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The Ternary Structure of the Double-headed Arrowhead
Protease Inhibitor API-A Complexed with Two Trypsins
Reveals a Novel Reactive Site Conformation*
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Thedouble-headed arrowhead protease inhibitorsAPI-A and
-B from the tubers of Sagittaria sagittifolia (Linn) feature two
distinct reactive sites, unlike other members of their family.
Although the two inhibitors have been extensively character-
ized, the identities of the two P1 residues in both API-A and -B
remain controversial. The crystal structure of a ternary complex
at 2.48 Å resolution revealed that the two trypsins bind on oppo-
site sides of API-A and are 34 Å apart. The overall fold of API-A
belongs to the �-trefoil fold and resembles that of the soybean
Kunitz-type trypsin inhibitors. The two P1 residues were unam-
biguously assigned as Leu87 and Lys145, and their identities were
further confirmed by site-directed mutagenesis. Reactive site 1,
composed of residues P5Met83 to P5�Ala92, adopts a novel con-
formationwith the Leu87 completely embedded in the S1 pocket
even though it is an unfavorable P1 residue for trypsin. Reactive
site 2, consisting of residues P5 Cys141 to P5� Glu150, binds tryp-
sin in the classic mode by employing a two-disulfide-bonded
loop. Analysis of the two binding interfaces sheds light on
atomic details of the inhibitor specificity and also promises
potential improvements in enzyme activity by engineering of
the reactive sites.

Protease inhibitors (PIs)4 are ubiquitously distributed in all
organisms, including plants, animals, and microorganisms (1).
They play vital roles in regulating their corresponding pro-
teases, which are involved in many biological processes such as
protein digestion, cell signal transmission, inflammation, apo-
ptosis, blood coagulation, and embryogenesis (2). The clinical
applications of PIs are widespread, and there is great interest in
developingmore potent therapeutic PIs for treating human dis-
eases related to cancer (3), pancreatitis (4), thrombosis (5), and

AIDS (6). To this end, the soybeanKunitz-type serine proteases
inhibitors have been extensively studied (1, 7–11). The inhibi-
tors of this family generally contain 170–200 residues and have
two disulfide bonds. Most members have only one reactive site
located in the region of residues 60–70 (7, 10, 12–14).However,
a fewmembers possess two reactive sites that simultaneously bind
twoproteasemolecules andare thus termeddouble-headed inhib-
itors (15–18). All of these inhibitors are classified into family I3 of
peptidase inhibitors (19).Mostmembers are further grouped into
subfamily I3A.However, thedouble-headedarrowheadPIsAPI-A
and -B are grouped in subfamily I3B because of their very low
sequence similarity to other members (19). In contrast to other
double-headed PIs such as the Bowman-Birk and ovomucoid
inhibitors, which have two identical reactive sites that have
evolvedbydomain shuffling andgeneduplication (1, 20–25), both
API-A and -B have two distinct reactive sites.
API-A and -Bwere first purified from the tubers of Sagittaria

sagittifolia (Linn) in 1979 (26). Both consist of 179 residueswith
three disulfide bonds and can inhibit a variety of serine pro-
teases, including trypsin, chymotrypsin, and porcine tissue kal-
likrein (17, 26–28). Although the sequence identity of API-A
and -B is as high as 91%, their inhibitory specificities differ. The
former can bind onemolecule of trypsin and onemolecule of chy-
motrypsin, whereas the latter can simultaneously bind twomole-
cules of trypsin (26). The two P1 residues of the reactive sites of
API-A and -B were first predicted to be Lys44 and Arg76 based on
their surrounding sequences, which are similar to those of the
reactive sites of bovine pancreas trypsin inhibitor and soybean
Kunitz trypsin inhibitor (29). However, their identities were later
revised to Arg76 and Leu87 (for API-A) or Lys87 (for API-B) based
on results from sited-directedmutagenesis studies (30).
To clarify these controversies, we solved the crystal structure

of API-A in complex with two molecules of bovine trypsin. To
the best of our knowledge, this is the first report on the three-
dimensional structure of the double-headed Kunitz-type tryp-
sin inhibitor in complexwith twomolecules of protease. On the
basis of this structure, the two P1 residues have now been iden-
tified as Leu87 and Lys145 for reactive site 1 (RS1) and 2 (RS2),
respectively. The results were further confirmed by site-di-
rected mutagenesis. It was earlier shown that the first P1 resi-
due Leu87 interacts preferentially with chymotrypsin (30). In
our structure, Leu87 is snugly embedded in the S1 pocket of
trypsin, as a consequence of the broad interface contributed by
the surrounding residues. Comprehensive analyses of the two
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reactive site interfaces have provided functional insights into
the novel inhibitory patterns of this unique double-headed pro-
tease inhibitor.

EXPERIMENTAL PROCEDURES

RNA Extraction, cDNA Cloning, and Site-directed Mutation—
Total RNA was isolated from 100 mg of fresh arrowhead (S.
sagittifolia, Linn) buds using TRIzol reagent (Invitrogen)
according to the instruction protocol. The first chain of
cDNA was reverse-transcribed from the total RNA using a
specific primer 5�-CGCCGCGGCCGCTTAGAGTGCGTC-
GRACTTMTG-3� with a NotI site (where R stands for G/A,
and M for A/C) and Superscript II reverse transcriptase
(Invitrogen). The coding sequence of API-A was PCR-ampli-
fied from cDNA using the forward primer 5�-CTCGCATA-
TGGATCCCGTCGTCGACAGC-3� containing an NdeI site
and specific primer as the reverse one. The PCR product was
cloned into a T-easy vector (Promega) and transferred to
DH5�. After the insert screening and DNA sequencing, the
target gene was cloned into a pET28a-derived expression vec-
tor with a His6 tag at the N terminus after the start codon. The
site-direct mutagenesis (L87P or K145A) was carried out by
PCR as described (31). Compared with the primary sequence of
API-A reported previously (Swiss-Prot entry P31608), there are
twomutations at the N and C termini (Arg39/His39 and Gln172/
Arg172) thatmight be due to polymorphism. Bothmutations are
far away from the reactive sites and thus have no influence on
the inhibitory activity.
Protein Expression and Purification—All of the constructs

were co-transformed with PKY206 (a plasmid containing the
GroESL genes of Escherichia coli, for the synthesis of chaper-
ones GroEL and GroES) (32) into E. coli BL21 (DE3). Transfor-
mant cells were grown in 2�YT medium (5 g of NaCl, 16 g of
bactotryptone; 10 g of yeast extract in 1 liter of H2O) at 37 °C up
to an A600 nm of 0.7. The protein expression was induced by
adding isopropyl 1-thio-�-D-galactopyranoside to a final con-
centration of 0.2mM, and the culture was incubated at 16 °C for
further 20 h. The cells were collected by centrifugation and
resuspended in the lysis buffer containing 100mMNaCl, 20mM

Tris-HCl, pH 7.5, and lysed by sonication on ice. The soluble
fraction was loaded to the nickel-nitrilotriacetic acid affinity
resin (Qiagen) and washed with the lysis buffer plus 10–50 mM

imidazole. The bound protein was then eluted with the lysis
buffer plus 200 mM imidazole and further purified by gel filtra-
tion using aHiload 16/60 Superdex 75 (AmershamBiosciences)
column equilibrated with the lysis buffer. The purified protein
was concentrated to 0.4 mg/ml in the same buffer plus 50%
glycerol and stored at �80 °C for activity assay.

To prepare the protein complex, �5 mg of purified API-A
was mixed with 12 mg of bovine �-trypsin (USP grade;
Ameresco) in the presence of 20mMCaCl2. After incubating for
2 h at 4 °C, the mixture was loaded to a Hiload 16/60 Superdex
200 (Amersham Biosciences) column equilibrated with the
buffer of 100 mM NaCl, 20 mM Tris-HCl, pH 7.5, and 20 mM

CaCl2. The fractions containing the complex of API-A and
trypsin were collected and concentrated to 15 mg/ml by ultra-
filtration using an Amicon Ultra 10-kDa cut-off concentrator
(Millipore).

Crystallization and X-ray Data Collection—Crystallization
trials were carried out at 291 K by the hanging drop vapor dif-
fusion method using crystal screen kits I and II (Hampton
Research Inc.). Each drop containing 1 �l of reservoir solution
and 1 �l of protein sample (13 mg/ml) was equilibrated against
0.5 ml of reservoir solution. Needle-like crystals appeared in
several conditions. The crystals suitable for x-ray diffraction
were optimized using a sitting drop method. In the optimized
condition, a droplet was prepared by mixing 2 �l of protein
sample with 2 �l of reservoir solution containing 20% polyeth-
ylene glycol 8000, 0.1 M sodium cacodylate, pH 6.5, 0.2 M

(NH4)2SO4. Plate-like crystals with dimensions of 0.5 � 0.2 �
0.03mm3 appeared in aweek.A single crystal was transferred to
the cryoprotectant containing the reservoir solution plus 20%
glycerol and flash-frozen in the liquid nitrogen for data
collection.
The diffraction data were collected at 100 K on an in-house

Rigaku MM007 x-ray generator (� � 1.54179 Å) with a Mar-
Research 345 detector at School of Life Sciences, University of
Science and Technology of China (Hefei, China). The data dif-
fracted at 2.48 Å resolution were processed with program
AUTOMAR 1.2 (33). The crystals belong to the space group
C2221 (see Table 1). There is a ternary complex of one API-A
and two trypsin molecules in the asymmetric unit.
Structure Determination and Refinement—The initial phase

was calculated by molecular replacement using the program
PHASER, which integrated in the CCP4 suite (34). The starting
search model for trypsin was derived from the bovine-trypsin
complexwith benzamidine (ProteinData Bank code 2J9N); two
clear orientations of trypsin were obtained after rotation and
translation search using the program MOLREP in CCP4 suite.
Because of the low sequence identity (�25%) between API-A
and homologs of known structure, we used a model consisting
of the following segments: 30–37, 46–50, 60–64, 80–84, 125–
130, 139–144, and 173–176 from barley �-amylase subtilisin
inhibitor (endogenous protein inhibitor chain C, Protein Data
Bank code 1AVA) as template for phased rotation and transla-
tion search using the phasing information obtained from these
twomolecules of trypsin. Further main chain tracing and man-
ual rebuildingwere performedwithCoot 0.3.3 (35) based on the
electron density from the initial solution, but residues 1, 29–32,
52–54, and 177–179 of API-A were not fitted because of the
poor electron density. The refinementwas carried outwith Ref-
mac5 (34). The stereochemistry of the model calculated with
Molprobity (36) indicated that 97% of the residues in themodel
were in themost favored region of Ramachandran plot, and the
rest were in the allowed regions. The data collection and refine-
ment statistics are listed in Table 1. Final coordinates have been
deposited in Protein Data Bank under the accession code of
3E8L.
Inhibitory Activity Assay—The protein concentration of

API-A was determined by UV absorbance at 280 nm with an
extinction coefficient of 22,920 cm�1 M�1. The assay of inhibi-
tory activity against trypsin was performed in 400 �l of 50 mM

Tris-HCl, pH 7.8, 20 mM CaCl2, 50 nM bovine trypsin
(Ameresco), and various amounts of the wild-type API-A or
variants using 500 nM N-�-benzoyl-DL-arginine-4-nitroanilide
(Sigma) as the substrate. The absorbance at 410 nm was traced
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for 5min. Themaximal slope of the plot of apparent absorbance
versus time was used to determine the residual trypsin activity,
which was plotted as a function of the molar ratio of inhibitor
API-A to trypsin (29).

RESULTS AND DISCUSSION

Previously, soluble forms of API-A and -B could only be
obtained by heterogeneous expression in Saccharomyces cer-
evisiae (29). In this study, soluble expression was achieved by
co-expressing API-A with the GroEL/ES chaperones in E. coli,
which greatly simplified the procedure. The ternary complex
was obtained in the presence of CaCl2 and was readily crystal-
lized. The crystals belong to the space groupC2221, and there is
one ternary complex in the crystallographic asymmetric unit
(Table 1). The structure was solved by molecular replacement
searching for trypsin andAPI-A separately, and itwas refined to
2.48 Å resolution (Table 1).
Overall Structure—The overall structure shows a ternary

complex of the double-headed inhibitor API-A that is simulta-
neously bound to two trypsin molecules, i.e. trypsin-1 and -2
(Fig. 1A). The two reactive sites of API-A adopt obviously dif-
ferent conformations. This is in contrast to the ternary struc-
ture of Bowman-Birk protease inhibitors (BBBIs) from barley
seeds in complex with porcine trypsin, in which two highly
similar reactive site loops are located in the duplicated domains
(Fig. 1B). The orientations of the trypsin molecules in the two
complexes differ, but they share a typical area of the interface

between the inhibitor and protease, which is 1295/1855 Å2 in
API-A and 1430/1824 Å2 in BBBI (37). The distance between
the two reactive sites, which is �34 Å in BBBI and 39 Å in
API-A, is also comparable with that in smaller inhibitors such
as Bowman-Birk type protease inhibitors from snail medic
seeds (7 kDa) or Bowman-Birk protease inhibitors from soy-
bean (8 kDa). This has earlier been assumed to be theminimum
distance required for the simultaneous binding of two protease
molecules (21, 22, 24, 38, 39).
The overall fold of API-A resembles that of the Kunitz-type

trypsin inhibitors. It belongs to the �-trefoil fold (40) with a
core of six antiparallel �-sheets (�1 to �12) surrounded by 13
loops (Fig. 1C). The hydrophobic core consists of a shallow
�-barrel formed by three �-sheets (�1-�12, �4-�5, and �8-�9)
and a cap of three hairpins (�2-�3, �6-�7, and �10-�11) (Fig.
1C). Additionally, a 310 helix is located between loops 8 and 9.
Although they share a very similar hydrophobic core, the pri-
mary sequences of the Kunitz-type inhibitors vary dramatically
because of the high degree of variation in the loop regions. In
contrast to the root mean square deviation (RMSD) of 1.14 Å
between the C� atoms of the equivalent �-stranded cores and
an overall RMSD of 2.17 Å, the sequence identity between
API-A and soybean trypsin inhibitor (STI, Protein Data Bank
code 1AVW) is only 23%. Structure-based multialignment of
Kunitz-type trypsin inhibitors of known structure revealed that
most conserved residues are located in the � strands (Fig. 1D),
which are considered to be necessary for maintaining a univer-
sal rigid core (40).
In addition, API-A contains three disulfide bonds. The first

bond (Cys43–Cys89) cross-links loops 3 and 6 of RS1, which is
present in most Kunitz-type trypsin inhibitors (1). However,
this disulfide bond may have little effect on the �-trefoil fold
because theBauhinia bauhinioides cruzipain inhibitor remains
very stable even in the absence of any disulfide bond (41). The
two other disulfide bonds are located in RS2, and one of these
(Cys141–Cys144) forms an intraloop disulfide bond in loop 10,
whereas the other (Cys139–Cys148) further stabilizes loop10with
strand�9. This conformation of one reactive site stabilized by two
disulfide bonds has not been found in any other Kunitz-type pro-
tease inhibitors of known structure (26). Taken together, these
disulfide bonds might play a role in stabilizing the conforma-
tion of the reactive site, as observed in the structure of Bow-
man-Birk type protease inhibitors (22, 24, 38, 39).
Reactive Sites—As shown in Fig. 2 (A and B), the excellent

continuous electron densities indicate well defined interfaces
between the inhibitor and trypsins for RS1 and RS2 and intact
scissile bonds between the P1 and P1� residues in the two active
sites (Leu87–Ile88 for RS1 and Lys145–Ile146 for RS2). Both reac-
tive sites adopt a typical noncovalent “lock and key” inhibitory
mechanism.The two reactive sites ofAPI-A are located in loops
6 and 10, respectively, in contrast to the sole reactive site in loop
5 (residues 60–67), which is usually found in typical Kunitz-
type inhibitors (8, 11, 13, 18, 42). The phenomenon of switching
reactive site loops for double-headed inhibitors is not unique to
API-A and has been proposed earlier for loop 3 of winged bean
chymotrypsin inhibitor based on its crystal structure (18). Both
reactive sites ofAPI-A andwinged bean chymotrypsin inhibitor

TABLE 1
Data collection and refinement statistics

Data set Parameters

Space group C2221
Unit cell parameters (Å)
a 76.63
b 110.86
c 152.99

Resolution (Å) 30-2.48 (2.57-2.48)f
Unique reflections 23,471 (2,298)
Completeness (%) 99.7 (99.5)
I/�(I) 9.9 (2.1)
Rmerge (%)a 12.46 (47.80)
Refinement
Resolution (Å) 30-2.48 (2.54-2.48)
R factorb 0.19 (0.25)
Rfree

c 0.24 (0.32)
Contents of asymmetric unit
Protein molecules 3
Protein atoms 4,616
Water atoms 160

RMSD geometryd
Bond lengths (Å) 0.011
Bond angles (°) 1.437

Average of B factors (Å2) 37.08
Ramachandran plote
Most favored (%) 96.92
Additional allowed (%) 3.08
Outliers (%) 0

Protein Data Bank code 3E8L
a Rmerge� �hkl�i�Ii(hkl)� �I(hkl)��/�hkl�iIi(hkl), where Ii(hkl) is the intensity of an
observation, and�I(hkl)� is themean value for its unique reflection. Summations
are over all reflections.

b R factor � �h�Fo(h) � Fc(h)�/�hFo(h), where Fo and Fc are the observed and calcu-
lated structure factor amplitudes, respectively.

c Rfree was calculated with 6% of the data excluded from the refinement.
d RMSD, root mean square deviation from ideal values.
e Categories were defined by Molprobity.
f The values in parentheses refer to statistics in the highest bin.
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could have evolved from variable loops of ancestral Kunitz-type
proteins (40).
Reactive Site 1—It has been predicted that Leu87 is a P1 res-

idue that is more favorable for chymotrypsin than for trypsin
(30), but this residue is completely embedded in the S1 pocket
of trypsin in the present structure (Fig. 2A). To verify this crys-
tallographic observation, Leu87 wasmutated to proline, leading
to a significant decrease in the inhibitory activity. The extrapo-
lated molar ratio of inhibitor/protease increased from �0.7 for
the wild-type enzyme to �1.0 for the L87P variant (Fig. 2C).
This indicated that the inhibitor contains only the second reac-
tive site (RS2) in which the P1 residue Lys145 is capable of bind-

ing one molecule of trypsin; this finding is in agreement with
previously reported results (30).
Superimposing of API-A with serine protease inhibitors of

known structure revealed that the conformation of the RS1
loop was distinct from the typical canonical conformation of
serine protease inhibitors (20). Among these structures, only
the squash trypsin inhibitor MCTI-A (Protein Data Bank code
1F2S) could be partly superimposed on the residues from P4 to
P1. To present more quantitative data, the dihedral angles
(	/
) of the residues in the reactive sites of both API-A and
MCTI-A are listed in Table 2. The P1 Leu87 residue of API-A
adopts the main chain conformation of the 310 helix similar to

FIGURE 1. Overall structures and multialignment. Overall structures of the ternary complex of API-A-trypsin (A) and BBBI-trypsin (B). Inhibitors are colored by
secondary structure assignment: 310 helix in red, strands in blue, and loops in green. The trypsin molecules are colored magenta. The cysteine residues are
shown as sticks in orange, and P1 residues are in yellow. C, overall structure of API-A, with �-strands and loops numbered sequentially. Two P1 residues and six
cysteine residues are highlighted as yellow sticks. D, structure-based multialignment of API-A and other Kunitz-type inhibitors, the C� RMSD values to API-A
were calculated: the winged bean chymotrypsin inhibitor (WCI, Protein Data Bank code 1EYL; RMSD, 2.19 Å), the Delonix regia seeds trypsin inhibitor (DrTI,
Protein Data Bank code 1R8N; RMSD, 2.38 Å), the B. bauhinioides Cruzipain inhibitor (BbCI, Protein Data Bank code 2GZB; RMSD, 2.56 Å), and the STI (Protein Data
Bank code 1AVW; RMSD, 2.17 Å). The secondary structure elements are indicated under the primary sequences, and the conserved residues are shaded in blue.
The P1 residues in API-A are highlighted by red stars. All figures of protein structure were produced with PyMOL (46), and the multialignment was generated
based on the structural superposition (47).
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that of other inhibitors, whereas P1� Ile88 continues in this con-
formation instead of the polyproline II conformation observed
in the P1� of typical inhibitors. Generally, themain chain atoms
of P1� interact directly with spacer residues as in the case of
STI-Kunitz family inhibitors (10). Alternatively, theymay inter-
act indirectly with neighboring residues via a water molecule as
in the case of the squash seed inhibitor family inhibitors (43). In
contrast, residues P1� to P3� of API-A adopt a novel conforma-
tion, whereas a hydrogen bond network bridges loops 6 and 8
(Ile88-O–Phe115-N, Asp90-N–Asp113-O, and Asp90-O�2–
Asp113-N) (Fig. 2D); such a conformation has not been reported
for other Kunitz-type inhibitors. Loop 6 becomes more rigid
because of the intraloop hydrogen bond between Pro86-O and
Cys89-N. Moreover, the interloop disulfide bond Cys43–Cys89
between loops 6 and 3 further stabilizes the first reactive site
loop and thus also contributes to the novel conformation
of RS1.
Reactive Site 2—Unexpectedly, the electron density for the

P1 residue of RS2matches perfectlywith that of Lys145 (Fig. 2B),
which has not been noted previously (29, 30). To confirm this
assignment, we overexpressed and purified the K145A variant.
In comparison with wild-type API-A, the inhibitory activity of
the K145A variant dramatically decreased, resulting in a
deduced inhibitor/protease ratio of �1.9 (Fig. 2C). Because the
presence of neither the P1 residue Leu87 nor Ala145 at the reac-
tive site of the K145A variant is favorable for trypsin binding,
the variant shows rather weak inhibitory activity.
RS2 adopts a canonical conformation even though the pres-

ence of two disulfide bonds (Cys139–Cys148 and Cys141–Cys144)
makes it different from other protease inhibitors that contain
only one disulfide bond. The conformations ofmost residues in
RS2 showno significant differences from those in STI, resulting
in an RMSD value of 0.78 Å for the C� atoms and similar dihe-
dral angles (Table 2). It has been shown that the additional
disulfide bond (Cys141–Cys144) is important for the thermosta-
bility but is not essential for the inhibitory activity (28).Notably,
the three important spacer residues Arg76, Glu124, and Arg126
adopt a unique interaction pattern that is different from the
patterns in otherKunitz-type inhibitors. Arg76 forms two direct
hydrogen bondswith P2 (Arg76-N�2–Cys144-O) andP4 (Arg76-
N�–Glu142-O) and one indirect hydrogen bondwith P4 (Arg76-
O–Glu142-O�2) that is mediated by a water molecular, Wat67
(Fig. 2E). The hydrogen bonds contributed by Arg76 are impor-

tant for stabilizing RS2, thus making it indispensable for main-
taining the inhibitory activity. This is why Arg76 was earlier
misassigned as the P1 residue on the basis of site-directed
mutagenesis studies (29, 30). The two other spacer residues
Glu124 and Arg126 also participate in two salt bridges and one
hydrogen bond (Glu124-O�1–Arg76-N�1, Glu124-O�2–Arg126-
N�, and Arg126-N�2–Cys148-O). In addition, P4 Glu142 and P4�
Pro149 form hydrogen bonds with the neighboring residues
Ser64 (Ser64-N–Glu142-O�2) and Ala138 (Ala138-N–Pro149-O),
respectively (Fig. 2E). This interaction network in addition to
two disulfide bonds gives loop 10 a well defined conformation
that aids in the inhibitory activity.
The Two Interfaces—The interfaces formed by the binding

surfaces from both the protease and its inhibitor are impor-
tant for the enhanced specificity and affinity of inhibitors.
Therefore, detailed analyses of the residues at the interfaces
could help in the development of more potent protease
inhibitors.
Interface 1—Despite possessing a novel conformation, the

interaction pattern at RS1 is conserved. Themain contributions
to inhibitor binding specificity and affinity are from the RS1
residues, and these residues are supplemented by the residues
surrounding the reactive site. Apart from the P1 residue Leu87
that fits snugly into the S1 pocket of trypsin-1, the binding at
interface 1 is also aided by the formation of a typical intermo-
lecular antiparallel �-sheet stabilized by three main chain
hydrogen bonds (Fig. 3A and Table 3).
The residues surrounding RS1 also contribute to the specific

recognition toward trypsin-1 via hydrophobic and hydrophilic
interactions. The residue Phe115 located in the vicinity of RS1
interacts with the hydrophobic patch of trypsin-1 composed of
residues Tyr37�, Tyr146�, and Phe39�, similar to the interaction
observed when KD1 (Kunitz domain 1 of tissue factor pathway
inhibitor-2) is complexed with trypsin (9). Moreover, an inter-
molecular hydrogen bond network between loop 1 and tryp-
sin-1 (Asn14-N�2–Ser142�-O	, Gly17-O–Gln214�-N�2, Asn18-
O�1–Lys215�-N, and Tyr19-N–Gln214�-O�1) further reinforces
the enzyme-inhibitor interaction.
Interface 2—As shown in Fig. 3B, the interface between RS2

and trypsin-2 exhibits the classic protease-inhibitor interac-
tions. In agreement with the canonical binding mode, the car-
bonyl group of the scissile peptide bond between P1 Lys145 and
P1� Ile146 is embedded in the oxyanion hole. However, one of

FIGURE 2. The two P1 residues and reactive sites. A and B, the 2Fo � Fc electron density maps around P1 residues of Leu87 (A) and Lys145 (B, 1 � level). API-A
was colored in green except for P1 (Leu87 and Lys145) in yellow and trypsin molecules in magenta. C, inhibitory activity assays of the wild-type API-A and two
variants (K87P and K145A). The assays were performed with 50 nM trypsin. D and E, RS1 and 2. The hydrogen bonds and ionic interaction are shown as dashed
lines.

TABLE 2
Dihedral angles (�/�) of residues of reactive sites
MCTI-A, squash trypsin inhibitor, Protein Data Bank code 1F2S (43); STI, Protein Data Bank code 1AVW (10).

API-A (reactive site 1) MCTI-A API-A (reactive site 2) STI

P4 (Pro84)-64/141 (Ile2)-92/109 (Glu142)-79/-52 (Ser60)-114/144
P3 (Val85)-155/146 (Cys3)-131/110 (Phe143)-114/-2 (Pro61)-58/-35
P2 (Pro86)-68/143 (Pro4)-57/142 (Cys144)-81/151 (Tyr62)-55/139
P1 (Leu87)-68/-14 (Arg5)-88/40 (Lys145)-94/27 (Arg63)-89/40
P1� (Ile88)-69/-14 (Ile6)-92/141 (Ile146)-63/150 (Ile64)-85/148
P2� (Cys89)-110/138 (Trp7)-80/123 (Ala147)-94/115 (Arg65)-68/-37
P3� (Asp90)-96/-175 (Met8)-151/133 (Cys148)-79/151 (Phe66)-120/155
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the classic hydrogen bonds (44) (P3 Phe143-N–Gly209�-O) is
absent because of the distorted dihedral angle of P3 Phe143. As
shown in Table 3, the main chain hydrogen bonds are mainly
contributed by P1 Lys145 (the residues of trypsin-2 are labeled
with a double-prime). In addition to direct hydrogen bonds, the
N
 atom of P1 Lys145 forms five indirect hydrogen bondsmedi-
ated by two water molecules Wat3 and Wat6, which are highly
conserved inmost protease inhibitors that have lysine as the P1
residue (10, 45).

Comparison of the Two Inter-
faces—By superimposing trypsin-1
and -2, the differences in the two
interfaces become apparent (Fig.
3C). As expected, the two trypsin
molecules are well aligned with an
RMSD of 0.31 Å for the overall
structure and 0.26 Å for the active
site. The conformations of the two
reactive site loops of API-A show
significant differences. The side
chain of P1 Lys145 at interface 2
forms a salt bridge with Asp186 and
is also in contact with the main
chain atoms of four residues includ-
ing Gly190�, Asp191�, Ser192�, and
Ser207� (Table 3 and Fig. 3B). Taken
together, P1 Lys145 in API-A con-
tributes to themajority of the highly
conserved primary contacts, which
are known to be pivotal for the
inhibitory specificity (20). In con-
trast, the carboxyl oxygen atom of
P1 Leu87 shifts by �2.43 Å in com-
parison with that of P1 Lys145,
resulting in breakage of the major
main chain contacts with trypsin-1.
This leaves only two main chain
hydrogen bonds (Leu87-N–
Ser207�-O and Leu87-O–Gly190�-N)
(Table 3 and Fig. 3A). Instead, the
main chain nitrogen atom of P1�
Ile88 forms three indirect hydrogen
bonds with Phe39�, Gly190�, and
Ser192�; these are mediated by the
well ordered water molecule
Wat10. The nitrogen atom and
carbonyl oxygen of P3 Val85 form
two main chain hydrogen bonds
with Gly209�, whereas P5 Met83
forms an indirect hydrogen bond
with Gly211� (Table 3 and Fig. 3A).
These hydrogen bonds at RS1
complement the nonfavored P1
residue Leu87 of API-A for binding
to trypsin. In contrast, API-B has
an Arg as the corresponding P1
residue that favors its simultane-
ous binding to two molecules of

trypsin (26, 30). Moreover, the hydrophobic interactions and
hydrogen bond network beyond RS1 are also involved in the
formation of interface 1, resulting in a much larger area than
that of interface 2 (1855 versus 1295 Å2). Thus, the residues
surrounding P1 Leu87 rather than P1 itself mainly contribute
to the inhibitory activity, leading to the broad specificity
of RS1.
Kunitz-type inhibitors are characterized by loops that vary in

length, sequence, and conformation. These loops form the

FIGURE 3. The stereo views of the two interfaces. A and B, interfaces 1 and 2 between reactive sites of API-A
(in green) and trypsin (in magenta). The residues of trypsin-1 and -2 are labeled with a prime and a double-
prime, respectively. All hydrogen bonds are shown as dashed lines. The water molecules (Wat3, Wat6, and
Wat99) are shown as red spheres. C, superposition of two interfaces. The residues of RS1 and 2 are colored in
green and yellow, respectively. The P1 and P1� residues are represented as sticks, and the reactive site loops are
shown as a cartoon. All of the hydrogen bonds are shown as dashed lines (interface 1 in black and interface 2
in red).
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major part of the protein surface and are responsible for the
diversity in inhibitory activities that has arisen with evolution
(40). Because of an unknown evolutionary mechanism, API-A
has two reactive site loops that are distinct from each other.
More notably, RS1 is quite different from the classic Kunitz-
type inhibitors because of its unique conformation and extraor-
dinary recognition pattern for trypsin. Although they share a
classic conformation and binding mode, RS2 and its P1 residue
were once misassigned in previous studies; however, both have
been clearly identified in the present report.
The abundance of API-A in the tubers of arrowhead, its

strong inhibitory effect reflected in its nanomolar scale inhibi-
tion constant (Ki), and the distinct inhibitory activities of the
two reactive sites present in this enzyme make API-A a prom-
ising therapeutic PI with potential clinical applications (30).
Moreover, the present crystal structure would enable us to
engineer the two reactive site loops for further improving the
affinity and specificity against various proteases.

Acknowledgments—We are grateful to Prof. Joel Janin (Université
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