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ABSTRACT: We have employed a rapid fluorescence-based screen to assess the polyspecificity of several
aminoacyl-tRNA synthetases (aaRSs) against an array of unnatural amino acids. We discovered that a
p-cyanophenylalanine specific aminoacyl-tRNA synthetase (pCNF-RS) has high substrate permissivity for
unnatural amino acids, while maintaining its ability to discriminate against the 20 canonical amino acids. This
orthogonal pCNF-RS, together with its cognate amber nonsense suppressor tRNA, is able to selectively
incorporate 18 unnatural amino acids into proteins, including trifluoroketone-, alkynyl-, and halogen-
substituted amino acids. In an attempt to improve our understanding of this polyspecificity, the X-ray crystal
structure of the aaRS-p-cyanophenylalanine complex was determined. A comparison of this structure with
those of other mutant aaRSs showed that both binding site size and other more subtle features control
substrate polyspecificity.

A wide variety of unnatural amino acids (UAAs) have been
genetically encoded in bacteria, yeast, and mammalian cells with
excellent fidelity and efficiency. These novel amino acids include
nuclear magnetic resonance (NMR), infrared (IR), fluorescent,
and crystallographic probes, orthogonal bioconjugation part-
ners, metal ion chelators, redox active centers, and photo-cross-
linking and photocaging agents (1, 2). An orthogonal aminoacyl-
tRNA synthetase/suppressor tRNA (aaRS/tRNACUA) pair (one
that does not significantly cross-react with host tRNAs or
aminoacyl-tRNA synthetases) is used to selectively incorporate
the unnatural amino acid of interest in response to a nonsense or
frameshift codon. To produce aaRSs that recognize an unnatural
amino acid and no endogenous amino acid, previously we
employed a double-sieve selection scheme that ties the activity
of the aaRS to the viability of Escherichia coli (3, 4). In the
positive selection, large libraries of aaRS active site mutants are
screened for their ability to incorporate the unnatural amino acid
in response to an amber nonsense codon at a permissive site in an
essential protein; in the negative selection, aaRSs that incorpo-
rate endogenous amino acids into a lethal protein in the absence
of the unnatural amino acid are removed.

Because no selective pressure is applied against other unnatur-
al amino acids during the selection, evolved aaRSs may also
cross-react with other unnatural amino acids, while maintaining
their orthogonality to endogenous amino acids (5-9). This
polyspecificity can be exploited in incorporating additional
unnatural amino acids without the evolution of new, orthogonal
aaRS/tRNA pairs. Aminoacyl-tRNA synthetase promiscuity is

not problematic in this regard as the growth media can be sup-
plemented with only the desired unnatural amino acid. Previous
experiments have examined the substrate permissivity of the
pyrrolysyl, p-benzoylphenylalanine, and naphthylalanine synthe-
tases, and mutations were introduced to broaden their substrate
specificity (7). However, a thorough analysis of multiple ami-
noacyl-tRNA synthetases with a broad range of unnatural amino
acid substrates has yet to be conducted (3). Thus, to system-
atically analyze and improve our understanding of the permis-
sivity of multiple evolved aaRSs, we have investigated their
ability to incorporate a diverse library of unnatural amino acids
using a simple fluorescent reporter-based assay.

EXPERIMENTAL PROCEDURES

GFP Expression. GFP expression was conducted as pre-
viously described. BL-21(DE3) E. coli was cotransformed with
the appropriate pEVOLplasmidandpET-GFPY151Xplasmid (1),
grown in 2�YT medium at 37 �C to saturation with chloram-
phenicol (40 μg/mL) and ampicillin (100 μg/mL), and diluted in
2�YT to an OD600 of 0.2. Diluted cultures were grown at 37 �C
to an OD600 of 0.7-1.0 and induced with IPTG (1 mM) and
arabinose (0.02%). The culture was immediately aliquoted
(100 μL/well) into a 96-well plate containing 10 μL of 10 mM
unnatural amino acid per well, and background fluorescence was
measured on a Spectramax Gemini EM instrument (excita-
tion and emission at 395 and 509 nm, respectively; Molecular
Probes). After 14 h at 30 �C, fluorescence was measured again to
determine the level ofGFP expression.Amino acids that afforded
a significantly measurable signal were then employed in similar
expression experiments in triplicate. Each sample was normalized
to cell density using the OD600, and fluorescence was measured
and compared to that of wild-type expression (Table 2), con-
firming the incorporation of UAA.
Myoglobin Expression. BL-21(DE3) E. coli was cotrans-

formedwith the appropriate pEVOLplasmid and pET-MyoF107X,
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grown in 2�YT medium at 37 �C to saturation with chloram-
phenicol (40 μg/mL) and ampicillin (100 μg/mL), and diluted in
2YT to an OD600 of 0.2. Diluted cultures were grown at 37 �C to
an OD600 of 0.7, induced with IPTG (1 mM), arabinose (0.02%),
and the appropriate unnatural amino acid (1 mM), and grown at
37 �C for 16 h. The cultures were pelletted and lysed using Bug
Buster (Novagen), and the protein was purified on Ni-NTA spin
columns (Qiagen) according to the manufacturer’s protocol.
Myoglobin expression was analyzed on a 4 to 20% Gly-Tris
polyacrylamide gel (see the Supporting Information), and the
mass of the purified protein was determined by liquid chroma-
tography and mass spectroscopy (LC-MS) on an Agilent 1100
Series LC/MSD instrument. The chromatographic peak corre-
sponding to myoglobin (between 6.1 and 6.5 min) was charge
deconvoluted using Agilent LC/MSD ChemStation (revision
B.03.02). Deconvolution parameters were set as follows: high
Mr = 17000, lowMr = 21000, maximum charge of 50, and 3-8
minimum peaks in set. The error was (0.02%, as determined
from control samples. LC-MS results for MyoY107X expression
experiments are listed in the Supporting Information.
Aminoacyl-tRNA Synthetase Crystallization. Protein

expression and crystallization were conducted as previously
described (10-12). The pCNF-RS DNA was amplified from
the pBK-pCNF vector (13) (forward primer, 50 GCAAGCGCA-
TATGGACGAATTTGAAATGA 30; reverse primer, 50 GTT-
CGGCTCGAGTAATCTCTTTCTAATTG 30), inserted into
the pET-22b(þ) vector using the XhoI and NdeI restriction sites,
and transformed into BL-21(DE3) cells. A 1 L 2�YT (Amp)
expression culture was inoculated to an OD600 of 0.2, grown at
37 �C to an OD600 of 0.6, and induced with IPTG (1 mM). The
culture was grown at 37 �C for 16 h, pelleted, and lysed [50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole, and 10 mM BME
(pH 8.0)] by sonication. The sample was then centrifuged (18000
rpm for 20 min), and the supernatant was incubated with Ni-
NTA resin (2 mL; Qiagen) for 1 h at 4 �C. The resin was then
washed [100 mL of 50 mM NaH2PO4, 300 mM NaCl, 20 mM
imidazole, and 10 mM BME (pH 8.0)] and eluted [5 mL of 50
mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, and 10 mM
BME (pH8.0)], followed by dialysis [3� 1 h at room temperature
in 25 mM Tris, 50 mM NaCl, 1 mM EDTA, and 10 mM BME
(pH 8.0)]. The aaRS was purified by FPLC on aMonoQ column
[buffer A consisted of 25 mM Tris, 25 mMNaCl, 1 mM EDTA,
and 10mMBME (pH8.5); buffer B consisted of 25mMTris, 1M
NaCl, 1mMEDTA, and 10mMBME (pH8.5)], concentrated to
2 mL, and dialyzed into crystallization buffer [20 mM Tris,
50 mM NaCl, and 10 mM BME (pH 8.0)]. Crystals were grown
by the sitting-drop vapor-diffusionmethod using a 1:1mixture of
concentrated protein (15mg/mL, with 2 mMpCNF) andmother
liquor [0.2M (NH4)tartrate and 20%PEG-3350 (pH6.6)] at 20 �C.
Data Collection, Structure Determination, and Refine-

ment. Data for the pCNF cocrystals were collected at beamline
5.0.3 of the Advanced Light source (ALS) at a wavelength of
0.9778 Å to a maximum Bragg spacing of 2.3 Å (Table 1). All
data were reduced and scaled using the HKL2000 package (14).
The crystal belonged to the monoclinic crystal system with the β
angle approaching 90�. A strong peak in the native Patterson
map indicated the presence of pseudotranslational symmetry and
indicated that the crystal was pseudo-orthorhombic. This was
confirmed by the inability of the unreduced data to scale reason-
ably in the equivalent orthorhombic space group. The presence of
noncrystallographic translational symmetry induces considerable
deviation from Wilson statistics. The Wilson ratios (ÆI2æ/ÆIæ2) for

the data set calculated fromphenix xtriage are 2.752 and 2.776 for
acentric and centric reflections, respectively, whereas perfect data
should have values of 2.0 and 3.0, respectively. The Wilson
distribution, which is based on the assumption of a random
distribution of atoms in the cell, is therefore considerably skewed
by this translational symmetry, and statistics such as theR factor
and procedures such as the calculation of normalized amplitudes
that are based on this assumption can be affected. Despite this,
the structure was easily determined using Phaser (15) using all
data between 50 and 2.3 Å resolution using the wild-type tyrosyl-
tRNA synthetase (16) [Protein Data Bank (PDB) entry 1J1U] as
a probe. The molecular replacement solution confirmed the
presence of the pseudotranslational symmetry between the two
molecules in the asymmetric unit. Electron density produced
froman initial refinementwithBuster clearly showed themutated
residues between the probe model and the structure as well as
electron density for pCNF in both molecules, confirming the
validity of the molecular replacement solution. Model building
and refinement were performed by iterative building and refine-
ment with Coot and Buster (17, 18). All other crystallographic
manipulationswere conductedwith theCCP4program suite (19).
Convergence of the refinement was checked throughout, with
weights between geometric and X-ray terms optimized on the
basis of the Rfree in combination with a criterion for reasonable
geometry. The Local Structure Symmetry Restraints (LSSR)
procedure was also applied throughout refinement (20), also
incorportated on the basis of its effect onRfree. The validity of the
final structure was checked using a combination of the validation
tools in Coot (17), including inspection of the Ramachandran
plot, real space correlation, and rotamer and geometry analysis.
Using these refinement and geometrical criteria, the final
model converged with Rcryst and Rfree values of 23.0 and 30.0%
respectively, excellent geometry, root-mean-square deviations
(rmsd) of bonds and angles of 0.013 Å2 and 1.3� respectively,
no residues in disallowed regions of the Ramachandran plot
(Table 1), and all of the mutations in the structure in a preferred
rotamer conformation.

Table 1: Data and Refinement Statistics

space group P21
unit cell dimensions a = 52.52 Å, b = 68.93 Å,

c = 82.09 Å, β = 90.59�
wavelength (Å) 0.9778

resolution (Å)

(highest-resolution shell)

2.3 (2.34-2.3)

Rmerge (%) (highest-resolution shell) 0.066 (0.25)

no. of unique reflections 46732

completeness (%)

(highest-resolution shell)

96.2 (76.6)

I/σ (highest-resolution shell) 15.0 (2.1)

redundancy (highest-resolution shell) 3.0 (2.1)

Refinement

Rfactor (Rfree
a) (%)b 0.23 (0.30)

no. of protein atoms 4913

no. of water atoms 172

no. of heteroatoms 28

rmsd for bonds (Å) 0.013

rmsd for angles (deg) 1.37

mean B factor (Å2) 47.9

aRfree equals Rcryst, but for 5.0% of the total reflections chosen at
random and omitted from the refinement. bR factor =

PP
|Ii - ÆIiæ|/

P
|

Ii|, where Ii is the scaled intensity of the ith measurement and ÆIiæ is the mean
intensity for that reflection.
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RESULTS AND DISCUSSION

Assay Development. To develop a rapid assay for analyzing
the incorporation of unnatural amino acids by an evolved aaRS,
we used a fluorescence-based GFP reporter. AGFP gene with an
amber mutation at Tyr151 (GFPY151X) was placed under the
control of the T7 promoter in a pET101 vector as previously
described (21). Tyrosine 151 is a surface residue that can be
substituted with a range of structurally diverse amino acids
without any effect on protein stability or fluorescence (21). This
reporter affords fluorescence only when the TAG codon is used
as a sense codon for the acylated suppressor tRNACUA (and not a
stop codon). MutantMethanocaldococcus jannaschii tyrosyl-RS/
tRNACUA (MjTyrRS/tRNACUA) pairs encoded in the efficient
pEVOL system (21) were cotransformed into BL-21(DE3) cells
with the pET-GFPY151X construct to allow rapid screening for
substrate permissivity. Aminoacyl-tRNA synthetases specific for
pAcF (p-acetylphenylalanine, 7) (22), pAzF (p-azidophenylala-
nine, 8) (23), pCNF (p-cyanophenylalanine, 1) (13), pIF (p-iodo-
phenylalanine, 2) (24), pBoF (p-borophenylalanine) (25), pPrF
(p-propargylphenylalanine, 14) (26), pCMF (p-carboxymethyl-
phenylalanine) (27), pBpF (p-benzoylphenylalanine) (28), NapA
(naphthylalanine) (29), CouA (7-hydroxycoumarin-4-yl ethyl-
glycine) (30), PLA (p-hydroxy-L-phenyllactic acid) (31), BipyA
(bipyridylalanine) (32), and HQA (8-hydroxyquinolin-3-ylalanine)
(33), in addition to the wild-type tyrosyl-tRNA synthetase, were
analyzed (1, 34). A 96-well format was used to screen 72 un-
natural amino acids including para- and meta-substituted phe-
nylalanine analogues, histidine and alanine derivatives, amine,
biaryl, and thiol-containing amino acids (see the Supporting
Information).While fluorescent amino acids were included in the
plate, other than CouA (well E7), the wavelengths of excitation
and emission were nonoverlapping with GFP, and a background
subtraction prior to expression was sufficient to allow the
assessment of incorporation. The fluorescence of each well
supplemented with 1 mM amino acid was measured after
expression for 14 h in rich medium (Figure 1). To rapidly assess
amino acid incorporation, fluorescence readings were taken on

the cultures, as opposed to lysed cells, and potential hits were
later confirmed by protein isolation and mass spectrometry.

Many of the aaRSs failed to exhibit a significant degree of
substrate promiscuity with respect to theUAA in our screen.Not
surprisingly, wild-type MjTyrRS exhibited no detectable incor-
poration of any unnatural amino acid in the screen. Additionally,
the pBoF, pPrF, pCMF, HQA, CouA, PLA, NapA, and BipyA
specific aaRSs displayed a very low propensity for incorporation
of unnatural amino acids beyond the specific unnatural amino
acid for which they evolved. The pAcF, pIF, and pAzF synthe-
tases were able to incorporate several para-substituted phenyl-
alanine analogues included in the screen, but only to a limited
extent (see the Supporting Information). Most interestingly,
pCNF-RS (13) exhibited a substantial degree of polyspecificity
as it afforded increased GFPY151X fluorescence in the presence of
p-chlorophenylalanine (2), p-fluorophenylalanine (5), p-acetyl-
phenylalanine (7), p-alkynylphenylalanine (6), benzylserine (15),
and p-phenylphenylalanine (12) (Figure 1). Screen hits were
validated by incorporation of the unnatural amino acid into a
His-tagged myoglobin mutant containing an F107TAG amber
mutation (MyoF107X) (21). The protein was purified using a
Ni-NTA resin and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The calculated mass of the
purified mutant protein was confirmed by LC-MS. In the
absence of any unnatural amino acid, low levels of phenylalanine
incorporation in response to the amber codon could be detected
(<20%); however, in the presence of any of these amino acids
(g1 mM), only incorporation of the unnatural amino acid was
observed within the detection limits of LC-MS (21). The
behavior of pCNF-RS in this assay was unique with respect to
both incorporation efficiency and substrate diversity relative to
the other 13 aminoacyl-tRNA synthetases.
Determination of Substrate Scope for pCNF-RS Poly-

specificity. pCNF-RS appears to be highly tolerant of para-
substituted phenylalanine derivatives. Consequently, the pCNF-
RS was further screened against additional para-substituted
aromatic amino acids (Figure 2). The majority of these amino
acids (1-18) were incorporated into GFPY151X by the pCN-RS
[relative incorporation was assessed in triplicate and normalized
to cell density (Table 2)]; incorporation was further validated by
incorporation into MyoF107X with subsequent mass spectral
analysis (Table 2). pCNF-RS substrates include UAAs that have
already been genetically encoded in bacteria, e.g., pIF (2), pBrF
(p-bromophenylalanine 3), pAcF (7), pAzF (8), pPrF (14),
pNO2F (p-nitrophenylalanine 11), oNO2F (o-nitrophenylalanine
13), O-methyl-Tyr (16), and O-allyl-Tyr (17) (2). pCNF-RS
substrates also include unnatural amino acids that have not
previously been encoded in bacteria, e.g., pClF (4), pFF (5),
p-ethynylphenylalanine (6), p-trifluoromethylacetylphenylalanine
(9), p-phenylphenylalanine (12), benzylserine (15), and O-tert-
butyltyrosine (18). On the basis of GFP expression levels, many
of the amino acids are good substrates for pCNF-RS, affording
>80% protein expression relative to wild-type GFP. Interest-
ingly, several amino acids [pIF (2), pBrF (3), pClF (4), p-alkynylF
(6), pAzF (8), p-isopropylF (10), and OMeY (16)] afford higher
protein yields than the pCNF substrate did (1), the UAA for
which the pCNF-RS was originally selected. Only amino acids
19-21 (p-carboxyphenylalanine, p-methylphosphonic acid
phenylalanine, and p-aminophenylalanine), which have hy-
drogen bond donating substituents, were not incorporated. It
is interesting to note that despite the apparent polysubstrate
specificity of the pCNF-RS, 21 (p-aminophenylalanine) was

FIGURE 1: GFP fluorescence assay for pCNF-RS-dependent incor-
poration of unnatural amino acids into GFPY151X. A 96-well plate
contained different non-native amino acids [1 mM (see the Support-
ing Information)] incubated with BL-21(DE3) cells harboring the
GFPY151X reporter and pEVOL-pCNF in 2�YT medium. Fluores-
cence was measured after expression for 14 h at 30 �C and corrected
for background by a noninduced culture.
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not incorporated while other significantly larger substituents
were tolerated, indicating the pCNF-RS has some degree of
specificity (21 has been previously shown to be taken up
efficiently by E. coli and is stable in the cytoplasm) (35). In
total, the pCNF-RS was found to incorporate 18 unnatural
amino acids, seven of which had not been previously encoded.
A number of the latter UAAs, e.g., p-alkynylphenylalanine (6)
and p-trifluoroacetylphenylalanine (9), may be useful as or-
thogonal bioconjugation handles or as warheads for the
selective inactivation of enzymes.

X-ray Crystal Structure of pCNF-RS. To improve our
understanding of themolecular basis of pCNF-RS’s polysubstrate
specificity (which in contrast to polyspecific enzymes like p450s, is
not a solvent-exposed surface cavity), the aaRSwas overexpressed
and crystallized for X-ray structure analysis (10-12, 36). The
crystal structure of the pCNF-RS-pCNF complex (PDB entry
3QE4) was determined to 2.3 Å with anRfactor of 0.23 (Table 1 and
the Supporting Information). The pCNF-RS structure super-
imposes well with the WT TyrRS-Tyr structure (PDB entry
1J1U) except in the amino acid binding site. The amino acid
binding site for pCNF-RS is relatively hydrophobic and contains
the following mutations relative to the wild-type synthetase:
Y32L, L65V, F108W, N109M, D158G, and I159A. A compar-
ison of the WT TyrRS structure with the pCNF-bound pCNF-
RS structure (Figure 4A vs Figure 4B) reveals that mutations
create a larger binding pocket that allows the enzyme to accept
the nitrile group. In the WT TyrRS structure, residues Y32 and
D158 are involved in hydrogen bonding with the tyrosine
hydroxyl group. These residues in pCNF-RS are mutated to
leucine and glycine, respectively, which removes hydrogen bond-
ing potential and likely explains the inability of pCNF-RS to
accept tyrosine and other phenylalanine derivatives with hydro-
gen bond donor substituents in the para position. Additionally,
the L65Vmutation creates a larger binding pocket and appears to
alter the angular position of the bound amino acid. Thismutation
is unique to pCNF-RS, as no other previously evolved aminoacyl-
tRNA synthetases possess the valine residue at this position.
Although the binding pocket is larger in pCNF-RS, key residues
(Leu32, Val65, andGly158) are still able to stabilize the pCNF (1)
through van Der Waals interactions (Figure 4B).

To determine which mutations might be determinants of
polyspecificity, we overlaid the pCNF-bound pCNF-RS amino
acid binding site structure with the substrate-bound pAcF-
RS [Y32L, D158G, I159C, and L162R (PDB entry 1ZH6)] and

FIGURE 2: Unnatural amino acids screened for incorporation by pCNF-RS.

Table 2: Incorporation of Unnatural Amino Acids by pCNF-RS

aaRS UAA expecteda observed relative level of expressionb

WTc Phec 18352 18353 100( 3.9

pCNF 1 18377 18376 79( 2.9

pCNF 2 18478 18477 87( 2.2

pCNF 3 18431 18431 96 ( 1.4

pCNF 4 18386 18386 91( 5.2

pCNF 5 18370 18368 45 ( 4.9

pCNF 6 18376 18376 84( 1.4

pCNF 7 18394 18396 60 ( 3.0

pCNF 8 18393 18393 95( 2.3

pCNF 9 18450 18450 43 ( 6.1

pCNF 10 18394 18393 82( 3.9

pCNF 11 18396 18395 75 ( 3.7

pCNF 12 18429 18326 81( 1.2

pCNF 13 18396 18394 61 ( 1.8

pCNF 14 18406 18405 72( 3.0

pCNF 15 18382 18382 45 ( 4.2

pCNF 16 18383 18383 94( 1.4

pCNF 17 18407 18407 77 ( 3.2

pCNF 18 18422 18422 61( 4.6

aLC-MS expected mass for UAA incorporated into F107TAG myo-
globin. bBased onGFP-Y151TAG expression and normalized toWTGFP
expression (16 mg/L). cMass for wild-type Myo with Phe.
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NapA-RS [Y32L, D158P, I159A, L162Q, and A167V (PDB
1ZH0)] structures. The former aaRS accepts relatively few other
unnatural amino acids, while the latter displays no polyspecificity
(Figure 3). As previously noted, the Y32Lmutation increases the
amino acid binding site size (especially at the para position of
phenylalanine derivatives); however, this mutation is also found
in pAcF-RS andNapA-RS (among others), which do not exhibit
a degree of polyspecificity comparable to that of pCNF-RS. The
unique L65Vmutation appears to create unoccupied space at the
back of the amino acid binding site that is filled by other residues
in pAcF-RS. This mutation may allow pCNF-RS to accept a
diverse group of para-substituted phenylalanine or tyrosine
derivatives (Figure 3). Interestingly, when pCNF is modeled into
the pAcF-RS binding pocket, the leucine at residue 65 interferes
with the cyano substituent (Figure 4C; the pAcF-RS complex is

shown for comparison in Figure 4F). In contrast, pAcF (7) can
readily be docked into the active site of pCNF-RS (Figure 4E).
Additionally, mutation of leucine 65 to smaller amino acids has
been shown to allow the incorporation of larger unnatural amino
acids into other aaRSs. For example, the o-nitrobenzyltyrosine
(ONBY) synthetase contains a L65G mutation, facilitating the
incorporation of the sterically bulky bicyclic ONBY amino
acid (37).

While an increased substrate binding site size may be partially
responsible for increased polyspecificity, other factors are in-
volved. This is apparent upon comparison of the pCNF-RS and
NapA-RS structures. Although the D158P mutation in NapA-
RS gives it a significantly larger binding pocket compared to that
of pCNF-RS, this aaRS exhibits virtually no permissivity. When
pCNF is modeled into the amino acid binding site of NapA-RS,

FIGURE 3: (A)Overlayof the key active site residues for substrate-bound pAcF-RS 3 pAcF (cyan, PDBentry 1ZH6) and pCNF-RS 3 pCNF(green)
complexes. The pAcF (blue) and pCNF (gray) substrates are shown at the center of the structure. (B) Overlay of the substrate-bound NapA-
RS 3NapA (magenta, PDB entry 1ZH0) and pCNF-RS 3 pCNF (green) complexes. TheNapA (magenta) and pCNF (green) substrates are shown
at the bottom of the structure.

FIGURE 4: Structural analysis of three key residues (32, 65, and 158) for amino acid recognition in various synthetases: (A) wild-type tyrosyl RS
(green, PDB entry 1J1U) modeled with pCNF, (B) pCNF-RS (cyan) modeled with pCNF, (C) pAcF-RS (magenta, PDB entry 1ZH6) modeled
with pCNF, (D)NapA-RS (orange, PDB entry 1ZH0) modeled with pCNF, (E) pCNF-RS (cyan, PDB entry 3QE4)modeledwith pAcF, and (F)
pAcF-RS (magenta, PDB entry 1ZH6) modeled with pAcF.
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proline 158 prevents side chain van der Waals interactions that
might stabilize the bound amino acid (Figure 4D). Moreover, a
number of the other aminoacyl-tRNAsynthetases examinedwith
larger binding sites (e.g., that accommodate bipyridyl, 8-hydro-
xyquinolinyl, and benzoylphenyl side chains) do not exhibit
significant polyspecificity, suggesting that there is a plasticity
unique to the pCNF-RS active site.

The uniqueness of the pCNF-RS is also evident upon exam-
ination of backbone perturbations in the mutant aminoacyl-
tRNA synthetases. As previously reported, theD158P and I159A
mutations terminate the R8-helix in NapA-RS; a similar back-
bone alteration is observed in the pAcF-RS (albeit to a lesser
extent) (12). Interestingly, this perturbation is not observed in the
pCNF-RS, despite having the same D158G mutation as the
pAcF-RS and the same I159Amutation as theNapA-RS. In fact,
the pCNF-RS aligns much more closely with the wild-type
tyrosyl-tRNA synthetase than with the other aminoacyl-tRNA
synthetases in this region (Figure 5A). Another distinctive
difference is apparent in the pCNF-RS upon examination of
helical residues 108 and 109. Relative to both theWTRS and the
pAcF-RS, the helix is moderately displaced and is slightly
truncated (Figure 5B). This may afford a greater degree of space
and plasticity for the accommodation of larger para-substituted
amino acids.

Importantly, the pCNF-RS amino acid binding site still
strongly discriminates against Phe, Tyr, and p-aminophenylala-
nine, while it accepts similar amino acids such as O-methyltyr-
osine (16), p-chlorophenylalanine (4), and p-fluorophenylalanine
(5). Clearly, mutations in a relatively small number of active
site residues result in the ability of this aaRS to discriminate
subtle changes in substrate structure. This result indicates that the
negative selection step in the evolution of pCNF-RS is quite
robust in its ability to remove polyspecific mutants that accept
endogenous amino acids. Work is currently underway to cocrys-
tallize pCNF-RS and various mutants with additional common
and unnatural amino acids in an effort to further decipher this
unique enzyme’s specificity.

CONCLUSION

The use of previously evolved aaRSs for the incorporation of
additional unnatural amino acids will facilitate the expansion of

the genetic repertoire to include novel chemical functionalities.
Seven amino acids that had previously not been genetically
encoded in bacteria were selectively incorporated into proteins
using the pCNF-RS synthetase. These include p-chlorophenylal-
anine, p-fluorophenylalanine, p-alkynylphenylalanine (4-6),
p-trifluoromethylacetylphenylalanine (9), p-phenylphenylalanine
(12), benzylserine (15), andO-tert-butyltyrosine (18). Future screens
of additional amino acids and aaRSs may yield aaRSs that
incorporate classes of unnatural amino acids rather than a single
residue.
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