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ABSTRACT: A polyspecific amber suppressor aminoacyl-
tRNA synthetase/tRNA pair was evolved that genetically
encodes a series of histidine analogues in both Escherichia coli
and mammalian cells. In combination with tRNAy >, a
pyrrolysyl-tRNA synthetase mutant was able to site-specifically
incorporate 3-methyl-histidine, 3-pyridyl-alanine, 2-furyl-ala-
nine, and 3-(2-thienyl)-alanine into proteins in response to an
amber codon. Substitution of His66 in the blue fluorescent
protein (BFP) with these histidine analogues created mutant
proteins with distinct spectral properties. This work further
expands the structural and chemical diversity of unnatural
amino acids (UAAs) that can be genetically encoded in
prokaryotic and eukaryotic organisms and affords new probes
of protein structure and function.

he ability to genetically incorporate unnatural amino acids

(UAAs) into proteins in living cells provides an important
tool to both probe and manipulate protein structure and
function." In the past decade a large number of UAAs with
diverse structures and properties have been successfully
introduced into proteins in E. coli, S. cerevisiae, C. elegans,
plants, and mammalian cells."'® These UAAs include photo-
crosslinkers and biophysical probes, metal ion-binding and
redox-active amino acids, and amino acids with bioorthogonal
chemical reactivities. The UAA of interest is incorporated into
proteins in response to a reassigned nonsense or frameshift
codon by an aminoacyl-tRNA synthetase (aaRS)/tRNA pair
that is orthogonal to the endogenous translational machinery of
the host. In an effort to further expand the repertoire of
genetically encoded UAAs, here we report an evolved
orthogonal aaRS/tRNA pair that is specific for a number of
histidine analogues. Histidine plays a functional role in many
enzymes, where it can serve as a metal chelator, nucleophile, or
general acid or base. Consequently, the ability to substitute
histidine isosteres and analogues with altered properties would
provide useful probes of the various functions of this canonical
amino acid. To genetically encode histidine analogues, the
pyrrolysyl-tRNA synthetase (PylRS)/tRNA™ pair, which is
characterized by high translational efficiency and orthogonality
in both E. coli and mammalian cells, was subjected to rounds of
positive and negative selection."'™'* The resulting PylRS/
tRNA™! pair was able to incorporate 3-methyl-histidine, 3-
pyridyl-alanine, 2-furyl-alanine, 3-(2-thienyl)-alanine, and 2-(5-
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bromo-thienyl)-alanine site-specifically into proteins with high
fidelity and efficiency. To demonstrate the utility of these
histidine analogues, we substituted His66 in the blue
fluorescent protein (BFP) with these UAAs to generate variant
BFPs with altered spectral properties.

To explore the possibility of using the PylRS/tRNAcy,™
pair to encode new histidine analogues in E. coli, a previously
reported Methanosarcina barkeri PyIRS library was employed.'
On the basis of the crystal structure of the PylRS-pyrrolysyl-
AMP complex, four amino acid residues involved in recognition
of pyrrolysine (Leu270, Tyr271, Leu274, and Cys313; Figure
1B) were randomized by site-saturation mutagenesis (NNK
randomization; N = any nucleotide, K = G or T), and Tyr349
was fixed as Phe by site-directed mutagenesis, since this
substitution was previously shown to increase aminoacylation
efficiency.”> More than 10° transformants were generated for
the library, and no significant sequence bias was observed by
sequence analysis of individual clones.

This library was then subjected to a double-sieve selection to
identify PylRS variants that specifically utilize 3-methyl-
histidine (3-Me-His, Figure 1A) as a substrate." Methylation
of histidine at the 3 position is a naturally occurring
modification that has been found in anserine in the skeletal
muscle and brain of mammals and birds.'” PylRS library
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Figure 1. (A) Structures of pyrrolysine (Pyl) and 3-methyl-histidine
(3-Me-His). (B) X-ray crystal structure of the MmPyIRS complex with
pyrrolysyl-AMP.16 Histidine-AMP is overlaid with pyrrolysyl-AMP.
The structure is from PDB id 2ZIM.

variants were first introduced into E. coli DHIOB cells
containing a pRep plasmid encoding tRNAcy,™ and a
chloramphenicol acetyltransferase (CAT) gene with an
Aspl12TAG mutation. These cells were positively selected
for chloramphenicol resistance in the presence of 3-Me-His (1
mM). The negative round of selection was carried out with a
plasmid encoding a toxic barnase gene with amber mutations at
three permissive sites (GIn2TAG, Asp44TAG, and Gly65STAG)
in the absence of 3-Me-His. After two rounds of positive
selection and one round of negative selection, 24 individual
colonies that survived chloramphenicol (110 ug mL™") in the
positive selection only in the presence of 3-Me-His were
characterized. Sequencing of these individual clones revealed a
unique sequence (PylHRS; L2701, Y271F, L274G, C313F, and
Y349F). The mutation of Cys313 to Phe likely diminishes the
depth of the active site to better pack the smaller histidine
analogue, as compared to the elongated native pyrrolysine
substrate.

To test the fidelity and efficiency of the incorporation of 3-
Me-His into proteins in E. coli, we expressed mutants of green
fluorescent protein (GFP) using the evolved PylHRS/
tRNAy,™" pair. pLeiG-GFP-Asp134TAG containing a GFP
variant with a C-terminal Hiss tag and an amber codon at
Asp134 was co-transformed with the PylHRS/tRNA pair in the
pBK selection vector into the E. coli DH10B cell line."® Protein
expression was carried out in either minimal media or rich
media, in the presence or the absence of 3-Me-His (1 mM).
SDS-PAGE analysis of the GFP mutants purified by Ni**-NTA
affinity chromatography revealed that full-length GFP was
expressed only in the presence of 1 mM 3-Me-His. ESI-MS
analysis confirmed site-specific incorporation of 3-Me-His into
GFP (Supplementary Figure S1). The yields of the purified
GFP mutant containing 3-Me-His were 9.3 mg L™ in 2x YT
media and 7.1 mg L™" in glycerol minimal media supplemented
with leucine (GMML).

We have previously observed substrate polyspecificity for a
subset of evolved aaRSs, in which the aaRS aminoacylates
various UAAs, but not any of the canonical 20 amino acids."®
To determine if PyIHRS can charge other histidine analogues,
we grew DHIOB cells containing pBK-PylHRS and pLeiG-
GFP-Asp134TAG in GMML media supplemented with 1 mM
concentration of various His analogues and structurally related
UAAs (3-methyl-histidine, 1-methyl-histidine, 2-furyl-alanine,
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2-thienyl-alanine, 4-thiazoly alanine, 2-thiazoly alanine, cyclo-
pentyl-alanine, 2-pyridyl-alanine, 3-pyridyl-alanine, 4-pyridyl-
alanine, 2-(S5-bromo-thienyl)-alanine, 2,5-diiodo-histidine, 2-
fluoro-phenylalanine, 1,2,4-triazol-alanine and tetrazolyl-ala-
nine), and the relative fluorescent intensities of these cell
cultures were then measured (Supplementary Figure S2).
Higher GFP expression levels were observed in the presence of
3-pyridyl-alanine (3-Py-Ala, 2), 2-furyl-alanine (Fury-Ala, 3), 2-
thienyl-alanine (Th-Ala, 4), and 2-(5-bromo-thienyl)-alanine
(5-Br-Th, 5) (Figure 2A and Supplementary Figure S2). Full-
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Figure 2. Evolution of MbPyIRS to genetically encode histidine
analogues. (A) Structures of UAAs 1-5. (B) Expression of GFP-
Asp134TAG variants analyzed by SDS-PAGE (stained with Coomassie
blue).

length GFP mutants containing these UAAs were purified by
Ni**-NTA affinity chromatography, and the incorporation of
these UAAs was further confirmed by ESI-MS (Supplementary
Figure S1). Yields of GFP mutants expressed in GMML
substituted with 3-Py-Ala, Fury-Ala, Th-Ala, and 5-Br-Th were
4.0, 3.0, 4.2, and 12.0 mg L™}, respectively. Th-Ala and 5-Br-Th
also showed high incorporation fidelity and efficiency when
protein expressions were carried out in 2x YT, with yields of 5.1
and 16.8 mg L', respectively.

A significant advantage of using the PylRS/tRNA™ pair is
that it can be efficiently evolved in bacteria and then directly
imported into mammalian cells to genetically encode the UAA.
Therefore, we tested the ability of the PylHRS to incorporate
histidine derivatives in HEK293T cells in combination with
tRNA™. A plasmid, pAcBac2-tR2-PylHRS, encoding two
tandem copies of the Methanosarcina mazei pyrrolysyl tRNA
(MmtRNA™) cassette, as well as the PylHRS gene expressed
under a CMV promoter, was constructed based on a previously
reported mammalian suppression system.*® This plasmid was
co-transfected into HEK293T cells with pAcBac2-tR2-EGFP,
and the expression levels of full-length EGFP were monitored
by fluorescence microscopy in the absence of UAA or the
presence of 1 mM histidine analogues.” Robust expression of
EGFP was observed in the presence of 3-Me-His and Th-Ala
(Supplementary Figure S3). Full-length EGFP mutants
containing these histidine derivatives were isolated from cell
cultures by Ni**-NTA affinity chromatography. SDS-PAGE,
ESI-MS, and MS/MS analysis confirmed the incorporation of
histidine analogues into EGFPs in mammalian cells (Supple-
mentary Figure S4). Yields of EGFP mutants substituted with
3-Me-His and Th-Ala were 4 pg/107 cells and 3 ug/107 cells,
respectively. EGFPs containing 3-Py-Ala, Fury-Ala, and S-Br-Th
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Figure 3. UAA mutagenesis of the BEP-chromophore. (A) Structure of the of BEP-chromophore.**

(B) Incorporation of various UAAs into BFP-

His66TAG, analyzed by SDS-PAGE stained with Coomassie blue. His: wild-type BFP; (1): 3-Me-His mutant; (2): 3-Py-Ala mutant; (3): Fury-Ala
mutant; (4): Th-Ala mutant; (5): 5-Br-Th mutant. (C) Absorption spectra for wild-type BFP and mutants. (D) Emission spectra for wild-type BFP

and mutants.

were not isolated, likely due to either the low suppression
efficiency or toxicity of the UAAs in mammalian cells.

Blue fluorescent proteins (BFPs) provide a powerful tool to
visualize frotem expression and localization and probe protein
function.™ The chromophores of BFPs result from the self-
catalyzed post-translational cyclization of three internal amino
acids (Ser65-His66-Gly67 in BFP) followed by dehydration of
the His66 imidazole side chain (Figure 3A). Using canonical
amino acid mutagenesis, several BFPs have been reported with
increased brightness, improved photostability, and enhanced
quantum yield.**>* Thus substitution of His66 in BEP with
the above histidine analogues may result in fluorescent proteins
with distinct spectral properties. To express the BFP mutants,
DHIOB cells harboring pBK-PylHRS and pLeiG-BFP-His66-
TAG were grown in GMML media supplemented with the
histidine analogues (1 mM). The full-length BFP mutants as
well as wild-type BFP were further purified by Ni*-NTA
affinity chromatography and analyzed by SDS-PAGE and ESI-
MS analyses, confirming specific incorporation of the UAAs
(Figure 3B and Supplementary Figure S5).

The absorbance and fluorescence spectra of wild-type and
mutant BFPs were measured in 20 mM Tris-HCI buffer, pH 8.0
(Figure 3C, D), and the spectral properties of these BFP
mutants are summarized in Table 1. Wild-type BFP has an
absorption maximum at 384 nm and emission maximum at 446
nm. Substitution of His66 with 3-Me-His, Fury-Ala, and Th-Ala
resulted in similar absorption profiles. The absorption maxima
of the BFP mutants containing 3-Py-Ala and S-Br-Th exhibit a
33 nm blue-shift and a 20 nm red-shift, respectively. The
emission maxima of the BFP mutants span the region from
violet, blue to cyan. The BFPs containing Fury-Ala, Th-Ala and
5-Br-Th have a 34, 38, and 40 nm red-shift in the emission
maxima and exhibit unusually large Stokes shifts (93, 96, and 82
nm, respectively). The X-ray crystal structure of BFP has
revealed that in the more stable cis form of the chromophore of
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Table 1. Spectral Properties of Wild Type and Mutant BFPs

amino acid at absorbance max emission max

position 66 (nm)® (nm) quantum yield
His 384 446 0.157 + 0.001
3-Me-His 388 468 0.006 + 0.001
3-Py-Ala 351 429 0.075 £ 0.001
Fury-Ala 387 480 0.019 + 0.001
Th-Ala 388 484 0.027 + 0.001
5-Br-Th 404 486 0.103 + 0.008

“BFP mutants are in 20 mM Tris buffer (pH = 8.0).

BFP, the His66 appears to hydrogen-bond with the nitrogen
atom of His148." Replacement of His66 with 3-Me-His
resulted in a 26-fold decrease in quantum yield suggesting that
this mutation may increase the population of the trans isomer
of the chromophore.** Substitution of His66 with Fury-Ala and
Th-Ala similarly resulted in decreased quantum yields.

In conclusion, we have developed a novel PylRS/tRNAy,™
pair to genetically encode histidine analogues in E. coli with
good yield and high fidelity. Using this system, 3-methyl-
histidine, 3-pyridyl-alanine, 2-furyl-alanine, 3-(2-thienyl)-ala-
nine, and 2-(5-bromo-thienyl)-alanine were successfully in-
corporated into proteins in both E. coli and mammalian cells.
The UAAs were then used to replace His66 in the
chromophore to modulate the spectral properties of BEFP.
These histidine analogues should prove useful as probes of
structure and function within proteins.

B METHODS

Expression and Purification of GFP. The pLeiG-GFP-
Aspl134TAG and pBK-PylHRS plasmids were transformed into E.
coli DH10B strain. Cells were grown in GMML or 2x YT media,
supplemented with chloramphenicol (25 pg/mL), kanamycin (25 pg/
mL), and 1 mM unnatural amino acid at 37 °C to an ODjq, of 0.6, at
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which point IPTG was added to a final concentration of 1 mM. After
16 h of incubation at 30 °C, the cells were harvested by centrifugation
at 4,700 X g for 10 min. To purify the protein, cell pellets were
resuspended in BugBuster protein extraction reagent and lysed at 30
°C. The resulting cell lysate was clarified by centrifugation at 18,000 X
g for 30 min, and the proteins were purified on Ni**NTA resin
following the manufacturer’s (Qiagen) instructions.

Determination of aaRS Polyspecificity. The pLeiG-GFP-
Aspl134TAG and pBK-PylHRS plasmids were transformed into E.
coli DHI10B. Cells were grown in GMML or 2x YT media,
supplemented with chloramphenicol (25 pg/mL), kanamycin (25
ug/ mL), and 1 mM concentration of various unnatural amino acids at
37 °C to an ODyy, of 0.6, at which point IPTG was added to a final
concentration of 1 mM. After 16 h at 30 °C, the cells were harvested
by centrifugation at 4,700 X g for 10 min and washed three times with
PBS. Cells were resuspended in PBS and transferred to a clear bottom
96-well plate, and GFP fluorescence was measured using a plate reader
(485 nm excitation and 515 nm emission).

Expression and Purification of BFP. The pLeiG-BFP-His66-
TAG and pBK-PylHRS plasmids were transformed into E. coli DH10B.
Cells were grown in minimal (GMML) media, supplemented with
chloramphenicol (25 pg/mL), kanamycin (25 pg/mL), and 1 mM
UAA, at 37 °C to an ODyy, of 0.6, at which point IPTG was added to a
final concentration of 1 mM. Protein was expressed and purified using
the protocol described above.

Spectroscopic Measurements. Fractions containing purified
proteins were dialyzed against 20 mM Tris buffer, pH 8. Protein
concentration was adjusted such that the absorbance was within the
range 0.5—1.0 (arbitrary unit). Fluorescence emission spectra of
protein samples were measured on a Varian Cary Eclipse fluorescence
spectrophotometer. Fluorescence quantum yields were calculated on
protein samples with an OD not higher than 0.0S, using 9-
aminoacridine as a standard (quantum yield = 0.97 in water). For
wild-type BFP, the 385—600 nm region of the fluorescence emission
spectra was integrated with excitation at 382 nm. The quantum yield
of wild-type BFP was calculated by comparing of the integrated area of
the emission spectra between the protein sample and 9-aminoacridine.
The quantum yields of other BFP mutants were similarly measured: 3-
Me-His mutant: excitation at 388 nm, integration from 405 to 600 nm;
3-Py-Ala mutant: excitation at 352 nm, integration from 370 to 600
nm; Fury-Ala mutant: excitation at 387 nm, integration from 404 to
600 nm; Th-Ala mutant: excitation at 388 nm, integration from 404 to
600 nm; 5-Br-Th mutant: excitation at 404 nm, integration from 405
to 600 nm.
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