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Abstract: A designed yeast phenylalanyl-tRNA synthetase (yPheRS (T415G)) activates four tryptophan
(Trp) analogues (6-chlorotryptophan (6CIW), 6-bromotryptophan (6BrW), 5-bromotryptophan (5Brw), and
benzothienylalanine (BT)) that are not utilized by the endogenous E. colitranslational apparatus. Introduction
of yPheRS (T415G) and a mutant yeast phenylalanine amber suppressor tRNA (ytRNAPPecya ug) into an
E. coli expression host allowed site-specific incorporation of three of these analogues (6CIW, 6Brw, and
BT) into recombinant murine dihydrofolate reductase in response to amber stop codons with at least 98%
fidelity. All three analogues were introduced at the Trp66 position in the chromophore of a cyan fluorescent
protein variant (CFP6) to investigate the attendant changes in spectral properties. Each of the analogues
caused blue shifts in the fluorescence emission and absorption maxima. The CFP6 variant bearing BT at
position 66 exhibited an unusually large Stokes shift (56 nm). An expanded set of genetically encoded Trp
analogues should enable the design of new proteins with novel spectral properties.

Introduction tophan have been exploited in the design of pH sefzarsl
fluorescent protein®

Further use of Trp analogues has been restricted by two
limitations. First, successful incorporation in bacterial cells has
been limited to Trp analogues that are utilized by the endogenous
E. coli translation system. In recent years, several research
groups have devised methods to expand the set of amino acid
analogues that can be incorporated into recombinant proteins
in E. coli.81917Overexpression of aminoacyl-tRNA synthetases
(aaRS)819 attenuation of aaRS editirf§?2! rational design of
the amino acid binding pocket of the aaRS2and screening
of aaRS librarie¥-25 have all proven effective.

Second, even though Trp is the rarest amino acid, replacement
of all Trp residues in a protein can compromise function. For
example, replacement of all three Trp residues in barstar with

Tryptophan (Trp) is an attractive target for protein engineering
for several reasons. It is a major source of UV absorption and
fluorescence in proteins and is involved in important functions
including ligand binding2 and DNA—protein interactiorf.>
Numerous Trp analogues have become available through the
versatility of indole chemistry. 7-Azatryptophan and 2-azatryp-
tophan were first incorporated into proteinsHn coli in the
1950s%7 and subsequent efforts have enabled the incorporation
of Trp analogues containing fluoro, hydroxyl, methyl, amino,
selenophene, and thienyl functional gro@p®.Fluorinated Trp
analogues, in particular, have been widely used®NMR
studiest>12 Trp analogues containing selenophene and thienyl
functional groups have been used in crystallographic structure
determinatiort®'* and the spectral properties of aminotryp-
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4-aminotryptophan reduced the stability of the protein because
of the increased polarity of the analogue at position 53 in the
protein coré.

In order to overcome these limitations, we have explored the
feasibility of site-specific incorporation of Trp analogues into
recombinant proteins ii&. coli. In 1998, Furter reported site-
specific incorporation ofp-fluorophenylalanine into murine
dihydrofolate reductase (mMDHFR) i&. coli via amber sup-
pression by a yeast phenylalanyl-tRNA synthetase (yPheRS)/
YtRNAPh&-ya pair?® Although Furter's work established the
feasibility of using heterologous synthetase-tRNA pairs for site-
specific incorporation of noncanonical amino acids into recom-
binant proteins, his results were complicated by cross-reactivity
of ytRNAPS-;» with the E. coli lysyl-tRNA synthetasé® More
recently, Schultz and colleagues have developed powerful
selection methods to alter the substrate specificity of the tyrosyl-
tRNA synthetase mjTyrRS) derived fromMethanococcus
jannaschit”-2427and to enhance the orthogonalityrofTyrRS/
mMitRNATY A pairs inE. coli expression strain®:2° E. coli
strains equipped with orthogon@ TyrRSmMjtRNATY cya pairs
have allowed incorporation of many Phe and Tyr analogues into
proteins in site-specific fashion. We have refined the orthogo-
nality of the yPheRS/ytRNR'% s pair and the specificity of
yPheRS to achieve high fidelity incorporation@bromophe-
nylalanine (pBF) into proteins i&. coli.??

In this report, we describe the design of a bacterial host to
achieve site-specific incorporation of Trp analogues into
recombinant proteins in response to amber stop codons. Becaus
no orthogonal tryptophanyl-tRNA synthetase/tRNP4oairs have
been reported fdE. colitranslation system®,we needed a new
synthetase/tRNA pair. Our previous studies showed that a
designed yPheRS (T415G) variant efficiently activates Trp as
well as Phe analogué%3! We imagined that the relaxed
specificity of yPheRS (T415G) might also allow it to recognize
a variety of Trp analogues. Accordingly, we introduced yPheRS
(T415G) and a mutant yeast amber suppressor tRNA
(YERNAPM%ya uc)®? into anE. coli expression strain to enable
insertion of Trp analogues in site-specific fashion. An aux-
otrophic expression strain was used to limit the intracellular
pools of Phe and Trg33!

Four Trp analogues, BT, 6CIW, 6BrW, and 5BrW (Figure
1) were examined. BT is isosteric to Trp and so might be
expected to cause minimal perturbation of protein structure.
Introduction of aryl halides into recombinant proteins can allow
for site-specific modification through palladium-catalyzed cou-
pling reactions with alkenes and alkyrég* Bromine and

(26) Furter, RProtein Sci.1998 7, 419-426.
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(29) Wang, L.; Schultz, P. GChem. Biol.2001, 8, 883-890.

(30) Recently, Schultz and colleagues modifigdcillus stearothermophilus
trytophanyl-tRNA synthetas®§€TrpRS) to incorporate 5-hydroxytryptophan
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(31) Wang, P. Ph.D. thesis, California Institute of Technology, Pasadena, 2003.

(32) The mutant yeast amber suppressor was used to reduce lysine misincor-;

poration at the amber sites, because it showed minimal cross-reactivity with
E. coli lysyl-tRNA synthetase.
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Figure 1. Amino acids involved in this study: tryptophan (Trp); pheny-
lalanine (Phe); 6-chlorotryptophan (6CIW); 6-bromotryptophan (6Brw);
5-bromotryptophan (5BrW); benzothienylalanine (BT).

iodine, once introduced into proteins, can facilitate the phasing
of crystallographic data and therefore might prove useful in
X-ray diffraction studies of protein structut&3>We show here
that introduction of the yPheRS (T415G)/ytRR¥cua uc pair

into appropriately engineerdsl coli expression strains enables
high-fidelity (=98%) incorporation of BT, 6BrW, and 6CIW
(ianto recombinant proteins via amber suppression.

Materials and Methods

Materials. All 20 natural amino acids were obtained from Sigma
(St. Louis, MO); 6CIW and 6BrW were purchased from Biosynth
International Inc. (Naperville, IL); 5BrW and BT were from Aldrich
(St. Louis, MO) and Chem-Impex (Wood Dale, IL), respectivelSPT-
Labeled sodium pyrophosphate was purchased from NEN Life Science
(Boston, MA).

Amino Acid Activation Assays. The kinetics of activation of amino
acids by yPheRS (T415G) were determined by the amino acid-
dependent adenosine triphosphate (ATEPJFpyrophosphate (PP
exchange reaction. The expression and purification of yPheRS (T415G)
bearing a C-terminal hexahistidine tag were described previdésly.
The assay buffer contained 50 mM-(2-hydroxethyl)piperazine-
N'-(2-ethanesulfonic acid) (potassium-HEPES) (gH7.6), 20 mM
MgCl,, 1 mM dithiothreitol (DTT), 2 mM ATP, and 2 mM3fP]-PR.

The amino acid concentrations varied from 100 nM to 2.5 mM; the
enzyme concentration varied from 100 nM to 400 nM. Aliquots (20
uL) of solution were quenched at various time points in 500

of buffer solution containing 200 mM NaRF/% w/v HCIQ,, and

3% wi/v activated charcoal. The charcoal was centrifuged and washed
three times with 50@:L of 10 mM NaPR and 0.5% HCIQ solution.

The P2P]-labeled ATP absorbed on the charcoal was counted via
liquid scintillation methods. The kinetic parameters were calculated
by a nonlinear regression fit of the data to a MichaehNgenten
model.

Strain and Plasmid Construction for in Vivo Incorporation
Assays. pPQE16am-T415& encodes mDHFR outfitted with a C-
terminal hexahistidine tag and an amber codon at position 38
(mDHFR_38Am). The GFR, gene was cloned from pGFPuv (Clon-
ech) and inserted into th&st site of pQE9 (Qiagen) to yield
pQE9_GFRByv. A series of QuikChange mutations (Stratagene) was
performed on the GRR gene to generate a GFP6 gene containing four

(35) Xie, J. M.; Wang, L.; Wu, N.; Brock, A.; Spraggon, G.; Schultz, P. G.
Nat. Biotechnol2004 22, 1297-1301.
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sequence changes (F64L, S65T, S99F, and T153M). Either an amber Fluorescent Protein Isolation. Fluorescent proteins were purified
codon (UAG) or a tryptophan codon (UGG) was inserted at position by Ni-NTA affinity chromatography according to the manufacturer’s
66 of GFP6 by QuikChange mutagenesis using two complementary protocol (Qiagen) under native conditions. Purified proteins were
pairs of oligonucleotides, Am66_f'¢&TT GTC ACT ACT CTG ACC desalted over a Sephadex PD-10 column (Amersham Pharmacia,
TAG GGT GTT CAA TGC TTT TCC-3/Am66_r (8-GGA AAA Piscataway, NJ) in 20 mM Tris-HCI, 1 mM EDTA, pH 8.0 (Tris-EDTA
GCA TTG AAC ACC CTA GGT CAG AGT AGT GAC AAG-3) buffer). Protein samples other than CFP6 were purified further by
and W66_f (CTT GTC ACT ACT CTG ACC TGG GGT GTT CAA ammonium sulfate precipitatiori.Dry ammonium sulfate was added
TGC TTT TCC-3)/W66_r (3-GGA AAA GCATTG AAC ACC CCA to the bright fluorescent solution to 40% saturation (about 1.6 M), and
GGT CAG AGT AGT GAC AAG-3), to yield pQE9_CFP6_66Am the solution was incubated on ice for 25 min. The precipitated proteins
and pQE9_CFP6, respectively. The entire expression cassette fromwere removed by centrifugation at 14 000 rpm for 15 min &C4and
either CFP6_66Am or CFP6 was inserted betweerfhtd and Nhd resuspended in Tris-EDTA buffer. Dry ammonium sulfate was added
sites of pQE16am-T415G to generate pQE9_CFP6_66Am-T415G or to the fluorescent supernatants to 70% saturation (about 2.8 M). The
PQES_CFP6-T415G, respectively. pREP4_ytRRAUG was used to solutions were incubated on ice for 30 min, and the fluorescent proteins
constitutively express a mutant yeast amber suppressor tRNA (ytR- were collected by centrifugation at 14 000 rpm for 30 min G4
NAP"%ua_us) showing minimal cross-reactivity with the. coli lysyl- The fluorescent proteins were resuspended in Tris-EDTA buffer and
tRNA synthetasé® A Phe/Trp double auxotrophic strain (AFW) was  desalted over polyacrylamide P-6 columns (Bio-rad) in Tris-EDTA
derived from the Phe auxotrophic strain AF (K10, Hfr(Cavalli) buffer. Protein concentrations were determined by the BCA protein
pheS13refl tonA22 thi T2R pheAL8, trpB114) by P1 phage-mediated  assay (Pierce Biotechnology, Rockford, IL) with bovine serum albumin

transposon transduction as described previoi$hE. coli strain AFW as a reference. The purity of each CFP variant was determined by SDS
was co-transformed with either pQE16am-T415G or pQE9_CFP6_ PAGE.

66AM-T415G, and pREP4_ytRNA UG to yield expression strains Characterization of Spectral Properties. Absorption spectra of
AFW[pQE16am-T415G/pREP4_ytRN¢ UG] and AFW[pQE9_ fluorescent proteins were measured on a Cary 50-\igible spec-
CFP6_66Am-T415G/pREP4_ytRN® UG], respectively. trophotometer (Varian, Palo Alto, CA). Protein samples were diluted

In Vivo Incorporation Assays. Expression strains AFW[pQE16am-  to four different concentrations (0.¥ ODjmax < 0.5). Extinction
T415G/pREP4_ytRNA*® UG] and AFW[pQE9_CFP6_66Am-T415G/  coefficients were calculated by applying Beer's law to the absorption
pREP4_ytRNA"™ UG] were grown in M9 minimal medium supple-  spectra of diluted protein samples. A molar mass of 30 287 Da was
mented with 0.4% glucose, 35 mg/L thiamin, 1 mM MgSQ@ mM used for all fluorescent proteins. Fluorescence spectra were measured
CaCb, 20 amino acids (at 25 mg/L), 35 mg/L kanamycin, and 200 on a PTI QuantaMaster fluorescence spectrofluorometer (Photon
mg/L ampicillin. The overnight culture was diluted 20-fold in fresh  Technology International, Birmingham, NJ) at a scan rate of 1 nm/s.
M9 minimal medium. The cells were grown to an gpbetween 0.9 For the quantum yield calculation, protein samples in assay buffer and
and 1.0, sedimented by centrifugation, and washed twice with cold 0.9% fluorescein (Invitrogen) in borate buffer (pH 9.1) were adjusted to
NaCl. The cell pellet was resuspended in fresh M9 minimal medium similar OD (ODex < 0.1). The fluorescence emission spectra were
containing 18 amino acids (at 25 mg/L), 3 mM analogue of interest, recorded with excitation at the maxima in the corresponding excitation
and the indicated concentrations of Phe and Trp. After 10 min, 1 mM spectra. The emission spectra were corrected by the correction functions
isopropyl-p-thiogalactopyranoside (IPTG) was added to induce protein supplied with the instrument. The quantum yields of fluorescent proteins

expression. After 4 h, cells were pelleted and kept-&60 °C. Whole were calculated by comparing the integrated intensities of the corrected
cell lysates were analyzed by SDS-PAGE. Expression yields were emission spectra with that of fluorescein of known quantum yield
obtained from three independent sets of experiments. (0.91)38

Quantitative Analysis of Analogue Incorporation by Liquid
Chromatography Mass Spectrometry (LC-MS).Quantitative analysis
of amber site occupancy by various amino acids was performed by  Design of yPheRS and Choice of Trp AnaloguesStudies
LC-MS as described previousty Mutant mDHFR was purified on a of the crystal structure of PheRS (tPheRS) derived fitrarmus
Ni-NTA column under denaturing conditions according to the supplier's thermophilusrevealed that Val 261 in the amino acid binding
instructions (Qiagen). After purification, mutant mDHFR concentrationsd pocket s critical for distinguishing Phe from other amino aéfds.

were determined by UV absorbance at 280 nm using a calculate . .
extinction coefficient® of 24 750 cm* ML, After concentration of Sequence alignments show that Val 261 in tPheRS corresponds

the protein by ultrafiltration (Millipore), 1QuL of the solution was {0 Thr 415 in yPheRS. Introduction of a single mutation (Thr
diluted into 90uL of 75 mM (NH,),COs for trypsin digestion. Modified ~ t0 Gly) at position 415 in the binding pocket of yPheRS to yield
trypsin (1 uL, Promega, 0.24g/uL) was added, and samples were yPheRS (T415G) enables the synthetase to activate a variety
incubated fo 2 h at 37°C. The reaction was quenched by addition of of substituted Phe analogues as well as Trp and 2-naphthyla-
13 uL of 5% trifluoroacetic acid (TFA) solution. The solution was then  lanine233! We imagined that yPheRS (T415G) might also
directly subjected to LC-MS/MS analysis. LC-MS/MS analysis of gctivate Trp analogues. In order to achiesite-specifiagncor-
protease-digested peptides was conducted on a QSTAR XL LC-MS/ poration, we chose four Trp analogues (6CIW, 6BrW, 5Brw,
MS system (Applied Biosystems/MDS SCIEX) outfitted with an HPLC and BT) that are not utilized by the endogends coli
system (NanoLC-2DTM, Eksigent Technologies) and ESI probe. translational apparatus (Figure 1). The observations of Budisa

Peptides were separated on a C18 reversed phase colynamm, (300 .
A, 0.1 x 70 mm) and eluted at a flow rate of Q;&/min using a and co-worker&® prompted us to propose a simple model for

gradient of 6-50% of solvent B (89% acetonitrile/10%,6/0.02% binding of Trp analogues t&. coli TrpRS (eTrpRS) (Figure
TFA/1% formic acid) and solvent A (2% acetonitrile/97%®10.02% 2a). In the work of Budisa, methyl (ca. 16.8)&° amino (ca.
TFA/1% formic acid) in 55 min. The column eluent was transferred to 12.3 A%), and fluoro (ca. 3.2 A substituents were the largest
the electrospray source, and sequencing was carried out by fragmenta:
tion of the precursor ion corresponding to the peptide containing the (37
residue at position 38 of mutant mDHFR. Occupancy of each amber (38
site was obtained from three independent sets of experiments. (39

Results and Discussion

Yakhnin, A. V.; Vinokurov, L. M.; Surin, A. K.; Alakhov, Y. BProtein

Expr. Purif. 1998 14, 382-386.

Velapoldi, R. A.; Tonnesen, H. H. Fluoresc.2004 14, 465-472.

Fishman, R.; Ankilova, V.; Moor, N.; Safro, Mcta Crystallogr. D. Biol.
Crystallogr. 2001, 57, 1534-44.

(40) Volumes were estimated as solvent-excluded volumes (1.4 A probe) by
(36) Gill, S. C.; Vonhippel, P. HAnal. Biochem1989 182, 319-326. using ChemBats3D Pro 5.0 (Cambridge, MA).
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Figure 3. SDS-PAGE analysis of mDHFR_38Am expression. Cells were
equipped with the yPheRS (T415G) and the ytRR&a_uc. Cultures were
supplemented with 18 amino acids (at 25 mg/L), one of Trp analogues and
the indicated concentrations of Phe and Trp. MW: molecular weight
standards; uninduced: before induction; 6CIW: 3.0 mM 6CIW, 0.03 mM
Phe and 0.01 mM Trp; 6Brw: 3.0 mM 6Brw, 0.015 mM Phe and 0.005
mM Trp; 5BrW: 3.0 mM 5BrW, 0.03 mM Phe and 0.01 mM Trp; BT:
3.0 mM BT, 0.01 mM Phe and 0.0025 mM Trp.

Binding pocket R
of eTrpRS Table 1. Kinetic Parameters for ATP-PPi Exchange by yPheRS
(T415G)
amino Kead Kin Kead Kin
b acid Ky (M) Ko (5 (M5 (rel)®
Phe 55+ 14 0.20+0.11 3.6+1.1 1
Trp 28+1.6 0.1534+ 0.003 63+ 35 18
6CIW 0.514+0.21 0.11+ 0.04 2204+ 20 61
6Brw 3.4+1.3 0.18+0.11 62+ 54 17
5Brw 0.624+0.02 0.021+ 0.002 34+ 4 9.4
BT 8.1+3.7 0.154+ 0.06 23+ 18 6.4

a Relative tokca/Km for Phe by yPheRS (T415G).

(Aspl46 in eTrpRS) (Figure 2b), and replacement of the indole
nitrogen by other heteroatoms results in translationally inactive
amino acids3“? likely due to loss of the favorable hydrogen
bond. As expected, none of the four Trp analogues supported
protein synthesis in a Trp auxotrophc coli strain under Trp-
depleted conditions.

Activation of Trp Analogues by yPheRS (T415G).The
Figure 2. (a) A hypothetical model for accommodation of Trp analogues relative rates of activation of Phe, Trp and Trp anabgue.s 6CIW,
in the bihding pocket of eTrpRS. The position and size of the substituents 6Brw, 5BrW, and BT by yPheRS .(T4:!'5G) were examined by
on the indole ring that can be tolerated in the binding pocket are representedATP-PR exchange assays. The kinetic parameters are shown
as circles. Indole rings containing larger substituents cannot fit into the in Table 1 and illustrate the varying consequences of substitution
pocket. (b) Crystal structure of TrpRS froBecillus stearothermophilus ot the different positions of the indole ring. Substitution at the
(PDB code 116M)!* Tryptophanyl adenylate (orange) and residues (cyan) I . i
within 6 A of theindole ring of the substrate. The carboxylate (red) of 6-POsition in analogues 6CIW and 6BrW was highly favorable;
Asp132 forms a hydrogen bond with the nitrogen (blue) of the indole ring. 6CIW exhibited the highest activity of any of analogues we

tested. The difference in the side-chain volumes of Phe and
functional groups tolerated at the C4, C5, and C6 positions of gcywy (ca. 39 &) is nearly identical to the volume of the cavity
the indok_a_ring, _respectiveﬁ/lntroduction of bu!kier groups at  generated by the T415G mutation in the binding pocket of
.each.posmon might therefore be expected to yield translationally yPheRS. Analogue 6BrW yielded a 7-fold lardéy; value than
inactive Trp analogues. The crystal structure RfTrpRS'" 6CIW, consistent with the fact that the calculated increase in
(Figure 2b) and its sequence homology with eTrpRS supported sige-chain volume (45 A upon bromine substitution is larger
our hypothetical model. The residues involved in substrate {hap the cavity generated by the T415G mutation. Substitution
recognition are well conserved, and the binding pocket of 4 the 5-position of the indole ring was less favorable than that
BSTrpRS has sufficient space to accommodate bulky substituentst the 6-position; the activation rate of 5BrW was half of that
at the C4 position of the indole ring but not at the C5 and C6 of B\, Replacement of the indole nitrogen by a sulfur atom
positions. On the basis of this model, we chose Trp anabguesmoderately reduced the binding affinitg;, for BT was 3-fold
6CIW, 6Brw, and 5BrW, which contain chlorine (ca. 14.3A  |5rger than that of Trp. All of the analogues were activated faster
or bromine (ca. 20 A at the C6 position, or bromine at the C5  than Phe.

position, of the indole ring. We also examined BT, which has Site-Specific Incorporation of Trp Analogues into mDHFR

been reported to be translationally inactivelin coli®? The iy vivo. mDHFR was chosen as the test protein for investigation

indole nitrogen of Trp'forms a hydrogen bond with the of the capacity of the yPheRS (T415G)/ytRRMsua uc pair

carboxylate of Asp132 in the binding pocket BETrpRS™ to incorporate Trp analogues into recombinant proteins in

(41) Retailleau, P.: Yin, Y. H.: Hu, M.: Roach, J.: Bricogne, G. Vonrhein, C.: bacj[e.:rlal cells. An amber stop codon was placed at the 38th
RO\I/ersi, P.;”Blanc, E.; Sweet, R. M.; Carter, C. Wtta Crystallogr. D. position of mDHFR to generate mDHFR_38Am, and the
Biol. Crystallogr.2001, 57, 1595-1608. ; _ ;

(42) Budisa, N.. Alefelder. 3.. Bae. J. H.: Golbik, R.; Minks, C.: Huber, R; ©XPression of full-length mDHFR_38Am was examined by
Moroder, L.Protein Sci.2001, 10, 1281-1292. SDS-PAGE analysis (Figure 3). The intensities of the PAGE
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Figure 4. Tandem mass spectrum of the peptide NGDLPWPPLRNEZK. The partial sequence DLPWPPLRNEZ containing 6BrW (Z) can be confirmed by
assigning masses of theandy series of fragmented ions.

Table 2. Occupancy of Amber Sites and Expression Yields for accommodation of non-canonical amino acids by&heoli
occupancy of amber sites (%) ribosome*® The model defines geometries of abyalanines
Trp analogues Phe Tip Lys Naa yield (mg/L)? that are'permissive vyith respect to tranls'lation. We suggest that
5CIW 04105 N 12413 98417 54503 the addltloq of brom_me at the C5 posmon_of the indole ring
6Br'W 04407 ND ND 99.6+ 07 6.8+ 1.3 may result in exclusion of 5BrW from the ribosome.
5BrW  97.0£14 0.3+0.6 0.7£05 1.8+0.7 3.6+0.6 It is interesting to note that at similar (low) concentrations
BT 0.6+06 0.7£0.6 09+15 97.9+24 2.8+0.6

of Phe and Trp in the culture medium, Phe was inserted at the
aVolumetric yields are given as mg of purified mDHFR_38Am per liter amber site m_preference to Trp. In our in vitro activation assays,
of culture.” Not detected in LC-MS analysis. Trp was activated 18-fold faster than Phe. The discrepancy
between these results might be explained by induction of Trp
. ) degradation at high concentrations of the Trp analogues.
> 6CIW > 5BrW > BT. Although expression of full-length  transcription antitermination i&. coli*#45and it is known that
mDHFR_38Am indicated that the stop codon was suppressed,1-methyltryptophan, a Trp analogue, is an effective inducer in
it is possible that suppression occurs by insertion of Phe or Trp yjtrg 45 Although we did not explore this mechanism, it may
at the amber site. The occupancy of the amber site in pe that addition of 3 mM 5BrW to the culture medium leads to
mDHFR_38Am was determined by LC-MS/MS analysis. Trypsin depletion of intracellular Trp.
digestion of purified mDHFR_38Am variants yielded a peptide  gxpression yields of mDHFR_38Am prepared with the
containing the amber site (residues-29, NGDLPWPPLR-  yarigus Trp analogues are summarized in Table 2. It was
NEAmK, designated peptide 38). Peptide 38 variants containing somewhat surprising that 6BrW afforded higher expression
Phe, Trp, or analogues were separated osadversed phase |evels than 6CIW, despite its lowee.{Ky value. This result
column. Relative yields of peptide 38 variants were determined may reflect the higher value ¢ for 6BrW as compared to
py comparing the integrated areas of Fhe corresponding signalsgci\w. The concentration (3 mM) of each analogue in the
in the chromatogram, and the identity of each peptide was medium was well above the value kif, for activation in vitro;

confirmed by tandem mass spectrometry. The results arene relative rates of charging of the analogues in the cell may
summarized in Table 2. As a representative case, the identitytherefore parallekes rather tharkea/Km.

of peptide 38 containing 6BrW at the amber site was determined  \ye could find no evidence (by MALDI-MS analysis of

from the spectrum shown in Figure 4. We found that 6CIW, i fragments) for incorporation of any of the analogues into

6BrW, and BT occupied at least 98% of the amber sites in full [, \DHFR in response to Phe or Trp codons (Figures S1 and S2).
length mDHFR_38Am (Table 2). In contrast, 5BrW occupied

only 2% of the amber sites, even though it was activated (43) Hohsaka, T.; Kajihara, D.; Ashizuka, Y.; Murakami, H.; Sisido,MAm.

ici 0 ; Chem. S0c1999 121, 34—40.
efficiently by yPheRS (T415G). Instead, 97% of the amber sites (44) Gong. F-lto. K.. Nakamura. .: Yanofsky, Broc. Natl. Acad. Sci. USA.

were occupied by Phe. The discrepancy between in vitro 2001, 98, 8997-9001.

; : ; B B : ; _  (45) Gong, F.; Yanofsky, CJ. Biol. Chem2001, 276, 1974-1983.
gctlvatlon and in vivo incorporation for SBfV\_I can be rational (46) Sharma, N.: Furter, R Kast, P Tirrell, D. REBS Lett2000 467, 37—
ized on the basis of model proposed by Sisido and co-workers ™ 40.
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CFP6

CFP6_6CIW

CFP6_6Brw

CFP6_BT

Figure 5. Crystal structure of enhanced cyan fluorescent protein (PDB code 18X&)) The chromophore is shown in black. Chromophores of CFP6
variants containing Trp, 6CIW, 6BrW, and BT (b).

Site-Specific Incorporation of Trp Analogues into Fluo- Table 3. Spectral Properties and Protein Yield of CFP6 Variants
rescent Proteins in Vivo.The E. coli strain developed in this ~ absorption extinction emission protein
work has been used to engineer the spectral properties of amino acid maximum coefficient maximum fluorescence yield

. K at position 66 (nm) (M~tecm™Y) (nm) quantum yield (mg/L)
fluorescent proteins. Schultz and co-workers have characterized

the spectral properties of green fluorescent protein (GFP) ggw igg iggggﬁ éggg 332 oodéi g'ggf f'g
variants containing Phe analogues in the chromopfotée 6BrW 430 20600k 3800 474  0.058 0.001 0.89
fluorescence emission maxima of all such variants were blue- BT 415 8100+ 1100 472  0.048 0.008 0.73

shifted to some extent, depending on the electron-donating

ability of thg inserted_ analogue. Budisa and co-workers replacedthat replacement of tyrosine at position 66 with gBEaused

the Trp residues in either GFP or cyan fluorescent protein (CFP) 5 pjue shift in the emission maximum. The fluorescence

with translationallly gctive Trp analogifeand four]d that the quantum yields of CFP6_6CIW and CFP6_6BrW are 3- to

fluorescence emission maximum of the 4-aminotryptophan 4 fo|q higher than that of the pBF variant, but 2.5- to 3-fold

variant was red-shifted significantty. ~ lower than that of CFP6, probably because of perturbation of
In this work, we explored the design of fluorescent proteins  gin_orhital coupling in ther-electron orbitals of the fluorophore

containing Trp analogues that are inactive with respect to the by the halogen atorf?. CFP6_BT showed blue shifts of 16 and
endogenoug. coli translation apparatus. We replaced the Trp 34 nm in the fluorescence emission and absorption maxima,

residue in the chromophore of CFP6 with 6CIW, 6BrW, and agnectively. Similar blue shifts in the absorption maximum of
BT to generate CFP6_6CIW, CFP6_6BrW, and CFP6_BT, cpp were observed by replacing Trp at position 66 with the
respectively (Figure 5). After affinity chromgtography, the purity  gifur heterocyleg-(thieno[2,3b]pyrrolyl)-L-alanine ([2,3]Tpa)

of CFP6 was better than 95%; the purities of CFP6_6CIW, a4z (thieno[3,2b]pyrrolyl)-L-alanine ([3,2]Tpa}* The extinc-
6Brw, and BT were ca. 90%. The spectral properties of CFP6 (o coefficient of CFP6_BT (8100 M cm™Y) is similar to those
and of the CFP6_66Am proteins containing Trp analogues are ¢ the CEP variants be_aring either [2,3]Tpa (68401¢m 1)

summarized in Table 3. The observed absorption maximum, or [3,2]Tpa (6350 M cm1). But introduction of either [2,3]-
emission maximum, and extinction coefficient of CFP6 are con- Tpa or [3,2]Tpa resulted in abolition of CFP fluoresceftis

sistent with literature value8.Compared to CFP6, CFP6_6CIW  ¢onirast CFP6_BT exhibits substantial emission, with a fluo-
and CFP6_6BrW showed blue shifts of 14 nm in the fluores- regcence quantum yield only 3-fold smaller than that of CFP6.
cence emission maxima (Figure 6). These observations arecepg BT offers several advantages as a fluorescence resonance
consistent with the results of Schultz and co-workers, who found energy transfer (FRET) partner. It can be efficiently excited by

a common violet diode laser (46315 nm), which can simplify

(47) Wang, L.; Xie, J. M.; Deniz, A. A.; Schultz, P. G. Org. Chem2003 68,
174-176.
(48) Tsien, R. Y.Annu. Re. Biochem.1998 67, 509-544. (49) Kasha, MJ. Chem. Phys1952 20, 71-74.
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Figure 6. Absorption (a) and fluorescence emission spectra (b) for CFP6
variants bearing Trp analogues at the Trp66 position.

cell screening by FRET analysis. In addition, the Stokes shift

of CFP6_BT (56 nm) is larger than that of CFP6 (37 nm). The

ments, since it allows emitted photons to be detected against a
reduced background. CFP and yellow fluorescent protein (YFP)
have been commonly used as a FRET paiBecause the
fluorescence emission spectrum of CFP_BT (Figure 6 b)
overlaps the excitation spectrum of GFP, it constitutes a
promising FRET partner for GFP.

Conclusions

Properly engineereH. coli strains allow high-fidelity incor-
poration of Trp analogues into recombinant proteins in response
to programmed amber stop codons. A simple modification of
the binding pocket of yPheRS enabled activation of Trp
analogues 6CIW, 6BrW, 5BrW, and BT. When the engineered
yPheRS and a yeast amber suppressor tRNA were introduced
into a Phe/Trp auxotrophig. coli expression host, at least 98%
of the amber sites in recombinant mDHFR were occupied by
Trp analogues 6CIW, 6BrW, and BT. In a subsequent experi-
ment, three Trp analogues (6CIW, 6BrwW and BT) were
introduced at the Trp66 position of CFP6. CFP6 variants
containing Trp analogues in the chromophore showed blue shifts
in fluorescence emission and absorption maxima. In particular,
CFP6_BT exhibited an unusually large Stokes shift (56 nm).
An expanded set of genetically encoded Trp analogues should
enable design of new proteins with novel and useful properties.
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