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A series of trypsin chromogenic substrates with for-
mula: Y-Ala-X-Abu-Pro-Lys-pNA, where X = Gly, Ala,
Abu, Val, Leu, Phe, Ser, Glu and Y = Ac, H; pNA =
p-nitroanilide was synthesized. The Cucurbita max-
ima trypsin inhibitor CMTI-111 molecule was used as a
vehicle to design the trypsin substrates. To evaluate
the influence of position P, on the substrate-enzyme
interaction, kinetic parameters of newly synthesized
substrates with bovine B-trypsin were determined.
The increasing hydrophobicity of the amino acid res-
idue (Gly, Ala, Abu, Val) introduced in position P, sig-
nificantly enhanced the substrate specificity (K.../K)
which was over 8 times higher for the last residue than
that for the first one. The introduction of residues with
more hydrophilic side chain (Glu, Ser) in this position
reduced the value of this parameter. These results
correspond well with those obtained using molecular
dynamics of bovine B-trypsin with monosubstituted
CMTI-I analogues, indicating that in both trypsin sub-

strate and inhibitor position 4 plays an important role

in the interaction with the enzyme. © 2000 Academic Press

The interactions between serine proteases and their
inhibitors have been extensively studied by several
groups and were already described in excellent review
articles (1, 2). In enzyme—inhibitor complexes, about
10-15 residues, the so-called proteinase binding loop of
the inhibitor, are in contact with enzyme. Their specific
nature strongly affects both strength and specificity of
enzyme—inhibitor interactions (3). In the last decade
we focused our interest on one of the smallest and
strongest (K, = 6.8 X 10" M) inhibitor of bovine
B-trypsin CMTI-111 (Cucurbita maxima trypsin inhib-
itor) (4-6) isolated from squash seeds. The amino acid
sequence and disulfide bridge connectivities of this in-
hibitor are given below:

[

Arg-Val-Cys|2-Pro-Arg5-IIe(’-Leu-Met-Lys-Clys'"-Lys-Lys-Asp-Ser-Asp-Cys“’-Lcu-Al a-Glu-CIysz“-Val-Crs”-Leu-Glu-His-Gly-Tyr-C)[s“-Gly

The Arg®-1le® peptide bond is the reactive site of the
inhibitor (named P,—P; according to Shechter and
Berger (7). The fragment Val*-Lys" directly interacting
with the enzyme, is the binding loop of this inhibitor (3).

Using the native sequence as a vehicle we were able
to obtain synthetic CMTI-111 analogues which inhib-
ited human leukocyte elastase (8, 9) and chymotrypsin
(9). By chemical synthesis of a series of CMTI-I11 ana-
logues we have also shown the influence of the amino
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acid residues from outside of the proteinase binding
loop on the trypsin inhibitory activity (10).

Generally, substrates of serine proteases interact
with the enzyme by the same mechanism as do the
inhibitors. In this case, the specificity is usually lower
(as measured by K,,), and obviously the hydrolysis of
P,—P: peptide bond (measured by k) is much faster
as compared with that of effective inhibitors (11). Sev-
eral attempts were made to design chromogenic pro-
teinase substrates using the binding loop of proteinase
inhibitors or natural occurring substrates. Such efforts
were successful in the case of human cathepsin G,
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TABLE 1
Physiochemical Properties of Substrates Studied and Their Kinetic Parameters with Bovine B-Trypsin

Substrate: MW Calc. Rt (HPLC) K Keat Keat/Kim AAG(X/Gly)

Y-Ala-X-Abu-Pro-Lys-pNA (found) min wM st M*tst kJ/mol
Ac-Ala-Gly-Abu-Pro-Lys-pNA 618.7 (620) 13.6° 338.0 43.0 127219.0 —
Ac-Ala-Ala-Abu-Pro-Lys-pNA 632.8 (634) 14.0° 66.5 10.3 154887.3 —0.48
H-Ala-Ala-Abu-Pro-Lys-pNA 590.7 (592) 12.6* 238.8 13.8 57983.3 —-0.19
Ac-Ala-Abu-Abu-Pro-Lys-pNA 646.7 (648) 15.5° 28.9 10.5 363321.8 —2.57
Ac-Ala-Val-Abu-Pro-Lys-pNA 660.4 (662) 15.7° 17.6 19.0 1079545.5 —-5.24
H-Ala-Val-Abu-Pro-Lys-pNA 618 (619.3) 9.1° 28.7 9.6 334494.7 -2.37
Ac-Ala-1le-Abu-Pro-Lys-pNA 674.8 (676) 16.1° 32.3 17.3 535604.8 -3.53
H-Ala-1le-Abu-Pro-Lys-pNA 632.7 (634) 15.2° 16.9 32.0 189349.1 —-0.97
Ac-Ala-Phe-Abu-Pro-Lys-pNA 708 (709.4) 14.4° 41.1 15.1 367397.2 —-2.59
H-Ala-Phe-Abu-Pro-Lys-pNA 666 (668.1) 11.8° 157.1 23.0 156278.0 ~2.86
Ac-Ala-Glu-Abu-Pro-Lys-pNA 689.7 (691) 14.42 21.3 299.0 140675.3 —2.41
Ac-Ala-Ser-Abu-Pro-Lys-pNA 648.7 (651) 14.32 29.4 377.3 128231.1 —-1.94

ab HPLC analysis was performed on a Gold System (Beckman, USA) using an RP Cy, 10 um Ultrasphere (Beckman, USA) column (4.6 X
250 mm). Solvent system: (A): 0.1% TFA, (B) 80% acetonitrile in A, linear gradients (a) 20—80% B for 20 min and (b) 30—80% B for 20 min
(flow rate 1 ml/min) were applied. Fraction were monitored at A = 226 nm. Molecular weights of the peptides obtained were determined on

a Trio-3 FAB (VG-Masslab, Great Britain) mass spectrometer.

when the sequence of the inhibitor binding loop (ser-
pins) was chosen to obtain new sensitive fluorogenic
substrates (12). Other attempts were made to design
plasmin substrates based on the sequence of binding
loop of the plasmin inhibitor (13) or in the case of tissue
kalikrein, when the sequence of kininogen were used to
determine the substrate specificity (14). In this paper
we describe chemical synthesis and kinetic studies of a
series of chromogenic substrates with 4-nitroanilide
moiety (pNA) at the C-terminus, designed on the
amino acid sequence of the binding loop of CMTI-III.
Based on the sequence of fragment P,—P, the fol-
lowing substrates were obtained: Y-Ala-X-Abu-Pro-
Lys-pNA (where Y = Ac, H and X = Gly, Ala, Abu, Val,
lle, Phe, Ser, Glu). Cys Residue was replaced with the
residue of L-aminobutyric acid (isosteric replacement).
Another modification was introduced in position Py;
Arg was substituted with Lys. As shown earlier (15),
such modification did not affect the inhibitory activity

1,2E+06

of CMTI-I11 toward bovine B-trypsin. In position P, (X)
various amino acid residues were introduced in order
to investigate their influence on the interaction be-
tween the substrate and bovine B-trypsin.

MATERIALS AND METHODS

Synthesis of substrates. Fmoc-Lys (Boc)-pNA was prepared in the
reaction of Fmoc-Lys(Boc) with p-nitroaniline applying the mixed
anhydride method (16). After removal of Boc protection from the
e-amino group of L-lysine, Fmoc-Lys-pNA was purified on a chro-
matographic column (100 cm X 5 cm) packed with Silica Gel 60,
using DCM:MeOH (9:1) as an eluent (flow rate 1 ml/min). The purity
of the final product was checked by TLC (solvent system: DCM:
MeOH, 10:2). In the next step, Fmoc-Lys-pNA was attached to
2-chlorotritylchloride resin (substitution 1.46 meg/mol) using a
method described in the literature (17). The derivative thus obtained
(Fmoc-Lys(resin)-pNA) was used in the solid-phase method applying
the Fmoc chemistry to obtain chromogenic substrates. After complet-
ing the synthesis, peptides were cleaved from the resin using solu-
tion of 5% TFA in DCM and purified on a Sephadex LH-20 column
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The influence of amino acid in position 4 of substrates studied on specificity constants with bovine B-trypsin.
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FIG. 2. Stereo view of the complex between bovine g-trypsin and CMTI-1 (22) (A), [Phe®] CMTI-I (B), and [Ala®] CMTI-I (C). Only position
P, of the inhibitor and amino acid residues with the closest contact of the enzyme are shown.

(120 cm X 3.5 cm) eluted with methanol (flow rate 1 ml/min). Frac-
tions were analyzed using a UV A = 254 nm monitor (LKB, Sweden).
Fractions containing the homogenous peptide were combined and
lyophilized. The purity of all peptides was higher than 98% as judged
by the HPLC analysis.

Kinetic studies. The concentration of bovine B-trypsin stock
solution was determined by titration with NPGB (18). The stock
of the substrate solution was prepared by dissolving about 24
mg of peptide in 1 ml DMSO. Substrates stock solution was
diluted: 2, 4, 5, 6, 8, 10, 12, 15 and 20 times. The enzymatic
hydrolysis of substrates was performed in 0.1 M Tris-HCI (pH 8.3)
buffer at 25°C. Measurements were performed at enzyme concen-
trations in the range 5.5-10° to 1-10 " M using a Cary 3E
spectrophotometer (Varian, Australia). The increase in absor-
bency at 410 nm resulting from p-nitroaniline release was mea-
sured as a function of time. For each compound at least five
measurements were performed (systematic error expressed as a
standard deviation never exceeded 10%). Kinetic parameters
Michaelis constant (K,), turnover number (k.) and specificity
constant k.../K,, for each substrate were determined based on the
equation (19)

VIE, = ke (1 + K,/S),
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where v is the velocity, E, is the enzyme concentration, K., is the
turnover number, S is the substrate concentration S and v are
variables. Calculations were carried out using the commer-
cial Steady-State Enzyme Kinetics program (20). Based on the
kinetic parameters K, K, Ka/Kn, the relative change in
free Gibbs energy was calculated employing the equation AAG =
RT IN(Keat/Km) x/(Keat/ Km)cty, Where X is the amino acid residue in
position P, (21) (Table 1).

Molecular dynamics. Molecular dynamics of the CMTI-I inhibi-
tor was performed on its starting structure based on the CMTI-I-
bovine B-trypsin complex (22). Two monosubstituted structures with
Phe and Ala in position P, of CMTI-I1l in complexes with bovine
B-trypsin were analyzed. Constraints imposed on linearity and ge-
ometry of peptide bonds were used. Force constants were 10 kcal/mol
in both cases. Molecules were surrounded by 9 Cl™ counterions and
6825 TIP3P water molecules (23), filling a 66.73 X 72.06 X 65.80 A
rectangular box. 300 Steps of minimization were applied prior to
molecular dynamics experiment. In calculation the Shake procedure
(24) was applied to all bonds involving hydrogens. Simulation was
run at a constant temperature of 298 K. All calculations were carried
out using the SANDER module of the AMBER (25) package, with the
AMBER 4.1 force-field parameters. Molecular dynamics simulation
was run by 250 ps with a 0.5 fs time step at a constant pressure. All
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computations were carried in the Academic Computer Center (TASK)
in Gdansk.

RESULTS AND DISCUSSION

Molecular weights, HPLC analysis and results ob-
tained from the Kinetic studies of peptide substrates
with bovine B-trypsin are summarized in Table 1. As
can be seen in Table 1 and Fig. 1, position P, plays an
important role in the substrate—trypsin interaction.
The differences can be observed for all kinetic parame-
ters (K., Kan K/ Kin), but they were substantial for the
last parameter—the specificity constant. In the case of
the substrate with Val in position P, (this amino acid
residue is present in wild CMTI-I1I inhibitor) k./K,,
obtained is above 8 times as high as that measured for
the analogue with Gly or Ala and 3 times for Phe in the
position discussed, respectively. This is also reflected by
the value (5 kJd/mol) of the relative change of the free
Gibbs energy for the analogues with Val and Gly resi-
due, respectively. This value for obvious reasons is
lower than that calculated for the monosubstituted
serine protease inhibitor. Also the acetylation of posi-
tively charged N-terminal amino group stabilizes the
substrate—enzyme complex. In all four cases (Ala, Val,
lle, Phe in position 4) N-acetyl substrates displayed
significantly higher values of k./K,. The results de-
scribed above correspond well with the interaction of
bovine B-trypsin with its inhibitors. In the CMTI-I-
bovine B-trypsin complex (22, 26) the amino acid resi-
dues in position P, (originally Val) interacts with three
amino acid residues of the enzyme (GIn*®, Tyr*** and
Trp™®). The closest contact (about 3-3.5 A) which is
between isobutyl side chain of Val and the indole ring of
Trp**® (Fig. 2A) seems to be hydrophobic-aromatic in-
teraction. The introduction of residues with shorter and
less hydrophobic side chains into discussed position of
CMTI-I resulted in the reduction of kinetic parameters
due to the lack of these interactions. In the complex of
[Ala®] CMTI-I11 and bovine B-trypsin, the residue of Ala
had no significant contact (all are above 4A) with the
enzyme (Fig. 2B). On the other hand, the Phe residue
introduced in the position discussed deeply penetrate
the S, subsite (Fig. 2C) making few destabilizing con-
tacts (phenyl ring of Phe in close contact with hydroxyl
and carbonyl oxygens of Asn” (2.93 A) and Thr® (3.02
A)), which probably caused the decrease in the specific-
ity. We believe that in the case of [11e’] CMTI-I a similar
effect would be observed.

The results presented above clearly indicate that po-
sition P, of trypsin substrates plays an important role
in the interaction with enzyme. In addition we would
like to stress that the sequence derived from the pro-
teinase binding loop of the CMTI-II1 inhibitor may be
useful for designing substrates of the corresponding

84

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

target enzyme (in this case bovine B-trypsin). A series
of substrates with the acetylated N-terminal amino
group and with hydrophobic amino acid residue in
position P, (Val, lle) have a low K,,, moderate k.., and
relatively high specificity k./K,, that make them suit-
able for several applications. We used these compounds
successfully during determination of the association
equilibrium constants (K,) of inhibitors with bovine

B-trypsin.
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