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ABSTRACT: Anemoniaelastase inhibitor (AEI) is a “nonclassical” Kazal-type elastase inhibitor from
Anemonia sulcata. Unlike many nonclassical inhibitors, AEI does not have a cystine-stabilizedR-helical
(CSH) motif in the sequence. We chemically synthesized AEI and determined its three-dimensional solution
structure by two-dimensional NMR spectroscopy. The resulting structure of AEI was characterized by a
centralR-helix and a three-stranded antiparallelâ-sheet of a typical Kazal-type inhibitor such as silver
pheasant ovomucoid third domain (OMSVP3), even though the first and fifth half-cystine residues forming
a disulfide bond in AEI are shifted both toward the C-terminus in comparison with those of OMSVP3.
Synthesized AEI exhibited unexpected strong inhibition towardStreptomyces griseusprotease B (SGPB).
Our previous study [Hemmi, H., et al. (2003)Biochemistry 42, 2524-2534] demonstrated that the site-
specific introduction of the engineered disulfide bond into the OMSVP3 molecule to form the CSH motif
could produce an inhibitor with a narrower specificity. Thus, the CSH motif-containing derivative of AEI
(AEI analogue) was chemically synthesized when a Cys4-Cys34 bond was changed to a Cys6-Cys31

bond. The AEI analogue scarcely inhibited porcine pancreatic elastase (PPE), even though it exhibited
almost the same potent inhibitory activity toward SGPB. For the molecular scaffold, essentially no structural
difference was detected between the two, but the N-terminal loop from Pro5 to Ile7 near the putative
reactive site (Met10-Gln11) in the analogue moved by 3.7 Å toward the central helix to form the introduced
Cys6-Cys31 bond. Such a conformational change in the restricted region correlates with the specificity
change of the inhibitor.

Anemoniaelastase inhibitor (AEI) has been isolated from
the whole body of the sea anemoneAnemonia sulcata(1).
AEI strongly inhibits porcine pancreatic elastase (PPE) and
moderately inhibits human leukocyte elastase (HLE). No
obvious inhibition has been observed toward trypsin, chy-
motrypsin (CHT), subtilisin, and cathepsin G. The biological
role of this inhibitor has not been elucidated yet. AEI has
three disulfide bridges in a molecule composed of 48 amino
acid residues and is classified as part of the “nonclassical”
Kazal-type inhibitor family based on the positioning of the

first and fifth half-cystine residues forming the I-V disulfide
bridge (2). The amino acid sequence of AEI is shown in
Figure 1A, together with those of the classical and nonclas-
sical Kazal-type inhibitors. Figure 2 shows the molecular
structure of a representative classical Kazal-type inhibitor,
OMSVP3 (3). It is apparent from the alignment of amino
acid sequences of the nonclassical Kazal-type inhibitors that
this type of inhibitor family could be further separated into
two subgroups as will be described later.

One of the striking features of the nonclassical inhibitors
would be that the first and fifth half-cystine residues forming
theR′-â′ disulfide bond in wild-type AEI, crayfish inhibitor
(4), and Ciona trypsin inhibitor (5) are all shifted toward
the C-terminus in comparison with the respective half-cystine
residues, I and V, for OMSVP3. We call these three
inhibitors the “group 1” inhibitors, hereafter. Sequences of
wild-type AEI, the AEI analogue, and OMSVP3 are specially
extracted from Figure 1A to compare with them in detail
(Figure 1B). AEI has three disulfide bridges, i.e., Cys4-
Cys34, Cys8-Cys27, and Cys16-Cys48, where Cys4 and Cys34

correspond to the first and fifth half-cystines in question,
respectively, both of which are shifted by four residues
toward the C-terminus compared with those for OMSVP3.
It is rationalized on the basis of the sequence homology
between AEI and OMSVP3 that the respective residues may

‡ The atomic coordinates for the 20 best conformers of wild-type
AEI and AEI analogue described in this paper have been deposited
with the Protein Data Bank (entries 1Y1B and 1Y1C, respectively).
Chemical shifts for wild-type AEI and AEI analogue have been
deposited in the BioMagResBank as entries 6386 and 6387, respec-
tively.
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correspond to positionsR′ (residue 12) andâ′ (residue 42)
of OMSVP3 (also see Figure 2). The tertiary structures of

the proteins with this type of disulfide pattern have not been
elucidated yet.

Another feature is that five of eight nonclassical inhibitors
have the cystine-stabilizedR-helical (CSH)1 motif in the
sequence (see also Figure 1A), as already pointed out by
Tamaoki et al. (6). We name these inhibitors the “group 2”
inhibitors. In these cases, the first and fifth half-cystine

1 Abbreviations: Boc,tert-butoxycarbonyl; Bom, benzyloxymethyl;
CSH, cystine-stabilizedR-helical; CZE, capillary zone electrophoresis;
DQF-COSY, double-quantum-filtered correlation spectroscopy; ESI-
MS, electrospray ionization mass spectrometry; HF, hydrogen fluoride;
1H NMR, proton nuclear magnetic resonance; MCA, 4-methylcoumaryl-
7-amide; native PAGE, polyacrylamide gel electrophoresis under
nondenaturing conditions; NOE, nuclear Overhauser effect; NOESY,
nuclear Overhauser effect spectroscopy; OMSVP3 and OMTKY3,
ovomucoid third domains from silver pheasant and turkey, respectively;
pNA, 4-nitroanilide; rmsd, root-mean-square deviation; RP-HPLC,
reversed phase high-performance liquid chromatography; SGPA and
SGPB,Streptomyces griseusproteases A and B, respectively; TFA,
trifluoroacetic acid; TOCSY, total correlation spectroscopy; TPPI, time-
proportional phase incrementation; 2D, two-dimensional.

FIGURE 1: Alignment of amino acid sequences of AEI and some selective classical and nonclassical Kazal-type inhibitors (A). The sequences
were aligned using CLUSTAL-W through Genome Net at the Institute for Chemical Research, Kyoto University, Kyoto, Japan. The reactive
site is denoted with an arrow. Disulfide bonds are linked as follows: I-V, II -IV, and III-VI for the classical inhibitors,R′-â′, II-IV,
and III-VI for the nonclassical group 1 inhibitors, andR-â, II-IV, and III-VI for the nonclassical group 2 inhibitors. ATI, which is
classified as part of the nonclassical group 2 inhibitor family, hasR-â in addition to I-V, II -IV, and III-VI. The sequence regions
assigned to the CSH motif are underlined. According to Tamaoki et al. (6), the CSH motif in the group 2 inhibitors can be generally
expressed as Cys-(X)m-Cys/Cys-(X)n-Cys, wherem/n ) 1/3. Contrary to this, them/n value of the cystine pattern in the respective region
of the group 1 inhibitors, including AEI, can be expressed as 3/6. References: AEI (2), crayfish inhibitor (Crayfish) (4), Ciona trypsin
inhibitor (Ciona) (5), bdellin B-3 (48), LDTI-C (14), rhodniin (13), dipetalogastin (49), ATI (15), and OMJPQ3 and OMSVP3 (17). Panel
B shows the sequence alignment of wild-type AEI, AEI analogue, and OMSVP3. Note that the three sequences can be aligned without
introducing the gaps to improve the alignment.

FIGURE 2: Molecular structure of OMSVP3 in a crystal state (3).
The disulfide bonds (I-V, II -IV, and III-VI) and amino and
carboxy termini (N and C, respectively) are also shown. Numbers
in the parentheses are residue numbers of OMSVP3. Double-headed
arrows point out two residues forming a disulfide bond in the
nonclassical Kazal-type inhibitors.
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residues forming theR-â disulfide bond are shifted by six
and one residues, respectively, toward the C-terminus. The
CSH motif is composed of anR-helical segment spanning
the Cys-X1-X2-X3-Cys portion that is cross-linked by two
disulfide bridges to the Cys-X-Cys portion, folded in an
extendedâ-strand-type structure. This motif has been widely
found in bioactive peptides, such as endothelin-1, honeybee
toxins (apamin), and scorpion toxins (charybdotoxin) (7-
9). Each Cys-X1-X2-X3-Cys segment was proven to form an
R-helical structure by two-dimensional (2D) nuclear magnetic
resonance (NMR) spectroscopy (7, 10-12). Among the
group 2 inhibitors, the tertiary structures of rhodniin-1 (13),
LDTI-C (14), and ATI (15) have been determined, and each
Cys-X1-X2-X3-Cys segment was also proven to form a helical
conformation.

In the course of study on elucidating the structural basis
of the broad specificity of ovomucoid, we previously
prepared the CSH motif-introducing variant of OMSVP3
with four disulfide bridges (P14C/N39C) on the basis of the
sequence homology between OMSVP3 and ATI with four
disulfide bridges (16). In the study, we obtained the
unexpected results that P14C/N39C thus prepared lost almost
all inhibitory activity toward PPE upon introduction of the
Cys14-Cys39 bond to form the CSH motif by cooperating
with the preexisting Cys16-Cys35 bond near the reactive site
(see also Figure 2), although it retained the potent inhibitory
activities toward CHT andStreptomyces griseusproteases
A and B (SGPA and SGPB). Furthermore, structural studies
have revealed that the preexistingR-helix structure is not
broken, and that the conformational change of the reactive
site loop from Cys8 to Thr17 would affect the inhibitory
specificity of this variant for the corresponding proteases.
These results indicate that the site-specific introduction of
the engineered disulfide bond near the reactive site proved
to be useful in investigations of the relationship between the
broad inhibitory specificity and the conformational flexibility
of the Kazal-type inhibitors. It should be noted here that
replacement of a Cys4-Cys34 bond with a Cys6-Cys31 bond
in AEI would produce a CSH motif-containing group 2
inhibitor. The stereochemically possible model of AEI has
been constructed (2), but the solution structure of AEI, in
addition to those of the other two group 1 inhibitors, has
not been analyzed yet. Structural and functional studies on
wild-type AEI and the CSH motif-introducing AEI analogue
would provide valuable information about the role of the
uniqueR′-â′ disulfide bridge (see also panels A and B of
Figure 1) in the structural stability and inhibitory specificity
of the nonclassical Kazal-type inhibitors.

In this study, we first describe the synthesis and charac-
terization of wild-type AEI and the CSH motif-containing
AEI analogue. Second, the effects of introduction of the CSH
motif on the inhibitory activities of AEI for different
proteases are described. Third, determination of the solution
structure of wild-type AEI and the AEI analogue by 2D NMR
methods is described. Finally, we discuss the structural basis
of the inhibitory specificity change of AEI caused by
introduction of the CSH motif into the sequence near the
reactive site.

EXPERIMENTAL PROCEDURES

Design of the AEI Analogue.In this study, naturally
occurring AEI (wild-type AEI) and the CSH motif-containing

derivative of AEI (AEI analogue) were chemically synthe-
sized. AEI analogue thus designed is a Cys4Ala/Leu6Cys/
Gly31Cys/Cys34Ala variant, which means that Cys is
replaced with Ala at positions 4 and 34 and Leu and Gly at
positions 6 and 31 are both replaced with Cys. Thus, the
newly formed Cys6-Cys31 bond should form the CSH motif
into the AEI molecule by cooperating with the preexisting
Cys8-Cys27 bond. The numbering of ovomucoid third
domains used in this study is that from Laskowski et al. (17).

Synthesis and Characterization.Wild-type AEI and AEI
analogue were prepared by native chemical ligation (18)
involving the coupling of (1-26)-thioester peptide and Cys27-
(28-48)-peptide. The synthesis of these peptide segments
was performed with an ABI 433A peptide synthesizer
(Applied Biosystems, Foster City, CA) using the Boc
strategy. The purity of wild-type AEI and AEI analogue thus
prepared was checked by reversed phase high-performance
liquid chromatography (RP-HPLC) and capillary zone elec-
trophoresis (CZE). Amino acid compositions of peptides and
proteins were determined with an amino acid analyzer, and
molecular weights of peptides were measured with electro-
spray ionization mass spectrometry (ESI MS). The complete
synthetic methods and the peptide characterization described
herein are found in the Supporting Information.

Location of the Disulfide Bridges. The native AEI protein
(0.51 mg, 100 nmol) was digested with thermolysin (Daiwa
Kasei, Osaka, Japan) (1/59 E/S, mol/mol) in 0.5 mL of 0.1
M ammonium acetate (pH 6.5) containing 1 mM CaCl2, at
37 °C for 4 days. The digest was then subjected to a YMC-
Pak ODS column (4.6 mm× 150 mm), and peptides were
eluted using a 1 to 30% linear gradient of acetonitrile in 0.1%
TFA for 50 min, monitoring the absorbance at 220 nm.
Cystine-containing peptides were identified by comparing
HPLC patterns of each digest before and after the treatment
with dithiothreitol as a reducing reagent. The peptides thus
identified were then characterized by ESI-MS and amino acid
analysis to determine the disulfide linkages. For determina-
tion of the disulfide linkage in AEI analogue, almost the same
procedure was applied, except that the AEI analogue protein
was digested with thermolysin (1/30 E/S) for 11 days.

Enzyme Kinetics.PPE was kindly donated by Eisai Co.
(Tokyo, Japan). SGPB was prepared as described by Nara-
hashi (19). Wild-type OMSVP3 was prepared as described
previously (16). The following enzymes and substrates were
purchased from Sigma Chemical Co. (St. Louis, MO): CHT,
HLE, R1-antitrypsin, bovine trypsin,p-nitrophenylp′-guani-
dinobenzoate, Suc-Ala-Ala-Ala-pNA, Suc-Ala-Ala-Val-pNA,
Suc-Ala-Ala-Pro-Phe-pNA, and Suc-Ala-Ala-Pro-Phe-MCA.
All assays were carried out at 25°C in 50 mM Tris-HCl
(pH 7.8) containing 20 mM CaCl2 and 0.005% Triton X-100.
The active site concentration of CHT was first determined,
as described by Bender et al. (20). Wild-type OMSVP3 was
then titrated with a known concentration of CHT, as
previously reported (16). The active site concentrations of
SGPB and PPE were finally determined by titrating with a
known concentration of OMSVP3. For determination of the
active site concentration of HLE, the concentration of trypsin
was first determined using a specific titrant for trypsin,
p-nitrophenylp′-guanidinobenzoate (21). R1-Antitrypsin was
then titrated with a known concentration of trypsin. Finally,
the concentration of HLE was determined by titrating with
a known concentration ofR1-antitrypsin. For assays of PPE

9628 Biochemistry, Vol. 44, No. 28, 2005 Hemmi et al.



and HLE, Suc-Ala-Ala-Ala-pNA and Suc-Ala-Ala-Val-pNA
were used as substrates, respectively. Suc-Ala-Ala-Pro-Phe-
pNA and Suc-Ala-Ala-Pro-Phe-MCA were used for the assay
of SGPB. For measurement of association rate constants (kon

values), the enzyme solution was added to a mixture of
inhibitor and substrate. The progress curve corresponding
to the pre-steady state was traced on a Hitachi U-2010
spectrophotometer or on a Hitachi F-2500 fluorescence
spectrophotometer for up to∼10 min, and the data thus
obtained were analyzed according to the method of Bieth
(22). The inhibitor concentration was chosen so that [I]0 g
5[E]0, and a substrate concentration of less than 0.3Km was
also chosen. The equilibrium dissociation constants (Ki

values) were determined essentially as previously described
(16). In brief, mixtures of an enzyme with various concentra-
tions of an inhibitor were incubated for a time sufficient to
establish equilibrium (0.5-6.0 h). Enzyme concentrations
were as follows: 1.0 nM PPE for the wild-type AEI-PPE
interaction, 60 nM PPE for the AEI-analogue-PPE interac-
tion, 60 nM HLE for the AEI-HLE interaction, and 0.30
nM SGPB for the AEI-SGPB interaction. To each equilib-
rium mixture was added a small volume of a suitablepNA
substrate described above, and the residual enzyme activity
was measured. Then, the fractional residual activity was
plotted against the inhibitor concentration. TheKi values were
estimated by nonlinear regression analysis according to Bieth
(22). Data fitting to obtain the parameters such as theKi

and kon values was carried out using KaleidaGraph for
Windows (Synergy Software).

NMR Experiment.The AEI samples were dissolved in 500
µL of 100% D2O or a 90% H2O/10% D2O solution to give
a final concentration of approximately 3 mM. The pH of
the solution was adjusted to 2.4. All NMR spectra were
obtained on Bruker Avance500, DRX600, and Avance800
spectrometers with quadrature detection in the phase-sensitive
mode by TPPI (23) and States-TPPI (24) methods. The
following spectra were recorded at 20, 25, 30, 35, and 40
°C with 15 ppm spectral widths in thet1 andt2 dimensions:
2D double-quantum-filtered correlated spectroscopy (DQF-
COSY) (25), recorded with 512 and 2048 complex points
in the t1 and t2 dimensions, respectively; 2D homonuclear
total correlated spectroscopy (TOCSY) (26) with a DIPSI-2
mixing sequence, recorded with mixing times of 35, 60, and
80 ms, with 512 and 2048 complex points in thet1 and t2
dimensions, respectively; 2D nuclear Overhauser effect
spectroscopy (NOESY) (27), recorded with mixing times of
60, 100, and 200 ms, with 512 and 2048 complex points in
thet1 andt2 dimensions, respectively; and 2D rotating frame
nuclear Overhauser effect spectroscopy (ROESY) (28),
recorded with a mixing time of 100 ms, with 512 and 2048
complex points in thet1 andt2 dimensions, respectively. The
high-digital resolution DQF-COSY and exclusive 2D scalar
COSY (E-COSY) (29) spectra were recorded using 400 and
4096 complex points in thet1 andt2 dimensions, respectively.
Water suppression was performed using the WATERGATE
sequence (30, 31). Two-dimensional1H-15N heteronuclear
single-quantum correlation spectroscopy (HSQC) (32) was
carried out with 1024× 128 complex points for 15 ppm in
the 1H dimension and 40 ppm in the15N dimension at 25,
40, and 50 °C, and 256 or 512 transients at natural
abundance. Slowly exchanging amide protons were identified
by lyophilizing the protein from a H2O solution, dissolving

the protein in D2O, and collecting sequential 2 h 2DTOCSY
spectra. All NMR spectra were processed using XWINNMR
(Bruker Instruments). Before Fourier transformation, the
shifted sine-bell window function was applied to thet1 and
t2 dimensions. Peak picking and assignment were performed
with Sparky (T. D. Goddard and D. G. Kneller,SPARKY 3,
University of California, San Francisco). Chemical shifts
were referenced to internal 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) at 25°C.

Structure Calculations.NOE-derived distance restraints
were classified into three ranges (1.8-2.5, 1.8-3.5, and 1.8-
5.0 Å), according to the relative NOE intensities. Upper
distance limits for NOEs involving methyl protons and
nonstereospecifically assigned methylene protons were cor-
rected appropriately for center averaging (33). In addition,
a distance of 0.5 Å was added for the upper distance limits
for only NOEs involving methyl protons (34) after the
correction for center averaging. Torsion angle constraints on
backboneφ andψ angles were derived from3JHNHR coupling
constants estimated from the high-digital resolution 2D DQF-
COSY spectra, and sequential and short-range NOEs. The
27 and 31φ angle restraints were obtained for wild-type AEI
and AEI analogue, respectively. Backboneφ angles were
restrained to-60 ( 30° when3JNHR < 6 Hz, -120 ( 50°
when 3JNHR ) 8-9 Hz, and-120 ( 40° when 3JHNR > 9
Hz. A ψ angle restraint was used for residues inR-helix
and â-strand structures, as predicted from NOE patterns
characteristic of secondary structure and the preliminary
structures. Elevenψ angle restraints were obtained for both
wild-type AEI and AEI analogue. Theψ angle was restrained
to -40 ( 30° in the R-helix regions and 120( 60° in the
â-sheet regions. Side chainø1 angles were determined by
3JHRHâ coupling constants from exclusive 2D scalar COSY
and short mixing TOCSY connectivities in combination with
NH-Hâ and HR-Hâ NOEs (35). The 10 and 12ø1 angle
restraints for the wild type and AEI analogue, respectively,
were obtained. Theø1 angle restraints were normally
restricted to a(60° range from staggered conformations,
g+ (60°), t (180°), or g- (-60°). Hydrogen-deuterium
exchange experiments identified 46 hydrogen bond donors
for wild-type AEI and AEI analogue. Corresponding hydro-
gen bond acceptors were determined on the basis of NOE
patterns observed for regular secondary structural regions
and preliminary calculated structures without restraints
regarding hydrogen bonds. Hydrogen bond constraints were
applied to N-H and CdO groups: 1.7-2.4 Å for the H-O
distance and 2.7-3.4 Å for the N-O distance. The chemi-
cally determined disulfide connectivities for AEI or AEI
analogue were included at the beginning of the structure
calculation. Covalent bonds between the sulfur atoms of
disulfide bridges were handled as fake NOE distances
according to the standard X-PLOR protocol (36).

Structure calculations were performed using ab initio
simulated annealing from an extended template in X-PLOR,
version 3.851 (36). A set of 672 NOE-derived distance
restraints (including 94 intraresidue, 229 sequential, 124
medium-range, and 225 long-range), 46 hydrogen bond
restraints, and 48 dihedral angle restraints were obtained for
wild-type AEI. In case of AEI analogue, a set of 664 NOE-
derived distance restraints (including 98 intraresidue, 225
sequential, 134 medium-range, and 207 long-range), 46
hydrogen bond restraints, and 54 dihedral angle restraints
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were obtained. The structure calculation proceeded in two
stages by using the standard X-PLOR protocol. In the first
stage, a low-resolution structure was preliminarily determined
using NOE-derived distance restraints and dihedral angle
restraints except forψ angle restraints. In the second stage
of the calculation, the same protocol was applied by adding
hydrogen bond restraints andψ angle restraints. The force
constants for the distance restraints were set to 50 kcal mol-1

Å-2 throughout all the calculations, and dihedral angle
restraints were initially set to 5 kcal mol-1 rad-2 during the
high-temperature dynamics and gradually increased to 200
kcal mol-1 rad-2 during the annealing stage. The final round
of calculations began with 200 initial structures, 56 for wild-
type AEI and 70 for AEI analogue of which, after refinement,
had no distance and dihedral angle violations greater than
0.5 Å and 5°, respectively. Among the 56 and 70 final
structures, the 20 structures of wild-type and AEI analogue
with low total energy and low deviation from mean structure
were used for further analyses. The average coordinates of
the ensembles of the 20 low-energy structures of wild-type
AEI or AEI analogue were subjected to 500 or 1000 cycles
of Powell restrained minimization, respectively, to improve
stereochemistry and nonbonded contacts. All subsequent
numerical analyses were performed using X-PLOR, PRO-
CHECK-NMR (37), and MOLMOL (38). Structure figures
were generated using Molscript (39) and MOLMOL.

Molecular Modeling of the Hypothetical Complexes be-
tween Wild-Type AEI (or AEI Analogue) and Serine Pro-
teases.The complex model between AEI and HLE (or
SGPB) was constructed by superimposing the reactive site
region from P3 to P2′ between AEI and OMTKY3 in the
HLE-OMTKY3 complex (or in the SGPB-OMTKY3
complex) and by exchanging the two inhibitors using the
method of Read and James (40). The complex model between
AEI analogue and HLE (or SGPB) was also constructed
similarly. On the other hand, the complex model between
AEI and PPE was constructed by superimposing the coor-
dinates for PPE onto those of HLE in the HLE-AEI
complexes obtained above, and by exchanging the two
elastases using the method of Baker and Murphy (41). The
coordinates used in this study are as follows: PDB entry
1PPF for the HLE-OMTKY3 complex, PDB entry 3SGB
for the SGPB-OMTKY3 complex, and PDB entry 3EST
for PPE.

RESULTS

Synthesis and Characterization.To analyze the tertiary
structure of AEI, we synthesized a 48-amino acid residue
protein with three disulfide bridges. Furthermore, we tried
to synthesize AEI analogue with the CSH motif by replace-
ment of a Cys4-Cys34 bond with a Cys6-Cys31 bond to
address the structural basis of the restricted specificity of
AEI. AEI and its analogue were successfully prepared by
native chemical ligation involving the coupling of (1-26)-
thioester peptides and Cys27-(28-48)-peptides. These peptide
segments were elongated by the standard solid phase peptide
synthesis with the Boc chemistry followed by deprotection
using HF. The advantage of the Boc chemistry is that it can
avoid the side reactions such as epimerization of the
C-terminal Cys residue (42) and/or aspartimide formation
of Asp-X sequences (43). Under the standard HF reaction
conditions, however, (27-48)-peptide having the N-terminal

Cys residue was accompanied by the side reaction, i.e.,
thioproline formation, associated with use of the Bom group
for the His residue. The addition of cysteine hydrochloride
proved to be effective for suppressing this side reaction as
reported previously (44, 45). The reduced form of AEI was
successfully folded at pH 7.8 in the presence of reduced and
oxidized glutathione. The principal products of wild-type AEI
and its analogue were isolated in 71 and 74% yield,
respectively, calculated from their reduced peptides. The
purity of wild-type AEI and AEI analogue thus prepared was
verified to be more than 97% by both RP-HPLC and CZE.
The homogeneity was also verified on native PAGE. Amino
acid compositions and the molecular weights of these
proteins were both in good agreement with the respective
theoretical values (Table S1 of the Supporting Information).

Location of the Disulfide Bridges. To determine the
disulfide structure of AEI and its analogue, these two proteins
were digested with thermolysin to isolate the cystine-
containing peptides. The peptides thus obtained from each
digest were assigned by ESI-MS and amino acid analysis.
The results are shown in Table S1 of the Supporting
Information, supporting the fact that the combinations of the
disulfide bonds in synthetic AEI were the same as those
reported for natural AEI, i.e., Cys4-Cys34, Cys8-Cys27, and
Cys16-Cys48 (2). As for AEI analogue, obtained data also
support the same disulfide bridging pattern as that of the
natural one, i.e., Cys6-Cys31, Cys8-Cys27, and Cys16-Cys48.

Inhibitory Specificities of AEI and AEI Analogue.It has
been reported that naturally occurring AEI can strongly
inhibit PPE and moderately inhibit HLE (1), and that the
inhibitor cannot obviously inhibit trypsin, CHT, subtilisin,
and cathepsin G. Considering that OMSVP3 having the P1

Met residue can inhibit different proteases, i.e., CHT, SGPA,
SGPB, subtilisin BPN′, PPE, and HLE, with various substrate
specificities (46), it is reasonably expected that AEI with
the same P1 Met residue may inhibit some serine proteases
other than elastase. Thus, we tried to test the inhibitory
activity of AEI toward SGPB, as well as those for PPE and
HLE. The kinetic parameters (Ki and kon values) of the
interaction between AEI and the three different proteases,
together with those for AEI analogue, were determined
(Table 1). TheKi values for synthesized AEI were essentially
the same as those reported for natural AEI (1), indicating
that synthesized AEI is functionally equivalent to the natural
form. Further, AEI was found to exhibit the unexpected
strong inhibition toward SGPB. For the association rate
constants (kon), AEI gave high values (>106 M-1 s-1) for
PPE and SGPB. These new results suggest that AEI may
not be called an “elastase-specific” inhibitor in a strict sense.

The kinetic parameters of the interaction between the three
different proteases for AEI analogue are also shown in Table
1. The striking features of this table would be that AEI
analogue exhibits a dramatic decrease in inhibition toward
PPE by a factor of 105 in comparison with wild-type AEI,
while AEI analogue retained almost the same inhibitory
activities toward HLE and SGPB as wild-type AEI. AEI
analogue gave almost the samekon value for SGPB as wild-
type AEI. We were unable to measure thekon value of AEI
analogue for PPE, since the pre-steady exponential phase
exhibiting the binding between enzyme and inhibitor could
not be observed on the conventional apparatus used in this
study. The dissociation constant is equivalent tokoff/kon, and
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so the dramatic decrease inKi for the AEI analogue-PPE
interaction could be explained either by a dramatic decrease
in kon or by a dramatic increase inkoff. If the calculatedkoff

value (2 × 10-4 s-1) for the AEI-PPE interaction is
applicable for the AEI analogue-PPE interaction, a very low
kon value (∼2 × 10 M-1 s-1) could be estimated. Thus, AEI
analogue cannot practically associate with PPE. We have
observed an analogous result of specificity change upon
introduction of the CSH motif into the OMSVP3 molecule
(16). The resistance of natural AEI to enzymatic degradation
by PPE has been observed by prolonged exposure to this
enzyme at pH values from 3 to 8 (1). Here, we examined
the susceptibility of AEI to elastase digestion under the assay
conditions by native PAGE analysis. The results indicated
that AEI analogue, as well as wild-type AEI, was hardly
degraded even after a 24 h incubation with PPE (1/8 E/S,
mol/mol) at pH 7.8 and 25°C (data not shown). Thus, this
dramatic decrease in inhibitory activity of AEI analogue
toward PPE would be due to the lack of tight binding to
enzyme, but not due to enzymatic degradation of this
analogue.

Resonance Assignments and Secondary Structure.The
sequence-specific assignments of the proton resonance from
the residue in wild-type AEI, as well as AEI analogue, were
determined using standard procedures (47) from 2D NMR
spectra collected at 20, 25, 30, 35, and 40°C. For assign-
ments of Pro residues, HR(i)-Hδ(i+1:Pro) (dRδ) or
HR(i)-HR(i+1:Pro) (dRR) NOEs were used instead of dRN.
In the previous study (16), we found that the Tyr11-Pro12

cis-peptide linkage in OMSVP3, which is highly conserved
in ovomucoid third domains, is isomerized to the trans
configuration upon introduction of an engineered Cys14-
Cys39 bond into the molecule. Therefore, we paid a special
attention to the configuration of the Cys4-Pro5 bond in AEI
and the Ala4-Pro5 bond in AEI analogue corresponding to
the Tyr11-Pro12 bond in OMSVP3. The proline residues at
positions 2, 5, 14, and 39 in both inhibitors gave all strong
dRδ NOEs, indicating that all the proline residues of the
two proteins have a trans configuration. The proton peak
assignments of AEI, as well as AEI analogue, in the 2D
NMR spectra were completed. The resonance assignments
were extended by determining stereospecific assignments of
some methylene protons to obtain high-precision NMR
structures. Stereospecific assignments ofâ-methylene protons
were obtained for 10 of 28 residues of wild-type AEI (for
12 of 27 residues of AEI analogue). To investigate structural
differences between wild-type AEI and AEI analogue, the
1H chemical shifts of NH and CRH groups were compared
(Figure 3). Significant differences (>0.2 ppm) are detected
for residues, Ile7, Cys8, and Met10, in addition to the
substituted amino acid residues at positions 4, 6, 31, and

34. The two proteins assume different conformations for the
N-terminal region constituting residues from position 6 to 8
but almost the same structures for the remaining C-terminal
region. This idea is supported by the observation that AEI,
as well as AEI analogue, contains the secondary structure
elements, anR-helix (Ala26-Arg35) and a three-stranded
antiparallelâ-sheet (Val15-Ser18, Ile21-Tyr23, and Glu41-
His44), deduced from NOE patterns,3JHNHR coupling con-
stants, and amide proton exchange data (Figure S1 of the
Supporting Information).

Tertiary Structure.The three-dimensional structure of
wild-type AEI, as well as that of AEI analogue, was
determined by an ab initio simulated annealing approach
based upon 766 (764 for AEI analogue) experimental
restraints derived from NMR data. Structural statistics for
the final 20 structures and the restrained energy-minimized
average structure are given in Table 2. Panels A and C of
Figure 4 show the best-fit superpositions of backbone atoms
of the 20 structures for wild-type AEI and AEI analogue,
respectively. Ribbon diagrams of the corresponding re-
strained energy-minimized average structures are shown in
panels B and D of Figure 4. The rmsd values for backbone
atoms relative to the mean structure in the region from Cys8

to Cys48 were 0.549 Å for wild-type AEI and 0.468 Å for
AEI analogue. These data indicate that most of the whole
molecule for both proteins converges very well in the
calculated structures. Their solution structures are both
comprised of a three-stranded antiparallelâ-sheet (strand 1,
Val15-Ser18; strand 2, Ile21-Tyr23; and strand 3, Glu41-His44)
and a centralR-helix (Ala26-Arg35), demonstrating that this
protein has the characteristic scaffold of a typical classical

Table 1: Kinetic Parameters for Wild-Type AEI and AEI Analogue against Serine Proteasesa

PPE HLE SGPB

Ki (M) kon (M-1 s-1) Ki (M) kon (M-1 s-1) Ki (M) kon (M-1 s-1)

natural AEI ∼10-10b NDc ∼10-7 b NDc NDc NDc

wild-type AEI 7.0× 10-11 2.4× 106 1.4× 10-7 NDc 1.7× 10-11 6.1× 106

AEI analogue 9.0× 10-6 ∼2 × 10d 3.6× 10-8 NDc 3.6× 10-12 3.7× 106

a The kinetic parameter values are usually determined from two experiments, so standard deviation (SD) values are not given. Correlation coefficients
are all more than 0.998, which shows that the data points are fit with low error to the theoretical equation according to the method of Bieth (22).
b Data from ref1. c Not determined.d Estimated on the assumption that thekoff value (2× 10-4 s-1) calculated for the wild-type AEI-PPE interaction
is applicable for the AEI analogue-PPE interaction.

FIGURE 3: 1H chemical shift difference of CRH and NH between
wild-type AEI and AEI analogue. The asterisk indicates substituted
amino acid residues, from Leu or Gly to Cys and from Cys to Ala.

Solution Structures of AEI and an AEI Analogue Biochemistry, Vol. 44, No. 28, 20059631



Kazal-type inhibitor, such as OMSVP3 (3). The inhibitor
molecule of AEI has been modeled on the basis of the known
tertiary structure of OMSVP3 (2). If the remarkable similarity
of tertiary structures between AEI and OMSVP3 is taken
into consideration, it would be reasonable that a stereochemi-
cally possible model of AEI could have been constructed

without strain and significant rearrangement (2). The two
proteins, AEI and AEI analogue, showed significant struc-
tural difference in the N-terminal parts. We will give details
of this matter later.

Structural Comparison between Wild-Type AEI and AEI
Analogue.We have mentioned that the solution structure of
AEI analogue is very similar to that of wild-type AEI, which
is comprised of a three-stranded antiparallelâ-sheet (strand
1, Val15-Ser18; strand 2, Ile21-Tyr23; and strand 3, Glu41-
His44) and a centralR-helix (Ala26-Arg35). The preexisting
R-helix structure in AEI is not broken upon changing the
Cys4-Cys34 bond to the non-natural Cys6-Cys31 bond. The
overall structures of wild-type AEI and AEI analogue are
quite similar to each other (see also Figure 4). Particularly,
the backbones of the well-defined C-terminal parts from
residue 12 to 48 of the two proteins are superimposable, as
shown in Figure 5A. Residual backbone rmsd values for the
C-terminal parts are less than 1.2 Å for both proteins (see
Figure S2 of the Supporting Information). Those values for
the N-terminal parts consisting of residues 5-7 are larger
than 2 Å (where N-terminal three residues are omitted for
calculation) (see also Figure S2 of the Supporting Informa-
tion). These results are in good agreement with the1H
chemical shift differences of NH and CRH groups between
the two proteins (see also Figure 3). The most significant
deviation is observed within the N-terminal loop from Pro5

to Ile7. It turned out that this loop is drawn closer to the

Table 2: Structural Statisticsa

wild-type AEI AEI analogue

〈SA〉 〈SA〉r 〈SA〉 〈SA〉r
total no. of distance restraints 718 710

intraresidue 94 98
sequential 229 225
medium-range (1< |i - j| < 5) 124 134
long-range (|i - j| g 5) 225 207
hydrogen bond (two per bond) 46 46

total no. of dihedral angle restraints 48 54
φ 27 31
ψ 11 11
ø1 10 12

rms deviations from experimental restraints
distance restraints (Å) 0.032( 0.0018 0.032 0.034( 0.0008 0.035
dihedral angles (deg) 0.674( 0.112 0.699 0.678( 0.090 0.614

rms deviations from idealized geometry
bonds (Å) 0.003( 0.0001 0.003 0.003( 0.0001 0.003
angles (deg) 0.516( 0.020 0.518 0.529( 0.011 0.519
impropers (deg) 0.374( 0.025 0.364 0.445( 0.019 0.412

energies (kcal/mol)
total 114.2( 7.77 114.7 127.2( 3.12 127.5
bond 8.45( 0.82 8.17 9.44( 0.58 9.61
angle 51.9( 4.31 52.2 54.1( 2.3 52.1
impropers 7.41( 0.99 6.98 10.43( 0.90 8.90
van der Waalsb 8.23( 2.45 9.03 10.34( 1.64 10.80
dihedralc 1.87( 0.46 1.43 1.54( 0.41 1.24
NOEc 36.8( 4.3 36.8 41.3( 2.1 44.8

φ andψ in core and allowed regions (%)d

99.3 100 100 100
rmsd relative to the mean structure (Å)

residues 8-48 for the backbone 0.549( 0.174 0.468( 0.106
residues 8-48 for all non-H 1.175( 0.238 0.919( 0.087

a 〈SA〉 represents the 20 and 20 individual structures for wild-type AEI and AEI analogue, respectively, calculated with the X-PLOR program
(36). 〈SA〉r is the refined structure obtained by energy minimization of the mean structure obtained by simple averaging of the coordinates of the
SA structures.b The van der Waals energy was calculated using a final value of 4 kcal mol-1 Å-2 with the van der Waals hard sphere radii set to
0.75 times the standard values used in the CHARMM empirical energy function.c Dihedral and NOE energies were calculated using force constants
of 200 kcal mol-1 rad-2 and 50 kcal mol-1 Å-2, respectively.d PROCHECK-NMR (37) was used to assess the stereochemical parameters of the
family of conformers.

FIGURE 4: Superimposition of the best 20 structures of AEI (A) or
AEI analogue (C) and ribbon diagrams of the minimized average
structures of wild-type AEI (B) or AEI analogue (D). The disulfide
bridges (Cys4-Cys34, Cys6-Cys31, Cys8-Cys27, and Cys16-Cys48),
the side chain of Ala4, and the side chains of Leu6 are ball-and-
stick representations. This figure was generated using MOLMOL
(38).
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central helix by approximately 3.7 Å, since the CR-CR
distance between Leu6 and Gly31 is 8.4 Å in wild-type AEI,
whereas the respective distance is 4.7 Å after the formation
of the Cys6-Cys31 bond. The large1H chemical shift
differences detected for the N-terminal region described
above may reflect a conformational change except for Met10

(see also Figure 3). A significant difference for the1H
chemical shift of NH of Met10 is observed even though the
conformation around Met10 is very similar between the two.
In 15N-1H HSQC spectra, the resonance signal of Met10 in
AEI analogue was observed at 25°C, but that in AEI was
missing at 25 and/or 40°C and observed at 50°C. These
results suggest that the significant1H chemical shift differ-
ence of the NH group of Met10 may be due to the
conformational flexibility around Met10. Our structural data
indicate that the hydrophobic side chain of Leu6 in AEI faces
the solvent. Thus, the disulfide bond formation between
positions 6 and 31 should lead to considerable conformational
changes in the loop from residue 6 to 8, accompanied by
side chain rotation and main chain movement. It is worth
emphasizing that replacement of a Cys4-Cys34 bond with a
Cys6-Cys31 bond has little effect on the C-terminal part,
particularly on the central helix, because it is designed to
provide the CSH motif to the AEI molecule by cooperating
with the preexisting Cys8-Cys27 bond. Structural basis of
the inhibitory specificity change due to introduction of the
CSH motif will be described in Discussion.

DISCUSSION

AEI from A. sulcata is classified into the nonclassical
Kazal-type inhibitor family (2). Eight nonclassical Kazal-
type inhibitors have been isolated from various animals and
characterized so far (4, 5, 13-15, 48, 49). In this study, we
have first demonstrated that these nonclassical inhibitors
could be further separated into the subgroups, such as group
1 and group 2 according to the rule of positioning of the
first and fifth half-cystine residues forming the disulfide
bond. The tertiary structures of rhodniin-1, LDTI-C, and ATI
of group 2 have been determined, and each Cys-X1-X2-X3-
Cys segment of the CSH motif was proven to form a helical

conformation. Contrary to this, the solution structure of AEI
of group 1, in addition to those of the other two, has not
been analyzed yet. To address the structural basis of the
restricted specificity of AEI, we synthesized AEI, a 48-amino
acid residue protein with three disulfide bridges. Further, the
CSH motif-containing AEI analogue was prepared similarly
by replacing the Cys4-Cys34 bond with the non-natural
Cys6-Cys31 bond. The two proteins were successfully
prepared by native chemical ligation. Many examples of the
chemical syntheses of protease inhibitors, i.e., elafin (50),
BPTI (51), and hirudin (52), have been reported. Results
obtained in this study were quite satisfactory for, in particular,
the purity, the folding efficiencies, and the correct folding.

Synthesized AEI exhibited strong inhibition toward PPE,
as expected for the natural inhibitor. In addition, AEI
exhibited the unexpected strong inhibition toward SGPB. On
the other hand, AEI analogue scarcely inhibits PPE, while
it retained potent inhibitory activity toward SGPB. The CSH
motif-introducing Kazal-type inhibitors, such as AEI ana-
logue and P14C/N39C, lost almost all inhibitory activity
toward PPE. These results suggest that an increase in rigidity
near the reactive site may produce an inhibitor with a
narrower specificity. It is worth noting that these CSH motif-
introducing inhibitors are not cleaved by PPE, because they
cannot bind to the proteases. This is in marked contrast to
the inhibitors that show no inhibition when their target
enzymes are often cleaved by these enzymes (53, 54). The
solution structure of AEI, as well as AEI analogue, was
determined using 2D NMR methods. The resulting structure
of AEI has a common characteristic scaffold composed of a
three-stranded antiparallelâ-sheet and a centralR-helix like
the solution and crystal structures of OMSVP3 (see Figure
5). In the classical Kazal-type inhibitor with three disulfide
bridges, the N-terminal loop is anchored to the central helix
via two disulfide bridges, I-V and II-IV, which stabilize
the reactive site loop. In the case of AEI, the two disulfide
bridges, such as the Cys4-Cys34 and Cys8-Cys27 bridges,
could be used for this purpose, where the former corresponds
to a disulfide bond between residues 12 and 42 of OMSVP3
(see Figure 1B) and the latter to the highly conserved Cys16-

FIGURE 5: Schematic representation of main chain folding of wild-type AEI (magenta) overlaid with that of AEI analogue (green) (A) and
that of OMSVP3 (red) overlaid with that of P14C/N39C (blue) with the CSH motif (16). Note that the six N-terminal residues of OMSVP3
and P14C/N39C (B) have been omitted from the models. Disulfide bonds (Cys4-Cys34, Cys6-Cys31, Cys8-Cys27, etc.) are ball-and-stick
representations. Some residues described in the text are also represented. These figures were generated by MOLMOL (38).
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Cys35 bond near the reactive site Met18-Glu19 peptide bond.
Why is the I-V disulfide bridge in the nonclassical Kazal-
type inhibitors placed near the conserved II-IV disulfide
bond? This would be partly explained by the fact that the
N-terminal loop of the nonclassical inhibitors is shorter than
that of the classical ones. In the case of AEI, the first and
fifth half-cystine residues are shifted both by four residues
to the C-terminus (see also Figure 1B), which makes it
possible to allow a proper formation of a I-V disulfide bond.
The CSH motif-containing inhibitors, including AEI ana-
logue, would make use of a disulfide bond between residues
14 and 39 and the conserved Cys16-Cys35 bond of OMSVP3
for the same purpose. It is apparent that bdellin B-3 and
LDTI-C, with the extremely shortened N-terminal loop, could
not anchor the loop to the central helix using the disulfide
bridge at the same position compared with that of the
classical inhibitor. In these inhibitors, the CSH motif would
be used for anchoring the loop. In cases of AEI, crayfish
inhibitor, and Ciona trypsin inhibitor, the shortened N-
terminal loop would be fixed by a disulfide bond shifted by
one turn in the helix. An exceptional example for anchoring
of the N-terminal loop to the central helix is shown in ATI
with four disulfide bridges, where the three half-cystine
residues corresponding to Cys8, Cys14, and Cys16 of OMSVP3
are used for this purpose. Structural comparison of AEI with
AEI analogue will be discussed below in addressing the
structural basis of the inhibitory specificity change due to
introduction of the CSH motif.

Structural Basis of the Inhibitory Specificity Change Due
to Introduction of the CSH Motif.It is generally accepted
that the P1 site residue of serine protease inhibitors is a
predominant determinant of inhibitory specificity (53, 55-
59). Comparative studies using more than 100 species of
the third domains of ovomucoids demonstrated that changes
in residues other than the P1 site residue can often exert large
differential effects toward the different enzymes (2). Com-
parison of the solution structures of wild-type AEI and AEI
analogue revealed that significant differences were detected
for the loop region from Pro5 to Ile7. The loop moves by 3.7
Å to the central helix due to formation of the Cys6-Cys31

bond. In our previous paper (16), the structural data which
show that the loop region from Cys8 to Thr17 of P14C/N39C
moves by 4 Å toward the central helix compared with that
of wild-type OMSVP3 (see also Figure 5B), together with
the functional data for other OMSVP3 variants, suggested
that the main cause of the inhibitory specificity change would
be the conformational change of the reactive site loop due
to disulfide bond formation. In this work, we have obtained
highly analogous results for AEI analogue, showing that it
retained the inhibitory activities toward SGPB, but lost most
of inhibitory activity toward PPE. It is worth noting here
that the inhibitory specificity of AEI could be affected by a
restricted region in comparison with P14C/N39C. In both
cases, each N-terminal loop near the reactive site moves by
3.7-4.0 Å toward the central helix to form the introduced
disulfide bond. Such a conformational change would lead
to loss of inhibitory activity toward PPE. Further, in the15N
HSQC spectra, we observed the resonance signals for Cys6,
Ile7, and Cys8 in AEI analogue at 25°C (Figure S3 of the
Supporting Information). Contrary to this, the resonance
signals for Leu6, Ile7, and Cys8 in the wild type were missing
at 25°C; those for Leu6 and Ile7 were observable as broad

peaks at 40°C, and that for Cys8 was observed at 50°C
(see also Figure S3 of the Supporting Information). These
results indicate that conformational exchange on time scales
of milliseconds to microseconds occurring in the N-terminal
loop region (Pro5-Leu6-Ile7-Cys8) of the wild type is sup-
pressed in the analogue, while extensive relaxation analysis
is necessary to provide information about its amplitude.

Next, we describe the inhibitory specificity change of AEI
analogue based on the comparison with the complex
structures of OMTKY3 bound to serine proteases, such as
CHT, SGPB, and HLE, by X-ray crystallography (60-62).
The general binding mode is that residues P6-P3′ of the
inhibitor, particularly the P3-P2′ region as the canonical
binding loop of the Kazal-type inhibitors, interact with
subsites of the enzyme in an antiparallelâ-sheet fashion with
the intermolecular hydrogen bonds. We calculated the
pairwise rmsd values of main chain atoms in the P3-P2′
region between AEI (AEI analogue) and OMTKY3 bound
to serine proteases. The calculated value was 1.02 Å between
AEI and OMTKY3 in complex with HLE and 1.05 Å
between AEI and OMTKY3 in complex with SGPB. The
values for AEI analogue were 1.17 and 1.20 Å, respectively.
These results reasonably assume that each conformation of
the canonical binding loop of wild-type AEI (and of AEI
analogue) should be similar to that of OMTKY3 bound to
serine proteases.

To examine the complementarities between enzymes and
AEI (or AEI analogue), we constructed the hypothetical
complex between AEI (or AEI analogue) and PPE (or HLE
or SGPB) in a simple model building experiment (40). Both
hypothetical AEI-PPE and AEI analogue-PPE complexes
have unfavorable close contacts between the N-terminal loop
region (Pro5 of AEI and Pro5 and Ile7 of AEI analogue) of
the inhibitors and enzyme. From comparison of the15N
HSQC spectra of AEI with those of AEI analogue, we found
that the N-terminal loop region (Pro5-Leu6-Ile7-Cys8) of the
wild type is more flexible than that of AEI analogue, as
described above. It appeared, therefore, that wild-type AEI
could change its conformation in that region to prevent the
unfavorable close contacts with PPE, whereas AEI analogue
could not, probably because of the reduced conformational
plasticity of the region due to introduction of a Cys6-Cys31

bond. Our results also assume that the hypothetical AEI
analogue-SGPB complex has bad contacts even though AEI
analogue strongly inhibits SGPB. Most of the structural
differences between PPE and other serine proteases, such
as SGPB, are located in surface loops (63). SGBP has a
smaller surface loop, which would accommodate inhibitors
more easily than PPE. Thus, the engineered disulfide bond
might have little effect on the inhibitory activity of AEI
analogue against SGBP.

Considering that the canonical binding loop of wild-type
AEI (and of AEI-analogue) would be similar to that of
OMTKY3 bound to serine proteases, it is tempting to
speculate that the inhibitory specificity change of AEI
analogue is due to the change in the steric conflict between
inhibitor and enzyme but not the loss of the intermolecular
hydrogen bonds between them. This provides a potential
framework for further understanding the relationship between
the inhibitory activity and the conformational flexibility of
the Kazal-type inhibitors.
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SUPPORTING INFORMATION AVAILABLE

Complete synthetic details and protein characterization
details, one table containing amino acid compositions and
molecular masses of AEIs and their thermolytic fragments,
and three figures summarizing the sequential NOE connec-
tivities (Figure S1), showing the backbone pairwise rmsd
per residue between each minimized average structure of AEI
and AEI analogue (Figure S2), and showing three1HN-
15N HSQC spectra of AEI or AEI analogue at 25 or 40°C
(Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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