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ABSTRACT. Unnatural amino acid mutagenesis provides the wherewithal to study protein function in great
detail. To extend the repertoire of functionalized amino acids available for study by this technique, seven
structural analogues of arginine were prepared and used to activate a suppressgitR¥Ase included
N’-methylarginine,N”-nitroarginine, citrulline, homoarginine, and three conformationally constrained
analogues based on proline. These misacylated tRNAs were shown to be capable of introducing the arginine
analogues into dihydrofolate reductase (position 22) Rhdtinus pyralisluciferase (positions 218 and
437). Most of the modified luciferases containing arginine analogues at position 218 emitted light with
less efficiency and at longer wavelength than the wild type. This is consistent with the postulated role of
this residue as essential for maintaining the polarity and rigidity of the luciferin-binding site. Interestingly,
the luciferase containiny’-methylarginine at position 218 emitted light at the same wavelength as the
wild type and was at least as efficient. Alteration of the arginine residue at position 437 had no effect on
the wavelength of emitted light but afforded analogues, all of which emitted light less efficiently than the
wild type. This is altogether consistent with the putative role of Arg437, which is an invariant residue
within the superfamily of enzymes that includ@spyralisluciferase. This amino acid is part of the linker
between the two structural domains of luciferase that is believed to be essential for efficient enzyme
function but not part of the substrate-binding site.

Site-directed mutagenesis of proteins permits the replace-function of DNA topoisomerases | and the nicotine acetyl-
ment of a specific amino acid in a protein by any of the choline receptor X9, 28, 29), and aspartic acid, several
other proteinogenic amino acids and constitutes a powerful analogues of which have been used to study the active-site
technique for determining the role of individual amino acids aspartic acid residue in dehydrofolate reductase (DHFR)
in protein function {—4). In recent years, the ability to  (30).
purposefully misacylate tRNAs with unnatural amino acids  One amino acid of special interest in this context is
(5—7) and to insert those unnatural amino acids into specific, arginine. It is an essential element of a (serine- and arginine-
predetermined positions in protein®, @) has dramatically  rich) protein domain important in splicing{), functions
extended the repertoire of amino acid side chains that cancritically in nucleic-acid-binding proteins3g, 33), and is
be introduced into a given position for study. Potentially, presentin the motif arginireglycine—aspartate (RGD) that
the use of “unnatural amino acid mutagenesis” can permit is associated with adhesive and chemotactic properties of
the analysis of the function of individual amino acids in a proteins, such as osteoporis¥4( 35), as well as the binding
protein at a high level of resolution. In fact, numerous studies of fibrinogen and platelet aggregation inhibitors to the platelet
have now appeared describing the synthesis and study ofGPllb-llla complex @6).
proteins containing unnatural amino acid€+27). Presently, we describe the preparation and incorporation

Logically, the analysis of amino acid contributions to into protein of seven analogues of arginine that should find
protein function should be focused disproportionately on broad utility in the analysis of arginine function in proteins.
amino acids having side chains with functional groups that Analogues of particular interest includemethylarginine 2),
participate in the mechanism of action of many enzymes via which facilitates nuclear export when present in hnRNP
substrate binding and catalysis, such as histidine, serineproteins 87), is part of a modified repetitive arginire
threonine, cysteine, tyrosine, aspartic acid, glutamic acid, glycine—glycine (RGG) motif in the nuclear localization
lysine, and arginine. Surprisingly, however, there has beensignal of serine-arginine (SR) proteins that affects nuclear
little systematic effort to prepare sets of analogues potentially import (38), and is a constituent of histones formed by post-
useful for defining the roles of such amino acids in many translational modification39, 40). Citrulline (4) is a protein
proteins. Notable exceptions are tyrosine, numerous ana-constituent formed by enzymatic deimination of arginihs (
logues of which have been prepared and used to study the
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and is associated with neurodegenerat#?i-44). Although Aston, PA) and visualized using iodine or charring with 10%
not present naturally in proteins, homoarginidgt{as been phosphomolybdic acid in ethanol. Silica gel 60 (2300
introduced into a protein by chemical modification of lysine mesh) was used for flash-column chromatography. Melting
residues and shown, e.g., to stabilize a cold-adagtachy- points were measured on a capillary melting-point apparatus
lase from Pseudoalteramonas haloplanht{g5). Also of and are uncorrected. All reactions were carried out under an
interest for protein modification are arginine derivati®e argon atmosphere using oven-dried glassware.

containing an electron-withdrawing guanidine-linked nitro  *H nuclear magnetic resonance (NMR) afi€ NMR
substituent, and conformationally constrained arginine ana-spectra were recorded on a General Electric QE 300 NMR
logues6—8. instrument, and high-resolution mass spectra were recorded

The arginine analogues were incorporated into position at the Michigan State UniversityNIH Mass Spectrometry
22 of Escherichia coli dihydrofolate reductase, which Facility in East Lansing, MI.
normally contains a tryptophan residue; this substitution was ~ Plasmid DNAs were isolated using a Qiagen plasmid midi
carried out to assess the efficiency of nonsense codonkit. SDS—polyacrylamide gel electrophoresis (PAGE) was
suppression in a sequence context found previously tocarried out using the standard Laemmli proceddi®.(Gels
provide results broadly representative of many substitutions were visualized and quantified by the use of a Molecular
studied. Also altered were positions Arg218 and Arg437 of Dynamics 400E Phosphorimager with ImageQuant version
Photnus pyralisluciferase. Arg218 has been suggested to 3.2. DNA sequence analysis was performed using a Seque-
be critical for the maintenance of the rigidity and polarity Nnase version 2.0 DNA sequencing kit from USB (Cleveland,
of the emitter-binding site in the enzyme. While no role has OH).
been suggested for Arg437, its presence near the putative Synthesis of Aminoacylated pdCpA Datives: N-(4-
active site of the enzyme and as a hydrophilic amino acid in Pentenoyl)-S-homoarginine pdCpA Estpeiitenoyl-5-pd-
an otherwise hydrophobic region suggested that it was likely CpA). SHomoarginine (500 mg, 2.2 mmol) was dissolved
to be important to luciferase function. The properties of the in 15 mL of 1:1 water/dioxane and treated with 277 mg (3.3
modified proteins were characterized to illustrate the way mmol) of NaHCQ. To this stirred solution was added 408
in which the arginine analogues can facilitate an analysis of Mg (2.06 mmol) of the succinimidy! ester of pentenoic acid

protein function. (46). The reaction mixture was stirred at 26 for 18 h and
then acidified to pH 4 by the additiorf @ N NaHSQ. The
EXPERIMENTAL PROCEDURES aqueous phase was extracted with 10 mL of ethyl acetate,
and the organic layer was discarded. The aqueous phase was
General Methods and Material&mino acidsS-arginine,  concentrated under diminished pressure. The residue was

Scitrulline, Shomoarginine, (R)-hydroxy-Sproline, and  suspended in 15 mL of methanol, and the insoluble solid
S-proline were purchased from Sigma Chemicals (St. Louis, was filtered. The solid was washed 2 times with 10 mL
MO). N’-Methylarginine andN’-nitroarginine were pur-  portions of methanol. The combined methanol extract was
chased from Novabiochem (San Diego, CA). The succin- concentrated under diminished pressure. The residue was
imidyl ester of pentenoic acid was prepared according to a pyrified by flash chromatography on a silica gel column (20
reported proceduret). Anhydrous acetonitrile and anhy-  x 3 ¢cm). Elution with 1:1, 2:1, 3:1, and then 4:1 methanol/
drousN,N-dimethylformamide (DMF) were purchased from  ethy| acetate affordeM-(4-pentenoyl)S-homoarginine as a
Aldrich Chemicals. Triethylamine was distilled oves(R. colorless foam: yield, 350 mg (59%); silica gel TLR’;,
T4 RNA ligase, T4 polynucleotide kinase, and restriction .32 (4:1 methanol/ethyl acetaté}4 NMR (CDs;OD) 9,
enzymedNcad, Fol, BanHl, Pst, andDrnl were purchased  1.30-1.39 (m, 2H), 1.49-1.81 (m, 4H), 2.25-2.30 (m, 4H),
from New England Biolabs (Ipswich, MA)3{S]Methionine 3.07-3.12 (m, 2H), 4.19-4.23 (m, 1H), 4.96-5.04 (m, 2H),
(1000 Ci/mmol) was obtained from GE Healthcare (Piscat- and 5.74-5.83 (m, 1H); mass spectrum [chemical ionization
away, NJ). Tris, acrylamide, bis-acrylamide, urea, ammonium (C|), methane]mz 271.2 (M+ H)*; mass spectrum [fast
persulfateN,N,N',N'-tetramethylethylenediamine (TEMED),  atom bombardment (FAB)|mz 271.1762 (GoH2sN4Os
ethylenediamine tetraacetic acid (EDTA), amino acids, requires 271.1770).
diethylaminoethyl (DEAE) Sepharose, imidazole, NADPH, N-(4-Pentenoyl)s-homoarginine (300 mg, 1.11 mmol) was
dihydrofolate, nucleoside triphosphates (NTPs), cyclic ad- dissolved in 5 mL of DMF and heated at-450 °C. To this
enosine 5monophosphate (CAMP), phospho(enol)pyruvate, stirred solution was added 758. (4.4 mmol) of N,N-di-
pyruvate kinase, guanosinerBonophosphate (GMP), folinic  jsopropylethylamine followed by 14@L (2.22 mmol) of
acid, and other ComponentS for the cell-free translation CICH,CN. The reaction mixture was stirred at-450 °C
systems were purchased from Sigma Chemicals. T7 RNAfor 36 h and then concentrated under diminished pressure.
polymerase, isopropy-o-thiogalactopyranose (IPTG)-2- The residue was purified by flash chromatography on a silica
hydroxyethylpiperaziné¥'-2-ethanesulfonic acid (Hepes), gel column (25x 3 cm). Elution with 2:1 and then 1:1 ethyl
and sodium dodecyl sulfate (SDS) were purchased from USB gcetate/methanol afforded(4-pentenoyl)S-homoarginine
(Cleveland, OH) Kits for T7 tranSCfiption of RNA were Cyanomethy] ester as a syrup: y|e|d, 175 mg (51%), silica
purchased from Epicentre Technologies (Madison, WI). The gel TLC Ry, 0.58 (1:1 ethyl acetate/methanotd NMR
pTrc99A vector was from Pharmacia Biotech (Piscataway, (CD;OD) 6, 1.32-1.48 (m, 2H), 1.56-1.62 (m, 2H), 1.69-
NJ). Plasmid pYRNAS8 coding for yeast suppressor tRNA 1 g5 (m, 2H), 2.29-2.30 (m, 4H), 3.143.16 (m, 2H), 4.36-
was constructed by Dr. S. Mamaev. Strain Bl-21 (DE-3) was 441 (m, 1H), 4.86 (d, 2H] = 1.5 Hz), 4.9:-5.04 (m, 2H),
purchased from Promega (Madison, WI). and 5.74-5.83 (m, 1H); mass spectrum (chemical ionization,
Thin-layer chromatography (TLC) was performed on 60 methane)m/z 310.7 (M+ H)*; mass spectrum (FAB)wz
F2s4 silica gel plates from E. Merck (Bodman Industries, 310.1890 (GsH24NsO3 requires 310.1879).
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A solution of the tris(tetrabutylammonium) salt of pdCpA (CD;0OD) 6, 2.25-2.60 (m, 6H), 3.5+3.58 (m, 1H), 3.72
(48) (4.0 mg, 2.94umol) dissolved in 5Q:L of anhydrous 3.85 (m, 1H), 4.06-4.28 (m, 2H), 4.855.06 (m, 2H), and
DMF was added to a dry conical vial containing 20 mg (64.6 5.74-5.85 (m, 1H); mass spectrum (ESi)z 255.3 (M +
umol) of N-(4-pentenoyl)lShomoarginine cyanomethyl ester H)™; mass spectrum (FAB)mz 255.1461 (GH19N4Os3
in 100 4L of anhydrous DMF. To this stirred solution was requires 255.1343).

added 15uL of triethylamine. The reaction mixture was 1-[N-(4-Pentenoyl)]-(8)-guanidinoS-proline (130 mg,
stirred at 25°C and monitored by high-performance liquid 51 mmol) was dissolved in 3 mL of anhydrous DMF and
chromatography (HPLC). Aliquots ¢d) were removed and  stirred at 25°C. To this stirred solution was added 36D
diluted with 42uL of 1:1 CH,CN/50 mM NH,OAc at pH (2.0 mmol) of N,N-di-isopropylethylamine followed by 75
4.5; 20uL of each diluted aliquot was analyzed on a® ) (1.0 mmol) of ICHCN. The reaction mixture was stirred
Cis reversed-phase HPLC column (250 10 mm). The 4t 25°C for 36 h and then concentrated under diminished
column was washed with + 63% CHCN/50 mM NH;- pressure. 1N-(4-Pentenoyl)]-(&)-guanidinylS-proline cya-
OAc at pH 4.5 over a period of 45 min at a flow rate of 3.5 ,omethy| ester was isolated as a crude product: yield, 125

mL/min (detection at 260 nm; the desired product had a g: mass spectrum (ESHyz 294.3 (M+ H)* (theoretical,
retention time at 15.2 min). After 48 h, the remaining reaction 294.15).

mixture was diluted with 40@L of 1:1 CH;CN/50 mM NH:-
OAc at pH 4.5 and purified by fg reversed-phase HPLC

on a semipreparative column (25010 mm) using the same ) . e
gradient as described above. The N-protected dinucleotideDMF was added to a dry conical vial containing 15 mg (48.5

o : : [) of the cyanomethyl ester in 5@ of anhydrous DMF.
derivative of5 was recovered from the appropriate fractions #moy) ottt ; . .
as a colorless solid following lyophilization: yield, 0.7 mg To this stirred solution was added JA of triethylamine.

) C The reaction mixture was stirred at 26 and monitored by
0,
(82879/02)’ (nl\;ais |_s|;3+e c';::;n; S[e;ggggzﬁ:a%/FleEI)Z[]?/'{ZIOQS(QESZ% HPLC. Aliquots (4uL) were removed and diluted with 23
(C31H47N12015P2 réQUires 889.2759) - uLof1:l C%?leohn:j'\f N?O'IAC atpH 4.5 ar;d ZgL of

o . water; 30uL of each diluted aliquot was analyzed on a 3

1-[N-(4-Pentenoyl)]-(4S)-guanidinyl-S-proline pdCpA Es-
ter ([per(ltenoyl—6—p)(;£p(3\ %og a solu%/ion F())f 300pmgp(1 3 # rr|1 Cis reversed-ﬁhgse I—r|]PLC6c::30Iurgn 5225;)18 mm). The
. A column was washed with 4> 63% CHCN/50 mM NH;-

mmol) of 1-tert-butyloxycarbonyl]-(4€)-aminoS-proline : .
(49 irz 10 mL[of met%angl was aﬁéé‘?mz mg (F1).3 mmol) OAc qt pH 4.5 over a period of 45 min at a flow rate of 3.5
of aminoiminomethanesulfonic acid5@). The reaction n:l(.)/(jnalcrlts(dgltjg(ljor;? t12263(3 r;r:d tgg ie?rllriﬁg axfciles;-(iéachyl the
mixture was stirred at 25C, and a clear solution was formed P ; : : i

. : . remaining reaction mixture was diluted with 200 of 1:1
after 3 h. The reaction mixture was then stirred at€5or
another 15 h. The solution was concentrated under dimin—CHSCN/50 mM NHOAC at pH 4.5 and 20QiL of water

; . : - nd purified by Gg reversed-phase HPLC on a semiprepara-
ished pressure, and the re&dqe was applied to a silica ge ive column (250x 10 mm) using the same gradient as
cetate/methanol ahd finaly with methanol afiorded the Ge5cTbed above. NE(d-Pentenoy)-EguariinyiS proline
intermediateN-Boc-(4S)-guanidinylS-proline as a colorless pdCpA estergentenoyl-6-pdCpA) was recovered from the

- appropriate fractions as a colorless solid following lyo-
powder, silica gel TLCR:, 0'5.2 (methano_l). The structure philization: yield, 0.8 mg (27%); mass spectrum (E&ijz
of the intermediate was confirmed from its mass spectrum 873.3 (M+ H)* (theoretical, 873.2)
[(CI, methane)mz 273.1 (M + H)* (theoretical, 273.1)]. T o ’ o
N-Boc-(49-guanidinylS-proline was treated with 4 mL of In Vitro Transcription of 5Monophosphorylated Trun-
3:1 dicholoromethaneftrifluoroacetic acid (TFA), and the cated Yeast Suppressor tRRcya(—Con) (51). Synthesis
reaction mixture was stirred at 2& for 4 h. The solution ~ ©Of @ truncated suppressor tRR4x transcript (tRNANS ya—
was concentrated under diminished pressure. The residue wa&or) Programmed by théoKl restriction fragment from
co-evaporated 3 times with 5 mL portions of toluene to afford Plasmid pYRNAS8 was carried out using AmpliScribe T7
(49-guanidinylSproline as a syrup. The residue was transcription kit with additional 20 mM GMP and 5%
dissolved in 10 mL of 1:1 water/dioxane and treated with formamide at 42C for 12-24 h. This condition was critical
293 mg (3.48 mmol) of NaHC® To this stirred solution  for the preparation of tRNA transcripts of the correct size.
was added 412 mg (2.1 mmol) of succinimidyl pentenoate The addition of 5% formamide into the transcription mixture
(46). The reaction mixture was stirred at 26 for 4 h and ~ did notinfluence the total yield of tRNA (56 mg/mL after
then acidified to pH 4 by the additiorf @ N NaHSQ, The  Purification) but improved the quality of the tRNA.
aqueous phase was extracted with 10 mL of ethyl acetate, After transcription, the tRNA was purified by chroma-
and the organic phase was discarded. The agueous phasegraphy by loading 1 mL of transcription mixture on a 1
was concentrated under diminished pressure. The residue wamL DEAE Sepharose column that had been equilibrated with
suspended in 20 mL of methanol, and the insoluble solid 0.1 M NaOAc at pH 5.3 followed by NaCl-gradient elution
was filtered. The solid was washed 2 times with 10 mL (usually, the tRNA transcript eluted with 8.7 M NacCl
portions of methanol. The combined methanol extract was in 0.1 M NaOAc at pH 5.3). Fractions containing the tRNA
concentrated under diminished pressure. The residue wagranscript were collected and precipitated with 2 volumes of
purified by flash chromatography on a silica gel column (18 isopropanol. For an additional purification step, the tRNA
x 3 cm). Elution with 1:1 ethyl acetate/methanol and then transcript was sometimes purified by gel filtration on a
with methanol afforded 1N-(4-pentenoyl)]-(&)-guanidinyl- Sephacryl S-200 column in buffer containing 0.1 M NacCl,
Sproline as a colorless foam: overall yield, 250 mg (75% 1 mM EDTA, and 10 mM Tris-HCI at pH 8.0 and then
for three steps); silica gel TL&, 0.5 (methanol)'H NMR precipitated with 3 volumes of ethanol in the presence 0.3

A solution of the tris(tetrabutylammonium) salt of pdCpA
(48) (2.5 mg, 1.84umol) dissolved in 5QuL of anhydrous
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M sodium acetate at pH 5.3. Finally, the tRNA was washed analysis of aliquots followed by the quantitation of radio-

with 70% ethanol, dissolved in water, and kept-&0 °C.

Synthesis of Aminoacyl-tRNAS mixture of 0.5Az¢0 Unit
of N-(4-pentenoyl)-aminoacyl-pdCpA and 5@ of a tR-
NAcua transcript lacking the '3erminal dinucleotide pCpA
in 50 uL of 50 mM Na-Hepes at pH 7.5 containing 15 mM
MgCl,, 0.5 mM ATP, 26-25% dimethylsulfoxide (DMSO)

activity in the gel using a phosphoimager.

Purification of Synthesized Proteins onNlitrilotriacetic
Acid (NTA) AgaroseAliquots (150-200uL) of the transla-
tion mixture were diluted 2-fold with 50 mM potassium
phosphate buffer at pH 7.8 containing 0.3 M NaCl and 100
ug/mL bovine serum albumin (BSA). NINTA agarose

(v/v), and 100 units of T4 RNA ligase was incubated at 37 columns (50uL) were equilibrated with 50@L of 50 mM
°C for 90 min. The reaction mixture was then quenched with potassium phosphate buffer at pH 7.8 containing 0.3 M NacCl.

0.1 volume 3 M NaOAc at pH 5.0 followed by 4 volumes
of cold ethanol. The resulting precipitatelf(4-pentenoyl)-

Diluted samples were applied to the columns, which were
washed with 50QL of 50 mM potassium phosphate buffer

aminoacyl-tRNA was recovered after centrifugation. The at pH 7.8 containing 0.3 M NaCl and then with 1D of
precipitate was washed with ethanol, dried, and then dis- the same buffer containing 50 mM imidazole. The proteins

solved in HO. The ligation efficiency was determined by

were eluted with 15L of 150 mM imidazole in 50 mM

gel electrophoresis in 8% PAGE/7 M urea/0.1 M NaOAc at potassium phosphate buffer at pH 7.8 containing 400

pH 5.0 62).

mL BSA and 0.3 M NaCl. In the case of luciferase, the

N-(4-pentenoyl)-aminoacyl-tRNA at 25C for 15 min at a
tRNA concentration of g/uL in 10 mM I, [from a stock
solution containing 100 mM;ldissolved in 1:1 tetrahydro-
furan (THF)/HO]. After deprotection, the solution was

h at 4 °C) and dissolved in 5L of 0.1 M potassium
phosphate at pH 7.8 containing 1 mM Mg&®@ mM EDTA,

and 15% glycerol. The concentrations of the purified proteins
were estimated using phosphorimager analysis after PAGE.

centrifuged and the supernatant was adjusted to 0.3 M Determination of the Enzymatic Adtly of Modified
NaOAc at pH 5.0. Traces of iodine were removed by DHFRs.The enzymatic activity of DHFR was determined

precipitating the resulting aminoacylated tRNA with 4

in deoxygenated 50 mM 4-morpholinemethanesulfonate

volumes of ethanol. The pellet of aminoacylated tRNA was (MES)/25 mM Tris/25 mM ethanolamine buffer at pH 7.0
then washed with 70% ethanol, dried under diminished containing 100 mM NacCl, 10 m\-mercaptoethanol, and

pressure, and dissolved in 1 mM KOAc at pH 5.0 for

0.1 mM EDTA at 37°C and 340 nm in the presence of 100

vitro suppression experiments or in formamide and 50 mM mM DHF and 100 mM NADPH in a 1.0 cm path-length

NaOAc at pH 5.0 containing 0.025% xylene cyanol for
electrophoretic analysis.

Plasmid Construction.The gene forPhotinus pyralis

cuvette using a Perkin-Elmer Lambda Array 3840 spectro-
photometer. A total of 1 unit of DHFR activity was defined
as the amount of enzyme required to redugerbl of DHF/

luciferase was excised from commercial plasmid pGL-3 Min based on a molar extinction coefficient of 1k810°3
(Promega) and subcloned into the pTrc99A vector. The M~ cm ™ for NADPH plus DHF at 37°C and pH 7.0.

resulting plasmid pTrcLucwt was analyzed by restriction

Luciferase AssayThe luciferase assay was carried out

analysis and luciferase assay of the protein product. A TAG using a commercial luciferase assay system (Promega). After
codon was introduced at positions 218 and 437 using atranslation, 10uL of the translation mixture or purified

QuickChangein vitro mutagenesis kit (Stratagene). The

samples was added to 100 of the luciferase assay reagent

modifications were confirmed by DNA sequencing. Plasmids and light emission was measured immediately using a Hitachi

pETDHwt and pETDH, were constructed previous|$J).

S-30 Preparation and in Vitro Translatioithe preparation
of the S-30 extract frork. coliwas carried out as described
by Short et al. $4) with minor modifications. Cells were
grown until the optical density at 450 nm was12.0. Cells

F 2000 fluorescence spectrophotometer. The pH dependence
of light emission spectra was studied in 0.1 M MES buffer,
containing 5 mM MgCJ, 0.5 mM luciferin, 1.5 mM ATP,
and 1 mM EDTA. The pH was varied by adding solidi$-(
morpholino)propanesulfonic acid (MOPS) (acidic pH) or Tris

were collected by centrifugation, washed, and pressed at gaodalkaline pH).
psi in a French press. The S-30 extract was preincubated ahESULTS

30 °C for 150 min followed by 37C for 15 min. Finally,

the S-30 extract was dialyzed against 10 mM Tris-HCI at

pH 7.4 containing 60 mM KOAc, 14 mM Mggland 1 mM
dithiothreitol (DTT), then frozen in liquid nitrogen, and
stored at—80 °C.

Synthesis of Arginine pdCpA Esteirtginine (1) and
arginine analogue®—5 (Figure 1) were all converted to the
respective argininyl-pdCpA derivatives in a similar fashion;
this is illustrated for homoarginin®)in Scheme 1. The key

Translation reactions were carried out in incubation intermediate was theMNprotected cyanomethyl ester, which

mixtures up to 1 mL in volume, containing 40% S-30 extract,

40—180 ug/mL template DNA, 30Q:g/mL aminoacylated

was obtained in two steps. Initially, homoarginine was treated
with 4-pentenoic acid succinimide estd in the presence

suppressor tRNA, 35 mM Tris-acetate at pH 7.4, 190 mM of NaHCQ; to obtainN-pentenoylhomoarginine in 59% yield.
potassium glutamate, 30 mM ammonium acetate, 2 mM Subsequent treatment of the product with chloroacetonitrile

DTT, 0.2 mg/mL unfractionateB. colitRNA, 2 mM IPTG,
3.5% PEG 6000, 2@g/mL folinic acid, 20 mM ATP and
GTP, 5 mM CTP and UTP, 10 mM cAMP, 1QfM amino
acids, and 10uCi/mL [3°S]methionine. Reactions were
incubated for 45 min at 37C and quenched by chilling on

in anhydrous DMF in the presence of di-isopropylethylamine
at 45-50 °C afforded the desired cyanomethyl ester as a
syrup in 51% yield. Coupling of the cyanomethyl ester with
tris(tetrabutylammonium) salt of pdCpA in anhydrous DMF
afforded the homoarginine pdCpA estepe(itenoyl-5-

ice. The results of the reactions were estimated by SDS gelpdCpA) in 27% yield (Scheme 1). The syntheses of the
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FiIGURE 1: Arginine analogues attached to tRRI&, and incorporated into proteins.

Scheme 1
° Q
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5-pdCpA

pdCpA esters oN-pentenoylarginine anil-pentenoylargi-

nine analogue®—4 are described in Schemes 1 and 2 of

the Supporting Information.

For the syntheses of conformationally constrained arginine
analogues6—8, the syntheses began with 4-substituted
derivatives of proline, as illustrated for arginine derivative

6 in Scheme 2. The knowr9) (49-aminoS-proline was
synthesized starting from KJ-hydroxy-Soproline in 35%
overall yield for five steps. Treatment of Boc-protecte8)¢4
amino-S-proline with aminoiminomethanesulfonic aciij

afforded the desired Boc-protectedS[4guanidinylproline

derivative. The deprotection of the Boc group was ac-

complished with 3:1 CRCI/TFA at 25°C for 3 h. The

resulting (4)-guanidinylproline was treated with 4-pentenoic

acid succinimide esterf) in the presence of NaHGQo
obtain N*-pentenoyl-(&)-guanidinyproline in 75% overall
yield for three steps. The cyanomethylati&B)(reaction was

Synthesis of Argininyl-tRN#Ass. Misacylated suppressor
tRNAcua transcripts were prepared as described previously
(56) by in witro runoff transcription of &ok-linearized DNA
plasmid. The transcript intentionally lacked thet@&minal
C and A moieties common to all mature tRNAs. As
illustrated in Scheme 3 for homoarginine, t&pentenoyl-
protected arginine pdCpA esters were combined with the
abbreviated tRNAs—Con transcript in the presence of T4
RNA ligase and ATP, as described in réis7.

Following enzymatic ligation to afford the full-lengtk*-
pentenoyl-protected argininyl-tRN#&as, the extent of the
ligation reaction was determined by analyzing the tRNA
samples by PAGE under acidic conditiori®2), As shown
in Figure 2, under these conditions, the full-length (tRNA
CCAon) and abbreviated (tRN&ya—Con) tRNA transcripts
were resolved on the gel based on their differences in length
(and hence phosphodiester content, cf. lanes 1 and 2).
Transfer RNAs bearinlyl-pentenoylaminoacyl moieties (e.g.,
leucine or citrulline; lanes 3 and 6, respectively) migrated a
smaller distance. Interestingly, the presence of a positively
charged group on the aminoacyl moiety (e.g., for arginine
and homoarginine; lanes 4 and 5, respectively) reduced the
mobility further. The free argininyl-tRNAyas were obtained
by the addition of a small amount of iodine to the aqueous
solution of the protected argininyl-tRNA&T, 58).

Modified DHFRs Containing Arginine Analogues at Posi-
tion 22.Position 22 in DHFR normally contains tryptophan;
it is a conserved residue that is part of a flexible loop that
helps to define the folate-binding site(—63). Changes in
this amino acid can be tolerated but do lead to changes in
enzyme efficiency43, 59—63). Accordingly, the argininyl-

carried out by treating the free acid with iodoacetonitrile in tRNAcuas as well as other misacylated tRNAs were used to

DMF at 25 °C using di-isopropylethylamine (DIEA) as a

synthesize DHFRs altered at this position, using a construct

catalyst (Scheme 2). The desired cyanomethyl ester wasthat had been shown to function efficientlyimzitro DHFR
obtained as a syrup. The cyanomethyl ester was coupled withsynthesis previouslys@). Most of the analogues tested were

the tris(tetrabutylammonium) salt of pdCpA in DMF in the
presence of triethylamine to afford SAguanidinylproline
pdCpA ester ffentenoyl-6-pdCpA) in 27% yield (Scheme
2). The pdCpA esters di-pentenoyl-protected B)-guanidi-
nylproline pentenoyl-7-pdCpA) and (45)-guanidinylmeth-
ylproline (pentenoyl-8-pdCpA) and proline pentenoyl-9-

incorporated reasonably efficiently, but the tRNAs activated
with conformationally constrained analogu&s8 functioned
poorly as suppressor tRNAs (Table 1). Interestingly, all of
these analogues are proline derivatives containing guanidine
substituents in the 4 position of the proline ring and may
thus be regarded as “hybrids” of proline and arginine. While

pdCpA) were prepared analogously, as outlined in Schemesnone of these analogues could be incorporated efficiently,

3—5 of the Supporting Information, respectively.

prolyl- and argininyl-tRNAuas themselves effected rea-
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sonably efficient suppression of the same UAG codon Taple 1: Incorporation of Arginine Analogues into Position 22 of
(Table 1). The reason for the limited incorporation of E. coliDHFR and Position 218 dP. pyralis Luciferase

analogue$—8is unclear but is consistent with the observed
trend of more selective incorporation of amino acids having

suppression efficiency (%)

. . . . amino acid DHFR firefly luciferase
side chains that include polar or charged residues.
Those DHFR analogues accessible in reasonable yield & a:ggh”y‘?a%)gmme ? 2; g21)i 29

were used to assess the effects of the modifications at position Ny_nitroarginine 8) 5.8

22 on DHFR function. As shown in Table 2, the replacement citrulline (4) 6.1
homoarginine %) 18

1 2 3 4 5 6 (49-guanidinylS-proline ©) 2.6 3.7

(4R)-guanidinylS-proline (7) 1.9 25

(49)-guanidinylmethylS-proline @) 0.5 1.8
.2.' Sproline ©) 21 22
.. . aDuplicate experiment.

FIGURE 2: Analysis of the pentenoyl-protected aminoacylated yeast of trvptophan with other aromatic amino acids. such as
tRNAPhe;, transcript on a denaturing acid gel. Lane 1, truncated yptop !

tRNAPH,: lane 2, mixture of full-length and truncated tRRA. phg.nylalanine or 2-naphthylglycine., had little effect on the
uas; lane 3, leucyl- RNAM > ua; lane 4, argininyl-tRNA&"4; lane ability of the enzyme to convert d|hydrofolate to tetrahy-
5, homoargininyl-tRNA&",; and lane 6, citrullinyl-tRNA&M . drofolate. The introduction of an amino group on the para
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Table 2: Comparison of Relative Activities of Modified DHFRs
Having Arginine Analogues in Position 22

amino acid enzyme activity (unitdl) 10
tryptophan (wild-type enzyme) 0.070
phenylalanine 0.062
2-naphthylglycine 0.065
p-aminophenylalanine 0.027
arginine () <0.001
N”-methylarginine 2) 0.012
NY-nitroarginine 8) <0.001
citrulline (4) 0.007 00
homoarginine ) <0.001

position of phenylalanine resulted in a-3-fold reduction
in NADPH consumption, suggesting that a positively charged
group in this position would not be well-tolerated. In fact,
the introduction of arginine, homoarginine, l¥-nitroargi-
nine essentially eliminated enzyme activity. While also
relatively inefficient, modified DHFRs containing citrulline
andN’-methylarginine at position 22 did exhibit some ability
to function catalytically.

Firefly Luciferases Modified at Positions 218 and 437. 00
To permit a more narrowly focused study of the influence
of different modifications of the arginine guanidine group Ficure 4: Light emission spectra of samples & pyralis

on enzyme function and also gain experience in introducing luciferase, synthesized from wild-type mRNA @nd two modified

arginine analogues into other proteins, two new constructs MRNAS [UAG codon in positions corresponding to Arg218 (upper
of P ralis luciferase were prepared. These involved panel) and Arg437 (lower panel)] in the presence of argininyl-tRNA
- Py prep ' (2), N7-methylargininyl tRNA @), homoargininyl-tRNA §), N’-

positions in luciferase that contain arginine in the wild-type nitroargininyl-tRNA ), and citrullinyl-tRNA 6). The spectra in
enzyme. Plasmids pTrcLuc218 and pTrcLuc437, containing this figure are not normalized for the amount of protein measured.

the luciferase gene with TAG codons at positions corre-
sponding to Arg218 and Arg437, respectively, were em- Table 3: Comparison of the Emission Efficiency (Em) and
ployed forin zitro transcription and translation. Translation g”nijx"\';‘g(’j*i‘ﬁ\e’\éa‘ﬁ'C‘?][‘egg‘sﬁnéaﬁcg‘;g'r']?%yg%i(rﬁ:lge“izl jgguAersgﬁllg)
from the wild-type gene and also from the qulfled genes poaiions 437 and 218

in the presence of unacylated tRRIAwas carried out at

1.0

the same time as controls. Although the conformationally o position 437 position 218
constrained arginine analogues—g) were also not incor- amino acid Amax(nm) — Em (%) Amax(nm)  Em (%)
porated efficiently into this luciferase (Table 1), it was found arginine Q) 559+ 0.6° 100 559+ 0.4 100

that the remaining four arginine analoguez—6) were N’-methylarginine) 559+2  41+10 560+0.8 136.2:13.5
9 9 9 ©) N7-nitroarginine 8) 557+ 2 1.3+ 0.2 594+25 18.6+3.7

incorporated with moderate to good efficiency, as shown in g jine () 55843  17+05 591L 2 254009
Figure 3. The suppression yields, relative to luciferase homoarginine%) 558+ 3 45+ 18 568+0.7 37.6+115
synthesis from wild-type mRNA, varied from 21 to 36% for lysine 566+ 2.9 19.245.6 569+2.2 28.7+84

the modification of position 218 and ¥50% for the aDetermined at pH 7.3.Standard deviation based on five experiments.

modification of position 437. After purification by NiNTA
chromatography, the modified luciferases were assayed forrather different effects at the two positions. At position 218
function. of this luciferase, substitution oN’-methylarginine for
Samples of wild-type and modified luciferases were arginine had little effect on the efficiency or wavelength of
characterized with respect to emission spectrum parameteremitted light. In other experiments, the luciferase containing
(Em andimay at pH 7.3 (Figure 4 and Table 3). As is clear N’-methylarginine actually emitted significantly more ef-
from Figure 4, the introduction of modified arginines had ficiently than the wild-type enzyme, as reflected in Table 3.
In comparison, arginine analogues contairrg at position

1T 2 3 4 5 67 8 9 10 11 121314 218 all caused the luciferase to emit less efficiently and at a
- longer wavelength. The most extreme changes were caused
[ — e e e by the introduction of citrulline andll”-nitroarginine, which

resulted in wavelength shifts of more than 30 nm and a
significant reduction in the efficiency of emitted light. In
33 50 17 19 41 25 36 21 28 31 % suppression comparison, substitution of arginine at position 437 by any

FiGure 3: Electrophoretic analysis of samples prepared during Of the analogues produced a substantial diminution in the
translation ofP. pyralis luciferase from two modified mRNAs ~ amount of light produced but no significant shift in the
[UAG codon in positions corresponding to Arg437 (left) and wavelength of the emitted light (Table 3).

Arg218 (right)] in the presence of argininyltRNA (lanes 2and 9),  A|so measured were the thermal stabilities of the modified

homoargininyl-tRNA (lanes 3 and 10N"-methylargininyl-tRNA . . .
(lanes 2 an{j 11),N§-nitroargininyl-?gNA (k;'nesg 5 Zmd 12), luciferases, as illustrated for the wild-type enzyme and

citrullinyltRNA (lanes 6 and 13), and uncharged tRNA (lanes 7 modified luciferase containiny’-methylarginine at position
and 14). Lanes 1 and 8, translation of luciferase from wild-type 218 (Figure 5). As shown, no difference was observed in
MRNA.

34
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the pH was raised to 9.1. The greatest pH-dependent change
in emission wavelength was observed for the luciferase
containing citrulline, which emitted at 601 nm at pH 6.4 and
shifted continuously at increasing pH values, emitting at 560
nm at pH 9.1. The remaining two luciferases, contairitig
methylarginine andN’-nitroarginine, exhibited relatively

20 small changes iflmax Values as the pH was varied.
0 " " " ' DISCUSSION
0 100 200 300 400
min The goals of the present study were focused on the
140 1 preparation of a set of arginine analogues and their incor-
120 4 poration into representative proteins. A demonstration that

i small changes in the amino acid structure could produce
100 significant changes in the properties of the synthesized
% proteins was also of interest but was expected on the basis
of numerous previous studies with other unnatural amino
60 4 acids (L0—27). Seven analogues of arginine were prepared,
characterized fully, and used to activate a suppressor
40 tRNAcua transcript. These were all shown to be incorporated
2 into the two model proteins chosen for study, although three
of the arginine analogues were incorporated only in low yield

0 T T v ? in the proteins chosen. Because the incorporation of indi-
0 100 200 300 400 vidual amino acid analogues is often context-dependent, these
min analogues may well be incorporated into other proteins with

Ficure 5: Comparison of the thermostabilities of wild-typ®,(  sufficient efficiency to permit their study in those cases.

arginine in position 218) and modified( N”-methylarginine in . .
position 218) luciferases at 3T (upper panel) and 4% (lower The arginine analogues chosen for study included those

panel). having a modified guanidine moiet®{4) that results in

610 the alteration of thelg, and nucleophilicity of this functional

group. Also studied were analogues having conformationally
g 6001 constrained side chain6<8) and one analogu&) in which
= 590 - the side chain is longer than that in arginine itself. While
2 580 4 the potential utility of each of these modified arginines will
2 570 - clearly differ according to the specific arginine being studied,
2 eo . the analogues were chosen to be broadly representative of
13 . .. .- .
H species capable of defining the need for the positioning and
£ 550 - . . C . . L . .
g orientation of the guanidine moiety of the arginine side chain
5401 in the wild-type proteins under study, as well as the nature
530 y ' y y ' of this functional group itself.
5.6 6.4 7.3 8.2 9.1 . . . .
oH The modified proteins studied the most carefully in the

present case were those derived from firefly luciferase. This

luciferases containing arginind)((wild type) and its unnatural p.rOtelr.] has bgen of considerable interest as a reporter in
analogued\’-methylarginine 2), N’-nitroarginine ), citrulline (4), biological studies §4—67) for a number of reasons. These
and homoarginines) in position 218. include high sensitivity of detection, low background lumi-
nescence in host cells, the ability to manipulate the emission
the stability of these two enzymes at 37 or°&2 Luciferases properties of the enzyme, and the absence of requirement
can exhibit pH-dependent changes in the wavelength of for post-translational processing. Although related luciferases
emitted light, and the four modified luciferases containing are found in many species of fireflies, the luciferase from
arginine analogues at position 218 were characterized atthe North American fireflyP. pyralis(EC 1.13.12.7), is now
different pH values from 5.6 to 9.1, in comparison with the of special interest because the X-ray crystallographic struc-
wild type. As shown in Figure 6, with the exception of the ture has been reporte@§). The analysis of the way in which
species containind\’-methylarginine, all of the enzymes this enzyme functions has been the subject of a number of
emitted at a shorter wavelength with increasing pH but the recent studies68—74).
patterns of change differed for all of the enzymes. The wild-  P. pyralisluciferase contains 550 amino acids and has a
type luciferase exhibited &nax at 580 nm at the lowest pH  molecular weight of 62 kDa. Its molecular architecture is
(5.6), but the wavelength maximum shifted to 564 nm at quite unique and includes large N-termina436) and
pH 6.4. Further increases in pH produced only minimal small C-terminal (443550) domains. These domains are
additional changes in the emission wavelength. Of the connected by polypeptide segment 43810, which contains
modified luciferases, the enzyme containing homoarginine highly conserved amino acid residues and is disordered in
exhibited similar behavior (albeit over a wider range of the crystal structures@). It has been suggested that the two
wavelengths), emitting at 597 nm at pH 5.6 and 573 nm at domains come together to form the substrate-binding pocket
pH 6.4. A further change of 9 nm was observediinx as (68). On the basis of the crystal structure and mutagenesis

Ficure 6: Effect of pH on the emission spectra of modified
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analysis of luciferase function, the molecular modeling of
the active site of luciferase has been carried &9(71).

By analogy with acyltransferases, which also catalyze the
formation of substrate-bound adenylate, the luciferase active
site was situated in the hydrophobic cleft between the two
structural domains. Indeed, the most invariant residues were
found on the surface of these domains opposite each other
and in the polypeptide that connects the two domaii®s-(

71). It is believed that the active site of luciferase can be
formed by residues 19806, 218, 245247, 413-457, and
524-528 ©8—71). Among these are seven absolutely
conserved residues (Gly200, Lys206, Glu344, Asp422,
Arg437, Gly446, and Glu455), which were invariant in 38
enzymes in this superfamily?. pyralis luciferase contains

11 arginine residues, but only 3 of them are located near the
proposed active site (Arg218, Arg337, and Arg433, 69,

74).

At present, there are three models of the active site of
luciferase, and arginines play an important role in all of them
(69—71). Sundalova and Ugarova have proposed that side
chains of Arg218 and Arg337 interact with luciferin and
shield the substrate from the solveft). Branchini and co-
workers have shown that mutagenesis of these arginine
residues leads to a red shift in the emission spectrum of the
enzyme T74). Further, alteration of Arg218 but not Arg337
resulted in a 1520-fold increase in th&K,, values for
luciferin. On the basis of data from their mutagenesis and
fluorescence experiments, Branchini et al. suggested that
Arg218 is required to maintain the rigidity and polarity of
the emitter-binding site essential for the normal yehow ; 4
green emission of this luciferasé4). Accordingly, Arg218 FIGURE 7: X-ray crystallographic structure &f. pyralisluciferase

(Figure 7) was chosen for replacement with unnatural (68), illustrating the position of Arg218 (in red). Arg437 is part of
analogues of arginine. the polypeptide that links the two folded domains and does not

In contrast, there are no data concerning the functional appear in the crystal structure because this region was disordered.

role of the invariant Arg437, which is also near the putative
active site, but the orientation of the hydrophilic arginine
side chain in an otherwise hydrophobic region of the protein
seems unlikely to be accidental. Accordingly, this position
was also chosen for replacement with arginine analogues
In a preliminary experiment to assess whether modification
at this position was likely to be enlightening, replacement
of Arg437 by Lys resulted in a luciferase that emitted at

Alteration of Arg437 produced modified luciferases, all
of which were much less efficient than the wild type in terms
of total light emission. However, unlike the changes to
position 218, none of the luciferases modified at position
‘437 resulted in an altered wavelength of the emitted light.
This is entirely consistent with the role of Arg437 as a
invariant residue essential for efficiency of enzyme function

longer wavelength (569 nm versus 559 nm for the wild type) but not a residue thought to participate directly in the binding

and with only 12% of the efficiency of the wild type (data of luciferin to the enzyme. ! .
not shown). In the aggregate, the present results affirm the utility of

In the context of these earlier studies, the present resultsunnatural amino acid mutagenesis for the detailed dissection

offer some additional insight. The introduction of a methyl ©f €nzyme function. Also described are experiments that
group on the guanidine moiety of Arg218 afforded an provide ready access to a set of arginine analogges thgt can
enzyme with unaltered (or sometimes enhanced) emissionP€ Used to explore the role of this important amino acid in
properties under standard assay conditions (pH 7.3) but thafProtein function.

also resisted alteration in the emission wavelength as the pH

was varied. This argues for the ability of the gmethylatez SUPPORTING INFORMATION AVAILABLE
Ar9218 to Stabilize the emitter'binding Site more efﬁciently Synthet|c methods for‘ a” pentenoy'aminoacy' pdeA
than arginine itself. In contrast, the enzymes containing derivatives that do not appear in the text. This material is

homoarginine, citrulline, an’-nitroarginine at position 218  ayailable free of charge via the Internet at http:/pubs.acs.org.
all emitted light less efficiently and at a longer wavelength.

Thus, the alteration of the nature (citrulline ard’- REFERENCES
nitroarginine) and orientation (homoarginine) of the guani- _ _ _
dine functional group in these modified enzymes was not 1. Smith, M. (1985)in vitro mutagenesisAnnu. Re. Genet. 19
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well-tolerated by the enzyme. These findings support the 2. Kunkel, T. A. (1985) Rapid and efficient site-specific mutagenesis

suggestion by Branchini et al74) that Arg218 is a key without phenotypic selectiorProc. Natl. Acad. Sci. U.S.A. 82
structural element within the emitter-binding site. 488-492.
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