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a-Amylase inhibitor (AAI), a 32-residue miniprotein
from the Mexican crop plant amaranth (Amaranthus
hypochondriacus), is the smallest known a-amylase in-
hibitor and is specific for insect a-amylases (Chagolla-
Lopez, A., Blanco-Labra, A., Patthy, A., Sanchez, R., and
Pongor, S. (1994) J. Biol. Chem. 269, 23675-23680). Its
disulfide topology was confirmed by Edman degrada-
tion, and its three-dimensional solution structure was
determined by two-dimensional 'H NMR spectroscopy
at 500 MHz. Structural constraints (consisting of 348
nuclear Overhauser effect interproton distances, 8
backbone dihedral constraints, and 9 disulfide distance
constraints) were used as an input to the X-PLOR pro-
gram for simulated annealing and energy minimization
calculations. The final set of 10 structures had a mean
pairwise root mean square deviation of 0.32 A for the
backbone atoms and 1.04 A for all heavy atoms. The
structure of AAI consists of a short triple-stranded
B-sheet stabilized by three disulfide bonds, forming a
typical knottin or inhibitor cystine knot fold found in
miniproteins, which binds various macromolecular li-
gands. When the first intercystine segment of AAI (se-
quence IPKWNR) was inserted into a homologous posi-
tion of the spider toxin Huwentoxin I, the resulting
chimera showed a significant inhibitory activity, sug-
gesting that this segment takes part in enzyme binding.

Plant seeds produce a large variety of enzyme inhibitors that
are thought to provide protection against insects and microbial
pathogens. As plant seed inhibitors are often species specific,
i.e. they inhibit enzymes of a well defined group of pathogenic
organisms but do not affect the mammalian counterpart, they
make attractive candidates for conferring pest resistance to
transgenic plants (for a review see Ref. 1).

The a-amylase inhibitors vary considerably in their struc-
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tures. Many of their structural relatives, e.g. proteinase inhib-
itors, osmotin, and salt-induced proteins (Table I), play roles in
plant stress response. The smallest of the known a-amylase
inhibitors, AAI?! is found in the seeds of Amaranthus hypo-
chondriacus, a variety of the Mexican crop plant amaranth or
Prince’s feather (2). AAI is a 32-residue polypeptide with three
disulfide bridges, which has no significant sequence similarity
to other proteins in the data bases. It has a spurious sequence
similarity to various members of the so-called knottin (3) or
“inhibitor-type cystine knot” (4) family, which includes various
proteinase inhibitors and toxins. AAI is species specific; it
inhibits a-amylase of several pathogenic insect larvae (Tribo-
lium castaneum, Prostaphanus truncatus, Periplaneta ameri-
cana, and Tenebrio mollitor) but not the mammalian
a-amylases.

Here we report the three-dimensional structure of AAI as
determined by NMR spectroscopy and show via amino acid
replacement and chimera construction that a short segment of
the first loop of AAI is involved in enzyme inhibition.?

EXPERIMENTAL PROCEDURES
Materials

AAI was prepared as described (5). Sephadex G-75 and DEAE-Sepha-
rose CL6B were obtained from Amersham Pharmacia Biotech. a-Chy-
motrypsin, endoproteinase Glu-C, and trypsin were obtained from Sig-
ma; cyanogen bromide and vinyl pyridine were obtained from Aldrich.
All chemicals used were of analytical or sequencing grade. HPLC grade
acetonitrile and trifluoroacetic acid were obtained from Aldrich.

Assay of a-Amylase Inhibition

Crude a-amylase from 7. mollitor and P. americana larvae was
extracted and partially purified as described (6). Assays of a-amylase
inhibition were performed according to Bernfeld (7) as described (5).

Peptide Mapping and N-terminal Sequencing

A 75-ug sample of AAI was dissolved in 150 pl of 0.2 M Tris-HCl
buffer, pH 7.3, and digested with a mixture of trypsin (3 ug), chymo-
trypsin (3 ug), and endoproteinase Glu-C (3 ug) at 37 °C for 15 h. The
mixture was separated by reverse phase-HPLC on a Vydac C;5 column
(2.1 X 250 mm). Selected peaks were collected, lyophilized, and co-
valently coupled to aminophenyl glass beads in prepacked capillary

! The abbreviations used are: AAI, a-amylase inhibitor; CB, cellulose-
binding domain; COSY, correlation spectroscopy; TOCSY, total corre-
lation spectroscopy; HPLC, high pressure liquid chromatography;
FMOC, 9-fluorenylmethyoxycarbonyl; DQF-COSY, double quantum fil-
tered correlation spectroscopy; NOESY, nuclear Overhauser effect
spectroscopy.

2NMR spectroscopy was determined in the lab of Dr. X. Gu
(guxc@lsc.pku.edu.cn). The disulfide structure and the chimera con-
struction were carried out in the lab of Dr. S. Liang
(liangsp@public.cs.hn.cn). AAI and its analogs were synthesized in the
lab of Dr. S. Pongor (pongor@icgeb.trieste.it).
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Solution Structure of the a-Amylase Inhibitor AAI

TaBLE I
Structural classification of a-amylase inhibitors

Based on a classification by Richardson (33) and completed with recent data (2). ND, no data.

Class Source

Size (amino

Cys

Inhibitory activity

Against Members of the group

Against in: - Again; i iviti
acids) g:m )szfasess ect gg ﬁg;n; ?rg’ gigs (:; e gtae n ss;s with other activities
Kunitz type Barley (29), wheat (30), 176-180 2-4 + + + Miraculin (32)
rice (6)
Cereal type Wheat (33), barley (33), 124-160 10 + - + ND
Indian finger millet
(34)
y-Purothionin type  Sorghum (35) 47-48 8 + - - y-Purothionins (36)
Ragi 1-2 type Indian finger millet (37) 95 7 + - — Phospholipid
transfer proteins
Legume lectin type ~ Common beans (38) 246 + + - Legume lectins
(39)
Thaumatin type Maize (40) 173-235 10-16 + + + Pathogenesis-
related protein
(41), Osmotin
(42), Thaumatin
(43)
Knottin type Amaranth (this work) 32 6 + - - Proteinase
inhibitors,
neurotoxins (2)
Prokaryotic Actinomycetes 75-120 4 + + - ND
TaBLE II
Amino acid sequences and inhibitor properties of the peptides used in this study
Peptide Sequence Inhibition® Folding ability®
5 10 15 20 25 30
AAT CIPKWNREGPK—MDGMWPEPYTCTSDYYGRS + +
nor6® CIPKWURGPK—MDGVBEPYTCTSDYYGRS + +
A3 CI-KWNRCGPK—MDGVBEPYTCTSDYYGRS - +
A4 CIP-WNRCGPK—MDGMWPEPYTCTSDYYGES - +
L6 CIPKWLRCGPK—MDGVBEPYTCTSDYYGRS + +
1L5-6 CIPKILR CGPK—MDGMVBEPYTCTSDYYGRS + +
L7 CIPKWNLCGPK—MDGVBEPYTCTSDYYGRS - +
A9 CIPKWNRC-PK-—-MDGVRCCEPYTCTSDYYGRS - -
A10 CIPKWNREGAK—MDGVBEPYTCTSDYYGRS + -
A12 CIPKWNREGPK—ADGVEEPYTCTSDYYGRS +
Al4 CIPKWNREGPK—MDAVECEPYTCTSDYYGRS + —
Al6 CIPKWNREGPK—MDGVAEPYTCTSDYYGRS + -
1L12-13 CIPKWNRCGPKILMDGVECEPYTCTSDYYGRS - -
IL11-12 CIPKWNRC-PKILMDGVPCCEPYTCTSDYYGRS + -
Chimera ACIPKWNREETPG———-KNE@NR\C-SDKHKVWKWKL See Table Il +
HWTX-I ACKGVFDETPG———-KNENR\C-SDKHKVWKWKL See Table Il +

“ Peptides exhibiting >1% inhibition at 15 uM concentration and 100:1 substrate/enzyme ratio were scored as “+.”
® The folded products (Fig. 1) were purified by reverse phase-HPLC, and their quantity was estimated based on HPLC peak height (taking AAI
as 100%). Cases where the quantity of the folded product reached 5% were scored as “+.”

¢ U, norleucine.

columns for N-terminal sequencing carried out on a MilliGen/Biosearch
model 6600 ProSequencer. The released amino acid phenylthiohydan-
toins were detected simultaneously at 269 and 313 nm.

Peptide Synthesis and Refolding Studies

AAI mutants (Table II) were synthesized manually by solid phase
peptide synthesis methods based on FMOC chemistry and oxidative
refolding as described (5). The Huwentoxin I chimera (Table II) was
synthesized by FMOC chemistry on a PIONEER peptide synthesizer
(PE Biosystems) using FMOC-L-Leu-polyethylene glycolpolystyrene
resin as described (8). The oxidative refolding of the chimera was
carried out in the presence of 0.1 mm oxidized glutathione and 1 mm
reduced glutathione in 0.1 M acetate buffer, pH 9.5, containing 0.2 mm
EDTA. The final product was purified by reverse phase-HPLC.

The qualitative ability of the peptides to fold was tested as follows. A
stock solution of 1.0 mg of totally reduced and HPLC-purified peptide
sample dissolved in 1 ml of freshly prepared argon-saturated refolding
buffer (0.1 m NH,Ac, 2 mm EDTA, 1 M guanidine hydrochloride, pH 7.8)
was added to 49 ml of the same buffer to which 1 mm cysteine and 0.05
mM cystine were added immediately before use (the final concentration
of the peptide was 20 ug/ml). After 16 h of stirring at 25 °C the reaction
was stopped by adjusting the pH to 4.0 with acetic acid. The reaction
mixture was analyzed by reverse phase-HPLC as described (5).The
folding ability was evaluated from the chromatogram. Typical chro-

matograms of “well folding” (+) and “poorly folding” (—) samples are
shown in Fig. 1,A and B, respectively. The peak corresponding to the
folded product, indicated by the arrow, was collected and lyophilized for
amylase inhibition assay.

NMR Studies

Sample Preparation—Samples were prepared by dissolving AAI
powder in 0.5 ml of 20 mM phosphate or acetate buffer (90% H,0, 10%
D,0) containing 0.02% NaN, and 0.1 mm EDTA with the final concen-
tration of AAI being 2—4 mm. The pH of the solution was adjusted to 6.5
with 1IN HCI and NaOH. Sodium 3-(trimethylsilyl)-2,2,3,3,-tetradeu-
teropropionate was added as an internal reference for chemical shifts to
a final concentration of 200 uM. For the experiments in D,0, AAI
samples dissolved in H,O were lyophilized and redissolved in 99.8%
D,0 (Cambridge Isotope Laboratories). The solution was then allowed
to stand at room temperature for 24 h before re-lyophilization and a
second reconstitution with 99.996% D,0.

NMR Spectroscopy—All of the two-dimensional spectra, including
COSY, DQF-COSY, TOCSY, and NOESY, were collected at 500 MHz
using a Bruker 500 AMX spectrometer at pH 6.5, 300 K. The data points
were 512 in the F1 dimension and 2048 in the F2 dimension. Most
two-dimensional spectra were recorded by the time proportional phase
incrementation method (9). Solvent suppression was carried out by the
presaturation method.
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Fic. 1. Chromatographic analysis of the folding ability of AAI
analogs. A, typical analytical reverse phase- HPLC tracing of a fully
reduced synthetic AAI preparation after 16 h of refolding as indicated
under “Experimental Procedures.” B, HPLC tracing of a poorly folding
peptide, A9-AAI (Table II) under the same conditions. Column, Super-
sphere 100 C;3 4 mm 4 X 125 column (Merck GmbH); buffer A, 0.1%
trifluoroacetic acid in water; buffer B, 0.1% trifluoroacetic acid in ace-
tonitrile; linear gradient from 15 to 40% buffer B in 25 min.
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Fic. 2. Identification of dehydroalanine (indicated as ASer)
during Edman sequencing by monitoring the HPLC effluent at
313 nm. Appearance of dehydroalanine in position 18 indicates only
that this residue is disulfide-bonded to a sequentially upstream cystein,
which, by way of elimination (see “Results”), is Cys’.

Data Processing—SYBYL software (Tripos Inc.) was used on an
Indigo 2 Silicon Graphics workstation. All the data were zero-filled to
1000 in the F1 dimension, resulting in a 2048 X 1024 (F2 X F1) real
matrix. The sequential assignment method of Wiithrich (10) allowed
identification of all backbone and side chain protons with the exception
of a few side chain protons of Ile?, Lys* Arg’, Lys'!, and Glu'®. A total
of 348 distance constraints were derived from the NOESY spectra (100
and 400 ms in H,0 and D,0). 87 long distance constraints, 39 medium
distance constraints, 101 sequential constraints, and 121 intraresidue
constraints were found. Three distance constraints (S@) — S(j) (2.02 =
0.02 A), S(i) — C,(j) (2.99 + 0.5 A), and S(j) — C,(i) (2.99 + 0.5 A)) were
used for each disulfide, and 8 dihedral constraints were calculated from
one-dimensional spectrum and DQF-COSY. These constraints were
used for calculating the structure with Briinger’s X-PLOR, version
3.851 (11). The nuclear Overhauser effect spectroscopy constraints were
divided into three classes (strong, medium, and weak), corresponding to
the ranges of 1.8-2.8 A, 1.8-3.5 A, and 1.8-5.0 A, respectively.

RESULTS

Structural Studies—Previous to the current study, the disul-
fide topology of AAI was only partially known, i.e. the connec-
tivities of two vicinal Cys residues (17 and 18) were inferred
from homology modeling rather than from experimental data.
Because this is crucial to the NMR studies, we chose the Ed-
man degradation method combined with phenylthiohydantoin
analysis to confirm this disulfide topology at 313 nm. This
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Fic. 3. The C_ trace for the 10 best AAI structures obtained by
NMR spectroscopy. The C, traces of the 10 best structures (blue)
were superimposed, and the root mean square deviations were calcu-
lated using the molecular simulation program InsightIl. The average
root mean square distance was 0.32 A for the backbone heavy atoms (N,
C,, C, and O) and 1.07 A for all heavy atoms. N and C termini are
indicated. The C, trace of the final structure is shown in red.

Fic. 4. Ribbon diagram of the three-dimensional structure of
AAI The best structure chosen from the results of PROCHECK (15)
calculation is presented as a ribbon diagram produced with the program
SETOR (44). The three B-strands, which form an antiparallel B-sheet
are highlighted by blue arrows, and the three disulfide bridges are
indicated in yellow. N and C termini are labeled.

combined method makes it possible to identify dehydroalanine,
the pB-elimination product of phenylthiohydantoin-cystine,
which forms when the N-terminal sequencing process reaches a
Cys residue disulfide bonded to a sequentially upstream Cys
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1cbh TQS-H¥GBCGG-T1GYSGPTVCASGT-T--CO-VLEPE#SOCL
2eti GCPR-ILMRCKQ-D-———— SDCLAGC-V--CG----PN-GFCG
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Fic. 5. Structure-based alignment of selected knottin sequences. Dark yellow shading indicates residues involved in ligand binding. AAI
(aai) is from this study. Other proteins used are as follows: Huwentoxin-I, neurotoxin from the Chinese bird spider Selenocosmia huwena (huwe,
Qu et al. (14); binding data, J. C. Luo, and X. Gu, unpublished results); the CB of the T. reesei cellobiohydrolase (PDB code, 1cbh; Kraulis et al. (45);
binding data, Refs. 23—25); w-conotoxin GVIA from the snail Conus geographicus (PDB code, 2cco; Davis et al. (46); binding data, Refs. 47—-49); the
trypsin inhibitor from E. elaterium (PDB code, 2eti; Chiche et al. (18); binding data, by homology from C. maxima inhibitor, Ref. 22); w-agatoxin
from the spider Agelenopsis aperta (PDB code, lomb; Yun et al. (31); binding data, Ref. 28).

TaBLE IIT
a-Amylase inhibition by a Huwentoxin I/AAI chimera
The sequences are shown in Table II. The a-amylase inhibitory activity was expressed as the difference between the two absorbance values
obtained in the absence and in the presence of the peptide inhibitor (i.e. (A)546 control (As46 peptiae)- The concentrations of a-amylase and inhibitor were
adjusted so A, was in the optimal range.

546 nm

. . Molecular ratio of Inhibitor
Peptide substrate Concentration peptide to a-amylase (A contror-Asest activityy
M %
AAI 1.4 xX10°° 0.14:1 0.060 100.00
Chimera 1.6 X102 260:1 0.076 0.07
Huwentoxin-I 1.1x 101t 1100:1 0.000 0.00

residue (12). Fig. 2 clearly shows that the degradation product made a structural alignment for AAI with a set of known
appears in position 18, confirming that AAI in fact has the three-dimensional structures from this family (Fig. 5). In this
disulfide topology Cys!-Cys'®, Cys®-Cys??, Cys'’-Cys®!, a topo- figure we divided the sequences into segments between cys-
logical pattern characteristic of the knottin family. teine residues. To identify functionally and structurally impor-

50 structure calculations were carried out using the X-PLOR  tant residues, we prepared a series of peptides carrying re-
program of Briinger (11). The 10 best structures, based on their  placements or deletions in segment 1 or segment 2 and
stereochemical energies (excluding the electrostatic term) and monitored, in a qualitative way, both their in vitro refolding
PROCHECK (15) results, were chosen for structure analysis. ability (see “Experimental Procedures”) as well as their a-am-
These structures (Fig. 3) had no nuclear Overhauser enhance- ylase inhibitory activity (Table II). We found that although
ment spectroscopy violations larger than 0.3 A and no dihedral replacements in segment 2 impaired the folding ability of AAI,
violations larger than 2 ° with 84.3% of all residues (excluding they did not abolish a-amylase activity. In contrast, replace-
Gly and Pro) in the most favored regions and 15.7% in the ments in segment 1 abolished a-amylase inhibition without
additional allowed regions. A root mean square distance of drastic consequences for folding. To test whether segment 1 of
0.32 = 0.05 A was found for backbone atoms, whereas that for ~ AAI is directly involved in enzyme binding, we grafted it into
all heavy atoms was 1.04 = 0.12 A. Both values are satisfacto- Huwentoxin I, a protein, which although structurally similar to
rily low for a peptide of this size. These ten structures have AAI, is not an a-amylase inhibitor. The resulting chimera (se-
been deposited in the Protein Structure Data Bank under the quence shown in Table II) folded well (data not shown) and had
identification code “1qfd”. a low but clearly significant a-amylase inhibitory activity (Ta-

Using the protein structural element criteria described by  ble III). The inhibitory activity was 10™* times that of AAI but
Wiithrich (10), Richardson (16), and Wilmot and Thornton (17), very much higher than that of Huwentoxin I (inhibition was
we identified three antiparallel B-strands and five B-turns in the not detectable at the concentrations achievable with this pep-
three-dimensional structure of AAI (Fig. 4). The three short tide); because a successful scorpion toxin/charybdotoxin chi-
B-strands include residues Arg’-Cys®, Thr®2-Thr?*, and Gly®*>- mera had a bioactivity 10~° that of the original charybdotoxin
Ser32. The first strand is very short, a feature often prevalent in  molecule (19), we infer that the inhibitory activity of our Hu-
the knottin fold (4, 18). Of the five p-turns, Pro3-Asn® belongs to  wentoxin I/AAI chimera construct is satisfactory proof that the
type II, and Gly®-Met'2 and Pro'°-Asp'® belong to type I, whereas segment 1 sequence is a part of the enzyme binding region of
Glu'®-Thr?? and Asp?®-Gly®® belong to type VIIL. Of the three AAI
disulfide bridges in this structure, Cys!-Cys® is a right-handed
spiral, whereas Cys®-Cys?? and Cys'’-Cys®! are left-handed.

Structure Comparison and Residue Replacement—The motif The structure of AAI corresponds to the so-called knottin (3)
consists of three antiparallel B-strands accompanied by special or inhibitor cystine knot fold (4), which is characterized by
disulfide bonding patterns and corresponds exactly to the so- three antiparallel B-strands and a disulfide topology of the
called knottin (3) or inhibitor cystine knot fold (4). We therefore  “abcabc” type, as schematically shown in Fig. 5. The first of the

DISCUSSION
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three B-strands is usually distorted, and it is missing in some
members of this family so the core of this motif'is often referred
to as a short distorted triple-stranded B-sheet. In the solution
structure of AAI the first B-strand is in fact less clearly defined
than the other two. Members of this family do not show high
sequence similarity, and, partly because of their small size,
they cannot be easily identified by sequence similarity
searches. We previously built a model of AAI based on its
homology with the Trichoderma reesei CB and squash protein-
ase inhibitor (2). Although the global features of AAI were
correctly captured by this model, the atomic coordinates were
only in moderate agreement with the experimental data.

The knottin family contains several distinct subtypes, ac-
cording to structure-based sequence alignment (Fig. 5). AAI,
along with many of the fungal type CBs and some spider toxins,
lacks segment 3, so these two central cysteines are vicinal. The
CB of T. reesei cellobiohydrolase lacks the disulfide bridge a,
whereas w-conotoxin GVIA has an additional d. Huwentoxin I
and other spider toxins form a distinct subgroup characterized
by a very short third B-strand. AAI most closely resembles the
fungal CB group.

The knottin (3) or inhibitor cystine knot fold (4) was found in
various proteins from fungi, plants, spiders, and cone shells.
The fact that these proteins fulfill a large variety of biological
functions leads us to suggest that this fold may have emerged
by convergent evolution. Thus the weak sequence similarities
among various knottin proteins may be because of common
structural determinants rather than a common evolutionary
origin. In fact we have found that certain residues can be
replaced without impairing the folding of the molecule,
whereas other replacements seem to interfere with the folding.
For example we found that segment 1 of AAI can accommodate
residue replacements, which is in very good agreement with
the finding that the T. reesei CB readily accepts mutations in
the homologous region (20). It is interesting, in this respect,
that formation of this simple fold is apparently not a one-step
process. A two-step mechanism that includes the reshuffling of
the first disulfide intermediates was suggested for AAI (5) and
also for the related potato proteinase inhibitor (21). It is tempt-
ing to speculate that this suggested two-step mechanism may
be in fact a condition for the formation of the knottin-structure;
quantitative folding studies are now underway.

Members of the knottin family bind to various macromolec-
ular ligands as diverse as cellular receptors, enzymes, or cel-
lulose (for a recent overview see Ref. 20). In the structural
alignment in Fig. 5 green displays the residues that are thought
to be involved in binding. According to the distribution of these
binding residues, knottins can be divided into three broad
categories. The proteinase inhibitors from Cucurbita maxima
(22) and Ecballium elaterium (18) bind through segment 1. The
group, including the CB (23-25), charybdotoxin (26), and Hu-
wentoxin I,? contains additional binding residues in segment 5.
The third group, w-conotoxin GVIA and w-agatoxin interact via
residues in segment 2 as well as segment 1. Our residue re-
placement results indicate that segment 1 of AAI seems to be
involved in amylase binding but presumably is not solely re-
sponsible for it; however, the inhibition level of the chimera is
low. Because our residue replacement studies failed to reveal
binding residues in segment 2, which lead us to conclude that
the binding mode of AAI may be different from that of w-cono-
toxin GVIA and w-agatoxin. So by elimination we are left with
the conclusion that the binding mode of AAI may be similar to
the T. reesei CB, i.e. the molecule may bind via segments 1 and
5. Conclusive data on the binding mode of AATI await analysis of

3 8. Liang and J. C. Luo, unpublished results.
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the three-dimensional structure of an AAl/a-amylase complex.

Our AAI mutagenesis studies confirm that the knottin struc-
ture can accept a wide range of mutations. This is important for
the engineering of small binding proteins with altered biologi-
cal activities (20, 27). Finally, we note that the species-specific
biological activity of AAI makes it an attractive target both for
the development of insect-resistant transgenic plants (1), as
well as in engineering studies (27).
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Note Added in Proof—The three-dimensional structure of the com-
plex of AAI with the T. molitor « amylase (PDB code:1clv) was recently
determined by X-ray chrystallography (50).
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