillin (0.1 mgmL�1), and grown for approximately
8 h at 37 8C. This culture was diluted (1:100) in fresh media and
grown at 37 8C, overnight. The culture was then further diluted
(1:100) in fresh media (600 mL), grown to OD600=0.8 by using a
platform shaker, and then IPTG was added (final concentration
1 mM). The culture was grown for an additional 45 min and then
the cells were harvested. The protein was isolated from the peri-

plasm by resuspending the bacterial pellet (5 mL per gram of bac-
teria) in sucrose (20%)/Tris pH 8.0 (20 mM). EDTA (100 mM) and lyso-
zyme (10 mgmL�1) were added to give final concentrations of
100 mM and 50 mgmL�1, respectively. After incubation for 10 min in
an ice bath, MgCl2 was added (final concentration 20 mM). The so-
lution was centrifuged and the supernatant containing the PapD
(R200H) was stored at �20 8C until further purification was carried
out.

Fluorohistidine labeling : The labeling of PapD(R200H) was gener-
ally performed according to the protocol reported for the site-spe-
cific labeling of PapD with fluorophenylalanine.[15] The following
changes were implemented: a culture of UTH780 (50 mL) that car-
ried the pQE80–PapD(R200H) plasmid was grown in LB media at
37 8C for approximately 10 h; the culture was centrifuged and the
bacterial pellet resuspended in minimal media (600 mL for 2-FHis
labeling, 300 mL for 4-FHis labeling) that was supplemented with
His (0.2 mM); this culture was grown at 37 8C to OD600=3. The bac-
teria were harvested and washed with NaCl (0.9%, 250 mL). This
step was repeated, the bacteria were reharvested, and then resus-
pended in fresh minimal media (600 mL for 2-FHis, 300 mL for 4-
FHis) that contained fluorohistidine (0.20 mM). The cultures were in-
cubated for 10 min and then induced with IPTG (final concentra-
tion 1 mM). After 45 min of growth, the cultures were harvested
and the protein was isolated from the periplasm as described
above. Glucose concentration was monitored during all phases of
bacterial growth and was found not to fall below 0.2%.

Protein purification : Periplasm solutions were dialyzed twice for
approximately 8 h in 2-morpholinoethanesulfonic acid (MES; 2 L,
20 mM, pH 6) at 4 8C. The protein samples were purified sequential-
ly on a HiTrap SP FF (Amersham Biosciences) ion exchange column
and HiPrep Sephacryl S-100 gel filtration column. Fractions contain-
ing PapD(R200H), PapD(R200H-2F), and PapD(R200H-4F) were ana-
lyzed by using SDS-PAGE and found to be adequately pure for
analysis by mass spectrometry. Further purification was not at-
tempted so as to ensure that sufficient concentrations of protein
were available for 19F NMR studies.

Urea denaturation : PapD(R200H) was diluted in 3-morpholinopro-
panesulfonic acid (MOPS)-HCl (pH 7.0; final concentration 1 mM).
Samples were treated with the appropriate concentration of urea
(0–5.5M) and incubated at room temperature, overnight. Fluores-
cence-emission intensities (350 nm) were measured on a Cary
Eclipse fluorescence spectrophotometer at 20 8C by using an exci-
tation wavelength of 295 nm. Slits were set at 5 nm for excitation
and 10 nm for emission. The DG8, cooperativity index (m), and
midpoint were obtained from fitting the plot of emission intensity
as a function of urea concentration to a two-state model.[21] Errors
were <1% and <0.5% for DG8 and m, respectively. The raw data
used to calculate these values can be found in the Supporting
Information.

Mass spectrometry : ESI and MALDI-TOF mass spectrometry analy-
ses were performed at the PNACL at Washington University, St.
Louis, and the Protein Purification Laboratory in the Structural Biol-
ogy Center at the University of Kansas, respectively.

19F NMR : NMR spectra were recorded on a Varian Unity-Plus
500 MHz spectrometer operating at 470.3 MHz, which was equip-
ped with a Varian Cryo-Q dedicated 5 mm 19F probe, as previously
described.[7a,b] The data shown in Figure 3 represent 1024 transi-
ents processed with 20 Hz line broadening.

Figure 3. 19F NMR spectra of PapD(R200H-2F) at 0 and 5M urea. Spectra
were obtained at 20 8C with protein (50 mM) in MOPS-HCl (30 mM, pH 7.0)/
D2O (10%, v/v)/4-fluorophenylalanine (30 mM); internal reference, d=�40.29.
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