
Human plasminogen is a single-chain glycoprotein that is
converted by plasminogen activators to an active two-chain
form, protease, human plasmin (HUPL). The heavy chain is
composed of five kringle domains and the light chain is a
trypsin-like serine protease domain. HUPL has various prop-
erties, the most major of which is the degradation of fibrin
clots and fibrinogen (fibrinolysis). Fibrinolysis is very impor-
tant in clinical therapeutics, because plasminogen activators
and inhibitors can be used to treat thrombosis and hemor-
rhages, respectively. The catalytic activity of HUPL is con-
trolled by antiplasmins and other serine protease inhibitors. It
is well known that bovine basic pancreatic trypsin inhibitor
(BPTI, also known as aprotinin), a Kunitz-type serine pro-
tease inhibitor, binds to HUPL as well as to trypsin.1—3) In
general, to understand protein-inhibitor interactions, both X-
ray and model structures of the complexes are very valuable.
For example, the X-ray structure of bovine trypsin
(BOTR)–BPTI complex4) provided an important view of pro-
tease-inhibitor interactions and demonstrated the high affin-
ity of BPTI for BOTR. A modeling study of the complexes
of factor Xa and the first and second Kunitz domains of tis-
sue factor pathway inhibitor (TFPI) showed the different
binding ability of these two domains.5) Unfortunately, how-
ever, the 3-D structure of the HUPL–BPTI complex has not
been determined yet by X-ray analysis or modeling studies in
spite of increased interest. Therefore, in the present paper, we
constructed a 3-D structure of the HUPL–BPTI complex by
the homology modeling method, which provided important
information about the high affinity of HUPL for BPTI. More-
over, we carried out normal mode analyses of free HUPL,
free BPTI and the HUPL–BPTI complex to investigate
changes in dynamics following complex formation to pro-
vide a deeper understanding of complex formation.

After the study of the interaction between HUPL and BPTI
molecules, we also investigated the binding of BPTI to ab-
normal HUPL, both theoretically and experimentally. Several

types of dysplasminogenemia (plasminogen abnormality) have
been reported so far. It is noteworthy that the gene frequency
of dysplasminogenemia is significantly higher among Japan-
ese6—9) than in other populations.7,10) The best characterized
type is the reduced activity of HUPL in patients with venous
thrombosis and with retinochoroidal vascular disorders, which
results from replacing Ala55 (Chymotrypsinogen numbering
is used in the present paper) with Thr in the serine protease
domain.9,11—17) In serine proteases, highly conserved Ala55 is
located just behind the catalytic triad (His57, Asp102 and
Ser195), and is thought to contribute to the active conforma-
tion of the catalytic site.18) Our previous modeling study of
A55T HUPL showed that the cause of the reduced activity is
localized to the catalytic site, in which His57 Ne2 has diffi-
culty in accepting a proton from Ser195 Og due to a slight
change in the side chain conformation of His57.19) According
to previous theoretical results,19) BPTI must bind to A55T
HUPL as well as to normal HUPL because even a slight
change in His57 conformation does not seem to have an ad-
verse effect on binding to BPTI. Therefore, the binding of
BPTI to A55T HUPL was investigated by a modeling study,
normal mode analyses and also experimentally.

Experimental
Molecular Modeling The 3-D structure of the HUPL–BPTI complex

was constructed using the CHIMERA modeling system.5) In the present
paper, theoretical studies of modeling and normal mode analyses were car-
ried out for the serine protease domain of HUPL and BPTI. The X-ray struc-
tures of BPTI with serine proteases4,20,21) demonstrated that the orientations
of the BPTI molecules toward the binding site of each serine protease are
very similar. It appears very likely that BPTI binds to HUPL in the same
way as previously determined X-ray structures. Therefore, the X-ray struc-
ture of BOTR, which showed the highest sequence identity to HUPL
(41.3%) among the serine proteases (Fig. 1A), complexed with BPTI,
(Brookhaven Protein Data Bank (PDB)22) code 2PTC; E-chain is BOTR and
I-chain is BPTI) was used as the template structure for modeling. In areas
where the main chain structures of the E-chain of 2PTC did not match for
HUPL, the structures of other reference proteins were used: residues 19—39
(bovine chymotrypsin; PDB code 1MTN), 58—68 (human u-PA; 1LMW),

322 Chem. Pharm. Bull. 47(3) 322—328 (1999) Vol. 47, No. 3

∗ To whom correspondence should be addressed. © 1999 Pharmaceutical Society of Japan

Structural Studies of the Interactions of Normal and Abnormal Human
Plasmins with Bovine Basic Pancreatic Trypsin Inhibitor

Mayuko TAKEDA-SHITAKA,*,a Kenshu KAMIYA,b Toshiyuki MIYATA,c Naoki OHKURA,c Seiji MADOIWA,d

Yoichi SAKATA,d and Hideaki UMEYAMA
a

School of Pharmaceutical Sciences, Kitasato University,a 5–9–1 Shirokane, Minato-ku, Tokyo 108–8641, Japan, School of
Science, Kitasato University,b 1–15–1 Kitasato, Sagamihara, Kanagawa 228–8555, Japan, National Cardiovascular
Center Research Institute,c Fujishirodai 5, Suita 565–8565, Japan, and Division of Thrombosis and Hemostasis, Institute
of Hematology, Jichi Medical School,d Yakushiji, Tochigi 329–0431, Japan.
Received September 18, 1998; accepted December 14, 1998

Catalytic activity of human plasmin is inhibited by bovine basic pancreatic trypsin inhibitor (BPTI, also
known as aprotinin). In spite of increased interest in the function of BPTI as an inhibitor of plasmin, the 3-D
structure of the plasmin-BPTI complex has not yet been determined. Therefore, in the present paper, the struc-
ture of the plasmin-BPTI complex was constructed by the homology modeling method, which provided informa-
tion about the high affinity of plasmin for BPTI. Moreover, normal mode analyses of free plasmin, free BPTI and
the plasmin-BPTI complex were carried out to investigate the changes in dynamics following complex formation.

After study of the plasmin-BPTI interaction, we also investigated the binding of BPTI with abnormal plas-
min, theoretically and experimentally. The result showing that BPTI binds to abnormal plasmin in the same way
as it does to normal plasmin supports the previous finding that the difference between normal and abnormal
plasmins is very small and that the abnormality is localized to the catalytic site.

Key words plasmin; bovine basic pancreatic trypsin inhibitor (BPTI); homology modeling; normal mode analysis



70—80 (human neutrophil elastase; 1HNE), 119—138 (1MTN), 157—164
(1LMW) and 199—210 (1MTN). Two loop searches in PDB were per-
formed at residues 92—101 and 145—152. After the main chain was con-
structed, the side chains were substituted to obtain the correct amino acid se-
quence of HUPL.

The 3-D structure of the A55T HUPL–BPTI complex was constructed
based on the HUPL–BPTI complex model. Because our previous paper19)

showed that the structural differences between normal and A55T HUPLs 
are the side chain conformations of His57 and Asp102, the structures of
residues 51—58 and 88—107, which include His57 and Asp102, respec-
tively, were taken from a previously constructed free A55T HUPL model
using CHIMERA.

The final structures derived from CHIMERA were refined by energy min-
imization with an AMBER united-atom force field23) using the program
APRICOT.24) The program PROCHECK25) was used to evaluate the stereo-
chemical quality of the models. X-ray structures of serine protease demon-
strated that there were almost no structural changes in the complex forma-
tion.4) Also, in the case of HUPLs, it seems that no structural changes oc-
curred, because there were no severe steric clashes between normal and
A55T HUPLs and BPTI at this stage. Therefore, no further refinement using
molecular dynamics was performed.

The coordinates of the models will be available at http://prtds.pharm.ki-
tasato-u.ac.jp/model.html.

Normal Mode Analysis The normal mode analyses were carried out
using the method described in a previous paper from our laboratory.26) In the
HUPL–BPTI complex model refined by APRICOT, there are water mole-
cules between HUPL and BPTI in the binding pocket, because these water
molecules are included in the template structure of the BOTR–BPTI com-
plex. However, we assumed that the protein molecules were in vacuo in the
normal mode analyses. In the present paper, we performed normal mode
analyses to investigate the behavior of proteins that act like continuous elas-
tic bodies. Such dynamic structures are mainly determined by the low-fre-
quency modes,27) which does not seem to be affected by the local motion of
water. Therefore, the omission of water from the calculation may not be too
drastic for our purposes. Instead of including the water molecules, we used a
distance-dependent dielectric constant in the calculations.28)

Firstly, we carried out the calculations of the HUPL–BPTI complex, and
isolated HUPL and BPTI in their free forms. For each calculation, normal
mode analyses were performed for ten structures prepared by energy mini-
mization under different conditions. When comparing the fluctuations of iso-

lated HUPL and BPTI with those of each corresponding part in the complex,
the fluctuations must only include the internal motions. The fluctuations of
the HUPL-part and BPTI-part in the complex, however, include not only in-
ternal but also external motions because the Cartesian coordinates of the
complex are first defined into the coordinates of the whole complex satisfy-
ing Eckart’s condition.29) Therefore, to delete the external movements, we
converted the atomic displacement of each part of the complex as the coor-
dinates of each part satisfying Eckart’s condition.30) Secondly, we carried out
the calculations on the A55T HUPL–BPTI complex, and isolated A55T
HUPL and BPTI using the same methods described above.

Patient with Homozygous Plasminogen Deficiency Patient plasma
showed 18% HUPL activity after activation by streptokinase when compared
with normal pooled plasma. Genetic analysis was performed by the loss of a
cleavage site for Fnu4HI endonuclease.15) The patient DNA showed that a G
in GCT coding for Ala55 (601, plasminogen numbering) near active site
His57 (603, plasminogen numbering) was replaced by an A resulting in
ACT coding for Thr as the homozygous state. The patient exhibited delayed
wound healing but had no episodes of thrombosis. In this family, there was
no consanguinity of the parents. Informed consent was obtained.

Preparation of Normal and Mutant Plasmin Normal and mutant plas-
minogen were separately purified from fresh frozen plasma or plasma of the
patient, respectively, by using a lysine-immobilized column followed by an
ion-exchange column and an Ultrogel ACA 44 column (IBF Biotechnics,
Villeneuve-Garenne, France), as described previously.11,12,31) Each plasmino-
gen was activated by urokinase (Mochida Pharmaceutical Co., Tokyo) in the
presence of 200 mM aminocaproic acid. Full activation was monitored by
SDS-polyacrylamide gel electrophoresis under reducing conditions. BPTI
was obtained from Worthington Biochemical Corp., Freehold, NJ.

Surface Plasmon Resonance Studies Binding experiments and kinetic
analysis were performed using BIACORE2000 (Biacore AB, Sweden). The
basic principles and its use have been documented elsewhere.32,33) BPTI was
prepared in immobilization buffer (10 mM acetate buffer, pH 5.5) to give an
absorbance at 280 nm of 0.0048 and immobilized on sensor chips (CM5,
certified grade, Biacore) at a flow rate of 5 m l/min at 25 °C for 60 sec by the
amine coupling method.32) The immobilization level for BPTI was 60 RUs.
For binding studies, HUPL was injected over a range of concentrations be-
tween 50 nM and 800 nM at 25 °C for 180 sec at a flow rate of 10 m l/min. The
sample dilution and running buffer for BIACORE2000 were both HBS (10
mM HEPES, 150 mM NaCl, 3.4 mM EDTA, and 0.005% Tween 20, pH 7.4).
Prior to data collection, several methods for surface generation after ligand
binding were evaluated. Injection of 100 mM HCl (5 m l) efficiently removed
the bound proteins and preserved the binding capacity of the sensor chip.

The association-rate for binding between HUPL and BPTI can be ex-
pressed by the following equation34):

dR/dt52(kassC1kdiss)Rt1kassCRmax

where kass is the association-rate constant, kdiss is the dissociation-rate con-
stant, Rmax is the maximum binding capacity of the immobilized BPTI sur-
face as determined by saturation with HUPL, Rt is the amount of bound
HUPL measured by the surface plasmon resonance response (RU) at time t,
and C is the constant concentration of HUPL injected into the BPTI surface.
A linear plot of dR/dt versus R yields 

slope52(kassC1kdiss)

y intercept5kassCRmax

dR/dt is obtained from measurements of the slope at multiple time points
along the real-time association curve. By plotting the slopes of dR/dt versus
R lines as a function of the HUPL concentration, C, a new line is obtained,
and kass can be obtained as the slope. kdiss was determined using BIAevalua-
tion software version 3.0 (Biacore). The affinity constant, KD, is then calcu-
lated from kdiss/ kass.

Results and Discussion
Interaction between HUPL and BPTI in the HUPL–

BPTI Complex Model The HUPL molecule in the HUPL–
BPTI complex model has two domains, each containing a
six-stranded antiparallel b-sheet like other serine proteases.
No unfavorable contacts between the atoms and no unnatural
chiral centers are observed. In the Ramachandran plot of 
the main-chain f–j angles, all of the nonglycine residues are
in the most favored or allowed regions. The main-chain w
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Fig. 1. Amino Acid Sequences

A: Sequence alignment of HUPL and BOTR. Chymotrypsinogen numbering is indi-
cated above the sequences. Residues 189, 190, 216, 226 and 228 in the binding pocket,
and loops 3—4 and 5—6 are indicated by bold letters. Residues with asterisks are the
catalytic triad and Ala55. B: sequence of BPTI. Residues 13I—17I in the binding loop
are indicated by bold letters.
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Fig. 2. Stereo View of the HUPL–BPTI Complex

View is rotated 90° along the x axis compared with the standard orientation of serine proteases shown in Figs. 3 and 5. Red, HUPL; green, BPTI.

Fig. 3. Stereo View of the Intermolecular Interactions in the HUPL–BPTI Complex

Hydrogen bonds and the salt bridge listed in Table 1 are drawn with broken lines. Chymotrypsinogen numbering is indicated for HUPL. Red, HUPL; green, BPTI.

Fig. 5. Stereo View of the Intermolecular Interactions in the A55T HUPL–BPTI Complex

Hydrogen bonds and the salt bridge listed in Table 1 are drawn with broken lines. Chymotrypsinogen numbering is indicated for A55T HUPL. Red, A55T HUPL; green, BPTI.



angles are all trans-planar. The catalytic triad is in active 
conformation. The intermolecular orientation of HUPL and
BPTI is similar to that of the X-ray structures of BPTI com-
plexed with other serine proteases as expected (Fig. 2). An
exposed binding loop (Pro13I–Ile19I, BPTI residues are dis-
tinguished by the suffix I) of BPTI fits into the active-site
cleft of HUPL. There are no bad steric clashes that prevent
close interaction of HUPL and BPTI.

The intermolecular interactions found in the HUPL–BPTI
complex model are shown in Table 1 and Fig. 3. The primary
substrate specificity among the serine proteases depends on
the side chains at positions 189 (174, sequential numbering
in the catalytic domain of HUPL is shown in parentheses; S1
site), 216 (201) and 226 (211) (Fig. 1A), because these
residues are part of the substrate binding pocket. HUPL has
Asp189 (174), Gly216 (201) and Gly226 (211), which indi-
cates that HUPL has trypsin-like specificity toward the ligand
containing Arg or Lys side chains at the P1 site. The side
chains at positions 190 (175) and 228 (213) are additional
determinants for substrate specificity because they are also in
the substrate binding pocket.35) HUPL has Ser190 (175) and
Tyr228 (213) (Fig. 1A) which also supports the trypsin-like
specificity of HUPL. In the HUPL–BPTI complex model, the
side chain of Asp189 (174) at S1 and the side chain of
Lys15I at P1 interact with each other through a hydrogen
bond and a salt bridge, which is probably the major determi-
nant for the high affinity of HUPL for BPTI.

Residues 13I—17I in the exposed binding loop of BPTI
(Fig. 1B) form the great majority of the important contacts
with the binding site of HUPL (Table 1 and Fig. 3). These
primary contacts between the binding loop and the binding
site are also observed in the X-ray structure of the BOTR–
BPTI complex. Residues 13I—15I form an antiparallel b-
sheet structure in the model, making two hydrogen bonds
with the main chain of HUPL at Ser214 (199) and Gly216
(201). Residues 13I—15I also make several hydrogen bonds
with residues 189—195 (174—180) of HUPL including the
S1 site and the oxyanion hole. Residue 17I is hydrogen
bonded to His40 (25) and Phe41 (26).

In the BOTR–BPTI complex, besides these primary con-
tacts, there are three additional contacts outside of the bind-
ing loop of BPTI: the hydrogen bonds between Tyr39 Oh
and I19I N, N97 O and R39I Ne , and N97 O and R39I Nh2.
These hydrogen bonds are not found in the HUPL–BPTI
complex. The first of the three is not found because HUPL
has Met39 (24) instead of Tyr39. The latter two are not found
because HUPL lacks residue 97 due to the shorter loop be-
tween b-strands 5 and 6 in the N-terminal domain (loop
5–6). In the case of the HUPL–BPTI complex, however, dif-
ferent additional contacts may be formed between HUPL and
BPTI. In HUPL, although loop 5–6 is shorter, the loop be-
tween b-strands 3 and 4 in the N-terminal domain (loop 3–4)
framing the active site is longer than that in BOTR (Fig. 1A).
It is possible that a loop of residues 36I—45I in BPTI inter-
acts with loop 3–4 in HUPL instead of loop 5–6. Observation
of the HUPL–BPTI complex model suggested that Nz and O
atoms of Lys60A (46) in loop 3–4 are hydrogen-bonded to
Gly37I O and Lys46I Nz , respectively. However, to evaluate
the formation of these additional contacts further, molecular
dynamics simulations will need to be performed.

Normal Mode Analyses of Free HUPL, Free BPTI and

HUPL–BPTI Complex X-ray structures of serine protease
demonstrated that only very few structural changes were pro-
duced on complex formation,4) which means that the binding
of ligands to serine protease is expressed by the “lock-and-
key” concept instead of the “induced-fit” concept. It is, how-
ever, generally accepted that protein molecules behave dy-
namically in the course of binding. For a deeper understand-
ing of HUPL–BPTI binding, it is important to investigate the
dynamics of protein molecules in both their free and com-
plex forms. For this purpose, normal mode analysis is very
useful, because it provides dynamic behavior of pico-second
order for the protein molecule. Therefore, we carried out nor-
mal mode analyses of free HUPL, free BPTI and the HUPL–
BPTI complex, and compared the results for a more detailed
understanding of HUPL–BPTI binding.

Fluctuations of Ca atoms of free HUPL and free BPTI
calculated by normal mode analyses are shown in Fig. 4. In
the case of free HUPL, the fluctuations are small in the b-
sheet regions and large in the loop regions. The overall struc-
ture of HUPL is probably maintained by the stability of these
b-sheets. In addition to the b-sheet regions, the fluctuations
of the important residues 189—195 (174—180) in the bind-
ing site, which bind to residues 13I—15I in the binding loop
of BPTI (Table 1), are also small, although they are not in the
b-sheet region. Because they are stabilized by hydrogen
bonds in spite of being in the loop region, their fluctuations
are small. Among these residues, Asp189 (174) and Asp194
(179) are smaller. The former is the substrate binding residue
(S1 site) that is buried at the bottom of the specificity pocket,
and the latter forms a salt bridge with the N terminal amino
group creating the oxyanion hole in an enzymatically active
form. The fluctuations of other residues in HUPL listed in
Table 1 (His40 (25), Phe41 (26), Ser214 (199) and Gly216
(201), except Lys60A (46)) are also small because they are in
the b-sheet regions. These results indicate that the binding
site of HUPL as the lock is very rigid in the free form. On
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Table 1. Intermolecular Interactions Observed in the HUPL–BPTI and the
A55T HUPL–BPTI Complexes

Interaction partners Distance (Å)

BPTIa) – HUPLsb) HUPL A55T HUPL

Hydrogen bonds
Pro13I O – Gly216 (201) N 2.99 3.09
Cys14I O – Gln192 (177) Ne2 2.93 2.95
Lys15I N – Ser214 (199) O 3.28 2.92
Lys15I Nz – Asp189 (174) Od2 3.13 2.84
Lys15I Nz – Ser190 (175) Og 2.94 3.03
Lys15I Nz – Ser190 (175) O 2.91 2.99
Lys15I O – Gly193 (178) N 2.77 2.83
Lys15I O – Ser195 (180) N 2.96 2.90
Arg17I N – Phe41 (26) O 2.90 2.93
Arg17I Ne – His40 (25) O 3.20 2.92
Arg17I Nh2 – His40 (25) O 2.83 2.83
Gly37I Oc) – Lys60A (46) Nz c) 2.77 2.92
Lys46I Nz c) – Lys60A (46) O c) 3.18 2.96

Salt bridge
Lys15I Nz – Asp189 (174) Od1 3.76 3.58

a) Residues 13I—17I are in the binding loop, residues 37I and 46I are not. b) HUPLs
means HUPL and A55T HUPL. Residue numbers of HUPLs are chymotrypsinogen
numbering (sequential numbering in the catalytic domain of HUPLs is shown in paren-
thesis). c) There is a possibility that these two hydrogen bonds are formed outside the
binding loop of BPTI.



the other hand, the result of the normal mode analysis of free
BPTI showed that the binding loop of BPTI as the key
(residues 13I—17I) is very flexible.

Fluctuations of Ca atoms of both HUPL and BPTI in the
HUPL–BPTI complex are also shown in Fig. 4. Fluctuations
of some residues in the complex are smaller than those in
free HUPL and free BPTI (Fig. 4). These differences are cer-
tainly caused by the complex formation, because the regions
where fluctuations decrease are related to the residues form-
ing intermolecular interactions in the HUPL–BPTI complex
listed in Table 1 (also shown in Fig. 4). Firstly, we can con-
sider the major contacts formed between the binding loop of
BPTI (residues 13I—17I) and the binding site of HUPL. Be-
fore complex formation, the binding site of HUPL, as the
lock, is rigid and the binding loop of BPTI, as the key, is
flexible as described above, which means that the shape of
the lock and the flexibility of the key play important roles
when the key fits into the lock. Since the large fluctuation of
the key in free form becomes considerably smaller like the b-
sheet region after binding, and the small fluctuations of the
lock become even smaller, it is clear that the stability of the
complex is maintained by the major interactions between key
and lock listed in Table 1. Secondly, we can consider the ad-
ditional contacts outside the binding loop of BPTI. As listed
in Table 1, two hydrogen bonds between Gly37I and Lys60A
(46) and between Lys46I and Lys60A (46) are possible be-
tween HUPL and BPTI, although their formation was not
evaluated by molecular dynamics simulations. The results of
normal mode analyses show that fluctuations of Gly37I of
BPTI and Lys60A (46) of HUPL clearly decrease following
complex formation, but that of Lys46I of BPTI does not.
These results mean that the additional contact between loop
3–4 in HUPL and the loop of residues 36I—45I in BPTI, in-
cluding the hydrogen bond between Gly37I and Lys60A (46),
may contribute to the stability of the complex. In the case of
the BOTR–BPTI complex, Arg39I instead of Gly37I of BPTI
forms additional contacts with BOTR. Because a loop of
residues 36I—45I, which includes residues 37I and 39I,
faces HUPL or BOTR in the complex structure, this loop in-
teracts with HUPL or BOTR and stabilizes the complex.
Thirdly, the fluctuations of two loops between b-strands 19
and 29 and between b-strands 29 and 39 in the C-terminal do-
main of HUPL decrease, although they have no direct contact

with BPTI. These loops are adjacent to the binding site and
the fluctuations may become smaller under the influence of
BPTI binding.

A55T HUPL–BPTI Complex In addition to the HUPL–
BPTI complex model, we constructed an A55T HUPL–BPTI
complex model. The A55T HUPL model was based on the
results of our previous papers,19) so that the structural differ-
ence between normal and A55T HUPLs is localized to the
catalytic site. In the A55T HUPL model, an unusual hydro-
gen bond between Thr55 Og1 and His57 Ne2 slightly alters
the His57 conformation, such that His57 has difficulty in ac-
cepting a proton from Ser195 as the catalytic base. Observa-
tion of the complex model revealed that there are no unfavor-
able steric contacts that prevent close interaction between
A55T HUPL and BPTI, and that the intermolecular interac-
tions found in the HUPL–BPTI complex are also found in
the A55T HUPL–BPTI complex (Table 1 and Fig. 5). This
suggests that BPTI binds to A55T HUPL in the same way as
it does to normal HUPL. Moreover, normal mode analyses of
free A55T HUPL, free BPTI and the A55T HUPL–BPTI
complex were performed to investigate the dynamics at the
interface between A55T HUPL and BPTI. As shown in Fig.
6, the trends in atomic fluctuations of the free and complex
forms are quite similar to those of normal HUPL and BPTI
shown in Fig. 4. Suppression of atomic fluctuations by com-
plex formation is observed in the same regions as in the nor-
mal forms. The results of normal mode analyses, together
with the observations on the A55T HUPL–BPTI complex
model, strongly indicate that BPTI binds to A55T HUPL just
as it does to normal HUPL.

We also tested the binding of BPTI to normal and A55T
HUPLs for comparison. To determine the kinetic parameters
kass and kdiss, we injected increasing concentrations of normal
and A55T HUPL molecules (50 nM—800 nM) over immobi-
lized BPTI on the sensor chip. Sensorgrams showed a rapid
increase in resonance during injections and an extremely
slow decrease in the dissociation phase (Fig. 7A and 7B). For
the kass value, new lines were obtained by plotting the slopes
of the dR/dt versus R lines as a function of HUPL concentra-
tion, and this allowed an accurate estimation of the associa-
tion-rate constant. Using this analysis, kass values between
normal HUPL and BPTI and between A55T HUPL and
BPTI were estimated to be 1.4160.093104 s21

M
21 and
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Fig. 4. Fluctuations of Ca Atoms of HUPL and BPTI

Residue numbers of HUPL represent sequential numbering of the catalytic domain of HUPL. Thick lines (free form) and thin lines (complex form): average fluctuations of the
analyses of ten structures prepared by energy minimization under different conditions. Lines with ‘diff.’: significant difference between free and complex forms of ten structures
calculated using the Wilcoxon signed rank sum test, known as a nonparametric test. Horizontal lines with numbers, which are b-sheet numbers, denote the b-sheets. Horizontal
lines with ‘B’ and ‘L’ denote residues 189—195 (174—180) in the binding site of HUPL and residues 13I—17I in the binding loop of BPTI, respectively. Vertical bars denote the
residues involved in the interactions listed in Table 1.



0.9260.163104 s21
M

21, respectively. The dissociation phase
(325—475 s) fitted a single exponential interaction model
well at concentration between 200 nM and 800 nM, and kdiss

was calculated to be 1.4560.0431024 s21 and 1.6160.073
1024 s21, respectively. The kinetic parameters of the binding
of both normal and A55T HUPLs to BPTI are summarized in
Table 2, which reveals that BPTI binds to A55T HUPL just
as it does to normal HUPL. The high binding affinity of
BPTI to A55T HUPL was demonstrated experimentally. This
result supports the theoretical studies which showed that the
structural difference between normal and A55T HUPLs is
quite small and that the abnormality of the A55T HUPL mol-
ecule is localized to the catalytic site.19) The structure of the
region where the important intermolecular interactions are
formed is like normal HUPL in A55T HUPL and, therefore,
BPTI binds to A55T HUPL in the same way as it does to
normal HUPL. BPTI (also known as aprotinin), as a protease
inhibitor, has attracted attention as a treatment for pancreati-
tis, hemorrhage, thrombosis, malignant tumors and other
conditions. The present study suggests that, when aprotinin is
used in patients who have abnormal plasminogen, it may re-
duce the low level of activity of abnormal plasmin (18% of
normal plasmin) even further.

Conclusion
A modeling study of the HUPL–BPTI complex produced

an important structural view of the interaction between
HUPL and BPTI. HUPL has trypsin-like specificity toward
ligands, which is probably the major reason for its high affin-
ity for BPTI. In the HUPL–BPTI complex structure, many
intermolecular interactions are observed. Normal mode
analyses of the complex and the component molecules in
their free forms revealed that suppression of the fluctuation

due to complex formation is observed in regions where inter-
molecular interactions are formed. This indicates that these
interactions make a major contribution to the stability of the
complex. Moreover, the binding of BPTI to A55T HUPL was
investigated both theoretically and experimentally, showing
that BPTI binds to A55T HUPL in the same way as it does to
normal HUPL. This result supports the conclusion of our
previous paper,19) that the abnormality of the A55T HUPL
molecule is localized to the catalytic site.

Note
Quite recently, two X-ray structures of the catalytic do-

main of HUPL have been reported independently by two
groups. One has been reported by Wang et al. in Science,
published on September 11, 199836) and the other by Parry et
al. in Nature Structural Biology, published on October
1998.37) Although the coordinates have been deposited in
PDB (PDB code of the former is 1BML, and the latter
1BUI), they are on hold until July 24 and September 4, 1999,
respectively. The structural data described in the two papers
are in good agreement with our model. Our previous19) and
present modeling studies showed that loop 5–6 in HUPL is
relatively small compared with other serine proteases (see
Fig. 3 in reference 19), and this structural feature was also
described in their papers. Accordingly, this suggests that our
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Fig. 6. Fluctuations of Ca Atoms of A55T HUPL and BPTI

Figure legend is the same as that in Fig. 4. (‘HUPL’ in Fig. 4 is replaced with ‘A55T HUPL’ in this figure.)

Fig. 7. Kinetic Measurements of Normal and A55T HUPLs–BPTI Interactions

Sensorgrams of the interactions with surface-bound BPTI at various concentrations (50 nM—800 nM) of normal or A55T HUPL are shown in A and B, respectively.

Table 2. Kinetic Parameters Obtained from the Interaction Analysis of
BPTI and HUPLs using a Biosensor

HUPLs kass (s21
M

21) kdiss (s21) KD (M)

Normal 1.4160.093104 1.4560.0431024 1.0331028

A55T 0.9260.163104 1.6160.0731024 1.7531028



HUPL model for the catalytic domain is reliable and useful
for structural studies of the HUPL–BPTI complex.
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