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The genetic incorporation of unnatural amino acids into proteins
has proven a powerful technique for investigating structure and
function in biological systems.1-3 The ability to site-specifically
introduce infrared (IR) probes at defined sites in proteins in both
prokaryotic and eukaryotic organisms would further expand the
utility of this method. In particular, the CtN stretching vibration
is a useful probe since it is small and has a strong absorption in a
region of the spectrum (∼2200 cm-1) that is free of other vibrational
absorptions typically present in proteins. Furthermore, the CtN
stretching frequency is sensitive to subtle changes in local environ-
ment, as well as changes due to nitrogen interaction with metal
ions.4 Indeed, the nitrile group has been used as a probe of ligand
binding, local environment, and electric field in proteins.5 Here we
report thatpara-cyano-L-phenylalanine (pCNPhe) can be efficiently
and selectively introduced into proteins in bacteria using an
orthogonal nonsense suppressor tRNA/aminoacyl-tRNA synthetase
pair derived from theMethanococcus janannaschi(Mj) tyrosyl
tRNA/aminoacyl-tRNA synthetase pair.1 In addition, we show that
pCNPhe can be used as a probe of ligand binding to myoglobin
(Mb).

To genetically encodepCNPhe, a library of 109 independent
active site mutants ofMj tyrosyl-tRNA synthetase (in which Tyr32,
Leu65, Phe108, Gln109, Asp158, and Ile159 were randomized) was
constructed in the plasmid pBK-lib3D.1,6 E. coli DH10B cells
harboring pREP(2)/YC-J17 expressing an Asp112TAG mutant of
chloramphenicol acetyl transferase (CAT) and mutRNACUA

Tyr were
used as the host strain to positively select for TyrRS mutants that
aminoacylatepCNPhe3,6 (Supporting Information). Selected clones
were then retransformed intoE. coli cells harboring the negative
selection plasmid pLWJ17B3 in order to remove TyrRS mutants
that aminoacylate mutRNACUA

Tyr with endogenous amino acids
(Supporting Information). pLWJ17B3 encodes mutRNACUA

Tyr and
the toxic protein barnase with three amber mutations (at Gln2,
Asp44, and Gly65) under control of theara promoter. After three
positive and two negative rounds of selection, one clone (pCNPhe
RS1) was isolated that survives at 100µg/mL chloramphenicol
when supplemented with 2 mMpCNPhe, but not at 20µg/mL in
the absence ofpCNPhe.

To confirm that pCNPhe RS1, together with mutRNACUA
Tyr ,

selectively incorporatepCNPhe, a TAG amber codon was intro-
duced at the seventh position (lysine in wild-type protein) in the
Z-domain gene. SDS-PAGE analysis revealed that full length
Z-domain was produced only in the presence of 2 mMpCNPhe,
indicating that no endogenous amino acid is inserted at residue 7.
Mass spectral analysis of the mutant protein afforded a mass of
7814 Da, as predicted for the site-specific incorporation ofpCNPhe
(Supporting Information, Figure S-4). DNA sequencing ofpCNPhe
RS1 revealed the following active site mutations: Tyr32f Leu;
Leu65 f Val; Phe108f Trp; Gln109f Met; Asp158f Gly;
and Ile159f Ala. Both Tyr32 and Asp158, which hydrogen bond

to the p-hydroxy group of tyrosine in the wild-type (wt) TyrRS,
are mutated to smaller non-hydrogen bonding residues, consistent
with replacement of thep-hydroxy substituent with a nitrile group.

Next we asked whetherpCNPhe could be used as a probe of
ligand binding to protein active sites. Myoglobin was used as a
model system since it is a well characterized heme protein that
binds a variety of ligands in the ferrous, ferric, and ferryl oxidation
states without significant changes in active site structure.7 pCNPhe
was substituted for His64, which is located on the distal face of
the bound heme group in close proximity to the iron center (Figure
1).8 The gene encoding Mb with a C-terminal hexahistidine tag
was inserted into a pBAD expression vector, and the histidine codon
(CAT) at residue 64 of the Mb gene was mutated to an amber
(TAG) codon by site-directed mutagenesis to generate pBAD-Mb-
(H64TAG). The pCNPhe RS1 gene was inserted into a pSup
plasmid to generate pSup-pCNPheRS-6TRN9 (Supporting Informa-
tion). The H64pCNPhe Mb mutant was expressed in the presence
of 2 mM pCNPhe and purified by Ni2+ affinity chromatography in
an isolated yield of 30 mg/L (Supporting Information); no protein
was found by SDS-PAGE analysis in the absence ofpCNPhe
(Figure S-6). Mass spectral analysis (MALDI-TOF) afforded a
parent ion mass of 18 391 Da as expected for the H64pCNPhe
mutant Mb. Mb samples (1 mM) for Fourier transform infrared
spectroscopy (FTIR) were prepared by adding sodium cyanide to
ferric protein; ferrous adducts were prepared by bubbling CO, NO,
and O2 gases through anaerobically reduced Mb as previously
reported.7 FTIR and electronic absorption (EA) measurements and
data processing were carried out as described elsewhere.10

The native form of Fe(III) Mb at pH 7.0 is ligated to a water
molecule in the distal site with Fe(III) in a high-spin (S ) 5/2)
electronic configuration. The overall electronic absorption spectra
of ferric wild-type and ferric H64pCNPhe Mb are quite similar
(Figure 2a). Addition of the anionic donor ligand cyanide to ferric
Mb, which results in a low-spin (S) 1/2) six-coordinate state, also
does not result in significant differences between the absorption
spectra of the mutant and wt ferric cyanide Mb complexes (Figure
2a). These results suggest that substitution of His64 withpCNPhe
does not significantly affect the active site structure of Mb nor the

Figure 1. (Left) Schematic representations of the ligand-bound active sites
of Mb. The structure was derived from the crystallographic coordinates
from pdb file number 2MBW.7 (Right) Structure of para-cyano-L-
phenylalanine (pCNPhe).
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overall fold of the protein. The same is true for the electronic
absorption spectra of the CO, NO, and O2 bound six-coordinate,
low-spin (S ) 0) states of the ferrous forms of wt and the
H64pCNPhe mutant Mb (Supporting Information, Figures S-2 and
S-3). Interestingly, a comparison of ferrous wt and H64pCNPhe
mutant Mb, in which Fe(II) is five coordinate (S ) 2) and bound
only to the proximal heme, does show differences in the electronic
absorption spectra (Supporting Information, Figure S-2). The
H64pCNPhe mutant has a Soret peak at 426 nm as well as maxima
at 530 and 559 nm, whereas wt Mb has maxima at 434 (Soret) and
556 nm. Thus in the absence of bound ligand, the nitrile group of
pCNPhe may be interacting with Fe(II) when fixed in close
proximity to the heme.

The FTIR spectra were then measured for the ligated forms of
the H64pCNPhe mutant Mb and wt Mb to determine whether the
CtN stretch frequency is sensitive to the nature of the ligand bound
in the distal site. Previous work has shown thatνCN is highly
sensitive to solvent polarity and hydrogen bonding (νCN of pCNPhe
is 2237 cm-1 in H2O versus 2228 cm-1 in tetrahydrofuran).4,5 The
νCN of the water ligated mutant ferric Mb (200µM) is 2248 cm-1

(Figure 2b). This represents a significant shift (11 cm-1) relative
to that of freepCNPhe in 100 mM potassium phosphate buffer
(2237.5 cm-1) or water (2237 cm-1),5 consistent with the increased
polarity of water bound to the Fe(III) ion in Mb.8 A lower stretch
frequency (νCN ) 2236 cm-1) is observed for the mutant Fe(III)-
CN complex, indicating a less polar active site which is consistent
with a weaklyπ-back-bonded linear ferric CN complex. Fe(II) can

act as an effective dπ-donor, and Fe(II) readily coordinates with
π-acid ligands, such as CO, NO, and O2, to form six-coordinate,
low-spin (S) 0) complexes.11,12Both the Fe(II) NO and O2 adducts
of the H64pCNPhe mutant Mb show aνCN stretching band at 2230
cm-1 (Supporting Information, Figure S-1). This is consistent with
isoelectronic, bent conformations for both the Fe(II)NO and Fe-
(II)O2 complexes. In contrast, the linear Fe(II)CO complex shows
a νCN absorption at 2239 cm-1 [in which the CO-Fe(II) heme
interaction involves significant back-bonding], consistent with
decreased electron density on the carbonyl oxygen relative to NO
and O2. These results taken together demonstrate that the nitrile
group ofpCNPhe, when site-specifically introduced into the active
site of Mb, is an excellent probe of ligand binding and local
electronic environment. In conclusion, we have shown that one can
genetically encode the infrared probepCNPhe in bacteria. This
unnatural amino acid should also be a useful site-specific probe of
protein folding, conformational changes, and biomolecular interac-
tions and may be a useful probe of local electric field in proteins.5,13
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Figure 2. (a) The electronic absorption spectra of the ferric-met (solid red
line) and ferric CN (blue dashed line) His64pCNPhe mutant Mb complexes
are plotted against ferric (red dotted line) and ferric CN (red dashed-dotted
line) wild-type Mb. The spectra were recorded at 4°C with Mb (∼10 µM)
in 0.1 M potassium phosphate buffer (pH 7.0) in the absence and in the
presence of 10 mM sodium cyanide. (b) FTIR spectra (in CtN stretching
region) of ferric-met (solid red line) and ferric CN bound (blue dashed
line) complex of His64pCNPhe mutant Mb. The spectra were measured at
25 °C in 100 mM potassium phosphate buffer, pH 7.0 with 200µM Mb.
Addition of 10 mM sodium cyanide to freepCNPhe in buffer resulted in
no IR shift.
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