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ABSTRACT: Genetically incorporated unnatural amino acid (UAA) technologies are powerful tools that are
greatly enhancing our ability to study and engineer biological systems. Using these techniques, researchers can
precisely control the position and number of novel chemical moieties in a protein, via introducing the novel R
group of UAAs, that are genetically encoded in the protein’s primary structure. The substrate recognition
properties of a natural aminoacyl-tRNA synthetase (aaRS) must be modified in order to incorporate UAAs
into proteins. Protocols to do so are technically simple but require time and optimization, which has
significantly limited the accessibility of this important technology. At present, engineered unnatural
aminoacyl-tRNA synthetases (UaaRS) are evaluated on their translational efficiency (the extent to which
they allow for incorporation of UAAs into protein) and fidelity (the extent to which they prevent
incorporation of natural amino acids). We propose that a third parameter of substrate recognition,
permissivity, is equally important. Permissive UaaRSs, whose relaxed substrate recognition properties allow
them to incorporate multiple unnatural amino acids (but not natural amino acids), would eliminate the need
to generate new UaaRSs for many new UAAs. Here, we outline methods for quickly and easily assessing the
permissivity of existing UaaRSs and for generating permissive UaaRSs. In proof of principle experiments, we
determined the degree of permissivity of two UaaRSs for a family of structurally related fluorinated UAAs
("F-UAAs). We then increased the permissivity of the initial UaaRSs to allow for incorporation of the family
of "F-UAAs. Finally, we validated the utility of these new '°F-UAAs as probes for fluorine NMR studies of
protein structure and dynamics. We expect that results of this work will increase the accessibility of UAA
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technology and the use of new UAAs in proteins.

The recent engineering of aminoacyl-tRNA synthetase/tRNA
pairs (aaRS/tRNA)' to enable the production of chemically
modified proteins in vivo via incorporation of unnatural amino
acids (UAAs) has had a dramatic impact on the fields of biochemi-
cal research and medicinal proteins (/—7). While improvements in
site-specific incorporation technology have provided access to
UAA—protein from prokaryotes and eukaryotes, the field would
benefit from access to methods that increase the diversity of UAAs
that can be incorporated (§—171). Currently, the development of
site-specific UAA incorporation methods begins with a library of
orthogonal aaRS/tRNA pairs, which after selections result in a
UaaRS/tRNA pair that can incorporate a UAA in response to a
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unique codon with high efficiency and fidelity (/, 12). The double-
sieve selections (13) used to identify UaaRS/tRNA pairs consist of
positive selections, which select for the ability to incorporate a
specific UAA, and negative selections, which select against natural
amino acid structures. The result is a unique UaaRS active site that
incorporates the new UAA during translation in response to a
unique codon with high efficiency and fidelity. The high efficiency of
the UaaRS is key to producing high levels of UAA—protein, while
high fidelity ensures that no natural amino acids are incorporated at
the programmed site.

The UaaRS selections and characterization methods are
technically simple for those well versed in molecular biology
but require time and optimization, an effort that investigators
interested in generating only a single UaaRS for their particular
application may not consider worthwhile. The need for improv-
ing the process and increasing accessibility led us to find alternate,
less technical methods for generating UaaRSs and characterizing
them by effectively monitoring the efficiency and fidelity for the
sum of translational processes.

A few recent reports using site-specific methods have utilized
what seems to be a relaxed substrate specificity from selected
UaaRS/tRNA pairs to incorporate multiple similar UAAs with
the same UaaRS in vivo (14—17). We hypothesized that this lack
of specificity, a quality we define as permissivity, may be a
generally useful feature of UaaRSs. Once a UaaRS/tRNA pair
for a specific UAA is selected and shown to have high trans-
lational fidelity, additional UAAs with similar structures can be
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FIGURE 1: Family of unnatural amino acids: 4-trifluoromethyl-
phenylalanine (ptfmF), 3-fluoro-4-methylphenylalanine (pmmfF),
3-fluoro-4-trifluoromethylphenylalanine (ptfmmfF), 4-methylphe-
nylalanine (pmF), 2,3-difluoro-4-methylphenylalanine (pmdfF),
and 2,3,5,6-tetrafluoro-4-methylphenylalanine (pmtfF).

incorporated without the need to generate additional UaaRSs.
Permissivity may be a feature of many site-specific UaaRSs, and
taking advantage of this feature may allow others to avoid
performing selections and fidelity characterization. Recently,
we showed that the UaaRSs that can site-specifically incorporate
p-benzoylphenylalanine (/8) and naphthylalanine (/9) have
varying levels of permissivity for similar structured UAAs (20).
Since the current positive and negative selections for generating
UaaRSs do not impose selective pressure for or against UaaRS
permissivity, it is unlikely to be a universal feature for selected
UaaRSs. In fact, a few attempts to utilize UaaRS permissivity
have also been shown to fail (17, 21). To accurately and quickly
determine efficiency, fidelity, and permissivity of UaaRS/tRNA
pairs under standard UAA-expression conditions, we developed
a fluorescent reporter of UAA—protein production that is
functional in autoinduction medium.

Clearly, the current > 50 different site-specific UaaRSs will
not incorporate all future UAAs (1, 14, 15, 20, 22—25). Thus
we sought to develop a method to generate generally permis-
sive UaaRS/tRNA pairs and monitor the relationship of effi-
ciency, fidelity, and permissivity of the selection process. We
hypothesized that one way to make UaaRSs permissive to a
family of structurally related UAAs is to exchange active
site residues of UaaRSs that are independently selected for
members of the UAA family. To this end, we employed identi-
cal standard site-specific selection methods in order to gene-
rate UaaRSs for two structurally similar fluorinated UAAs,
4-trifluoromethylphenylalanine (ptfmF) and 3-fluoro-4-methyl-
phenylalanine (pmmfF) (Figure 1). Starting from the same aaRS
library of 6 x 107 members, separate double-sieve selections were
performed in the presence and absence of ptfmF and pmmfF.
Each UaaRS selection resulted in a single unique UaaRS
sequence for each UAA that was quantitatively characterized
for efficiency and fidelity. We then studied the incorporation
efficiency, permissivity, and fidelity of producing UAA—protein
using these two unique UaaRSs with a matrix of UAA chemical
structures that contain the chemical features of the parent UAAs
(Figure 1). We exchanged the unique active site residues in each
parent UaaRS with one another to determine whether the hybrid
sequences would have high translational permissivity and effi-
ciency, without compromising fidelity. We have shown that
construction of generally permissive UaaRSs is possible by
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assessing hybrids of two different UaaRS sequence solutions
and that this is a viable method for developing efficient, high-
fidelity UaaRSs. We have also shown that the current UaaRS
selection process may not be producing the most efficient
UaaRSs. These findings and methods will allow for development
of more efficient UaaRSs and effective selection methods, as well
as provide access to a family of new ""F-NMR probes for
studying protein structure and dynamics (26—31).

EXPERIMENTAL PROCEDURES

General Methods. Chemical reagents were purchased from
Sigma-Aldrich and Fisher Scientific and used without further
purification. Unnatural amino acids 1-4-trifluoromethylphenyl-
alanine (ptfmF), D-4-methylphenylalanine, and v-4-methyl-
phenylalanine (pmF) were purchased from Bachem. Racemic
4-trifluoromethylphenylalanine (ptfmF), 3-fluoro-4-methylphenyl-
alanine (pmmfF), 3-fluoro-4-trifluoromethylphenylalanine (ptf-
mmfF), 2,3-difluoro-4-methylphenylalanine (pmdfF), and 2,3,5,
o6-tetrafluoro-4-methylphenylalanine (pmtfF) were synthesized
(Supporting Information). Oligonucleotides, DH10B cells, and
pBadA were purchased from Invitrogen. All primer sequences are
provided in Supporting Information Table 1.

Construction of Plasmids. pDule-ptfmF and pDule-pmmfF
plasmids were generated by amplifying the aminoacyl-tRNA RS
gene (aaRS) from the pBK plasmid isolated from the library using
primers RS-move-F and RS-move-R. The amplified DNA frag-
ments were cloned into a pDule plasmid using the incorporated
Ncol and Kpnl sites (11). The sfGFP gene developed by Waldo
etal. (32), codon-optimized for Escherichia coli with a C-terminal
6-His affinity tag, was a gift from Dr. Robert P. Hammer. The
optimized sfGFP gene was subcloned into pBadA generating
pBad-sfGFP. The pBad-sfGFP-134TAG, pBad-sfGFP-146TAG,
and pBad-sfGFP-150TAG plasmids were generated by site-direc-
ted mutagenesis using Stratagene’s Quikchange mutagenesis
protocol on pBad-sfGFP. The mutated pDule-ptfmF and pDule-
pmmfF plasmids (ptfimF A65V, ptfmF A65V S158A, ptfmF A65V
S158G, ptfmF H70L, ptfmF S158A, ptfmF S158G, pmmfF V65 A,
pmmfF L70H, pmmfF L70H G158A, and pmmfF G158A) were
generated by overlap PCR mutagenesis. See Supporting Infor-
mation Table 1 for a list of primers and genetic sequences.

Selection of ptfmF- and pmmfF-Specific Aminoacyl-
tRNA Synthetases. The selections for each UaaRS were per-
formed identically using the same library plasmid and selection
plasmids as described previously (22). The library plasmid, pBK-
3D-Lib, was moved sequentially between cells containing a
positive selection plasmid (pCG) and cells containing a negative
selection plasmid (pNEG). The library of aaRSs was encoded on
the plasmid pBK-3D-Lib and focused on the active site amino
acids surrounding the para position of the tyrosine substrate. In
the aaRS library (3D library) (33), Leu65, His70, GInl55, and
Ile159 were randomized to all 20 natural amino acids, Tyr32 was
randomized to 15 natural amino acids (not Trp, Phe, Tyr, Cys,
and Ile), Asp158 was restricted to Gly, Ser, or Val, Leul62 was
restricted to Lys, Ser, Leu, His, and Glu, and Phe108 and GIn109
were restricted to the following pairs: Trp-Met, Ala-Asp, Ser-
Lys, Arg-Glu, Arg-Pro, Ser-His, and Phe-Gln. After a total of
three rounds of positive and negative selection, the remaining
pBK-3D-Lib members were transformed into positive selection
cells (pCG electrocompetent DH10B E. coli) and grown on LB
medium plates in the presence of 1 mM L-ptfmF and 2 mM
racemic pmmfF, 60—80 ug/mL Cm, 50 ug/mL Km, 25 ug/mL
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Tet, and 0.002% arabinose. Individual colonies (10) were selected
from the surviving library and screened in the same medium
in the presence and absence of unnatural amino acid (UAA)
and varying concentrations of Cm from 0 to 120 ug/mL.
Individuals (5) showing the least growth on Cm plates in the
absence of UAA were selected and sequenced using the primer
5-CCTAATCTCTTCTGGAGAGTC-3'.

Comparison of UAA Incorporation Using the sfGFP
Reporter. All protein expressions were performed in DH10B
cells transformed with either pBad-sfGFP or pBad-sfGFP-
150TAG and a pDule vector to produce wt-sfGFP or UAA-
sfGFP. The arabinose autoinduction medium and method were
used (71, 34). Racemic UAAs were dissolved in sterile water and
1 mol equiv of aqueous NaOH and then added to the appropriate
medium to a final concentration of 1 mM. Negative control
cultures of the mutant proteins, containing no UAA, were grown
simultaneously. Cultures at 37 °C were inoculated with 1:100
dilutions of saturated noninducing cultures. Standard expressions
were performed in duplicate with 3 mL of medium in 5 x 17 mm
culture tubes with shaking at 37 °C for 40 h. Error bars represent
the standard deviation obtained from duplicate expressions.

For the UAA concentration-dependent sfGFP overexpressions,
the appropriate UAA was dissolved to 3 mM in arabinose auto-
induction medium and then serially diluted with medium to obtain
concentrations of 0.25, 0.5, 1.0, 2.0, and 3.0 mM UAA. Equivalent
temperature, volumes, medium, and vessels were used for these
expressions. At the beginning, during the course, and at the end of
culturing cells with UAA, no UAA precipitate was visible.

Fluorescence measurements of the cultures were collected 40 h
after inoculation using a HORIBA Jobin Yvon FluoroMax-4.
The emission from 500 to 520 nm (1 nm bandwidth) was summed
with excitation at 488 nm (1 nm bandwidth). Samples were
prepared by diluting suspended cells directly from culture 100-
fold with phosphate-buffered saline (PBS).

Expression and Purification of sfGFP Containing Un-
natural Amino Acids. DH10B E. coli cells cotransformed with
one of the three pBad-sfGFP-TAG vectors and the machinery
plasmid pDule-UaaRS were used to inoculate S mL of nonindu-
cing medium containing 100 ug/mL Amp and 25 ug/mL Tet. The
noninducing medium culture was grown to saturation with
shaking at 37 °C, and 1.0 mL was used to inoculate 100 mL of
autoinduction medium with 100 ug/mL Amp, 25 ug/mL Tet, and
1 mM UAA. After 40 h of shaking at 37 °C, cells from 25 mL of
culture were collected by centrifugation.

The protein was purified using BD-TALON cobalt ion-
exchange chromatography. The cell pellet was resuspended in
wash buffer (50 mM sodium phosphate, 300 mM sodium
chloride, pH 7) containing | mg/mL chicken egg white lysozyme
and sonicated 3 x 1 min while cooled on ice. The lysate was
clarified by centrifugation, applied to 0.5 mL bed-volume resin,
and bound for 20 min. Bound resin was washed with > 350
volumes of wash buffer.

Protein was eluted from the bound resin with 5 mL volumes of
elution buffer (50 mM sodium phosphate, 300 mM sodium chlo-
ride, 150 mM imidazole, pH 7) and checked for concentration
with a Bradford protein assay. Purity was assessed by SDS-PAGE.
For all mass spectrometry and '"F-NMR analyses, the pDule-
ptfmF-A65V-S158A4 plasmid was used to express UAA-sfGFP.

PE-NMR Analysis of UAA-sfGFP. "F-NMR data were
collected using a Varian Unity INOVA 500 MHz spectrometer
fitted with a 5 mm broad-band probe. The proton coil was tuned
to the fluorine frequency (470.114 MHz). Standard decoupling
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parameters were used with a 100000 Hz spectral width, 9 us 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 2-fluorophenol
in toluene-ds) in a capillary tube within every '’F-NMR sample.
The 2-fluorophenol "F signal in this internal reference capillary
tube was set at —143.687 ppm referenced from trifluorotoluene at
—65.000 ppm. The common practice of adding D,O to the buffer
was avoided due to a noticeable deuterium isotope effect on the
PF chemical shift. Purified protein samples were assessed in
elution buffer at protein concentrations of 5—15 mg/mL.

Mass Spectrometry Protein Sample Preparation. All
protein samples processed for MS analysis were the same protein
samples used for '’F-NMR studies. The samples in elution buffer
were exchanged into 20 mM ammonium acetate buffer, pH 7,
using PD10 gel filtration columns. Proteins in 20 mM ammonium
acetate buffer were lyophilized overnight under vacuum. Protein
samples for full protein mass spectrometry were resuspended in
1:1 water:acetonitrile with 0.2% formic acid. The samples were
analyzed at the Mass Spectrometry Facility at University of
[llinois Urbana—Champaign under the direction of Dr. Furong
Sun using their ESI-Q-Tof Ultima.

RESULTS AND DISCUSSION

Selection of ptfmF- and pmmfF-Specific Aminoacyl-
tRNA Synthetase. Two parallel selections were performed to
obtain UaaRSs: one to incorporate ptfmF and the other to
incorporate pmmfF. We began with a modified Methanococcus
Jannaschii (Mj) tyrosyl-tRNA synthetase/tRNAcya pair, which
directs the incorporation of tyrosine in response to the amber
(TAG) codon (1, 12). This pair (MjaaRS/tRNA) is orthogonal
to the endogenous aminoacyl-tRNA synthetases and tRNAs in
E. coli. The library of the gene for MjaaRS has randomized
codons corresponding to nine amino acid residues (Tyr32, Leu65,
His70, PhﬂelOS, GInl109, GInl55, Asp158, Ile159, Leul62) that are
within 7 A of the bound tyrosine in the active site (33). The same
MjaaRS library was used for each UAA selection. The aaRS
library was subjected to three rounds of alternating positive and
negative selections in the presence and absence of ptfmF or
pmmfF (/, 22).

Of the resulting aaRS clones for each UAA, 40—50 were
isolated and transformed into cells bearing pREP2-JYCUA,
which contains Mj tRNAcya and confers amber suppressor-
dependent expression of chloramphenicol acetyltransferase. All
RS clones showed amino acid-dependent expression of both
reporters, surviving at C,, concentrations of 120 ug/mL in the
presence of the respective UAA, but only at concentrations of less
than 15 ug/mL in the absence of the UAA. Sequencing of 10
distinct clones for each of the selections revealed that each
selection fully converged and resulted in only one unique UaaRS
solution for each UAA. The selection in the presence of ptfmF
resulted in the ptfmFRS (Val32, Ala65, His70, Trp108, Met109,
GIn155, Ser158, Metl59, Leul62), while the selection in the
presence of pmmfF resulted in the pmmfFRS (Leu32, Val65,
Leu70, Trpl08, Metl09, Asnl55, Glyl58, PhelS9, Prol62)
(Figure 2C). For further characterization of the incorporation
of ptfmF and pmmfF into proteins in response to the amber
codon, we cloned each UaaRS into a pDule vector that contains
one copy of Mj tRNAcya to create pDule-ptfmF and pDule-
pmmfF, respectively.
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FIGURE 2: Characterization of ptfmFRS and pmmfFRS. (A) Cells containing pDule-UaaRS and pBad-sfGFP-150TAG were grown in
autoinduction medium in the presence of increasing concentrations of the respective UAA. (B) Crystal structure of the UaaRS active site. The
UAA substrateisin red. Active site residues in the meta and para positions of the substrate are Leu65 in blue, His70 in green, and Asp158 in purple.
The crystal structure image was generated from PDB 1ZH6. (C) Sequence of wild-type MjUaaRS compared to the selected ptfimFRS and selected

pmmfFRS.

To test the efficiency and verify the fidelity of the newly
selected UaaRSs (ptfmFRS and pmmfFRS) with their respective
UAAs, we performed the standard assessment of protein yields in
the presence and absence of UAA as well as ESI-Q-Tof mass
analysis. We cotransformed each pDule-UaaRS with pBad-
SfGFP-150TAG (super-folder GFP gene containing an amber
codon at site 150) and expressed UAA-sfGFP in the presence and
absence of the selected UaaRS’s UAA in autoinduction medium.
In the presence of 1 mM racemic ptfmF, full-length ptfmF-sfGFP
could be cobalt affinity purified with a yield of 110 mg/L, while
no sfGFP was purified in the absence of UAA (Figure 3A).
In the presence of 1 mM racemic pmmfF, full-length pmmfF-
SfGFP could be purified with a yield of 330 mg/L (Figure 3A).
Native sfGFP expressed and purified under identical conditions
yielded 700 mg/L. Lack of sfGFP in the absence of the UAA also
confirms the high fidelity of the new UaaRSs. For further
confirmation of the incorporation of the UAAs with their
respective UaaRSs, the mass of sfGFP was compared to that
of the full-length ptfmF-sftGFP and pmmfF-stGFP by ESI-Q-
Tof mass analysis (Figure 4). The native sfGFP has the expected
mass of 27829.0 £ 1 Da. Full-length UAA protein, ptfmF-sfGFP
and pmmfF-sfGFP, showed masses that would correspond to
the incorporation of single ptfmF and pmmfF amino acid at
27894.0 = 1 Da and 27930.0 £ 1 Da, respectively. Overall, the
results of protein expression with affinity purification and
SDS—PAGE and MS analysis demonstrate the high fidelity
and efficient incorporation of ptfmF and pmmF at genetically
programmed sites in sSFGFP using their respective pDule-UaaRS.

Construction of a Fluorescent Reporter of UAA— Pro-
tein Expression. A facile assessment of UaaRS selectivity and
promiscuity under UAA—protein expression conditions was
important to quickly increase the utility of site-specific incor-
poration methods. The need to quantify a large, dynamic range of
UAA-—protein production, to monitor small differences in
incorporation ability, and to quantify low-yielding protein
expression in vivo led us to develop a fluorescent reporter. A
reporter was previously developed by Santoro et al., but this used
an unoptimized GFP protein and was designed to work under
genetic selection conditions, not UAA—protein overexpression

A PBAD vector WT +TAG +TAG +TAG +TAG
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FIGURE 3: Validation of selected synthetases, ptfmFRS and
pmmfFRS and UAA-sfGFP reporter system. (A) SDS—PAGE
analysis of ptfmF and pmmfF incorporated into sfGFP with their
respective UaaRS/tRNA pair. All proteins were purified by metal-
immobilized affinity chromatography. Lanes 1 and 7 contain molec-
ular mass markers, while protein production conditions are indicated
at the top for lanes 2—6. (B) The first blue bar is the native sSftGFP
crude yield in autoinduction medium. In comparison, the first red bar
represents a TAG codon introduced at site 150 in the sfGFP
sequence. Subsequent bars are the crude UAA-sfGFP produced
using E. coli cells containing pDule-UaaRS|pBad-sfGFP-150TAG.
Blue bars are crude yields employing the indicated UaaRS and its
UAA in autoinduction medium, while the red bars for each are
expressions in the absence of UAA. The error for each sample was
calculated from separate expressions performed in parallel. The
synthetase ptfmF(JM)-RS was selected from the JM-RS library (37),
whereas the ptfmF(3D)-RS was selected from the 3D-RS library (33).
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FIiGuRrE 4: ESI-Q-Tof MS of sSftGFP and UAA-sfGFP samples demonstrates the efficient high-fidelity incorporation of a single UAA (pmmfF or
ptfmF) in response to an amber stop codon, TAG, using the parent pmmfFRS and parent ptfimFRS, respectively. (A) ESI-Q-Tof MS analysis of
sfGFP shows a single major peak at 27829.0 & 1 Da. (B) ESI-Q-Tof MS analysis of sStGFP-150-pmmfF shows a single major peak at 27894.0 + 1
Da. (C) ESI-Q-Tof MS analysis of sStGFP-150-ptfmF shows a single major peak at 27930.0 + 1 Da. Each sample did show a 422 sodium adduct.
The samples also show a small —131 £ 1 Da peak, indicating minor amounts of peptidase-based removal of N-terminal methionines. No other
peaks were observed that would correlate with background incorporation of a natural amino acid.

conditions (35). The sfGFP developed by Waldo et al. (32) was
adapted to report on the activity of a UaaRS by incorporating an
amber (TAG) codon at site 150. The position of the codon allows
for incorporation of a UAA that would be structurally unim-
posing on the surface of the fS-barrel in the middle of the
sequence. Lack of suppression yields a truncated protein of 149
amino acids (resulting in lack of fluorescence), while successful
suppression produces full-length sfGFP, a very stable protein even
at high concentrations (32). Placing the sSfGFP gene on the pBad
expression plasmid allowed for UAA-sfGFP protein overexpres-
sion when combined with the plasmid containing the unnatu-
ral tRNA/RS pair, pDule-UaaRS, in arabinose autoinduction
medium (//, 34). The addition of a hexahistidine affinity tag to
the C-terminus of sSfGFP gene allowed for subsequent purifica-
tion of expressed sfGFP and UAA-sfGFP for the determination
of protein yields. Since the autoinduction medium enables the
cells to begin expressing UAA-sfGFP when the cells reach midlog
growth without external monitoring or intervention, small
volume expressions can be used to reproducibly monitor UaaRS
efficacy via fluorescent intensity of cell cultures after 40 h of
growth (11). As seen in Figure 3B, when native sfGFP is
overexpressed in autoinduction medium, the crude protein yield
reproducibly reaches 2.2 g of sftGFP/L of medium as based on
fluorescence intensity. However, if the amber codon disrupted
sfGFP gene is expressed, only truncated protein is produced,
resulting in only low background autofluorescence of the cells
and buffer (Figure 3). Since in vivo and pure sfGFP fluorescence

intensity has been shown to be unaffected by cells and medium,
we have correlated pure sfGFP fluorescence intensity (Figure 3B,
right y-axis) with the protein yield and report our values in
milligrams of crude protein per liter of medium (left y-axis) (32).
To confirm that this UAA-dependent sfGFP expression would
report effectively on UAA incorporation, we cotransformed it
with six different literature-characterized p Dule-UaaRS plasmids
(pDule-methoxyF, pDule-pCNF, pDule-pAF, pDule-pBpa, pDule-
NapF, pDule-ptfmF(JIM)) (11, 17, 22, 36). Each of these different
pDule-UaaRS|pBad-sfGFP-150TAG cells were grown in the
presence and absence of the appropriate UAA at 1 mM
concentration (Figure 3B). Provided autoinduction medium is
used and the cultures are allowed to grow for 40 h, normalization
of growth rate is not necessary. A range of UAA-sfGFP protein
quantities was produced (100—1500 mg/L) in the presence of the
UAA, while very low background fluorescence was detected in
the absence of the UAA. The UAA-sfGFP yields correlate with
expected literature yields; furthermore, the fluorescent intensity
of purified UAA-sfGFP was also measured to confirm that the
UAA does not affect fluorescence. The high fidelity of all of these
pDule-UaaRS systems has previously been characterized in the
presence of their corresponding UAA (1 mM) under identical or
similar expression conditions to the expressions reported here
(11, 17, 20, 22, 36, 37). While there is slight variation in back-
ground fluorescence for these pDule-UaaRS systems, this UAA-
sfGFP reporter correlates well with the published efficiency
and fidelity measurements. The very high precision of the
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sfGFP/autoinduction assay allows for confident distinctions
between UAA incorporation efficiency and small changes in
background incorporation. An additional benefit to this
reporter method is that the conditions match that of UAA—
protein expression methods; therefore, conditional changes
that may alter fluorescent intensity correlate in changes with
expected UAA—protein yield.

Characterizing Parent Synthetase Selectivity and Effi-
ciency. The sftGFP reporter was used to assess the efficiency of
the new pDule-ptfmF and pDule-pmm{fF plasmids. Crude cell
culture fluorescence showed that the UaaRS selected to incorpo-
rate pmmfF was able to produce seven times more pmmfF-
sfGFP than the ptfmFRS was to produce ptfmF-sfGFP. Both
showed very low background fluorescence in the absence of the
UAA (Figure 3B). The protein yields and low background
fluorescence are consistent with the quantitative UaaRS effi-
ciency and fidelity characterization. However, overloading the
metal affinity resin prevents the purified yields from matching the
in vivo yields. This was confirmed by the high amount of
fluorescent protein lost during purification of native sfGFP
and pmmfF-sfGFP. The selectivity of ptfmFRS and pmmfFRS
for their respective UAAs is confirmed by their high yield of
UAA-sfGFP in the presence of UAA, and the lack of protein
produced in the absence of UAA, as observed by fluorescence
and purified protein. An additional goal of these selections was to
produce a more efficient UaaRS for the incorporation of ptfmF
into proteins for '’F-NMR studies than the previously selected
ptfmFRS(JM) from a different library (37). Interestingly,
Figure 3B shows that selections from both libraries produced
high-fidelity UaaRSs with lower than average efficiencies for
incorporating ptfmF.

Autoinduction medium and cells containing pDule-UaaRS
with pBad-sfGFP-150TAG were also used to determine the
concentration of UAA in the medium that is necessary to most
effectively produce UAA—protein with these new UaaRSs
(Figure 2A). As expected, UAA-sfGFP yield increased with an
increasing UAA concentration, indicating little UAA toxicity.
The two different UaaRSs showed surprising differences in their
effectiveness for producing UAA proteins. The titration yield of
pmmfF-sfGFP with pmmfFRS rose quickly with increasing
concentration of pmmfF and leveled off at a 2 mM concentra-
tion, whereas the titration yield of the ptfmFRS and ptfmF
showed a linear dependence up to 3 mM. While the sfGFP
reporter assesses the sum of the processes involved for translating
unnatural protein, the close structural similarity of pmmfF and
ptfmF makes it unlikely that the difference in UAA dependence is
due to differences in solubility, bioavailability, elongation factor
Tu (EF-Tu) transport, or structural effects on sSfGFP. Although
both UaaRSs were selected in the presence of | mM L-UAA, their
inherent difference in ability with regard to concentration effects
future experimental design. Since many of the UAAs currently in
use are expensive or challenging to synthesize, understanding and
optimizing the UAA concentration to afford maximum yield per
mole of UAA is useful. The reproducibility and precision of these
expression measurements were high, with standard deviations
of <5% for each expression yield. To better visualize the error
bars, a bar graph analysis is included (Supporting Information
Figure 1).

While both UAAs used in these selections had very similar
chemical structures, the resulting UaaRSs (ptfmFRS and
pmmfFRS) had significantly different sequences and significantly
different ability to produce UAA-sfGFP (crude in vivo yields of
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FIGURE 5: Incorporation selectivity and fidelity of parent UaaRSs,
ptfmFRS, and pmmfFRS using the different UAAs. Cells containing
pDule-UaaRS and pBad-sfGFP-150TAG were grown in autoinduc-
tion medium in the presence of 1 mM racemic UAA.

100 mg/L vs 930 mg/L, respectively) in the presence of 1 mM
UAA. Both had high fidelity, not permitting incorporation of
natural amino acids, but the pmmfFRS was more efficient at
producing UAA-sfGFP at both high and low UAA concentra-
tions. While the UAAs have similar structures, the selected
UaaRSs contained seven different active site residues out of a
maximum of nine residues (Figure 2C). One explanation for the
pmmfFRS’s superior efficiency is that it works better with this
general chemical shape (para-substituted phenylalanine) than
does the ptfmFRS.

In order to determine each new UaaRS’s level of specificity for
its selected substrate, a UAA family with different fluorine
substitution patterns was synthesized and tested for incorpora-
tion into sfGFP-150TAG. Protein was expressed in cells contain-
ing pBad-sfGFP-150TAGpDule-ptfmF or pBad-sfGFP-150TAG/
pDule-pmmfF in the presence of 1 mM racemic 4-methylphenyl-
alanine (pmF), 4-trifluoromethylphenylalanine (ptfmF), 3-fluoro-
4-trifluoromethylphenylalanine  (ptfmmfF), 3-fluoro-4-methyl-
phenylalanine (pmmfF), 2,3-difluoro-4-methylphenylalanine
(pmdfF), and 2,3,5,6-tetrafluoro-4-methylphenylalanine (pmtfF),
as well as no UAA (Figure 5). While both of the new UaaRSs
were able to incorporate most of the family of UAA structures
at useful levels, each revealed a distinct preference for its parent
structural scaffold. The size of the para substituent seems to be a
key recognition feature for both UaaRSs. The pmmfFRS was able
to incorporate pmF with the same efficiency as pmmfF, but if the
larger p-trifluoromethyl substituent was used, ptfmF and ptfmmfF
incorporation dropped significantly. The ptfmFRS had problems
accommodating the smaller p-methyl substituent and larger
m-fluoro substituent. The UAA-sfGFP yield with ptfmFRS
was halved with the smaller pmF amino acid and reduced to
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FI1GURE 6: Incorporation efficiency, permissivity, and fidelity of hybrid UaaRSs compared to the parent UaaRSs using the different UAAs. Cells

containing pDule-UaaRS and pBad-sfGFP-150TAG were grown in autoinduction medium in the presence of 1 mM racemic UAA.

background with pmmfF. Both UaaRSs were unable to effectively
utilize the bulky pmtfF UAA.

Even though each UaaRS shows some low levels of permissi-
vity toward similar chemical structures, the individual sequence
solutions for each parent UaaRS (pmmfFRS and ptfmFRS) have
shown selectivity for its UAA’s general chemical shape. In order
to verify that UaaRS permissivity is not restricted to the parent
RSs selected in this report, other previously selected UaaRSs
were assessed. The UaaRSs that can site-specifically incorporate
p-benzoylphenylalanine (/8) and naphthylalanine (/9) were
shown to have high efficiency and permissivity for similar
structured UAAs and that the permissivity could be altered by
active site mutagenesis (20). Based on the selectivity of pmmfFRS
and ptfmFRS, a hybrid UaaRS containing elements of both
UaaRS active sites should have reduced selectivity and increased
permissivity.

Characterizing Permissivity of Sequence Space between
Parent Synthetases. The resulting parent UaaRSs for pmmfF
and ptfmF have seven active site members that are different from
each other. The sequence space in between the two parent
UaaRSs is all of the individual amino acid changes that are
required to stepwise convert one parent UaaRS active site
electrostatic environment into the other. In order to explore the
sequence space of the two parent UaaRSs, we choose to make
hybrid UaaRSs by exchanging residues in their active sites. We
were curious how far into the hybridization process or sequence
space from each parent UaaRS was needed to produce a UaaRS
that would efficiently incorporate the family of UAAs. On the
basis of crystal structures of UaaRSs (38, 39), we limited our
seven options for variation to three sites, focusing our muta-
genesis on sites in the library that would be most proximal to the
meta and para position on the bound UAA (Figure 2B). Simple
exchanges were made between the parent ptfmFRS and
pmmfFRS at sites 65, 70, and 158 (Figure 2C). Each of the
new offspring UaaRSs was screened for its promiscuity for
natural amino acids and permissivity to the family of UAA
chemical structures to determine the selectivity and fidelity of
these hybrid sequence solutions (Figure 6). An important note is
that each of the hybrid UaaRSs’ sequences was present in the
original selection library; therefore, they were outcompeted by
the parent UaaRS during the selection process.

Figure 6 shows each parent UaaRS on opposite ends and the
UaaRS with the exchanged residues in the center. General
efficiency is visualized by the height of the bar for each UaaRS,
while fidelity or promiscuity for natural amino acids is moni-
tored by the height of the last, aqua bar for each UaaRS, where
no UAA is provided in the expression. General specificity
changes can be derived from the extent to which the parent
amino acid is incorporated compared to others for a given
UaaRS$, while in contrast, general permissivity can be moni-
tored by the heights of all the bars for a given UaaRS. What is
immediately apparent is that the sequence space between the
parent UaaRSs contains members that show significant in-
creases in efficiency and permissivity, while also maintaining a
high level of fidelity.

All changes to the parent ptfmFRS showed an increase in
efficiency and permissivity. The most improved single mutant
was ptfmFRS-A65V, which is permissive for all members in the
UAA family tested showing a 19.5x, 4.5x, 14.5%, and 20.0x
increase in yield for pmF, ptfmF, ptfmmfF, and pmmfF,
respectively. The background fluorescence in the absence of
UAA also increased by 5.5x. This increase in background
fluorescence was shown by mass spectral analysis in subsequent
double mutant UaaRSs to not compromise fidelity (Figures 4
and 7). To explore the sequence space between serine and glycine
at library site 158, alanine was incorporated into both parent
UaaRSs. The ptfmFRS-S158A mutant is a more permissive and
efficient ptfmFRS for all UAAS tested, indicating that a middle
ground between the parent solutions might give rise to a more
effective UaaRS. The mutations of the pmmfFRS, however,
produced very different results. The pmmfFRS-V65A mutant
showed a 4-fold decrease in efficiency for all UAA family
members, while maintaining specificity. The pmmfFRS-L70H
mutation generated a broadly permissive UaaRS, substantially
increasing the yield of p-triflouromethyl-containing family mem-
bers, but reduced the parent amino acid (pmmfF-sfGFP) yield by
2-fold. The pmmfFRS-G158A mutation resulted in a low-fidelity
UaaRS and removed any ability to incorporate these UAAs.

The sequence space between the parent UaaRSs was further
explored by making double exchanges. Combining a low-fidelity
sequence, pmmfFRS-G158A, with a broadly permissive, high-
fidelity sequence, pmmfFRS-V65A, resulted in a more efficient,
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FiGure 7: ESI-Q-Tof MS of sfGFP and UAA-sfGFP samples demonstrates the efficient high-fidelity incorporation of a single UAA (ptfmF,
pmmfF, or ptfimmfF) in response to an amber stop codon, TAG, using the permissive ptfmFRS-A65V-S158A. (A) ESI-Q-Tof MS analysis
of sStGFP shows a single major peak at 27829.0 + 1 Da. (B) ESI-Q-Tof MS analysis of stGFP-150-pmmfF shows a single major peak at 27894.0 +
1 Da. (C) ESI-Q-Tof MS analysis of sftGFP-150-ptfmF shows a single major peak at 27930.0 & 1 Da. (D) ESI-Q-Tof MS analysis of sfGFP-150-
ptfmmfF shows a single major peak at 27948.0 + 1 Da. Each sample did show a 422 sodium adduct. The samples also show a small =131 & 1 Da
peak, indicating minor amounts of peptidase-based removal of N-terminal methionines. No other peaks were observed that would correlate with

background incorporation of a natural amino acid.

low-fidelity UaaRS. Combining the broadly permissive ptfm-
FRS-A65V mutation with ptfmFRS-S158G and ptfmFRS-
SI158A resulted in ptfmFRS-A65V-S158G and ptfmFRS-
A65V-S158A. Compared to the single mutants, the double
mutant UaaRSs maintained their broad permissivity, increased
their UAA incorporation efficiency by at least 40% for all of
the UAA family members, and also improved their fidelity
by 10—20%.

Characterization of the Most Permissive Synthetase.
Exploring the sequence space between these two parent UaaRS
solutions by hybridizing parent UaaRS sequences has shown that
hybrid UaaRS active sites can have substantially higher permissi-
vity and efficiency. The utility of broadly permissive UaaRSs for
a particular family of UAA probes requires that they maintain
high fidelity while retaining the ability to produce large quantities
of UAA—protein for study. Some of the hybrid sequences
between parents show slight increase in background fluorescence
in the absence of UAA, which may indicate a decrease in fidelity
in the presence of a given UAA. This potential decrease in fidelity
could be the reason that these sequence solutions were not
obtained during selections, since they would be removed from
the pool in the negative selection step. The most permissive and
efficient UaaRS, ptfmFRS-A65V-S158A, displays 3—5 times
higher background activity compared to parent UaaRSs. The
large dynamic range of fluorescence allows detection of very
low levels of stGFP in vivo. The high sensitivity of the sfGFP
reporter could be detecting translation of sSfGFP in the absence of
UAA. This would result in a small increase in background

pBAD vector WT +TAG +TAG +TAG +TAG
Amino acid - ptfmF  ptfmmfF pmmfF -
37 kD—> @ ;
Wl - ——
25 kD — @i
e
lane 1 2 3 4 5 6

FIGURre 8: Expressed stGFP, ptfmF-GFP, pmmfF-GFP, and
ptfmmfF-GFP using pDule-ptfimF-A65V-S158A and pBad-sfGFP-
150 were purified via cobalt affinity chromatography and assessed for
purity via SDS—PAGE. Lane 1 contains a molecular mass marker,
while protein production conditions are indicated at the top for lanes
2—6. The absence of protein in lane 6 when UAA is withheld from the
medium confirms the fidelity of the synthetase.

fluorescence due to low levels of incorporation of natural amino
acid when UAA is withheld from the media. When UAA is
provided to the medium, it could still be the preferred substrate
resulting in translation of entirely UAA-containing protein. To
ensure that fidelity was maintained, ptfmFRS-A65V-S158A was
used to express UAA-sfGFP in the presence and absence of 1
mM racemic ptfmF, pmmfF, and ptfmmfF. Full-length ptfmF-
sfGFP, pmmfF-sfGFP, and ptfmmfF-sfGFP were purified via
cobalt affinity chromatography, and their masses were compared
using ESI-Q-Tof mass spectroscopy (Figure 7). As expected, the
differences in mass between native sfGFP and ptfmF-sfGFP,
pmmfF-sfGFP, and ptfmmfF-sfGFP are 65 &+ 1, 101 £+ 1, and
119 + 1 Da, respectively. Each UAA-sfGFP spectrum matches
the fidelity represented in the sfGFP spectra (Figure 4A), in



Article

[UAA] Dependent Expression
1600

1200 /

600 /

400 /
200 //;/Y
%/

0 0.5 1 1.5 2 2.5 3
[UAA] (mM)

——pmF

—a—ptfmF

Crude Yield (mg/L)

—— ptfmmfF

— pmmfF

FIGURE 9: Characterization of UAA incorporation by ptfmFRS-
A65V-S158A. Cells containing pDule-ptfmF-A65V-S1584 and
pBad-sfGFP-150TAG were grown in autoinduction medium in the
presence of increasing concentrations of the respective UAA.

agreement with a single addition of the appropriate UAA. No
other peaks were observed that could be correlated with back-
ground incorporation of a natural amino acid, and the peaks
match the characterization of high-fidelity UaaRSs (22). Each
sample did show small amounts of a 131 & 1 Da loss from the
parent peak, indicating minor amounts of terminal methionine
removal. Overall, the results of protein expression and affinity
purification followed by SDS—PAGE (Figure 8) and MS ana-
lysis demonstrate the high fidelity of the more permissive
ptfmFRS-A65V-S158A.

To verify the general utility and scalability of UAA—protein
expression with the permissive UaaRS, 'F-labeled sfGFP for
F-NMR analysis was produced using ptfmFRS-A65V-S158A.
The UAAs, ptfmF, pmmfF, and ptfmmfF, were each incorpo-
rated at three different locations in sSfGFP: exterior site 150 on the
surface of the S-barrel, exterior site 134 on a flexible loop at the
edge of the barrel, and interior site 146 near the fluorophore
(Supporting Information Figure 2A). The completely solvent-
exposed 134 site showed sharp single peaks for all p-triflour-
omethyl and m-fluoro substituents (Supporting Information
Figure 2B). The external edge site 150, which has some interac-
tion with other amino acids on the barrel surface, showed slightly
broadened peaks for the p-triflouromethyl and m-fluoro substit-
uents, indicating multiple closely related environments (Support-
ing Information Figure 2C) (30, 37, 40, 41). The internal site 146
showed greater diversity of signal effects using the different
UAAs (Supporting Information Figure 2D). The pmmfF at site
146 showed a sharp single peak indicating a single defined
environment; however, ptfmF at that same location showed a
very broad and undefined peak, indicating that the p-trifluoro-
methyl substituent is slowly exchanging between multiple envir-
onments on the time scale of the measurements. The ptfmmfF
showed broadened but defined signals for both the p- and m-
fluorine substituents, indicating that the amino acid is sampling
slightly different environments. It is noteworthy that a family
of structural probes can be useful in providing different struc-
tural information about a particular site, as evidenced by the
difference in spectral response of the '"F family of probes
between surface and interior incorporation with sfGFP. Thus,
permissive UaaRSs that incorporate families of UAA probes
have the potential to expedite the structural characterization
of proteins.
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To further characterize the efficient and broadly permissive
ptfmFRS-A65V-S158A, UAA concentration-dependent expres-
sions were performed with the family of UAAs (Figure 9). UAA
titration curves of UAA-sfGFP yields clearly show that a more
efficient incorporation of an UAA with ptfmFRSA65V-S158A
leads to a sharper titration curve and a better production of
UAA-sfGFP at low concentrations of UAA in the medium. In
general, amino acid solubility and uptake does vary widely with
amino acid structure. It should be cautioned that the in vivo
sfGFP-reporter system here is a measure of all the steps in
translating UAA—protein including any differences there might
be in UAA uptake, etc. In order to confirm that the translational
system containing the more efficient UaaRSs can efficiently
produce protein at low concentrations of UAA in solution,
titration curves were measured on a single UAA, ptfmF, for
each of the hybrid UaaRSs (Supporting Information Figure 3).

While sequence information from multiple parent UaaRSs can
be used to obtain UaaRSs that show high permissivity, high
efficiency, and good fidelity, the best UaaRSs engineered here are
still less than half as efficient at producing UAA-sfGFP in vivo
compared to wild-type sSfGFP production. This inefficiency may
result from a need to improve or balance a variety of factors in
UAA-—protein translation. The need to optimize the UaaRS
copy number, along with optimizing the interactions of unnatural
tRNAsS, aaRSs, release factors, and EF-Tu with the ribosome,
could explain some of the reduced efficiency of the UAA-sfGFP
production (42—44). This work shows that the UaaRSs obtained
from standard selections may not have the appropriate balance of
efficiency and fidelity for maximum protein production. There-
fore, it is evident that selection methods have yet to be optimized
for obtaining UaaRSs with ideal ratios of translational efficiency
and fidelity for maximum protein expression or that other
diversity-reducing processes are operating. The standard selec-
tion method commonly used to screen large libraries employs a
stringent life/death (positive/negative) double-sieve approach. It
appears from our titration data that the positive selection could
benefit from lowering the UAA concentration from the standard
1 mM during positive selections. The negative selection is likely
too stringent, as the fidelity mandated by the negative selection is
not necessary for the expression conditions employed here. By
tempering the negative selection and reducing the concentration
of UAA used in positive selections, a more diverse population of
effective UaaRSs should be obtained.

CONCLUSIONS

Traditional selections were initially employed to produce
efficient, high-fidelity UaaRSs for the site-specific incorporation
of the fluorinated phenylalanine derivatives pmmfF and ptfmF.
Using our new sfGFP-reporter system, we assessed the per-
missivity of the parent UaaRSs for a family of "F-UAAs
(Figure 1). We demonstrated that the parent UaaRSs showed
modest permissivity, since they were relatively selective for their
parent UAA structure. In an attempt to make UaaRSs with
increased permissivity, the sequence space between these two
selective and efficient UaaRSs was explored by swapping amino
acids from each of their active sites with one another, making
hybrid UaaRSs. We showed that many of the hybrid UaaRSs
were more efficient and more permissive, while still maintaining
fidelity against natural amino acids. There seems to be a range of
effective sequence solutions between parent UaaRSs, making it
possible to hybridize two or more different UaaRS sequences to
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develop permissive UaaRSs. While this method of generating
UaaRSs for novel UAAs will certainly not be applicable to
all new UAAs, it does show that the MRS is unusually malleable
to active site mutations, and conservative mutations of selec-
ted UaaRSs can increase their permissivity. We hope that UaaRS
hybridization, when relevant, is more accessible than tradi-
tional methods and will encourage new studies with UAA
technology.

In the course of our studies on permissivity, we observed that
high-quality UaaRSs are eliminated in the standard selection
conditions used to generate UaaRSs. Monitoring the UAA
concentration-dependent expression of protein and UaaRS fide-
lity with the UAA-sfGFP reporter indicates that the UaaRSs
resulting from selections do not have the efficiency to fidelity
ratio that is optimal for maximum protein production. We
suspect that more diverse populations of more effective UaaRSs
would result if UaaRS selections employed positive selections
with lower UAA concentrations and more moderate negative
selections. Since the traditional selection process does not impose
selective pressure for or against UaaRS permissivity, a more
diverse resulting pool of effective UaaRSs would likely translate
into a larger number of permissive UaaRSs. By using this sfGFP
reporter in autoinduction medium, a large pool of UaaRSs could
be screened for efficiency, permissivity, and fidelity with high
precision.

Unnatural aminoacyl-tRNA synthetases that show per-
missivity for families of UAA probes have tremendous utility
since they allow researchers to express a greater diversity of
chemically modified proteins using a single expression system
and, therefore, will continue to aid in protein characterization
and modification (/4—16, 20, 22, 45). The hybrid UaaRSs we
created in this work significantly improved permissivity for a
family of "F-UAAs, and the benefits of using multiple probes in
F.NMR experiments have been demonstrated. As a proof
of principle we studied the incorporation of three different
PF-UAAs into three different sites on sfGFP by ""F-NMR
and observed distinct spectral differences depending on the site
and the '"F-UAA. If UaaRSs are characterized as permissive or
generated to be permissive, the development of additional UAA
probes will be greatly accelerated. Further studies are underway
to modify the selection process to facilitate the identification
of larger pools of efficient and permissive UaaRSs. The hybrids
of isolated UaaRSs are also being screened to aid in the
development of families of permissive UaaRSs for larger UAAs
and toxic UAAs.
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