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Background: The Kunitz-STI family is a paradigm of protease-inhibitor interaction in particular and protein-protein
recognition in general.
Results: PPI is a versatile protease inhibitor that targets several subfamilies of serine proteases.
Conclusion: The �-trefoil fold constitutes an evolutionary platform for protease inhibition and molecular recognition.
Significance: Fold plasticity influences protein evolution toward multiple function and binding promiscuity.

Proteases carry out a number of crucial functions inside and
outside the cell. Toprotect the cells against the potentially lethal
activities of these enzymes, specific inhibitors are produced to
tightly regulate the protease activity. Independent reports sug-
gest that the Kunitz-soybean trypsin inhibitor (STI) family has
the potential to inhibit proteases with different specificities. In
this study, we use a combination of biophysical methods to
define the structural basis of the interaction of papaya protease
inhibitor (PPI)with serine proteases.We show that PPI is amul-
tiple-headed inhibitor; a single PPImolecule can bind two tryp-
sin units at the same time. Based on sequence and structural
analysis, we hypothesize that the inherent plasticity of the�-tre-
foil fold is paramount in the functional evolution of this family
toward multiple protease inhibition.

Protease inhibitors are nature’s instruments for the regu-
lation of the activity of their target proteases (1). They act by
blocking them in emergency cases and as switches in many
signaling pathways. In plants, many protease inhibitors serve
in defensive mechanisms, and their expression levels are
increased in injured tissues (2). The activation of serine pro-
tease inhibitors in tobacco is also known to increase themor-
tality rate of herbivores, especially neonate larvae (3).
In plants, serine protease inhibitors are widespread. They

are classified into a number of families: serpins, Kunitz-STI,3

Bowman-Birk, potato-type I and II, squash, and thaumatin-
like inhibitors (2, 4). For several decades, the Kunitz-STI
superfamily has served as one of the model systems for the
study of protein structure and protease-inhibitor recognition.
Many principles have been discovered first for members of this
family and were later confirmed for other families of inhibitors.
TheKunitz-STI family belongs to the�-trefoil fold superfamily,
which displays an extremely high plasticity regarding their
interacting partners (5). The latter involves protein, DNA, and
carbohydrate recognition, and some of them are even enzymes.
Variations in the lengths, sequences, and conformations of
the many loops that cover the surface of the protein define the
specificity of the interaction. Given the high variability of the
loop regions, these proteins have a wide variety of targets and
could in principle engagemultiple binders at the same time (5).
Kunitz-type protease inhibitors act by inserting a protruding

loop into the active site of their target protease(s) (6). It is com-
monly assumed that most members of this family have only a
single reactive site loop, which for the archetypical soybean
trypsin inhibitor (STI) is located between residues Ser-60 and
Phe-66. However, several cases of inhibitors possessing two
reactive sites, and thus binding two target molecules simulta-
neously, have been reported (7–10). These have been dubbed
“double-headed” or “Janus-type” inhibitors.
The past three decades have provided a wealth of structural

and thermodynamic data that shed light on how proteinaceous
inhibitors counteract the proteolytic action of serine proteases
(1, 6, 11). However, despite the abundance of data obtained
from x-ray crystallography for free inhibitors and complexes
with serine proteases (7–9, 12–14), very little is known on the
specifics ofmultiple target recognition by these Janus-type pro-
teins with only one structure in the Protein Data Bank of a
Kunitz-STI inhibitor bound to two protease molecules (7).
Papaya protease inhibitor (PPI) is a double-headed Kunitz-

type serine protease inhibitor isolated from the latex of Carica
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papaya. It has a high stability and is particularly resistant to
proteolysis by proteases from different families (15). It likely
serves as defense protein as it is induced by wounding and is
inactive against endogenous proteases from C. papaya (15).
Here we report the crystal structure of PPI in two crystal forms,
together with the solution structure of its complexes with one
and two trypsin units, as determined by small angle x-ray scat-
tering (SAXS) and perform a detailed kinetic study of the pro-
tease-inhibitor interaction probing the serine protease super-
family in a systematic manner. We also discuss how the
potential of the �-trefoil fold to accept surface mutations influ-
ences protein evolution toward multiple function and multiple
target recognition.

EXPERIMENTAL PROCEDURES

Proteins—PPI was purified from commercially available
papaya latex, as a spray-dried powder, kindly provided by Enzy-
mase International S.A. as described before (15). For details on
the different proteases used in this work, see the supplemental
material.
Preparation and Purification of PPI-Trypsin and PPI-Chy-

motrypsin Complexes—For the preparation of the 1:1 (PPI:pro-
tease) complexes, equimolar amounts of PPI and the corre-
sponding protease were incubated for 30min at 37 °C in 50mM

Tris-HCl buffer, 20 mM Ca2�, pH 8.0, for trypsin or in 50 mM

Tris-HCl, 60 mM Ca2�, pH 8.0, for �-chymotrypsin. The 1:2
(PPI:protease) complexes were prepared under the same exper-
imental conditions as for the 1:1 complexes by mixing 2 moles
of protease per mole of PPI. The four resulting complexes were
concentrated on a 5000 molecular weight cut-off Vivaspin 15R
concentrator (Sartorius) to a volume of 3 ml and loaded onto a
Sephadex G-75 column (40 � 2.6-cm inner diameter) pre-
equilibrated with the same degassed buffer. Fractions of 4.2 ml
were collected at a flow rate of 63 ml/h. The fractions corre-
sponding to each complex were pooled, concentrated to a vol-
ume of 3 ml, and reloaded onto the same column under the
same conditions. Finally, the fractions corresponding to the
respective complexes were pooled and concentrated up to 30
mg/ml. Bovine serum albumin (66.2 kDa), hen egg white
ovalbumin (45.0 kDa), bovine carbonic anhydrase (31.0 kDa),
and horse heart cytochrome c (12.4 kDa) were used as protein
molecular mass standards.
Crystallization and Structure Determination—The crystalli-

zation of PPI in two crystal forms has been described before (15,
16). Crystals of form I were flash-cooled directly in the x-ray
beam after soaking for �1 min in a cryoprotectant solution
consisting of 1.4M ammonium sulfate, 0.1MMES, 0.01MCoCl2,
pH 6.5, and 20% glycerol. Data for crystal form II were collected
after the addition of a suitable cryoprotectant or mounted in
glass capillaries for data collection at room temperature. X-ray
data were collected at European Molecular Biology Laboratory
(EMBL) stations BW7A and X13 of the Deutsches Elektronen
Synchrotron (DESY) synchrotron (Hamburg, Germany) using
an MAR CCD detector and at station ID14-1 of the European
Synchrotron Radiation Facility (ESRF) synchrotron (Grenoble,
France) using an Area Detector Systems Corp. Quantum Q4
CCD detector. All data were indexed and processed with the

HKL2000 suite (17). Intensities were converted to structure
factor amplitudes using the CCP4 program TRUNCATE (30).
The structure of crystal form I was determined by molecular

replacement using the structure of STI (Protein Data Bank
(PDB) number 1avx:B) as a search model. The initial molecular
replacement model resulting from PHASER was used as start-
ing model in Arp/wArp, which was able to automatically build
around 90%of the structure. The finalmodel was obtained after
alternating cycles of refinement with phenix.refine andmanual
build using Coot and has an Rfree of 19.7% and Rwork of 18.3%
with excellent statistics (see Table 1).
The structure of crystal form II was determined bymolecular

replacement with PHASER. The coordinates from the refined
form I were used as search model. These PPI crystals are typi-
callymerohedral twins. For structure determination and refine-
ment, we selected the dataset with the lowest twining fraction
(0.26). Accordingly, the structure was refined against the
twined data as implemented in phenix.refine, using the twin
operator h,-h-k,-l. The final model (Rwork � 17.7%, Rfree �
22.8%) was validated withMolProbity (18). The statistics of the
refinement are shown in Table 1.
Surface Plasmon Resonance—Surface plasmon resonance

(SPR) experiments were carried out on a Biacore3000 system
(GE Healthcare) at 25 °C in 20 mM Tris, pH 7.5, 150 mM NaCl,
20 mM CaCl2, 0.005% Tween 20 and with a flow rate of 30
�l/min. To qualitatively test the specificity of binding of PPI for
proteases of different families, the inhibitor was immobilized
on a CM5 sensor chip via amine coupling in 10 mM sodium
acetate buffer, pH 4.0, and different serine proteases were
passed over the chip. In a second series of experiments, we used
a sandwich arrangement to validate the presence of multiple
binding sites in PPI. In our design, the protease was coupled to
a CM5 chip, and then PPI was passed over. Taking advantage of
the slow dissociation rate of PPI, we could probe other reaction
sites by injecting a new protease.
We selected bovine trypsin, chymotrypsin, and elastase (the

tight binders) for kinetic experiments. In every case, a short
pulse of guanidinium hydrochloride (6 M) was used to regener-
ate the chip. All the binding data were analyzed with the BIA-
evaluation 4.1 software. (Please refer to the supplementalmate-
rial for further details on the methods and data analysis.)
Small Angle X-ray Scattering—SAXS data for characterizing

the different PPI-trypsin complexes and examine their shapes
and dimensions were collected at the synchrotron beamlines
X33 (DESY Hamburg, Germany) and SWING (Soleil Paris,
France). The radius of gyration (RG) of the different particles
calculated from the Guinier analysis, together with other
SAXS-derived parameters, are shown in the supplemental
Table S2. For all samples, PPI, trypsin, PPI:trypsin, and trypsin:
PPI:trypsin, Guinier plots of the data show a very good fit to
linearity, indicating the absence of aggregation. The indirect
Fourier transform package GNOM (19) was used to compute
the distance distribution P(r) functions from the scattering
curve and calculate the maximum dimension of the particles
(Dmax). CRYSOL (20) was used to compare the experimental
data with the scattering curve computed from all the different
models derived from the crystal structures of PPI and trypsin.
For rigid bodymodeling of the different PPI-trypsin complexes,
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we used SASREF (21) combined with distance restrains
obtained from the docking experiments.
In Silico Docking—The inhibitory potential of all PPI surface

loops was tested by docking a PPI monomer into the trypsin
active site, using the docking programHADDOCK 2.0. In each
docking run, the active site of trypsin was targeted by defining
residues 40, 171, 172, 175, 192, 204, and 206 as active residues
and residues 42, 43, 140, 174, 194, and 196 as passive residues.
Additionally, the surface loops 20–25, 40–45, 76–82, 124–
132, and 190–198 were defined as fully flexible segments to
enable the optimization of additional trypsin-PPI contacts in
the wider region surrounding the active site.With this receptor
definition, distinct docking runs were set up by defining differ-
ent regions of the inhibitors STI and PPI as the interaction
partners of the constant target region. In each run, surface
loops surrounding the prospective binding loopwere defined as
flexible regions to optimize secondary interactions between the
proteins. Solutions were scored based on the final energy of the
docked complex, the total buried surface area in the complex,
and the predicted interactions with the active site and specific-
ity pocket of trypsin.

RESULTS

Overall Structure of PPI—A BLAST search shows that PPI is
a member of the miraculin family of taste-modifying proteins,
which are active against serine proteases. The structure of PPI
was determined in two crystal forms at high resolution (Table
1). Both forms contain twomonomers in their asymmetric unit.
All four monomers have well defined electron density for
residues 2–183 and show visible electron density for
the GlcNAc�[(1-4)GlcNAc�(1-4)Man�(1-3)Man]�(1-3)Fuc
attached to Asn-84 and the first GlcNAc residue attached to
Asn-90. The molecule is exceptionally rigid, with root mean
square deviation values between the four independently deter-
mined molecules ranging between 0.20 and 0.45 Å for all C�
atoms and between 0.27 and 0.63 Å for all heavy (nitrogen,
carbon, oxygen, and sulfur) atoms (Fig. 1A). This structural

rigidity is confirmed by the small angle x-ray scattering profile
of PPI with a Kratky plot typical of a compact globular protein
(supplemental Fig. S1) and likely reflects its resistance toward
proteolysis and the harshness of its natural environment, the
papaya latex (15).
The overall structure consists of six two-stranded hairpins

that adopt the �-trefoil fold typical of the Kunitz-STI family
(13). Three of these hairpins form a barrel structure, and the
other three are in a triangular array that caps the barrel and
gives the molecule a pseudo-three-fold axis (Fig. 1, B and C).
PPI and STI (the canonical representative of this family of pro-
tease inhibitors) share 26% sequence identity, and their struc-
tures superpose with an overall root mean square deviation of
1.45 Å for 144 common C� atoms (Fig. 1A).

The crystal structure of PPI does not lead directly to insights
into its mechanism of action. The canonical loop located
between strands �4 and �5 (residues 64–71) contains a 2-
amino acid insertion, whichmakes it very unlikely to fit into the
active site of trypsin in the same manner as the corresponding
loop in STI. Also, other loop conformations from related inhib-
itors such as BASI and API-1 (7, 9) that have been observed to
bind to the active site of trypsin are not observed in PPI, leaving
its mode of inhibition unexplained.
PPI Is a Versatile Protease Inhibitor—Previous measure-

ments indicated that PPI inhibits trypsin and chymotrypsin
(15). Analytical gel filtration experiments show that a single,
monomeric PPI molecule is able to interact simultaneously
with two trypsin molecules to form a hetero-trimeric complex.
PPI elutes at an apparent molecular mass of 23 kDa, in close
agreement with its theoretical monomeric mass of 23,490 Da.
Upon the addition of substoichiometric amounts of trypsin, a
new species appearswith an apparentmolecularmass of 47 kDa
suggestive of a hetero-dimeric PPI:trypsin complex. At a 1:1
ratio of PPI to trypsin, only this complex is observed, indicating
a tight interaction between both proteins. Further addition of
trypsin leads to the appearance of a novel, faster migrating spe-

TABLE 1
Data collection and refinement statistics

Crystal form I Crystal form II

Data collection
Detector MAR CCD MAR CCD
Beamline ID14–1 BW7A
Data collection temperature (K) 100 100
Wavelength (˚) 0.8073 0.9150
Unit cell parameters (˚) a � 44.26, b � 81.99, c � 140.89 a � b � 74.70, c � 78.97
Space group P212121 P31
Resolution range (˚) 20–1.7 (1.76–1.7) 15.0–2.6 (2.69–2.6)
No. of observed reflections 318,867 (22,384) 178,588 (20,260)
No. of unique reflections 51,816 (5596) 15,065 (1809)
Rmerge 0.065 (0.165) 0.110 (0.763)
Completeness 90.4 (82.2) 100 (100)
I/�(I) 17.3 (6.1) 24.4 (2.3)
Redundancy 6.15 (4.00) 11.88 (11.20)

Refinement
Resolution (˚) 1.7 2.6
Rwork/Rfree 18.3/19.7 17.3/22.8
Bond lengths (˚) 0.017 0.007
Bond angles (°) 1.93 1.08
Ramachandran profile
Core (%) 97.4 94.1
Allowed regions (%) 2.6 5.9
Outliers (%) 0.0 0.0
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cies at the expense of the hetero-dimeric complex. This novel
species has an apparent molecular mass of 70 kDa and likely
consists of one PPI sandwiched between two trypsin molecules
(Fig. 2A).
The total absence of the hetero-trimeric complex at a 1:1

ratio indicates that the two binding sites on PPI differ signifi-
cantly in their affinities for trypsin. Indeed, if two sites of equal
affinity would be present, at a 1:1 ratio, one would observe an
equilibrium between free PPI, PPI:trypsin, and trypsin:PPI:
trypsin in a 1:2:1 ratio. Similar observations were made for the
interaction of PPI with chymotrypsin, where a hetero-dimeric
and a hetero-trimeric species are also observed (data not
shown).
Binding Specificity of PPI to Serine Proteases—To further

investigate the specificity and stoichiometry of the interaction

between PPI and proteases, we used SPR to probe a set of 11
commercially available serine proteases, three cysteine proteases
purified frompapaya latex, and one commercially availablemetal-
loprotease (supplemental Table S1). Using PPI immobilized onto
the flow cell surface, the binding constants and kinetics of associ-
ation (kon) and dissociation (koff) were determined (Table 2). The
typical tight-binding interaction described for other members of
the Kunitz-STI family was detected only for members of the S1

FIGURE 1. Crystal structure of PPI and schematic representation of the �-trefoil fold. A, stereo view of the superposition of the C� trace of all four PPI
monomers onto the C� trace of STI. B, topology diagram of PPI, showing the typical �-trefoil fold of the Kunitz-STI family. Cylinders represent helices, and arrows
represent strands. C, graphic representation of the crystal structure of PPI as observed in the crystal structure. The two known glycosylation sites, Asn-84 and
Asn-90, are represented as black lines, and the reactive loops �2-�3 and �4-�5 are in yellow and red, respectively.

FIGURE 2. PPI-protease interactions. A, size exclusion chromatography profiles of PPI (in cyan) and PPI-trypsin complexes with different stoichiometries
(PPI-trypsin in light blue and PPI-(trypsin)2 in dark blue). a.u., arbitrary units. B and C, binding of PPI to trypsin (B) and chymotrypsin (C) monitored with SPR. Black
lines represent the best fit of the model function (which assumes two independent PPI-binding sites) to the experimental data (red lines).

TABLE 2
PPI/protease binding statistics

Species kon1 koff1 kon2 koff2 KD1 KD2 �2

1/M 1/s 1/M 1/s nM nM
PPI-trypsin 5.9 105 2.0 10�7 6.2 105 5.1 10�2 0.00034 82.2 1.9
PPI-chymotrypsin 2.6 105 1.3 10�3 0.6 105 4.3 10�2 5.0 716.7 2.6
PPI-elastase 5.4 103 4.4 10�4 82.7 0.9
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family of serine proteases, especially for trypsin, chymotrypsin,
and elastase (Fig. 2,B andC, supplementalTable S1).Additionally,
PPI was also capable of binding to subtilisin and proteinase K,
which are members of the S8B family. The rest of the proteases
showed no appreciable binding to PPI.
The observed association rates (kon) showed that PPI

responded slightly faster to trypsin than chymotrypsin (by a
factor of �2 for site H and a factor of �10 for site L, Table 2),
which suggests that indeed trypsin-like proteases are the pre-
ferred interaction partners of PPI. This is also in agreement
with themeasured koff values, which are significantly slower for
trypsin, reflecting the fact that breaking specific short range
interactions between the two proteins required for the dissoci-
ation is more difficult in the case of trypsin.
Trypsin and chymotrypsin bind to PPI with a 2:1 stoichiom-

etry in contrast to elastase or subtilisin. The dissociation con-
stants from each binding site differ by several orders of magni-
tude. To relate the two binding sites for trypsin to those for
chymotrypsin, we designed a sandwich-SPR experiment where
we coupled the protease to a CM5 chip via amine coupling, and
then a saturating amount of PPI was injected. Given the
strength of the interaction betweenPPI and the trypsin/chymo-
trypsin, the off-rate of this complex is sufficiently slow to allow
accurate measurements of a second binding event on the
exposed second site (supplemental Fig. S2). This experiment
allowed the independent determination of the kinetic parame-
ters of a second binding site for trypsin and chymotrypsin. This
alternative interaction turns out to be slightly weaker for both
enzymes, suggesting that PPI contains a high affinity (site H)
site and a low affinity (site L) site for trypsin and chymotrypsin.

In Silico Docking Suggests Candidates for the Two Active Site
Loops of PPI—As attempts to crystallize the complexes of PPI
with trypsin or chymotrypsin were unsuccessful, we looked for
alternative methods to obtain structural information of the
interaction between PPI and trypsin. Initially, we focused on
flexible in silico docking using each of 11 loops present in PPI.
As a positive control, the �4-�5 loop (residues 60–66) of the
STI was targeted to the trypsin active site, resulting in a top
solution with energy of �161 kcal/mol and a buried surface
area of 2088 Å2 (supplemental Fig. S3). The position and con-
formation of the STI loop in the docked trypsin complex are a
closematch to those in the known crystal structure of this com-
plex (PDB entry 1AVW). The detailed conformation of the STI
side chains near the trypsin active site also correspond very well
to the known structure (supplemental Fig. S3), with Arg-63
occupying the specificity pocket (S1) and Tyr-62 covering the
side chain of the catalytic Ser-192.
The docking runs equally target loop�4-�5 (residues 64–71)

of PPI into the active site of trypsin. The top cluster has an
energy of �126 kcal/mol and a buried surface area of 1829 Å2.
In this cluster, the orientation of the �4-�5 loop differs from
what is seen in the crystal structure between trypsin and STI,
which is not unexpected given its insertion of two amino acids,
which precludes the classic interactionmode. In ourmodel, the
side chain of Asn-67 occupies the S1 pocket of trypsin, and the
catalytic Ser-195 is covered by residue Val-68 of PPI (Fig. 3A).
This is a recurrent theme in most miraculin-like Kunitz-STI
trypsin inhibitors (22) and suggests that the S1 Lys/Asn substi-
tution involves additional changes in the inhibitory mecha-
nism. In the PPI-trypsin complex, the residues expected to

FIGURE 3. Details of the interactions between PPI and trypsin based on the docking models. A and B, stereo view of the interactions involving the reactive
loops �2-�3 (A) and �4-�5 (B) in orange in comparison with the canonical loop from STI (in silver). The main residues on the surface of trypsin, interacting with
PPI are colored in blue, and the S1 pocket is labeled in black.
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enter the active site, loop away from the protease. This model
suggests that PPI works by occluding the active site of the pro-
tease rather than using the more traditional “Laskowski-like”
mechanism (6).
The docking run for PPI loop �2-�3 (residues Pro-39 to

Pro-46 of PPI) also resulted in a top cluster targeted to the active
site. The corresponding interaction energy of �113 kcal/mol
together with the buried surface area of 1712Å2 suggest a lower
affinity interaction when compared with the canonical loop. In
all solutions, Lys-43 occupies the specificity pocket in amanner
that is very similar to the mode of binding of Arg-63 in the STI
complex, whereas Lys-42 very effectively covers the catalytic
serine (Fig. 3B).
The remaining loops dock in a more scattered fashion with-

out systematically recurring interactions to trypsin in their con-
formational ensemble. Although several of them show signifi-
cant interaction energies, the specificity pocket of trypsin
remains unoccupied or clearly suboptimal interactions are
observed for the lowest energy solution. Loop �5-�6 is glycosy-
lated, and the attached glycans would likely hamper this loop in
its interaction with a protease. In addition, PPI contains several
Lys and Arg residues that could potentially interact with the
active site of trypsin. Lys-82 from loop �5-�6 is too close to one
of the glycosylation sites, and Lys-114 from loop �7-�8 and
Arg-149 from �9-�10 are located close to �4-�5, making it
unlikely that trypsin or chymotrypsin would be able to bind to
them without severe steric clashes with a trypsin bound to
�4-�5. Arg-146 is in a scaffolding role that shapes loop �9-�10.
The rest of the Lys/Arg residues are located in loops �2-�3 and
�4-�5 or in �-strands.

The docking results are a strong indication that loops �2-�3
and �4-�5 are the reactive centers of PPI toward serine pro-
teases. Therefore we based the modeling of the PPI-serine pro-
tease interactions on these results and used this information for
the SAXS shape reconstruction of the complexes.
Solution Structure of the PPI-Trypsin Complexes—We tried

to crystallize the different trypsin-PPI complexes to obtain a
molecular description of their structure. We obtained good
quality crystals under several different conditions, but they
invariably contained only trypsin. We resorted to a different
strategy based on SAXS measurements to obtain the overall
shapes of the complexes and determine the relative orienta-
tions of both trypsin-binding sites on the surface of PPI.
The structural parameters of PPI and the PPI-trypsin com-

plexes calculated from the experimental scattering curves (Fig.
4A) are shown in supplemental Table S2. The estimatedmolec-
ular weight of all particles agreeswell with those predicted from
the sequence and observed by gel filtration. Kratky plots are
consistent in every case with a properly folded, homogeneous,
andwell structured species (supplemental Fig. S4,A andB). The
distance distributions P(r) computed from the experimental
data of free PPI and of the binary complex show a bell-shaped
curve typical for globular particles (Fig. 4B). The P(r) function
of the ternary complex, on the other hand, has a skewed profile
pointing toward an elongated particle with a length of about
3 nm.
To obtain pseudo-atomic models of the binary and ternary

complexes, we used the simulated annealing refinement proto-

col implemented in SASREF for the rigid body modeling of the
different PPI-trypsin complexes (21). The resulting models
were further compared with ab initio shapes reconstructed
using DAMMIF (see “Experimental Procedures” for details).
The best model for the trypsin-PPI hetero-dimer places the

FIGURE 4. Solution structure of PPI and the PPI-trypsin complexes.
A, experimental SAXS scattering curves for free PPI and the PPI-trypsin and
PPI-(trypsin)2 complexes (from top to bottom). a.u., arbitrary units. B, distance
distribution function of free PPI, PPI-trypsin, and PPI-(trypsin)2 in cyan, light blue,
and dark blue, respectively. C–E, SAXS-reconstructed pseudo-atomic structures of
PPI (C), PPI-trypsin complex (D), and PPI-(trypsin)2 complex (E). The rigid body
models are superposed onto ab initio reconstructed shapes.
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�4-�5 loop of PPI into the trypsin active site. A systematic
search rotating the �4-�5 loop within the trypsin active site
confirmed the solution obtained by the docking study as the
one giving the best agreement between the experimental SAXS
scattering curve and the theoretical curves calculated from the
pseudo-atomic model. In a similar approach, we determined
the structure of the ternary complex (see “Experimental Proce-
dures”), which revealed the second trypsin molecule binding to
the loop �2-�3. The results from the SAXS-basedmodeling are
in agreement with the docking results. Therefore we used a
hybrid approach combining SAXS-based rigid body modeling
restrained with the information from the docking experiment
to build the refined models of the complexes. This approach is
expected to significantly improve the resolution limit for the
consensusmodels, thus allowing formeaningful analysis of pro-
tein-protein interactions in the complex beyond the nominal
resolution of SAXS.Overall, the ab initio and rigid bodymodels
calculated from the SAXS data are consistent with each other
and give us an idea of the shape of the binary and ternary PPI-
trypsin complexes (Fig. 4, C–E).
Loop Versatility and Promiscuity in the �-Trefoil Fold—To

investigate the function/evolution relationship between PPI
and other proteins within the Kunitz-STI family, we calculated
a structure-based phylogenetic tree using the structures of
known inhibitorswith different protease specificities. The anal-

ysis of the tree shows that as the proteins diverge from the
STI-like core, so does the inhibitory mechanism, and for more
distant homologues, even the protease specificity is completely
lost (Fig. 5, A–C). PPI belongs to the subgroup of trypsin/chy-
motrypsin inhibitors closest to the canonical STI-like group;
however, the conformation of the PPI canonical loop (�4-
�5) is different from the one observed for the canonical STI-
like group, as is typically observed for miraculin-like inhibi-
tors (22). More distantly related are the BASI/WASI-like
proteins, which are subtilisin inhibitors and also active
against �-amylases (23).

The most distant inhibitors involve proteins such as macro-
cypins and clitocypins, from organisms even outside the plant
kingdom (10). This group of proteins typically inhibits cysteine
proteases, but some of them are aspartic protease inhibitors
(API-8), and others such as API-A and API-B are capable of
binding two trypsin units at the same time (7). Not surprisingly,
for API-A, one of these trypsin-inhibiting loops uses a novel
mechanism, whereas the other adopts a canonical conforma-
tion, yet it is located between �-strands �9 and �10, as the
opposite of �4-�5 for the canonical loop of STI (13). Moreover,
its conformation is restrained by two disulfide bridges, which
suggests the presence of convergent evolution at play.
A remarkable consequence from this prolific molecular rec-

ognition display is that outside the interaction on P1 and P1�,

FIGURE 5. Loop versatility and binding modes of Kunitz-STI inhibitors. A, structure-based phylogenetic analysis of the Kunitz-STI family. Colors represent
different specificity for the target protease/enzyme: blue, �-amylase/subtilisin; orange, aspartic proteases; yellow, cysteine/serine proteases; brown, serine
protease inhibition outside the canonical loop; red, serine protease canonical inhibition; pink, serine proteases inhibition by the miraculin family. B, sequence
of the reactive loop from the different subfamilies of Kunitz-STI inhibitors, colored according to A. C, topological position of the different reactive loops mapped
on the �-trefoil fold and colored according to A. D, orientation of different Kunitz-STI inhibitors in relation to the active site of trypsin. The inhibitors are colored
according to A, and trypsin is colored in light gray.
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the relative orientation protease/inhibitor differs significantly
(Fig. 5D). This is closely related to the mechanism by which
these inhibitors resist proteolysis and is crucial for defining the
specificity and strength of the interaction.

DISCUSSION

PPI Is aBroad SpectrumSerine Protease Inhibitor—Theover-
all structure of PPI is similar to other Kunitz-type protease
inhibitors from plants. Despite low sequence similarity, the
�-trefoil fold is present in many superfamilies of proteins
including soybean Kunitz family inhibitors, cytokines, aggluti-
nins, ricin B-like lectins, fibroblast growth factors, interleukins,
tetanus, and botulinum neurotoxins (5, 6).
Kunitz-STI inhibitors are known to interact with multiple

proteases and other non-proteolytic enzymes with different
activities (6). In this sense, PPI stands out for its ability to inter-
act with several subfamilies of serine proteases and its remark-
ably high resistance to proteolytic degradation. This is largely
due to the unique suitability of the �-trefoil fold for molecular
recognition and its tolerance to point mutations, given the fact
that most of the protein surface consists of loop regions.
The structure of the PPI-trypsin ternary complex is in

contrast with that of the API-A-trypsin complex, the other
member of the family for which a ternary complex with tryp-
sin has been determined (7). API-A engages trypsin through
loops �5-�6 and �9-�10, whereas PPI uses �2-�3 and �4-�5;
consequently, the overall shape of both ternary complexes
differs significantly.
The SPR and gel filtration experiments showed that PPI

binds strongly serine proteases from the trypsin/chymotrypsin
clan and also interacts with members of the subtilisin clan
(Table 2). Taken together this supports a possible function of
PPI as a broad spectrum inhibitor.
The PPI Reactive Loops—The canonical loop of serine prote-

ase inhibitors interacts with proteinases predominantly via a
lock-and-key mechanism. In the Kunitz-STI family, this loop
possesses a substrate-like protruding shape that allows the P1
side chain to stay hyper-solvent accessible while keeping the
carbonyl oxygen atoms of P2 and P1� residues projecting
toward the concave side of the loop (1, 6). The Kunitz-STI
inhibitor was the first one of a very large number of protease
inhibitors, described to be involved in the “standard mecha-
nism” or “Laskowski mechanism” of serine protease inhibition
(6). They act by binding tightly to the active sites of their targets,
as a substrate would, but are resistant to proteolysis. Other
protease inhibitors bind to the substrate binding cleft, project-
ing the inhibitory loop away from the active site residues, and in
this way, they evade proteolysis (1, 6).
PPI strongly inhibits trypsin and �-chymotrypsin via a slow,

tight-binding mechanism. Combining structural information
from x-ray crystallography, small angle x-ray scattering, and
docking, we assigned the PPI inhibitory activity to loops �2-�3
and �4-�5. The first reactive loop of the �-trefoil fold has been
already described to be involved in the inhibition of cysteine
proteases by macrocypins and clitocypins (10). In the case of
PPI, this loop is involved in the inhibition of serine proteases.
The binding energies and surface area buried upon binding
obtained from the docking experiments suggest that it is a

slightly weaker trypsin binder when compared with the other
PPI reactive loop. However, the interaction is still very strong,
and the proteins form a stable ternary complex at a 2:1 ratio. In
contrast to the second reactive loop of PPI, �2-�3 is con-
strained by the disulfide bridge betweenCys-45 andCys-89 and
also by the presence of Pro-39 and Pro-46, which limits signif-
icantly the conformational space that the loop can explore.
The second reactive loop of PPI is located in the canonical

position (identified based on sequence similarity within the
Kunitz-STI superfamily) and encompasses residues from
Lys-66 to Ile-72. However, the structure of this loop is far from
the canonical arrangement observed in other members of the
family (13). An insertion of three residues between the P1 and
P2 sites of PPI reactive loop disrupts its conformation dramat-
ically. Hence the loop can no longer bind the target in the
canonical way due to several steric clashes with residues from
the protease.
The peculiarities of the PPI reactive site also extend to the

scaffolding residues that tether the loop in the most favorable
binding conformation. Structural studies on Kunitz-STI inhib-
itors (24–27) revealed that a conserved Asn maintains the
canonical conformation of the reactive site through a network
of hydrogen bonds. Moreover, this dense hydrogen-bonding
network that supports the reactive loop is one of the paradigms
of serine protease inhibitors. This feature combineswith an acyl
enzyme and the correct orientation of the religating amide to
arrest proteolysis. Interestingly, this network is completely
absent in PPI. Tyr-16 replaces the conserved Asn, and conse-
quently, the reactive site conformation holds mainly through
Van der Waals interactions provided by the hydroxy-phenyl
group of this tyrosine with the backbone and the side chains of
Ala-64 and Val-68.

�-Trefoil Fold, an Evolutionary Platform for Protein-Protein
Interactions—This fold is common to several protein families,
all of which are involved in recognition functions. The Kunitz-
STI family has been found to inhibit proteases and �-amylases,
cytokines such as fibroblast growth factors, and interleukin-1-
mediated immune response, and it is also involved in carbohy-
drate binding in plant and animal lectins (1, 5, 28). More sur-
prisingly, in the CSL family of Notch-type receptors, a �-trefoil
domain contributes to DNA binding and harbors the site of
mutually exclusive interactions that switches from Notch
repression to activation (29).
The remarkable functional plasticity of this fold relies on the

fact that its sequence constraints are weak and that the surface
of the protein is formed mainly from loops that differ in
sequence, length, and conformation (5). Such a display holds
enormous possibilities for the creation of potential binding
sites. Moreover, the native state in the energy landscape of the
�-trefoil family is accessible from multiple routes, and there-
fore these proteins would fold even if the most easily traversed
paths were blocked by small changes (31, 32). In such a sce-
nario, one can picture this fold as highly plastic and receptive to
point mutations in its many surface loops, which can accumu-
late and become active upon a certain selective pressure.
All these features, together with an internal pseudo-three-

fold symmetry, bestow proteins from this superfamily with the
ability to interact with multiple partners at the same time.
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Kunitz-STI inhibitors are a particularly good example. From
the analysis of the topology of the fold, a single molecule could
potentially engage other enzymes units through 11 different
loops. Indeed, the structures of PPI in complexwith two trypsin
units, BASI/WASI in complex with �-amylase and subtilisin (9,
23), API-A in complex with trypsin (7), and clitocypin in com-
plex with serine/cysteine proteases (10), show that a single
inhibitor molecule is capable of interacting with two enzymes.
Moreover, the position of the reactive loops varies within the
families, with occurrences in loops �2-�3, �4-�5, �5-�6,
�6-�7, and�10-�11, and the relative specificities are also inter-
changeable with position �2-�3 being used for the inhibition of
serine and cysteine proteases.
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