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ABSTRACT. The design and synthesis of a novel iodine-labile serine protease inhibitor was realized by the
use of an ecotin analogue containing allylglycine at position 84 in lieu of methionine. Allylglycine-
containing ecotins were synthesized by in vitro translation of the ecotin gene containing an engineered
nonsense codon (TAG) at the positions of interest. A misacylated suppressor tRNA activated with the
unnatural amino acid allylglycine was employed for the suppression of the nonsense codons in a cell-free
protein biosynthesizing system, permitting the elaboration of ecotin analogues containing allyglycine at
the desired sites. The derived ecotin analogues were capable of inhibiting bovine trypsin with inhibitory
constants K;s) comparable to that of wild-type ecotin. lodine treatment of ecotin analogue Met34
resulted in the deactivation of ecotin, caused by peptide backbone cleavage at its P1 reactive site. Upon
iodine treatment, active trypsin could be released from the protein complex with ecotin analogué®het84

This constitutes a novel strategy for modulation of serine protease activity and more generally for alteration
of protein—protein interaction by a simple chemical reagent.

We have recently described a novel strategy for site- of the activation peptide, suggesting the compatibility of this
specific cleavage of proteinsl); This technique allows technique with the integrity of functional proteingj.

cleavage of the protein amide backbone at a single, pre- The introduction of allylglycine expands the functionality
determined site with a simple chemical reagent. The strategyof native proteins. One possible application of this new
involves the use of protein analogues containing the non- functionality includes the systematic removal of individual
native amino acid allylglycine®Gly)* at a specific site. This  protein domains of putative higher order structures such that
amino acid can be attached to suppressor tRMAas an  the functional contribution(s) of these structures can be
activated ester by chemical misacylati@-@); readthrough dissected. Especially in complicated proteprotein com-
of a nonsense (UAG) codod@-15) at a predetermined site  plexes, there is presently no simple method either to
by the use of a suitable protein synthesizing system affordedinactivate one of the proteins or to remove a specific
full-length protein containing'Gly at that site. Subsequent structural element from the protein complex in order to
iodine treatment resulted in protein cleavage at the expectedaddress structurefunction questions.
site through a presumed iodolactone intermediate. This To test the feasibility of this strategy at the level of a
strategy has been employed successfully to activate a trypsimprotein complex, the ecotirtrypsin complex was chosen
from its zymogen form (trypsinogen) by chemical removal as a model system. Ecotin, a homodimer protein present in
E. colj, is a potent, competitive inhibitor of serine proteases
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SDS, sodium dodecy! sulfate; PAGE, polyacrylamide gel electrophore- symmetry axis. The interaction of ecotin with trypsin relies
sis; NVOC, nitroveratryloxycarbonyl; THF, tetrahydrofuran; IPTG, g two distinct and interacting binding siteél). The reactive
|sop_ropylﬁ-D-thlogaIactoslde; LB, LurlaBertanl B_rot_h; Et, Wlld-typ(_e . idue has b d ined to b hich li
ecotin; Et Met8AGly, ecotin analogue with a substitution of allylglycine ~ SIt€ P1 residue has been determined to be Met84, which lies

for methionine at position 84; Et Met84Val, ecotin analogue with a Within a disulfide-bonded protein segme0( 21).

substitution of valine for methionine at position 84; Et Lys@8/, Presently we describe the elaboration of an allylglycine-
ecotin analogue with a substitution of allylglycine for lysine at position

126; EtA84—142, ecotin analogue lacking residues-8412; EtA126— containing analogue of ecotin and illustrate its utility as an
142, ecotin analogue lacking residues +2@2. iodine-labile inhibitor of the serine protease trypsin, thus
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visualized and quantified utilizing a Molecular Dynamics
400E Phosphorlmager equipped with ImageQuant version
5.0 software. Protein was dialyzed using Spectra/Por2
dialysis tubing, molecular mass cutoff 424 kDa (Spec-
trum Medical Industries), and concentrated using a micro-
centrator (Microcon YM-3, Millipore Corp.). Radioactivity
measurements were made using a calibrated phosphorimager
screen, permitting direct correlation of the pixel density of

| ecotin

NH, HooC

H,0 the image to the amount of radioactivity present in the
sample. A defined number of methionines was incorporated
into ecotin during in vitro translation (five for wild type and

HN O HzN_g’&L Lys1268'Gly ecotin; four for Met84Gly). Since the specific
trypsin + ?o activity of [3®S]methionine was known, this permitted
[ guantification of the amount of ecotin synthesized.
NH, HOOC UV spectral measurements were made using a Perkin-

) . . ) Elmer Lambda 20 UV/VIS spectrometer. Radioactivity
Ficure 1: Scheme illustrating treatment of the ecotin analegue d with K
trypsin complex with iodine, resulting in the release of trypsin. The Meéasurements were performed with a Beckman LS-100C
protein complex was formed between trypsin and an ecotin analogueliquid scintillation counter. Fluorescence spectral measure-
containing the unnatural amino acid allyglycine at position 84. ments were made using a Hitachi F2000 fluorescence

spectrophotometer. All aqueous manipulations employed

affording a novel method for the modulation of this serine distilled, deionized water from a Milli-Q system.
protease activity. Toward this end, allylglycine was incor-  Construction of Expression Plasmids for the in Vitro
porated in lieu of Met84, the P1 reactive site of ecotin. As Elaboration of Ecotin Analogue$he plasmid pGem-Et(Wt)
anticipated, iodine treatment resulted in the deactivation of was constructed by subcloning the ecotin gene from the pBS
the ecotin analogue and the release of active protease (Figur@is6-ecotin into the pGEM vector between tBanHI and
1). Also described is the elaboration of an ecotin analogue Xba sites. The plasmid pGEM-Et(84) was constructed using
having”Gly in place of Lys126. Since Lys126 is located at site-directed mutagenesis by the method of Kunias).(
the beginning of the dimer interfaceg), elaboration of this  Single-stranded pBS his6-ecotin was employed as the
analogue permitted a test of in situ removal of the dimer template, and the mutation was introduced using the primer
interface from the protein complex, such that its functional CGC GTT TCA ACG TAG ATG G@ TGC CCG GAT

contribution could be studied. GGC. The underlined region represents the newly introduced
stop codon while the italicized base represents a silent
EXPERIMENTAL PROCEDURES mutation that introduces a uniq&pH site. Upon obtaining

the correct plasmid, the gene was amplified by PCR and

General Methods and Material§3*S]Methionine (1000  subcloned into the pGEM vector between BanH| and
Ci/mmol, 10uCi/uL) was purchased from Amersham Corp. Xbd sites. The sequence was confirmed by DNA sequencing.
Ni-NTA resin was obtained from QIAGEN. Restriction The same approach was used to construct the pGEM-
endonucleases, purified acylated bovine serum albuminEt(126) plasmid. The mutation was introduced using the
(BSA), T4 DNA ligase, and T4 RNA ligase were obtained primer GAC AAT GTA GAC GTC TAG TAC CGC GTC
from New England Biolabs (Beverly, MAE. coli IM109 TGG AAG. The underlined region represents the newly
competent cells were from Stratagene Cloning Systems (Laintroduced stop codon while the italicized base represents a
Jolla, CA). Kits for plasmid isolation were purchased from silent mutation that introduced a uniqueatl! site. The
PGC Scientific (Gaithersburg, MD). AmpliScribe transcrip- sequence was confirmed by DNA sequencid) (
tion kits and T7 RNA polymerase were purchased from  Plasmids pGem-Et(Wt), pGem-Et(84), and pGem-Et(126)
Epicentre Technologies (Madison, WI). Plasmid pALTER- were each digested wittNdd and Nsil, while plasmid
Ex1 was from Promega Corp. (Madison, WI). Acrylamide, pALTER-Ex1 was digested withNdd and Psti. The small
N,N-methylenebisacrylamide, urea, Tris base, NTPs, DEAE fragment isolated from pGem-Et(Wt), pGem-Et(84), or
Sepharose CL-6B, isopropftp-thiogalactopyranoside, GMP,  pGem-Et(126) digestion contained the ecotin gene and was
amino acids, bovine trypsin, bovine trypsin attached to cross- subcloned into the digested pALTER-Ex1 vector to give
linked beaded agarose (trypsiagarose resin) as well &- plasmids pTac-Et(Wt), pTac-Et(84), and pTac-Et(126), re-
benzoylS-arginine 7-amido-4-methylcoumariN®-benzoyl- spectively. The nucleotide sequences of pTac-Et(Wt), pTac-
Sargininep-nitroanilide, and 4-methylumbellifergt-guanidine Et(84), and pTac-Et(126) were verified by restriction analysis
benzoate were from Sigma Chemicals. Nitroveratryloxy- and Sanger DNA sequencing.
carbonyl (NVOC)-protected pdCpA derivatives of valine and  In Vivo Synthesis and Purification of Ecotin. Escherichia
allylglycine were prepared as described previoudly ( coli strain JIM109 was freshly transformed with expression

Plasmid DNAs were isolated using a Wizard Miniprep plasmid pTac-Et(Wt). A single colony selected from tetra-
purification system (Promega) or a JetStar plasmid midi kit cycline plates was used to inoculate 3 mL of Luria Broth
(PGC Scientific) according to the protocols provided. (LB) containing 10ug/mL tetracycline. The cultures were
Sequence analysis was performed using a Sequenase versiggrown at 37°C for 9 h and dilutedd 1 L of Luria Broth
2.0 DNA sequencing kit (US Biochemical). Sodium dodecyl (LB)/tetracycline. Following growth at 37C for 1 h, IPTG
sulfate-polyacrylamide gel electrophoresis was carried out was added to the cultures to a final concentration of 0.5 mM;
using the standard Laemmli procedurg?) Gels were the cultures were maintained at 3C for 8 h. Cells were



Site-Specific Protein Cleavage

harvested by centrifugation (50010 min), washed, and
resuspended in a buffer consisting of 300 mM NaCl, 10 mM
imidazole, 10% glycerol, 5 mM 2-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride, and 10@g/mL BSA in 50
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nine, 40uCi of [3°S]-Smethionine, and 3@L of an S-30
extract that had been heat-shocked at@Zor 6 min 25).
Suppression reaction mixtures (10D) contained 259 of
deprotected misacylated tRN#», and were incubated at 37

mM sodium phosphate, pH 8.0. Lysozyme was added to a°C for 90 min. As a control, in vitro translations were also
final concentration of 1 mg/mL, and the cells were incubated carried out without the addition of misacylated tRNA.

on ice for 30 min. All further steps were performed &Gl

Aliquots were taken for analysis by 20% SBBAGE.

The cells were disrupted by sonication on ice. The cell extract Autoradiography of the gels was carried out to determine
was prepared by two successive centrifugation steps (30000 the location of*S-labeled protein; quantification of the bands

for 30 min), followed by centrifugation at 320§@or 1 h to

was carried out using a phosphorimager.

effect complete separation. The supernatant was applied to Purification of in Vitro-Synthesized Ecotin Analogubs.

a Ni-NTA agarose column equilibrated with a solution
containing 300 mM NacCl, 10 mM imidazole, and 109/
mL BSA in 50 mM sodium phosphate, pH 8.0. After the
column was washed with 10 volumes of this buffer, the
protein was eluted with 8 volumes of 50 mM sodium
phosphate, pH 8.0, containing 300 mM NaCl and 250 mM
imidazole. Fractions were analyzed by SB®lyacrylamide
gel electrophoresis2@), and the fractions containing pure

vitro translation mixtures (20@L) containing3°S-labeled
protein were centrifuged at 14090for 30 min. The
supernatant was applied to a 200-DEAE Sepharose CL-

6B column that had been equilibrated with 5 mM potassium
phosphate buffer, pH 7.0. The column was washed with three
300uL portions of 5 mM potassium phosphate buffer, pH
7.0, containing 10 mMB-mercaptoethanol, followed by three
300 uL portions of 5 mM potassium phosphate buffer, pH

ecotin were pooled and dialyzed against 10 mM sodium 7.0, and then with three 3Qf. portions of 5 mM potassium

phosphate, pH 7.0, containing 50 mM NaCl and 10%

phosphate buffer, pH 7.0, containing 30 mM KCI. The

glycerol at 4°C for 4 h. The samples were then concentrated remaining proteins (including the desired product) were then

to 10 ug/uL using a microconcentrator and stored-a20

eluted from the column by washing with six 100 portions

°C. The purified ecotin showed a single band when analyzed of 5 mM potassium phosphate buffer, pH 7.0, containing 1

by a Coomassie Blue-stained SBfolyacrylamide gel.
Preparation of Misacylated Suppressor tRMdbbreviated
suppressor tRNA (tRN&a-Con) used in the chemical

M KCI.
The fractions containing radioactivity were applied to a
100uL Ni-NTA agarose column equilibrated with 300 mM

misacylation reactions was prepared as described previouslyNaCl, 10 mM imidazole, and 100g/mL BSA in 50 mM

(1, 16, 25. Chemical misacylation reactions were carried
out in 100uL (total volume) of 50 mM Na Hepes, pH 7.5,
containing 0.5 mM ATP, 15 mM MgGJ 50ug of suppressor
tRNA-Con, 1.0Az60 unit of protected aminoacyl-pdCpA {5

sodium phosphate, pH 8.0. After the column was washed
with 5 volumes of equilibration buffer, the protein was eluted

with 8 volumes of 50 mM sodium phosphate, pH 8.0,

containing 300 mM NaCl, 250 mM imidazole, and M

10-fold molar excess), 10% dimethyl sulfoxide, and 200 units BSA. The radioactive fractions were combined and dialyzed

of T4 RNA ligase. After incubation at 37C for 45 min, the

against 50 mM NaCl in 20 mM sodium phosphate, pH 7.0.

reaction was quenched by the addition of 0.1 volume of 3 The purified proteins were then concentrated to the desired
M sodium acetate, pH 5.2, and the tRNA was precipitated concentration using a microconcentrator. The amoufiSsf

with 2.5 volumes of cold ethanol, collected by centrifugation,

labeled protein in each fraction was determined by liquid

washed with 70% ethanol, and dried. The product was scintillation counting of a portion of each.

redissolved in 1 mM KOAc, pH 4.5, to a final concentration
of 5 ugluL. The efficiency of ligation was judged by gel
electrophoresis at pH 5.@2€). Deprotection of NVOC-
containing aminoacyl-tRNAs was carried out at a tRNA
concentration of sug/uL in 1 mM potassium acetate, pH
4.5. The aminoacyl-tRNAs were cooled t6Q and irradiated
with a 500 W mercury-xenon lamp using both Pyrex and
water filters. After 2 min of irradiation, the deprotected
aminoacyl-tRNAs were used in in vitro suppression experi-
ments immediately following deprotection.

In Vitro Synthesis of Ecotin Analogu&yntheses of ecotin

Binding of Ecotin Analogues to a Trypsit&garose Resin.
One hundred microliters of trypsiragarose resin was
equilibrated with 20 mM Tris-HCI, pH 4.5. Aliquots (50
100 ng) of ecotins purified on Ni-NTA agarose were taken
such that they contained the same amount of protein. The
buffer for the proteins was changed to 20 mM Tris, pH 4.5,
by using a 3000 MW cutoff microconcentrator (Microcon
YM-3, Millipore Corp.). The protein samples were then
combined with 10Q.L of equilibrated trypsir-agarose resin;
the mixture was maintained at°€ for 10 min. The resin
was then washed successively with five J0aliquots of

and ecotin analogues were performed in a bacterial S-30equilibration buffer. Fifty microliters of 25 mM HCI was

extract containing diminished levels of release fact@9)(

added to the resin; the mixture was maintained &t4or

In vitro translation reactions carried out in the presence of 10 min. The resin was then eluted with six 100 portions

S-30 extract were performed in 48000 uL reaction
mixtures that containing the following per 10Q: 10 ug

of plasmid DNA dissolved in diethyl pyrocarbonate-treated
water, 40uL of premix [35 mM Tris—acetate, pH 7.0, 190
mM potassium glutamate, 2 mM dithiothreitol, 30 mM

of 25 mM HCI. An aliquot (10uL) of each of the six
fractions was used for determination of radioactivity and
analyzed by SDSPAGE.

Determination of Trypsin and Ecotin Concentration.
A stock solution of bovine trypsin was quantified by active

ammonium acetate, 11 mM magnesium acetate, 20 mMsite titration @7) with the fluorogenic substrate 4-methyl-

phospho(enol)pyruvate, 0.8 mg/ntt. coli tRNA, 0.8 mM
isopropyl 3-p-thiogalactopyranoside, 20 mM each of GTP
and ATP, 5 mM each of UTP and CTP, and 10 mM cAMP],
100uM of amino acids minus methionine, 30 methio-

umbelliferyl p-guanidine benzoatéd.d, 360 nm;Aem 450 nm)
to determine the concentration of the enzyme active sites
accurately. Active site-titrated trypsin was used to quantitate
ecotin using N*-benzoylS-argininep-nitroanilide as the
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tac promoter gx His tac promoter 6x His tac promoter 6x His

Tetr
pTac-Et(84)

: Tetr
ecotin

pTac-Et(Wt) pTac-Et(126)

B 5...ATG CAC CAT CAT CAC CAC GGG CAT GCA GAA AGC...3’
Met His His His His His Gly His Ala Glu Ser

-8 7 -2 111 2 3
ecotin

Ficure 2: (A) Plasmid constructs used for the in vitro elaboration of wild-type ecotin [pTac-Et(Wt)] and ecotin analogues modified at
either Met84 [pTac-Et(84)] or Lys126 [pTac-Et(126)]. (B) Nucleotide and amino acid sequence ‘agtiteds the ecotin gene. A hexahistidine
sequence added to the N-terminus to facilitate affinity purification is underlined. Amino acids are numbered starting from the first Ala of
wild-type ecotin. The nonsense codon TAG was introduced into the ecotin gene at codon position 84 or 126.

substrate; an ecotin/trypsin stoichiometry of 1:1 was assumedl mM I, and 15% THF. The solution was incubated at 25
(17). For in vivo synthesized ecotin, there was good °C for 60 min with constant mixing. Excess iodine was
agreement with protein concentrations determined by Brad-removed quickly by a buffer exchange process using a 3000
ford analysis 28), titration with trypsin, and the calculated MW cutoff microconcentrator. The buffer for the ecotin
molar extinction coefficient at 280 nm (21 920 chiv1). analogues was changed to 50 mM Tris-HCI, pH 8.0,
The concentrations of in vitro synthesized ecotin and ecotin containing 10 mM CaGland 100 mM NaCl. Each sample
analogues were calculated on the basis3t$]methionine was then used immediately in trypsin inhibition assays.
content; these were normalized to the specific activity of an  lodine Treatment of TrypstnEcotin ComplexesFifty
in vivo synthesized sample of wild-type ecotin by making picomoles of ecotin or ecotin analogues was incubated with
the assumption that in vivo and in vitro generated wild-type 40 pmol of bovine trypsin in a total volume of 2@Q of 50
ecotin have the same specific activity for bovine trypsin mM Tris-HCI, pH 8.0, containing 10 mM Caghnd 100
inhibition. mM NaCl. Following equilibration at 28C for 1 h, a 20
Determination of Ecotin Dissociation Constant by Fluo- 4L aliquot was used to verify that trypsin activity (for
rescence TitrationMeasurement of the change in fluores- catalyzing the hydrolysis dfi*-benzoylS-arginine 7-amido-
cence of Trp130 with ecotin concentration was carried out 4-methylcoumarin) had been completely inhibited. lodine
on a Hitachi F2000 fluorescence spectrophotometer (excita-was dissolved in 1:1 THF/# and added to the protein
tion at 280 nm, emission at 340 nm). Ecotin (281) and complex to a final concentration of 1 mM (15% THF). After
Stryptophan (4Q:M) were each consecutively diluted 2-fold @ 1 h incubation at 25C, the protein complex was dialyzed
in 50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl and for 6 h at 4°C against 50 mM Tris-HCI, pH 8.0, containing
2 mM CaC}. The absorbance of the initial tryptophan 10 mM CaC} and 100 mM NacCl. Trypsin activity for the
solution was equivalent to that of the initial ecotin solution. resulting protein complex was analyzed as described above.
Fluorescence emission was recorded within 15 s of dilution.
The concentration dependence of the ratio of the ecotin RESULTS
fluorescence emission to th&tryptophan fluorescence
emission was used to determine the dissociation constant for; ¢ Ecotin AnaloguesPlasmids pTac-Et(84) and pTac-

ecotin dimerization9). Et(126) were constructed (Figure 2) in order to permit the
Determination of Equlllb”um Dissociation Constants. incorporation of the unnatural amino acid a||yg|yc|ﬁ§(y)
Ecotin or ecotin analogues were incubated at various jnto ecotin. Modified ecotin genes were placed under the
concentrations with a constant amount of trypsin in a total control of both tac and SP6 promoters, as well as efficient
volume of 19QuL of 50 mM Tris-HCI, pH 8.0, containing  translation initiation signals. A DNA sequence coding for
10 mM CaC& and 100 mM NacCl. FOIIOWing equ”ibration the pep“de sequence MHHHHHGH was introduced im-
at room temperature for 20 min, 14 of 4 mM N-benzoyl-  mediately prior to the first codon of the ecotin gene. The
L-arginine 7-amido-4-methylcoumarin was added, and the jnclusion of the hexahistidine moiety was intended to
rate of substrate hydrolysis was measured by monitoring thefacilitate purification of the synthesized ecotin by affinity
Change in emission at 460 nm o\&2 min periOd at 28C Chromatography on Ni-NTA agaroselo_ The nonsense
using a Hitachi F2000 fluorescence spectrophotometer. Thecodon TAG was introduced to replace ATG (Met84) or AAG
assays were repeated 3 times at different ecotin concentra(.ys126). Additionally, the authentic stop codon for the gene
tions. The data were fit to the equation derived for kinetics was changed from TAG to TGA to preclude readthrough
of reversible tight-binding inhibitors 30) by nonlinear  py the misacylated suppressor tRNA. As a control, a plasmid
regression analysis using the program Kaleidagrah ( containing the wild-type ecotin gene was also constructed.
lodine Treatment of Ecotingcotin or ecotin analogues  Subcloning of the modified ecotin genes from the intermedi-
were treated with iodine in an aqueous solution (4DQotal ate vectors pGem-Et(Wt), pGem-Et(84), and pGem-Et(126)
volume) containing 10 pmol of ecotin or an ecotin analogue, into the expression vector pALTER-Ex1 afforded final

Construction of Expression Plasmids for in Vitro Elabora-
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expression plasmids pTac-Et(Wt), pTac-Et(84), and pTac-
Et(126), respectively.

In Vivo Expression and Characterization of Ecotifio
verify that the inclusion of the hexabhistidine moiety could
simplify the purification procedure of ecotin without affecting
its ability to inhibit trypsin, ecotin containing the hexa-
histidine peptide (HisEt) was synthesized in vivbhe
expression plasmid pTac-Et(Wt) was transformed Etooli
JM109. Expression of HisEt was induced by addition of 1
mM isopropyl$-b-thiogalactoside. A cell extract was pre-
pared and applied directly to a Ni-NTA column for purifica-
tion by affinity chromatography3{). As judged by SDS
PAGE, greater than 98% purity could be achieved by this
simple chromatographic step (Supporting Information, Figure
1). The yield of purified protein was about 12 mg per liter
of culture.

To investigate whether the histidine fusion peptide influ-
enced the dimerization of ecotin, the monomdimer
dissociation constant{y, was measured for HisEt. Each

ecotin monomer contains two tryptophan residues (Trp67 and

Trp130) with Trp130 located near the dimer interface. The
fluorescence of Trpl30 is sensitive to the oligomerization
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Ficure 3: “Chemical aminoacylation” strategy employed for the

state of the molecule; changes in its emission spectrum arepreparation of misacylated suppressor tRiNAs used for the

dependent upon the monometimer equilibrium 29). By
monitoring the fluorescence of Trp130Kavalue of 260+
110 nM was determined for HisEt, in good agreement with
the value (220+ 130 nM) reported previouslyl0, 29
(Supporting Information, Figure 2). The inhibition constant
(Kj) of HisEt for blocking trypsin function was determined
to be 0.33+ 0.01 nM, also comparable to the value (081
0.06 nM) reported previouslyl@). These results demon-

strated that the presence of the histidine fusion peptide did

not significantly affect the self-association of ecotin or its
ability to inhibit bovine trypsin.

Synthesis of Allylglycyl-tRNfa. The suppressor tRNA
used in this study was a modified yeast tRN®&transcript
(6, 32 that contains a CUA anticodon. A truncated form of
the tRNA lacking the 3terminal pCpA was prepared by in
vitro T7 transcription of linearized pYRNAS8 plasmid DNA
(14) bearing a gene for the yeast tRR¥ya. The mis-
acylated tRNAya used for readthrough of the TAG codon
was prepared by T4 RNA ligase-mediated couplingeb-
nitroveratryloxycarbonyl)®,9-allylglycyl pCpA with the
truncated tRNA transcript (Figure 3). Photolytic deblocking
of the ligation product gave allylglycyl-tRNA. Valyl-
tRNAcua was prepared similarly.

In Vitro Synthesis and Characterization of Ecotin Ana-
logues.The synthesis of ecotin analogues containi@jy
in lieu of either Met84 or Lys126 was effected using the
general strategy for the synthesis of proteins containing
unnatural amino acids at specific siteés—(5). The ecotin

elaboration of ecotin analogues.

kDa 1 2 3 4 5 lane

30~ ——— e ¢—— 1! gene product

215~ -— < full length ecotin
-1—premature termination

14.3 ﬁ — — at 126-TAG (Et A126-142)

oy === 4——premature termination
at 84-TAG (Et AB4-142)

100 141 48 241 63 suppression efficiency (%)

Ficure 4. Phosphorimager analysis of a 15% SEBlyacrylamide

gel illustrating the in vitro synthesis of ecotin. Protein synthesis
was carried out using aB. coli S30 system in the presence of
[33S]methionine and the following ecotin gene constructs: lane 1,
pTac-Et(Wt); lane 2, pTac-Et(126) without suppressor tRNA
lane 3, pTac-Et(126} allylglycyl-tRNAcya; lane 4, pTac-Et(84)
without suppressor tRNAa; lane 5, pTac-Et(84) allylglycyl-
tRNAcua. The suppression efficiency is indicated below each lane.
Other P5S]methionine-labeled protein bands were also observed
following transcription-translation of plasmid pALTER-Ex1.

allylglycine (Figure 4, lanes 3 and 5). However, in the
absence of this species, the translation product derived from
the modified ecotin gene in pTac-Et(126) was a 15 kDa
protein (Figure 4, lane 2), presumably formed by premature
termination of protein synthesis at TAG codon at position
126 (denoted as EA126—-142). Likewise, premature ter-
mination product resulting from the translation of pTac-
Et(84) (denoted as E484—142) also appeared as a protein
having the anticipated molecular mass (Figure 4, lane 4).

gene constructs were transcribed and translated in a coupledther observed protein bands were also produced from vector

XAC—RF S30 bacterial extract containing diminished levels
of release factor 125). Translation of pTac-Et(Wt)-derived
MRNA afforded a new protein, relative to those produced
from pALTER-Ex1. This product migrated as a protein
having molecular mass of 17 kDa and was attributed to full-
length ecotin produced from the wild-type ecotin gene
(Figure 4, lane 1). As anticipated, expression of the other
gene constructs [pTac-Et(84) or pTac-Et(126)] to afford a

pPALTER-Ex1, and are thus unrelated to expression of the
ecotin gene.

The ability of allylglycyl-tRNAcua to suppress stop codon
TAG at position 84 or 126 was quantified by phosphorimager
analysis, and the results are shown in Figure 4. The yield of
wild-type ecotin produced by in vitro translation was
determined to be 2&g/mL by both active site titration and
Bradford analysis28). Thus, the yields for Et Met84Gly

comparable full-length ecotin band was dependent on theand Lys126Gly were 13 and 1@g/mL, respectively, based
presence of a suppressor tRNA that had been activated withon the suppression efficiencies shown in Figure 4.
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A kDa 1 2 3 lane Table 1: Definition and Characterization of Ecotin Analogues
215 - binding. e
. inding inhibitory
_— e 3 «full length ecotin analogue  to  efficiency
143 — « premature termination at symbol trvosin (%) K. (nM tati
126-TAG (Et A126-142) y yP 0) (M) mutations
- = premature termination at Et + 100 0.34+ 0.02 wild type
65 - 84-TAG (Et AB4-142) Et M84°G + 93 0.41+ 005 single residue
substitution at
B kDa 1 2 3 4 lane position 84
Et M84V + 96 0.47+ 0.03 single residue
215 — substitution at
— ——. «full length ecotin position 84
~=—="" ““premature termination at Et K126°G + 100  0.37+0.06 single residue
143 — 126-TAG (Et A126-142) substitution at
position 126
FIGURE 5: Autoradiogram of a 15% SDSpolyarylamide gel =~ EtA84-142  — 0 neb deletion of residues
demonstrating the binding of in vitro synthesized ecotin variants 84-142
to Ni-NTA agarose resin (A) and trypsiragarose resin (B). Panel ~ EtA126-142  + 52 0.91+0.04 deletllozrégfl;ezsldues

A: In vitro synthesized ecotins were applied to Ni-NTA columns.
The proteins retained by the columns were analyzed: lane 1, aRelative inhibitory efficiency was established by comparing the
translation mixture as described in Figure 4, lane 5; lane 2, wild- residual trypsin activity after adding the same amount of ecotin
type ecotin; lane 3, translation mixture as described in Figure 4, analogues to defined amounts of bovine tryp8iNot detectable.

lane 3. Panel B: Ecotin analogues produced by in vitro synthesis
and purified on Ni-NTA agarose were applied to trypsagarose

1

resin. The proteins retained by the resin were analyzed: lane 1,
transcription/translation product from pTac-Et(84) in the absence g9
of allylglycyl-tRNAcua; lane 2, transcription/translation product
from pTac-Et(84) in the presence of allylglycyl-tRNé; lane 3, 0.8
transcription/translation product from pTac-Et(126) in the absence 0.7 —O— Etwt
of allylglycyl-tRNAcu,; lane 4, transcription/translation product §‘ —l— EL Melg4/Gly
from pTac-Et(126) in the presence of allylglycyl-tRNék. ;:;, 0.6 A Bt Lys126°Gly
The protein mixtures derived from the in vitro transcrip- §
tion/translation of the ecotin expression plasmids were § 04
applied to Ni-NTA agarose columns. The proteins retained & o3
by the resin were analyzed by SBBAGE (Figure 5, panel 02
A). Since Ni-NTA agarose specifically retains those proteins '
that have a spatially accessible hexahistidine moiafy, ( 0.1
one would expect that only the translation product derived 0 by e
from the ecotin gene would be retained on the Ni-NTA resin. 0 1 2 3 4 5 6 7 8 9 10
The results shown in Figure 5A were consistent with this Ecotin (nM)

expectation. After Ni-NTA chromatography purification, only  gyre6: Determination of the ability of in vitro synthesized ecotin
full-length ecotins as well as the premature termination and ecotin analogues to inhibit bovine trypsin function. Inhibition
products EtA84—142 and EtA126—142 were retained on  of function is expressed as the ratio of the inhibited rate to the

resin; other proteins initially present in the translation mixture uninhibited rate (fractional activity) at varying ecotin (analogue)
were eliminated concentrations following formation of the ecotitrypsin complex.

. . . . The fluorogenic substrate used for the assay WabenzoylS
This procedure provided access to several purified ecotin grginine 7-amido-4-methylcoumarin.

analogues. These are listed in Table 1. In the presence of
allylglycyl-tRNAcua, translation of pTac-Et(84) and pTac- was comparable to that of full-length ecotin, although more
Et(126) afforded Et Met84Gly and Et Lys126Gly, re- full-length ecotin had been retained on the Ni-NTA agarose
spectively, while in the absence of misacylated sup- column. Despite the apparently tighter binding ofAgt26—
pressor tRNAua, transcription/translation from the same 142 to trypsin, the truncated mutant had a diminished
expression plasmids afforded BB4—142 and EtA126— capacity to inhibit trypsin function (Table 1).
142. Et M84V was used as a control and was obtained by To investigate whether the introduction4Ely at Met84
transcription/translation of pTac-Et(84) in the presence of (P1 reactive site) or Lys126 affected the potency of ecotin
valyl-tRNAcya. in trypsin inhibition, the inhibitory activities of ecotin
To test the binding capability of ecotin, the in vitro analogues Met845ly and Lys126Gly were compared to
synthesized, Ni-NTA-purified ecotin analogues were applied that of wild-type inhibitor against bovine trypsin. Figure 6
to a trypsin-agarose resin. The proteins retained on the shows that both Et Met&Gly and Et Lys126Gly were
column were analyzed by SBAGE. As shown in Figure  capable of inhibiting bovine trypsin to nearly the same extent
5B, all full-length ecotins (wild type, Met84Gly, and as wild-type ecotin. The inhibitory constantsg) of ecotin
Lys126'Gly), as well as truncated mutant A126—142, analogues toward bovine trypsin were measured and are
were capable of binding to trypsin while mutant A84— listed in Table 1. TheK;s for both Et Met84Gly and Et
142 was not retained by trypsin. A comparison of Figure Lys126'Gly are comparable to that of wild type, indicating
5A and Figure 5B indicated that the amount of truncated that the allylglycine-containing ecotins are still potent trypsin
mutant EtA126—142 bound to the trypsin agarose column inhibitors of trypsin function.
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1.2
1

11 g @ no ecotin
53 08 no ecotin 2 084 & before iodine treatment
] 2
= 3] 0 after iodine treatment
S 6| B ecotin - iodine < 06 -
< 06 [
= B
g ) o
04 1 B ecotin +1.0 E‘ 04 4
% mMiodine =
=3 ] 3
:% 02 .::T,’ 02 4
& 4

0 o

; 0 shn T )
wild type Met84~Gly Lys126°Gly
. — . . Ts-Et Ts-Et Ts-Et Ts

FiGure 7: Effect of iodine treatment on the ability of ecotin and (WE)  (M84AG) (K126°G)

ecotin analogues to inhibit bovine trypsin function. Five picomoles
each of wild-type ecotin, ecotin analogue Méet&dy, or ecotin Ficure 9: Activation of trypsin from trypsir-ecotin (analogue)
analogue Lys128Gly was treated with 1 mM,lat 25°C for 20 complexes by iodine treatment. Wild-type ecotin and ecotin
min, then used to inhibit bovine trypsin after removing residual analogues Met84Gly or Lys126'Gly were each used to form
iodine. The hydrolysis of 0.2 mM trypsin substréie-benzoylS complexes with trypsin that lacked trypsin function. After equilib-
arginine 7-amido-4-methylcoumarin was determined for bovine rium was reached, the protein complexes were treated with 1 mM
trypsin (3 pmol). I, at 25°C for 20 min. The hydrolysis of 0.2 mM trypsin substrate
Ne-benzoylS-arginine 7-amido-4-methylcoumarin was used to

kDa 1 2 3 4 5 & lane determine trypsin activity.
215 _ full-length ecotin
—— s S——— 1:/Em126.142 trypsin function (Figure 7). The reason for this became
14.3 - w” «—\ apparent when the cleavage of Et Lyst#&y was analyzed
Et 484-142 by PAGE. Less than 5% cleavage was noted.
4 29 cleavage efficiency (%) To demonstrate that active trypsin can be released from a

complex with an iodine-labile ecotin analogue, Et Mé@BH

was used to form a 1:1 complex with bovine trypsin; the
complex displayed no observable amide hydrolysis activity.
The formed protein complex was then treated with iodine.
The trypsin activity of this iodine-treated protein complex
was then tested in the presence of a fluorescent substrate.
As shown in Figure 9, destruction of Et Met&3ly afforded

The abilities of the other modified forms of ecotin to ¢ . vt ivalent to 26% of th tivity ob q
inhibit trypsin function were also determined (Table 1). That trypsin activity equivaient 1o o ot the aclivily observe

Et A84—142 did not inhibit trypsin function was consistent " the absence of ecotin. Since the cleavage product was

with the observation that this truncated ectotin analogue did analqgous to EA84-142, th_ellatter. of which does not |nh|b:)t
not bind to trypsin-agarose resin (Figure 5B, lane 1). trypsin function (Table 1), it is logical to conclude that 26%

Analogue EtA126-142 exhibited a~48% decrease in of the trypsin molecules were available for enzyme turnover
ability to inhibit trypsin function, while Et Met84Val had a in their complexes W'thOEt Met&Gly. In fact, this figure
Ki value comparable to that of wild-type ecotin. mz_itches closely the 29% cleavage_ OT Et MéBly noted

To demonstrate that Et Met8&ly was an iodine-labile (Flgure 8). However, analogous. lodine treatment_of the
inhibitor that could be deactivated by iodine treatment, protein complex formed by admixture of trypsin with Et

purified Et Met84Gly was treated with iodine, and then Lys126'Gly had no effect on trypsin activity.

tested for its ability to inhibit bovine trypsin. The experiments DISCUSSION

were carried out under conditions shown previously not to

affect trypsin activity {, 16). The inhibitory activity was Introduction of the unnatural amino acid allylglycine into
determined by measuring the fractional trypsin activity after a protein expands the repertoire of chemical transformations
admixture of inhibitor and was compared with that of Et accessible to that protein. Of particular interest in the present
Met84°Gly without iodine treatment. The same amount of study is the observation that the amide backbone adjacent
wild-type ecotin as well as mutant Met84Val was also to the”Gly residue was labile upon iodine treatment. This
subjected to the same treatment and measurement. As shownew property permitted cleavage of proteins at a single,

Ficure 8: lodine-induced cleavage of ecotin analogues. The Ni-
NTA-purified proteins were treated with 1 mM iodine in 100:15
water/tetrahydrofuran at 25C for 30 min. Lane 1, wt Et without
iodine; lane 2, wt Et with iodine; lane 3, Lys13Bly without iodine;
lane 4, Lys126Gly with iodine; lane 5, Met84Gly without iodine;
lane 6, Met84Gly with iodine.

in Figure 7, only Et Met84Gly could be inactivated by
iodine, thus demonstrating that this iodine-labile property is
due explicitly to the introduction ofGly at position 84.
Based on a 1:1 stoichiomerty of trypsin and ecofig){ it

is estimated that 28% of Et Met8&ly was inactivated by

predetermined site with a simple chemical reagehjt (
Previously, this strategy has been employed successfully to
activate trypsin from its inactive trypsinogen precursor using
mild chemical treatment rather than proteolytic processing
(1, 16. A more sophisticated application of this strategy may

iodine treatment. This is consistent with the phosphorimager be envisioned in the manipulation and study of protein

analysis of an SDSPAGE showing the cleavage of Et
Met84°Gly (Figure 8).

Contrary to expectation, iodine treatment of Et LySiQy
had little effect on the ability of this ecotin analogue to inhibit

protein interaction. In the present case, the elaboration of
an allylglycine-containing ecotin afforded an iodine-labile
serine protease inhibitor. The active trypsin could be released
from a complex with this inhibitor by iodine treatment. To



2812 Biochemistry, Vol. 41, No. 8, 2002

our knowledge this constitutes the first report of chemical
alteration of proteir-protein interaction by cleavage of a
protein chain containing a unique amino acid with a simple

Wang et al.

The fusion peptide at the N-terminus influenced neither
the dimerization of ecotin monomer nor the efficiency of
bovine trypsin binding. The dimerization and binding func-

chemical reagent. The use of a chemical reagent to regulatetions of ecotin are mediated by three distinct interfaces: an

protein function, and potentially to modulate cascade-

activation events, provides new tools for the study of
protein—protein interaction.

To incorporate®*Gly at predetermined sites in ecotin, the
stop codon TAG 10—15) was placed in the ecotin gene at
the position intended for*Gly incorporation, and was
employed in combination with allylglycyl-tRN&a. Allyl-
glycyl-tRNAcua was prepared by chemical misacylati@a-(

9) of a suppressor tRNA with synthetic allylglycine (Figure
3). Although the allylglycyl-tRNAya synthesized in this
fashion included botliR- and Sisomers of allylglycine, this

ecotin—ecotin dimer interface (residues 12542), a large
primary ecotin-protease interface (residues-%4; 81—86),
and a smaller secondary ecotiprotease interface (residues
67—70; 108-113) (19). The N-terminus of ecotin is not
involved in any of these interactions.

Substitution ofAGly or Val for Met84, the P1 reactive
site of ecotin, did not affect the binding of the proteins to
bovine trypsin (Figure 5B and Table 1). Although the P1
amino acid side chain is often a major determinant of the
inhibitory specificity and efficiency of many substrate-like
serine protease inhibitors, Met84 has been shown not to be

is of little consequence since ribosome-mediated protein crucial for its specificity toward target proteasd®)( The

biosynthesis utilizes virtually exclusively those tRNAs
activated withS-amino acids 2).

The incorporation of allylglycine into ecotin was carried
out in vitro in a coupled transcriptioftranslation system,
which allows direct and facile introduction of the misacylated
suppressor tRNA during mRNA translation. While not a
normal protein constituent, allylglycine is not dramatically
different in physicochemical properties than leucine, iso-
leucine, and valine; it has been shown previoudlythat

replacement of Met84 with lle, Arg, Glu, or Tyr showed
little or no effect on the ability of ecotin to bind to trypsin
(33). The fact that significant changes in the electrostatic
and hydrophobic properties of the P1 residue of ecotin had
relatively little effect on trypsin binding demonstrates that
the side chain of the P1 residue does not play an important
role in determining the binding specificity and efficiency of
ecotin.

By deleting residues 84142, the inhibitory activity of

its incorporation into specific sites in a protein can be realized ecotin was lost completely. This result was not unexpected

by readthrough of a UAG codon with a misacylated
suppressor tRNA activated with allylglycine. The fact that
inclusion of allylglycyl-tRNAcun was essential for the

synthesis of full-length ecotin supports the assertion that

allylglycine must be incorporated specifically into ecotin at

since four out of seven strands were thereby deleted; these
were necessary to form the overall seven-strargiedrrel
structure 18).

lodine treatment of wild-type ecotin did not result in the
loss of ecotin activity (Figure 7). Molecular iodine is a

the site of each UAG codon (Figure 4). The modified ecotins oxidant; at higher concentration, it may have detrimental

(Et Met84'Gly and Et Lys126Gly) had the same electro-
phoretic mobility in SDS-polyacrylamide gels as wild-type
ecotin; the mobility of the latter relative to a set molecular

effects on proteinsl@). However, under the conditions of
the experiments described here, its use was compatible with
the functional integrity of both ecotin (Figures 7 and 9) and

mass markers was consistent with the calculated moleculartrypsin (1).

mass of 17.1 kDa expected for ecotin containing an eight

The availability of a serine protease inhibitor that can be

amino acid fusion peptide at the N-terminus (Figures 2 and deactivated by iodine treatment is attractive because it

4). Critically, in vitro derived wild-type ecotin containing

provides a novel strategy for modulating serine protease

the histidine fusion peptide was fully competent as a trypsin activity and altering proteinprotein interaction by a simple

inhibitor relative to native ecotin isolated froB coli.

chemical reagent. Deactivation of allylglycine-containing

Interestingly, in the absence of misacylated suppressorecotin was mediated by the iodolactonization reaction which

tRNA, in vitro transcription-translation of the modified

is believed to proceed via iminolactone formation, followed

ecotin gene containing stop codon TAG at either position by hydrolysis of the formed intermediat&)( It has been

84 or position 126 afforded truncated ecotinsAB4—142
or Et A126-142, respectively. These two variants were

speculated previously that the efficiency of iodine-induced
cleavage might be based both on the solvent accessibility of

formed because the in vitro translations were terminated the allyl group and on the protein secondary structure at the

prematurely at the respective TAG codons. Significantly,

AGly site (1). Our previous studies suggested that the latter

these deletion products lacked the same residues as Eteems to be a more important determindintlf the present

Met84*Gly and Et Lys126Gly, following treatment of the

case, whemGly was located at position 84 or 126, the

latter two with b, and could thus be used as standards to iodine-induced cleavage efficiencies were 29% <%,

help characterize the cleavage products.
In addition to its utility in separating elaborated ecotin

respectively. Met84 resides on a protruding loop. Based on
a structural analysis of the trypstecotin complex, the

(analogues) from other proteins, it may be noted that the conformation of the central inhibitory residues (residues 83
hexahistidine fusion peptide present in the constructs studied85) which interact directly with the catalytic machinery of

here also served a second purpose. Ecotin i€aoli

the protease is unchanged in all characterized ecotin struc-

protein, and the protein synthesis mixtures undoubtedly tures with substitutions at Met884). Since Et Met84Gly
contained some chromosomally derived ecotin in addition had aK; comparable to wild type for trypsin binding, the
to that produced from the expression plasmids. Because wild-secondary structure at tH&ly site should also be funda-

type ecotin does not bind to Ni-NTA agarose, the purification

scheme utilized here resulted in the removal of such wild-

type protein from the hexahistidine-containing ecotin.

mentally analogous to wild type and the analogues studied
previously. In contrast, Lys126 is located in the long
C-terminal strand (residues 12%42) used to form the dimer
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interface. In the dimer, these strands are arranged as a
2-stranded antiparall@-sheet, with 10 main hydrogen bonds
between residues 125 and 142 of each monomer. The surface
area which is buried upon dimerization 51400 A per
monomer {8). Extensive hydrogen binding and hydrophobic
interactions of thig3-sheet dimer interface may well place
constraints orf*Gly126 which make the formation of the
requisite cyclic intermediatel( 35 leading to cleavage
difficult. The hydrophobic nature of this domain may also
make subsequent hydrolysis of the formed iminolactone
inefficient.

At present neither the currently available examples of
iodine-induced protein cleavage nor the depth of analysis of
the factors controlling cyclization and hydrolysis of specific
peptide bonds permits a detailed understanding of the
relationship between protein structure and the facility of
iodine-induced cleavage. Clearly, better definition of the
essential structural parameters would permit the realization
of more efficient cleavage by a judicious choice of sites for
AGly substitution, and potentially provide a high-resolution
tool for verification of local protein structure elements in
solution.

Despite the foregoing limitations, the present results
demonstrate unequivocally that the introduction of allyl-
glycine into key positions in a protein can permit important
information to be gathered concerning the nature of pretein
protein interaction. This includes factors essential for the
activation of a zymogenl( 16), as well as the release of a
catalytically active protein from a complex with a second
protein. Simple extension of the principles established
experimentally thus far should provide access to folded
fragments of proteins, and the removal of unwanted proteins
from complexes.

SUPPORTING INFORMATION AVAILABLE

SDS—polyacrylamide gel analysis of expressed ecotin
before and after purification an a Ni-NTA column, and
fluorescence titration of ecotin. This material is available free
of charge via the Internet at http://pubs.acs.org.
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