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ABSTRACT. The three-dimensional solution structure of ascidian trypsin inhibitor (ATI), a 55 amino acid
residue protein with four disulfide bridges, was determined by means of two-dimensional nuclear magnetic
resonance (2D NMR) spectroscopy. The resulting structure of ATl was characterized dyelical
conformation in residues 3542 and a three-stranded antiparafietheet in residues 226, 29-32, and

48—-50. The presence of am-helical conformation was predicted from the consensus sequences of the
cystine-stabilizedx-helical (CSH) motif, which is characterized by anhelix structure in the Cys-X
X2-X3-Cys portion (corresponding to residues-3%1), linking to the Cys-X-Cys portion (corresponding

to residues 1214) folded in an extended structure. The secondary structure and the overall folding of the
main chain of ATl were very similar to those of the Kazal-type inhibitors, such as Japanese quail ovomucoid
third domain (OMJPQ3) and leech-derived tryptase inhibitor form C (LDTI-C), although ATI does not
show extensive sequence homology to these inhibitors except for a few amino acid residues and six of
eight half-cystines. On the basis of these findings, we realign the amino acid sequences of representative
Kazal-type inhibitors including ATI and discuss the unique structure of ATI with four disulfide bridges.

Ascidian trypsin inhibitor (ATI} was first isolated from  from hemocytes on phagocytosiy.(ATI has four disulfide

the hemolymph of the solitary ascidi&talocynthia roretzi bridges in a molecule composed of 55 amino acid residues
(1). ATI strongly inhibits mammalian trypsin and plasmin. with a sequence showing no extensive homology to other
It also inhibits acrosin purified from sperm of the ascidian. protease inhibitors 3). The reactive site for trypsin is the
However, this inhibitor has been thought to take a role in Lys'—Met!” bond @). The most striking feature of ATl is
the defense mechanism through functioning in the inhibition that this inhibitor has two kinds of cystine motifs in a small-
of the activity of trypsin-like proteases which are released sjzed molecule. The first motif is a cystine framework of
the chelonianin family of serine protease inhibitors that
TThe atomic coordinates for the 20 best conformers described in contain four disulfide bridges in a domain. This is called

;hdfn;t);;r)elrl\?va\;e been deposited with the Protein Data Bank (accessiorWAp (whey acidic protein) motif, 6). This family of
*To whom correspondence should be addressed. E-mail: yujik@ Protease inhibitors includes secretory leukocyte protease

protein.osaka-u.ac.jp. Telephonet81(6)68798220. Fax:+81(6)- inhibitor (SLPI) (7), antileukoprotease8], and elafin 9).
68798221. _ Among them tertiary structures of SLPI and elafin have been
* National Food Research Institute. . . . .
§ National Research Institute of Fisheries Science. elucidated 10—.12)..F|gur(_a 1 shows the topological rel?-t'on_
Institute for Protein Research, Osaka University. between the disulfide bridge structure and the reactive site

' Graduate School of Pharmaceutical Sciences, Osaka University. nosition of ATl and several selected serine protease inhibi-

#Graduate School of Pharmaceutical Sciences, Hokkaido University. . .
4 Present address: Faculty of Engineering, Aomori University, 2-3-1 tors. The cystine framework of ATl is the same as that of

Kobata, Aomori 030-0943, Japan. elafin, but the reactive site position is not. It should be noticed
¥ Present address: Daiichi Pharmaceutical Co., Ltd., Tokyo R&D here that three of four disulfide bridges except for the'&ys

Center, 1-16-13 Kita-Kasai, Edogawa-ku, Tokyo 134-0081, Japan. 1 - - : : .
! Abbreviations: ATI, ascidian trypsin inhibitor; CSH motif, cystine- Cys*'bond in AT! display a topology, including the reactive

stabilizeda-helical motif; DQF-COSY, double-quantum-filtered chemi- ~ Site position, common to that of all three disulfide bridges
cal shift correlation spectroscopy; LDTI-C, leech-derived tryptase in the Kazal-type inhibitors such as OMJPQ3 and bdellin

inhibitor form C; NMR, nuclear magnetic resonance; NOESY, nuclear -3 from Hirudo medicinalis(13). On the basis of the
Overhauser effect spectroscopy; OMJPQ3, Japanese quail ovomucoid., .. . e
third domain: OMTKY3, turkey ovomucoid third domain: OMSVP3,  1indings ATl has been tentatively classified into the Kazal-

silver pheasant ovomucoid third domain; PSTI, porcine pancreatic type inhibitor family 8). The Kazal-type inhibitor family is
secretory trypsin inhibitor; rmsd, root-mean-square deviation; TOCSY, nqgw divided into two subgroups, i.e., the “classical” and

total correlation spectroscopy; E-COSY, exclusive two-dimensional | ical” inhibi he f includ .
scalar correlation spectroscopy; 2D, two dimensional; WAP, whey nonclassical”™ inhibitors. The former includes pancreatic

acidic protein. secretory trypsin inhibitor (PSTI) and ovomucoids, and the
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family but not to those of the chelonianin inhibitor family.
On the basis of the results obtained, we will discuss the
unique structure of ATI with four disulfide bridges.

Elafin

38 4445 49 53

MATERIALS AND METHODS

1 Materials. ATl was isolated from the hemolymph &f.
omIPas s 16 24 35 38 56 roretzi by affinity chromatography on immaobilized bovine
trypsin, and it was further separated into ATI-I (intact form)
and ATI-II (reactive site cleaved form) by ion-exchange
chromatography as previously reportéyl ATI-I was further
37 4041 separated by reversed-phase high-performance liquid chro-
matography into ATI-la (minor component) and ATI-lb
I (major componenty). ATI-Ib thus isolated was used in this
BdellinB-3 an study and designated herein as ATI in brief. The purity of
46l 14 % 2 « the final product was verified by sodium dodecyl sulfate gel

Ficure 1: Topological relation between the disulfide bridge electrophoresis and amino acid composition analysis after
structure and the reactive site position of elafin, OMJIPQ3, ATI, acid hydrolysis.

and bdellin B-3. Arrows indicate reactive sites. Circles indicate half- -
cystines. Among them, the open circle in ATI and bdellin B-3 Measurement of NMR Spectiadesalted and lyophilized

especially represents half-cystines constituting the CSH motif. ~ sample was dissolved in eithee® or a 90% HO/10% DO
solution to give a final concentration of 2.0 mM. The
latter includes bdellin B-3, the elastase-specific inhibitor from PH of the solution was adjusted to 3.7 it M HCI. All
Anemonia sulcatg14), rhodniin (a Kazal-type thrombin  *H NMR spectra were obtained on Bruker AVANCE-500,
inhibitor from Rhodnius prolixug (15), and leech-derived ~ DRX-600, and DMX-750 and JEO-600 spectrometers
tryptase inhibitor form C (LDTI-C) 16). The common  With quadrature detection in the phase-sensitive mode by
features of nonclassical Kazal-type inhibitors are that the TPPI 24) and States TPPI 25). The following spectra were
positioning of half-cystine residues forming disulfides is collected at 25, 30, and 3% with 15 ppm spectral widths
significantly different from that of the classical inhibitors, in the t; andt; dimensions: 2D double-quantum-filtered
even though their sequences and the cystine pattern arehemical shift correlation spectroscopy (DQF-COS9)(
homologous. Next, the second cystine motif found in ATl recorded with 512 and 2048 complex points in thandt,
is the cystine-stabilizedi-helical (CSH) motif, which is ~ dimensions; 2D nuclear Overhauser effect spectroscopy
composed of an-helical segment spanning the Cys-X,- (NOESY) @7), recorded with mixing times of 60, 80, 100,
X3-Cys sequence portion that is cross-linked by two disulfide and 200 ms and 512 and 2048 complex points intifzend
bridges to the sequence portion Cys-X-Cys, folded in an tz dimensions; 2D total correlation spectroscopy (TOCSY)
extendedp-strand-type structure. Tamaoki et al7{ has  (28), recorded with mixing times of 35 and 70 ms and 512
pointed out that ATI, as well as most of the nonclassical and 2048 complex points in the andt, dimensions. The
Kazal-type inhibitors such as bdellin B-3, LDTI-C, and high digital resolution DQF-COSY and 2D exclusive scalar
rhodoniin, has the CSH motif in the sequence (also see Figurecorrelation spectroscopy (E-COS29] spectra, respectively,
1). The CSH motif has been widely found in bioactive Were recorded using 800 and 4096 complex points irtithe
peptides, such as endothelin-1, honeybee toxins (apamin)andt; dimensions. Water suppression was performed using
and scorpion toxins (charybdotoxin§-20). The solution ~ the WATERGATE sequences(, 31). For identification of
structures of these peptides have been determined by usinghe slowly exchanging amide protons the lyophilized sample
NMR methods, and each CystX,-X3-Cys segment was  was initially dissolved in 25@L of DO, and then sequential
proven to form aro-helical structure 8, 21—23). Inthe 2 h 2D-TOCSY spectra were recorded at°g0 All NMR
case of ATI, Cy3-Ala®-Leu-Cys-Cyst and Cy$>Arg®- spectra were processed using the NMR Pipe Progggn (
Cys* correspond to the respective segments of the CSH Before Fourier transformation the shifted sine-bell window
motif, where the disulfide bridges linking Cy¢o Cys and function was applied to thg andt, dimensions. Chemical
Cyst*to Cys7 are formed. ATl has the unique and crowded shifts were referenced to internal 4,4-dimethyl-4-silapentane-
disulfide bridges in a small-sized molecule, but its tertiary 1-sulfonate (DSS).
structure has not yet been analyzed. It is worthwhile, AssignmentsProton cross-peaks were assigned on the
therefore, for definite classification of this inhibitor to basis of the NOESY spectrum in combination with COSY
determine the secondary and tertiary structure of ATl and and TOCSY data by following the well-established sequence-
to compare it with those of protease inhibitors from various specific methodology33). Apart from the data being used
other sources. It is interesting to clarify if C{snterferes directly for structure determination, a set of NOESY spectra
with a-helix formation in the CSH motif. was collected under various temperature conditions to assign

In the present study, we have determined the three-the overlapping peaks. Thg, angles of stereospecific
dimensional solution structure of ATI by two-dimensional assignments of thé-methylene protons were obtained using
(2D) NMR spectroscopy and simulated annealing calcula- standard procedure$4).
tions. The results indicated that the CygX,-X3-Cys Structure DeterminationThe structures of ATl were
segment in question actually forms arhelical structure and  calculated by simulated annealing using torsion angle
that the secondary structure and overall folding of main chain dynamics with the program CNS3¥%). The force constants
of ATI are very similar to those of the Kazal-type inhibitor used were 75 kcal mot A=2 and 400 kcal mot! rad2 for

ATI
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Ficure 2: Fingerprint region of the DQF-COSY spectrum of ATl in a 90%0HL0% D,O solution at pH 3.7 and 3%C collected at 600

MHz. Boxes indicate cross-peaks that are not observed in tesdlution and that have been located through other evidence. Underlined
assignments are for side-chain resonances. The inset box shows a peak®foni@yslo. chemical shift upfield.

distance and torsion angle restraints, respectively. Theliminary structures. The 1% angle restraints were obtained.
structure calculation proceeded in three stages. In the firstThe ¢ angle was restrained t640° 4+ 30° in the a-helix
stage, a low-resolution structure was preliminarily determined regions and 120+ 60° in the 5-sheet regions. Side-chain
using only NOE-derived distance restraints. In the second y; angles were determined Bd,q+s coupling constants from
stage, the same protocol was applied by adding hydrogenE-COSY and short-mixing TOCSY connectivities in com-
bond restraints and dihedral angle restraints exceptfor bination with NH-Hj and Hu—Hp NOEs @4). The 8y
angle restraints. Additional NOE constraints were added in angle restraints were obtained. Theangle restraints were
each round of calculations, and restraints that were consis-normally restricted to a60° range from staggered confor-
tently violated were removed. In the third stage, the ad- mations,g* (+60°), t (180°), or g~ (—60°). Hydrogen-
ditional NOE constraints angt angle restraints were added deuterium exchanging experiments identified 14 hydrogen
and employed into the final structure calculation. The bond donors. Corresponding hydrogen bond acceptors were
averaged minimized structure of ATl was obtained by determined on the basis of NOE patterns observed for regular
restrained minimization of the mean structure of the 20 final secondary structural regions and preliminary calculated
structures with low energy. structures without restraints regarding hydrogen bonds.
Proton-proton distance restraints were determined from Hydrogen bond restraints were applied te-N and C=0
NOEs recorded in NOESY spectra with mixing times of 80, groups: 1.72.4 A for the H-O distance and 2:73.4 A
100, and 200 ms. The NOE cross-peaks were translated intdor the N—O distance §3).

upper distance limit restraints according to their intensity  The final structures were analyzed using MOLMGCBS)
by using the following qualitative criterion: strong intensity ang PROCHECKNMR39). The molecular structures were
intensity NOEs to lower than 3.5 A, and weak intensity \MOLMOL. The coordinate data for OMJIPQ2Y), elafin

NOEs to lower than 5.0 A. For distances involving methyl (12), and LDTI-C @2) were obtained from the Protein Data
groups, nonstereospecifically assigned methylene protons,gank.

and aromatic protons, a pseudo-atom correction was added

to the distance limit according to Whrich 33). Torsion RESULTS

angle restraints on the backbopi@ngle were derived from

3JunnHa coupling constants from the high digital resolution NMR Analysis and Secondary Structural Elemefitse

2D DQF-COSY spectra and intraresidue and sequential sequence-specific assignments of the proton resonance from
NOEs. The 3% angle restraints were obtained. Backbone each residue in ATI were made using standard procedures
¢ angles were restrained t660° 4= 30° for 3Jynne < 6 Hz, (33) from 2D NMR spectra recorded at 25, 30, and°&
—120° &+ 50° for 3Junne = 8—9 Hz, and—120° £ 40° for The fingerprint region in the DQF-COSY spectrum at 30
3JunHe > 9 Hz. An additionakp angle restraint of-100° + °C is shown in Figure 2. The proton peak assignments of
80° was applied for residues for which the intraresidueH ATI in the 2D NMR spectra were completed. Signals for
HN NOE was clearly weaker than the NOE between HN Pro were assigned frod;+1) connectivities, and they were
and the Hx of the preceding residu&@). A y angle restraint  identified to be all in a trans conformation. The detailed
was used for residues m-helix andg-strand structures, as  chemical shift data at pH 3.7 and 3C are given in the
predicted from the kel chemical shift index (CSI)37), NOE Supporting Information (Table S1). Stereospecific assign-
patterns characteristic of secondary structure and the presments for eight residues were then carried out. As the result,
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Ficure 3: Summary of the sequential and medium-range NOE connectivities observed for ATl and chemical shift index (CSI) derived
from Ho chemical shifts of ATI. Bars, the size of which indicates the NOE intensity (strong, medium, and weak), represent sequential
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NOEs. Slowly exchanging amide protons are also represented as closed &igles, are three-bond coupling constants between HN and
Ha, where the symbols represen6.0 Hz (o) and >8.0 Hz @). The secondary structure of ATl is schematically represented.

x1 angles were restrained te60° + 60° for Asp?®, Asn®,
and Asi?, 60° + 60° for Leut8, CysH, and Tyf®, and 180
+ 60° for Asn'®> and Led®. The NOE connectivities along
the peptide backbone in the NOESY spectrum of ATy

coupling constants, and slowly exchanging amide protons
provide its secondary structure profile as shown in Figure

3, wheredyn, duv, and dgy Symbolize the connectivities
between NHi)—NH(i+1) and H3(i))—NH(i+1) and so on.
Particular dungj+3), Oangita)y and deggi+s) connectivities
observed in the sequence region-3® strongly suggest an
a-helical structure in this region. Successigigy connec-
tivities, small®Junne coupling constants<{6 Hz), and the

slowly exchanging amide protons in the same region further

support the presence of anhelical structure. On the other
hand, judging from strondung,+1) anddgng,i+1), three peptide
segments, i.e., residues 226, 29-32, and 4850, are

AHMDCTEFNPLCRC GDLICAVI ALCC PCE
ATI -0 —an—n—

LAAVSVECSEYPKPAC RPV NECNAV 'GKC
OMJPQ3 ) D —)—

TSPQREATCTSEVSGCPKIYNPVCGTDGITYSNECVLCSENKKRQTPVLIQKSGPC
PSTI NGl —u)—

Ficure 4: Comparison of the secondary structural elements of ATI
(a), OMJPQ3 (b), and PSTI (c). Box and arrowheads represent
a-helix andg-strands, respectively. Vertical arrowheads indicate
the reactive site.

satisfying the CSH motif. Present results revealed that®Cys

considered to be in the extended form, and long-range NOEsat the X position in the CSH motif, forming a disulfide
between @H protons among these three segments suggestbridge with Cy8, does not interfere with thec-helical

that they take a part of an antiparaliekheet. Larg€lunmo
coupling constantsX8 Hz) and the slowly exchanging amide

formation of the corresponding sequence portion in ATI.
There have been two other examples reported so far that a

protons in the same region further support the presence ofCys residue occurs in the amino acid sequence;a2%,XX3

an antiparalleB-sheet structure. Additional support for helix
andg-sheet conformation is provided by analysis of the H
chemical shift index (also see Figure 3). The Hsonances
of most residues in the sequence—3R gave particular
upfield shift, while those in the sequences-285, 29-32,
and 48-50 gave particular downfield shift from their random
coil values. It should be noted that the chemical shift of H
in Cys*” remarkably moved to upfield from the random coil

between the two Cys residues. Insectotox (43) and
chlorotoxin @4) contain an additional disulfide bond that
bridges the Cys-X-X-Cys-Cys sequence portion in the
o-helix to the additional N-termingl-strand. We can identify
af-turn at residues 2629 on the basis of characteristic NOE
patterns. The first and secoifdstrands are thought to be
connected to each other by a type | orSthairpin loop
consisting of two residues, Gli¥Asp?8, since thedgngi+2),

value. We cannot explain the cause of this high upfield shift dung,+2), anddug,+3 NOEs in the sequence region, 26 to
at present. Recently, we prepared an OMSVP3 variant with 29, are observed. The secondary structure of ATI is

a non-native disulfide bridge between positions 14 and 39,

schematically represented in Figure 4, showing that ATI

corresponding to a disulfide bond between positions 12 and exhibits a remarkable pattern similar to those of typical or

41 of ATI, by site-directed mutagenesis. Such a high upfield
shift was also observed in ddin Cys® of the variant,
corresponding to that of C¥sof ATI. It is obvious from
the above results that the two segments ofCpéa®8-Lel’*-
Cys-Cyst and Cy$%-Arg'®-Cys'“ take an expected structure

classical Kazal-type inhibitors such as OMJPQ3 and PSTI.
The a-helix of ATl is somewhat shorter than that of typical
Kazal-type inhibitors, probably due to Pfas ano-helix
breaker. On the other hand, the secondary structure of elafin
with a WAP motif contains a one-turmghelix followed
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Table 1: Statistics for Best 20 NMR Structures of Ascidian Trypsin

Biochemistry, Vol. 41, No. 34, 20020661

these structures are superimposed to give the best fit in space.

Inhibitor The rmsd value from the mean structure is 1.16 A for all

total distance restraints 536 backb(_)ne atoms in the whole molecule, while .the corre-
intraresidue 77 sponding value is 0.68 A for all backbone atoms in the core
sequential 176 region of residues 2151, involving all secondary structure
Imed'a{m (_1|<>|'5)—J| <5) 226 elements of ATI. These data indicate that the core region
ong (i —j| = : -
hydrogen bond (two per bond) 28 converges very we_II in thg calculated structures. Figure 6

total dihedral angle restraints 62 gives the schematic drawing of the mean structure of the
® 39 peptide backbone of ATI, together with those of OMJPQ3,
Y é5 LDTI-C, and elafin. The mean structure of ATI is well
x1 ; _helix i 42

rmsd from experimental restraints characterized by aa-helix in the sequence of _Aé_‘?’rGIu
NOE distance restraints (A) 0.03330.0019 and a three-stranded antiparalfkheet consisting of the
dihedral angle restraints (deg) 0.4269.1094 peptide segments of Ag-l1le?s, Ala?*—Glu®?, and Gl#e—

rmsd from ideal covalent geometry

bonds (A)

0.0038t 0.00023

SePP. The gross structure of ATl is very similar to those of
OMJPQ3 and LDTI-C but not to elafin, which is character-

les (d 0.543% 0.0163 . : o :
ﬁﬂgrg?,érsg) 0.3616- 0.0349 ized by a central twistegi-hairpin accompanied by two

¢ andy in core and allowed regions (%)  96.2 external segments linked by the protease-binding loop. The
rmsd relative to mean structure (A) results thus suggest that ATl could be classified into a Kazal-
whole molecule (residues-55) type inhibitor family on the basis of tertiary structure.

backbone (N, @, and C atoms) 1.163+ 0.231
all non-H 1.873+ 0.276
core region (residues 2560y DISCUSSION
backbone (N, @, and C atoms) 0.682+ 0.105 So far, serine protease inhibitors have been classified not
all non-H 1.283+0.113

only by the homology in amino acid sequences but also by
IatThe Frfogrglfg PROCHECK-Nll\/lR39) \Il\llas Use%fOY Ré:mafhandran the similarity in topological relation between the disulfide
ot analysis.” Core region Involves all seconaary structures, one H H H HS
behelix (residues 3542) and threg-strands (residues 226, 2o Pridge pattern and the reactive site positidf)( Structural
32, and 48-50). analysis of these inhibitors using X_—ray _crystallography and
NMR methods revealed that the inhibitor molecules thus
classified have a common characteristic tertiary structie (
47). It would be apparent that ATl examined in this study
could not be easily classified on the basis of the data of
sequence homology and cystine framework. For definite
classification, it was necessary to determine the tertiary
structure and to compare it with those of other familiar
inhibitors. In this study we have determined the tertiary
structure of ATl by 2D NMR methods. The resulting
structure of ATl was well characterized by anhelix in
the sequence of A$h-Glu*? and a three-stranded antiparallel
/ B-sheet consisting of the peptide segments of?Hée?,
FiGure 5: Superposition of 20 converged structures of ATl Ala?*—Glu*? and GI4®—SefC. This structural profile is quite
determined by*H NMR and simulated annealing calculations. similar to those of OMJPQ3 and PSTI, suggesting that ATI
can be classified as a member of Kazal-type inhibitors from
by a two-stranded antiparallgtsheet. Thus, the secondary the viewpoint of tertiary structure. This study further
structural topology of ATIBBap, is clearly different from  confirmed that ATl is clearly different from a member of
that of elafin, 3454 (5, 9). the chelonianin inhibitor family, even though both inhibitors
Tertiary StructureThe three-dimensional structure of ATI  have a common cystine framework consisting of four
was determined by simulated annealing calculations usingdisulfide bridges.
508 NOE-derived distance restraints (including 77 intraresi- The Kazal-type inhibitor family is now divided into two
due, 176 sequential residue, 89 medium range, and 166 longsubgroups, the classical and nonclassical inhibitors. The
range), 28 hydrogen bond restraints, and 62 dihedral angleformer includes OMJPQ3 and PSTI, and so on, and the latter
restraints. Twenty conformations that give low conformation includes bdellin B-313), Anemoniaelastase inhibitori(4),
energy and give no distance and dihedral angle violationsrhodniin (L5), and LDTI-C (6). Their sequences have been
greater than 0.5 A and®5respectively, were chosen among  so far aligned with those of the classical inhibitors by placing
100 resulting structures. Statistical data for the 20 structuresthe half-cystines in corresponding positions introducing
of ATl are given in Table 1. The structures thus obtained deletion arbitrarily to improve the alignmerit3, 14). Fink
had good covalent geometry and stereochemistry, as evi-et al. have already pointed out that the number of amino
denced by the low rmsd values for bond, angle, and improperacids between the first and second half-cystine, as well as
from idealized geometry. The Ramachandran plot confirmed the fourth and fifth, is apparently variable between bdellin
the high quality of these structures, which showed that 88% B-3 and various classical Kazal-type inhibitors. Tamaoki et
of ¢ andy angles are found within the most favored and al. (17) have found the CSH motif in the sequences of bdellin
additionally allowed regions and that less than 4% @ind B-3, LDTI-C, and rhodniin domain 1, as well as ATI. The
1 angles are found within the disallowed region. Figure 5 solution and crystal 3D structures of LDTI-Q 42) and
represents the resulting solution structures of ATI, where rhodniin @8) have been determined. In LDTI-C the Cys-
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(a)

A24

FIGURE 6: Schematic representation of the peptide backbone structures of ATI (a), OMJPQ3 (b), LDTI-C (c), and elafin (d) drawn with
MOLSCRIPT @0). The disulfide bridges and the side chains of three asparagine residues (N35 in ATI, N33 and N39 in OMJPQ3) are
shown by ball-and-stick representation. The main chains@Cand N) of other residues are also shown by ball-and-stick representation.
Hydrogen bonds are shown by dotted lines. Note that'yBys*! plus Cy3$*—Cys” in ATI (a) and Cy4—Cys? plus Cy$—Cys® in

LDTI-C (c) constitute the CSH motif. The reactive site residues are indicated by K16, K18, K8, and A24, respectively.

X1-X2-X3-Cys portion of this motif is folded into a shorig3 nonclassical inhibitors would correspond to an extra disulfide
helix conformation in solution and af-helix in crystals of bridge ofa—p in ATI. Thus our alignment could dissolve
the LDTI—trypsin complex. Rhodniin possesses two Kazal- discrepancy in the numbers of amino acids among the Kazal-
type inhibitor domains in the molecule, and the corresponding type inhibitors described above.

portion of rhodniin domain 1 is also folded into anhelix Finally, we would like to discuss the reactive site loop of
conformation. Although structural analysis of bdellin B-3 ATI. In the case of OMJPQS3, two hydrogen bonds provided
has not been carried out, its tertiary structure has beenby Asr’®and Asi¥° on the central helix, together with Cys
modeled by using the coordinates of the homologous Cys® (I-V) and Cy36—Cys® (Il —1V), are thought to play
OMSVP3. In this modeled structure the Cys-X,-X3-Cys a role in stabilizing the reactive site conformatid), From
portion is folded into aro-helical conformation 13). On our alignment shown in Figure 7, it is clear that the respective
the basis of the cystine framework including the CSH motif residues in ATI are As#y, Cys", Cy$—Cys™ (1-V), and

and the information of their tertiary structures, we tried to Cys!*—Cys” (I1—-1V). From comparison of the tertiary
realign the amino acid sequences of representative Kazal-structure of ATI with that of OMJPQ3, the spatial locations
type inhibitors and ATI. The results are shown in Figure 7. of these residues in both proteins are very similar each other
In brief, the classical Kazal-type inhibitors such as PSTI, (Figure 6). Thus, disulfide bonds-M and [I-1V in ATI
OMJIPQ3, and OMSVP3 have the cystine framework-6f could be expected to contribute to stabilization of the reactive
II—1V, and IlI—=VI. ATI has an extra disulfide bridge @f—/ site loop of this inhibitor. On the other hand, the side-chain
between residues Clsand Cy4! in addition to these three  amide proton of As# in OMJPQ3 and PSTI forms hydrogen
disulfide bridges. On the other hand, bdellin B-3, LDTI-C, bonds with the main-chain carbonyl oxygen of Prand
and rhodoniin, which are classified into the nonclassical Asp™for OMJPQ3 or Pr& and Il€”® for PSTI @1, 50). Thus,
inhibitors with the CSH motif, do not have the disulfide bond Asn® of the Kazal-type inhibitors acts as a spacer between
corresponding to+V in the classical inhibitor. The disulfide  the reactive site loop and the central hel6), NMR studies
bridge between the first and fifth half-cystine in these showed that the B2 of Asr?®in OMTKY3 and PSTI gives
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[ B
| 1] v Vv Vi
20 30 40
Bdellin B-3: -=-SDGVT-YD] TCHG-----~, ASVAHD! G
20 0
LDTI-C: -=SDGRT-YANS[CIL G-===== VSIKSEGSCGPT
20 3 40
Rhodniin-1: --SDGET-YSNPLC[T GKPELVKVHDG!
1 30 L] 50
ATI: \VIGDAKEE! HPGGFE---YS-NG!
1 30 40 50
PSTI: TSPQREA! -=TDGIT-YSNE| ENKKRQTPVLIQKSG!
1 30 0 50
OMSVP3: LAAV: OG-~ SDNKT—YG{IK VVESNGTLTLSHFG!
1 30 40 50
*
OMJPQ3: LAAV. —--SDNKT-YSNK| VVESNGTLTLNHFG!

Ficure 7: Alignment of amino acid sequences of ATl and some selected classical and nonclassical Kazal-type inhibitors. The sequence of
ATl was aligned with those of Kazal-type inhibitors referring to the data obtained by CLUSTAL-W through Genome Net at the Institute

for Chemical Research, Kyoto University. The arrow indicates the reactive site. Disulfide pairs\arectg, [1—-1V, and IlI-VI. The

sequence regions assigned to the CSH motif are shown in underlines. Asterisks represent residues that play a role in stabilizing the reactive
site conformation of OMSVP3 and OMJPQ3. References: bdellin B3B8 [DTI-C (16), rhodniin domain 115), ATI (3), PSTI £0), and

OMSVP3 and OMJIPQ35Q).

a considerable low-field chemical shift, favoring its partici-
pation in the mentioned hydrogen bor®(51). In the case

of Asn® in ATI, however, such a low-field chemical shift
of the H32 was not observed (see Table S1). This finding
suggests that a similar contribution in stabilization of the

SUPPORTING INFORMATION AVAILABLE

One table containing proton resonance assignments for
ATI. This material is available free charge via the Internet
at http://pubs.acs.org.
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