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The crystal structures of 3-TAPAP in complexes with
the urokinase-type plasminogen activator and picrate
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Abstract—The urokinase-type plasminogen activator (uPA) is a protein involved in tissue remodeling and other biological processes.
The inhibitors of uPA have been shown to prevent the spread of metastasis and tumor growth, and accordingly this enzyme is widely
accepted as a promising anticancer target. In this work, we have investigated the conformation of the uPA inhibitor 3-TAPAP in
two different crystalline environments of a picrate and a uPA complex. These structures were compared to the known structure of
the 3-TAPAP in the complex with trypsin. In the complexes with the proteins, trypsin, and uPA, the binding mode of 3-TAPAP is
similar. A larger difference in the conformation, in the comparison to these structures, has been observed by us in the 3-TAPAP
picrate crystal. This observation contradicts the hypothesis that 3-TAPAP derivatives inhibit serine proteinases in preformed stable
conformations.
� 2005 Elsevier Ltd. All rights reserved.
Plasminogen activators (PA) are serine proteinases,
which activate plasminogen to plasmin. Plasmin is a
broad spectrum proteinase which catalyzes the degrada-
tion of a variety of protein substrates. These substrates
include fibrin,1 fibronectin, laminin,2 vitronectin,3 prote-
oglycans,4 and collagen.5 With this activity, plasmin is
involved in tissue remodeling, angiogenesis, embryogen-
esis, pathogen and tumor cell invasion, and also in
metastasis.6,7 The process of plasminogen activation in
a healthy organism is strictly controlled through the
availability of PAs and interaction with specific inhibi-
tors. The human PAs exist in two forms known as tis-
sue-type (tPA) and urokinase-type (uPA).

Both uPA and tPA are similar to each other in sequence
and structure. In the active site, uPA carries the two
amino acids Lys98A and Ala98A, as well as the two
replacements of Tyr99 to His99 and Ser195 to Ala195.
uPA and tPA appear to have different biological func-
tions.5,8 The main role of tPA is thought to be the disso-
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lution of blood clots,9 whereas uPA is involved in tissue
remodeling, cellular migration, cancer invasion, and
metastasis.10–12 It has been found that uPA-catalyzed
plasminogen activation is rate-limiting for tumor inva-
sion and/or formation of distant metastasis.13 Presence
of uPA in human tumor cell environments finally caused
the search for several strategies to inhibit the activity of
this enzyme. Specific active site inhibitors or blocking
antibodies for the specific uPA receptor effectively delay
the process of tumor progression.14,15 It has been report-
ed that using anti-uPA antibodies could prevent tumor
cell invasion, but not their metastasis to lung in mice.16

Antisense oligodeoxynucleotides directed to uPA
expression led to a reduction in uPA expression in hu-
man ovarian carcinoma cells. Furthermore, uPA anti-
sense oligodeoxynucleotides applied to nude mice
which had prior been inoculated with tumorigenic hu-
man ovarian cancer cells led to a significant reduction
in tumor mass.17 Invasion of human ovarian cells was
significantly inhibited by the addition of enzymatically
inactive uPA fragments.18,19

Synthetic inhibitors of uPA have been shown to de-
crease cancer growth and the rate of metastasis.20,21

Since uPA is a trypsin-like serine proteinase, most of
the described inhibitors of uPA contain groups which
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Table 1. Crystal data, intensity measurement, and refinement details

for 3-TAPAP picrate

Crystal data Data collection

C22H29N4O3SÆC6H2N3O7Æ2H2O 19268 measured reflections

Mr = 1315.31 5799 independent reflections

Monoclinic, I2/a 3705 reflections with I > 2r(I)
a = 16.0689(1) Å Rint = 0.1370

b = 18.9464(1) Å hmax = 25�
c = 21.5561(2) Å �19 6 h 6 19

a = 90.000(0)� �22 6 k 6 22

b = 93.276 (3)� �25 6 l 6 22

c = 90.000(0)�
V = 6551.98 Å3 Refinement

Z = 8 Refinement on F2

Dx = 1.37 Mgm�3 R [F2 > 2r(F2)] = 0.092

Mo Ka, k = 0.71073 Å wR (F2) = 0.249

H = 0.998�–25.028� 5799 reflections

l = 0.17 mm�1 509 parameters

T = 293(2) K H-atom positions calculated

Prism and refined as riding model

0.3 · 0.4 · 0.5 mm w ¼ 1=½r2ðF 2
oÞ þ ð0:0861P Þ2

þ10:29P �
where P ¼ ðF 2

oÞ þ ð2F 2
cÞ=3

(D/r)mean = 0.000

(D/r)max = 0.000

Dqmax = 0.45 eÅ�3

Dqmin = �0.32 eÅ�3
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mimic the basic side chain of arginine. One family of
known uPA inhibitors contains either an amidine or a
guanidine group, and the crystal structures of several
of these inhibitors in complex with uPA have been
extensively studied,22–26 in search for new anticancer
drugs.

In this paper, we present the crystal structures of an
inhibitor containing a benzamidine group: Na-[4-toluene
sulfonyl]-D,LD,L-m-amidino-phenylalanyl-piperidine (3-
TAPAP) to examine the effect of different crystalline
environments on its conformation. 3-TAPAP has been
the lead structure for the development of large inhibitor
series, whose complexes with several serine proteinases
have been determined.27 One derivative (UKI-1D)22

has already finished the phase I of clinical trials. We de-
scribe preparation and the structure determinations of 3-
TAPAP picrate, as well as the crystal structure of 3-TA-
PAP in complex with the catalytic domain of uPA (bc-
uPA). The structural results concerning the conforma-
tion and hydrogen-bonding of 3-TAPAP in these two
environments are compared to each other, as well as
with the known structure of 3-TAPAP in complex with
trypsin.27

Preparation of 3-TAPAP picrate and crystal structure
determination. The Na-[4-toluene sulfonyl]-D,LD,L-m-ami-
dino-phenylalanyl-piperidine (3-TAPAP) was obtained
by the method described previously.28 Preparation of
3-TAPAP picrate was carried out by dissolving stoichi-
ometric amounts of 3-TAPAP hydrochloride and picric
acid in hot ethanol. After cooling, an amorphous yellow
salt precipitated, which after filtration was dissolved and
submitted to crystallization. Crystals suitable for X-ray
analysis were obtained from ethanol using a method of
slow evaporation of the solvent. Within 3 weeks, dark
yellow crystals appeared at 20 �C.

All diffraction data were collected using Kappa CCD
diffractometer and processed with HKL Denzo and
Scalepack.29 The structure was solved by use of the
SHELXS30 program, a final refinement was performed
by SHELXL97,31 and ORTEP was used for molecular
graphics.32 The crystal data, intensity measurement,
and refinement details are summarized in Table 1.

Preparation of bc-uPA–3-TAPAP complex, data collec-
tion, and structure refinement. The crystallization of
Cys122Ser mutant of the serine proteinase domain of
uPA (bc-uPA) in complex with benzamidine suitable
for soaking experiments has been described elsewhere.22

A crystal of this complex was soaked for one week at
4 �C in harvesting solution (0.125 M sodium citrate,
pH 5.2, 1 M (NH4)2SO4, and 1.25 M Li2SO4) containing
a suspension of the inhibitor 3-TAPAP. This crystal was
mounted in a capillary. X-ray data were collected at
16 �C using an image plate detector (Mar Research,
Germany) installed on a rotating anode generator (Rig-
aku, Japan) operating at 50 kV and 80 mA, and evaluat-
ed with the CCP4 program package.33 Starting
coordinates were taken from the bc-uPA-benzamidine
structure22 to obtain initial difference density for the
bound 3-TAPAP. A molecular model of the inhibitor
was constructed with HyperChem and built into the
electron density using �O.34 The structure was crystallo-
graphically refined using standard protocols of CNS35

and the Engh and Huber36 geometric restraints. Water
molecules were added into the density when well-defined
Fo � Fc density contoured at 2.5 r coincided with
2Fo � Fc density contoured at 1.0 r. Finally, individual
restrained B factors were refined, and the crystallo-
graphic weights were set to values, where the Rfree runs
through a shallow minimum. Data collection and refine-
ment statistics are given in Table 2.

3-TAPAP picrate. The projection of 3-TAPAP picrate
with its atom numbering is given in Figure 1. The asym-
metric unit consists of one molecule of the 3-TAPAP
cation, a picrate anion, and disordered water molecules.
The molecule of 3-TAPAP forms hydrogen bonds with
picrate ions. 3-TAPAP is a big molecule containing ben-
zamidine, 3-toluene, and piperidine groups.

The amidine group is protonated and conjugated with
benzene ring, which is suggested by the bond lengths
of C7-N5, C7-N4, and C7-C8, which are 1.307(5),
1.304(5), and 1.485(5) Å, respectively. In the earlier de-
scribed structures of benzamidine and benzdiamidine,
the amine groups are not protonated.37,38 The bond
lengths between carbon and nitrogen atoms in these
structures are 1.344(3), 1.294(3) Å, and 1.349(2),
1.283(2) Å, respectively. The localization of electrons
in a single and double C–N bond of the amidine group,
reported in Refs. 37 and 38, is not observed in our struc-
ture. The angle between the C7-N4 and C7-N5 bonds in
the amidine group of 3-TAPAP is 119.8(4)�, whereas in
the benzamidine and benzdiamidine structures its values
are 124.4(2)� and 119.5(1)�, respectively. The angle be-



Figure 1. Asymmetric unit of the unit cell of 3-TAPAP picrate together with atom numbering. Hydrogen atoms were omitted for clarity. Only one

(A) of two disordered piperidine rings and one of two disordered nitro-groups are labeled. Atomic displacement ellipsoids are drawn with 40%

probability.

Table 2. Crystal data, intensity measurement, and refinement details for bc-uPA–3-TAPAP

Space group P212121 Rfac 19.6%

Cell parameters Rfree 23.5%

a = 53.07 Å, b = 54.80 Å, c = 82.54 Å,

a = 90�, b = 90�, c = 90�
Resolution 2.0 Å RMSD bonds 0.006 Å

Range of last resolution shell 2.0–2.1 Å I/r(I): overall = 5.5, last shell = 1.9

Completeness (overall/last shell) 90.3/90.2 RMSD angles 1.20�
Multiplicity 2.4 No. of protein atoms/average B-factor 1952/25 Å2

Rmerge (overall) 10.7%,

Rmerge (for last resolution shell) 37.0% No. of inhibitor atoms/average B-factor 30/24 Å2

Number of unique reflections 14733 No. of solvent atoms/average B-factor 117/43 Å2

No. of sulfate ions/average B-factor 2/33 Å2
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tween the amidine and benzene planes of 19.60� in 3-
TAPAP is smaller than in the mentioned structures of
benzamidine and benzdiamidine, where the correspond-
ing angles are 27.71� and 24.52�, respectively.

The piperidine ring is clearly confined to one of two pos-
sible chair conformations. The displacement parameters
of this group indicate its possible disorder, so this ring
was refined in two positions resulting in an occupation
factor of 0.5.

The conformation of picrate is comparable with those
observed in other known structures. The ortho-NO2

groups are not coplanar with the benzene ring. One of
them (N1, O2, and O3) has significant atom displace-
ment parameters, indicating its possible disorder and
this group was refined in two positions resulting in occu-
pation factors of 0.7 and 0.3. The torsion angles C1-C2-
N1A-O2A, C1-C2-N1B-O2B, and C1-C6-N3-O7 are
�41.5(2)�, 74(4)�, and �15.6(7)�, respectively. The bond
angles C1-C2-C3 and C1-C6-C5 are much larger than
120�, their values being 125.7(4)� and 123.4�, respective-
ly, while the bond angle C2-C1-C6 was found to de-
crease to the value of 111.4(4)�. These observations are
in agreement with the correlations, which Szumna
et al.39 found for the picrate ion in structures retrieved
from the Cambridge Structural Database. According
to these authors, the deviation from planarity of the
ortho-nitro groups is a consequence of repulsion be-
tween the phenolate and nitro oxygen atoms, and the
simultaneous attraction of a partially positively charged
nitrogen atom.

3-TAPAP picrate crystallizes with two water molecules
which are disordered and their oxygen atoms were re-
fined in seven positions with site occupation factors in
the range between 0.2 and 0.4.

The packing of the molecules in the unit cell can be char-
acterized by intermolecular interactions listed in Table 3
and shown in Figure 2A. The hydrogen atoms, H4A and
H5A, of the nitrogens N4 and N5 of the amidine group
are engaged in two kinds of intermolecular hydrogen
bonds. Both protons are donated to the oxygen, O1,
of the phenolate leading to formation of the canonical
salt bridge. H4A and H5A are additionally shared by
the oxygen atoms of the ortho-nitro groups, that is, by
O3 (disordered) and O7, respectively. Thus, the hydro-
gen bonds, in which H4A and H5A take part, may be
treated as bifurcated. The other hydrogen atoms, H4B
and H5B of the amidine group, are donated, respective-
ly, to the oxygen atoms, O9 of the sulfonyl group and to



Figure 3. Stereo view of four 3-TAPAP picrate molecules showing

their mutual packing. The disordered piperidine and nitro groups are

not shown.

Figure 4. Ribbon representation of bc-uPA in complex with 3-TAPAP

(yellow).

Figure 2. Patterns of hydrogen bonds formed by 3-TAPAP molecule

in the structures of: (A) picrate, (B) bc-uPA complex. The hydrogen

bonds are shown with broken lines with the distances of the interacting

atoms given in Å.

Table 3. The hydrogen bond parameters

D–H d(D–H) (Å) d(H..A) (Å) <DHA (�) d(D..A) (Å) A Symmetry codes

N5–H5B 0.824 2.042 165.76 2.848(6) O10 �x, y � 1/2, �z + 1/2

N5–H5A 0.800 2.019 147.71 2.729(5) O1

N5–H5A 0.800 2.518 139.01 3.166(6) O7

N4–H4A 0.860 2.091 143.03 2.826(5) O1

N4–H4A 0.860 2.519 145.76 3.266(13) O3A

N4–H4A 0.860 2.609 141.16 3.32(4) O3B

N4–H4B 0.860 2.172 163.34 3.006(5) O9 x �1/2, �y, z

N6–H6 0.860 2.214 163.54 3.048(5) O7 �x, y + 1/2, �z + 1/2
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O10 of the carbonyl group of another molecule. The
nitrogen atom, N6, forms also an intermolecular hydro-
gen bond with O7 of the ortho-nitro group.

The arrangement of the molecules in the unit cell is
dominated by the intermolecular hydrogen bonds, but
it is also stabilized by stacking interaction between pic-
rate ions (Fig. 3). An interesting feature is a system of
channels parallel to x axis containing disordered clusters
of water molecules.

The bc-uPA–3-TAPAP complex. The complex of bc-
uPA with 3-TAPAP has been obtained in the crystal
by the exchange of benzamidine. When we calculated
difference electron density maps from data sets taken
with 3-TAPAP soaked crystals, the inhibitor was clearly
visible (see Fig. 5).

bc-uPA is a spherical molecule consisting of two op-
posed six-stranded b-barrels (Fig. 4), similar to other
trypsin-like catalytic domains of serine proteinases.



Figure 5. Stereo view of 3-TAPAP (blue) in the active site of bc-uPA
(yellow). The Fo-Fc map contoured at 1r around the inhibitor and

calculated after extensive annealing of the structure with the inhibitor

omitted is shown. The hydrogen bonds are shown with dashed black

lines.

Figure 6. 3-TAPAP molecules in picrate (pick) and in the bc-uPA
complex (yellow) with their benzene rings of benzamidine group

overlapped. The disordered atoms are not shown.
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The inhibitor fills the active site that is located at the
junction between both barrels of the catalytic domain
of bc-uPA, with only a few hydrogen bonds to the pro-
tein (Fig. 5).

The benzamidine group binds to the S1 specificity pock-
et and forms the canonical salt bridge with the carbox-
ylate of Asp189, as well as hydrogen bonds with the
carbonyl oxygen of Gly219 and Oc of Ser190. The oxy-
gen atom of the sulfonyl group forms a hydrogen bond
with the nitrogen atom of Gly219, and the neighboring
nitrogen atom, N6, forms a hydrogen bond with the
oxygen atom of Gly216. The described hydrogen bonds
together with the donor–acceptor distances are shown in
Figure 2B. The piperidine ring is placed between the tol-
uene and the imidazole ring of His57. The oxyanion hole
is occupied by a sulfate anion from the solvent.

Comparison of 3-TAPAP conformation in different struc-
tures. The binding mode of 3-TAPAP in complex with
uPA is similar to that of the 3-TAPAP in complex with
trypsin.27 3-TAPAP is a 45-fold better inhibitor of tryp-
sin (Ki = 1.2 lM) in comparison to uPA (Ki = 55 lM),
and a 100-fold better inhibitor in comparison to tPA
(Ki = 120 lM). The oxygen atom of the carbonyl group
of 3-TAPAP in complex with trypsin forms a hydrogen
bond with the nitrogen atom of Gly216, which we do
not observe in the complex with uPA. In our structure,
the inhibitor is further apart from the polypeptide chain
and the carbonyl group has another orientation. This
distance is in accordance with the presence of His99 in
the structure of uPA instead of Leu99, which occurs in
the structure of trypsin. Consequencely, the piperidine
ring of the inhibitor has less room in the S2 pocket.
On the basis of these observations, we can postulate that
the lack of hydrogen bond between the carbonyl group
of the inhibitor and peptide chain of protein is responsi-
ble for the weaker binding of 3-TAPAP to uPA in com-
parison to trypsin. uPA as well as trypsin have Ser190,
but tPA has Ala190 instead of this amino acid residue.
The hydroxyl group of Ser190 forms the hydrogen
bonds with the inhibitor in uPA which is not possible
in tPA. Therefore, the still weaker binding of 3-TAPAP
to tPA seems to be caused by the lack of the hydrogen
bond between Ala190 and the inhibitor.
The conformation of 3-TAPAP in the complex with bc-
uPA has been compared to its conformation in 3-TA-
PAP picrate, which is shown in Figure 6. In this figure,
the molecules are overlaid with their benzamidine
groups positioned in the same plane. The distance be-
tween the asymmetric carbon atoms is 0.6 Å.

The orientation of the toluene and piperidine groups dif-
fers from each other. The toluene group in the picrate
has hydrophobic contact with the benzamidine group,
the distances between atoms of both groups being 3.6–
4.3 Å. Similar orientation of the toluene group in the
complex with protein is impossible, because in its place
there is a polypeptide chain (amino acids 214–216). This
difference leads to another orientation of the piperidine
group. In the molecule of 3-TAPAP, there is freedom to
rotate around the bonds C14-C15, C15-N6, and C15-
C23, which enables the change of the conformation of
the inhibitor, so that the binding to protein is more
effective.

Comparison of the hydrogen-bonding patterns in the
structure of 3-TAPAP picrate and in the structure of
3-TAPAP in its complex with uPA (Fig. 2) shows that
in both structures the same inhibitor atoms are involved
in a similar way in the formation of the intermolecular
hydrogen bonds.

By the inspection of crystal structures of TAPA deriv-
atives it became obvious that these inhibitors display
high potency despite a relatively small number of polar
interactions with the protein binding partners and
overall small hydrophobic interaction surface. This
controversy could be explained by the hydrophobic
collapse of these inhibitors in solution in a way that
the conformation finally recognized by the enzyme is
preformed in solution. Collapsed structures, which
would enhance the energy gain upon binding because
entropically the conformational freedom is already re-
duced, were claimed by Ranatus et al.40 for TAPAP-
like molecules. These authors postulated folding of
the inhibitor molecules in solution around their hydro-
phobic cores, i.e., hydrophobic collapse of the N- and
C-terminal groups. Theoretical considerations of such
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possibility were carried out by Lamb et al.41 for a 3-
TAPAP-similar compound, which is an inhibitor of
FK506 binding protein. Simulation of this molecule
conformational behavior in its unbound state in solu-
tion and in its bound state in the complex with the pro-
tein showed that the overall shapes of the inhibitor in
both situations are comparable. According to the mod-
el obtained by Lamb et al., the aromatic ring and two
aliphatic rings (one of them containing nitrogen atom)
of this inhibitor had similar mutual orientations in
solution and at the protein active site, the latter con-
firmed by crystal structure determination. Since, as
far as the authors know, any studies of 3-TAPAP con-
formation in solution have not been performed, the
question if it resembles the one in uPA–3-TAPAP com-
plex cannot be directly answered. On the other hand,
according to calculations with several optimization
algorithms,42 the global minimum conformation of 3-
TAPAP was found to be relatively far (approximately
4.2 Å) from that determined in the crystal structure
of its complex with trypsin.27 In this connection, the
shape of 3-TAPAP molecule observed in its crystalline
complex with picrate showed that there exists at least
one convincing conformation in an alternative hydro-
phobic collapse, in which the aromatic benzamidine
moiety interacts with the toluene group and not with
the aliphatic piperidine group.
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