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ABSTRACT: Phenoloxidase inhibitor (POI), found in the hemolymph of housefly pupae, is a novel dopa-
containing and cystine-rich peptide that competitively inhibits phenoloxidase vidthrathe nanomolar

range. [Ty#4POIl is a potential precursor molecule also found in the hemolymph that may be
posttranslationally oxidized to the dopa-containing peptide after creation of a rigid structure. By employing
both a solid-phase peptide synthesis system based on a 9-fluorenylmethoxycarbonyl strategy and a specific
air oxidation technique to ensure correct folding, we have been able to synthesiZHOyr The synthetic
[Tyr32POI was confirmed to be identical to the native [P0l by coelution high-performance liquid
chromatography analysis and by enzymatic analysis using the phenoloxidase inhibition assay. To determine
the disulfide pairings within the peptides, a series of enzyme hydrolyses and partial reduction/alkylation
steps were performed. Three cystine pairs {EyE€ys>, Cys®—-Cys®, and Cys*—Cys®) were determined

by identification of the resulting peptides. The disulfide pairings of the two adjacent Cys residu&s{Cys
Cys?® and Cy3*—Cys*%) were unambiguously assigned by comparing the derived fragments with the two
possible isomers synthesized through a novel disulfide-linking technique. The arrangement of the disulfide
bridges in POI was found to be topologically identical to those found for several peptides within the
inhibitor cystine knot structural family. Although these peptides share a low primary sequence homology
and display a diversity of biological functions, they nonetheless share similarities in their cystine motifs
and tertiary structure. The tertiary structure model of POI, which was derived through molecular dynamics
and energy minimization studies using restraints with determined disulfide connectivities, suggests that
POl is a new class member of the inhibitor cystine-knot structural family.

Insect phenoloxidase (Pmonophenol, dihydroxyphen-

oxidation of theo-diphenol to aro-quinone (, 2). Production

ylalanine:oxygen oxidoreductase; EC 1.14.18.1), also known of o-quinones by PO has been known to be an initial step in
as tyrosinase, is a widely distributed copper-containing the biochemical cascade of melanin biosynthesis, a process
enzyme that catalyzes two successive reactions: hydroxy-that occupies several major roles in insect development, i.e.,

lation of a monophenol to-diphenol and the corresponding
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in cuticular tanning and sclerotization, wound healing, and
defense against foreign pathogeBs-6). Thus, elucidation

of the molecular mechanisms of the regulation of the PO
activity, as well as those of the pro-PO activation systems
(7—9), will lead to a better understanding of the physiological

roles of this important enzyme system in insect development.

Recently, a unique and potent endogenous peptide inhibitor
of PO activity was discovered in the hemolymph of housefly
pupae 10). The phenoloxidase inhibitor (POI) is a basic
lysine-rich peptide comprising 38 amino acid residues and
a unique modified residue, dopa, at position 32)( Six
Cys residues forming three intramolecular disulfide bridges
in POI cluster around a region within the C-terminal two-
thirds of the peptidel(1). Although these disulfides appear
to be critical in forming functionally active POI, neither the
connectivities of the disulfide bridges nor the tertiary
structure of POI has been examined, largely due to the low
abundance of the peptide in housefly pupae.

To further investigate the structuréunction relationship
of POI, we first chemically synthesized [FjPOI, a
homologue of POI in which the dopa residue at position 32
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is replaced by Tyr. This peptide, a plausible precursor 9050 peptide synthesizer (PerSeptive Biosystems) at 0.1
molecule of POI that has been found as a minor product in mmol scale. PEGPS resins in which the first protected

the hemolymph of housefly pupae, has been suggested teamino acid was already attached were packed in a space-
be posttranslationally oxidized into mature form after its adjustable column and the bed volume was continuously

folding into a rigid structureX1). The peptide synthesized

in this study was confirmed to be chemically and functionally
identical to native peptide by the following criteria: ESI and
MALDI-TOF mass spectrometry, amino acid sequence and
composition analyses, coinjection HPLC analysis, and en-
zymatic analyses. On the basis of this peptide’s structure,
the disulfide pairings of [TY¥]POI were unambiguously
assigned. Modeling studies through molecular dynamics
simulation and energy minimization, in which restraints by
disulfide linkages were taken into account, suggest that POI
is a new class member of inhibitor cystine-knot structural
families (12, 13.

MATERIALS AND METHODS

Chemicals. N9-Fluorenyl)methyloxycarbonyl (Fmoc)
amino acids included Cys(triphenylmethyl, Trt), Cys(aceta-
midomethyl, Acm), Arg(2,2,4,6,7-pentamethyldihydroben-
zofuran-5-sulfonyl), Thitert-butyl, tBu), Ser{Bu), Asptert-
butyl ester, @Bu), Asn(Trt), Glu(QBu), GIn(Trt), Tyr¢Bu),
His(Trt), Lys(ert-butyloxycarbonyl). Fmoc-ThtBu) bound
on poly(ethylene glycotypolystyrene (PEGPS) resin,
diisopropyl ethylamine, andll-[(dimethylamino)-H-1,2,3-
triazol[4,5]pyridylmethylene]N-methylmethanaminium
hexafluorophosphats-oxide (HATU, 14) were supplied by
PerSeptive Biosystems, Inc. (Framingham, MA). LowCH
content grade ofN,N-dimethylformamide (DMF) was ob-
tained from Nacalai Tesque (Kyoto, Japan) and was used
throughout the syntheseN:Acetylimidazole andx-cyano-
4-hydroxycinnamic acid were obtained from Watanabe
Chemical Industries (Hiroshima, Japan) and Sigma Chemical
Co. (St. Louis, MO), respectivelyAchromobacter lyticus
protease | (lysylendopeptidase, LEP) and endoproteinas
Asp-N fromPseudomonas fragvere purchased from Wako
Pure Chemical Industries (Osaka, Japan) and Boehringe
Mannheim, respectively. Develosil, Cosmosil, and Wakosil
columns were obtained from Nomura Chemical (Aichi,
Japan), Nacalai, and Wako, respectively. Pico-Tag column
is the product of Waters (Milford, MA). Tris(2-carboxyeth-
yl)phosphine (TCEP) was synthesized by the method of
Burns et al. {5). Other reagents of analytical grade are
products of Nacalai Tesque and were used without further
purification.

Insects Pupae of the houseflylusca domestich. were
raised and collected according to our previous repbgj. (

Purification of Authentic Housefly PONative [Tyr?POI
was purified from housefly pupae as previously described
by Daquinag et al.1(1) with the following modification. In
the final step the samples were fractionated on a Develosil
ODS—HG-5 column (4.6x 150 mm) at 35°C with a linear
gradient of 5-25% acetonitrile in water in the presence of
0.1% TFA. Each analysis took approximately 40 min at a
flow rate of 1 mL/min. The purified native [T¥fPOI was
first identified by automatic Edman degradation analysis and
ESI mass spectrometry and finally confirmed with amino
acid analysis (Table 1).

Synthesis of [TY¥]POI. The linear peptide was synthe-
sized by employing an Fmoc strategy on a continuous-flow

[S)

A

adjusted during the synthesis. Six equivalents of diisopro-
pylethylamine in DMF was added to the sealed mixtures of
Fmoc-protected amino acids (4 equiv) and HATU (4 equiv)
for initiation of in situ activation reaction just before coupling
reactions. The time and number of repetitions of these
reactions were optimized for each of the steps in order to
minimize the formation of defective peptides. Fmoc protect-
ing groups were cleaved by 20% (v/v) piperidine/DMF
except for the four N-terminal residues, where 25% (v/v)
piperidine/DMF containing 0.1 M HOBt was used in order
to minimize aspartimide formation at A517). Residual
free amino termini at each coupling step were capped by
0.5 M N-acetylimidazole/DMF. After, the peptides synthe-
sized on the resins (0.1 mmol) were cleaved, all protecting
groups were removed, typically by the treatment with a
cocktail containing TFA/thioanisolet-cresol/ethane-1,2-
dithiol (40:6:1:3 v/v/v/v). The reaction mixture was stirred
at 0 °C for 1 h, followed by an additiona2 h at room
temperature. The mixture was filtered and evaporated in
vacuo. The residue was washed with diethyl ether, dried in
vacuo, and dissolved in 2 mL of 80% aqueous acetonitrile
containing 1% TFA. The solution was subjected to an
oxidative folding reaction by dropping into degassed 100
mM Tris/acetate buffer (pH 7.5) to a final peptide concentra-
tion of 1 x 10* M. Degassing of the solution prior to
dilution of the peptide was found to be required to remove
saturating levels of molecular oxygen in the solutions, which
rapidly oxidize free thiols and lead to the production of
misfolded peptides. The solution was then gently stirred at
4 °C to permit moderate oxidation by oxygen in the air. The
reaction was monitored by Ellman’s te4] and analytical
RP-HPLC. After completion of the reaction, the dilute
solution was continuously concentrated and desalted on
arallel Cosmosil 5GAR-300 columns (8x 50 mm x 2)

nd directly separated on a Cosmosil;0R-300 column

(8 x 200 mm) using HPLC equipment developed for the
analysis of large volumes of diluted samplé). A unique
major product was isolated that was further purified on a
Develosil ODS-HG-5 column (8x 150 mm).

Synthesis of Authentic Peptides for Assignment of Adjacent
Disulfide Pairs.The scheme for synthesis of S1, which was
used for assignment of tandem Cys residues, is shown in
Figure 5. The linear peptideks 2, 3, 4, and6, used in the
construction of theS1 peptide fragment, were prepared as
described in the previous section except a cocktail containing
TFA (8 mL), thioanisole (1.7 mL)m-cresol (0.3 mL) and
2,2 -dithiodipyridine (10 equiv) was used instead of ethane-
1,2-dithiol for in situ conversion of the Trt group in peptide
1 to a 2-thiopyridyl group in deprotection step. For prepara-
tion of peptide5, peptide4 (5 umol) was dissolved in 250

uL of 50 mM sodium phosphate buffer (degassed) containing

1 mM N&EDTA (pH 6.0). The solution of peptidé was
dropped gradually into a solution of peptidd7.5umol in
500uL of the same buffer) under Nitmosphere and stirred
for 15 min at 25°C. The reaction mixture was separated by
semipreparative HPLC and the isolated peptllevas
lyophilized (yield 88%). For final construction &1, peptide

5 (0.4umol) and peptidé® (4 umol) were dissolved together
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into 250 uL of 25% CHOH followed by 500uL of I,
solution [1 M HCI/CHOH (1:4 v/v) containing 3.81 mg of
I,]. The mixture was vigorously stirred for 5 min at°C.
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The mixture was immediately injected into a Wakosil-11,5C
(4.6 x 150 mm) column equipped with a 8020 HPLC system
(Tosoh Co., Tokyo, Japan). Samples were eluted atCG5

The reaction was quenched by the addition of saturatedwith 0.1% TFA in HO (solvent A) and 0.1% TFA in

sodium ascorbate prior to dilution with five volumes of water. acetonitrile (solvent B). After injection of sample, the column
The peptides were recovered by batch absorption to 300 mgwas washed with 5% solvent B for 5 min at a flow rate of
of Cosmosil 140G—OPN resin. After being washed three 1.5 mL/min and then the composition of solvent B was

times with water containing 0.1% TFA, the peptides were
eluted twice with 2.5 mL of 80% acetonitrile containing 0.1%
TFA and lyophilized. The crude product was purified by
HPLC. HPLC purification of peptide and S1 were
performed on a Waters M600 multisolvent delivery system
equipped with a Cosmosil 56AR-300 column (10x 250
mm). Samples were eluted at 46 with 0.1% TFA in HO
(buffer A) and 0.1% TFA in acetonitrile (buffer B) with a
flow rate of 3 mL/min. The gradients for the above separation
consisted of 5% acetonitrile traversing to 20% in the first
30 min by a convex curve (number 5) followed by a=20
30% linear gradient of acetonitrile for the next 20 min.
Eluents were kept under a blanket of helium.

LEP Digestion of [Ty#]POI. For this enzymatic digestion,
1.4 nmol of peptide was dissolved in 2% of 0.1 M Bis-
Tris-HCI buffer (pH 5.5) containig 4 M guanidine hydro-
chloride. The solution was sealed underdtimosphere and
incubated at 70C for 1 h. The peptide was diluted with 75
uL of the above buffer and digested by addition gfl1 of
LEP solution (0.1u4g/1 uL of 0.1 M Tris-HCI, pH 8.5) to
the denatured peptide solution. After incubation at°87
for 3 h, 100uL of 10% TFA was added and the mixture

linearly raised from 5% to 50% over 45 min. The final
products separated were examined by MALDI-TOF MS and
automatic protein sequence analyses.

Molecular Modeling Based on Determined Disulfide
Bridges Molecular modeling of [Ty#¥]POI was performed
through energy minimizations and molecular dynamics (MD)
simulations using AMBER 4.012@0) on an NEC ACOS
S3700 computer and NEC EWS4800/320 and Japan Com-
puter Corp. JS 5/85 workstations. The united atom AMBER
force field 22) with explicit treatment of heteroatom
hydrogens was employed. For these calculations, a 12.0 A
cutoff for nonbonded interactions and a distance-dependent
dielectric constantg = 4r, to compensate for the lack of
explicit solvent was used. Side-chain partial atomic charges
on Asp, Glu, Arg, and Lys residues were reduced to give
total charges oft0.2 in order to reduce artifacts due to
charge-charge interaction. In this preliminary conforma-
tional study, well-defined global minimum energy conforma-
tions were not explored, because no observable information
except for intramolecular disulfide bridges was available at
this point. Rather, we were concerned with identifying the
overall topological preferences of this small peptide under

was separated by HPLC (Figure 3). The products were the constraints of the three intramolecular disulfide bridges
identified by MALDI-TOF MS and amino acid analyses and conformational requirements of main-chain folding. The
(Table 1). Conditions for the HPLC separation are shown in MD simulations were performed generally in two stages as

the Figure 3 caption.

Asp-N Digestion of LEP Digested Fragmenithe K3
peptide (Figure 3, 560 pmol) remaining after LEP digestion
was lyophilized and redissolved in 0. of 50 mM Bis-
Tris-HCI (pH 6.0). After addition of 3.ZL of a solution of
Asp-N (2ug/50uL of 50 mM Bis-Tris-HCI buffer, pH 6.0),
the reaction mixture was incubated at 32 for 2 h. The

follows.

First, initial conformations were randomly generated with
the elimination of corrupted structures. The 50 initial
structures were subjected to 300 cycles of steepest descent
energy minimization and then 2000 steps of conjugated
gradient minimization in order to avoid any high-energy
interactions. Fifty derived coordinates were saved as initial

fragments were separated by HPLC (Figure 4) after addition conformations for use in the following MD simulations. In

of 50 uL of 10% TFA. The products were analyzed by

MALDI-TOF MS and amino acid analyses (Table 1).
HPLC Comparison of a Digested Fragment and Two

Possible Synthetic Fragment$he peptide fragment D4

this stage, the six Cys residues were treated as six free
cysteine residues. Next, these initial structures were heated
to 300 K over a period of 50 ps without distance restraints,

and then 300 ps restrained MD runs were performed in which

(Figure 4), obtained by successive enzymatic digestion, wasthree distance restraints betweengoms in certain cysteine
compared with two known synthetic fragments by using RP- residues were added stepwise for every 100 ps MD run. The
HPLC on a Cosmosil 5PhT-300 (46 150 mm) phenyl distance restraint function between two sulfur atoms was a
column equipped with a Waters 510 binary gradient system. parabola with a flat bottom between 2.00 and 2.04 A that
Partial Reduction and Rapid Alkylation of [T3#POI. turned into a linear shape outside 2.16 A with a maximum
Partial reduction and alkylation of [T$4POI was performed  force of 100 kcal A* mol~L. After another 50 ps dynamics
according to the method of GragQ@). [Tyr33POI (2.5 nmol) run at 300 K with three disulfide restraints, the molecules
in 50 uL of 20% acetonitrile solution containing 0.1% TFA  were energetically minimized with the restrained force field.
was reduced by dissolving the sample into 2000f TCEP In the second stage, these molecules were reconstructed
solution (50 mM TCEP in 0.17 M citrate, pH 3, &) for by use of a LINK module in which all six cysteine residues
specific periods. Reactions were terminated by injection into were assessed as covalently linked cystine residues. Fifty
the RP-HPLC column, and the products were separatedenergy-minimized coordinates were provided to LINK-
(Figure 8). The partially reduced fractions were collected generated structures by using an EDIT module. Next, the
directly into 200uL of vigorously stirred supersaturated models were relaxed by conjugated gradient minimization
iodoacetamide solution (2.2 M in 0.5 M Tris-acetate, pH 8, and then subjected to the following simulated annealing
containing 2 mM NgEDTA) for rapid alkylation. After the calculations. The structures were equilibrated first at 1000
mixture was stirred for 30 s at room temperature, the reactionK for 5 ps, and then annealing is conducted by computing
was terminated by addition of 4Q@ of 0.5 M citric acid. the MD trajectory while slowly cooling the system from 1000
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to 300 K for 14 ps with a ramp of 2 fs/deg. Step size was were subjected to amino acid composition analyses as

set to 1 fs with the application of SHAKE28) on all the described above after two cycles of dissolution ine&Oof

bonds that contain hydrogen atom. This cycle was repeatedH,O and lyophilization.

5 times. Next, the system was equilibrated at 300 K for 50  Amino Acid Sequence Analységitomatic Edman deg-

ps, after which the trajectory was sampled at 300 K in 10 ps radation was carried out in a Shimadzu PPSQ-10 sequencer

intervals for 350 ps. The sampled structures were energy-equipped for on-line phenylthiohydantoin (PTH-amino acids)

minimized with conjugate gradients with a convergence analysis using an LC-10AS with a Wakosil W8TH

criterion of 0.05 kcal/mol. column. Samples were applied to Sequa-Brene (Sigma)
All the above procedures were applied for the analysis of treated precycled glass fiber filters. PF&ys(Cam), PTH

the six possible disulfide-linking sequences. The schematic Cys alkylated by iodoacetamide, was eluted between peaks

model for Gx trace of a typical structure is shown in the of PTH—Ser and PTHThr, with an accompanying small

middle of Figure 9, in which the intramolecular disulfide peak [up to 15% of Cys(Cam), depending on the number of

bridges were linked in the order of C§sCys®, Cys*— preceding cycles] of PTH-carboxymethylated cysteine, the

Cys*, and Cy$'-Cys® They showed distinctly lower deamidated product of Cys(Cam).

energy ensembles than those obtained by other linking

sequences. RESULTS
POI Activity. The kinetics of the POI activities of native Synthesis of [TW]POI. Initial trials for the synthesis of
and synthetic peptides were determined by LineweaBeirk [Tyr33POI through Fmoc strategy were unsuccessful. The

plots. PO was incubated in the presence and absence of eithestepwise coupling of protected amino acids by using TBTU
native or synthetic [Ty¥]POI. The rate of dopa oxidation  [2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tet-
was determined in the presence of varying amounts of rafluoroborate]/HOBt system produced a considerable num-
substrate by monitoring the changes in absorbance at 47(ber of defective peptides. Moreover, the major product
nm for dopachrome under the initial steady-state velocity at cleaved from the polystyrene support gave a mass value of
25 °C. The reaction mixtures contained, in 3.0 mL of 50 4186.1 in its reduced form, a value that was 18 mass units
mM potassium phosphate buffer, pH 6.0, PO, substiate ( less than expected. Air oxidation of this peptide gave a major
dopa, 0-4 mM), and [TyE?POI (native or synthetic,016.8 product that displayed a different elution pattern and retention
nM). Preincubation of the enzyme and inhibitor for 3 min time from the native [Ty#]POI on coelution HPLC analysis.
prior to the addition of substrate was required for reproduc- However, incubation of this peptide in 1% ammonium
ible results. POI concentrations were determined by amino bicarbonate solution produced two peaks with the expected
acid analyses. Housefly PO was purified from final instar molecular mass values. The smaller peak, which eluted at a
larvae as an electrophoretically homogeneous protein bylater retention time, was identified to be the native PFyr
using a previously described methdtb). POI. Asp-N digestion of these two peptides and subsequent
Mass SpectrometryMatrix-assisted laser desorption/ mass analyses showed that the major product cleaved from
ionization time-of-flight mass spectrometry (MALDI-TOF the resin was a cyclized imide containing peptide at‘Asp
MS) was performed on a Voyager-DE RP mass analyzer Such a product might be formed by repetitive treatments with
(PerSeptive Biosystems). Samples (about 2 pmol) were deblocking solution (20% piperidine in DMF). The employ-
cocrystallized witha-cyano-4-hydroxycinnamic acid as a ment of HOBt-buffered deblocking solutiot?), as well as
matrix. All the data were acquired in the reflector mode with the optimization of the repetitive couplings by use of HATU,
delayed extraction. The molecular weights of native and and the appropriate time periods for individual steps, finally
synthetic [Ty?9POls were examined on a JM$IX/ permitted the synthesis of complete linear peptide in reason-
HX110A double-focusing mass spectrometer (Jeol, Tokyo) able yield. The air oxidation of linear peptide in 100 mM
equipped with an electrospray ionization (ESI) ion source Tris-acetate (pH 7.5) at 2C produced essentially a unique
(Analytica, Branford, CT). About 100 pmol of native and product (Figure 1a), which was extensively purified by RP-
synthetic [TyP?|POls were dissolved in 16L of 0.2% TFA HPLC as described1@) (Figure 1b). Oxidative folding of
in acetonitrile/2-propanol/2-methoxyethanal (1:1:1:1 the peptide was temperature-sensitive. Addition of the
viviviv), and the solution was infused into the ESI ion source mixture of reduced and oxidized glutathione increased the
at a flow rate of 1uL/min. yields of misfolded peptides (data not shown). The final
Amino Acid Composition AnalysiBor amino acid com-  purified peptide was identified by both ESI and MALDI-
position analysis, about 30 pmol of sample lyophilized in TOF mass spectrometry, amino acid analysis (Table 1), and
small siliconized glass tubes were hydrolyzed under reducedautomatic Edman analysis (data not shown), and was
pressure at 105C for 24 h in the gas phase of 5.7 M HCl confirmed to be identical to the native [F§POI by
containing 1% phenol. The hydrolysates were derivatized coelution HPLC analysis (Figure 1c). Furthermore, the
by phenyl isothiocyanate and examined on a Pico-Tag Lineweaver-Burk plots of dopa oxidation by larval PO in
column (3.9x 150 mm) equipped in a M600 multisolvent the presence of native or synthetic [#4POI showed that
delivery system (Waters) according to the method reported both peptides inhibited PO-catalyzed oxidation of dopa in a
by Bidlingmeyer et al. Z4). All the data were processed on competitive manner. The appardftvalues determined in
a 805 chromatogram data station (Waters). Half-cystine this study were 9.9 nM for synthetic [T3%POIl and 11 nM
residues were identified as a cysteic acid as follows. Samplesfor native [TyR9POlI, respectively, which showed that [P}
(approximately 15 pmol) lyophilized in siliconized tubes POI synthesized in this study is comparable to nativeFJyr
were subjected to performic acid oxidation. The samples werePOI isolated from pupae of the housefly.
dissolved in 10uL of freshly prepared performic acid Strategy for Assignment of Disulfide Bridg@éie strategy
solution @5) and incubated for 10 h at €. The residues  used for establishing the disulfide array of [¥JPOI is
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FiIGURE 1: RP-HPLC analyses of synthetic and native FFROI.

The elution profile of an air-oxidized solution of synthetic [¥3¥

POl is shown in panel a. The peak labeled by the asterisk was

extensively purified as shown in panel b. The equimolar mixture Figure 2: Strategy for determination of the disulfide bridges in

of purified [Tyr*POI and native [Ty#]POI was eluted as shown  [Tyr32POlI. Intact [TyPqPOI was subjected to digestion by LEP

in panel c. The peptides were eluted on a CosmosibAR-300 as described in Materials and Methods. The products were separated

column (4.6x 150 mm) at 45°C equipped on a Shimadzu LC- by RP-HPLC (Figure 3) and characterized by amino acid analyses

10AD binary gradlent system. Flow rate was 1.0 mL/min. Solvgnt and MALDI-TOF MS (Table 1). One of these fragments, K3, was

A was 0.1% TFA in water and solvent B was 0.1% TFA in further digested by Asp-N (Figure 4). The fragment D4 containing

acetonitrile. Gradient conditions: 5% solvent B for the first 5 min  adjacent disulfide pairings was compared with two authentic

and a linear 525% gradient of solvent B for additional 35 min.  fragments synthesized (S1 and S2). Structures of these peptides
) o having alternative disulfide pairs are enclosed in a large box. The

summarized in Figure 2. The presence of an adequate numbetascadelike topology of the determined disulfide array in Jyr

of Lys and Asp residues suggested that enzymatic hydro|ysisPO| is indicated at the bottom._ The roman r_1umera|s S_hOWI’] under

of the peptide by LEP and Asp-N in tandem would separate Egtrer;ﬁﬁgence denote the relative order of six Cys residues from N

all the Cys residues except for adjacent €ypsmd Cys® (D1 '

and D4 in Figure 2). For assignment of the disulfide linkages  Proteolytic DigestionPretreatment of the peptide with 4

on these Cys residues, the fragment was compared withM guanidine hydrochloride at 7CC was found to be crucial

authentic peptides synthesized (S1 and S2; see below)for subsequent LEP hydrolysis since POI is resistant to

Analytical data of the peptides are summarized in Table 1. digestion under conventional conditions. [P0l was

AVIDNEIVPQ
DV

|
40

Table 1: Amino Acid Compositiorisand Mass Valuésof Native and Synthetic [Ty#]POIs and the Fragment Peptides

[Tyr33POI digested peptides authentic peptides
residue native synthetic K1 K2 K3 D1 D2 D3 D4 S1 S2
Asp/Asn 5.20 (5) 5.32 (5) 5.02(5) 4.95(5) 4.90(5) 1.02(1) 2.06(2) 4.10(4) 4.07(4) 4.11(4) 4.02(4)
Glu/GIn 2.11(2) 2.20 (2) 204(2) 1.94(2) 207(2) °ff) 2.10(2) 2.03(2) 197(2) 203(2) 1.94(2
Ser 1.89 (2) 2.06 (2) 1.93(2) 1.90(2) 1.86(2) 0.95(1) 1.01(1) 0.94(1) 097(1) 1.22(1) 0.97(1)
Gly 1.07 (1) 1.12 (1) 1.03(1) 1.03(1) 1.06(1) nd(0) 1.06 (1) 1.04(1) 1.00(1) 0.94(1) 1.00(1)
His 1.92 (2) 2.11(2) 1.86(2) 1.99(2) 1.88(2) 201(2 nd(© nd(@ nd@© nd© nd(0)
Arg 0.94 (1) 1.08 (1) 1.03(1) 0.98(1) 1.03(1) 0.99(1) nd(®) nd(@ nd@© nd@©) nd(0)
Thr 2.91(3) 3.16 (3) 2.90(3) 3.03(3) 2.87(3) nd(0) 1.88(2) 1.96(2) 2.82(3) 2.81(3) 2.82(3)
Ala 3 3 3 3 3 1 1 1 2 1 2
Pro 0.99 (1) 1.03 (1) 1.01(1) 0.95(1) 1.04(1) nd(0) 0.95(1) 1.02(1) 0.99(1) 1.02(1) 0.99 (1)
Tyr 1.91(2) 2.00 (2) 195(2) 197(2) 1.92(2) 195(22) nd(0) nd (0) nd (0) nd (0) nd (0)
val 3.84 (4) 4.11 (4) 3.79(4) 3.80(4) 4.05(4) nd(0) 2.94(3) 2.88(3) 3.83(4) 3.93(4) 3.83(4)
Cys 5.37 (6) 5.54 (6) 577 (6) 5.56(6) 5.38(6) 2.08(2) 3.77(4) 3.72(4) 3.86(4) 3.84(4) 3.86(4)
lle 1.02 (1) 1.03 (1) 0.95(1) 0.97(1) 0.93(1) nd(0) 0.98(1) 1.00(1) 0.93(1) 0.98(1) 0.93(1)
Leu 1.08 (1) 1.06 (1) 1.01(1) 1.02(1) 0.99(1) nd(0) 1.02(1) 0.97(1) 0.98(1) 097(1) 1.04(1)
Lys 4.12 (4) 4.37 (4) 405(4) 4.10(4) 3.25(3) 1.03(1) 207(2) 2.10(2) 203(2) 2.02(2) 2.03(2)
yield® (pmol) 120 551 708 520 135 67 310
[M+H]* 4197.5+ 0.2 4197.6£ 0.2 42525 4234.1 4123.8 1396.6* 2243.3 2472.5 2744.0 2744.3 2744.4
(4197.8) (4197.8) (4252.8) (4233.8) (4123.6) (1396.6%) (2243.6) (2472.8) (2744.1) (2744.1) (2744.1)

2Values were calculated as moles per mole of Ala. Numbers in parentheses indicate theoreticaP filuesH]*, mass value of quasi-

molecular ion. Numbers in parentheses indicate calculated values based upon average residue weights except for D1, which is based upon monoisotopic

residue mass.nd, not detected! Values of Cys were determined as cysteic

acid. Samples were treated with performic acid prior to analyses (see

Material and Methods} Yields indicate the recovery from 1.4 nmol of [F§iPOI.
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FiGURE 3: RP-HPLC separation of the LEP digest of intact PFyr FiIGURE 4: Separation of Asp-N digest of the LEP fragment K3
POI. Approximately 1.4 nmol of LEP-digested [PfPOI was (Figure 3). Fragment K3 (560 pmol) was digested by endoproteinase
separated on a Develosil OB®G-5 column (4.6x 150 mm) at Asp-N and the products were separated by HPLC as in Figure 3.
35°C equipped on a Waters 510 binary gradient system. Solvents Solid and dc_)tted lines denote relative absorbance at 214 and 280
and flow rates were as in Figure 1. Gradient conditions:13% nm, respectively.

Ivent B in first 10 min using a convex curve and-%5% solvent .
Eolin%e:rly for f(s)}IO\?ving S%Sm?n. The major products are labeled as D4 was not hydrolyzed at the peptide bond betweer? Thr
K1, K2, and K3. The small peak indicated by an asterisk was and Asg. The small peak D3 corresponds to the peptide that
determined to be undigested [F§]POI. has been hydrolyzed at Aspn fragment D4. Again,
prolonged incubation and proteolysis at neutral or basic pH
digested for 3 h, and the digest was separated by RP-HPLCyielded complex mixtures due to disulfide exchange. There-
as shown in Figure 3. LEP digestion yielded three major for, to identify the adjacent disulfide pairs, the fragment
peaks, K1, K2, and K3, with several minor products eluting peptide D4 was used for the subsequent comparative experi-
after the major peaks. Analyses of the major products ments with authentic peptides.
indicated that the peptide was nicked at the carboxyl sites  Synthesis of Authentic POl Fragmenf&gure 5 shows a
of Lys, Lys*’, and Lys$* for K1 and at Ly3” and Lys’ for scheme for synthesis of pepti®d This peptide possesses
K2, and K3 corresponded to the peptide K1 lacking®ys one of two possible combinations of disulfide pairs in peptide
(Figure 2). The data also indicate that three Cys residuesp4. Synthesis of the linear peptidels 3, and 6 was
(Cys'8, Cyg”, and Cy#’) in the second fragment of K3  performed without difficulty. However, addition of HOBt
(Cys'®—Lys?) are not connected to one another within this to the deblocking reagent was required for peptidéo
fragment. suppress cyclized imide formation after Fmoc-Asii§0)-
During the course of LEP digestion, K1 and K2 were OH was coupled at position 4. To prepare pepfdae used
concertedly generated along with consumption of intact anin situ one-pot conversion approach during the deprotec-
peptide. Meanwhile, K2 was gradually converted to K3. tion step. Here the Trt group at Cys in peptidewas
However, it was found that increasing the incubation time quantitatively replaced with 2-thiopyridyl group by addition
or the enzyme-to-substrate ratio actually reduced the yield of 2,2-dithiodipyridine to the final deprotection and cleavage
of K3 and enhanced the production of minor peaks following cocktail instead of ethanedithiol (see Materials and Methods).
K3. MALDI-TOF MS analyses of the minor peaks revealed Although the mixture lacked scavengers for free thiol, side
that these were the peptides where disulfide scrambling reactions such as addition of Trt or tertiary butyl groups to
occurred. Incubation of the peptide with LEP in neutral or sulfhydryl of Cys in peptide2 were not observed. The
basic buffer, suitable for LEP digestion, greatly reduced the removal of excess reagent and 2-thiopyridone generated
yield of peak K3 and enhanced the disulfide scrambling. together with the other compounds (scavenger-protecting
To assign the peptide fragment connecting to'€ythe group adducts, etc.) was easily accomplished by washing
four-fifths peptide of K3 was further subjected to Asp-N the white precipitate with diethyl ether. The purity of the
digestion and the reaction mixture was separated as showrobtained peptide was determined by HPLC and MALDI-
in Figure 4. The nicked peptide K3 was divided into two TOF MS analyses, and the product was subjected to the next
types of fragments: aromatic and hydrophilic fragment D1, step without further purification. Intermolecular disulfide
and aliphatic and relatively hydrophobic fragments D2, D3, formation between peptid@ and 4 in phosphate buffer
and D4. The fragment D1 was identified to be the peptide quantitatively gave produd, which was purified by HPLC.
(C'¥8YSH) (RC®HNYAK) by amino acid and mass spectro- The final productS1, was successfully obtained by simul-
metric analyses (Table 1). The result that D1 is the only taneous iodine oxidation &and6 in 0.1 M HCl/methanol.
peptide containing aromatic residues among four Asp-N Undesired symmetric homodimer formation of peptdeas
fragments is also confirmed by the chromatogram monitored suppressed by using an excess amount of pefidin
at 280 nm. Thus a disulfide pair between &yand Cy#° addition, peptideS2, a counterpart o651, was synthesized
was established. from peptide3’, a peptide that has the opposite combination
As in the case of LEP digestion, a decrease in selectivity of sulfhydryl protecting groups [DV&(Trt)C?(Acm)TK].
was observed in Asp-N proteolysis at pH 6. Cleavage at the The yields of two authentic peptides, which were purified
N-terminal side of Gléiwas observed in D2. The fragment by HPLC (Figure 6, Table 1), were calculated to be
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FicurRe 5: Scheme for synthesis of an authentic peptide S1. The symbol ® denotes polystyrene support used for solid-phase syntheses. The
protecting groups, other than those of Cys, are omitted. (i) Deprotection and resin cleavage: TFA/thioaoissie/ (80:17:3) containing

10 mol equivalent of 2,2dithiodipyridine. (ii) Deprotection and resin cleavage: TFA/thioanisnlefesol/ethanedithiol (80:12:2:6) under

N atmosphere. (iii) (a) Disulfide formation: phosphate buffer containing 1 my¥EREA, pH 6.0, 10 min, 25C under N atmosphere;

(b) HPLC purification. (iv) (a) 4in 0.1 M HCI, 5 min at 0°C under N atmosphere. (b) HPLC purification.
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D4+81+52 _ Ik
_ ©-GVTA DKSOGSS]SOTSYN‘RSCNOYI@ CY-nH:
L__/,Di_/~ L—' Ficure 7: Comparison of amino acid sequences and disulfide
- configurations of housefly POI and-conotoxin GVIA fromConus
S1e52 geogra_phus(28). The two peptides were aligned in o_rder to
. — maximize the overlapping of the Cys residues (shown in shaded
boxes). Identical residues between two peptides are enclosed by a
A——/‘S’Z/‘J . box. The characters Y crowned with dot and O denote dopa and
— 4-transhydroxyprolyl residue, respectively. The roman numerals
1 shown above the sequence denote the relative order of the six Cys
— residues from the N terminus.

On the basis of the evidence presented, we demonstrate

Relative absorbance at 214 nm

0 1(; ontion 20 _ %0 that the cystine connectivity in [T$H]POI is Cy$1—Cys,
stention time (min) Cys'e—Cy<®, and Cy&—Cys* (Figure 7). The cascadelike
" topology of these disulfides in [T§#POI, namely, +1V,
AVTDNEIVPQC"LANGSK ~ AVTDNEIVPQCLANGSK . L . .
DV DV Tk 1=V, and IlI=VI (Figure 7), is identical with that of
s1 Loor S2 Lasyr w-conotoxin GVIA (Figure 7) 26), which was initially

Ficure 6: Assignment of the disulfide combination in proteolytic proposed to constitute the Inhibitor cystine-knot structural
fragment D4 by coelution RP-HPLC analysis. Labels on each trace family (12, 13.

denote samples injected in the analyses. About 200 pmol of each Partial Reduction of [Ty#¥POI by Water-Soluble Phos-
Pelptlde V\{a§5e(|§jtesd |0n ftﬂ COZ”}lOS” 5Ft’hT -300 (% 61_50me) L phine.To further confirm the disulfide pairings in POI, we
column at 35°C. Solvents and flow rates were as in Figure 1. i

Gradient conditions: a linear-5L7% gradient of solvent B in 35 %[Icezzgpantof[hezr_ ortgogontzrill Imtl-:‘qthodh_reportleq(_j fE)y Grﬁ@).(t .
min. Two bottom traces, authentic pepti®&skandS2 respectively; , tris(2-carboxyethyl)phosp _|ne,_ whic |s_a wa 9r
middle trace, coelution d81andS2 (1:1); second trace from top, ~ Soluble reagent that can reduce disulfide bonds in peptides

proteolytic fragment D4; top trace, coelution of S1, S2, and D4 under acidic conditions, possesses the potential reduction

(1:1:1). without scrambling. In the case of [T3{POI, a small peak
approximately 20% based on the amounts of compo@nds (R1), corresponding to 3% of the original intact material,
and3' bound on the supports. emerged immediately after addition of the reducing agent

Assignment of Two Disulfide Pairings Including Adjacent (Figure 8b). This peak was identified as [T4POI that was
Cys ResiduesTo assign the disulfide bonds connected to reduced at Cyd and Cys® as determined by sequencing of
adjacent Cys residues, the proteolytic fragment D4 was the S-alkylated peptide (see Materials and Methods). This
compared with two authentic peptid€d and S2 on RP- initial reduction event also supports the disulfide pairing
HPLC as shown in Figure 6. These peptides eluted as shargetween Cys and Cy$°. Soon after a quick rise of peak
single peaks (two bottom traces in Figure 6) which were R1, several unexpected peaks burst within 2 min of reduction
well separated from each other as evidenced by coelution(Figure 8c). The emergence of more than six peaks, besides
HPLC analysis o51andS2(middle trace in Figure 6). The  the intact and fully reduced peptides, following the appear-
peptideS1, which has cross-connectivity of disulfides, eluted ance of R1 strongly suggests that disulfide framework of
after the peptide with parallel connectivitg?). The equimo- POI cooperatively breaks down on the rapid scrambling, even
lar mixture of the two fractions was then co-injected with at pH 3, once the disulfide between CGysand Cy$® is
the same amount of the fragment D4. As shown in the top reduced.
of Figure 6, the proteolytic fragment D4 coeluted with Structure Simulation by Using Molecular Dynamics and
peptideS1; therefore, we establish the disulfide arrangement Energy Minimization Based on Determined Disulfide Bridg-
in fragment D4 to be Cy$—Cys and Cy3*—Cys®. ing PatternsSince information on other peptides functionally
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T T T T T T T T pairings of sulfur atoms of Cys residues. Calculations were
started with 50 random conformations.

The first trial, in which all disulfide restraints were

a simultaneously added to linear peptides, resulted in unfavor-
able highly strained conformations in which minimizations
of these structures were crushed (data not shown). To
overcome this problem, we employed a procedure where each
single disulfide restraint was added step-by-step, and all
possible permutations for the addition of disulfide restraints
were examined. Interestingly, the final structures obtained
were highly sensitive to the order of restraints added and
only a specific sequence, first, s Cys’®, second Cy¥—
Cys’, and third Cy$'—Cys5, gave an energetically accept-
able ensemble of conformations. The main-chain folding of
a typical result produced by this procedure is shown in a
schematic model (Figure 9). Calculations without disulfide

I I | | | | l | restraints gave poor results, since all sulfur atoms that were

0 o 20 030 not in the proper distance were unable to make disulfides.
Retention time (min)

intact

)

Relative absorbance at 214 nm (

% Acetonitrile (----)

Ficure 8: Partial reduction of [TY#]POI. Approximately 2.5 nmol DISCUSSION
of synthetic [TyP?POI (panel a) was reduced in 40 mM TCEP at

pH 3, 15°C. The reaction mixtures were separated on a Cosmosil P : T :
5C18AR column (4.6x 150 mm) at 55C. Solvents and flow rates Disulfide bonds in most cystine-clustered peptides play

were as in Figure 1. Gradient conditions: 5% solvent B in the first @n €ssential role for providing a stable scaffold necessary
5 min and a linear 535% gradient of solvent B for another 30  for many biological functions. Therefore, the determination
min. The peak R1, which was identified to be [f§POl reduced  of disulfide pairings provides indispensable information for
at Cys* and Cy$°, appeared within seconds (panel b) and soon nderstanding unique structures of functional relevance.

after was followed by a burst of many peaks (panel ¢, enlarged in s e .
the vertical axis). Along with the propagation of these products, Moreover, correct knowledge of disulfide arrangement is

peak R1 Changed to Rfhat contained a pep“de reduced at eys important fora Variety of eXperimental studies. Such studies
and Cy#°. The small peak labeled with an asterisk was identified include the design of flexible schemes for the preparation

to be the peptide in fully reduced form. of synthetic peptides and related analogues, as well as for

similar to POl is currently unavailable, we tried to construct the analysis of solution and crystal structures.

a model of POI based on the disulfide connectivity. Cystine POl is a novel class of dopa-containing cystine-rich peptide
residues of POI are spread with roughly proportional spacesthat inhibits PO with extraordinary potency. We studied the
within the 26 C-terminal residues that contains the putative disulfide connectivity using synthetically prepared peptides
active site, Ty¥ (dop&?). Therefore, molecular modeling because POI is present in low abundance in the housefly.
based on the cystine connectivity should provide an ap- Specifically, we used [Tyf]POI as the target because it had
proximate outline of the overall folding of POI as well as been demonstrated that dépean be generated by oxidation
further information on its unique structural and functional of Tyr®2in vivo following intramolecular disulfide formation
character. We employed molecular dynamics and energy(11). In vitro, oxidative folding of synthetic [Ty#]POI gave
minimization procedures by using AMBER force field, where a unique product corresponding to the native peptide with
an extra pseudo-energy term was added to form correctreasonable yield. In contrast, synthetic linear POI including

G- C25

4

A o g2
C24- 036

Ficure 9: Schematic representations of the main-chain foldings of3fIB®©! (middle) andw-conotoxin GVIA (right). Traces of &

atoms and disulfide bridges are indicated by thick and thin lines. The N and C termini of these peptides are labeled with N and C. The
N-terminal residues preceding the cystine core of JipOI are densely hatched. Gly residues in the first intercystine sequences are shown

by spheres and indicated by arrowheads. The side-chain atoms of Tyr residues, which form geographical counterparts between two peptides,
are shown by shaded spheres. A space-filling model offJR©I is also depicted from an identical viewpoint as the middle model to show

the bulk arrangement of exposed and buried Cys residues (left). Sulfur atoms and side-chain atorfiylofiffgd) and Ty# are shaded

heavily and lightly, respectively. The structure of [¥4POI shown in this figure is derived from the typical coordinates of ensembles from
molecular dynamics and energy minimization calculations based on the determined cystine connectivities. The coorditatestokin

GVIA (1CCO) were retrieved from the Protein Data Badi8)( The first structure in 21CCO was used for this presentation. The diagrams

were generated by RASMOL34).
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dop&? resulted in complex mixture of inconsistent disulfide abundance of both basic and hydroxyl moieties distributed
pairings (data not shown). over the molecules. Furthermore, Gly at the center of the
For the determination of disulfide pairings of [FjPOlI, first intercystine sequence (between Cys|[l] and Cyslll]),
we employed a composite procedure, in which the fragmentswhich has been the only non-Cys residue absolutely con-
containing disulfide bonds were separated by enzymatic served among all the-conotoxins 28) and requisite to form
hydrolysis and the fragments containing tandem Cys residuesa type Il f-turn in the conotoxin structure8@, 31, was
were compared to synthesized authentic peptides. One ofalso found in POI. This suggests a resemblance in main-
these adjacent disulfides was confirmed by the orthogonal chain folding between POI and-conotoxins.
method, i.e., partial reduction at acidic pH followed by  The schematic models of main-chain folding of [T8
analysis of rapidly alkylated peptides. In addition, automatic pQ| (Figure 9) shows roughly a triple-strandggheet with
Edman analysis of native POI also gave consistent resultsa +2x, —1 topology and a pseudo-cystine-knot. The striking
on the recovery of di-PTH-cystines (data not shown). similarity in main-chain folding and spatial arrangement of
Although the disulfide pattern of [T#|POI was ultimately  djsulfide bridges between [T34POI andw-conotoxin GVIA
determined, the tendency for disulfide scrambling made a previously reported (LCC9) and the occurrence of Gfy/
reliable assignment difficult. During the enzymatic digestions, at ag-turn-like structure in the simulated coordinates of POI
the rates of disulfide exchange were kinetically controlled also rationalize this model. The model contains few ordered
by keeping the reaction pH much lower than the ordinary hydrogen bonds; however, the requirement of predenatural-
conditions as well as by minimizing the time periods for jzation by guanidine hydrochloride for proteolytic hydrolysis
reactions. Interestingly, the tendency for disulfide exchange indicates the presence of ordered intramolecular hydrogen
was more evident in the intact form. Digestion of intact bonds in POI as noted im-conotoxin GVIA @9). In the
peptide by LEP required strict conditions to suppress model, three disulfide bridges are lined up from the surface
scrambling. This was not the case for the nicked peptide of the molecule to the inside as zipping the main chain
(Figures 3 and 4). The relative stability of the nicked peptides compact (middle panel in Figure 9); one side of the aligned
suggests that the fragility of disulfides was attributable to djsulfides, Cys!—Cy<, is exposed in contrast to the other
an inherent character of intact POI. Furthermore, the two buried disulfide bridges (left panel in Figure 9). Specific
persistence of synthetic fragmenl and S2 in neutral  reduction of the disulfide bond between &yand Cy&° and
buffer, and the rapid scrambling of the cystine framework the accompanying disruption of cystine framework observed
observed during partial reduction, even at pH 3, also supportsin this study might be due to the unfastening motion of these
this thought. However, the POI resisted chemical reduction three disulfides. Similar behavior of disulfide bridges was
by 10 mM TCEP (a concentration where most cystine- reported onw-conotoxin GVIA, in which an all-or-none
containing peptides are reduced), implying a cryptic nature melting of reduction was observed®Q). This is also
for the disulfides in POI. After chemical reduction of Specific consistent with the structure simulation studies where ac-

Cys residues, Cys and Cy%’, we observed a massive ceptable folding was accomplished only by a specific order
shuffling of all the disulfide linkages in POI. The reduction of disulfide formation, in which Cy4 and Cy& was
of these Cys residues, which are supposed to be on therestrained at the end of the disulfide linking sequence.
molecular surface in a strained POI structure, appears to | conclusion, we propose that the novel peptide POl is a

cause the molecules to “burst” open, resulting in exposure o\, found member of the inhibitor cystine-knot structural

of t_h_e other internal (_jisulfide linkages. It is known that family. The spatial arrangement of two Tyr residues in our
positively charged residues located close by or adjacent 0 model of POI, where T¥# juts out from the bottom of the

Cys greatly enhance the rate constants in disulfide eXChangqargest loop in contrast to buried Tris consistent with

reactions up to a Pdfold range @7). Abundance of His, 15 55ical function, as only Ty? is enzymatically oxidized
Arg, and Lys just preceding or following Cys exceptforthe 4 5 qopa residue in vivo. It is intriguing that these two Tyr

".'““a”y repiucgd Cy$1 and Cys® may explain the coopera-  oqjqes of POI are located at the corresponding sites of two
tively rapid disruption of the disulfide framework of POl ¢ i o three Tyr inw-conotoxin GVIA (TyA3 and Ty#2

(Figure 7). o _ _ Figure 9) and that Ty? of conotoxin corresponds to Tr
The mode of disulfide bridges of POl was determined to ¢ p(). Functionally, Ty, but not Ty of w-conotoxin

follow a cascadelike topology withHIV, Il =V, and lI— GVIA is a crucial residue for the binding to N-type €a
VI connectivity (Figure 7). This topological character is often . annel 82). Such structural analogy between POI and

found in toxins from snail and spider as well as protease , conotoxin GVIA, together with the known diversity of
inhibitors and defense peptides from plants and insé®s (  pjigjogical function of other related peptides within the
Such peptides are known to be the members of a inhibitor j,hipitor cystine-knot structural family, suggests that POI

cystine-knot structural family. Despite their functional dif- may have a broader biological distribution as well as have
ferences and very low primary sequence homology, theseqer roles besides the regulation of intact PO.
peptides share a common cystine motif and a tertiary

structure incorporating a pseudo-cystine-knot and a triple- ACKNOWLEDGMENT
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