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Abstract 

The inhibitory effect of 4’,6-diamidino-2-phenylindole (DAPI) and ó-amidinoindole on the catalytic properties of bovine 
B-trypsin (trypsin), human cy-thrombin (thrombin) and porcine pancreatic P-kallikrein-B (kallikrein) was investigated 
(between pH 3.0 and 7.0, 1 = 0.1 M; T = 30.0 f 0.5”C), and analyzed in parallel with that of benzamidine, commonly taken 
as a molecular inhibitor model of serine proteinases. Next, the X-ray crystal structure of the trypsin:DAPI complex was 
solved at 1.9 A resolution (R = 0.161). Over the whole pH range explored, values of the association inhibition constant (Ki) 
for DAPI and ó-amidinoindole binding to trypsin, thrombin and kallikrein are higher than those found for benzamidine 
association, suggesting a binding mode of DAPI to the enzyme primary specificity pocket-based on the indole moiety of the 
inhibitor. On lowering the pH from 5.5 to 3.0, the decrease in affinity for DAF’I, ó-amidinoindole and benzamidine binding 
to trypsin, thrombin and kallikrein reflects the acidic pK shift of the Asp189 invariant residue, present at the bottom of the 
primary specificity subsite of the serine proteinases considered, from 4.5, in the free enzyme, to 3.7, in the proteinase:inhibi- 

Abbreviations: Trypsin, bovine P-trypsin; Thrombin, human wthrombin; Kallikrein, porcine pancreatic /3-kallikrein-B; DAPI, 4’,6-di- 
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arginine p-nitroanilide (S-2238); TosGlyProArgNHNp, N-a-tosyl-glycine-L-proline-L-arginine p-nitroanilide (Chromozym-TH) 
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tor complexes. Inspection of the refined crystal structure of the trypsin:DAF’I complex, however, does not allow a unique 
interpretation of the inhibitor binding mode. The present data were analysed in parallel with those reported for related serine 
(pro)enzyme/inhibitor systems. 

Keywords: Bovine /3-trypsin; Human wthrombin; Porcine pancreatic P-kallikrein-B; 4’,6-Diamidino-2-phenylindole; Thermodynamics of 
serine proteinase:inhibitor complex; X-ray crystal structure 

1. Introduction 

Serine proteinases play a centra1 role in several 
physiological processes, spanning from digestion to 
key regulatory mechanisms such as peptide hormone 
release, coagulation and complement activation. They 
are also recognized as pathogenic factors in many 
diseases, including tumors, inflammatory processes, 
pulmonary emphysema, glomerulonephritis, acute 
pancreatitis and muscular dystrophy [1,2]. The possi- 
bility of selectively influencing serine proteinase ac- 
tivities by specific inhibitors appears, therefore, to be 
of considerable interest in view of their potential 
therapeutic value as drugs [3]. 

The development of several synthetic inhibitors of 
serine proteinases has been based on the discovery of 
the effectiveness of benzamidine as an anti-trypsin 
agent by Mares-Guia and Shaw in 1965 [4]. Signifi- 
cant progress in the development of this class of 
compounds has been brought about by the discovery 
that the strength and specificity of the inhibitory 
effect also depends on the remainder (in addition to 
the benzamidine moiety) of the chemical structure. 
Thus, the synthetic benzamidine derivatives of N-cr- 

B 

Fig. 1. Chemical structures of benzamidine (AI, ó-amidinoindole 
(B) and DAPI CC). 

arylsulfonyl-4-amidinophenylalanine show Ki val- 
ues ranging between 1.0 X lom9 M and 1.0 X 10p5 
M [5]. Of the benzamidine derivatives, 4’,6-di- 
amidino-2-phenylindole (DAF’I) seems a peculiar 
case, given its wide field of applications in biophysi- 
cal studies. Indeed, DAPI is a fluorescent dye, capa- 
ble of binding to double stranded DNA with strong 
enhancement of the fluorescente quantum yield [6]. 
In particular, DAPI binds in the minor groove of 
AT-rich sequences, and, to a lesser extent, to GC-rich 
regions as intercalating compounds [7]. Moreover, 
interactions of DAPI with bovine serum albumin, 
negatively charged proteins and phospholipid vesi- 
cles or micelles have been reported [8,9]. More 
specific inhibitory interactions of amidino-sub- 
stituted aromatic heterocyclic compounds (i.e. DAPI) 
towards trypsin-like serine proteinases have also been 
shown [lol. 

In order to shed more light on the inhibitory 
mechanism of benzamidine derivatives, the effect of 
pH (between pH 3.0 and 7.0; I= 0.1 M) on the 
values of the association inhibition constant (Ki) for 
the binding of DAPI, 6-amidinoindole and benzami- 
dine (see Fig. 1) to trypsin, thrombin and kallikrein 
was investigated at 30.0 f 0S”C. Next, the X-ray 
crystal structure of the trypsin:DAPI complex was 
solved and refined at 1.9 A resolution allowing the 
binding behaviour of DAPI, 6amidinoindole and 
benzamidine to be related to the stereochemistry of 
the enzyme:inhibitor contact regio&). The present 
data have been analysed in parallel with those re- 
ported for related serine (pro)enzyme/inhibitor sys- 
tems [11,12]. 

2. Materials and methods 

Trypsin, treated with diphenylcarbamyl chloride 
in order to abolish chymotryptic activity, was puri- 
fied from commercial preparations (from Sigma 
Chemical Co., St. Louis, MO, USA) 1131. Thrombin 
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was purified from commercial preparations (from 
Sigma Chemical Co., St. Louis, MO, USA) [14]. 
Kallikrein was isolated from commercial prepara- 
tions (a kind gift of Bayer AG, Wuppertal, Germany) 
[15]. BzArgNHNp, PhePipArgNHNp, TosG- 
lyProArgNHNp, DAPI and benzamidine were ob- 
tained from Sigma Chemical Co. (St. Louis, MO, 
USA). 6-amidinoindole was synthesized as detailed 
elsewhere [ 101. Deuterated methanol was purchased 
from Merck AG (Darmstadt, Germany). Al1 chemi- 
cals were of analytical grade and used without fur- 
ther purification. The characterization of trypsin, 
thrombin, kallikrein, BzArgNHNp, PhePi- 
pArgNHNp, TosGlyProArgNHNp, DAPI, 6- 
amidinoindole and benzamidine have been reported 
elsewhere [10,13-161. 

Crystals of the trypsin:DAPI complex were ob- 
tained by soaking benzamidine-free trypsin crystals 
in DAPI saturated solutions containing 2.5 M ammo- 
nium sulfate, 1 mg/ml CaCl,, in 0.05 M tris/HCl 
buffer, pH 8.0 for 15 days, at 4°C. Diffracted intensi- 
ties were collected on a MarResearch imaging plate 
system, mounted on a Rigaku RU200 X-ray genera- 

tor, run at 45 kV, 120 mA. The mfasured intensities, 
to a limiting resolution of 1.9 A, were processed 
using the MOSFLM data reduction package [17]. A 
total of 81852 intensities were measured and re- 
duced to 16996 independent reflections (Rmerge = 
0.064, 76.4% completeness in the 10.0-1.9 A resolu- 
tion range). 

The atomic coordinates of the trypsin:benzami- 
dine complex were recovered from the Brookhaven 
Protein Data Bank file 1TLD [18] and used as such 
for phase calculations, once the benzamidine struc- 
ture and the neighboring sulfate ion were removed 
from the atomic coordinates. An initial R factor of 
0.254 was calculated when the trypsin:DAPI com- 
plex structure factors were used. The crystallo- 
graphic refinement of the complex was performed 
using the TNT restrained refinement program suite 
[19] and FRODO [20] for model correction and map 
inspection. The final crystallographic R-factor after 
three refinement cycles was 0.161, with nearly ideal 
values for the model stereochemical parameters 
(r.m.s. deviations: bond length = 0.019 A, bond an- 
gles = 2.9”). 

Fig. 2. Stereo view of the trypsin active center around the S, subsite, as observed in tbe crystal structure of the trypsin:DAPI complex. The 
inhibitor molecule is fitted to its electron density (ZFo-FC map) in one of tbe two alternative binding modes (for details see text). 
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The ‘H-NMR spectra of DAPI were collected on 
a JEOL EX-400 Fourier Transform Nuclear Mag- 
netic Resonance spectrometer, operating at a Proton 
Larmor Frequency of 399.6 MHz, using deuterated 
methanol as solvent. The proton resonances of DAPI 
were assigned as previously reported [21]. 

Values of the association inhibition constant (Kil 
for DAPI, ó-amidinoindole and benzamidine binding 
to trypsin, thrombin and kallikrein were determined 
between pH 3.0 and 7.0 (formate buffer, pH 3.0 to 
3.5; acetate buffer, pH 3.5 to 6.0; and phosphate 
buffer, pH 6.0 to 7.0; al1 at 1 = 0.1 M; sodium salts), 
and at 30.0 f 0.5”C, by assay systems using 
BzArgNHNp as substrate for trypsin and kallikrein, 
and PhePipArgNHNp and TosGlyProArgNHNp as 
substrates for thrombin [10,14,16,22,23]. Values of 
Ki were obtained using the graphical method of 
Ascenzi et al. [24]; an average error value of k 8% 
was evaluated for Ki values. The biochemical proce- 
dures have been published previously [10,14,16,22, 
231. 

3. Results and discussion 

Inspection of the inhibited enzyme refined crystal 
structure shows that DAPI binds to the trypsin S, 
specificity subsite (Fig. 2). The detailed analysis of 
the electron density, however, does not allow a 
unique interpretation for the inhibitor binding mode. 
In particular, continuous electron density is present 
in the inner part of the S, pocket, close to Asp189 
carboxylate, compatible with the presence of a 
guanidino group salt-linked to trypsin Aopl89 
residuOe. Moreover, two hydrogen bonds, 2.75 A and 
2.88 A respectively, are observed between the guani- 
dino nitrogen atoms and Asp189 carboxylate. 

On the other hand, the inhibitor electron density 
gets weaker moving towards the solvent exposed 
protein surface, not accounting for the whole DAPI 
molecule (Fig. 2). These observations can account 
for the binding of DAPI to trypsin S, subsite either 
through the 6-amidinoindole or through the benzami- 
dine moiety. 

In both cases rotation of the solvent exposed 
inhibitor substructure is probably the main cause of 
electron density perturbation outside the S, pocket. 
In this respect, the ‘H-NMR spectra of DAPI in 

methanolic solution in the - 30 to + 50°C tempera- 
ture range show that the degenerations of 3’-5’- and 
2’-6’-protons are not resolved. On decreasing the 
temperature, only a generalized broadening of the 
signals is observed, due to the increased viscosity of 
the solution. The smal1 chemical shift variation indi- 
cates only the presence of hydrogen bonds involving 
the amidino groups close to the observed aromatic 
protons, and does not allow the establishment of any 
conformation exchange process between the two pairs 
of protons on the benzamidine ring, which would be 
anisochronous if the conformation of the molecule 
were rigid on the NMR timescale. Thus, the ‘H-NMR 
spectra show a fast motion of the benzamidine ring, 
relative to the 6-amidinoindole moiety of DAPI, in 
the temperature range considered. 

For al1 the serine proteinase/inhibitor systems 
considered, the inhibition patterns were strictly com- 
petitive, and the complex formation conformed to 
simple equilibria, as indicated by the unitary value of 
the Hill coefficient (n = 1.00 f 0.02). Under al1 the 
experimental conditions, values of Ki for DAPI, 
ó-amidinoindole and benzamidine binding to trypsin, 
thrombin and kallikrein were independent of the 
serine proteinase, substrate and inhibitor concentra- 
tion, and compared wel1 with those reported in the 
literature [10,22,25,26]. According to Menegatti et 
al. [22], no specific ion effects were found using 
different buffers with overlapping pH values. 

Data shown in Fig. 3 allow the foIlowing consid- 
erations: (ij DAPI and ó-amidinoindole bind to the 
serine proteinases considered with the same affinity. 
This finding would suggest that the ó-amidinoindole 
moiety of DAPI sits in the S, subsite of the pro- 
teinase active center. (ii) Values of Ki for DAPI and 
6-amidinoindole binding to trypsin, kallikrein and 
thrombin are higher than those observed for the 
serine proteinase:benzamidine adduct formation. 
Such a behaviour could be related to more extended 
van der Waals contacts achieved in the enzyme S, 
pocket upon burying of the indole system of DAPI, 
with respect to benzamidine. (iii) The affinity of 
benzamidine for trypsin is higher than that observed 
for inhibitor binding to thrombin and kallikrein. Next, 
values of Ki for DAPI and ó-amidinoindole binding 
to trypsin and thrombin are higher than those ob- 
served for kallikrein. Accordingly, the binding of 
benzamidine (and possibly DAPI and ó-amidinoin- 
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Fig. 3. pH dependence of Ki (M-‘1 for DAPI (squares), 6- 
amidinoindole (triangles) and benzamidine (circles) binding to 
trypsin (panel A), kallikrein (panel B) and thrombin (panel C), at 
30.0 f 0.5”C. The unbroken lines, generated according to Eq. (1) 
with the following sets of parameters: trypsin/benzamidine - 
C = 4.52; pKoN,_ = 4.50 and pK,,o = 3.80; trypsin/DAPI and 
/ó-amidinoindole - C = 5.32, PK,,, = 4.50 and PK,,, = 3.70; 
kallikrein/benzamidine - C = 3.60, PK,,, = 4.45 and PK,,, 
= 3.75; kallikrein/DAF’I and /ó-amidinoindole - C = 4.27, 
PK,,, = 4.50 and pK r,o = 3.80; thrombin/benzamidine - C 
= 3.62, PK,,, = 4.50 and pK,,o = 3.70; and thrombin/DAPI 
and /ó-amidinoindole - C = 5.45, PK,,, = 4.50 and PK,,, = 
3.70, were obtained with an iterative non-linear least-squares 
curve fitting procedure, which also allowed to ascribe an average 
error value of + 12% to values of 10c, K,,, and K,,,, as the 
standard deviation. For details, see text. 

dole) to the kallikrein S, subsite is hampered by 
structural perturbations of the enzyme specificity 
pocket [27]. 

On lowering the pH from 5.5 to 3.0, the decrease 
in affinity (i.e., in Ki values) for DAPI, 6- 
amidinoindole and benzamidine binding to trypsin, 
thrombin and kallikrein reflects, according to linkage 
relations [28], the acidic pK shift of a single ionizing 
group on the serine proteinase:inhibitor complex for- 
mation. This model leads to the following expression 
(Eq. 1) [22]: 

w+1 +K”NL K 
log Ki = C - log LH+ 1 + K,,. - log K, (1) 

where C is a constant corresponding to the neutral 
asymptote of log Ki, and PK,,, and pK,,o are pK 
values of the proton dissociation equilibrium con- 

stants for the inhibitor-free (K,,,) and the 
inhibitor-bound ( KLIG) serine proteinase, respec- 
tively. Eq. (1) has been used to generate the unbro- 
ken lines shown in Fig. 3; the agreement with the 
experimental data is fully satisfactory, giving US 
confidence on the correct assumption(s) underlying 
Eq. (1) (see Fig. 3). 

As already reported for the binding of substrates 
and inhibitors, showing a cationic residue at the P, 
position, to trypsin-like serine proteinases (see Refs. 
[ 10,29-31]), DAPI, 6-amidinoindole and benzami- 
dine preferably bind the unprotonated species of 
trypsin, thrombin and kallikrein. 

Values of pKuNt_ and pK,,o fitting DAPI, 6- 
amidinoindole and benzamidine binding to trypsin, 
thrombin and kallikrein are closely similar for the 
enzymes investigated (see Fig. 31, and agree very 
wel1 with those of amino acid residue(s) modulating, 
between pH 3.0 and 5.5, catalytic, inhibitor binding 
and spectra1 properties of serine (prolenzymes acting 
on cationic substrates (see Refs. [29-311). 

Inspection of the X-ray three dimensional struc- 
tures [27,32-341 and computer-generated molecular 
models (see also Refs. [22,26,30]) of the enzyme:in- 
hibitor complexes suggests that the ionizable group 
affecting DAPI, 6-amidinoindole and benzamidine 
binding to the serine proteinases considered can be 
identified with the invariant Asp189 residue, present 
at the S, subsite of trypsin, thrombin and kallikrein. 
In fact, it is known that this residue interacts with the 
positively charged amidino group of benzamidine in 
the S, subsite of trypsin, thrombin and kallikrein 
[27,32,34]. As shown by the present data (see Figs. 2 
and 31, the same structural and functional considera- 
tions can be extended to the association of 6- 
amidinoindole and of the 6-amidino group of DAPI 
to the serine proteinases considered. 

Previous investigations on bis-, tris- and tetra-be- 
nzamidine compounds (1,3-bis(p-amidinophenoxyl- 
propane and derivatives) have shown that the addi- 
tional amidino group(s) do not provide means of 
additional inhibitor:enzyme interaction in the case of 
trypsin. On the other hand, the same compounds 
show higher affinities for thrombin and kallikrein, as 
compared to benzamidine, the increase in enzyme 
inhibitory effect being related to the presence of a 
second benzamidine substituent in the molecule 
[25,26]. Absente of additional interactions (with re- 
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speet to benzamidine or ó-amidinoindole) in 
DAPI:enzyme complexes is related to the differente 
in conformational freedom observed for DAPI and 
for poly-benzamidine substituted compounds. Thus, 
adaptation to the protein surface allows 1,3-bis(p- 
amidinophenoxy)-propane to reach both Asp189 and 
Glu146 (or Glu192), on thrombin surface [26]. On 
the contrary, such an interaction is precluded to 
DAPI, which, in this context, is a planar molecule 
not capable of the required conformational readjust- 
ments. 

As a whole, if there is to be inhibitor binding 
discrimination among homologous macromolecular 
species (such as trypsin, thrombin and kallikrein), 
simple chemical modificatiods) may confer the de- 
sired specificity. The present results suggest that a 
fine degree of recognition in the association of syn- 
thetic inhibitors to serine proteinases may be ob- 
tained through modulation of the interaction(s) oc- 
curring at the enzyme S, specificity pocket. From 
this viewpoint, DAPI, ó-amidinoindole and benzami- 
dine association to serine proteinases appears to be a 
paradigmatic model for the study of interactions 
selectively occurring at a given (pro)enzyme:inhibi- 
tor recognition subsite. 
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